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Abstract 

Breeding for disease resistance has become a highly desirable strategy for mitigating 

infectious disease problems in aquaculture. However, knowledge of the genetic 

relationship between resistance and other economically important traits, such as growth, 

is important to assess prior to including disease resistance into the breeding goal. Our 

study assessed the genetic correlations between growth and survival traits in a large 

bacterial infection challenge experiment. A population of 2,606 coho salmon 

individuals from 107 full-sibling families were challenged with the bacteria 

Piscirickettsia salmonis. Growth was measured as average daily gain prior (ADG0) and 

during (ADGi) the experimental infection and as harvest weight (HW). Resistance was 

measured as Survival time (ST) and binary survival (BS). Furthermore, individual 

measures of bacterial load (BL) were assessed as new resistance phenotypes and to 

provide an indication of genetic variation in tolerance in salmonid species. Resistant 

families showed lower bacterial load than those susceptible to P. salmonis. 

Furthermore, some surviving fish belonging to resistant families, were considered as 

bacterial- free because their bacterial load was below the detection threshold. Adding 

logBL as a covariate into the models for growth under infection and survival indicated 

significant genetic variation in tolerance.  

Significant moderate heritabilities were estimated for ADG0 (0.30 ± 0.05), HW (0.38 ± 

0.03), and for the survival traits ST (0.16 ± 0.03) and BS (0.18 ± 0.03). In contrast, 

heritabilities for ADGi and log-transformed BL were low (0.07 ± 0.02 (significant) and 

0.04 ± 0.03, respectively), although these increased to moderate significant levels (0.20 

± 0.09 and 0.12 ± 0.05, respectively) when traits were assessed in survivors only. 

Significant favorable genetic correlations were found between ADG0 and ADGi (0.40 ± 

0.16), HW (0.64 ± 0.09), and with resistance as ST (0.43 ± 0.18), indicating that fish 
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with higher genetic growth rate early on and prior to infection not only tend to maintain 

their genetic growth advantage until harvest, but also tend to grow faster and survive 

longer during infection. Although a significant unfavorable correlation (-0.50 ± 0.13) 

between HW and ST was found, this value decreased to -0.35 ± 0.20 using uncensored 

data from non-survivors only. Similarly, no robust unfavorable genetic correlations 

between ADG0 and LogBL, or ADG0 and any of the other traits considered in this 

study, was identified. These results suggest that selective breeding for early growth, in 

the current coho salmon population, would be expected to simultaneously increase 

survival time and growth performance during an infection with Piscirickettsia salmonis, 

without negatively impacting on pathogen burden. 
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1. Introduction 

 Chile is the main producer of farmed coho salmon (Oncorhynchus kisutch) 

globally, with approximately 90 % of the total production (FAO, 2016). In common 

with other intensive production systems, the health status of farmed coho salmon is a 

major concern for profitability and animal welfare. One of the main diseases affecting 

the Chilean coho salmon industry is Salmon Rickettsial Syndrome (SRS), caused by 

Piscirickettsia salmonis, a facultative intracellular bacteria which was first isolated in 

Chile (Cvitanich et al., 1991). SRS is responsible for great economic losses, either 

directly through mortality, or indirectly through treatment costs or reduction on fish 

performance. During the first half of 2016, P. salmonis was responsible for 53 % of 

mortalities attributed to infectious disease in farmed coho salmon (Sernapesca, 2016). 

Current strategies to control SRS, such as vaccines and antibiotics, have not been fully 

effective in tackling this disease under field conditions (Rozas and Enríquez, 2014). 

 Selective breeding for improved resistance to infectious diseases is a feasible 

and potentially more sustainable strategy for the long-term control of disease outbreaks 

in both livestock and aquaculture species (Bishop and Woolliams, 2014). To date, 

salmonid breeding programs typically use disease challenge testing of relatives of the 

selection candidates to enable breeding values estimations and genetic improvement of 

disease resistance (Gjedrem, 2012; Ødegård et al., 2011a). Accordingly, there is an 

increasing number of studies aimed at quantifying and dissecting the host genetic 

variation for disease resistance by measuring survival after exposure to diverse 

infectious pathogens (Houston et al., 2008; Ødegård et al., 2011a; Yáñez et al., 2014a; 

Yáñez and Martinez, 2010). Previous studies have demonstrated significant genetic 
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variation for resistance to Piscirickettsia salmonis in Atlantic salmon (Salmo salar), 

rainbow trout (Oncorhynchus mykiss) and coho salmon using disease challenge data, 

with heritability estimates ranging from 0.11 to 0.62 (Barría et al., 2018; Correa et al., 

2015; Yáñez et al., 2016, 2014b, 2013; Yoshida et al., 2017). 

 From an economic perspective, growth, SRS resistance and flesh color are key 

traits to be included into the breeding goal of Chilean salmon (Neira et al., 2014). 

Before including all these traits simultaneously into the breeding objective, knowledge 

of the genetic correlations between traits is needed. A positively correlated response to 

selection between growth at harvest and flesh color has been reported in a Chilean coho 

salmon breeding population (Dufflocq et al., 2016). Moreover, although (Yáñez et al., 

2014b) estimated a genetic correlation not significantly different from zero between 

SRS resistance (defined as day of death) and body weight in Atlantic salmon, the same 

authors reported a negative genetic correlation of -0.50 ± 0.13 between SRS resistance 

(defined  as day of death) and harvest weight in coho salmon (Yáñez et al., 2016). 

However, little is known about the relationship between growth prior to and during 

infection and SRS resistance, therefore better estimates are needed.   

In aquaculture, disease resistance is commonly defined using host survival data 

(measured as binary or day of death) after being exposed to an infection, either in an 

experimental challenge (Houston et al., 2010; Ødegård et al., 2011a; Vallejo et al., 

2016; Yáñez et al., 2016, 2013) or under field conditions (Houston et al., 2008). 

However, this definition captures two different host response mechanisms to infections 

under potential genetic regulation, i.e. (i) the ability of the host to restrict pathogen 

invasion or replication (best described by within-host pathogen load) and (ii) the ability 

of an infected host (with a given pathogen load) to survive the infection (Lough et al., 

2015). Studies that include both types of mechanisms often refer to the first trait as 
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‘resistance’ and to the second trait as ‘tolerance or endurance’ (Doeschl-Wilson and 

Kyriazakis, 2012; Mazé-guilmo et al., 2014; Ødegård et al., 2011b; Restif and Koella, 

2004; Roy and Kirchner, 2000; Saura et al., 2018). Clearly, resistance and tolerance 

/endurance contribute both positively to an individual’s ability to survive an infection. 

However, at the population level, tolerant individuals that tend to harbor and can cope 

with high pathogen load are undesirable, as these would be expected to shed more 

infectious material and thus to cause a higher disease threat to individuals in the same 

contact group (Lipschutz-Powell et al., 2012).  Thus, in order to minimize disease 

prevalence and mortality due to disease in a population, a fuller understanding of the 

relationship between within-host pathogen load and mortality is required. Nonetheless, 

measures of individual pathogen load are rarely available in large scale genetic studies, 

especially in aquaculture. In the present study we aimed to overcome this shortcoming 

by quantifying bacterial load as a measurement of disease resistance in coho salmon 

families with contrasting mortality rate (i.e. most susceptible and most res istant 

families) after infection with P. salmonis. We then evaluated the phenotypic association 

and genetic correlation of this trait with SRS survival traits and growth rate. 

 The aim of the current study was to provide a better understanding of the genetic 

relationship between growth and SRS resistance traits in coho salmon. Specifically, the 

objectives were (i) to quantify the level of genetic variation for growth both prior to and 

during an infection with P. salmonis, and for harvest weight, in a coho salmon breeding 

population, (ii) to assess the genetic correlations between these growth traits and 

survival traits in a large SRS infection challenge experiment, and (iii) quantify the level 

of genetic variation in individual bacterial loads as an alternative phenotype for disease 

resistance, and their relationship with survival and growth traits. 
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2. Materials and Method 

 

2.1 Breeding Population 

 The study was performed on a coho salmon (Oncorhynchus kisutch) population 

from the 2012 year-class, belonging to a genetic improvement program established in 

1997. This breeding program is owned by Pesquera Antares and is managed by 

Aquainnovo (Puerto Montt, Chile). The breeding population consists of two sub-

populations, depending on the spawning year. Both sub-populations have been selected 

for eight generations for harvest weight (HW) using best linear unbiased prediction 

(BLUP). Summary statistics for age at tagging (AT), weight at tagging (WT) and HW 

for population with spawning at even years are described in supplementary material 

(Table S1). More details about this breeding population are described in (Yáñez et al., 

2016) and in (Dufflocq et al., 2016). 

 

2.2 Experimental Challenge  

 A total of 2,606 individuals belonging to 107 maternal full-sib families (60 half-

sib families) from the 2012 spawning year from the breeding nucleus described above  

were used. Prior to challenge, each fish was marked with a Passive Integrated 

Transponder (PIT-tag), placed on the abdominal cavity for genealogy traceability during 

challenge test. Body weight was measured for each fish prior to PIT-tag placement. The 

average weight at tagging was 5.5 g (SD = 1.02 g) and the mean age at tagging was 218 

days (SD = 3). After tagging, fish were kept in communal tanks with fresh water at 

13°C and then transferred to salt water [31 ppt] with an initial density of 15Kg/m3.  

 A LF-89 strain of P. salmonis was used in the current study, isolated in 2012 and 

purchased from ADL Diagnostic Chile Ltda, (Puerto Montt, Chile). A lethal dose 50 
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(LD50) was calculated from an independent assay prior to the main experimental 

challenge. For this pre-challenge, a total of 80 fish were randomly selected from the 

population. Four different dilutions (1/10, 1/100, 1/1000 and 1/10000) of the P. 

salmonis inoculum were evaluated on twenty individuals per dilution. Fish were 

intraperitoneally (IP) injected with a total volume of 0.2 ml / fish. Mortality was 

recorded daily. This preliminary assay lasted 26 days. A LD50 of 1:680 was estimated as 

described in Reed and Muench (1938), for use in the main challenge,  

 For the main challenge test, fish not used for the pre-challenge were distributed 

amongst three tanks (7 m3) with salt water concentration of 31 ppt. A mean of eight 

individuals (ranging from 1 to 18) per family were allocated into each tank. Each 

challenged family had on average 25 individuals (from 11 to 45), which were 

distributed across all three tanks. After an acclimation period of 12 days, fish were 

anesthetized using 30 ppm of benzocaine and body weight was measured for each 

individual. The mean initial body weight (IW) at the inoculation procedure was 279 g 

(SD = 138 g). The infection of each fish was then performed through an IP injection of 

0.2 ml / fish of the LD50 inoculum. To ensure the absence of any other pathogens in the 

population, a sample of 30 fish from the full-sib families were randomly tested. 

Quantitative real-time PCR (qRT-PCR) was used to test for and exclude the presence of 

Infectious Salmon Anaemia Virus (ISAV) (Snow et al., 2006). Based on the Chilean 

normative for standardization and validation of diagnostic assays for aquaculture 

pathogens (Sernapesca, 2011), Infectious Pancreatic Necrosis Virus (IPNV) was 

identified by qRT-PCR, while conventional PCR and culture was used to test for and 

exclude the presence of Flavobacterium psychrophilum, and an immunoflouresence 

antibody test (IFAT) was used to test for and exclude the presence of Renibacterium 
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salmoninarum. All these analyses were assessed at the Alab diagnostic laboratory 

(Puerto Montt, Chile). 

Mortalities returned to approximately baseline levels at day 47 which was 

maintained for three days. Thus, the experimental challenge continued for 50 days post 

injection. Mortalities were removed from each tank daily. At the end of the challenge 

test, all surviving fish were euthanized. Head kidney samples were taken from all dead 

and surviving fish and storage in RNALater at 4°C for 24 h and then transferred to -

80°C for longer term storage. Body weight at the day of death (FW) was measured for 

each individual. The disease challenge and measurements were all performed on 

Aquainnovo´s Research Station, in Lenca River, Xth Region, Chile.  

A necropsy assay and qRT-PCR were performed on all dead fish, to confirm the 

presence of P. salmonis as the likely cause of death. The presence of F. psychrophilum, 

R. salmoninarum and IPNV were ruled out as mentioned above. In case of a positive 

result for any of these pathogens, the animal was removed from the dataset. For 

summary statistics for age and weight at tagging (AT, WT) and initial and final weights 

(IW and FW) for the challenged population, see Table S2. 

 

2.3 Growth and mortality phenotypes 

 The survival time (ST), measured as the day of death after IP injection was 

recorded for each fish. Values ranged from 1 to 49 depending on the time of the event.  

Individuals that survived until the end of the challenge were assigned a ST value of 50. 

Binary survival (BS) was defined as 1 if the fish survived until the end of the challenge 

or 0 if the fish died during the experimental challenge.  

 Growth rate was measured prior to and during P. salmonis infection. Average 

daily gain (g / day) before experimental challenge (ADG0) was measured as the 
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difference between body weight at the time of IP injection and body weight at the time 

of tagging divided by the number of days (ranging from 239 to 251 days, depending on 

the family) between both procedures. Average daily gain during infection (ADGi) was 

calculated by the difference of weight at the day of death (or termination of challenge in 

the case of survivors) and weight at IP injection divided by the number of days between 

both timepoints. In addition to the records from the challenged individuals, harvest 

weight (HW) records from 41,597 fish with known relatedness to the challenge 

individuals (established through pedigree records) were available and included in the 

genetic analyses.  

 

2.4 Quantification of bacterial load 

 A subset of 740 individuals from 33 full-sib families were selected from the 

population for measurement of bacterial load. Data from the experimental challenge, 

were used to select these families based on their estimated breeding values for ST using 

best linear unbiased prediction (BLUP). More specifically, the 16 and 17 families with 

the highest and lowest estimated breeding values, respectively, were chosen and are 

hereafter referred to as the most and least resistant families, respectively. All 33 families 

were equally represented in each tank.  

Total RNA was extracted from 0.5 cm2 of head kidney (Sernapesca, 2018) using 

AxyPrep Multisource Total RNA miniprep Kit (Axygen) following manufacturer’s 

protocol. Amplification of the 16S gene was done by qRT-PCR. Simultaneously, total 

RNA was extracted from a P. salmonis culture and the 16S gen was amplified as 

mentioned above. Based on this PCR product with known concentration, the number of 

copies / l was calculated and a calibration curve was generated. Through the use of this 

calibration curve, we calculated the number of P. salmonis’ 16S copies in each of the 
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740 fish. This number was log-transformed and corrected by the six copies of 16S in P. 

salmonis (Pulgar et al., 2015) and from herein called log-transformed-bacterial load 

(LogBL). This LogBL was then used as a measure of host resistance to P. salmonis 

infection (Lough et al., 2017; Mazé-guilmo et al., 2014). For further analyses, we only 

included fish with a number of 16S genes copies higher than 6 copies / l, as this is the 

limit of detection of the assay used here. Those fish with a bacterial load lower than 6 

copies / l,, were considered as bacterial-free individuals. 

 

2.5 Statistical Analysis 

 Bivariate linear animal models were used to estimate the variance and 

covariance components among the traits (Lillehammer et al., 2013; Ødegård et al., 

2014; Yáñez et al., 2016). Bivariate models were defined as follows: 

[
𝒚1

𝒚2
] = [

𝑿1 0
0 𝑿2

] [
𝒃1

𝒃2
] + [

𝒁1 0
0 𝒁2

] [
𝒖1

𝒖2
] + [

0 0
0 𝑾2

] [
0
𝒄2

] + [
𝒆1

𝒆2
] 

Where, y1 and y2 are vectors of phenotypic records measures in animals for either ST, 

BS, LogBL, ADG0, ADGi and HW; bi are vectors of fixed effects, for HW the 

contemporary group of sex:cage:year was included as factor, and harvest age, with 

marking age (MA) and marking weight (MW) fitted as covariates. For all remaining 

traits, sex and tank were included as fixed effects, and MW and MA were fitted as 

covariates. To account for different recording times for body weight and bacterial load 

in survivors and non-survivors, binary survivor / non-survivor status at the end of the 

challenge was included as fixed effect for ST, ADGi and LogBL. The variable ADG0 

was included as covariate in the bivariate models between ADGi, logBL, ST and BS 

that did not also include ADG0 as response variable. Similarly, the effect of LogBL was 

included for ADGi, ST and BS that did not include LogBL as response variable; ui and 

ei are vectors of random animal genetic and residual effects, respectively, c2 is the 
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vector of random environmental effect associated with common rearing of full-sib 

families for HW prior to tagging; Xi and Zi are the design matrices for the 

corresponding fixed and random effects for the evaluated traits, and W2 is the design 

matrix for HW. 

 The random effects associated to each animal and residual effects in conjunction 

with common environment effect for HW, were assumed to be normally distributed 

according to: 

𝑢 =  [ 𝑢1
′ 𝑢2

′ ]′  ~ 𝑁(0,𝑮0⨂𝑨) 

𝑐 =   [ 𝑐2
′ ]′ ~ 𝑁(0,𝑪0 ⨂𝑰𝑐) 

𝑒 =  [𝑒1
′𝑒2

′ ]′  ~ 𝑁(0,𝑹0⨂𝑰𝑁) 

  Where, A is the matrix of additive genetic kinship among all the fish included in 

the pedigree; IC and IN are the identity matrix of dimension C and N; ⨂ indicates the 

direct operator of the products; the matrices G0 and R0 denote the variances and co-

variances of 2 x 2 additive genetic and residual effects, respectively. Common 

environment effect was evaluated for each trait using a single-trait likelihood ratio test 

(Lynch and Walsh, 1998). This effect was significant only for HW (P < 0.05), and 

therefore included in the bivariate models when HW was analyzed. Thus, C0 represents 

a 1 x 1 scalar of common environment effect for HW. Given that HW was recorded on a 

different population of individuals to the challenge population, environmental 

covariance was set to zero in the R0 matrix (Yáñez et al., 2016). The parameters in the 

bivariate mixed linear models were estimated using the restricted maximum likelihood 

method (REML) implemented in ASREML version 3.0 (Gilmour et al., 2009). 

 To assess the influence of different recording times for body weight and 

bacterial load between survivors and non-survivors on (co-)variance estimates, bivariate 

analyses for logBL, ADG0, ADGi, and HW were repeated for subsets of data 
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containing either survivors or non-survivors only. Similarly, bivariate analyses for ST 

were also performed exclusively for non-survivors.  

 

2.6 Heritability and genetic correlations 

 The following formula was used to estimate heritability values for the different 

traits: 

ℎ𝑖
2 =  

𝜎𝐴𝑖
2

𝜎𝐴𝑖
2 +  𝜎𝐶𝑖

2 + 𝜎𝐸𝑖
2  

Where, i is either ST, BS LogBL, ADG0, ADGi or HW, 𝜎𝐴𝑖
2  are the additive genetic 

variance of matrix G0, 𝜎𝐸𝑖
2  are the residual variances from the matrix R0 and 𝜎𝐶𝑖

2  is the 

common environmental effect associated with the full-sib families (only for HW).  

 The genetic correlations (rxy) among traits were calculated as follows, according 

to Falconer and Mackay (1996):  

𝑟𝑖,𝑗 =  
𝜎𝐴𝑖 ,𝐴𝑗

√𝜎𝐴𝑖
2 + 𝜎𝐴𝑗

2

 

where, 𝜎𝐴𝑖 ,𝐴𝑗  corresponds to the additive genetic variance between the traits evaluated in 

the bivariate model, 𝜎𝐴𝑖
2 corresponds to the additive genetic variance of trait i and 𝜎𝐴𝑗𝑗

2  

corresponds to the additive genetic variance of trait j. 

Standard errors for heritability and genetic correlation estimations were calculated as 

mentioned on Klei (2016). 

 

3. Results 

 

3.1 SRS experimental challenge   
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 Typical clinical signs and pathological lesions associated with a P. salmonis 

infection were observed after IP injection. These signs included inappetence, lethargy 

and pale gills (Rozas and Enríquez, 2014). Mortality began on day 10 post IP injection. 

Dead individuals showed a swollen kidney, splenomegaly and yellowish liver tone 

(typical symptoms of SRS infection; (Rozas and Enríquez, 2014)). During the 50 days 

of challenge, the three replicate tanks reached a cumulative mortality of 35.6, 42.5 and 

37.7%, respectively.  

Figure 1A shows the observed mortality from all 107 challenged families, 

ranging from 5.0 to 81.8 %, with an average mortality of 38.5 %. The most susceptible / 

resistant families selected for bacterial quantification are highlighted, with a mean 

mortality of 63 and 17 %, respectively. The proportion of survivors and non-survivors 

among these 33 extreme families are shown in Figure 1B. Except for one family, all 

families contained both survivors and non-survivors, although the percentage of 

survivors was considerably higher in the most resistant families (ranging from 67 to 100 

% compared to 19 to 48 % in the most susceptible families). A lower average LogBL 

was calculated in resistant families than in those susceptible to P. salmonis with a value 

of 1.37 ± 0.06 (ranging from 1.25 to 1.49) and 1.67 ± 0.07 (ranging from 1.54 to 1.84), 

respectively  

  

3.2 Phenotypic variation for resistance and growth traits 

 Table 1 shows summary statistics of the phenotypic variation observed for the 

different measured traits. Prior to the challenge test, individuals gained on average 1.11 

g / day (SD = 0.56) in body weight, ranging between 0.34 and 2.62 g / day. However, 

this average daily growth rate was reduced by almost half (0.69 g / day ± 1.65), and had 

far higher phenotypic variation during the infection process. Some individuals 
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continued to grow (maximal gain of 6.36 g/day), whereas others experienced a weight 

loss (maximal weight loss of 5.85 g/day). The distribution for ST was right skewed, 

with 61% of fish having a ST value of 50 (Figure S1), i.e. they survived the 

experimental challenge.  

Amongst non-survivors, fish survived on average 41 days (SD = 10) after IP injection, 

with a minimum value of 10 days and maximum value of 49 days.  

 Bacterial load quantification of 740 fish from 33 families showed that 6.5 % (n = 

48) of individuals had a P. salmonis load below the qRT-PCR detection threshold; these 

fish were considered as bacterial- free. All these individuals survived the experimental 

challenge and belonged to the resistant families. The bacterial load measured on the 

log10 scale in the other 692 animals ranged from 0.81 to 2.36 with an average load of 

1.53 log units (SD = 0.33). From these 692 individuals, 55% were survivors (n = 382), 

while the rest of the animals died during the experimental challenge. The former had an 

average LogBL of 1.31 ± 0.20 (with 0.81 and 2.29 as minimum and maximum LogBL), 

whereas an average of 1.82 ± 0.24 was estimated for the non-survivors individuals (n = 

310), with a minimum and maximum LogBL of 1.02 and 2.36, respectively. The LogBL 

trend throughout the experimental challenge is shown in figure S2. Harvest weight, 

obtained from 41,597 commercial fish with linked pedigree to the challenged 

population, had a mean of 6.36 kg (ranging from 0.05 to 7.5 kg). 
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Table 1. Summary statistics for average daily gain prior P. salmonis challenge (ADG0), 

during challenge test (ADGi), harvest weight (HW), log10 of bacterial load (LogBL), 

day of death (ST) and binary survival (BS) in the coho salmon (Oncorhynchus kisutch) 

breeding population used in the present study. 

Trait Mean SDa CVb (%) Minc Maxd 
Number of 

records 

ADG0 (g/day) 1.11 0.56 50.29 0.34 2.62 2605 

ADGi (g/day) 0.69 1.65 239.13 -5.85 6.36 2597 

HW (Kg) 6.37 1.32 20.72 0.05 7.5 41597 

LogBL 1.44 0.51 35.42 0.0 2.36 740 

ST 41.56 10.01 24.09 10 50 2606 

BS 0.61 0.49 80.33 0.0 1.0 2606 
a Standard deviation 

b Coefficient of variation 

c Minimum 

d Maximum 

 

3.3 Comparison of traits measured in survivors and non-survivors 

 Binary survival (BS), added as fixed effect in the statistical models, had a 

significant effect on ADGi and logBL (p < 0.001) (see Table S3). Survivors grew on 

average by 2.09 ± 0.56 g / day faster than non-survivors during the experimental 

challenge and also experienced on average a 0.64 ± 0.03 times lower bacterial load (in 

log units) (data not shown). Furthermore, genetic correlations between the traits ADGi, 

and LogBL measured in survivors and non-survivors, respectively, were low (0.026 ± 

0.64 for ADGi and 0.001 ± 0.39 for logBL), indicating that these traits may be 

considered as genetically different traits in survivors and non-survivors. Interestingly, 

the same was true for growth prior to infection, where the genetic correlation between 

ADG0 in survivors and non-survivors was 0.032 ± 0.21 (see Table S4).  
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3.4 Effect of early growth and bacterial load on growth and survival traits under 

infection  

 As shown in Table S3, ADG0 had a significantly positive effect (p < 0.001) on 

the traits ADGi, LogBL, ST and BS, implying that fast growth prior to infection also 

corresponded on average to faster growth and higher chance for survival during the 

infection process. This significance was also found in survivors (for ADGi, p < 0.05) 

and non-survivors (for ADGi and ST, p < 0.001) separately. LogBL, in contrast, was 

found to have a significant negative effect on both survival traits BS and ST, and a 

negative, though not significant (p = 0.09) effect on ADGi (Table S3). The latter 

suggests that differences in growth during infection occur due to other factors than 

differences in bacterial load. 

 

3.5 Heritabilities and genetic correlations 

 Estimated heritabilities and genetic correlations obtained by including both 

survivors and non-survivors in the models, and by analyzing both categories separately,  

are presented in Table 2. A significant and moderate heritability was estimated for 

growth rate prior to the experimental challenge (h2 = 0.30 ± 0.05 in pooled dataset, and 

slightly lower values when survivors and non-survivors were analyzed separately (Table 

2)). This estimate decreased considerably during the experimental challenge test (e.g. h2 

= of 0.07 ± 0.02 in pooled dataset), which could be explained by a substantial increase 

in the phenotypic variance of ADGi compared to ADG0 (see Table S5). Higher 

heritability estimates were obtained for HW of related individuals (0.38 ± 0.03 in 

pooled dataset). The survival traits ST and BS were found to be moderately heritable 

(0.16 ± 0.04 and 0.18 ± 0.03, for ST and BS respectively, in the full dataset, although 

heritability of ST dropped to 0.08 ± 0.04 when survivors were removed), when 
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differences in ADG0 and LogBL were accounted for in the models.  The estimate of 

heritability for LogBL was low and not significantly different from zero (0.04 ± 0.03) in 

the pooled dataset, but increased to 0.12 ± 0.05 and 0.11 ± 0.06, respectively, when 

survivors and non-survivors were analyzed separately. 

 A significant and positive genetic correlation was estimated between ADG0 and 

ADGi in the full dataset (0.40 ± 0.16) and for survivors only (0.36 ± 0.16), whereas 

genetic correlations between these traits were not found significant for non-survivors. 

Estimates of genetic correlations between ADG0 and HW were favorable (0.64 ± 0.09 

in pooled dataset) and robust across the datasets (Table 2). Growth prior to infection and 

ST also showed a significant and positive genetic correlation (0.43 ± 0.18 and 0.64 ± 

0.17 in full dataset and non-survivors, respectively), indicating that fish with higher 

growth rates prior to infection are more likely to survive the infection. However, genetic 

correlations between ADG0 and BS were not found significantly different from zero 

(0.05 ± 0.19). Lastly, no significant genetic correlation was found between ADG0 and 

LogBL in either dataset.  

 Binary survival was strongly and favorably correlated with ST (0.85 ± 0.09), 

ADGi (0.84 ± 0.07) and LogBL (-0.97 ± 0.10), whilst no significant correlation with 

HW was found. Surprisingly, a significant unfavorable correlation was found between 

ST and HW (-0.50 ± 0.13), although the association became weaker and non-significant 

once the censored ST values of survivors were removed from the analyses (Table 2). 

Similarly, the statistically significant undesirable positive correlation between HW and 

LogBL estimated with the pooled dataset was no longer observed when the analysis was 

stratified into survivors and non-survivors (Table 2). Lastly, genetic correlations 

between ADGi and LogBL tended to be favorable, but were not found statistically 

significant in either of the datasets. 
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Table 2. Estimated heritabilities (SE), genetic and phenotypic correlations (below 

and above diagonal, respectively) for average daily gain prior infection (ADG0), 

during infection (ADGi), harvest weight (HW), bacterial load (logBL), day of death 

(ST) and binary survival (BS) for pooled, survivors and non-survivors. 

Trait 
Pooled Animals 

ADG0 ADGi HW Log BL       ST BS 

ADG0 0.30(0.05)* 0.05(0.02)* 0 -0.05(0.04) 0.22(0.02)* 0.10(0.02)* 

ADGi 0.40(0.16)* 0.07(0.02)* 0 -0.11(0.04)* 0.12(0.02)* 0.53(0.01)* 

HW 0.64(0.09)* -0.14(0.20) 0.38(0.03)* 0 0 0 

LogBL 0.09(0.43) -0.23(0.50) 0.63(0.28)* 0.04(0.03) -0.07(0.04) -0.50(0.03)* 

ST 0.43(0.18)* 0.15(0.28) -0.50(0.13)* -0.03(0.57) 0.16(0.04)* 0.70(0.01)* 

BS 0.05(0.19) 0.84(0.07)* 0.23(0.16) -0.97(0.10)* 0.85(0.09)* 0.18(0.03)* 

Trait 
Survivors 

ADG0   ADGi      HW       LogBL    ST BS 

ADG0 0.27(0.05)* 0.14(0.03)* 0 -0.01(0.05) NAa NA 

ADGi 0.36(0.16)* 0.20(0.09)* 0 -0.12(0.05)* NA NA 

HW 0.63(0.09)* -0.16(0.19) 0.52(0.02)* 0 NA NA 

LogBL 0.39(0.60) 0.11(0.77) 0.25(0.32) 0.12(0.05)* NA NA 

ST NA NA NA NA NA NA 

BS NA NA NA NA NA NA 

Trait 
Non-Survivors 

ADG0 ADGi       HW LogBL       ST BS 

ADG0 0.21(0.07)* -0.27(0.03)* 0 -0.19(0.07)* 0.33(0.03)* NA 

ADGi -0.50(0.57) 0.02(0.03) 0 -0.05(0.07) 0.28(0.03)* NA 

HW 0.58(0.13)* -0.28(0.37) 0.52(0.02)* 0 0 NA 

LogBL 0.11(0.44) -0.89(0.56)  -0.36(0.27) 0.11(0.06) -0.11(0.06) NA 

ST 0.64(0.17)* 0.54(0.54) -0.35(0.20) -0.09(0.41) 0.08(0.04) NA 

BS NA NA NA NA NA NA 

* p < 0.05 

a Not assessed 

 

 

4. Discussion 
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 Prior to include P. salmonis resistance as a breeding goal it is necessary to 

determine if the trait is heritable and its potential association with other economically 

important traits, such as growth. The current dataset comprises animals that were 

exposed to P. salmonis using an experimental challenge, and previously analyzed by 

Yáñez et al., 2016. However, these authors only focused on the genetic association 

between harvest weight and day of death as a measure of resistance.  

 The current work provides novel insights into the genetic (co)variation between 

growth and P. salmonis resistance. By defining growth as average daily gain prior and 

during an infection with P. salmonis, we estimated heritabilities and its genetic 

correlation with resistance defined as survival time and binary survival, and the less 

commonly measured but epidemiologically important bacterial load. Moreover, 

estimates of the genetic correlation of all these traits with harvest weight was also 

determined using a large cohort from a coho salmon breeding population. 

 We found a moderate significant genetic variation for early growth rate (0.30 ± 

0.05). Similar heritability values have been reported for growth rate in others salmonid 

species, ranging from 0.32 to 0.35 (Lillehammer et al., 2013; Silverstein et al., 2009).  

 When growth rate was measured during infection with P. salmonis, heritability 

was up to six fold lower than the value for growth prior to infection. A similar drop in 

heritability for average daily gain during infection, compared with growth rate prior 

infection have been observed in pigs (Clapperton et al., 2009) and chickens (Rowland et 

al., 2018). In our study, this drop in heritability could be explained by a relatively 

stronger increase in the phenotypic variance (with some fish losing rather than gaining 

weight due to infection), than in the genetic variance (Table S5). The results suggest 

that differences in growth under infection are primarily controlled by environmental 

rather than genetic factors, once individual differences in early growth or in disease 
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resistance (represented by log-transformed bacterial load included as fixed covariate) 

are accounted for. Nevertheless, heritability estimates for growth under infection were 

still significantly different from zero, which is indicative for genetic variation in 

tolerance, in addition to resistance (Lough et al., 2017; Mazé-guilmo et al., 2014). 

 A moderate and positive genetic correlation was found between growth prior to 

and under infection. This favorable and significant genetic correlation was also 

estimated between growth prior to infection and harvest weight. The results indicate not 

only that fish with greater genetic growth potential at early stage in a pathogen-free 

environment in fresh water also tend to have greater growth potential during infection 

with P. salmonis, but also during the sea-rearing period, reaching higher body mass at 

harvest. 

 Significant additive genetic variation was estimated for ST and BS. These 

estimates are in agreement with previous estimates for the same and other types of 

pathogens for salmonid species (for a detailed review see (Yáñez et al., 2014a)). 

Furthermore, a moderate and favorable genetic correlation between early growth and ST 

was found. These results corroborate findings indicating that fish with faster growth 

prior to and during infection are more likely to survive after an experimental challenge 

with a bacterial agent (Imsland et al., 2002; Overturf et al., 2010). Hence, together the 

results of this study suggest that selection for early growth is expected to have a positive 

effect on growth under P. salmonis infection and harvest weight, without negatively 

impacting on survival. However, due to that each fish was intraperitoneally injected 

with the same amount of bacterial particles (0.2ml / fish), smaller fish received a 

proportionally higher amount of P. salmonis per body weight at the moment of injection 

compared to bigger fish, which may have led to higher levels of infection and greater 

damage in the former than the latter. Therefore, the association between early growth 
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rate and resistance to P. salmonis shown in the present study should be taken with 

caution and must be validated in further studies, and preferably in natural conditions. 

 One of the novelties of the present study is the inclusion of bacterial load as 

additional measures of host resistance to infection. Even though pathogen load is 

commonly used as measure of disease resistance in domestic livestock (Bishop et al., 

2004; Boddicker et al., 2014; Psifidi et al., 2016), it is rarely used in aquaculture for 

practical reasons (Cunnington, 2015). Measurements of individual pathogen load not 

only provide novel insights into different genetic response mechanisms to infection, 

such as resistance and tolerance or endurance (Kause and Ødegård, 2012; Lough et al., 

2017; Raberg et al., 2009) and their impact on survival (Lough et al., 2015), but may 

also help to predict potential epidemiological effects of selection, as individuals with 

high pathogen load may be more infectious.  We found that resistant families had on 

average a lower LogBL compared to those susceptible to P. salmonis. These results are 

in accordance with a previous study for resistance to P. salmonis in Atlantic salmon 

(Dettleff et al., 2015) using head kidney as sampled tissue. However, and in contrast to 

our study, Marancik and Wiens, (2013), found no differences in Flavobacterium 

psychrophilum load between different genetic lines, although these authors only 

considered censored data from fish that had died during the experiment. More recently, 

and in accordance with our study, Marancik et al., (2015) identified that resistant fish 

had lower F. psychrophilum load when sampled alive and fewer of these fish progressed 

to clinical signs and death, although these findings are based on a lower number of fish 

than used in the current study, and no genetic parameters were estimated. 

In our study, the regression coefficient for logBL, when fitted as covariate into 

the statistical models for ST and BS, was significantly different from zero and negative, 

indicating that individuals with higher bacterial load were more likely to die and tended 
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to die faster when infected with P. salmonis. Although the sample size for bacterial load 

in our study was too small to obtain accurate genetic parameter estimates, we found 

significant genetic variation for bacterial load in surviving animals (0.12 ± 0.05) and a 

similar borderline significant genetic variation in non-survivors (0.11 ± 0.06). 

Furthermore, a strong favorable genetic correlation was found between log-transformed 

bacterial load and binary survival, and genetic correlations between LogBL and ST or 

growth traits tended to be negative, suggesting that selection for growth or survival post 

P. salmonis infection will not simultaneously increase pathogen load.  

In our study, final body weight used to calculate ADGi, and BL were measured 

at time of death for non-survivors and at the end of the trial for survivors. This implies 

that the trait measurements may relate to different stages of infection in survivors and 

non-survivors. The low genetic and phenotypic correlations for these traits measured in 

survivors and non-survivors indicate that these traits should be considered as 

biologically different in both groups of individuals. Indeed, survivors may have already 

fully or partially recovered from infection at the time of recording and may thus have 

had reduced bacterial load in contrast to non-survivors whose bacterial load may have 

peaked at the time of death. Similarly, in the case of ADGi, non-survivors may have 

died when body weight reached a minimum, whereas survivors may have experienced 

compensatory growth at the later stages of the experiment. For these reasons, the 

analyses were carried out with data from survivors and non-survivors pooled (with BS 

fitted as fixed effect to partly account for these differences) in order to maximize 

statistical power, and for survivors and non-survivors separately to disentangle the 

effects of confounding with recording times. Furthermore, genetic parameter estimates 

may be slightly upward biased due to the fact that bacterial load was only measured in 

families from the extreme ends of the survival time breeding value distributions.  
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Nevertheless, genetic estimations from survivors and non-survivors analyzed 

separately were similar with those obtained using pooled animals, although higher 

standard error were obtained. In particular, growth prior to infection showed a generally 

favorable correlation with growth and survival during P. salmonis infection, and harvest 

weight, and no robust antagonistic genetic relationship between growth, survival and 

bacterial load was identified in this study. 

The use of bivariate models were chosen over multi-variate models as these 

were found to provide more robust estimates of genetic correlations and because it 

accommodated flexible inclusion of covariates if these were not simultaneously 

response variables. 

From a resource allocation theory point of view, a negative correlation between 

resistance and growth would be expected, given that these are two competing resource-

demanding mechanisms (Rauw et al., 1998). Indeed, previous studies found a negative 

genetic correlation between body weight and resistance (as day of death) to SRS and 

viral haemorrhagic septicaemia (VHS) in salmonid species (Henryon et al., 2002; 

Yáñez et al., 2016, 2014b). Our current results do not support this trade-off, as neither 

ADG0 or ADGi were antagonistically related to survival. Instead, the estimated positive 

and favorable genetic correlations in pooled and non-survivors, suggest that fish with 

higher genetic growth rate measured in freshwater at early stage are also genetically 

more resistant to P. salmonis. Similar results have been obtained in Atlantic salmon and 

rainbow trout (Gjedrem et al., 1991; Overturf et al., 2010). This trade-off was only 

observed due to the unfavorable genetic correlation between ST and HW when the 

former was measured in pooled animals. However, the genetic correlation between ST 

and HW was not significantly different from zero when only non-survivors were used, 

suggesting a less robust estimation compared to ST and ADG0, which was positive and 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

25 

 

significantly different from zero when using only susceptible animals. Furthermore, we 

found a favorable genetic correlation for ADG0 with respect to ST and HW, which 

indicate a positive relationship between early growth in fresh water (ADG0), late 

growth in seawater (HW) and survival time (ST). 

Differences at the development of the immune system at early life stages, given 

by body size at time of infection may explain the lack of trade-off (Overturf et al., 

2010). Furthermore, the role of insulin- like growth factor (IGF) could play a key role as 

has been associated with increased survival and detected in higher levels in faster 

growing fish (Bilodeau-Bourgeois et al., 2008; Dyer et al., 2004; Perez-Sanches, 2000). 

Previously, an up-regulation of pro- inflammatory genes has been detected in 

Atlantic salmon families with early mortality following a P. salmonis infection (Correa 

et al., 2015; Dettleff et al., 2015; Pulgar et al., 2015). Moreover, using genome-wide 

association studies, candidate genes related with pro- inflammatory response proximate 

to markers associated with P. salmonis survival were identified in Atlantic (Correa et 

al., 2015) and coho salmon (Barría et al., 2018). In our work, fish from the 17 more 

susceptible families experienced a higher weight loss than those from the 16 most 

resistant families, (p < 0.0001, data not shown). We propose that an exacerbated, 

ineffective inflammatory response may have led to tissue damage and the subsequent 

weight reduction in these individuals, with subsequent mortality. However, further 

studies are necessary to test these relationships between immune response and weight 

lost in coho salmon. The availability of a coho salmon reference genome (assembly 

accession = GCA_002021735.1) and the international initiative on Functional 

Annotation of All Salmonid Genomes (FAASG), will facilitated further functional 

studies in salmonid species (Macqueen et al., 2017). One potential limitation of the 

current study refers to the censored data. The current censored distribution for mortality 
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violates the normality assumption for the linear mixed models. Moreover, ignoring the 

censoring could cause slight bias in the estimates. Repeating the analyses for 

uncensored non-survivors only could partly overcome this problem, but at the loss of 

statistical power. Alternatively, this situation can be partly overcome with using 

survival analysis (e.g. proportional hazard frailty models) (Ødegård et al., 2011a). 

However, bivariate analyses with such models present some difficulties in terms of 

fitting and interpretation and therefore linear mixed models are often considered more 

robust in this case. From the genetic improvement perspective, predictive ability can be 

considered more relevant than goodness of fit for a given model. In this regard, it has 

been found that when comparing proportional hazard frailty models with linear mixed 

models, the increase in accuracy of selection is marginal in the case of P. salmonis 

resistance in Atlantic salmon (Yáñez et al., 2013).  

Finally, although survival to infection is generally considered as desirable 

breeding goal in aquaculture, from an epidemiological point of view, fish that survive 

an infection, but that harbor and shed a large amount of infectious pathogens may be 

highly undesirable as they are more likely to infect others. The results of this study 

would suggest that selection for survival to P. salmonis infection will not 

simultaneously increase bacterial load. However, recent infection studies in Turbot 

demonstrated that survival is a composite genetic trait influenced by genetic variation in 

host resistance, tolerance and infectivity (Anacleto et al., 2018; Saura et al., 2018). 

Future studies that provide a deeper understanding of the underlying mechanisms and 

their genetic regulation affecting survival of coho salmon to P. salmonis infection, are 

therefore warranted. 

 

5. Conclusion 
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 The current study showed the presence of significant genetic variation for 

average daily gain in an early stage of a coho salmon life cycle. This genetic variation 

decreased during infection by the facultative intracellular bacteria Piscirickettsia 

salmonis, and a moderate positive genetic correlation between growth prior and during 

infection was observed. We identified that early growth is positive genetically 

correlated with P. salmonis resistance measured as day of death and with harvest 

weight. Furthermore, we found no robust antagonistic genetic relationship between 

growth, survival and bacterial load. These results suggest that selective breeding for 

early growth, can indirectly improve harvest weight and resistance to P. salmonis in the 

current population. To our knowledge this is the first study elucidating significant 

genetic variation for pathogen load in salmonid species as a measurement of resistance,  

and its genetic correlation with commercially important traits. 

 

Declarations 

Ethics approval and consent to participate  

Experimental challenge and sample procedures were approved by the Comité de 

Bioética Animal from the Facultad de Ciencias Veterinarias y Pecuarias, Universidad de 

Chile (Certificate N08-2015). 

 

Consent for publication 

Not applicable 

 

Availability of data and materials 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

28 

 

The dataset used during the current study is commercially sensitive and could be  

available from the corresponding author on reasonable request. 

 

Competing interests 

The authors declare that they have no competing interests 

 

Funding 

This work has been conceived on the frame of the grant FONDEF NEWTON-

PICARTE, funded by CONICYT (Government of Chile) and the Newton fund The 

British Council (Government of United Kingdom). ADW’s and RH’s contributions 

were funded by RCUK-CONICYT grant (BB/N024044/1) and Institute Strategic 

Funding Grants to The Roslin Institute (BBS/E/D/20002172, BBS/E/D/30002275 and 

BBS/E/D/10002070). 

 

Author’s contribution 

JY and JL conceived the experiment and provided data for analysis. AB performed the 

analysis. AW and RH helped to optimize the analysis. AB, AW, RH, and JY interpreted 

the results. AB and AW drafted the manuscript. All authors improved the writing, read 

and approved the final manuscript. 

 

Acknowledgements 

AB want to acknowledge to the National Commission of Scientific and Technologic 

Research (CONICYT) for the funding through the National PhD funding program.  

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

29 

 

References 

Anacleto, O., Cabaleiro, S., Villanueva, B., Saura, M., Houston, R., Woolliams, J.A., 

Doeschl-Wilson, A.B., 2018. Genetic differences in host infectivity affect disease 

spread and survival in epidemics. Nat. Sci. Reports. 

Barría, A., Christensen, K.A., Yoshida, G.M., Correa, K., Jedlicki, A., Lhorente, J.P., 

Davidson, W.S., Yáñez, J.M., 2018. Genomic predictions and genome-wide 

association study of resistance against Piscirickettsia salmonis in coho salmon 

(Oncorhynchus kisutch) using ddRAD sequencing. G3 Genes Genomes Genet. 

4231, g3.200053.2018. 

Bilodeau-Bourgeois, L., Bosworth, B.G., Peterson, B.C., 2008. Differences in mortality, 

growth, lysozyme, and Toll-like receptor gene expression among genetic groups of 

catfish exposed to virulent Edwardsiella ictaluri. Fish Shellfish Immunol. 24, 82–

89. 

Bishop, S.C., Jackson, F., Coop, R.L., Stear, M.J., 2004. Genetic parameters for 

resistance to nematode infections in Texel lambs and their utility in breeding 

programmes. Anim. Sci. 78, 185–194. 

Bishop, S.C., Woolliams, J.A., 2014. Genomics and disease resistance studies in 

livestock. Livest. Sci. 166, 190–198. 

Boddicker, N.J., Bjorkquist, A., Rowland, R.R.R., Lunney, J.K., Reecy, J.M., Dekkers, 

J.C.M., 2014. Genome-wide association and genomic prediction for host response 

to porcine reproductive and respiratory syndrome virus infection. Genet. Sel. Evol. 

46, 18. 

Clapperton, M., Diack, A.B., Matika, O., Glass, E.J., Gladney, C.D., Mellencamp, 

M.A., Hoste, A., Bishop, S.C., 2009. Traits associated with innate and adaptive 

immunity in pigs: heritability and associations with performance under different 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

30 

 

health status conditions. Genet. Sel. Evol. 41, 1–11. 

Correa, K., Lhorente, J.P., López, M.E., Bassini, L., Naswa, S., Deeb, N., Di Genova, 

A., Maass, A., Davidson, W.S., Yáñez, J.M., 2015. Genome-wide association 

analysis reveals loci associated with resistance against Piscirickettsia salmonis in 

two Atlantic salmon (Salmo salar L.) chromosomes. BMC Genomics 16, 854. 

Cunnington, A.J., 2015. The importance of pathogen load. PLoS Pathog. 11, 1–2. 

Cvitanich, J., Garate, O., Smith, C.E., 1991. The isolation of a rickettsia‐like organism 

causing disease and mortality in Chilean salmonids and its confirmation by Koch’s 

postulate. J. Fish Dis. 14, 121–146. 

Dettleff, P., Bravo, C., Patel, A., Martinez, V., 2015. Patterns of Piscirickettsia salmonis 

load in susceptible and resistant families of Salmo salar. Fish Shellfish Immunol. 

45, 67–71. doi:10.1016/j.fsi.2015.03.039 

Doeschl-Wilson, A.B., Kyriazakis, I., 2012. Should we aim for genetic improvement in 

host resistance or tolerance to infectious pathogens? Front. Genet. 3, 2–4. 

Dufflocq, P., Lhorente, J.P., Bangera, R., Neira, R., Newman, S., Yáñez, J.M., 2016. 

Correlated response of flesh color to selection for harvest weight in coho salmon 

(Oncorhynchus kisutch). Aquaculture 6–11. 

Dyer, A.R., Barlow, C.G., Bransden, M.P., Carter, C.G., Glencross, B.D., Richardson, 

N., Thomas, P.M., Williams, K.C., Carragher, J.F., 2004. Correlation of plasma 

IGF-I concentrations and growth rate in aquacultured finfish: A tool for assessing 

the potential of new diets. Aquaculture 236, 583–592. 

Falconer, D.S., Mackay, T.F.C., 1996. Quantitative Genetics. 

FAO, 2016. Fisheries and aquaculture information and statistical branch [WWW 

Document]. 

Gilmour, A.R., Gogel, B.J., Cullis, B.R., Thompson, R., 2009. ASReml User. Guid. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

31 

 

release 3.0. 372 p. VSN Int. Ltd, Hemel Hempstead, UK 372. 

Gjedrem, T., 2012. Genetic improvement for the development of efficient global 

aquaculture: a personal opinion review. Aquaculture 344–349, 12–22. 

Gjedrem, T., Salte, R., Gjsen, H.M., 1991. Genetic variation in susceptibility of Atlantic 

salmon to furunculosis. Aquaculture 97, 1–6. 

Henryon, M., Jokumsen, A., Berg, P., Lund, I., Pedersen, P.B., Olesen, N.J., 

Slierendrecht, W.J., 2002. Genetic variation for growth rate, feed conversion 

efficiency, and disease resistance exists within a farmed population of rainbow 

trout. Aquaculture 216, 389–390. 

Houston, R.D., Haley, C.S., Hamilton, A., Guy, D.R., Mota-Velasco, J.C., Gheyas,  a a, 

Tinch,  a E., Taggart, J.B., Bron, J.E., Starkey, W.G., McAndrew, B.J., Verner-

Jeffreys, D.W., Paley, R.K., Rimmer, G.S.E., Tew, I.J., Bishop, S.C., 2010. The 

susceptibility of Atlantic salmon fry to freshwater infectious pancreatic necrosis is 

largely explained by a major QTL. Heredity (Edinb). 105, 318–27. 

Houston, R.D., Haley, C.S., Hamilton, A., Guy, D.R., Tinch, A.E., Taggart, J.B., 

McAndrew, B.J., Bishop, S.C., 2008. Major quantitative trait loci affect resistance 

to infectious pancreatic necrosis in Atlantic salmon (Salmo salar). Genetics 178, 

1109–1115. 

Imsland, A.K., Jonassen, T.M., Langston, A., Hoare, R., Wergeland, H., Fitzgerald, R., 

Stefansson, S.O., 2002. The interrelation of growth and disease resistance of 

different populations of juvenile Atlantic halibut (Hippoglossus hippoglossus L.). 

Aquaculture 204, 167–177. 

Kause, A., Ødegård, J., 2012. The genetic analysis of tolerance to infections: A review. 

Front. Genet. 3, 1–9. 

Klei, B., 2016. Approximate Variance for Heritability Estimates [WWW Document]. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

32 

 

http://nce.ads.uga.edu/html/projects/AI_SE_revised.pdf. 

Lillehammer, M., Odegård, J., Madsen, P., Gjerde, B., Refstie, T., Rye, M., 2013. 

Survival, growth and sexual maturation in Atlantic salmon exposed to infectious 

pancreatic necrosis: a multi-variate mixture model approach. Genet. Sel. Evol. 45, 

8. 

Lipschutz-Powell, D., Woolliams, J.A., Bijma, P., Doeschl-Wilson, A.B., 2012. Indirect 

genetic effects and the spread of infectious disease: Are we capturing the full 

heritable variation underlying disease prevalence? PLoS One 7. 

Lough, G., Kyriazakis, I., Bergmann, S., Lengeling, A., Doeschl-Wilson, A.B., 2015. 

Health trajectories reveal the dynamic contributions of host genetic resistance and 

tolerance to infection outcome. Proc. R. Soc. B Biol. Sci. 282, 20152151. 

Lough, G., Rashidi, H., Kyriazakis, I., Dekkers, J.C.M., Hess, A., Hess, M., Deeb, N., 

Kause, A., Lunney, J.K., Rowland, R.R.R., Mulder, H.A., Doeschl-wilson, A., 

2017. Use of multi-trait and random regression models to identify genetic variation 

in tolerance to porcine reproductive and respiratory syndrome virus. Genet. Sel. 

Evol. 49, 37. 

Lynch, M., Walsh, B., 1998. Genetics and analysis of quantitative traits. 

Macqueen, D.J., Primmer, C.R., Houston, R.D., Nowak, B.F., Bernatchez, L., Bergseth, 

S., Davidson, W.S., Gallardo-escárate, C., Goldammer, T., Guiguen, Y., Iturra, P., 

Kijas, J.W., Koop, B.F., Lien, S., Maass, A., Martin, S.A.M., Mcginnity, P., 

Montecino, M., Naish, K.A., Nichols, K.M., Ólafsson, K., Omholt, S., Palti, Y., 

Plastow, G., Rexroad, C., Rise, M., Ritchie, R., Sandve, S., Schulte, P., Tello, A., 

Vidal, R., Vik, J., Wargelius, A., Yáñez, J.M., 2017. Functional Annotation of All 

Salmonid Genomes ( FAASG ): an international initiative supporting future 

salmonid research , conservation and aquaculture. BMC Genomics 18, 1–9. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

33 

 

Marancik, D., Gao, G., Paneru, B., Ma, H., Hernandez, A., Salem, M., Yao, J., Palti, Y., 

Wiens, G., 2015. Whole-body transcriptome of selectively bred , resistant- , 

control- , and susceptible- line rainbow trout following experimental challenge with 

Flavobacterium psychrophilum. Front. Genet. 8, 1–15. 

doi:10.3389/fgene.2014.00453 

Marancik, D.P., Wiens, G.D., 2013. A real-time polymerase chain reaction assay for 

identification and quantification of Flavobacterium psychrophilum and application 

to disease resistance studies in selectively bred rainbow trout Oncorhynchus 

mykiss. FEMS Microbiol. Lett. 339, 122–129. 

Mazé-guilmo, E., Loot, G., Páez, D.J., Lefèvre, T., Blanchet, S., 2014. Heritable 

variation in host tolerance and resistance inferred from a wild host − parasite 

system heritable. Proc. R. Soc. B 281, 20132567. 

Neira, R., Lhorente, J.P., Newman, S., Yáñez, J.M., Araneda, M., Flip, M., 2014. 

Evolution of coho salmon (Oncorhynchus kisutch) breeding programs. 

Proceedings, 10th World Congr. Genet. Appl. to Livest. Prod. 

Ødegård, J., Baranski, M., Gjerde, B., Gjedrem, T., 2011a. Methodology for genetic 

evaluation of disease resistance in aquaculture species: challenges and future 

prospects. Aquac. Res. 42, 103–114. 

Ødegård, J., Gitterle, T., Madsen, P., Meuwissen, T.H.E., Yazdi, M.H., Gjerde, B., 

Pulgarin, C., Rye, M., 2011b. Quantitative genetics of Taura syndrome resistance 

in Pacific white shrimp (Penaeus vannamei): a cure model approach. Genet. Sel. 

Evol. 43, 14. 

Ødegård, J., Moen, T., Santi, N., Korsvoll, S.A., Kjøglum, S., Meuwisse, T.H.E., 2014. 

Genomic prediction in an admixed population of Atlantic salmon (Salmo salar). 

Front. Genet. 5, 1–8. doi:10.3389/fgene.2014.00402 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

34 

 

Overturf, K., LaPatra, S., Towner, R., Campbell, N., Narum, S., 2010. Relationships 

between growth and disease resistance in rainbow trout, Oncorhynchus mykiss 

(Walbaum). J. Fish Dis. 33, 321–329. 

Perez-Sanches, J., 2000. The involvement of growth hormone in growth regulation, 

energy homeostais and immune function in the gilthead sea bream (Sparus aurata): 

a short review. J. Fish Physiol. Biochem. 22, 135. 

Psifidi, A., Fife, M., Howell, J., Matika, O., van Diemen, P.M., Kuo, R., Smith, J., 

Hocking, P.M., Salmon, N., Jones, M.A., Hume, D.A., Banos, G., Stevens, M.P., 

Kaiser, P., 2016. The genomic architecture of resistance to Campylobacter jejuni 

intestinal colonisation in chickens. BMC Genomics 17, 1–18. 

Pulgar, R., Hödar, C., Travisany, D., Zuñiga, A., Domínguez, C., Maass, A., González, 

M., Cambiazo, V., 2015. Transcriptional response of Atlantic salmon families to 

Piscirickettsia salmonis infection highlights the relevance of the iron-deprivation 

defence system. BMC Genomics 16, 1–21. 

Raberg, L., Graham, A.L., Read, A.F., 2009. Decomposing health: tolerance and 

resistance to parasites in animals. Philos. Trans. R. Soc. B Biol. Sci. 364, 37–49. 

Rauw, W.M., Kanis, E., Noordhuizen Stassen, E.N., Grommers, F.J., 1998. Undesirable 

side effects of selection for high production efficiency in farm animals: a review. 

Livest. Prod. Sci. 56, 15. 

Reed, L.J., Muench, H., 1938. A simple method of estimating fifty per cent endpoints. 

Am. J. Hyg. 27, 493–497. 

Restif, O., Koella, J.C., 2004. Concurrent evolution of resistance and tolerance to 

pathogens. Am. Nat. 164, E90–E102. 

Rowland, K., Wolc, A., Gallardo, R.A., Kelly, T., Zhou, H., Dekkers, J.C.M., Lamont, 

S.J., 2018. Genetic analysis of a commercial egg laying line challenged with 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

35 

 

Newcastle disease virus. Front. Genet. 9, 1–12. doi:10.3389/fgene.2018.00326 

Roy, B.A., Kirchner, J.W., 2000. Evolutionary dynamics of pathogen resistance and 

tolerance. Evolution (N. Y). 54, 51–63. 

Rozas, M., Enríquez, R., 2014. Piscirickettsiosis and Piscirickettsia salmonis in fish: a 

review. J. Fish Dis. 37, 163–188. 

Saura, M., Fernandez, A., Maroso, F., Hermida, M., Martinez, P., Cabaleiro, S., 

Doeschl-Wilson, A.B., Anacleto, O., Houston, R.D., Millan, A., Fernandez, J., 

Toro, M.A., Carabaño, M.J., Bouza, C., Villanueva, B., 2018. Disentangling 

genetic variation for resistance and tolerance to scuticociliatosis in turbot using 

pedigree and genomic information. Front. Genet. Accepted. 

Sernapesca, 2018. Programa sanitario general laboratorios de diagostico de 

enfermedades de animales acuaticos [WWW Document]. 

http://www.sernapesca.cl/sites/default/files/labd-nt1.pdf. 

Sernapesca, 2016. Informe sanitario de salmonicultura en centros marinos 2016. 

Servicio Nacional de Pesca y Acuicultura. 

Sernapesca, 2011. Programa de Laboratorios de diagnostico de enfermedades de 

animales acuaticos. [WWW Document]. 

http://ww2.sernapesca.cl/index.php?option=com_remository&Itemid=246&func=s

tartdown&id=3863. 

Silverstein, J.T., Vallejo, R.L., Palti, Y., Leeds, T.D., Rexroad, C.E., Welch, T.J., 

Wiens, G.D., Ducrocq, V., 2009. Rainbow trout resistance to bacterial cold-water 

disease is moderately heritable and is not adversely correlated with growth. J. 

Anim. Sci. 87, 860–867. 

Snow, M., McKay, P., McBeath, A., Black, J., Doig, F., Kerr, R., Cunningham, C., 

Nylund, A., Devold, M., 2006. Development, application and validation of a 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

36 

 

Taqman real-time RT-PCR assay for the detection of infectious salmon anaemia 

virus (ISAV) in Atlantic salmon (Salmo salar). Dev. Biol. (Basel). 126, 133–45. 

Vallejo, R.L., Leeds, T.D., Fragomeni, B.O., Gao, G., Hernandez, A.G., Misztal, I., 

Welch, T.J., Wiens, G.D., Palti, Y., 2016. Evaluation of genome-enabled selection 

for bacterial cold water disease resistance using progeny performance data in 

rainbow trout: Insights on genotyping methods and genomic prediction models. 

Front. Genet. 7, 1–13. 

Yáñez, J.M., Bangera, R., Lhorente, J.P., Barría, A., Oyarzún, M., Neira, R., Newman, 

S., 2016. Negative genetic correlation between resistance against Piscirickettsia 

salmonis and harvest weight in coho salmon (Oncorhynchus kisutch). Aquaculture 

459, 8–13. 

Yáñez, J.M., Bangera, R., Lhorente, J.P., Oyarzún, M., Neira, R., 2013. Quantitative 

genetic variation of resistance against Piscirickettsia salmonis in Atlantic salmon 

(Salmo salar). Aquaculture 414–415, 155–159. 

Yáñez, J.M., Houston, R.D., Newman, S., 2014a. Genetics and genomics of disease 

resistance in salmonid species. Front. Genet. 5, 1–13. 

Yáñez, J.M., Lhorente, J.P., Bassini, L.N., Oyarzun, M., Neira, R., Newman, S., 2014b. 

Genetic co-variation between resistance against both Caligus rogercresseyi and 

Piscirickettsia salmonis, and body weight in Atlantic salmon (Salmo salar). 

Aquaculture 433, 295–298. 

Yáñez, J.M., Martinez, V., 2010. Genetic factors involved in resistance to infectious 

diseases in salmonids and their application in breeding programmes. Arch. Med. 

Vet. 42, 1–13. 

Yoshida, G., Bangera, R., Carvalheiro, R., Correa, K., Figueroa, R., Lhorente, J.P., 

Yáñez, J.M., 2017. Genomic prediction accuracy for resistance against 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

37 

 

Piscirickettsia salmonis in farmed rainbow trout. Genes\Genomes\Genetics. 

doi:10.1534/g3.117.300499 

 

Fig. 1. Observed mortalities for all the 107 coho salmon families challenged with P. 

salmonis. The 16 resistant and 17 susceptible families for which bacterial load was 

quantified are highlighted in light and dark grey, respectively (Fig 1A). Percentage of 

survivors and non-survivors for each of the 16 most resistant and 17 most susceptible 

families selected after experimental challenge against P. salmonis along with the pooled 

average LogBL including standard error bars in red (Fig. 1B). 

 

Supplementary files 

File name: Table S1 

Format: .xlsx 

Title: Summary statistics for age at tagging (AT) in days (d) and weight at tagging (WT) 

in grams (g), for the populations with spawning even years 

Description: Summary statistics for age at tagging and weight at tagging for 

subpopulations of the current breeding population 
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Description: Summary statistics of variables included on the statistics models. 
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Title: Summary of the variables used for each mixed models and the significance effect 

Description: Summary of the variables used for each mixed model. 
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Title: Estimated genetic and phenotypic correlations (rg and rp, respectively) for 

average daily gain prior infection (ADG0), during the infection (ADGi) and bacterial 
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Description: Phenotypic and genetic correlation for ADG0, ADGi and LogBL between 
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Title: Frequency distribution for growth and resistance traits. Average daily gain prior 

infection (ADG0), during infection (ADGi), day of death (ST), bacterial load (LogBL), 

binary survival (BS) and harvest weight (HW) for survivors and non-survivors. 

Description: Frequency distribution of all evaluated traits. 

 

 

File name: Figure S2.  

Format: .png 

Title: Quantification of P. salmonis 16S, measured as log10, for survivors and non-

survivors along the experimental challenge for a coho salmon population. The grey zone 

indicates the 95% confidence level interval.  

Description: P. salmonis load throughout the experimental challenge 
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Highlights of the manuscript  
 

Evidence of significant genetic variation for early growth rate, growth during an 

infection with Piscirickettsia salmonis and resistance to P. salmonis in a farmed coho 
salmon (Oncorhynchus kisutch) population. 

First time that bacterial load has been assessed as a resistance phenotype in aquaculture 

 
Selective breeding for early growth would be expected to simultaneously increase 

weight at harvest, survival time and growth performance during an infection with P. 
salmonis. 
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