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Abstract
Mass mortality events in wild fish due to infectious diseases are troubling, especially given the potential for long-

term, population-level consequences. Evolutionary theory predicts that populations with sufficient genetic variation
will adapt in response to pathogen pressure. Chinook Salmon Oncorhynchus tshawytscha were introduced into Lake
Michigan in the late 1960s from a Washington State hatchery population. In the late 1980s, collapse of the forage base
and nutritional stress in Lake Michigan were thought to contribute to die-offs of Chinook Salmon due to bacterial
kidney disease (BKD). Previously, we demonstrated that Lake Michigan Chinook Salmon from a Wisconsin hatchery
have greater survival following BKD challenge relative to their progenitor population. Here, we evaluated whether
the phenotypic divergence of these populations in BKD susceptibility was due to selection rather than genetic drift.
Comparison of the overall magnitude of quantitative trait to neutral marker divergence between the populations
suggested selection had occurred but a direct test of quantitative trait divergence was not significant, preventing
the rejection of the null hypothesis of differentiation through genetic drift. Estimates of phenotypic variation (VP),
additive genetic variation (VA) and narrow-sense heritability (h2) were consistently higher in the Wisconsin relative to
the Washington population. If selection had acted on the Wisconsin population there was no evidence of a concomitant
loss of genetic variation in BKD susceptibility. The Renibacterium salmoninarum exposures were conducted at both
14◦C and 9◦C; the warmer temperature accelerated time to death in both populations and there was no evidence of
phenotypic plasticity or a genotype-by-environment (G × E) interaction. High h2 estimates for BKD susceptibility in
the Wisconsin population, combined with a lack of phenotypic plasticity, predicts that future adaptive gains in BKD
resistance are still possible and that these adaptive gains would be stable under the temperature range evaluated here.

It is now recognized that infectious diseases can have an
impact on the population dynamics of fish in the Great Lakes
(Holey et al. 1998). Ecological perturbations can shift the re-
lationship between host and pathogen resulting in increased
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incidence or severity of disease (Hedrick 1998), which can
lead to large mortality events. Dramatic die-offs are troubling,
but the long-term, population-level consequences of selection
may be of more significance. Evolutionary theory predicts that
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10 PURCELL ET AL.

populations with sufficient genetic variation will adapt in re-
sponse to pathogen-driven selection (Spielman et al. 2004). In
addition to genetic variability, phenotypic plasticity is an impor-
tant contributor to adaptive potential, especially over the short
term. Phenotypic plasticity is the ability of an animal of a par-
ticular genotype to respond to changing conditions by altering
its phenotype through physiological or behavioral adjustments
(Falconer and MacKay 1996). The ability to respond and adapt
to a changing environment is critical to the long-term sustain-
ability of any population.

Introductions of fall-run (ocean-type) Chinook Salmon On-
corhynchus tshawytscha eggs from Puget Sound, Washington,
into the Lake Michigan basin began around 1966 (Hansen and
Holey 2002). As early as 1967, there were reports of bacte-
rial kidney disease (BKD) caused by the gram-positive bac-
terium Renibacterium salmoninarum in Lake Michigan Chi-
nook Salmon and other Pacific salmon species (MacLean and
Yoder 1970). Chinook Salmon density in Lake Michigan in-
creased over the following decades reaching its peak density
in the mid-1980s. In the late 1980s, a collapse of the Chinook
Salmon’s primary prey item, the Alewife Alosa pseudoharen-
gus, led to severe nutritional stress, which likely precipitated
large fish kills due to BKD (Holey et al. 1998; Hansen and Holey
2002). Previously, we reported that the contemporary population
of Chinook Salmon from a Lake Michigan hatchery in Wiscon-
sin had greater survival following R. salmoninarum challenge
relative to several Pacific Northwest populations, including the
documented progenitor population from Green River, Washing-
ton (Purcell et al. 2008; Metzger et al. 2010). One hypothesis
to account for this phenotypic divergence in BKD susceptibil-
ity is selection imposed by the Lake Michigan BKD epizootics
or other factors encountered in the novel environment of the
Great Lakes (Purcell et al. 2008). If true, a possible trade-off
to the fitness gains achieved by selection can be a reduction in
the overall genetic variation at the trait, thereby limiting future
evolutionary potential (Roff 1997).

Although the previous laboratory challenge studies con-
ducted on the Wisconsin and Washington populations docu-
mented a phenotypic difference in BKD susceptibility, these
studies lacked sufficient families and individuals to confirm a
genetic rather than environmental basis for this difference. In
the present study, we used sets of full- and half-sibling families
to evaluate phenotypic and genetic variation for two traits as-
sociated with BKD susceptibility (mortality and days to death)
in both the Washington and Wisconsin populations. Addition-
ally, we evaluated the hypothesis that selection was responsi-
ble for the phenotypic difference between the populations. We
performed the disease challenges at two different water temper-
atures to also assess whether there was significant phenotypic
plasticity in these traits. Temperature was chosen as the envi-
ronmental parameter to evaluate plasticity because it strongly
influences the physiological systems of poikilothermic animals
(Brett 1956) and can dramatically alter the host–pathogen re-
lationship by affecting the replication of the pathogen and ki-

netics of the host’s immune response (Le Morvan et al. 1998).
The results presented here provide insight into potential for fu-
ture adaptive changes in BKD susceptibility in the Wisconsin
Chinook Salmon population.

METHODS
Broodstock and creation of full-sibling families.—Gametes

were collected from adult Chinook Salmon returning to the
Strawberry Creek weir, Wisconsin, (Wisconsin Department
of Natural Resources) or Soos Creek Hatchery, Washington,
(Washington Department of Fish and Wildlife) on October
12, 2009, and September 30, 2009, respectively. Kidney and
ovarian fluids were collected from spawning females; kid-
ney samples were screened for R. salmoninarum antigen by
double-polyclonal antibody enzyme-linked immunosorbent as-
say (ELISA II) (Pascho et al. 1991) and ovarian fluid samples
were screened for R. salmoninarum cells by the membrane-
filtration fluorescent antibody test (MF-FAT) (Elliott and Barila
1987).

Creation of full- and half-sibling families.—Because infec-
tion of progeny by vertical transmission of R. salmoninarum
from female parents would confound experimental results, eggs
were only used from females with R. salmoninarum negative
kidney ELISA values and low ovarian fluid ELISA values (neg-
ative optical density cutoff was defined as two SDs above the
mean of the negative control sample). Approximately 20% per-
cent of the females used did have very low levels of detectable
R. salmoninarum cells in the ovarian fluid as measured by
MF-FAT. Milt from 20 Washington and 20 Wisconsin Chinook
Salmon males was used to fertilize eggs from 40 Washington
and 40 Wisconsin females, respectively, to initially create 80
families in a paternal half-sibling nested breeding design (one
male : two females). The Wisconsin eggs were thiamine-treated
during water hardening with 750 mg/L thiamine hydrochloride
(Sigma-Aldrich) buffered to neutral pH with sodium bicarbon-
ate (Sigma-Aldrich) for 2 h, to ameliorate thiamine deficiency
that occurs in this stock. The Wisconsin and Washington eggs
were disinfected with 100 mg/L iodophore (Argent Chemicals)
for 15 min. The fertilized eggs were reared at the Western Fish-
eries Research Center (WFRC) in Seattle, Washington, using
sand-filtered and ultraviolet-light-treated freshwater. All animal
experiments were approved by the WFRC Institutional Animal
Care and Use Committee (IACUC protocol 2008-08).

PIT tagging.—A total of 61 full-sibling families (36 Wash-
ington and 25 Wisconsin families) survived in sufficient num-
bers to a size suitable for tagging with PIT tags; 6,512 progeny
fish representing these families were tagged over a 3-d period
starting on May 4, 2010, (approximately 6 months posthatch) at
a mean size of 7.2 g. Tagged fish representing both populations
were pooled and transferred to common rearing tanks for the fi-
nal grow-out phase. As a prophylactic precaution, fish were fed
oxytetracycline-medicated feed (3% Terramycin, BioOregon)
before and after tagging (for a total of 21 d).
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GENETIC VARIATION IN BKD SUSCEPTIBILITY 11

Bacterial challenge.—Prior to R. salmoninarum challenge,
a total of 30 tagged fish were sampled and kidney tissues were
tested by ELISA and real-time quantitative PCR (qPCR; Chase
et al. 2006, as modified by Elliott et al. 2013) to ensure that fish
were negative for R. salmoninarum antigen or nucleic acids.
PIT-tagged progeny were divided into two groups and accli-
mated to challenge temperatures of either 14◦C or 9◦C over a
2-week period. The R. salmoninarum intraperitoneal (i.p.) in-
jection challenges were initiated approximately 2 months post-
tagging and challenges were conducted as previously described
(Purcell et al. 2008). For the 14◦C challenge, a total of 1,912
tagged progeny were each given an injection of R. salmoni-
narum strain ATCC 33209 suspended in 100 µL of 0.01 M
phosphate-buffered saline (PBS), pH 7.4, containing 0.1% (v/v)
peptone (PBS–peptone). After injection, the fish were divided
among three replicate 276-L tanks (Table 1). For a sham chal-
lenge, another 630 fish were each injected with 100 µL PBS–
peptone, placed in a single replicate tank, and held at 14◦C. For
the 9◦C challenge, a total of 1,943 fish were injected with R.
salmoninarum, as described above, and distributed among three
replicate tanks; another 636 fish were injected for the sham chal-
lenge and placed in a single replicate tank. The injection dose of
R. salmoninarum strain 33209 was estimated initially by MF-
FAT counts. Final plate counts on KDM2 agar medium (Evelyn
1977) indicated the dose for both challenges was 9.4 × 106

CFU/fish. Unpaired t-tests were used to test for differences in
mortality and mean days to death between the two populations
(SPSS version 18; SPSS, Chicago).

Genetic analyses.—The statistic QST is analogous to the FST

statistic commonly used in population genetics to partition the
total genetic variation observed in two or more populations into
the portion attributable to the among-population component and
the portion attributable to the within-population component.
Similarly, QST estimates the genetic component of phenotypic
differentiation among two or more populations in one or more
quantitative characters and was estimated by:

QST = σ2
GB/

(
σ2

GB + 2σ2
GW

)
,

where σ2
GBis the additive genetic variance among populations

and σ2
GW the additive genetic variance estimated within popula-

tions (Wright 1951; Spitze 1993).
Additive genetic variances and narrow-sense heritabilities

of the two traits, mortality (“death”) and days to death (“day”),
were estimated from the combined pedigree–phenotype data for
this study using an animal model. An animal model is a form
of generalized linear mixed model (Bolker et al. 2009) that
explicitly incorporates the breeding value of each individual
(i.e., an individual’s contribution to the trait phenotype in a
population, measured as the deviation of its relatives from the

TABLE 1. Summary of results from sham and Renibacterium salmoninarum (Rs) challenges in Chinook Salmon by temperature. Mortality was mon-
itored until 97 d postinfection. A total of 2,542 fish were challenged and held at 14◦C, and 2,579 were challenged and held at 9◦C. CPM =
cumulative percent mortality; CPS = cumulative percent survivors; Rs average (shown in bold text) represents the mean ± SD of the three replicate R.
salmoninarum tanks for each population and temperature.

Temperature Total Number of Number of Mean days
Population (◦C) Treatment Replicate tank fish mortalities (CPM) survivors (CPS) to death

Washington 14 Sham 413 12 (3%) 401 (97%) 38.7
Rs Rep 1 416 376 (90%) 40 (10%) 52.5

Rep 2 397 369 (93%) 28 (7%) 53.2
Rep 3 366 349 (95%) 17 (5%) 54.9

Rs average 93% ± 2% 7% ± 2% 53.5 ± 1.2
Wisconsin 14 Sham 217 45 (21%) 172 (79%) 33.9

Rs Rep 1 217 188 (87%) 29 (13%) 51.8
Rep 2 234 206 (88%) 28 (12%) 55.0
Rep 3 282 245 (87%) 37 (13%) 56.7

Rs average 87% ± 1% 13% ± 0.7% 54.5 ± 2.5
Washington 9 Sham 441 3 (1%) 438 (99%) 21.0

Rs Rep 1 430 390 (91%) 40 (9%) 68.6
Rep 2 400 361 (90%) 39 (10%) 70.0
Rep 3 329 294 (89%) 35 (11%) 69.6

Rs average 90 ± 1% 10% ± 1% 69.4 ± 0.7
Wisconsin 9 Sham 195 16 (8%) 179 (92%) 57.4

Rs Rep 1 225 189 (84%) 36 (16%) 67.2
Rep 2 250 216 (86%) 34 (14%) 70.7
Rep 3 309 268 (87%) 41 (13%) 70.7

Rs average 86% ± 1% 14% ± 1% 69.5 ± 2.0
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12 PURCELL ET AL.

population mean) as a random factor to provide an estimate of
a trait’s genetic variance and heritability, or genetic covariance
and correlation between traits (Wilson et al. 2010).

A full-probability Bayesian approach as implemented in the
R package MCMCglmm (“Markov Chain Monte Carlo gener-
alized linear mixed models”: Hadfield 2010) was applied to the
data to evaluate the phenotypes in the breeding design (a mixture
of half- and full-sibling families distributed between the two
populations). The variance components underlying each trait
were estimated using a Markov chain Monte Carlo (MCMC)
method incorporating a specific prior distribution to evaluate
the posterior distribution. For mortality, the prior was based on
a partitioning of the phenotypic variance between genetic and
residual effects using the chi-square distribution; for days to
death, the prior was based either on the inverse Wishart distri-
bution or the Cauchy distribution, but incorporating parameter
expansion (see Hadfield 2010). The days-to-death trait was an-
alyzed as a continuous (Gaussian) trait, and mortality was an-
alyzed as a threshold (binary) trait. A threshold trait is defined
as a trait that is expressed as two or more discrete phenotypes
(mortality or survival) but is governed by an underlying, usually
hidden, quantitatively distributed state.

Variance components and heritabilities were estimated sep-
arately for each population, accounting for temperature (9◦C or
14◦C) as a fixed factor, and challenge tank as a random factor.
This analysis therefore applied an animal model of the form:

yijk = µ + ai + t j + vk + eijk,

where yijk is the phenotype for trait y in individual i, µ is the
population mean, ai is the breeding value of individual i (the
contribution of i to the distribution of y relative to µ), tj is the
fixed effect of temperature j, vk is the random effect of tank k, and
eijk is the residual term associated with yijk. Heritabilities of mor-
tality and days to death were also estimated separately within
each temperature treatment using simpler models to evaluate
whether the estimates were different between the temperature
treatments.

Variance, covariance, and heritability estimates were made
from the animal and residual (“units”) effect variances using
single Markov chains 600,000–1,500,000 iterations long, with
200,000–300,000 burn-in iterations, and thinning rates of 1
in 1,000. Gelman–Rubin diagnostics were inspected to ensure
that lag autocorrelation and chain convergence were sufficient
in each analysis. The 95% credible (highest posterior density
[HPD]) intervals for each estimate were obtained from the pos-
terior densities.

Unpaired t-tests were used to test for differences in body
weight between the two populations. Correlations between body
weight at tagging, mean day to death, and mortality were as-
sessed by examining the pairwise phenotypic correlations (rP)
and by estimating the genetic correlations (rG) through the cor-
relations of mean family values (rM). The rP coefficients were
estimated with the Hmisc package in R. P-values were ad-

justed for multiple comparisons by the Holm–Bonferroni cor-
rection method (Holm 1979). The rM values were estimated by
determining the variances and covariances of the three traits
(weight at tagging, mortality, and days to death) using conven-
tional quantitative genetic methods (Via 1984; Roff and Preziosi
1994).

To evaluate phenotypic plasticity in mortality and days to
death, several analyses were conducted. For a given trait, phe-
notypic plasticity typically manifests itself as a genotype’s dif-
ferential phenotypic expression in distinct environments. At the
family level, reaction norms—the family-specific relationships
between phenotype and environment—were first inspected to
evaluate whether the patterns were parallel or not. This was
followed by a more direct test. Each trait expressed at the two
different temperatures was considered a separate trait; for both
mortality and days to death, this permits a test for the presence
of genotype × environment (G × E) interaction within each
population. For each trait, if the same genotype has differen-
tial phenotypic expression at different temperatures, the genetic
variances at the two temperatures are expected to differ signifi-
cantly and the genetic correlation between them is expected to
be less than + 1 (McAdam and Boutin 2003; Charmantier and
Garant 2005).

RESULTS

Do the Washington and Wisconsin Populations Differ in
BKD Susceptibility?

Minimal mortality (<2%) was observed after tagging. Kid-
ney tissue samples taken from progeny of Washington and Wis-
consin stocks (n = 30 per stock) prior to challenge tested nega-
tive for R. salmoninarum antigen and DNA by ELISA and qPCR
screening, respectively. The onset of mortality and mean days
to death following R. salmoninarum challenge were earlier in
the 14◦C challenge relative to the 9◦C challenge (Figure 1). Cu-
mulative percent mortality (CPM) in the sham-challenged fish
ranged from 1% to 21% depending on stock and temperature
(Table 1). The sham-challenged Wisconsin fish held at 14◦C
experienced a higher level of mortality early after challenge (3–
20 d postinjection [dpi]) that was not associated with obvious
clinical signs. One explanation for this early mortality was han-
dling stress, but early mortality was not observed in the groups
injected with R. salmoninarum and subjected to equivalent han-
dling. Alternatively, the elevated mortality in the sham-treatment
tank may have been associated with a tank effect, since only a
single replicate tank was used for the sham challenge. In the R.
salmoninarum challenged groups held at 14◦C, onset of mortal-
ity associated with clinical BKD signs was 17 dpi and the CPM
in the Washington and Wisconsin stocks was 93% and 87%,
respectively (Figure 1A; Table 1). In the R. salmoninarum chal-
lenged groups held at 9◦C, onset of mortality associated with
clinical BKD signs was 28 dpi and the CPM in the Washington
and Wisconsin stocks was 90% and 86%, respectively (Fig-
ure 1B; Table 1). Although the magnitude of CPM difference
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FIGURE 1. Cumulative percent mortality of sham-infected and Renibacterium
salmoninarum (Rs)-infected Chinook Salmon from Washington (WA) and Wis-
consin (WI) populations held at either (A) 14◦C or (B) 9◦C. A single replicate
tank held the sham-infected fish while three replicate tanks were used for the R.
salmoninarum-infected fish.

between the populations was small, the results were remarkably
consistent, with Washington progeny experiencing higher mor-
tality in all three replicate tanks relative to Wisconsin progeny
for each temperature treatment (Figure 1). The final CPM was

significantly different between the Washington and Wisconsin
stocks at 14◦C (t4 = 3.4, P = 0.03) and at 9◦C (t4 = 4.9,
P = 0.008), while mean days to death did not differ signifi-
cantly between stocks at either temperature (Table 1).

Is the Difference in BKD Susceptibility Due to Past
Selection or Genetic Drift?

To test the competing hypotheses of selection versus drift, we
compared estimates of FST based on “neutral” variation within
and between populations and QST based on phenotypic varia-
tion within and between populations (Lynch and Walsh 1998;
Whitlock 2008). Higher values of QST relative to FST are ex-
pected if selection is acting to diversify populations at the phe-
notypes under analysis, while lower values of QST relative to
FST strongly imply that diversifying selection is not acting on
the same phenotypes. Previously, we estimated FST at a value of
0.0075 between Green River (Washington) Chinook Salmon re-
turning in 1998, 2003, and 2004 and Wisconsin Chinook Salmon
returning in 2003 and 2005 using a set of 13 DNA microsatellite
loci (Purcell et al. 2008). Here, we estimated QST at 0.280 from
the additive genetic variance for the combined traits of mortality
and days to death; this estimate was not significantly different
from zero (F1, 2 = 0.776, P > 0.25). The larger QST value rela-
tive to the FST estimate suggested that the two populations were
more divergent with respect to the two quantitative traits studied
here than at the neutral microsatellite loci. However, given that
the estimate of QST was not significantly different from zero,
we cannot definitively conclude that past selection has acted to
produce the differing response to infection by R. salmoninarum
in the two populations.

Is There a Genetic Basis for the Variation in BKD
Susceptibility?

We estimated the narrow-sense heritability (h2) of two traits
related to R. salmoninarum susceptibility, mortality and days to
death, using an animal model that incorporated temperature as a
fixed effect and tank as a random effect. The estimate of h2 based
on mortality was not significant in the Washington population
but was significant in the Wisconsin population (Table 2). The

TABLE 2. Estimates of narrow-sense heritability (h2) and genetic variation (VA) for mortality and days to death in Chinook Salmon from Washington and
Wisconsin challenged with Renibacterium salmoninarum. Estimates were obtained from a Bayesian full probability animal model, conditioned on temperature
(9◦C or 14◦C) as a fixed effect and tank as a random effect. Significant h2 and VA estimates are shown in bold text. 95% credible highest posterior density (HPD)
intervals are shown for each estimate.

h2 mortality h2 days to death VA mortality VA days to death
Temperature Population (95% HPD) (95% HPD) (95% HPD) (95% HPD)

Combined (fixed effect) Washington 0.22 (0.00–0.39) 0.15 (0.09–0.23) 0.17 (0.00–0.65) 0.02 (0.01–0.03)
Wisconsin 0.69 (0.54–0.84) 0.31 (0.20–0.58) 1.67 (0.92–4.17) 0.05 (0.03–0.13)

14◦C only Washington 0.01 (0.00–0.43) <0.01 (0.00–0.01) 0.01 (0.00–0.80) <0.01 (0.00–0.69)
Wisconsin 0.71 (0.50–0.85) <0.01 (0.00–0.01) 1.65 (0.83–4.54) <0.01 (0.00–1.30)

9◦C only Washington 0.01 (0.00–0.39) <0.01 (0.00–0.01) 0.01 (0.00–0.65) <0.01 (0.00–0.76)
Wisconsin 0.61 (0.38–0.81) <0.01 (0.00–0.01) 1.13 (0.31–3.84) <0.01 (0.00–1.32)
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FIGURE 2. Association between cumulative percent mortality at 97 d postin-
jection of full-sibling Chinook Salmon families from Washington (WA) and
Wisconsin (WI) populations infected with Renibacterium salmoninarum and
held at either 9◦C or 14◦C.

estimates of h2 based on days to death were significant in both
the Washington and Wisconsin populations (Table 2). These
estimates indicated a genetic basis for BKD susceptibility in the
Wisconsin population and strongly suggested that the same is
true for the Washington population.

Are There Similar Levels of Genetic Variation at Traits
Associated with BKD Susceptibility?

We observed that the h2 estimates for mortality and days to
death were consistently higher in the Wisconsin population rela-
tive to the Washington population. As evidenced in Figure 2, we
also observed higher levels of phenotypic variation (VP) in the
Wisconsin families in the form of a greater range in mean CPM
values among the Wisconsin families at both temperatures rel-
ative to the Washington families. Narrow-sense heritability (h2)
is calculated as the fraction of that phenotypic variation (VP)
that is due to additive genetic variation (VA) (Lynch and Walsh
1998). Thus, it is useful to compare VA estimates independent
of VP to assess whether the two populations possess different
levels of genetic variation. Use of an animal model that incor-
porated temperature as a fixed effect and tank as a random effect
showed significant estimates of additive genetic variance (VA)
for mortality for the Wisconsin population but not for the Wash-

ington population (Table 2). Estimates of VA based on days to
death were significant but small for both populations (Table 2).

Are the Two Measures of BKD Susceptibility Controlled
by the Same Genes?

We estimated both phenotypic (rP) and additive genetic (rA)
correlations between mortality and days to death in both popu-
lations using a bivariate animal model with the estimates con-
ditioned on temperature as a fixed effect and tank as a random
effect. For Washington Chinook Salmon, mortality and days to
death were negatively correlated at the phenotypic level (rP =
−0.87; 95% HPD interval, −0.90 to −0.84); these traits were
also negatively correlated genetically, based on the correlations
of family means (rM = −0.35 at 9◦C, P < 0.05; rM = −0.84 at
14◦C, P < 0.05). A similar pattern was observed in the Wiscon-
sin fish (rP = −0.89; 95% HPD interval, −0.92 to −0.82; rM =
−0.41 at 9◦C, P > 0.05; rM = −0.79 at 14◦C, P < 0.05). The
magnitudes of the negative correlations among family means for
these traits indicated that the same genes were likely influencing
both traits within each population.

Is BKD Susceptibility Correlated with Body Weight?
Weight of the Washington and Wisconsin Chinook Salmon

at the time of PIT tagging was 7.2 ± 1.5 g (mean ± SD) and
7.2 ± 2.1 g, respectively, and did not differ significantly be-
tween the populations (t-test: P = 0.50). We estimated both
phenotypic (rP) and genetic family correlation (rM) between
weight at tagging and either mortality or days to death in both
populations at both temperatures (Table 3). At the phenotypic
level, there was no significant correlation between weight and
mortality in the Washington population at either temperature, but
a significant negative correlation was observed in the Wisconsin
population at both 14◦C (rP = −0.10) and 9◦C (rP = −0.09)
(Table 3). There was also a significant positive phenotypic cor-
relation between weight and days to death in the Washington
stock at 14◦C (rP = 0.15) and in the Wisconsin stock at both
temperatures (14◦C: rP = 0.20; 9◦C: rP = 0.28). Thus, at the
phenotypic level, greater body weight was associated with lower
mortality in the Wisconsin population and was associated with
increased time to death in both the Washington and Wiscon-
sin populations. However, at the genetic level (rM), there were
no significant correlations between body weight at tagging and
mortality or days to death (Table 3). These results indicated that

TABLE 3. Correlations between body weight of Chinook Salmon at time of tagging and mortality and time to death at the phenotypic level (rP) and among
family means (rM). Values in bold text indicate significance (P < 0.05) after correction for multiple comparisons.

Temperature Population rP mortality rP days to death rM mortality (95% CI) rM days to death (95% CI)

14◦C Washington 0.03 0.15 0.04 (−0.30–0.37) 0.02 (−0.32–0.36)
Wisconsin −0.10 0.20 −0.01 (−0.44–0.42) 0.09 (−0.35–0.50)

9◦C Washington −0.01 0.09 −0.05 (−0.38–0.30) 0.15 (−0.20–0.47)
Wisconsin −0.09 0.28 −0.08 (−0.48–0.35) 0.24 (−0.20–0.60)
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GENETIC VARIATION IN BKD SUSCEPTIBILITY 15

different genes were likely influencing body weight and BKD
susceptibility.

Is There a Significant Effect of Temperature on Phenotypic
and Genetic Variation?

Overall, higher water temperature (14◦C) accelerated dis-
ease mortality relative to 9◦C in both populations in a similar
fashion, as evidenced in Figure 1. The mean family CPM at 9◦C
versus 14◦C was significantly associated in both the Washington
(F1, 32 = 16.2, P = 0.0003) and Wisconsin populations (F1, 21

= 10.79, P = 0.0035) (Figure 2). There was a trend towards a
steeper slope in the Wisconsin population (slope = 0.76; 95%
CI, 0.28–1.24) relative to the Washington population (slope =
0.53; 95% CI, 0.26–0.80), which suggests a less proportional
response in the Washington fish. However, there was no signifi-
cant direct or interactive effect of population on the relationship
between mortality at the two different temperatures (popula-
tion: F1, 53 = 0.59, P = 0.45; population × temperature: F1, 53

= 0.82, P = 0.37).
The h2 estimates for mortality in the Washington population

as well as the h2 estimates for days to death in both populations
were not significantly different from zero within each tempera-
ture environment (Table 2). The coefficients for this factor (lower
to upper bounds of 95% HPD interval) were 0.13 (−0.65 to 0.89)
in the Washington population and −0.01 (−0.61 to 0.72) in the
Wisconsin population. Similarly, temperature had no detectable
effect on the heritability of days to death in either population
with coefficients of −0.06 (−0.33 to 0.22) in Washington fish
and −0.13 (−0.37 to 0.34) in Wisconsin fish. Estimates of VA

based on mortality were significant in the Wisconsin popula-
tion but not the Washington population within each temperature
treatment (Table 2). Thus, the results were relatively similar
whether we calculated across both temperature environments or
within each temperature treatment, supporting the conclusion
that temperature has no significant effect on the patterns of the
disease response due to genetic variation.

Finally, we applied a general linear model incorporating an
interaction effect between family and temperature to test for a
genotype by environment (G × E) interaction for mortality or
days to death. In the Washington Chinook Salmon population,
the interaction between family and temperature for both mor-
tality and days to death was not significant (F33, 3116 = 0.81, P
> 0.75) and a similar pattern was observed for the Wisconsin
population (F22, 1872 = 0.21, P > 0.40). Thus, we concluded that
there was no evidence of a G × E interaction, indicating that the
traits controlling susceptibility to R. salmoninarum responded
in a predictable manner in both temperature environments.

DISCUSSION
This study demonstrated that Chinook Salmon from the

representative Washington and Wisconsin populations, derived
from the 2009 brood year, have differential mortality follow-
ing R. salmoninarum challenge. These results were consistent
with our previous challenge studies conducted on the 2003 and

2005 brood years of the same populations (Purcell et al. 2008),
as well as the 2008 brood year (M. K. Purcell, unpublished
data). Although the difference in overall mortality between the
two populations was small, the response of each population
was remarkably consistent, with the Wisconsin progeny expe-
riencing lower mortality than the Washington progeny across
all three “common garden” replicate tanks. The use of a “com-
mon garden” experimental design that mixed the populations
in common tanks provided a more rigorous test of differential
survival than our previous studies that placed each population
into separate challenge tanks. Although the Wisconsin popula-
tion consistently displayed lower mortality than the Washington
population in all challenge trials conducted over the years, the
magnitude of the difference between the populations has fluc-
tuated over time. For instance, the difference in CPM between
the populations was 50% in 2003, 20% in 2005, 24% in 2008
(Purcell, unpublished data), and 6% in the present study. Direct
comparison of challenge studies across brood years must be
done cautiously because the experimental designs varied from
year to year. Additionally, the conditions used in the present
study resulted in a more virulent challenge than in previous
studies, as both populations experienced very high mortality.
Despite these caveats, the results showed a trend towards a nar-
rowing of the phenotypic difference between the Washington
and Wisconsin populations over the 6-year testing period.

Previously, we hypothesized that selection, possibly related
to the Lake Michigan BKD epizootics or other circumstance
encountered in the novel environment of the Great Lakes, was
responsible for the phenotypic divergence between the Washing-
ton and Wisconsin populations (Purcell et al. 2008). The point
estimate of QST based on the BKD susceptibility traits was an
order of magnitude higher than the estimate of FST based on mi-
crosatellite markers. The higher QST value strongly suggested
that directional selection contributed to the phenotypic diver-
gence in BKD susceptibility. However, a QST estimate that was
not significantly different from zero was obtained in the current
study, preventing rejection of the null hypothesis that stochastic
factors were the primary mechanism responsible for population
differentiation. More direct and powerful methods exist to esti-
mate the QST parameter and its relationship to FST (Ovaskainen
et al. 2011; Karhunen and Ovaskainen 2012), but these newer
methods require individual genotyping of all individuals within
an analysis, which was cost prohibitive for the present study.

The ability of a population to adapt is a function of the ad-
ditive genetic variation present in the population. Here, narrow-
sense heritability (h2) was estimated by two traits associated
with BKD susceptibility (mortality and time to death) to gain
insights into the adaptive potential of these two populations.
Previous estimates of h2 of disease susceptibility in Chinook
Salmon populations have varied widely in magnitude. A study of
Columbia River Chinook Salmon reported h2 estimates of 0.89
for BKD mortality and 0.35 for days to death (Hard et al. 2006),
whereas a study of a British Columbia Chinook Salmon popula-
tion estimated h2 of BKD mortality (as a continuous trait) at 0.10
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16 PURCELL ET AL.

(Beacham and Evelyn 1992a). In contrast, a study comparing
three different British Columbia Chinook Salmon populations
reported varying estimates for h2 of BKD mortality, assessed
as a continuous trait, at 0.00, 0.42, and 0.66 (Beacham and
Evelyn 1992b). Interestingly, there were also wide phenotypic
differences in BKD susceptibility among these British Columbia
populations with observed cumulative mortality reported as 6.9,
29.4, and 42.1% (Beacham and Evelyn 1992b). Our h2 estimates
based on mortality (or days to death) of 0.22 (0.15) for Wash-
ington and 0.69 (0.31) for Wisconsin populations are within
the range reported by others. The results support the conclu-
sion that additive genetic variation exists within the Wisconsin
Chinook Salmon population for R. salmoninarum susceptibility
and further adaptation could be possible by artificial or natural
selection. The results were more equivocal for the Washington
population as the h2 estimates were not always consistently dif-
ferent from zero, despite having a greater number of families
represented in the overall study.

Evolutionary theory that focuses on single traits predicts that
strong and constant directional selection may result in overall
loss of variation at the trait, leading to lower estimates of h2

for that trait (Falconer and MacKay 1996). Here, we observed
higher levels of both genetic and phenotypic variation for BKD
susceptibility in the Wisconsin population relative to the Wash-
ington fish. Although seemingly contradictory to our hypothesis
that the Wisconsin population experienced directional selection
towards decreased BKD susceptibility, many empirical studies
have found that high levels of genetic variance are maintained at
quantitative traits despite strong selection (Crow 2008). Main-
tenance of this variation may be due to a constantly changing
environment, such as that of the Great Lakes, in which a phe-
notype that is favored in one generation may not be optimal for
the next. Natural fish populations are exposed to a milieu of po-
tential pathogens that are likely physically or temporally patchy
and, depending on the host’s defense mechanisms involved, re-
sistance to one pathogen may or may not be correlated with
resistance to other pathogens. For example, resistance to the
salmonid bacterial disease furunculosis was positively corre-
lated at the genetic level with susceptibility to two viral diseases
in Atlantic Salmon Salmo salar (Drangsholt et al. 2011) and
with susceptibility to BKD (Gjedrem and Gjoen 1995); however,
no genetic correlation in disease susceptibility was observed for
Chinook Salmon between BKD and furunculosis (Beacham and
Evelyn 1992b) or between BKD and vibriosis (Hard et al. 2006).

The lower levels of phenotypic and genetic variation for BKD
susceptibility traits in the Washington Chinook Salmon popu-
lation were unanticipated. One explanation for this result may
have been the severe challenge conditions used in the study
that resulted in over 90% mortality in the Washington progeny.
The bacterial challenge dose may have overwhelmed differences
among the hosts’ defense mechanisms in this more susceptible
population and compressed variation as the mortality curves ap-
proached their maximum value of 100%. A lower h2 estimate
is indicative of reduced adaptive potential for BKD survival,

which suggests the Washington population is more vulnerable
if the relationship with R. salmoninarum shifts due to changes
in the pathogen or environment. However, there is a long co-
evolutionary history between Chinook Salmon and R. salmoni-
narum in the Pacific Northwest (Fryer and Lannan 1993) and
previous studies have found a lack of phenotypic or genetic di-
versity among R. salmoninarum isolates worldwide (Bruno and
Munro 1986; Starliper 1996; Grayson et al. 1999). Since 2003,
we have screened adults returning to the Soos Creek Hatchery in
Washington for selected years and we have not encountered fish
with significant levels of R. salmoninarum antigen at spawning
(Purcell, unpublished data), although clinical BKD is sometimes
observed in juvenile fish (Chase et al. 2006). Furthermore, the
Soos Creek Hatchery does not employ a BKD-specific manage-
ment program that is commonly used in Columbia River basin
hatcheries culturing Chinook Salmon (Munson et al. 2010). Like
other Puget Sound Chinook Salmon populations, the Washing-
ton population likely encounters R. salmoninarum at various
stages during their life cycle. For instance, prevalence of R.
salmoninarum in Puget Sound Chinook Salmon populations in
the estuarine environment was estimated to be as high as 67%
in 2006, but the bacterial levels encountered were not levels
typically associated with disease (Rhodes et al. 2006). Under-
standing the implications of the lower h2 estimate for the Soos
Creek Hatchery population would be best approached by com-
paring this population with other Puget Sound Chinook Salmon
populations using a less virulent challenge dose.

There is a need to better understand how species will adapt
to a changing environment resulting from altered habitats or cli-
mate change. Nearly all organisms have a physiological optimal
range of temperatures beyond which acclimatization or adap-
tion becomes difficult. In the present study, temperature altered
the course of R. salmoninarum infection resulting in an earlier
time to death in the fish held at 14◦C relative to those at 9◦C,
and both the Washington and Wisconsin population responded
in a similar fashion to the temperature shift. This is consistent
with previous studies that found higher temperatures resulted in
increased mortality and earlier time to death (Jones et al. 2007).
However, lower mortality in Coho Salmon O. kisutch occurred
following R. salmoninarum challenge in 15◦C water relative to
that in 12◦C (Sanders et al. 1978), even though in vitro cul-
ture studies suggest the optimal replication temperature for R.
salmoninarum is 15◦C (Smith 1964). Overall, because we did
not find evidence of phenotypic plasticity in either the Wash-
ington or Wisconsin population, or evidence for a genotype by
environment interaction involving temperature, we predict that
any adaptive gains in BKD resistance due to selection would be
expressed equally across the range of temperatures from 9◦C to
14◦C.

A recent retrospective analysis of salmonid pathogen sur-
veys conducted in the state of Michigan reported decreased R.
salmoninarum prevalence and intensity between 2001 and 2010
(Faisal et al. 2012). This prevalence drop was likely due to the
introduction of an integrated fish health management approach
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GENETIC VARIATION IN BKD SUSCEPTIBILITY 17

that included methods to systematically control both vertical
and horizontal transmission of R. salmoninarum in Lake Michi-
gan salmon populations. Although our BKD challenge studies
have been confined to a single population that returns to the
Strawberry Creek weir in Sturgeon Bay, Wisconsin, historical
records and genetic markers suggest that all Lake Michigan Chi-
nook Salmon stocks were derived from the same Washington
progenitor population (Weeder et al. 2005). However, more em-
pirical study is required to establish whether all Chinook Salmon
populations within Lake Michigan also have enhanced BKD re-
sistance relative to the Washington State progenitor stock. It
is tempting to speculate that the decrease in R. salmoninarum
prevalence in Lake Michigan might have been associated with
the narrowing of the phenotypic difference between the Wis-
consin and Washington progenitor populations we observed in
our laboratory studies conducted over the past decade. Unfortu-
nately, our results were not sufficient to assess the relationship
between these two observations.

Following the Chinook Salmon declines between 1988 and
1992 due to the forage fish collapse and associated BKD epi-
zootics, some facilities imported eggs from elsewhere in the
Great Lakes for restocking purposes. For the Strawberry Creek
population, no outside stocks were imported, and the survivors
of BKD epizootics that returned to the weir continued to be
spawned. Based on tag returns and fin clips, there is very little
straying into Strawberry Creek from other Wisconsin stock-
ing locations or other states (S. Marcquenski, Wisconsin De-
partment of Natural Resources, personal communication). The
results presented here support the decision made for this popu-
lation, as we observed higher BKD resistance in the Wisconsin
population relative to the progenitor population, possibly due
to selection, but no evidence of a concomitant loss of additive
genetic variation. Previous studies have also found no evidence
of reduced genetic variation at neutral markers in the Sturgeon
Bay, Wisconsin, population (Purcell et al. 2008) or in other
Michigan Chinook Salmon populations (Weeder et al. 2005)
relative to the progenitor population. The high h2 estimates for
BKD susceptibility traits observed in the Wisconsin population,
combined with a lack of phenotypic plasticity or G × E inter-
action, predict that future adaptive gains in BKD resistance are
still possible and that these adaptive gains would be stable under
the range of temperatures evaluated here.

ACKNOWLEDGMENTS
Funding for this study was provided by the Great Lakes Fish-

eries Trust (Project 2008.966), U.S. Geological Survey, and Na-
tional Oceanic and Atmospheric Administration Fisheries Ser-
vice. The authors acknowledge James C. Woodson, Samantha
Badil, Taylor Alton, Rachel L. Thompson, Connie McKibben,
Carla Conway, Orlay Johnson, and Jim Myers for assistance.
Fish were provided by Susan Marcquenski (Wisconsin Depart-
ment of Natural Resources) and Mike Wilson (Washington De-
partment of Fish and Wildlife). Doug Marsh and Brian Beckman

(Northwest Fisheries Science Center) kindly provided PIT tags
for use in this study. The use of trade, firm, or corporation names
in this publication is for the information and convenience of the
reader. Such use does not constitute an official endorsement or
approval by the U.S. Department of Interior, U.S. Geological
Survey, U.S. Department of Commerce, or National Oceanic
and Atmospheric Administration Fisheries Service of any prod-
uct or service to the exclusion of others that may be suitable.

REFERENCES
Beacham, T. D., and T. P. T. Evelyn. 1992a. Genetic variation in disease resis-

tance and growth of Chinook, Coho, and Chum Salmon with respect to vibrio-
sis, furunculosis, and bacterial kidney disease. Transactions of the American
Fisheries Society 121:456–485.

Beacham, T. D., and T. P. T. Evelyn. 1992b. Population and genetic variation in
resistance of Chinook salmon to vibriosis, furunculosis, and bacterial kidney
disease. Journal of Aquatic Animal Health 4:153–167.

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H.
Stevens, and J. S. White. 2009. Generalized linear mixed models: a practical
guide for ecology and evolution. Trends in Ecology and Evolution 24:127–35.

Brett, J. R. 1956. Some principles of the thermal requirements of fishes. Quar-
terly Review of Biology 31:75–87.

Bruno, D. W., and A. L. S. Munro. 1986. Uniformity in the biochemical proper-
ties of Renibacterium salmoninarum isolates obtained from several sources.
FEMS Microbiology Letters 33:247–250.

Charmantier, A., and D. Garant. 2005. Environmental quality and evolutionary
potential: lessons from wild populations. Proceedings of the Royal Society
of London Series B 272:1415–1425.

Chase, D. M., D. G. Elliott, and R. J. Pascho. 2006. Detection and quantification
of Renibacterium salmoninarum DNA in salmonid tissues by real-time quan-
titative polymerase chain reaction analysis. Journal of Veterinary Diagnostic
Investigations 18:375–380.

Crow, J. F. 2008. Maintaining evolvability. Journal of Genetics 87:349–
353.

Drangsholt, T. M., B. Gjerde, J. Odegard, F. Finne-Fridell, O. Evensen, and
H. B. Bentsen. 2011. Quantitative genetics of disease resistance in vacci-
nated and unvaccinated Atlantic Salmon (Salmo salar L.). Heredity 107:
471–477.

Elliott, D. G., L. J. Applegate, A. L. Murray, M. K. Purcell, and C. L. McKibben.
2013. Bench-top validation testing of selected immunological and molecular
Renibacterium salmoninarum diagnostic assays by comparison with quanti-
tative bacteriological culture. Journal of Fish Diseases 6:779–809.

Elliott, D. G., and T. Y. Barila. 1987. Membrane filtration-fluorescent antibody
staining procedure for detecting and quantifying Renibacterium salmoni-
narum in coelomic fluid of Chinook Salmon (Oncorhynchus tshawytscha).
Canadian Journal of Fisheries and Aquatic Sciences 44:206–210.

Evelyn, T. P. T. 1977. An improved growth medium for the kidney disease
bacterium and some notes on using the medium. Bulletin of the Office of
International Epizootics 87:511–513.

Faisal, M., C. Schulz, A. Eissa, T. Brenden, A. Winters, G. Whelan, M. Wolg-
amood, E. Eisch, and J. VanAmberg. 2012. Epidemiological investigation of
Renibacterium salmoninarum in three Oncorhynchus spp. in Michigan from
2001 to 2010. Preventive Veterinary Medicine 107:260–274.

Falconer, D. S., and T. F. C. MacKay. 1996. Introduction to quantitative genetics,
4th edition. Longman Group, Essex, UK.

Fryer, J. L., and C. N. Lannan. 1993. The history and current status of Reni-
bacterium salmoninarum, the causative agent of bacterial kidney disease in
Pacific salmon. Fisheries Research 17:15–33.

Gjedrem, T., and H. M. Gjoen. 1995. Genetic variation in susceptibility of At-
lantic Salmon, Samo salar L. to furunculosis, BKD, and cold water vibriosis.
Aquaculture Research 26:129–134.

D
ow

nl
oa

de
d 

by
 [

U
SG

S 
L

ib
ra

ri
es

 P
ro

gr
am

] 
at

 0
8:

06
 0

3 
M

ar
ch

 2
01

4 



18 PURCELL ET AL.

Grayson, T. H., L. F. Cooper, F. A. Atienzar, M. R. Knowles, and M. L.
Gilpin. 1999. Molecular differentiation of Renibacterium salmoninarum
isolates from worldwide locations. Applied and Environmental Microbiol-
ogy 65:961–968.

Hadfield, J. 2010. MCMC methods for multi-response generalized linear mixed
model: the MCMCglmm R package. Journal of Statistical Software 33:2–22.

Hansen, M. J., and M. E. Holey. 2002. Ecological factors affecting the sus-
tainability of Chinook and Coho Salmon populations in the Great Lakes,
especially Lake Michigan. Pages 155–179 in K. D. Lynch, M. L. Jones, and
W. W. Taylor, editors. Sustaining North American salmon: perspectives across
regions and disciplines. American Fisheries Society, Bethesda, Maryland.

Hard, J. J., D. G. Elliott, R. J. Pascho, D. M. Chase, L. K. Park, J. R. Winton, and
D. E. Campton. 2006. Genetic effects of ELISA-based segregation for control
of bacterial kidney disease in Chinook Salmon (Oncorhychus tshawytscha).
Canadian Journal of Fisheries and Aquatic Sciences 63:2793–2808.

Hedrick, R. P. 1998. Relationships of the host, pathogen, and environment:
implications for diseases of cultured and wild fish populations. Journal of
Aquatic Animal Health 10:107–111.

Holey, M. E., R. F. Elliott, S. V. Marcquenski, J. G. Hnath, and K. D. Smith.
1998. Chinook Salmon epizootics in Lake Michigan: possible contributing
factors and management implications. Journal of Aquatic Animal Health
10:202–210.

Holm, S. 1979. A simple sequentially rejective multiple test procedure. Scan-
danavian Journal of Statistics 6:65–70.

Jones, D. T., C. M. Moffit, and K. K. Peters. 2007. Temperature-mediated dif-
ferences in bacterial kidney disease expression and survival in Renibacterium
salmoninarum-challenged Bull Trout and other salmonids. North American
Journal of Fisheries Management 27:695–706.

Karhunen, M., and O. Ovaskainen. 2012. Estimating population-level coances-
try coefficients by an admixture F model. Genetics 192:609–617.

Le Morvan, C., D. Troutaud, and P. Deschaux. 1998. Differential effects of
temperature on specific and nonspecific immune defenses in fish. The Journal
of Experimental Biology 201:165–168.

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

MacLean, D. G., and W. G. Yoder. 1970. Kidney disease among Michigan
salmon in 1967. Progressive Fish-Culturist 32:26–30.

McAdam, A. G., and S. Boutin. 2003. Effects of food abundance on genetic
and maternal variation in the growth rate of juvenile red squirrels. Journal of
Evolutionary Biology 16:1249–1256.

Metzger, D. M., D. G. Elliott, A. W. Wargo, L. P. Park, and M. K. Purcell. 2010.
Pathological and immunological responses associated with differential sur-
vival of Chinook Salmon following Renibacterium salmoninarum challenge.
Diseases of Aquatic Organisms 90:31–41.

Munson, A. D., D. G. Elliott, and K. Johnson. 2010. Management of bacterial
kidney disease in Chinook Salmon hatcheries based on broodstock testing
by enzyme-linked immunosorbent assay (ELISA): a multi-year study. North
American Journal of Fisheries Management 30:940–955.

Ovaskainen, O., M. Karhunen, C. Zheng, J. M. C. Arias, and J. Merilä. 2011.
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