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Pathogens can exert a large influence on the evolution of hosts via
selection for alleles or genotypes that moderate pathogen viru-
lence. Inconsistent interactions between parasites and the host
genome, such as those resulting from genetic linkages and envi-
ronmental stochasticity, have largely prevented observation of
this process in wildlife species. We examined the prion protein gene
(PRNP) in North American elk (Cervus elaphus nelsoni) populations that
have been infected with chronic wasting disease (CWD), a contagious,
fatal prion disease, and compared allele frequency to populations with
no history of exposure to CWD. The PRNP in elk is highly conserved and
a single polymorphism at codon 132 can markedly extend CWD latency
when the minor leucine allele (132L) is present. We determined pop-
ulation exposure to CWD, genotyped 1,018 elk from five populations,
and developed a hierarchical Bayesian model to examine the relation-
ship between CWD prevalence and PRNP 132L allele frequency. Popu-
lations infected with CWD for at least 30-50 y exhibited 132L allele
frequencies that were on average twice as great (range = 0.23-0.29) as
those from uninfected populations (range = 0.04-0.17). Despite numer-
ous differences between the elk populations in this study, the consis-
tency of increase in 132L allele frequency suggests pathogen-mediated
selection has occurred due to CWD. Although prior modeling work
predicted that selection will continue, the potential for fitness costs
of the 132L allele or new prion protein strains to arise suggest that it
is prudent to assume balancing selection may prevent fixation of the
132L allele in populations with CWD.
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Demonstrating selection via molecular adaptation in free-
ranging animals is difficult and relatively uncommon due to
the large number of abiotic and biotic factors that interact to affect
individual fitness. Pathogen-mediated selection in vertebrates is
considered to be one of the most likely areas to observe selection due
to the close association between parasites and loci that shape im-
mune responses (1). There is increasing evidence of correlations
between host susceptibility to parasitism and neutral genetic diversity
(2) as well as alleles of the MHC, a highly polymorphic region of the
genome that is closely tied to immune response (3). However, the
impact of specific alleles, MHC or otherwise, is largely unknown
within wildlife populations, preventing testable predictions or an
understanding of the trajectory that pathogen-mediated selection
may take, particularly in the presence of an emerging disease.
Chronic wasting disease (CWD) is a contagious transmissible
spongiform encephalopathy affecting cervids. First observed in 1967,
CWD is attributed to conversion of normal cellular prion protein
(PrP) to a misfolded, protease-resistant prion protein (PrP™) which
accumulates in lymphoid and central nervous system tissues (4-6).
There is no evidence that infected individuals can develop immunity
or survive infection (7). Studies on free-ranging deer (Odocoileus
spp.) and elk (Cervus elaphus nelsoni) have found that survival and
population growth rates can be negatively affected by CWD (8-11).
In elk, PRNP is highly conserved with only one of three single nu-
cleotide polymorphisms in the open reading frame (ORF) giving rise
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to a nonsynonymous change. The resulting alleles encode either
methionine (M) or leucine (L) at codon 132 (12, 13). Oral in-
oculation experiments in captivity have found that incubation time is
allele-associated; MM elk developed disease 23 mo postinoculation,
ML elk in 40 mo, and LL elk in 59-63 mo (14, 15). Within naturally
occurring populations, the methionine allele appears to be over-
represented, particularly in those that have not been exposed to
CWD. Colorado elk populations with a low prevalence of CWD
(proportion infected <0.02) consisted of 67% MM, 31% ML, and
2% LL elk (n = 259), whereas unexposed elk from South Dakota and
Wyoming consisted of 81% MM, 19% ML, and 0% LL (n = 97)
(refs. 12 and 16; note that none of these data are included in
our analyses).

Recent modeling projected 132L allele frequency to increase in
populations where CWD occurs due to ML and LL individuals’
surviving longer and successfully reproducing postinfection, which
allowed the population to mitigate the negative impacts of the
disease when methionine is overrepresented (17). Similar results
have been observed in humans (18) and predicted for white-tailed
deer (Odocoileus virginianus) (19), but there have been no attempts
to evaluate changes in PRNP with empirical data from cervid
populations. Here we examine allele frequencies of PRNP from
multiple elk populations with and without CWD to determine if
pathogen-mediated selection has occurred. Prior work indicates
that this selection pressure should be observable after elk pop-
ulations are exposed to CWD for ~25 y (17). We predicted that the
frequency of the 132L allele should be greater in elk populations
where CWD has occurred for at least 30-50 y.

Significance

Chronic wasting disease (CWD) is a fatal neurodegenerative
disease that can cause declines in deer and elk populations.
Theoretical work suggests elk will adapt to the disease by fa-
voring a naturally occurring but underrepresented prion pro-
tein variant (leucine allele) that enables individuals to live and
reproduce for several years after infection with CWD. Using
genetic and disease samples from different populations, we
found that elk herds infected with CWD for 30-50 y exhibited
leucine allele frequencies that were twice as great as those in
unexposed populations. Our results are consistent with the
hypothesis that genetic selection has occurred due to CWD, but
it remains unknown if this will allow elk to mitigate the neg-
ative population impacts of CWD.
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Table 1.

Total number of individual elk, proportion of individuals in each genotype, observed L allele frequency,

and model fit results for CWD prevalence (p) and L allele frequency (¢) from five distinct study populations

Observed Model fit results
Population No.ofelk MM ML LL L allele frequency CWD prevalence (95% Cl) L allele frequency (95% Cl)
ROMO 269 0.58 0.37 0.05 0.24 0.09 (0.06-0.13) 0.23 (0.20-0.27)
LARA 216 0.50 041 0.09 0.29 0.07 (0.05-0.11) 0.29 (0.25-0.34)
WIND 186 0.69 0.27 0.04 0.17 0.01* (0.00-0.02) 0.17 (0.14-0.21)
ABSA 148 0.74 024 0.01 0.14 0.01* (0.00-0.03) 0.14 (0.010-0.18)
" THRO 199 0.93 0.07 0.01 0.04 0.00 (0.00-0.01) 0.04 (0.03-0.06)

g

Values in parentheses are the upper and lower 95% CI.
*CWD has never been documented in elk from WIND or ABSA; prevalence represents model predictions that were limited to sample
sizes in this study, resulting in greater uncertainty and a prediction of 0.01 for mean prevalence in these areas.

132L allele (Fig. 1). The marginal posterior probability that the
regression coefficient $; > 0 was 0.982 with the specified model,
representing a significant shift away from the prior (Fig. 2).

Results
We collected 1,018 samples across the five populations. Di-
agnostic tests agreed with prior work; infected elk were detected
in Laramie Mountains, Wyoming (LARA) and Rocky Mountain
National Park, Colorado (ROMO), but not in the Absaroka
Range, Wyoming (ABSA), Theodore Roosevelt National Park,
North Dakota (THRO), or the northern end of the Wyoming
and Wind River Ranges (WIND). The overall proportion of ML
and LL genotypes and L allele frequency in LARA and ROMO
was two to three times greater than that observed in nonexposed
populations. Notably, the 95% credible interval (CI) of L allele
frequencies exhibited almost no overlap between elk populations
with and without CWD (Table 1).

We found a strong correlation between CWD prevalence and
the frequency of the L allele. There was a clear trend for higher
prevalence of CWD to cooccur with greater frequency of the

Discussion

The positive relationship between frequency of the L allele in the
PRNP and prevalence of CWD is consistent with the prediction that
pathogen-mediated selection has occurred in free-ranging elk in-
fected with PrP™. Model simulations have previously predicted this
outcome (17), but this study demonstrates evidence for selection with
empirical data from multiple free-ranging cervid populations. Re-
search on captive elk indicates that the mechanism for this selection is
delayed onset of clinical CWD postinfection among individuals with
an L allele (14, 15, 17). Although a relationship between the delayed
onset of CWD and PRNP has yet to be demonstrated in free-ranging
elk, it has been observed in wild deer (20). Additionally, greater
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Fig. 1. Regression of derived predicted mean allele frequency based on CWD prevalence (solid line) and model results for the five elk populations included in
analyses (whisker plots showing 95% Cl). Two of the elk populations have been exposed to CWD for at least 30-50 y (LARA and ROMO), while the disease has
never been detected in the other three populations (WIND, THRO, and ABSA). Data extracted from other elk populations are shown for comparison but not
included in analyses (ll = Colorado, A = Wyoming, @ = South Dakota; refs. 12 and 16).
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Fig. 2. Prior (dashed line) and marginal posterior (solid line) distributions of
the regression intercept (Bo), regression coefficient between allele frequency
and CWD prevalence (B;), and associated variance (c%). Model fit results for
each parameter is included in the upper right of each graph as posterior
mean (95% ClI).

sensitivity of antemortem diagnostic tests in free-ranging elk without
an L allele (ie., the MM genotype) has been attributed to faster
accumulation of PrP™ in the lymphoid tissues (21-23). There is
currently no evidence that the L allele prevents prion infection or
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CWD in elk (16), suggesting the delayed onset of clinical disease and
associated increase in survival time allowing additional reproduction
may be the sole cause of PRNP selection observed in this study.
We found a clear but moderate increase in L allele frequency
when average prevalence of CWD was 0.07-0.09 after 30-50 y of
exposure to PrP™. These findings do not negate or support the
conclusion that the frequency of the L allele will continue to in-
crease in the future and mitigate the negative survival impacts of
CWD. Recent work projected that L allele frequency will exhibit
further increases beyond those observed in our study, eventually
surpassing 0.50 in populations infected with CWD and allowing elk
populations to sustain positive population growth even in the
presence of relatively high transmission rates (17). However, this
outcome is contingent on the assumption that the L allele does not
have any negative fitness-related impacts. This topic has not been
sufficiently investigated in free-ranging cervids; some evidence of
PRNP-related impacts on fitness has been observed in domestic
sheep, a species affected by the transmissible spongiform enceph-
alopathy scrapie (24-26). Our results indicate that the M allele is
consistently overrepresented in populations without CWD; the ma-
jority of individuals were MM homozygotes (>0.69) and M allele
frequency ranged from 0.83 to 0.96. Similar findings have been ob-
served in populations not included in this study from South Dakota
(M allele frequency = 0.90) (12) and in areas to the east and west of
ROMO (M allele frequency = 0.82) (16); CWD in ROMO neigh-
boring areas may be a more recent occurrence as prevalence
was <0.02 at the time of sampling (16). These consistent observations
are unlikely due to genetic drift, random effects, or geographic loca-
tion, as we would expect a much more variable L allele frequency in
the absence or relatively low prevalence of CWD. Given this, we
suggest it remains just as likely that there is a fitness-associated cost
associated with the L allele which could lead to balancing selection that
will limit the future increase of this allele in elk populations with CWD.
There are two additional factors that could affect selection and
the long-term trajectory of elk populations with CWD. First, dif-
ferent PrP strains have been found to exist in domestic sheep (27, 28)
and new conformations can arise, particularly when transmission oc-
curs between hosts with different prion genotypes (29). For example,
passage of a single deer CWD isolate through deer of varying PRNP
genotypes followed by bioassay using transgenic mouse models have
helped identify novel strains that may be associated with certain PRNP
alleles (29). This suggests that greater PrP variability could interact with
and overcome selection for alleles that reduce susceptibility to prion
infection or are associated with prolonged incubation times of prion
diseases. Second, recent captive work has found that elk with an L
allele can shed PrP™ well before the signs of disease, suggesting that
prolonged survival and selection for such alleles may lead to greater
transmission potential and environmental contamination (30).
Together, these factors emphasize that managers should be cautious
when trying to assess the future long-term impacts of prion genotype
frequency on elk survival and population growth, particularly given that
CWD has been found to decrease elk survival and population
growth even in the presence of greater L allele frequency (10).
There was a strong relationship between allele frequency and
prevalence of CWD (posterior probability that g, >0 was 0.982).
This is notable because multiple factors could have confounded this
correlation. In particular, we used prevalence as a proxy for CWD
impact, but that did not consider time since introduction of PrP™,
reintroduction history of each elk population, or regional factors
such as winter severity that may have influenced selection. For ex-
ample, elk were reintroduced into ROMO in 1914 and THRO in
1985, elk in the WIND population are supplemented with food
during winter, and elk in ABSA and WIND inhabit ranges occupied
by gray wolves (Canis lupus). This suggests that selective pressures
acting on PRNP in elk are strong enough, even in the absence of
disease, to overcome the potential impacts of genetic drift, founder
effects, and random effects. The one exception to this may be
THRO, where 47 elk from Wind Cave National Park, South
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Dakota were reintroduced in 1985 (31), which may have influenced
the observed lower frequency of the L allele.

Pathogen-mediated selection has been described under ex-
perimental conditions (32), but studies of wild populations have
found no evidence for selection (33, 34) due to complex inter-
actions between parasite species and MHC alleles (35) and
linked alleles that confound results (3). Despite a relatively short
time for selection to occur in a long-lived species, the proportion
of elk with genotypes that delay the onset of clinical disease is
higher in populations that have only been exposed to PrP™ for
~50y. Future work on this topic will offer a rare opportunity to
demonstrate the potential for balancing versus directional se-
lection in a free-ranging mammal.

Materials and Methods

We collected genetic and diagnostic samples from adult female elk in two
populations with CWD and three populations where surveillance activities
have never detected a case of CWD (Fig. 3). Samples from populations with
CWD were from ROMO, where CWD in elk was first detected in 1981 (36),
and LARA, where CWD was first detected in 1985 (37). Epidemic models
estimated that CWD has likely been in these areas since the 1960s (37).
Samples from nonexposed populations were from ABSA, WIND, and THRO.
Samples from WIND were collected from feedgrounds that can increase both
food availability and elk densities in winter. All other samples from ex-
posed and nonexposed populations were from areas that were not food-
supplemented.

Samples were collected from 2008 to 2015 from harvested and agency-
culled elk, or elk in demographic studies. Diagnostic samples were col-
lected from LARA, ROMO, THRO, and ABSA and consisted primarily of
brainstem (medulla oblongata at the level of the obex) and retro-
pharyngeal lymph nodes, as well as antemortem rectal biopsy samples for
118 of the 269 ROMO samples (21). Each tissue was either fixed in neutral
buffered formalin and assayed for PrP™* by immunohistochemistry or held
fresh/frozen and assayed by ELISA (38, 39). Diagnostic samples were not
available for the 186 elk from WIND included in this study, which we as-
sumed were not infected with CWD. We tested this assumption by assay-
ing an additional 2,057 postmortem samples for PrP™®* from adult female
elk in WIND that were collected between 2008-2015.

DNA was extracted from frozen tissue or blood using commercial kits
(FastDNA Spin Kit; MP Biomedicals or iPrep PureLink gDNA Blood Kit; Invi-
trogen/Life Technologies) following the manufacturer’s instructions. Tissue

utilized for extraction was primarily brain- or lymph node-derived but DNA
was isolated for some animals from heart, kidney, liver, lung, or spleen.
Blood utilized for DNA extraction was collected into EDTA anticoagulant.
PCR amplification and sequencing of the PRNP ORF was performed as pre-
viously described (6). All samples were sequenced using reverse primer 12;
additional sequence reactions were performed for some samples using forward
primer 245 (6). PRNP alleles were identified by the deduced amino acid at co-
don 132 (M or L).

We modeled the relationship between prevalence and allele frequencies as
follows. There was no evidence of deviation from Hardy-Weinberg equilibrium
within populations so we used allele counts to avoid the loss of power which
would result from a multinomial model of genotype categories. Let y; ={0,1}
be the CWD test result for animal i in population j, for j={1:J}, where J is the
total number of populations observed and x;; ={0,1,2} is the observed 132L
allele count for animal i in population j where x; = 0 for a 132M homozygote,
1 for a heterozygote, and 2 for the 132L homozygote. These data are modeled
from binomial distributions with appropriate probabilities:

Vi ~Bernou||i<p,»)

Xjj ~Binomial (2, d;j),

where p; is the probability of testing positive for CWD in population j and ¢
is the 132L allele frequency in the population. Normal regression links the
logit-transformed frequency of positive CWD tests to logit-transformed
frequency of the 132L allele across populations:

logit ((ﬁ/) ~N (ﬂj, 0_2)

Hj=Po+ P *IOgit<P/‘)-

Priors are assigned for the regression coefficients, g, and g;, with means
equal to zero and uninformative variances given the logit transformation

o ~N(0, 5, =18)
1 ~N(0, 05, =1.4).

By represents the value of ¢ at the intercept, or p=0.5 after trans-
formation. We set the prior variance on g, to result in 95% of
the prior probability density for ¢ lying between 0.1 and 0.9 when
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Fig. 3. Sample locations for elk populations with CWD (ROMO and LARA) and without CWD (THRO, ABSA, and WIND).
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p=0.5. g, represents the predicted change in /ogit(¢) for a single unit
change in logit(p) with 95% of the prior probability density between
+1.96.

A vague informative prior is used to keep o° reasonably small and to aid in
model convergence:

6% ~Inverse Gamma(r=0.667, q=2.5).

This model was fit to the available data with a Metropolis—Hastings algorithm
using Markov chain Monte Carlo methods in program R over 100,000 itera-
tions with 10% discarded for burn-in. Model fit was evaluated using posterior
predictive checks as previously described (40). There was no evidence of
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