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ABSTRACT
Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy (TSE) affecting
members of the cervid species, and is one of the few TSEs with an expanding geographic range.
Diagnostic limitations, efficient transmission, and the movement of infected animals are important
contributing factors in the ongoing spread of disease. Managing CWD in affected populations has
proven difficult, relying on population reduction in the case of wild deer and elk, or quarantine and
depopulation in farmed cervids. In the present study, we evaluated the effectiveness of managing
endemic CWD in a closed elk herd using antemortem sampling combined with both conventional
and experimental diagnostic testing, and selective, targeted culling of infected animals. We
hypothesized that the real-time quaking-induced conversion (RT-QuIC) assay, a developing
amplification assay, would offer greater detection capabilities over immunohistochemistry (IHC) in
the identification of infected animals using recto-anal mucosa associated lymphoid tissue
(RAMALT). We further sought to develop a better understanding of CWD epidemiology in elk with
various PRNP alleles, and predicted that CWD prevalence would decrease with targeted culling. We
found that RT-QuIC identified significantly more CWD-positive animals than IHC using RAMALT
tissues (121 vs. 86, respectively, out of 553 unique animals), and that longstanding disease presence
was associated with an increasing frequency of less susceptible PRNP alleles. Prevalence of CWD
increased significantly over the first two years of the study, implying that refinements in our
management strategy are necessary to reduce the prevalence of CWD in this herd.
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Introduction

Chronic wasting disease, a transmissible spongiform
encephalopathy (TSE) found in farmed and wild popula-
tions of several cervid species, was first identified half a cen-
tury ago in captive mule deer (Odocoileus hemionus) in a
research facility in the Colorado foothills [1]. Since then,
the disease has been reported in five different cervid species
in 23 additional states, two Canadian provinces, the Repub-
lic of Korea, and Norway, with many of these novel foci
arising since the turn of the 21st century [2-4]. Like other
members of the TSE family, chronic wasting disease
(CWD) is the result of an infection with a misfolded variant
of the normal cellular prion protein (PrPres and PrPC,
respectively), which produces a slowly progressive neuro-
logic disease culminating in death. Unlike other TSEs, local
and regional prevalence of CWD in endemic areas is slowly
increasing with an ever-expanding geographic range [2]
[5–9], a result of the difficulties presented with managing a

disease having a long incubation period and both efficient
horizontal and environmental transmission pathways –
through animal to animal contact or exposure to infected
carcasses [10], excreta [11–13], or potentially vegetation
present on the landscape [14].

Currently available testing approaches for diagnosing
CWD in cervids involve the postmortem analyses of the
medial retropharyngeal lymph nodes (RLNs) and the obex
region of the brainstem using immunohistochemistry
(IHC) or enzyme immunoassay (EIA) [15]. These conven-
tional assays, considered the “gold standard” for determin-
ing CWD infection status, primarily take advantage of the
partial resistance of PrPres to harsh physical treatments.
Treatments such as proteinase K digest PrPC, leaving the
abnormally folded protein behind where it is recognized
through antibody-antigen complexing. Although both
assays are considered highly sensitive and specific in deer
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and elk, several studies have found that test sensitivity may
be imperfect [16–18]. This is partly a result of the very low
levels of PrPres present in early stages of infection, although
the harsh pre-treatments may additionally obliterate some
of the more sensitive isoforms of infectious PrPres [19,20].
These findings have in turn spurred the development of
amplification assays like the serial protein misfolding cyclic
amplification assay (sPMCA) [21] and real-time quaking-
induced conversion (RT-QuIC) [22,23], which are thought
to amplify low levels of PrPres in vitro, through templated
conversion, to levels which may be readily observed on
their respective platforms. Conventional and experimental
diagnostic approaches have increasingly focused on ante-
mortem testing, using peripherally accessible tissues like
recto-anal mucosa associated lymphatic tissue (RAMALT)
[18,24,25]. There is hope that antemortem tests with ade-
quate sensitivity could play a critical role as surveillance
tools for screening animals under quarantine, and more
importantly if employed prior to the movement of animals
or their byproducts, to prevent the further spread of CWD.

Improvements in the identification of infected ani-
mals over the past two decades have helped demon-
strate that not all deer and elk are equally susceptible to
CWD [26–28]. Susceptibility in deer and elk has been
linked to specific alleles of the normal cellular prion
protein, encoded by the PRNP gene. Less susceptible
cervid alleles include the 96S allele in white-tailed deer
(Odocoileus virginianus), the 225F allele in mule deer,
and the 132L allele in North American elk (Cervus ela-
phus elaphus). Commonly, the frequencies of these less
susceptible alleles, including the 132L allele in elk, are
rare in wild populations – in most studies making up
less than 18% of the population [25,28,29]. The reasons
for their low frequencies in cervid populations are
unknown, although it is assumed that these animals
may face some fitness disadvantage which keeps the
allele at its present levels. What is known is that elk
with the less susceptible 132L allele, for example, are
significantly less likely to show evidence of infection in
the obex or RLN than their wild type 132M counter-
parts; moreover, those that are infected are often in
much earlier stages of the disease and may have unique
PrPres banding patterns on Western blot [25,27,29].
CWD-infected animals considered less susceptible,
including 132ML or LL elk, were also less likely to be
positive for CWD in peripherally-accessible tissues like
RAMALT and nasal brush collections [18,25]. These
findings helped to better characterize this reduced sus-
ceptibility as a delayed progression of disease. While
amplification assays may prove more sensitive in RAM-
ALT and other tissues, delayed disease progression
remains an important limiting factor in the reliable
antemortem identification of infected animals.

Diagnostic limitations, efficient horizontal and environ-
mental transmission, and the movement of infected ani-
mals, their carcasses and potentially even cervid
byproducts, are three components of a triumvirate which
make management of CWD a considerably difficult propo-
sition [5,8,30,31]. Several different strategies used in the
management of other infectious diseases of veterinary
importance have been employed in North America in
efforts to manage CWD, including local population reduc-
tion in the case of free-ranging deer and elk [9,32], and the
quarantine and depopulation of infected farmed cervid
herds [18,24,25,33]. These strategies aremeant to help elim-
inate or reduce horizontal and environmental transmission
and prevent the movement of exposed or infected animals,
or at the very least slow their dispersion. Previous manage-
ment attempts have met with mixed success and failure,
and despite intense efforts, CWD continues to escape its
confines in its insidious march across North America and
beyond. Antemortem test and cull strategies have only been
attempted on a limited basis in free-ranging populations,
despite optimism that early detection and removal of
infected animals may help in managing the disease [31,34].
The utility of this approach in managing CWD in farmed
cervids has not, to this point, been evaluated.

In the present study, we sought to determine the feasi-
bility of managing CWD in ranched North American elk
through antemortem testing and targeted culling of
infected animals over a two-year period. The goals of the
study were severalfold: first, to compare the longitudinal
detection capabilities of conventional IHC and RT-QuIC
for antemortem diagnosis of CWD using RAMALT
biopsies; second, to better understand the epidemiology
of CWD in elk with different PRNP alleles; and finally, to
examine the impact of a limited test and cull strategy on
CWD prevalence in a controlled population. We had
three corresponding hypotheses associated with these
goals: 1) RT-QuIC would prove more capable than IHC
in the antemortem detection of infected animals; 2) the
selective pressure placed by CWD on the 132M allele
would drive an increased frequency of the less suscepti-
ble 132L allele; and 3) identifying infected animals ante-
mortem and removing them would help to lower CWD
prevalence in the herd over the course of the study. Con-
clusions for each of these hypotheses would provide
valuable insight into the epidemiology of this disease and
importantly help refine future management strategies.

Materials and methods

Ethics statement

All animals in this study were handled humanely in
accordance with Midwestern University’s Animal Care

2 N. J. HALEY ET AL.



and Use Committee, approval #2814. Animals selected
for euthanasia were humanely euthanized in accordance
with guidelines issued by the American Veterinary Medi-
cal Association [35].

Study area and population

This study was conducted in a 3500-acre (14 km2)
fenced-in area of private land in Colorado. Elevation
ranged from 2,000 m to 2,400 m with mixed habitat con-
sisting of grazing land, dense pine forest, several natural
streams, and man-made reservoirs – not unlike other
areas of Colorado with endemic CWD [34,36]. Chronic
wasting disease was initially identified on the premises in
2004, and prevalence has slowly increased since then,
ranging from 16–26% using harvest data collected from
115 animals in 2014 and 2015 (Table 1). Prevalence out-
side the fence is unknown, though presumed to be
greater than 5–10% in elk and mule deer [37,38]. The
managed herd consisted of 4–500 adult and yearling ani-
mals. Cow elk range in age from 1–16 years, and bulls
range from 1–8 years of age. Animals were handled once
yearly in the late winter, when they were captured as a
group in a large grazing pasture and run through a mod-
ern handling system for inventory, sample collection,
and routine medical treatments. At that time, animals
were identified using detailed information from ear
tags (including RFID chips) and tattoos. Unmarked ani-
mals were tagged and tattooed for future identification.

Study design

During the winter inventory of 2016, a range of sam-
ples were collected for genetic analysis and antemor-
tem CWD testing from 387 adult elk, including blood
and rectal biopsies as described below. In calves less
than one year of age (n = 78), blood samples alone
were collected for genetic analysis. After sampling,
adult cows were retained in the original capture
pen until CWD testing was complete (approximately

5–7 days). All bulls were turned out into a 500-acre
winter pasture regardless of CWD status, and all
calves were released into a 500-acre spring pasture.
Once testing was finished, adult cows were again run
through the handling system. Cows which were CWD
positive by RAMALT IHC were diverted to a separate
enclosure for additional sampling, euthanasia, nec-
ropsy and postmortem sampling. Cows negative by
IHC, including those which were RT-QuIC positive
or RT-QuIC suspects, were released into the 500-acre
spring pasture with the calves. In the late spring,
the bulls were again intermixed with the cows and
calves and all were allowed full access to the remain-
der of the ranch. In the winter inventory of 2017, the
remaining animals as well as new additions, totaling
315 adults and 85 calves, were sampled and handled
as before.

Antemortem and postmortem sampling

During sample collection, animals were restrained using
a conventional large animal squeeze chute. With ade-
quate restraint, blood was collected from the jugular vein
and placed into an ethylenediaminetetraacetic acid tetra-
sodium salt (EDTA) tube. Rectal biopsies were collected
using sterile, single use instruments by removing a 2 cm
£ 2 cm piece of superficial mucosal tissue from the wall
of the rectum, approximately 2 cm ad-oral from the
mucocutaneous junction of the anus as described previ-
ously [25,36]. A 0.5 cm £ 0.5 cm subsection of this
biopsy was placed into a 1.5 ml microcentrifuge tube and
frozen for RT-QuIC analysis, while the remainder was
placed into a histology cassette and preserved in 10%
neutral buffered formalin for IHC analysis.

Postmortem samples were collected at necropsy from
animals euthanized during inventory, and when available
from animals which died in the field (e.g. those hunted or
dying of natural causes). At a minimum, the obex region
of the brainstem and the medial retropharyngeal lymph
nodes were collected where available and stored in 10%

Table 1. Historical postmortem testing for CWD in harvested animals on the ranch, including estimated prevalence and 95% confidence
intervals.
Year Number positive postmortem (IHC) Number tested Prevalence (95%CI)

2004 2 10 20% (2.5–56%)
2005 1 10 10% (0.3–45%)
2006 2 19 10% (1.3–33%)
2007 0 57 0% (0–6.3%)�

2008 0 39 0% (0–9%)�

2009 1 39 2.6% (0.1–14%)
2010 0 27 0% (0–13%)�

2011 7 33 21% (9–39%)
2012 6 52 12% (4.4–23%)
2013 4 67 6% (1.7–15%)
2014 19 72 26% (17–38%)
2015 7 43 16% (6.8–31%)
�In cases where no positive animals were found, a one-sided 97.5% confidence interval (CI) is presented
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neutral buffered formalin for postmortem confirmation
of CWD status.

Diagnostic procedures

Immunohistochemistry (IHC)

Rectal biopsies and postmortem samples were evaluated
for PrPres immunostaining as described previously
[18,24,25], blindly and without information on the index
test (RT-QuIC) results. Briefly, immunohistochemical
staining for PrPCWD was performed using the primary
antibody Anti-prion 99 (Ventana Medical Systems, Tuc-
son, AZ) and then counter-stained with hematoxylin.
Positive and negative controls were included in each
analysis. Biopsies were considered positive if at least one
follicle exhibited PrPCWD-specific staining [39]. In cases
where biopsies had fewer than 6 follicles, samples were
classified as “insufficient follicles,” unless CWD-specific
immunohistochemical staining was observed which
would allow them to be classified as CWD positive.

Real time quaking-induced conversion assay (RT-
QuIC)

Rectal biopsy subsections were prepared as 10%
homogenates in phosphate-buffered saline (PBS) and
analyzed for PrPres conversion activity. RT-QuIC
assays were performed using a truncated form of the
recombinant Syrian hamster PrP (SHrPrP, residues
90–231) in pET41b and expressed and purified as
previously described [18,25,40]. Rectal biopsy homo-
genates were first diluted 1:100 in RT-QuIC dilution
buffer (0.05% sodium dodecyl sulfate in PBS). Five ml
of this 10¡2 dilution were then added to 95ml of RT-
QuIC reaction buffer, consisting of 50 mM NaPO4,
350 mM NaCl, 1.0 mM EDTA, 10mM thioflavin T
(ThT), and 0.1 mg/ml truncated Syrian hamster
rPrPC, to yield a final volume of 100ml. Each test
sample was analyzed blindly, without information on
the reference test (IHC) results, and was repeated in
triplicate on a single plate. Positive controls, consist-
ing of 5ml of a 10¡3 dilution of pooled CWD positive
brain from six experimentally infected white-tailed
deer (cervid brain pool 6, CBP6) spiked into 95ml of
RT-QuIC reaction buffer, were included in triplicate
in each experiment. This control has well-character-
ized rates of amplification in RT-QuIC and has been
titrated in transgenic Tg[CerPrP] mice [18,25,41,42].
Negative controls, also repeated in triplicate, consisted
of three RAMALT biopsies from known CWD nega-
tive deer. Reactions were prepared in black 96-well,
optical-bottom plates, which were then sealed and

incubated in a BMG Labtech PolarstarTM fluorimeter
at 42⁰C for 24 hours (ninety-six cycles, 15 minutes
each) with intermittent shaking; specifically, 1 minute
shakes (700 rpm, double orbital pattern) interrupted
by 1 minute rest periods. ThT fluorescence measure-
ments (450 nm excitation and 480 nm emission)
were taken every 15 minutes with the gain set at
1800. The relative fluorescence units (RFU) for each
triplicate sample were progressively monitored against
time with orbital averaging and 20 flashes/well at the
4 mm setting.

Criteria for identification of positive samples was
determined a priori [18,25]. Briefly, a replicate well was
considered positive when the relative fluorescence
crossed a pre-defined positive threshold, calculated as
ten standard deviations above the mean fluorescence of
all sample wells from cycles 2–8. Positive samples were
those which crossed the threshold in �2/3 replicates;
animals with just 1/3 replicates positive were considered
“suspects.”

PRNP analyses

Nucleic acids were extracted from whole blood sam-
ples preserved in EDTA using a conventional DNA
extraction kit. (ThermoFisher, USA) The PRNP gene
sequence was amplified by conventional PCR as pre-
viously described [18,25,26]. PCR products were bidi-
rectionally sequenced (Genewiz, USA), and sequences
were viewed using Geneious software version 10.2
(www.Geneious.com), with specific single nucleotide
polymorphisms at position 403 of the elk PRNP gene
used to classify animals into 132 MM, ML, or LL gen-
otypes. Additional, non-coding polymorphisms
including C!T at PRNP position 72, and A!G at
PRNP position 321 [29] were catalogued but not con-
sidered in the present analysis.

Data analysis

Statistical analysis of various components of the data set
were analyzed using GraphPad Prism 7.0 software. A
two-tailed Fisher’s exact test was used to compare the
number of positive animals identified by IHC and RT-
QuIC, the PRNP frequency variation from historical
studies and the prevalence of CWD among different
PRNP genotypes in the present study, the return rates of
infected and uninfected animals, and the CWD positive
conversion rates seen in animals classified as RT-QuIC
suspects. A two-tailed Mann-Whitney test was used to
compare the age structures of total and CWD affected
populations with different PRNP alleles. P values below
0.05 in all cases were considered significant.

4 N. J. HALEY ET AL.

http://www.Geneious.com


Results

Antemortem identification of CWD infected animals
using RAMALT biopsies is improved with RT-QuIC

Antemortem detection of CWD infection using
RAMALT IHC
During the 2016 sampling period, RAMALT biopsies
from 387 adult elk over 2 years of age were collected and
analyzed by IHC. Immunohistochemistry identified 33
positive animals – 20 cows and 13 bulls, for an apparent
prevalence of 8.5% (Tables 2 and 3). Subjectively, these
animals rarely showed symptoms of infection, with just a
single cow presenting with cachexia and severe obtunda-
tion. One of these IHC positive animals, a bull, was con-
sidered an RT-QuIC suspect, while a single IHC positive
cow was negative by RT-QuIC. Immunohistochemistry
results were returned in an average of 5.7 days. Nineteen
positive cows (one IHC positive only, 17 IHC and RT-
QuIC positive, and one RT-QuIC positive only) were
euthanized, with obex and RLN tissues collected post-
mortem for confirmation of CWD infection. All were
positive by IHC in both tissues. Two IHC positive cows
were inadvertently released into the winter feeding pas-
ture with the bulls. Neither of these cows nor any of the
IHC positive bulls – a total of 15 IHC positive animals –
returned for the 2017 sampling period. None of these
animals were hunted and they were presumed to have
died in the field, however postmortem tissues could not
be collected for confirmation of infection.

During the 2017 sampling period, RAMALT biopsies
from 315 adult elk over 2 years of age were collected and
analyzed by IHC. Two hundred sixty-five of these were pre-
viously sampled in 2016, while 50 animals were not sam-
pled in 2016 due to their age (n = 47) or absence from
inventory (n = 3). Of the 315 animals sampled, fifty-three
were considered IHC-positive – 34 cows and 19 bulls, for
an apparent prevalence of 17%. Of these, two were RT-
QuIC negative and twowere considered RT-QuIC suspects.
Results were returned in an average of 5 days. Thirty-two of
these animals (thirty-one IHC positive cows and one IHC-
negative, RT-QuIC positive bull) were euthanized; all were
found to be IHC positive postmortem in obex, RLN, and/or
tonsil. The 18 remaining IHC positive bulls, three IHC pos-
itive cows, and all IHC negative, RT-QuIC positive animals
were released.

In both years, biopsies were collected over three to
four days, with sampling times of 3–4 minutes per ani-
mal. Biopsies were sent in separate daily batches for test-
ing by IHC, with an average turnaround time across
both years of 5.4 days.

Antemortem RT-QuIC identification of CWD positive
animals in RAMALT
Subsections of biopsies collected in 2016 and 2017 sam-
pling periods were also analyzed blindly by RT-QuIC for
evidence of prion seeding activity. Among the 387 sam-
ples collected in 2016, 63 animals were identified as posi-
tive by RT-QuIC, including 42 cows and 21 bulls, for an

Table 2. Summary of antemortem and postmortem testing by antemortem test result and sex. Chronic wasting disease infection status
in elk was categorized based on immunohistochemistry (IHC) and real-time quaking induced conversion (RT-QuIC) results from rectal
biopsies. Postmortem samples were collected either following euthanasia or when available from animals harvested in the field, to con-
firm CWD status of animals identified antemortem. Animals from the first year of sapling which did not return for the second year of
the study were presumed to have died in the field, with no postmortem data available for testing. Postmortem test results are not yet
available from the year two study period. NA: postmortem results were not available from bull elk which were released and did not
return for sampling in the second year of the study.

Study Year One (2016) Study Year Two (2017)

Postmortem Test
Result

Antemortem Test Result

Antemortem Test
Result

Sex Number CWD
(+)

CWD
(¡)

Returned IHC(+)
only

IHC(+), RT-QuIC
(+)

RT-QuIC(+)
only

IHC(¡), RT-QuIC
Suspect

IHC(¡), RT-QuIC
(¡)

IHC(+) only Bull 1 NA NA 0
Cow 1 1 0 0

IHC(+), RT-QuIC(+) Bull 12 NA NA 0
Cow 19 17 0 0

RT-QuIC(+) only Bull 9 NA NA 2 0 1 1 0 0
Cow 23 1 0 8 1 7 0 0 0

IHC(¡), RT-QuIC
Suspect

Bull 10 0 2 8 0 3 0 1 4

Cow 7 1 0 6 0 2 1 0 3
IHC(¡), RT-QuIC(¡) Bull 115 2 22 78 0 13 5 3 57

Cow 190 2 9 163 2 20 8 5 129
Untested Bull 42 0 7 26 0 2 2 2 20
Calves Cow 36 0 6 21 1 1 1 0 19
Total Bull 189 2 31 114 0 19 8 6 81

Cow 276 22 15 198 (+3)
�

4 30 10 5 152
�
Three adult cows which were not sampled in study year one presented for testing in year two.
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apparent prevalence of 16% (Tables 2 and 3). Of these ani-
mals, 31 were also IHC positive, while 7 had an insuffi-
cient number of follicles for interpretation. Thirty-two of
these RT-QuIC positive animals had been considered
IHC negative, or otherwise “not detected.” There were 18
animals classified as RT-QuIC suspects, including one
which was considered positive by IHC. Results from RT-
QuIC analysis were returned in an average of 3.8 days. Of
the 63 RT-QuIC positive animals and 18 RT-QuIC sus-
pect animals, 19 were those cows discussed above which
were euthanized, the remainder, including IHC positive
bulls and IHC negative, RT-QuIC positive animals, were
released. Thirty-six out of 46 RT-QuIC positive animals
(21 of 31 which were IHC negative) released after sam-
pling failed to return for the 2017 sampling period, none
of these animals were hunted and they were presumed to
have died in the field. No postmortem data could be col-
lected from these animals to confirm infection.

Among the 315 animals tested in 2017, there were 67
RT-QuIC positive animals, including 40 cows and 27
bulls, for an apparent prevalence of 21%. Results from
RT-QuIC analysis were returned in an average of
3.8 days. Of the 67 RT-QuIC positive animals, 49 were
also IHC positive, while six had insufficient follicles for
classification. The remaining 12 were considered IHC
negative. Nine of the 67 were those elk that were RT-
QuIC positive in 2016 which had returned in 2017; all
were subsequently RAMALT positive by IHC on repeat
testing. Each of these animals were euthanized and eval-
uated postmortem, and all were positive in the obex and
RLN. A single cow which was RT-QuIC positive in 2016
was subsequently IHC positive only in 2017; she was
inadvertently released into the winter pasture after sam-
pling. RT-QuIC positive animals made up 27 of 31 of the
IHC positive cows which were euthanized, all of which
were confirmed CWD positive postmortem. A bull
which was RT-QuIC positive and had insufficient fol-
licles by IHC was also euthanized and found to be CWD
positive postmortem. Twenty-one IHC and RT-QuIC

positive animals were released back onto the ranch (19
bulls and 2 cows), as were as 17 IHC negative, RT-QuIC
positive animals (7 bulls and 10 cows).

As with IHC, during each study period, biopsies were
collected and sent in daily batches. The average turn-
around time for RT-QuIC testing was 3.8 days across the
2016–2017 study periods. Over the course of both study
years, twenty eight experimental plates were analyzed.
Results from five plates were disqualified and the experi-
ments repeated; three plates prepared simultaneously
had positive controls which failed to amplify, one plate
had a single false positive replicate well from one nega-
tive control demonstrating amplification, and a third suf-
fered from a technical error with the plate reader mid-
experiment.

The fate of RT-QuIC suspect animals
In the 2016 sampling period, there were 18 animals con-
sidered RT-QuIC suspects. One was positive by IHC on
RAMALT – a bull – and was presumed to have died in
the field after failing to return for the 2017 sampling
period (Tables 2 and 3). Two were hunted in the fall of
2016 and were found to be IHC negative postmortem.
One animal was reported as showing clinical signs sug-
gestive of CWD immediately prior to the 2017 sampling
period and was euthanized – testing positive postmortem
by IHC in the brain, lymph nodes, and tonsil. The
remaining 14 animals all returned for the 2017 sampling
period. Five of these were found to be RT-QuIC and
IHC positive, a sixth was RT-QuIC positive with insuffi-
cient follicles reported on IHC, and a seventh was once
again an RT-QuIC suspect, though IHC negative. Seven
of fourteen were RT-QuIC and IHC negative.

CWD prevalence in previously IHC negative, RT-QuIC
negative elk
A total of 305 animals were not considered CWD posi-
tive or suspects by either testing approach in the 2016
sampling period (Tables 2 and 3). Ten were found dead

Table 3. Yearly summary of antemortem and postmortem testing by PRNP genotype. Immunohistochemistry (IHC) and real-time quak-
ing induced conversion (RT-QuIC) were used to evaluate rectal biopsies from ranched elk for evidence of chronic wasting disease infec-
tion. Postmortem samples were collected either following euthanasia or when available from animals harvested in the field, to confirm
CWD status of animals identified antemortem. Animals from the first year of sampling which did not return for the second year of the
study were presumed to have died in the field, with no postmortem data available for testing.

Number
Tested

Untested
calves

Antemortem test results Postmortem IHC
results

Study
Period

132
PRNP

Bulls Cows IHC(+)
only

IHC(+), RT-
QuIC(+)

RT-QuIC(+)
only

IHC(-), RT-QuIC
Suspect

IHC(-), RT-
QuIC(-)

CWD
(+)

CWD
(-)

NT Returned

Year MM 51 101 31 0 22 17 6 107 14 10 48 111
1 ML 80 129 38 1 10 15 9 174 10 26 35 176

LL 16 10 9 0 0 0 2 24 0 5 5 25
Year MM 38 74 45 2 36 5 3 66

�

2 ML 63 115 30 0 14 11 8 145
LL 13 12 10 0 1 0 0 24

�
Postmortem results and returning numbers for year two are incomplete until findings from the 2018 sampling period are available.
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in the field soon after sampling and tested negative by
postmortem IHC. Twenty-five were hunted, and of these,
four were found to be positive by postmortem IHC.
Twenty-nine of the remaining 270 did not return for the
2017 sampling period, and were presumed to have died
in the field. Of the 241 which did return, one was IHC
positive only, a second was considered IHC positive and
an RT-QuIC suspect. Thirty-three of the returning ani-
mals were positive by both IHC and RT-QuIC. Thirteen
animals were RT-QuIC positive only, with three having
insufficient follicles on IHC, and another eight were con-
sidered RT-QuIC suspects. The apparent CWD preva-
lence in 2017, among previously negative animals, was
15% and 19% by IHC and RT-QuIC, respectively. There
were a total of 186 animals which were negative in both
years of the study.

One year incidence of CWD among negative or
previously unsampled animals
Fifty animals were sampled in 2017 which had not been
tested in 2016, including 47 two-year old animals initially
identified during the 2016 inventory and 3 previously
unsampled adults. One of these 50 animals was IHC pos-
itive and an RT-QuIC suspect by RAMALT testing, while
three were positive by both IHC and RT-QuIC. Four ani-
mals were RT-QuIC positive only, with one having insuf-
ficient follicles for IHC analysis, and there were an
additional two considered RT-QuIC suspects. Forty of
these animals were negative by both assays. As noted
above, there were 35 previously negative animals for
which postmortem data was available between the 2016
and 2017 sampling period, and of these 4 were CWD
positive. There were 241 animals which were negative by
both assays in 2016 which had returned during the 2017
sampling period. Forty-seven were positive by one or
both assays, eight were RT-QuIC suspects, and 186 were
again negative by IHC and RT-QuIC. When considering
previously untested calves and negative adults, the cumu-
lative yearly incidence of CWD between the 2016 and
2017 sampling periods was 18% based on IHC or RT-
QuIC (59 positive among 326 animals with ante- or post-
mortem test results available).

One year mortality rates of CWD positive elk identified
through antemortem testing
Of the 15 IHC and RT-QuIC positive animals that were
released following the 2016 sampling period, none
returned in the second year of the study, for a one year
mortality rate of 100%. Twelve of these animals were
132 MM and three were 132 ML. Out of 31 IHC nega-
tive, RT-QuIC positive animals released to the field, only
10 returned for the second year’s inventory, giving a
mortality rate of 68% – 4.8 times higher than the baseline

mortality rate of 14% among CWD negative, non-hunted
animals (10 animals found dead in the field and 29 which
did not return for sampling out of 280 non-hunted ani-
mals). Seventeen of 31 were 132 MM, and the remainder
were 132 ML. Of those that returned, four were 132 MM
and six were 132 ML. Genetic analyses are discussed in
further detail below.

In summary, 553 unique animals were sampled across
both years of the study, with 437 being tested for CWD
antemortem. One hundred thirty-one were CWD posi-
tive by IHC or RT-QuIC, either antemortem or postmor-
tem (30%), and only rarely were these positive animals
showing clinical signs of disease. Antemortem IHC iden-
tified 86 RAMALT positive animals across both sampling
periods, while RT-QuIC identified significantly more,
with 121 unique positive animals in 2016 and 2017 (P <

0.0001, two-tailed Fisher’s exact test). Considering IHC
and RT-QuIC positive animals only, across both years of
the study the positive percent agreement (PPA) between
the two tests was 94% (95% CI: 87–98%) while the nega-
tive percent agreement (NPA) was 89% (95% CI: 86–
91%). Thirteen of 49 animals positive by RT-QuIC alone
were found to have insufficient follicles for IHC diagno-
sis, suggesting that follicles may not be necessary for
PrPres amplification in RT-QuIC. Most notably, of the 46
animals identified as positive by either IHC or RT-QuIC
in 2016 which were released, only ten returned for the
2017 study period. Each of these ten animals were RAM-
ALT positive by RT-QuIC only in 2016, and each were
subsequently positive in 2017 by antemortem IHC. The
return rate for non-hunted, IHC or RT-QuIC positive
animals (10/46, or 21.7%) was significantly lower than
that of non-hunted, CWD negative animals (241/270,
89%, P < 0.0001, two-tailed Fisher’s exact test). The rate
at which non-hunted animals converted from RT-QuIC
suspects to IHC or RT-QuIC positive between years was
39% (7/18), significantly higher than that of previously
negative animals (47/241 or 19.5%, P = 0.0238, two-
tailed Fisher’s exact test), implying that the “suspect”
classification may be a fair predictor of CWD status.

A high frequency of the 132L allele may be found
in herds with long-standing CWD endemicity, as
CWD is found at a higher frequency in animals with
the 132M allele

Frequency of the 132M and 132L alleles
In the 2016 sampling period, a total of 465 animals,
including 387 adults and 78 calves, had blood collected
for PRNP analysis. Among these 465 animals sampled in
the first year, 183 were homozygous for the 132M allele
(39%), 247 were 132 M/L heterozygous (53%), and
the remaining 35 were 132L homozygous (7.5%). The
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frequency of the 132L allele (e.g. the total number of
132L alleles among all alleles present) was 34.1% among
all animals in the first year of the study. Among the 387
adults 2 years of age and older, the frequency of the 132L
allele was 33.7% (Tables 3 and 4a).

During the 2017 sampling period, a total of 88 previ-
ously unsampled animals were PRNP genotyped. Forty-
six of these were 132M homozygous (53%), 32 were
132M/L heterozygous (36%), and ten were 132L homo-
zygous (11%). The frequency of the 132L allele among
previously unsampled animals was 29.6%. The frequency
of the 132L allele among the 315 adults present was
36.2% (Tables 3 and 4b).

Across both years of the study, 553 unique animals
were PRNP genotyped. Two hundred twenty-eight were
132 MM homozygous, 279 were 132 M/L heterozygous,
and 45 were 132 LL homozygous. The frequency of the
132L allele in the entire study population across both
years was 33.4%.

CWD is more prevalent in animals with the 132M allele
Among the 387 adult animals tested for CWD in the
2016 study period, 152 were homozygous for the 132M
allele (39%). Forty-two of these animals (28%) were
CWD positive by IHC and/or RT-QuIC either antemor-
tem or postmortem. Two-hundred nine adult animals
were heterozygous for the 132M and 132L alleles (54%);
27 of these animals (13%) were CWD positive. There
were 26 adult animals homozygous for the 132L allele
(7%), none of these animals were positive.

During the 2017 sampling period, a total of 315 adults
were sampled. Among these animals, there were 112 ani-

mals homozygous for the 132M allele (34%). Forty-three
of these animals (38%) were positive by either IHC or
RT-QuIC antemortem. One hundred seventy-eight ani-
mals were heterozygous for the 132M and 132L allele
(57%). Of these, 27 were positive by either IHC or RT-
QuIC (15%). The remaining 25 animals were homozy-
gous for the 132L allele (8%), and one of these was posi-
tive by both IHC and RT-QuIC (4%).

Of the 437 unique animals tested for CWD, 171 were
homozygous for the 132M allele (39%), 236 were 132 M/
L heterozygous (54%), and the remaining 30 (7%) were
132L homozygous (Tables 3, 4a and 4b). The apparent
two year prevalence of CWD among 132 MM animals,
based on IHC and RT-QuIC, was 48% (82/171), and
these animals made up 62% of the total number of CWD
infected animals identified. The two year prevalence
among 132 ML animals was 20% (48/236), and these ani-
mals made up 37% of the total number of CWD positive
animals identified. The two year prevalence among 132L
animals was 3% (1/30), and these animals represented
<1% of the total number of CWD positive animals.

The relative risk of being identified as CWD positive
antemortem, by either IHC or RT-QuIC, among 132 ML
and 132 LL animals was 0.42 (95% CI: 0.31-0.57, P <

0.0001) and 0.07 (95% CI: 0.01-0.48, P = 0.007), respec-
tively, compared to 132 MM animals.

Age structure of infected and uninfected animals
with various PRNP alleles
In the 2016 study period, there were 152 animals homo-
zygous for the 132M allele among the 387 tested for
CWD. The average age of these animals was 5.4 yrs. Of

Table 4a. Antemortem test results among various age classes of elk with different PRNP alleles in the 2016 study period. Chronic wast-
ing disease was more prevalent among 132MM homozygous animals, and the disease was more commonly detected in younger age
classes of animals than was observed in 132 M/L heterozygous animals – though this latter finding was not statistically significant.
132LL homozygous animals were not found to be CWD positive in the first year of sampling, and were found to be significantly younger
than 132 MM and 132 M/L groups.

Age
class

132MM 132ML 132LL

IHC+
only

IHC+,
RT-QuIC
+/S

RT-
QuIC+
only

RT-QuIC
Suspect

Negative IHC+
only

IHC+,
RT-QuIC
+/S

RT-
QuIC+
only

RT-QuIC
Suspect

Negative IHC+
only

IHC+,
RT-QuIC
+/S

RT-
QuIC+
only

RT-QuIC
Suspect

Negative

1 0 0 0 0 31 0 0 0 0 38 0 0 0 0 9
2 0 9 4 3 40 0 2 0 2 32 0 0 0 0 12
3 0 3 1 1 7 0 0 0 0 15 0 0 0 0 2
4 0 5 3 0 11 0 0 3 2 28 0 0 0 0 3
5 0 3 1 1 14 0 3 5 1 28 0 0 0 0 4
6 0 0 2 0 7 1 1 4 1 16 0 0 0 0 0
7 0 1 0 0 6 0 4 1 1 12 0 0 0 0 1
8 0 1 1 1 5 0 0 2 1 6 0 0 0 0 1
9 0 0 2 0 6 0 0 0 0 8 0 0 0 0 0
10 0 0 0 0 1 0 0 0 1 16 0 0 0 0 3
11 0 0 2 0 2 0 0 0 0 4 0 0 0 0 0
12 0 0 0 0 3 0 0 0 0 2 0 0 0 0 0
13 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 1 0 0 0 0 4 0 0 0 0 0
15 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0
16 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0
17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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the 42 CWD positive 132 MM animals in year one, the
average age was 4.7 years. There were 209 132M/L het-
erozygous animals with an average age of 6.3 yrs. Of the
27 CWD positive 132M/L heterozygous animals, the
average age was 5.7 yrs. There were 26 132LL homozy-
gous animals, all CWD negative, with an average age of
4.9 yrs (Table 4a).

In the 2017 study period, there were 112 animals
homozygous for the 132M allele, with an average age of
5.3 yrs. Of the 43 CWD positive animals, the average age
was also 5.3 yrs. Among the 208 uninfected 132M/L het-
erozygous animals, the average age was 5.8 yrs. The aver-
age age of CWD positive 132M/L homozygous animals
was 5.7 yrs. There were 35 132LL homozygous animals
with an average age of 3.7 years; the single CWD positive
132LL homozygous animal was 11 years of age
(Table 4b).

Age structures between genotypes, based on total and
affected populations, were compared using a two-tailed
Mann-Whitney test. In the first year, there was no signif-
icant difference between the age structures of 132 MM
and 132ML populations (P = 0.59). Differences in age
structures became more apparent in year 2, although dif-
ferences between the 132 MM and 132 M/L populations
were still not significant (P = 0.36). When comparing the
age structures of CWD affected animals, based upon age
of first diagnosis across both study years, the findings
were again not significant (P = 0.39). The age structures
of both 132 MM and 132ML subpopulations were how-
ever significantly different than the 132LL subpopulation
(P < 0.05 in both study years compared to both 132 MM
and 132ML populations).

One year survivorship of uninfected and infected
animals with various PRNP alleles
Across the two study years, 132 MM homozygous ani-
mals which tested CWD negative had a 79% return rate
(89/113), including those animals which were hunted.
Homozygous 132 MM animals which tested CWD posi-
tive by antemortem IHC or RT-QuIC had a return rate
of 10% (4/39). Heterozygous 132 M/L animals which
tested CWD negative, included those animals which
were hunted, also had a 79% return rate (145/183),
although the rate of return for those that tested positive
was 23% (6/26). The one year return rate for 132LL
homozygous animals, including those that were hunted
was 71% (25/35). The second-year return rates among
the various alleles were not significantly different, either
considering animals which were uninfected (P = 0.58,
chi-squared test) or animals which were infected (P =
0.1809, two-tailed Fisher’s exact test), although as the
study continues, differences in return rates may become
more significant among these groups.

In summary, the frequency of the 132L allele was
higher than expected in this herd, representing over
33.4% of the all animals sampled, including calves. The
cumulative frequency of this allele in three previous
reports was 14.9% [25,28,29], significantly lower than
that of that of the present study (P < 0.0001, two-tailed
Fisher’s exact test). Animals homozygous for the 132M
allele faced the highest relative risk of being diagnosed as
CWD positive, a risk 2.4 times that of 132 M/L homozy-
gous animals and nearly 16 times that of 132LL homozy-
gous animals. Chronic wasting disease-affected age
structures and return rate variances were not signifi-
cantly different between elk genotypes, however differen-
ces may become more apparent among these groups
with additional sampling years.

A limited test and cull strategy yields no immediate
reduction in CWD prevalence

CWD prevalence in the 2016 and 2017 study periods
based on antemortem RAMALT sampling
In the 2016 sampling period, the apparent prevalence of
CWD among the 387 sampled animals, based on com-
bined IHC and RT-QuIC findings, was 16.8% (65/387)
(Tables 3 and 4a). Previous studies have shown that
RAMALT testing in elk offers a sensitivity of approxi-
mately 80%, meaning the actual prevalence was likely
higher. The prevalence in bulls was 15%, while the preva-
lence among adult cows was 17.9%. There were 78 calves
who were untested for CWD in 2016, 47 of these animals
survived to be tested during the 2017 sampling period.

In the 2017 sampling period, 315 adult animals were
biopsied and tested (Tables 3 and 4b). Ten of these ani-
mals (eight cows and two bulls) were previously identi-
fied as CWD positive in 2016. The apparent prevalence
during the second year of the study was 22.5%. Among
bulls, the prevalence was 23.7%, while prevalence in
cows was 21.9%. There were 85 calves which were not
tested for CWD.

Over the two-year study period, there were 437
unique animals tested for CWD antemortem. The appar-
ent prevalence among those tested, across both years of
the study, was 29.5%. Overall prevalence in bulls was
26.9% (47/175), which was not significantly different
from the prevalence among cows 29.8% (78/262, P =
0.52, two-tailed Fisher’s exact test).

Population decline across study periods and causes
of death where available
Between the first and second year of the study, the herd
lost 153 of 465 animals, including 31 calves and 122
adults (Tables 2 and 3). Eighty-five new calves were sam-
pled in the 2017 study period and there were 3 newly
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sampled young adults, resulting in a net loss of 65 ani-
mals. Of the 153 animals lost between 2016 and 2017,
there were 19 animals euthanized after testing positive
for CWD (12.4%). Thirty-six animals diagnosed with
CWD were lost to follow-up and were presumed to have
succumbed to disease (23.5%). Forty-five negative ani-
mals, including calves too young to test, were lost to fol-
low-up (29.4%). Twenty-six animals, including twelve
calves, died very soon after the sampling period (17%).
Necropsies on many of these animals revealed they were
in poor body condition, with depleted fat reserves in the
peritoneal cavity and bone marrow. All were either
CWD negative postmortem (n = 14), or less than one
year of age and not tested. A total of 28 animals were
hunted during the fall hunting season (18.3%), with four
of these animals testing positive for CWD.

In summary, after one year of a management strategy
utilizing antemortem RAMALT biopsy and selective
culling, the prevalence of CWD on site increased by
nearly 6%. Prevalence was somewhat higher in cows over
the course of the study compared to bulls, a finding
which was not significant. The population declined
sharply from 465 animals to 400 animals over the first
two years of the study, with CWD-associated deaths
making up 35.9% of the 153 animals lost between 2016
and 2017 sampling periods. Because the sensitivity of
RAMALT IHC is 80% or less, it seems likely that some
fraction of the IHC and RT-QuIC negative animals
which were lost to follow-up were also subclinically
infected at the time of sampling in 2016, as indicated by
the four of 28 hunted animals which tested positive. It
seems plausible that some of these incorrectly classified
animals could have succumbed to disease prior to the
2017 sampling period.

Discussion

Of the known transmissible spongiform encephalopa-
thies, including scrapie of sheep, bovine spongiform
encephalopathy, and human Creutzfeldt-Jakob disease,
chronic wasting disease is the only TSE which is cur-
rently expanding in both geographical range and preva-
lence [43–47]. Management strategies to this point have
varied when considering farmed and free-ranging cer-
vids. In farmed deer and elk, quarantine and whole herd
depopulation has been the standard management
approach. While this strategy has largely been successful,
there remains an unknown level of environmental con-
tamination which effectively renders the properties
unusable for cervid ranching for the foreseeable future
[10,48,49]. In free-ranging deer and elk, several attempts
at herd reduction have been undertaken, which may
locally dampen the horizontal transmission and

environmental accumulation of CWD in the short term,
though almost inevitably disease prevalence has been
found to rebound, with rare exception [9,30,50,51]. Test
and cull strategies have only rarely been attempted in
wild cervids, though it has been suggested that this
approach may help reduce CWD prevalence [31,34,36].
Prior to the current study, a test and cull management
strategy had not been attempted in farmed cervids.

The opportunity to implement this approach in
farmed cervids allowed us to pursue unique research
avenues into chronic wasting disease epidemiology
and diagnostic testing, while at the same time pre-
senting a range of distinct challenges. This study was
importantly the first longitudinal study involving a
wholly contained group of cervids, which allowed for
serial sampling and long-term follow-up in a large
number of animals and provided important data on
assay accuracy and survival rates. The great majority
of the herd has been included in the study, although
there are sure to be some number of more feral mem-
bers who have not yet been sampled. The ability to
efficiently sample such a large number of animals to
minimize handling and reduce animal stress, com-
bined with the implementation of rapid testing and
assay turnaround, was unprecedented among CWD
field studies.

The legitimacy of these results – specifically those
centered on the detection capabilities of RT-QuIC –
may be argued. In the first year of the study, RT-
QuIC identified 32 positive animals that were negative
by IHC. Many of the IHC and RT-QuIC positive ani-
mals, the majority of which were in preclinical stages
of infection, were lost to follow-up between years one
and two. While postmortem results were not available
for most of them, their return rate was 5.6 times
lower than that of CWD negative animals. The ten
RT-QuIC positive, IHC negative animals which did
return in year two were all subsequently positive by
IHC. This makes a strong case for the detection
advancements offered by RT-QuIC over IHC in ante-
mortem RAMALT testing, and cross-validation stud-
ies are ongoing. If it can be safely assumed that all
RT-QuIC positive animals which were lost to follow
up expired over winter as a result of CWD, then the
potential sensitivities of IHC and RT-QuIC using
RAMALT biopsies would be 66% and 92%, respec-
tively. Past studies have shown, however, that RAM-
ALT still does not offer perfect sensitivity compared
to postmortem testing – previously demonstrating a
sensitivity of roughly 80% in elk [25,36] This would
imply that there still may be additional animals which
have gone undiagnosed, as evidenced by four previ-
ously CWD negative animals which were later
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harvested and found to be positive postmortem 6–
8 months after sampling. The obex and retropharyng-
eal lymph nodes are rarely found to be infected in
animals less than one year of age [52,53], suggesting
that typical disease pathogenesis is greater than one
year. Therefore, it seems likely that many of the ani-
mals diagnosed antemortem in year 2 may have been
in preclinical stages when sampled in 2016. It is evi-
dent that more work will need to be done to estimate
the true sensitivity of RAMALT and other peripheral
tissues for CWD diagnosis. Importantly, it is not yet
known if the advantages that RT-QuIC offers over
IHC in antemortem RAMALT testing, in the forms
of greater detection capability and faster turnaround
time, will likewise apply to conventional postmortem
testing of obex and retropharyngeal lymph nodes.

The presence of several IHC positive, RT-QuIC nega-
tive animals across both study periods is somewhat vex-
ing. Despite historical attempts to optimize the RT-QuIC
protocol with RAMALT and other tissues, further opti-
mization may be necessary. Factors such as incomplete
homogenization or other technical error, sample inhibi-
tors, excess prion seed, and perhaps even strain variation
likely impede the amplification process. While evidence
for each of these factors is anecdotal, each is commonly
found to adversely affect the outcome of other amplifica-
tion assays like PCR.

Despite efforts to manage disease in the herd by
removing infected animals, the prevalence was signifi-
cantly higher in the second year of the study. While
many of the animals identified as being CWD positive
in year 2 were likely misdiagnosed in year 1, it is still
discouraging to see the prevalence continue to climb
in this herd. Test sensitivity aside, this may have been
a result of several project-specific variables. First, cull-
ing has so far been limited to IHC positive cows,
ignoring IHC positive bulls and animals positive by
RT-QuIC only. The decision to allow IHC and RT-
QuIC positive animals to be released was one made
by ranch management in an effort to limit the finan-
cial impact of heavy culling. These presumed infected
animals, released to intermingle with uninfected ani-
mals and die in the field, surely contribute to contin-
ued spread through contact and, eventually,
contamination of the environment with their car-
casses. A more aggressive culling strategy in the
future, including bulls and cows positive by either
IHC or RT-QuIC, may yield greater evidence of suc-
cess [34]. Second, RAMALT testing may not identify
animals at an early enough stage in the infection to
effectively limit horizontal transmission. Previous
studies have found that tonsil biopsy may allow for
earlier detection [33,34,54,55], however the logistical

concerns required for rapid and efficient tonsil biopsy
collections in standing or anesthetized animals were
beyond the scope and abilities of this study. Perhaps
most importantly, the initial prevalence in this herd
was alarmingly high, much higher than the estimated
prevalence elsewhere in this particular management
unit [37,38], and was the driving influence for man-
agement efforts. It seems likely that transmission at
this point could be sustained through environmental
contamination alone; removal of infected animals
may do little to stem the rising infection rates. It
remains to be seen if this management approach
would be more successful in newly diagnosed herds
with very low prevalence. The study design for this
project is a fluid one, and changes will otherwise con-
tinue to be made as more is learned about disease
epidemiology and testing.

Apart from limitations in testing, the management
of CWD in situ faces other challenges unique in
some ways to CWD. Importantly, there is no available
vaccine for preventing the disease, nor is one on the
horizon. Several groups have reported pilot studies on
vaccination candidates, however to date none have
proven successful enough to warrant further testing
[56–58]. Herd depopulation or reduction may be suc-
cessful in the short term, however neither are long-
term solutions for the global health of cervid popula-
tions. Reduced susceptibility to infection, as has been
found in the present study, as well as other models of
TSEs [59–63], is a tempting avenue of pursuit that
should be thoroughly vetted. Indeed, the rising fre-
quency of the 132L allele in this herd could be con-
sidered its one important asset. The development of
scrapie resistant sheep, for example, has nearly eradi-
cated the disease from its previously endemic areas
[43,45,46]. With cervids, however, resistance based on
the PRNP allele alone is not absolute, and is better
characterized as a delayed progression [18,25]. Little
is known about shedding in less susceptible animals,
and it is conceivable that, by outliving their peers,
they may shed for longer periods. The same can be
argued in vaccinated subjects, however, with prece-
dents set for sustained shedding in subclinical, vacci-
nated hosts in other diseases of veterinary and
human importance [64–69]. The ability for the prion
agent to adapt to less susceptible animals should also
be cause for concern. Again, however, agent adapta-
tion is also commonly seen in vaccinated animals and
humans [70–73], and there has been no evidence pre-
sented to date which shows that the prevalence of
classical scrapie is increasing in sheep bred to be
resistant [74]. Finally, resistance to CWD may not
depend on PRNP variance alone, and the topic should
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remain open for discussion, with future steps based
on hypothesis-driven evidence provided by the pres-
ent study and others which are ongoing.

There is, in fact, still much which can be learned from
this affected herd. Microsatellite markers, which can be
used to better identify animals and ascertain lineage can
be useful for identifying individuals or groups of related
animals which may be more or less susceptible than their
peers – PRNP genotype notwithstanding [75,76]. It
seems logical that if PRNP alleles conferring greater resis-
tance are increasing, that other as yet unidentified resis-
tance markers will be as well – markers which may be
delaying CWD onset in the older 132 MM homozygous
cows observed during the study, for example. It will be
interesting to determine if a population inflection point
can be reached, or if past models of population declines,
which did not completely account for genotypic shifts,
are accurate at predicting outcomes [77–80]. A pedigree
developed using microsatellites may also provide greater
insight into vertical transmission, from mothers (or
fathers) to their offspring, similar to techniques used to
characterize kuru transmission patterns [81,82]. A pedi-
gree will likewise assist with quantifying recruitment
rates to allow estimates of fitness. This information will
be critical in understanding the significance of low PRNP
allele frequencies in other populations [27,29,61,83], as
well as the risk that specific individuals face for develop-
ing CWD given that parents (or other close relatives)
have been infected.

The effective management of CWD in wild and
farmed cervids is a challenging prospect that has so
far been met with more failures than success. The
limitations of currently available diagnostic tests are
just one of the factors affecting management out-
comes, and the present study has offered unique
opportunities to investigate antemortem testing and
assay sensitivity over several years. Without sustained
cooperation on laboratory and field projects from the
cervid farming industry, state and federal agriculture
departments, and wildlife agencies, the only certainty
is that CWD will continue to spread on both sides of
the fence line.

Acknowledgments

This project was funded with assistance from the North
American Deer Farmers Association and the North Ameri-
can Elk Breeders Association, in coordination with the Col-
orado Department of Agriculture and the Prion Research
Center at Colorado State University. The authors would
like to thank the ranch owners, who wish to remain anony-
mous, as well as Keith Roehr, Dave Dice, and Wayne East
from the Colorado Department of Agriculture, Jeffrey
Christiansen with Colorado State University’s Prion

Research Center, and Mike Miller of the Colorado Division
of Parks and Wildlife. Without the generosity and assis-
tance of these groups and individuals this project could not
have been undertaken.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by the North American Deer
Farmer’s Association, the North American Elk Breeder’s
Association, and Whitetails of Wisconsin.

References

[1] Williams ES, Young S. Chronic wasting disease of captive
mule deer: a spongiform encephalopathy. J Wildl Dis.
1980;16:89–98. doi:10.7589/0090-3558-16.1.89

[2] Haley NJ, Hoover EA. Chronic wasting disease of cervids:
current knowledge and future perspectives. Annu Rev
Anim Biosci. 2015;3:305–25. doi:10.1146/annurev-
animal-022114-111001

[3] Benestad SL, Mitchell G, Simmons M, et al. First case of
chronic wasting disease in Europe in a Norwegian free-
ranging reindeer. Vet Res. 2016;47:88. doi:10.1186/
s13567-016-0375-4

[4] Sohn HJ, Kim JH, Choi KS, et al. A case of chronic wast-
ing disease in an elk imported to Korea from Canada. J
Vet Med Sci. 2002;64:855–858. doi:10.1292/jvms.64.855

[5] Miller M, Fischer JW. The first five (or more) decades of
chronic wasting disease lessons for the five decades to
come. Transactions of the North American Wildlife and
Natural Resources Conference. 2016;81:in press.

[6] Williams ES, Young S. Spongiform encephalopathies in
Cervidae. Rev Sci Tech. 1992;11:551–567. doi:10.20506/
rst.11.2.611

[7] Miller MW, Williams ES, McCarty CW, et al. Epizootiol-
ogy of chronic wasting disease in free-ranging cervids in
Colorado and Wyoming. J Wildl Dis. 2000;36:676–690.
doi:10.7589/0090-3558-36.4.676

[8] Williams ES, Miller MW, Kreeger TJ, et al. Chronic wast-
ing disease of deer and elk: a review with recommenda-
tions for management. J Wildlife Management.
2002;66:551–563. doi:10.2307/3803123

[9] Manjerovic MB, Green ML, Mateus-Pinilla N, et al. The
importance of localized culling in stabilizing chronic
wasting disease prevalence in white-tailed deer popula-
tions. Prev Vet Med. 2013;113:139–145. doi:10.1016/j.
prevetmed.2013.09.011

[10] Miller MW, Williams ES, Hobbs NT, et al. Environmen-
tal sources of prion transmission in mule deer. Emerg
Infect Dis. 2004;10:1003–1006. doi:10.3201/
eid1006.040010

[11] Haley NJ, Seelig DM, Zabel MD, et al. Detection of CWD
prions in urine and saliva of deer by transgenic mouse
bioassay. PLoS One. 2009;4:e4848. doi:10.1371/journal.
pone.0004848

PRION 13

https://doi.org/10.7589/0090-3558-16.1.89
https://doi.org/10.1146/annurev-animal-022114-111001
https://doi.org/10.1146/annurev-animal-022114-111001
https://doi.org/10.1186/s13567-016-0375-4
https://doi.org/10.1186/s13567-016-0375-4
https://doi.org/10.1292/jvms.64.855
https://doi.org/10.20506/rst.11.2.611
https://doi.org/10.20506/rst.11.2.611
https://doi.org/10.7589/0090-3558-36.4.676
https://doi.org/10.2307/3803123
https://doi.org/10.1016/j.prevetmed.2013.09.011
https://doi.org/10.1016/j.prevetmed.2013.09.011
https://doi.org/10.3201/eid1006.040010
https://doi.org/10.3201/eid1006.040010
https://doi.org/10.1371/journal.pone.0004848
https://doi.org/10.1371/journal.pone.0004848


[12] Tamguney G, Miller MW, Wolfe LL, et al. Asymptomatic
deer excrete infectious prions in faeces. Nature.
2009;461:529–532. doi:10.1038/nature08289

[13] Mathiason CK, Powers JG, Dahmes SJ, et al. Infectious
prions in the saliva and blood of deer with chronic wast-
ing disease. Science. 2006;314:133–136. doi:10.1126/
science.1132661

[14] Pritzkow S, Morales R, Moda F, et al. Grass plants bind,
retain, uptake, and transport infectious prions. Cell Rep.
2015;11:1168–1175. doi:10.1016/j.celrep.2015.04.036

[15] Hibler CP, Wilson KL, Spraker TR, et al. Field validation
and assessment of an enzyme-linked immunosorbent
assay for detecting chronic wasting disease in mule deer
(Odocoileus hemionus), white-tailed deer (Odocoileus
virginianus), and Rocky Mountain elk (Cervus elaphus
nelsoni). J Vet Diagn Invest. 2003;15:311–319.
doi:10.1177/104063870301500402

[16] Haley NJ, Mathiason C, Carver S, et al. Sensitivity of pro-
tein misfolding cyclic amplification vs. immunohis-
tochemistry in antemortem detection of CWD infection.
J Gen Virol. 2012;93:1141–1150. doi:10.1099/
vir.0.039073-0

[17] Haley N, Mathiason C, Zabel MD, et al. Detection of sub-
clinical CWD infection in conventional test-negative deer
long after oral exposure to urine and feces from CWD+
deer. PLoS One. 2009;4:e7990. doi:10.1371/journal.
pone.0007990

[18] Haley NJ, Siepker C, Walter WD, et al. Antemortem detec-
tion of chronic wasting disease prions in nasal brush collec-
tions and rectal biopsy specimens from white-tailed deer by
real-time quaking-induced conversion. J Clin Microbiol.
2016;54:1108–1116. doi:10.1128/JCM.02699-15

[19] Safar JG, Scott M, Monaghan J, et al. Measuring prions
causing bovine spongiform encephalopathy or chronic
wasting disease by immunoassays and transgenic mice.
Nat Biotechnol. 2002;20:1147–1150. doi:10.1038/nbt748

[20] Haley NJ, Mathiason CK, Carver S, et al. Detection of
CWD prions in salivary, urinary, and intestinal tissues of
deer: potential mechanisms of prion shedding and trans-
mission. J Virol. 2011;85(13):6309–18. doi:10.1128/
JVI.00425-11

[21] Saborio GP, Permanne B, Soto C. Sensitive detection of
pathological prion protein by cyclic amplification of pro-
tein misfolding. Nature. 2001;411:810–813. doi:10.1038/
35081095

[22] Wilham JM, Orru CD, Bessen RA, et al. Rapid end-point
quantitation of prion seeding activity with sensitivity
comparable to bioassays. PLoS Pathog. 2010;6:e1001217.
doi:10.1371/journal.ppat.1001217

[23] Atarashi R, Moore RA, Sim VL, et al. Ultrasensitive
detection of scrapie prion protein using seeded conver-
sion of recombinant prion protein. Nat Methods.
2007;4:645–650. doi:10.1038/nmeth1066

[24] Thomsen BV, Schneider DA, O’Rourke KI, et al. Diag-
nostic accuracy of rectal mucosa biopsy testing for
chronic wasting disease within white-tailed deer (Odo-
coileus virginianus) herds in North America: effects of
age, sex, polymorphism at PRNP codon 96, and disease
progression. J Vet Diagn Invest. 2012;24:878–887.
doi:10.1177/1040638712453582

[25] Haley NJ, Siepker C, Hoon-Hanks LL, et al. Seeded
amplification of chronic wasting disease prions in nasal

brushings and recto-anal mucosa-associated lymphoid
tissues from elk by real-time quaking-induced conver-
sion. J Clin Microbiol. 2016;54:1117–1126. doi:10.1128/
JCM.02700-15

[26] O’Rourke KI, Spraker TR, Hamburg LK, et al. Polymor-
phisms in the prion precursor functional gene but not
the pseudogene are associated with susceptibility to
chronic wasting disease in white-tailed deer. J Gen Virol.
2004;85:1339–1346. doi:10.1099/vir.0.79785-0

[27] O’Rourke KI, Spraker TR, Zhuang D, et al. Elk with a long
incubation prion disease phenotype have a unique PrPd
profile. Neuroreport. 2007;18:1935–1938. doi:10.1097/
WNR.0b013e3282f1ca2f

[28] O’Rourke KI, Besser TE, Miller MW, et al. PrP genotypes
of captive and free-ranging Rocky Mountain elk (Cervus
elaphus nelsoni) with chronic wasting disease. J Gen
Virol. 1999;80(Pt 10):2765–2769. doi:10.1099/0022-
1317-80-10-2765

[29] White SN, Spraker TR, Reynolds JO, et al. Association
analysis of PRNP gene region with chronic wasting dis-
ease in Rocky Mountain elk. BMC Res Notes. 2010;3:314.
doi:10.1186/1756-0500-3-314

[30] Uehlinger FD, Johnston AC, Bollinger TK, et al. System-
atic review of management strategies to control chronic
wasting disease in wild deer populations in North Amer-
ica. BMC Vet Res. 2016;12:173. doi:10.1186/s12917-016-
0804-7

[31] Gross JE, Miller MW. Chronic wasting disease in mule
deer: disease dynamics and control. J Wildlife Manage-
ment. 2001;65:205–215. doi:10.2307/3802899

[32] Wasserberg G, Osnas EE, Rolley RE, et al. Host culling as
an adaptive management tool for chronic wasting disease
in white-tailed deer: a modelling study. J Appl Ecol.
2009;46:457–466. doi:10.1111/j.1365-2664.2008.01576.x

[33] Keane DP, Barr DJ, Bochsler PN, et al. Chronic wasting dis-
ease in a Wisconsin white-tailed deer farm. J Vet Diagn
Invest. 2008;20:698–703. doi:10.1177/104063870802000534

[34] WolfeLL,MillerMW,WilliamsE.Feasibilityof“test-and-cull”
for managing chronic wasting disease in urban mule deer.
WildlifeSocietyBulletin.2004;32:500–505.doi:10.2193/0091-
7648(2004)32%5b500:FOTFMC%5d2.0.CO;2

[35] Anonymous. AVMA guidelines for the Euthanasia of
animals: 2013 ed. Schaumburg (IL): American Veterinary
Medical Association; 2013. Available from: https://www.
avma.org/KB/Policies/Documents/euthanasia.pdf

[36] Monello RJ, Powers JG, Hobbs NT, et al. Efficacy of ante-
mortem rectal biopsies to diagnose and estimate preva-
lence of chronic wasting disease in free-ranging cow elk
(Cervus elaphus nelsoni). J Wildl Dis. 2013;49:270–278.
doi:10.7589/2011-12-362

[37] Colorado Division of Parks and Wildlife. 2010. Detected
CWD in wild elk. http://cpw.state.co.us/Documents/Hunt
ing/BigGame/CWD/PDF/TestResults/CWDElk2010.pdf

[38] Colorado Division of Parks and Wildlife. 2010. Detected
CWD in wild mule deer. http://cpw.state.co.us/Docu
ments/Hunting/BigGame/CWD/PDF/TestResults/
CWDDeer2010.pdf

[39] Spraker TR, VerCauteren KC, Gidlewski T, et al. Ante-
mortem detection of PrPCWD in preclinical, ranch-
raised Rocky Mountain elk (Cervus elaphus nelsoni) by
biopsy of the rectal mucosa. J Vet Diagn Invest.
2009;21:15–24. doi:10.1177/104063870902100103

14 N. J. HALEY ET AL.

https://doi.org/10.1038/nature08289
https://doi.org/10.1126/science.1132661
https://doi.org/10.1126/science.1132661
https://doi.org/10.1016/j.celrep.2015.04.036
https://doi.org/10.1177/104063870301500402
https://doi.org/10.1099/vir.0.039073-0
https://doi.org/10.1099/vir.0.039073-0
https://doi.org/10.1371/journal.pone.0007990
https://doi.org/10.1371/journal.pone.0007990
https://doi.org/10.1128/JCM.02699-15
https://doi.org/10.1038/nbt748
https://doi.org/10.1128/JVI.00425-11
https://doi.org/10.1128/JVI.00425-11
https://doi.org/10.1038/35081095
https://doi.org/10.1038/35081095
https://doi.org/10.1371/journal.ppat.1001217
https://doi.org/10.1038/nmeth1066
https://doi.org/10.1177/1040638712453582
https://doi.org/10.1128/JCM.02700-15
https://doi.org/10.1128/JCM.02700-15
https://doi.org/10.1099/vir.0.79785-0
https://doi.org/10.1097/WNR.0b013e3282f1ca2f
https://doi.org/10.1097/WNR.0b013e3282f1ca2f
https://doi.org/10.1099/0022-1317-80-10-2765
https://doi.org/10.1099/0022-1317-80-10-2765
https://doi.org/10.1186/1756-0500-3-314
https://doi.org/10.1186/s12917-016-0804-7
https://doi.org/10.1186/s12917-016-0804-7
https://doi.org/10.2307/3802899
https://doi.org/10.1111/j.1365-2664.2008.01576.x
https://doi.org/10.1177/104063870802000534
https://doi.org/10.2193/0091-7648(2004)32&percnt;5b500:FOTFMC&percnt;5d2.0.CO;2
https://doi.org/10.2193/0091-7648(2004)32&percnt;5b500:FOTFMC&percnt;5d2.0.CO;2
https://doi.org/10.2193/0091-7648(2004)32&percnt;5b500:FOTFMC&percnt;5d2.0.CO;2
https://doi.org/10.2193/0091-7648(2004)32&percnt;5b500:FOTFMC&percnt;5d2.0.CO;2
https://www.avma.org/KB/Policies/Documents/euthanasia.pdf
https://www.avma.org/KB/Policies/Documents/euthanasia.pdf
https://doi.org/10.7589/2011-12-362
http://cpw.state.co.us/Documents/Hunting/BigGame/CWD/PDF/TestResults/CWDElk2010.pdf
http://cpw.state.co.us/Documents/Hunting/BigGame/CWD/PDF/TestResults/CWDElk2010.pdf
http://cpw.state.co.us/Documents/Hunting/BigGame/CWD/PDF/TestResults/CWDDeer2010.pdf
http://cpw.state.co.us/Documents/Hunting/BigGame/CWD/PDF/TestResults/CWDDeer2010.pdf
http://cpw.state.co.us/Documents/Hunting/BigGame/CWD/PDF/TestResults/CWDDeer2010.pdf
https://doi.org/10.1177/104063870902100103


[40] Wilham JM, Orru CD, Bessen RA, et al. Rapid end-point
quantitation of prion seeding activity with sensitivity
comparable to bioassays. PLoS Pathogens. 2010;6:
e1001217. doi:10.1371/journal.ppat.1001217

[41] Haley NJ, Carver S, Hoon-Hanks LL, et al. Detection of
chronic wasting disease in the lymph nodes of free-rang-
ing cervids by real-time quaking-induced conversion. J
Clin Microbiol. 2014;52:3237–3243. doi:10.1128/
JCM.01258-14

[42] Elder AM, Henderson DM, Nalls AV, et al. In vitro
detection of prionemia in TSE-Infected cervids and ham-
sters. PLoS One. 2013;8:e80203. doi:10.1371/journal.
pone.0080203

[43] Arnold M, Ortiz-Pelaez A. The evolution of the preva-
lence of classical scrapie in sheep in Great Britain using
surveillance data between 2005 and 2012. Prev Vet Med.
2014;117:242–250. doi:10.1016/j.prevetmed.2014.07.015

[44] Warner RG, Morris D, Dawson M. PrP genotype pro-
gression in flocks participating in the National Scrapie
plan for great Britain. Vet Rec. 2006;159:473–479.
doi:10.1136/vr.159.15.473

[45] Sutton D. USDA-APHIS scrapie program update and
scrapie surveillance projects. One Hundred and Nine-
teenth Annual Meeting of the United States Animal
Health Association; 2015; Providence, RI, USA. Available
from: http://www.usaha.org/upload/Committee/Scrapie/
reportscr-2015.pdf

[46] Hagenaars TJ, Melchior MB, Bossers A, et al. Scrapie
prevalence in sheep of susceptible genotype is declining
in a population subject to breeding for resistance. BMC
Vet Res. 2010;6:25. doi:10.1186/1746-6148-6-25

[47] Arnold ME, Simons RRL, Hope J, et al. Is there a decline
in bovine spongiform encephalopathy cases born after
reinforced feed bans? A modelling study in EU member
states. Epidemiol Infect. 2017;145(11):2280–2286.
doi:10.1017/S0950268817001236

[48] Almberg ES, Cross PC, Johnson CJ, et al. Modeling
routes of chronic wasting disease transmission: environ-
mental prion persistence promotes deer population
decline and extinction. PLoS One. 2011;6:e19896.
doi:10.1371/journal.pone.0019896

[49] Smith CB, Booth CJ, Pedersen JA. Fate of prions in soil: a
review. J Environ Qual. 2011;40:449–461. doi:10.2134/
jeq2010.0412

[50] Joly DO, Ribic CA, Langenberg JA, et al. Chronic wasting
disease in free-ranging Wisconsin white-tailed deer.
Emerg Infect Dis. 2003;9:599–601. doi:10.3201/
eid0905.020721

[51] New York State Deparmtne of Environmental Conserva-
tion. 2014. Status of CWD. http://www.dec.ny.gov/ani
mals/33220.html. Accessed May 5th.

[52] Keane D, Barr D, Osborn R, et al. Validation of use of
rectoanal mucosa-associated lymphoid tissue for immu-
nohistochemical diagnosis of chronic wasting disease in
white-tailed deer (Odocoileus virginianus). J Clin Micro-
biol. 2009;47:1412–1417. doi:10.1128/JCM.02209-08

[53] Grear DA, Samuel MD, Langenberg J, et al. Demographic
patterns and harvest vulnerability of CWD infected
white-tailed deer in Wisconsin. J Wildlife Management.
2006;70:546–553. doi:10.2193/0022-541X(2006)
70%5b546:DPAHVO%5d2.0.CO;2

[54] O’Rourke KI, Zhuang D, Lyda A, et al. Abundant PrP
(CWD) in tonsil from mule deer with preclinical chronic
wasting disease. J Vet Diagn Invest. 2003;15:320–323.
doi:10.1177/104063870301500403

[55] Wild MA, Spraker TR, Sigurdson CJ, et al. Preclinical
diagnosis of chronic wasting disease in captive mule
deer (Odocoileus hemionus) and white-tailed deer (Odo-
coileus virginianus) using tonsillar biopsy. J Gen Virol.
2002;83:2629–2634. doi:10.1099/0022-1317-83-10-2629

[56] Pilon JL, Rhyan JC, Wolfe LL, et al. Immunization with a
synthetic peptide vaccine fails to protect mule deer (Odo-
coileus hemionus) from chronic wasting disease. J Wildl
Dis. 2013;49:694–698. doi:10.7589/2012-07-200

[57] Wood M. Evaluation of a novel recombinant protein
fusion vaccine for CWD in ek – preliminary data. In
Richey B, Janicek K (ed), United States Animal Health
Association. p 134–135

[58] Goni F, Mathiason CK, Yim L, et al. Mucosal immunization
with an attenuated Salmonella vaccine partially protects
white-tailed deer from chronic wasting disease. Vaccine.
2015;33:726–733. doi:10.1016/j.vaccine.2014.11.035

[59] Nussbaum RE, Henderson WM, Pattison IH, et al. The
establishment of sheep flocks of predictable susceptibility
to expirimental scrapie. Res Vet Sci. 1975;18:49–58

[60] Baylis M, Goldmann W. The genetics of scrapie in sheep
and goats. Curr Mol Med. 2004;4:385–396. doi:10.2174/
1566524043360672

[61] Robinson SJ, Samuel MD, O’Rourke KI, et al. The role of
genetics in chronic wasting disease of North American
cervids. Prion. 2012;6:153–162. doi:10.4161/pri.19640

[62] Wadsworth JD, Asante EA, Desbruslais M, et al. Human
prion protein with valine 129 prevents expression of vari-
ant CJD phenotype. Science. 2004;306:1793–1796.
doi:10.1126/science.1103932

[63] Asante EA, Smidak M, Grimshaw A, et al. A naturally
occurring variant of the human prion protein completely
prevents prion disease. Nature. 2015;522:478–481.
doi:10.1038/nature14510

[64] Garcia A, Johnson H, Srivastava DK, et al. Efficacy of
inactivated H5N2 influenza vaccines against lethal A/
Chicken/Queretaro/19/95 infection. Avian Dis.
1998;42:248–256. doi:10.2307/1592474

[65] Swayne DE, Beck JR, Perdue ML, et al. Efficacy of vac-
cines in chickens against highly pathogenic Hong Kong
H5N1 avian influenza. Avian Dis. 2001;45:355–365.
doi:10.2307/1592975

[66] Awasthi S, Hook LM, Shaw CE, et al. An HSV-2 trivalent
vaccine is immunogenic in rhesus macaques and highly
efficacious in guinea pigs. PLoS Pathog. 2017;13:
e1006141. doi:10.1371/journal.ppat.1006141

[67] Loving CL, Lager KM, Vincent AL, et al. Efficacy in pigs
of inactivated and live attenuated influenza virus vaccines
against infection and transmission of an emerging H3N2
similar to the 2011–2012 H3N2v. J Virol. 2013;87:9895–
9903. doi:10.1128/JVI.01038-13

[68] Cowley D, Boniface K, Bogdanovic-Sakran N, et al. Rotavi-
rus shedding following administration of RV3-BB human
neonatal rotavirus vaccine. Hum Vaccin Immunother.
2017;13(8):1908–1915. doi:10.1080/21645515.2017.1323591

[69] Sepulveda D, Lorenzen N. Can VHS virus bypass the pro-
tective immunity induced by DNA vaccination in

PRION 15

https://doi.org/10.1371/journal.ppat.1001217
https://doi.org/10.1128/JCM.01258-14
https://doi.org/10.1128/JCM.01258-14
https://doi.org/10.1371/journal.pone.0080203
https://doi.org/10.1371/journal.pone.0080203
https://doi.org/10.1016/j.prevetmed.2014.07.015
https://doi.org/10.1136/vr.159.15.473
http://www.usaha.org/upload/Committee/Scrapie/reportscr-2015.pdf
http://www.usaha.org/upload/Committee/Scrapie/reportscr-2015.pdf
https://doi.org/10.1186/1746-6148-6-25
https://doi.org/10.1017/S0950268817001236
https://doi.org/10.1371/journal.pone.0019896
https://doi.org/10.2134/jeq2010.0412
https://doi.org/10.2134/jeq2010.0412
https://doi.org/10.3201/eid0905.020721
https://doi.org/10.3201/eid0905.020721
http://www.dec.ny.gov/animals/33220.html
http://www.dec.ny.gov/animals/33220.html
https://doi.org/10.1128/JCM.02209-08
https://doi.org/10.2193/0022-541X(2006)70&percnt;5b546:DPAHVO&percnt;5d2.0.CO;2
https://doi.org/10.2193/0022-541X(2006)70&percnt;5b546:DPAHVO&percnt;5d2.0.CO;2
https://doi.org/10.2193/0022-541X(2006)70&percnt;5b546:DPAHVO&percnt;5d2.0.CO;2
https://doi.org/10.2193/0022-541X(2006)70&percnt;5b546:DPAHVO&percnt;5d2.0.CO;2
https://doi.org/10.1177/104063870301500403
https://doi.org/10.1099/0022-1317-83-10-2629
https://doi.org/10.7589/2012-07-200
https://doi.org/10.1016/j.vaccine.2014.11.035
https://doi.org/10.2174/1566524043360672
https://doi.org/10.2174/1566524043360672
https://doi.org/10.4161/pri.19640
https://doi.org/10.1126/science.1103932
https://doi.org/10.1038/nature14510
https://doi.org/10.2307/1592474
https://doi.org/10.2307/1592975
https://doi.org/10.1371/journal.ppat.1006141
https://doi.org/10.1128/JVI.01038-13
https://doi.org/10.1080/21645515.2017.1323591


rainbow trout? PLoS One. 2016;11:e0153306.
doi:10.1371/journal.pone.0153306

[70] Barberis I, Myles P, Ault SK, et al. History and evolution
of influenza control through vaccination: from the first
monovalent vaccine to universal vaccines. J Prev Med
Hyg. 2016;57:E115–E120

[71] Domingo E, Escarmis C, Baranowski E, et al. Evolution of
foot-and-mouth disease virus. Virus Res. 2003;91:47–63.
doi:10.1016/S0168-1702(02)00259-9

[72] Read AF, Baigent SJ, Powers C, et al. Imperfect vaccina-
tion can enhance the transmission of highly virulent
pathogens. PLoS Biol. 2015;13:e1002198. doi:10.1371/
journal.pbio.1002198

[73] Franzo G, Tucciarone CM, Cecchinato M, et al. Porcine
circovirus type 2 (PCV2) evolution before and after the
vaccination introduction: A large scale epidemiological
study. Sci Rep. 2016;6:39458. doi:10.1038/srep39458

[74] Lacroux C, Cassard H, Simmons H, et al. Classical scrapie
transmission in ARR/ARR genotype sheep. J Gen Virol.
2017;98:2200–2204. doi:10.1099/jgv.0.000861

[75] Meredith EP, Rodzen JA, Banks JD, et al. Microsatellite
analysis of three subspecies of elk (Cervus elaphus) in
California. J Mammol. 2007;88:801–808. doi:10.1644/06-
MAMM-A-014R.1

[76] Sacks BN, Lounsberry ZT, Kalani T, et al. Develop-
ment and characterization of 15 polymorphic dinucle-
otide microsatellite markers for tule elk using
HiSeq3000. J Hered. 2016;107:666–669. doi:10.1093/
jhered/esw069

[77] Monello RJ, Powers J, Hobbs NT, et al. Survival and pop-
ulation grown of a free-ranging elk population with a
long history of exposure to chronic wasting disease. J
Wildlife Management. 2014;72:214–223. doi:10.1002/
jwmg.665

[78] Samuel MD, Storm DJ. Chronic wasting disease in white-
tailed deer: infection, mortality, and implications for het-
erogeneous transmission. Ecology. 2016;97:3195–3205.
doi:10.1002/ecy.1538

[79] Foley AM, Hewitt DG, DeYoung CA, et al. Modeled
impacts of chronic wasting disease on white-tailed deer
in a semi-arid environment. PLoS One. 2016;11:
e0163592. doi:10.1371/journal.pone.0163592

[80] Jennelle CS, Henaux V, Wasserberg G, et al. Transmis-
sion of chronic wasting disease in Wisconsin white-tailed
deer: implications for disease spread and management.
PLoS One. 2014;9:e91043. doi:10.1371/journal.
pone.0091043

[81] Mathews JD. The changing face of kuru. An analysis of
pedigrees collected by R.M. Glasse and Shirley Glasse
and of recent census data. Lancet. 1965;1:1139–1142

[82] Mathews JD. Review. The changing face of kuru: a per-
sonal perspective. Philos Trans R Soc Lond B Biol Sci.
2008;363:3679–3684. doi:10.1098/rstb.2008.0085

[83] Kelly AC, Mateus-Pinilla NE, Diffendorfer J, et al.
Prion sequence polymorphisms and chronic wasting
disease resistance in Illinois white-tailed deer (Odo-
coileus virginianus). Prion. 2008;2:28–36. doi:10.4161/
pri.2.1.6321

16 N. J. HALEY ET AL.

https://doi.org/10.1371/journal.pone.0153306
https://doi.org/10.1016/S0168-1702(02)00259-9
https://doi.org/10.1371/journal.pbio.1002198
https://doi.org/10.1371/journal.pbio.1002198
https://doi.org/10.1038/srep39458
https://doi.org/10.1099/jgv.0.000861
https://doi.org/10.1644/06-MAMM-A-014R.1
https://doi.org/10.1644/06-MAMM-A-014R.1
https://doi.org/10.1093/jhered/esw069
https://doi.org/10.1093/jhered/esw069
https://doi.org/10.1002/jwmg.665
https://doi.org/10.1002/jwmg.665
https://doi.org/10.1002/ecy.1538
https://doi.org/10.1371/journal.pone.0163592
https://doi.org/10.1371/journal.pone.0091043
https://doi.org/10.1371/journal.pone.0091043
https://doi.org/10.1098/rstb.2008.0085
https://doi.org/10.4161/pri.2.1.6321
https://doi.org/10.4161/pri.2.1.6321

	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Study area and population
	Study design
	Antemortem and postmortem sampling

	Diagnostic procedures
	Immunohistochemistry (IHC)
	Real time quaking-induced conversion assay (RT-QuIC)
	PRNP analyses
	Data analysis

	Results
	Antemortem identification of CWD infected animals using RAMALT biopsies is improved with RT-QuIC
	Antemortem detection of CWD infection using RAMALT IHC
	Antemortem RT-QuIC identification of CWD positive animals in RAMALT
	The fate of RT-QuIC suspect animals
	CWD prevalence in previously IHC negative, RT-QuIC negative elk
	One year incidence of CWD among negative or previously unsampled animals
	One year mortality rates of CWD positive elk identified through antemortem testing

	A high frequency of the 132L allele may be found in herds with long-standing CWD endemicity, as CWD is found at a higher frequency in animals with the 132M allele
	Frequency of the 132M and 132L alleles
	CWD is more prevalent in animals with the 132M allele
	Age structure of infected and uninfected animals with various PRNP alleles
	One year survivorship of uninfected and infected animals with various PRNP alleles

	A limited test and cull strategy yields no immediate reduction in CWD prevalence
	CWD prevalence in the 2016 and 2017 study periods based on antemortem RAMALT sampling
	Population decline across study periods and causes of death where available


	Discussion
	Acknowledgments
	Disclosure of potential conflicts of interest
	Funding
	References

