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Chronic wasting disease (CWD) is a transmissible prion disease ﬁrst observed
in the 1960s in North America. This invariably fatal disease affects multiple cervid species in
the wild and in captivity. In addition to the several known transmission pathways involving
cervid host species, prions have been detected in the feces of crows and coyotes after consumption of experimentally spiked tissues. This raises questions about the role of cervid
consumers in the perpetuation of CWD. Mountain lions have been shown to preferentially
select CWD-infected prey and are also apparently resistant to infection. In this study, two
captive mountain lions were fed ground mule deer muscle tissue spiked with brain-derived
CWD prions, and lion feces were collected for 1 week afterward. The input brain and resulting fecal materials were analyzed using the highly sensitive real-time quaking-induced conversion (RT-QuIC) assay to quantify prion seeding activity. We recovered only 2.8 to 3.9% of
input CWD prions after passage through the mountain lions’ gastrointestinal tracts.
Interestingly, CWD prions were shed only in the ﬁrst defecation following consumption.
Our data support the possibility that mountain lions feeding upon infected carcasses could
excrete CWD prions in their feces over a short period of time but also suggest that most of
the ingested prions are eliminated or sequestered by this large predator.

IMPORTANCE CWD prions appear to spread naturally among susceptible cervid species in
captivity and in the wild. A better understanding of all the ways these prions move, persist,
and subsequently infect target species through the environment is critical to developing
comprehensive disease control strategies. In our study, we show limited, transient passthrough of CWD prions in an apex predator, the mountain lion, using the highly sensitive
RT-QuIC assay on feces collected after lions were fed prion-spiked muscle tissue. Prions
were detected in feces only in the ﬁrst defecation after exposure. Moreover, the amount of
CWD prions recovered in feces was reduced by .96% after passing through the lion digestive system. This indicates that mountain lions may have some potential to distribute CWD
prions within their home ranges but that they also effectively eliminate most of the CWD
prions they consume.
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C

hronic wasting disease (CWD) is a transmissible spongiform encephalopathy (TSE)
found in captive and free ranging cervids. CWD was ﬁrst observed as early as the
1960s in Colorado, USA (1), but is now known to be widespread in North America and
focally in Scandinavia and South Korea (2, 3). Multiple cervid species, including mule
deer (Odocoileus hemionus), white-tailed deer (Odocoileus virginianus), and wapiti
(Cervus canadensis) have been shown to be naturally susceptible to CWD (4). The disease is transmissible to cervid hosts via contact with infected individuals and/or environmental exposure to CWD prions (5). Near the end stages of disease, infected cervids
lose considerable amounts of weight and become neurologically compromised (1).
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ABSTRACT

Clinical disease can kill infected individuals outright, but in the wild, it also increases
their vulnerability to other hazards, including hunting and predation (6–8).
Consumption of CWD-infected cervids by predators and/or scavengers presents two
potential causes for concern. Prion diseases have been shown to cross some species barriers
in the past (9, 10). During the bovine spongiform encephalopathy (BSE) epidemic, in addition
to the humans that developed variant Creutzfeldt-Jakob disease (vCJD) (9), some domestic
and nondomestic felids that apparently were fed tissues from cattle infected with BSE prions
developed fatal prion disease (10). The potential for CWD transmission to felids also has been
suggested (11), although a study by Wolfe et al. reported no evidence for CWD transmission
to mountain lions following over a decade of dietary prion exposure (12). Beyond the potential for cross-species transmission of CWD lies the concern that scavengers and/or predators
that consume CWD prions may be capable of shedding CWD prions in feces and thus increasing the environmental contamination of CWD prions. Infectious prions have been detected in
the feces of both crows (Corvus brachyrhynchos) (13) and coyotes (Canis latrans) (14) for a brief
time after consuming rodent-adapted scrapie and CWD prions, respectively. Balancing these
understandable concerns is the possibility that predators also may play a useful role in the
ﬁght against CWD. Predation as a means of natural control has a theoretical basis (15).
Mountain lions (Puma concolor) in particular preferentially prey upon CWD-infected mule deer
(6–8). It follows that removal of infected animals by mountain lions and other predators could
complement broader disease management efforts. Removal of prion-infected cervids by predators would be even more beneﬁcial if consuming infected carcasses also reduced the abundance of prions left in the environment.
In this study, we quantiﬁed the amount of CWD prions able to withstand digestion
and passage through the mountain lion gastrointestinal tract to be shed in feces.
Captive mountain lions were fed a meal of CWD prion-spiked ground mule deer muscle tissue, and feces from each lion were collected daily for the following week.
Ingested CWD prions and CWD prions recovered from fecal samples were quantiﬁed
using the real-time quaking-induced conversion (RT-QuIC) assay, and the percentage
of prion seeding activity recovered was determined. In our experiments, the RT-QuIC
assay was used as a substitute for infectivity detection by mouse bioassay. Typically,
prion seeding activity levels measured by RT-QuIC are about 10 times higher than corresponding prion infectivity levels measured in laboratory studies (16). Our results indicate that CWD prions can be readily detected in feces following consumption by
mountain lions, but the majority of the ingested prions were not passed in feces.
RESULTS
Mountain lion intestinal transit time. Initial experiments were performed to estimate intestinal transit time in the subject mountain lions to better understand the
time frame that feces should be collected following a speciﬁc feeding event. Foodgrade dye was added to food items, and feces were collected daily (as available) thereafter until staining was no longer detectable. Blue staining was visibly detectable in
mountain lion feces for 1 to 4 days after consumption of a bolus of dyed meat, with intensity diminishing over time (Fig. 1). These results were comparable to values
reported for other felid species (17). Based on these observations, we regarded a 7-day
sampling window as sufﬁcient for assessing the passage of dietary prions. We also
regarded a 7-day washout period as minimally sufﬁcient to isolate the prion exposure
associated with our experiment from other potential dietary sources of long-term exposure in the two subject animals (12).
Detection of CWD prion seeding activity in feces following ingestion. Prior to
testing any experimental samples, we ﬁrst conﬁrmed that the RT-QuIC assay used to
detect prion seeding activity would not be inhibited by components in fecal homogenates. CWD-positive brain homogenates were either diluted into RT-QuIC buffer (routine method) or used to spike normal mountain lion feces prior to dilution in RT-QuIC
buffer. Endpoint titration was used to compare prion seeding activities between the
CWD-positive brain homogenates diluted in RT-QuIC buffer (Fig. 2A) and the those
used to spike 10% mountain lion fecal homogenate prior to dilution (Fig. 2B). Both
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FIG 1 Use of food-grade dye (FD&C Blue No. 1 and 2; #1% of food mass consumed) facilitated
intestinal transit time estimation in captive mountain lions (Puma concolor). Blue staining was visible
in feces for 1 to 4 days after consumption of a bolus of dyed meat (top row), with intensity
diminishing over time. Unstained feces collected at same time points are shown for comparison
(bottom row).

FIG 2 End-point titrations to determine the prion 50% seeding dose (SD50) present in the CWD-infected brain stock used for the
feeding experiments and in the resulting prion-positive fecal samples. (A and B) CWD-infected brain was diluted directly in RT-QuIC
buffer (A) or used to spike a 10% mountain lion fecal homogenate prior to dilution in RT-QuIC buffer (B). Positive fecal samples from
experiments 1 and 2 were also diluted to determine prion SD50 (C and D). Each curve shown is the average ﬂuorescence of 4 wells
tested per dilution. As samples become more dilute, the time to reach a positive reaction increases. The dilutions are labeled to the
right of each curve and are shown with different symbols and colors, followed by a fraction indicating the number of positive wells
of the total tested.
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samples gave 100% positive wells at the 1025 and 1026 dilutions of CWD brain homogenate and 50% positive wells at the 1027 dilution, before becoming negative at the
1028 dilution (Fig. 2A and B), suggesting that CWD prions were not sequestered by
fecal homogenates or were unavailable to react in the RT-QuIC assay. We attempted to
increase our sensitivity by testing fecal homogenates more concentrated than 1023;
unfortunately, we found complete inhibition of the RT-QuIC assay when testing 1021
and 1022 fecal homogenates (data not shown). This ﬁnding is not unique to our study,
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TABLE 1 Summary of prion seeding activity in mountain lion feces following oral exposure
to CWD prions
Fecal sample
Expt 1
Female

CWD prion-spiked meal on day 0

Days post-feeding

RT-QuIC resultsb

Yes

3
5
6
7
2
4
6
7

10/12
0/8
0/12
0/8
0/8
0/8
0/8
0/8

3
5a
5b
6
3
5
6

0/8
0/8
0/8
0/8
12/12
0/8
2/12

2
2
NA

7/8
4/8
1/48

Male

No

Expt 2
Female

No

Male

Yes

Natural feeding 1
Natural feeding 2
Control lions (n = 5)
aNA,

NAa
NA
No

not applicable; the lions in these experiments were allowed to feed freely on a CWD-infected carcass.
of positive RT-QuIC reactions over the total number of wells tested.

and inhibition of the RT-QuIC assay has been reported previously when feces, brain,
and other sample types have been tested (18–21). In the experiments described below,
all lion fecal samples were initially tested using 1023 fecal homogenates.
To quantify the amount of CWD prions able to pass through the mountain lion gastrointestinal tract, we hand-fed CWD prion-spiked ground mule deer muscle tissue to
two lions (one male and one female), searched for and collected feces twice daily for
the following week, and quantiﬁed prions present in the feces using RT-QuIC. Two trials were performed; in the ﬁrst trial, CWD prion-spiked ground venison was fed to the
female and normal uninfected ground venison was fed to the male. In the second trial,
the male received the CWD prion-spiked meal and the female received the uninfected
meal. In trial 1, only the ﬁrst feces passed by the female 3 days after ingesting the CWD
prions contained detectable prion seeding activity (Table 1). In trial 2 (35 days later),
the ﬁrst feces collected from the male following ingestion of the CWD prions (3 days
postingestion) was also positive (Table 1). Neither mountain lion had detectable prion
seeding in feces in the respective trials when they received only test-negative muscle
tissue. In both trials, samples with .50% positive RT-QuIC wells at the 1023 dilution
were further diluted and assayed by RT-QuIC to determine the endpoint prion 50%
seeding dose (SD50) (Fig. 2C and D and Table 2). A prion SD50 is equivalent to the level
of seeding activity that would produce positive RT-QuIC reactions in 50% of the wells
tested. An aliquot of the CWD-positive brain material used for feeding the lions was
also analyzed by RT-QuIC assay to determine the starting value of prion seeding activity present (Fig. 2A and B and Table 2.) Final SD50 recovery calculations were made by
comparing the input (fed) brain SD50 values to the recovered (fecal) SD50s. Fecal and
brain SD50 calculations were adjusted according the mass of prion-positive materials
fed or recovered. In trials 1 and 2, 3.9% and 2.8% of the input prion seeding activity
were recovered, respectively (Table 2). Our experiment with the two mountain lions
revealed remarkably consistent patterns in prion passage after ingestion.
The above-described experiment used a known but somewhat artiﬁcial challenge dose
of CWD prions to provide evidence that prion seeding activity could be detected in feces
following oral exposure. Although mountain lions will consume brain and spinal cord from
some carcasses and ingest high levels of infectious prions, most of their intake would consist of nonneuronal tissues, such as muscle, fat, and connective tissues, which harbor much
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TABLE 2 RT-QuIC analysis of endpoint dilutions of input brain and output fecal samples to determine prion recovery
RT-QuIC results at dilutiona
Sample
CWD brain
Female, day 3
Male, day 3

23

10
4/4
4/4
4/4

24

10
4/4
4/4
3/4

25

10
4/4
2/4
1/4

Recovered
26

10
4/4
0/4
0/4

27

10
2/4
NT
NT

28

10
0/4
NT
NT

b

SD50/g
5  109 (2.5  1011)
5  107
1.6  107

Feces (g)

SD50

% SD50

195.9
450.9

9.8  109
7.1  109

3.9
2.8

aNumber
bThe

of positive RT-QuIC reactions over the total number of wells tested. NT, not tested.
calculated prion seeding activity that would produce positive responses in 50% of replicate RT-QuIC reactions. The value in parentheses is the total SD50 fed to each lion.

DISCUSSION
We used an ultrasensitive prion detection assay (RT-QuIC) to quantify the amount of
CWD prion seeding activity that persisted following transit through the mountain lion gastrointestinal tract. In separate trials using CWD prion-spiked meals, we found that 3.9% and
2.8% of the input prion seeding activity was recovered. We also tested feces collected from
the same mountain lions after they fed on a portion of a CWD-infected carcass. Both fecal
samples collected 2 days after carcass feeding harbored detectable levels of prion seeding
activity, and one of the samples had prion levels equivalent to those measured in the feces
from lions after the high experimental challenge dose. These data demonstrate that consumption of CWD-infected cervids in a more natural presentation could also result in transient prion shedding in mountain lion feces. This is not altogether surprising considering
that ample prion accumulation and infectivity occur in a variety of peripheral tissues,
including lymph nodes and nerves, in later stages of clinical CWD (22–25).
In both our spiked and natural exposure trials, we were limited by a small sample
size of just two aged mountain lions. Despite the consistency in our limited data, it is
unclear if prion shedding would be similar in other mountain lions, or how much prion
shedding would vary depending on the stage of CWD infection in the carcass consumed. It is also unclear how intestinal transit time may alter prion shedding. Perhaps
rapid passage of digesta may lead to increased shedding. We encourage further study
to understand such nuances in mountain lions and other predatory species.
Two previous studies, one using rodent-adapted scrapie exposure of crows and
another using CWD exposure of coyotes, also looked for prion pass-through in feces
(13, 14). Both studies used mouse bioassay as a detection method to show prion infectivity persisting through a digestive tract, but neither study attempted to quantify total
recovery. In the coyote study, 3 of the 4 subjects shed infective CWD prions in their
feces for up to 3 days following exposure (14). This period of reported shedding was
somewhat longer than we observed, albeit still relatively brief. The liqueﬁed inoculum
and artiﬁcial (“dry dog food”) diet provided to study coyotes (14) may have slowed intestinal transit compared to the more natural diet consumed by mountain lions in our
study. Nonetheless, available data suggest that any prion shedding by canids or felids
feeding upon infected carcasses would most likely be transient. Given the extensive exposure history of the mountain lions used in our study (12), the lack of seeding activity
in their feces, absent known dietary input, provides some assurance that observed
shedding was passive and that this species does not naturally propagate CWD prions.
It remains unclear how CWD prions spread by predators and/or scavengers may
contribute to natural CWD (or other animal prion disease) transmission. Recently, it has
been demonstrated that deer can become infected with CWD from consumption of as
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lower overall prion infectivity levels (22, 23). To test for CWD prions in feces following more
natural consumption of a carcass, we opportunistically sampled both lions after they fed
on a headless portion of a CWD-positive mule deer carcass in the course of another study
(12). The lions were cohoused during this opportunistic sampling session. Two fecal samples collected 2 days following carcass feeding were both positive for prion seeding activity
by RT-QuIC (Table 1). Endpoint dilution of the most positive sample (natural feeding 1)
examined produced an SD50 of 1.6  107/g of feces, a value equivalent to the SD50 measured in the male’s feces after the experimental exposure.

little as 300 nanograms of CWD-infected brain (26). Because prion-infected cervids
shed infective prions in saliva, feces, and urine for much of the disease course, social
contact between infected and uninfected cervids remains the most likely means of
transmission (4, 5). However, environmental contamination has been demonstrated as
a viable means of prion disease transmission (5, 27, 28), and prions in feces from cervids (29), or from animals consuming CWD-infected cervids (13, 14), could add to the
environmental burden. Although long-distance movements of predators could pose
some risk of accelerating the spread of CWD, lions typically remain near a recent cervid
kill for several days, until they have consumed most of the carcass. Human transportation of infected cervids (dead or alive) (30, 31) or more continuous shedding by
infected cervids during seasonal migrations (32) seems more likely to have driven the
extended geographic distribution of CWD.
We estimated that only approximately 3% of the prion seeding activity ingested by
mountain lions was excreted in their feces. This outcome was comparable to the ;95%
reduction of ingested scrapie prions subsequently excreted by Syrian hamsters after oral
dosing (33). The fate of the unrecovered prion activity remains uncertain. Typically, proteins
are digested by alimentary ﬂuids and absorbed by the gastrointestinal tract. In mountain
lions, overall digestibility of crude protein has been measured at 89.7% (34), leaving
approximately 10% undigested to pass in feces. Despite resistance to some proteases,
prion proteins are not exempt from all digestive processes and are transported from the
lumen of the gut across the absorptive epithelium (35). In susceptible species, this process
is likely the ﬁrst step in infection; however, in unsusceptible species such as the mountain
lion, the digestive process appears to be an efﬁcient mechanism to remove prions from
the ingesta and reduce potential prion contamination of the environment.
CWD prion infectivity following digestion by coyotes also appeared to be substantially reduced, based on the longer incubation periods in the mice used in the bioassay
(14). The parallels to our study suggest the possibility that mammalian predation and
scavenging could lower the prion burden associated with carcasses of infected cervids,
at least to some degree. Even though some passive shedding may occur, repellency of
predator excrements may limit direct interactions in deer (36, 37) and perhaps other
cervids that could lead to prion exposure. Additionally, selective predation upon CWDinfected deer by predators such as the mountain lion (6–8) may further reduce both
direct CWD transmission and environmental prion contamination by removing actively
shedding animals from the population. Further detailed ecological studies would be
required to analyze the effects of predator densities to reduce prion contamination at
the expense of increased overall predation on all cervids.
MATERIALS AND METHODS
Mountain lion husbandry and experimental dietary prion exposure. The experiment reported
herein was subsidiary to a long-term study of dietary CWD prion exposure involving the same subject animals (12; Colorado Division of Parks and Wildlife animal care and use committee ﬁle 04–2002). Consequently,
animal acquisition, housing, caretaking, and disposition have been described in detail elsewhere (12).
Intestinal transit time. To estimate intestinal transit time, we offered one of the two subject animals
an ;250-g bolus of ground wapiti muscle tissue mixed with ;1 g food-grade dye (FD&C Blue No. 1 and
No. 2 food dye; #1% of food mass consumed) to food items. After the dyed meat had been voluntarily
consumed, we then searched for and collected (as available) feces from the enclosure twice daily thereafter until staining was no longer detectable in any of the feces collected. After dye had cleared from
the ﬁrst animal, we repeated the process using the second subject animal.
CWD feeding experiment. We performed the experiment with two available mountain lions (one male
and one female) included in each trial. The lions were housed together and fed CWD-negative carcasses and
supplemental meat chunks for 7 days prior to the start of each trial. At day 0, the lions were separated; one
lion was hand-fed CWD-negative meat mixed with brain homogenate from a CWD-infected deer, and the
other lion was hand-fed only ground CWD-negative meat (500 g). Because both mountain lions were tame
and accustomed to receiving food rewards (12), we directly observed intake to ensure consumption. Lions
readily consumed the entire meal offering in ,5 min. For dietary prion input, we spiked 450 g of ground
muscle tissue from an uninfected mule deer with 50 g of homogenized, CWD-infected mule deer brain tissue
and offered the total 500-g mixture to an individual mountain lion. Following ingestion of the spiked material
(or control meat), the two animals remained separately housed for 7 days and received meat portions derived
from a CWD-negative mule deer. During that time, we searched enclosures and collected lion feces twice
daily. Feces were labeled, weighed, and stored frozen (270°C). Feces were not always present, and lions often
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did not defecate each day. We switched treatment assignments and repeated the trial 35 days later using the
same prion inoculum source and subject animals.
Control mountain lion feces. Control feces were collected from ﬁve free-ranging mountain lions.
Four of these with unknown prion exposure history had been injured or otherwise required euthanasia
because of human conﬂicts in portions of Colorado, USA, where CWD is endemic (WHL20 253, WHL20
311, WHL20 549, and WHL20 569); one had been harvested by a hunter in Montana, USA, hunting district 270, currently considered CWD free. Initial RT-QuIC optimization and CWD spiking experiments
were performed using the Montana mountain lion.
CWD-positive brain homogenate and carcass. The CWD-infected brain homogenate was made from
whole brain (;167 g) collected from the carcass of a female mule deer that died in end-stage CWD (sample
number 18008196; CWD enzyme-linked immunosorbent assay [ELISA] optical density [OD] = 3.405). The homogenate was prepared in a dedicated blender. The resulting slurry was divided into ;50-g aliquots, stored
frozen, and thawed overnight before use.
The infected carcass portion fed upon as part of the umbrella exposure study prior to opportunistic
sampling was part of an adult female mule deer carcass submitted by ﬁeld personnel as a “CWD suspect”
(sample number 19017412; ELISA OD = 0.421). The head had been removed from the carcass for laboratory testing, and a portion (;1/3) of the carcass was provided intact.
Fecal homogenate preparation. Frozen fecal samples were thawed and homogenized to prepare
them for prion seeding activity testing using the RT-QuIC assay. All fecal samples were similar in ﬂuid
content but varied in the amount of hair present. Fecal samples were homogenized to 10% (wt/vol) in
phosphate-buffered saline (PBS) by placing 7 mL of PBS inside a 15-mL conical tube (Corning) followed
by 0.7 g of feces and subsequently vortexed until suspended. Homogenates were then centrifuged for 1
min at 2,000 rpm, and 1-mL aliquots of supernatant were removed and frozen for later analysis. This initial centrifugation step did not produce a large, dense pellet and was used to facilitate removal of supernatant that was free from hair present in the feces.
RT-QuIC assay. RT-QuIC reactions were performed as previously described using recombinant hamster prion
protein 90–231 (Ha rPrP) prepared at Rocky Mountain Laboratory as the substrate (38). Prior to testing the experimental sample, CWD-positive brain homogenate was used to spike normal mountain lion feces to test for potential inhibitors of the RT-QuIC assay. No inhibition was observed when fecal homogenates were used as the sample
solution. For the experimental samples, 1,000-m L to 200-m L frozen homogenate supernatants were thawed, vortexed and then centrifuged for 1 min at 2,000  g. Supernatants were then further diluted in 0.1% SDS (sodium
dodecyl sulfate; Sigma)–PBS–N-2 supplement (Gibco) to produce 1023 sample concentrations. For endpoint titrations, additional serial 10-fold dilutions were made. Two-microliter sample volumes were added to reaction wells
of a black, 96-well, clear-bottom plate (Nunc) containing 98 m L of RT-QuIC reaction mix. Plates were sealed with a
plate sealer ﬁlm (Nunc) and incubated at 50°C in a BMG FLUOstar Omega plate reader with a repeating protocol
of 1 min shaking (700 rpm; double orbital) and 1 min rest throughout the indicated incubation time. Thioﬂavin T
(ThT) ﬂuorescence measurements (450 6 10 nm excitation and 480 6 10 nm emission; plate bottom read) were
taken every 45 min. The plate reader gain was set at 1,600 for each run. The maximum ﬂuorescence readout on
our plate reader is 260,000 units. Each 1023-diluted fecal sample screened was tested using a minimum of 8 total
wells by performing quadruplicate reactions on two separate plates. Samples giving .50% positive wells at the
1023 dilution were considered positive, and additional RT-QuIC was performed in quadruplicate on serial 10-fold
dilutions to determine an SD50 using the Spearman-Karber formula for titer calculation (39).
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