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ABSTRACT: Transmissible spongiform encephalopathy,
or prion disease, poses a serious threat to wildlife;
however, the susceptibility of apex predators is
still being assessed. We investigated variation in
the prion protein gene in Florida panthers (Puma
concolor coryi) and found that admixture from
Central American pumas probably introduced a
novel, albeit benign, prion allele.

Prion diseases cause physical decline and
mortality in many species, including humans,
due to the accumulation of misfolded prion pro-
teins in the central nervous system (Prusiner
1998). In North America, prion disease in free-
living cervids, called chronic wasting disease
(CWD), has been spreading since before the
1980s (Williams 2005). Of particular interest is
whether carnivores that prey on affected ungu-
lates are susceptible to acquiring the disease. In
June 2023, the first documented case of CWD
in white-tailed deer (Odocoileus virginianus) in
Florida, US, was reported (Young 2023). It
remains unclear whether CWD poses a risk to
endangered Florida panthers (Puma concolor
coryi), a subspecies of puma (P. concolor) and
common predator of deer.

Prion disease in cats (feline spongiform
encephalopathy [FSE]) has been documented
in various felids (Iulini et al. 2008), including
a captive puma (Willoughby et al. 1992), but
there are no documented cases in free-living
pumas. A study of three captive pumas found
that even when fed CWD-infected prey repeat-
edly over many years, they did not contract
prion disease (Wolfe et al. 2022). These find-
ings suggest that certain pumas may be more

susceptible to infection. It is known that some
variants in the prion protein gene (PRNP)
affect susceptibility to prion disease (Robinson
et al. 2012). In carnivores, PRNP variants have
been associated with prion disease tolerance in
canids and possibly disease susceptibility in felids
(Stewart et al. 2012). Although pumas examined
to date had identical PRNP alleles (Stewart et al.
2012; Wolfe et al. 2022), all samples examined
originated from Colorado, US, and may not be
representative of intraspecific variability. We
sequenced PRNP in Florida panthers and pumas
from other regions of their range to determine
whether variants were present that would
strongly impact the structure of the prion protein
involved in FSE.
We obtained PRNP gene sequences in silico

from 21 P. concolor whole genomes following
bioinformatic procedures described previously
(Table 1; Ochoa et al. 2019; Saremi et al.
2019). Variable sites in the PRNP gene (acces-
sion NW_020340008.1 and region 30816895–
30817651) were identified using BCFtools
1.11 (Danecek et al. 2021). Variants with qual-
ity score �20, mapping quality �30, read posi-
tion and base-quality biases .10�4, minimum
allele count of 2, and not within 10 bp of an
indel were retained.
We obtained 56 DNA or whole-blood samples

originally collected by the Florida Fish and Wild-
life Conservation Commission (FWC), coauthors,
or collaborators. Samples included canonical
Florida panthers from Southwest Florida
(preintrogression panthers and their postin-
trogression descendants), Texas pumas (five
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females intentionally introgressed into the
Florida panther population in 1995), admixed
Florida panthers (resulting from genetic
introgression in 1995), noncanonical Florida
panthers from Everglades National Park (ENP;
possible descendants of poorly documented
releases of captive Central and/or South Ameri-
can pumas in the 1950–60s); and pumas from
Central and South America (Table 1 and Fig. 1;
Johnson et al. 2010). Genomic DNA was
extracted using a phenol-chloroform procedure.
We PCR-amplified PRNP with primers modi-
fied from Stewart et al. (2012): PRP-F 50-
GGTTCCAACATGAACSTAAGATG-3 0 and
PRP-R 50-TAMAGGGCTGTAGGTAGACAC-
30. PCR reactions (25 lL) included 2 lL of
DNA template (�1–20 ng), 1.5 mM MgCl2,
0.2 mM dNTPs, 0.4 lM each primer, 13
GoTaq reaction buffer (Promega, Madison,
Wisconsin, USA), and 1 unit of GoTaq G2
Flexi DNA polymerase (Promega). Reaction
conditions were 95 C for 3 min followed by
40 cycles of 95 C for 30 s, 60 C for 30 s, 72 C
for 1 min, and a final extension at 72 C for
10 min. We purified PCR products by using
a DNA Clean & Concentrator kit (Zymo
Research, Irvine, California, USA) and Sanger
sequenced them using primers PRPseq-F 50-

CSTAAGATGCTGACGCCCTTC-30 and PRP
seq-R 50-GACCCGTAAAAGATGAAGAAG-30.
Resulting sequences were trimmed of primers,
assembled, and aligned to a known PRNP
sequence (accession JX218980) with Genei-
ous Prime 2022.1.1 (Biomatters Inc. 2022).
To assess putative effects on the prion protein,
Provean 1.1 (Choi and Chan 2015) was used to
predict whether alleles were deleterious or
benign, Amyco (Iglesias et al. 2019) was used
to evaluate amyloid propensity, and Phyre2
(Kelley et al. 2015) was used to three-dimen-
sionally model the translated amino acid
sequences.
We identified nine PRNP alleles across all

sequences (Table 1 and Fig. 1; Supplemen-
tary Material Table S1). Pumas from North
America, including admixed Florida pan-
thers descended from the introduced Texas,
females, matched the PC38 allele (accession
JX218980) previously reported in Colorado
pumas (Stewart et al. 2012). A second allele,
PC-FL1 (accession OR625659), was found in
pumas from Brazil and Guatemala and one his-
torical ENP Florida panther (Fig. 1A). This
finding is consistent with admixture between
ENP Florida panthers and Central American
pumas that were released into the park (Ochoa

TABLE 1. Summary of the PRNP alleles recovered from puma (Puma concolor) in a molecular study on their
susceptibility to transmissible spongiform encephalopathy. The PRNP sequences were obtained using either
Sanger sequencing or whole-genome sequencing (WGS). The country of origin of each puma is indicated plus
state or province if known. Accession numbers are for the GenBank database (https://www.ncbi.nlm.nih.gov).

Allele Accession
n

(Sanger)
n

(WGS) Location(s)

PC38 JX218980 45a 18 USA (California, Colorado, Texas, Florida), Mexico (Durango, Sonora)

PC-FL1 OR625659 2b 3 USA (Florida), Brazil (Minas Gerais, Sa~o Paulo), Guatemala

PC-FL2 OR860043 1 0 USA (Florida)c

PC-MEX1 OR860039 1 0 Mexico (Yucatan; captive)

PC-ARG1 OR860040 2 0 Argentina, Mexico (Chiapas; captive)

PC-ARG2 OR860041 1 0 Argentina

PC-ARG3 OR860042 1 0 Argentina

PC-BRA1 OR860037 1 0 Brazil (Matto Grosso Do Sul)

PC-BRA2 OR860038 2 0 Brazil (Goiás), Venezuela

Total 56 21

aOne Everglades Florida panther, one canonical Florida panther, and four Texas individuals occurred in both the Sanger and WGS
datasets.
b One Everglades Florida panther occurred in both the Sanger and WGS datasets.
c This sample originated from a non–Florida panther released in Florida of unconfirmed geographic origin.
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FIGURE 1. Summary of the nine PRNP alleles recovered from puma (Puma concolor) in a molecular study
on their susceptibility to transmissible spongiform encephalopathy. (A) Map of the geographic distribution of
PRNP alleles (pie charts) and P. concolor distribution. (B) Diagram of the translated amino acid sequences for
each PRNP allele. The length of each amino sequence is drawn to scale (longest is 260 amino acids), and both
the nonapeptide repeat structure and nonsynonymous polymorphisms (using amino acid abbreviations) are
shown. (C) Predicted prion protein structure for two alleles found in Florida panthers (P. c. coryi; PC38 and
PC-FL1) that differ at nonsynonymous sites. The variable amino acids are color coded according to the legend
provided (using amino acid abbreviations).
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et al. 2019). Allele PC-FL2 closely matched
PC38, but lacked one nonapeptide repeat.
The nine alleles differed at eight positions:

five synonymous sites, two nonsynonymous
sites, and a nonapeptide repeat polymorphism
(Fig. 1B). The single-nucleotide and nonapep-
tide polymorphisms were confirmed by both
Sanger and whole-genome sequencing in six
individuals (Table 1). Whole-genome sequenc-
ing could not accurately genotype the nona-
peptide polymorphism in the historical ENP
individual, which is expected considering the
reference allele is PC38 and genotyping large
indels is problematic with short reads. In Flor-
ida panthers, the nonsynonymous polymor-
phisms between PC38 or PC-FL2 and PC-
FL1 were predicted to be of benign or neutral
effect (PROVEAN scores �2.29 and �0.11).
Allele PC-FL1 had a higher Amyco score (0.39)
than PC38 (0.36), indicating a slightly higher
propensity to form amyloid plaques, but still
not aggregation prone. Allele PC-FL1 also had
no noticeable impact on protein conformation
(Fig. 1C). The nonapeptide repeat [9QG–
(9HA)n] varied between zero and four copies
of the (9HA)n nonapeptide and is consistent
with polymorphisms observed in six other felid
genera (Stewart et al. 2012). It is currently
unclear in felids whether nonapeptide repeat
counts influence the propensity for and/or timing
of onset of FSE symptoms.
Overall, it appears that 1) managed genetic

restoration has maintained the disease-resistant
PC38 allele in Florida panthers; and 2) introgres-
sion of Central American pumas into ENP intro-
duced a novel, probably benign, PRNP allele that
is either nonexistent or rare in extant Florida
panthers. Insofar that other North American
pumas are resistant to FSE (Wolfe et al. 2022),
our results suggest that Florida panthers are not
at any elevated risk of acquiring FSE, but ongo-
ing monitoring of CWD in Florida and else-
where, considering the recent documentation of
CWD in Florida white-tailed deer, may assist
with long-term conservation.
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