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Puma conc%r, a large American cat species, occupies the most extensive range 
of any New World terrestrial mammal, spanning 110 degrees of latitude from the 
Canadian Yukon to the Straits of Magellan. Until the recent Holocene, pumas co­
existed with a diverse array of carnivores inclUding the American lion (Panthera 
atrox), the North American cheetah (Miracynonyx trumam), and the saber toothed 
tiger (5mi/odon fatalis). Genomic DNA specimens from 315 pumas of specified geo­
graphic origin (261 contemporary and 54 museum specimens) were collected for 
molecular genetic and phylogenetic analyses of three mitochondrial gene sequenc­
es (165 rRNA, ATPase-B, and NADH-5) plus composite microsatellite genotypes (10 
feline loci). Six phylogeographic groupings or subspecies were resolved, and the 
entire North American population (186 individuals from 15 previously named sub­
species) was genetically homogeneous in overall variation relative to central and 
South American populations. The marked uniformity of mtDNA and a reduction in 
microsatellite allele size expansion indicates that North American pumas derive 
from a recent (late Pleistocene circa 10,000 years ago) replacement and recoloni­
zation by a small number of founders who themselves originated from a centrum 
of puma genetic diversity in eastern South America 200,000-300,000 years ago. 
The recolonization of North American pumas was coincident with a massive late 
Pleistocene extinction event that eliminated 80% of large vertebrates in North Amer­
ica and may have extirpated pumas from that continent as well. 

Pumas (also called mountain lions, or cou­ shall 1981; Webb and Rancy 1996). Al­
gars) occupy a vast range of ecological though the event would suggest that mod­
zones (Figure lA) as diverse as desert, sa­ ern pumas originated from a North 
vannah, tropical rain forest, and alpine American ancestry, the puma fossil record 
steppes (Anderson 1983; Hansen 1992). in South America is so poor that a more 
Adult size varies from 50 to 70 kg at the recent neotropical origin and northward 
equator to twice that size in the extreme dispersal cannot be ruled out (Kurten 
reaches of the Canadian Yukon and Pata­ 1976; Werdelin 1989). 
gonian pampas. The puma fossil record is The peopling of North and South Amer­
less than half a million years old, but both ica clearly diminished puma populations 
molecular and morphologic studies sug­ in recent centuries, reducing the range by 
gest that the puma's origin dates to the two-thirds in North America as a conse­
late Miocene [5-8 million years before the quence· of habitat destruction and human 
present (MYBP)], when pumas evolved depredation (Figure lA). Except for the 
from a common ancestor with the African small endangered population of Florida 
cheetah (Acinonyx jubatus) and American panther (Puma concolor coryl) living in cy­
jaguarundi (Herpailurus yaguaroundl) (Jan­ press swamps of south Florida, pumas are 
czewski et al. 1995; Johnson and O'Brien extinct east of the Mississippi (Hansen 
1997; Pecon-Slattery and O'Brien 1998; Van 1992; Maehr 1998; Roelke et al. 1993). 
Valkenburgh et al. 1990). Pumas most cer­ Nonetheless, elimination of bounties and 
tainly arrived in South America 2-4 MYBP recent legislative protection has led to an 
during the Great American Interchange, increase in puma numbers in many areas 
when eutherian carnivores first migrated since 1900. Some 32 separate geographic 
south from North America with the geo­ subspecies of puma have been described 
logic joining of the Panamanian land based on geographic and morphometric 
bridge (Marshall et al. 1982; Stehli and criteria (Figure lA) (Neff 1983; Young and 
Webb 1985; Webb 1978; Webb and Mar- Goldman 1946). The eastern cougar (P c. 
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couguar) and the Wisconsin puma (P c. 
schorgen) are presumed extinct, and three 
subspecies (P c. coryi, P c. costaricensis, 
and P c. browni/) are classified as endan­
gered or threatened by the U.S. Fish and 
Wildlife Service (Hansen 1992). 

Here we examine the extent of genetic 
diversity using three groups of genetic 
markers (mtDNA coding genes, Y-chro­
mosome Zfy intron sequence, and 10 nu­
clear feline microsatellite loci) among 315 
individual pumas: 261 contemporaryani­
mals and 54 museum specimens, each of 
known geographic origin representing 31 
of 32 named subspecies. The pattern of 
variation within and among subspecies 
was employed to verify phylogeographic 
subdivision and to interpret the natural 
history of the species. The cumulative 
data support the recognition of six oper­
ational taxonomic units (OTUs) or sub­
species based on their sharing of a 
"unique geographic range or habitat, a 
group of phylogenetically concordant" 
phenotypic characters and "a unique nat­
ural history" (Avise and Ball 1990; 
O'Brien and Mayr 1991). Molecular mark­
ers show that individuals from the North 
American continent comprise a large pan­
mictic population and display reduced 
genetic variation relative to South Amer­
ican pumas, an indication of an historic 
founder effect in the North American 
puma ancestry. Four of the six recognized 
puma OTUs reflect geographic (potential 
faunal) boundaries, while the other two 
are likely hybrid (or intergrade) zones 
from geographically adjacent subspecies. 
Consistency of the genetic/phylogenetic 
results with each category of genetic 
markers offers confidence in subspecies 
classification and has implications for 
natural history and present conservation 
management of the puma. 

Materials and Methods 

Samples 
Biological samples were collected from 
315 pumas and were obtained from the 
wild (n = 148), captive facilities (n = 113), 
and museums (n = 54) (Figure lA). Sam­
ples included 1-35 animals from each of 
32 subspecies. Captive animals were wild 
born and of known geographic origin. 
Samples were assigned to the nearest sub­
species based on geographic location (Ca­
brera 1963; Jackson 1955; Neff 1983; Young 
and Goldman 1946). Population samples 
were selected to exclude known related in­
dividuals, or in the case of Florida, known 
hybrids (O'Brien et al. 1990). Samples of 

cheetah, jaguarundi, Geoffroy's cat (Onci­
felis geoffroy/), and domestic cat (Felis ca­
tus) were included as outgroup species. 

DNA was extracted from white blood 
cells, whole blood, primary fibroblast cul­
tures from skin biopsies, or tissues follow­
ing a phenol-chloroform protocol (Sam­
brook et al. 1989). DNA from hide, hair, 
and bone samples was extracted using a 
silica based, guanidium extraction method 
(Hoss and Piiiibo 1993; Johnson et al. 
1998; Piiiibo et al. 1988). 

mtDNA Markers 
Products for both single-strand confor­
mation polymorphism (SSCP) and se­
quencing of mtDNA regions were ob­
tained by PCR amplification of genomic 
DNA (Saiki et al. 1985) using primers that 
amplify portions of the 165 rRNA (165), 
NADH-S (NDS), and ATPase-8 (ATP8) genes 
(Johnson et al. 1998; Johnson and O'Brien 
1997). PCR amplification of museum sam­
ples was performed with two pairs of 
hemi-nested primers for 165 and NDS 
(Johnson et al. 1998) except 16S-3F-5'GA­
GACCCATTAATTTCAACCG-3' is substitut­
ed for 16S-1NF. PCR reactions were per­
formed using 20 ng of genomic DNA in the 
presence of 10 mM Tris-HCI (pH 8.3), 50 
mM KCI, 1.5 mM MgClz, 200 j.l.M each of 
dATP, dCTP, dGTP, dTTP, 0.16 mg/ml BSA, 
1 j.l.M of each primer, and 1 unit Taq poly­
merase enzyme in a volume of 10 j.l.1 (2.5 
units in 25 j.l.1 for museum specimens). 
Thermocycling conditions consisted of 
0.5 min denaturation at 94°C, 1.5 min an­
nealing at 49°C, and 1 min extension at 
noc for 30 cycles (35 or 40 cycles for mu­
seum samples). Resulting products were 
visualized on a 2% agarose gel in TBE 
buffer. 

SSCP analyses were performed on 
mtDNA amplification products from con­
temporary samples (Orita et al. 1989a;b; 
Poduslo et al. 1991). PCR was performed 
as described above with the addition of 1 
j.l.Ci of dCTP[o:-32P]. The PCR product was 
denatured at 95°C and electrophoresed on 
a 4.5% nondenaturing polyacrylamide gel 
with 10% glycerol at 60 W for 6 h. Several 
individuals with identical banding pat­
terns were sequenced to confirm that 
each had the same allele. PCR products 
from museum specimens were directly se­
quenced. The mtDNA PCR products were 
sequenced in both forward and reverse di­
rections using a Prism Dye Primer kit and 
were analyzed by an ABI 373A automated 
DNA sequencer (Applied Biosystems Inc., 
Foster City, CA). Sequences were deposit­

ed in GenBank (accession numbers 
AF241812-AF241820). 

Phylogenetic Analyses of mtDNA 
Haplotypes 
Phylogenetic analyses of mtDNA variation 
were conducted for samples which suc­
cessfully amplified for all three gene seg­
ments (n = 286). Sequences for each gene 
were combined for a total evidence ap­
proach (Huelsenbeck et al. 1996) covering 
891 bp. The combined data were edited 
and aligned using the program SE­
QUENCHER (version 3.0, Gene Codes 
Corp., Ann Arbor, MI) and verified visually. 
Genetic distances were estimated both by 
absolute number of base pair differences 
among haplotypes (p distance) and by the 
Tajima-Nei model of substitution (Tajima 
and Nei 1984) as implemented in the pro­
gram PAUP* (used with permission of D. 
Swofford). Phylogenetic relationships 
among the haplotypes were estimated us­
ing three major methods-minimum evo­
lution estimated by neighbor joining (NJ), 
maximum parsimony (MP), and maximum 
likelihood (ML)-using the program 
PAUP*. Concordance among the resultant 
topologies was considered to be strong 
support for the observed phylogeny. 

NJ trees were generated with the Tajima­
Nei distance estimates and a general heu­
ristic search with tree bisection-reconnec­
tion branch swapping. The MP analysis 
was conducted by a general' heuristic 
search using simple sequence addition of 
sequences and tree bisection-reconnec­
tion branch swapping. ML trees were gen­
erated using the HKY or F84 model (Has­
egawa et al. 1985). The starting tree was 
obtained from the NJ analysis, the shape 
parameter (ex) for the gamma distribution 
of rate heterogeneity among sites and the 
transition:transversion (Ts:Tv) ratio were 
set at default values, and base frequencies 
were empirically derived. An iterative pro­
cess whereby each successive ML tree in­
corporated parameters estimated from 
the preceeding ML analysis continued un­
til an optimal tree was consistently de­
rived. Relationships among mtDNA haplo­
types were estimated using a minimum 
spanning network, computed from the ab­
solute number of differences between hap­
lotypes using the program MINSPNET (Ex­
coffier et al. 1992). 

Zfy Intron Sequence 
The terminal intron of Zfy, located on the 
Y chromosome, was examined in 14 rep­
resentative male pumas (and one female 
for a negative control). PCR was per-
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Figure I. (A) Geographic ranges of 32 currently recognized subspecies of puma (Puma conc%r) (Cabrera 1963; Jackson 1955; Neff 1983; Young and Goldman 1946). The 
subspecies are labeled with a three-letter code, and the total number of samples examined here are indicated. Collaborators and institutions that supplied puma specimens 
are (listed alphabetically by institution): Alberto Paras, Africam Safari, Mexico; Agustin Iriarte, Agriculture Service SAG, Chile; Charles Land, Alaska Department ot Fish and 
Game; Ernesto Boede, Aquarium J.y. Seijas, Venezuela; Don Buckley, Arizona; Lisa Haynes, Stan Cunningham, Matt Peirce, and Harley Shaw, Arizona Game and Fish Department; 
Troy Best, and Ned Gentz, Auburn University, Alabama; Lorenza Calvo, Aurora National Zoo, Guatemala; Nini N. DeBerger, Auto Safari Chapin, Guatemala; Sheila Schmelling, 
Tony Garel, and Laurie Wilkins, Belize Zoo; Daryl Hebert and Dan Lay, British Columbia Ministry of Environment, Canada; Knut Atkinson, Rick Davies, British Columbia Wildlife 
Branch, Canada; Juan Romero, Buenos Aires Zoological Park, Argentina; Sue Mainka, Wanda Dwelle, Lori Rogers, and Bob Cooper, Calgary Zoo and Botanical Gardens, Canada; 
Dr. Hunter, Dave Jessup, Tony Atkinson, Jim Banks, and Kenneth Levine, California Department of Fish and Game; Stan van Zyll de Jong, Canadian Museum of Nature, Quebec; 
Lilly and Werner Hagnauer, Canas, Las Pumas, Costa Rica; Ramon Quevedo Giorgiana, Dulce Brousset and Enrique Yanto, Centro de Convivencia Infantil, Mexico; Allen 
Anderson, Colorado Division of Wildlife; Sonia Alcazar and Viviana Quse, Cordoba Zoological Park, Argentina; Rosana Nogueira de Morias, Curitiba Zoo, BraZil; Ricardo Ayala, 
Durazno Zoological Park, Paraguay; Melody Roelke, Florida Game and Freshwater Fish Commission; Laurie Wilkins, Florida Museum of Natural History, Gainesville; Helida 
Ferreira, Goiana Zoo, Brazil; Ross Anderson, Hogle Zoo, Salt Lake City, Utah; Kerry Murphy, Linda Sweanor, and Ken Logan, Hornocker Wildlife Research Institute; Joe Flanagan, 
Houston Zoo, Texas; John Laundre, Idaho State University; Richard Greenwell, International Society of Cryptozoology, Tucson, Arizona; Emerson Suemitsu, Wanderlei de 
Moraes, Itaipu, Brazil and Paraguay; Miriam Lazo, JUigalpa Zoo, Nicaragua; Melody Roelke, Kamloops Game Farm, Canada; Otto Carlos Jordan, La Paz Zoo, Bolivia; Dr. Marinelli, 
La Plata Zoological Park, Argentina; Senor Meneses, La Ponderosa, Chile; Warren Johnson and Melanie Culver, Laboratory of Genomic Diversity, National Cancer Institute, 
Maryland; Melody Roelke, Lima Zoo, Peru; Beverly Fronk, Lycoming County Historical Society Museum, Pennsylvania; Victoriano Corazon, Managua Zoo, Zoologico Nacional, 
Nicaragua; Jorge Bustelo, Mendoza Zoological Park, Argentina; Jose Olazarri, Mercedes Zoological Park, Uruguay; Ernie Strahm, Mexico; Warren Johnson, Mina EI Soldado, 
Chile; Maria Rutzmoser, Museum of Comparative Zoology, Cambridge, Massachusetts; James Patton, Museum of Vertebrate Zoology, Berkeley, California; Peter Dratch, National 
Fish and Wildlife Forensics Lab, Oregon; Alfred Gardner, National Museum of Natural History, Washington, DC; Mike Cox, Nevada Division of Wildlife; Walt Van Dyke, Oregon 
Department of Fish and Wildlife; Bob Gagliuso, Oregon State University; Fernando Manvel Victoria, Parque Centenario, Merida, Mexico; Melody Roelke and Warren Johnson, 
Parque de Fauna CONAF, Chile; Peter Crawshaw, Parque Nacional Foz de Iguazu, CENAP, IBAMA; Gambino Vasquez, Parque Zoologico de Leon, Mexico; Vicente Mongrell, 
Parque Zoologico de Tamatan, Mexico; Kathy Quigley, Petencita Zoological Park, Guatemala; Jean-Christophe Vie, Programme Faune Sauvage, French Guyana; Sandro Jerez, 
Rawson Zoological Park, Argentina; Matt Peirce and Harley Shaw, Reid Park Zoo, Tucson, Arizona; Dave Gonzalez, Rim County Veterinary Clinic, Nevada; Hector Seuanez, Rio 
de Janeiro Zoo, Brazil; Roy McBride, San Antonio Zoological Gardens and Aquarium; David F. Johnson, San Diego Mesa College, Animal Health, California; Paul Beier, Santa 
Ana Mountains Cougar Study, Calilornia; Otto Carlos Jordan, Santa Cruz Zoo, BoliVia; Patricio Yanez, Santiago Museum of Natural History, Chile; Jeffrey Wyatt and Faical 
Simon, Sao Paulo Zoo, Brazil; Yolanda Matamoros, Simon Bolivar Zoo, Costa Rica; Samuel Ocana, Sonoran Ecological Center, Mexico; Aduato Nunes, Sorocaba Zoo, Brazil; 
Randall E. Junge, St. Louis Zoological Park, Missouri; Anabel Herrera, Summit Zoo, Panama; Jan Englund and Olavi Gronwald, Swedish Museum of Natural History, Stockholm, 
Sweden; Bill Franklin, Torres del Paine National Park, Chile; Mike Syvanen, University of California, Davis; Frank Iwen and Adrian Wydeven, University of Wisconsin Zoological 
Museum, Madison, Wisconsin; Ken Elowe, Utah Division of Wildlife Resources; Esmeralda MUjica, Valencia Aquarium, Venezuela; Melody Roelke, Vancouver Game Farm, 
Canada; Briggs Hall, Don Magoon. Jim Byse, and Willie Nation, Washington Department of Fish and Game; Scott Citino, White Oak Plantation, Florida; Melody Roelke, Laurie 
Marker, and Mike Briggs, Wildlife Safari, Oregon; Melody Roelke, Yosemite National Park, Calilornia; Dr. Riveros, Zoologico Nacional de Chile; Miguel Alvarez, Zoomat, Mexico. 
(B) Distribution of mtDNA haplotypes across the puma's ranges. Letters and pie charts reler to mtDNA haplotypes specified by fifteen single nucleotide polymorphisms 
defined in pumas (Table I). The geographic ranges of six revised subspecies 01 pumas as defined here by mtDNA and microsatellite analysis are indicated. Dotted lines 
demarcate former subspecies range (Neff 1983; Young and Goldman 1946). Nx4 and Mx3,4,5 etc., indicates the number of individuals in the defined location that had the N 
or M haplotype, respectively. Squares around the haplotype letter indicates a museum sample. 

formed using first-round primers ZF2F and both forward and reverse directions using edited and aligned using the program SE­
ZFlR, and second round "nested" primers the Dye Terminator Prism sequencing kit QUENCHER (version 3.0, Gene Codes Cor­
ZFY2F and ZFYIR (Pecon-Slattery and and analyzed by an ABI 373A automated poration, Ann Arbor, MI). The sequence 
O'Brien 1998). PCR products of 350 bp DNA sequencer [Applied Biosystems Inc. was deposited in GenBank using accession 
from the Zfy intron were sequenced in (ABI), Foster City, CAl. Zfy sequences were number AF241870. 
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Table I. Geographic location and ancestral inferences of 14 mtDNA haplotypes resulting from 15 polymorphic sites In combined analyses of the 165 (382 
bp), ATP8 (191 bp), and ND5 (318 bp) genes, in 286 pumas" 

16S ATP8 ND5 

Haplotype 3063" 3094 8630 8681 8700 8725 8756 1272312751 12809 12819 128341284012908 12909ANC' Nd Geographic location 

A T G C C T T C T A A C C G T A 9 1 Paraguay 
B C A 9 1 Venezuela 
C T T G 8 2 Costa Rica, Panama 
D C G 7 4 Chile 
E C T 7 2 Bolivia, Peru 
F C 8 46 nA, Bo, Br, CR, E, G, Pa, Pe, Ve 
G C C 8 1 Brazil 
H T 10 9 Brazil, Paraguay 
I T A G 10 4 Brazil 
J C T 9 19 Argentina, Chile 
K C C T 8 1 Brazil 
L A C 9 2 Fr, Guyana, Brazil 
M A T T G 9 190 North America, CR, Panama 
N A T T G C 8 4 Washington, USA 

Hya C A C C T T C T A A T C G T A 286 total samples 
Aju T A C C T T T C A A C C A T A 
Oge T A C C T T T T A A C C A T A 
Fcab A A C C T T T C A A T C A T A 
ancestral state' A C C T T T A A C A T A 
codon position n/a n/a n/a 3 1 2 3 3 1 2 3 3 3 2 3 
aa change n/a n/a n/a S>P V>A I> V Q>R M > [ V>A 

" Base pairs that are identical to haplotype A are indicated by a period.
 
b From the complete Felis catus mtDNA sequence (Lopez et al. 1996).
 
'The number of sites with inferred ancestral state based on occurrence in three of four outgroup species' (Hya, Aju, Oge and Fca) mtDNA homologue.
 
d Number of individuals with each haplotype.
 
e Abbreviations: nA, northern Argentina: Bo, Bolivia; Br, Brazil; CR, Costa Rica; E, Ecuador; G, Guyana; Pa, Paraguay; Pe, Peru; V, Venezuela; (Aju) cheetah, (Hya) jaguarundi,
 

(Oge) Geoffroy;'s cat, and (Fca) domestic cat. 

Microsatellite peR and Length groups of pumas were estimated using range of number of repeats were estimat­
Determination the kinship coefficient (Dkf) and propor­ ed from microsatellite data using the pro­
The 10 most polymorphic microsatellite tion shared alleles (Dps) algorithms gram MICROSAT (version 1.5, Minch et 
markers were selected (FCA008, FCA035, (Bowcock et al. 1994) as implemented in aL). Deviations from Hardy-Weinberg 
FCA043, FCA082, FCA090, FCA096, FCA1l7, the program MICROSAT (version 1.5, equilibrium (Guo and Thompson 1992) 
FCA166, FCA249, FCA262) from 43 loci ex­ Minch et al.). These distance estimators, were tested for each microsatellite locus 
amined which were initially characterized which are based on shared alleles, are hy­ using the program ARLEQUIN (version 

1.1) (Schneider et aL 1997). .in the domestic cat (Menotti-Raymond et pothesized to be more appropriate for 
aL 1997; Menotti-Raymond et aL 1999). Of comparisons among populations (Dris­ Population subdivision was estimated 

the 10 loci, 7 were unlinked on a genetic coll 1998; Goldstein and Pollock 1997). by FST (Reynolds et aL 1983) and number 

recombination map, one (FCA166) was un­ Phylogenetic relationships were deter­ of migrants (Slatkin 1994) for both mtDNA 
sequence data and microsatellite length mapped and two (FCA043 and FCAl17) mined among individuals that amplified 
variation data, using only the contempo­were 20 cM apart (Menotti-Raymond et al. for eight or more loci (n = 262) and 
rary samples (excluding museum speci­1999). PCR amplification was performed as among subspecies incorporating all sam­
mens). Estimates of FST among mtDNAdescribed (Menotti-Raymond et aL 1997), ples that amplified for at least one micro­
haplotypes were obtained by analysis ofexcept for FCAl16 which amplified using satellite locus (n = 277). Phylogenetic 
molecular variance (AMOVA) (Excoffier etthe following primers: FCA166F 5'-AGGT­ trees were constructed from the Dkf and 
aL 1992) using Tajima-Nei (1984) distances ATTCTTCATCCCTAGGCA-3' and FCA166R Dps distance matrixes using the NEIGH­
as implemented in the program ARLE­

5'-TGTGCTGACAGCACCGAG-3' (Culver BOR option of the program PHYLIP (ver­
QUIN. With microsatellite data, FST esti­

1999). Products were electrophoresed on sion 3.572) (Felsenstein 1993). Trees mates were generated by AMOVA with the 
a 6% polyacrylamide gel using an Applied were drawn using the program TREEVIEW "number of different alleles" distance
Biosystems 373A automated sequencer, (version 1.5) (Page 1996). method using ARLEQUIN. The significance 
Microsatellite allele sizes were estimated levels of FST were assessed after employing 
by comparison with a GS350 TAMRA (ABI) 

Genetic Diversity and Population a Bonferroni adjustment (Weir 1996) for 
internal size standard, and two pumas multiple comparisons. Alternative ways ofStructure Analysis
were used as allele size controls on each subdividing the individuals into groups
geL Data were collected and analyzed us­

Measures of genetic diversity were esti­
were compared to determine which parti­mated for individuals, as well as within

ing the programs GENESCAN (version tions best accounted for the genetic vari­and between subspecies. Nucleotide di­
1.2.2-1) and GENOTYPER software (ver­ ance. An AMOVA was also performedversity (7T) (Nei and Li 1979) was estimat­
sion 1.1) (ABI). among subspecies within groups (Excof­ed from mtDNA haplotype data, using the 

fier et aL 1992).Phylogenetic Analyses of Microsatellite program SENDBS (version 2, National in­

Data stitute of Genetics, Shizuoka, Japan). Av­ Divergence Time Estimates
 
Pairwise genetic distances among indi­ erage heterozygosity (Ho), average vari­ Divergence dates among mtDNA haplo­

viduals, among subspecies, and among ance in number of repeats, and average types and outgroup species were estimat-
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Table 2. Measures of genetic variation across combined analyses of three mtDNA gene segments 16S (382 bp), ATP8 (191 bp), and ND5 (318 bp), and 10 
microsatelIlte loci in pumas grouped by sUbspecies 

Microsatellite loci 

Number 
of individual Total 

Subspecies, continent, mtDNA/ number 
or group" iLsatb mtDNA Haplotype of alleles' %P 

North American subspecies: 

P c. missou/ensis 23/22 M 34 100 
P c. oregonensis 16/15 M 32 100 
P c. uancouuerensis 6 M 18 50 
Pc.o/ympus 4 N 18 50 
P c. califomica 25/24 M 32 90 
P c. kaibabensis 5 M 32 90 
P c. hippo/estes 14 M 32 90 
P c. couguar + schorgeri (ancient) 3 + I M II 20 
P c. browni 15 M 39 100 
P c. browni (ancient) 4 M 13 (3) 80 
Pc. azteca 35 M 46 100 
P c. stan/eyana 10 M 38 80 
Pc. coryi 6 M 12 20 
P c. coryi (ancient) 6/4 M 9 (6) 50 
P c. improcera (ancient) I/O M 
P c. mayensis 12 M 49 100 
P c. costaricensis 13 M F C 54 100 

South American subspecies: 

P c. borbensis 2 F H 25 100 
P c. borbensis (ancient) I/O L 
Pc. greeni 1 H 15 50 
P c. acrocodia II A F G H K 72 100 
P c. capricomensis 8 F H 49 100 
P c. bangsi 5 F 43 100 
P c. conc%r 3 F B 37 100 
P c. conc%r (ancient) 2 L F 19(11) 90 
P c. soderstromi (ancient) 4 F 19 90 
Pc. incarum 5 F E 55 100 
P c. incarum (ancient) I F 2 (0)' 100 
Pc. osgoodi 5 F E 49 100 
P c. cabrerae 10 J F 57 100 
Pc. hudsoni 7 F 51 100 
Pc. puma 6 J D 39 100 
P c. araucanus 4 J D 30 100 
P c. araucanus (ancient) 2 J 18 (5) 100 
P c. palagonica 6 J 32 100 
P c. pearsoni 4 J F 34 100 

" Subspecies ordered in a geographical cline from north to south. ancient samples came from museums.
 
b Number of individuals typed for mtDNA/microsatellite analysis; one value indicates the same number for both.
 
, Alleles found in museum but not in modern samples of the same population are in parentheses.
 
d Variance and range in the number of repeats averaged across all loci.
 
e Average observed heterozygosity across all loci and standard error.
 

ed by averaging all pairwise (p) distances of 315 pumas, collected from throughout 
between haplotypes. Feline-specific their range (Figure lA). The sequences of 
mtDNA divergence rates of 1.39% (ATPff) , three mitochondrial genes [382 bp of 165 
1.22% (NDS), and 0.97% (165) per million rRNA (165), 191 bp of ATPase-8 (ATP8) and 
years (MY) were developed previously 318 bp of (ND5) NADH-5] were determined 
(Lopez et al. 1997). A weighted average, from pumas using specific primers de­
based on the number of base pairs used signed from an alignment of available 
for each gene, was used to obtain the com­ mammalian mtDNA sequences (Lopez et 
posite divergence rate of 1.15%/MY. A di­ al. 1996). Sequence analysis revealed two 
vergence time was also estimated from Zfy single nucleotide polymorphisms in the 
sequence data using a rate for felids of 165 gene, five in the ATP8 gene, and eight 
0.11 %/MY (Pecon-Slattery and O'Brien in the ND5 gene (Table 1). All polymor­
1998). From this rate, the estimated time phisms were transitions and 6 of 13 mu­
to acquire one mutation, in the 350 bp of tations in protein coding genes were non­
intronic sequence, was approximately 2.5 synonymous. RNA secondary structure 
MY. estimated by FoldRNA (GCG, Version 8 

1994) indicated that the two 16S rRNA var­
Results iants were noncompensatory. 
DNA was extracted and amplified by poly­ SSCP assays (Orita et al. 1989a;b; Podul­
merase chain reaction (PCR) from a total so et al. 1991) were developed (Table 1) 

Average 
number 

Average Ho of alleles Average Average Maximum 
(SE)e % per locus varianced ranged range 

48 (0.40) 3.4 5.1 5.5 9 
35 (0.24) 3.2 4.0 5.2 9 

7 (0.35) 1.8 1.1 1.9 5 
31 (0.18) 1.8 3.0 2.5 9 
27 (0.03) 3.2 2.9 5.1 9 
53 (0.35) 3.2 4.4 4.9 9 
43 (0.44) 3.2 3.4 4.5 9 
22 (0.23) 1.2 2.1 0.8 6 
54 (0.45) 3.9 3.8 5.4 9 
38 (0.53) 1.6 9.2 4.1 14 
50 (0.27) 4.6 4.5 6.4 13 
47 (0.18) 3.8 4.1 4.5 9 
5 (0.0) 1.2 0.3 0.5 6 

42 (0.38) 2.3 9.6 4.8 10 

60 (0.0) 4.9 7.2 7.8 17 
63 (0.11) 5.4 11.1 8.4 20 

72 (0.24) 2.8 10.2 5.6 12 

50 (0.0) 1.5 9.5 2.6 II 
68 (0.27) 7.2 6.9 8.4 19 
77 (0.04) 4.9 8.5 7.9 19 
81 (0.18) 4.3 6.9 6.2 18 
80 (0.0) 3.7 6.5 5.8 12 
69 (0.27) 2.4 5.7 3.3 5 
52 (0.15) 1.9 8.9 3.2 12 
78 (0.58) 5.5 8.7 5.5 15 
na na na na 7 
81 (0.0) 4.9 10.3 7.0 18 
77 (3.61) 5.7 9.6 8.4 21 
74 (2.90) 5.1 8.5 8.1 19 
69 (0.35) 3.9 8.0 5.8 II 
43 (0.53) 3.0 6.5 5.1 10 
83 (0.35) 2.0 5.3 3.0 6 
63 (0.35) 3.2 9.4 6.2 20 
78 (0.24) 3.8 7.3 6.0 10 

and used to screen pumas in Figure lA. 
The 15 polymorphic sites defined 14 
mtDNA haplotypes (Tables 1 and 2, Figure 
18). All pumas north of Nicaragua (N = 

186), except four from the Pacific North­
west, shared the M haplotype, including 
historic museum specimens from two pos­
sibly extinct North American subspecies 
(P c. couguar and P c. schorgen). Three 
haplotypes were present in Central Amer­
ican (C,F,M) pumas and 11 (A,B,D-L) were 
found in South American pumas. Haplo­
types M and F had wide distributions 
throughout North and South America, re­
spectively, while the other haplotypes 
were geographically restricted (Table 2, 
Figure 18). Haplotype L was unique to mu­
seum samples, one from French Guyana 
and a second from Brazil (located at op­
posite sides of the Amazon River, Figure 
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Figure 2. (A) Maximum parsimony topology of the 14 haplotypes from the combined 165 (382 bp), ATP8 (191 
bp), and ND4 (318 bp) mitochondrial genes (Table I). The single MP tree (CI = 0.882, total tree length = 17) 
rooted with the NA clade is depicted. Trees derived from MP, NJ, and ML analyses had identical topologies. 
Numbers above branches represent the number of steps/number of homoplasies. Numbers below branches are 
bootstrap values (from 100 replicates) from NJ analysis/MP analysis; dashes indicate a bootstrap value of less 
than 50%. The NJ analysis generated a single tree (ME = 0.0194). All nodes of the ML tree were significant (a 
consensus of 100 trees. -In likelihood = 1311.0909). Rooting by outgroup taxa of jaguarundi, cheetah, and Geoflroyi's 
cat was uninformative due to prohibitively large interspecific genetic distances (0.09-0.12) relative to intraspecific 
values. Thus trees are unrooted but the arrow indicates position 01 the midpoint. (B) Minimum spanning network 
of the 14 mitochondrial haplotypes (Table I), consisting of /65, ATP8, and NDS genes using MlN5PNET (Orita et 
al. 1989a) and the number of individuals with each haplotype. Cross marks on branches define the number of 
substitutions between connected haplotypes. A hypothetical ancestor (?) likely connects l. C, and H as indicated. 

IB). Overall mtDNA diversity among all 
haplotypes (TI) was 0.318%. 

The phylogenetic relationship among 
the 14 mtDNA haplotypes was examined 
using maximum parsimony (MP), mini­
mum evolution (ME), and maximum like­
lihood (ML) algorithms. Each method 
produced an identical topology which is 
illustrated by a maximum parsimony tree 
(Figure 2A). Beyond continental distinc­
tions (M,N versus others; bootstrap pro­
portion 85% MP, 97% NJ) there was little 
mtDNA defined phylogeographic struc­
ture among populations from different re­
gions of the continents. The average 
amount of mtDNA sequence differences 
among haplotypes was low among all pu­
mas: 0.1-0.9% as compared to 9.0-11.0% 
between homologous segments from the 
cat species listed in Table 1 (http://lgd. 
ncLnih.gov). 

To explore the ancestry of these haplo­
types, nucleotide differences among pu­
mas were compared to homologous resi­
dues from four outgroup species (cheetah, 
jaguarundi, Geoffroy's cat, and domestic 
cat; Table 1). A nucleotide site polymor­
phism in pumas was considered ancestral 
if at least three of four outgroup taxa 
shared the same nucleotide. Using this cri­
terion, ancestral nucleotide states were in­
dicated at 12 of 15 variable sites. The two 
haplotypes with the most ancestral states 
(10 of 12), H and I (Table 1), were restrict­
ed to Brazil and Paraguay (Figur~ IB). The 
minimum spanning network (Figure 2B) 
indicates that all haplotypes are one to 
four mutational steps from the ancestral 
central Hand F haplotypes. 

The mammalian Zfx and Zfy genes on 
the respective X and Y chromosomes in­
clude introns that have been shown to be 
powerful nuclear indicators of phylogenet­
ic divergence in cats and other species 
(Bianchi et al. 1992; Pecon-Slattery and 
O'Brien 1998; Shimmin et al. 1993). DNA 
sequence of the more rapidly evolving Zfy 
intron was determined in 14 puma speci­
mens selected from a wide geographic dis­
tribution. Among seven North American 
and seven South American male pumas, 
no DNA sequence variation was observed 
in a 350 bp region of the intron. 

fn contrast to limited variation in 
mtDNA coding genes and Y chromosome 
Zfy intron sequences, appreciable allelic 
diversity was apparent in a genotypic 
screen of 10 unlinked nuclear microsatel­
lite 10cL Ten loci selected from a group of 
253 markers that have been isolated from 
and mapped in domestic cat were typed 
in 277 pumas (258 contemporary and 19 
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Table 3. Measures of genetic variation across IO microsatellite loci and mtDNA gene segments, in pumas grouped by phylogeographlc group 

Microsatellites 

Average 
Number mtDNA Number number 
of individual Total of of alleles 
mtDNA/ Average number unique per locus Average Average Maximum 

Continent or group fLsat Haplotype 'IT (x 10') Ho(SE)o % of alleles alleles (SE) variance range range 

Puma concolor 286/277 A-N 0.32 52 ( )b 121 12.1 6.9 12.5 21 
North America-NA (15 subsp) 186/78 M N 0.02 42 (0.16) 64 5 6.4' 4.8' 9.8 18 
Central America-CA (I subsp) 13/13 M F C 0.40 63 (0.11) 54 12 5.4 11.1 8.4 20 
South America-SA 87/86 A B D-L 0.30 71 (0.33) 110 41 11.1 9.3 10.8 21 

ESA (4 subsp) 23/22 A F H G K L 0.22 71 (0.09) 86 5 8.6 8.0 9.3 19 
NSA (5 subsp) 25/25 B F E L 0.04 75 (0.52) 91 5 9.1 8.2 10.0 19 
CSA (2 subsp) 17/17 F J 0.10 75 (0.46) 67 I 6.7 9.6 9.2 21 
SSA (4 subsp) 22/22 F D J 0.19 64 (1.16) 60 I 6.0 8.3 8.6 20 

NA, North America; CA, Central America; ESA, eastern South America; NSA, northern South America; CSA, central South America; SSA, southern South America, continent 
(NA, North America; SA, South America), and species. 

a Average observed percent heterozygosity across all loci and standard error. 
b Significantly different from South American subspecies (P < .05). 
'Significantly different from South American subspecies (P < .01). 

museum specimens). A summary of the 
quantity and pattern of microsatellite var­
iability observed in each of 30 previously 
named trinomial subspecies is presented 
in Table 2. The results indicate that all 
South American subspecies display appre­
ciable microsatellite diversity, with 90­
100% of loci polymorphic and an average 
heterozygosity of 43-83%. Most North 
American subspecies were also variable, 
although four subspecies (P c. coryi, P c. 
couguar, P c. olympus, and P c. vancouver­
ensis) showed reduced levels of microsat­
ellite variation compared to other North 
American subspecies. This reduction may 
reflect evidence for historic inbreeding as 
has been reported for P c. coryi (Roelke 
et al. 1993), but could also result from 

North Americ8 {NAl 

small sample size for these subspecies 
which were represented by few (two to 
six) individuals. 

A comparison of both mtDNA and mi­
crosatellite allele variation revealed a 
marked difference between pumas from 
North versus South America (summarized 
in Table 3). South American subspecies 
displayed greater overall variation than 
the North American population in several 
measures including the number of mtDNA 
haplotypes (11 versus 2, respectively); 
mtDNA genetic diversity (rr = 0.3 versus 
0.02, respectively); number of microsatel­
lite alleles (110 versus 64, respectively); 
number of unique or continent specific al­
leles (41 versus 5); average microsatellite 
heterozygosity (71% versus 42%) (P < 

Figure 3. Frequency distribution of alleles at 10 microsatellite loci among combined North American subspecies 
(N = 186 individuals from 15 named subspecies, Figure IA) and two combined phylogeographic groups: northern 
South America (NSA) (N = 25 pumas) and eastern South America (ESA) (N ~ 22 pumas). These groups were 
selected as a subset of all South American populations likely to reflect ancestral geographic region based on mtDNA 
analysis (see text). Horizontal axis includes 2 bp (CA repeat) increments on either size of the most common allele 
in the geographic population. Vertical axis is the count of number of alleles. 

.05); and average number of alleles per lo­
cus (ILl versus 6.4) (P < .01). In addition, 
the molecular size distribution or variance 
in allele size for microsatellite loci (i.e., 
the average number of repeat motifs be­
tween alleles) differed appreciably be­
tween North (4.8) and South America (9.3) 
(P < .01). The lower variance likely re­
flects the disjunct pattern of microsatellite 
allele distribution of North American pu­
mas compared to a more continuous dis­
tribution among two South American lo­
cales illustrated in Figure 3. In North 
American subspecies, one to three micro­
satellite alleles predominate for 7 of 10 
loci and for these loci, a single allele oc­
curred at ~40% frequency (all except FCA­
043, -082, -096) (Figure 3). By contrast, 
South American populations' allele size 
class distributions were more continuous 
in that no predominant alleles (~40%) 

were present in any of the 10 loci. 
The relationships among free-ranging 

puma samples were examined in a phylo­
genetic analysis of composite microsatel­
lite genotypes of 262 individuals (Figure 
4A,B). Minimum evolution topologies (es­
timated by the NJ algorithm) using two ge­
netic distance measures: percent allele 
sharing, Dps, and mean kinship, Dkl, pre­
viously determined to be applicable for 
closely related populations (Driscoll et al. 
in preparation; Goldstein and Pollock 
1997) clustered puma individuals from the 
same geographic locales, although the sta­
tistical bootstrap support was low. Conti­
nental concordance had few exceptions, 
although no phylogeographic structure 
was apparent within North American (NA) 
populations. With a few exceptions (20 of 
262 genotypes), the genetic distance­
based trees indicate a consistent parti­
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Table 4. Population pairwise FST 

below the diagonal 

NA 

NA 
CA 0.784* 
ESA 0.815* 
NSA 0.958* 
CSA 0.935* 
SSA 0.835* 

microsatellite estimates above the diagoual and mitochondrial genes 

CA ESA NSA CSA SSA 

0.110* 

0.057 
0.492* 
0.233 
0.240 

0.103* 
0.179* 

0.384 
0.177* 
0.186* 

0.059* 
0.126* 
0.031* 

0.107* 
0.526* 

0.186* 
0.126* 
0.094* 
0.077* 

0.281* 

0.367* 
0.228* 
0.330* 
0.316* 
0.172* 

Below diagonal FST for the combined mitochondrial genes 16S (382 bp). ATP8 (191 bp), NDS (318 bp), and Tajima­
Nei distance method (Tajima and Nei 1984) in the six groups, NA (North America), CA (Central America), ESA 
(eastern South America), NSA (northern South America), CSA (central South America). and SSA (southern South 
America). 
Museum samples were excluded. To equalize sample size among groups, each North American subspecies was 
limited to only three or fewer randomly chosen contemporary samples (n = 129). 

* P < .0033 (after Bonferroni adjustment), based on 100 permutations. 

tioning among South and Central Ameri­
can pumas, which correspond to five 
geographic areas (Figures IB and 4A,B): 
southern South America (SSA) including 
Chile and southwestern Argentina (Pata­
gonian/Andean region); eastern South 
America (ESA) including Brazil (south of 
Amazon River) and Paraguay; northern 
South America (NSA) including Venezuela, 
Ecuador, Bolivia, Guyana, and Colombia; 
Central South America (CSA) including 
northeast Argentina; and Central America 
(CA) including Costa Rica, Panama, and 
Nicaragua. 

Phylogenetic analyses of individual ge­
notypes constrained in accordance with 
previously named trinomial subspecies re­
inforced the phylogeographic conclusions 
(Figure 4C,D). North American subspecies 
clustered with strong bootstrap support 
(73% Dkf and 60% Dps). Three subspecies 
had unusually long branch lengths in the 
Dkf tree (Figure 4d) due to a small sample 
size (P c. couguar, P c. greeni, and P c. 
borbensis) , while others with long branch 
lengths proved to be homozygous at five 
to eight loci (P c. olympus, P c. vancouver­
ensis, and P c. COryl). 

Population distinctiveness among the 
six puma groups was examined by 
Wright's FST values for both mtDNA hap­
lotypes and for composite microsatellite 
genotypes (Table 4). Significant differenc­
es were obtained for all pairwise group 
comparisons with microsatellites and for 
11 of 15 mtDNA comparisons. Similar sub­
division was affirmed by calculating M, mi­
grant number (Slatkin 1994), and AMOVA 
analysis (Excoffier et al. 1992; Schneider 
et al. 1997). The combined phylogeo­
graphic analyses of microsatellite geno­
types (Figure 4) and mtDNA coding gene 
haplotypes (Figures IB and 2) form the 
basis for recognition of the six taxonomic 
units or subspecies of modern pumas 
(Figure IB). Other geographic partitions 

were used to test FST and M; however, the 
six groups described here best explained 
the observed genetic variation. Boundar­
ies between some of these groups were 
somewhat arbitrary due to either incom­
plete sampling in the area or to slight dif­
ferences between results of the mtDNA 
and microsatellite analyses. The CSA 
group was recognized because individuals 
from this area shared affinities with the 
other South American groups, but could 
not be readily assigned to either of these 
groups. Boundaries of the CSA group were 
defined as the region between Rio Negro 
and Rio Parana and included the P c. ca­
brerae and P c. hudsoni subspecies. 

A summary of the distribution of mtDNA 
and microsatellite variation among pumas 
considered as a species, as continental 
populations, and as the six phylogeo­
graphic groups is presented in Table 3. 
The most diverse group based on mtDNA 
haplotypes was ESA (7 haplotypes; 'IT = 

0.02), while NA had the fewest (2 haplo­
types; 'IT = 0.22). For microsatellites the 
groups with the highest diversity (ESA 
and NSA) were central to the pumas range 
and, of interest, were the focus of the most 
ancestral mtDNA haplotypes, H and I (Fig­
ure IB). Pumas from ESA or NSA had the 
greatest number of alleles, the most 
unique alleles, and the highest heterozy­
gosity (Table 3). A broad continuous dis­
tribution of allele size classes was found 
among pumas from ESA and NSA (Figure 
3), in contrast with other groups whose 
allele sizes were largely a subset of the 
ESA/NSA size classes. 

When the six puma groups were exam­
ined phylogenetically using microsatellite 
genotypes (Figure 4E), we observed 
strong support for group definition, but 
some inconsistency in the hierarchical re­
lationships among the groups, particularly 
in South America. CA and NA clustered to­
gether (bootstrap = 98%; 100% for Dkf 

and Dps, respectively) as did CSA and SSA 
(bootstrap = 98% and 91% for Dkf and 
DPs, respectively), but the relationship of 
ESA and NSA differed depending on the ge­
netic distance measure employed (Figure 
4E). Five of the groups (all except CSA) 
had at least one unique population specif­
ic mtDNA haplotype (Table 3) and each 
had a distinct frequency distribution of 
mtDNA haplotype frequencies (Figure IB). 

Using previously calibrated divergence 
rates for the combined three feline mtDNA 
genes (Lopez et al. 1997)-the composite 
mutation rate for this combined region of 
mtDNA was estimated as 1.15%/MY. Using 
this divergence rate, puma and jaguarundi 
last shared a common ancestor 4.2 MYBP, 
while extant puma lineages diverged ap­
proximately 390,000 years ago and North 
American pumas shared a common ances­
tor less than 20,000 years ago. The Zfy in­
tronic sequence divergence rate in felids 
has been estimated at one mutation every 
2.5 MY (Pecon-Slattery and O'Brien 1998). 
From this rate, extant puma lineages are 
probably less than 2.5 MYoId, since no 
variation was detected among pumas in 
our sample. 

Discussion 

Distinguished by a hemispheric distribu­
tion from the Arctic tundra of the north to 
Patagonia in the south, pumas (P conco­
lor) exhibit both broad and fine-scale pat­
terns of genetic differentiation. Concor­
dance between microsateJlite and 
mitochondrial DNA sequence variation re­
vealed an evolutionary history marked by 
ancient ancestry and a period of recent 
North American repopulation. Previous 
classification into 32 subspecies (Neff 
1983; Young and Goldman 1946) was not 
affirmed; rather modern populations as­
sorted by molecular genetic criteria into 
six broad phylogeographic regions (Figure 
IB) with evidence of historic inbreeding in 
a few isolated localities and admixture in 
others. 

The six regions (Figure IB) were defined 
based on phylogenetic partitions as indi­
cated by composite individual and popu­
lation genotypes at 10 unlinked feline mi­
crosatellite loci (Figure 4), by the 
distribution and frequency of mtDNA hap­
lotypes of 15 polymorphic nucleotide sites 
within three genes (165, ATP8, ND5; Table 
1) and by the pattern of diversity indicat­
ed by these loci. The puma groups roughly 
correlate with geographic barriers that 
could restrict migration and gene flow. 
North American pumas (NA) are made up 
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Figure 4. Continued. (E) ME-NJ tree using Dki and Dp, genetic distance among the six phytogeographic subspe­
cies defined by this study. Numbers on nodes are bootstrap percentages. 

of 15 previously named subspecies north 
of Nicaragua. Central American pumas 
(CA) inhabit mostly tropical rainforest. 
Bounded by two major rivers, Rio Negro 
and Rio Parana, central South American 
(CSA) pumas include two previously 
named subspecies from the pampas de­
sert. Eastern South America (ESA) pumas 
inhabit several biogeographic zones bor­
dered by the Amazon, Rio Parana, and the 
Paraguay rivers and include four previous 
subspecies. Demarcated by the Amazon 
and Paraguay rivers, the northern South 
American (NSA) region includes six 
named subspecies distributed across mul­
tiple habitat types. Southern South Amer­
ica (SSA) includes four subspecies of 
puma from Patagonia and the diverse 
mountainous habitats of Argentina and 
Chile. 

Patterns of mtDNA and microsatellite 
variation revealed differences in relative 

genetic diversity (Table 3) that can be in­
terpreted in the context of geography and 
puma natural history. As ESA is the pop­
ulation distinguished by the most ances­
tral (Table 1) and central (Figure 2B) 
mtDNA haplotypes, modern puma geno­
mic diversity likely traces its origin to 
near or within the ESA locale. This infer­
ence is supported by the observation that 
ESA has the highest number of mtDNA 
haplotypes (n = 7), near maximal micro­
satellite diversity, and the broadest distri­
bution of allele size classes. In contrast, 
NA had the lowest variation both in 
mtDNA and in microsatellite measures. NA 
pumas are predominately one mitochon­
drial haplotype (M) with an infrequent 
second haplotype (N) restricted to the 
Olympic peninsula. The entire NA puma 
sample (n = 191) possessed less micro­
satellite diversity than any of the other 
phylogeographic groups with nearly all al­

leles being a subset of those found in Cen­
tral and South America. Considered to­
gether, the reduction in mtDNA and 
microsatellite variation is indicative of ei­
ther an historic founder effect or a popu­
lation bottleneck that effectively reduced 
overall genomic diversity (Maruyama and 
Fuerst 1985; Mayr 1970; Nei et al. 1975). 

The date for the postulated bottleneck 
in the history of North American pumas 
was estimated by comparing the variance 
in microsatellite allele to that in other 
populations that have also experienced 
historic demographic reductions (Driscoll 
1998; Menotti-Raymond and O'Brien 1993; 
O'Brien et al. 1985; O'Brien et al. 1987). Mi­
crosatellite allele variance is a measure of 
the breadth of time-dependent mutational 
expansion that microsatellites show in a 
population (Driscoll 1998; Goldstein et al. 
1995; Reich and Goldstein 1998). Because 
allele variance takes longer for reconsti­
tution after a bottleneck than overall het­
erozygosity or allele number (Driscoll 
1998; Goldstein et al. 1995; Goldstein and 
Pollock 1997; Reich and Goldstein 1998) it 
is a valuable chronometer for founder 
events that are older than the period re­
quired for reconstitution of heterozygosi­
ty. 

The average allele variance among the 
entire North American population was 4.8, 
compared to 8.2-11.1 for other puma sub­
species (Table 3). The observed NA allele 
variance is equivalent to the restricted al­
lele variance observed in African cheetahs 
(based on a larger screen of 88 microsat­
ellite loci) (Driscoll 1998), a species doc­
umented by several measures to have ex­
perienced a severe population bottleneck 
around 10,000-12,000 years ago, near the 
end of the Pleistocene (Menotti-Raymond 
and O'Brien 1993; O'Brien et al. 1985; 
O'Brien et al. 1987). If microsatellite allele 
variance reconstitution following demo­
graphic homogenization occurred at the 
same rate in cheetahs and pumas, the re­
sults imply that NA pumas are descended 

Figure 4. Phylogenetic relationships among 262 individual pumas constructed from 10 microsatellite loci. Unrooted NJ trees estimated using (A) proportion 01 shared 
alleles, Dps; and (B) mean kinship, Dkf, genetic distances with a I-ps transformation. Individuals, subspecies, or groups are color coded as indicated by geographic area 
abbreviations defined in text, Figure IB, and Table 3. Numbered taxa indicate exception to phylogeographic clusters and correspond to I, Brazil (Pco-I94); 2, Venezuela (Pco­
295); 3, Peru (Pco-409); 4, Panama (Pco-542); 5, Brazil (Pco-696); 6, Paraguay (Pco-699); 7, Paraguay (Pco-701); 8, Paraguay (Pco-714); 9, Guyana (Pco-856); 10, Ecuador (Pco­
867); II, Chile (Pco-215); 12, Chile (Pco-212); 13. Belize (Pco-271); 14, Argentina (Pco-580); IS, Argentina (Pco-574); 16, Argentina (Pco-562). Numbers 16-29 on the Dps tree 
(A) correspond to 17, Bolivia (Pco-707); 18, Mexico (Pco-757); 19, Argentina (Pco-566); 20, Argentina (Pco-564); 21, Brazil (Pco-I95); 22, Brazil (Pco-I96); 23, Costa Rica (Pco­
547); 24, Arizona (Pco-604); 25, Mexico (Pco-592); 26, Arizona (Pco-561); 27, Brazil (Pco-697); 28, Costa Rica (Pco-548); 29, Argentina (Pco-576). Numbers 16-35 on the Did 
tree (5B) correspond to 17, Peru (Pco-406); 18, Peru (Pc0-407); 19, Argentina (Pco-571); 20, Nicaragua (Pco-551); 21, Paraguay (Pco-71O); 22, Argentina (Pco-565); 23, Chile 
(Pco-597); 24, Costa Rica (Pco-545); 25, Nicaragua (Pco-554); 26, Nicaragua (Pco-549); 27, Nicaragua (Pco-550); 28. Mexico (Pco-593); 29, Argentina (Pco-576); 30, Argentina 
(Pco-560); 31, Argentina (Pco-568); 32, Argentina (Pco-579); 33, Argentina (Pco-5H); 34, Arizona (Pco-H); 35, Arizona (Pco-I63). Exceptional individuals (11% of total) in some 
cases can be explained by size homoplasy of microsatellite alleles, demonstrated to occur for some loci based on sequence analysis of 85 microsatellite homozygotes within 
pumas (Culver et aI., in preparation). (C) NJ-ME analysis using combined population genotypes based on Dps distance between the 29 named subspecies (Neff 1983; Young 
and Goldman 1946) (Figure IA). Pc. shorgeri and Pc. couguar were combined. Bootstraps values over 40% are indicated on divergence nodes. (0) NJ-ME analysis of combined 
subspecies genotypes using the Dkr genetic distance as in (C). 
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Table 5. Trinomial subspecies designation and diagnostic characters for the six phy1ogeographic groups 

mtDNA 
Group Subspecies (citation)a mtDNA sites' haplotypes' Microsatellite alleles Citation 

NA P c. couguar 12908 N FCA043-104; FCA082-252; FCA090-95, -122; FCAl17-152 Kerr 1792 
CA P c. costaricensis 8630 C FCA082-236; FCA 166-223 Merriam 1901 
ESA P c. capricornensis sites 3063, 12723, A, H, G, I, K FCA008-140, -146, -150, -164; FCA043-120 Merriam 1901 

and 12819 
NSA P c. concolor 12834 and 12840 B, E FCA008-162; FCA035-124; FCA043-142, FCA166-221, FCA249-251 Linneaus 1771 
CSA P c. cabrerae None None FCA008-176 Pocock 1904 
SSA Pc. puma 12809 D FCA249-239 Molina 1782 

a Citation for subspecies designation with the earliest description of those describing subspecies in the geographic locale. 
b Sites listed relative to domestic cat mtDNA sequence (Lopez et al. 1996). 
, See Table 1 lor list of haplotypes. Table 3 for unique haplotypes. 

from a founder event of approximately the 
same age as the cheetah's (Le., -10,000 
years ago). Since North American puma 
fossils date to more than 300,000 years 
ago (Kurten 1976; Savage and Russell 
1983; Turner 1997), the interpretation 
would suggest a recent replacement of 
North American pumas by a small number 
of ancestors of modern NA pumas. Toward 
the end of the late Pleistocene, a massive 
extinction event abruptly eliminated 80% 
of large mammal species (N = 35-40 spe­
cies including cheetahs, lions, and saber­
toothed Smilodon) from North America 
(Martin 1989; Martin and Wright 1967; Pie­
lou 1991). Perhaps NA pumas were elimi­
nated at about the same time by the same 
event, followed by repopulation and dis­
persal of a handful of SA migrants who 
had survived the cataclysm. 

Despite apparent phylogenetic unique­
ness (Figure 4) and moderate FST distinc­
tiveness (Table 4), two phylogeographic 
regions (CA and CSA) resemble hybrid 
zones. CA pumas retain three mtDNA hap­
lotypes: the predominant North American 
haplotype (M), the ubiquitous South 
American haplotype (F), and a unique CA 
haplotype (C) (Figure IB). CA pumas ex­
hibit the largest average variance in micro­
satellite repeat number (11.1) among the 
six phylogeographic zones. These pat­
terns suggest recent gene flow to CA from 
both NA and NSA. The CSA group also 
shares mtDNA haplotypes (J and F, Figure 
IB) with neighboring subspecies plus phy­
logenetic affiliation of microsatellite geno­
types (Figure 4), observations consistent 
with gene flow to CSA populations from 
adjoining biogeographic regions. 

Within modern North American pumas, 
several smaller populations have unique 
features (Table 2). The number of poly­
morphic microsatellite loci and amount of 
genetic variation were lower in three sub­
species (P c. coryi. P c. uancouuerensis, 
and P c. olympus). In contrast to outbred 
puma populations in northern Yellow­
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stone, southern Idaho, and the San Andres 
Mountains, with 9-10 polymorphic micro­
satellite loci and heterozygosity values of 
0.42-0.52 (Culver et aI., in preparation), 
populations on Vancouver Island, the 
Olympic Peninsula, and Florida's Big Cy­
press Swamp contain only 2-5 polymor­
phic microsatellite loci and heterozygosity 
values from 0.05 to 0.31. The Florida pop­
ulation is highly inbred (eight fixed loci), 
which is consistent with its demographic 
history (Belden 1986; Maehr 1998; Roelke 
et al. 1993). Museum samples from the 
Florida population dating to the turn of 
the 19th century show much higher het­
erozygosity levels (0.42 versus 0.05), vari­
ance in number of repeats (9.6 versus 0.3), 
and range in number of repeats (4.8 ver­
sus 0.5), consistent with a 20th century re­
duction of genetic diversity in Florida pu­
mas (Table 2). 

Conclusions 

A molecular genetic analysis of mitochon­
drial and nuclear genomic variability 
across intercontinental puma populations 
has revealed consistent patterns that can 
be interpreted in the context of demo­
graphic and migratory history. Six phylo­
geographic groups were resolved with no 
evidence for additional within-group sub­
division. We detect little support for the 
retention of 32 previously named subspe­
cies (Neff 1983; Young and Goldman 1946) 
and suggest that subspecific taxonomy of 
the puma be revised to designate six phy­
logeographic subspecies. This recommen­
dation is based on previous criteria (Avise 
and Ball 1990; O'Brien and Mayr 1991) 
which designate that subspecies share a 
unique range, a group of phylogenetic con­
cordant characters, and a unique natural 
history relative to other subdivision of the 
species. We list in Table 5 the proposed 
Latin trinomial names of the six subspe­
cies and the molecular genetic phenotypic 
characters specific to each. 

Until recently, one subspecies, P c. coug­
uar-NA, occupied the entire North Amer­
ican continent. In spite of its wide distri­
bution, the subspecies shows markedly 
reduced mtDNA and microsatellite vari­
ability relative to the southern subspecies. 
Most likely modern North American pu­
mas descended from a founder event in­
volving a small number of individuals who 
migrated "out of South America" approxi­
mately 10,000-12,000 years before the 
present and subsequent to the abrupt 
Pleistocene extinction of large North 
American mammal species. The cause of 
this near global extinction event is still un­
certain but may have eliminated not only 
North American lions, cheetahs, and sa­
ber-toothed cats, but also the North Amer­
ican pumas (Martin 1989; Martin and 
Wright 1967; Pielou 1991). Supplemental 
tables can be inspected on the LGD web 
site (http://www.lgd.ncLnih.gov). 
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