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Abstract

The jaguar (Panthera onca), the largest felid in the American Continent, is currently threatened
by habitat loss, fragmentation and human persecution. We have investigated the genetic
diversity, population structure and demographic history of jaguars across their geographical
range by analysing 715 base pairs of the mitochondrial DNA (mtDNA) control region and 29
microsatellite loci in =40 individuals sampled from Mexico to southern Brazil. Jaguars
display low to moderate levels of mtDNA diversity and medium to high levels of microsatellite
size variation, and show evidence of a recent demographic expansion. We estimate that extant
jaguar mtDNA lineages arose 280 000—510 000 years ago (95% CI 137 000—830 000 years ago),
a younger date than suggested by available fossil data. No strong geographical structure
was observed, in contrast to previously proposed subspecific partitions. However, major
geographical barriers such as the Amazon river and the Darien straits between northern
South America and Central America appear to have restricted historical gene flow in this
species, producing measurable genetic differentiation. Jaguars could be divided into four
incompletely isolated phylogeographic groups, and further sampling may reveal a finer
pattern of subdivision or isolation by distance on a regional level. Operational conservation
units for this species can be defined on a biome or ecosystem scale, but should take into
account the historical barriers to dispersal identified here. Conservation strategies for jaguars
should aim to maintain high levels of gene flow over broad geographical areas, possibly

through active management of disconnected populations on a regional scale.
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Introduction

The jaguar (Panthera onca) is the largest Neotropical felid,
measuring up to 2m in total length and weighing up to
120 kg (Kitchener 1991). It is closely related to the other
four big cats in the genus Panthera (Salles 1992; Johnson &
O’Brien 1997), and is the only extant representative of this
genus in the Americas. It appears to have diverged from a
common ancestor with the other Panthera species at least
1.5 million years ago (Ma) and entered the American con-
tinent through Beringia in the early Pleistocene (Turner &
Antén 1997). Jaguar fossils have been reported in North
America as far north as Nebraska and Washington
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(Seymour 1989; Turner & Antén 1997), the oldest definitive
specimens dating from approximately 850 000 years ago
(K. Seymour, personal communication).

In historical times jaguars ranged from the southern
USA throughout Central and South America to the
Argentinean Patagonia. Since the mid-1900s, however,
they have been extirpated from broad portions of their
original distribution and currently subsist in fragmented
populations of variable size (Nowell & Jackson 1996).
Jaguars occur in habitats ranging from dense rainforest
to more open scrubland and seasonally flooded marshes,
and prey mainly on large mammals such as peccary, deer,
tapir, and capybara, and in some areas also on reptiles
such as turtles and caiman (Oliveira 1994). Around human
agricultural lands they often prey on livestock, which
generates chronic conflicts with ranchers and widespread
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persecution of this species in many regions. Although
jaguars have been heavily hunted in the past as a trophy
or for their pelts, their survival is currently threatened
mostly by severe loss and fragmentation of habitat and
direct persecution by ranchers (Nowell & Jackson 1996).
The species as a whole is currently listed in Appendix I
(endangered species) of the Convention on International
Trade of Endangered Species of Wild Fauna and Flora
(CITES), and is considered to be vulnerable by IUCN
(Wozencraft 1993). Some remnant populations, however,
are known to be small and isolated, and can be considered
to be severely endangered (Medellin et al., in press).

In order to devise adequate conservation and manage-
ment strategies for an endangered species, it is important
to incorporate a reliable understanding of its population
structure and history, the existence of demographic partitions
throughout its geographical range, and a characterization
of the distribution of its genetic diversity (Avise 1989;

Table 1 Samples of Panthera onca analysed in the present study

O’Brien 1994). Jaguars are currently divided into eight
subspecies based on classical studies of morphology
(reviewed by Seymour 1989), but a recent revision of skull
characters found no significant geographical differenti-
ation in these traits (Larson 1997). However, there has been
no comparable attempt to describe the geographical
distribution of genetic diversity in jaguars, nor to use
molecular markers to clarify its population structure and
evolutionary history.

In the present paper, we report a study of genetic variation
in jaguars sampled throughout their geographical range,
applying mitochondrial DNA (mtDNA) control region
sequences and microsatellite loci size variation to address
issues of phylogeography and population history in
this species. Results from phylogenetic and population
genetic analyses of these data are used to draw inferences
on past demographic processes, clarify taxonomic issues,
and provide insight relevant for conservation efforts.

ID Geographic Origin Institution/Contact
Ponl6 Guatemala ARCAS

Pon20 Chepo, Panama Prov., Panama Summit Zoo

Pon21 Upala, Alajuela Prov., Costa Rica Las Pumas

Pon22 Puerto Limon Prov., Costa Rica Simon Bolivar Zoo

Pon23 Atlantico Sur Department, Nicaragua Juigalpa Zoo

Pon24 Nicaragua Radio Antenna, Managua
Pon25 Rio San Juan Department, Nicaragua Managua Zoo

Pon26 Guatemala Aurora Zoo

Pon28 Peru (Probably) Mendoza Zoo

Pon29 Southern South America (Probably) Montevideo Zoo

Pon30 Yucatan State, Mexico Proyecto Balam

Pon31 San Luis Potosi State, Mexico Leon Zoo

Pon34e, 35@ Mexico, unknown State Cd.Victoria Zoo, Aragon Zoo
Pon37 Yucatan State, Mexico Zoologico Centenario

Pon40*, 41, 42, 44
Pon43

Mato Grosso do Sul State, SW Brazil
P.N. Iguagu, Parana State, S Brazil

Pon46 Goias State, Brazil

Pon47 Para State, N Brazil
Pon48® Brazil, unknown State
Pon49, 50@ Chaco, Paraguay

Pon51, 52 Jalisco State, Mexico
Ponb4@® Amazonas State, Venezuela
Pon56*, 58 Falcon State, Venezuela
Pon59 Barinas State, Venezuela
Pon60 Bolivar State, Venezuela
Pon61 Venezuela, unknown State
Pon629®, 63 Bolivar State, Venezuela
Pon64 Sta. Cruz Department, Bolivia
Poné5, 66 N. Bolivia

Pon67® Venezuela, unknown State
Pon68 French Guiana

Pon71 Brazil, unknown State
Pon72 Brazil, unknown State
Pon73 Brazil, unknown State
Pon75 Sinaloa State, Mexico

Proj. Carnivoros, CENAP/IBAMA
Proj. Carnivoros, CENAP/IBAMA
Zoolégico de Goiania

Zooloégico de Goiania

Zoolégico de Goiania

Itaipu, Paraguay

Idaho State University

Las Delicias

Las Delicias

Asociacion Ganaderas

Merida

Barquisimento

Valencia Castellito

Zoologico de Santa Cruz
Zoologico de Santa Cruz
PROFAUNA

Prog. Faune Sauvage/].C. Vié
Zoolégico de Paranagua/R.N.Morais
CENAP/IBAMA
CENAP/IBAMA

Brian Miller

®, samples typed only for microsatellites; *, samples typed only for mtDNA.
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Materials and methods

Sample collection and laboratory procedures

Samples of 44 jaguar individuals were obtained from
across most of the species’ range (Table 1, Fig. 1). Whole
blood preserved in a saturated salt solution (100 mm Tris,
100 mm EDTA, 2% SDS) was collected from wild-caught
individuals captured in field ecology projects; blood
(separated into plasma, red blood cell and leucocyte
phases) and skin biopsies were obtained from animals
kept in captive breeding Institutions, most of which had
known geographical origin; and skin fragments were
collected from a museum pelt (sample Pon67). DNA
extraction was performed using standard techniques: salt
precipitation (Montgomery & Sise 1990) was used for
leucocyte pellets; phenol/chloroform (Sambrook et al. 1989)
was used for whole blood and primary fibroblast cultures;
and a silica-guanidium technique (Paébo et al. 1988; Boom
et al. 1990) was employed with the museum material.

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 65-79
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Fig. 1 Map showing historical and current
geographical distribution of jaguars (modified
from Oliveira 1994), approximate sample

of the Amazon river. Numbers next to circles
are sample identification labels of jaguar
individuals (number after Pon in Table 1)
from each area. Boxes indicate individuals
from the same region. Only individuals with
know regional origin are shown.

The 5 portion (including the First Hypervariable
Segment, HVS-I) and the central conserved portion of
the mtDNA control region (the structure of the felid
mtDNA control region is described elsewhere: Lopez et al.
1996; Eizirik et al. 1998; ].-H. Kim et al. unpublished) were
amplified by polymerase chain reaction (PCR) (Saiki ef al.
1985) from genomic DNA. For the 5' segment, human
primers L15997 [modified to match the domestic cat ref-
erence sequence (Lopez etal. 1996)] and H16498 (Ward
et al. 1991) were used, and for the central portion primers
PAN-CCR-F (CTCAACTGTCCGAAAGTGCTT) and PAN-
CCR-R (CCTGTGGAAGCAATAGGAATT) (J.-H. Kim et al.
unpublished data) were employed. PCR reactions were
performed using standard buffer conditions, 1.5 mm
MgCl,, and 33-36 cycles of the following steps: 94 °C
for 45s, 53 °C for 45 s, and 72 °C for 1 min, preceded by
3 min of initial denaturing, and followed by 10 min of final
extension. PCR products were purified using CENTRICON-
100 (Amicon), and cycle-sequenced from both ends, using
either ABI FS Dye Primer Kkits (in which case PCR primers



68 E. EIZIRIK ET AL.

had been engineered to contain M13 tails) or ABI Big Dye
Terminator Kkits; resulting fragments were analysed in an
ABI 373 A automated sequencer.

The 5" portion of the mtDNA control region of felids
contains a rather long tandem repetitive series, which leads
to size variation and heteroplasmy in several species,
including jaguars (Lopez ef al. 1996; Eizirik et al. 1998;
J.-H. Kim et al. unpublished data). Due to the difficulty
in sequencing through this array, only one strand was
sequenced on each flank of the repeats. Sequences were
visually inspected and corrected using SEQUENCHER (Gene
Codes Co.); sites or segments from which sequence could
not be unambiguously scored after three attempts (inde-
pendent PCR and sequencing reactions) were treated
as missing information and excluded from the analysis.
Similar care was taken with the central segment, although
in this case both strands were available for analysis. As part
of the mtDNA of cats of the Panthera genus is included in
a nuclear transposition (Johnson et al. 1996), our data were
compared to reference sequences obtained from isolated
mitochondrial and nuclear extracts (which exhibited several
nucleotide differences; J.-H. Kim et al. unpublished data)
to ascertain that the haplotypes included in this study
were indeed of mitochondrial origin.

Thirty-five microsatellite loci developed originally
for the domestic cat (Menotti-Raymond ef al. 1999) were
amplified by PCR from jaguar genomic DNA using fluore-
scently labelled primers and the standard conditions
described by Menotti-Raymond et al. (1999). The products
were analysed in an ABI 310 automated sequencer. To
assess amplification efficiency and yield, and to establish
the size range for each microsatellite in the jaguar, an initial
run was performed with three individuals for each locus
separately. Twenty-nine loci (FCA005, FCA008, FCAQ26,
FCAO043, FCA075, FCA077, FCA90, FCA091, FCA0%4,
FCA096, FCA097, FCA098, FCA105, FCA126, FCA139,
FCA161, FCA193, FCA201, FCA211, FCA220, FCA224,
FCA229, FCA247, FCA290, FCA293, FCA310, FCA441,
FCA453 and FCA678 — Menotti-Raymond et al. 1999) were
selected for use in this study. PCR reactions were carried
out for each locus separately, and products from 3 to 5
loci were diluted and pooled together based on yield, size
range and fluorescent dye, and subsequently analysed in
an ABI 310 or ABI 377 automated sequencer. Resulting
patterns were scored and analysed using the ABI computer
programs GENESCAN 2.1 and GENOTYPER 2.1.

Data analysis

mtDNA control region sequences were aligned using
cLusTALX (Thompson et al. 1997) and visually checked. Initial
sequence comparisons and measures of variability were
performed using MEGA (Kumar et al. 1993). Transition/
transversion ratios and the o parameter of the gamma

distribution of rate variation among sites (method of Yang
& Kumar 1996) were estimated using PAMP (included in
the package PAML 2.0 — Yang 1999). Phylogenetic analyses
of the identified sequences were performed using three
approaches: (i) minimum evolution (ME) heuristic search
as implemented in pauP*4.0b2 (Swofford 1998), consisting
of a distance-based (Tamura—Nei model with gamma
correction) neighbour-joining (Saitou & Nei 1987) tree
followed by branch-swapping; (ii) maximum parsimony
(MP) using paur*, with a heuristic search and random
addition of taxa; and (iii) maximum likelihood (ML) using
PAUP* and PUzzLE 4.0 (Strimmer & Von Haeseler 1996),
incorporating a gamma-corrected HKY (Hasegawa—Kishino—
Yano) model with parameters estimated from the data set.
Reliability of nodes defined by the phylogenetic trees was
assessed using 100 bootstrap replications (Felsenstein
1985; Hillis & Bull 1993) in the ME and MP analyses,
and with the quartet puzzling method in the ruzzLe ML
analysis. Minimum-spanning networks (Excoffier & Smouse
1994) were constructed using MINSPNET (by L. Excoffier,
http://anthropologie.unige.ch/LGB/software/win/) to
depict phylogenetic, geographical, and potential ancestor—
descendent relationships among the identified sequences.
Measures of population genetic parameters such as
gene diversity (the probability that two randomly chosen
mtDNA sequences are different in the sample) and nucle-
otide diversity (1t per nucleotide site, i.e. the probability
that two randomly chosen homologous nucleotides are
different in the sample) (Nei 1987) were estimated from
the mtDNA data set using ARLEQUIN 1.1 (Schneider et al.
1997) and senNDBs (by N. Takezaki, methods described in
Nei & Jin 1989; Jin & Nei 1990; http: //www.bio.psu.edu/
People/Faculty/Nei/Lab/Programs.html. SENDBS was
applied to derive measures of nucleotide diversity (1) and
their confidence intervals (using a bootstrap approach),
which were used to date the origin of extant mtDNA line-
ages of jaguars. Dating of the origin of jaguar mtDNA
haplotypes was also performed using the linearized tree
method with the program LINTREE (Takezaki et al. 1995),
that incorporates two tests for the assumption of a molecular
clock. Inference of past population expansion events was
performed using mismatch distribution analyses (Rogers
& Harpending 1992) as implemented in ARLEQUIN, and
lineages-through-time plots (Nee et al. 1994) as imple-
mented in END-EPI (Rambaut et al. 1997). To assess the
extent of differentiation among populations an Analysis
of Molecular Variance (amova) (Excoffier et al. 1992) was
used to estimate Fg; values, whose statistical significance
was tested using 10 000 permutations as implemented in
ARLEQUIN. We also applied the nested cladistic analysis
proposed by Templeton ef al. (1995) to make phylogeo-
graphic inferences with our mtDNA data set, using GEODIS
2.0 (Posada et al. 2000) and 10 000 permutations to test the
significance of alternative historical scenarios.

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 65-79



Microsatellite data was analysed with microsaT (Minch
1997) for general estimates of diversity and calculation
of several measures of genetic distance among indi-
viduals. Resulting distance matrices were used to con-
struct neighbour-joining phylogenetic trees with the
program NEIGHBOR [included in the package pHYLIP 3.5.
(Felsenstein 1993)]. ARLEQUIN 1.1 was used to test for
deviations from Hardy-Weinberg equilibrium (using an
exact test based on the procedure described by Guo &
Thompson 1992) and to derive estimates of population
subdivision (using Fg; and R analogs; Weir & Cockerham
1984; Slatkin 1995; Michalakis & Excoffier 1996). The
statistical significance of Fg and Rgp values was tested
using 10 000 permutations as implemented in ARLEQUIN.
To evaluate if there is support from microsatellite data to
the inference of a population expansion in jaguars, the
shape of the distribution of allele frequencies in each
locus was inspected, and two statistical approaches
were applied: (i) the P, distribution method of pairwise
comparisons suggested by Shriver et al. (1997); and
(ii) the interlocus g-test proposed by Reich & Goldstein
(1998) and Goldstein et al. (1999). The former is based
on the shape of the distribution of pairwise differences in
repeat number among all alleles of each locus, averaged
across loci. We have performed a weighted average in
which loci with the most complete data sets are pro-
portionally more represented. The second approach (g-test)
compares the observed variance across loci of the vari-
ance in repeat scores to that expected in a population of
constant size. We obtained the observed variance of
the variance (V|[V,]) empirically, based on the output
of MICROSAT (using the total variance in repeat number
per locus as V). The expected value under constant
population size (V,[V,]) was derived using the method
suggested by Reich & Goldstein (1998) and Goldstein
etal. (1999), with the formula Vg[Vr] =4/3E[V ]2+ 1/6 E[V/],
in which the average variance across loci is substituted
for E[Vr].

Results

mtDNA sequences

mtDNA control region PCR products from 37 jaguar
individuals (Table 1) were sequenced in three separate
units. Fragment A was sequenced with primer L15997, and
consisted of 183 bp at the 5' flank of the repetitive array.
Fragment B was sequenced with primer H16498 and
contained = 240 bp at the 3' flank of the repetitive region,
including the first (3' side) 80-bp repeat (all repeats but
the first were excluded from the data set). Fragment C
spanned the central conserved portion of the mtDNA
control region, containing =390 bp sequenced for both
strands using primers PAN-CCR-F and PAN-CCR-R, and
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overlapping with =100 bp of fragment B. Fragment A
sequences were concatenated with the contigs generated
from fragments B and C, producing a complete aligned
data set of 715 bp [positions 16315-00218 in the domestic
cat reference sequence (Lopez et al. 1996)]. Sequences
of the same control region segment from a lion (Panthera
leo) and a leopard (P. pardus) were used as outgroups
(J.-H. Kim et al. unpublished data). A 66-bp segment of
the leopard sequence on the 5 flank of the repetitive
array could not be aligned with the other sequences,
and was removed from the analyses. The alignment of
the jaguar sequences (GenBank accession nos AF244814—
AF244887) is available at http://lgd.nci.nih.gov (as supple-
mentary information linked to this paper).

Sequences from the 37 jaguar individuals comprised
22 different haplotypes defined by 33 variable sites
(Table 2). The estimated transition:transversion ratios
varied from 1:6 to 1:16 depending on the inclusion of
outgroup sequences. Among-site rate variation was high
(ar = 0.0023-0.3945 depending on inclusion of outgroups).

Moderate to high levels of gene diversity and considerably
low nucleotide diversity were observed among jaguar
individuals (Table 3). Sequence identity was observed only
among individuals originating from the same or adjacent
geographical regions, with the exception of one haplotype
which was widespread in the northern portion of the
range, from Venezuela to Mexico (Pon21, 25, 31, 51, 58, 59,
60, and 75, Figs 2 and 3). Phylogenetic analyses of jaguar
mtDNA sequences did not strongly support the existence of
any major phylogeographic partitions (Fig. 2). The overall
pattern approximated a star-phylogeny, with generally short
branches and little robust structure, a pattern reminiscent
of a relatively recent population expansion (Lavery ef al.
1996; Avise 2000). The only phylogeographic partition which
received consistent support in all analyses was the grouping
of southern South American sequences (all the sequences
from Brazil and Paraguay, one sequence probably from
Peru, and most from Bolivia) in two monophyletic groups
(Fig. 2). The rooting of the trees using other Panthera genus
species as outgroups suggested that the northern South
American/Central American sequences were more basal
than the two southern South American clusters.

The minimum-spanning network (Fig. 3) of the jaguar
mtDNA sequences provided additional support for the
two southern South American clusters, and for their inde-
pendent connection to a more basal northern sequence.
This diagram is also indicative of a relatively recent popu-
lation expansion in the group of northern sequences, in
which several localized lineages are connected by short
branches to the most common, potentially ancestral,
widespread haplotype. With the exception of the basal
Pon37, all Mexican individuals either carried the widespread
‘Pon21” haplotype or a sequence which had been recently
derived (being one step away) from it.
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Table 2 Mitochondrial DNA control region haplotypes identified for jaguars (Panthera onca) in this study. Nucleotide positions showing
variation among jaguar haplotypes are depicted; numbers (vertical) refer to the aligned site in our 715 bp data set [which corresponds to
positions 16315-00218 in the domestic cat reference sequence (Lopez et al. 1996)]. Nucleotides present at these sites in the outgroups
(Panthera leo and P. pardus) are shown in the bottom. The geographical origin of jaguar individuals bearing each haplotype is also

indicated

Nucleotide positions

111112 2222222334 4444445666 677

2356335783 4445689280 0135783137 801
Individuals 4231497368 1582601077 9182658185 300 Geographic origin
Pon21, 25, 31, 51, 58, 59, 60, 75 ATTTAGCTCA AAACTCTGTA TATATGGTGA TAT V, CR, Nic, Mex
Ponl6, 26,30 L { O Guat, Mexico
Pon52 e e e G. Mexico
Pon37 . ? ?G..A.A Mexico
Pon20 G ..AA Panama
Pon22,24 L. Ao . C. A CR, Nic
pon23 .. A.T G?TG?.C. ... A Nicaragua
Pons6 L. N C.. Venezuela
Pon61 e Al G Venezuela
Pon63 CC?..T. .. TC.. .G..A Venezuela
Pon68 e G Fr. Guiana
Pon29, 41,42, 44 G.GTT. G.... C?2.A.A Brazil
Pon40, 46 G.GTT. G.... A.A Brazil
Pon71 G.CG.T.. .G.7C... G...A Brazil
Pon73 G.GTT. G.... ..G... A Brazil
Pon72 G.T. ... A. ??2.A.A Brazil
Pon28, 47 G A.. GCA.G G Peru (P), Bra
Pon43 U C TR A. .CGCA.G Brazil
Pon64 G s GCA.G .GC Bolivia
Pon65 Deei e v C.. Bolivia
Pon66 S C TR A. GGCAG G Bolivia
Pon49 2.6 A. ..G?A.G Paraguay
Ple181 CC..T... C-CA. .GA
Ppa21 GCo—.. . G.G.ACA

Abbreviations: V, Venezuela; CR, Costa Rica; Nic, Nicaragua; Mex, Mexico; Guat, Guatemala; Fr. Guiana, French Guiana, Bra, Brazil; (P),

Probable origin.

Table 3 Measures of mitochondrial DNA diversity observed in the two major phylogeographic groups of Panthera onca identified in this
study, Southern and Northern (see text for definition), as well as separate estimates for Central America (C.A.) and Northern South
America (N.S.A.), which are included in the Northern group. Estimates for the two separate subgroups in Central America (four-

population scenario) are not provided due the small sample size available for each of them

No. of No. of bp % Pairwise Nucleotide
n haplotypes differences divergence* Gene diversityt diversity (*t
Total 37 22 1-15 0.14-2.35 0.9399 + 0.0262 0.00771 +0.00010
Southern 16 11 1-13 0.14-1.94 0.9333 £ 0.0477 0.00815 + 0.00000
Northern 21 11 1-12 0.14-1.87 0.8476 £ 0.0697 0.00448 £ 0.00015
CA. 14 7 1-8 0.14-1.25 0.8462 + 0.0742 0.00411 + 0.00024
N.S.A. 7 5 1-9 0.14-1.29 0.8571 £ 0.1371 0.00475 % 0.00000

*Estimated using Kimura 2-parameter distances (Kimura 1980).
tSites with any missing information were completely excluded.
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Fig. 2 Phylogenetic relationships among the jaguar mitochondrial DNA (mtDNA) sequences identified in this study, based on 715 bp
of the mtDNA control region. Labels are individual identification numbers. The two southern clades are identified by brackets.
(A) Maximum parsimony tree constructed with paUP* using a heuristic search with 10 replicates of random taxon addition and the
accelerated transformation option for character-state optimization; shown is the strict consensus of eight trees (Iength = 122, CI = 0.818).
Values above selected branches indicate number of steps/number of homoplasies; values below branches represent support from 100
bootstrap replications (heuristic searches with random taxon-addition, constrained to generate a maximum of 1000 trees); black circles
indicate other branches with bootstrap support 250%. Asterisks below branches indicate support from 1000 quartet puzzling steps in the
maximum likelihood analysis with puzzLE (* = support for branch >50%; ** = support for branch >80%). (B) Minimum evolution tree,
constructed with PAUP* using Tamura—-Nei distances corrected for the gamma distribution of rate variation among sites (a = 0.39) and the
neighbour-joining algorithm followed by a branch-swapping procedure. Values above selected branches indicate branch lengths as
percentages; values below branches represent support from 100 bootstrap replications (heuristic searches constrained to a maximum of

500 trees); black circles indicate other branches with bootstrap support 250%.

The mismatch distribution of jaguar mtDNA haplotypes
(Fig. 4A) was approximately unimodal and wave-like,
which is compatible with a population bottleneck and/or
expansion in the recent past (Rogers & Harpending 1992).
The lineages-through-time plots (Fig.4B) produced a
clearly convex-shaped curve, particularly when restricted
to the earliest haplotype coalescence events, which seems
to be also consistent with an initial period of exponential
population growth (Nee et al. 1994).

The measures of nucleotide diversity (1) and divergence
(dxy) (Nei 1987) were used to estimate a coalescence date
for jaguar mtDNA sequences (derived as the average
pairwise coalescent time of the sampled jaguar haplo-
types) and its 95% confidence interval (CI: +2 SE). For
this analysis, all sites which contained gaps or missing
information in any haplotype, including outgroups,
were excluded, and all estimates were derived from the

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 65-79

remaining 556 nucleotides. This minimized the effects of
saturation in interspecific comparisons as some of the
most variable sites were excluded. To estimate the
substitution rate of this mtDNA segment, the average
distance (dxy) between the jaguar sequences and the
outgroups (lion and leopard) was computed (d,, = 0.07499
+0.002839), based on a Kimura 2-parameter model of
nucleotide substitution, corrected with a gamma distri-
bution of rate variation among sites, with an a (shape)
parameter derived specifically for this data set (a = 0.13).
The standard equation dxy =2UT (where [ is the substitu-
tion rate and T is time; Nei 1987) and a conservative
fossil record calibration (3 Ma) (Turner & Antén 1997)
for the separation of jaguars from lions/leopards pro-
duced a substitution rate of 0.012498 per site per million
years (Myr), or approximately 1.2%/Myr. Applying the
same equation and this substitution rate to the overall
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Fig. 3 Minimum-spanning network depicting phylogenetic and geographical relationships among jaguar mitochondrial DNA (mtDNA)
haplotypes (circles) based on sequences of 715 bp of the control region. The area of the circle is roughly proportional to the haplotype
frequency, and the length of connecting lines is roughly proportional to the corrected distance (Tamura-Nei gamma, a = 0.39) between
haplotypes. Use of the raw number of nucleotide differences among haplotypes produced a concordant result. Labels inside each circle
indicate individual jaguars bearing each haplotype. Dark grey circles (with no upper horizontal line) are haplotypes occurring only in
Mexico and Guatemala; dark grey circles with an upper horizontal line occurred only in southern Central America (see text for
definition); light grey circles are those found in northern South America (Venezuela and French Guiana); the large graded grey circle is a
widespread haplotype found from Mexico to Venezuela; white dotted circles are haplotypes found only in southern South America
(Brazil, Bolivia, Paraguay and potentially Peru). Bars placed on connecting lines indicate the exact number of nucleotide differences
between haplotypes. White circles bordered by heavy lines are outgroups; the number of nucleotide differences in their connecting lines
(not drawn to scale) is indicated in brackets. Polygons demarcate selected clades for which significant results were observed in the nested
cladistic analyses (no outgroup was used in this approach). The dotted line internal polygon indicates a geographically restricted 3-step
clade that showed a significantly small (P < 0.001) within-clade distance, and a significantly large (P = 0.0001) nested-clade distance (see
Templeton 1998 for definition of statistics). The solid line polygon demarcates a 4-step clade that showed a significant value (P < 0.0001)
for nonrandom geographical distribution of subclades in the exact contingency test implemented in GEODIS, and a significantly large
(P <0.0001) interior — tip distance. This 4-step clade also showed significantly small within-clade and nested-clade distances (P < 0.05)
when compared to the whole network.

jaguar nucleotide diversity in this segment (/7= 0.00699 +
0.000733) produced an estimated age of 279 645 years (95%
CI =220 990-338 290 years) for the coalescence of jaguar
mtDNA haplotypes. If the 95% CI of d, is also considered
when estimating the substitution rate (Bonatto & Salzano
1997), an upper bound of 366 000 years ago is obtained.
Using the 95% CI for both T and the substitution rate,
and a more recent calibration date for the separation of
jaguars from lions/leopards (2 Myr), provided an overall
lower bound of 136 956 years ago for the coalescence of
jaguar mtDNA sequences. The molecular clock tests

implemented in LINTREE showed that the set of jaguar
sequences used for the analysis above did not depart
significantly from rate constancy (P > 0.05), but indicated
that three haplotypes exhibited a marginally significant
reduction in rate. Removal of haplotypes that failed either
of the rate-constancy tests in separate analyses with each
of the two outgroups produced a range of estimates of
407 905-510 401 years ago for the basal divergence of
jaguar mtDNA lineages (applying the substitution rate
derived above with the 3 Myr calibration). The 95% CI of
these estimates ranged from 165 627 to 830 293 years ago.
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Fig. 4 (A) Mismatch distribution analysis of jaguar mitochondrial
DNA (mtDNA) control region sequences. (B) Lineages-through-time
plot based on a phylogeny of jaguar mtDNA haplotypes constructed
from Kimura 2-parameter distances. The number of lineages is
shown as a semi-logarithmic transform.

To investigate the extent of population differentiation
in jaguars based on mtDNA haplotypes, we compared
different scenarios of geographical subdivision. In the first
one, individuals were divided into two broad geographical
groups, which had been suggested by the topology of the
mtDNA phylogeny. One group encompassed the northern
part of the jaguar distribution (Northern group: Mexico,
Central America, Venezuela and French Guiana), and the
other contained the southern part (Southern group: Brazil,
Bolivia, Paraguay, and two samples probably from Peru and
southern South America, respectively). This subdivision
scheme implied that the Southern group contained all
sequences present in the two independent ‘southern clades’
(Figs 2 and 3), as well as the haplotype Pon65. In the second
hypothesized scenario of geographical subdivision, we
divided jaguar haplotypes into three groups. The Southern
group was maintained, but the Northern group was
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Table 4 Measures of geographical population differentiation in
Panthera onca, based on an Analysis of Molecular Variance approach
with mitochondrial DNA (mtDNA) and microsatellite data

mtDNA Microsatellites

Subdivisiont Fort Fy§ R

2 populations 0.342%* 0.045** 0.154**
3 populations 0.295** 0.065** 0.171**
S.vs. N.S.A. 0.261* 0.020* 0.067*
S.vs. C.A. 0.354** 0.083** 0.237%*
N.S.A.vs. CA. 0.079 0.077%* 0.140%**
4 populations 0.300%** 0.063** 0.183**
S.vs. N.S.A. 0.261* 0.020* 0.067*
S.vs.S.C.A. 0.333* 0.085** 0.223**
S.vs. M+ G 0.358** 0.084** 0.266**
N.S.A.vs.S.C.A. 0.185* 0.075* 0.131*
NS A vs. M+G 0.082 0.083** 0.185**
S.CA. vs. M+G 0.257* 0.025 0.140*

*significant (P < 0.05); **significant (P < 0.001).

tPopulation subdivision scenarios are described in the text; the
two-population scheme depicts south (S) vs. north (N)
comparisons; the three-population scheme retains the southern
group (S), and divides the northern group into northern South
America (N.S.A.) and Central America (C.A.); the four-
population scheme further divides C.A. into separate S.C.A.
(southern Central America: Panama, Costa Rica, Nicaragua) and
M + G (Mexico + Guatemala).

fCalculated using Tamura-Nei distances (Tamura & Nei 1993).
§Calculated with the Fq option (number of different alleles) in
ARLEQUIN.

{Calculated with the Rqp option (sum of squared size difference)
in ARLEQUIN (Michalakis & Excoffier 1996).

separated into Central America (including Mexico) and
northern South America, aiming to test the significance of
the Darien straits in Panama as a historical barrier to gene
flow in this species. Finally, a third scenario was tested in
which Central America was subdivided into two separate
groups (Mexico + Guatemala; Nicaragua + Costa Rica +
Panama), producing a total of four groups. This pattern of
geographical subdivision in Central America has been
observed in a previous study of Neotropical felids (Eizirik
et al. 1998). Other possible scenarios of population sub-
division were considered, but could not be thoroughly
assessed at the present time due to limitations in sample
size for particular areas and lack of precision in the
geographical origin of most individuals.

Using the two-group scheme, the estimated Fg; value was
0.342 (P < 0.0001) (Table 4). Using the three- and four-group
scenarios, the Fg; estimates decreased to 0.295 and 0.300,
respectively (P < 0.0001 for both). Pairwise Fg estimates
between the southern group (south of the Amazon River)
and all northern groups remained significant, but the Fq;
between northern South America and part of Central
America was not (P > 0.05) (see Table 4). This is likely due
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Table 5 Measures of diversity at 29 microsatellite loci in the two major phylogeographic groups of Panthera onca identified in this study,
Southern and Northern (see text for definition), as well as separate estimates for Central America (C.A.) and Northern South America
(N.S.A.), which are included in the Northern group. Estimates for the two separate subgroups in Central America (four-population
scenario) are not provided due the small sample size available for each of them

Average Average Average Average allele No. of private
n heterozygosity No. of alleles variance size range alleles
Total 42 0.739 8.310 6.946 9.862 —
Southern 17 0.724 6.655 6.520 8.034 43
Northern 25 0.695 6.828 6.352 8.690 48
CA. 16 0.622 5.172 6.118 7.310 22
N.S.A. 9 0.690 5.138 6.514 6.931 12

to the predominance in Mexico and Guatemala of the
widespread ‘Pon21” haplotype and others closely related
to it. These mtDNA results support the recognition of two
main phylogeographic groups of jaguars, Southern and
Northern (probably separated by the Amazon River),
but also suggest a pattern of regional subdivision in the
northern part of the range. Fg estimates based on gamma-
corrected distances with extremely low values of a (not
shown) also supported a south—north division of jaguar
haplotypes.

The nested cladistic analysis proposed by Templeton
et al. (1995) was performed on the basis of the haplotype
tree shown in Fig. 3, and considering four broad geo-
graphical areas (four-population scenario described above)
as operational units. Significant association of clades and
geography was observed only at the 3-step and 4-step
levels of the nested analysis. In one of the two 4-step
clades (demarcated within a solid-line polygon in Fig. 3)
the exact contingency test significantly rejected (P < 0.0001)
the null hypothesis of no geographical association. In this
clade, significantly small (P <0.05) within-clade distances
(D,) were detected for all nested tip 3-step subclades, and
a significantly large (P < 0.0001) interior — tip D_ was also
observed. One of these nested 3-step subclades (shown as
a dotted-line polygon in Fig.3) exhibited a significant
reversal of small within-clade distance vs. large nested-
clade distances (D,), which led to the inference of long-
distance colonization (from north to south) as the cause
for the observed pattern (see Templeton 1998 for a review
on the interpretation of this analysis). When the whole
tree was examined (a dichotomous comparison of the
indicated 4-step clade vs. the remaining jaguar haplo-
types), the null hypothesis was again rejected (P < 0.05)
in the exact contingency test, significantly small (P < 0.05)
D, and D, were detected for the demarcated clade, and
a significantly large D, was detected for the second major
clade. These results suggest a historical scenario of
restricted gene flow with isolation by distance over broad
geographical areas.

Microsatellite variation

Allele size variation at 29 microsatellite loci was recorded
for 42 jaguars (Table 1), as well as for two lions and two
leopards to be used as outgroups. Twenty-seven of these
loci were dinucleotide repeats, and two (FCA441 and
FCAA453) were tetranucleotide repeats (Menotti-Raymond
etal. 1999). One of the dinucleotide loci (FCA293) was
monomorphic in our jaguar sample. The genotypes
used in the present analyses are available at http://
lgd.nci.nih.gov (as supplementary information linked to
this paper). All loci, except FCA098, have been mapped in
the domestic cat (Menotti-Raymond et al. 1999). Twenty-
four were at least 15cM apart implying independent
allele assortment; two pairs of loci [FCA075, FCA096] and
[FCA161, FCA224] were linked at distances of 9.0 cm and
4.0 cM, respectively. Deviations from Hardy-Weinberg
(HW) equilibrium in the microsatellite loci were tested
separately for three geographical populations: southern
South America, northern South America, and Central
America (see below). Five loci were out of HW equilibrium
in the former, six in the second population, and nine in
the latter (a = 0.05). After applying the sequential Bonferroni
correction (Rice 1989), only one locus in the southern
group and another in Central America remained significantly
out of HW equilibrium. Comparative analyses excluding
the 14 loci that were out of equilibrium in any population
(uncorrected assessment) indicated no significant change
in the results relative to our complete data set, other than
slight reductions in estimates of genetic diversity and
geographical differentiation. We have, therefore, used our
complete data set of 29 loci throughout the analyses
presented here, except where otherwise stated.

Overall levels of genetic diversity were moderate to high,
with an average expected heterozygosity of 0.739 (Table 5).
The phylogenetic analysis of microsatellite variation across
individuals showed no evidence of strong geographical
structure, nor provided reliable support for any major
partition, but suggested a clustering of individuals from
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Fig. 5 Phylogenetic relationships among jaguar individuals based
on variation at 29 microsatellite loci. The tree was constructed
using the Neighbour-Joining algorithm based on the Proportion
of Shared Alleles distance measure (Bowcock et al. 1994), using
the option (1-ps) in MICROSAT. Values above branches are percent
support in 100 bootstrap replications (only values above 50% are
shown). The geographical origin of individuals is indicated next
to each sample label.

nearby regions (Fig.5). Phylogenetic trees generated
using different distance measures (Dps, Dkf — Bowcock
et al. 1994) led to very similar conclusions.

The shape of the distribution of allele sizes varied across
microsatellite loci. Of the 28 variable loci, 13 had clearly
unimodal distributions, which according to Reich & Goldstein
(1998) can be expected for populations that underwent a
demographic expansion in the past. Five other loci had a
distribution that was approximately unimodal, while 10
loci clearly departed from this pattern. The two statistical
approaches to estimate demographic history with micro-
satellite data were performed for the jaguar sample as a
whole, using only the 26 polymorphic dinucleotide loci,
and provided results that are also compatible with a
population expansion. The P, method of Shriver et al. (1997)
produced an average distribution of pairwise differences
in repeat number which showed the highest point at a
plateau between values 0 and 1 (Fig.6). The g-test of
Reich & Goldstein (1998) produced a value of 0.592 for
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Fig. 6 P, distribution of differences in repeat number among
alleles at a microsatellite locus, averaged in a weighted fashion
across 26 dinucleotide loci in our complete Panthera onca data set.

the ratio V|[V,1/V,[V.]. Inclusion of only 24 unlinked loci
in the analysis produced a similar result.

As with the mtDNA data, the statistical analysis of
population differentiation was performed for different
hypothesized geographical partitions. Measures of differ-
entiation (Fgp and Rgp analogs) were significant (P < 0.05)
in all comparisons except for the subdivision of Central
America into two separate groups (four-population
scenario) in the Fg estimate (Table 4). Ry estimates, which
correct for allele size variation, indicated higher levels of
differentiation than Fg; estimates, which only consider
the number of different alleles. However, both of these
methods produced higher overall levels of differentiation
with three geographical groups compared with two, and
the Rg; estimate was maximized when four separate groups
were hypothesized (see Table4). These microsatellite
results support the recognition of at least three or four
incompletely isolated phylogeographic groups in jaguars,
but may also reflect, at least in part, a pattern of isolation
by distance over most of the species’ range. Measures of
microsatellite diversity were similar in different geographical
regions (Table 5).

Discussion

Population history

Observed levels of genetic diversity in jaguars were low
to moderate for the mtDNA data, and medium to high in
terms of microsatellite variability. The mtDNA diversity
estimates presented here cannot be directly compared to
other felids because data on the equivalent segment is
unavailable from other species. However, if only the
453-bp long segment used by Eizirik et al. (1998) in two
smaller Neotropical cats, ocelots (Leopardus pardalis) and
margays (L. wiedii), is considered, jaguars show a three-
to tenfold reduction in several measures of diversity
(e.g. per cent sequence divergence among haplotypes,
nucleotide diversity) relative to these two species (Eizirik
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etal. 1998; this study). By contrast, the microsatellite
variation observed in jaguars is comparable to, or higher
than, that of other felid species analysed so far, including
the domestic cat, for which these markers were originally
designed (Driscoll 1998; Johnson etal. 1999; Menotti-
Raymond et al. 1999; Culver et al. 2000). Taken together,
these results suggest a younger age for jaguars as a species
compared to other Neotropical felids, particularly ocelots
and margays (Eizirik ef al. 1998; Johnson et al. 1998, 1999).

The pattern observed in the jaguar intraspecific mtDNA
phylogeny is consistent with a fairly recent population
expansion, with little divergence among haplotypes (Table 3,
Fig. 2) and insufficient time and/or isolation to generate
regional differentiation. A similar inference can be made
from the microsatellite phylogeny (Fig. 5). More individual
variation is observed, but there is still no strong support
for major geographical structure, suggesting a recent origin
and high levels of gene flow in this species. The inference
of a population expansion in the relatively recent past is
supported by the mtDNA mismatch distribution analysis
and the lineages-through-time-plot (Fig. 4). The mismatch
distribution has a prominent major peak suggestive of a
population expansion event (Rogers & Harpending 1992).
However, the curve is not perfectly smooth, which could
be due to our small sample size or to a more complex
population history (e.g. subdivision) after the inferred
demographic growth. The convex shape of the lineages-
through-time plot is also consistent with exponential
population growth (Nee et al. 1994). But it also portrays
a more recent period when this pattern is less visible,
indicating that the demographic expansion may have
been restricted to an earlier phase.

The microsatellite allele frequency distributions are
also concordant with the inference of an expansion due to
the fact that more than half of the variable loci show a
unimodal or approximately unimodal pattern. The absence
of such indications in 10 of the loci may reflect our small
sample size or alternatively derive from demographic
processes occurring after the hypothesized expansion.
One of the 10 loci (FCA026) has a bimodal distribution
that can be largely explained by dividing the jaguar sample
in north-south geographical groups (not shown).

The P, distribution of our jaguar microsatellite data set
is similar to the simulation results of Shriver et al. (1997)
of either a population at equilibrium with an effective
population size (N,) around 1000, or a population result-
ing from a 1000-fold expansion =500 generations ago.
Although no strict comparisons should be attempted, it is
almost certain that the N, of jaguars as a species was,
until very recently, much larger than 1000. Therefore, this P,
pattern is suggestive of a population which has still not
reached equilibrium after an expansion event. The inter-
locus g-test result of less than one is also suggestive of
population growth (Goldstein et al. 1999), although it seems

to fall short of significance based on the critical value sug-
gested by Reich & Goldstein (1998) for a similar data set.

The estimated coalescence date of jaguar mtDNA
haplotypes puts a lower bound on the origin of extant
lineages around 137 000 years ago, which indicates that
the inferred population expansion happened around
or before this time. This estimation suggested an origin
280 000—510 000 years ago, with an overall upper bound
of 830 000 years ago, still slightly younger than the con-
firmed fossil record of jaguars in north America (over 850 000
years old; Seymour 1989). The phylogenetic relationships
of jaguar mtDNA sequences (particularly Fig. 3) suggest
that most extant lineages arose in northern South America,
and that the colonization of Central America and Mexico
was largely a subsequent process. This suggests that
the postulated extinction of jaguars from most of North
America towards the end of the Pleistocene left little residual
genetic diversity, and that subsequent re-colonization
occurred by immigration of South American founders.

The occurrence of two independent clades of jaguar
mtDNA sequences occurring south of the Amazon River
does not seem to indicate geographically segregated clusters,
at least with the samples currently available. Rather, these
clades seem to result from a recent colonization process of
southern South America in which at least two unrelated
founder haplotypes were present. This view is supported
by the observation that these two clades have similar
estimates of nucleotide diversity (not shown), and there-
fore can be interpreted as being of a similar age.

Population structure

Analyses of the genetic structure of jaguar populations
showed no evidence of major geographical partitions, old
subdivision events, or complete barriers to historical gene
flow. This is consistent with the findings of Larson (1997),
that were based on skull morphology, and in contrast with
the traditional division of jaguar subspecies (reviewed by
Seymour 1989). We could recognize up to four incompletely
isolated phylogeographic partitions: Mexico + Guatemala,
southern Central America, northern South America (north
of the Amazon river), and southern South America (south
of the river). These geographical groups are rather recent,
however, and none demonstrated complete reciprocal
monophyly in relation to the others (Figs2, 3 and 5).
Furthermore, the mtDNA data did not support the
separation of Central America from northern South
America, because the Fg; value derived from this marker
was maximized when only two major phylogeographic
groups (Southern and Northern) were considered (Table 4).
On the other hand, the microsatellite data indicated
higher levels of differentiation between Central America
and northern South America than between northern and
southern South America. In most cases, estimated levels of
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population differentiation were lower with the microsatellite
data than with mtDNA (Table 4), which could be due to
differences in the effective population size assessed by
these two types of markers, and/or in the patterns of
dispersal by male and female jaguars. Estimates of the
number of migrants per generation (N,) derived from
mtDNA Fg and microsatellite Fgr and Rgp values were
high (around or above 1), but cannot be interpreted as a
direct measure of current gene flow because they are also
likely to be influenced by the recent common origin that
these populations share.

The observed patterns can be interpreted as being
caused by a combination of several demographic phe-
nomena, starting with the recent expansion of the species
as a whole, preventing sulfficient time for extensive genetic
differentiation. In addition, jaguars are able to disperse
efficiently over broad areas and diverse habitats (Oliveira
1994), which is consistent with our inference of high levels
of gene flow on wide geographical scales. The Amazon river
may represent a historical barrier to gene flow predomin-
antly in females, producing the only visible structure in
the mtDNA phylogenies. However, the Amazon appears
to have been less of an impediment for male dispersal, as
inferred from our microsatellite data (Table 4, Fig. 5). This
is in agreement with known aspects of the dispersal biology
of felids in general, which indicate that females are
largely philopatric and males are more likely to disperse
longer distances (Kitchener 1991; Oliveira 1994). Our data
also provide evidence for more recent barriers to gene flow
between northern South America and southern Central
America, and between Nicaragua and Guatemala, producing
a measurable impact on the frequencies of microsatellite
alleles and mtDNA haplotypes. Similar phylogeographic
partitions that are likely caused by the same historical
barriers have been observed for other Neotropical cat
species, such as the puma (Culver et al. 2000), ocelot and
margay (Eizirik ef al. 1998). In addition to the inferred
impact of localized historical barriers to gene flow, an
overall pattern of isolation by distance over broad regions
may also account for the observed patterns, and should
be further investigated with additional sampling and
refined geographical coverage.

Implications for jaguar conservation

These results have implications for the conservation and
management of jaguars in the wild and in captivity.
Genetic variability as estimated with mtDNA sequence
diversity and microsatellite size variation are indicative of
an outbred species with a somewhat recent origin, with
no appreciable evidence for population- or species-level
reduction in genetic variation.

The absence of deep geographical subdivision, the
evidence for recent and incomplete isolation among major
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regions, and the inference of historically high levels of gene
flow over broad areas argue for a revision of the traditionally
held view of jaguar subspecies, which are usually the basis
for conservation and management plans. Our data pro-
vide no support for the existence of major geographical
partitions defining old, extensively isolated groups which
could be viewed as subspecies or Evolutionary Significant
Units (Ryder 1986; Moritz 1994). The only evidence for
statistically significant geographical differentiation seems
to support reduced levels of gene flow across barriers such
as the Amazon river and the Darien Straits, and isolation
by distance on a broad scale. Although the isolation gen-
erated by these localized barriers does not seem to be
complete, management options which increase migration
across them (e.g. field translocations or captive breeding
of Amazonian individuals from the two sides of the river)
should be avoided or minimized to approximate natural
historical processes. Our results are compatible with
currently favoured strategies for jaguar conservation on a
broad regional basis (Medellin ef al., in press), having large-
scale biomes or ecosystems as operational management
units. This strategy is advisable both in terms of main-
taining jaguars as an important component of functional
ecosystems and as a flagship species for overall regional
conservation. This management approach is also appro-
priate considering the possibility of local adaptation to
different habitats, which would probably not be detected
by our molecular markers (Lynch 1996), particularly given
the number of samples analysed.

Finally, because of continued reduction, fragmentation
and isolation of remaining jaguar populations, it is import-
ant to consider the inference presented here for high
historical levels of gene flow over broad areas. Our results
support management alternatives that permit the main-
tenance of this original and likely adaptive population
dynamics, possibly including active intervention to mediate
gene flow among isolated remnant populations.
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