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The Colombian jaguar population is thought to contain two different subspecies,
Panthera onca centralis and Panthera onca onca. The genetic structure of this
population was evaluated using 12 microsatellite loci (n = 62 samples). In addi-
tion, 22 jaguar DNA samples from Guatemala, Paraguay, Perd, Bolivia, Venezuela
and Brazil were analyzed for these microsatellite loci (n = 84 samples). The
results of this study indicate six primary themes. First, the levels of gene diver-
sity were very high. Second, the majority of the loci analyzed showed an absence
of Hardy-Weinberg equilibrium, probably due to the Wahlund effect (= population
subdivision). Third, several microsatellite loci showed significant heterogeneity
between the two supposed subspecies in the country. Nevertheless, gene flow
was present between them, and heterogeneity was relatively low, although the
assignment analyses showed good classification of the jaguars studied into their
respective subspecies. Fourth, the long-term historical effective population sizes
were calculated through a maximum likelihood procedure for single and multi-step
mutation models. Fifth, seven out of twelve DNA microsatellites studied signifi-
cantly deviated from a single-step mutation model. However, the overall mean
multi-step mutation percentage for these 12 DNA microsatellites was only

6%. Therefore, 94% of mutations were uni-step. Sixth, no bottleneck events
were detected in the Colombian jaguar population overall.
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INTRODUCTION

The jaguar (Panthera onca) is the largest feline preda-
tor in the Americas. Its beauty and its extraordinary
ability as a predator have made it a mythological refer-
ence and a religious icon for the Amerindian indigenous
people for thousands of years. Although commercial
exploitation for their skins is no longer a threat (Nowell
and Jackson, 1996), jaguars still face local extirpation by
deforestation, cattle ranchers and extensive agriculture.
IUCN ranked the jaguar as a Near Threatened species
and CITES listed it in Appendix I (Nowell and Jackson,
1996, IUCN 2004). It is the only representative of the
Panthera genus in the American hemisphere, and
appears to have entered from Asia through the Beringia
strait in the early Pleistocene, after it diverged from its
common ancestor at least 1.5 million years ago. Fossil
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jaguars in North America date to the middle Pleistocene
(Seymour, 1989), and the immediate ancestor of modern
jaguars appears to be the Panthera onca augusta, which
was 15-20% larger.

Colombia contains two of eight currently accepted mor-
phologically proposed subspecies (Pocock, 1939). Pan-
thera onca onca ranges northwards from the central
Amazon towards the Colombian Llanos and to the eastern
Cordillera. Panthera onca centralis ranges from central
Colombia northwards to Central America, encompassing
the Chocé region in the Pacific area.

Only two papers have considered jaguars from a molec-
ular population genetics standpoint (Eizirik et al., 2001
and Ruiz-Garcia, 2001). In the former, the authors ana-
lyzed 40 specimens covering a considerable part of the
jaguar’s distribution and employed 715 base pairs from
the mtDNA control region and 29 microsatellite loci. The
samples were largely provided by zoos in Guatemala, Nic-
aragua, México, Venezuela and Brazil. The most out-
standing result was a high microsatellite genetic diversity



116 M. RUIZ-GARCIA et al.

(H = 0.739), suggesting a recent demographic expansion
and mtDNA lineages originating some 280,000 to 510,000
years ago. The molecular analysis did not find any
strong geographic structure throughout the jaguar
distribution. The second paper analyzed five microsatel-
lite markers in the six wild Felidae present in Colombia
(Leopardus pardalis, L. wiedi, L. tigrinus, Herpailurus
yaguarondi, Puma concolor and Panthera onca). A mul-
tiple regression analysis between the expected heterozy-
gosity for the six species and 54 ecological, demographic,
morphological and reproductive traits showed a positive
and significant relationship among the genetic measure
and the other 54 variables. The average gene diversity
for the jaguar was H = 0.76, a similar value to that dis-
covered in P. concolor (H = 0.75) and in L. tigrinus (H =
0.78), slightly higher than that detected in H. yaguarondi
(H = 0.62) and slightly lower than that found in L. par-
dalis (H = 0.84) and in L. wiedi (H = 0.85). However, in a
new study of the ocelot (n = 133 individuals), Ruiz-Garcia
et al., (2005b) showed a H = 0.92 for this species. The
demographic population size of jaguars in Latin America
was calculated using diverse population genetics mea-
sures and the values ranged from 105,000 to 310,000 ani-
mals.

A molecular study at a finer geographical scale (Colom-
bia) is necessary to assess the molecular genetic popula-
tion structure and to detect possible genetic differences
between the two subspecies proposed for this country (P.
o. onca and P. o. centralis).

In the present paper we examine DNA microsatellite
from samples of diverse origin, covering all the Colombian
regions inhabited by jaguars. Additionally, samples
from other Latin American areas covered by two other
proposed morphological subspecies are also analyzed.
The main aims were as follows: 1- To determine gene
diversity levels in the Colombian jaguar population. 2-
To estimate possible Hardy-Weinberg equilibrium in the
jaguar samples analyzed. 3- To determine genetic heter-
ogeneity and gene flow estimates between the two sup-
posed Colombian jaguar subspecies, as well as to apply
assignment analysis to each one of the subspecies stud-
ied. 4- To estimate long-term historical effective popula-
tion sizes for jaguars in Colombia. 5- To determine the
evolutionary mutation model of the 12 microsatellites
employed in this study and 6- To determine possible bot-
tleneck events for the Colombian jaguar population.

METHODS

Eighty-four (n = 84) jaguar DNA samples were ana-
lyzed (Fig. 1). Sixty-two (n = 62) DNA samples were
from Colombian jaguars. These samples were parti-
tioned as follows: 47 were from the Eastern Llanos and
the Amazon [Caquetd (Araracuara), Meta (La Macarena),
Caguan, Vaupés (Miraflores- Itilla River-, Yurupari, Apa-

poris river), Guaviare (Tucanema), Guainia (Pto.Inirida)
and Amazon (Leticia) Departments, representing P. onca
onca (Pocock, 1939)]. Fifteen (15) samples of P. o. cen-
tralis (Pocock, 1939) were obtained from North of
Santander Department, Colombian Atlantic coast, Darién
area, Antioquia Department and Colombian Pacific
region (Riosucio, Chocé). The remaining 22 DNA sam-
ples were from the following Latin America countries: one
sample was obtained in the Petén area of Guatemala rep-
resenting P. onca goldmani, one sample from Venezuela
representing P. onca onca, two samples from the Parana
River in Paraguay (P. onca paraguensis), seven samples
from the Loreto Department in the Peruvian Amazon
(Napo and Curaray rivers and Puinahua Channel in
Ucayali river) (P. o. onca following Pocock, 1939; P. onca
ucayalae following Nelson and Goldman, 1933), five sam-
ples from the Bolivian Amazon (Villa Bella, St. Ana de
Yacumo, St. Rosa de Vigo in the Mamoré River) (P. o.
onca following Pocock, 1939; P. onca boliviensis following
Nelson and Goldman 1933), and six samples from the
Central Brazilian Amazon, approximately 100km from
Manaus (P. o. onca).

DNA was isolated from blood, hair, muscle biopsies,
pieces of skins, bones and teeth of animals collected from
the field or killed directly in the wild by colonists or
Indians. Skulls and teeth of jaguars were obtained from
several native Indian tribes across diverse regions of
Colombia, Peru and Bolivia.

Blood samples (0.5—4 ml) were collected in tubes with
disodium EDTA. Hair with roots and muscle tissues
obtained in the field were immediately stored in absolute
alcohol prior to transportation to the Bogota laboratory.
Three different methods were used to extract DNA from
the blood samples (phenol-chloroform, DTAB-CTAB and
Chelex resin). For muscle tissues, pieces of skins, teeth
and bones, the phenol-chloroform procedure was
employed. DNA extraction from the hairs with follicle
roots was carried out using 10% Chelex resin, modified
from Walsh et al. (1991). The DNA concentration extrac-
ted from the blood samples ranged from 17 to 1014 ng/ul.

Molecular markers. Twelve (12) microsatellite mark-
ers (Fca 08, Fca 24, Fca 43, Fca 45, Fca 96, Fca 126, Fca
136, Fca 176, Fca 225, Fca 294, Fca 391 and Fca 506)
were examined.

All loci are dinucleotide repeats (CA), or (GT),, with the
unique exception of Fea 391, which is a tetranucleotide
repeat locus. The sequences of these microsatellite pri-
mers were obtained from Menotti-Raymond and O’Brien
(1995) and Menotti-Raymond et al., (1999). Polymerase
chain reaction (PCR) was performed in a 25-ul volume.
When DNA was extracted from blood, skin, teeth and
bones, PCR reaction mixtures included 2.5 pl of 2.5 mM
MgCl,, 2.5 pl of 10x Buffer, 1 pl of 1 mM dNTPs, 10 pmol
of each primer, 14.5 ul of H,0, 2-3 pul of DNA (50-100 ng/
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Map with the geographic distribution of the 84 jaguars analyzed. The eight jaguar subspecies defined by Pocock (1939) are
The three jaguar groups defined by Seymour (1989) in larger bold letters.

The detailed map is that of Colom-

bia, where 47 jaguars were sampled in the area of P. onca onca, in the regions of 1- Meta, 2- Caguan, 3- Vaupés, 4- Guaviare, 5-Guai-
nia, 6- Leticia (Amazon), 7- Caquetd, and 15 jaguars were sampled in the area of P. o. centralis, concretely in the regions of 8- North

of Santander, 9- Colombian Atlantic coast, 10- Darien, 11- Antioquia and 12- Choc6, Pacific Colombian coast.

Other sample points

were as follows: 13- 1 jaguar from Petén (Guatemala), 14- 1 jaguar from Venezuela, 15- 2 jaguars from Parana River (Paraguay), 16-
7 jaguars from Loreto Department in the Peruvian Amazon (Perd) on the Napo, Curaray and Ucayali rivers, 17- 5 jaguars from the
Bolivian Amazon (Mamoré River) and 18- 6 jaguars from central Brazilian Amazon near Manaus (Brazil).

ul) and one unit of Taq polymerase. DNA extracted from
hair was subjected to PCR in a 50-ul PCR reaction volume
containing double the quantities of all the above reagents
and 20 ul of DNA. PCR reactions were carried out in a
Geneamp PCR System 9600 thermocycler (Perkin Elmer,
Wellesley, Massachusetts). The temperatures employed
were as follows: 95°C for 5 minutes; 35 cycles of 1 minute
at 95°C, 2 minutes at 55°C for all the markers used, and
2 minutes at 72°C. A final extension for 5 minutes at
72°C was used. Amplification products were kept at 4°C
until used. PCR products were electrophoresed in dena-
turing 6% polyacrylamide gels and visualized with a
Hoefer SQ3 sequencer vertical camera. Staining was
performed with silver nitrate. Allele sizes were obtained
by comparison with the molecular weight marker, ¢X174
DNA digested with Hind III and Hinf I. A molecular

weight marker was loaded every four lanes. The PCR
amplifications were performed in triplicate to ensure the
accuracy of the genotypes obtained. In 96% of cases, the
observed genotypes were the same in the three replicates.
Therefore, preferential allele amplifications had minimal
effects on the results obtained.

Population genetics analysis. The respective allele
frequencies at each locus and average number of alleles
per locus were calculated. Genetic diversity was mea-
sured with the unbiased expected heterozygosity (Nei,
1978). The Hardy-Weinberg equilibrium (H-W E) was
tested using the Weir and Cockerham (1984) F statistic
to calculate the degree of excess or deficit of homo- and/
or heterozygosity. To measure the exact probabilities of
these statistics the program Genepop (Raymond and
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Rousset, 1995, v. 3.1) was employed with the Markov
chain method.

Colombian samples of known geographic origin, geno-
typed for all 12 microsatellites (enabling classification to
subspecies P. o. onca and P. o. centralis), were analyzed
by means of the GENECLASS program (Cornuet et al.,
1999) in order to assign individuals to populations. Like-
lihood-based (Paetkau et al., 1995; Rannala and Moun-
tain, 1997) and genetic distance-based methods were
applied. The distance-based methods assign individuals
to the “closest” population and require the definition of a
distance between the individuals and the populations
considered. The ones used here were those employed by
Nei (1978), Cavalli-Sforza and Edwards (1967), DAS
(shared allele distance; Chakraborty and Jin, 1993) and
the du® genetic distance (Goldstein et al., 1995). The
“leave one out” and the “as is” procedures were applied to
the above assignment analysis.

The genetic heterogeneity among the P. 0. onca and the
P. 0. centralis samples was obtained using exact probabil-
ities with Markov chains and the exact test applied to the
Fgp statistic. A hierarchical Wright F' analysis was also
done by the Michalakis and Excoffier (1996) procedure.
The significance of these F statistics was measured using
2,000 jackknife and 2,000 bootstrap permutations over
loci, independently.

Indirect theoretical gene flow estimates (Nm) between
two jaguar subspecies were obtained using the Fgr statis-
tic, with an infinite island model (Wright, 1951; Ruiz-
Garcia, 1993, 1998; Ruiz-Garcia and Alvarez, 2000) and
a n-dimensional island model (Takahata, 1983; Crow and
Aoki, 1984).

An estimate of the long-term historical effective popu-
lation size (N,) of jaguars in Colombia was calculated
using the Nielsen (1997) procedure. This technique esti-
mates historical effective population sizes by using a
maximum likelihood procedure with a Markov chain
recursion method to calculate the values more probable of
0 (= 4N,), N, being the effective population size and p
being the mutation rate per generation. The MISAT
program (Nielsen, 1997) was employed, which estimates
the likelihood surfaces for 6. A grid size of 40 with a pre-
vious 0 calculated with the method of the moments (6,) in
a single-step mutation model with 1,000,000 Markov
chains was employed. The estimate of the maximum
likelihood © was that with the minor negative log likeli-
hood value. From this value, N, was calculated for the
Colombian jaguar population, assuming several mutation
estimates generated for other mammals. The selected
rates ranged from 2.5 x 10~ (Rooney et al., 1999) to 5.6 x
10™* (Weber and Wong, 1993).

In addition, the most probable multi-step mutation per-
centages were calculated through the maximum likeli-
hood method by means of 3,000,000 Markov chains. We
examined differences of mutation rates between the mic-

rosatellite loci studied for the Colombian jaguar samples.
For this, we started from the hypothesis 6; = 6, = 0 (the
values of 0 for two different microsatellites) and we tested
it with a likelihood ratio, which approximately follows a
x? distribution with one degree of freedom. A probability
lower than o = 0.05 indicates that both microsatellites
have different mutation rates. Likewise, we measured if
the multi-step mutation models estimated were really sig-
nificantly better than the single-step mutation models
within the Colombian jaguar sample. Considering the
maximum likelihood multi-step p percentage obtained,
one may apply a likelihood ratio, which for large samples
follows approximately a x” distribution with one degree of
freedom under the null hypothesis that p = 0. A proba-
bility lower than o = 0.05 indicates that the multi-step
mutation model is significantly better than the single-
step mutation model. Note that long-term effective pop-
ulation sizes represent effective sizes that have character-
ized the species historically and do not necessarily
represent current effective or censused population sizes.

Using the BOTTLENECK program (Piry et al., 1999),
the following tests were performed to detect possible
recent bottleneck events on the Colombian jaguar popu-
lation: sign test, standardized difference test, Wilcoxon’s
signed rank test and a graphical descriptor of the shape
of the allele frequency distribution. These are based on
the theory by Cornuet and Luikart (1996), Luikart and
Cornuet (1998) and Luikart et al., (1998). The second
procedure used to detect possible reduction events in the
population size was that developed by Garza and Will-
iamson (2001). This procedure is based on the ratio M =
k/r, where k is the total number of alleles detected in a
locus given and r is the spatial diversity, the distance
between the smallest and largest alleles in number of
repeats. When a population is reduced in size, this ratio
will be smaller than in equilibrium populations. The
program will simulate an equilibrium distribution of M in
a constant size population assuming values for three
parameters (0 = 4N |1, p, = mean percentage of mutations
that add or delete onlyone repeat unit, and A, = mean
size of larger mutations). The observed M is ranked rel-
ative to the equilibrium distribution. Using conven-
tional criteria, there is evidence of a significant reduction
in population size if less than 5% of the replicates are
below the observed value. The parameter values emplo-
yed in this analysis were obtained from the outputs of the
MISAT program by Nielsen in 1997 (average value of 6 =
24.084, whereas p, and A, were 0.9396 and 3.5, respec-
tively). This analysis was carried out with the M-P-Val
and Critical-M programs from Garza and Williamson
(2001).

RESULTS
Alleles and molecular polymorphisms. Figure 2 shows
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the histograms of the microsatellite allele frequencies of
all the Colombian jaguar samples combined. The loci
with the highest number of alleles were Fca 96 (14 alle-
les), Fca 08 (13 alleles), Fea 391 (13 alleles), Fca 176 (11
alleles), Fea 225 (11 alleles) and Fca 43 (11 alleles). The
loci with the lowest number of alleles were Fca 24 (6 alle-
les) and Fca 136 (6 alleles). Several alleles were present
only in one of the proposed Colombian jaguar subspecies.
For instance, Fca 96 showed alleles of 185, 187, 189, and
195 base pairs (bp) only present in P. onca onca and
absent in P. o. centralis. Conversely, the latter possessed
an allele of 219 bp which was absent in the P. o. onca
samples. Fca 45 showed allele sizes of 139, 147, 149,
151, 153, and 155 bp exclusive to the P. o. onca subspe-
cies. On a higher geographic level, several alleles were
found only in some alien jaguars, even though the Colom-
bian sample size was considerably larger than the foreign
one (62 vs. 22). At Fca 08, an allele of 124 bp was only
detected in jaguars of the Central Brazilian Amazon,
which is near Manaus. At Fca 24, 212 and 220 bp alleles
were only found in jaguars from Bolivia. At Fca 45, a
159 bp allele was only discovered in a jaguar from Gua-
temala. At Fca 96, an allele of 183 bp was detected solely
in a sample from Guatemala. For Fca 136, an allele of
231 bp and another of 221 bp were only detected in ani-
mals from Bolivia and Venezuela, respectively. For Fca
176, a 233 bp allele was detected solely in Bolivian jag-
uars, as were two alleles of 218 and 222 bp for Fca 294.
At Fca 391, an allele of 205 bp was detected only in Peru-
vian jaguars, while 199 and 233 bp alleles were solely
found in jaguars from Bolivia. Finally, at Fca 506, an
allele of 206 bp was detected only in jaguars from Peru
and Bolivia, and an allele of 208 bp was exclusively found
in a Bolivian jaguar.

In Table 1, the average number of alleles per locus
(napl) and the expected heterozygosity (H) for each sam-
ple analyzed is shown. The genetic diversity estimates
were high. The total jaguar sample presented the high-
est napl and H values. The H values of P. o. centralis (H
= 0.8281 *+ 0.0831) and P. o. onca (H = 0.8269 *+ 0.1179)
were not significantly different. The napl is slightly
higher in P. 0. onca (napl = 7.71 + 2.43) than in P. o. cen-
tralis (napl = 6.25 + 1.58), although the difference is not
significant (P = 0.1578). These results show that the two
Colombian jaguar subspecies contain a major fraction of

Table 1. Mean expected levels of heterozygosity (H) and aver-
age number of alleles per locus (napl) at different geo-
graphical levels of jaguar populations.

napl H
Overall jaguar sample 11.330 + 2.570 0.846 * 0.066
Total Colombian jaguar sample 10.083 + 2.571 0.835 + 0.083
7.714 £ 2.429 0.826 £ 0.117
6.250 £ 1.581 0.828 + 0.083

P. o. onca sample

P. o. centralis sample

the gene diversity of the species as a whole, revealing a
high degree of historical gene flow among Colombian jag-
uar populations.

Hardy-Weinberg disequilibrium. For the total Colom-
bian sample, Fca 08, Fca 45, Fca 96, Fca 126 and Fca 225
showed positive significant values of the Weir and Cock-
erham F statistic. For all loci, the overall homozygote
excess was highly significant (x® = infinity, 16 df, P <
0.00001) using Fisher’s method. A multi-locus test also
indicated a significant homozygote excess (P = 0.0000 +
0.0000); all these analyses were carried out with the
Genepop program. Independent analyses of samples
separated as subspecies gave the following: P. o. centralis
showed that 4 loci, Fca 96 (P = 0.0000 + 0.0000), Fca 126
(P = 0.0000 + 0.0000), Fca 43 (P = 0.0013 £ 0.0013) and
Fca 225 (P = 0.0026 + 0.0013), yielded a significant homo-
zygote excess. P. o. onca showed significant homozygote
excess at four loci, Fea 45 (P = 0.0000 = 0.0000), Feca 43
(P = 0.0255 + 0.0050), Fca 08 (P = 0.0005 + 0.0005) and
Fca 176 (P = 0.0203 + 0.0046). Consequently, homozy-
gote excess is present in the overall sample and also
within subspecies. As will be discussed later this could
be some evidence of the Wahlund effect, by subdivision of
jaguar populations.

Population assignment. Population assignment using
likelihood-based and genetic distance-based methods are
presented in Table 2 and were undertaken with the
Geneclass program. This analysis was done with 39
Colombian jaguars of known origin and genotyped for all
12 microsatellites studied. The “as is” method classified
the jaguars studied into their respective subspecies (P. o.
centralis and P. o. onca) more accurately than the “leave
one out” procedure. The best classifications were obtai-
ned with the frequency method and the “as is” procedure
(100% of individuals correctly classified, 39/39) and with
the Bayesian method and the “as is” procedure (97.44%,
38/39). The worst assignments were obtained with the
genetic distance-based method with the Nei and DAS
genetic distances and with the “leave one out” procedure
(64.10%, 25/39, for both distances). Therefore, the above
methods appropriately classify individuals belonging to
different populations. However, there is no extreme
genetic differentiation, which indicates that a certain
degree of gene flow has been present between both sup-
posed jaguar subspecies, or that the time separation
among them is relatively short.

Genetic heterogeneity and gene flow between P. o. cen-
tralis and P. o. onca in Colombia. Several loci showed
significant differences between the two Colombian jaguar
populations. The genic differences (using the exact test)
showed that the Fca 96, Fca 45 and Fca 391 loci pre-
sented significant differences between P. o. centralis and
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P. 0. onca. The combination test using Fisher’s method
with the twelve loci also revealed a globally significant
heterogeneity between the two subspecies (y° = 42.419, 16
df, P = 0.0004). Nevertheless, the Ggr and Ggr statistics
(not shown) ranged from 0.01 to 0.02, which suggests rel-
atively low global genetic heterogeneity between the two
supposed subspecies. The Michalakis and Excoffier
(1996) F statistics showed the Fgr estimates with the
highest values at Fca 45 (Fsr = 0.078) and at Fca 391 (Fsr
= 0.064) loci, while Fca 126 and Fca 43 showed insignifi-
cant degrees of heterogeneity. Jackknifing and boot-
strapping of loci also showed small levels of heterogeneity
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and significant evidence of homozygous excess at the total
and subpopulation levels (Fi7, Fis). When alleles where
randomized 2,000 times in the overall sample, all loci
showed significant positive Fiy values at P < 0.05. With
the standard Bonferroni test (a’= 0.00625) all loci pre-
sented a significant homozygote excess, except at Fca 96
and at Fca 391. A similar situation was found for Fig.
For the Fgr significance, two procedures were employed.
Two thousand randomizing allele overall samples assum-
ing random mating with the exact G-test (Goudet et al.,
1996), and P < 0.05, showed significant heterogeneities at
Fca 96, Fca 45, Fca 391 and Fca 176. However, when
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Fig. 2. Histograms of the allele frequencies of the 12 microsatellites studied in 62 Colombian jaguars.

using the standard Bonferroni correction (o.'= 0.00625),
only Fca 45, Fca 391 and all the loci analyzed simulta-
neously showed significant heterogeneity. Therefore,
the genetic heterogeneity between the two Colombian jag-
uar populations, although significant for certain loci, was
relatively small.

The Nm estimate from Fgy with an island model was
12.13, whereas with an island n-dimensional model it was
3.09. In general, these values show relatively high gene
flow and incomplete isolation between the two proposed
subspecies.

Long-term historical effective population sizes and
microsatellite mutation models for the Colombian
jaguar population. The historical effective population
sizes (IV,) were obtained by means of the maximum like-
lihood method of Nielsen (1997) with the MISAT pro-
gram. Several important observations result (Table 3):
1-The average maximum likelihood 6 estimates were
similar for the single-step mutation model and for the
multi-step mutation model (22.68 £ 13.36 vs. 24.08 +
11.77, respectively). Therefore, the effective population
size estimates were approximately the same for each one
of the mutation models considered. Also the N, values
from the 6 estimate with the moments method were sim-
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Table 2. Population assignment results for two jaguar subspe-
cies (P. o. onca and P. o. centralis) using the microsat-
ellites Fca 08, Fca 43, Fca 45, Fca 96, Fca 126, Fca
176, Fca 200 and Fca 391.
Method % correct Individuals
assignment correctly identified
out of 39
Frequency “As is” 100 39
Bayesian “As is” 97.44 38
Nei standard distance “As is” 92.31 36
Cavalli-Sforza distance “As is”  94.87 37
Goldstein et al. (1995) 82.05 32
distance “As is”
DAS distance “As is” 89.74 35
Frequency “Leave one out” 69.23 27
Bayesian “Leave one out” 69.23 27
Nei standard “Leave one out” 64.10 25
Cavalli-Sforza “Leave one out” 66.67 26
Goldstein “Leave one out” 76.92 30
DAS distance “Leave one out” 64.1 25

ilar to those obtained with Nielsen’s (1997) procedure. 2-
The mutation rate of 5.6 x 10™* offered more realistic
effective numbers than those obtained with the mutation
rate of 2.5 x 10™%.  With the first mutation rate, the long-
term historical effective population size for the single-step
mutation model was estimated to be 10,127, whereas for
the multi-step mutation model it was 10,752. 3-Seven of
the 12 microsatellites employed presented a significant
multi-step mutation model (Fea 08, Fca 45, Fca 96, Fca
176, Fca 225, Fca 294 and Fca 391) with a percentage of
multi-step mutation ranging from 5% to 20%. Overall,
the average multi-step mutation percentage was 6.04%,
which means that 94% of mutations affecting the micro-
satellites studied were single-step. 4-In general, the
diverse microsatellites used here have significantly differ-
ent mutation rates (Table 4). For the single-step model,
the mutation rate order from high to low values was: Fca
08 > Fca 96 > Fca 391 > Fca 225 > (Fca 43, Fca 45, Fca
294) > (Fca 506, Fca 24, Fca 176) > Fca 126 > Fca 136.
For the multi-step mutation model, the order was: Fca 08
> Fca 391 > (Fea 96, Fca 225) > Fea 43 > (Fca 45, Feca 176,
Fca 294, Feca 506) > Fca 24 > Fca 126 > Fca 136. There-
fore, for both models, Feca 08 was the marker with the

Table 3. Maximum likelihood estimates of 6 (= 4N 1) at 12 DNA microsatellites assuming a single-step and a
multi-step mutation model. 6, is calculated with the moment procedure. SIG = microsatellites which
showed significant multi-step mutation models. Long-term historical effective population sizes (V)
were calculated assuming two extreme mutation rates per generation (5.6 x 10 and 2.5 x 107*) for the
Colombian jaguar population.
UNI-STEP MULTI-STEP
Markers 0, 0 log likelihood 0 log likelihood %multi-step x
Fca08 51.547 34.7945 -59.56936 29.8975 —63.0069 20% 6.87 SIG
Fca24 17.517 10.1600 —21.72314 20.1448 —20.5300 2.50% 2.39 NS
Fca43 8.634 18.1311 —28.70809 16.4907 —28.1399 2.50% 1.14 NS
Fcadb 14.042 16.1479 —27.80836 10.8121 —25.4404 10% 4.74 SIG
Fca96 25.191 38.5417 —42.38675 48.1142 -36.7579 5% 11.26 SIG
Fcal26 6.528 13.7082 -18.75456 14.9485 -18.3959 0% 0.72 NS
Fcal36 14.374 6.9712 -14.43525 13.7987 -16.0956 0% 3.32 NS
Fcal76 18.374 12.6015 —20.90673 25.0164 —24.3505 5% 6.89 SIG
Fca225 36.768 49.2693 -32.48042 42.2833 -38.1362 5% 11.31 SIG
Fca294 21.507 30.8629 —26.08909 16.5606 —23.8856 7.50% 4.41 SIG
Fca391 33.194 28.7129 -37.90330 31.8664 —41.8561 12.50% 17.91 SIG
Fca506 14.238 12.3155 —23.46632 19.0783 —24.0518 2.50% 1.17 NS
average 21.8507 22.6847 24.0843 6.0416%
+12.9949 +13.3657 +11.7709 +5.7857%
Mutation
rate per
generation N, N,
5.6 x 10 9,755 10,127 10,752
2.5 x 107* 21,851 22,685 24,084
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Table 4. Chi-square values from a likelihood ratio test with the expression -2 log [L;(6)L3(0)//[L(6;,05)] to detect differences of muta-

tion rates per generation at microsatellite pairs.

Markers Fca08 Fca24 Fca43 Fca45 Fca96 Fcal26 Fcal36 Fcal76 Fca225 Fca294 Fca391 Fcab506
Fca08

Fca24 75.69%*

Fca43 61.72%%  13.97*

Fcadb 63.52%*  12.17** 1.80NS

Fca96 34.36%* 41.33**  27.36%*  29.16**

Fcal26  81.63**  5.94%%  19.91** 18.11%%  47.26%*

Fcal36  90.27%* 14.58*%  28.55%%  26.75%%  55.90%*  8.64**

Fcal76  77.32*%  1.63NS 15.60**  13.80**  42.96**  4.30%  12.94%*

Fca225  54,18%% 21.51%* 7.55%% 9.34%F  20.96%*F 27.45%F  36.09%* 23.15%*

Fca294  66.96%*  8.73** 5.24% 3.43NS 32.59%F 14.67** 23.71** 10.36%* 12.78**

Fca391  43.33** 32.36**  18.39%*  20.19%* 8.97%F  38.30** 46.97** 33.99*%* 10.86** 23.63%*

Fcab06  72.21%*  3.48NS 10.48** 8.68**  37.84*%F  9.42% 18.06%*  5.12*%  18.03**  5.25%  28.87**

*P < 0.05, **p < 0.01 Significant differences between microsatellite mutation pairs.

NS = Not significant.

highest mutation rate, while Fca 136 was that with the
lowest mutation rate.

Bottleneck events in the Colombian jaguar popula-
tion. For the total Colombian jaguar sample, the step-
wise mutation model (SMM) does not support a recent
bottleneck event (BOTTLENECK program). The sign
test, the standardized differences test, the Wilcoxon test
and the graphical mode-shift showed a lack of evidence to
support a bottleneck event. The graphical mode-shift
showed an L-shaped distribution typical of a population
with a constant effective size. Additionally, the stan-
dardized difference test with the SMM yielded a signifi-
cantly negative value (T, = —2.926, P = 0.00172) contrary
to the expectation from a recent bottleneck event, which
could imply population expansion or gene flow. The
occurrences of these events could obliterate the detection
of bottleneck events. Also, the P. o. onca sample did not
show evidence of bottleneck events. The situation for P.
o. centralis is different and at least two of the different
tests applied detected a possible bottleneck event in this
subspecies (Standardized difference test, 7> = 1.945, P =
0.02589; Wilcoxon test, P = 0.00586). Therefore, its con-
servation situation could be more critical than that of P.
0. onca.

The Garza and Williamson (2001) procedure (with the
M-P-Val and Critical-M programs) was performed with
the following three parameters: 6 = 24.08, P = 0.9396 and
A; = 3.5 obtained from the Nielsen (1997) analysis. The
observed average M ratio was 0.7669. Simulating
10,000 replicates, the expected average M ratio should be
0.7388 and 95% of the M values in equilibrium should be
over a critical value (M,) of 0.6578. Three out of 12 val-
ues obtained were under this critical M, value (Fca 24, M

=0.4615; Fca 45, M = 0.6429; Fca 294, M = 0.6429). The
possible bottleneck event detected in the overall Colom-
bian jaguar population was not very strong because not
all loci studied showed its effects.

DISCUSSION

The total jaguar sample showed a high genetic diversity
(H = 0.846) and a high average number of alleles per
locus. The expected heterozygosity in the two Colombian
jaguar subspecies was not significantly different (H =
0.828 and 0.827) from the total H value. P. o. centralis
had the lower average number of alleles per locus but it
was a statistically insignificant difference. These results
show a species with a highly diverse genome and without
strong microsatellite differences between the subspecies
considered. Jaguar gene diversity levels and the aver-
age number of alleles per locus found here were slightly
higher than those obtained by Eizirik et al., (2001) for the
same species using 29 microsatellites (H = 0.622 to
0.739). It is noteworthy to mention that our estimate of
the jaguar gene diversity is significantly higher than
those obtained by Culver et al. (2000) and Walker et al.
(2000) for pumas (Puma concolor)(0.42-0.71, including
different subspecies), another wide ranging big cat found
Similar heterozygosity levels were
discovered in leopards from Tanzania, with H = 0.77 *
0.03 (Spong et al., 2000). This is not surprising since
leopards and jaguars share similar ecological traits.

across the Americas.

Hardy-Weinberg analysis showed a homozygote excess
for several microsatellites. Possible explanations for the
heterozygote deficiencies (Rooney et al., 1999; Spong et
al., 2000) include: population subdivision causing homo-
zygote excess (Wahlund effect), strong genetic drift and
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endogamy, hitchhiking, null alleles, synteny or natural
selection in favor of homozygosity. The most plausible
explanation in this case is population subdivision.
Strong genetic drift and elevated consanguinity can be
discarded as explanations since the genetic diversity lev-
els were very high for all the jaguar samples studied. If
genetic drift was important we would expect low levels of
gene diversity, such as those found for the cheetah (Aci-
nonyx jubatus) (H = 0.39; Menotti-Raymond and O’Brien,
1995), the Ethiopian wolf (Canis simensis) (H = 0.21-0.36;
Gotelli et al., 1994) and the Andean bear (Tremarctos
ornatus) (H = 0.3-0.5; Ruiz-Garcia, 2003; Ruiz-Garcia et
al., 2005a). Endogamy affects all loci in the same way.
Hitchhiking and synteny are ruled out since the loci stud-
ied were deliberately chosen because they are distributed
in different chromosomes, and the possibility of all loci
being affected identically is remote. The same explana-
tion could be used to discard natural selection in favor of
homozygosity. Null alleles also seem unlikely to produce
high and similar levels of homozygote excess simulta-
neously for a large fraction of the loci studied. Therefore,
the most probable explanation is the Wahlund (= subdi-
vision) effect. In fact, when both jaguar subspecies were
separately analyzed some loci presented homozygote
excess, which could indicate that even within the subspe-
cies the subdivision process is still relatively important.

The classification of individuals with likelihood-based
(frequentist and Bayesian techniques) and genetic dis-
tance-based methods showed a very high percentage of
correct assignment with the “as is” procedure (95-100%
of correct assignments), whereas with the “leave-one-out”
procedure the percentages of adequate classification of
the individuals was less accurate (64—-67%). It is possi-
ble that the separation between the two proposed subspe-
cies has been recent and thus no striking genetic
differences have emerged between them, although some
significant genetic heterogeneity is present. For this
reason, the genetic distance-based methods did not dis-
criminate jaguars from the two populations perfectly.
The estimates of Nm with the infinite and the n-dimen-
sional island models support the above idea. Eizirik et
al. (2001) also found values of Nm around or above 1.
The jaguar’s high migration capacity has been reported
before (Crawshaw and Quigley, 1991; Schaller and Craw-
shaw, 1980) and this explains why populations of jaguars
in Colombia are relatively similar. However, comparing
our gene flow estimates with those found for Tanzanian
leopard populations, jaguars experience considerably less
gene flow in Colombia than leopards in Tanzania. In
comparison to leopard dispersal in Tanzania, jaguar dis-
persal in Colombia is probably more limited due to the
rugged Andean landscape.

Clearly, the Fca 96, Fca 45 and Fca 391 microsatellites
and the total sample set showed significant differences
between P. o. centralis and P. o. onca. There are no

molecular studies intended to resolve the phylogenetic
relationships among the eight subspecies of jaguar recog-
nized by Pocock (1939), which are separated on the basis
of morphology and pelage characters. Seymour (1989)
groups these eight subspecies in three geographic clus-
ters: a central American group composed of P. o. gold-
mani, P. o. centralis, P. o. arizonensis, P. o. veraecrucis
and P. o. hernandesii, all of them under the designation
of P. onca centralis; a northern South American group
composed of P. 0. onca and P. o. peruviana under the des-
ignation of P. onca onca, and a southern South America
group represented by P. o. paraguayensis. The two sub-
species considered here, and present in Colombia, form
part of the Central American (P. o. centralis) and the
northern South American (P. o. onca) groups. Neverthe-
less, the genetic heterogeneity we found is considered low
(Fsr = 0.02), and is practically non-existent if the Bonfer-
roni correction is applied without assuming random mat-
ing to calculate the log-likelihood G statistic, for these two
subspecies. Therefore, the relatively small genetic het-
erogeneity found between these populations casts some
doubt on the morphologically proposed subspecies separa-
tion.

Walker et al. (2000) found slightly higher values of
genetic differentiation in the Texas pumas (global mean
for 10 microsatellite loci, Fisy = 0.107) at a smaller geo-
Other Neotropical
cats have shown extremely high Fg; values, such as oce-
lots (0.602—0.748) and margays (0.622-0.634) (Eizirik et
al., 1998). Thus, gene flow in other neotropical cats
seems substantially less than in jaguars and/or the diver-
gence times between populations are larger than those of
jaguar populations studied here. Although we found evi-
dence of significant genetic heterogeneity among the
Colombian jaguar populations, this differentiation is lim-
ited by effects of gene flow or a recent divergence. The
latter agrees quite well with the results obtained by
Eizirik et al. (2001), who estimated that extant jaguar
mtDNA lineages arose 280,000-510,000 years ago (95%
confidence interval, 137,000-830,000 years ago). Addi-
tionally, with mtDNA haplotypes, they obtained a star-
phylogeny, with short and compact branches, a pattern
related to recent population divergence, (see Lavery et al.
(1996)). Therefore, and considering our results, jaguars
do not show strong geographic structure. Complemen-
tary to this, they found an ancestral widespread hap-
lotype, evidencing extensive gene flow between the
northern Amazon jaguar populations. They detected
only two strong geographic barriers, which did not com-

graphic scale than that covered here.

pletely separate jaguar gene pools: the Amazon river and
Darien straits. However, we have not found any differ-
ences between Colombian and Brazilian jaguars from the
northern side of the Amazon river and Peruvian jaguars
from the southern side of the Amazon river, but we sug-
gest that the Andean mountain chains act as a barrier
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separating the Colombian populations to a certain limited
degree.

Thus far there have been no estimates of the size of the
jaguar population in Colombia and the estimates pre-
sented here are the first long-term historical population
estimates generated for this country. Population genet-
ics theory predicts that genetic variability is correlated
with effective population size (Kimura, 1983, 1986), and
empirical observations have strongly supported this idea
(Frankham, 1996). The maximum likelihood method of
Nielsen (1997) based on coalescence, produced estimates
of jaguar population ranging from 9,000 to 11,000, assum-
ing 5.6 x 107 for the microsatellite mutation rate, and
values ranging from 22,000 to 24,000 jaguars were pro-
duced when assuming 2.5 x 10~ for the mutation rate.
The long-term historical effective population size differ-
ences between the single-step and the multi-step muta-
tion model were minimal. Thus, the real mutation
model was not extremely important to estimate effective
population sizes with the microsatellites employed. The
global multi-step mutation percentage in the jaguar (6%)
is very similar to the multi-step mutation percentage
found in other felids investigated in our laboratory, such
as the ocelot (8.4%), the puma (7.8%) and the Spanish
wild cat (7.2%) for the same microsatellites (Ruiz-Garcia
et al., 2005c). Some microsatellites showed a general
trend to follow a multi-step mutation model in all the felid
species studied (Feca 45, Fca96, Fca225 and Fca 391),
meanwhile others were only multi-step in the jaguar. It
is important to mention that each microsatellite has dif-
ferent mutation rates within each felid species studied
and between the different species analyzed.

The bottleneck detection tests gave negative evidence
for demographic reduction events in the total Colombian
jaguar sample. The only case showing this trend was
that detected for the P. o. centralis population using the
standardized differences and the Wilcoxon tests. There-
fore, this population seems in a more critical situation
than the other Colombian jaguar population studied. A
possible explanation for the overall result found has to do
with the absence of a decrease in size in the last several
generations, although commercial hunting and trapping
of jaguars for their pelts during 1960s and mid-1970s was
dramatically high. In the Peruvian Amazon alone about
2,000 jaguars were annually killed in the years 1968—
1970 in the Loreto region. Furthermore, the United
States of America imported 13,516 jaguar skins in 1968
and 9,831 in 1969. The majority of these skins came
from Bolivia, Brazil, Colombia, México, Paraguay and
Perd. A second possible explanation is that jaguars have
recently undergone important demographic reductions
but the population genetics procedures could not detect
these events. The probable Wahlund (= subdivision)
effect detected here implies that neither the Colombian
jaguar population as a whole nor each of the two subspe-

cies in this country represent the real minimum genetic
population units and so the subdivision effect could coun-
teract the detection of bottlenecks. The high levels of
expected heterozygosity detected and the relatively high
long-term historical effective population sizes are con-
trary to the expectation of this latter scenario. On the
other hand, it is likely that the existence of gene flow
between the two Colombian subspecies might mitigate
the probability of bottleneck detection. Indeed, the allele
distributions studied were highly continuous without the
presence of predominant alleles, which agrees quite well
with a historically stable population.

These types of molecular studies are very important in
order to understand past events which could affect the
present genetic variation in any population, and there-
fore its potential to respond to evolutionary changes
(Frankham, 1996), such as changes related to disease
(O’Brien, 1994). Knowledge of genetic structure and the
gene diversity levels are “musts” when planning wildlife
management and exemplify
typical carnivore ecology; large home range, low popula-
tion density and threatened by hunting and habitat loss,
thus presenting the ultimate challenge for conservation
efforts. For this reason, genetic analysis at a finer geo-
graphic scale in different jaguar and other Neotropical
wild felid populations is required to adequately preserve
these amazing predators in the Latin American forests.

conservation. Jaguars
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