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ABSTRACT: The Andean cat Leopardus jacobita is considered one of the rarest felids in the world,
although it has a large latitudinal distribution. Due to its preference for upland habitats, it has
been suggested that this cat could have naturally fragmented populations. Despite great concern
regarding the conservation status of this species, very little is known about its population structure, which is crucial information for appropriate management plans. In this study, we investigated its genetic diversity, population structure and evolutionary history by analysing 459 base
pairs of the mitochondrial DNA control region, 789 base pairs of the NADH-5, ATP-8 and 16S
mitochondrial genes, and 11 nuclear microsatellites, with the aim of identifying conservation
units. The analyses were made on 30 skins and 65 recently collected faecal samples from throughout the known range of the species. These analyses revealed a total of 56 individuals. Our results
confirm that Andean cat populations harbour extremely low mitochondrial and nuclear genetic
diversity. The population structure of this species suggests the existence of 2 evolutionarily significant units (ESUs), with a latitudinal separation between 26 and 35° S. In addition, 2 genetically
distinct groups within the northern ESU could be considered separate management units.
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The Andean cat Leopardus jacobita (Cornalia) is a
small wild cat distributed along the Andes, from 10° S
in central Peru (Cossíos et al. 2007b) to 38° S in central Argentina (Sorli et al. 2006, Novaro et al. 2010).
This range includes several ecoregions which differ
in terms of vegetation and amount and timing of precipitation, although all are characterised by a dry climate (Olson et al. 2001, WWF 2006). In spite of this
relatively wide distribution, the scarcity of field observations and of other signs of presence suggests a
low population density (Villalba et al. 2004, Lucherini

et al. 2008). Many threats have been reported for the
Andean cat, including hunting, habitat loss, predation by domestic dogs and prey reduction by humans
(Villalba et al. 2004, Cossíos et al. 2007b, Lucherini &
Merino 2008). For these reasons, the Andean cat is
currently considered one of the rarest cats of the
world and the most endangered felid of the Americas
(Nowell et al. 1996, Villalba et al. 2004, Acosta et al.
2008).
In the past decade, there has been a considerable
effort to enhance knowledge about this species, but
nevertheless it was recently identified as one of the
felid species in critical need of research to support
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conservation efforts (Brodie 2009). Although our
understanding of its distribution (Lucherini & Luengos 2003, Perovic et al. 2003, Cossíos et al. 2007b)
and ecology (Walker et al. 2007, Napolitano et al.
2008) has increased, detailed information about its
population structure is still lacking. Due to the preference of this species for upland areas, some authors
have indicated that the Andean cat could have naturally fragmented populations (Scrocchi & Halloy
1986, Villalba et al. 2004). In addition, this felid has
not been recorded currently between 30 and 35° S
(Sorli et al. 2006), suggesting that populations from
central Argentina could be isolated.
Previous research using genetic methods has
shown a moderate level of genetic variation in mitochondrial DNA (mtDNA) for the species as a whole
(Johnson et al. 1998), but relatively low levels of
genetic variation in mtDNA in a population from
northern Chile (Napolitano et al. 2008). Here, using
mitochondrial and nuclear DNA markers, we assessed the variability and the structure of Andean
cat populations throughout their range to ascertain
whether they are fragmented and to identify conservation units in this species. Such an analysis can
improve management and conservation planning
for this endangered felid that has a large latitudinal
distribution.

MATERIALS AND METHODS
Sample collection
In total, 30 Andean cat skin samples and 1073 carnivore faecal samples were collected between 2001

and 2008 in 11 different locations in the Andes of
Peru, Bolivia and Argentina, from 10° 3’ S to 38° 14’ S
(Table 1), by many field teams, covering the whole
known distributional range of the species. Faecal
samples were collected opportunistically and kept in
individual paper bags in dry and cool conditions until
DNA extraction (Wasser et al. 1997). For skin samples, 0.5 to 1 cm2 was cut from the ear of stuffed animals owned by villagers (n = 29) or from museum
specimens (n = 1) using sterilised instruments and
kept in individual paper bags (Cossíos et al. 2007a).
According to the villagers, the age of the skins varied
from 2 mo to 10 yr. After the identification of the samples at the species and individual levels (see below),
samples from 56 Andean cat individuals were available for mitochondrial DNA analyses, as well as 51
individuals for nuclear DNA analyses.

Laboratory procedures
DNA from skin samples was extracted following
the standard phenol−chloroform protocol (Sambrook
et al. 1989). DNA from faecal samples was isolated
using the QIAamp® DNA Stool Mini Kit (Qiagen)
according to the manufacturer’s instructions with
some modifications (Cossíos et al. 2009) and identified to the species level using a PCR-restriction fragment length polymorphism method (Cossíos &
Angers 2006). To prevent and monitor the contamination of samples during the laboratory processes,
pre-PCR and post-PCR activities were carried out in
different laboratories, and negative controls were
included in each batch of extraction and amplification (Kohn & Wayne 1997, Taberlet et al. 1999).

Table 1. Leopardus jacobita. Localities and sample size of the Andean cat samples analysed in this study as well as the number
of individuals inferred a posteriori according to the number of different multilocus genotypes
Country

Peru

Bolivia
Argentina

Total

Locality

1-Cuzco
2-Central Peru
3-Ayacucho
4-Arequipa
5-Tacna/Puno
6-La Paz/Oruro
7-Potosi
8-Jujuy
9-Catamarca
10-Tucuman
11-Mendoza/
Neuquén

Coordinates

Samples
Total

S

W

Faeces

Skins

Individuals

13° 44’
10° 13’ − 12° 19’
14° 04’
14° 59’ − 15° 56’
16° 29’ − 17° 19’
17° 08’ − 18° 26’
20° 05’ − 22° 09’
21° 57’ − 23° 04’
25° 13’ − 26° 39’
26° 30’
35° 59’ − 38° 14’

71° 12’
75° 41’ − 76° 57’
73° 51’
71° 14’ − 72° 42’
69° 29’ − 70° 27’
68° 07’ − 69° 22’
67° 14’ − 67° 53’
66° 03’ − 66° 18’
66° 43’ − 67° 39’
65° 48’
65° 48’ − 69° 49’

2
4
0
1
2
2
14
30
7
1
2

0
2
1
2
9
9
3
0
0
0
4

2
6
1
3
11
11
17
30
7
1
6

2
5
1
3
10
10
7
7
4
1
6

65

30

95

56
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Two segments of the hypervariable domain 1
(HVS-I) of the mitochondrial control region were
amplified with the primer pairs CH3F−H1rev and
H2for−CH3R (Freeman et al. 2001, Cossíos et al.
2009). The mitochondrial genes NADH-5, ATP-8 and
16S were amplified with the primer pairs ND5·1F−
ND5·2R, AP8·1F−AP8·2R and 16S·1F−16S·4R, respectively (Johnson et al. 1998). Amplification reactions were carried out in a volume of 30 µl containing
a final concentration of 20 mM Tris-HCl (pH 8.4),
50 mM KCl, 1.5 mM MgCl2, 0.1 mM of each dNTP,
0.8 pM of each primer, 0.8 mg ml−1 of BSA, 0.2 units
of Taq DNA polymerase and approximately 40 ng of
template DNA. PCR conditions included an initial
denaturing step at 92°C for 2 min, 45 cycles of 92°C
for 30 s, 52°C for 30 s and 68°C for 40 s, and a final
extension step at 68°C for 5 min. The products were
sequenced with a CEQ 8000XL DNA Analysis System (Beckman Coulter). HVS-1, NADH-5, 16S and
ATP-8 sequences have been deposited in GenBank
(accession numbers FJ960826 to 36).
We used 11 microsatellite loci characterised in domestic cats and located on different chromosomes
(Fca8, Fca24, Fca31, Fca43, Fca45, Fca80, Fca90,
Fca96, Fca173, Fca176 and Fca294; MenottiRaymond et al. 1999). PCR conditions were the same
as those for mtDNA but with an annealing temperature of 55°C.

Identification of individuals
A comparative multitube PCR approach was followed to create consensus microsatellite genotypes
(Taberlet et al. 1996, Frantz et al. 2003). Genotypes
were determined through 2 positive PCR reactions for
heterozygotes and 3 for homozygotes (Frantz et al.
2003). Genotyping error rates due to allelic dropout
and false alleles (FA) were calculated following Broquet & Petit (2004). The probability of identity (PID, i.e.
the probability that 2 individuals drawn at random
will have the same genotype at multiple loci) was calculated to evaluate the power of our marker set for
individual identification. Given a low PID, samples
with the same multilocus genotype were assigned to a
single individual.
For the mtDNA analyses, additional individuals
were identified, even in absence of satisfactory
microsatellite amplification, if they met 1 of the following conditions: (1) they were the only Andean cat
faecal samples from a particular locality; (2) they differed with respect to mtDNA sequences from the
other faecal samples from the same locality.
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Microsatellite data analysis
We estimated expected heterozygosity (He) and
number of alleles (k) using the computer program
ARLEQUIN 2.00 (Schneider et al. 2000). Allelic
richness (Ar) and fixation index (F is) were estimated
with FSTAT 2.9.3 (Goudet 1995). We tested for F is
significance using 10 000 permutations of the data.
The program CONVERT (Glaubitz 2004) was used
to identify private microsatellite alleles, which are
alleles present in one population and not shared
with any other.
To infer population organisation, a Bayesian clustering method was performed using STRUCTURE 2.3
(Pritchard et al. 2000), with a precautionary 100 000
burn-in period and 1 000 000 Markov chain Monte
Carlo repetitions, to infer the number of populations
(K) and to assign individuals to inferred population
clusters. This method assigns to individuals a membership coefficient for each population, based on
allele frequencies. We performed 10 independent
runs for each value of K, from 1 to 6, using the admixture model. The number of populations best fitting
our data set was defined both using the mean value
of the log probabilities [Pr(X/K )] for each K value,
and the most positive ΔK (Evanno et al. 2005). Additionally, we used GENETIX 4.05.2 (Belkhir et al.
1996) to perform a factorial correspondence analysis
(FCA). STRUCTURE 2.3 was used to evaluate the
fidelity of each of the genotypes to their population
sample by completing the maximum likelihood
assignments with the known population data (option
Popinfo activated). We considered that individuals
were correctly assigned to a population when their
q-value (i.e. their posterior probability of belonging
to an original population) was at least 90% (Pritchard
et al. 2000). We then carried out a hierarchical analysis of molecular variance (AMOVA; Excoffier et al.
1992) with the groups inferred by the analysis with
STRUCTURE, using Φ-statistics calculated with
ARLEQUIN 2.00 and 10 000 permutations to assess
statistical significance. We also tested microsatellite
data from these groups for Hardy-Weinberg (HW)
equilibrium with the method developed by Guo &
Thompson (1992) using GENEPOP 3.4 (Raymond &
Rousset 1995).

Mitochondrial data analysis
We used ARLEQUIN 3.5 (Excoffier & Lischer
2010) to estimate nucleotide diversity (π; Tajima
1983) and haplotype diversity (hd; Nei 1987) for the
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mitochondrial data. A minimum spanning network
(Templeton et al. 1992) was constructed with the
mitochondrial sequences, using the program
TCS 1.21 (Clement et al. 2000), with the confidence
of connection limits set at 95% and considering
gaps as a fifth mutational state. The network was
rooted in order to identify the current Andean cat
lineages and to evaluate their monophyly using
pampas cat Leopardus colocolo (Molina) haplotypes
from Cossíos et al. (2009) and Napolitano et al.
(2008) as an outgroup. The pampas cat was chosen
because it is the presumptive sister species of the
Andean cat (Johnson et al. 2006), so fewer homoplasies are expected than with other felid species.
The root probability method implemented in TCS
ignores inferred haplotypes to root networks
(Cassens et al. 2003), and therefore was not used
here. Neighbour-joining (NJ) and maximum-likelihood (ML) methods were performed on the entire
1248 bp sequences using PAUP 4.01b (Swofford
1993) to confirm relationships among haplotypes
and infer the position of the root, using 1000 bootstrap replicates and a domestic cat (NCBI reference
sequence: NC 001700.1) and a pampas cat (C5;
Cossíos et al. 2009) as outgroups. After choosing a
model using MODELTEST 3.7 (Posada & Crandall
1998), the Tamura-Nei model (Tamura & Nei 1993)
was used for constructing NJ and ML trees, assuming a gamma distribution with a 0.3 shape parameter for substitution rates across sites.
To estimate time since the most recent ancestor
of current Andean cat haplotypes, we performed 3
analyses using the estimator T = D/2μl (Tang et al.
2002), where D is the number of pairwise
nucleotide differences, μ is the mutation rate per
site, and l is the length of the sequenced region.
The number of differences between sequences was
calculated with ARLEQUIN 3.5 and the TamuraNei model of substitution. For the first analysis, a
mutation rate of 0.67% per million years (MY) was
assumed for the combined NADH-5, ATP-8 and
16S mitochondrial genes, as estimated for the
family Felidae by Johnson et al. (1999). The second
analysis considered a mutation rate of 3.21% MY−1
(range: 2.195 to 4.62%) for 341 bp of the HVS-I,
based on sequences from the closely related pampas cat presented by Cossíos et al. (2009). For the
third analysis, we estimated the mutation rate of
390 bp of the HVS-I region based on a divergence
time of 2.91 (2.02 to 4.25) MY between Andean cat
and the clade formed by the margay Leopardus
wiedii (Schinz) and the ocelot L. pardalis (Linnaeus)
(Johnson et al. 2006).

RESULTS
Identification of species and individuals
Of 1073 faecal samples, 65 were identified as Andean cat (6%), while 820 were pampas cat (76.4%).
Three of the samples were Geoffroy’s cats Leopardus
geoffroyi (D’Orbigny & Gervais), 19 were domestic
cats, 71 were canid species, and 95 failed to be amplified and could not be identified. The 30 skin samples
were all from Andean cats, making a total of 95
Andean cat samples.
One of the 11 microsatellite loci failed to provide
consistent amplifications (Fca45), and 3 were monomorphic (Fca43, Fca80 and Fca90). We used the 7
remaining loci for identification of individuals and
further analyses. These markers were successfully
amplified for the 30 skin samples (100%), but they
gave consistent results for only 46 (70.8%) of the 65
Andean cat faecal samples, reducing the number of
samples suitable for further microsatellite analyses to
76. Allelic dropout rates ranged from 15.2 to 22% per
locus, with a weighted average over all 7 loci of 18.1.
FAs occurred in 11 of 1596 PCR reactions (FA =
0.69%). These overall genotyping error rates were
comparable to other non-invasive genetic studies
(Broquet & Petit 2004) and are acceptable for individual identification.
For the 76 samples suitable for microsatellite analyses, 51 unique multilocus genotypes were identified
and assigned to the same number of individuals. No
more than 4 samples were assigned to the same individual. The probability of sampling 2 different individuals with the same genotype (PID) ranged between 1.45 × 10−10 and 1.81 × 10−3 depending on the
locality, suggesting that samples with the same genotype represented the same individual. Five additional individuals were identified based on their
mtDNA sequences only, so mtDNA analyses were
performed on 56 individuals.

Mitochondrial DNA diversity
Sequences of 459 bp were obtained for the mitochondrial HVS-I, and segments of 318, 189 and 282
bp were determined for the NADH-5, ATP-8 and 16S
genes, respectively, for a total of 1248 bp. Sequencing revealed a total of 5 haplotypes, named hereafter
LjaA to LjaE. HVS-I was the most variable locus surveyed, with 10 variable sites, followed by NADH-5
with 3 and, finally, 16S and ATP-8 with a single variable site each (Table 2). Considering only the
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Table 2. Leopardus jacobita. Reduced CLUSTAL W (Thompson et al. 1994)
alignment of part of the Andean cat HVS-I, 16S, ATP-8 and NADH-5 mitochondrial sequences, showing only variable sites. Oja1, 2, 3, 4, 83 and 84 from Johnson et al. (1998). For the pampas cat (Napolitano et al. 2008, Cossíos et al. 2009),
only sites equivalent to variable sites in the Andean cat are shown. Underscores
(_) and question marks (?) represent deletions and missing data, respectively.
Position refers to the complete domestic cat mtDNA sequence (Lopez et al. 1996)
Haplotype
16S

LjaA
LjaB
LjaC
LjaD
LjaE
Oja84
Oja3
Oja4
Oja1
Oja2
Oja83
Pampas
cat

Marker and nucleotide position
ATP-8 NADH-5
HVS-I

3 3 3 3 3 3 8 8 8
0 1 1 1 1 2 6 7 7
1 2 3 6 7 0 7 5 9
2 2 9 2 6 2 3 7 6
A T A T AA CGA
. C . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . A .
. C . . . . . . .
GC . . . . . . .
. . . . . . . . .
? . . . . . T . G
? . G . G_ T . G
GC . C . . . . .

1 1 1 1 1 1
2 2 2 2 2 6
6 7 7 8 9 7
6 2 4 6 2 0
3 2 6 8 6 0
TATGT C
. . . A . .
. . . . . .
. G . . . .
C . . . . T
C . C . C ?
C . C ? ? ?
C . . . . ?
. . C ? ? ?
? ? ? ? ? ?
? ? ? ? ? ?

1 1 1 1 1 1 1 1 1
6 6 6 6 6 6 6 6 6
7 7 7 7 7 7 7 8 8
2 3 8 8 8 8 9 2 5
0 1 0 2 3 8 7 3 9
TAT TC TAA C
_ . . C . . . . A
. . . . . . . G .
. G . CT . . . T
. . CCT CT . T
? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ?
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The total number of alleles per population ranged from 17 to 48, but was
correlated with the sampling size (r2 =
0.8375). The allelic richness calculated for 5 inds. population−1 with
FSTAT 2.9.3 (Goudet 1995) ranged
from 17.16 to 24.85, showing no
important differences between populations. The gene diversity ranged
from 0.58 and 0.78 (Table 4) and was
clearly not correlated with the sampling size (r2 = 0.0002).

Evolutionary history

The minimum spanning network
highlights the divergence among haplotypes (Fig. 1). Excluding haplotypes
A to C, separated by a single mutation,
all other pairwise comparisons are
separated by 5 to 12 mutations, with a
mean of 7.0 mutations. The limit of mutational connections between pairs of
. . . . . . . A . . G C A . C/T . . .T/C. . . . C/T
sequences justified by the parsimony
criterion was 15, as calculated by TCS
5 Andean cat haplotypes detected during this survey,
1.21 (Clement et al. 2000). The most recent ancestor of
3 of the 15 variable sites were informative, whereas
the Andean cat is not clearly defined in the network,
when the 6 haplotypes found by Johnson et al. (1998)
as 3 haplotypes were equally parsimonious, with 1
were added, 9 of 24 variable sites were informative.
fewer mutation than LjaA between these undetected
The number of haplotypes per locality ranged from 1
haplotypes and the pampas cat. The haplotypes deto 3. Only 1 haplotype was detected in 6 of the 11
scribed by Johnson et al. (1998) lack the sequences of
localities (2; 3; 8; 9; 10; 11; Table 3). For the variable
1 or more markers used here (Table 2), and it was not
localities, haplotype diversity values ranged from
possible to determine their position in the network, as
0.28 to 0.67, and nucleotide diversity varied between
well as in the NJ and ML trees.
0.0011 and 0.0027 (Table 3).
NJ and ML methods provided consistent results,
The haplotypes Lja1 and Lja2 reported by Napoliclustering haplotypes A, B and C, as well as showing
tano et al. (2008) for the NADH-5, ATP8 and 16S
strong bootstrap values for the association between A
genes were identical to the corresponding segments
and C (942/1000), and for the totality of the Andean
of the haplotypes LjaA and LjaD, respectively. The
cat haplotypes (1000/1000). Relationships among the
haplotypes reported by Johnson et al. (1998) for the
A-B-C cluster and haplotypes D and E were not resame genes were not detected in this research.
solved, and the position of the root was not defined
(not shown), which is consistent with the minimal
spanning network. The topology of the trees did not
Microsatellite diversity
change when only pampas cats or domestic cats were
used as outgroups.
Loci Fca08, Fca31 and Fca294 failed to be ampThe 3 analyses used to estimate time since the most
lified for only 1 of the 51 Andean cat individuals,
recent ancestor (T ) of the current Andean cat haplowhile loci Fca24 and Fca176 failed to be amplified for
types provided similar results. For the combined
2 and 3 individuals, respectively. The total number of
NADH-5, ATP-8 and 16S mitochondrial genes, a
microsatellite alleles per locality and locus ranged
mean Tamura-Nei distance of 2.3 was found among
from 1 to 5 (Table 4). The size of each microsatellite is
Andean cat haplotypes. Considering a mutation rate
shown in Table 5.
per site of 0.0067 MY−1 and a sequence length of

15.46
20.38
0.28 0
0.65 0.48
2
5
3
6
0
0
0.52 0.18
1
3

0.29 0.33
0.62 0.4

1
0
0
0
4
16.92
17.30
19.00
0
16.84
0.49 0.67
0.53 0.43
0.66 1
0
0
0.54 0.61
3
4
4
1
4
0.24 0.28
0.59 0.34
0
0
1
1
0.28 0.22
0.14
0.17
0.5
0
0.22

2
3
1
2
3
0.13
0.15
0.37
0
0.2
2
2
2
1
2

0.4
1
0
0.11
0.1
0.19

0.5
0
1
0.62
0.67
0.61
2
1
2
3
4
4
0.32
1
0
0.1
0.09
0.18
2
2
1
2
2
3

0.5
0
1
0.78
0.5
0.54

2
2
1
3
4
4

0.18
1
0
0.62
0.69
0.67

0.2
1
0
0.56
0.6
0.5

10.58
0
0
16.48
16.39
16.03

2
0
0
0
1
6

P
Ar
Fca294
k
He Ho
Fca176
k He
Ho
Fca173
k He Ho

789 bp, T was estimated as 217 543 yr. For the HVS-I
region, a mean Tamura-Nei distance of 5.97 was
found between haplotypes A-B-C and D-E, situated
at opposite sides of the inferred parsimony network
(Fig. 1). When using the 341 bp homologous portion
of the pampas cat HVS-I and considering a mutation
rate per site of 0.321 MY−1 (range: 0.02195 to 0.0462),
the common ancestor of the current Andean cat haplotypes was dated at 272 700 (189 473 to 398 800) yr.
For the third analysis, an average of 60.11 differences
was found for the HVS-I region between Andean cat
and the ocelot−margay clade. Assuming a divergence time of 2.91 (2.02 to 4.25) MY between them,
the mutation rate was calculated as 0.0265 (0.018 to
0.038) mutations site−1 MY−1. Using these data and
considering 5.97 differences between the 2 Andean
cat haplotype groups, the most recent common
ancestor of the current Andean cat haplotypes was
dated at 288 824 (201 417 to 425 214) yr.

0.65 0.67
0.45 0.29
3
4
3 0.4
0.5
8 0.79 0.58

4
6

0.54 0.5
0.66 0.46

Using the program STRUCTURE, we obtained the
most positive values of both ΔK (10.07) and ln Pr(X|K )
(−507.1), for K = 3, indicating that a clustering of the
individuals in 3 groups best fits the data (Fig. 2A).

2
4
11
Total
III

6
51

0.44 0.33
0.24 0.2

0.43
0.29
0.25
0
0.32
0.5
0.41
0.47
0
0.45
3
2
2
1
3
0.57
0.57
0.75
1
0.61
0.67
0.44
0.56
1
0.63
5
3
4
2
5
0.5
0.71
0.75
0
0.67
0.58
0.6
0.53
0
0.59
4
4
3
0
4
0.14
0.43
0.5
0
0.26
2
3
3
1
3
7
8
9
10
Total
II

7
7
4
1
19

0.13
0.25
0.4
0
0.29

0
0
1
1
0
0
0.34 0.22
0.32 0.2
0.45 0.49
1
2
1
2
2
2
0.2
0
0
0.33
0.5
0.35
0.18
0
0
0.29
0.54
0.43
2
1
1
3
4
4
0.2
1
0
0.87
0.44
0.54
0.18
1
0
0.69
0.54
0.56
2
2
2
5
3
5
0
0
0
0.22
0.11
0.12
0
0
0
0.2
0.1
0.11
1
1
1
2
2
2
5
1
1
9
10
26
2
3
4
5
6
Total
I

Locality

n

Fca08
k
He Ho

Fca24
k He Ho

Fca31
k
He Ho

Microsatellites
Fca96
k He
Ho

Population structure

Group

Table 3. Leopardus jacobita. Microsatellite diversity in the Andean cat. Numbers 2 to 11 refer to localities described in Table 1. Groups were inferred from STRUCTURE
analysis performed on microsatellite diversity (locality 1 was not included in the analysis in absence of microsatellite data). Values of the estimators (k, He, Ar and P) for
a given group are based on the total samples in the group, and do not correspond to the sum or the mean of localities within groups. k: number of alleles; He: expected
heterozygosity; Ho: observed heterozygosity; Ar: allelic richness estimated for 4 individuals per population over all loci; P: number of private alleles
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Fig. 1. Leopardus jacobita. Minimum spanning network for
Andean cat HVS-I, NADH-5, ATP-8 and 16S combined
sequences. Sizes of the circles are not proportional to the
haplotype frequency. Each solid line represents 1 mutational step, and small open circles indicate undetected
intermediate haplotype states. Dashed lines represent possible relationships between haplotypes, when more than 1
possibility exists
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These 3 groups of populations are strongly structured geographically and corresponded to localities 2
to 6 (population group I), 7 to 10 (group II) and 11
(group III; Fig. 2B). The FCA plot of individual microsatellite genotypes made with GENETIX supported
the same 3 groups (Fig. 2C). When performing the
population assignment test considering these 3 population groups, 50 of 51 individuals showed a q-value
> 0.9 and were assigned to their original populations.
The remaining individual, with a q = 0.86, was considered probably admixed (Fig. 2B). The results of
hierarchical AMOVA with microsatellite data confirmed the relevance of this structure, as an important proportion of the total variation was detected
among groups (51.66%, p = 0.017), and only 1.59%

(p = 0.086) was accounted for by differences among
populations within groups. Population groups I, II
and III have 6, 4 and 4 microsatellite private alleles,
respectively (Table 3). Deviation from HW expectations and inbreeding were not detected for any
microsatellite and population group (Table 4).
A strong geographic congruence was observed between microsatellites and mitochondrial genomes
(Fig. 3). Haplotype A was widely distributed and was
detected at nearly all sites. Haplotypes B and D were
restricted to group I (localities 2 to 6), while haplotype
E, separated by 8 mutations from the nearest haplotype (D), was characteristic of site 11 (group III). Haplotype C was found in a single individual at site 1.
Group I was the most genetically diverse, especially
localities 5 and 6 with 3 different
haplotypes. Fu’s test was signifiTable 4. Leopardus jacobita. Allele sizes (ranges of base pairs), inbreeding coefficient (F is) and p values for 7 microsatellites in Andean cat populations. Dashes (−)
cantly positive only for locality 5,
represent data not computed due to absence of variability
as well as for group I (Table 5).
Group
Fca08

Fca24

Fca31

Microsatellite
Fca96
Fca173

Fca176

Fca294

DISCUSSION

I
Size 118−122 224−232 230−238 208−212 106−110 224−232 226−232
−0.043
0.0769
0.2077
0.2301 −0.0593 0.1457
0.2762
F is
p
1
0.6387
0.2478
0.5202
1
0.1659
0.1732

Genetic diversity
The extremely low genetic diversity of the Andean cat is striking.
Only 5 mitochondrial haplotypes
were detected for the entire species, with no more than 3 within a
population, although the low sample size could have contributed to
an underestimation of within-pop-

II
Size 116−120 220−226 232−242 208−212 108−110 224−232 228−234
−0.1077 −0.1057 0.0556
0.2304
−0.968
0.2486 −0.1302
F is
p
1
1
0.9674
0.24
1
0.39
0.6176
III
Size 116−118 218−224 234−240 204−212
0.333
−0.1538 0.1667 −0.0501
F is
p
1
1
1
1

110
–
–

226−248 228−232
−0.0526
1
1
0.0909

Table 5. Leopardus jacobita. Mitochondrial DNA diversity in the Andean cat, for the combined HVS-I, NADH-5, ATP8 and 16S
sequences. Numbers 1 to 11 refer to localities described in Table 1. Locality 1 was not included in the structure analysis in absence of microsatellite data. n: sample size; H: number of haplotypes; hd: haplotype diversity; S: number of polymorphic sites;
P: proportion of variable sites; π: nucleotide diversity; np: cannot be computed; *: significant at p < 0.05
Group

Locality
A

Haplotypes
B
C
D

E

n

H

hd ± SD

S

P

π ± SD

Fu’s
Fs

I

1
2
3
4
5
6
Total

1
0
1
2
5
6
14

0
5
0
1
4
3
13

1
0
0
0
0
0
0

0
0
0
0
1
1
2

0
0
0
0
0
0
0

2
5
1
3
10
10
29

2
1
1
2
3
3
3

1 ± 0.5
0
0
0.67 ± 0.314
0.64 ± 0.101
0.60 ± 0.13
0.58 ± 0.045

1
0
0
5
8
8
8

0.08
0
0
0.4
0.64
0.64
0.64

0.0008 ± 0.001
0
0
0.0027 ± 0.002
0.0027 ± 0.002
0.0025 ± 0.002
0.0024 ± 0.001

0
np
np
2.35
3.49*
3.23
5.92*

II

7
8
9
10
Total

6
7
4
1
18

1
0
0
0
1

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

7
7
4
1
19

2
1
1
1
2

0.28 ± 0.196
0
0
0
0.10 ± 0.092

5
0
0
0
5

0.4
0
0
0
0.4

0.0011 ± 0.001
0
0
0
0.0004 ± 0.0004

2.50
np
np
np
1.71

III

11
Total

0
33

0
14

0
1

0
2

6
6

6
56

1
5

0
0.60 ± 0.056

0
15

0
1.2

0
0.0031 ± 0.001

np
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Fig. 2. Leopardus jacobita. Population structure inferred from
microsatellite data. (A) Mean log-likelihood, across 10 independent runs, computed with the program STRUCTURE for
each value of K (= number of populations) ranging from 1 to 6
(R) and value of ΔK ( ); the highest value of ΔK points to the
most likely number of partitions (Evanno et al. 2005). (B)
Membership coefficients inferred for K = 2 and K = 3. Each
individual is represented by a column, and each of the inferred population groups is represented by a black/grey
shade. Localities correspond to those in Table 1 and are
arranged from north (left) to south. : a putative admixed
*
individual. (C) Factorial correspondence analysis (FCA) plot
showing the 3 groups previously identified with STRUCTURE

ulation haplotype diversity. Nevertheless, the present survey covers the great majority of the known
range of the Andean cat (Marino et al. 2011), suggesting that the low number of haplotypes with a
large geographic distribution is probably representative of the current mtDNA diversity of the species.
Such a low level of diversity is comparable to that

Fig. 3. Leopardus jacobita. Geographic structure of Andean
cat populations. Proportion of the mtDNA haplotypes is
shown for each sampled locality. Locality numbers are
encircled and correspond to those in Table 1. Populations
assigned to a given group according to STRUCTURE 2.2
(Pritchard et al. 2000) analysis are encircled. Locality 1, represented by a star, was not included in the structure analysis
due to absence of microsatellite data. Gray areas refer to the
approximate distribution of the Andean cat, following
Acosta et al. (2008)

observed in other endangered species, such as the
Iberian lynx Lynx pardinus (Temminck) (1 to 2 haplotypes per population, Johnson et al. 2004), the cheetah Acinonyx jubatus (Schreber) (1 to 6, considering
HVS-I only, Freeman et al. 2001), the Ethiopian wolf
Canis simensis (Rüppell) (1 to 4, HVS-I only, Gottelli
et al. 2004) and the spectacled bear Tremarctos ornatus (FG Cuvier) (1 to 3, HVS-I only, Ruiz-García
2007). The reduced mitochondrial diversity at the
population level, the separation of the current haplo-

Cossíos et al.: Andean cat population structure

types by several mutational steps and the results of
Fu’s test could be indicative of bottlenecks. The absence in our survey of the haplotypes found by Johnson et al. (1998) was surprising. This difference could
be the result of non-sampled isolated localities,
recent haplotype extinctions and/or errors in the
sequencing of degraded DNA. Because the research
of Johnson et al. (1998) was based on samples from
museum specimens, errors in their sequences are a
plausible explanation. For instance, the Andean cat
haplotype Oja2 is identical to the ocelot Lpa11 (both
from Johnson et al. 1998) for the 16S locus, suggesting misidentification or contamination of the sample.
The microsatellite diversity of the Andean cat is
also very low compared to other members of the
genus Leopardus. Allelic richness estimated for 4 loci
(Fca24, 31, 96 and 294) and 6 ind. population−1 was
always far lower in the Andean cat (Ar = 11.00−12.58,
this study) than in the pampas cat (Ar = 16.25−22.91;
Cossíos et al. 2009) living in the same localities. Similarly, the number of alleles for the loci Fca08 and
Fca96 is 3 to 5 times larger in ocelots, margays and
little spotted cats L. tigrinus (Schreber) from Brazil
(Grisolia et al. 2007) than in the Andean cat. In addition, a large portion of the genetic variability of the
Andean cat is partitioned among regions, exacerbating the extremely low genetic diversity at the population level.

Evolutionary history
The origin of the current Andean cat populations
seems to be relatively recent, with the common
ancestor of their haplotypes dated at approximately
217 000 to 290 000 yr ago. This period covers an interglacial stage known as the marine oxygen isotope
stage 7 (MIS-7, 0.19 to 0.24 MYA) and the glacial
MIS-8 (0.24 to 0.3 MYA, Imbrie et al. 1984).
The Andean cat and the pampas cat are considered to be sister species with a common ancestor at
1.8 MYA (Johnson et al. 2006). Between this divergence and 0.3 MYA, the pampas cat lineage diversified into multiple mitochondrial clades (Johnson et
al. 1999, Cossíos et al. 2009), whereas our data show
no trace of a similar diversification during the same
period in the Andean cat lineage. The current lack of
mtDNA variation in the Andean cat at the species
level could be the result of numerous lineage extinctions due to demographic events that took place during MIS-7 or MIS-8. During interglacial periods, the
habitat available for organisms specialised for high
altitudes is expected to decrease (e.g. Ethiopian wolf,
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Gottelli et al. 2004), suggesting that MIS-7 is the most
likely period for the loss of these lineages.

Population structure
Our analyses of nuclear DNA data indicate the
existence of at least 3 significantly differentiated
groups of Andean cat populations, distributed as follows, from north to south: group I (localities 2 to 6)
occupies central Peru and north-western Bolivia,
between 10° and 18° S; group II (localities 7 to 10) is
found between 20° and 26° S, in southern Bolivia and
northern Argentina, and group III (locality 11) is in
central Argentina (Fig. 3). Based on the NADH-5,
ATP-8 and 16S sequences, the population studied by
Napolitano et al. (2008) in northern Chile seems to
belong to group I identified here. Interestingly, these
population groups have a strong geographical correspondence with the Andean ecoregions. Groups I
and II are separated at 18 to 20° S, where the barrier
between Wet Puna and Dry Puna ecoregions is situated. The Andean cat samples of group III were collected in the Patagonian Steppe ecoregion, at elevations as much as 2800 m lower than the puna (Novaro
et al. 2010). The Wet and Dry Punas have drastically
different precipitation regimes, with summer precipitations north of 20° S and extreme aridity or winter
rains south of this limit. The Patagonian Steppe is
characterised by a cold scrub-desert with almost constant wind and a unique flora (WWF 2001). The
vicuna Vicugna vicugna, another high-altitude specialist, presents important morphological and life history differences between Wet and Dry Puna subspecies (Marín et al. 2007) and is absent from the
Patagonian Steppe. Although no life history data are
available for the recently discovered Andean cats of
group III (Novaro et al. 2010), and morphological
data are scarce for all 3 population groups, these
important environmental differences suggest that
they could have developed unique adaptations.
Haplotype LjaA has a wide geographic range, from
14 to 26° S. Such a large distribution, beyond the barrier between the Wet and Dry Punas, was not observed for the pampas cat within the last million
years (Cossíos et al. 2009). This difference between
small Andean felids can be explained by the preference of the Andean cat for high-altitude habitats, and
the probable use of parts of the Andes as corridors.
This could also explain the continuity of the Andean
cat populations between 20 and 26° S, as opposed to
the existence of a structured population for the pampas cat in this same region (Cossíos et al. 2009). In
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contrast, the geographic isolation of the haplotype
LjaE seems to be the result of ancient habitat retraction and absence of corridors between 27 and 35° S,
resulting in populations isolated in inland islands.
Because our samples within regions were small,
especially for population group III, further analysis of
microsatellites, with larger samples and more markers, could allow recognition of a genetic structure
within regions, as well as the description of population trends.

structure be taken into account when planning conservation actions, including the choice of areas for
monitoring, conservation programmes and the creation of protected areas, as well as for possible captive breeding and reintroduction programmes in the
future.
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Conservation implications
With the objective of targeting operational units for
conservation under the species level, the concepts of
‘evolutionarily significant units’ (ESUs; Ryder 1986)
and ‘management units’ (MUs; Moritz 1994) were
created. The ESU concept implies a different evolutionary history between units, and numerous authors
have proposed that ESUs should present ecological
differences (e.g. Crandall et al. 2000). Reciprocal
monophyly at the mitochondrial level is usually used
for recognition of ESUs (Moritz 1994), although it is
not mandatory (Paetkau 1999). MUs, on the other
hand, are defined as population units with statistically significant differences of allelic frequencies at
the nuclear or mitochondrial level (Moritz 1994).
Several factors support the recognition of the Andean cat populations of central Argentina (group III)
and the northern populations as 2 different ESUs: (1)
geographic separation of haplotype LjaE from the
other haplotypes, as well as the topology of the haplotype network and the nuclear data, show that these
populations have had a different evolutionary history
and that they could be reciprocally monophyletic; (2)
unlike the other groups, group III is found in lowaltitude habitats, and may have developed adaptations to those distinct environments; (3) our results
suggested that these groups diverged more than
200 000 yr ago, which would be sufficient for ESU
recognition, even in the absence of ecological data
(Paetkau 1999). Within the northern ESU, 2 genetically distinct groups (groups I and II) were recognised.
Although these groups share the mitochondrial haplotype LjaA, they present an important divergence for
both mitochondrial and nuclear genomes, and for this
reason should be considered separate MUs.
In conclusion, the habitat preferences of the
Andean cat lead to a strong but particular population
structure. Although it would be desirable to confirm
our results with a larger sample, the critical conservation status of the Andean cat requires that this
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