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The complete sequences of the mitochondrial DNA genomes of Panthera tigris, Panthera pardus, and Panthera uncia were 
determined using the polymerase chain reaction method. The lengths of the complete mitochondrial DNA sequences of the 
three species were 16990, 16964, and 16773 bp, respectively. Each of the three mitochondrial DNA genomes included 13 pro-
tein-coding genes, 22 tRNA, two rRNA, one OLR, and one control region. The structures of the genomes were highly similar 
to those of Felis catus, Acinonyx jubatus, and Neofelis nebulosa. The phylogenies of the genus Panthera were inferred from 
two combined mitochondrial sequence data sets and the complete mitochondrial genome sequences, by MP (maximum parsi-
mony), ML (maximum likelihood), and Bayesian analysis. The results showed that Panthera was composed of Panthera leo, P. 
uncia, P. pardus, Panthera onca, P. tigris, and N. nebulosa, which was included as the most basal member. The phylogeny 
within Panthera genus was N. nebulosa (P. tigris (P. onca (P. pardus, (P. leo, P. uncia)))). The divergence times for Panthera 
genus were estimated based on the ML branch lengths and four well-established calibration points. The results showed that at 
about 11.3 MYA, the Panthera genus separated from other felid species and then evolved into the several species of the genus. 
In detail, N. nebulosa was estimated to be founded about 8.66 MYA, P. tigris about 6.55 MYA, P. uncia about 4.63 MYA, and 
P. pardus about 4.35 MYA. All these estimated times were older than those estimated from the fossil records. The divergence 
event, evolutionary process, speciation, and distribution pattern of P. uncia, a species endemic to the central Asia with core 
habitats on the Qinghai-Tibetan Plateau and surrounding highlands, mostly correlated with the geological tectonic events and 
intensive climate shifts that happened at 8, 3.6, 2.5, and 1.7 MYA on the plateau during the late Cenozoic period.  
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Living cat species (subfamily Felinae) originated in the late 
Miocene and evolved into one of the world’s most success-
ful carnivore families, inhabiting all the continents, except 
Antarctica [1]. Fossil and molecular data indicate that mod-
ern-day cat species evolved rapidly from a relatively recent 
common ancestor 10–15 million years ago (MYA). The 
family Felidae represents a unique evolutionary radiation, 
with numerous extant species exhibiting diverse ecological, 

morphological, and behavioral traits [2–5]. Their evolution-
ary history and divergence times have been disputed for 
many years because of rapid and very recent speciation 
events, few distinguishing dental and skeletal characteristics, 
incidents of parallel evolution, and an incomplete fossil 
record [1].  

Morphological and molecular approaches have been used 
to disclose the evolutionary history of felines. Early efforts 
included overall morphological structure, comparative mor-
phology, and comparative karyology [6–8], albumin immu-
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nological distance, DNA-DNA hybridization, allozymes 
and two-dimensional protein electrophoresis [9–11], differ-
ential segregation of integrated retroviral sequences, sex 
chromosomes-linked genes, and chemical signals [12–14]. 
More recently, efforts to resolve phylogenetic relationships 
have focused on the mitochondrial genome [15], because 
the mitochondrial genome shows great variability in struc-
ture, gene content, organization, and mode of expression in 
the different organisms [16]. This extraordinary diversity 
probably reflects the different evolutionary pathways that 
gave rise to segregation of genetic information into different 
cellular compartments in the eukaryotic cell [16]. Mito-
chondrial DNA has become an important molecular marker 
and provides strong evidence in the study of phylogenetic 
relationships [17].  

As the most recently evolved genus, there has been great 
confusion over the taxonomy and phylogeny of Panthera 
[11,18]. So far, the complete mtDNA sequences of only 
three feline species (Felis catus, Acinonyx jubatus, and 
Neofelis nebulosa) have been reported [17,19,20]. However, 
the data were not enough to explain the phylogenetic rela-
tionships of Felidae. The complete nucleotide sequences of 
the mitochondrial genomes of Panthera uncia, Panthera 
pardus, and Panthera tigris are reported in the present study 
for the first time. In comparison with the complete mito-
chondrial sequences of N. nebulosa, F. catus, and A. jubatus, 
we explored the mtDNA structural characteristics and Pan-
thera evolution. In this paper, we will also clarify the phy-
logenetic position of Panthera based on combined datasets 
and the complete mtDNA sequence.  

1  Materials and methods 

1.1  Samples sources, DNA extraction and PCR ampli-
fication 

Muscle samples of P. pardus, P. tigris, and skin of P. uncia 
were collected from Ningguo, Anhui province in China. The 
samples were stored at 80C in the Animal Conservation 
Biology Laboratory, College of Life Sciences, Anhui Nor-
mal University.  

Mitochondrial DNA of the three species was extracted 
from a piece of muscle and skin tissue using a GENMED 
mtDNA Extraction Kit. Two major steps, isolation of mito-
chondria and mitochondrial DNA extraction, were included 
(GENMED Scientifics Inc., USA). According to manufac-
turer’s instructions, the step of crushing of the muscle and 
skin tissue was carried out under ice bath conditions. The 
other extraction steps were performed at 4C. Agarose gel 
electrophoresis of the mtDNA sample with the total DNA 
showed no contamination from the chromosomal DNA. 
Based on the complete mtDNA sequences of F. catus 
(NC001700), A. jubatus (AY463959), and N. nebulosa 
(DQ257669), and some partial sequences of P. tigris 

(DQ151550), we successfully designed 34 pairs of primers 
for amplifying the complete mitochondrial genome se-
quences of the three species using Oligo 6.0 [21] (Table 1). 
PCR reactions were performed in an MJ Model PTC-200 
thermal cycler with the following conditions: 95C for 5 
min; 30 cycles of 94C for 50 s, 52C–56C for 1 min, 72C 
for 1 min; and 72C for 10 min. Each reaction included 19 
μL sterile distilled water, 3 μL 10× PCR Buffer, 2 μL dNTP 
(2.5 mmol L1), 2 L MgCl2 (25 mmol L1), 1 L of each 
primer (10 mol L1), 1 unit of Taq DNA polymerase 
(Promega) and 1 L of template for a total reaction volume 
of 30 L. The resultant PCR fragments were subjected to 
electrophoresis on a 1% agarose gel.  

1.2  Analyses of sequences data 

The DNAs were purified from excised pieces of gel using 
DNA Gel Extraction Kit (Axygen) for sequencing on an 
automatic DNA sequencer (Applied Biosystems) from both 
strands using the primer walking method. Nucleotide se-
quences were edited using the program DNASTAR [22] and 
aligned by ClustalX [23]. The locations of the 13 pro-
tein-coding genes were identified using software SEQUIN 
and the two ribosomal RNA genes were determined by 
comparing the corresponding sequence of F. catus and ho-
mologous sequences of other Felidae mtDNAs. The tRNA 
genes were identified using software tRNA Scan-SE 1.21 
(http://lowelab.ucsc.edu/tRNAscan-SE), and their cloverleaf 
secondary structure and anticodon sequences were predicted 
using DNASIS (Version 2.5, Hitachi Software Engineering). 
The complete nucleotide sequence of the mtDNA of P. 
pardus, P. tigris, and P. uncia were submitted to GenBank 
with the accession number EF551002, EF551003, and 
EF551004. 

1.3  Molecular phylogenetic analyses 

To further confirm the phylogenetic relationships among the 
Panthera genus, the complete mitochondrial DNAs of N. 
nebulosa, A. jubatus, F. catus and 7 mitochondrial genes of 
Panthera onca, Panthera leo, Puma concolor, and Lynx 
lynx were obtained from GenBank (Table 2). We construct-
ed the phylogenetic tree based on 5 mitochondrial protein-       
coding genes (ND2+ND4+ND5+ATP8+Cyt b) (Combined 
sequences I), 7 mitochondrial segments (12S rRNA+16S 
rRNA+ND2+ND4+ND5+ATP8+Cyt b) (Combined sequ-       
ences II) of 10 species, Canis familiaris was used as an out-
group. For the combined sequences, the base composition 
homogeneity was tested with chi-square (2) tests for equal 
base frequencies across taxa; nucleotide saturation was an-
alyzed by plotting the absolute number of transitions (Ti) 
and transversions (Tv) against absolute distance values. 
Transitions were deleted at the third positions of codons 
avoiding saturation problems caused by transitions. 



 Wei L, et al.   Sci China Life Sci   October (2011) Vol.54 No.10 919 

Table 1  Primers for amplifying complete mtDNA genome of P. pardus, P. tigris and P. unciaa) 

Primer name Forward primer sequence (5′→3′) Reverse primer sequence (5′→3′) Annealing temperature 

F1-U/D TGAAAATGCCTAGATGAG ATCTTCTGGGTGTAAGCC 54.0°C 

F2-U/D AATATGTACAYACCGCCCGTC ATTACGCTACCTTYGCACG 54.5°C 

F3-U/D AACTCGGCAAACACAAGCC TCGTTCAACTAGGGTTAGG 55.0°C 

F4-U/D TCAGAGGTTCAATTCCTC TAGGATTAGGTTCGATTCC 54.0°C 

F5-U/D CAAGYATCCCACCTCAAAC CAGCCTATATGGGCGATTG 55.0°C 

F6-U/D CCTACTCCTAACAATATCC AGCAGTCCCTACTATACC 56.0°C 

F7-U/D CAGTCTAATGCTTACTCAGC AGTATGCTCGTGTGTCTAC 55.0°C 

F8-U/D ATCGTCACCTACTACTCC GTGGTCGTGRAAGTGTAG 55.0°C 

F9-U/D TGGTTTCAAGCCAATGCC GATGTATCTAGTTGTGGC 54.0°C 

F10-U/D GTTCTTGAATTAGTYCCCC GTTATAAGGAGGGCTGAAAG 53.0°C 

F11-U/D TGCTGTAGCCCTAATCCAA TGTCTGTTTGTGAGGCTC 56.0°C 

F12-U/D TATGAGTGCGGATTTGACCC CGTTCCGTTTGATTACCTC 53.0°C 

F13-U/D TCTAGTAGGCTCACTACC GGTTCCTAAGACCAATGGA 52.0°C 

F14-U/D GAACTGCTAATTCATGCCTC GTAGAAAYGCGAGGTAAG 53.0°C 

F15-U/D GCTATCTGTGCTCTCACAC ARTAAGAGTARGCTGAGGG 54.0°C 

F16-U/D TGAGCCAAAARTCCGCATC GTGCCAAAGTTTCATCAYG 53.5°C 
F17-U/D CCCTCAGAATGATATTTGTCCTCA TGAGATCTGAAAAACCATCGTTG 53.0°C 

F18-U/D GCTCCTACACCTTCTCAG GCACAGTATGGGTATATG 56.0°C 

F19-U/D TCAAGGAAGAAGCAACAGCC GGTCATAGCTGAGTCATAGC 52.0°C 

F20-U/D ACTGTGGTGTCATGCATTTGG GACTCATCTAGGCATTTTCAG 55.0°C 

F21- U/D GTCTCTCATTCTATTTATCGGGTC GGGAATAATGCCTGTTGGT 53.0°C 

F22- U/D CGAGACATTATCCGAGAAA TTCAGTTCACTCTAGTCCTT 52.0°C 

F23- U/D CACGAGAAAACGCCTAAT GACCCAGAGCACATCAATAA 53.0°C 

F24- U/D ACCACCAGCCACAATCAAA TGGATCGGAGGATTGCGTAT 52.0°C 

F25- U/D TCCAGGTCGGTTTCTATCTA TAGGATGGGTGCTGTGATGAAT 53.1°C 

F26- U/D CTCTAAGTAAGCCCTATA GCATGGGCAGTAACTACTA 55.0°C 

F27-U/D ACACCTATTCTGATTCTTCG GAGAATTAAGATGATGGCTGGT 54.0°C 

F28-U/D TCAAGCCAATACCATAACCACT TCCTATTATTGTTGGGGTA 53.0°C 

F29-U/D ACATGCCACAGTTAGATAC TTTGAGTGATAGAAGGCCCAGA 53.0°C 

F30-U/D CCACTGCCATACTCATACCAAT GTCTTTTGGTAGTCACAGGT 54.0°C 

F31-U/D ATAACACTTCATCTGCTCCCACT TGTTAATGCGAGGCTTCCGATA 52.0°C 

F32-U/D TCCAGGCCCACCATAAATAG CGTCCTACGTGCATGTATAGA 52.0°C 

F33-U/D CACGAGAAAACACCCTAA GCGAGACTTCCGATGATGAG 52.0°C 

F34-U/D TCGCATTCTGATTACCCCAA CTCTTTTGATTAGGTGTGACTG 55.0°C 

a) Y=C or T, R=A or G, K=G or T, M=A or C, Respectively. 

Table 2  Species in phylogenetic analyses 

Scientific name 12S rRNA 16S rRNA ND2 ND4 ND5 Cyt b ATP8 

Panthera uncia EF551004 EF551004 EF551004 EF551004 EF551004 EF551004 EF551004 
Panthera pardus EF551002 EF551002 EF551002 EF551002 EF551002 EF551002 EF551002 

Panthera tigris EF551003 EF551003 EF551003 EF551003 EF551003 EF551003 EF551003 

Panthera onca AY012151 AF006441 AY634391 AY634403 AF006442 EF437582 DQ899924 

Panthera leo S9300 AF006457 AY170043 AY634398 AF006458 S79302 DQ899945 

Neofelis nebulosa DQ257669 DQ257669 DQ257669 DQ257669 DQ257669 DQ257669 DQ257669 

Acinonyx jubatus AY463959 AY463959 AY463959 AY463959 AY463959 AY463959 AY463959 

Puma concolor U33495 AF006455 AY634392 AY634404 AF006456 AY598487 AY598483 

Lynx lynx D28891 AF006413 AY634389 AY634401 AF006414 AY773083 AY598471 

Felis catus NC_001700 NC_001700 NC_001700 NC_001700 NC_001700 NC_001700 NC_001700 

Canis familiaris U96639 U96639 U96639 U96639 U96639 U96639 U96639 
 
 

The data sets were subjected to 3 different methods of 
phylogenetic reconstruction: MP (maximum parsimony), 
maximum likelihood (ML), and the Bayesian, respectively. 
Both maximum parsimony (MP) and maximum likelihood 

(ML) were used to construct phylogeny relationships. MP 
and ML analyses were complete with PAUP*4b10 [24] with 
the heuristic search option using 100 random addition se-
quence replicates and tree bisection-reconnection (TBR) 
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branch swapping. All characteristics were treated as 
un-ordered. Bootstrap branch support (BBP) values were 
estimated using 1000 nonparametric bootstraps (BS) with 
heuristic searches involving 50 random addition sequence 
replicates. Bootstrap values had to be >70% to be suffi-
ciently supported, and those with values between 50% and 
70% were considered as weakly supported [25].  

Bayesian analyses were performed using MrBayes 3.0b4 
[26]. Prior to the analyses, the best-fit model of DNA sub-
stitution was estimated using ModelTest ver.3.6 [27] and a 
general-time-reversible+gamma+invariant (GTR+I+G, G= 
1.8671, I=0.5549) model proposed under the nested likeli-
hood ratio model and AIC (Akaike Information Criterion) 
consideration. Three independent iterations were run for 
4×106 generations, and sampled every 100 generations, and 
the first 4×106 generations (10%) discarded as burn-in. Pa-
rameters were plotted against generations to check that 
convergence had been reached well before the post burn-in 
portion of the data. The remaining trees were used to con-
struct a 50% majority rule consensus tree. For the Bayesian 
analyses, we used posterior probabilities as indicators of 
node confidence. As these represent the true probabilities of 
the clades [28], probabilities >95% were considered to be 
significant [29]. 

1.4  Testing phylogenetic hypotheses 

The convergence of the phylogenetic trees produced by dif-
ferent analysis methods was compared using the Shimodai-
ra-Hasegawa test (SH test) [30]. The SH test was used to 
test optimal phylogenetic tree selection. The tests were per-
formed in PAUP*4.0b10 with the GTR+I+G model selected 
by the nested likelihood ratio model and AIC.  

1.5  Divergence time estimation 

NADH dehydrogenase subunit 6 gene (ND6) is the only 
protein-coding gene encoded on the light strand and thus 
differs in nt and aa composition from other protein-coding 
gene, it shows distinct mutational biases and influences re-
placement patterns at the amino acid sequence level [31,32]. 
The control region of animal mtDNAs usually accumulates 
base substitutions and indels at high rates [33]. Therefore 
ND6 and the control region were not used in the estimation 
of divergence dates. In addition, one of the important fac-
tors that determine the accuracy of estimates of divergence 
times is reliability of the calibration point used for produc-
ing the time scale of the phylogenetic tree constructed [34]. 
In this study, we used four well-established vertebrate cali-
bration points for the divergence time estimation: felid and 
canids (55 MYA) [35], Equus caballus and Rhinoceros 
unicornis ((55±1.5) MYA) [36], Aythya americana and 
Gallus gallus (68 MYA) [36], Didelphis virginiana and 
Macropus robustus (70–60 MYA) [37]. These dates are 
consistent with the fossil record.  

To test the assumption of a global clock-like evolution in 
the DNA sequences surveyed, the likelihood-ratio test (LRT) 
[38] was calculated separately, with and without molecular 
clock constraints for ML analysis, respectively. If the results 
were notably different, the molecular clock would be re-
jected. LRT (2 = 1534.024, df = 31, P < 0.001) showed that 
the difference was great. Therefore the molecular clock as-
sumption of complete mitochondrial DNA genes data set 
except the ND6 gene and D-loop region was rejected, and 
the global clock was not suitable to calculate the divergence 
time in this study.  

Thus, Maximum Likelihood (ML) branch lengths used 
by Janke and Arnason [39], based on the complete mito-
chondrial genome (except the NADH6 gene and the control 
region), which allows different parts of a tree to have dif-
ferent rates, were performed to infer the divergence time of 
the genus Panthera. Moreover, the divergence times were 
also calculated and tested based on four well-established 
vertebrate calibration points by the program MEGA 3.1 [40]. 
The complete mitochondrial genomes of 21 vertebrates 
were used in this study (Table 3).  

2  Results 

2.1  Characteristics of the two combined sequences 

The mean base composition in combined sequences I and 
combined sequences II were AT-biased at 60.1% and 59.5%, 
respectively and had a low G content at 11.7% and 13.8%, 
respectively. Significant compositional biases exist at the  

Table 3  Complete mtDNA sequences used in this study 

Name of species 
Accession number of 

GenBank 
References 

Panthera uncia EF551004 This study 

Panthera pardus EF551002 This study 

Panthera tigris EF551003 This study 

Felis catus NC001700 [19] 

Acinonyx jubatus AY463959 [20] 

Acinonyx jubatus AF344830) [20] 

Neofelis nebulosa DQ257669 [17] 

Canis familiaris U96639 [44] 

Ursus maritimus AJ428577 [71] 

Equus asinus X97337 [43] 

Equus caballus X79547 [72] 

Ceratotherium simum Y07726 [73] 

Rhinoceros unicornis X97336 [74] 

Didelphis virginiana Z29573 [75] 

Macropus robustusm Y10524 [39] 

Gallus gallus X52392 [76] 

Aythya americana AF090337 [77] 

Rhea americana AF090339 [78] 

Struthio camelus Y12025 [79] 

Alligator mississippiensis Y13113 [80] 

Alligator sinensis AF511507 [81] 
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second and, especially, the third codon positions, where 
there was a marked under representation of guanine, while 
base composition at the first codon positions was almost 
equal. After alignment, there were 3300 and 4538 bases for 
the two combinations. In total, 1205 and 1360 variable sites 
were detected for the two combinations, of which, 793 and 
857 were parsimony-informative sites, and the transi-
tion/transversion ratios (ti/tv) were 5.66 and 5.08, respec-
tively. The two combined sequences generated strong phy-
logenetic information. The characteristics of the two com-
bined sequences are summarized in Table 4. 

2.2  Complete mitochondrial genomes content and 
structure 

The complete mitochondrial genome sequences of P. par-
dus, P. tigris, and P. uncia were reported for the first time. 
The complete mitochondrial genomes of P. pardus, P. tigris, 
and P. uncia were determined to be 16964, 16990, and 
16773 bp long, respectively. Each of the three mitochondri-
al DNA genomes included 13 protein-coding genes, 22 
tRNA, two rRNA, one OLR, and one control region. There 
are 28 genes encoded by the majority-strand (H-strand), and 
nine genes by the minority-strand (L-strand). The structures 
of these mitochondrial genomes are highly similar to those 
of F. catus, A. jubatus, and N. nebulosa (Figure 1 and Table 
5). The mitochondrial genome composition in P. pardus, P. 
tigris, and P. uncia were AT-rich biased. The base compo-
sition of the H-strand was A: 31. 9%; T: 26.9%; C: 26. 6%; 
G: 14.6% for P. tigris; A: 31. 8%; T: 27.4%; C: 26. 6%; G: 
14.5% for P. pardus; and A: 31. 9%; T: 27.1%; C: 26. 5%; 
G: 14.5% for P. uncia. 

2.3  Protein-coding genes 

All 13 protein-coding open reading frames (ORFs) are  

Table 4  Summary statistics for mitochondrial genes used in this studya) 

 
mtDNA datasets 

Combined sequences I Combined sequences II 

Aligned sites (bp) 3300 4538 
A% 33. 0 33. 6 

C% 28.2 26. 8 

G% 11.7 13. 8 

T% 27.1 25. 9 

Conserved sites 2095 (63.48%) 3178 (81.93%) 

Variable sites 1205 (36.52%) 1360 (29.97%) 

Parsimony informative 
sites 

793 (24.03%) 857 (18.88%) 

Ti : Tv ratio 5.66 5.08 

Pairwise distance (%) 
within group 

12.04 (6.8–16.5) 9. 06 (5.8–13.0) 

a) Combined sequences I: ND2 + ND4 + ND5 + ATP8 + Cyt b. Com-
bined sequences II: 12S rRNA +16S rRNA + ND2 + ND4 + ND5 + ATP8 + 
Cyt b. 

 

Figure 1  Complete mitochondrial (mt)DNA organization of P. tigris, P. 
pardus, and P. uncia. Gene abbreviations used are 12S, 12S rRNA; 16S, 
16S rRNA; NADH1-6, NADH dehydrogenase subunits 1–6; COI–III, 
cytochrome oxidase subunits I–III; ATP6 and ATP8, ATPase subunits 6 
and 8; cyt b, cytochrome b; Transfer (t)RNA genes are identified by a 
single letter of the amino acid codon. OH and OL stand for the heavy-strand  

replication origin and the light-strand replication origin, respectively. 

included in the mtDNA of P. pardus, P. tigris, and P. uncia 
mitochondrial genomes, with the same organization and no 
major rearrangement, which are found in other mammalian 
mitochondrial genomes. The longest ORF was the ND5 
gene (1821 bp for P. pardus, 1830 bp for P. tigris and P. 
uncia), while the shortest ORF was the ATP8 gene (204 bp). 
All of the protein-coding genes were encoded by the H-strand, 
except for ND6, which is encoded by the L-strand. There 
were no introns in these genes. There are nine pro-
tein-coding genes in P. pardus, P. tigris, and P. uncia mi-
tochondrial genome (COI, COII, ND4, ND4L, ND5, ND6 
ATPase 6, ATPase 8, and CYT b) with ATG as the initia-
tion codon. The ND3 and ND5 genes are initiated by an 
ATA codon, the ND2 gene is initiated by ATC, and only the 
COIII gene is initiated by an ATA codon for P. uncia. The 
termination codons are all TAA, except Cyt b with AGA, 
ND3 with TA, and COIII, ND2, and ND4 with a single T 
(The termination codon of COIII was TAA for P. uncia). 
The ND2, COIII, ND3, and ND4 genes of P. pardus and P. 
tigris lack complete termination codons. As in the tran-
scripts of the human peptide-coding mitochondrial genes, 
ND1, ND2, CO3, and ND3 contain a stop codon created by 
posttranscriptional polyadenylation. Therefore, most stop 
codons in the three mtDNAs appear to be TAA (Table 5). 
As in other vertebrate mtDNAs, coding sequences over-
lapped between ATP8 and ND6, between ND4 and ND4L, 
and between ND5 and ND6.  

The base usage of P. pardus, P. tigris, and P. uncia pro-
tein-coding genes are shown in Tables 6 and 7. Base A was 
the most frequent nucleotide in protein-coding genes (aver-
age contents were 30.9% for P. tigris, 31.5% for P. pardus,  
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Table 5  Organization of the mitochondrial genomes of P. tigris, P. pardus and P. unciaa) 

Gene 
Position 

Start codon Stop codon H/L Strand 
P. tigris P. pardus P. uncia 

D-loop 1-927 1-954 1-743   H 

tRNAPhe 928-998 955-1025 744-813   H 

12S rRNA 999-1958 1026-1984 814-1773   H 

tRNAVal 1959-2026 1985-2052 1774-1841   H 

16S rRNA 2027-3601 2053-3624 1842-3421   H 

tRNALeu(UUR) 3602-3676 3625-3701 3422-3496   H 

ND1 3679-4635 3704-4660 3499-4455 ATG AGA/TAA H 

tRNAIle 4635-4703 4660-4728 4455-4523   H 

tRNAGln 4701-4774 4726-4799 4521-4594   L 

tRNAMet 4775-4843 4801-4869 4596-4664   H 

ND2 4844-5885 4870-5911 4665-5706 ATC/ATT T/TAG H 

tRNATrp 5886-5954 5912-5980 5707-5775   H 

tRNAAla 5970-6038 5997-6065 5792-5860   L 

tRNAAsn 6040-6112 6067-6139 5862-5934   L 

OLR 6113-6145 6140-6178 5935-5966   L 

tRNACys 6146-6210 6179-6244 5967-6032   L 

tRNATyr 6211-6278 6238-6303 6033-6097   L 

COI 6280-7824 6305-7849 6099-7643 ATG TAA H 

tRNASer(UCN) 7822-7890 7847-7915 7641-7709   L 

tRNAAsp 7897-7965 7922-7990 7716-7784   H 

COII 7966-8649 7922-8674 7785-8468 ATG TAA H 

tRNALys 8653-8720 8678-8745 8472-8539   H 

ATP8 8722-8925 8747-8950 8541-8744 ATG TAA H 

ATP6 8883-9563 8908-9588 8702-9382 ATG TAA H 

COIII 9563-10346 9588-10371 9361-10140 ATG T/TAA H 

tRNAGly 10347-10415 10372-10440 10166-10234   H 

ND3 10416-10762 10441-10787 10235-10581 ATA TA H 

tRNAArg 10763-10831 10788-10856 10582-10650   H 

ND4L 10832-11128 10857-11153 10651-10947 ATG TAA H 

ND4 11122-12499 11147-12523 10941-12318 ATG T H 

tRNAHis 12500-12568 12525-12593 12319-12387   H 

tRNASer(AGY) 12570-12628 12600-12657 12388-12446   H 

tRNALeu(CUN) 12629-12698 12653-12722 12447-12516   H 

ND5 12690-14519 12723-14543 12508-14337 ATA TAA H 

ND6 14503-15030 14527-15054 14321-14848 ATG TAA L 

tRNAGlu 15031-15099 15055-15123 14849-14917   L 

Cyt b 15103-16242 15127-16266 14921-16060 ATG AGA H 

tRNAThr 16243-16312 16271-16340 16061-16130   L 

tRNAPro 16313-16379 16337-16403 16131-16197   H 

D-loop 16380-16990 16404-16964 16198-16773   H 

a) L, light strand. 

 
and 28.7% for P. uncia), with T and C following. Similar to 
other vertebrates, the base composition of P. pardus, P. 
tigris, and P. uncia protein-coding genes was biased against 
G (the average content was 13.3% for P. tigris, 11.4% for P. 
pardus, and 14.0% for P. uncia). The A + T contents were 
higher than the C + G contents in the first, second, and third 
position codons of protein-coding genes, which is consistent 
with the A+T content-rich of the mt genome. 

2.4  Control region 

The control region (CR) of the three mitochondrial DNA 

genomes is located between tRNAPro and tRNAPhe, and 
contains only promoters and regulatory sequences for repli-
cation and transcription, but no structural genes. Tandem 
repeats generally occur in this region. Jae-Heup et al.[41] 
studied the control region of Panthera species and divided it 
into three parts: the left domain, the central conserved re-
gion (CCR), and the right domain. The hypervariable seg-
ment (HVS)-1 and the repetitive sequence (RS)-2 are in the 
left domain, whereas RS-3 and HVS-2 are in the right do-
main. Conserved sequence block (CSB)-2 and CSB-3 are in 
HVS-2. CSB-1 is in the CCR, which is located between 
RS-2 and RS-3. By comparing the CR sequences of the  
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Table 6  Base composition in protein-coding genes of P. tigris, P. pardus, and P. uncia 

Gene 
P. tigris, 

 
P. pardus 

 
P. uncia 

T % C % A % G% T % C % A% G% T% C % A % G% 

ND1 27.0 30.2 30.9 11.8 26.3 31.0 30.1 12.5 25.9 31.8 29.9 12.4 

ND 2 25.0 29.2 35.7 9.9 24.6 29.6 35.9 9.9 25.2 29.1 36.4 9.3 

ND 3 25.9 31.2 30.5 12.4 28.8 28.2 30.3 12.7 27.2 29.8 31.2 11.8 

ND4L 30.9 25.9 28.6 14.5 31.4 25.2 30.9 12.5 31.1 24.5 29.3 14.1 

ND 4 27.5 28.9 31.5 12.1 27.2 29.2 31.3 12.3 27.5 28.7 31.3 12.5 

ND 5 27.8 28.7 31.0 12.5 28.5 28.4 31.2 11.9 28.0 28.5 31.4 12.1 

ND 6 20.6 29.5 38.1 11.7 21.8 28.4 39.0 10.8 20.3 29.7 40.0 10.0 

COI 31.0 23.9 26.0 19.1 31.7 23.2 26.7 18.4 32.1 22.9 26.0 19.0 

CO II 27.5 25.9 30.6 16.0 26.9 26.8 31.1 15.2 27.2 26.3 31.9 14.6 

CO III 28.2 28.4 26.8 16.6 28.9 28.2 26.7 16.2 28.1 28.0 28.5 15.4 

ATP8 26.5 25.5 38.7 9.3 27.5 25.0 41.2 5.9 27.5 25.5 38.7 8.3 

ATP 6 30.4 28.0 29.0 12.6 30.2 28.0 28.0 13.8 29.2 28.8 29.5 12.5 

Cytb 27.4 30.3 27.9 14.5 27.8 30.0 27.4 14.8 26.7 23.5 27.8 14.5 

Avg 27.4 28.1 30.9 13.3 27.8 26.0 31.5 11.4 27.4 27.5 28.7 14.0 

Table 7  Base usage in protein-coding genes of P. tigris, P. pardus and P. uncia 

Gene 
P. tigris 

 
P. pardus 

 
P. uncia 

1st codon 
(A+T)% 

2nd codon 
(A+T)% 

3rd codon 
(A+T)% 

1st codon 
(A+T)% 

2nd codon 
(A+T)% 

3rd codon 
(A+T)% 

1st codon 
(A+T)% 

2nd codon 
(A+T)% 

3rd codon 
(A+T)% 

ND1 50.78 57.99 61.75 50.67 57.96 61.77 50.74 57.94 61.77 

ND 2 63.68 61.67 59.36 63.35 61.68 59.38 63.67 61.68 59.38 

ND 3 47.82 60.00 60.00 47.65 60.01 60.08 47.84 60.06 60.02 

NDL 54.54 69.69 54.54 54.54 69.68 54.52 54.56 69.69 54.52 

ND 4 53.14 60.00 61.44 53.21 60.02 61.44 53.17 60.10 61.42 

ND 5 57.86 62.45 54.91 57.84 62.46 54.90 57.88 62.47 54.94 

ND 6 61.36 57.38 53.41 61.42 57.36 53.40 61.32 57.39 53.42 

COI 49.71 58.44 61.75 49.82 58.45 61.73 49.73 58.42 61.77 

CO II 50.43 64.04 58.33 50.54 60.06 58.34 50.44 64.08 58.35 

COIII 51.72 57.09 54.79 51.68 57.10 54.72 51.76 57.07 54.78 

ATP8 63.24 60.29 72.06 63.21 60.30 72.06 63.23 60.28 72.08 

ATP6 50.66 62.11 64.32 50.61 62.13 64.36 50.68 62.16 64.34 

Cytb 52.37 60.53 52.37 52.32 60.52 52.37 52.38 60.56 52.38 

Avg 54.41 60.89 59.17 54.52 60.59 59.16 54.42 60.92 59.16 
 
 

three mitochondrial DNA genomes with those of F. catus, A. 
jubatus, and N. nebulosa, we identified a central conserved 
region, a left domain with HVS-1 and RS-2 at the 5′ end, 
and a right domain with HVS-2 and RS-3 at the 3′ end of 
the control region. The CCR between the end of RS-2 and 
the beginning of RS-3 ranged from 476 to 477 bp among 
the three species. P. tigris had the longest HVS-1 segment 
(248 bp), followed by P. uncia (214 bp), and P. pardus (200 
bp). There are some repetitive sequences in the CR, such as 
5′-ACACACGTACACACGT-3′, which repeats 14, 11 and 
2 times in the control region of P. pardus, P. tigris and P. 
uncia, respectively. 

2.5  Ribosomal and transfer RNA genes 

Located between tRNAPhe and tRNAVal, the 12S rRNA 
genes of P. tigris, P. pardus, and P. uncia are 960, 959 and 
960 bp, similar to F. catus, A. jubatus, and N. nebulosa. 

However, they are more conserved than those of F. catus 
and A. jubatus, and only 79, 85, and 71 sites are variable, 
accounting for 8.2%, 8.8%, and 7.6% respectively. The 16S 
rRNA genes, located between tRNAVal and tRNALeu (UUR), 
are 1575, 1572, and 1580 bp, respectively. They are more 
conserved than the 12S rRNA genes, with only 113, 114, 
and 115 variable sites, accounting for 7.1%, 7.2%, and 7.1%, 
respectively. A total of 22 tRNAs were found in the mtDNA 
of the three species, including tRNALeu (UUR), tRNALeu(CUN), 
tRNASer (UCN), and tRNASer (AGY).  

2.6  Phylogenetic reconstruction  

2.6.1  Phylogenetic analyses based on five protein-coding 
genes combined 

ML, MP, and Bayesian trees derived from analyses of ND2, 
ND4, ND5, ATP8, and Cyt b combined datasets are shown 
in Figure 2. The monophyly of the genus Panthera, includ-
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ing P. leo, P. uncia, P. pardus, P. onca. P. tigris, and N. 
nebulosa, was strongly supported by the combined five 
protein-coding genes. ML, MP, and Bayesian trees provided 
high bootstrap values for N. nebulosa as the basal member 
of the genus Panthera. However, the internal relationships 
showed more change. It was notable that the identification 
of P. leo and P. uncia as sister species was strongly sup-
ported by ML, MP, and Bayesian analyses. The precise 
placement of P. tigris as a sister-group of the other four 
species (P. leo, P. onca, P. pardus, and P. uncia) was 
clearly upheld in the ML and MP tree. However, the rela-
tionships among P. onca, P. pardus, and the sister species 
(P. leo, P. uncia) were not robust; the support values for P. 
pardus paired with the other two species (P. leo, P. uncia) 
were only 42%, 65% 0.78 in MP, ML and Bayesian trees. 
The support for P. onca as the sister-group to three Panthe-
ra species (P. pardus, P. leo, and P. uncia) were 87% and 
72% in the MP and ML tree. 

2.6.2  Phylogenetic analyses based on seven combined 
mitochondrial genes  

Combined data of seven mtDNA genes (12S rRNA, 16S 
rRNA, ND2, ND4, ND5, Cyt b, and ATP8) were also used 
to reconstruct the phylogenetic trees by MP, ML, and 

Bayesian methods. The MP, ML, and Bayesian bootstrap 
majority consensus trees from this dataset are presented in 
Figure 3. ML, MP, and Bayesian trees all suggested that N. 
nebulosa should be included within Panthera genus. ML, 
MP, and Bayesian tree provided strong support for P. uncia 
paired with P. leo. However, the combined dataset exhibited 
moderate resolution and nodal support for P. onca, and 
weak nodal support for P. pardus. 

2.6.3  Phylogenetic analyses based on the complete mito-
chondrial genomes 

The ML and Bayesian analyses based on 21 complete mi-
tochondrial genomes, including six cat species, yielded the 
same topology (Figure 4). The six cat species split into two 
groups, one containing N. nebulosa, P. tigris, P. pardus, and 
P. uncia, and another containing F. catus and A. jubatus. In 
the former clade, N. nebulosa occupied the most basal posi-
tion, followed by P. tigris and lastly the two sister species P. 
pardus, and P. uncia (ML, 100%; Bayesian, 1.00). 

2.7  Estimates of divergence dates  

Divergence times were estimated based on Maximum Like-
lihood (ML) branch lengths; the lengths of various branches  

 

 
Figure 2  Phylogenetic relationships based on analyses of combined ND2+ATP8+ND4+ND5+Cyt b. ML, MP, and Bayesian analyses obtained similar tree 

topologies. Bootstrap values are above the branches; Bayesian probabilities are below the branches. 

 

Figure 3  Phylogenetic relationships based on analyses of combined 12S rRNA+16S rRNA+ND2+ATP8+ND4+ND5+Cyt b. ML, MP, and Bayesian anal-
yses obtained similar tree topologies. Bootstrap values are above the branches; Bayesian probabilities are below the branches. 
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of the tree are shown in Table 8. The estimates were per-
formed by applying two calibrations: felid and canids (55 
MYA), and E. caballus and R. rhinoceros (55 ± 1.5 MYA). 
The divergence time between the genus Panthera and other 
felid species can be expressed as: the genus Panthera 
branch×55/the genus Panthera branch + branch M, where 
55 represents the time, 55 MYA. This calculation yields a 
divergence time of ~11.3MYA. Then, based on inferring 

dating information from molecular phylogenies and ages of 
fossil constraint, we estimated the divergence times for N. 
nebulosa (8.66 MYA), P. tigris (6.55 MYA), P. uncia (4.63 
MYA), and P. pardus (4.35 MYA) by the same method. 
Moreover, we tested our results using the program MEGA 
3.1 using four well-established vertebrate calibration points. 
In particular, the divergence event and radiation of P. uncia, 
which is a unique species of the Qinghai-Tibetan Plateau,  

 

 

Figure 4  ML and Bayesian tree based on 21 complete mtDNA sequences (except the NADH6 gene and the control region). Divergence time of the genus 
Panthera was estimated based on Maximum likelihood branch lengths (A-Q) (Table 8) and four calibration points: (a) 68 MYA for Anatidae/Phasianidae 
[36]; (b) 70-60 MYA for D. virginiana/M. robustus [37]; (c) (55 ± 1.5) MYA for Equidae/Rhinocerotidae [35]; and (d) 55 MYA for Felid/Canids [35]. Num- 

bers above the branches indicate bootstrap values of ML and Bayesian probabilities. Numbers directly below the branches represent divergence times. 

Table 8  Maximum-Likelihood (ML) branch lengthsa) 

External Length SE Internal Length SE 

A. americana 0.11411 0.00339 A 0.03384 0.00293 

G. gallus 0.11442 0.00341 B 0.03521 0.00239 

S. camelus 0.10153 0.00318 C 0.11582 0.00428 

R. americana 0.09381 0.00307 D 0.09237 0.00344 

D. virginiana 0.14865 0.00413 E 0.22038 0.00565 

M. robustus 0.11490 0.00374 F 0.09510 0.00378 

E. caballus 0.03373 0.00178 G 0.12144 0.00441 

E. asinus 0.03821 0.00187 H 0.03688 0.00229 

R. unicornis 0.06028 0.00238 I 0.06418 0.00257 

C. simum 0.05701 0.00231 J 0.04222 0.00218 

C. familiaris 0.11648 0.00344 K 0.08233 0.00356 

U. maritimus 0.12463 0.00353 L 0.03632 0.00228 

A. jubatus 0.05731 0.00223 M 0.06636 0.00229 

F. cats 0.04916 0.00208 N 0.01944 0.00156 

P. pardus 0.03525 0.00174 O 0.01781 0.00149 

P. uncia 0.04312 0.00189 P 0.01731 0.00146 

P. tigris 0.04907 0.00206 Q 0.01611 0.00129 

N. nebulosa 0.06168 0.00229    

A. mississippiensis 0.10641 0.00358    

A. sinensis 0.09238 0.00346    

a) Calculation of ML branch lengths and standard errors (SE) were based on the tree in Figure 2C. The tree was established by analysis of 21 complete 
mtDNA sequences (except the NADH6 gene and the control region). 
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mostly correlated with the geological tectonic events and 
intensive climate shift that happened at 8, 3.6, 2.5, and 1.7 
million years ago (MYA) of the late Cenozoic period.  

3  Discussion  

3.1  General features of genus Panthera mtDNA 

Similar to other mammals, base G was is used the least of 
the four bases, while A is used the most; the three mtDNA 
genomes are AT rich. In fact, AT bias is distinctly observed 
in the mtDNA of vertebrates, especially in the control 
region [42]. The same case was found in F. catus, A. 
jubatus, and N. nebulosa. 

Protein translation is generally initiated by the start 
condon ATG (Met), similar to the initial codons of most 
vertebrate mitochondrial protein-coding genes [43], except 
for ND2, which uses ATC (Ile), and ND3/ND5, which use 
ATA. It was noticeable that the stop codons of the Cyt b 
gene in three felids are all AGA, which is different from 
other protein-coding genes. This case occurs in most 
mammals, such as canis [44] and rabbit [45]. However, the 
Cyt b genes are often terminated with T, TA, TAA or by no 
stop codon in amphibians [46], reptiles [47] and Aves [42]. 
Therefore, the Cyt b gene seems to tend to terminate with 
AGA in the mtDNA of mammals, which is distinctive from 
other families, while the start and stop codons in the other 
protein-coding genes are often unbiased among species. 

The typical length of tRNA genes is about 59–75 bp in 
vertebrates [19,20]. In the three mtDNA genomes, the 
shortest tRNA is tRNASer(AGY) and the longest one is 
tRNAAsn. All the tRNAs in the three genomes could be 
folded into a cloverleaf secondary structure, as in most other 
mammals, the only exception is tRNASer(AGY) that lacks the 
‘‘DHU’’ arm [48].  

3.2  Monophyly and phylogenetic placement of Neofelis 
nebulosa 

Until now, several different hypotheses (Table 9) existed for 
the phylogenetic relationships in the genus Panthera. Tradi-
tionally, the genus Panthera consisted of P. tigris, P. uncia, 
P. pardus, P. leo, P. onca and excluded N. nebulosa. These 
species have been classified into the same genus because of 
a specialized jaw structure (flexible hyoid process) that 
consistently appears in most members of this group. The 
relationship between N. nebulosa and Panthera was also 
observed in prior studies. N. nebulosa has been placed 
within the genus Panthera as the sixth species based on 
morphological and molecular data [15,49]; King et al.[ 50 ] 
and O’Brien et al.[51 ] obtained the same result based on 
the SRY (sex-determining region on the Y chromosome) 
gene and Genomic paw prints. The possible sister species 
status of N. nebulosa and P. tigris was proposed by 
Janczewski et al.[18] from mt 12SrRNA and cyt b. Howev-
er, N. nebulosa was included within Panthera genus as sis-
ter species of (P. leo (P. pardus, P. uncia)) by Yu et al.[52] 
based on the sequences of two nuclear DNA genes. Phylo-
genetic analyses in the present study were deduced from 
combined mtDNA sequences using MP, ML, and Bayesian 
method, and resulted in a new monophyly relationship of 
the Panthera genus: N. nebulosa (P. tigris (P. onca (P. 
pardus (P. leo, P. uncia)))) (Figures 2–4). N. nebulosa con-
sistently occupied the most basal position in MP, ML, and 
Bayesian trees (Bootstrap values 100%, Bayesian probabili-
ties 1.00). Our analyses support the view that N. nebulosa 
should be included within the Panthera genus as the basal 
member.  

3.3  Interspecific relationship of the genus Panthera 

The evolutionary relationships of the species within the ge- 

Table 9  Evidence from previous studies phylogenetic relationship among the genus Panthera 

Evidence Phylogeny Reference 

Morphology P. uncia, P. tigris, (P. pardus, P. leo, P. onca) [56] 

Morphology P. uncia (P. tigris (P. pardus, P. leo, P. onca)) [8] 

Molecular (N. nebulosa, P. tigris) ((P. uncia, P. onca ) (P. pardus, P. leo)) [18] 

Molecular N. nebulosa (P. uncia (P. tigris, P. onca, P. pardus, P. leo)) [15] 

morphological, molecular N. nebulosa (P. uncia (P. tigris (P. onca (P. pardus, P. leo)))) [49] 

Molecular, Morphology and Karyological N. nebulosa (P. uncia (P. pardus (P. leo (P. tigris, P. onca)))) [60] 

Chemical signals (P. tigris, P. uncia) (P. onca (P. pardus, P. leo)) [14] 

Molecular (P. tigris, P. uncia) (P. onca (P. pardus, P. leo)) [41] 

Molecular N. nebulosa (P. tigris (P. onca (P. leo (P. uncia P. pardus)))) [58] 

Molecular N. nebulosa ((P. uncia P. tigris) (P. pardus (P. leo , P. onca))) [1] 

Molecular N. nebulosa (P. leo (P. uncia (P. pardus (P. onca, P. tigris)))) [61] 

Molecular N. nebulosa (P. tigris (P. uncia (P. onca, P. leo, P. pardus))) [59] 

Molecular P. tigris (N. nebulosa (P. leo (P. uncia P. pardus))) [52] 

Molecular N. nebulosa (P. uncia, P. tigris, P. pardus, P. leo, P. onca) [50] 

Molecular N. nebulosa ((P. tigris, P. uncia) (P. onca (P. pardus, P. leo))) [51] 

Molecular N. nebulosa ((P. tigris, P. uncia) (P. onca, P. pardus, P. leo)) [62] 
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nus Panthera have been the focus of intensive study for 
many years. However, some of the most important rela-
tionships at the species level within this group were still 
unresolved due to the extremely recent speciation (1–2 
MYA) [53,54]. For instance, the earliest Panthera fossil 
from the East African Pleistocene (2 MYA) displayed a 
close relationship between P. leo and P. tigris. Neff [55] 
and Hemmer [56] thought that P. leo and P. onca were 
closer according to a fossil of the North American lion, 
Panthera atrox (30000 years old), as well as a fossil of a 
European Pleistocene cat, Panthera gombaszoegensis (2 
MYA). Pocock [57], however, suggested that P. pardus and 
P. onca exhibit a close relationship based on morphological 
characteristics of extant representatives. Some controversy 
still exist on whether or not P. uncia should be included in 
the genus Panthera, because it lacks the flexibility in the 
hyoid process and because of morphological similarities to 
A. jubatus, which also lacks this specialization. 

Based two combined sequences, MP, ML, and Bayesian 
methods of phylogenetic analyses consistently yielded a tree 
with the same topology (Figures 2 and 3) in this study. The 
10 cat species used in the phylogenetic analyses were di-
vided into two supported major groups. Group I comprised 
6 species. N. nebulosa occupied the most basal position at 
the branch of the tree, followed by P. tigris, P. onca, P. 
pardus, and then last two most recently diverged sister spe-
cies, P. leo and P. uncia. Group II contained three panthe-
rine cats and the domestic cat. Our analyses indicated that N. 
nebulosa was included within the Panthera genus. P. tigris 
was the sister taxon to the other members of Panthera 
within the clade, which contains the other members of the 
genus; The position of P. tigris and P. onca were different 
from the previous molecular analysis obtained by Yu et   
al. [58] and Pecon-Slattery et al.[59] (Table 9). P. pardus 
was weakly supported as the sister taxon to P. leo and P. 
uncia in MP, ML, and Bayesian trees. The most interesting 
and novel finding of this study was that P. uncia and P. leo 
are probably sister species; this relationship was supported 
by MP and ML bootstrap values, and by Bayesian probabil-
ities based on combined sequences. Many biologists have 
studied the evolution and phylogeny of P. uncia in previous 
studies. P. uncia was placed as the most basic taxon in ge-
nus Panthera by Johnson and O’Brien et al. [15] using 
partial mt16S rRNA and ND5 genes. Mattern and McLen-
nan [60] obtained the same result based on partial mt12S 
and 16S rRNA, ND5, and Cyt b genes combined with mor-
phological and karyological characters. Yu et al. [58] sug-
gested that P. uncia and P. pardus was sister species based 
on the combined analysis of six genes (ND2, ND4, ND5, 
cytb, 12S, and 16S rRNA) and three nuclear DNAs 
(-fibrinogen, IRBP, and TTR). Buckley-Beason et al. [61] 
thought that P. uncia was the sister taxon to the other three 
Panthera species (P. pardus, P. onca, and P. tigris) based 
on analysis of combined mtDNA (ATP8, Cyt b, ND5, and 
the control region) and nuclear gene segments (ATP-7A, 

BGN, HK1, IDS, and PLP). However, Jae-Heup et al. [41] 
suggested that P. uncia was the closest relative of P. tigris 
based on the complete mtDNA control region. P. uncia has 
also been alternatively hypothesized as the sister species of 
P. tigris based on analysis of chemical signals [14], com-
bined nuclear DNA (combining 19 autosomal, five X-linked, 
and six Y-linked genes and representing 18853 bp) [1], 
Genomic paw prints [51] and combined dataset (the auto-
somes, both sex chromosomes and the mitochondrial ge-
nome and representing 47.6 kb) [62]. Our phylogenetic 
analyses strongly support the closest affinity between P. 
uncia and P. leo, which is obviously different to the rela-
tionship between the two species presented in all previous 
studies. In conclusion, although the precise relationships 
among the genus Panthera were not well resolved in our 
analyses, the combined mtDNA data, however, provided 
insightful understanding of the evolution of the genus Pan-
thera.  

3.4  Divergence time estimation 

Molecular dating of the genus Panthera radiation had been 
attempted in several previous studies. Moreover, the results 
were slightly different based on different methods used. 
Discrepancies between molecular and paleontological esti-
mates of the divergence time of the genus Panthera have 
been recently pointed out [1,15]. According to current 
paleontological evidences, the earliest Panthera fossil from 
the East African Pleistocene, as well as fossils of a Europe-
an Pleistocene cat Panthera gombaszoegensis, was about 2 
MYA. Early dating information based on molecular data 
suggested that the genus Panthera diverged within 1-2 
MYA [54,55]. However, Janczewski et al.[18], using 12S 
rRNA and Cyt b sequences, made a detailed estimation of 
the divergence time for the Pantherine lineage and con-
cluded that the genus Panthera diverged within the last 3 
MYA. Bininda-Emonds et al.[49] thought that the extant 
species within the genus Panthera radiated between 4.2 and 
2.1 MYA, based on combined phylogenetic information. On 
the basis of a cladistical analysis of various skeletal and 
anatomical characters, fossil remains, and biogeography, 
some scientist suggested that cats of the genus Panthera 
probably evolved within the last 5 million years or so [54]. 
The standpoint of Johnson et al.[1] was that available fossils 
underestimate the first occurrence by an average of 76% or 
73%, and by an average of 79% for intra-Panthera diver-
gence time, by analyzing autosomal, X-linked, Y-linked, 
and mitochondrial gene segments and 16 fossil calibrations.  

The divergence times of N. nebulosa and the genus Pan-
thera from other species of Felidae occurred at about 11.3 
MYA. N. nebulosa was first split from other felid species, 
which occurred at about 8.66 MYA, with a rough range of 
9.3–5.2 MYA. The divergence within the genus Panthera 
was about 10 to 1 MYA, this divergence occurred during 
the late Miocene and early Pliocene periods. The time of 
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divergence of P. tigris from the genus Panthera was 6.55 
MYA, with a rough range of 6.8–2.6 MYA. The time of the 
split for P. pardus was 4.35 MYA, with a rough range of 
4.6–1.82 MYA, and the time of the split for P. uncia was 
4.63 MYA, with a rough range of 4.8–1.2 MYA. These di-
vergence times were older than those indicated by fossil 
records: P. tigris was estimated at 1.6–1.8 MYA [54,56] 
and P. pardus was estimated at 1.3 MYA [63]. Our estima-
tion of the divergence times of the genus Panthera show 
good agreement with other recent estimations [1,18,49].  

3.5  Relationships between cladogenetic events and spe-
ciation of P. uncia and uplift of the Qinghai-Tibetan 
Plateau 

The divergence time of P. uncia, a unique species of the 
Qinghai-Tibetan Plateau, was consistent with the uplift of 
the Qinghai-Tibetan Plateau and climate shift. Geological 
studies indicated that rising of the Qinghai-Tibetan Plateau 
was a multistage, multispeed, and heterogeneous process of 
in southwestern China. In particular, the tectonic events and 
intensive uplift that happened at about 8, 3.6, 2.5, and 1.7 
MYA significantly impacted the formation of the plateau 
and the climate shift [64]. Molecular estimates of diver-
gence times revealed that the major cladogenetic events of 
P. uncia occurred at these phases. At about 8 MYA, many 
environmental events and climatic changes happened in 
most areas of the Northern Hemisphere, such as enhanced 
upwelling in the Arabian Sea, and signified the onset or 
enhancement of the Indian monsoon [65]. Strong faulting of 
the Yangbajing Graben in northwestern Lahsa also hap-
pened during this period [66], as did the stratigraphical 
permanent color change and intensive arid climate devel-
opment of the Linxia Basin (7.78–6.25 MYA) [67], the cli-
mate drying of the Asian inland, and the onset of both the 
Indian and Eastern Asian monsoons [68]. All these events 
indicated that intensive changes of the environment oc-
curred on the Qinghai-Tibetan Plateau at about 8 MYA. At 
this time, Panthera originating from Asia had differentiated 
from the Felidae at 11.3 MYA.  

The main uplift of the northwestern Qinghai-Tibetan 
Plateau began at 4.5 MYA [69]. The main period of salt 
formation was after 3.5 MYA in the Qaidam Basin. The 
current type of Asian monsoon began at 3.6 MYA [64, 68]. 
The period was named the Qinghai-Tibetan Plateau Move-
ment A Phase [69]. P. uncia diverged from other species of 
Panthera genus (4.63 MYA) during this period; the primi-
tive ancestor of P. uncia entered the rising Qinghai-Tibet 
Plateau due to some kind special or accidental opportunity 
and began its struggle for existence in the plateau environ-
ment. This was the first stage of the evolution of P. uncia.  

The Asian monsoon was stably established at about 2.6 
MYA, this period was named the Qinghai-Tibetan Plateau 
Movement B Phase [70]. Along with gradually stabilizing 
ecological conditions, P. uncia developed important mor-

phological, behavioral, and physiological adaptations to the 
plateau environment in the long-term struggle for existence. 
This period, which was possibly the most important period 
for P. uncia evolution, was the second stage of the evolution 
of P. uncia.  

The main speciation events of P. uncia occurred mostly 
after 1.7 MYA. Violent climate shift on the Qinghai-Tibetan 
Plateau happened at about 1.7 MYA, and the Qinghai-Tibet 
Plateau reached an altitude close to its current level. This 
period was called the Qinghai-Tibetan Plateau Movement C 
Phase [70]. At the same time, P. uncia that was distributed 
in the tableland radiated to the surrounding area and 
evolved into a Plateau endemic species. The main diver-
gence event and radiation of P. uncia was corresponded 
well to the geological tectonic events and intensive climate 
shifts, implying that the evolution of P. uncia was in close 
connection with the marked environmental changes accom-
panied the step-by-step rising of Qinghai-Tibetan Plateau. 
The evolutionary process and distribution pattern P. uncia 
were direct results of their adaptation to environmental and 
climatic changes on the plateau. 
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