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Abstract The complete mitochondrial genome (mtDNA)
of snow leopard Panthera uncia was obtained by using the
polymerase chain reaction (PCR) technique based on the
PCR fragments of 30 primers we designed. The entire
mtDNA sequence was 16 773 base pairs (bp) in length, and
the base composition was: A—5,357 bp (31.9%); C—
4,444 bp (26.5%); G—2,428 bp (14.5%); T—4,544 bp
(27.1%). The structural characteristics [0] of the P. uncia
mitochondrial genome were highly similar to these of Felis
catus, Acinonyx jubatus, Neofelis nebulosa and other mam-
mals. However, we found several distinctive features of the
mitochondrial genome of Panthera unica. First, the termi-
nation codon of COIII was TAA, which differed from those
of F. catus, A. jubatus and N. nebulosa. Second, tRNAS
(AGY), which lacked the ‘‘DHU’’ arm, could not be folded
into the typical cloverleaf-shaped structure. Third, in the
control region, a long repetitive sequence in RS-2 (32 bp)
region was found with 2 repeats while one short repetitive
segment (9 bp) was found with 15 repeats in the RS-3 region.
We performed phylogenetic analysis based on a 3 816 bp
concatenated sequence of 12S rRNA, 16S rRNA, ND2,ND4,
NDS5, Cyt b and ATPS for P. uncia and other related species,
the result indicated that P. uncia and P. leo were the sister
species, which was different from the previous findings.
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Introduction

The content of the animal mitochondrial genome, including 13
protein-coding genes, two rRNA genes, and 22 tRNA genes, as
well as a control region, is highly conserved among most
vertebrates [1]. Complete mitochondrial (mt) DNA sequence
data contain information for study of molecular dynamics,
comparative of genetics and evolution of species [2—4]. Many
vertebrate complete mtDNA genomes have been sequenced
since the human mitochondrial genome was sequenced [5].
These mitochondrial genome data have promoted research on
molecular issues of animal evolution [6]. The partial compar-
isons of mtDNA at the population and species level were
employed to resolve ancient phylogenetic relationships [7, §].
Nevertheless, the use of complete mtDNA is essential for
phylogenetic study because using different individual mtDNA
gene might provide different answers to phylogenetic ques-
tions [9-11]. Thus, comparing complete animal mitochondrial
genome sequences is now common for phylogenetic recon-
struction and as a model for genome evolution. Not only were
they much more informative than shorter sequences of indi-
vidual genes for inferring evolutionary relatedness, but these
complete animal mitochondrial genome data also provided sets
of genome-level characteristics, such as the relative arrange-
ments of genes, which could be especially powerful in inferring
phylogenetic relationship [12].

Thirty-eight cat species of Felidae were generally divided
into the pantherine, domestic cat, and ocelot lineages [7, 13].
The pantherine lineage is consisted of five big cats of the genus
Panthera and many median-sized cat species. The lineage is
the most recently evolved within 1~8MYA [14] and the
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largest felid group which has demonstrated great confusion in
their taxonomy and phylogeny [15—17]. So far, the complete
mtDNA sequences of only three feline species (Felis catus,
Acinonyx jubatus, Neofelis nebulosa) have been reported
[18-20]. But the data were not enough to explain the phylo-
genetic relationships of Felidae. In present study, we sequence
the complete mitochondrial genome of P. uncia and compare it
with the mtDNAs of other feline species. It will contribute to a
further understanding the evolution and phylogeny of Felidae
to append the complete mitochondrial genome of P. uncia to
the databases.

Materials and methods
DNA samples, extraction and PCR amplification

Skin of P. uncia was collected from Ningguo, Anhui
Province, China. The sample was stored at —80°C in

Animal Conservation Biology Laboratory, College of Life
Sciences, Anhui Normal University.

Mitochondrial DNA of P. uncia was extracted from a
piece of skin tissue using GENMED mtDNA Extraction Kit.
Two major steps, isolation of mitochondria and mitochon-
drial DNA extraction, were included (GENMEN Scientifics
Inc., USA). According to the instruction of Extraction Kit,
the step of crushing of skin tissue was carried out under ice-
bath condition. Other extraction steps were performed at
4°C. Moreover, as compared the mtDNA sample with the
total DNA by agarose gel electrophoresis, no interference
from the total DNA was observed. Based on the complete
mtDNA sequences of F. catus (NC_001700), A. jubatus
(AY463959), N. nebulosa (DQ257669) and some partial
sequences of P. tigris (DQ151550), we successfully
designed 30 pairs of primers for amplifying the complete
mitochondrial genome sequences of P. uncia using Oligo 6.0
[21] (Table 1). PCR reactions were performed in the MJ

Table 1 Primers designed for

amplifying and sequencing the Primer Forward primer sequence (5'—3) Reverse primer sequence (5'—3') Annealing
complete mitochondrial genome name temperature
of P. uncia UI-F/R  TGAAAATGCCTAGATGAG ATCTTCTGGGTGTAAGCC 54.0°C
U2-F/R  AATATGTACAYACCGCCCGTC ATTACGCTACCTTYGCACG 54.5°C
U3-F/lR  AACTCGGCAAACACAAGCC TCGTTCAACTAGGGTTAGG 55.0°C
U4-F/R TCAGAGGTTCAATTCCTC TAGGATTAGGTTCGATTCC 54.0°C
U5-F/R CAAGYATCCCACCTCAAAC CAGCCTATATGGGCGATTG 55.0°C
U6-F/R  CCTACTCCTAACAATATCC AGCAGTCCCTACTATACC 56.0°C
U7-F/R  CAGTCTAATGCTTACTCAGC AGTATGCTCGTGTGTCTAC 55.0°C
US-F/R  ATCGTCACCTACTACTCC GTGGTCGTGRAAGTGTAG 55.0°C
U9-F/R TGGTTTCAAGCCAATGCC GATGTATCTAGTTGTGGC 54.0°C
U10-F/R GTTCTTGAATTAGTYCCCC GTTATAAGGAGGGCTGAAAG 53.0°C
Ul1-F/R TGCTGTAGCCCTAATCCAA TGTCTGTTTGTGAGGCTC 56.0°C
U12-F/R TATGAGTGCGGATTTGACCC CGTTCCGTTTGATTACCTC 53.0°C
U13-F/R TCTAGTAGGCTCACTACC GGTTCCTAAGACCAATGGA 52.0°C
Ul4-F/R GAACTGCTAATTCATGCCTC GTAGAAAYGCGAGGTAAG 53.0°C
U15-F/R GCTATCTGTGCTCTCACAC ARTAAGAGTARGCTGAGGG 54.0°C
Ul6-F/R TGAGCCAAAARTCCGCATC GTGCCAAAGTTTCATCAYG 53.5°C
Ul7-F/R CCCTCAGAATGATATTTGTCCTA TGAGATCTGAAAAACCATCGTTG 53.0°C
U18-F/R GCTCCTACACCTTCTCAG GCACAGTATGGGTATATG 56.0°C
U19-F/R TCAAGGAAGAAGCAACAGCC GGTCATAGCTGAGTCATAGC 52.0°C
U20-F/R ACTGTGGTGTCATGCATTTGG GACTCATCTAGGCATTTTCAG 55.0°C
U21-F/R GTCTCTCATTCTATTTATCGGGTC GGGAATAATGCCTGTTGGT 53.0°C
U22-F/R CGAGACATTATCCGAGAAA TTCAGTTCACTCTAGTCCTT 52.0°C
U23-F/R CACGAGAAAACGCCTAAT GACCCAGAGCACATCAATAA 53.0°C
U24-F/R ACCACCAGCCACAATCAAA TGGATCGGAGGATTGCGTAT 52.0°C
U25-F/R TCCAGGTCGGTTTCTATCTA TAGGATGGGTGCTGTGATGAAT  53.1°C
U26-F/R CTCTAAGTAAGCCCTATA GCATGGGCAGTAACTACTA 55.0°C
U27-F/R  ACACCTATTCTGATTCTTCG GAGAATTAAGATGATGGCTGGT ~ 54.0°C
U28-F/R TCAAGCCAATACCATAACCACT  TCCTATTATTGTTGGGGTA 53.0°C
Note: Y =CorT,R=AorG,  U29-F/R ACATGCCACAGTTAGATAC TTTGAGTGATAGAAGGCCCAGA  53.0°C
K=GorT,M=AorC, U30-F/R CCACTGCCATACTCATACCAAT — GTCTTTTGGTAGTCACAGGT 54.0°C

respectively
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Model PTC-200 thermal cycler with the following condi-
tions: 95°C for 5 min, 30 cycles of 94°C for 50 s, 52-56°C
for 1 min, 72°C for 1 min; 72°C for 10 min. Each reaction
included 19 pl sterile distilled water, 3 pl 10x PCR Buffer,
2 pl ANTP (2.5 mM), 2 wl MgCl, (25 mM), 1 pl of each
primer (10 pM), 1 unit of Taq DNA polymerase (Promega)
and 1 pl of template for a total reaction volume of 30 pl. The
resultant PCR fragments were electrophoresed on a 1%
agarose gel.

DNA sequencing, alignment and analyses

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 with the primer walking method. Then, the sequences
of P. uncia were submitted for BLAST searching [22] to
ensure that the required sequences had been amplified.
Nucleotide sequences were analyzed with CLUSTAL X
program (1.8) [23] and refined by visual inspection. Manual
adjustments of protein-coding nucleotide sequences align-
ments were facilitated through translation to amino acid
sequences. The locations of 13 protein-coding genes were
identified using software SEQUIN (Version 5.35, 2004) and
2 ribosomal RNA genes were determined by comparing the
corresponding sequence of F. catus and homologous
sequence of other Felidae mtDNAs. The tRNA genes were
identified using software tRNA Scan-SE 1.21 (http://
lowelab.ucsc.edu/tRNAscan-SE) with their cloverleaf sec-
ondary structure and anticodon sequences presumed using
DNASIS (Version 2.5, Hitachi Software Engineering). The
complete nucleotide sequence of mitochondrial genome of
P. uncia was submitted to GenBank with the accession
number EF551004.

Table 2 Species in phylogenetic analyses

Molecular phylogenetic analyses

In order to clarify the phylogenetic relationship of P. uncia,
we constructed the phylogenetic tree based on the concat-
enated 7 mitochondrial genes of 10 species with the data
set obtained from GenBank (Table 2). Canis familiaris was
used as the outgroup. The data set were subjected to two
different methods of phylogenetic reconstruction: maxi-
mum likelihood (ML) and Bayesian inference (BI)
methods. The ML analyses were performed using
PAUP#*4.0b10 [24], the best-fit model of DNA substitution
was estimated using ModelTest ver. 3.6 [25, 26] and a
general-time-reversible + gamma + invariant  (GTR +
I+ G, G=1.8671, I =0.5549) model proposed under
AIC consideration. MrBayes ver. 3.0b4 [27] was used for
BI analyses. For BI analyses, the following settings were
applied: number of Markov chain Monte Carlo (MCMC)
generations = 400,000 and sampling frequency = 1000.
For the Bayesian analyses, we used posterior probabilities
as indicators of node confidence. Because these represent
the true probabilities of the clades [28], probabilities >95%
were considered to be significant [29]. The robustness of
ML trees topologies was tested using bootstrap analyses
[30] with 1,000 replicates [31]. We considered topologies
with bootstrap values >70%to be sufficiently supported,
and those with values between 50 and 70% to be weakly
supported [32].

Results and discussion
Complete mitochondrial genome content and structure

The numbering and determination of the gene boundaries
within the mitochondrial genome were performed on the

Scientific name 12S rRNA 16S rRNA ND2 ND4 ND5 Cyt b ATPS
Panthera uncia EF551004 EF551004 EF551004 EF551004 EF551004 EF551004 EF551004
Panthera pardus AM779888 AF006443 AY634383 AY634395 AF006444 EF437590 DQ899943
Panthera tigris DQ151550 DQ151550 DQ151550 AY634396 AF006460 EF437588 DQ899931
Panthera onca AYO012151 AF006441 AY634391 AY634403 AF006442 EF437582 DQ899924
Panthera leo S9300 AF006457 AY170043 AY634398 AF006458 S$79302 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
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basis of mitochondrial genome of F. catus [18]. The
mitochondrial genome organization of P. uncia was shown
in Fig. 1. The entire complete nucleotide sequence of
mitochondrial genome of P. uncia was 16 773 bp in length
containing 13 protein-coding genes, 12S and 16S ribo-
somal RNA genes, 22 transfer RNA genes, as well as
noncoding regions (including the control region), the base
composition was as follows: A 5 357 bp (31.9%), C 4
444 bp (26.5%), G 2 428 bp (14.5%), T 4 544 bp (27.1%);
A+ T 9901 bp (59%), G + C 6 872 bp (41%). [0] The
sequence showed a higher homology[0] compared to
F. catus, A. jubatus and N. nebulosa.

Protein-coding genes

All the 13 protein-coding open reading frames (ORF) were
included in mitochondrial genome of P. uncia with the
same organization and no major rearangements, which
were found in other mammalian mitochondrial genomes as
well [6, 33, 34]. The longest one was ND35 gene (1821 bp),
while the shortest one was ATP8 gene (204 bp). All the
protein-coding genes were encoded in H-strand except
ND®6, in L-strand. ND2 was started with ATC, [0] which
was different from F. catus, A. jubatus, and N. nebulosa.
ND3 and ND5 were started with ATA; and the rest of them
were started with ATG. These characteristics of the initial
codons were homologous to most vertebrate mitochondrial
protein-coding genes [35]. The termination codons were
TAA, except Cyt b ended with AGA, ND3 ended with TA

Panthera uncia

mtDNA
16,773 bp

Fig. 1 Complete mitochondrial (mt)DNA organization of P. uncia.
Gene abbreviations used were 12S, 12S rRNA; 16S, 16S rRNA;
ND1-6, NADH dehydrogenase subunits 1-6; COI-III, cytochrome
oxidase subunits I-11I; ATP6 and ATP8, ATPase subunits 6 and 8; cyt
b, cytochrome b; Transfer (t)RNA genes were identified by single
letter of amino acid codon. OyxR and O R stand for the heavy-strand
replication origin and the light-strand replication origin, respectively.
Except for ND6, all protein genes were H-strand-encoded
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and others ended with single T, which were also homolo-
gous to those of most mammals. However, the termination
codon of COIIl was TAA, which was different from
F. catus, A. jubatus and N. nebulosa.

It was known that imcomplete termination codons (T or
TA) were completed by PolyA of the 3’ end of mRNA after
transcription [36]. Thus, the incomplete termination codons
in the mtDNA of P. uncia should be terminated with UAA.
It was noticeable that the termination codons of the Cyt b
genes in F. catus, A. jubatus, N. nebulosa and P. uncia
were all AGA. The Cyt b genes were terminated with
AGA, which seemed to typically occur in most mammals,
such as Canis [6], pig [33], and rabbit [34], and was dis-
tinctive from other animals, such as amphibians [37, 38],
reptiles [39—41], Aves [42] and Nematoda [43], which
often had Cyt b genes terminated with T, TA, TAA, or
even with no termination codons at all. Such situations did
not happen in other protein-coding genes, the starting and
termination codons of which often appeared undiversified
among species.

In addition, coding sequences overlapped between
ATP8 and ND6, ND4 and ND4L, and ND5 and ND6 genes,
respectively. The light strand encodes the ND6 gene and
the tRNAs Glutamine, Alanine, Aspargine, Cysteine,
Tyrosine, Serine UCN, Glutamic acid and Proline. The
pattern of codon usage in the P. uncia mitochondrial
genome follows the preference patterns observed in other
mammalian mtDNA sequences.

Ribosomal and transfer RNA genes

Located between tRNA™ and t(RNAY™, the 12S rRNA
gene of P. uncia was 960 bp, the same length as of F. catus
and A. jubatus, 2 bp longer than of N. nebulosa. But it was
more conserved than that of F. catus and A. jubatus, and
only 71 sites were variable, accounting for 7.6%. The 16S
rRNA gene of P. uncia, located between tRNAY? and
tRNAM" (WUR yas 1 580 bp and was 6, 8 and 7 bp longer
than the ones in F. catus, A. jubatus and N. nebulosa,
respectively. The 16S rRNA gene was much more con-
served than the 12S rRNA gene, with only 7.1% of sites
varying from F. catus and A. jubatus.

A total of 22 tRNAs were found in the mtDNA of P. uncia,
including tRNAM" (VUR) RNALHCUN) (RNASer (VN and
tRNAS (AGY)_ The typical length of tRNA genes was about
59-75 bp in verebrates [18, 19]. In the mtDNA genomes of
P. uncia, the shortest tRNA was tRNASASY) (59 bp) and
the longest one was tRNA™" (73 bp). All the tRNAs in this
genome could be folded into a cloverleaf secondary structure
as in most other mammals, tRNAP™ (Fig. 2a) was a good
example while tRNASASY) (Fig. 2b) was an exception
which missed the “DHU” arm [5, 9, 44].
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Fig. 2 (a) The secondary structure of tRNAPPe, (b) The secondary
structure of tRNASST (AGY)

Non-coding region

The control region (CR) of P. uncia was located between
tRNAP™ and tRNA™®, and contains only promoters and
regulatory sequences for replication and transcription, but no
structural genes. Tandem repeats generally occur in this
region. Jae-Heup et al. [45] studied the control region of
Panthera species and divided it into 3 parts: the left domain,
the central conserved region (CCR), and the right domain.
Hypervariable segment (HVS)-1 and repetitive sequence
(RS)-2 were in the left domain, whereas RS-3 and HVS-2
were in the right domain. Conserved sequence block (CSB)-
2 and (CSB)-3 were in HVS-2, (CSB)-1 was in CCR, which
was located between RS-2 and RS-3 (Fig. 3). By comparing
the CR sequence of P. uncia with those of F. catus, A. jubatus
and N. nebulosa [18, 20, 45], we identified a central con-
served region, a left domain with HVS-1 and RS-2 at the 5’
end, and aright domain with HVS-2 and RS-3 at the 3’ end of
the control region. It was notable that the length of RS-3 in
P. uncia was much shorter than those in F. catus, A. jubatus
and N. nebulosa. Yet, the length of HVS-1in N. nebulosa was
much shorter than those in F. catus, A. jubatus and P. uncia.

These results explained why the size of the control region of
P. uncia was much smaller than those of F. catus and
A. jubatus but was nearly equal to N. nebulosa, as well as why
the complete mtDNA of P. uncia was shorter than those of
F. catus and A. jubatus but was similar to N. nebulosa. In the
mtDNA control region, RS-2 consisted of long repetitive
motifs that were 80 bp in A. jubatus [46], whereas RS-3
consisted of short repeat units (usually 6-10 bp). In this
study, by comparing F. catus, A. jubatus and P. tigris [47],
one long repetitive segment (5'-TGTATATCGTGCATTAA
TCGCTAGTCCCCATG-3') was found in RS-2 with 2
repeats. The RS-3 sequence of P. uncia, which was com-
posed of short repetitive segments, was compositionally
similar to those of the other big cats. One example was that
the segment 5'-ACACGTACA-3' repeated 15 times. There
were two major opinions about the biological function of
repetitive segments. Some reports indicated that they had
regulative function in the course of replication and tran-
scription of mtDNA [48, 49]; however, Casane et al. [50]
thought that repetitive segments seemed to have no impor-
tant biological function, but just trifle sequences; the
function of the repetitive segments needs further research. In
addition, CSB-3 was considered to be conserved in the con-
trol region of P. uncia with no variable sites found. Jae-Heup
et al. [45] studied this region in several species of Panthera
genus, and only one variable position was found in P. tigris,
while 4 variable position was found in N. nebulosa [20].

Phylogeny of P. uncia

The ML and Bayesian methods of phylogenetic analyses
yielded a tree of same topology (Fig. 4). The 10 cat species
used in phylogenetic analyses were divided into two sup-
ported major groups. Group I comprised 6 species
belonging to the genus Panthera. N. nebulosa occupied the
most basal position the branch of the tree, followed by
P. tigris, P. onca, P. pardus, and then last two most
recently diverged sister species P. leo and P. uncia. Group

Fig. 3 Schseme of the P. fmcia e - . :3 8
mitochondrial control region, ;- & g 8 £
i O 268 448 <
showmg conservgfi blocks, the z 16198 16377 16479 1677310 0
location of repetitive sequences 9‘-’-_: L # ¢ 1
(RS), and other defined domains Cyt.h _ _‘ + 128 rRNA
} T
HVS-1 RS2 RS-3 HVS-2
Left domain Central conserved region Right domain
(CCR)
54 >3
Control Region
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Fig. 4 Phylogenetic tree based Canis familiaris
on analyses of concatenated 7 Neofelis nebulosa
mitochondrial gene segments 88 ..
(12S rRNA + 16S " o Panthera tigris Group I
rRNA + ND2 + Panthera onca
ND4 + ND5 + Cyt 91 78
b + ATPS). Analyses of ML Y} 58 Panthera pardus
and Bayesian produced the 57 92 Panthera leo
! —

ls)ame topology tree and 98 Panthera uncia
ootstrap values were above
branches, Bayesian probabilities 86 Felis catus
were below branches " "

03 74 Lynx lynx Group II

% _93: Puma concolor
10 98 Acinonyx jubatns

IT contained 3 pantherine cats and domestic cat. Panthera
was composed of five recognized extant species (P. tigris,
P. uncia, P. pardus, P. leo, P. onca) and N. nebulosa in
recent studies of molecular phylogeny [17, 51], however,
interspecific relationships within the genus have been
equivocal probably due to extremely recent speciation
(1~2MYA; [52, 53]). In this paper, our analyses indicated
that N. nebulosa was included as the most based member
within Panthera genus (ML, 88%; Bayesian, 98%).
P. tigris was the sister taxon to the other members of
Panthera, within the clade containing the other members of
the genus (ML, 95%; Bayesian, 91%). The position of
P. onca was clearly upheld in ML and Bayesian analyses
(ML, 78%; Bayesian, 94%), but P. pardus was weakly
supported as the sister taxon to P. leo and P. uncia in ML
(58%) and Bayesian trees (57%). The most interesting and
novel finding of this study was that P. uncia and P. leo was
probably sister species, this relationship was supported by
ML bootstrap values and Bayesian probabilities based on 7
combined genes (92%, 98% support in ML bootstrap val-
ues and Bayesian posterior probability). Many biologists
have studied the evolution and phylogeny of P. uncia, but
they had different findings based on different methods in
previous studies. P. uncia was placed as the most based
taxon in genus Panthera by Johnson and O’Brien [15]
using partial 16S rRNA and ND5 genes. Mattern and
McLennan [54] obtained the same result based on partial
12S and 16S rRNA, NDS5, and Cyt b genes with morpho-
logical and karyological characters. Jae-Heup et al. [45]
suggested that P. uncia was the closest relative of P. tigris
based on complete mtDNA control region. P. uncia has
also been alternatively hypothesized as the sister species of
P. tigris based on analysis of chemical signals [55] and
combined nuclear DNA (combined 19 autosomal, five
X-linked, six Y-linked = 18,853 bp) [17]. However, Li
et al. [16] suggested that P. uncia and P. pardus were sister
species based on combined six genes (ND2, ND4, ND5,
cytb, 12S and 16S rRNA) and three nuclear DNAs

@ Springer

(p-fibrinogen, IRBP and TTR) analyses. Buckley-Beason
et al. [56] thought that P. uncia was the sister taxon to the
other three Panthera species (P. pardus, P. onca, P. tigris)
based on analysis of combined mtDNA (ATPS, Cyt b, ND5
and control region) and nuclear gene segments (ATP-7A,
BGN, HKI, IDS and PLP). Our phylogenetic analyses
using seven mtDNA genes sequences strongly supported
the close affinity between P. uncia and P. leo. In conclu-
sion, although precise relationships among the genus
Panthera were not well resolved in this study, the com-
bined mtDNA data, however, provided insightful
understanding of Panthera’s evolution.
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