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ABSTRACT. Many mitochondrial DNA sequences are used to estimate 
phylogenetic relationships among animal taxa and perform molecular 
phylogenetic evolution analysis. With the continuous development 
of sequencing technology, numerous mitochondrial sequences have 
been released in public databases, especially complete mitochondrial 
DNA sequences. Using multiple sequences is better than using single 
sequences for phylogenetic analysis of animals because multiple 
sequences have sufficient information for evolutionary process 
reconstruction. Therefore, we performed phylogenetic analyses of 14 
species of Felidae based on complete mitochondrial genome sequences, 
with Canis familiaris as an outgroup, using neighbor joining, maximum 
likelihood, maximum parsimony, and Bayesian inference methods. The 
consensus phylogenetic trees supported the monophyly of Felidae, and 
the family could be divided into 2 subfamilies, Felinae and Pantherinae. 
The genus Panthera and species tigris were also studied in detail. 
Meanwhile, the divergence of this family was estimated by phylogenetic 
analysis using the Bayesian method with a relaxed molecular clock, and 
the results shown were consistent with previous studies. In summary, 
the evolution of Felidae was reconstructed by phylogenetic analysis 
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based on mitochondrial genome sequences. The described method may 
be broadly applicable for phylogenetic analyses of anima taxa.
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Evolutionary analysis

INTRODUCTION

Felidae is the biological family of the cat, and a member of this family is called a felid. 
The felid family consists of 2 major subfamilies: Pantherinae (which includes the tiger, the lion, 
the jaguar, and the leopard) and Felinae (which includes the cougar, the cheetah, the lynxes, the 
ocelot, and the domestic cat) (Johnson et al., 2006; Christiansen, 2008). Felidae includes more 
than 41 living species of felids worldwide, and all of these species have descended from the 
same ancestor. The ancestor likely lived in Asia during the Oligocene and then spread across 
continents through land bridges. Modern-day cat species originated during the late Miocene 
and evolved into the strictest carnivores of the 13 terrestrial families of the order Carnivora 
(Glazko and Nei, 2003; Yang and Yoder, 2003; Yu et al., 2004). However, because of the rapid 
and recent speciation events, few distinguishing dental and skeletal characteristics, incidents of 
parallel evolution, and the incomplete fossil record, determination of the evolutionary history 
and divergence of Felidae members is challenging (Weissengruber et al., 2002).

Traditionally, the evolutionary history of Felidae has been determined by morpho-
logical methods, e.g., skull and mandible shape (Christiansen, 2008; Mazák et al., 2011). 
Since the development of molecular biology techniques, many molecular approaches have 
been used for classification of Felidae; for example, comparative cytogenetics, albumin im-
munological distance determination, DNA-DNA hybridization, isoenzyme identification by 
2-dimensional gel electrophoresis, differential segregation of integrated retroviral sequenc-
es, sex chromosome-linked gene identification, and chemical signal determination. More 
recently, some molecules were introduced to delimit the phylogenetic tree of Felidae, such 
as introns, SINEs, CYP2D6, D-loops, and other mitochondrial genes (Johnson and O’Brien, 
1997; Pecon-Slattery et al., 2004; Yu and Zhang, 2005; Zhang et al., 2006). However, these 
genes are biased, and the phylogenetic trees may not be suitable, especially for large groups.

Mitochondrial DNA (mtDNA) is a small circular molecule of 15-20 kb and is con-
served in vertebrates. mtDNA is highly variable in structure, gene content, organization, and 
mode of expression in the different organisms (Grande et al., 2008; Flegontov et al., 2011). 
Therefore, mtDNA is regarded as the marker of choice for the reconstruction of phylogenetic 
relationships among vertebrates, population genetics, and molecular evolution analysis. The 
37 genes in the mitochondrial genome include 13 protein-coding genes, 22 tRNA-encoding 
genes, 2 rRNA-encoding genes, and a regulatory region (D-loop). Because the mitochondrial 
genome has several unique characteristics, including its small size, abundance in animal tis-
sues, strict orthology of encoded genes, and uniparental inheritance, mtDNA is a reliable and 
easy-to-use phylogenetic marker (Kan et al., 2010; Krajewski et al., 2010; Li et al., 2010; 
Md-Zain et al., 2010; Morin et al., 2010). Many phylogenetic trees have been constructed for 
animals. Most of these trees have been reconstructed from single genes or gene elements, e.g., 
the cyb gene and D-loop region. However, the evolutionary information encoded in single 
genes or genetic elements is limited, and the resulting phylogenetic analysis is thus biased.
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mtDNA sequences are rapidly accumulating in public databases, and there are 
numerous mitochondrial genomes in animal available in GenBank/EMBL/DDBJ. Therefore, 
more scientists study the evolution of organisms based on mitochondrial genome sequences. In 
Felidae, approximately 14 mitochondrial genomes from 2 subfamilies have been sequenced, 
and the mtDNA sequences are publicly available, enabling phylogenetic analysis.

In this study, we present phylogenetic analyses based on Felidae mitochondrial ge-
nomes retrieved from GenBank. We used molecular data to examine hypotheses of the evolu-
tion and classification of Felidae, focusing on the evolutionary relationship of subfamilies of 
the genus Panthera.

MATERIAL AND METHODS

Phylogeny and evolutionary analysis of Felidae

All Felidae mitochondrial genome sequences were downloaded from the NCBI website. 
The accession numbers of the 14 species of Felidae are listed in Table 1 (Wei et al., 2011; Zhang 
et al., 2011; Kitpipit et al., 2012). All protein-coding regions, tRNA-encoding regions, and rRNA-
encoding regions were identified by homology-based annotation. The mitochondrial genome se-
quence of Canis familiaris was also downloaded for use as an outgroup, and all sequences were 
aligned using ClustalW2 with manual adjustment (Larkin et al., 2007). The multiple sequence 
alignment of 15 genomes was the input into MEGA4 to perform evolutionary analysis (Ronquist 
and Huelsenbeck, 2003; Tamura et al., 2007). Neighbor joining (NJ) analysis with the bootstrap 
test (1000 replicates) was performed in MEGA using pairwise deletion for gaps and missing data. 
However, due to the lack of data partitioning of the GTR model in MEGA, the non-partitioned 
dataset and the best available Tamura-Nei model were used for the NJ reconstruction.

Species	 Accession No.

Panthera tigris altaica	 HM185182
P. tigris sumatrae	 JF357970
P. tigris tigris	 JF357968
P. tigris corbetti	 JF357971
P. tigris amoyensis	 NC_014770
P. uncia	 EF551004
P. leo persica	 JQ904290
P. pardus	 NC_010641
Neofelis nebulosa	 NC_008450
Prionailurus bengalensis euptilura	 NC_016189
Felis catus	 FCU20753
Puma concolor	 NC_016470
Acinonyx jubatus	 NC_005212
Lynx rufus	 NC_014456
Canis familiaris	 U96639

Table 1. Species and accession numbers of mitochondria genome sequences used in this study.

A Bayesian approach, implemented in MrBayes 3.1.2, was used to analyze nucleo-
tide and amino acid datasets using the GTR model with a gamma-distributed rate variation 
(Ronquist and Huelsenbeck, 2003). Four Metropolis-coupled Markov-chain Monte Carlo 
(MCMC) analyses were run twice for 10,000,000 generations, with sampling every 100 gen-
erations. After the first 2500 trees (25%) had been discarded as burn-in, the remaining 7500 
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sampled trees were used to estimate the 50% majority rule consensus tree and the Bayesian 
posterior probabilities. The results were visualized using Mesquite.

Estimation of divergence times in Felidae

Two calibration points for the Felidae family were used for the analysis (Johnson et al., 
2006). Calibration points enable the assignment of ages to nodes in the phylogenetic trees; the 
age of the oldest fossil approximates the minimum age of a node. The divergence times within 
the Felidae family were estimated using the Bayesian method implemented in BEAST, using a 
relaxed molecular clock (Drummond and Rambaut, 2007). BEAST was configured as follows: 
the substitution models were implemented using the GTR I+ +Γ  model, and 10,000,000 gen-
erations of MCMC steps were sampled every 5000 generations during two independent runs. 
The log output files were combined using LogCombiner 1.5.3, and the effective sample size 
values (>350) were adequate for all parameters. The convergence was assessed in Tracer 1.5, 
and the first 1000 samples (10,000,000 generations) were excluded as burn-in. The chronologi-
cal tree files were analyzed and visualized using TreeAnnotator 1.5.3 and FigTree 1.3.1.

RESULTS

Monophyly of Felidae

The NJ and Bayesian phylogenetic trees, based on mitochondrial genome sequences, 
have similar topology, as shown in Figure 1. The 2 subfamilies, Felinae and Pantherinae, are 
shown from bottom to top. The monophyly of Felidae was well supported, with a bootstrap val-
ue of 100% in NJ and a posterior probability of 1.00 in Bayesian. The phylogenetic tree showed 
that Felinae and Pantherinae diverged nearly simultaneously. The phylogenetic tree showed not 
only the phylogeny of the family but also the monophyly of the subfamilies, e.g., the subfamily 
Pantherinae, and the phylogenetic tree provided evolutionary information about Neofelis nebu-
losa, Panthera uncia, P. leo persica, P. pardus, and P. tigris. Furthermore, the phylogenetic tree 
could be used to determine classification of species, for example, P. tigris. The phylogenetic 
trees showed that P. tigris altaica diverged first, followed by P. t. amoyensis, followed by P. t. 
tigris, P. t. sumatrae, and P. t. corbetti, consistent with previous findings (Weissengruber et al., 
2002; Luo et al., 2004; Mazák et al., 2011). Felinae is divided into 2 main clades, corresponding 
to small- to medium-sized cats, including Felis catus and Prionailurus bengalensis, and larger 
animals, including Puma concolor, Acinonyx jubatus, and Lynx rufus.

Estimation of divergence times in Felidae

From 2 calibration points, the divergence times were estimated. The results are il-
lustrated in Figure 2. Felidae emerged 14 mya, and after divergence, subfamilies Pantherinae 
and Felinae emerged 9.96 and 9.13 mya, respectively. In subfamily Pantherinae, N. nebulosa 
emerged first, followed by P. tigris, P. uncia, P. leo persica, and by P. pardus, at 7.07, 5.21, and 
3.72 mya, respectively. P. tigris diverged within the last 2 million years, and Amur (Siberian 
tiger, P. t. altaica) emerged 2.38 mya; the Amoy (South China tiger, P. t. amoyensis) followed 
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Figure 1. Phylogenetic tree of the relationships among family Felidae based on whole mitochondrium genomes. 
Canis familiaris served as outgroup.

Figure 2. Phylogenetic tree of family Felidae and outgroup Canis familiaris based on the whole mitochondria 
genomes. The divergence times were estimated by Bayesian method, and they are shown on the labels of nodes.
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(approximately 0.94 mya), with the Indochinese tiger (P. t. corbetti), Sumatra tiger (P. t. su-
matra), and Bengal tiger (P. t. tigris). Meanwhile, based on the phylogenetic tree, Felinae was 
divided into 2 main clades: one originated 7.33 mya and included F. catus and P. bengalensis; 
another lineage diverged 6.97 mya with P. concolor, A. jubatus, and L. rufus.

DISCUSSION

In our study, we used mitochondrial genomes for phylogenetic analyses, which provided 
good phylogenetic resolution, spanning the entire evolutionary history of Felidae. The family was 
divided into 2 subfamilies, Felinae and Pantherinae, using all mitochondrial genome sequences, 
increasing the quality of the results. Although most of the phylogenetic tree was consistent with 
previous research, some clades were different compared with previous data, for example, the 
Panthera genus. The clouded leopard emerged first in the Panthera genus, followed by the tiger, 
and these clades were strongly supported by our data and previous data. The lion and leopard 
originated from a common ancestor after the snow leopard emerged; however, this occurred 
much earlier than the tiger in the phylogenetic tree constructed based on 16S rRNA and NADH 
binding-site-encoding gene sequences (Johnson and O’Brien, 1997). Based on fossil records, the 
snow leopard emerged later than the tiger. Therefore, our phylogenetic tree is more consistent 
with the evolution of Felidae (Johnson et al., 2006).

Combined with data for 3 fossils, the divergence times were estimated by molecular anal-
ysis, but the date obtained were inconsistent with paleogeographic data. The estimated dates were 
earlier than the dates suggested by the fossil records. The dates obtained from the fossils showed 
that the family Felidae appeared 10 mya, while the divergence time estimated by phylogenetic 
analysis suggested that the family appeared 14 mya (Johnson et al., 2006). Therefore, there was a 
large gap between the fossil record and the molecular estimation. The fossil used as the calibration 
point for Felidae is very rare; most fossils do not survive or have been lost. Moreover, most of 
Felidae comprises large animals such as the tiger, lion, and leopard, and these animals are rare in 
the wild; therefore, there are gaps between fossils, explaining the discrepancy between age deter-
mination using molecular estimations and fossil records (Weissengruber et al., 2002).

In conclusion, based on phylogenetic analysis using mtDNA, Felidae is divided into 
2 subfamilies, Pantherinae and Felinae. All species were grouped into these 2 subfamilies, 
and the phylogenetic relationships were well defined. Finally, the divergence times of Feli-
dae family members were determined by mitochondrial genome analysis. The time estimates 
were consistent with those estimated using other phylogenetic trees. However, the evolution 
of Felidae is complex and will require access to additional mitochondrial genome sequences.
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