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Abstract: Whole mitochondrial genome sequences have important applications for phylogenetic infer-
ence, population evolution, and population structure. In this study, we sequenced the entire mitochondrial
genome of a sun bear (Helarctos malayanus) from Peninsular (West) Malaysia using Illumina Miseq
technology and used 26 additional mitochondrial genomes from the Ursidae, including 5 sun bears, to
generate a phylogeny. The complete mitochondrial genome of the sun bear consisted of 16,770 base
pairs (bp), including 13 protein-coding genes, 2 ribosomal subunit genes, 22 transfer RNAs, and a
noncoding, adenine–thymine (AT) -rich control region. Maximum likelihood and Bayesian inference
phylogenetic trees revealed topologies identical to trees previously published using whole mitochondrial
genomes. Sun bears formed 2 distinct mitochondrial lineages, with the peninsular genome occupying a
clade separate from the clade including a sun bear from Yunnan, China. Within the control region, all
5 sun bear genomes differed at a microsatellite repeat region and all 5 genomes consistently lacked a
6-bp imperfect repeat, which is found in some bear species. Ursine phylogenies constructed with whole
mitochondrial genomes conflict with recent well-resolved coalescent trees employing whole genome
data. However, both phylogenies suggest a historical split in the sun bear lineage. Furthermore, the
inclusion of the peninsular sun bear mitochondrial genome suggests that this split does not conform
to the current subspecies delineation in sun bears. Genomic data from multiple individuals of known
geographic origin will help to resolve this question.

Key words: bear phylogeny, complete mitochondrial genome, genetic sequencing, Helarctos malayanus, microsatellite
region, Sundaic region, Ursidae, Ursinae
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The sun bear (Helarctos malayanus) is the smallest
of the 8 bear species. The species’ historical distribu-
tion ranged from northeastern India to southern Yunnan
Province in China to Malaysia and Indonesia (Servheen
1999). The 2 currently recognized subspecies of sun bear
are H. m. malayanus, which occurs on the Southeast
Asian mainland, including Peninsular (West) Malaysia
and Sumatra, and H. m. euryspilus, which is limited
to Borneo (Meijaard 2004). Currently, sun bears occur
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patchily throughout the distribution range owing to rapid
economic development and land clearing for agricultural
purposes (Scotson et al. 2017).

The evolution of the Ursidae is linked to a sequence
of rapid evolutionary radiation events dating back to the
early Miocene about 20 million years ago (mya; Waits
et al. 1999, Krause et al. 2008). The lineage leading
to the giant panda (Ailuropoda melanoleuca) is widely
accepted as the most basal offshoot in the bear family
(O’Brien et al. 1985, Hashimoto et al. 1993, Zhang and
Ryder 1994). The subsequent divergence of the Tremarc-
tine bears 7–13 mya is represented now by one extant
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2 MITOCHONDRIAL GENOME OF A MALAYSIAN SUN BEAR � Lai et al.

species, the Andean bear (Tremarctos ornatus) of South
America (Kurten 2017). The Ursine lineage radiated <1–
6 mya (Kumar et al. 2017), leading to the remaining 6
extant species: the brown bear (Ursus arctos), the polar
bear (U. maritimus), the North American black bear (U.
americanus), the Asiatic black bear (U. thibetanus), the
sun bear, and the sloth bear (Melursus ursinus).

Resolving phylogenetic relationships within the Ursi-
dae has been challenging. Apart from the recent diver-
gence and close evolutionary relationship between the
brown bear and polar bear, which is now widely ac-
cepted, phylogenetic relationships among the more re-
cently evolved ursine bears have shown conflicting rela-
tionships (e.g., Zhang and Ryder 1994; Talbot and Shields
1996; Waits et al. 1998; Yu et al. 2004, 2007; Pages
et al. 2008). Mitochondrial DNA has proved to be ex-
tremely useful for inferring evolutionary history and re-
solving taxonomic uncertainties at the level of genera
and species (DeSalle et al. 2017). Previously, partial re-
gions of the mitogenome, including combinations of a
few genes, resulted in inconclusive branching patterns in
the ursine phylogeny (Zhang and Ryder 1994, Talbot and
Shields 1996, Waits et al. 1999, Yu et al. 2004). With
advances in molecular sequencing techniques, complete
mitochondrial genome data has generated consistent and
well-supported ursid phylogenies (Yu et al. 2007, Krause
et al. 2008). Nevertheless, ursine phylogenies using mito-
chondrial DNA have conflicted with those produced using
nuclear genes (e.g., Yu et al. 2004, Pages et al. 2008).

Kutschera et al. (2014) compared Ursidae phyloge-
nies constructed from multiple autosomal introns, Y-
chromosome loci, and whole mitochondrial genomes.
Using coalescent-based gene-flow analyses, they con-
cluded that incomplete lineage sorting and interspecific
gene flow in the ursine genealogical history explained
the discordance between mitochondrial and nuclear phy-
logenies. Using a large molecular data set sourced from
mitochondrial, autosomal, and Y-chromosome DNA,
Kumar et al. (2017) generated a well-supported coales-
cent species tree for the Ursidae. This study further sup-
ported the hypothesis that early and episodic gene flow
during ursine radiation had been largely responsible for
the difficulties in resolving the phylogeny of the more re-
cently evolved Ursinae. Kumar et al. (2017) highlighted
a potential split in the sun bear lineage about 100 kya,
including 2 distinct mitochondrial lineages, which they
thought might have corresponded to the 2 described sub-
species. However, the geographic origin of only one of
those sun bears was known. Compared with other bear
species, few complete mitochondrial genomes from con-
firmed geographic origins are available for sun bears.

In this study, we recovered one complete sun bear mi-
tochondrial genome from Peninsular Malaysia using next
generation sequencing (NGS) technology. We then con-
structed phylogenetic trees using 27 complete mitochon-
drial genomes of extant bear species, including those of
4 other sun bears, with the aim of contributing a genome
of known geographic origin. This newly sequenced mi-
tochondrial genome will also provide the foundation
for developing markers to advance population genetic
studies, and potentially, to identify unique mitochon-
drial lineages among sun bear populations in the Sundaic
region.

Materials and methods
Sampling, DNA extraction, next generation
sequencing

We conducted this study under permit No.
JPHL&TN(IP):100-34/1.24 Jld. 2(15) provided by
the Department of Wildlife and National Parks (DWNP)
Malaysia. We recovered total genomic DNA from a
sample of muscle tissue provided by DWNP, May 2017.
The sample was obtained from a road-killed wild sun
bear from Peninsular Malaysia. We extracted DNA from
40 mg of muscle tissue using the DNeasy Blood and
Tissue Kit (Qiagen, Haldane, Germany), following
the manufacturer’s protocol with minor modification:
overnight incubation of muscle tissue at 56°C to ensure
total lysis of the long-frozen sample. We sheared genomic
DNA to 550 bp using a M220 focused-ultrasonicator
(Covaris, Woburn, Massachusetts, USA). We prepared a
library using the NEBNext® UltraTM DNA Library Prep
Kit (New England Biolabs Inc., Ipswich, Massachusetts,
USA) and subsequently sequenced on an Illumina MiSeq
platform (Illumina, San Diego, California, USA) using
250-bp paired-end reads.

Reference guided de novo assembly of com-
plete sun bear mitochondrial genome

We used Geneious v11.1.5 software (Biomatters Ltd.,
Auckland, New Zealand; Kearse et al. 2012) to view,
process, and analyze sequence data. We downloaded
3 published mitochondrial genomes of sun bears—
EF196664 (Yu et al. 2007), NC009968 (revised version
of EF196664), and FM177765 (Krause et al. 2008)—
from the National Center for Biotechnology Informa-
tion (NCBI). We obtained forward and reverse sequence
reads (length 2 × 250 bp) from the Illumina Miseq
Benchtop Sequencer. These reads were “set-paired” us-
ing Geneious. We then mapped paired sequencing reads
to all 3 downloaded reference mitochondrial genomes
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to obtain pairwise percentage identity and to confirm
that the DNA from the peninsular bear was of the same
species.

The raw reads contained sequences from both nuclear
and mitochondrial genomes. During mapping, mitochon-
drial sequences were filtered out from raw reads and
saved as the input file for de novo assembly of the com-
plete sun bear mitochondrial genome to produce contigs.
We aligned this raw de novo consensus sequence from
mapping with the published reference genomes using
Geneious’ ClustalW aligner to generate a raw mitochon-
drial genome.

Upon checking the raw assembled mitochondrial
genome, we found ambiguous nucleotides within a 100-
bp length within the mitochondrial microsatellite re-
gion, located roughly at the mitochondrial position of
500–600 bp referred to as the mitochondrial control
region of EF196664. To clarify the ambiguous nu-
cleotides, we designed one set of primers to amplify
57–900 bp of the mitochondrial genome: MtSB2F (5’-
ACTTGCTATGACTCAGCTAT-3’) and MtSB2R (3’-
CTACATGGACGTAGATGGTT-5’); amplicons were
sent for Sanger sequencing. We then aligned and trimmed
the sequences, and compared them with the raw mito-
chondrial genome in Geneious. We then replaced am-
biguous nucleotides according to the aligned sequencing
results. We recorded the length and the guanine–cytosine
(GC) content of the full sun bear mitochondrial genome.
We did not try to detect nuclear DNA sequences of mi-
tochondrial origin (numts). We considered numt cover-
age to be much lower than that of mtDNA, which typ-
ically has hundreds to thousands of copies per cell in
muscle tissue. We performed annotation of the mitochon-
drial genome using MITOS (Bernt et al. 2013). We gen-
erated the visualization of the complete circular mito-
chondrial genome with detailed gene annotation using
Geneious.

Comparisons of the newly sequenced sun bear
mitochondrial genome with published sun bear
genomes

We performed ClustalW alignment of 5 sun bear mito-
chondrial genomes, including our newly sequenced sam-
ple (MN807949), 2 published genomes (EF196664 and
FM177765), and 2 genomes from Kumar et al. (2017; An-
abell and Klaus). We then carefully examined the align-
ment for nucleotide differences, after which we calculated
pairwise nucleotide distances among the genomes using
MEGA7. For a better understanding of genetic related-
ness, we then performed phylogenetic analysis.

Phylogenetic analysis of 8 bear species
We downloaded 24 complete mitochondrial genomes

of 8 different bear species from NCBI, consisting of 2
American black bears, 4 brown bears, 5 polar bears, 3
Asiatic black bears, 2 Andean bears, 4 giant pandas, 2
sloth bears, and 2 sun bears. We used one gray wolf
(Canis lupus) mitochondrial genome (KF857179) as an
outgroup for the following phylogenetic analysis. To-
gether with 2 additional sun bear mitochondrial genomes
(Kumar et al. 2017) and the newly sequenced mitochon-
drial genome from Malaysia, we checked 28 complete mi-
tochondrial genomes in BioEdit 7.0.9.0 (Hall 1999) and
aligned them using Clustal X (Thompson et al. 1997).
Maximum likelihood (ML) analysis was performed in
MEGA 7 (Kumar et al. 2016) using the best-fitting model
(GTR + G + I) and 1,000 bootstrap replicates to evalu-
ate nodal support. For Bayesian inference (BI), we used
MrBayes v3.2 (Ronquist et al. 2011) incorporating
the best-fitting model, GTR + G + I, with Markov
chain Monte Carlo calculations of 2,000,000 generations
and sample frequency of 500. We used Tracer v1.7.1
(Rambaut et al. 2018) to ensure split frequencies were
below 0.05 and effective sample sizes �200. We viewed
both ML- and BI-constructed phylogenetic trees in
FigTree v.1.4.0 (Rambaut 2012). We computed nu-
cleotide p-distances (proportion of nucleotide sites that
were different) within and among each bear species in
MEGA 7, with rate variation among sites modeled with
a gamma distribution (shape parameter = 1) and 1,000
bootstrap replicates for variance estimation.

Results
The complete mitochondrial genome of the Peninsular

Malaysia sun bear was 16,770 bp with a GC percentage
of 41% (Fig. 1). All genes encoded in the mitochondrial
genome, including 13 protein-coding genes, 22 transfer
RNA genes, and 2 ribosomal RNA genes, were recovered
(Table 1) and matched to reference genomes (EF196664,
FM177765) with the same gene order. The overall nu-
cleotide composition of the sequenced sun bear was A =
31.2%, C = 25.6%, G = 15.4%, and T = 27.8%. The con-
trol region (1,326 bp) contained a microsatellite region
with 23 10-bp repeat sequences of 5’-ACGCACGTGT-3’
and 8 10-bp repeat sequences of 5’-ACGCATGTGT-3’.

From the alignment of all 5 sun bear mitochondrial
genomes, we noticed 233 nucleotide variation sites, re-
sulting most probably from point mutations. The control
region (∼1,300 bp) contained 49 variable sites, compris-
ing 21% of all variable sites in the genome. A complex of
short tandem repeats (microsatellite) was observed within

Ursus 32:article e19 (2021)

Downloaded From: https://bioone.org/journals/Ursus on 11 Nov 2021
Terms of Use: https://bioone.org/terms-of-use	Access provided by International Association for Bear Research and Management



4 MITOCHONDRIAL GENOME OF A MALAYSIAN SUN BEAR � Lai et al.

Fig. 1. Map of complete mitochondrial genome of a sun bear (Helarctos malayanus; 16,770 base pairs), se-
quenced using Illumina Miseq technology and using 26 additional mitochondrial genomes from the Ursidae,
including 5 sun bears, to generate a phylogeny. We recovered total genomic DNA from a sample of muscle
tissue of a road-killed bear in Peninsular Malaysia, as provided by Department of Wildlife and National Parks.
COX1-3 indicates cytochrome c oxidase subunits; CYTB, cytochrome b; ATP6-8, ATPase subunits 6 and 8;
ND1-6/4L, NADH dehydrogenase subunits 1-6/4L. Color code: Pink—tRNA, Fuchsia—rRNA, Blue—Coding se-
quence site for coding genes, Green—Name of coding genes, Yellow—Mitochondrial control region (D-Loop),
and Purple arrow—Microsatellite repeat region. Arrow heads indicate direction of transcription. Mitochondrial
markers (MtSB2F and MtSB2R) designed for mitochondrial genome clean-up are shown above.

the control region. This has been reported in other bear
species (Choi et al. 2010) and can be generally divided
into a 10-bp perfect repeat (PR) and a 6-bp imperfect re-
peat (IR). The 2 major types of perfect repeats seen in

bear species are PR1 (5’-ACGCACGTGT-3’) and PR2
(5’-ACGCATGTGT-3’). The imperfect repeats, however,
are a 5’-end truncated form of PR or its derivatives. For
instance, the imperfect repeat “ACGTGT” may be formed

Ursus 32:article e19 (2021)
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Table 1. Annotation of sun bear (Helarctos
malayanus; MN807949) mitochondrial genome
using MITOS. ‘bp’ is base pair.

Type Name Start Stop Strand
Length

(bp)

tRNA 1 tRNA-Phe 872 939 + 68
2 tRNA-Val 1,904 1,969 + 66
3 tRNA-Leu 3,550 3,624 + 75
4 tRNA-Ile 4,583 4,651 + 69
5 tRNA-Gln 4,649 4,721 − 73
6 tRNA-Met 4,723 4,791 + 69
7 tRNA-Trp 5,834 5,900 + 67
8 tRNA-Ala 5,909 5,977 − 69
9 tRNA-Asn 5,978 6,050 − 73

10 tRNA-Cys 6,084 6,150 − 67
11 tRNA-Tyr 6,151 6,217 − 67
12 tRNA-Ser 7,761 7,829 − 69
13 tRNA-Asp 7,836 7,902 + 67
14 tRNA-Lys 8,590 8,657 + 68
15 tRNA-Gly 10,285 10,353 + 69
16 tRNA-Arg 10,701 10,769 + 69
17 tRNA-His 12,438 12,506 + 69
18 tRNA-Ser 12,507 12,565 + 59
19 tRNA-Leu 12,566 12,635 + 70
20 tRNA-Glu 14,968 15,036 − 69
21 tRNA-Thr 16,181 16,250 + 70
22 tRNA-Pro 16,250 16,315 − 66

rRNA 1 s-rRNA 940 1,903 + 964
2 l-rRNA 1,969 3,548 + 1,580

Gene 1 ND1 3,627 4,577 + 951
2 ND2 4,792 5,820 + 1,029
3 COX1 6,219 7,757 + 1,539
4 COX2 7,903 8,583 + 681
5 ATP8 8,660 8,854 + 195
6 ATP6 8,821 9,495 + 675
7 COX3 9,501 10,283 + 783
8 ND3 10,354 10,698 + 345
9 ND4L 10,770 11,063 + 294

10 ND4 11,060 12,427 + 1,368
11 ND5 12,636 14,438 + 1,803
12 ND6 14,446 14,964 − 519
13 CYTB 15,041 16,171 + 1,131

from truncation of PR1, removing 4 bp at the 5’ end (Choi
et al. 2010). None of the 5 sun bears possessed an imper-
fect repeat, but all possessed PR1 and PR2. The number of
repeats for sun bears MN807949, EF196664, FM177765,
Anabell, and Klaus were 23, 16, 26, 17, and 18 for PR1
and 8, 16, 7, 15, and 14 for PR2. Variation in the number
of repeats in the microsatellite region was mostly respon-
sible for the differences in genome lengths among the 5
sun bears.

Mean within-species pairwise nucleotide p-distances
were greatest in the Asiatic black bear, followed by the
American black bear, and least in polar bears (Table 2).
Among sun bears, pairwise nucleotide p-distances ranged
from 0.089% to 1.21% with FM177765 and Anabell

possessing the smallest pairwise nucleotide difference
(Table 3). Within-group pairwise p-distance for sun bears
in the Yunnan clade (EF19664, FM 177765, Anabell)
was 0.163% (SE = 0.032) and 0.227% (SE = 0.039)
for bears in the Malaysian clade (MN807949 and Klaus).
Nucleotide p-distance between the 2 clades of sun bears
was 1.17% (SE = 0.083).

Maximum likelihood (ML) and Bayesian inference
(BI) phylogenetic trees produced identical tree topologies
(Fig. 2). The giant panda lineage formed the basal branch
of the family Ursidae, followed by 2 distinct clusters, one
corresponding to the Andean bear and the other including
all 6 ursine species. Both trees displayed the sloth bear
as the basal branch of the subfamily Ursinae with strong
support. Bayesian probabilities were high for all branch
nodes, but ML support was weak for the remaining 5 ur-
sine species, which clustered in 2 major clades. One clade
was composed of the polar bear and brown bear with ro-
bust support; a second well-supported clade consisted of
the sun bear as a sister taxon to the cluster comprising the
American black bear and Asiatic black bear. Sun bears
formed 2 well-supported clades: the Malaysian sun bear
and another sun bear of unidentified origin occupied one
clade; a sun bear from Yunnan Province, China, and 2
others of identified origin occupied the other.

Discussion
The complete mitochondrial genome (16,770 bp) of a

sun bear from Peninsular Malaysia was sequenced and
characterized in detail. This is the first mitochondrial
genome of a sun bear successfully sequenced in Southeast
Asia using NGS technology. The overall characteristics,
including mitochondrial genome organization and gene
arrangement pattern, were identical to those of other ur-
sids (Delisle and Strobeck 2002, Hou et al. 2007, Peng
et al. 2007, Yu et al. 2007, Krause et al. 2008). The con-
trol region is the most variable stretch in the sun bear
mitochondrial genome. The microsatellite repeat region
in sun bears is variable. This region, with different types
and numbers of repeats among bear species, has been
described as promising for species and subspecies differ-
entiation in the Ursidae (Hoelzel et al. 1994, Hou et al.
2007, Choi et al. 2010). Although all 5 genomes con-
sistently lacked a 6-bp imperfect repeat, the 10-bp PR
regions (PR1 and PR2) in the sun bear mitochondrial
genomes were variable among all individuals. The con-
siderable variability in this microsatellite region suggests
that it may have potential for phylogeographic studies in
this species.
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6 MITOCHONDRIAL GENOME OF A MALAYSIAN SUN BEAR � Lai et al.

Table 2. Pairwise p-distances (d) within Ursidae species estimated using whole mitochondrial genome se-
quences. Pairwise distances are expressed as the percentage of base differences per site, averaging over all
sequence pairs within each group.

Species No. of individuals Pairwise p-distance SE

Giant panda Ailuropoda melanoleuca 4 0.421 0.042
Polar bear Ursus maritimus 5 0.219 0.024
Brown bear Ursus arctos 4 0.835 0.038
Asiatic black bear Ursus thibetanus 2 2.997 0.155
American black bear Ursus americanus 3 1.259 0.066
Sun bear Helarctos malayanus 5 0.741 0.049
Sloth bear Melursus ursinus 2 0.937 0.078
Andean bear Tremarctos ornatus 2 0.271 0.047

Most branching events in the phylogenetic trees we
generated were supported by high bootstrap values and
posterior probabilities, and were identical in topology
to trees generated by Yu et al. (2007) and Krause et al.
(2008). Yu et al. (2007) used one mitochondrial genome
for each extant bear species, but excluded the tandem re-
peats region of the genome; Krause et al. (2008) used one
mitochondrial genome for each extant and 2 extinct bear
species, but omitted the control region of the genome.
Similar to Kumar et al.’s 2017 observation, we observed
2 distinct mitochondrial lineages in sun bears. Kumar
et al. (2017) believed the 2 lineages might correspond
to the subspecies in Borneo (U. m. euryspilus) and U. m.
malayanus from the Southeast Asian mainland, Suma-
tra, and the Malay Peninsula. However, the newly se-
quenced sun bear mitochondrial genome from Peninsular
Malaysia occupies a clade separate to that containing a
sun bear from Yunnan, China, suggesting a possible his-
torical separation between sun bears in the Sundaic region
(Malay Peninsula, Borneo, and Sumatra) and those in
other parts of the Southeast Asian mainland. Sequence di-
vergence (p-distance) values were also smaller within the
2 clades than between them. Frequent fluctuation in sea
levels in Sundaland during the late Pleistocene has been
hypothesized to have led to strong faunal disjunctions
between Indochina and the Sundaic region, including

diversification within Sundaland (Woodruff and Turner
2009). More genomic data from known geographic lo-
cations in sun bear range, particularly from the Sundaic
region, is needed to clarify the evolutionary history and
may identify potentially significant conservation units in
this species.

Trees based on whole mitochondrial genomes have
consistently placed the sloth bear and sun bear as the
2 most basal ursine species and the American and Asi-
atic black bears as sister taxa (Fig. 3; Yu et al. 2007,
Krause et al. 2008, this study). Trees employing nuclear
genes have not reflected these relationships (e.g., Pagés
et al. 2008, Kutschera et al. 2014). Discrepancies be-
tween nuclear and mitochondrial phylogenies are well-
documented in the literature and do not necessarily imply
that one or both forms of data are inaccurate; such con-
flicts can often lead to an enhanced understanding of the
evolutionary history of the taxa (Rubinoff and Holland
2005). Conflicting trees generated from mitochondrial,
autosomal, and Y-chromosome data led Kutschera et al.
(2014) to track the history of individual alleles and con-
clude that differential sorting and introgression events had
influenced evolutionary history in the Ursidae. Employ-
ing larger sets of heritable characters further strengthens
phylogenetic inference (Grandcolas et al. 2001). A re-
cent coalescent species tree including >18,000 genome

Table 3. Pairwise p-distance (d) among 5 sun bears (Helarctos malayanus) estimated from whole mitochon-
drial genome sequences. Standard error estimates are shown above the diagonal. Pairwise distances (below
diagonal) are expressed as the percentage of base differences per site between sequences.

Sun bear mitochondrial genomes EF196664 FM177765 MN807949 Anabell Klaus

EF196664 (Yu et al. 2004) 0.040 0.087 0.034 0.089
FM177765 (Krause et al. 2008) 0.233 0.077 0.023 0.089
MN807949 (This study) 1.163 1.181 0.077 0.040
Anabell (Kumar et al. 2017) 0.167 0.089 1.211 0.081
Klaus (Kumar et al. 2017) 1.103 1.205 0.227 1.175
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MITOCHONDRIAL GENOME OF A MALAYSIAN SUN BEAR � Lai et al. 7

Fig. 2. Maximum likelihood tree of the phylogeny of the Ursidae based on whole mitochondrial genomes
and the General Time Reversible model. The gray wolf (Canis lupus) was used as the outgroup. Support
values for nodes represent % bootstraps obtained from maximum likelihood analyses and Bayesian posterior
probabilities. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
The analysis involved 28 nucleotide sequences.

fragments produced a well-resolved ursid phylogeny
(Fig. 3; Kumar et al. 2017).

We did not detect greater pairwise nucleotide differ-
ences in older bear species or in bear species with larger
geographic ranges (e.g., brown bears). Older lineages,
such as the giant panda and Andean bear, would be ex-
pected to have accumulated more variation in the genome.
The current distribution ranges of the Andean bear and
giant panda are relatively small and may represent only
a small part of their historical range, compared with the

American and Asiatic black bears, which possessed the
greatest within-clade sequence divergence. We caution,
however, that these results are based on a very limited
number of genomes.

Mitochondrial DNA still remains invaluable for re-
solving taxonomic uncertainties at the level of fam-
ily, genus, and species, and is a well-established tool
for detecting hybridization events, direction of gene
flow, and species limits (Rubinoff and Holland 2005).
The noncoding control region is especially useful for
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8 MITOCHONDRIAL GENOME OF A MALAYSIAN SUN BEAR � Lai et al.

Fig. 3. (a) Ursidae phylogeny based on whole mitochondrial genomes (Yu et al. 2007, Krause et al. 2008,
Kutschera et al. 2014, this study) and (b) Coalescent species tree for the Ursidae based on nonoverlapping
whole genome fragments (Kumar et al. 2017).

investigating intraspecific genetic variation and elucidat-
ing the structure of contemporary populations (Wan et al.
2004, Gupta et al. 2015). Both partial and whole mito-
chondrial genomes have proved valuable for inferring
evolutionary history and identifying significant conser-
vation units within species (e.g., Patel et al. 2017). Mi-
tochondria exist in such large copy numbers in animal
cells that well-chosen markers may be amplified from
even partially degraded samples. For species such as sun
bears, whose cubs and body parts are heavily trafficked
(Shepherd and Shepherd 2010, Gomez et al. 2020), mito-
chondrial markers can provide the baseline data to iden-
tify the origins of those individuals. Using mitochondrial
markers developed from this newly sequenced mitochon-
drial genome, we successfully amplified DNA from non-
invasively recovered root bulbs from sun bear hair (Tee
et al. 2020). For population genetic studies employing
partially degraded or trace amounts of genetic material,
mitochondrial markers may lead to better success than nu-
clear markers and will thus continue to play a pivotal role
in galvanizing population studies and improving forensic
efforts for this imperiled species.
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