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Abstract

Despite numerous studies, questions remain about the evolutionary history of Ursidae and additional independent genetic markers
were needed to elucidate these ambiguities. For this purpose, we sequenced ten nuclear genes for all the eight extant bear species. By
combining these new sequences with those of four other recently published nuclear markers, we provide new insights into the phyloge-
netic relationships of the Ursidae family members. The hypothesis that the giant panda was the first species to diverge among ursids is
definitively confirmed and the precise branching order within the Ursus genus is clarified for the first time. Moreover, our analyses indi-
cate that the American and the Asiatic black bears do not cluster as sister taxa, as had been previously hypothesised. Sun and sloth bears
clearly appear as the most basal ursine species but uncertainties about their exact relationships remain. Since our larger dataset did not
enable us to clarify this last question, identifying rare genomic changes in bear genomes could be a promising solution for further studies.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Among Carnivores, the family of Ursidae comprises
eight extant species, including the giant panda (Ailuropoda
melanoleuca), the spectacled bear (Tremarctos ornatus) and
six ursine species: the polar bear (Ursus maritimus), the
brown bear (Ursus arctos), the American black bear (Ursus
americanus), the Asiatic black bear (Ursus thibetanus), the
sun bear (Helarctos malayanus) and the sloth bear (Melur-
sus ursinus). Although the belonging of the giant panda to
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the Ursidae is not a riddle anymore (Davis, 1964; O’Brien
et al., 1985; Van Valen, 1986; Mayr, 1986), the phyloge-
netic relationships among ursids still remain unclear. The
fact that ursine species underwent a rapid diversification
5 Myr1 ago (Kurtén, 1968; Wayne et al., 1991; Waits
et al.,, 1999) could explain why resolving this phylogeny
represents a tricky challenge. Despite previous molecular
investigations, mainly based on mitochondrial DNA
(Zhang and Ryder, 1994; Vrana et al., 1994; Talbot and
Shields, 1996a; Waits et al., 1999; Yu et al., 2004; Fulton
and Strobeck, 2006), three thorny questions are still pend-
ing: (Q1) what is the exact relationship between the giant
panda and the spectacled bear at the base of the Ursidae

U Abbreviations used: Myr, million years; kb, kilobases.
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radiation? (Q2) is the supposed sistership of the two black
bears, Ursus americanus and Ursus thibetanus true?; (Q3)
what is the branching order among the six ursine species?

A possible explanation of the inability to resolve these
uncertainties is that highly variable molecular markers such
as mitochondrial ones are too homoplasic (Talbot and
Shields, 1996a; Waits et al., 1999). On the contrary, slowly
evolving sequences, such as the only two nuclear markers
available for all Ursidae species (transthyretin intron 1
and interphotoreceptor retinoid binding protein exon 1),
are too poorly informative to allow robust phylogenetic
inferences (Yu et al.,, 2004). However, concatenating
numerous slowly evolving sequences is likely to overcome
the lack of phylogenetic signal (Gadagkar et al., 2005). This
strategy has already solved problematic relationships inside
recently diversified families of other carnivores (see Bardel-
eben et al., 2005). Y-linked markers could in particular be
valuable targets. Under the hypothesis of a male driven
evolution, Y-linked genetic markers are supposed to be less
variable than mitochondrial markers (and so, less homo-
plasic) but more variable than X-linked or autosomal genes
(Haldane, 1947; Lessells, 1997; Pecon-Slattery and O’Brien,
1998). These markers already proved to be powerful to
reconstruct phylogenetic trees concerning mammals
(Pecon-Slattery and O’Brien, 1998; Nishida et al., 2003;
Moreira, 2002; Pecon-Slattery et al., 2004).

In this paper, we provide the sequences of nine addi-
tional autosomal gene fragments and one Y-linked marker.
Phylogenetic analyses performed on a concatenated dataset
composed of these new sequences (nearly 6 kb) and four

Table 1
Ursid samples used in this study

other recently published markers (nearly 4 kb) (two Y-
linked and two autosomal ones; Yu et al., 2004; Pagés
et al., submitted for publication) allow us to address each
of the three still unresolved questions (Q1, Q2 and Q3) con-
cerning the evolutionary history of the Ursidae.

2. Materials and methods
2.1. Samples

Samples were selected from a variety of sources includ-
ing blood, tissues, and hairs from free ranging bears or
individuals from zoos. A total number of 9 female and 13
male bears, representing all the eight species, were sampled
(Table 1).

2.2. Choice of the nuclear genes for phylogenetic analyses

First, we selected three nuclear genetic markers that
were recently used to resolve phylogenies of carnivore fam-
ilies that diversified at the same time as Ursidae (15-20
Myr, Waits et al., 1999): TRSP (selenocysteine tRNA)
and FES (feline sarcoma protooncogene) were proved to
be valuable for the resolution of the Canidae phylogeny
(Canidae, 12 Myr, Bardeleben et al., 2005), and UBE1Y
(ubiquitin activating enzyme E1 on Y) for the Felidae phy-
logeny (12-15 Myr, Pecon-Slattery et al., 2004). We also
chose to sequence another marker, the vVWF (von Wille-
brand Factor), recently used to infer the phylogeny of a
rodent family (Echimyidae; Galewski et al., 2005).

Subfamily Scientific name Common name Sex Number of Type Sample source
samples
Ailuropodinae  Ailuropoda melanoleuca Giant panda Male 1 Tissue Collection of tissues conserved
in alcohol, MNHN (France)
Tremarctinae  Tremarctos ornatus Spectacled bear Male 1 Hairs Parc de la Téte d’Or (Lyon, France)
Ursinae Female 1 Tissue F. Catzeflis (University of Montpellier,
France)
Ursus thibethanus Asiatic black bear Male 1 Hairs and tissue Réserve Africaine de Sigean (France)
Melursus ursinus Sloth bear Male 1 Hairs Moscow Zoo (Russia)
Male 1 Hairs Leipzig Zoo (Germany)
Female 1 Hairs Leipzig Zoo (Germany)
Helarctos malayanus Sun bear Male 1 Hairs Parc zoologique de Paris (France)
Female 1 Hairs Zoo de Saint Martin La Plaine (France)
Ursus americanus American black bear Male 1 Tissue F. Catzeflis (University of Montpellier,
France)
Male 1 DNA extract 1. Delisle (University of Alberta, Canada)
Female 1 Hairs and blood Zoo de Peaugres (France)
Female 1 DNA extract I. Delisle (University of Alberta, Canada)
Ursus arctos Brown bear Male 1 DNA extract I. Delisle (University of Alberta, Canada)
Male 2 DNA extract P. Taberlet (LECA, Grenoble, France)
Unknown 1 Hairs and tissue P. Taberlet (LECA, Grenoble, France)
Female 3 DNA extract P. Taberlet (LECA, Grenoble, France)
Ursus maritimus Polar bear Male 1 Hairs Zoo de la Palmyre (France)
Male 1 DNA extract I. Delisle (University of Alberta, Canada)
Female 2 Hairs Zoo de la Palmyre (France)
Female 1 DNA extract I. Delisle (University of Alberta, Canada)

Taxonomic denomination follows the classification of Wozencraft (1993).
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Six supplemental genes, all involved into the thyroid
hormone pathway, were targeted: DIl (iodothyronine
deiodinase type I), DI2 (iodothyronine deiodinase type
II), TG (thyroglobulin), SIS (sodium iodide symporter),
TRH (thyrotropin-releasing hormone), TSHf (thyroid
stimulating hormone beta-subunit). These markers were
initially sequenced to determine whether hibernating and
non-hibernating bear species had been submitted to differ-
ent selective pressures on this pathway. As no positive
selection was detected and since these markers appeared
to be under neutral evolution (data not shown), we used
these six nuclear markers for a phylogenetic purpose.

Finally, four nuclear markers already available for all
ursid species were used in this study: SRY (sex determining
region of the Y chromosome), ZFY (zinc finger protein on
Y), TTR (transthyretin) and IRBP (interphotoreceptor ret-
inoid binding protein) (Yu et al., 2004; Pagés et al., submit-
ted for publication).

In this way, a total of 14 nuclear genes were considered
for the phylogenetic analyses (see Table 2 for accession
numbers).

2.3. DNA isolation, PCR amplification and sequencing

To avoid contaminations, pre-amplification procedures
and post-amplification analyses were performed in inde-
pendent rooms. DNA was extracted from blood and hair
samples with QiAmp DNA Mini Kit (Qiagen) and from
tissue with DNEasy Tissue Kit (Qiagen), both in accor-
dance with the manufacturer’s instructions.

Primer sets used to amplify the UBE1Y, TRSP, FES
and vWF genes were found in the literature (Table 3).
UBELY primers were tested on female bear samples in
order to ensure their specificity for the Y copy. All ampli-
fications were carried out in 25 plL containing about 30 ng

Table 2
Accession numbers of nuclear gene sequences used in this study

of DNA extract, 0.2 mg/mL BSA (Roche, 1mg/mL),
250 uM of each dNTP, 0.2 uM of each primer, 1 unit of
Perkin Elmer Gold Taq polymerase (Applied Biosystems),
2.5 uLL of 10x buffer, 1.5 mM of MgCI2. Cycling condi-
tions were as follows: one activation step at 94 °C for
5 min followed by 40 cycles of denaturation at 94 °C for
30s, annealing at 48-60 °C depending on the primers
(Table 3) for 30s, elongation at 72 °C for 45 s—1'30 min
depending on the length of the target, and a final extension
at 72 °C for 7 min.

To amplify the genes implicated in the thyroid path-
way, we used a semi-nested PCR approach. For each
fragment, two sets of degenerate primers were designed
from conserved regions determined on the alignment of
orthologous sequences of other mammals available in
databank (Table 3). Reaction mixes were identical to that
mentioned above. Two successive touch-down PCR were
performed. To amplify each gene for each species, two
different touch-down thermal cycle programs were used.
It consisted of seven steps described in the Supplementary
Data S1.

When PCR products proved to be difficult to
sequence, they were cloned by using Topo TA Cloning
for Sequencing kit (Invitrogen) and several clones were
analysed. Clones and PCR products were sequenced by
a service provider (Genome Express, France). All the
sequences generated in this study were deposited in
EMBL under the Accession Nos. AM748289 to
AM748384 (Table 2).

2.4. Phylogenetic analyses

2.4.1. Sequence analyses
The nuclear sequences generated in this study and the
already published ones (Table 2) were aligned by eye using

Ursus Ursus Ursus Helarctos Melursus Ursus Tremarctos  Ailuropoda  Canis familiaris
maritimus arctos americanus — malayanus — ursinus thibetanus ornatus melanoleuca

vWF AM748289%  AM748290¢ AM748291¢ AM748292¢ AM748293¢ AM748294¢ AM748295¢ AM748296° AF099154

ZFY AM748297° AM748298° AM748299° AM748300° AM748301° AM748302° AM748303° AM748304° AF393756

SRY AM748305° AM748306° AM748307° AM748308° AM?748309° AM748310° AM748311° AM748312° AF107021¢

IRBP AY303843°  AY303842° AY303837° AY303839° AY303838° AY303841° AY303840° AY303836° XM 546201

TTR AY303848° AF039741%  AY303844° AY303846° AY303845° AY303847° AF039740° AF039738* AY50579

TRSP AM748313% AM748314% AM748315¢ AM748316% AM748317¢ AM748318% AM7483199 AM7483209 AY609084

FES M7483219  AM748322¢ AM748323% AM748324¢ AM748325¢ AM7483269 AM748327° AM748328¢ AY885365

UBELY AM748329¢ AM748330¢ AM7483319 AM748332¢ AM748333¢ AM748334¢ AM748335¢ AM748336¢

DI AM7483379  AM748338¢ AM748339¢ AM748340¢ AM7483419 AM7483429 AM748343% AM748344¢ XM_536701

DI2 AM748345% AM748346%° AM748347% AM748348Y AM748349¢ AM7483509 AM7483519 AM748352¢ ENSCAFT00000027378

TG AM7483539 AM7483549 AM748355¢ AM748356% AM7483579 AM748358¢ AM748359¢ AM748360¢ ENSCAFT00000001727

SIS AM7483619 AM7483629 AM748363¢ AM748364% AM748365% AM748366° AM748367¢ AM748368¢ XM 541946

TSHbeta AM748369° AM748370° AM748371¢ AM748372' AM748373¢ AM748374' AM748375' AM748376° Ul5644

TRH AM7483779 AM748378% AM748379¢ AM748380¢ AM7483819 AM748382¢ AM748383¢ AM748384¢ XM 541757

Missing data: Canis familiaris, UBEIY, SIS INTRON 6, TSHp intron 1; Ailuropoda melanoleuca, UBELY intron 18.

# Flynn and Nedbal, 1998.

® yu et al., 2004.

¢ Pages et al., submitted for publication.
9 This study.



76

M. Pages et al. | Molecular Phylogenetics and Evolution 47 (2008) 73-83

Table 3
Abbreviation, name, sequence and original reference of primers used in this study
Designation Gene name and amplified region Nucleotide sequence 5" — 3 Annealing Original
temperature publication
vWF von Willebrand Factor gene
exon 28
vWF-A CTGTGATGGTGTCAACCTCACCTGTGAAGCCTG 60 °C Porter et al., 1996
vWF-B TCGGGGGAGCGTCTCAAAGTCCTGGATGA
TRSP Selenocyteine tRNA gene 5" gene-
flanking and tRNA coding regions
TRSP-1F GGGCTTCTGAAAGCCGACTT 50 °C Bardeleben et al.,
TRSP-1R CCGCCCGAAAGGTGGAATTG 2005
FES Feline sarcoma protooncogene
exon 13-intron 13-exon 14
FESF GGGGAACTTTGGCGAAGTGTT 50 °C Venta et al., 1996
FESR TCCATGACGATGTAGATGGG
UBEIY Ubiquitin activating enzyme El on
Y intron 17-exon 18-intron 18
UBEF GCTCTTCAAGCAGTCAGCTGAA 48 °C Chang and Li,
UBER ATCCAGATGTAGGGG 1995
UBE-exon-forl® AGACTCCAAKTTTGTGGAACG This study
UBE-exon-revl® TGKTCAGGTGGAAAGTTGTGC
DII© Todothyronine deiodinase type I
exon 1
DIl forT2 CCCDGYYAGYGCTGTGG
DIl forl3 TCTGGGTSCTCTTKSAGGT
Dllrevll TCCCARATGYTGCACCTCTG TC This study
DIl revl2 SYKGACCACVGGRCAGT
DIlurs-FI® GGCCATGCACGTGGCCG This study
DIlurs-R1® TCCTGAGAGCYGGACCAC
D2 Iodothyronine deiodinase type 11
exon 2
DI2-F21 GTGAAAYTGGGTGARGATGC
DI2-F22 CCCAATTCCMGYGTGGTGC TC This study
DI2-R21 CTCTTGCTGAAATTCTTCTCC
DI2-R22 GCCAAYGCCGGACTTCTTG
TG Thyroglobulin exon 9
TG-F91 STCMGARAGGMRGCAGGC
TG-F92 GMCCTCVGGCTACTTCAG TC This study
TG-RI1 SRCTTCGAGTTCCAGGAAT
TG-R92 CACTCTGAGTTRAAGCACTG
SIS© Sodium iodide symporter
exon 6-intron 6-exon 7
SISF61 CYKGACCCGMGGMGCCG
SIS _F62 GCCGCTAYACMTTCTGGAC TC This study
SISR71 BVARSAKRGGGTCRCAGTC
SIS R72 CTGGTCCGGGGCAGAGAT
TRH" Thyrotropin-releasing hormone
exon 2
TRH_for2 GTCAGCATCCWGGCAAAAG
TRH_for22 GGYTCKCCAARCGTCAGC TC This study
TRH_rev2 CCTCCAGSGGYTCSCTG
TRH_rev22 TGVCYYCKRCTCAGGTCA
TSHB® Thyroid stimulating hormone beta-
subunit complete gene
(exon l-intron 1-exon 2)
TSHb-forl1 ACTGCTMYCTWYYTGATGTC
TSHb-forl2 VITTTTGGCCTDGCATGTGG TC This study
TSHb-rev21 CYAMCABATMRGACTTCTG
TSHb-rev22 TTGYYTTRATGGCYTCATGT

TC, touch down. (a) Used to amplify the exon 18 of UBELY of the taxa Ailuropoda melanoleuca; (b) the gene DI1 of the taxa Helarctos malayanus. (c)

genes amplified by semi-nested PCR.
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SEAVIEW (Galtier et al., 1996). Ambiguous regions due to
nucleotide repetition were excluded from the alignment
before performing the phylogenetic analyses.

To compare evolutionary rates between coding and non-
coding sequences, pairwise divergence values were calcu-
lated for each part of the genes by computing uncorrected
distances in PAUP v4.0b10 (Swofford, 1998) within the
ursid species. GC-content at the third position for coding
sequences and total GC-content for the non-coding
sequences were computed using PHYLO_WIN (Galtier
et al., 1996).

2.4.2. Datasets used

All the genes were concatenated and different datasets
were used depending on the chosen outgroup. Outgroups
were selected according to the phylogenetic issues to solve
(Table 4). To address question (Q1), Canis familiaris was
used as an outgroup for the analyses. Following this first
analysis, the giant panda was then used as an outgroup
to investigate other family member relationships (Q2 and
Q3). Finally, since we did not succeed in amplifying the

UBEL1Y intron 18 for the giant panda, the spectacled bear
was used as an outgroup in analyses where this intron was
considered. Thus, three different datasets were generated
(Table 4).

2.4.3. Phylogenetic analyses

The appropriate model of evolution was first determined
for each region of each gene and then, for the three concat-
enated datasets, using MrModeltest 2.0 (Nylander et al.,
2004), a Modeltest reduced version adapted to options
available with Bayesian analysis softwares (Posada and
Crandall, 1998). The selected models for each partition
and dataset are shown in supplementary data S2. Maxi-
mum Likelihood (ML) analyses were performed with
PHYML (Guindon and Gascuel, 2003) using the online
interface  http://atgc.lirmm.fr/phyml/(Guindon et al.,
2005). For each analysis, the transition/transversion ratio,
the proportion of invariable sites as well as the gamma dis-
tribution parameter (if necessary) were estimated and the
starting tree was determined by BioNJ analysis of the data-
sets (default settings). Using optimization options, 1000

Table 4
Schematic representation of the three combined datasets used in this study to infer ursid phylogeny
Genes included in the datasets Dataset 1 Dataset 2 Dataset 3
Ql Q2/Q3 Q2/Q3
Out: Out: Out:
Canis Ailuropoda Tremarctos
Sfamiliaris melanoleuca ornatus
vWF exon 28 1076 1076 1076
ZFY exon 350 397 397
SRY 5’ flanking region 417 438 438
coding region 662 666 666
3’ flanking region 152 167 168
IRBP exon 1 1274 1274 1274
TTR intron 1 946 984 987
TRSP 5’ flanking region 287 299 299
tRNA 66 66 66
FES exon 13 98 98 98
intron 13 277 294 294
exon 14 64 64 64
UBElY intron 17 206 215
exon 18 171 172
intron 18 807
DIl exon 1 192 192 192
DI2 exon 2 491 491 491
TG exon 9 742 742 742
SIS exon 6 117 117 117
intron 6 80 80
exon 7 111 111 111
TSHbeta exon 1 115 115 115
intron 1 389 389
exon 2 166 166 167
TRH exon 2 360 366 366
Total in base pairs 7963 8969 9791
% Coding regions 73.9 68.1 62.4
% Non-coding regions 26.1 31.9 37.6
% Y-linked regions 19.9 22.8 29.2

Each partition is associated to an outgoup (Out). Missing data for the outgroups are shaded. The ursid homologous sequences were consequently excluded
from the partition. For each gene or part of gene, the number of aligned sites is given. Percentages of coding, non-coding and Y-linked regions are

indicated for each dataset.
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bootstrap (Bp) replicates were performed. ML analyses
were first performed independently on each locus. Since
the 14 genes yielded consistent, compatible topologies,
analyses of the concatenated sequences were then carried
out using the three different datasets described above.

Bayesian analyses (BA) were performed using MrBayes
v3.1 (Ronquist and Huelsenbeck, 2003). Four independent
runs of 5,000,000 generations each were performed apply-
ing appropriate independent models of evolution to each
gene. A burn-in period of 100,000 generations was deter-
mined graphically using Tracerl.2 (Rambaud and Dru-
mond, 2003), a software that allows an easy plotting of
all parameters against the number of generations. For each
dataset, all runs gave similar tree topologies and posterior
probability (pp) values.

Alternative topologies were finally tested for significance
using the Kishino-Hasegawa test (KH test) (Kishino and
Hasegawa, 1989) and the Shimodaira-Hasegawa test (SH
test) (Shimodaira and Hasegawa, 1999) (RELL option,
1000 Bp replicates) in PAUP* v4.0b10 (Swofford, 1998).

3. Results and discussion
3.1. Ursidae sequences analyses

The sequences of the ten targeted genes were generated
for all the ursids, except one part of the UBE1Y fragment
(intron 18) missing for the 4. melanoleuca specimen. Infor-
mation concerning these sequences is given in Table 5.

Proportionally to the sequence length, the number of
variable sites within Ursidae ranged from 0.6% (1/166,
TSHP exon 2) to 5.1% (34/666, SRY coding sequence)
among coding sequences, and from 3.3% (10/299, 5' flank-
ing region of TRSP; 13/389, TSHp intron 1) to 6.3% (13/
206, UBELY intron 17) among non-coding sequences. Y-
chromosome fragments contained the highest number of
variable sites either among coding or non-coding regions
(5.1% SRY coding region; 6.3% UBE1Y intron 17).

For each gene used in this study, no significant differ-
ence in GC-contents was found between ursid sequences
(data not shown).

3.2. New lights on the Ursidae evolutionary history

From the analysis of the 14 nuclear genes, we obtained
the phylogenetic tree of the Ursidae family given in
Fig. 1. BA and ML analyses of the three datasets gave iden-
tical topologies. Most relationships are well resolved (sup-
ports of 79-100% for Bp; 1.00 for pp), the only exceptions
concern the phylogenetic positions of the sloth bear, M.
ursinus and the sun bear, H. malayanus. This tree allows
us to discuss the three last questions about the Ursidae

phylogeny (Q1, Q2, Q3).

3.2.1. QI: Basal ursid radiation
Three alternative hypotheses were initially proposed: (1)
the giant panda, Ailuropoda melanoleuca may be the earli-

Table 5
Characteristics of the nuclear Ursidae sequences used in this study

Coding sequences Non-coding sequences

NS D Vs Pi D Vs Pi
ZFY 397 2 8 3
SRY
S'untranslated region 438 2.5 16 3
Coding region 666 3.6 34 3
'untranslated region 167 4.1 8 1
UBElY
Intron 17 206 5.7 13 2
Exon 18 171 1.7 3 0
Intron 18* 807 1.9 25 2
vWF 1076 3.1 45 9
IRBP 1274 2 38 4
TTR 984 33 48 13
TRSP
5" flanking region 299 3.3 10 2
tRNA coding region 66 3 2 0
FES
Exon 13 98 2 3 1
Intron 13 294 2.7 11 1
Exon 14 64 31 2 0
DI1 192 26 5 0
DI2 491 1.2 6 2
TG 742 1.7 19 3
SIS
Exon 6 117 26 3 1
Intron 6 80 4.9 4 2
Exon 7 111 36 5 2
TSHp
Exon 1 115 26 5 0
Intron 389 1.8 13 1
Exon 2 166 06 1 0
TRH 366 24 10 1
Total 8969
Coding regions 6112 24 189 29
Non coding regions 2857 34 148 27

NS, number of aligned sites; D, highest uncorrected distance among
Ursidae representatives (%); Vs, number of variable sites among Ursidae;
Pi, number of parsimony informative sites. The asterisk indicates that all
these parameters were computed without giant panda sequences.

est species to diverge from other ursids, (2) alternatively,
this may be the spectacled bear, Tremarctos ornatus, (3)
or a common ancestor of the giant panda and the specta-
cled bear, i.e. these two bears may be a sister group. All
these possibilities received strong to moderate supports in
previous mitochondrial DNA analyses (Talbot and Shields,
1996a; Waits et al., 1999; Table 6). In the phylogenetic
reconstructions inferred from our nuclear dataset 1 (Canis
familiaris as outgroup), we observed that the giant panda
unambiguously appears as the first ursid to diverge, fol-
lowed by the spectacled bear (see supplementary data
S3). This is supported by the highest values of bootstrap
or posterior probabilities (ML 100% Bp; BA 1.00 pp; Table
6). In addition, topology tests performed on the dataset 1
reject the two other alternative hypotheses (KH test and
SH test, P < 0.03). These findings are congruent with the
recently published molecular phylogeny of the Arctoidea
(Fulton and Strobeck, 2006) based on four nuclear
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Fig. 1. Phylogenetic tree of the Ursidae family based on the analyses of 14 combined nuclear genes (dataset 2; see text) and reconstructed following
Bayesian methods. BA and ML analyses of the 3 datasets gave an identical topology. Numbers above branches reflect supports (Bp/pp) obtained from the
analysis of the three datasets (d1, d2, d3). The snow-flake stands for the putative acquisition of hibernating abilities by the common ancestor of the Ursus

genus lineage.

sequence-tagged sites (STS) and IRBP exon 1 (68% Maxi-
mum Parsimony Bp, BA 0.98 pp).

3.2.2. Q2: Presumed sistership of the two black bears

The association of the two black bears, Ursus americanus
and Ursus thibetanus as sister taxa was first proposed by Tal-
bot and Shields using the entire cytochrome b sequences
(1996a) (Table 6). However, it was shown that alternative
hypotheses could not be excluded using larger mitochondrial
DNA datasets (Waits et al., 1999). More recently, a sister
branching of the black bears was once again suggested by
the analysis of the TTR intron 1, but with a weak statistical
support (40 and 52% Bp; Table 6). We show here, that topol-
ogy tests performed on these datasets do not favour any of
the hypotheses (P > 0.05; Table 7).

Our data are clearly not consistent with this sistership
hypothesis. Indeed, all the three combined nuclear datasets

gave identical results (Fig. 1): the American black bear
clustered with the polar/brown bear clade and the Asiatic
black bear is placed as the sister taxon to the polar/
brown/American black bears. To test the reliability of this
finding, we considered alternative hypotheses concerning
Q2 (Table 7): (1) the Asiatic black bear groups with the
polar/brown bear clade and the American black bear is
placed as sister taxon to this former clade, and (2) the
two black bears are clustered as sister taxa. KH and SH-
tests show that trees where the two black bears are associ-
ated as sister taxa are significantly worse than trees where
there are not clustered as sister taxa (e.g. P <0.05 for
KH and SH-tests based on dataset 3; Table 7). However,
these tests failed to find significant differences between
the alternative branching orders of the two black bears
(P>0.05 for KH and SH-tests based on datasets 2 and
3; Table 7). Nevertheless, the analyses of the three datasets



Table 6

Support values found in this study and in previous molecular analyses concerning the alternative hypotheses of the three unresolved ursid phylogenetic questions

Phylogenetic issue
alternative topologies

Previous published analysis

Multi nuclear genes analyses

Based on exon Based on intron Based on the 2
combined nuclear

Based on combined
mitochondrial DNA

Partition 1

Partition 2

Partition 3

Complete TTR
(7963 bp) excluded

Complete  TTR
(8969 bp) excluded

Complete TTR
(9791 bp) excluded

Talbot and Shields, Waits et al., Yu et al., 2004 Yu et al., 2004 Yu et al., 2004

This study

This study

This study

Q1 (O, ((A.m, T.0), U))
(O, A.m, (T.o, U))
(0, T.0, (A.m, U))

Q2 (O, (U.am, U.thib), U’)
(0, U.thib, (U.am, U")) —
(0, U.am, (U.thib, U")) —

Q3 (O, (H.m, M.u)U")
(O, H.m, (M.u, U"))
(0, M.u, (H.m, U"))

Unresolved 63/64

100/1.00  100/1.00

81/1.00  82/1.00

0.42 —
55 71/0.78

Not possible Not possible Not possible Not possible

79/1.00 75/1.00
50
0.96 62/0.99

90/1.00 85/1.00

50/0.98 75/0.99

Support values correspond to the node highlighted in bold and represent the values observed for the best trees. Underlined numbers indicate posterior probabilities. NJ bootstrap values are in italics,

ML bootstrap in bold and other numbers correspond to Maximum Parsimony bootstrap values.

Abbreviations: O, outgroup; A.m, Ailuropoda melanoleuca; T.o, Tremarctos ornatus; U, Ursinae; U.am, Ursus americanus; U.thib, Ursus.
thibetanus, U', (Ursus maritimus, Ursus arctos); H.m, Helarctos malayanus; M.u, Melursus ursinus; U”, Ursus genus representatives.
QI1: basal position of the Ursidae radiation?; Q2: sistership of the two black bears?; Q3: branching order among ursine group, i.e. positions of H.m and M.u?
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Table 7

Likelihood ratio tests for the alternative hypotheses concerning phylogenetic relationships of the two black bears

Dataset 3

Dataset 2

IRBP + TTR

TTR

IRBP

Alternative topologies

This study
A-InL

0.57

This study
A-InL
2.46

Yu et al. (2004)

A-InL
3.47
3.47
1.29
2.39
2.39

Yu et al. (2004)
A-InL KH-test

2.30
2.30

Yu et al. (2004)
A-InL KH-test

5.28
5.28

S.

SH-test

KH-test

0.303
0.088

SH-test KH-test SH-test
0.27 0.63

KH-test
0.172
0.172

0.275

SH-test

SH-test

0.685

0.224

0.234

0.234

0.225

0.225

((U.mar, U.arct), U.am), U.thib), Ol)
((((U.mar, U.arct), U.thib), U.am), Ol)
(((U.mar, U.arct), (U.am, U.thib)), OI)
((((U.mar, U.arct), U.am), U.thib), O2)
((((U.mar, U.arct), U.thib), U.am), O2)
(((U.mar, U.arct), (U.am, U.thib)), O2)

0.092

0.095 0117  14.05
16.76
(15151)

15.63
20.28

0.224
0.577

0.234

0.234

0.225

0.225

0.044*

0.039%*

0.041%*

0.035%

(1672)
2.30
2.30

0

0.225

0.225

28

0.234 0.227 0.333 (14803)
134

0.234

0.234

(1974)

0
0

0.101

0.172 13.78 0.092
16.57

0.067

0.122

0.333

0.227

0.234

0.795
0.790

0.472
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0.043*

0.042*

0.042*

18.17

0.804 (3705)

Six topologies were tested representing all the possible topologies for the relationships between Ursinae. The association of brown and polar bears as sister taxa is considered as well-established. KH/

0.506

0.347

SH-tests were performed on nuclear datasets provided by Yu et al., 2004 and on the two larger datasets out of the three generated in this study. Values in parenthesis correspond to the log-likelihood of
the best tree; —AlnL, to the log-likelihood difference as compared to the best tree. An asterisk denotes that the test is significant at P < 0.05 (the topology is significantly worse than the best one).

“H. malayanus), M. ursinus), T. ornatus), A. melanoleuca)”; O2 = “M. ursinus), H.

Ursus americanus; U.thib = Ursus thibetanus; Ol =

U.mar = Ursus maritimus; U.arct = Ursus arctos; U.am

malayanus), T. ornatus), A. melanoleuca)”.

with two different methods of phylogenetic inferences sus-
tain the hypothesis of the Asiatic black bear as the first
black bear to diverge (Fig. 1) with strong supports (e.g.
90% Bp, 1.00 pp for the larger dataset 3; Table 6).

Consequently, with our larger nuclear datasets, the
branching order inside the genus Ursus is clarified. More-
over, it should be noted that these analyses identified Ursus
representatives as a monophyletic group and were in agree-
ment on this point with phylogenetic reconstructions using
nuclear TTR intron 1 (Yu et al., 2004). These findings are
particularly interesting regarding the acquisition of hiber-
nating capabilities by bears. As Ursus genus, including
the extinct cave bear species (Hdnni et al., 1994; Loreille
et al., 2001), consists only in hibernating species (Stirling,
1993), their monophyly indicates that the hibernating
capability likely appeared only once along the evolutionary
history of the ursids (Fig. 1). Based on the current range
distribution of the ursine species (Herreo et al., 1999),
the acquisition of this peculiar feature by a common Asi-
atic ancestor could be the cause or the consequence of
the colonisation by the Ursus representatives of the north-
ern regions of the North hemisphere. Alternatively, hiber-
nation could also represent a symplesiomorphic feature
shared by the Ursus representatives, and lost by the other
bear species.

3.2.3. Q3: The Ursinae radiation

The six ursine species underwent such a rapid radiation
around 5 Myr ago (Kurtén, 1968; Wayne et al., 1991).
Thus, determining their branching order is a difficult chal-
lenge. Molecular phylogenies based either on mitochon-
drial data (Zhang and Ryder, 1994; Vrana et al., 1994;
Talbot and Shields, 1996a; Waits et al., 1999) or on nuclear
data (Yu et al., 2004; Fulton and Strobeck, 2006) failed to
clarify this problem. Up to now, the only well-established
relationship within Ursinae was the sistership of brown
and polar bears (Taberlet and Bouvet, 1992; Talbot and
Shields, 1996a; Waits et al., 1999; Yu et al., 2004). More
precisely, analyses of mitochondrial markers have con-
cluded to closer relationships between polar bears and
brown bear population of the ABC islands leading to the
paraphyly of the brown bear species on mitochondrial data
(Talbot and Shields, 1996b). Moreover, ancient DNA
studies based on mitochondrial markers elucidated the sist-
ersphip of the extinct cave bear with the brown-polar bear
clade (Héanni et al., 1994; Loreille et al., 2001). We clarified
above the relationships among the genus Ursus (Q2), so the
last point to elucidate relates to the branching order of M.
ursinus and H. malayanus.

Our data clearly placed these two species at the base of
the ursine radiation and were excluded from the monophy-
letic group of Ursus representatives. However, ML recon-
structions based on our 3 datasets do not discriminate
between two of the three possible topologies given the
weak Bp supports (Bp <55%; Table 6). Nevertheless, BA
performed on datasets 2 and 3 give stronger support to
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M. ursinus clustered with the representatives of the genus
Ursus (pp values of 0.96 and 0.98).

Combined genes could lead to an unresolved topology if
the genes give contradictory results. In this case, Jeffroy
et al. (2006) showed that it could be better to remove the
problematic genes from the analyses. In their study com-
bining IRBP and TTR, Yu et al. (2004) observed that both
genes taken separately gave contradictory results: IRBP
sustained the hypothesis of M. ursinus clustered with the
representatives of the genus Ursus, whereas TTR supported
the M. wursinus and H. malayanus sistership (Table 6). In
order to assess whether TTR is responsible for the low sup-
ports observed, we performed the same phylogenetic anal-
yses on our three datasets but excluding this marker. In this
case, a single topology is well supported: M. ursinus clus-
ters with the representatives of the genus Ursus. The exclu-
sion of TTR increases all the support values for this
hypothesis in both ML and BA analyses (e.g. Bp from
50-75% for dataset 3; Table 6). Nevertheless, further work
is required to confirm the positions of the sloth and sun
bears within the ursid tree.

3.2.4. Further investigations

In this study, we resolved the main ambiguities among
the phylogeny of Ursidae (Q1 and Q2) and clarified the last
one (Q3). Even the combination of 14 nuclear gene frag-
ments was not informative enough to solve definitively
the relationships between all the representatives of the
Ursinae sub-family (Q3). This lack of resolution is certainly
due to the rapid burst of ursine species during bear evolu-
tionary history. A solution to circumvent this difficulty
could be to identify Rare Genomic Changes (RGCs) in
the Ursidae genomes (Springer et al., 2004). RGCs would
be perfect arbiters and will certainly be needed, as there
is little chance that increasing the nuclear sequence dataset
will provide any further information. Searching RGCs
could be directed by two theoretical and empirical points:
(1) insertions, deletions, and retrotransposon integrations
occur more likely in non-coding regions (Springer et al.,
2004); (2) as other restricted regions of the genome with
limited recombination, the non-recombining region of the
Y chromosome is expected to accumulate more retrotrans-
poson elements (Pecon-Slattery and O’Brien, 1998; Pecon-
Slattery et al., 2004). So, scanning Y-linked chromosome
intron sequences to find RGCs in bear genomes could
prove to be useful to overcome the lack of phylogenetic sig-
nal among ursids. We are confident that these additional
independent markers will consolidate the Ursidae tree.
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