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The bear family (Ursidae) presents a number of
hylogenetic ambiguities as the evolutionary relation-
hips of the six youngest members (ursine bears) are
argely unresolved. Recent mitochondrial DNA analy-
es have produced conflicting results with respect to
he phylogeny of ursine bears. In an attempt to resolve
hese issues, we obtained 1916 nucleotides of mitochon-
rial DNA sequence data from six gene segments for all
ight bear species and conducted maximum likelihood
nd maximum parsimony analyses on all fragments
eparately and combined. All six single-region gene
rees gave different phylogenetic estimates; however,
nly for control region data was this significantly
ncongruent with the results from the combined data.
he optimal phylogeny for the combined data set
uggests that the giant panda is most basal followed by
he spectacled bear. The sloth bear is the basal ursine
ear, and there is weak support for a sister taxon
elationship of the American and Asiatic black bears.
he sun bear is sister taxon to the youngest clade
ontaining brown bears and polar bears. Statistical
nalyses of alternate hypotheses revealed a lack of
trong support for many of the relationships. We sug-
est that the difficulties surrounding the resolution of
he evolutionary relationships of the Ursidae are linked
o the existence of sequential rapid radiation events in
ear evolution. Thus, unresolved branching orders
uring these time periods may represent an accurate
epresentation of the evolutionary history of bear
pecies. r 1999 Academic Press

INTRODUCTION

The Ursidae, a relatively small carnivoran family of
ight extant species, is classified within the Arctoidea
nd is thought to have originated some 15–20 million
ears ago (MYA) (Thenius, 1959; Kurtén, 1968). The
arliest unequivocal bear, Ursavus, appears in the
arly Miocene as a descendant of the ‘‘bear-dogs’’ (Hemi-
yoninae; Crusafont and Kurtén, 1976; Martin, 1989), a

ransitionary group of late Oligocene carnivores. All o
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xtant bears, plus the extinct subfamily Agriotheriinae,
re believed to be derived from the diversification of
rsavus during the Miocene (Kurtén, 1968; Thenius,
982). Given this rapid radiation, it is not surprising
hat the taxonomic status of bears has been enigmatic
nd controversial. One long standing problem concerns
he placement of the giant panda (Ailuropoda melano-
euca): while molecular data generally support inclu-
ion of the giant panda within the Ursidae (O’Brien et
l., 1985; Nash and O’Brien, 1987; Goldman et al.,
987; Wayne et al., 1989; Hashimoto et al., 1993), this is
till being challenged at the molecular (Tagle et al.,
988; Zhang and Shi, 1991) and morphological (Kitch-
ner, 1994) levels.
In addition to the controversial taxonomic placement

f the giant panda, the classification of the seven other
ear species is unclear (Table 1). The spectacled bear
Tremarctos ornatus) is generally considered basal to
he rest of the bears and has been alternatively placed
n its own genus or subfamily. Fossil data suggest that
he remaining six species (the ursine bears) originated
n Eurasia during the early Pliocene (Kurtén, 1968),
ut the evolutionary relationships among these species
re unresolved; paleontological (Kurtén, 1968; The-
ius, 1982), cytological (Nash and O’Brien, 1987), immu-
ological, DNA hybridization, and isozyme (O’Brien et
l., 1985; Goldman et al., 1987) data have proven
nconclusive. Analyses of mitochondrial DNA (mtDNA)
equence data have been problematic, with differing
lacement of the ursine species depending on the
nalysis and particular specimen used (Zhang and
yder, 1993, 1994; Talbot and Shields, 1996a). As a
esult, taxonomic classifications (Table 1) range from
lacing each ursine species in its own genus (Eisen-
erg, 1981) to placing all six ursine species in the genus
rsus (Nowak, 1991).
Molecular sequence data have been particularly use-

ul in the resolution of ambiguous phylogenetic relation-
hips; however, the degree of phylogenetic resolution
fforded by molecular sequences is critically dependent

n several factors, including the time since divergence
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83MULTIPLE-REGION mtDNA PHYLOGENY FOR URSIDAE
nd the average rate at which substitutions accumu-
ate (Avise et al., 1983), base frequencies (Lockhart et
l., 1994), distribution of rates among sites (e.g., Gaut
nd Lewis, 1995), and the nature of the topology being
stimated (e.g., Yang, 1994a). Furthermore, the valid-
ty of the assumptions made by any phylogenetic
nalyses (either explicit or implicit) can impinge upon
hylogenetic reliability and accuracy. In this paper, we
se sequence fragments from several different mitochon-
rial genes to estimate the mtDNA gene tree for the
xtant bear species using maximum-likelihood analy-
es under an objectively determined model.

MATERIAL AND METHODS

amples

Samples were obtained for a minimum of three
ndividuals from each of the eight bear species, exclud-
ng the enigmatic Red panda, Aliurus fulgens. For each
pecies, total genomic DNA was isolated from a 5 cell
ine (Sambrook et al., 1989), b 5 serum (Ward et al.,
991), c 5 blood sample (Vardenplas et al., 1984), as
ollows: Giant panda (Ailuropoda melanoleuca)a, spec-
acled bear (Tremarctos ornatus)a, sloth bear (Melursus
rsinus)ab, American black bear (U. americanus)c, Asi-
tic black bear (U. thibetanus)c, sun bear (U. malaya-
us)ab, European brown bear (U. arctos arctos)c, Mon-
ana brown or grizzly (U. arctos horribilis)c, Japanese
rown (U. arctos hokkaido)a, Kodiak brown bear (U.
rctos middendorffi)c, and polar bear (U. maritimus)ab.
ll samples from endangered species were obtained
ith appropriate CITES documentation.

mplification and Sequencing

Sequences were obtained from the products of PCR
mplification (Saiki, 1990) using solid-phase sequenc-
ng (Hultman et al., 1989). Amplification was carried
ut in 25-µl volume reactions with 100–400 ng of
enomic DNAusing a Thermus aquaticus (Taq) polymer-
se kit (Perkin–Elmer–Cetus). The PCR temperature
rofile consisted of 30 cycles of 1 min at 94°C, 1 min at
2–50°C, and 1 min at 72°C followed by a final 5-min

TAB

Taxonomy o

Common name Ewer (1973) Eis

iant panda Ailuropoda melanoleuca A. m
pectacled bear Tremartos ornatus Tr.
siatic black bear Selenarctos thibetanus S. t
loth bear Melursus ursinus M.
un bear Helarctos malayanus H.
olar bear Thalarctos maritimus Th.
rown bear Ursus arctos U.
merican black bear Euarctos americanus Urs
xtension at 72°C. Published primer sets were used for S
he control region (Ward et al., 1991), 16S rRNA
Cunningham et al., 1992), and cytochrome b (Kocher et
l., 1989).
Primers were designed for NADH-5, NADH-4, and

OII by aligning published mammalian sequences and
hoosing conserved regions. Primer sequences are listed
elow with reference to the 38 nucleotide position on the
arbor seal mitochondrial DNA reference sequence

Árnason and Johnsson, 1992), where L and H refer to
he light and heavy strand, respectively. NAD5: L12673
58GGTGCAACTCCAAATAAA AGTA-38), H12977 (58-
GAATTCTATGATGG ATCATGT-838); NAD4: L12035

58-ATTCTCATCCAAACGCCATGAAG-38), H12514 (58-
TATTAGATTCACAATCTAAT-38); and COII: L7930

58-TACATAACTTTGTCAAAGTTAA-38), H8666 (58-
CT CAATCTTTAACTTAAAAGGTT-38); plus an inter-
al sequencing primer L8146 (58-GACGCACAAGAAG-
AGAGAC-38). A giant panda-specific heavy strand
rimer was also developed for NADH-4—H12531 (58-
AAAAAGATTTAACGTTTTAT-38).
The control region was first sequenced for a mini-
um of three individuals per bear species; then the two
ost divergent individuals within each species were

equenced for the remaining five regions. However, due
o amplification and sequencing difficulties, only one of
he spectacled bear samples gave adequate sequence
or COII and NADH-4. Hence, this species is repre-
ented by only a single individual in the analyses of
hese two regions and for all regions combined. The
rimary outgroup taxon was defined by sequence data
btained from the single harbor seal (Phoca vitulina)
or all six regions.

equence Alignment and Domain Identification

All sequences for the four protein coding regions
ligned perfectly, with no insertions or deletions. The
6S rRNA sequences were aligned by eye to the bovine
econdary structure (Gutell and Fox, 1988), resulting
n an aligned sequence of 485 nts, corresponding to
ositions 2911 to 3391 of the harbor seal reference,
ncluding four indels. Control region sequences were
ligned using the CLUSTAL V program (Higgins and

1

he Ursidae

burg (1981) Wozencraft (1989) Nowak (1991)

anoleuca A. melanoleuca A. melanoleuca
atus Tr. ornatus T. ornatus
etanus Ursus thibetanus U. thibetanus
inus M. ursinus Ursus ursinus
layanus H. malayanus Ursus malayanus
ritimus Ursus maritimus U. maritimus
os U. arctos U. arctos
americanus U. americanus U. americanus
LE
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harp, 1989) and adjusted manually to preserve align-
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84 WAITS ET AL.
ent of regions believed to be homologous throughout
he entire Class Mammalia (Saccone et al., 1991). This
ielded an aligned sequence of 352 nts, corresponding
o positions 16,388 to 16,711 of the harbor seal refer-
nce (Árnason and Johnsson, 1992). This sequence (see
ppendix) includes 15 indels: 11 single-nt deletions (2

n the seal sequence, 8 in bear sequences and 1 in both
ears and seal), 3 four-nt deletions in the seal sequence,
lus one larger indel of repetitive sequence, which
anged in length from 5 to 59 nts depending on the
pecies (positions 74 to 132).

hylogenetic Analyses

Phylogenetic analyses were performed using a test
ersion of PAUP* (4.0d61a; written by D. L. Swofford)
nd were restricted to aligned sequences, with all
ndels from the 16S rRNA and control region sequences
mitted. We used an iterative search strategy proposed
y Swofford et al. (1996), in which an initial parsimony
earch (equal weights, BANDB) is conducted to acquire
set of topologies. These were then used to evaluate the

elative fit of alternative models and estimate model
arameters for use in a heuristic search (random input
rder with 10 replicates, TBR branch swapping) under
he likelihood criterion (see Frati et al., 1997; Sullivan
nd Swofford, 1997; Sullivan et al., 1997 for examples of
his methodology). Four models of nucleotide substitu-
ion were examined: Jukes-Cantor (JC; Jukes and
antor, 1969), Kimura two-parameter (K2P; Kimura,
980), Hasegawa–Kishino–Yano (HKY85; Hasegawa et
l., 1985), and general time-reversible (GTR; Yang,
994a). In addition, 4 models of among-site rate hetero-
eneity were examined: equal rates assumed at all
ites, invariable sites plus a uniform rate at variable
ites (I; e.g., Hasegawa et al., 1985), rates at all sites
ssumed to follow a gamma distribution (G; Yang,
994b), and a mixed-distribution model that combines
he invariable sites and gamma-distributed rates model
I 1 G; Gu et al., 1995; Waddell and Penny, 1996). In the

odels that employed a gamma distribution, we used
he discrete approximation of the continuous gamma,
ith eight rate categories. Thus, a total of 16 alterna-

ive models of evolution were examined, each of which
s a special case of the most general and parameter-rich
TR 1 I 1 G (see Swofford et al. [1996] and Sullivan
nd Swofford [1997] for description of models and
omparisons of models assumptions). Nodal support
as estimated using bootstrap analyses (Felsenstein,
985). Five hundred replicates were conducted for the
arsimony bootstrap analyses and 100 replicates were
onducted for the likelihood bootstrap analyses. In the
ikelihood bootstrap analyses, the HKY 1 I 1 G model
as used with transition ratio, proportion of sites

nvariable, and gamma-distribution shape parameter
et to the values estimated from the original analyses,
nd base frequencies were recalculated for each repli-

ate. w
Phylogenetic trees were estimated separately for
ach of the six regions sequenced and for the combined
ata set of 1916 nts. The issue of whether or not to
ombine data from different genes is complex. Although
e acknowledge that universally applicable tests for

ombinability do not exist (e.g., Sullivan, 1996), we
gree with those who have suggested that the best
stimate of phylogeny will not always derive from a
ombined data approach (e.g., Bull et al., 1994; Mason-
amer and Kellog, 1996), rather than those who view a

otal evidence approach as the only valid method of
nalysis (e.g., DeSalle and Brower, 1997); that nature
s complex precludes such a dogmatic approach as the
atter. Therefore, we tested the optimal trees for each of
he fragments with the optimal tree estimated from the
ombined data set using the Kishino–Hasegawa Test
Kishino and Hasegawa, 1989). With the exception of
he control region data set, the combined tree was not
ignificantly worse than the optimum tree for any
articular fragment. This suggests that, as would be
xpected for linked mitochondrial genes, each of the
ingle region trees is an independent estimate of the
itochondrial gene tree and a combined analysis is
arranted. Two individuals per species were included

n each analysis, with the exception of the spectacled
ear and the outgroup taxon (harbor seal), which were
epresented by only one individual. Alternate topolo-
ies were tested for significant differences using Kishino
nd Hasegawa’s test.

RESULTS

ucleotide Variability

The distribution of nucleotides observed to vary
ithin bears for each of the six regions is summarized

n Table 2 and Fig. 1. Overall, the proportion of
ucleotides observed to vary ranges from 20% for 16S
RNA data to 46% for the NADH-5 (Table 2). As is
ommonly seen, when evaluated in terms of codon
osition (Fig. 1A), the nucleotide variability of the
rotein coding genes appears inversely related to the
egree of selective constraints. For all four protein
oding regions, the third position sites exhibited uni-
ormly high levels of variation, with 72 to 80% of the
ucleotide positions observed to vary among taxa,
hereas only 21% of all first position sites and only 6%
f all second position sites were observed to vary. The
eterogeneity in overall nucleotide variability between
rotein-coding regions (Table 2) is due to differences in
ariability at first and second position sites, coupled
ith the differences in variability at second position

ites. This likely results from the fact that each protein
oding region has been subject to different selective
onstraints.
The proportion of nucleotides at which substitutions

ere observed was also examined separately for single-
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85MULTIPLE-REGION mtDNA PHYLOGENY FOR URSIDAE
tranded and double-stranded regions of the 16S rRNA
ene and for the variable (V) and conserved (C) do-
ains of the control region (Fig. 1B). Considerable
eterogeneity of nucleotide variation was observed
ithin the 16S rRNA gene segment; three times more

ites were observed to vary in the single-stranded loops
han double-stranded stems. The location of the two
ariable domains and conserved domains in the control
egion is consistent with the location of the hypervari-
ble and conserved segments postulated to occur in the
tDNA control region of all mammals (Saccone et al.,

991). The heterogeneity between these domains is
ubstantial, with five times more sites observed to vary
n variable domains than in conserved domains. How-
ver, even the variable domains exhibit a smaller
ercentage of nonconstant sites than the third position
ites of the protein-coding regions (Fig. 1). Hence, at
east in bears, there is little support for the presump-
ion that the average rate of interspecific nucleotide
ubstitution in the control region is substantially greater
han that of protein-coding regions. Overall, these data
ndicate that the probability of nucleotide substitution
aries substantially within the 58 end of the control
egion.

hylogenetic Analyses

The best fit of the alternative models that we exam-
ned was the HKY 1 I 1 G model (Fig. 2). As expected,
he most complex and parameter-rich model
GTR 1 I 1 G) fit the data somewhat better but this
mprovement in fit (as assessed by the x2 approxima-
ion of the null distribution) was only marginal
x2

[4] 5 7.89; 0.1 . P . 0.05). The parameter estimates
f this model for each of the fragments and for the
ombined data set are presented in Table 2.
Figure 3 summarizes the maximum likelihood topolo-

ies derived from the independent phylogenetic analy-
is of each single-region data set. The optimum trees for
ach region are different, and furthermore, none of the
ingle-region trees was identical to the best tree for the
ombined data (Fig. 4). Only for the control region
equences, however, were the optimum topologies sig-

TAB

Summary of Model Parameters for the Fragment Data

COII Cyt b NADH-4

o. of sites 453 255 223
o. variable 162 94 84
ase Freq. 0.31457 0.27843 0.32332

0.23245 0.27373 0.31278
0.18256 0.16176 0.09081

-ratio 45.606 8.702 14.804
Infinity 5.391 1.187

inv 0.611 0.560 0.477
1 0.248 0.424 0.090
ificantly better than the best trees for the combined t
ata. Hence, despite their different appearance, the
ingle-region topologies are not significantly different
rom the combined-data topologies (Fig. 4); and these
ingle-region data sets fail to provide adequate discrimi-
atory power to exclude alternative evolutionary hy-
otheses.
Three optimal trees differing only in placement of

ineages in the brown bear/polar bear clade were found
n the likelihood analysis of the combined data. These
opologies indicate that polar bears may have arisen
rom within U. arctos, and the sun bear is sister taxon
o this clade. There is weak support for a sister taxon
elationship between the Asiatic and the American
lack bears, and the sloth bear is the basal ursine bear.
he spectacled bear is sister to the ursine bears, and

he giant panda is the most basal bear.

DISCUSSION

Perhaps one of the most interesting questions cur-
ently facing molecular systematists is how best to
andle heterogeneous data from multiple genes. This

ssue will become increasingly important as data sets
ecome increasingly large. In this case, we have se-
uences from six regions of the mitochondrial genome
ith potentially different rates and modes of evolution;

hus, we were forced to use a relatively complex hetero-
eneous-rates model. However complex, this model
HKY 1 I 1 G) still treats all fragments as if they are
volving under the same Markov process. The validity
f this assumption can be tested by allowing a unique
KY 1 I 1 G for each fragment and comparing the

um of the log likelihoods for each (lnL 5 27455.988)
o the score calculated for the combined data
lnL 5 27675.316). In this case, there is a significant
mprovement in fit associated with allowing a unique
rocess for each fragment (x2

[24] 5 438.655; P , 0.001);
owever, there is no current implementation of maxi-
um likelihood that allows the partitioning of data in

uch a way during a tree search. Analyses using a
etter fit model are expected to provide a consistent
stimate of phylogeny under a broader array of condi-

2

hen Analyzed Separately and for the Combined Data

NADH-5 16S CR Comb.

243 480 260 1916
111 94 97 641

0.35587 0.32323 0.24731 0.3087
0.25377 0.21698 0.26154 0.2497
0.09622 0.20750 0.18885 0.1650

36.618 5.804 11.362 15.886
0.963 0.302 0.2837 1.440
0.418 0.484 0.2435 0.583
0.872 0.256 0.0023 —
LE

W

ions than would be expected for analyses using a



s
T
l
m
I
r
l
s
l
a
a

P

s
e
n
i
o
a
(
c
s
p
(
1
1
1
p
a
b
a
s
b
r

g
g
b
g
C
R
t
o
r
i
A
s
1
w
o
g
o
(
t
b

U
o
c
o
q
d
o
1
s
a
f

86 WAITS ET AL.
implified model but this may incur a cost in efficiency.
hat is, for sequences of a finite length, one may be no

ess likely to estimate the true tree using a simplified
odel rather than a complex, statistically better model.

ndeed, there is evidence that maximum likelihood is
obust to violations of the rate-heterogeneity model, as
ong as among-site rate variation is accommodated in
ome manner (J. Sullivan and D. L. Swofford; unpub-
ished data). The trade-off between model complexity
nd performance of phylogenetic analyses is currently
n active area of research.

hylogenetic Analysis of the Combined Data Set

Given the ambiguities associated with analysis of the
ingle-region data sets, our assessment of bear phylog-
ny will be based on topologies estimated from phyloge-
etic analyses of the combined data set. These analyses

dentified three optimal topologies (Fig. 4) that differed
nly in the placement of lineages within the brown bear
nd polar bear clade. There is high bootstrap support
93% ML, 100% MP) for the brown bear/polar bear
lade, and this result is consistent with earlier conclu-
ions of a close evolutionary relationship between the
olar bear and the brown bear based on fossil data
Kurtén, 1964), protein allozyme data (Goldman et al.,
987), mtDNA sequence data (Shields and Kocher,
991), and the presence of fertile F1 hybrids (Gray,
971). A paraphyletic relationship of brown bears and
olar bears has been suggested based on mtDNA
nalyses of a more extensive geographic sampling of
rown bears and polar bears (Cronin et al., 1991; Talbot
nd Shields, 1996b; Waits et al., 1998). In contrast, the
uggestion of Zhang and Ryder (1993) that the polar
ear is a recent offshoot of the Tremarctine lineage is
ejected by our analysis.
The combined data analysis provided weak to mar-

inal bootstrap support (30% ML, 61% MP) for the
rouping of the sun bear as sister taxon to the brown
ear/polar bear clade. This grouping was also sug-
ested based on mtDNA sequence data from the entire
yt b gene (Talbot and Shields, 1996a), but Zhang and
yder (1994) suggested the Asiatic black bear is sister

axon to a brown/polar/sunbear clade based on analyses
f 1185 bp of mtDNA sequence data from Cyt b, control
egion, 12S rRNA, and tRNA gene fragments. Some
nterpretations of the fossil data suggest that the
siatic black bear and the American black bear are
ister taxa (Thenius, 1959; Kurtén and Anderson,
980). Our data are equivocal on this point as there is
eak bootstrap support (38% ML, 36% MP) for a clade
f black bears but we cannot reject a nonmonophyletic
rouping of the two species. In fact parsimony analyses
f our data are in agreement with Zhang and Ryder
1994) in suggesting that the Asiatic black bear is sister
axon to the sun/polar/brown bear clade (with a 58%
ootstrap value; not shown).
FIG. 1. Proportion of nucleotides observed to vary among the
rsidae mitochondrial DNA sequences. (A) Nucleotide variability

bserved in the four protein coding regions by first, second, and third
odon position. Percentages represent the number of nucleotides
bserved to vary divided by the total number of nucleotides se-
uenced. NADH-5, NADH dehydrogenase subunit 5; NADH-4, NADH
ehydrogenase subunit 4; Cyt b, cytochrome b; COII, cytochrome
xidase II. (B) Observed nucleotide variability in different domains of
6S rRNA and the control region. Single-stranded (SS), double-
tranded (DS) for rRNA and conserved (C), variable (V) (Sacconne et
l., 1991) for control region. Insertions and deletions were omitted
rom these analyses.
Conversely, the sister taxa relationship between the
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87MULTIPLE-REGION mtDNA PHYLOGENY FOR URSIDAE
lack bear species is supported by a separate analysis
f the entire sequence of the mtDNA Cyt b gene for all
ear species (Talbot and Shields, 1996a). However, we
nalyzed their data using the same methodology as
bove (best fit model was GTR 1 I; x2

[2] 5 3.2351,
. 0.05), and their data set does not statistically reject

he placement of the Asiatic black bear as sister to the
olar/brown/sun bear clade (P . 0.05). Therefore, the
lternative phylogenetic hypothesis regarding black
ear species cannot be resolved using the molecular
ata currently available. The sloth bear appears to be
he basal ursine in the combined data analyses as
uggested by earlier mtDNA phylogenetic analyses
Zhang and Ryder 1993, 1994; Talbot and Shields,
996a).
Based on the results from this study and earlier
olecular analyses, we suggest that the difficulties

urrounding the resolution of the four remaining Ur-
ine bear species are linked to a rapid radiation and
peciation event that occurred 2–3.5 mya based on
ossil data (Kurtén and Anderson, 1980). During this
ime period, four ancestral bear lineages appear to have
iverged and subsequently evolved into the extant taxa
onsisting of sun bear, Asiatic and American black
ears, brown bear, and polar bear (Fig. 5). In the last 1
illion years, the lineage leading to the brown and

olar bears diverged into two morphologically and
ehaviorally distinct species. The resulting paraphy-
etic status of the brown bear in relation to the polar

FIG. 2. Comparison and selection of models. Likelihood scores w
ighest or was tied for the highest likelihood scores across models. Se
est compromise between goodness of fit (as indicated by likelihood sc
ear illustrates how rapidly morphological and behav- p
oral changes can outstrip the divergence of molecular
ineages into monophyletic clades and highlights the
henotypic plasticity of bear species.

esolution of the Basal Lineages

Placement of the giant panda and spectacled bear,
espectively, as the two basal bear lineages in the
ombined data set is consistent with nuclear DNA
hromosome analyses (Wuster-Hill and Bush, 1980;
ash and O’Brien, 1987), protein allozyme data (Gold-
an et al., 1987), and mtDNA sequence analyses

Zhang and Ryder, 1993, 1994; Talbot and Shields
996a). Three resolutions of the basal lineages (rooting
f the ingroup topology) are possible; the giant panda
ay be basal, the spectacled bear may be basal, or

hese two may form a monophyletic basal lineage.
albot and Shields (1996a) found support for all three
f these hypotheses. At first glance, our data seem to
nequivocally resolve the giant panda as the basal

ineage based on very strong bootstrap support in
arsimony and moderately strong bootstrap support for
ikelihood (67% ML, 99% MP) (Fig. 4). However, neither
f the suboptimal resolutions can be rejected based on
he Kishino–Hasegawa test. The best tree with the
pectacled bear basal had a likelihood score of
7678.83643 (P 5 0.24), whereas the best tree with the

pectacled bear and panda sister taxa had a likelihood
core of 27678.91995 (P 5 0.22).
Given the strong bootstrap support seen for the basal

calculated for each model using the tree that consistently had the
ext for model abbreviations. The HKY85 1 I 1 G model provides the
) and parameter economization.
ere
e t
osition of the giant panda (Fig. 4), it is surprising that
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FIG. 3. Strict maximum likelihood consensus trees estimated for each single region using the HKY 1 I 1 G model (PAUP*). All six trees
re drawn to the same scale with branch lengths defined by maximum likelihood estimates. Abbreviations: CO-II, cytochrome oxidase subunit
I; Cyt b, cytochrome b; NADH-4, NADH dehydrogenase subunit 4; AA, amino acids; 16S, 16S ribosomal RNA; and NADH-5, NADH
ehydrogenase subunit 5. Abbreviations: Uth, Ursus thibetanus; Uam, U. americanus; Uar, U. arctos; Uma, U. maritimus; Umy, U.

alayanus; Uur, U. ursinus; Tor, Tremarctos ornatus; Ame, Ailuropoda melanoleuca; Pvi, Phoca vitulina.
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he KH tests could not distinguish among the alterna-
ive basal resolutions. The reason for this difficulty can
e easily seen by examining the branch lengths on the
est constrained trees. The two longest branches in the
hylogeny are those leading to the outgroup and to the
anda and long-branch attraction likely accounts for
he extremely high parsimony bootstrap values. How-

FIG. 4. Optimal maximum likelihood phylogeny (HKY 1 I 1 G)
rom the combined data analysis of 1916 nt of mtDNA sequence data
or the Ursidae using the harbor seal as an outgroup. Bootstrap
alues from 100 maximum likelihood replicates are listed at each
ode. Abbreviations: Uth, Ursus thibetanus; Uam, U. americanus;
ar, U. arctos; Uma, U. maritimus; Umy, U. malayanus; Uur, U.
rsinus; Tor, Tremarctos ornatus; Ame, Ailuropoda melanoleuca; Pvi,
hoca vitulina.

FIG. 5. Summary phylogeny of Ursidae divergences and radiation

hang and Ryder (1996). Divergence dates were obtained from fossil data
ver, this does not necessarily imply that the basal
osition of the panda is artifactual. If two long-branch
axa (i.e., a basal taxon and an outgroup taxon) are on
he same side of a short internal branch, methods that
gnore process will have a higher likelihood of inferring
he correct relationships because the length of the
nternal branch will be (perhaps strongly) overesti-

ated (Wadell, 1995) and estimates of support for that
ode are expected to be inflated. This situation has
een called the anti-Felsenstein Zone (Waddell, 1995).
hus, we conclude that the available molecular data
uggest that a basal polytomy best represents the rapid
adiation at the base of the ursid phylogeny (Fig. 5). It
as not possible to address the problematic issue of the

nclusion of the giant panda in the bear family because
any of our primers would not work for taxa critical to

he debate (red panda, raccoon).

se of the Molecular Clock

Several studies have used the molecular clock hypoth-
sis to attempt to date divergence within the ursids by
sing the 12 MY divergence date of the giant panda

Thenius, 1979; Wayne et al., 1991) as a calibration.
owever, based on a likelihood-ratio test (Felsenstein,
988), the molecular clock hypothesis can be rejected
or our data (d 5 60.34; P , 0.001), thus prohibiting us
rom using these data to estimate divergence times.
aradoxically, the giant panda lineage itself seems to
e violating the clock most egregiously. This can be seen
y using the linearized trees approach of Takezaki et al.
1995). We must prune both the giant panda and the
pectacled bear from the tree for the data to fit the clock
ypothesis (x2

[14] 5 15.52118; 0.5 . P . 0.1). Talbot and
hields (1996a) reported that, as was the case with our
ata, the clock hypothesis could not be rejected for the
rsines; however, they did not report a test of the clock

ased on molecular data from this study, Talbot and Shield (1996), and
s b

(Thenius, 1979; Kurtén and Anderson, 1980; Wayne et al., 1991).
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or the entire data set. To assess the validity of the
ates published by Talbot and Shields (1996a), we
valuated the fit of their data to the clock hypothesis in
he same manner as above. As was the case with our
ata, the clock hypothesis can be rejected for the entire
ata set. Thus, the giant panda lineage violates the
olecular clock assumption, and this lineage cannot be
sed as a reliable internal calibration to estimate
ivergence time for the remaining (clock-like) ursines
s suggested by Talbot and Shields (1996a). Dating the
rsine divergences using a molecular clock approach
ill require either molecular data for which the panda

ineage does not violate the clock relative to the ursines
r independent fossil data from an ursine divergence to
alibrate the ursine clock.

axonomy and Evolution of Bears

If taxonomy is to reflect the hierarchy of evolutionary
elationships, placement of the American black bear in
rsus, the same genus as the brown bear, seems
nwarranted unless the sun bear and Asiatic black
ear are also placed in this genus, as suggested by
owak (1991). The genetic and morphological differen-

iation of the sloth bear supports separate placement in
he genus Melursus (Ewer, 1973; Eisenberg, 1981;
onacki et al., 1982; Corbet and Hill, 1991). The close

enetic relationship of the brown bear and the polar
ear reinforces recommendations that the polar bear
enus designation Thalarctos be abandoned in favor of
rsus (Honacki et al., 1982; Nowak, 1991). The phyloge-
etic distinctiveness and basal placement of the spec-
acled bear and giant panda support retention of the
enus names suggested in Table 1.
Delineation of the evolutionary relationships of the

xtant bears provides a perspective on the processes
hat underlie bear evolution. Although Ursavus, the
ncestral taxon, was strictly carnivorous, our phylog-
ny suggests that the extant bears arose by rapid
adiation events that transformed a generalized carni-
ore into a series of ecomorphs (Martin, 1989). While
ach taxon follows the basic carnivore morphological
attern, the extant species are characterized by substan-
ial reliance on herbivory and insectivory, despite long
eriods of evolutionary separation. The lineages that
ave diverged longest (giant panda, spectacled bear,
nd sloth bear) are the least carnivorous, while the
oungest taxa (brown bear and polar bear) are the most
arnivorous. By virtue of its colonization of the Arctic
abitat, the polar bear is the sole exception to the
eneral ursid deviation from true carnivory. Moreover,
he selective pressure of adapting to the new environ-
ent rapidly led to the morphological features that

istinguish the polar bear from brown bears, well
efore the molecular lineages could separate into dis-

inct clades.
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