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A preliminary study on molecular phylogeny of giant flying
squirrels, genus Petaurista (Rodentia, Sciuridae) based on
mitochondrial cytochrome b gene sequences
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ABSTRACT. Phylogenetic relationships among five species of the genus Petaurista (P. alborufus, P.
elegans, P. leucogenys, P. petaurista, and P. philippensis) were investigated using the complete cytochrome
b gene sequences (1140 bp). Phylogenetic trees indicated (1) P. alborufus castaneus from southern China
was closely related to P. petaurista albiventer from Pakistan, (2) P. alborufus lena from Taiwan, P.
petaurista melanotus from China and Laos, and P. philippensis grandis from Taiwan were grouped, and (3)
P. leucogenys, whichis endemic to Japan, distinctly separated from other species. Ourresults critically refuse
the present classification in Petaurista, and suggest that it is reasonable to regard P. alborufus lena as a
distinct species from P. alborufus castaneus, and P. petaurista albiventer as a distinct species from P.
petaurista melanotus.
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NMpepBapuTenbHOe UccneaoBaHWe MOSEKYNsApHOU unoreHum
rmraHtTckux netar poaa Petaurista (Rodentia, Sciuridae) Ha ocHoBe
nocrieaoBaTeNlbHOCTEN MUTOXOHAPUANbHOrO reHa uuroxpoma b

T. Owwmpa, Y.M. Wadwuk, C. Bapkatu, FO. dymxuTa, J1.-K. JlnuH, P. Macyaa

PE3IOME. ®unorenerndeckue CBsA3H IATH BUIOB pona Petaurista(P. alborufus, P. elegans, P. leucogenys,
P. petaurista, and P. philippensis) n3y4eHsbl ¢ TOMOLIBIO ITOJHBIX MOCIEJOBATEIFHOCTEH TeHa IUTOXpoMa
b (1140 map ocnoBanuit). CoriiacHO NOJTYYCHHBIM (hruIoreHeTHIeCKUM AepeBbaM (1) P. alborufus castaneus
u3 1oxHoro Kuras omuskoponcteenen P. petaurista albiventer w3 Ilakucrana, (2) P. alborufus lena u3
TaiiBausi, P. petaurista melanotus w3 Kutas u Jlaoca u P. philippensis grandis w3 TaiiBanst 00beIUHSOTCS
Bmecte U (3) P. leucogenys, sunemMuk Juist SIoHuu, 4eTKo oTjeneH oT Apyrux ¢opm. Hamm pesynbrars
MO3BOJISIFOT KPUTHYECKHU MTEPECMOTPETh CYIIECTBYIONIYIO KiacCHDUKALUI0 pola Petaurista, U TO3BOJISIOT
paccmatpuBath P. alborufus lena xak OTIeNBbHBIA BUI OTIUYHEINA OT P. alborufus castaneus, u P. petaurista
albiventer — Kak OTIENBHBIN BUI OTIIMYHEINA OT P. petaurista melanotus.

KJIFOYEBBIE CJIOBA: Petaurista, ruranTcKast JIeTsIra, MOJCKYJIsipHAs (DUIIOTCHUS, MUTOXOHIPHAIbHAS
JHK, uuroxpom b.

Introduction

Giant flying squirrels (genus Petaurista) are ubiqui-
tous throughout South and Southeast Asia and in south-
ern China, Taiwan, and Japan. They had been split
traditionally into five species: P. alborufus Milne-Ed-
wards, 1870, P. elegans Miiller, 1840, P. leucogenys
Temminck, 1827, P. magnificus Hodgson 1836, and P.

petaurista Pallas, 1766 (Corbet & Hill, 1980), each of
which was intricately divided into numerous subspecies
(e.g., Lekagul & McNeely, 1988). However, Corbet &
Hill (1991, 1992) currently reorganized the classifica-
tion and recognized five additional species: P. caniceps
Gray, 1842, P. nobilis Gray, 1842, P. philippensis
Elliot, 1839, P. sybilla Thomas & Wroughton, 1916,
andP. xanthotis Milne-Edwards, 1872 from five species
that have been mentioned above.
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Table 1. Species of the genus Petaurista examined in the present study.

Identit A i
Species name ;?01 Y Common name Type locality Collecting locality cc}e]zsmn
d and white giant flyi Ich Hubei, .
Petaurista alborufus castaneus 1 (ALC1) red and wit ? gant tymg ¢ ang,. et southern China* | AB092613
squirrel China
Petaurista alborufus castaneus 2 (ALC2) southern China* | AB092614
Petaurista alborufus lena (ALL1) Taiwan Nantou, Taiwan AB092615
. . . Java Island, . .
Petaurista elegans lesser giant flying squirrel ava ’s an Jambi, Indonesia | AB092610
Indonesia
. . . Kyushu Island,
Petaurista leucogenys leucogenys | 1 (LEL2) | Japanese giant flying squirrel yusJal;;an Fukuoka, Japan AB092616
Petaurista leucogenys leucogenys | 2 (LEL1) Ehime, Japan AB092617
Honshu Island,
Petaurista leucogenys nikkonis 1 (LENI) onsJaL;ailan ’ Wakayama, Japan | AB092618
Petaurista leucogenys nikkonis 2 Nagano, Japan AB092619
Petaurista petaurista melanotus 1 (PEM1) red giant flying squirrel Selangor, Malaysia Laos* AB092608
Petaurista petaurista melanotus | 2 (PEM2) southern China* | AB092609
Ayubia National
P ] ] ) 1 2612
etaurista petaurista albiventer Nepa Park, Pakistan AB0926
Petaurista philippensis grandis (PHG) Indian giant flying squirrel Taiwan Nantou, Taiwan AB092611

Identity Nos. are corresponded to those in Figs. 1 and 2, and the codes used in the previous report (Oshida et al., 2000) are shown in
parentheses. Asterisks mean the sample unknown exact collecting locality.

There are some fragmentary studies on the systemat-
ics of some Petaurista species or subspecies based on
genetic data. Oshida ef al. (1992) examined the karyo-
taxonomy of Petaurista and concluded that P. petauris-
ta melanotus Gray, 1837 was more closely related to P.
alborufus lena Thomas, 1907 than to P. petaurista
grandis (P. philippensis grandis) Swinhoe, 1863. In
addition, based on the mitochondrial 12S ribosomal
RNA sequence data, Oshida et al. (1996) reported that
P. petaurista melanotus was closely related to P. petau-
rista grandis (P. philippensis grandis) and thatP. leucog-
enys could have early diverged from P. petaurista.
Recently, amolecular systematic study of the mitochon-
drial cytochrome b partial sequences (1068 bp) showed
that P. alborufus lena from Taiwan was more closely
related to P. philippensis grandis and P. petaurista
melanotus than to P. alborufus castaneus from southern
China (Oshida ef al., 2000a), and that P. elegans may be
closely related to P. alborufus castaneus Thomas, 1923
(Oshidaet al.,2001a). In spite of the presentation of these
studies, the entire perspective on molecular systematics
of the genus Petaurista has not been cleared yet.

Giant flying squirrels are arboreal, and depend on the
resources of biologically rich forests (e.g., Baba et al.,
1982; Leeet al., 1986). So, the recent destruction of rich
forests in Asia seems to seriously bring with it decrease
of population of giant flying squirrels. However, since
even the classification is still confused, at present it is
very difficult to plan for conservation of giant flying
squirrels, so that, first the basic studies regarding as

systematics and phylogeny of Pefaurista could be abso-
lutely necessary.

The primary objective of the present study was to
examine the complete mitochondrial cytochrome b se-
quences of representative Petaurista species (P. alboru-
fus, P. elegans, P. leucogenys, P. petaurista, and P.
philippensis) that represent effectively the geographic
distribution pattern of this genus. Specifically, the present
study critically addresses (1) the phylogenetic relation-
ships among representative Petaurista species includ-
ing several subspecies and (2) the establishment of
appropriate scenario to successfully interpret molecular
systematic perspective of this genus.

Materials and Methods

Specimen collection

Giant flying squirrels examined in the present study
are shown in Tab. 1. According to the descriptions of
Wroughton (1911), Thomas (1923), Imaizumi & Miya-
moto (1960), Lekagul & McNeely (1988), and Corbet &
Hill (1991, 1992) species and subspecies were identi-
fied on the basis of their pelage coloration. Specimens of
P. alborufus lena, P. philippensis grandis, P. petaurista
albiventer Gray, 1834, and P. elegans were collected for
this study. Two specimens of P. alborufus castaneus
imported from Hong-Kong to Japan in 1996 were com-
mercially obtained. Muscle tissues of two individuals of
P. leucogenys leucogenys Temminck, 1827 were pro-
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vided from Dr. K. lkeda of the Fukuoka Prefecture
Forest Research and Extension Center, Fukuoka, Japan,
and Mr. T. Okayama of the Omogo Mountain Museum,
Ehime, Japan. The other Petaurista specimens exam-
ined in this study were commercially obtained. Except
for a sample of P. petaurista albiventer, the samples
used in previous examinations (Oshida et al., 2000a,
2001a) were analyzed again. In addition, samples of the
hairy-footed flying squirrel Belomys pearsonii Gray,
1842 and the Russian flying squirrel Pteromys volans
Linnaeus, 1758, which were employed as an out-group
in phylogenetic analyses, were provided from the Na-
tional Museum of Natural Science, Taichung, Taiwan
and the Noboribetsu Bear Park, Noboribetsu, Japan,
respectively. To grasp broadly the phylozoogeographic
tendency of Petaurista, with respect to the selection of
species or subspecies in the present study, we paid
attention to the distribution fringe of genus Petaurista,
P. petaurista albiventer, P. elegans, and P. leucogenys
used in the present study are peculiarly distributed in
westernmost, southernmost, and northern/easternmost
areas, respectively.

DNA extraction, amplification, and se-
quencing

Total genomic DNA was extracted from frozen or
99% ethanol-preserved muscles, skins, or liver tissues
with the phenol/chloroform method, and then suspended
in TE buffer (Sambrook ef al., 1989). The whole region
of the mtDNA cytochrome b gene was amplified with
polymerase chain reaction (PCR) using a primer set
(L14724: 5>-GATATGAAAAACCATCGTTG-3’ and
H15910: 5" GATTTTTGGTTTACAAGACCGAG-3’)
reported by Oshida et al. (2000a). Primer names corre-
spond to the light (L) or heavy (H) strand and the 3’end-
position of the primers in the human mtDNA sequence
(Anderson et al. 1981). The 50 pl of reaction mixture
contained 100 ng of genomic DNA, 25 pM of each
primer, 200 uM dNTPs, 10 mM Tris-HCI (pH 8.3), 50
mM KCl, 1.5 mM MgCl,, and 2.5 units of r7ag DNA
polymerase (Takara). Amplification was carried out for
35 cycles using the following cycle program: 94°C for 1
min, 55°C for 1 min, and 72°C for 2 min. The extension
reaction was completed by incubation at 72°C for 10
min. PCR products were purified with the PCR Clean
Up-M (Viogen, Taiwan) and directly sequenced using
an automated DNA sequencer (ABI PRISM 377-96
Sequencer, ABI PRISM 3100 Genetic Analyzer Ap-
plied Biosystem, CA, USA). For sequencing, four kinds
of primer (L14724, H15910, L15576: 5’-CAGAAT-
GATACTTCCTATTTGC-3’, and H15554: 5°-GC-
CTATGAATGCTGTGGCTAT-3")were employed. To
determine the sequences of terminals of both 5” and 3°,
the primers L15576 and H15554 were newly designed in
the present study. The processes of purification of PCR
products and sequencing were performed with Mission
Biotech Co. Ltd. (Taipei, Taiwan).

Phylogenetic analysis

Sequence alignment was carried out using DNASIS
(Hitachi). Genetic distances (p-distances) among spec-
imens were calculated in PAUP* 4.0b10 (Swofford,
2001). In phylogenetic analyses, all trees were rooted
using the cytochrome b sequences of Belomys pearsonii
and Pteromys volans. Based on nucleotide sequence
analyses of interphotoreceptor retinoid-binding protein
(IRBP) and 128 and 16S rRNA genes, Mercer & Roth
(2003) presented that these flying squirrels were phylo-
genetically grouped together with Petaurista in the
subfamily Pteromyinae, so that we chose these species
as an out-group for assessment of phylogenetic relation-
ships within the genus Petaurista.

The maximum-parsimony (MP) analysis was con-
ducted with the branch-and-bound search algorithm
(Hendy & Penny, 1982) in PAUP* 4.0b10 (Swofford,
2001). In the analysis, the transversional substitution
was weighted three times higher than the transitional
substitution. For maximum-likelihood (ML) analysis,
we used the program Modeltest 3.06 (Posada & Cran-
dall, 1998) to select the most appropriate model of
molecular evolution through a nested likelihood ratio
test. This test presented the TN93 model of substitution
(Tamura & Nei, 1993) taking into account the propor-
tion of invariable sites and following a gamma distribu-
tion for variable sites (TN + 1+ G). The ML tree was then
constructed with the heuristic search option (with tree-
bisection-reconnection, TBR) under the TN + 1 + G
model implemented by PAUP* 4.0b10 (Swofford, 2001).
To assess the nodal supports, the bootstrapping (Felsen-
stein, 1985) was performed with 2000 replicates in MP
analysis and 200 replicates in ML analysis.

Results

Nucleotide composition

In this study, the complete sequences (1140 bp) of
cytochrome b gene were successively determined from
12 individuals of the genus Pefaurista and two individ-
uals of out-group. Data on base composition are summa-
rized in Tab. 2. The base composition was biased (28.4%

Table 2. Base composition bias for cytochrome b gene of
the genus Petaurista.

Ist 2nd 3rd All
A 0.292 0.203 0.352 0.284
C 0.274 0.238 0.388 0.299
G 0.206 0.137 0.032 0.126
T 0.228 0.422 0.228 0.291
Bias 0.088 0.245 0.320 0.167

Values are calculated according to codon position (1st, 2nd, 3rd,
and all positions).
The bias is calculated by the formula of Irwin et al. (1991).
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Table 3. Pairwise transition/transversion number (above diagonal) and uncorrected distance (below diagonal) of complete

cytochrome b gene

sequence (1140 bp) for five species in the genus Petaurista.

P
etail P albo- | P. albo- P P P, petau- | P. petau- | P. leuco- | P. leuco- | P. leuco- | P. leuco-
prista rufus rufus | albo- | P. ele- | philip- rista rista genys genys genys genys
albi castane- | castan- | rufus | gans | pensis | melano- | melano- | leuco- leuco- nikko- | nikkonis

1 2 i 1 2 | s2 | nis1 2
venter | 1S eus lena grandis | tus tus genys genys nis

£ petaurista 10711 | 108/10 | 13823 [ 14523 ] 12327 | 126124 | 12626 | 133125 | 1209126 | 13428 | 13826

albiventer

P. alborufus
10.35 31 | 1452214324 11626 | 11925 | 11727 | 11726 | 11625 | 11927 | 11725

castaneus 1

P. alborufus
1035 | 035 14721 | 146223 | 11925 | 12224 | 12026 | 12025 | 11924 | 12226 | 12024

castaneus 2

P. alborufus

o 1412 | 1465 | 1474 13528 | 116/16 | 10413 | 10615 | 12922 | 12621 | 12923 | 13121

P. elegans 1474 | 14.65 | 1482 | 1430 12030 | 126127 | 12829 | 13932 | 13931 | 144/33 | 144/31

P philippensis| 5161 1046 | 1263 | 1158 | 1316 3717 369 | 12324 | 12623 | 12725 | 13123

grandis

Ppaawista | 006l 1063 | 1281 | 1026 | 13.42 | 3.86 s | 12323 | 12422 | 12324 | 12722

melanotus 1

P paaurista |15 551 1063 | 1281 | 1061 | 1377 | 395 | o6 12325 | 12424 | 123126 | 12724

melanotus 2

P leucogenys | 13 6| 1054 | 1272 | 13.25 | 15.00 | 1289 | 1281 | 1298 1373 16/3 18/1

leucogenys 1

P leucogenys | 15 601 1237 | 1254 | 12,89 | 1491 | 13.07 | 1281 | 1298 1.40 15/4 1772

leucogenys 2

P leucogenys | )51 | 1281 | 1298 | 1333 | 1553 | 1333 | 1289 | 13.07 1.67 1.67 8/2

nikkonis 1

P leucogenys | 1439 | 1046 | 1263 | 13.33 | 1535 | 13.51 | 13.07 | 13.25 1.67 1.67 0.88

nikkonis 2

A,29.1%T,29.9% C, and 12.6% G), with a bias against
G, which is usual for the cytochrome b sense strand of
vertebrates (e.g., Piaggio & Spicer, 2001; Randi et al.,
2001). First codon positions did not seem to have signif-
icant bias, however, the highest T content at the second
codon positions (42.2%) and the lowest G content at the
third codon positions (3.2%) were recognized. The
compositional bias for our data (0.088, 0.245, and 0.320
for the first, second, and third codon position, respec-
tively) was similar to that of Irwinez al. (1991), with the
highest bias at the third position.

Tab. 3 shows uncorrected percentage sequence dif-
ferences (p-distances) and numbers of transversions and
transitions obtained from pairwise comparison between
individuals. Among species of Petaurista, p-distances
and transition/transversion ratios ranged from 3.86 to
15.35% and from 11:1 to 4:1, respectively.

Phylogenetic relationships of Petaurista

A maximum parsimony (MP) analysis was performed
using a branch-and-bound search algorithm based on
285 parsimony-informative characters. The analysis

produced a single most-parsimonious tree of length of
1221, consistency index (CI) of 0.665, and retention
index (RI) of 0.665 (Fig. 1). Bootstrap analysis (2000
iterations) provided support for three major groups. The
first (“clade I’) was formed by P. petaurista albiventer,
P. alborufus castaneus, and P. elegans with a 59%
bootstrap value, the second (“clade I11’) consisted of P.
elegans, P. petaurista melanotus, P. alborufus lena, and
P. philippensis grandis with a 77% bootstrap value, and
the third (“clade III”’) contained P. leucogenys leucog-
enys and P. leucogenys nikkonis Thomas, 1905 with a
100% bootstrap value. The MP analysis caused the
clade III to form a sister group to the clades I and II with
a low bootstrap value (56%).

A maximum-likelihood (ML) search assuming the
TN +1+ G model of evolution (score of —-In L=4950.62)
produced a single tree. The topology of ML tree was
essentially identical to that of MP tree (Fig. 2). The
major clades I, I, and III were supported with 75, 76,
and 96% bootstrap values, respectively.

Four specimens of P. leucogenys from Japan includ-
ing two subspecies generated evident monophyly (clade
IIT) (Figs. 1 and 2). However, both P. alborufus and P.
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—— Belomys pearsoni

Pteromys volans

—— P. alborufus castaneus 2

P. petaurista albiventer

P. alborufus castaneus1

P. elegans

P. alborufus lena

P. philippensis grandis

I1

P. petaurista melanotus1

P. petaurista melanotus 2

96
100
59
56
77
100
100
85
100 100

— P. leucogenys nikkonis 2

P. leucogenys leucogenys 1

P. leucogenys nikkonis 1

I11

P. leucogenys leucogenys 2 | |

Figure 1. A single most parsimonious tree for Petaurista produced with the branch-and bound search algorithm for the
cytochrome b sequences. Bootstrap supports for the tree are given on branches.

petaurista did not form an each unique clade. Petaurista
petaurista albiventer from Pakistan was closely related
toP. alborufus castaneus from China in clade I with high
nodal supports (96% in MP tree and 98% in ML tree). In
the clade II, P. petaurista melanotus from China and
Laos and P. philippensis grandis from Taiwan formed a
single clade, to which P. alborufus lena from Taiwan
was closely related, although the nodal supports were
not so high (77% in MP tree and 76% in ML tree).
Petaurista elegans from Indonesia was contained in the
clade I, but the nodal supports for phylogenetic position
of this species were significantly low in both trees (56%
in MP tree and 75% in ML tree).

Discussion
Phylogeny of Petaurista alborufus
Petaurista alborufus, which occurs in southern

China, Taiwan, Burma, and Thailand, had been divid-
ed into seven subspecies: barroni Kloss, 1916, casta-

neus, candidula Wroughton, 1911, lena, leucoceph-
alus Hilzheimer, 1905, ochraspis Thomas, 1923, and
taylori Thomas, 1914. However, Corbet & Hill (1992)
have currently recognized only four variations as sub-
species of P. alborufus: castaneus, lena, leucoceph-
alus, and ochraspis. This species has a white color
head and ventral and rufous color back and tail as
common characteristics. Using partial sequences of the
cytochrome b gene (1068 bp), Oshida et al. (2000a,
2001a) reported that castaneus from China was dis-
tantly related to /ena from Taiwan, and also, /ena was
closely related to P. petaurista melanotus and P. phil-
ippensis grandis. Moreover, on the basis of chromo-
somal characteristics, it was underpinned that P. al-
borufus lena was more closely related to P. petaurista
melanotus than to P. petaurista grandis (P. philippen-
sis grandis) (Oshida et al., 1992).

In the present study, it is noteworthy that castaneus
was closely related to P. petaurista albiventer with high
nodal supports (96% in MP tree and 98% in ML tree).
Moreover, as described previously by Oshida et al.
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100 P- alborufus castaneus 1
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Figure 2. Phylogeny for Petaurista constructed using maximum-likelihood under the TN93 + I + G model for the cytochrome
b sequences. Bootstrap supports for the tree are given on branches.

(2000a, 2001a), it is of interest that lena was closely
related to the clade consisted of P. petaurista melanotus
and P. philippensis grandis, although the bootstrap
values supported the relationship were not high (77% in
MP tree and 76% in ML tree). The p-distances between
two alborufus subspecies were 14.65% and 14.74%
(Tab. 3), supporting that the different species status of
two alborufus subspecies should be recognized. Based
on the characteristics of pelage color, P. alborufus lena
was once treated as a distinct species P. pectoralis
Swinhoe, 1871. Also, Corbet & Hill (1992) suggested

thatP. alborufus lena is distinct enough to merit specific
rank. Phylogenetic results obtained in the present study
did not conflict with the phylogenetic position of /ena
proposed by Swinhoe (1870) and Corbet & Hill (1992).
In addition, Oshida et al. (2000b) reported that the
banded karyotypes of two alborufus subspecies were
remarkably different from each other. On the assump-
tion that castaneus distributed more widely in the main-
land is a representative subspecies of P. alborufus, we
conclude that lena, which is endemic to Taiwan, is a
distinct species from P. alborufus.
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With respect to the geographic history of Taiwan,
Hsu (1990) reported that the Taiwan had risen from the
sea floor on the Eurasian Continent approximately 4.0
million years (Myr) ago. Based on faunistic and geolog-
ical investigations, Kano (1940) and Liu & Ding (1984)
concluded that the connection between Taiwan and the
Eurasian Continent had occurred at least twice due to the
glacial eustasy, initially during the Pliocene and subse-
quently during the Pleistocene. It is highly probable that
the multiple faunistic exchanges between the Taiwan
and the mainland had been taken place by these geo-
graphic events. From a paleoenvironmental point of
view, Lin & Lin (1983) hypothesized that the first
mammal fauna which immigrated from the Eurasian
Continent into the Taiwan during the glacial period of
the Pliocene had adapted themselves to the cold environ-
ment, but, after the glacial period, to refuge from the
warm climate, they had to move to the high elevation
areas of Taiwan. Lin & Lin (1983) added, subsequently
the second mammal fauna that immigrated into the
Taiwan during the glacial periods of the Pleistocene had
expanded their ranges throughout the low and middle
elevation areas of Taiwan.

Petaurista alborufus lena is confined to the high
elevation area (1200 to 3750 m) in Taiwan, while the
distribution area of P. philippensis grandis in Taiwan
widely ranges from 700 to 2600 m elevation (Chang,
1985). So, it is likely that the invasion of P. alborufus
lena was earlier than that of P. philippensis grandis. As
described by Oshida et al. (2000a), after the divergence
between P. alborufus lena and the lineage of P. petau-
rista and P. philippensis in the Eurasian Continent
during the late Miocene, P. alborufus lena might have
immigrated to Taiwan and adapted itself to the alpine
region in Taiwan. In other words, P. alborufus lena
might have independently evolved from other Petauris-
ta species in the alpine region of Taiwan, owing to the
absolute geographic isolation.

On the other hand, it is really surprising that P.
alborufus castaneus was also closely related toP. petau-
rista albiventer from Pakistan with high nodal supports
(Figs. 1 and 2), although the p-distance between two
species was sufficiently distant (10.35%, Tab. 3). Based
on the morphological characteristics such as externals
and dental forms, three subspecies (barroni, candidula,
and taylori) of P. alborufus were referred to as P.
petaurista by Corbet & Hill (1992). Conceivably, P.
alborufus might have been sometimes confused with P.
petaurista due to the complicated morphological varia-
tion of two species. In the present study, the close
phylogenetic relationships between P. alborufus casta-
neus and P. petaurista albiventer and between P. al-
borufus lena and P. petaurista melanotus might be
interpreted as a result of the confused classification
relied on pelage coloration. In the light of molecular
systematics of mammals (e.g., [rwin et al., 1991), the
genetic distances of the present study (Tab. 3) would be
enough to consider P. alborufus castaneus, P. alborufus
lena, P. petaurista melanotus, and P. petaurista albi-
venter, as each distinct species.

Phylogeny of Petaurista petaurista and P.
philippensis

Petaurista petaurista, which is one of the most
dominant species in genus Pefaurista, is widely distrib-
uted in southern parts of the Eurasian Continent and
Southeast Asia (Corbet & Hill, 1980; Lekagul & Mc-
Neely, 1988). The variation of this species in color is
considerable, and the subspecific descriptions based on
the pelage color patterns are full of ambiguities. Howev-
er, Corbet & Hill (1992) currently described nine sub-
species: albiventer, batuana Miller, 1903, candidula
Wroughton, 1911, marchi Thomas, 1908, melanotus,
nitidula Thomas, 1900, petaurista Pallas, 1766, taylori
Thomas, 1914, andterutaus Lyon, 1907. Of them, in the
present study, two subspecies were phylogenetically
examined. Petaurista petaurista albiventer was closely
related to alborufus castaneus, while P. petaurista mel-
anotus was closely related to P. philippensis grandis
(Figs. 1 and 2). Both petaurista subspecies did not
generate monophyletic clade each other, and the p-
distances between two subspecies were 13.16 and 13.33%
(Tab. 3), suggesting albiventer could be appreciably
different from melanotus at the species level.

The distribution of P. petaurista albiventer is con-
fined in Himalayan moist temperate forests in northern
Pakistan (and probably in a part of the eastern Afghan-
istan), and this subspecies occurs from about 1353m
elevation to the upper limit of the tree line at about 3050
m (Roberts, 1997). Therefore, it is reasonable that P.
petaurista albiventer could have been geographically
isolated from other P. petaurista subspecies for a long
time, as the status of P. alborufus lena in the alpine
regions of Taiwan. Incontrast, P. petaurista melanotus is
widely distributed in southern China, Malay and Indoch-
ina Peninsulas, and Borneo, Bunguran, Riau, and Penang
islands (Corbet & Hill, 1992). Thep-distances betweenP.
petaurista melanotus and P. philippensis grandis were
3.86 and 3.95% (Tab. 3), indicating significantly close
kinship between both flying squirrels.

Petaurista philippensis had been treated as a sub-
species of P. petauristauntil Corbet & Hill (1991, 1992)
established it as a distinct species. This species occurs in
Sri Lanka, western India, southern China, Indochina and
Malay Peninsulas, and Taiwan. Corbet & Hill (1992)
proposed seven subspecies of P. philippensis, but their
geographical variations are very extensive. Petaurista
philippensis grandis, which is endemic subspecies to
Taiwan, was previously treated as P. petaurista grandis
by Swinhoe (1870). From sequence data of the 12S
rRNA gene, Oshida et al. (1996) reported that the
genetic distance between P. philippensis grandis (P.
petaurista grandis) and P. petaurista melanotus was
almostequal to intraspecific differences withinP. leucog-
enys. In the present cytochrome b data, the p-distances
between P. philippensis grandis and P. petaurista mel-
anotus corresponded to approximately twice of intraspe-
cific differences within P. leucogenys (Tab. 3). Howev-
er,P. philippensis is most closely related toP. petaurista
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with high nodal supports (100% in MP tree and 98% in
ML tree). So, further studies, using the molecular data
from other subspecies of P. petaurista and P. philippen-
sis, could test the hypothesis whether P. petaurista and
P. philippensis deserve of separate species status within
genus Petaurista.

Phylogeny of Petaurista elegans

Petaurista elegans is mainly distributed in the Sunda
land (Sumatra, Java, and Borneo islands), and also
occurs in a part of Indochina and Malay Peninsulas
(Corbet & Hill, 1992). Corbet & Hill (1992) described
that, although the extremes are very difficult for identi-
fication of each variant, principle five subspecies of P.
elegans can be recognized. However, it was also diffi-
cult to identify elegans individual examined here with
the subspecific rank.

In the present study, this species was felt in the clade
[ with P. petaurista albiventer and P. alborufus casta-
neus, butthe bootstrap values to supportits phylogenetic
position were significantly low in both MP and ML trees
(Figs. 1 and 2). Based on the neighbor-joining analysis
with transversional distance of cytochrome b partial
sequence, Oshidaet al. (2001a) reported that P. elegans
is closely related to P. alborufus castaneus. The present
study also revealed the close relationship between P.
elegans and P. alborufus castaneus.

The p-distances between elegans and other Petau-
rista species were 13.16-15.35% (Tab. 3). Although
some parts of the distribution of P. elegans are over-
lapped with that of P. petaurista in Southeast Asia, the
patterns are different from each other. Petaurista petau-
rista is widely distributed in both of peninsulas and
islands, but P. elegans biased its major distribution area
toward islands. So, after P. elegans had been separated
from lineage of P. alborufus castaneus and P. petaurista
albiventer, in the islands of Southeast Asia, this species
might have independently evolved from other Petauris-
ta species.

Phylogeny of Petaurista leucogenys

Petaurista leucogenys is indigenous to three Japa-
nese main islands (Kyushu, Shikoku, and Honshu is-
lands) (Corbet & Hill, 1991). Based on the fossil records,
Kawamura (1988, 1990) and Kawamura et al. (1989)
hypothesized that P. leucogenys had immigrated from
the Eurasian Continent to the Japanese islands through
the land bridges around the early to the middle Pleis-
tocene, and then had been isolated due to the separation
of the Japanese islands from the Eurasian Continent in
the Pleistocene. Corbet & Hill (1980) described that P.
leucogenys is distributed on the Japanese islands and
central China, but, recently they categorized theleucog-
enys population of central China as a distinct species P.
xanthotis (Corbet & Hill, 1991, 1992). Based on the
pelage coloration, Imaizumi & Miyamoto (1960) de-
scribed three subspecies of P. leucogenys (leucogenys,

nikkonis, and oreas Thomas, 1905) within Japan. How-
ever, it seems that the subspecific classification has not
been generally accepted, owing to the presence of am-
biguous color variations. In addition, based on the mito-
chondrial control region sequences, Oshidaer al. (2001b)
reported that there are two major /eucogenys lineages
(Honshu-Shikoku and Kyushu lineages), suggesting that
the leucogenys population could not be classified into
three subspecies. In the present study, P. leucogenys
clearly formed a single clade (clade III) with high
bootstrap values (100% in MP tree and 96% in ML tree)
(Figs. 1 and 2), indicating thatP. leucogenys is the most
distantly related to other Petaurista species. The p-
distances between P. leucogenys and other Petaurista
species were ranging from 12.37 to 15.35% (Tab. 3).
This species would have also independently evolved
from other Petaurista species in Japanese islands.
Additionally, in the clade III, two individuals from
Honshu Island were closely related to each other with
the high nodal supports (Figs. 1 and 2). However, to
further discuss the phylogeography of P. leucogenys
populations as a whole is beyond the scope of this
paper, because of the inadequate sample number exam-
ined here.

Conclusion

From the standpoint of molecular systematics, there
is no reason to support the present classification of
Petaurista. Especially, the phylogenetic relationship
between P. petaurista and P. alborufus obtained in the
present study is quite different from the present taxo-
nomic status. At the least, it could be reasonable to
regard P. alborufus lena as a distinct species from P.
alborufus castaneus, and P. petaurista albiventer as a
distinct species from P. petaurista melanotus. So far,
characteristics of pelage coloration have been applied
for the classification of Petaurista as an important
index. However, in fact, it would be difficult to identify
each species or subspecies on the basis of pelage color-
ation, because of the presence of numerous color varia-
tions within genus Petaurista. So, we need to postulate
a different scenario to clearly explain the classification
and phylogeny of Petaurista.

The genus Petaurista may have some ‘geographical
evolutionary units (groups)’ originated from the primi-
tive divergence or radiation. In each the geographical
evolutionary unit, secondary speciation would have in-
dependently and locally taken place. The clades I, II, and
IIT observed in the present study may be regarded as
typical examples of geographical evolutionary units;
particularly the clades Il and I1I demonstrated obviously
geographical bias (Fig. 3). Therefore, in the further
study, to establish reliable scenario on systematics and
phylogeny of Petaurista, it should be carefully consider
two steps, namely, the detection of geographical evolu-
tionary units and the analysis of phylogenetic relation-
ships within each unit.
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Figure 3. Correlation between the geographic distribution and molecular phylogeny of Petaurista. Asterisks mean the samples
unknown exact collecting locality, and their localities were roughly plotted on the basis of present distribution pattern.
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