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Abstract
The flying squirrel genus Biswamoyopterus (Rodentia: Sciuridae: Pteromyini) was once considered to con-
tain three species, Biswamoyopterus biswasi from northeastern India, B. laoensis from central Laos and B. 
gaoligongensis from southwest China, all identified from morphological characteristics of one or two speci-
mens. However, based on similar morphological characteristics of two samples of the genus Biswamoyop-
terus collected recently from northern Laos and northern Myanmar, and the small genetic distances on 
mitochondrial DNA and nuclear DNA between them, the results strongly support these two samples as 
representatives of the same species. The phylogenetic analyses strongly support Biswamoyopterus as an in-
dependent genus of Pteromyini, as a sister group to Aeromys. Biswamoyopterus biswasi is distributed in the 
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northern Indo-China peninsula, where it is exposed to a series of threats, such as intense hunting activity, 
illegal trade, and rapid habitat loss; this should warrant its classification as critically endangered according 
to the International Union for Conservation of Nature (IUCN) Red List criteria. Here, the molecular data 
for genus Biswamoyopterus and two new specimen records from northern Laos and northern Myanmar 
are presented.
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Biswamoyopterus, flying squirrel, Indo-China peninsula, taxonomic revision.

Introduction

Flying squirrels (Mammalia: Rodentia: Sciuridae: Pteromyini), occurring in northern 
coniferous forests to the tropical lowlands of North America and Eurasia, are great 
masters of gliding locomotion using well-developed membrane structures (Thorington 
et al. 2002). Pteromyini comprises 15 monophyletic genera nested within Sciuridae 
(Mercer and Roth 2003; Wilson and Reader 2005), with high external morphologi-
cal diversification between genera. It is useful to understand the taxonomic theories 
behind these genera, based on skull characteristics and external morphology (Ellerman 
1940; Ellerman and Morrison-Scott 1950; Corbet and Hill 1992; Nowak 1999; Thor-
ington et al. 2002; Wilson and Reader 2005) (Table 1).

Many studies on the molecular phylogeny of Pteromyini genera have been per-
formed since 2000 (Oshida 2000a, b, 2001, 2004; Mercer and Roth 2003; Yu et al. 
2004, 2006; Lu et al. 2012); however, most of them were carried out with one or a few 
genera, and even the analyses by Mercer and Roth (2003), which examined 14 of the 
15 genera, excluded the genus Biswamoyopterus (Figure 1). The genus Biswamoyopterus 
was described by Saha in 1981. Identified on respective morphological characteristics 
of one or two specimens, it comprises three species, Biswamoyopterus biswasi Saha, 

Table 1. Taxonomic hypotheses of various authors regarding Pteromyidae/Pteromyini.

Ellerman (1940) Ellerman and Morrison-
Scott (1950)

Corbet and Hill (1992) Nowak (1999) Thorington et al. (2002)

Aeretes Aeretes Aeretes Aeretes
Aeromys Aeromys Aeromys Aeromys
Belomys Belomys Belomys Belomys

Biswamoyopterus Biswamoyopterus Biswamoyopterus
Eoglaucomys Eoglaucomys Eoglaucomys
Eupetaurus Eupetaurus Eupetaurus Eupetaurus Eupetaurus
Glaucomys Glaucomys Glaucomys
Hylopetes Hylopetes Hylopetes Hylopetes Hylopetes
Iomys Iomys Iomys Iomys
Petaurillus Petaurillus Petaurillus Petaurillus
Petaurista Petaurista Petaurista Petaurista Petaurista
Petinomys Petinomys Petinomys Petinomys Petinomys
Pteromys Pteromys Pteromys Pteromys
Pteromyscus Pteromyscus Pteromyscus Pteromyscus
Trogopterus Trogopterus Trogopterus Trogopterus Trogopterus
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Figure 1. Phylogeny of Pteromyini genera. Cited from Mercer and Roth (2003).

1981 (specimen ZSI 20705) found in northeastern India, B. laoensis Sanamxay et al., 
2013 (specimen NUoL FES. MM.12.163), found in central Laos, and B. gaoligongen-
sis Li et al., 2019 (specimens ZSI 20705 & KIZ 034924), found in southwest China 
(Figure 2, see Saha 1981; Sanamxay et al. 2013; Li et al. 2019). No molecular data 
have been obtained about this genus so far.

Since 2014, the Southeast Asia Biodiversity Research Institute, Chinese Acade-
my of Sciences (CAS-SEABRI), has conducted several biodiversity expeditions to the 
northern Indo-China peninsula (Li and Quan 2017; Li et al. 2017). This region is 
considered a globally important biodiversity hotspot for flora and fauna (Tordoff et 
al. 2005), from where many species of mammals have been discovered or rediscovered 
since the 1990s (Amato et al. 1999; Geissmann et al. 2011; Sanamxay et al. 2013; Fan 
et al. 2017). In this work, using combined mitochondrial DNA and nuclear DNA loci, 
and morphological examination, we aim to revise the taxonomic status of the genus 
Biswamoyopterus and assess its phylogenetic position among flying squirrels.

Materials and methods

Ethics statement

All samples used in this study were obtained by the CAS-SEABRI expeditions on the 
northern Indo-China peninsula, with export permits (no. L/2020-0001/MA-0004/
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Figure 2. Localities of Biswamoyopterus specimens. The black square represents B. biswasi, ZSI 20705 
(Saha, 1981); the black triangle represents B. laoensis, NUoL FES. MM.12.163 (Sanamxay et al. 2013); 
the black diamond represents B. gaoligongensis, KIZ 034924 and KIZ 035622 (Li et al. 2019); the yellow 
circles represent Biswamoyopterus sp., M644 and L35, collected in this study.

MA) issued by Biotechnology and Ecology Institute, Ministry of Science and Technol-
ogy of Lao PDR, and permission (1567/XTBG/2017) issued by the Forest Research 
Institute, Forest Department, Ministry of Environmental Conservation and Forestry 
of Myanmar.

Materials

Twelve flying squirrel samples (two of Biswamoyopterus and ten of Petaurista) were 
collected from northern Myanmar and northern Laos during the expedition of 2014–
2018 (see Suppl. material 1: Table S1). The samples M644 and L35 were recognized 
as belonging to the genus Biswamoyopterus. Specimen M644 (whole body) was col-
lected from a local market in Putao county (27°20'31.20"N, 97°24'3.60"E; 446 m 
asl), Kachin State, Myanmar (Figure 2), on 24 November 2017, and has been de-
posited in CAS-SEABRI Myanmar Lab, Nay Pyi Taw, Myanmar. Specimen L35 was 
photographed (Suppl. material 2: Figure S1) in a local market in Louang Namtha, 
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northern Laos (Figure 2) on 27 March 2018, and only some tissue was collected for 
molecular data analysis. All sequences have been deposited in GenBank (accession 
numbers MK105519–MK105539); detailed sequence information has been listed in 
Suppl. material 1: Table S1.

Morphological methods

According to the taxonomic assignments of Wilson and Reader (2005), pelage and 
skull characteristics can be discriminated using traditional methods and compared 
with those of other genera using specimens (Appendix I) retained in the Kunming Nat-
ural History Museum of Zoology, Kunming Institute of Zoology, Chinese Academy 
of Sciences (KIZ) (Kunming, China); the Institute of Zoology, Chinese Academy of 
Sciences (IOZ) (Beijing, China); and the Guangdong Entomological Institute (GDEI) 
(Guangzhou, China); or using documented literature (Gunther 1873; Robinson and 
Kloss 1915; Ellerman 1940; Corbet and Hill 1992; Nowak 1999). Following the re-
sults of Li et al. (2019), 28 cranial variables were measured with a digital caliper to the 
nearest 0.01 mm and these are presented in Table 2 and Figure 3:

BB Breadth of braincase,
BH Braincase height,
CBL Condylobasal length,
DL Diastema length,
FL Frontal length,
GPB Greatest palatal breadth,
IBG Inter bullae gap,
IOB Interorbital breadth,
LAB Length of auditory bulla,
LBP Length of bony palate,
LIF Length of the incisive foramina,
MB Mastoid breadth,
MH Mandible height,
ML Mandible length,
MRTL Mandibular tooth row length,
MWN Maximum width of nasals,

MYTL Maxillary tooth row length,
NL Nasal length,
OB Orbit breadth,
ONL Occipitonasal length,
PL Palate length,
POB Postorbital breadth,
PPL Postpalatal length,
RB Rostrum breadth,
WAAM Width of auditory bullae across 

the external auditory meati,
WPFM Width of the bony palate at the 

first upper molar,
ZB Zygomatic breadth,
ZH Zygomatic height,
P Premolars,
M Molars.

Superscript (PX, MX) upper premolars and upper molars, and Subscript (PX, MX) 
lower premolars and lower molars.

In addition, measurements of the head and body length, tail length, hind foot 
length, and ear length were taken and compared with the original measurements la-
beled on the skins by the collectors. The skull measurements of M644 are listed in 
Table 2. Figures 4–7 display, respectively, the pelage and skull characteristics of M644 
compared with all known Biswamoyopterus specimens, according to Saha (1981), San-
amxay et al. (2013), and Li et al. (2019).

http://www.ncbi.nlm.nih.gov/nuccore/MK105519
http://www.ncbi.nlm.nih.gov/nuccore/MK105539
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Table 2. Comparison of five specimens of genus Biswamoyopterus. M644 was measured (millimeters) in 
this study, others were derived from Li et al. (2019).

Specimen B. biswasi B. gaoligongensis B. gaoligongensis B. laoensis Biswamoyopterus sp. M644
Sex male male unknown female unknown
Locality Northeastern India Southwestern China Southwestern China Central Laos Northern Myanmar
Head and body length 405 440 – 455 540
Tail length 605 520 – 620 605
Hind feet length 78 75 – 74.5 71
Ear length 46 47 46 52 43
ONL 72.4 69.75 71.11 74.39 74.22
CBL 70.1 66.37 67.73 70.99 69.88
MB – 30.72 33.5 30.79 27.15
ZB 47.5 48.41 48.3 47.72 47.09
ZH – 4.61 4.58 4.86 5.03
BB – 33.86 34.46 32.84 33.68
BH – 22.9 24.15 22.55 22.37
RB – 19.61 19.62 17.04 19.66
NL 20.9 19.35 20.7 22.57 21.83
MWN – 13.15 12.51 13.37 13.23
IOB 19 15.75 16.38 14.06 14.29
POB – 18.87 20.55 17.19 16.87
LIF 6.4 5.65 5.86 5.85 6.21
LBP – 20.08 22.01 23.83 22.37
PPL – 28.72 29.68 28.77 29.96
LAB 15.5 14.68 14.57 17.33 15.03
WAAM – 35.88 36.76 35.96 36.96
IBG – 6.52 6.76 5.01 6.41
MYTL 15.5 15.92 16.23 16.33 16.53
GPB – 18.26 18.61 19.37 19.98
WPFM – 8.58 8.03 8.05 8.34
MRTL – 15.24 15.41 15.33 15.75
ML – 44.44 46.53 45.36 44.67
MH – 27.1 27.37 29.78 29.66
PL 34.7 32.6 32.87 – 35.08
DL 15.7 13.7 15.03 – 15.30
OB 24.6 26.17 26.5 – 28.42
FL 28.6 27.66 30.63 – 30.27

Molecular data and analyses

Total genomic DNA was extracted from tissue using a DNeasy Blood & Tissue kit 
(Qiagen, Shanghai, China). PCR mixtures contained approximately 100 ng of tem-
plate DNA, 1 μL (10 pmol) of each primer, 5 μL of 10× reaction buffer, 2 μL of dNTPs 
(2.5 mM of each), and 2.0 U of Taq DNA polymerase, in a total volume of 50 μL. Re-
actions were carried out in a Veriti Thermal Cycler (Applied Biosystems, Carlsbad, CA, 
USA) and always included a negative control. Segments of the nuclear genes encoding 
the inter photoreceptor retinoid-binding protein (IRBP) and mitochondrial 12S and 
16S ribosomal DNA of flying squirrels were amplified using PCR with universal prim-
ers described previously (Mercer and Roth 2003; Guha et al. 2007). Fragments were 
visualized using electrophoresis in 1% agarose gel, and PCR products were sequenced 
from both ends using an ABI PRISM 3700 sequencing system, using the same prim-
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Figure 3. Illustration of the 28 cranial variables measured in this study was derived from Li et al. (2019).

ers as for PCR (Beijing Tianyi Huiyuan Bioscience and Technology Incorporation, 
Beijing, China).

DNA sequences were edited using the DNASTAR 5.0 (DNASTAR Inc.) program 
and aligned using the CLUSTALW algorithm in MEGA 6.06, with default parameters 
(Larkin et al. 2007; Tamura et al. 2013). Identical haplotypes were collapsed using 
DNASP 5.1 (Librado and Rozas 2009), and the base composition of mitogenomic 
sequences was analyzed using MEGA 6.06 (Tamura et al. 2013).

Phylogenies using the combined mitochondrial and nuclear DNA data from our 
collection and GenBank were reconstructed using maximum likelihood in RaxML ver-
sion 8 (Stamatakis 2014) and Bayesian Inference (BI) in MRBAYES 3.2.6 (Ronquist et 
al. 2012), while the most appropriate nucleotide substitution models were selected using 
the Akaike Information Criterion in jMODELTEST 2.1.4 (Darriba et al. 2012). The 
significance of the hypothesized lineages from maximum-likelihood analyses was tested 
using Bootstrap analysis with 200 replicates with default settings. Markov Chain Monte 
Carlo (MCMC) analysis approximated posterior distributions with one cold and three 
heated chains, and samples of the trees and parameters were drawn every 100 steps from 
a total of one million MCMC generations; three additional runs were conducted begin-
ning with random trees. The 50% majority rule consensus of the post-burn (using a 
burn-in of 25%) for all generations was computed for the four runs. Trees were visualized 
using FIGTREE 1.4 (Rambaut and Drummond 2012). Sequences representing Tamias-
ciurus hudsonicus and Ratufa bicolor were obtained from GenBank and used as outgroups 
to root the tree (Mercer and Roth 2003). Average genetic divergence was calculated be-
tween and within the studied flying squirrel species in MEGA 6.06 (Tamura et al. 2013).
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Results

Morphological description of Biswamoyopterus sp. M644
Figures 4G, H, 5D, 6D, 7D

Remarks. Morphometrical data are presented in Table 2. As a whole, the dorsal pel-
age is reddish brown, with dense whitish hairs on the shoulders and hips, the ventral 
pelage is whitish, with yellowish brown on the edge of the membrane, the anus area 
is dull yellowish, but the base of the tail is brown-grey. The ears are black with few 
hairs, but with tufts of long, whitish hairs at the base. The feet backs are covered 
with black hairs, and the tail is cylindrical and reddish brown in its anterior part but 
gradually tending to blackish brown in its distal part. The skull is large with a GLS 
of 74.77 mm and a ZOB of 47.09 mm. The bullae are enlarged and each of them 
includes numerous septa (> 10) in a complex honeycomb pattern. The anterior edge 
of the nasals is slightly arc-shaped and extends slightly beyond the surface of the 
incisors. The surfaces of the upper and lower incisors are dull yellowish, without any 
orange. In the cheek teeth, P3 is relatively enlarged and cone-shaped. The length of 
P4 slightly exceeds each of the molars; P4 has three well-developed cusps on the labial 
side and one large cusp on the lingual side. Both M1 and M2 have two well-developed 
cusps on the labial side and one large cusp and one smaller cusp on the lingual side, 
and there is a smaller cusp on the posterior transverse ridge of P4, M1, and M2. M3 is 
smaller than P4, M1, and M2, and its later crown surface becomes a “U” shape, with 
a slight depression in its center.

The upper surface of the head is deep reddish brown, the muzzle is brown, the rim 
of the eyes is brown, the cheeks are reddish brown with occasional whitish hairs on 
their lower parts, the ears are black with few hairs but tufts with long, whitish hairs at 
the base, the back of the neck is reddish brown, and the throat and chin show whitish 
grey extending to both sides of the neck.

The back is mainly reddish brown, but is scattered with many white tips, especially 
on the shoulders and hips; individual hairs are variable in color but usually comprise 
the following components: whitish at the tip, reddish brown in the mid-part, and 
whitish grey at the base. The anterior margin of the forearms is black-brown. The chest 
is yellowish grey, the center of the abdomen is yellowish white, and the anus area is dull 
yellowish. The upper part of the membrane is reddish brown and the underpart whit-
ish, extending to yellowish brown on the edge. The tail is cylindrical, reddish brown 
anteriorly, but gradually darkening towards the tip, so its posterior part is blackish 
brown, and the underpart area of the tail base is brown-grey. The fore and hind feet are 
covered with black hairs; however, the hind feet have denser hair than the fore feet, and 
both have dark hairless pads.

The skull is large, the frontal part is significantly depressed, the rostrum is short 
and wide, the anterior edge of the nasals is slightly beyond the surface of the incisors 
with a slight arc-shape, the incisive foramen is developed, the palatine posterior edge 
has an arc-shaped depressed deformation, the pterygoid is strong and the pterygoid 
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Figure 4. Comparison of skins of all known Biswamoyopterus specimens A, B B. biswasi, ZSI 20705 
C, D B. gaoligongensis, KIZ 034924 A–D were derived from Li et al. (2019) E, F B. laoensis, NUoLFES.
MM.12.163, from Sanamxay et al. (2013) G, H Biswamoyopterus sp. M644 from this study.

fossa wider, the bulla is developed with numerous septa (> 10) in a complex honey-
comb pattern, the orbital regions are large and there is an incision on the edge of each 
orbit, the postorbital process is strong and curves down a little, the zygomatic plate is 
slant, the zygomatic arch is stronger with lower connection to the squamosal, the mas-
toid process is comparatively smaller, but the occipital condyle is strong.



Guogang Li et al.  /  ZooKeys 939: 65–85 (2020)74

Figure 5. Comparison of ear tufts of all known Biswamoyopterus specimens. The red arrow indicates the 
anterior tufts, and the yellow arrow indicates the posterior tufts A B. biswasi, ZSI 20705 B B. gaoligon-
gensis, KIZ 034924 A, B were derived from Li et al. (2019) C B. laoensis NUoL FES.MM.12.163 from 
Sanamxay et al. (2013) D Biswamoyopterus sp. M644 from this study.

Figure 6. The skulls (first three rows), left maxillary (the fourth rows) and left mandibular teeth (the last 
rows) of all known Biswamoyopterus specimens A B. biswasi, ZSI 20705 B B. gaoligongensis, KIZ 034924 
A, B were derived from Li et al. (2019) C B. laoensis, NUoL FES.MM.12.163, from Sanamxay et al. 
(2013) D Biswamoyopterus sp. M644 from this study.

The mandible is strong, with the coronoid process developed, and the condylar 
process has a developed articular surface; the angular process is developed and curved 
towards the inside at its bottom. The upper incisors are strong and positioned vertically 
downwards; their outer surfaces are yellowish, without any orange. P3 is cone-shaped 
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Figure 7. The posterior margin of the palatal bones relative to the posterior margin of M3 (dotted line) 
and shape of the preglenoid process (arrow) of all known Biswamoyopterus specimens A B. biswasi, ZSI 
20705 B B. gaoligongensis, KIZ 034924) A, B were derived from Li et al. (2019) C B. laoensis, NUoL 
FES.MM.12.163, from Sanamxay et al. (2013) D Biswamoyopterus sp. M644 from this study.

and on the inside of the front of P4; overall, the crown surface of P4 appears as a triangle 
with three well-developed cusps on the labial side and one large cusp on the lingual 
side, and its labial side length is slightly longer than those of M1, M2, and M3. M1 and 
M2 are approximately equal in size; both have two well-developed cusps on the labial 
side, and one large cusp and one smaller cusp on the lingual side. There is a smaller 
cusp on the posterior transverse ridge of P4, M1, and M2. Compared with P4, M1, and 
M2, M3 is the smallest; its lingual side cusp is larger than the cusp on the labial side, 
and its later crown surface becomes a U-shape, with a small depression in its center.

The outer surface of the lower incisors is yellowish, the same as for the upper in-
cisors; however, the inside part of the inner surface sinks deeply, making the outside 
margin sharp. From P4 to M3, the teeth enlarge gradually, and there are two labial and 
lingual cusps on each of them (the later lingual cusp of M3 becomes a ridge); there is 
also a smaller cusp between, and slightly internal to, the two labial cusps on each of 
them. Different levels of depression occur in the centers of the crown surfaces of P4, 
M1, M2, and M3, with the largest in M3.

Morphological description of Biswamoyopterus sp. L35
Table 3, Suppl. material 2: Figure S1

Remarks. The sample L35 from northern Laos shares the same pelage color of the tuft 
hair at the base of the ear and side of the neck (Figure 5, Suppl. material 2: Figure S1) 
with the Biswamoyopterus laoensis specimen (NUoL FES. MM.12.163) from central 
Laos. However, specimen M644 from northern Myanmar shares some key characters 
that have been used to distinguish the three known species from each other (Figures 
4–7, Table 3): its large body size and long muzzle are similar to B. laoensis (NUoL 
FES. MM.12.163) from central Laos; the coloration of venter, tail, and ear tufts could 
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pertain to either B. biswasi (specimen ZSI 20705) from northeastern India or B. gao-
ligongensis (specimen KIZ 034924) from southwestern China, which are very similar.

Phylogeny and genetic divergence. Maximum Likelihood and Bayesian Infer-
ence analyses of the combined sequences of nuclear gene IRBP (1070 bp), mitochon-
drial 12S (823 bp), and 16S (535 bp) ribosomal DNA recovered similar tree topolo-
gies. The results showed that Eupetaurus, Aeromys, and Biswamoyopterus (sample M644 
from Putao, northern Myanmar, and L35 from Louang Namtha, northern Laos) as a 
reciprocally monophyletic clade (Figure 8). Within this clade, Aeromys and Biswamoy-
opterus form sister groups with strong support (Figure 8).

For the nuclear gene IRBP, the range of original intergeneric (14 genera excluding 
the genus Biswamoyopterus) variation was 0.51–5.47% (Table 4). The genetic distances 
between Biswamoyopterus and other genera ranged from 1.57 to 5.27% (Table 4), which 
is greater than many intergeneric variations, such as 0.51% for Aeretes and Trogopterus, 

 Hylopetes
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Figure 8. Bayesian Inference and Maximum Likelihood inference tree (GTR+G+I model) of flying squir-
rels based on combined mitochondrial and nuclear DNA data. Numbers on branches indicate posterior 
probability in BI and bootstrap support from ML.
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1.46% for Belomys and Pteromyscus, and 1.46% for Pteromyscus and Trogopterus. In 
the genus Biswamoyopterus, the genetic distance between M644 and L35 was 0.09%, 
which is smaller than the range of other interspecific variations (0.51–5.45%), close to 
0.13% for intraspecific variations of Pteromyscus pulverulentus.

For the mitochondrial 16S ribosomal DNA sequences, the range of original inter-
generic variation was 2.9–14.6% (Table 5). The genetic distances between Biswamoy-
opterus and other genera ranged from 5.2 to 12.8% (Table 5), which is greater than 
some intergeneric variations, such as 2.9% for Aeretes and Trogopterus. In the genus 
Biswamoyopterus, the genetic distance between M644 and L35 was 0.6%, which is re-
ally much smaller than the range of other interspecific variations (2.9–14.6%), close 
to 0.4% for intraspecific variations of Petaurista philippensis, and the same as 0.6% of 
Pteromys volans.

Discussion

According to morphological comparisons of our samples and those from previous stud-
ies (Saha 1981; Sanamxay et al. 2013; Li et al. 2019), Biswamoyopterus specimens L35 
from northern Laos and M644 from northern Myanmar are confirmed as represent-
ing the genus Biswamoyopterus. However, Biswamoyopterus sp. M644 shares many key 
characters with all three known Biswamoyopterus species. Since each Biswamoyopterus 
species has been described on the basis of only one or two samples, it is possible that 
the observed morphological differences are the result of intraspecific variation. If so, 
it is plausible that all known Biswamoyopterus specimens might in fact be conspecific.

It was further implied by the molecular evidence that samples L35 and M644 be-
longed to the same species, with the smallest nuclear and mitochondrial DNA genetic 
distance among interspecific variations for any of the studied flying squirrel species 
(Tables 4, 5). Sanamxay et al. (2013) distinguished B. laoensis from B. biswasi mainly 
by 1) the large distance of 1250 km between the localities of the two species and 2) 
the different pelage colors present mostly on the ventral side: “white but washed with 
a faint orange-rufous” in B. biswasi versus “essentially orange” in B. laoensis. These fac-
tors were also true for samples L35 and M644, being separated by a long distance of 
more than 1000 km and different ventral pelage colors. Eliécer and Guilherme (2018) 
performed a study on species delimitation based on diagnosis and monophyly. The cur-
rent molecular results and the morphological variability observed between Biswamoy-
opterus specimens M644 and L35 indicate that further studies should be performed 
to shed light on the relationships among B. biswasi, B. laoensis, and B. gaoligongensis.

The molecular phylogenetic analysis strongly supported Biswamoyopterus as an in-
dependent genus within Pteromyini, acting as a sister group to Aeromys (Figure 8). For 
nuclear and mitochondrial DNA sequences, the genetic distances between Biswamoy-
opterus and other genera are greater than many of the intergeneric variations (Tables 4, 
5). Both nuclear and mitochondrial analyses suggested that Biswamoyopterus is a sepa-
rate flying squirrel genus distinct from every validly described genus. We note that 
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DNA sequences for genus Aeretes cited in the literature may be based on mistaken in-
stitutional identifications, as reported recently by Roth and Mercer (2015). Therefore, 
additional molecular evidence is needed to determine the phylogenetic relationships 
among these flying squirrels more clearly in the future.

During the expedition of 2014–2018, only two samples of Biswamoyopterus were 
found. We therefore propose that Biswamoyopterus should be classified as critically 
endangered on the IUCN Red List, due to a series of threats on the Indo-China pen-
insula that include intense hunting, illegal trade, and rapid habitat loss (Rao et al. 
2010; Geissmann et al. 2011). In order to understand the population status, range, 
and other biological features of Biswamoyopterus, further studies including biodiver-
sity expeditions covering the whole Indo-China peninsula should be performed. With 
respect to biogeography, members of the genus Biswamoyopterus inhabit the northern 
Indo-China peninsula, which belongs to one of the global biodiversity hotspot re-
gions (Myers et al. 2000). The mechanisms responsible for their differentiation and 
how they have adapted to the environment are still unknown; therefore, more studies 
should be carried out to explore the differentiation, adaptation, and evolution of genus 
Biswamoyopterus and to make every effort to conserve them.

Acknowledgements

This work was conducted at the Southeast Asia Biodiversity Research Institute, Chinese 
Academy of Sciences (CAS-SEABRI), and the Kunming Institute of Zoology, Chinese 
Academy of Sciences (KIZ, CAS). We sincerely thank the subject editor Raquel López-
Antoñanzas, the editor Yasen Mutafchiev, and the reviewer John Mercer for their very 
helpful comments. Special thanks go to Dr. Chen Jun of the Institute of Zoology, CAS; 
Ms. Yang Ping for assistance with specimen examination; and Mr. Shu-Sen Shu for 
taking photographs of specimen M644. Laboratory work was completed in the Cen-
tral Laboratory, Public Technology Service Center, Xishuangbanna Tropical Botanical 
Garden (XTBG), CAS. This study was supported by Lancang-Mekong Cooperation 
Special Fund (Biodiversity Monitoring and Network Construction along Lancang-
Mekong River Basin project), CAS-SEABRI (Y4ZK111B01), CAS 135 program (no. 
2017 XTBG-F03), Ministry of Science and Technology of the People’s Republic of 
China (Grant No. 2005DKA21402), National Special Fund on Basic Research of 
Science and Technology of China (2014FY110100) and Postdoctoral Fellowship of 
XTBG, CAS.

References

Amato G, Egan MG, Rabinowitz A (1999) A new species of muntjac, Muntiacus putaoensis 
(Artiodactyla: Cervidae) from northern Myanmar. Animal Conservation 2: 1–7. https://
doi.org/10.1017/S1367943099000293

https://doi.org/10.1017/S1367943099000293
https://doi.org/10.1017/S1367943099000293


Guogang Li et al.  /  ZooKeys 939: 65–85 (2020)82

Corbet GB, Hill JE (1992) The mammals of the Indomalayan region: a systematic review. Ox-
ford University Press, New York, 307 pp.

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: more models, new heuristics 
and parallel computing. Nature Methods 9: 1–772. https://doi.org/10.1038/nmeth.2109

Eliécer EG, Guilherme STG (2018) Species delimitation based on diagnosis and monophyly, 
and its importance for advancing mammalian taxonomy. Zoological Research 39: 301–
308. https://doi.org/10.24272/j.issn.2095-8137.2018.037

Ellerman JR (1940) The Families and Genera of Living Rodents (Vol. I). British Museum, 
London, 281–290.

Ellerman JR, Morrison-Scott TCS (1950) Checklist of Palaearctic and Indian mammals, 1758 
to 1946. British Museum (Natural History), London, 460–465.

Fan PF, He K, Chen X, Ortiz A, Zhang B, Zhao C, Li YQ, Zhang HB, Kimock C, Wang WZ, 
Groves C, Turvey ST, Roos C, Helgen KM, Jiang XL (2017) Description of a new species 
of Hoolock gibbon (Primates: Hylobatidae) based on integrative taxonomy. American Jour-
nal of Primatology 79: 1–15. https://doi.org/10.1002/ajp.22631

Geissmann T, Lwin N, Aung SS, Aung TN, Aung ZM, Hla TH, Grindley M, Momberg F 
(2011) A new species of snub-nosed monkey, genus Rhinopithecus Milne-Edwards, 1872 
(Primates, Colobinae), from northern Kachin state, northeastern Myanmar. American 
Journal of Primatology 73: 96–107. https://doi.org/10.1002/ajp.20894

Guha S, Goyal SP, Kashyap VK (2007) Molecular phylogeny of musk deer: a genomic view 
with mitochondrial 16S rRNA and cytochrome b gene. Molecular Phylogenetics and Evo-
lution 42: 585–597. https://doi.org/10.1016/j.ympev.2006.06.020

Gunther A (1873) Description of three new species of flying squirrels in the collection of the 
British Museum. Proceedings of the Zoological Society of London 1873: 413–414.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, Valentin 
F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins DG (2007) Clustal 
W and Clustal X version 2.0. Bioinformatics 23: 2947–2948. https://doi.org/10.1093/
bioinformatics/btm404

Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive analysis of DNA poly-
morphism data. Bioinformatics 25: 1451–1452. https://doi.org/10.1093/bioinformatics/
btp187

Li G-G, Zhang M-X, Kyaw S, Maung K-W, Quan R-C (2017) Complete mitochondrial genome 
of the leaf muntjac (Muntiacus putaoensis) and phylogenetics of the genus Muntiacus. Zoo-
logical Research 38(5): 310–316. https://doi.org/10.24272/j.issn.2095-8137.2017.058

Li Q, Li X-Y, Jackson SM, Li F, Jiang M, Zhao W, Song W-Y, Jiang X-L (2019) Discovery 
and description of a mysterious Asian flying squirrel (Rodentia, Sciuridae, Biswamoyop-
terus) from Mount Gaoligong, southwest China. ZooKeys 864: 147–160. https://doi.
org/10.3897/zookeys.864.33678

Li S-Q, Quan R-C (2017) Taxonomy is the cornerstone of biodiversity conservation-SEABRI 
reports on biological surveys in Southeast Asia. Zoological Research 38(5): 213–214. htt-
ps://doi.org/10.24272/j.issn.2095-8137.2017.061

Lu XF, Ge DY, Xia L, Zhang ZQ, Li S, Yang QS (2012) The evolution and paleobiogeography 
of flying squirrels (Sciuridae, Pteromyini) in response to global environmental change. 
Evolutionary Biology 40: 117–132. https://doi.org/10.1007/s11692-012-9191-6

https://doi.org/10.1038/nmeth.2109
https://doi.org/10.24272/j.issn.2095-8137.2018.037
https://doi.org/10.1002/ajp.22631
https://doi.org/10.1002/ajp.20894
https://doi.org/10.1016/j.ympev.2006.06.020
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.24272/j.issn.2095-8137.2017.058
https://doi.org/10.3897/zookeys.864.33678
https://doi.org/10.3897/zookeys.864.33678
https://doi.org/10.24272/j.issn.2095-8137.2017.061
https://doi.org/10.24272/j.issn.2095-8137.2017.061
https://doi.org/10.1007/s11692-012-9191-6


Taxonomic revision and phylogenetic position of the flying squirrel genus Biswamoyopterus... 83

Mercer JM, Roth VL (2003) The effects of Cenozoic global change on squirrel phylogeny. Sci-
ence 299: 1568–1572. https://doi.org/10.1126/science.1079705

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hot-
spots for conservation priorities. Nature 403: 853–858. https://doi.org/10.1038/35002501

Nowak RM (1999) Walker’s Mammals of the World (Vol. II, 6th Edn.). Johns Hopkins Univer-
sity Press, Baltimore, 1246–1306.

Oshida T, Lin LK, Masuda R, Yoshida MC (2000a) Phylogenetic relationships among Asian 
species of Petaurista (Rodentia, Sciuridae), inferred from mitochondrial cytochrome b gene 
sequences. Zoological Science 17: 123–128. https://doi.org/10.2108/zsj.17.123

Oshida T, Lin LK, Yanagawa J, Endo H, Masuda R (2000b) Phylogenetic relationships among 
six flying squirrel genera, inferred from mitochondrial cytochrome b gene sequences. Zoo-
logical Science 17: 485–489. https://doi.org/10.2108/zsj.17.485

Oshida T, Ikeda K, Yamada K, Masuda R (2001) Phylogenetics of the Japanese giant flying 
squirrel, Petaurista leucogenys, based on mitochondrial DNA control region sequences. 
Zoological Science 18: 107–114. https://doi.org/10.2108/zsj.18.107

Oshida T, Ikeda K, Yamada K, Masuda R (2004) A preliminary study on molecular phylog-
eny of giant flying squirrels, genus Petaurista (Rodentia, Sciuridae) based on mitochon-
drial cytochrome b gene sequences. Russian Journal of Theriology 3: 15–24. https://doi.
org/10.15298/rusjtheriol.03.1.04

Rambaut A, Drummond A (2012) FigTree v1.4.3. http://tree.bio.ed.ac.uk/software/figtree/
Rao M, Htun S, Zaw T, Myint T (2010) Hunting, livelihoods and declining wildlife in the 

Hponkanrazi Wildlife Sanctuary, North Myanmar. Environmental Management 46: 143–
153. https://doi.org/10.1007/s00267-010-9519-x

Robinson HC, Kloss CB (1915) Aeromys, a new genus of flying squirrel. Journal of the Feder-
ated Malay Museums 6: 1–23.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, Larget B, Liu L, 
Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2: efficient Bayesian phylogenetic in-
ference and model choice across a large model space. Systematic Biology 61: 539–542. 
https://doi.org/10.1093/sysbio/sys029

Roth VL, Mercer JM (2015) Themes and variation in sciurid evolution. In: Cox PG, Hautier L 
(Eds) Evolution of the Rodents: Advances in Phylogeny, Functional Morphology and De-
velopment, Cambridge University Press, Cambridge, 221–245. https://doi.org/10.1017/
CBO9781107360150.009

Saha SS (1981) A new genus and a new species of flying squirrel (Mammalia: Rodentia: Sciuri-
dae) from Northeastern India. Bulletin Zoological Survey of India 4: 331–336.

Sanamxay D, Douangboubpha B, Bumrungsri S, Xayavong S, Xayaphet V, Satasook C, Bates 
PJ (2013) Rediscovery of Biswamoyopterus (Mammalia: Rodentia: Sciuridae: Pteromyini) 
in Asia, with the description of a new species from Lao PDR. Zootaxa 3686: 471–481. 
https://doi.org/10.11646/zootaxa.3686.4.5

Stamatakis A (2014) RAxML version 8: a tool for phylogenetic analysis and post-analysis of large 
phylogenies. Bioinformatics 30: 1312–1313. https://doi.org/10.1093/bioinformatics/btu033

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: Molecular Evolu-
tionary Genetics Analysis version 6.0. Molecular Biology and Evolution 30: 2725–2729. 
https://doi.org/10.1093/molbev/mst197

https://doi.org/10.1126/science.1079705
https://doi.org/10.1038/35002501
https://doi.org/10.2108/zsj.17.123
https://doi.org/10.2108/zsj.17.485
https://doi.org/10.2108/zsj.18.107
https://doi.org/10.15298/rusjtheriol.03.1.04
https://doi.org/10.15298/rusjtheriol.03.1.04
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1007/s00267-010-9519-x
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1017/CBO9781107360150.009
https://doi.org/10.1017/CBO9781107360150.009
https://doi.org/10.11646/zootaxa.3686.4.5
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/molbev/mst197


Guogang Li et al.  /  ZooKeys 939: 65–85 (2020)84

Thorington RW, Pitassy D, Jansa SA (2002) Phylogenies of flying squirrels (Pteromyinae). 
Journal of Mammalian Evolution 9: 99–135. https://doi.org/10.1023/A:1021335912016

Tordoff AW, Eames JC, Eberhardt K, Baltzer MC, Davidson P, Leimgruber P, Than UA (2005) 
Myanmar: Investment Opportunities in Biodiversity Conservation. Birdlife International, 
Yangon, 23 pp.

Wilson DE, Reeder D (2005) Mammal Species of the World: A Taxonomic and Geographic 
Reference (3rd edn). Johns Hopkins University Press, Baltimore, 754–818.

Yu FH, Yu FR, McGuire PM, Kilpatrick CW, Pang JF, Wang YX, Lu SQ, Woods CA (2004) 
Molecular phylogeny and biogeography of woolly flying squirrel (Rodentia: Sciuridae), 
inferred from mitochondrial cytochrome b gene sequences. Molecular Phylogenetics and 
Evolution 33: 735–744. https://doi.org/10.1016/j.ympev.2004.05.008

Yu FR, Yu FH, Pang JF, Kilpatrick CW, McGuire PM, Wang YX, Lu SQ, Woods CA (2006) Phy-
logeny and biogeography of the Petaurista philippensis complex (Rodentia: Sciuridae), inter- 
and intraspecific relationships inferred from molecular and morphometric analysis. Molecular 
Phylogenetics and Evolution 38: 755–766. https://doi.org/10.1016/j.ympev.2005.12.002

Appendix I

Specimens examined (IOZ, Institute of Zoology, Chinese Academy of Sciences; GDEI, 
Guangdong Entomological Institute; KIZ, Kunming Institute of Zoology, Chinese 
Academy of Sciences).

Belomys: KIZ 61004, 630743, 630799, 72226, 200362, 200363. Petaurista: IOZ 
10457, 10458, 10460, 15041, 15042, 15043, 15044, 24009, 25849, 61-003. KIZ 
73442, 73445, 73744, 73745, 73823, 830207, 90039, 90043, 90051, 90407. GDEI 
0403, 0404, 0499, 0524, 0611, 0618, 0621, 0622, 0623, 0624, 0625, 0626. Tro-
gopterus: KIZ 57048, 630784, 640575, 73377, 88637. Aeretes: KIZ 57052. Eupetau-
rus: KIZ 73372, 73373. Pteromys: KIZ 57053. Hylopetes: KIZ 73281, 74543, 74544, 
74546, 76332, 76658.
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