Zoologica Scripta
Molecular phylogeny and the underestimated species
diversity of the endemic white-bellied rat (Rodentia: Muridae:
Niviventer) in Southeast Asia and China
LIANG LU, DEYAN GE, DOUGLAS CHESTERS, SIMON Y. W. HO, YING MA, GUICHANG LI, ZHIXIN WEN,
YONGJIE WU, JUN WANG, LIN XIA, JINGLI LIU, TIANYU GUO, XIAOLONG ZHANG, CHAODONG ZHU,
QISEN YANG & QIYONG LIU

Submitted: 14 November 2014
Accepted: 1 April 2015
doi:10.1111/zsc.12117

Lu, L., Ge, D., Chesters, D., Ho, S. Y. W., Ma, Y., Li, G., Wen, Z., Wu, Y., Wang, J.,
Xia, L., Liu, J., Guo, T., Zhang, X., Zhu, C., Yang, Q., Liu, Q. (2015). Molecular phylogeny and the underestimated species diversity of the endemic white-bellied rat (Rodentia:
Muridae: Niviventer) in Southeast Asia and China. —Zoologica Scripta, 44, 475–494.
The white-bellied rat, Niviventer, is a genus endemic to Southeast Asia and China. However, the interspeciﬁc phylogenetic relationships and species diversity of this genus remain
poorly understood. In the present study, single and multi-locus analyses were performed.
Phylogenetic reconstruction on Cytochrome b (512 individuals, including data from Genbank) revealed ﬁve major clades with approximately 35 operational taxonomic units (OTUs),
a number twice the existing taxonomy. The ﬁrst clade (N. langbianis species group) was the
earliest diverged. The second clade (N. fulvescens species group) diverged in Southeast Asia,
the south and lower altitude regions of the Hengduan Mountains, and Southeast China.
The third clade (the N. eha species group) is endemic to high altitudes in Northwest Yunnan and the central region of Himalaya. The fourth clade (the N. andersoni species group),
is mainly conﬁned to alpine regions of the Hengduan Mountains. The ﬁfth clade (N. confucianus species group) is mainly distributed in the north and higher altitude regions of eastern
Himalaya, the Hengduan Mountains and Taiwan, with the complex also invading central
and northern China. Results from the combined dataset of four genes (Cytochrome b,
Cytochrome oxidase subunit I, the D-loop sequence of the mitochondrial genome and the
ﬁrst exon of the nuclear interphotoreceptor retinoid binding protein) for 82 representative
individuals from China generally coincide with the result of the single gene, with 12 OTUs
identiﬁed. These results provide a preliminary framework for the existing classiﬁcation of
this highly diversiﬁed genus. The divergence time of Niviventer based on the four gene
topology was dated to the late Miocene ~6.41 Ma. Signiﬁcant differences were detected in
the general body form changes among these units based on voucher specimens. Moreover,
geometric morphometric analysis of the cranium shape of voucher specimens indicated signiﬁcant differences among ﬁve major species groups. Shape divergence of the cranium
among several OTUs within the N. confucinaus complex is also signiﬁcant. Our results provide further evidence for rapid and highly underestimated diversiﬁcation of Niviventer both
in genetics and morphology.
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Introduction
The genus Niviventer (Rodentia: Muridae) is endemic to
Southeast Asia and China (Musser & Carleton 2005).
These medium-sized rats are cursorial, scansorial or arboreal, and thus are dominant in various kinds of forest in
both lowlands and mountains (Zheng et al. 2009). Apart
from the commensal rodents Rattus, Niviventer has the widest distribution in the Rattini tribe (Lecompte et al. 2008),
and is one of the most diversiﬁed but taxonomically ambiguous members of the Murinae (Musser & Carleton 2005;
Jing et al. 2007; Balakirev & Rozhnov 2010; Balakirev et al.
2011; He & Jiang 2015). Furthermore, these species are
recorded as principal hosts of rodent-borne viruses (Meerburg et al. 2009). However, diagnosis of taxa within this
genus is difﬁcult, and most species remain poorly studied
(Musser & Carleton 2005).
Phylogenetic arrangements and species boundaries in
Niviventer are still controversial, particularly regarding the
fauna of China. According to general morphology, Musser
(1981) classiﬁed 15 species of this genus into two groups:
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the ‘andersoni division’ and the ‘niviventer division’. In the
most recent version of the ‘Mammal species of the world’,
17 species are recognized, among which nine species are
considered to occur in China (Musser & Carleton 2005).
Jing et al. (2007) studied the phylogenetic relationships of
nine species from China based on the complete mitochondrial Cytochrome b gene (CytB), with three clades
proposed. Ten species were included in the most widely
used guide book for identifying mammals in China (Lunde 2009). Balakirev & Rozhnov (2010) recognized 15
‘clusters’ based on a detailed analysis of CytB, where clusters broadly correspond to species. He & Jiang (2015)
proposed 21 species based on the single gene CytB. However, it seems the samples available to date are not sufﬁcient to cover the distribution of Niviventer. A general
clariﬁcation of Niviventer calls for additional study based
on more comprehensive sampling and a wider range of
sequence data.
Besides, previous studies regarding the divergence time
of species within Niviventer were mainly focused with
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limited regional samples (Jing et al. 2007; Chen et al.
2010, 2011; Balakirev et al. 2011). For example, the earliest estimate of the divergence of this genus at around
1.64 Ma was produced from analysis of sequences from
32 specimens from China (Jing et al. 2007). This inference was dated at 1.2–0.13 Ma for N. confucianus based
on fossil records of N. preconfucianus unearthed in the
Zhoukoudian archeological site in Beijing (Cheng et al.
1995), and fossil records of N. confucianus from Dadong
of Panxian, (Guizhou Province, Bekken et al. 2004; Schepartz et al. 2003). In the phylogeographic analysis of
N. confucianus and N. excelsior (Chen et al. 2010, 2011),
the same time span (1.2–0.13 Ma) for the divergence of
N. confucianus was used in their analysis. However, the
use of a single fossil calibration point within Niviventer
probably resulted in dating error. A much earlier record
of Niviventer in the Yushe Basin of Shanxi Province, was
dated around 4.5 Ma was stated by Musser & Carleton
(2005). At the macroscopic level, it remains unclear how
the genetic diversiﬁcation of these taxa corresponds to
their geological history in Southeast Asia and China.
Therefore, the divergence time of Niviventer needs to be
reestimated.
Southeast Asia and south of China have exceptionally
high levels of biodiversity and endemism (Myers et al.
2000). The intricate geological and climatic history of these
regions generated various habitats both for aquatic and terrestrial organisms. Some of the taxa distributed in these
regions appear to be the product of recent evolutionary
radiations, often displaying extraordinary morphological
diversity (Rowe et al. 2011; Sanders et al. 2013). These
include the rodent family Muridae, of which nearly onethird of extant species are found in Southeast Asia and
China (Ellerman 1961; Zhang 1999; Smith & Xie 2008;
Fabre et al. 2012; Schenk et al. 2013). The distribution and
species diversity of Niviventer makes it a choice model for
the study of diversity of murids in Southeast Asia and
China.
In the present study, we undertook the comprehensive
collection of Niviventer specimens in China. CytB, Cytochrome oxidase subunit I (COI), the D-loop sequence of
mitochondrial genome (D-loop), and the ﬁrst exon of
nuclear interphotoreceptor retinoid binding protein
(IRBP) were sequenced to infer the phylogenetic structure
and species diversity of this genus. Morphological divergence among taxa was analysed from general body form
measurements and the dorsal and ventral cranium of voucher specimens. Based on this analysis, we aim to reveal
the phylogeny of this Asian endemic taxon and provide
more accurate information for diagnosing major species
groups, and further, to shed new light on the diversity of
Murid species in Southeast Asia and China.
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Materials and methods
Sampling
Three hundred and twenty-seven specimens of Niviventer
were collected in the central and southern regions of mainland China. Muscle samples and voucher specimens were
preserved in IOZCAS and ICDC. Sample information is
provided in Table S1. Identiﬁcation of these specimens was
based on examining the type specimens preserved at the
Nature History Museum of London (BMNH), voucher
specimens studied by Balakirev & Rozhnov (2010), Balakirev et al. (2011), information on morphological vouchers
provided by the CERoPath project (http://www.ceropath.org/), and museum collections in Institute of Zoology,
Chinese Academy of Sciences (IOZCAS), Zoological Institute, Saint-Petersburg (ZISP), Zoological Museum of Moscow State University (ZMMU), Kunming Institute of
Zoology, Chinese Academy of Sciences (KIOZCAS), collection records provided by the American Museum of Natural History (AMNH, http://www.amnh.org/) and major
literature related to original description and taxonomic
reviews and revisions of Niviventer (Table S2 and the supplementary references).
DNA sequencing
Total genomic DNA was isolated from muscle, stored at
80°C, using the Qiagen DNAeasy blood and tissue
DNA isolation kit (Qiagen China, Shanghai). CytB, COI
and D-loop sequences of the mitochondrial genome and
IRBP were ampliﬁed. Information for primers and their
major references are given in Table S3. All ampliﬁcations
were carried out in 25 lL reactions containing about
25 ng of extracted DNA, 200 lM of each dNTP,
0.2 lM of each primer, 0.75 unit of LA Taq polymerase
(TaKaRa), and 2.5 lL of 109 buffer. Cycling conditions
of different target sequences were conducted according
to the papers reporting the primers (Table S3). All PCR
products were directly sequenced in both directions with
an ABi 3100 automatic sequencer (Perkin-Elmer, Waltham, MA, USA) using the ABi PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit with
AmpliTaq DNA polymerase (Applied Biosystems, Foster
City, CA, USA).
Inferring phylogenies and delimiting species
CytB sequences (>1078 bp) of Niviventer available in Genbank (Jing et al. 2007; Balakirev & Rozhnov 2010; Chen
et al. 2010, 2011; Pages et al. 2010; Balakirev et al. 2011)
were downloaded and combined with those generated from
the present research. The accession numbers of each sample are listed in Table S1. These samples included 512
individuals of the genus Niviventer from 69 localities. A
larger outgroup sampling is expected to improve the accu-
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racy in inferrence (Piller & Bart 2009). Thus, 20 species
from representative genera of Muridae were selected as
outgroups (Table S1). ClustalW (Larkin et al. 2007) in
MEGA 5.05 (Tamura et al. 2011) was used to align these
sequences, and jModelTest 0.1 (Posada 2008) was used to
select the best-ﬁt nucleotide substitution model for each
gene and codons according to the Bayesian Information
Criteria (Luo et al. 2010). For the Bayesian analysis in
MrBayes 3.2.2 (Huelsenbeck & Ronquist 2001; Ronquist
et al. 2012), four independent runs were performed, each
with two cold and two heated chains. The main parameters
were set as follows: four chains of ﬁve million generations,
trees sampled every 1000 generations, with the ﬁrst 25%
discarded as burn in. Convergence was monitored using
the standard deviation of split frequencies, and the reliability of parameter estimates according to parameter estimated
sample sizes as calculated by Tracer (Rambaut & Drummond 2007).
To evaluate the accuracy of phylogenetic reconstruction
from a single gene, we also compared the above results
with the phylogenies reconstructed from the combined
matrix of mitochondrial genes, the nuclear gene IRBP and
the combined matrix of four genes, respectively. For these
matrices, sequences of COI, CytB, D-loop and IRBP were
aligned separately using ClustalW in MEGA 5.05 (Tamura
et al. 2011). Taxa used as outgroups in the above analysis
were selected in all of these three analyses. The best ﬁt
nucleotide substitution models were then determined for
each gene, using Bayesian Information Criteria in jModelTest0.1.1 (Posada 2008). Bayesian MCMC analysis was
conducted for these three matrices separately. Tree
searches under the Bayesian approaches were run with the
partitioned best ﬁt models, using MrBayes v3.1.2 (Ronquist
et al. 2012). Maximum likelihood analysis was performed
on the same concatenated matrices in RAxML (Stamatakis
2006) with bootstrap analysis.
The General Mixed Yule Coalescence method (GMYC)
has proven to be one of the most popular methods for species discovery in DNA data (Pons et al. 2006; Puillandre
et al. 2012). GMYC analysis was performed on the above
Bayesian tree of CytB. Rate smoothing was carried out by
Penalized Likelihood (PL) using the R package ‘ape’ (Paradis et al. 2004), then the resulting relaxed clock tree used
in GMYC analysis with the ‘splits’ package (http://r-forge.r-project.org/projects/splits/), under the more reliable
single threshold model (Fujisawa & Barraclough 2013).
The branching pattern in PL rate smoothing is determined
primarily by the lambda parameter. Thus, we performed
GMYC analysis under various values for this parameter to
determine whether any sensitivity exists to this. To further
test the accuracy of GMYC results, the analyses were
repeated with highly similar sequences removed from the
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dataset. We also compared the single gene results with the
combined matrix of four genes. Evolutionary divergence
was calculated over sequence pairs between OTUs recovered from the full dataset of CytB and the combined dataset of four genes in Mega 5.05 (Tamura et al. 2011).
Divergence-time estimation
Divergence times of the major clades within Niviventer
were estimated using Bayesian inference as implemented in
BEAST v1.5.3 (Drummond & Rambaut 2007) on the combined dataset of four genes. Two fossil calibration points
were used: (i) the split of basal Murinae (12 Ma) asthis
date is frequently used as a fossil calibration point in dating the divergence of mammals (Johnson et al. 1985; Barry
et al. 2002) and (ii) the divergence of Apodemus (10.4 Ma)
(Aguilar & Michaux 1996), demonstrated by multiple fossil
records in the Paleobiology database (http://paleodb.org/
cgi-bin/bridge.pl) (Downloaded at April 19th of 2013). A
relaxed molecular clock analysis was conducted with the
GTR substitution model partitioned (and unlinked)
according to codon positions. The Yule speciation model
was used. Four MCMC chains were run for 50 million
generations and sampled every 1000 generations. The ﬁrst
25% of trees of each run were discarded as the burnin
phase. These results were examined in Tracer 1.5.0
(Drummond & Rambaut 2007) to conﬁrm whether effective sample size for each parameter exceeds 200. Outgroup
taxa from the above Bayesian inferences were also used
here.
Morphological analysis
To understand the morphological diversity of Niviventer,
we explored body form differences among ﬁve major
clades. The morphological data included body weight, body
length, tail length, ear length and hind feet foot length, for
299 suitable voucher specimens. These data were recorded
from 274 specimens newly sampled in the present study
plus 25 voucher specimens studied by Balakirev et al.
(2011) and Pages et al. (2010). Infants and sub-adults were
excluded from the analysis, these being identiﬁed from the
sutures on the cranium, and the occlusal surface of the
tooth row. Two outliers, HYC 133 (in N. confucianus lineage 3 based on CytB) and BBD008 (in N. confucianus lineage 5) were so differentiated from other specimens in the
same lineage that they were excluded from analysis. However, small sample size is likely to inﬂuence the accuracy in
inferring divergence among some taxonomic units. Only
three individuals of the N. eha species group were available
as vouchers, so for these we included measurements of
seven museum specimens. These specimens showed the
distinct morphological characteristics of N. eha, and were
collected from Zhangmu (Tibet), near the type locality
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(Lachen, Sikkim, IOZCAS-27177, 27179, 27181–27184,
24388). Measurements for one specimen of N. fulvescens
(IOZCAS-JD113) and 11 specimens of N. niviventer (IOZCAS-YNJD095, 100–102, 106–108, 111–112 and 114–115)
were included in the analysis. These specimens are similar
to available vouchers of N. fulvescens and N. niviventer in
morphology, and collected near the locality of voucher
specimens.
We calculated the mean and standard deviation of body
weight, body length, tail length, hind foot length and ear
length. The pairwise differences for body weight, head and
body length, tail length, hind foot length and ear length
between major species groups were tested by single factor
analysis of variance (ANOVA) using the Least Signiﬁcant Difference test and Turkey’s HSD, respectively. These analyses were performed using SPSS Statistics Version 17.0
(SPSS, Chicago, IL, USA).
We also photographed the skulls of voucher specimens
for quantitative analysis. Photographs were taken with a
Canon PowerShot S5IS (Canon, Tokyo, Japan) with
macro-focusing lens and saved in JPEG format. Digital
photos were taken using a scale bar, parallel to the longitudinal axis of the cranium. Images were standardized for
specimen position, camera lens plane and the distance
between the camera lens and the specimen. The dorsal and
ventral views of the cranium were analysed separately. All
infants, sub-adults and damaged specimens were excluded
from the analysis. Landmarks were digitized in TpsDig
(Rohlf 2002). Their location is shown in Fig. 6(A,B). The
raw datasets for each of the above two views were examined to test whether there were specimens that largely
deviated from the average. Morphological information
(including size and shape) was extracted from these two
datasets using a generalized full Procrustes ﬁt (Rohlf &
Slice 1990; Goodall 1991; Dryden & Mardia 1998). All
conﬁgurations were scaled to the same size after variations
in size and orientation were removed. We analysed the
divergence of the cranium size and shape by deﬁning major
phylogenetic groups obtained from the above molecular
phylogenetic inferences. Furthermore, we used canonical
variate analysis to test species group differences. These
analysis were performed in MorphoJ 1.06C (Klingenberg
2011).

Results
Phylogeny of Niviventer and GMYC analysis
Model testing was performed on ClustalW generated alignments for the four partitions. The best model according to
the BIC criterion was determined as HKY+I+G, TPM3uf+I+G, TIM2+I+G and GTR+I+G, for COI, CytB, Dloop,
IRBP, respectively. These sequences were concatenated
then Bayesian and maximum likelihood (ML) tree searches
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were performed under partitioned models. The locations of
major phylogenetic clades reconstructed from CytB are
mapped and shown in Fig. 1. The Bayesian and ML tree
reconstructed from the combined datasets of four genes
yielded identical topology to the results reconstructed from
CytB (Figs 2–4).
In the GMYC analysis (Fig. 3), for the full tree (538
individuals, including 20 outgroup species) the threshold
time was 0.1843 (CI = 0.1924 to 0.1779) and 54 entities were identiﬁed (including 19 OTUs for the 20 outgroup species). For the smaller tree (238 individuals
including outgroup species and excluding redundant
sequences), threshold time was 0.1687(CI = 0.2034 to
0.1612) and 54 entities were identiﬁed (19 OTUs for the
20 outgroups). Both of these analyses found signiﬁcant
GMYC structure in the trees (P < 0.0001). Species delimitation based on four genes generally coincided with inferences based on CytB alone. 12 OTUs were recognized in
total, with two in the N. confucianus and N. andersoni species groups. The analysis on the ultrametric Bayesian tree
gave signiﬁcant GMYC structure (P < 0.0001) with threshold time of 0.0508 (CI = 0.0677 to 0.0435). The pairwise distances between these OTUs are given in Table S4.
Based on the phylogeny reconstructed from CytB and
the results of GMYC, ﬁve major clades of Niviventer and
35 OTUs were identiﬁed (Figs 2–4). The ﬁrst clade
includes N. langbianis species groups, from Hainan Island
and Southeast Asia. Samples from Laos and Hainan were
identiﬁed as a single OTU, while samples from Vietnam
clustered separately. The second clade (N. fulvescens species
group) includes 6 OTUs (3–8 in Fig. 3A,B) which were
mainly collected from Southeast Asia and the south of
China at relatively low altitudes. The third clade was congruent with the N. eha morphotype. Interestingly, samples
from Yunnan and Yadong were found as two separate
OTUs. The fourth clade (N. andersoni species group)
returned six OTUs and were endemic to the Hengduan
Mountains. Samples of N. excelsior were mixed within these
OTUs (Fig. 3).The ﬁfth clade (N. confucianus species
group) contained 18–20 OTUs (17–35 in Fig. 3A, 11, 12
and 17–35 in Fig. 3B), collected from higher altitude and
latitudes. N. confucianus from Motuo, Tibet (obtained from
Genbank with accessions HQ225809–HQ225811) formed a
separate OTU.
According to the taxonomic annotation of sequences in
Genbank, six OTUs could be given the tentative labels
N. bukit, N. tenaster, N. coninga, N. brahma, N. cultruatus
and N. rapit (Fig. 2), while samples identiﬁed as N. langbianis from Hainan, Laos and Vietnam were recognized as
two separate OTUs. Interestingly, besides these well-established clades, we also identiﬁed several paraphylys of different morpho-types. Individuals labelled as N. fulvescens in
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A

B

Fig. 1 Distribution of phylogenetic clades obtained from CytB. Numbers of samples and location codes for each locality are given. These
locations were ordered according their latitude. The proportion of phylogenetic clades sampled from each locality was summarized by pie
charts. A gives the distribution of all samples. B gives the magniﬁcation of the Hengduan Mountain region where multiple locations are
overlapped in A. Legend of clades marked with star indicate existence of cryptic species basing on CytB.

Genbank data were placed with N. nivivener and N. huang
(marked by circles in Fig. 2A,B). Within the N. andersoni
complex, sequences assigned the name N. excelsior (marked
by stars in Fig. 2 A) were found in various OTUs.
Comparing the topologies reconstructed from mitochondrial DNA fragments (Mt tree) and nuclear fragments (Nu
tree) (Fig. 4A,B), cytonuclear discordance was apparent.
For example, in the Mt tree N. langbianis appeared as the
earliest diverged taxa within Niviventer, and was sister to all
the other groups (posterior probability, PP = 1). While in
the Nu tree N. langbianis was sister to the N. fulvescens species group (PP < 0.5). Furthermore, the monophyly of the
N. confucianus complex was not recovered in the Nu tree
(Fig. 4B).
Evolutionary timescale of Niviventer
According to the combined dataset of four genes, the most
recent common ancestor of Niviventer species was esti-
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mated to occur during the late Miocene around 6.41
Ma (95% CI = 7.78–5.09 Ma) (Fig. 5). This ancestor
subsequently formed three major clades. The N. langbianis
species group arose ﬁrst. The second clade came to occupy
the south and low-altitude regions of the Himalaya and
Hengduan Mountains (SHHM), and the third clade the
north and high-altitude regions of Himalaya and Hengduan Mountains (NHHM). The divergence time of these two
clades occurred around 6.14 Ma. The most basal lineages
within the SHHM clade, the N. fulvescens species group,
were collected from Zhangmu of Tibet, Lingcang, Tengchong of Yunan (the contact region of the Himalaya and
Hengduan Mountains), was diverged around 2.78 Ma (95%
CI = 3.68–1.98 Ma). The earliest diverged species within
the NHHM (including N. eha species group, N. andersoni
species group and N. confucianus species group) were identiﬁed as the N. eha species group, recorded in Nepal, India,
Burma and Yadong (Tibet, China). More speciation events
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Fig. 2 Bayesian tree of CytB. Posterior probabilities are provided as node notes. The clades are named according to their morphological
characters after examining holotypes and voucher specimens. A, B, C give the details of N. langbianis species group, N. fulvescens species
group, N. eha species group, N. andersoni species group and N. confucianus species group respectively. Taxonomic abbreviations are given as
branch notes: L. N. langbianis; F. N. fulvescens; H. N. huang; Li, N. ling; E. N. eha species group; A. N. andersoni species group; Cu. N.
culturatus; B. N. bukit; Cm. N. confucianus from Motuo, Tibet; Br. N. brahma; N. N. niviventer; T. N. tenaster; Co. N. coninga; Lo. N. lotipes;
C1–C5. Lineages 1–5 in N. confucianus complex. Taxa marked with stars and circles give Genbank sequences been assorted as N. excelsior
and N. fulvescens respectively. The geological and elevation distribution of these samples are summarized from the collection records in
Table S1.

took place in the NHHM than in SHHM, with a number
of events between 5.7–1.21 Ma. The most recent common
ancestor for the N. confucianus complex was estimated at
around 1.21 Ma ago (95% CI = 1.62–0.85 Ma).
Morphological divergence among phylogenetic groups
Information on general variation in body form of the 15
major taxa included in the present study is given in Table
S2. N. andersoni is the largest in body size, with the average
body weight ranging 83–182 g, a body length 136–
201 mm, tail length 173–272 mm, hind foot length
30–38 mm, and ear length of 22–30 mm. N. eha is the
smallest, with body weight 21.5–63 g, body length 87.2–
118 mm, tail length 34.4–190 mm, hind foot length
23–29 mm and ear length 17.5–22.4 mm. Within the
N. confucianus complex, the ﬁrst lineage was that smallest in
body size (details in Table S2). The ear length of the
N. fulvescens species group appeared shorter than the other
species groups, with average values <20 mm in N. fulvescens
(average 19.33 mm), N. huang (average 19.52 mm) and the
newly sequenced N. ling (average 19.87 mm). N. ling
appeared signiﬁcantly smaller in head and body length than
the closely related species N. huang.
Sexual dimorphism was excluded by ANOVA analysis on
these measurements, which demonstrated no signiﬁcant
variation between males and females in the most well sampled sub-clades: N. andersoni species group, N. confucianus
lineage 1, N. confucianus lineage 3 and N. confucianus lineage 5. ANOVA results revealed that the N. andersoni, N. langbianis and N. eha species groups could be easily
distinguished from other taxa (P < 0.05). N. fulvescens,
N. huang and N. ling are distinct in ear length (P < 0.05).
N. niviventer is distinct from all remaining taxa by tail
length (average 200.75  11.09 mm, range from 188–
218 mm, n = 12). ANOVA results on the general body form
measurements of ﬁve lineages within N. confucianus complex showed multiple signiﬁcant values in the Least Signiﬁcant Difference test (Table S2 and S5), which is a more
sensitive method for revealing differences among species
groups.
Five major species groups were recognized from molecular data. 7–110 intact cranium voucher specimens were
available for these groups (N. langbianis species group,
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n = 7; N. fulvescens species group, n = 11; N. eha species
group, n = 8; N. andersoni species group, n = 11 and
N. confucianus species group, n = 110). We analyzsed
cranium morphological divergence among these phylogenetic groups. To explore the morphological divergence of
the most widely distributed N. confucianus complex, we
analysed the morphological divergence among 5 major lineages (lineage 1, C1, n = 4; lineage 2, C2, n = 26; lineage
3, C3, n = 7; lineage 4, C4, n = 19 and lineage 5, C5,
n = 41). No outlier was identiﬁed both in the dorsal and
ventral views. In the dorsal cranium, signiﬁcant shape variation among ﬁve phylogenetic groups was observed in
canonical variant analysis (P < 0.05) (Fig. 6C, D). Even the
cranium shape (both in dorsal and ventral views) of voucher specimens represents different lineages of N. confucianus complex showed large area of overlap in geometric
morphometric analysis (Fig. 6C, D), with signiﬁcant divergence among lineages 1 (C1), 3 (C3) and lineages 2(C2), 4
(C4), and 5(C5). Lineages 2 and 4 were largely overlapping
in morphological space, while lineage 5 showed a clear
divergence from the other two in ventral view (Fig. 6E,F).

Discussion
Species diversity and phylogeny of Niviventer
Two reports had suggested the existence of nine species of
Niviventer in China: N. andersoni, N. brahma, N. confucianus, N. coninga, N. culturatus, N. eha, N. excelsior, N. fulvescens and N. cremoriventer (Huang et al. 1995; Wang 2003).
However, Musser & Carleton (2005) replaced N. cremoriventer with N. tenaster, which was assigned as a subspecies
of N. cremoriventer before Musser upgraded it to species
(Musser 1973, 1981). In our study, the large number of
samples collected from China formed several distinct
clades. A majority of clades were assigned names according
to the morphological characters of voucher specimens.
Based on the large dataset of CytB, we found some clades
which had not previously been sequenced. For example,
N. langbianis from Hainan, N. ling (OTU 8) included in
the N. fulvescens species group, N. lotipes (OTU 25 + 26 in
Fig. 3A) included in N. confucianus species group, and the
N. eha complex (OTUs 9 and10) from Yadong (Tibet) and
Baimang Snow Mountain (Yunnan) (Fig. 2). However,
sequences annotated as N. eha in Genbank (Jing et al.
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Fig. 2B Continued.
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Fig. 2C Continued.
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Fig. 3 Delimitating species diversity of Niviventer based on the complete CytB dataset (A), the reduced dataset of CytB (B) and the
combined dataset of four genes (C). For the full CytB tree (A), threshold time 0.1843, 54 entities, conﬁdence interval 0.1924 to
0.1779, for the reduced tree, which excluding highly similar sequences of CytB (B), threshold time 0.1687, 54 entities, conﬁdence
interval 0.2034 to 0.1612, both results are signiﬁcant (P < 0.0001). The threshold time for the combined dataset of four genes is 0.0508
with conﬁdence interval range from 0.0677 to 0.0435 (C).Taxonomic abbreviations are given as branch notes, which are the same as
Fig. 2.To see the details of tip taxa, please check the supplementary document Table S1.
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A

B

Fig. 4 Bayesian phylogenetic estimates from (A) a combined dataset of three mitochondrial markers, CytB, COI, D-loop and (B) a nuclear
gene, IRBP. Posterior probabilities higher than 0.5 are shown at nodes. Five species groups are identiﬁed: N. langbianis species group,
N. fulvescens species group, N. eha species group, N. andersoni species group and N. confucianus species group.

2007), which were sampled from the Gaoligong Mountains
(Yunnan), were unexpectedly placed in another molecular
OTU (EF053018, EF053019). GMYC results for the full
dataset of CytB indicated that at least 29 OTUs occur in
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China (Fig. 3A). Even the four gene tree of 82 representative individuals indicated that at least 12 OTUs (not
including two species from Taiwan) occur in China
(Fig. 3C). These results indicate that the species diversity
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Fig. 5 Divergence time of Niviventer
inferred from combined dataset of four
genes. 20 species from Rodentia were
used as outgroup taxa. Blue bars showed
the 95% conﬁdence intervals of the age
inferred from two fossil calibration points.
The ﬂuxion of sea levels were mapped at
the bottom by following Haq et al. (1987).
Taxonomic abbreviations are given as
branch notes in blue, which are the same
as Figure 2. Posterior probabilities and
the mean age of each node are given as
branch notes.

of Niviventer has probably been substantially underestimated in previous studies.
Our GMYC analysis revealed a much higher species
diversity in Niviventer than previously thought. We identiﬁed 35 OTUs in the dataset of CytB, twice the species
count in the present systematic framework based primarily
on morphology (Musser & Carleton 2005). This mirrors
the discovery of large numbers of cryptic species in other
murids, such as the South African Rattus complex (Bastos
et al. 2011), the ﬁeld vole (Microtus agrestis)(Pauperio et al.
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2012), the vlei rat (Otomys irroratus) (Engelbrecht et al.
2011) and the South American Akodon species (Yazbeck
et al. 2011). Compared to the closely related genus Rattus,
which shows limited morphological variation (Rowe et al.
2011), taxa within Niviventer not only showed high
diversity in genetics, but also in morphology (Fig. 6).
Taxonomic comments on ﬁve major species groups
According to the results of the combined mitochondrial
and nuclear DNA markers (Fig. 4A) and a large dataset of
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C

D

E

F

A

B
Fig. 6 Shape variation of the dorsal and ventral views of cranium in voucher specimens (including seven museum specimens of N. eha from
Zhangmu, Tibet, which were preserved in IOZCAS). A and B give the landmark location in the dorsal and ventral views of cranium.
This specimen was assigned as the types of N. andersoni ailaoshanensis by Li (KMIOZCAS-99263). Scale bar = 10 mm. C, D and E, F give
the canonical variat plots of the dorsal and ventral cranium, respectively. The data points of these two plots were coloured according to
their phylogenetic placement on the molecular tree. Ellipses give the 90% conﬁdence equal frequencies classiﬁed by ﬁve major
phylogenetic groups in Niviventer (C,D) and the N. confucianus complex (E, F), respectively.

CytB (Fig. 2A–C), samples of Niviventer included in the
present research can be divided into ﬁve major phylogenetic groups.
N. langbianis species group. The N. langbianis species
group (Fig. 2A) is mainly distributed in continental
Southeast Asia (Musser & Carleton 2005), but also found
on Hainan Island. These species are distinguished from
other species groups by their larger body size and a
mono-coloured brown tail (Musser 1973, 1981; Lunde
et al. 2007). This species group was assigned a new
genus closely related to Niviventer (Balakirev et al. 2014).
Our GMYC analyses of CytB suggest that the samples
from Hainan and north of Laos form a single independent OTU, whereas samples from south of Vietnam are
distinct. Specimens with morphological characteristics of
this phenotype from Hainan (in Fig. 1B in the original
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paper) were assigned the same N. lotipes (Allen 1926)
previously by Li et al. (2008). N. lotipes was originally
established as a subspecies of N. confucianus (Allen 1926),
with a sharply bicoloured tail (dark above, white
throughout below), which is clearly different from the
specimens studied by Li et al. (2008), but very similar to
one voucher specimen in the N. confucianus species group
(Voucher, IOZCAS-HN113). The holotype of N. lotipes
bears a body length of 135 mm, tail length 180 mm,
hind foot 30 mm, ear length 21 mm (collection records
of the AMNH59303).These measurements are also distinct from the specimen (IOZCAS-HN131) we sequenced
in the present study. Karyotype study of this phenotype
(similar to IOZCAS-HN131 in morphology) from Hainan, indicated a large difference of this taxon from
other Niviventer species (2N = 52, FN = 66) (Li et al.
2008).
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N. fulvescens species group. In the second lineage, the
N. fulvescens species group, six OTUs were recognized
(Fig. 2A). Five of them distribute in Southeast Asia and
border areas of Southwest China (Guangxi, Yunnan and
Tibet). N. rapit, sampled from Borneo (DQ191483), was
the earliest taxon to diverge within this species group
(Fig. 2A). An
unnamed
sample
from Thailand
(HM217402) (Pages et al. 2010) was clustered with one
individual from Borneo (HM217409) (Fig. 2A). However,
CytB divergence suggests that these two individuals represent separate OTUs. The morphological divergence
between closely related species of N. rapit from the Malay
Peninsula and Sumatra was noted previously by Musser &
Carleton (2005), who thought that these species should be
treated as distinct. Diversiﬁcation of the N. rapit complex
in Sumatra, Borneo and nearby regions indicated southward expansion of Niviventer in Southeast Asia possibly
during glacial periods when the Sunda Shelf was exposed
as a large peninsula (Gorog et al. 2004). Because of the
limited samples from these islands, the species diversity of
Niviventer in this region is in need of further investigation.
OTUs 6–8 (in Fig. 3A) were well-sampled in the present
study. Collection records of the present study and that of
Balakirev et al. (2011) showed that samples of OTU 6
(N. fulvescens) were collected from the southern slope of
the Himalaya Mountains to the north of Vietnam; samples
of OTU 7 (N. huang) were collected from the border areas
of China to the south of Vietnam; and samples of OTU 8
(N. ling) were found only in the south of China. The last
species is newly sequenced in the present study. Both
N. huang and N. ling were established by Bonhote (1905),
and originally placed in Mus. The latter is very similar to
the former, but could be distinguished from N. huang by
smaller size and paler colouration. Previous studies pointed
out that it is very hard to distinguish species closely related
to N. fulvescens (Balakirev et al. 2011). In our analysis, Least
Signiﬁcant Difference test demonstrated differentiation
between N. huang and N. fulvescens in head and body
length. The newly sequenced N. ling is distinct from
N. fulvescens and N. huang in head and body length, and is
also distinguished from N. fulvescens by tail length (Table
S2).
It is worth noting that the presence of samples identiﬁed
as ‘N. fulvescens’ in multiple lineages on the tree possibly
indicate misidentiﬁcation of these specimens. Most of
them were actually placed in N. niviventer and N. huang.
Voucher specimens available in the present study showed
morphological characteristics of N. fulvescens, N. huang and
N. niviventer. According to specimens we examined,
N. niviventer is distinct from the former by a longer tail
and longer ear. It was placed in the N. confucianus species
group as inferred from molecular phylogeny. Large num-
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bers of specimens annotated as N. fulvescens were confused
with specimens of N. confucianus, N. niviventer, N. tenaster
in the museum specimens and literature (Musser & Carleton 2005). Unfortunately, the type specimen for N. fulvescens from Nepal, collected by Hodgson was seriously
damaged (BMNH 45.1.8.376), and the animal is small and
immature (Allen 1938), which probably led to this taxonomic confusion. However, a distinct shorter ear, and a
slender and black coloured tail (with very shot hairs) in
dorsal view likely could distinguish this species group from
other groups.
N. eha species group. The N. eha species group appeared
as the smallest in body size within Niviventer. It is distinct
from other groups by smaller size, a grey coloured undersurface, and individual hairs soft and slate-coloured with
white tips (Wroughton 1918). Identifying samples from
southeast Tibet and southwest Yunnan as separate OTUs
(in Fig. 3) indicate their high genetic divergence. Thomas
(1922) classiﬁed these taxa into two subspecies, N. e. eha
and N. e. ninus, the former from Sikkim, and the latter
from Yunnan (Kiukiang-Salween divide, southwest Yunnan). In the present study, two samples from Yadong,
Tibet, are similar to N. e. eha and the unique individual
from Baimang Snow Mountain represents N. e. ninus. The
systematic placement of these subspecies needs to be
reevaluated. According to the collection records from different museums, this species group is well-adapted to high
altitude, generally above 3000 m.
N. andersoni species group. The N. andersoni species group
is currently endemic to the Hengduan mountain region in
China. This species group of species could be diagnosed by
their larger size compared with other species of Niviventer.
Six OTUs identiﬁed in this species group indicated a high
genetic diversity among different lineages.
Recently, Li & Yang (2009) reported two new subspecies
of N. andersoni, N. a. ailaoshanensis and N. a. lushuiensis. Distinct morphological diversiﬁcation was observed between
these taxa. However, we still lack DNA sequences from
Pianma for more comprehensive discussion. Moreover, individuals been identiﬁed as N. excelsior are placed in different
sub-clades within the N. andersoni species group (in
Fig. 2A). Chen et al. (2010) considered that this was caused
by hybridization between N. andersoni and N. excelsior.
Besides adaptive variation of their pelage, misidentiﬁcation
possibly was one of the major reasons for non-monophyly
of individuals annotated as N. excelsior in Genbank. By
examining type specimens of N. andersoni in BMNH, we
found this species was described using young or sub-adult
specimens, which could be detected by immature zygomatic
arches and occlusal surfaces of the tooth rows. N. excelsior
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were once considered as synonyms of N. confucianus by
Allen (1938), while Musser & Chiu (1979) evaluated its species status based on large numbers of samples. According to
the museum collections we examined in this study, N. excelsior possibly represent one endemic lineage of N. andersoni
complex distributed in the central region of Hengduan
Mountain.
N. confucianus species group. The N. confucianus species
group comprised the ﬁfth main lineage within Niviventer,
and included 27 OTUs basing on GMYC results from
CytB, of which 18 OTUs included samples which were
collected as part of the present study (Fig. 2C). According
to the collection records, samples of this lineage were collected from the south slope of the Himalaya Mountains to
Taiwan Island, and from the south of Vietnam to the north
of China (Table S1). This is apart from N. bukit and
N. tenaster, which were only collected from the south of
Vietnam (Balakirev & Rozhnov 2010). Compared with the
other four lineages of Niviventer, this lineage showed
higher species diversity and a wider range of distribution.
N. bukit could easily be distinguished from other species
of this species group by a long hind foot (Table S2 and S5).
N. brahma is notable for a larger size and a slightly tufted
tail, and a light grey undersurface (Thomas 1914). N. culturalus and N. coninga invaded Taiwan at different times, and
showed distinct ecological differentiations (Yu 1994, 1995).
N. niviventer is distinct for a longer tail (Table S2 and S5),
this was also noted by Balakirev et al. (2011). N. lotipes was
originally established as a subspecies of N. confucianus, and
placed in Rattus (Allen 1926). Type specimen of N. lotipes
was from Nada, Hainan (Nodoa, AMNH59303). This species is notable by a sharply bicoloured tail (dark above, white
throughout below). According to the morphology of available voucher specimens, HN113 appeared larger than specimens from the mainland of China. Within specimens from
the mainland, several showed a tail with the 1/6 tip slightly
white coloured in dorsal view.
N. confucianus from China were classiﬁed into multiple
subspecies. Specimens from Shandong (Shangtung peninsula) was assigned as N. c. sacer (Thomas 1914). Subsequently, Allen (1938) assigned specimens from Henan
(Honan) into this subspecies. Specimens from Beijing (Peking) were assigned as N. c. chihliensis (Thomas 1917), and
specimens from Shanxi (Shensi) as N. c. luticolor (Thomas
1908). Specimens from Yushu of Qinghai (Wang & Zheng
1981), Naoniu of Jilin (Zhang & Zhao 1984), Yajiang of
Sichuan and Deqing of Yunnan (Deng et al. 2000) were
nominated as N. c. yushenensis, N. c. naoniuensis, N. c. yajiangensis and N. c. deqingensis, respectively. These studies
demonstrated the existence of diagnostic characteristics to
distinguish specimens of N. confucianus from different
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regions of China. However, our present study indicates
specimens from a wide range of central and northern
China form one single sub-clade, lineage 3 (C3) in the
molecular tree, while specimens from Yunnan and Sichuan
formed other lineages (C1–C2, C4–C5). Signiﬁcant morphological divergence among C1, C3 to C2, C4 and C5
likely indicates a higher divergence among these lineage
(Fig. 6). However, discordance of mitochondrial DNA
fragments and nuclear DNA fragments (Fig. 4) likely
implies incomplete lineage sorting and possible hybridization among those lineages.
Evolutionary timescale of Niviventer
Our molecular-clock analysis placed the most recent common ancestor of Niviventer in the late Miocene. Most of
the speciation events in Niviventer probably occurred from
the Pliocene to Middle Pleistocene. This is older than the
earliest known fossil record of this genus, dated at 4.5 Ma
from Shanxi Province (See Musser & Carleton 2005) and
around 2.6 Ma from Anhui province (Jin et al. 2000), and
in accordance with the result of He & Jiang (2015) in dating its divergence to the late Miocene. The results of our
study show a longer history of Niviventer than previously
suggested by analysis calibrated using N. preconfucianus fossils (dated at 1.2 Ma) (Jing et al. 2007; Chen et al. 2011).
However, our results are in agreement with those based on
analysis of the mammalian L1 (LINE-1) retrotransposons
(Verneau et al. 1998), as well as dating based on DNA/
DNA hybridization (Ruedas & Kirsch 1997). These studies
dated the split of Leopoldamys from Niviventer and other
rats to around 5.7  0.7 and 5.4 Ma, respectively.
The biased sampling of fossil records in Paleaobiology is
common (Lloyd et al. 2012), particularly in the southern
hemisphere (Morley & Dick 2003). Even for the later
diverged Mus and Rattus in the super tree of Rodents (Fabre et al. 2012), multiple fossil records could trace back to
the late Miocene or the early Pliocene according to the
data deposited in the Paleobiology database (available at:
http://paleodb.org/). Fossils of Niviventer were likely insufﬁciently sampled. The earliest fossil records cover the
northern distribution of this genus, and so are incapable of
representing the earliest diverged species of Niviventer,
which appeared in Southeast Asia. Moreover, small mammal fossils in Southeast Asia are infrequently unearthed,
which can be demonstrated by few records of lagomorphs
and ﬂying squirrels. The former were considered a biotic
marker in the late Miocene (Angelone 2008; Flynn et al.
2013; Ge et al. 2013), while the latter were highly diversiﬁed in this region after the late Miocene (Lu et al. 2013).
Since the late Miocene, two key events have occurred
which drove the distribution and speciation of various
organisms. The ﬁrst event was the oscillation of climate.
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From the mid Miocene, the global temperature underwent
a clear decline (Zachos et al., 2001), and in the Pliocene
and Pleistocene, the alternation of glacial and interglacial
periods occurred regularly. As a result of this climate
change, the sea level underwent repeated changes since
5 Ma (Haq et al. 1987). A global glacioeustatic curve illustrated by Miller et al. (2005) showed that there were more
than 58 rapid sea-level ﬂuctuations in the last 5 million
years, resulting in signiﬁcant speciation and faunal succession in coast areas, especially in Southeast Asia. The second
event was the uplift of QTP. This abrupt uplift from an
initial elevation of 1000 m was thought to begin around
3.6 Ma, where at 2.6 Ma the average elevation of the plateau was 2000 m. At the end of the Kunhuang Movement
(0.6 Ma), the elevation of the plateau was about 3000 m
(Li et al. 2001a,b). The elevated QTP intensiﬁed the East
Asia monsoon (Liu & Yin 2002). These events likely inﬂuenced the distribution and speciation of Niviventer.

Conclusions
Historical literature for classiﬁcation of Niviventer depends
on a limited number of specimens. Moreover, several species were based on underage specimens, for example, the
holotypes of N. andersoni, N. excelsior, N. langbianis and
N. fulvescens in the BMNH appeared as sub-adults or
young adults. Several skulls be used for original description
are broken. These problems likely make the taxonomy of
this highly speciose genus more difﬁcult. Our present study
demonstrated high diversity of Niviventer both in genetics
and morphology. Thirty-ﬁve OTUs twice the existing taxonomy (Musser & Carleton 2005) with a few morph-types
had not been sampled. Evaluating the taxonomic status of
these OTUs could beneﬁt from combining the genetic data
of museum collections with fresh tissue samples (Shokralla
et al. 2011; Puillandre et al. 2012). Even though we
sequenced large numbers of new specimens in the present
study, we realize that southeast China and Southeast Asia
remain poorly studied at this stage. Thus, phylogenetic
groups and OTUs proposed here are still a preliminary
framework for Niviventer. We will continue our study for
more detailed investigations on each of these phylogenetic
groups.
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