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The alterations in the phylogeographical structures of insects in response to the uplift of the
Qinghai–Tibet Plateau and the Quaternary glaciations in eastern Asia, particularly in north-
ern China, remain largely unknown. In this study, we selected Apocheima cinerarius, a moth
with flightless females, using molecular data (complete mitochondrial genomes and nuclear
data) and ecological niche modelling (ENM) to investigate the effects of paleoclimatic
changes on the evolutionary history of insects in the area of northern China. The phyloge-
netic tree of complete mitochondrial genomes indicated that there were two lineages, the
western and eastern lineages. The nuclear gene analyses also detected unique haplotypes in
each lineage. Time of the most recent common ancestor (TMRCA) of the two lineages was
approximately in Early–Middle Pleistocene. Bayesian skyline plots revealed that the western
lineage underwent a population expansion event after the Last Glacial Maximum, whereas
the eastern lineage underwent expansion between the Last Interglacial and the Last Glacial
Maximum. Our results suggest that A. cinerarius expanded eastward from western sites until
the moth was distributed across the entire region of northern China. Then, A. cinerarius
underwent contraction into isolated glacial refugia followed by subsequent expansion driven
by Pleistocene climate changes, which established a narrow sympatric area. Our results indi-
cate that the Quaternary environmental fluctuations had profound influences on the diversifi-
cation and demography of an insect in northern China, and the same species in north-
western China and north-eastern China have different demographic histories.
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Introduction
Animal phylogeography and patterns of distribution related
to geological events and climate change in the temperate
zone of the Northern Hemisphere have long fascinated
biologists and naturalists. The uplift of the Qinghai–Tibet
Plateau (QTP) was the largest geological event in the east-
ern Asia and caused dramatic climatic and ecological shifts
(Zhang 2000). The uplift of the QTP and the Quaternary
glaciations are key factors that influence the phylogeo-
graphical structure of species in eastern Asia (Cao et al.
2012; Lei et al. 2014).
Previous studies have shown that the uplift of the QTP

from 1.7 to 3.6 Ma changed the surrounding geography
and environment, which facilitated the speciation of many
species in eastern Asia (Li et al. 2001; Qu et al. 2009, 2010;
Cao et al. 2012; Lei et al. 2014). The uplift of the QTP
increased the desertification of northern China, and this
process had a large effect on the biodiversity of the area
(Shi et al. 1998; Liu et al. 2001). For example, desertifica-
tion shaped the current biodiversity and distribution pat-
tern of a perennial herb (Lagochilus ilicifolius) (Meng &
Zhang 2011). The uplift of the plateau also triggered the
onset of the monsoon circulation, which intensified begin-
ning 2.6 Ma, particularly within 0.9–1.2 Ma (Sun et al.
2003). However, the effects of the monsoon circulation on
the phylogeographical patterns of the local fauna remain
unknown.
The Quaternary glaciations led to the extinction or

migration of species, with some surviving in refugia during
the glacial periods and subsequently expanding after the
glaciation, thus contributing to the current genetic struc-
ture and distribution (Hewitt 1999, 2000, 2004; Lin et al.
2014). Previous studies revealed that the demographic his-
tories of most European species are ‘post-LGM expansion’
mode (Hewitt 1999, 2000, 2004; Kvist et al. 2003). How-
ever, East Asia, including China, Japan, the Korean Penin-
sula and Mongolia, was not completely covered with a
widespread ice sheet, which is different from North Amer-
ica and Europe (Rost 1994; Ju et al. 2007; Igea et al. 2013).
Many East Asian birds have been hypothesized to undergo
a pre-glacial population expansion, thus considered to fol-
low a ‘pre-LGM expansion’ mode (Dai et al. 2011; Qu
et al. 2011; Zhao et al. 2012; Wang et al. 2013a). For spe-
cies that were widely distributed on the Eurasian continent,
multiple isolated glacial refugia occurred in their area of
distribution during the Quaternary glaciations. These refu-
gia would have facilitated the differentiation of species
(Qian & Ricklefs 2000; Hu et al. 2013). Previous studies
revealed that many bird species distributed across the Eura-
sian continent have concordant patterns of ‘western vs.
eastern lineage divergence’ that resulted from the changes

in climatic conditions during the Pleistocene (Haring et al.
2007; Zink et al. 2008, 2009; Olsson et al. 2010; Zhang
et al. 2012). In addition, several studies also indicated that a
geographical gap between the eastern and western ranges
of the azure-winged magpie (Cyanopica cyanus) might be the
subdivision of a former continuous range during the Pleis-
tocene (Cooper 2000; Palomino et al. 2011). Comparative
phylogeography of two widespread magpies (Cyanopica cya-
nus and Pica pica) indicate that bird species with different
life histories (e.g. habitat preference and breeding beha-
viour) might respond differently to fluctuations in the envi-
ronment (Zhang et al. 2012).
Apocheima cinerarius (Erschoff) is a geometrid moth with

wingless females and is distributed from Maracanda east-
ward across the entire region of northern China to the
Amur district. This area is in an arid climate zone in the
East Asia monsoon region. The adults of A. cinerarius
emerge from overwintered pupae in soils between the end
of February and April, when the winter monsoon is strong
and the temperature is very low (Chu 1981; Sattler 1991).
The weak ability for movement, wide distribution and
unique life history make this inactive litter-layer insect an
excellent model organism to study the phylogeographical
pattern and to test the demographic hypothesis of the
insects in northern China.
In this study, we combined the mitochondrial genomes

(13 PCGs + 2 rRNAs) and two nuclear genes [translation
elongation factor 1-alpha (EF1a) as well as the second
internal transcribed spacer (ITS2)] and integrated with an
ecological niche model to analyse the phylogeographical
pattern of A. cinerarius. The aims of the study were (i) to
investigate the phylogeographical structures of this moth;
(ii) to infer the possible origins, migration routes and
expansion force of this moth; and (iii) to test whether the
demographic history of this moth corresponds to the ‘pre-
LGM expansion’ mode like other eastern Asian animals.

Materials and methods
Specimen sampling
We searched for adult specimens on the appropriate host
plants (Populus, Salix and Elaeagnus). In total, 211 adult
specimens of A. cinerarius from 31 sampling sites were col-
lected across the entire range of this species in China
(Table S1). The specimens were preserved in anhydrous
ethanol at �20 °C and were deposited at the Institute of
Zoology, Chinese Academy of Sciences, Beijing, China
(IZCAS).

DNA extraction, PCR amplification and sequencing
The DNA was extracted using the Qiagen DNeasy Blood
& Tissue Kits (Qiagen, Beijing, China). In all, 27 mitogen-
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omes from representative sampling sites were obtained with
polymerase chain reactions (PCR) for the short and long
fragments. The primers and PCRs were described in Liu
et al. (2014).
Based on the 27 mitochondrial genomes of A. cinerarius,

we calculated the number of parsimony informative sites of
15 genes (13 PCGs: ND2, COI, COII, ATP8, ATP6, COIII,
ND3, ND5, ND4, ND4L, ND6, Cytb, ND1; 2 rRNAs: 12s
rRNA and 16s rRNA) using the DnaSP 5.0 (Librado &
Rozas 2009). The results indicate that three protein coding
genes: cytochrome oxidase I (COI), cytochrome b (Cytb)
and NADH dehydrogenase subunits 5 (ND5) had the most
parsimony informative sites in the mitogenomes. Subse-
quently, the three protein coding genes were chosen for
further phylogeographical analyses.
The PCRs of these three genes were run for all samples

using the following primer pairs: COI with LepF1/LepR1
(Hebert et al. 2004), Cytb with CP1/TRs (Simon et al.
1994; Sezonlin et al. 2006) and ND5 with LIU-ND5-F/
LIU-ND5-R (This study) (Table S4). The PCRs were per-
formed in a 25-lL volume with 0.125 lL Taq DNA poly-
merase (5 U/lL, Takara), 1 lL of DNA, 2.5 lL 10 9 Taq
buffer (plus Mg2+), 2 lL dNTPs and 10 pmol of each pri-
mer. The PCRs were performed using the following proce-
dure: 94 °C for 2 min; 5 cycles of 40 s at 94 °C, of 40 s at
45 °C and of 1.5 min at 72 °C; and 35 cycles of 40 s at
94 °C, of 40 s at 51 °C and of 1.5 min at 72 °C, followed
by 72 °C for 10 min (Hebert et al. 2004).
The maternal mode of mitochondrial inheritance means

that mtDNA-based phylogeography only reflects the his-
torical processes in females (Ma et al. 2012). The nuclear
genes are biparental inheritance, reflecting historical pro-
cesses in males and females. Therefore, we amplified the
nuclear genes for a subset of individuals with the following
primer pairs: EF1a with EF1aLepF2/EF1aR (Kawakita
et al. 2004; Yamamoto & Sota 2007); ITS2 with
BMRRN58S/CAS28sB1d (Ji et al. 2003) (Table S4). The
PCRs were performed using the following procedure:
94 °C for 4 min; 35 cycles of 30 s at 94 °C, of 1 min at
58 °C and of 1.5 min at 72 °C, followed by 72 °C for
10 min. The PCR products were detected with 1% agarose
gel electrophoresis and were directly sequenced with ABI
PRISM 3730 xl capillary sequencers.
The complete mitogenomes were assembled from the

overlapping short sequences with ChromasPro (www.tech-
nelysium.com.au/ChromasPro.html), and the open reading
frames (ORFs) were identified using the ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi) at NCBI. The
nucleotide sequences were aligned with the known mito-
genome sequences of closely related species using CLUS-
TAL X 1.83 (Thompson et al. 1997). About 27 complete
mitogenomes have been obtained and deposited in Gen-

Bank (Accession numbers listed in Table S2). We obtained
2795 bp of combined mitochondrial genes from 211 sam-
ples from 31 sampling sites (populations) for A. cinerarius,
which included the COI (592 bp), Cytb (934 bp) and ND5
(1269 bp) genes. For the nuclear data, a 903-bp EF1a frag-
ment was sequenced from 171 individuals, and a 334-bp
ITS2 fragment was obtained from 63 individuals (2–3 indi-
viduals from each sampling site) (GenBank accession num-
bers showed in Table S5).

Population genetic analysis
The numbers of haplotypes (H), and the values of haplo-
type diversity (h) and nucleotide diversity (p) (Nei 1987)
for every sampling site, each lineage and all populations
were calculated in DnaSP 5.0 (Librado & Rozas 2009). We
used two types of neutrality tests, Tajima’s D and Fu’s F.
An analysis of molecular variance (AMOVA) (Excoffier et al.
1992) was performed to investigate the genetic structure of
the populations. These methods were implemented in Arle-
quin 3.5 (Excoffier & Lischer 2010).

Phylogenetic analysis
The phylogenetic relationships within A. cinerarius were
reconstructed using 27 complete mitogenomes (13
PCGs + 2 rRNAs) using Bayesian inference (BI) and maxi-
mum likelihood (ML) inference. Biston panterinaria (Yang
et al. 2013) and Phthonandria atrilineata (Yang et al. 2009)
were used as out-groups. The overall Bayesian analysis was
performed using MrBayes v3.1.2 (Ronquist & Huelsenbeck
2003). The data were divided into 15 partitions (13 PCGs
and 2 rRNA genes) and 41 partitions (13 PCGs partitioned
by codon position and 2 rRNA genes partitioned by gene).
Different models were used for different partitions, which
were selected from 88 models using the Akaike information
criterion (AIC) using jModelTest 0.1 (Posada 2008). An
MCMC analysis was run for 10 000 000 generations, fol-
lowing a burn-in series of 1000 generations. A maximum
likelihood (ML) analysis was conducted using the program
RAxML v.7.0.4 (Stamatakis 2006) with 1,000 bootstraps
conducted. The GTRGAMMA model was used for all
genes and partitions.
To determine the geographical origin of A. cinerarius,

we constructed a BI phylogenetic tree based on the COI
gene using MrBayes v3.1.2, with the European Apocheima
hispidaria (Denis & Schifferm€uller), selected as the out-
group, as it is the only other species in the genus Apoc-
heima. Only COI was used in the BI tree as it was the only
sequence available from the NCBI (GU580757.1,
GU654879.1) for A. hispidaria (Wahlberg et al. 2010;
Hausmann et al. 2011).
A median-joining (MJ) network was implemented in

Network 4.6 (Bandelt et al. 1999) based on the COI gene,
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as well as concatenated set of COI + Cytb + ND5 and
nuclear gene EF1a. The ancestral node of the network of
the COI gene was determined by rooting the network with
the out-group A. hispidaria. The ‘external rooting: active’
parameter was chosen for the MJ network calculation.

Estimation of divergence times
Time of the most recent common ancestor (TMRCA) of
the two clades was estimated using a molecular clock in
BEAST v 2 (Bouckaert et al. 2014) based on the COI gene
under the GTR + I substitution model selected by jModel-
test, with A. hispidaria as the out-group. Although the use
of a molecular clock as the only way for calibrating phylo-
genetic trees is controversial, it does provide a method for
estimating approximate divergence times when no other
calibration information, such as fossil or geological evi-
dence, is available (Maekawa et al. 2001; L�opez-L�opez et al.
2015). Thus, in this study, the proposed conventional
mutation rates for insect mitochondrial COI gene 2.3%
and 3.54% per million years were used (Brower 1994;
Papadopoulou et al. 2010). The exponential relaxed clock
was selected for the clock model. Coalescent constant pop-
ulation model was selected for the tree prior. MCMC was
set for 200 000 000 steps, sampling every 20,000 steps.
The output was tested in Tracer v 1.6 (Rambaut et al.
2013). The effective sample size (ESS) of each parameter
was required to be higher than 200. The final tree was
summarized using the program TreeAnnotator included in
BEAST v 2.

Historical demography
The history of the population dynamics of the two lineages
of A. cinerarius (see Results) was estimated using Bayesian
skyline plots (BSP) (Drummond et al. 2005) in BEAST v 2
(Bouckaert et al. 2014). The mtDNA alignment for
COI + Cytb + ND5 was used for the historical demography
analyses. We used conventional mutation rates for insect
mitochondrial COI gene 2.3% and 3.54% per million years
(Brower 1994; Papadopoulou et al. 2010). The mtDNA
alignment for COI + Cytb + ND5 genetic distance was
0.736-fold the COI genetic distance. We multiplied the
substitution rate for COI of 0.0115 and 0.0177 per site per
million years by 0.736 for a substitution rate of 0.00846
and 0.013 per site per million years for the combined
mtDNA alignment. The substitution model was selected
from 24 models using the Akaike information criterion
(AIC) using jModelTest 0.1 (Posada 2008). The chain
length was set to be 200 million generations, with a sample
frequency of 20,000, and we discarded the first 10% as
burn-in. We chose exponential relaxed clock model for the
mtDNA alignment. The demographic history was recon-
structed using Tracer v 1.6 (Rambaut et al. 2013).

Ecological niche modelling
Data for the occurrence of A. cinerarius were gathered
from sample records and documents. A total of 100 locali-
ties were used for the final analysis. Bioclimatic variables
were downloaded from WordClim (version 1.4; http://
www.worldclim.org/). The environmental layer of the Last
Glacial Maximum (LGM) was built based on the Commu-
nity Climate System Model (CCSM), at a resolution of
2.5-min. The environmental layer of the Last Interglacial
(LIG) was transformed to a resolution of 2.5-min with
ARC GIS 9.3 software.
We predicted the suitable habitats and potential distribu-

tions of A. cinerarius in three periods: the present day, the
Last Glacial Maximum and the Last Interglacial. Ecological
niche models were performed for A. cinerarius in MAX-
ENT (Phillips et al. 2006). We set 80% of the sites to train
the model and 20% of the sites to test the model predic-
tions. We set the number of maximum iterations to 2,000,
and the number of replicates was 10. The assessment index
of the ecological niche model prediction included the area
under the receiving operator characteristics curve (AUC)
and the binomial probabilities. A value of AUC﹥0.5 indi-
cates that the predicted results of the model are better than
those predicted stochastically. The values of AUC﹥0.9
indicate excellent predictive power.

Results
Population genetic diversity
We found 86 parsimony informative sites and 91 haplo-
types using the concatenated set of COI + Cytb + ND5
genes. The eastern lineage (66) had more haplotypes than
the western lineage (30). The haplotype diversity was high
among all populations (h = 0.971), and the nucleotide
diversity was low (p = 0.00852). The values of haplotype
diversity (h) and nucleotide diversity (p) were 0.886 and
0.00471 for the western lineage (Clade A), respectively,
and were 0.984 and 0.00209 for the eastern lineage (Clade
B), respectively. The highest nucleotide diversity was
found at sites ZY (0.00693) and JC (0.00623), and the
lowest was from sites JQ (0.00010), HT (0.00012), DH
(0.00021) and QM (0.00022) (Table S3). Nucleotide
diversity was likely highest at sites ZY and JC because the
sympatric populations of the two lineages in central Gansu
elevated the diversity values. The AMOVA analysis (Table 1)
showed that 84.07% of the variation was between the two
lineages (FCT = 0.84074, P < 0.0015) and that the varia-
tion among populations within each lineage was only
5.27% (Table 1).
We derived 26 haplotypes and 11 parsimony informative

sites for the EF1a gene. The nucleotide and haplotype
diversities averaged 0.00171 and 0.753, respectively. Based
on the nuclear genes, the AMOVA analysis (Table 1) indi-
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cated that 79.24% (FST = 0.20756, P < 0.0015) of the
variation was within each lineage and only 8.09% of the
variation was between the two lineages.

Phylogenetic relationship and phylogeographical structure
The BI and ML methods indicated approximately the same
topologies for the phylogenetic analyses based on 27 com-
plete mitogenomes (12 954 bp). Apocheima cinerarius was
divided into two lineages (Fig. 2, Fig. S2): the western lin-
eage and the eastern lineage. The genetic distance between
the two lineages was 1% in the complete mitochondrial
genomes. The distribution of the western lineage was to

the north of the Altai Mountain ranges and to the south of
the Altun Mountain region, including the Xinjiang Uygur
Autonomous Region and western Gansu Province (ALT,
EM, MNS, DBG, DH, HM, HT, KE, KS, QM, TL, YN,
WX, JQ, ZY and JC). The distribution of the eastern lin-
eage included northern and north-eastern China (BC, BJ,
HLE, HX, JMS, LL, LQ, QH, SX, SY, SZ, WF, XX, YC,
ZLT, ZY and JC). The two lineages formed a narrow sym-
patric area in central Gansu at the ZY and JC sites (Fig. 1).
The lack of suitable areas in south of the QTP and north
(desert) of Gansu Province created a linear distribution in
the Hexi Corridor.

Table 1 Analysis of molecular variance (AMOVA) results based on the mitochondrial genes and nuclear genes

Population groups Source of variation Fixation indices P-value Variance components Percentage of variation

COI+Cytb+ND5 Among groups FCT = 0.84074 0.00000 18.02362 Va 84.07%
Among populations
Within groups

FSC = 0.33090 0.00489 1.12978 Vb 5.27%

Within populations FST = 0.89344 0.00000 2.28446 Vc 10.66%
Total 21.43786

EF1a Among groups FCT = 0.08094 0.00000 0.06791 Va 8.09%
Among populations
Within groups

FSC = 0.13778 0.00000 0.10624 Vb 12.66%

Within groups FST = 0.20756 0.00000 0.66484 Vc 79.24%
Total 0.83899

Fig. 1 Pie graphs indicating the 31 sampling sites. The size of the pie graph stands for the number of mitochondrial DNA haplotype
frequencies. Blue indicates the western lineage, yellow for the eastern lineage. Pictures of adults are shown in the lower left corner. The
distribution range of A. cinerarius is shown with the yellow line in the lower right corner.
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Two distinct lineages for A. cinerarius were also recog-
nized in the MJ network based on COI + Cytb + ND5
(Fig. S1), which was concordant with the divergence of the
western and eastern lineages in the phylogenetic trees
based on the 27 mitogenomes (Fig. 2). Thirty fixed base

mutations were identified between the western and eastern
lineages of A. cinerarius. Based on the MJ network with
COI + Cytb + ND5 (Fig. S1), Clade A (western lineage)
was subdivided into three groups, and these groups were
correlated with their geographical distributions. Clade A1

Fig. 2 BI phylogenetic tree partitioned by
gene based on the 27 complete mito-
genomes. Bayesian posterior probabilities
are indicated above tree branches and ML
bootstrap values below.
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was located north of the Tianshan Mountains, Clade A2
was widespread, with the distribution including south of
the Tianshan Mountains and western Gansu, and Clade A3
was located at the JQ and ZY sites in central Gansu. These
clades were also revealed in the phylogenetic trees (Fig. 2).
We found that haplotypes were not shared between Clades
A1 and A2. The haplotype groups of Clade B (eastern lin-
eage) were indicated with star-like shapes in the MJ net-
work based on COI + Cytb + ND5 (Fig. S1). Based on the
COI gene with A. hispidaria as the out-group, the BI phylo-
genetic tree showed that the western lineage was at the
base of the tree (Fig. 3a). The MJ network based on the
COI gene (Fig. 3b) established that the haplotypes from
the western group were more closely related to the out-
group A. hispidaria, which is found in Europe, than the
haplotypes of the eastern lineage.

For the nuclear data, EF1a and ITS2, the BI and ML
phylogenetic trees and the MJ network do not indicate two
distinct lineages as the mtDNA structures (Fig. 4). The
western and eastern lineages shared 6 haplotypes, and the
haplotypes from the lineages were admixed with no fixed
base mutations. However, the western and eastern lineages
also contained unique haplotypes within each lineage.

Estimation of divergence time
Time of the most recent common ancestor (TMRCA) for
Clades A and B was estimated as 1.2 Ma, with a 95% con-
fidence interval of 0.5–2.4 Ma (Fig. 3), using the rate of
2.3% per million years. TMRCA was estimated as 0.95 Ma
with a 95% confidence interval of 0.43–1.8 Ma (Fig. 3),
using the rate of 3.54% per million years. TMRCA for
A. cinerarius and A. hispidaria was approximately 2.5–

Fig. 3 (A) BI phylogenetic tree based on COI gene with A. hispidaria as out-group. Bayesian posterior probabilities and the time to most
recent common ancestor (TMRCA), with the 95% confidence interval, are indicated at each node. The unit of the time is million years
ago (Ma) (B) Median-joining network based on COI, A. hispidaria as outgroup. Circles stand for haplotypes, the size of circles roughly
represents the haplotype frequency, and different colours indicate different lineages. Black spots denote unsampled haplotypes. The number
of vertical bars is on behalf of the number of mutation sites.
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3.0 Ma, with a 95% confidence interval of 1.76–3.31 Ma
and 2.6–5.2 Ma.

Historical demography
The tests of Fu’s Fs were negative for most of the sampling
sites. Fu’s Fs and Tajima’s D of the eastern lineage were
significantly negative, which indicated past population
expansion or selection pressure. The BSP consequences
based on the two mutation rates showed similar demo-
graphic history. The population of western lineage
expanded rapidly after 7.5 Ka. However, the eastern lin-
eage experienced continuous demographic expansion from
80 Ka (Fig. 5).

Historical changes in distribution
The ecological niche models for A. cinerarius had excellent
predictive power, with an average AUC of 0.935 (Swets
1988). The predicted suitable distribution in the LIG was
similar to the current distribution and was larger than that
in the LGM (Fig. 6). For the western group, there were
several different isolated and suitable habitats in Xinjiang
and western Gansu in the LGM. South of Xinjiang, partic-
ularly in the south-eastern Tarim Basin, the area was not
suitable for the survival of A. cinerarius. For the eastern

group, the distribution area contracted to all of the north-
ern China plain in the LGM. Therefore, the western and
eastern lineages were isolated in the glacial periods.

Discussion
Phylogeographical structure
The uplift of the QTP had profound effects on species
diversification and the phylogeographical patterns of Asian
fauna (Lei et al. 2014; Favre et al. 2015). In southern
China, many species originated from the south-eastern
margin of the QTP, which then dispersed eastward and
underwent west-east divergence, such as occurred with
greenish warbler (Phylloscopus trochiloides) and long-tailed tit
(Aegithalos caudatus) (Irwin et al. 2001, 2005; Dai et al.
2010). However, relevant research on the origin of species
in northern China is limited, and our study of the mtDNA
data may supply evidence for the geographical origin of
A. cinerarius. The divergence time of A. cinerarius and
A. hispidaria was traced to approximately 2.5–3.0 Ma,
which coincided with the uplift of the QTP (1.7–3.6 Ma)
(Li et al. 2001; Lei et al. 2014); therefore, the uplift of the
QTP might be the main mechanism behind the speciation
of A. cinerarius. Moreover, the uplift of the QTP was con-
sidered to facilitate the differentiation of other species in

Fig. 4 Median-joining network based on
EF1a. Circles stand for haplotypes, the
size of circles roughly represents the
haplotype frequency, and different colours
stand for the lineages. The number of
vertical bars is on behalf of the number of
mutation sites.
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Asia, such as the ring-necked pheasant (Phasianus colchicus),
the black redstart (Phoenicurus ochruros) and the daurian
partridge (Perdix daurica) (Qu et al. 2009, 2010; Cao et al.
2012). Additionally, the western lineage of A. cinerarius was
at the base of the COI phylogenetic tree and was also
genetically closer to A. hispidaria in the MJ network analy-
sis (Fig. 3). The ancestral haplotypes are in the root of the
phylogenetic tree and are widely distributed, whereas the
derivative haplotypes are at the tips of the phylogenetic
tree (Schaal et al. 1998). Thus, these results imply that the
western lineage of A. cinerarius was the ancestral population
and that the western sites might be the areas of ancestral
distribution. Similar results were also obtained in a study of
the house mice subspecies (Mus musculus musculus) (Jing
et al. 2014).
Compared with birds and mammals, A. cinerarius has

weak dispersal ability. Because the populations of
A. cinerarius spread widely from their origin eastward to
the Amur district, external forces must have prompted the

expansion of A. cinerarius to the east. The monsoon circu-
lation was likely triggered and intensified because of the
uplift of the QTP, particularly 2.6 Ma and 0.9–1.2 Ma
(Sun et al. 2003). The monsoon circulation greatly influ-
enced the environment and the distribution of the species
in northern China because it seriously affected the land-
form of this area with the accumulation of loess after
2.6 Ma (An et al. 2001; Li et al. 2001). The time of adult
emergence of A. cinerarius is from the end of February to
April, which coincides with the time of the prevailing win-
ter monsoon. The adults emerge and search the uncovered
surface of the earth for the nearest trees for oviposition
(Wang 2008). The adults are easily blown to the east by
the strong Asian winter monsoon winds, and the adults
tend to climb trees that are to the east of their point of
hatching (Yin et al. 2004; Wang 2008). With this beha-
viour, A. cinerarius likely expanded to the east generation
by generation when the entire northern of China region
was under the pressure of this winter monsoons. We there-

Fig. 5 Bayesian skyline plots representing
historical demographic trends of the
western lineage and the eastern lineage of
A. cinerarius. The x-axis indicates the time
(million years ago). The y-axis indicates
the effective population size. The shaded
areas correspond to 95% highest posterior
densities (95% HPD). LGM represents
the Last Glacial Maximum.
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fore hypothesize that the Asian winter monsoon might
have been the driving force for the expansion of A. cinerar-
ius, and possibly of other litter-layer insects with weak dis-
persal ability. However, the possibility of wind-aided larval
dispersal is not excluded.

Pleistocene climatic impact on the lineage divergence
Previous studies indicate that changes in the Pleistocene cli-
mate had profound effects on the divergence of East Asian
bird species (Dai et al. 2011; Qu et al. 2011; Zhao et al.
2012; Wang et al. 2013a,b). In our study, based on the com-
bined mtDNA data, A. cinerarius was divided into two lin-
eages: the western lineage and eastern lineage. The time of
divergence of the two lineages was in accordance with the
glaciation in the Early–Middle Pleistocene period (Ma &
Gao 2004) when the climate underwent rapid changes and
low temperature was persistent. These climate changes had
enormous influences on the distribution and genetic diver-
sity of organisms (Shi et al. 2005). Therefore, we propose
that Pleistocene climatic fluctuations likely affected the dis-
tribution pattern and species diversification of A. cinerarius.
The two lineages of A. cinerarius might have contracted into
isolated glacial refugia, like the black-spotted frog (Pelophy-
lax nigromaculata) during a glacial period (Zhang et al.
2008a). The divided ranges of the western and eastern
lineages of A. cinerarius might also be the subdivision of a
former continuous range during the Pleistocene, like the

azure-winged magpie (Cooper 2000; Palomino et al. 2011).
Additionally, the Badain Jaran Desert began to expand
during the Quaternary (Sun et al. 2008), which might have
facilitated the divergence of the lineages. In conclusion, we
propose that the climate changes caused by glaciers and
desertification were the major factors that caused the diver-
gence between the two lineages.
A sympatric area of the two lineages occurs in Zhangye

(ZY) and Jinchang (JC) of central Gansu. These two popu-
lations shared haplotypes from the western and the eastern
lineages (Fig. 1); these shared haplotypes at each sampling
site (Zhangye and Jinchang) provide evidence to support
the hypothesis that the two lineages experienced isolated
evolution and then postglacial recolonization. The diver-
gence and the subsequent sympatry of the two lineages
were most likely caused by the glacial-induced climate
changes. Our molecular data and ENM analysis support
the refuge theory of Haffer (Haffer 1997; Haffer & Prance
2001), which postulates that areas of sympatry are formed
because of the separation and then expansion of the popu-
lations triggered by climatic fluctuations, as the East Asian
black-throated tit (Aegithalos concinnus) (Dai et al. 2011).
The ENM analysis also indicated that the sympatric area
might not have been suitable for the survival of A. cinerar-
ius in the LIG and the LGM, although the current habitat
is suitable (Fig. 6).
We found that geographical barriers, such as mountains

and deserts, were also important factors in shaping the
phylogeographical structure of A. cinerarius. The diver-
gence pattern is generally concordant with previous studies
on other animal species, such as mongolian gerbil (Meriones
meridianus) (Wang et al. 2013b), green toad (Bufo viridis)
(Zhang et al. 2008b) and red deer (Cervus elaphus) (Mahmut
et al. 2002), whose divergences in population genetics were
triggered by the Tianshan Mountains. However, A. cinerar-
ius has further subdivisions, such as Clades A1 and A2
within Clade A (Fig. 2). The reason why Clades A1 and
A2 shared no haplotypes might be that the Tianshan
Mountain Range formed a geological barrier between the
populations north and south of the Tianshan Mountains
(Fig. S1). The populations of Clades A1 and A2 might also
have had different refugia during the glacial periods, like
B. viridis (Zhang et al. 2008b). For Clade A2, A. cinerarius
was distributed along the edge of the Taklamakan desert
(Fig. 1). The dominant and ancestral haplotypes H 11 and
H 14 were in the centre of the network and found in most
populations on the southern side of the Tianshan Moun-
tains (Fig. S1); the basis of this conclusion is that the
ancestral haplotypes are always in the centre of the network
with the highest haplotype frequencies, while the derivative
haplotypes are always found around the network away from
the centre (Kingman 1980; Templeton 1993). The low

Fig. 6 Ecological niche models for A. cinerarius in northern China
in the present day, at the Last Glacial Maximum (LGM) and the
Last Interglacial (LIG). Black circles represent the localities used
to build the ecological niche models. Warmer colours show areas
with better predicted conditions. Different colours correspond to
different fitting indices, with high in red and low in blue.
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levels of haplotype and nucleotide diversity found in south-
ern Xinjiang sites such as Hetian (HT) (0.00012 and 0.333,
respectively) and Qiemo (QM) (0.00022 and 0.423, respec-
tively) indicate that a recent and rapid colonization
occurred during postglacial periods. The arid environment
of the Tarim Basin might have caused such an influence.
The uplift of the QTP and the monsoon-driven expansion
of the desert occurred at a large scale after 0.8 Ma, and the
Tarim Basin located on the north side of the plateau then
became more arid (Fang et al. 1999, 2002). The arid envi-
ronment would have been unfavourable for A. cinerarius
(Wu et al. 2002; Head & Gibbard 2005). Compared with
Clade A, Clade B had high values of haplotype (h) and
nucleotide diversity (p), most likely because the entire
Northern China Plain was the refugium, which retained
more haplotypes.

Demographic history
The climatic fluctuations of the Quaternary had significant
effects on the evolutionary history and contemporary distri-
bution patterns of the current species in northern China,
although the area was not completely covered with ice
sheets (Mahmut et al. 2002; Chen et al. 2008; Cao et al.
2012; Wang et al. 2013a; Jing et al. 2014). The demo-
graphic history of A. cinerarius was largely affected by gla-
cial-induced climate change. The BSP analyses indicated
that the western and eastern lineages had different demo-
graphic histories. The western lineage began a rapid post-
glacial expansion approximately 10 thousand years ago,
which was different from the ‘pre-LGM expansion’ mode
found from East Asian birds (Fig. 5) (Zhao et al. 2012;
Wang et al. 2013a). The climate in China between 10.4
and 3.1 Ka was warm, immediately after the MIS (Marine
Isotope Stage) IV stage of the last glacial period (Yi et al.
2005). For the eastern lineage, the BSP analysis showed
that continuous population expansion occurred during the
LIG and the transition period from the LIG to the LGM
(80 Ka) (Fig. 5), which was similar to the demographic his-
tory of Asian populations and in contrast to the post-LGM
expansion mode of European populations of the great tit
(Parus major) (Kvist et al. 2003; Zhao et al. 2012). These
results suggested that the species in north-western China
might have different phylogeographical and demographic
histories from species in north-eastern China. Determining
whether the northern China plain is a suitable habitat for
the long-term survival of some insects should be further
tested. The star-like shapes of the eastern haplotype groups
suggested that A. cinerarius experienced population expan-
sion in this area, which was in complete agreement with
the BSP analysis. The ecological niche models indicate that
the suitable habitats of A. cinerarius underwent a south-
ward contraction to the northern China plain, which was

the refuge of the eastern lineage of A. cinerarius. Several
other species with distributions in north-eastern China also
expanded southward in the glacial periods, such as the
black-spotted frog (Yang et al. 2004; Zhang et al. 2008a).
The woolly mammoth (Mammuthus primigenius) underwent
two southward dispersal events, reaching as far as the
Shandong Peninsula during the Late Pleistocene (Jin et al.
1998). The distribution range of the eastern lineage shrank,
although the population size increased in the LGM, based
on the BSP analysis. This may be because the entire north-
ern China plain was very suitable for the survival of
A. cinerarius, with the result that the population size did
not decrease, although the area of distribution contracted
(Fig. 6). Similar results were found for coniferous trees in
northern China (Chen et al. 2008).

Different rates of evolution or sex-biased dispersal?
The high divergence that was found between the two lin-
eages of A. cinerarius in the combined mtDNA analysis
indicated restricted gene flow and long-term isolation, at
least in the female populations, which might be caused by
geographical barriers as environmental impediments and
the low dispersal ability of the species (Avise et al. 1987).
The two lineages shared haplotypes based on MJ network
with nDNA. We speculated that the reason for the homo-
geneity of the nuclear genes might be due to their lower
evolutionary rate or winged male-biased gene flow (Spinks
et al. 2010; Toews & Brelsford 2012; Dong et al. 2013;
DeBiasse et al. 2014; Ye et al. 2014). However, unique hap-
lotypes were also found within each lineage; thus, some
degree of genetic differentiation in the nuclear genes must
have occurred between the two lineages, and it is possible
that the two lineages were not interbreeding much. To test
this hypothesis, nuclear microsatellite markers will be used
in the next study to examine whether the male-biased gene
flow or a lower evolutionary rate for causing this pattern.

Conclusions
Our molecular results revealed that A. cinerarius most likely
originated from the west, with the event closely related to
the uplift of the Qinghai–Tibet Plateau. The species
expanded eastward and became distributed across the entire
region of northern China, most likely because of the winter
monsoon. Apocheima cinerarius was subdivided into two dis-
tributions of western and eastern lineages, from a former
continuous range, because of the effects of Quaternary cli-
matic fluctuations. Both molecular data and ecological
niche models indicated that the current distribution of
A. cinerarius was formed by range expansion from two
independent refugia where two lineages were developed;
however, the lineages now occur within a narrow sympatric
area in central Gansu Province. The respective demo-
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graphic history of the two lineages indicates the popula-
tions in north-western China have different demographic
histories and periods of expansion from the populations in
north-eastern China in the glacial cycling periods. In gen-
eral, the Quaternary environmental fluctuations had pro-
found influences on the diversification and demography of
an insect in northern China.
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online version of this article:
Fig. S1. Median-joining network based on COI + Cytb +

ND5. Circles stand for haplotypes, the size of circles
roughly represents the haplotype frequency, and different
colours stand for the lineages. Black spots denote unsam-
pled haplotypes. Vertical bars were on behalf of mutation
sites.
Fig. S2. BI phylogenetic tree partitioned by gene as well

as codon position based on the 27 complete mitogenomes.
Table S1. The 31 sampling sites (exact sites longitude,

latitude) were listed.
Table S2. The obtained 27 complete mitochondrial

genomes of A. cinerarius in this study and the outgroups:
Biston panterinaria and Phthonandria atrilineata.
Table S3. Sample size (N), the number of haplotypes

(Hap) and phylogenetic variation (p = nucleotide diversity,
Hd =haplotype diversity) were estimated from each sam-
pling sites and the parameters related to demography (Taji-
ma’s D and Fu’s Fs) were estimated based on the
mitochondrial DNA.
Table S4. Primers used to amplify and sequence the

mitochondrial genes COI, Cytb, ND5 and the nuclear genes
EF1a, ITS2 of A. cinerarius.
Table S5. Genbank Accession numbers with sample

information for individuals used in this study.
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