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Abstract – Apis cerana Fabricius, the principle mainland species of Apis s.str. in Asia, remains an amalgamation
of populations with considerable variation and regionally specialized morphotypes. In this study, populations of
A. cerana were evaluated from the Himalayan region and areas in southwestern China as well as from neighboring
Nepal based on a 97-bp-long fragment of mtDNA spanning the COI and COII genes. A total of 14 haplotypes were
detected among the 58 sampled sequences, including 11 new haplotypes and 3 haplotypes previously reported from
Chinese and Japanese populations of A. cerana . Analysis of these haplotypes and additional previously reported
haplotypes from the Oriental region using neighbor-joining methods support a clustering of the Oriental haplotypes
relative to southern India, but was unable to resolve with great support affinities within the branch. The network
analysis revealed a mostly radiant genetic pattern, whereby most haplotypes were directly connected to one
particular haplotype, Japan1. Our results indicate that the previously identified morphoclusters may reflect regional,
ecological specialization among otherwise unrelated genetic lineages rather than a single, shared history.
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1. INTRODUCTION

Although honey bees (genus Apis L.) occur
worldwide, much of their distribution is greatly
influenced by humans owing to their importance
in agriculture and honey production. The species
living today are native to Europe, Africa, and
southern Asia, but have been spread by human
activity into the Americas, Australia, and most

island ecosystems. While much of this movement
represents the transfer of a single species, the
Western Honey Bee (Apis mellifera L.) (Collet
et al. 2006), its eastern counterpart, Apis cerana
Fabricius, is equally subjected to significant pop-
ulation transfers. The ability of these species to be
so amenable to movement is largely due to their
considerable natural variability (Ruttner 1988;
Baskaran 2011), and that permits populations to
persist in habitats as varied as cold temperate to
wet tropical and at elevations from sea level to
high mountains within the Himalayas. It is there-
fore not surprising that A. cerana may be found
from Far East Russia, Japan, and the Korean
Peninsula, southward into the Philippines,
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Malaysia, and Indonesia, and west to easternmost
Afghanistan and Pakistan, a vast area representing
a plethora of specialized habitats (Oldroyd and
Wongsiri 2006; Radloff et al. 2010, 2011; Hep-
burn and Radloff 2011). Since the 1980s,
A. cerana has been moved to areas outside its
natural range (namely New Guinea, the Solomon
Islands, and Australia) (Anderson et al. 2010;
Koetz 2013), and this has raised concerns regard-
ing the competition between the invasive
A. cerana and A. mellifera in Australia (Remnant
et al. 2014), as well as the effect on the native
fauna and flora (Koetz 2013). For example, intro-
duced A. mellifera has been observed to impact
native nectar-feeding bird populations in Australia
(Paton, 1993).

Apis cerana is one of four species recognized
in the nominate subgenus, Apis s.str., and the
remaining species belong to the giant honey bees
(subgenus Megapis ) and the dwarf honey bees
(subgenusMicrapis ) (Engel 1999). There are also
three extinct subgenera with a variety of species
known from the Early Oligocene through Late
Miocene, and that apparently form a grade relative
to the extant groups (Engel 1998, 1999, 2006;
Engel et al. 2009; Kotthoff et al. 2011, 2013).
Within Apis s.str., A. mellifera is the earliest-
branching species, representing the extant sister
to the clade comprising A. cerana , Apis
koschevnikovi Enderlein, and Apis nigrocincta
Smith (Engel 1999; Engel and Schultz 1997;
Radloff et al. 2010). Based on fossil evidence,
the geographic origin of Apis s.l. was western
Eurasia during the Early Oligocene (Kotthoff
et al. 2013). The lineage of Apis s.str. apparently
expanded its distribution through Africa and Asia
during the Miocene, the former by the ancestor of
A. mellifera and the latter by the common ances-
tor of A. cerana and its close relatives (Kotthoff
et al. 2013). Once in Asia, the A. cerana -like
populations were greatly influenced by Pliocene
and Pleistocene climatic events which isolated
groups that subsequently maintained their genetic
isolation and are recognized as distinct species
t oday, name ly A . ko schevn i kov i and
A. nigrocincta (Ruttner 1988; Radloff et al.
2011). Apis cerana , the principal mainland spe-
cies of Apis s.str. in Asia, remains an amalgam-
ation of populations with considerable variation

and regionally specialized morphotypes (Tan et al.
2008; Radloff et al. 2011). Past authors had clas-
sified these highly variable populations into as
many as 31 putative subspecies (Ruttner 1988;
Engel 1999; Radloff et al. 2010), the validity of
which was considered to be of little value given
the significant degrees of overlap among these
infraspecific units (Radloff et al. 2010). Nonethe-
less, there are distinctive patterns among the di-
verse A. cerana populations, and these may re-
flect local adaptation to specialized conditions,
but this remains to be verified by extensive survey
data (e.g., Arias and Sheppard 2005).

A recent, large-scale multivariate analysis
of morphometric traits across A. cerana pop-
ulations revealed six distinct morphoclusters,
among them a BHima l ayan c l u s t e r^
consisting of bees of northern India, Tibet,
and Nepal, and a BNorthern cluster^ compris-
ing bees from most of China and areas as far
west as northern Afghanistan and Pakistan
(Radloff et al. 2010). The purpose of this
study is to evaluate the regional-scale genetic
structure of Eastern honey bee populations
from across the Himalayan region, southwest-
ern China, and Nepal using those mtDNA
markers employed in previous studies
(Cornuet et al. 1991; Garnery et al. 1992;
Nikolenko and Poskryakov 2002; Tan et al.
2007). In addition, the data were used to
detect whether or not there exists distinct
genetic divisions within the region and to
what extent there may be significant retro-
gression resulting from introductions by
apiculturists.

2. MATERIALS AND METHODS

2.1. Sampling

Worker bees representing 58 colonies of A. cerana
were collected from local apiaries around the Himalayas
and southwestern China, including five provinces in
China and an area in Nepal (Figure 1). Specific locality
information is provided in Table I. Bee samples were
preserved in ethanol (90 %) and stored at −70 °C in the
laboratory of the Eastern Bee Research Institute, Yun-
nan Agricultural University.
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2.2. DNA extraction and PCR amplification

Genomic DNA was extracted from the thorax
of individual bees using the classical phenol-
chloroform method (Smith and Hagen 1996). The
mtDNA fragment used for this project spans the
COI and COII genes and includes both coding
and non-coding regions. PCR primers were de-
signed using the software Oligo 6:

R: 5 ′–3 ′CTATACCTCGACGATACTCAG
(21 bp) (Cytochrome Oxidase I)

F: 5′–3′TCAGGGTATTCATAGGATC (19 bp)
(Cytochrome Oxidase II).

The positions of the primers correspond to nucleo-
tides 3190–3210 and 3920–3947, respectively, of the
complete mtDNA genome of A. cerana (NCBI acces-
sion no. GQ162109, Tan et al. 2011). We selected this
intergenic region between COI and COII because it has
been shown to be informative for infraspecific studies in
both A. cerana (Baskaran 2011) and A. mellifera
(Cornuet et al. 1991) owing to an apparent lack of
purifying selection. PCR reactions were performed in
a 25-μL reaction containing 18.4 μL sterile deionized
water, 3.1 μL 10× PCR buffer (25 mmol Mg2+ concen-
tration), 0.25 μL dNTPs (10 mM), 0.25 μL×2 primers
(20 mmol), 0.25 μL Taq DNA polymerase (2.5 U/μL;
Takara), and 2.5 μL DNA template (70 ng/μL). The

Figure 1. Locations of sampling sites across the Himalayan region.

Table I. A total of 58 samples of the Asian honey bee (Apis cerana Fabricius) were collected from 11 sites in the
Himalayan region of southwestern China including five provinces and autonomous regions as well as neighboring
Nepal.

Groups Sampling sites Colonies Elevation (m) Coordinates of sites

Gansu Gansu 1 4 2800 103°45′ E, 34°36′N

Gansu 2 4 2825 103°50′ E, 34°34′N

Nepal Nepal 1 6 1100 85°03′ E, 27°41′N

Nepal 2 6 1550 85°19′ E, 27°42′N

Nepal 3 7 2200 85°42′ E, 27°76′N

Qinghai Qinghai 5 2250 102°8′ E, 36°3 N′

Sichuan Sichuan 1 4 2170 104°73′ E, 31°48′N

Sichuan 2 7 1850 104°14′ E, 33°16′N

Tibet Tibet 4 2700 94°9′ E, 30°4′N

Yunnan Yunnan 1 5 510 101°28′ E, 21°92′N

Yunnan 2 6 1910 102°18′ E, 25°60′N
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amplification reaction was pre-denatured at 95 °C for
5 min, followed by 35 cycles of denaturation at 94 °C
for 30 s each, annealing at 60.5 °C for 30 s, extension at
72 °C for 1 min, and a final extension at 72 °C applied
for 10min. PCR products were loaded onto 2% agarose
gels with ethidium bromide and examined under an
ultraviolet trans-illuminator. PCR products were puri-
fied using a gel purification kit (Takara, China) and
sequenced in both directions with corresponding PCR
primers using an ABI 3730 sequencer system (Applied
Biosystems, USA).

2.3. Sequence editing and analyses

One segment of the complete A. cerana mitochon-
drial genome (number GQ162109) was regarded as the
target sequence (Tan et al. 2011). All sampled se-
quences were edited and checked using DNA Star 7.5
in order to generate the consensus sequences before
they were subjected to multiple sequence alignment
using Clustal X 2.0 (Larkin et al. 2007). Genetic

characteristics such as haplotype diversity and total
number of mutations were calculated using DnaSP ver-
sion 5.10 (Rozas 2009).

For the analysis of haplotype relationships, the final
dataset consisted of 22 haplotypes, including 11 haplo-
types that were newly found in the present study, 3
previously reported haplotypes that were also recovered
from our samples, and 8 additional haplotypes not
found in our samples but retrieved from GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) (Table II).
An unrooted neighbor-joining (NJ) topologywas recon-
structed with the MEGA v6.06 software package
(Tamura et al. 2013) and using the Kimura two-
parameter model of nucleotide substitution (Kimura
1980). Support for branches in the NJ phenogram was
estimated using 1000 bootstrap replicates. The three
haplotypes from southern India were used as
Boutgroups^ for rooting the optimal tree. Bayesian anal-
ysis was conducted using MrBayes 3.2 (Ronquist and
Huelsenbeck 2003) and employed the best-fit nucleo-
tide substitution model as implemented in jModelTest

Haplotype Geographic location GenBank accession number

India1 India: Bangalore DQ381966

India2 India: Bangalore DQ381967

India3 India: Kerala DQ381965

Japan1# Japan AB078733

Japan2 Japan: Amami-Oshima AB078735

Japan3 Japan: Tsushima Island AB078734

China1 China: Hunzhou, Hujiang DQ269024

China2# China: Mianxian, Gansu DQ269025

China3 China: Qingjian, Shanxi DQ269026

China4# China: Jiuzaigou, Sichuan DQ269027

China5 China: Mengjing, Henan DQ269028

Nepal1* Nepal: Hetauda city KT174434

Nepal2* Nepal: Kathmandu city KT174435

Nepal3* Nepal: Kathmandu city KT174436

Nepal4* Nepal: Bhaktapur city KT174437

Qinghai* China: Minhe, Qinghai KT174438

Sichuan1* China: Mianning, Sichuan KT174439

Sichuan2* China: Pingwu, Sichuan KT174440

Sichuan3* China: Pingwu, Sichuan KT174441

Tibet* China: Bomi, Xizang KT174442

Yunnan1* China: Deqin, Yunnan KT174443

Yunnan2* China: Wuding, Yunnan KT174444

Table II. List of all 22 haplo-
types included in this study, in-
cluding 11 new (indicated by *),
3 previously reported and found
in samples of this study (indi-
cated by #), and 8 retrieved
from GenBank (http://
www.ncbi.nlm.nih.gov/
genbank/), but not found in
samples from this study.
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0.1.1 (Posada 2009), with the Akaike information crite-
rion set to a 100 % confidence interval (Akaike 1974).
We considered two separate rounds of Markov chain
Monte Carlo simulations of 4 chains and 1,000,000

generations each. Finally, the median-joining network
of the haplotypes was constructed using Network v4.61
by Fluxus Technology (ht tp: / /www.f luxus-
engineering.com).

N Hap/V Hd Pi

Gansu 8 1/0 0 0

Nepal 19 5/6 0.526±0.127 0.00832±0.00276

Qinghai 5 1/0 0 0

Sichuan 11 5/4 0.836±0.080 0.01402±0.00195

Tibet 4 1/0 0 0

Yunnan 11 3/2 0.582±0.142 0.00682±0.00202

Total 58 11/10 0.705±0.058 0.00994±0.00130

Table III. Haplotype diversity
of Apis cerana Fabricius from
the six sampled locations.

N number of individuals, Hap
haplotypes, Hd haplotype diversity,
V variable sites, Pi nucleotide
diversity

Figure 2. Aligned haplotype sequences showing polymorphic sites. The haplotypes consisted of 11 new haplotypes
detected in this study and 11 known haplotypes retrieved from GenBank, of which three were also found in the
colonies sampled here.
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3. RESULTS

3.1. Sequence variation and haplotype
diversity

The total length of the studied sequences was
99 bp, with a total of 10 variable sites, or approx-
imately 10 % of the full length. The 12 polymor-
phic sites included 10 substitutions, including 6
informative sites and 4 singletons, and 3 indels.
The average content of T, A, C, and G was 39.1,
47.7, 8.3, and 4.9 %, respectively. The total con-
tent of A+Twas 86.8 %, much higher than that of
C+G, representing a significant bias similar to that
across the non-coding region of the mtDNA ge-
nome of A. cerana . The nucleotide diversity was
0.00994±0.00130 (Table III). When the 11 re-
trieved sequences were included, we found a total
of 23 variable sites, which were 19 substitutions
that including 6 informative sites, 13 singletons,
and 4 indels (Figure 2).

3.2. Haplotype analyses

A total of 22 haplotypes were found among the
58 sampled sequences and the 11 retrieved se-
quences previously reported from Indian, Japa-
nese, and Chinese populations of A. cerana .
Among the 22 haplotypes, a total of 14 haplotypes
were detected in our sampled sequences, in-
cluding 11 newly identified haplotypes and 3
previously reported (Japan1, China2, and
China4). The haplotype Japan1 was the most
common, represented by 21 sequences in the
present study. These sequences were mainly
sampled from Nepal and Yunnan. Most hap-
lotypes differed by only a single site muta-
tion. The overall haplotype diversity of our
samples was 0.705±0.058 (Table III).

Putative relationships among the haplotypes
were mostly unresolved except at the most basal
levels when employing the NJ method as imple-
mented in MEGA 6.06 (Figure 3) and when non-
robustly supported nodes were collapsed. A group
consisting of all mainland populations, including
the haplotypes found in our samples and those
reported previously, was relatively strongly sup-
ported as indicated by bootstrap values (Figure 3).
However, most subsets within this mainland

group can easily be collapsed because of low
bootstrap support (Figure 3), except for two pairs
of haplotypes and another group of four (Figure 3).
Analysis using the more exhaustive Bayesian
method was unable to resolve any relationships
among the haplotypes, reflective of extensive re-
ticulation and lack of population differentiation
across the region.

The network analysis of haplotypes clustered
the samples from Yunnan with those from Nepal,
whereas the haplotypes from the southern (Yun-
nan, Nepal) and northern (Tibet) populations did
not form distinct clusters, respectively. The most
common haplotype, Japan1, appeared as a com-
paratively ancestral haplotype among the studied
populations, and to which almost all other haplo-
types were directly connected and formed a
linear relationship through. Two haplotypes
were each directly connected with two other
haplotypes, resulting in some degree of retic-
ulate relationship among the haplotypes
(Figure 4).

Figure 3. Genealogical relationship among included
haplotypes reconstructed using the NJ method as im-
plemented in Mega 6.06 (Tamura et al. 2013). The tree
is rooted using the three haplotypes of southern India.
Numbers over the branches are bootstrap values based
on 1000 replicates, and branches with a bootstrap value
lower than 8 % were collapsed.
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4. DISCUSSION

The present analyses did not recover a strong
divide between southern and northern populations
in the Himalayan region (i.e., ranging between
Nepal and Tibet) when compared with neighbor-
ing areas in southwestern China. This indicates
that there is significant gene flow between honey
bee populations on the two sides of the Himalayan
range. Given that A. cerana is younger than the
Himalayan uplift (Engel 1998, 1999; Kotthoff
et al. 2013), it is perhaps not surprising that pop-
ulations have migrated across this region and are
not the result of a more ancient vicariant event.
Moreover, it is likely that regional beekeepers
have moved and traded colonies for centuries
across the region, thereby bringing back into ge-
netic contact populations that may have gradually
become isolated over larger expanses of geologi-
cal time. On the other hand, the haplotypes from

the mainland form a relatively robust group in
relation to those haplotypes from southern India
(Figure 3). This basal separation between the In-
dian and mainland haplotypes probably reflects
the dramatic climatic differences in India south
of the Himalayas and the decreased influence of
Chinese apicultural practices, and thereby much
apiary contact, towards the south of India.

Among the 22 haplotypes included in our anal-
yses, including 11 new and 11 previously report-
ed, Japan1 was the most common, which is con-
sistent with an earlier study that examined genetic
diversity in Yunnan (Yin and Ji 2012). Based on
our network reconstruction, Japan1 is putatively
an ancestral haplotype given that almost all other
haplotypes are directly connected to it and form a
linear relationship (Figure 4). The only exceptions
are the three haplotypes from India, which con-
nected to Japan1 through multiple, intermediate
hypothetical haplotypes, indicating an early

Figure 4. Genetic relationship among the included haplotypes ofApis cerana Fabricius reconstructed using themedian-
joining networkmethod as implemented in Network v4.61 by Fluxus Technology (http://www.fluxus-engineering.com).
Note: different sizes of the symbols reflect frequencies of all sequences in different haplotypes. (China1: 1; China2: 7;
China3: 1; China4: 3; China5: 1; Japan1: 22; Japan2: 1; Japan3: 1; India1: 1; India2: 1; India3: 1; Nepal1: 3; Nepal2: 1;
Nepal3: 1; Nepal4: 1; Qinghai: 9; Sichuan1: 2; Sichuan2: 3; Sichuan3: 1; Tibet: 4; Yunnan1: 2; Yunnan2: 2).
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separation from the putative ancestral Japan1
(Figure 4), and is similarly reflected in their higher
genetic distance from Japan1 (Figure 3).

The morphometric variation observed by
earlier studies (Radloff et al. 2010) may re-
flect some degree of regional specialization,
but this may not be a fair characterization of
genetic integrity within those clusters. For
example, the Himalayan cluster identified in
their analyses encompassed only populations
existing at high elevations across the Hima-
layan range (represented herein by our pop-
ulations from Nepal). One explanation for the
clustering of these populations would be ge-
netic continuity and isolation from the neigh-
boring areas in Tibet and China. The analysis
of mtDNA conducted herein within the re-
gion failed to recover an identical pattern
(Figure 3). It therefore seems more likely
that these morphoclusters reflect convergent
specialization within a similar climate and
habitat, rather than a cohesive genetic entity,
with bees entering the geographic area from
a variety of source populations and habitats
(Radloff et al. 2005). Similarly, morphomet-
ric features, such as color and body size,
found in the different mountainous popula-
tions, may be directly correlated to the spe-
c ia l type of habi ta t (Niko lenko and
Poskryakov 2002). For example, bees occur-
ring in colder areas in mountains all tend to
develop a darker coloration and more robust
body size so as to maintain their temperature
and more quickly heat up their flight muscles
after the torpor of colder nights (Ruttner
1988; Tan et al. 2003, 2006).

Naturally, the samples here are relatively small
given the total range of A. cerana . Nonetheless,
the results indicate that well-characterized
morphoclusters in A. cerana may reflect regional
specialization among unrelated genetic lineages
rather than a single, shared history. It will be
important to expand such studies with denser
sampling across the region and ultimately over
the entire distribution of the species. Only through
such comprehensive sampling and integration of
data might it be possible to identify further areas
and traits of convergent specialization among
these hypervariable bees.
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