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ABSTRACT

Despite the urgent need for conservation consideration,
strategic action plans for the preservation of the Asian
honeybee, Apis cerana Fabricius, 1793, remain lacking.
Both the convergent and divergent adaptations of this
widespread insect have led to confusing phenotypical traits
and inconsistent infraspecific taxonomy. Unclear
subspecies boundaries pose a significant challenge to
honeybee conservation efforts, as it is difficult to effectively
prioritize  conservation targets without a clear
understanding of subspecies identities. Here, we
investigated genome variations in 362 worker bees
representing almost all populations of mainland A. cerana
to understand how evolution has shaped its population
structure. Whole-genome single nucleotide polymorphisms
(SNPs) based on nuclear sequences revealed eight
putative subspecies, with all seven peripheral subspecies
exhibiting mutually exclusive monophyly and distinct
genetic divergence from the widespread central
subspecies. Our results demonstrated that most classic
morphological traits, including body size, were related to
the climatic variables of the local habitats and did not
reflect the true evolutionary history of the organism. Thus,
such morphological traits were not suitable for subspecific
delineation. Conversely, wing vein characters showed
relative independence to the environment and supported
the subspecies boundaries inferred from nuclear genomes.
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Mitochondrial phylogeny further indicated that the present
subspecies structure was a result of multiple waves of
population divergence from a common ancestor. Based on
our findings, we propose that criteria for subspecies
delineation should be based on evolutionary
independence, trait distinction, and geographic isolation.
We formally defined and described eight subspecies of
mainland A. cerana. Elucidation of the evolutionary history
and subspecies boundaries enables a customized
conservation strategy for both widespread and endemic
honeybee conservation units, guiding colony introduction
and breeding.
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INTRODUCTION

The Asian honeybee (Apis cerana) is an important pollinator
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native to much of Asia (Figure 1A), providing crucial pollination
services for agricultural production, forestry, biodiversity, and
natural resource maintenance, supporting more than half of
the human population (Abrol, 2013). However, the species
faces numerous threats, including the application of
pesticides, floral resource shortages, and habitat destruction
and fragmentation (Abrol, 2013). In addition to these common
challenges shared by most pollinators, the early introduction
and extensive importation of the western honeybee (A.
mellifera Linnaeus 1758) has resulted in direct colony
replacements by beekeepers across a large range of the
native bees’ habitat and introduced new pathogens such as
the sacbrood virus (SBV) (Vung et al., 2018) and A. mellifera
filamentous virus (AmFV) (Hou et al., 2016). Consequently, A.
cerana populations have experienced a significant reduction in
both distribution and size over the past century (Yang, 2009).
Although the need for immediate conservation action for this
species is widely acknowledged, strategic plans are rarely
discussed. Prioritizing conservation efforts for species with

restricted distribution (including most endangered species)
may not present a challenge, but the same cannot be said for
taxa with large geographic ranges (Philimore & Owens,
2006). Notably, regarding native bee populations, cross-
population breeding and bee farming practices are obvious
issues (Wang et al., 2021). In China, the importation of exotic
colonies from remote provinces to local villages to promote
regional economies (Wang et al., 2021; Zhao, 2018) presents
significant difficulties for assessing the potential impacts of
human interference on local honeybees, given the lack of
understanding of genealogy and fitness variations in different
environments. Conservation actions require a clear definition
of target species or subspecies and the differentiation of
evolutionary factors from contemporary human disturbance.
Although both may influence populations, the latter can be
immediately ameliorated by implementing proper actions
(Gutiérrez & Helgen, 2013; Morrison Il et al., 2009; Requier
et al., 2019).

The establishment of proper conservation units is an
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Figure 1 Population structure, phylogenetic relationships, and genetic divergence of mainland Asian honeybee A. cerana

A: Native ranges of eight subspecies constituting the mainland lineage of A. cerana (indicated by dash lines), and Sundaland, Palawan, and Luzon-
Mindanao lineages. Note, cavity-nesting bees of India (yellow) and Philippines (beige) have recently been recognized as outgroups to the common
ancestor of Sundaland and mainland lineages (Lo et al., 2010). Dots represent sampling sites. B: Population structure based on nuclear SNPs and
NetView. C: Phylogenetic tree based on nuclear SNPs, showing phylogenetic monophyly of seven peripheral descendant subspecies and
Malaysian out-group. D: Fgt matrix constructed from estimates of pairwise Fst between all eight subspecies of mainland Asian honeybee and
Malaysian out-group. Codes for subspecies and geographic populations are: A. c. cerana (central group, CT), A. c. japonica (Northeast group, NE),
A. c. guidensis (Qinghai group, QH), A. c. abansis (Aba group, AB), A. c. skorikovi (Bomi group, BM), A. c. kashmirensis (Pakistan and Kashmir
group, K&P), A. c. hainana (Hainan group, HN), A. c. taiwanensis (Taiwan group, TW), and Malaysian out-group (ML).
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essential prerequisite for successful conservation. However,
the infraspecific taxonomy of A. cerana remains enigmatic.
Over the past two centuries, approximately 20 equivocal
“subspecies” (Chen, 1993; Engel, 1999; llyasov et al., 2018,
2019; Lo etal., 2010; Ma & Huang, 1981; Maa, 1953;
Radoszkowski, 1887; Smith & Hagen, 1996; Yang et al., 1986;
Zhuang, 1989), 31 putative biometric groups (Hepburn et al.,
2001b), and various ecotypes (National Animal Genetic
Resources Committee, 2011) and morphoclusters (Radloff
etal., 2010) have been proposed. In particular, taxonomists
hold divergent views at the subspecies level, ranging from the
recognition of eight subspecies (Engel, 1999) to the
identification of only six morphoclusters across Asia (Radloff
etal., 2010). Recently, based on whole-genome single
nucleotide  polymorphisms  (SNPs) of representative
populations, we revealed the presence of seven genetically
distinctive groups within mainland A. cerana (the only group
distributed across tropical and temperate regions), showing
genomic divergence at the subspecies level (Ji et al., 2020).
The reasons for this long-lasting debate are multifaceted
(Engel, 1999; Hepburn et al., 2001b; Peng et al., 1989; Radloff
et al.,, 2010), but include discrepancies in sampling strategy,
conflicting results produced by varied characteristics (e.g.,
morphology and genetics), and innate challenges in achieving
a uniform subspecies concept (De Queiroz, 2007, 2020).

Geographic coverage of population sampling can impact the
representativeness of genealogy and the subsequent
interpretation of results. Broad sampling of a wide-ranging
species is inevitably challenging, and key lineages many
remain unsampled. For instance, in various studies conducted
in the Far East, the inferences of A. cerana colonization routes
between mainland China and Japan varied with the inclusion
of new samples (llyasov etal., 2018, 2019). Incomplete
sampling seems to have at least partially contributed to
previous designations of invalid subspecies delineations. For
example, three A. cerana subspecies and one endemic type
identified in local studies in the Far East are now hypothesized
to belong to the same subspecies (llyasov et al., 2018, 2019;
Ji etal.,, 2020; Liu etal, 2022; National Animal Genetic
Resources Committee, 2011).

The continued emergence of new characters and evolution
of new methodologies have added yet another level of
complexity to subspecies delineation. In particular, the
application of novel molecular techniques has cast doubt upon
prior studies. For example, recent genomic analyses have
largely redefined the distribution of the Aba race of A. cerana
in montane regions (Chen et al., 2018a; Ji et al., 2020). Once
thought to span a large transition zone from the Sichuan basin
to the Qinghai-Xizang (Tibet) Plateau (QTP) (central and
northern Sichuan, eastern Qinghai, and southern Gansu)
(Peng etal.,, 1989; National Animal Genetic Resources
Committee, 2011; Yang et al., 1995), it is now thought to be
restricted to the upper reaches of the Dadu River. This
substantial difference in range could strongly influence the
efficacy of conservation strategies, as an action plan based on
the larger hypothesized distribution range may result in no
management efforts in the smaller area where these
honeybees actually inhabit. However, the lack of criteria for
judging which set of characters (e.g., morphology vs. genetics)
is more reliable remains a dilemma.

The inconsistent application of subspecies definitions also
represents a substantial conceptual challenge. Understanding
species boundaries is essential for answering questions

related to evolution, adaptation, conservation, and ecology
(Christmas etal.,, 2021; De Queiroz, 2007; Gutiérrez &
Helgen, 2013; Hillis, 2019; Morrison Il et al., 2009). However,
subspecies are relatively less regulated and are not explicitly
covered by the International Code of Zoological
Nomenclature. Despite considerable species definitions
(Groves et al., 2017), multiple lines of evidences have been
applied to infer evolutionary or reproductive isolation and
subsequent completion of genetic sorting between sister taxon
pairs that share a common ancestor. However, a central
challenge is the need to determine isolation, which is difficult
to implement for all but the best-known species (Malinsky
etal,, 2015). Because subspecies reflect an intermediate
evolutionary phase of a focal species, they are transient units
on the verge of diverging into new incipient species, or
alternatively, being replaced by other subspecies, younger
descendants, or their hybrids (De Queiroz, 2020).
Subsequently, given the lower levels of divergence expected
among subspecies, the integration of multiple forms of data
(e.g., molecular, morphology) is expected to produce the best
results (Guillot et al., 2012).

In accordance with the evolutionary model established in
our previous work (Ji et al., 2020), we herein formally describe
eight mainland A. cerana subspecies. Compared with Ji et al.
(2020), we focused on taxonomic delineations and
descriptions of the proposed subspecies, with the designation
of type specimens for each newly described subspecies and
for all previously defined subspecies lacking types. Our
streamlined  pipeline integrated genetic divergence,
phylogenetic relationships, and morphology to test the
hypothesis that genetically and morphologically distinct
population groups revealed within mainland A. cerana are
valid subspecies. We demonstrated that multiple independent
divergence events may have shaped the current population
structure, resulting in a total of eight subspecies, three of
which are described for the first time. In addition to clarifying
conservation units, we also explored the unique threats faced
by these subspecies, highlighting their evolutionary histories
and genetic features, and providing important information for
strategizing and enacting novel conservation priorities.

MATERIALS AND METHODS

Genome sequencing

Whole-genome sequences of 306 worker bee samples were
obtained from our previous study (Ji et al., 2020, NCBI archive
PRJNAS592293). Additionally, 56 worker bees collected from
Pakistan, Kashmir, Myanmar, Malaysia, and China
(Supplementary Table S1) were newly sequenced in this
study. The combined data covered all eight provisional
subspecies of the mainland Asian honeybee (with A. cerana
indica recently recognized as an outgroup to the common
ancestor of the Sundaland and mainland lineages) (Lo et al.,
2010). The 56 new samples were collected on flowers, and
the head and thorax were then processed for DNA extraction
using phenol chloroform. Genomic DNA was sequenced on
the BGISEQ-500 platform at the BGI, China (3.5 to 5 Gb per
sample). The newly sequenced data were deposited in the
Sequence Read Archive database (PRIJNA870246).

We applied Fastp v0.13.1 (Chen et al., 2018b) to remove
low-quality reads with the parameters “-q 10 -n 10 -u 40.”. The
clean reads of each sample were mapped to the genome
assembly of A. cerana (Ref ID: ACSNU-2.0, GCF_
001442555.1) using BWA ALN (Li & Durbin, 2009) with
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polymerase chain reaction (PCR) duplications being masked
using SamBamba (Tarasov et al., 2015). We then applied the
Genome Analysis Toolkit v4.0.4 (McKenna etal., 2010) for
short variant identification and retained biallelic SNP sites that
met the following criteria: (1) average depth >1/3 and <2x
mean depth of the whole dataset; (2) quality score>20; (3)
genotype quality>30; (4) minor allele frequency>0.01; (5)
proportion of missing genotypes<50%. Genome
heterozygosity and allelic missing rate were estimated for
each individual using VCFtools (Danecek et al., 2011).

Population structure and phylogeny

We inferred kinship relationships between individual pairs
using VCFtools (Danecek et al., 2011) following Manichaikul
etal. (2010) and only retained unrelated individuals for
downstream analyses. Individuals with >10% missing data
were also removed. Finally, a total of 273 worker bees
(75.6%) were retained for subsequent analyses
(Supplementary Table S1). We applied a balanced minimum
evolution method implemented in Fastme (Lefort et al., 2015)
for phylogenetic tree construction based on a whole-genome
identical-by-state (IBS) matrix calculated using Plink v1.9
(Purcell et al., 2007). Pairwise phylogenetic distances (PD)
between different individuals were calculated using an in-
house Perl script. The IBS matrix was also used for genetic
structure estimation with a mutual k-nearest neighbor graph
method implemented in NetView (Neuditschko et al., 2012).

We performed admixture analyses of bee populations from
Hainan (HN), Bomi (BM), Northeast (NE), Qinghai (QH),
Taiwan (TW), and Pakistan & Kashmir (KP). For each bee
population, we created a dataset that respectively included:
(1) all individuals from the focal locality; (2) individuals from
Malaysia as an outgroup; (3) individuals from adjacent regions
that belong to the central population according to Ji etal.
(2020) (Supplementary Table S1).

We estimated the admixture level for each group using
NGSAdmix (Skotte etal., 2013) based on the genotype
likelihood calculated using ANGSD (Korneliussen et al., 2014)
with the following parameters: base quality=20, mapping
quality=20, minor allele frequency (MAF)20.05, SNP P-value=
1e-6, and informative individuals=10. For admixture analysis,
we applied a predefined K value of 3 and obtained a
convergent estimation when the three highest likelihood
values fell within the range of five likelihood units.

Mitochondrial phylogeny

From the genome sequences of each individual honeybee, we
obtained a consensus sequence for the mitochondrial genome
using the doFasta function imbedded in ANGSD (Korneliussen
et al., 2014), requiring a depth 25X. We then obtained all 13
protein coding genes (PCGs) for each sample based on the
reference annotation information (NC_014295.1). In addition,
the mitochondrial genome of A. nigrocincta (NC_038114.1)
was applied to root the tree. After sequence alignment of the
13 PSGs using MAFFT (Nakamura etal, 2018), we
concatenated the alignments to generate a “supergene” and
inferred a phylogenetic tree using IQTREE (Minh et al., 2020)
with the best-fit substitution models estimated by ModelFinder
(Kalyaanamoorthy et al., 2017). To present a simplified view
for better illustration, we included only a single representative
for each unique haplotype from the same sampling location.

Morphological analyses
The honeybee worker specimens used for morphological
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analyses were obtained from two sources: (1) A total of 119
specimens collected from seven peripheral provisional
subspecies population throughout China, India, and Japan
from 2010 to 2021. (2) A total of 207 colonies from 101
localities, covering much of the distribution of the central
population, recorded in the Kunming Honeybee Database
(Tan etal., 2006). The geographical origins of all samples
representing 234 colonies from 115 localities are listed in
Supplementary Table S2.

Morphological measurements

The morphological traits described in Ruttner (1988), as well
as two additional effective characters (cubital index and
hamuli number), were employed to characterize A. cerana.
Overall, the 35 morphometric characters included 12 relevant
to size, 16 relevant to forewing, five relevant to color, one
relevant to hair, and one relevant to hamuli (Tan et al., 2008).

Morphometric analysis

We first assessed differences among different datasets, i.e.,
legacy data obtained from Tan etal. (2006) and the
Morphological Bank and new data obtained from the current
study. We then performed independent principal component
analysis (PCA) for size-, wing-, and color-related traits to
remove traits showing apparent divergences across data
sources or outliner samples from each data source.
Subsequently, we used the filtered trait set to conduct cluster
analysis using samples from Hainan Island and Northeast
China/Korea/Japan populations, for which overlapping
sampling is found between legacy and new data. We divided
the focal populations into eight provisional subspecies, with
the central subspecies (i.e., A. cerana cerana) further divided
into three sub-clusters (Northern cerana, Indo Chinese cerana
and Himalayan cerana), based on combined genomic (Ji
et al., 2020) and morphological evidence (Radloff et al., 2010).
Mean values and standard deviations were computed for each
character for all colonies using the morphometric Image
Analysis System 11 program. The “princomp” function in R
was used for PCA to identify possible morphoclusters.
Morphometric similarities were investigated using hierarchical
cluster analyses based on location means of Chinese
populations and group means of adjacent country populations.

Bioclimatic analysis

We extracted bioclimatic variables for all sampling sites using
DIVA-GIS (www.diva-gis.org). We performed PCA using the
“princomp” function in R to obtain the first two principal
components. Correlations between Dim 1-5 scores of PCA for
morphological characteristics and bioclimatic variables,
including altitude, latitude, longitude, and Bio1-19, were
calculated using the R package “corrplot’. ": P<0.05; ~
P<0.01; ™": P<0.001.

Geometric morphometrics

A total of 221 forewings from A. cerana worker bees collected
from 24 sites (see Supplementary Table S3) were used for
geometric morphometric analysis. All wing specimens were
photographed using a Nikon D700 camera (Japan). These
images were then used in subsequent morphological
analyses. A total of 20 forewing landmarks were identified
following our previous work (Ji etal., 2020). All landmarks
were digitized using tpsDig v2.0 and tpsUtil v1.40
(http://life.bio.sunysb.edu/morph/). We divided the 24 sampling
sites into eight groups following our subspecies definitions.
Size-corrected shape was used to conduct canonical variable
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analysis (CVA) in Morphoj v1.06 to determine the degree of
morphological discrimination among subspecies. Mahalanobis
distances (MDs) among groups and P-values from
permutation tests (10 000 iterations) were calculated during
CVA. The thin plate spline (TPS) method in Morphoj v1.06
(Klingenberg, 2011) was used to identify morphological
differences in wing shape between each pair of subspecies.
We estimated morphological divergences between peripheral
and central subspecies using MD. We calculated the
correlation efficiency between fixation index (Fgt) and MD
among groups to evaluate the level of coherence between
genetic and morphological divergences. All calculations were
performed using SPSS v20.0.

RESULTS

Provisional subspecies suggested by nuclear genetic
divergence, phylogenetic relationships, and evolutionary
history

Phylogenetic relationships based on nuclear genomes
(nrDNA) showed that, in congruence with our previous
findings (Ji et al., 2020), the six peripheral population groups
(i.e., Hainan, Taiwan, Northeast, Bomi, Aba, and Qinghai) and
the out-group (Malaysia) (Figure 1A) were genetically distinct
from the central group, each forming a monophyletic lineage
(Figure 1B). In addition, the newly sampled population from
Pakistan and Kashmir (P&K) formed a new monophyletic
group, albeit at a relatively lower divergence level from the
central group compared to other peripheral groups
(Figure 1A-C; Supplementary Figure S1). Thus, all genetic
divergence values between the central and peripheral groups
(Fs7=0.135+0.06, Figure 1D) were comparable to subspecies
variations found in A. mellifera (Fs1=0.163+0.073 (Dogantzis
et al., 2021)). With reference to historical taxonomic studies on
relevant geographic populations of mainland A. cerana, we
defined these genetically distinct groups as provisional
subspecies: A. cerana cerana (central group), A. c. japonica
(Northeast group), A. c. guidensis (Qinghai group), A. c.

abansis (Aba group), A. c. skorikovi (Bomi group), A. c.
kashmirensis (Pakistan and Kashmir group), A. c. hainana
(Hainan group), and A. c. taiwanensis (Taiwan group). The
taxonomic considerations will be discussed in the subsequent
subspecies section.

Although our results suggested clear groupings, genetic
introgression has occurred frequently between the proposed
peripheral and central subspecies. For example, individuals
from the Liaoning population showed a much closer
phylogenetic relationship to the central subspecies compared
to the remaining Northeast samples (Supplementary Figure
S1), with admixture analysis suggesting it may be a hybridized
population between the central and Northeast subspecies
(Supplementary Figure S2). Similarly, all but the Kashmir
population contained hybridized individuals, suggesting recent
independent genetic introgressions between peripheral and
central (ancestral) subspecies (Supplementary Figures
S1-S3). Although no obvious hybridization was detected in
the Kashmir population, this could be attributed to insufficient
sampling in intervening areas where interbreeding is more
likely.

Mitochondrial phylogeny indicates hidden history of
multiple radiation waves

Unlike nuclear phylogeny, where the aforementioned genetic
subspecies all split from the common central subspecies
(Figure 1C), mitochondrial genomes revealed a temporal order
among subspecies divisions (Figure 2; Supplementary Figure
S4). These differences in phylogenetic structure are likely due
to variations in evolutionary rates between nuclear and
mitochondrial genomes, as mitochondrial genes are known to
complete lineage sorting more rapidly (Barr et al., 2005; Li
et al., 2017). Alternatively, genetic drift associated with recent
population bottlenecks may have led to a similar pattern
(Larson etal., 2012). Within the mainland lineage, A. c.
taiwanensis (TW) and A. c. hainana (HN) diverged
consecutively, following the split of the mainland lineage from
the ML outgroup (Figure 2). Each of these early divergent
subspecies formed a separate monophyletic group in the
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mitochondrial phylogeny, mirroring the nuclear genome results
(Supplementary Figure S5). Following these early divisions,
three clades formed a trichotomy in the mitochondrial
phylogeny — one representing the A. c. japonica (NE)
subspecies; one including populations from Hebei, Shanxi,
and Liaoning; and one including the four remaining peripheral
subspecies, A. c. kashmirensis (KP), A. c. skorikovi (BM), A. c.
abansis (AB), and A. c. guidensis (QH), and geographic
populations of A. c. cerana (CT). The Liaoning samples from
the second clade showed mitochondrial introgression between
A. c. japonica and the northern China populations (A. c.
cerana) (Figure 2), in congruence with findings based on
nuclear genomes, thus confirming hybridization. The third
clade contained multiple peripheral subspecies and
geographic populations of A. c. cerana, none of which showed
mutual monophyly, reflecting recent divergence history and
ongoing hybridization (Supplementary Figure S6). A more
detailed tree structure is shown in Supplementary Figure S4.
Overall, the mitochondrial phylogeny indicated that the current
population structure of mainland A. cerana resulted from
multiple waves of divergence across evolutionary history.

Subspecies delineation is supported by morphological
characters

We compared morphological traits among the three different
datasets (Supplementary Figure S7A-D) and excluded all five
color-related traits from subsequent analyses due to obvious
divergences across datasets (Supplementary Figure S7C). In
addition, 23 outliner samples were identified in the size- and
wing-related traits and were also excluded from subsequent
analyses (Supplementary Figure S7E, F). The 30 remaining
traits were employed to cluster samples from the HN and NE
populations, where new samples nested readily within
subspecies boundaries delineated by legacy samples,
showing consistency in subspecies delineation in the different
morphological datasets (Supplementary Figure S7G). Thus,
we employed the 30 morphological characters from 211
colonies for  downstream  analyses. Morphological
differentiations among A. cerana lineages and provisional
subspecies of the mainland lineage were correlated with
climatic characters in the local habitats. Based on hierarchical
cluster analysis and PCA, the mainland Asian honeybee could
be divided into two large morphological clusters,
corresponding to tropical and temperate groups. The tropical
bees (Indo Chinese cerana, A. c. hainana, and A. c.
taiwanensis) formed a compact morphological cluster
distinctively separate from those of mainland China, Korea,
Japan, and Pakistan & Kashmir (Figures 3A, B;
Supplementary Figure S8A). Notably, the Malaysian out-
group, the sister lineage to all mainland A. cerana, was also
clustered with the tropical mainland populations based on
hierarchical cluster analysis. PCA showed that PC1 was
mostly influenced by body size characters (Figure 3B;
Supplementary Figure S8B), explaining 39.6% of the
differentiation between the two morphological clusters. The
size division between tropical and temperate bees was further
supported by analysis using wing length characters only
(Supplementary Figure S8C).

Similarly, within both tropical and temperate groups,
morphological affinity among provisional subspecies and
geographic populations was also correlated with local climatic
parameters, where peripheral subspecies inhabiting similar
habitats showed apparent morphological convergence
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(Supplementary Figure S8D). Further analyses of the
correlations between Dim 1-5 scores and environmental
factors indicated that Dim 1 (related characters, e.g., hair
length and appendage size; Supplementary Figure S8B) was
highly correlated with temperature-related environmental
factors (Figure 3C; Supplementary Figure S8B). These results
suggest that conventional morphological characteristics were
largely influenced by geography and microclimate.

Our results also showed that wing vein angles exhibited
relatively weak associations with environmental factors (Dim 2
and Dim 3 in Figure 3C, Supplementary Figure S8B). Thus,
wing morphological geometrics were applied to validate
morphological differences among the eight provisional
subspecies defined by nuclear genomic divergences and
evolutionary history. All eight provisional subspecies and the
Malaysian out-group showed consistent morphological
clustering based on wing geometric morphology (Figure 3D),
and P-values for MD among groups were less than 0.001
(Supplementary Table S4), supporting the subspecies
delineations. We discovered a significant correlation between
Fst (Figure 1D) and MD (Supplementary Table S4) (R=0.44,
P=0.008), indicating a consistent relationship between genetic
and morphological differentiations among groups
(Supplementary Figure S8E). In addition, pairwise MDs
between peripheral and central subspecies (4.21+0.75) were
significantly lower than those between peripheral subspecies
(5.49+0.73) (P<0.001, two-tailed Mann-Whitney test). The
same pattern was observed for Fgt estimations (0.135+0.06
vs. 0.2840.08, P<0.001, two-tailed Mann-Whitney test). These
findings indicate that the central subspecies was the closest
lineage to each of the seven peripheral subspecies, as
supported by both molecular- and morphology-based
evidence. The wing shape groups with positive and negative
loadings on CV1 and CV2 are shown on Supplementary
Figure S8F.

Subspecies descriptions and taxonomic annotations on
mainland A. cerana

Based on convergent evidence from morphology, nuclear
genetic divergence, evolutionary history, and phylogenetic
relationships, we herein formally define eight subspecies for
the mainland A. cerana lineage: i.e., central subspecies A. c.
cerana and seven peripheral subspecies, A. c. taiwanensis, A.
c. hainana, A. c. kashmirensis, A. c. skorikovi, A. c. abansis,
A. c¢. guidensis, and A. c. japonica. A revision of the
subspecies taxonomy of mainland A. cerana, including
descriptions of three newly defined subspecies, is provided in
Supplementary Text. The holotypes of A. c. taiwanensis, A. c.
guidensis, and A. c. kashmirensis and neotypes of A. c.
hainana and A. c. abansis, as well as locations of four
highland subspecies, are shown in Supplementary Figures
S9-11. Morphometric character measurements of worker
bees of the eight A. cerana subspecies are provided in
Supplementary Table S5.

DISCUSSION

Subspecies of mainland A. cerana

In the present study, we analyzed 362 A. cerana specimens,
representing almost all distinct groups of mainland A. cerana
known to date. Our results demonstrated that all previously
identified genetically distinct groups (i.e., six peripheral groups
— NE, QH, AB, BM, HN, and TW) and the newly added KP
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Figure 3 Morphological differentiation among provisional subspecies of mainland Asian honeybee

A: Hierarchical cluster analysis using ward linkage method with location means of morphometric characters. B: Principal component plot of
mainland Asian honeybee based on 30 morphometric characters. C: Correlations among factor analysis Dim 1-5 scores and environmental
variables. ": P<0.05; ": P<0.01; ™": P<0.001. Dim 1-5 represents the first five factors in PCA for traditional morphological data. Bio1-19 represents
19 bioclimatic variables (specific meanings can be found at https://www.worldclim.com/bioclim). D: Scatterplot of CV1 vs. CV2 for wing shape
among eight subspecies of mainland A. cerana and Malaysian lineage. Ellipses indicate 95% confidence intervals. Color codes in A, B, and D follow
that of Figure 1. Circle, square, and triangle in purply blue color represent Northern, Himalayan, and Indo-Chinese A. c. cerana, respectively.

group each formed a monophyletic group based on nuclear
SNP phylogeny. In addition, all peripheral groups showed
notable genetic divergences from the central group, while the
latter formed a paraphyly intermingled with all peripheral
groups (Figure 1C). In this new analysis, we only retained
non-kin individuals to better characterize intra- and inter-
population genetic features. With this stringent sampling
scheme, genetic divergence between populations was
expected to decrease, explaining the slight reduction in Fgt
between the QH and CT groups compared with our previous
work (0.09 and 0.10 in current study and Ji etal. (2020),
respectively). Even so, the genetic divergence values detected
between pairs of mainland A. cerana subspecies (Fst range
0.07-0.26, between each peripheral subspecies and central
subspecies, Figure 1D) were on par with those of A. mellifera
subspecies (0.038-0.263) (Dogantzis et al., 2021). In addition,
both phylogenetic distances from the current study
(Supplementary Figure S1) and Fgr estimates from our
previous work (Ji etal., 2020, Supplementary Figure S6B)
revealed limited differentiation within the central group, even
among distantly located geographic populations. Therefore,
we regarded all central group populations as a single
subspecies. Based on phylogenetic monophyly and
divergence values, we propose that these genetically distinct

groups are putative subspecies. The taxonomic boundaries
were further supported by morphometrics using forewing
characters, where genomic and morphological results showed
consistent differentiations among the proposed subspecies
(Figure 3D).

Mitochondrial phylogeny further indicated that the current
population structure of mainland A. cerana was the result of
multiple waves of divergence. This newly discovered temporal
sequence is an important addition to the centrifugal
diversification model (Ji etal, 2020). Island subspecies
represented by A. c. taiwanensis and A. c. hainana were
among the first diverging sublineages (Figure 2). The relatively
long divergence time (inferred by basal phylogenetic positions)
and ocean isolation may explain the genetic distinctiveness of
the island subspecies. Alternatively, the observed genetic
distinctiveness and basal phylogenetic placement may have
resulted from recent genetic drift following population
bottlenecks (Larson etal., 2012). Distinguishing between
these two evolutionary models requires further investigation,
with direct evidence from historical honeybee samples. The A.
c. japonica subspecies was likely the first continentally
distributed group to separate from the common ancestor
(Figure 2). It remains unclear how this subspecies maintained
genetic isolation from current A. c. cerana in the absence of
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obvious geographic barriers. Despite the presence of hybrid
individuals identified in the Liaoning region, genetic
introgression from the central subspecies was not prevalent in
A. c. japonica. Genomic incompatibility (e.g., structural
variations) and differing fitness (e.g., cold hardiness (Liu et al.,
2022)) are among the possible mechanisms remaining to be
tested. Finally, the most recent range expansion(s) led to
parallel invasions of the central ancestor into the peripheral
valleys of the QTP (Figure 2). Formed by continuous mountain
formation events in the Himalayans, these deep valleys are
characterized by abrupt vertical transitions in vegetation, with
the tree line confined to mid-hill elevations (Wang et al., 2022).
As a cavity-nesting honeybee, A. cerana relies on tree hollows
to build nests. Therefore, the barren ridges defining these
valleys may have effectively served as terrestrial barriers,
preventing local honeybee populations from cross-valley
migration and direct interbreeding. Compared to the three
species that diverged earlier, the four QTP valley subspecies
(A. c. guidensis, A. c. abansis, A. c. skorikovi, and A. c.
kashmirensis) showed elevated levels of admixture with A. c.
cerana. Both the relatively young divergence time and lack of
absolute geographic isolation (lasting secondary contact with
A. c. cerana at the valley opening) are likely reasons for their
relatively low genetic divergences from the central subspecies
(Figure 1D), whereas ongoing hybridization and retention of
ancestral polymorphisms likely explain the paraphylies based
on mitochondrial phylogeny (Figure 2). Individuals from QH (A.
c. guidensis), AB (A. c. abansis), and BM (A. c. skorikovi)
contained mitochondrial haplotypes derived from A. c. cerana
(Supplementary Figure S6) and the QH and AB populations
exhibited elevated genome-wide heterozygosity rates
(Supplementary Figure S3), indicating hybridization with A. c.
cerana. Conversely, individuals from BM (A. c. skorikovi)
demonstrated no clear signs of mitochondrial introgression
(Supplementary Figure S6, this study), but exhibited a lower
genome-wide heterozygosity rate (Supplementary Figure S3),
suggesting that retention of ancestral polymorphism is the
most likely evolutionary cause of mitonuclear discordance,
although additional sampling is needed for confirmation.
Although the divergence order of these young subspecies
remains unknown, their evolutionary independence not only
helps clarify their genetic boundaries but also the constraining
factors that determine their distributional ranges. For the QTP
valley subspecies, understanding how valley isolation has
shaped their formation provides critical clues for drawing fine
distributional borders. Additionally, a global understanding of
the phylogenetic relationship based on comprehensive
sampling is essential for revealing the genealogy of local
populations. For example, in a recent study, the close
phylogenetic relationship between A. cerana samples
collected in the plains region of northern Pakistan was
interpreted as the result of human introduction (Tan etal.,
2021). However, our new sampling scheme covering major
geographic populations of mainland A. cerana indicated an
alternative hypothesis, namely, that the Pakistani populations
were part of the widely distributed A. c. cerana. Further
sampling of A. cerana populations in South Asian countries
will better clarify the boundaries among A. c. kashmirensis, A.
c. cerana, A. c. skorikovi, and A. c. indica. In addition, given
the wide distribution range of A. cerana in Asia, we anticipate
that new subspecies may be discovered in future research,
especially in regions not included in the current study, such as
deep QTP valleys, central and southern India, and Sri Lanka
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(Oldroyd et al., 2006; Shanas et al., 2022).

Integrative taxonomy of honeybee subspecies

Subspecies are taxonomic assignments used to classify
evolutionary units showing evolutionary independence and
genetic/morphological distinctiveness from other such units
(Braby etal., 2012). Our study showed that the A. cerana
subspecies resulted from multiple divergence events,
representing transient evolutionary units along the temporal
spectrum of speciation. Thus, all characters used to delineate
subspecies are dependent on the divergence time of the focal
population from its ancestor and subsequent interactions (e.g.,
hybridization) with other evolutionary units. However, it
remains challenging, and in many cases impossible, to identify
a fixed level of variation for any given character, including
morphology and genetics.

This issue became evident when quantifying genetic
divergence and completeness of lineage sorting among the A.
cerana subspecies. Notably, the early diverging subspecies
(A. c. taiwanensis, A. c. hainana, and A. c. japonica) exhibited
larger genetic divergences and exclusive monophylies in both
the nuclear and mitochondrial trees. In contrast, the younger
QTP valley subspecies experienced more intensive and recent
introgression events from A. c. cerana, resulting in lower
genetic divergences and paraphylies in the mitochondrial tree
(Figures 1, 2). Therefore, for these later diverging subspecies,
subspecies delineation based on genetic divergence or
monophyly alone will require arbitrary thresholds. Moreover,
the level of genomic variation observed in the honeybee
populations resulted from multiple factors, including genomic
divergence due to historical division and isolation, natural
selection, ongoing introgression, and anthropogenic
influences. Clarification of the relative contributions of these
factors is necessary to understand the extent to which
observed genetic features are a consequence of evolutionary
isolation.

Morphological subspecies delimitation faces similar
challenges. Our study demonstrated that honeybee
morphology, including characters typically employed in

differentiating subspecies (e.g., body size), was strongly
related to environmental features, in congruence with findings
from regional studies (Tan et al., 2003). Such a pattern has
created major challenges in the application of morphological
characters in defining honeybee subspecies. This issue is
particularly common for species with large geographic ranges,
such as A. cerana, where geographic populations inhabit and
have adapted to highly heterogenous environments (Hepburn
et al.,, 2001a; Tan et al., 2006). In some cases, a wide-ranging
lineage may retain relatively distinctive characteristics despite
experiencing continuous within-group genetic exchange, such
as in A. c¢. cerana. On the other hand, distantly related (and
genetically distinct) populations living under similar climatic
conditions may show convergent traits. For example, several
independent montane subspecies of A. cerana share a
darkened body coloration and enlarged body size, whereas
tropical populations are almost all lighter in color and smaller
in size. In these cases, morphological characters alone would
incorrectly group distant lineages as the same or close related
subspecies. Thus, morphological traits influenced by the
environment should not be used in subspecies delineation, as
these traits cannot correctly trace underlying evolutionary
history.

The delineation of species and subspecies is integral to
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conservation because they are the units most used for
conservation management. However, taxonomic research is
always evolving, based on continuous effort in formulating
working hypotheses and ever-improving species/subspecies
definitions (Orr et al., 2021). This process is built upon many
pioneering studies, with the goal of understanding the
taxonomic boundaries and evolutionary mechanisms that have
led to the biodiversity we see today. How we do this has
immense ramifications for conservation and science.
Therefore, we propose that multiple lines of evidence,
including, but not limited to, morphology, genetics, biology,
and ecology, should be employed to determine subspecies
boundaries. This practice should abide by the general rules of
taxonomy (e.g., establishment and curation of type
specimens) and data sharing in public domains to better
enable subsequent studies to leverage and synthesize data.
To ensure best practices and facilitate replicability and
comparability, we propose that honeybee subspecies must
meet the following criteria: (1) Different subspecies should
have undergone independent evolutionary histories supported
by integrative evidence of monophyly, preferably including
molecular data. Given the difference in inheritance patterns
between nuclear and mitochondrial genes, discordance in
phylogenetic history is frequently revealed by nuclear and
mitochondrial data (Toews & Brelsford, 2012), especially in
young and radiating species (Shaw, 2002). Here, we used
nuclear genome sequences as the primary data to better
reconstruct the evolutionary history of A. cerana populations.
Additionally, we employed mitochondrial data to specify
evolutionary mechanisms causing genetic admixture among
populations, such as hybridization and retention of ancestral
polymorphism (Garnery etal., 1992; Hausdorf etal., 2011;
Rodriguez etal., 2010); (2) Each subspecies should be
confined to a distribution that is largely disjunct from other
such lineages; and (3) Subspecies should be diagnosable
based on a suite of combined characteristics, as well as
molecular, morphological, and other types of evidence.

Conservation of mainland A. cerana
From an evolutionary perspective, delineating honeybee
subspecies necessitates determining the relative contributions
of evolutionary and contemporary events to the current status
of a focal population. Such an endeavor perfectly aligns with
conservation initiatives, where the challenges posed to the
studied organism lie in both historical and ongoing processes.
We identified seven peripheral subspecies within the
mainland A. cerana lineage, each with an independent history
and constrained to their current ranges by various
geographical and biological features. Compared with the
widely distributed A. c. cerana subspecies, these isolated
subspecies exhibited distinct genetic differentiation and
restricted habitat ranges, indicating that each should be
treated as an independent conservation unit. Clarification of
subspecies boundaries is crucial in prioritizing conservation
efforts. Once these target units are defined, further dissection
of potential historical and contemporary threats can help to
identify conservation priorities, in line with the concept of
evolutionarily significant units (ESUs) (Ryder, 1986), which
have been extensively discussed in the context of
conservation biology (Casacci et al., 2014; De Guia & Saitoh,
2007; Dogantzis & Zayed, 2019; Requier et al., 2019).
Conservation strategies for peripheral subspecies should
aim to maintain their integrity, in line with their parallel

evolutionary history and isolated distributions. For example, A.
c. taiwanensis and A. c. hainana likely formed via
geographical isolation. On concern, elevated hybridization with
A. c¢. cerana has been found in the Hainan subspecies, in
concordance with extensive colony introductions from the
Guangxi and Guangdong provinces in the 1990s (Zhao et al.,
2017). This has had a significant influence on the current
genetic structure of the Hainan subspecies, highlighting the
need for immediate intervention and prohibition of colony
introductions from the mainland to prevent further genetic
degradation.

Conversely, geographic populations belonging to the central
subspecies A. c¢. cerana showed much more homogenized
genetic structure due to long-term introgression. Major
geographic barriers, including the Qinling Mountains, which
define the western boundary between the Palearctic and
Oriental Realms, showed limited effects in preventing
introgression among geographic populations within A. c.
cerana. Therefore, a primary conservation goal for this
subspecies should include prevention of population
compartmentalization caused by anthropogenic activities,
such as urbanization, habitat fragmentation, uniform crop
plantation, and replacement with introduced honeybee species
such as A. mellifera (Abrol, 2013; Yang, 2009). Furthermore,
the knowledge that honeybee subspecies have independently
evolved and adapted to their current habitats (Ji et al., 2020)
warrants increased caution in honeybee cross-breeding. For
example, queens of montane (e.g., A. c. guidensis and A. c.
abansis) and northern subspecies (A. c. japonica) and races
are often introduced to queenless tropical colonies to improve
honey production (Wang etal., 2021). Hybridized progeny
often show rapid trait regression, leading to the persistent
importation of even more exogenous queens. Hybridization
regression is unsurprising considering that local subspecies
are adapted to specific tropical or montane environments.
However, to what extent these anthropogenic activities are
changing the genetic structure of the target population
remains largely untested. Unlike in the western honeybee A.
mellifera, most A. cerana breeding practices have been
conducted within the native range of the species.
Understanding how these activities may alter the genetics and
fitness of endemic honeybees is crucial for their future
survival. The clear delineation of conservation targets provides
a pathway to understand ongoing impacts and track long-term
influences, enabling more effective management and the
preservation of these unique honeybees.
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