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Abstract

After the introduction of various Apis mellifera subspecies into China, prolonged breeding
and selection have substantially altered the genetic structure and diversity of commercial
populations. Currently, A. mellifera has become the most widely managed and numerically
dominant honey bee species in China, providing important agricultural pollination services
and substantial economic benefits. Nevertheless, the genetic diversity and progenitor of
commercially managed A. mellifera populations within different regions in China remain
poorly understood. To assess the maternal lineage diversity of A. mellifera populations
and to support regional breeding strategies, we examined DNA sequence diversity in the
cytochrome C oxidase I (COI) and tRNAleu-COII gene segment of the mitochondrial genome
in 178 samples of A. mellifera drones from 12 sites in the urban districts of Beijing. Three
haplotypes were found for the COI gene segment, and eight haplotypes were discovered
for the tRNAleu-COII gene segment. Mitochondrial sequencing revealed that the frequency
of C evolutionary lineage dominates in A. mellifera populations in Beijing. In addition,
one unexpected haplotype from the Z lineage was detected. The subspecies Apis mellifera
ligustica, representing the C1 haplotype, demonstrates the widest distribution and highest
frequency. Our results also showed that significant genetic differentiation exists among
commercial populations of A. mellifera in the urban districts of Beijing.

Keywords: Apis mellifera; haplotype diversity; mitochondrial DNA; drone congregation
area

1. Introduction
Pollination of crop and non-crop plants globally benefits from pollinating insects, such

as honey bees; thus, it is critical to understand the diversity, abundance, and distribution of
honey bee populations [1]. The honey bee species, Apis mellifera Linnaeus, 1758, has been
domesticated and managed by beekeepers for a long time to harvest honey, propolis, wax, etc.
As a result of human activity, climate change, geographic isolation, and genetic variation, many
A. mellifera subspecies have emerged [2–4]. Approximately 33 honey bee subspecies have
been described and documented thus far, which were originally distributed across their native
regions, including Europe, Africa, and Western Asia [5]. Recently, many A. mellifera subspecies
have spread from their native regions to other parts of the world due to human activity or
trade [5,6]. Numerous studies have indicated varying degrees of introgression and admixture
among A. mellifera lineages, subspecies, and even populations [7]. It is commonly known
that these described A. mellifera subspecies have been divided into six evolutionary lineages,
according to their geographic range, morphometric features, and mitochondrial/nuclear
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DNAs polymorphisms [8–10]: the African lineage (A); the Eastern European lineage (C);
the Middle Eastern lineage (O) [4,10,11]; the West European lineage (M); and the recently
proposed Eastern African lineage Y and Z [12,13].

Through genomic resequencing, the first native A. mellifera subspecies was identified
in China in 2016, as shown in a previous study [14]. In China, A. mellifera was originally
recognized as an alien species. Previous studies suggested that A. mellifera colonies in tem-
perate climates would collapse without intensive management of brood mites implemented
by beekeepers [14,15]. Currently, A. mellifera is the most highly domesticated honey bee
species in China with the largest number of beekeeping populations [16,17]. In the late
1800 s, A. mellifera was first imported into China from Tsarist Russia [17]. Originally, these
imported black A. mellifera species spread and developed in the Northeast region and the
Xinjiang Autonomous Region of China. It is written in the local annals that these black
honey bees include Apis mellifera carnica, the Russian bee, and hybrids of the two. In later
years, other A. mellifera subspecies, such as Apis mellifera ligustica and Apis mellifera caucasica,
were imported from other countries or regions. Among them, A. m. ligustica is the most
widely distributed subspecies. At that time, the genetic ancestries of these imported honey
bee subspecies were relatively simple, and they were primarily kept in stationary apiaries.
As a result, the introduced subspecies in various regions largely retained their original
genetic composition and gradually developed superior local strains. As we all know, the
royal jelly high-yield strain, Zhejiang Royal Jelly Bee, is a representative example of regional
directive breeding. Local beekeepers in Zhejiang Province implemented multi-generational
selective breeding targeting the royal jelly production traits of A. m. ligustica, establishing
the high royal jelly producing lineage of honey bee [18]. However, in the 1960s, nationwide
migratory beekeeping, uncontrolled mating, indiscriminate introduction of non-native
stocks, and haphazard breeding practices led to significant genetic hybridization in A.
mellifera populations [17].

Local honey bee populations and subspecies are considered well-adapted to their
native environments, and preserving their genetic structure and variation is of great signifi-
cance for the long-term sustainability of beekeeping activities and associated ecosystem
services. Mitochondrial DNA (mtDNA) is maternally inherited and is one of the most
practical methods for studying intra- and interspecific comparisons of honey bee [19,20]. It
has been widely used to evaluate the evolutionary lineages of A. mellifera subspecies [21,22].
Each evolutionary lineage can be distinguished by the pattern and variation in sequence
motifs (e.g., Q/P element) that constitute the intergenic region between COI and COII of
mtDNA. Lineage M contains sequence P (54–56 bp) and lineage A contains sequence Po
(62–69 bp). Lineage C does not contain the sequence P/Po and contains a single sequence
Q (192–193 bp). Franck et al. (2000) assigned the haplotypes detected in Lebanese colonies
to lineage O due to the presence of an additional restriction site that yielded a 66/67 bp
DNA fragment [10]. Currently, these haplotypes are generally assigned to lineage Z, which
is now treated as a distinct subgroup within lineage A [13]. Most studies explored mtDNA
diversity for the discrimination of various subspecies and determination of the intergrada-
tion process of the indigenous populations [23]. As the Regional Collaborative Breeding
Program launches, understanding the genetic diversity of local honey bee populations is a
fundamental prerequisite for the effective conservation and utilization of genetic resources,
as well as for selective breeding.

During the reproductive season of colonies, many sexually mature drones from
surrounding colonies congregate in drone congregation areas (DCAs) and mate with
queens [24,25]. Drones assembled in DCAs come from surrounding colonies, and there-
fore, the state of the whole surrounding colonies is generally well represented in the
DCAs [26,27]. Existing evidence revealed that the drones of DCA and their surrounding
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colonies exhibit similar stable genetic diversity profiles [28]. To date, there is a limited
study of the haplotype and genetic diversity of A. mellifera in China, which hinders the
understanding of genetic composition and the assessment of genetic resources [29]. In this
study, we used drones collected from different DCAs across the urban districts of Beijing
to determine the mitochondrial diversity and phylogenetic relationships of A. mellifera
populations. This study aims to characterize the mitochondrial haplotype diversity and
genetic differentiation of A. mellifera populations in the urban districts of Beijing, thereby
providing baseline genetic information to support future regional breeding efforts.

2. Materials and Methods
2.1. Sample Collection and Mapping

In April and May of 2025, we located DCAs using a Williams drone trap, a helium-
filled balloon and pheromone (E-9-oxo-2-decenoic acid, 9-ODA) drone trap [30]. After
DCAs were determined, the drones were captured from these DCAs following Utaipanon
et al. (2019, 2021) [26,27]. Drone samples were collected, preserved in 50 mL Corning
Centrifuge tubes containing absolute alcohol, and stored at −20 ◦C until further processing
could be performed. More than 100 A. mellifera drones were collected from each DCA. In
total, we sampled drones from 12 different DCAs that were distributed within the parks in
the Beijing area (Figure 1B,C).

Figure 1. Schematic diagram of mitochondrial tRNAleu-COII region in Apis mellifera and haplotype
distribution in urban districts of Beijing. (A). Schematic diagram of tRNAleu-COII region of the
8 haplotypes identified in this study with results of the in silico Dra I restriction digestion. Red
scissors represent restriction sites and the restriction fragment sizes are shown in bp on the upper
right panel. (B). Frequency and distribution of the haplotypes identified in the tRNAleu-COII region.
(C). Frequency and distribution of the haplotypes identified in COI sequence.

All the sites were located on the map of Beijing Municipality using their longitude and
latitude coordinates through a geocoding plugin implemented in QGIS 3.40.13 (download
from http://www.qgis.org) [31]. The map of Beijing Municipality was available with
open access from the DataV.GeoAtlas (https://datav.aliyun.com/portal/school/atlas/
area_selector accessed on 16 March 2026).
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We randomly selected 15 drones from each sampling location for the next analysis,
named as: PS1-15 from Paoshan City Forest Park, BH1-15 from Binghe Park, HD1-15 from
Haidian Park, MYS1-15 from Miaoyun Temple Park, BT1-15 from Banta Country Park,
BGZ1-15 from Baigezhuang Ecological Wetland, YBS1-15 from Yongding River Waterfront
Forest Park, WBS1-15 from Future Science City Waterfront Park, YLC1-15 from Yinluchi
Park, DB1-15 from Dongba Country Park, JTN1-15 from Jintian Park, and TH1-15 from
Taihu Park.

2.2. DNA Extraction and Amplification

Genomic DNA was extracted from the thorax of drones using the Animal Tissue Ge-
nomic DNA Extraction Kit (Huayueyang Biotech Co., Ltd., Beijing, China) according to the
instructions. DNA integrity was assessed using 1% agrose gel electrophoresis stained with
1 × GelRed Nucleic Acid Gel Stain (Transgen Biotech Co., Ltd., Beijing, China). Fragments of
mitochondrial tRNAleu-COII sequences were amplified using the primer pair designed by [9].
The forward primer (E2) sequence was 5′-GGCAGAATAAGTGCATTG-3′, and the reverse
primer (H2) sequence was 5′-CAATATCATTGATGACC-3′. The amplification reaction (50 µL)
for each sample was composed of 4 µL DNA template, 0.4 µL E2 (10 µM), 0.4 µL H2 (10 µM),
25 µL 2 × TransTaq®-T PCR SuperMix (+dye) (TranGen Biotech Co., Ltd., Beijing, China), and
20.2 µL sterile water. The primers were synthesized by GENEWIZ (Suzhou, China). The PCR
amplification program was as follows: heating at 94 ◦C for 5 min, followed by 35 cycles of
denaturation at 94 ◦C for 45 s, annealing at 48 ◦C for 45 s, and extension at 62 ◦C for 120 s.
The reaction was finalized by extension at 65 ◦C for 20 min.

A fragment of mitochondrial COI sequence was amplified using primers from the
previous study [15] with modifications. The forward primer (COI-1908) sequence was
5′-TTAAGATCCCCAGGATCATG-3′. The reverse primer (AD1COI-2932) sequence was
5′-TCGCTGTCGGTGAAGACTGCAAATACTGCACCTATTG-3′. The ADICOI-2932 primer
was modified from the COI-2932 primer [15] with a 17 bp-nucleotides extension at the
5′ end, and we designated it as AD1COI-2932. The reaction mix (25 µL) contained:
2.5 µL 10 × HF Buffer; 1 µL MgSO4 (50 mM); 2 µL dNTP mix (2.5 mM); 0.5 µL COI-
1908; 0.5 µL AD1COI-2932; 1 µL DNA; 0.15 µL Platinum® Taq DNA Polymerase High
Fidelity (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA.). The PCR amplifi-
cation profile included an initial denaturation step at 95 ◦C for 5 min, followed by 35 cycles
of denaturation at 94 ◦C for 30 s, annealing at 50 ◦C for 30 s, and elongation at 72 ◦C for
1 min, and a final extension step at 72 ◦C for 10 min. Products of PCR for each sample
were purified using the Universal DNA Purification Kit (TranGen Biotech Co., Ltd., Beijing,
China) and then sent to Sangon Biotech Co., Ltd. (Shanghai, China) for sequencing from
both ends using the above mentioned primers.

2.3. Mitochondrial DNA Analysis

The assembled and corrected sequences were uploaded to the National Center for
Biotechnology Information (NCBI) to roughly determine their species. Two samples showed
100% sequence identity with Apis cerana reference sequences in both the tRNAleu-COII and
COI regions. They were further confirmed to be A. cerana drones based on the morphological
characteristics and were excluded from subsequent analysis. The sequences of tRNAleu-COII
and COI were analyzed using MUSCLE multi-alignment within the MEGA XII software
(version 12.1.2), respectively. The in silico Dra I patterns of these tRNAleu-COII sequences
were determined to confirm the haplotypes using the SeqBuilder program within the
DNASTAR Lasergene 7.0 software, based on the previously published results of the Dra
I mtDNA test [12,32]. The sequences of the determined haplotypes in this study were
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compared with those of previously published haplotypes. They were assigned the same
haplotype names when the sequences showed 100% identity.

DnaSP 5.10 was used to calculate genetic variation indices, including polymorphic
sites (S), number of haplotypes (N0), haplotype diversity (hd), nucleotide diversity (π), and
the average number of nucleotide differences (k) [33]. For these diversity estimates, sites
with gaps were excluded. Genetic differentiation among sites was assessed using analysis
of molecular variance (AMOVA) in Arlequin 3.5.2.2 [34].

2.4. Network and Phylogenetic Analysis

The haplotype data files were generated in DnaSP 5.10 software with the option “sites
with gaps/missing considered” and subsequently imported into Network 10.0 software.
The median-joining network of haplotypes was constructed using Network 10.0 (Fluxus
Technology, http://www.fluxus-engineering.com/sharenet.htm accessed on 27 December
2025). For phylogenetic analysis, the insertions/deletions and substitutions among aligned
sequences were also coded as missing data. All the reference sequences of A. mellifera
tRNAleu-COII and COI were retrieved from the GenBank database, including A. m. ligustica
(OM203316.1), A. m. carnica (NC_061380.1), M (EF033656.1 and Apis mellifera iberiensis
KX463911.1), Apis mellifera mellifera (KY926884.1 and AY114459.1), Apis mellifera syriaca
(FJ477997.1 and FJ477996.1), Apis mellifera jemenitica (FJ714161.1), Apis mellifera lamarckii
(FJ743632.1), A (EF033649.1 and EF033650.1), and Apis mellifera scutellata (KJ601784.1, and
MG552700.1) haplotypes. Phylogenetic relationships between haplotypes obtained from
the tRNAleu-COII and COI were respectively established using neighbor-joining method
in MEGA XII [35]. The unrooted phylogenetic tree was refined and color-formatted using
iTOL (https://itol.embl.de accessed on accessed on 22 July 2026).

3. Results
3.1. Haplotype Diversity and Genetic Variation in Mitochondrial DNA Based on tRNAleu-COII

We randomly selected a total of 180 samples, of which two were A. cerana drones.
These A. cerana drones were collected from the same DCA in BH. The remaining 178 A.
mellifera drones were analyzed and yielded two size fragments of the tRNAleu-COII region.
One type of fragment was 570–572 bp. They were assigned to lineage C due to the absence
of sequence P and the presence of a single sequence Q. The other type of fragment was
837 bp. It contains a sequence Po and two Q sequences. With the presence of an additional
restriction site, it yielded a 67 bp DNA fragment. Therefore, it was assigned to Z lineage
(Figure 1A). The haplotypes of lineage C have been reported and they were registered with
the same names as previous studies (C1, C2c, C2d, C2e, C2j, C2ja, and C2s) (Figure 1A).
The sequence variations among these C lineage haplotypes were shown in Figure S1. The
C1 haplotype, which frequently appears in A. m. ligustica, was identified at all sampling
sites except JTN. The C1 haplotype accounted for the highest percentage (48.3%) among all
haplotypes (Table S1). Compared with the C1 haplotype, the frequency of the C2 haplotypes
ranked second highest (42.7%) and was detected at all sampling sites (Table S1, Figure 1B).
Among C2 haplotypes, the C2s haplotype was the most prevalent (15.2%) and was present
at 10 sampling sites (Table S1, Figure 1B). We identified only one drone belonging to the
C2ja haplotype, which was collected at the WBS site (Table S1, Figure 1B).

For the sequence that was assigned to Z lineage, it had the similar Dra I pattern as A.
m. syriaca (HM236206.1). The difference in the sequence between them is an deletion of
nucleotide. Haplotype Z was detected in 16 drones of our samples collected from three
sites (PS, BH, and BT) (Table S1, Figure 1B).

The tRNAleu-COII sequences revealed that haplotype diversity varied across sites from
0.000 in MYS to 0.744 in BH (Table 1). The highest nucleotide diversity was detected at the
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BH site (0.00867) and the lowest (0.00000) at the MYS site. All the samples at MYS exhibited
the same haplotype (Table 1). The result revealed that samples collected at PS also had
relatively high level of genetic diversity (0.00777). Most of the other populations exhibited
moderate level of genetic diversity (Table 1).

Table 1. Genetic diversity of tRNAleu-COII and COI sequence of the Apis mellifera populations in
urban district of Beijing.

Location
Code

N
tRNAleu-COII

N
COI

N0 S k hd Pi N0 S k hd Pi

PS 15 3 10 4.343 0.562 0.00777 13 2 15 8.077 0.538 0.00855
BH 13 4 10 4.846 0.744 0.00867 13 2 15 8.077 0.538 0.00855
HD 15 4 4 1.543 0.676 0.00276 15 1 0 0 0.000 0.00000

MYS 15 1 0 0.000 0.000 0.00000 15 1 0 0 0.000 0.00000
BT 15 4 10 1.657 0.371 0.00296 15 3 16 2.343 0.448 0.00248

BGZ 15 3 3 0.629 0.257 0.00112 15 2 1 0.343 0.343 0.00036
YBS 15 2 2 0.495 0.248 0.00089 15 1 0 0 0.000 0.00000
WBS 15 4 5 1.086 0.371 0.00194 15 1 0 0 0.000 0.00000
YLC 15 3 3 0.933 0.362 0.00167 15 2 1 0.133 0.133 0.00014
DB 15 3 3 1.352 0.590 0.00242 15 1 0 0 0.000 0.00000
JTN 15 3 3 1.029 0.629 0.00184 15 1 0 0 0.000 0.00000
TH 15 4 4 1.230 0.552 0.00157 15 1 0 0 0.000 0.00000

Total 178 6 11 2.437 0.629 0.00437 176 3 16 2.375 0.299 0.00251

AMOVA analysis indicated that there existed significant genetic differentiation among
the honey bee populations from 12 sampling sites (Fst = 0.393, p < 0.0001). For the tRNAleu-
COII region, 39.30% of the genetic variation was distributed among populations, while
60.70% existed within populations (Table 2).

Table 2. Genetic differentiation of the samples.

Genes

Among Populations Within Populations Fst

Sum of
Squares

Variance
Components

Percentage
of

Variation

Sum of
Squares

Variance
Components

Percentage
of

Variation

tRNAleu-COII 88.997 0.49405 39.30 126.677 0.76311 60.70 0.39299
(p < 0.0001)

COI 91.184 0.51682 42.08 116.656 0.71132 57.92 0.42081
(p < 0.0001)

Fst, Fixation Index, p, statistical significance.

3.2. Haplotype Diversity and Genetic Variation in COI Gene

We also sequenced the COI gene from the above 178 A. mellifera samples, but obtained
only 176 sequences. The sequences of PS13 and PS14 had overlapping peaks and were
not used for subsequent analysis. The length of COI fragment was 945 bp. A total of three
haplotypes were identified (M1–M3), with Haplotype M1 being the most prevalent, accounting
for 83.0% among all the haplotypes (Table S2). Haplotype M1 was detected in all populations.
Haplotype M2 was present at three sampling sites (BGZ, BT, and YLC) and had the second-
highest frequency of 9.1%. The M3 haplotype was also detected at three sampling sites (PS, BT,
and BH) and accounted for 7.9% of all samples (Table S2, Figure 1C). The BT site comprised
all three detected haplotypes based on the COI gene fragment (Table S2, Figure 1C).

The analysis of polymorphism revealed that the COI sequences had 16 polymorphic
sites, and all of them were parsimony informative sites (Figure S2). For the COI gene
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sequences, the average number of nucleotide differences (k), haplotype diversity (hd), and
nucleotide diversity (Pi) of all samples were 2.375, 0.299 ± 0.042, and 0.00251 ± 0.00054,
respectively (Table 1). Genetic diversity estimates for each site demonstrated that samples
from PS and BH exhibited high levels of diversity, whereas HD, MYS, YBS, WBS, DB,
JTN, and TH populations displayed complete genetic homogeneity with all individuals
having identical DNA sequences (Table 1 and Figure 1C). Interestingly, the BT population
possessed a higher number of haplotypes (No = 3) but lower nucleotide diversity than the
PS and BH populations (Table 1).

AMOVA analysis of the COI sequence also showed significant genetic differentiation
generated among these populations, with a higher value of Fst (0.421, p < 0.0001). For the
COI sequences, a higher genetic variation was detected within populations (57.92%), and a
much lower genetic variation (42.08%) was found among populations (Table 2).

3.3. Haplotype Networks Analysis

The median-joining haplotype network of 178 tRNAleu-COII sequences revealed that
the haplotypes of the C lineage were grouped together, whereas those of the Z lineage
were distinctly divergent from them (Figure 2A). Haplotypes C2c and C2d occupy a central
position, linking the other haplotypes and hypothetical haplotypes. C2d has the greatest
number of links with C2e, C2s, C2j, and C2ja, while C2c is linked to C1 (Figure 2A).
Haplotype C2c clustered within the C1 group, showing more genetic proximity with A. m.
ligustica than A. m. carnica. Haplotype C1 has the highest frequency, which is consistent
with the result in Table S1. The Z haplotype showed considerable divergence from the
other haplotypes due to the presence of the P0 element, insertions, substitutions, etc.

 

Figure 2. Haplotype network of mitochondrial DNA identified in Apis mellifera drones in this study.
The circle size is proportional to the number of individuals with that haplotype. Small black line on
link connecting the haplotypes indicates one mutational difference. The small gray circle represents
hypothetical haplotypes. (A). Median-joining network of the haplotypes based on the tRNAleu-COII
sequences. (B). Median-joining network of the haplotype based on the COI sequences.

A median-joining network that illustrates the frequencies and relationships among the
haplotypes of the COI fragment is shown in Figure 2B. The M1 haplotype not only becomes
the central part, but also has the greatest frequency. Haplotype M3 is fifteen mutations
away from the M1 haplotype (Figure S2). Moreover, it is novel that the M3 haplotype of
the COI fragment and the Z haplotype of tRNAleu-COII region were distributed in the same
locations and derived from exactly the same samples (Figure 2).
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3.4. Phylogenetic Relationship Analysis

The phylogenetic analysis of the tRNAleu-COII sequences delineated clear lineage
differentiation among the identified and reference haplotypes. The phylogenetic tree
revealed three major clusters, and the haplotypes identified in this study were clustered
within lineages C (N = 7) and Z (N = 1) (Figure 3A). In lineage C, five distinct haplotypes
(C2e, C2d, C2s, C2j, and C2ja) clustered closely with the reference sequence of A. m.
carnica. Nevertheless, haplotype C2c clustered within the C1 group, showing more genetic
proximity with A. m. ligustica than A. m. carnica (Figure 3A). Two A. m. syriaca reference
sequences (FJ477996.1 and FJ477997.1), along with our newly designated haplotype Z,
formed the Z lineages cluster with high bootstrap values. As a sublineage within the A
lineage, our results suggested its expected phylogenetic position. None of our identified
haplotypes clustered with A and M lineages, suggesting their absence or low frequency in
our sampling populations (Figure 3A).

 

Figure 3. Phylogenetic relationships of the tRNAleu-COII and COI haplotypes by the neighbor-joining
method. Bootstrap values are shown at nodes and the reference haplotypes from NCBI are identified
with the accession number or subspecies. (A). Phylogenetic tree of the tRNAleu-COII haplotypes.
(B). Phylogenetic tree of the COI haplotypes.
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The phylogenetic analysis based on COI sequences confirmed four distinct lineages
with strong bootstrap support. Our samples include the M3 haplotype clustered within the
Z lineage and the M1 and M2 haplotypes clustered within the C lineage, but no haplotypes
clustering with A or M lineages were detected (Figure 3B). The phylogenetic result of the
COI gene is congruent with the result of the tRNAleu-COII sequences (Figure 3).

4. Discussion
To investigate the distribution and haplotype diversity of commercial A. mellifera

populations in urban districts of Beijing, here we report the sequences of haplotypes based
on tRNAleu-COII and COI gene fragments from 12 sampling sites. Due to the lack of
beekeeper registration in China, sampling from managed apiaries is quite difficult [16].
Therefore, we adopted an alternative approach, collecting drones from DCAs within the
sampling regions rather than directly from managed apiaries. The drone trapping technique
has been proven to be reasonable and feasible [28,36]. According to sequence analysis and
morphological characteristics, we confirmed that two male samples from BH site were A.
cerana drones. In other regions where A. cerana and A. mellifera occur sympatrically, we
have also collected drones of both honeybee species from the same DCAs (unpublished
data). This phenomenon indicates that reproductive interference may occur during mating
between the two honey bee species.

Our data revealed that these commercial A. mellifera populations of Beijing were
divided into two evolutionary lineages (C and Z) with an overwhelming coverage (91.01%)
of the C lineage. The remaining samples belonged to the Z lineage (8.99%), while well-
known lineages A and M were not detected. After identification of characteristic elements,
DraI restriction analysis, BLAST+ 2.17.0 search, and phylogenetic placement, we confirmed
the evolutionary lineages and mitochondrial haplotypes in our samples. Among lineage C, a
total of seven haplotypes representing C1, C2c, C2d, C2e, C2j, C2ja, and C2s were identified.
The C1 haplotype, characterized by A. m. ligustica [37], was most widely distributed
in the sampling regions, but no polymorphisms of haplotype C1 were detected in this
study (Table S1). The highest frequency and most widely distribution of C2 haplotypes
represented the C2s haplotype (Table S1), which was previously detected in Hungary [38].
However, it remains uncertain which subspecies is characterized by the C2s haplotype. As
characteristic haplotypes of A. m. carnica, C2d, C2c, and C2e occurred at frequencies of
10.1%, 7.8%, and 6.2%, respectively (Table S1) [37,38]. Some studies defined the haplotype
C2j as characteristic of the A. m. carnica subspecies [39], but others had shown that it was
also present in A. m. caucasica [37,40]. In our samples, C2j and its variant C2ja only have
very low frequencies (2.8% and 0.5%) (Table S1) [23]. Actually, mtDNA-based molecular
methods show limited efficiency in subspecies characterization [41,42]. The distribution
of C1 and C2 haplotypes in this study is consistent with well-documented records of
multiple large-scale historical introductions of A. m. ligustica, A. m. carnica, and A. m.
caucasica populations into China [17,18]. Combined with the characteristic elements, DraI
restriction and phylogenetic analysis, we assumed that the 837 bp fragment detected in
this study belonged to the Z lineage [13,43]. Compared with our Z haplotype, there exists
an insertion of nucleotide in the tRNAleu gene of the reference sequence of A. m. syriaca
(HM236206.1). The following phylogenetic analyses also validated this result (Figure 3).
The majority of populations representing the haplotype Z were distributed across BH
and PS sites (Figure 1B). However, there are no historical records of the introduction of
honey bee subspecies that possess this particular haplotype. Meanwhile, we analyzed
the haplotype diversity of the COI genes and identified three haplotypes (M1-M3). The
presence of the M3 haplotype was recently reported in a study published in 2022 [44]. It
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is noteworthy that the samples categorized as the haplotype M3 correspond precisely to
those categorized as the haplotype Z (Tables S1 and S2).

The BH population exhibited a relatively high level of genetic diversity in both tRNAleu-
COII and COI genes. In contrast, the MYS population showed no detectable variation in
either fragment, indicating the lowest genetic diversity (Table 1). The differences in genetic
diversity between the two fragments may be attributed to differences in evolutionary
rates, differential selective pressures, and sampling coverage [45]. Our AMOVA analysis
suggested that significant genetic differentiation had occurred across 12 sampling sites
in the urban districts of Beijing in both mitochondrial genes (Fst > 0.39, p < 0.0001), with
approximately 40% of the total genetic variation among populations (Table 2). This pat-
tern probably results from both historical and current importation events, geographical
barriers caused by habitat fragmentation, and seasonal migratory beekeeping, in com-
bination with beekeeping management practices such as the exchange of queens [6]. In
Beijing, urban habitat fragmentation may restrict gene flow, leading to a loss of genetic
diversity in local populations and increasing genetic differentiation. Seasonal migratory
beekeeping contributes to the introgression of external genetic material into Beijing. Every
year, beekeepers transported the colonies from South China to North China (Beijing’s
location), searching for better harvest and crop pollination [16]. Additionally, beekeeping
management practices, including queen rearing and queen exchange among beekeepers,
further modulate the genetic composition and diversity of these populations by altering
local allele frequencies [6].

It has long been believed that A. mellifera is not native to China [18], and various
subspecies of A. mellifera have been historically introduced on multiple occasions and subse-
quently spread across different regions of China [17]. In northern China, the temperature is
low and the overwinter period could extend 10 days to a month. While in southern China,
it is warm and the brood production of colonies could last all year round. To optimize the
value of colonies’ production, different breeding goals may be pursued in different areas
by different beekeepers. Accordingly, different A. mellifera subspecies are preferred and
various special practices of beekeeping are performed in different apiaries. However, we
still lack systematic understanding of the diversity and genetic background of A. mellifera
in China. Therefore, it is important to note that environmental variations such as local
climatic conditions [4], urban heat island effects [46], and landscape characteristics [47], as
well as beekeeping management practices may contribute to the genetic differentiation of
A. mellifera populations in China. In the future, environmental variations and human activ-
ity factors should be considered when assessing correlations with genetic differentiation
among honeybee populations. Meanwhile, it is necessary to monitor temporal haplotype
frequencies to make key strategies for the conservation of A. mellifera populations.

Our haplotype network based on the tRNAleu-COII region exhibited a similar rela-
tionship pattern to that observed in previous A. mellifera populations of other countries,
particularly within the C lineage [38,48,49]. The network diagram revealed two distinctly
separated lineages. The C2d haplotype, possessing the most links, suggests its potential
ancestral position for other haplotypes that are linked to it. The C2c haplotype clustered
with the C1 haplotype because there exists a substitution that is shared in the COII coding
regions. A previous study demonstrated that the C2c haplotype shared greater genetic
affinity with A. m. ligustica [37]. The haplotype Z is positioned peripherally and is sepa-
rated by multiple mutations from the predominant C haplotypes, suggesting its distinct
origin (Figure 2A). Regarding the haplotype network of the COI gene, the M3 haplotype,
identified from the same drone samples as the Z haplotype, reveals clear divergence from
the remaining haplotypes. This result aligns with the haplotype network based on tRNAleu-
COII (Figure 2). The phylogenetic relationships based on these two gene fragments are
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congruent with their haplotype network (Figures 2 and 3). Notably, the M3 haplotype for
COI, or the Z haplotype for tRNAleu-COII identified in this study, was classified into lineage
Z, which was previously determined in 2011 [43]. A previous study has confirmed the
presence of haplotype M3 in China with a very low frequency. Consistent with our result,
their phylogenetic analysis using mitogenome data also clustered the sample exhibiting
haplotype M3 with A. m. syriaca, A. m. lamarckii and A. m. jemenitica [44]. However, our
mitochondrial tRNAleu-COII and COI sequence analysis clustered this haplotype within
the Z lineage (Figure 3), which aligns with the results presented by Alburaki et al. (2011,
2013) [13,43]. Further investigations are needed to explore the origins and mechanisms of
the newly identified haplotypes in China.

In Asia, A. mellifera is susceptible to the various parasitic mites that infest the honeybee
species endemic to the region. The survival and development of A. mellifera colonies in Asia
are highly dependent on management and A. mellifera rarely establish feral populations [50,51].
In this study, drone samples were collected from DCAs in parks with a very high degree
of urbanization. It is reasonable to speculate that the contribution of feral colonies to these
mating pools is very small. Without pedigree reconstruction, we do not know how many
colonies are represented by these drone samples. Considering that for each DCA, we collected
over 100 male bees from thousands of drones present. The probability that the 15 randomly
selected drones used for analysis all came from the same colony should be relatively low.
It has been suggested that 3.75 km is the appropriate drone flight range for A. mellifera [26].
However, the distances among sample sites in our study are much further than the typical
reported drone flight distance. Therefore, our research findings mainly reflect the information
of the honeybee colony populations within the drone-flight range of the selected DCAs. In
addition, we merely analyzed the genetic diversity of the mitochondrial genome fragments
in this study. Future studies increasing the sample size and expanding the analysis methods
would offer deeper insights into the genetic structure of A. mellifera populations in Beijing.

5. Conclusions
It is widely known that the genetic diversity of organisms gradually decreases during

the domestication process, especially those that are genetically separated from their wild
counterparts [52]. A reduction in genetic diversity may lead to the dissemination of
undesirable traits, parasites, and diseases [15]. The introduction and spread of non-native
honey bee subspecies should be more closely monitored, as this could pose a serious threat
to sustainable apiculture [53,54]. In this study, two mitochondrial DNA markers were
used to identify haplotypes of drones collected from DCAs in urban areas of Beijing. Our
results revealed a mitochondrial haplotype pattern characterized by the predominance of
different C haplotypes and the presence of a novel Z haplotype. These findings support the
historical introduction events of A. m. ligustica, A. m. carnica, and A. m. caucasica subspecies
into China. This study presents the updated knowledge of mitochondrial DNA haplotype
distribution in urban areas of Beijing, indicating significant genetic differentiation among
A. mellifera populations in this area. These findings offer valuable genetic information and
contribute to the conservation and management of regional genetic resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d18080471/s1, Figure S1: Sequences alignment of different C
haplotypes identified in this study. The number of nucleotide are shown above the sequences. The
variations between haplotypes are represented by black arrows. Figure S2: Sequences alignment of
M1-M3 haplotypes identified in this study. The number of nucleotide are shown above the sequences.
The variations between M1 and M2 haplotypes are represented by magenta arrows, and the variations
between M1 and M3 haplotypes are represented by dark green arrows. Table S1: Number (n) of
drone samples and frequencies (shown in parentheses) of the identified tRNAleu-COII haplotypes.
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Table S2: Number (n) of drone samples and frequencies (shown in parentheses) of the identified
COI haplotypes.
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