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Genomic analyses of Asian
honeybee from the Sansha
Island in the South China Sea,
suggest it’s evolutional origin
and environmental adaption
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Xinyan Shi1,3, Huali Song2, Yuxin Yao2, Yan Jiang2,
Tianbin Wang4, Xiang Li3, Dongxiang Zhao1 and Jinshan Xu2*

1Chinese Academy of Tropical Agricultural Sciences Environment and Plant Protection Institute,
Haikou, Hainan, China, 2College of Life Sciences, Chongqing Normal University, Chongqing, China,
3Huazhong Agricultural University, Wuhan, Hubei, China, 4Hainan Agriculture School, Haikou,
Hainan, China
Discovering new resources and enhancing our knowledge of distribution are

crucial for the preservation and utilization of honeybee genetic resources. Our

research focused on morphological and population genetic analysis, which

revealed significant differences in the SanshaId group compared to others.

Notably, the SanshaId group displayed smaller tongue length, averaging at

3.83 mm, and a larger fixation index, indicating a distinct level of subspecies

differentiation (Fst = 0.2669). We therefore assumed that A.cerana sanshasis is a

new ecotype and subspecies of A. cerana. Estimates of population history

indicated that SanshaId population is most closely related to HainanId

population, which differed from SanshaId population by about 0.57 Ma due to

geological movements. We identified 131 high-frequency non-synonymous

mutant genes in the SanshaId group compared to HainanId group. Among

these genes, Cuticular genes related to tongue morphology were subject to

evolutionary selection, and some genes related to glucose metabolism were

highly expressed in the gut. Our results expand the understanding of the

distribution range of Asian honeybee and provide a basis for understanding the

population dynamics and evolutionary adaptation of A. cerana sanshasis in

tropical island environments.
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1 Introduction

The distribution range and dynamics change of species are hot

topics in ecological and evolutionary studies (Lawton, 1999;

Sutherland et al., 2013; Taheri et al., 2021). The complex

topography and ecological diversity of China provide more space

for the development of different organisms. Therefore, it is

important to clarify the distribution range and dynamics change

of species for the conservation of biodiversity.

Honeybees are important pollinating insects with economic and

ecological values. The Chinese honeybee is a particular source of bee

germplasm in China and is distributed throughout the country and

has been divided into nine major ecotypes, including Northern China,

Southern China, Central China, Tibet, Aba, Yun-Gui Plateau, South

Yunnan, Hainan and Changbai Mountains (Ji et al., 2020). However,

due to various factors such as climate and environmental changes, the

distribution range of Chinese honeybee has been reduced and severe

patchiness have occurred (Yang, 2005; Zhou et al., 2018a). Therefore,

it is imperative to progress the study of the distribution range and

dynamics change of Chinese honeybee resources, as well as to resolve

the molecular basis of adaptation in specific habitats. In previous

studies, researchers have mainly used morphological, mitochondrial

DNA and simple repetitive sequence marker approaches to study

Chinese honeybee, but found limited results (Xu et al., 2013; Yu et al.,

2019; Zhang et al., 2019). With the completion and dissemination of

the whole genome map of A. cerana in China (Wang et al., 2020; Lan

et al., 2021), population genomics can provide a more comprehensive

analysis of the distribution range and dynamic changes of Chinese

honeybee, thus overcoming the shortcomings of morphological and

single molecular marker that can facilitate the excavation and

exploitation of honeybee genetic resources in China (Chen et al.,

2018; Ji et al., 2020; Shi et al., 2020; Tang et al., 2022).

A recent study has described the distribution and dynamics

change of genetic resources on the eastern and southeastern edges

of the Qinghai-Tibet Plateau (Tang et al., 2022). However, there is

few research on the island’s bees in this regard. These islands are

characterized by hindered gene flow, single taxa, and small

populations due to the island size and environmental conditions.

This has made the islands an important area of interest for studying

the natural selection, origin, and evolution of species (Juan et al.,

2000; Zhao et al., 2001; Ma, 2019). According to statistics, there are

more than 7300 islands with an area of 500 m2 in China, which may

contain rich bee genetic resources that have not yet been explored

(Xu et al., 2013; Zhou et al., 2018b). In this study, we collected

Chinese honeybee samples from Sansha Island, Hainan, China, for

whole-genome resequencing and combined them with published

sequences of representative populations. Morphological analysis

was used to analyze morphological differences in these bee

populations or groups, and population genomics analysis has

been used to explain the genetic differentiation and evolutionary

origins in A. cerana sanshasis. Meanwhile, high-frequency non-

synonymous mutation SNPs were used to identify rapidly evolving

genes adapted to the tropical reef island environment in order to

gain insight into the molecular genetic basis of adaptation to the

tropical island environment, with a view to providing a reference for

the improvement of Chinese honeybee germplasm resources.
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2 Materials and methods

2.1 Samples and data

We collected nine colonies of A. cerana sanshasis from Sansha

Island in Hainan, China, and stored in 75% ethanol. One worker

was randomly selected from each colony, and total DNA was

extracted from head and thorax muscles and stored at 4°C for

sequencing. Sequence data is available in public database,

BioProject: PRJNA903085. In addition, 171 sample sequences

from representative populations were added, with accession

numbers PRJNA488853 and PRJNA418874 (Chen et al., 2018; Shi

et al., 2020). Thus, a total of 180 samples of A. cerana from 19

populations covered nine known ecotypes (Table 1): North China,

South China, CentCh China, Tibet, Aba, Yunnan-Guizhou Plateau,

South Yunnan, Hainan and Changbai Mountain ecotypes. We also

downloaded the raw genome resequencing data of Apis mellifera as

an outgroup, with accession number PRJNA301648 (Chen

et al., 2016).
2.2 Morphological analysis

Referring to the method of Ruttner (Ruttner, 1988), five workers

from each colony were randomly selected for morphological

dissection, and the dissected body parts were photographed by

LY-WN. A total of 37 morphological characteristics were measured

in this study. Meanwhile, the morphological characteristics of other

bees were acquired from the results already measured by our team.

Canonical discriminant analysis was used to hypothesize

morphological differences with SPSS v21.
2.3 Whole-genome resequencing and
SNP calling

Novogene was contracted to perform whole genome

resequencing of nine samples of A. cerana using the Illumina

HiSeq sequencing platform. Low quality (Q<20) sequences and raw

reads with more than 5% unreadable bases (N bases) were removed

using FASTX-Toolkit software (http://hannonlab.cshl.edu/

fastx_toolkit/). Using the BWA alignment tool with the parameters

“-M -t 12” (Li and Durbin, 2009), the data were mapped to A. cerana

abanisis reference genome (Lan et al., 2021). The BAM files were

sorted using SAMtools (Li, 2011). Duplicate reads were marked from

the BAM files using GATK v4.0 (Do Valle et al., 2016), and SNPs

were identified and filtered using the program package of

SelectVariants and VariantFiltration. The parameter condition of

VariantFiltration was set as “QD < 2.0 || FS > 60.0 || MQ < 40.0 ||

MQRankSum < −12.5 || ReadPosRankSum < −8.0 || SOR > 3.0”. To

obtain high-quality SNPs data, SNPs with minor allele frequency

greater than or equal to 0.05, the number of alleles is 2, and the

proportion of missing data is 0.5 were retained by VCFtools (Danecek

et al., 2011). Snpeff (Cingolani et al., 2012) was used for

SNPs annotation.
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2.4 Genetic structure and
phylogenetic evolution

Population genetic structure was analyzed by the maximum-

likelihood routine using the expectation-maximization algorithm in

the program ADMIXTURE (Alexander et al., 2009). The predefined

genetic clusters were increased from K = 2 to K = 12. Principal

component analysis was performed using the EIGENSOFT (Price et al.,

2006), and the significance level of the eigenvectors was determined

using the Tracy-Widom test. A neighbor-joining phylogenetic tree was

constructed using PHYLIP v3.697 with A. mellifera as outgroup and

bootstrap set to 1000 (Cummings, 2004). Then, landscaping was

performed using the online tool iTOL (http://itol.embl.de/). The f4

statistics were calculated for each possible combination of the four

groups using the fourpop program in the TreeMix (Pickrell and

Pritchard, 2012) package with the parameter “-k 500”.
2.5 History dynamics

To estimate the divergence time between populations, a total of

5367 single-copy gene sequences in the genomes of A. cerana and A.

mellifera were obtained using Orthofinder (Emms and Kelly, 2019).

Next, the gene sequences of each population were constructed based

on the single-nucleotide variant genomes of the populations using

“consensus” in bcftools (Li, 2011), and the divergence times between
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populations were calculated using Paml (Yang, 2007), running 1000

iterations. Meanwhile, setting the divergence time between A. cerana

and A. mellifera from 6 to 8 Ma (Arias et al., 1996).
2.6 Genetic diversity

Inbreeding coefficients (f), coancestry coefficient (F) and selfing

coefficients (s) were calculated using METAPOP2 (López-

Cortegano et al., 2019). The pairwise Fst matrix was calculated

using the R package SNPRelate (Zheng et al., 2012) and Weir and

Hill’s method, which does not result in differences with

sample variation.
2.7 Analysis of high frequency non-
synonymous mutation SNPs

To clearly the environmental adaption of SanshaId group, we

obtained genes with high-frequency variant non-synonymous

mutations in the closely related SanshaId and HainanId groups

according to the annotation of SNPs. Gene function was

determined using blast (evalue 1e-5) comparisons to non-

redundant protein, Swissport and Uniport databases. GO

annotation and KEGG pathway analysis were performed using

Eggnog-mapper (Cantalapiedra et al., 2021), with FDR correction.
TABLE 1 The numbers of SNPs and genetic diversity of different colonies and populations of Apis cerana.

Group Populations Number of samples f s F Number of SNPs

ChangMt ChangMt 6 0.8411 0.924 0.848 634,328

Jiuzg Jiuzg 10 0.8128 0.9249 0.8499 772,718

MinMt MinMt 10 0.8041 0.9239 0.8479 836,674

NShxiPl NShxiPl 10 0.7927 0.9064 0.8127 887,004

TaiLvMt TaiLvMt 13 0.7665 0.8891 0.7781 926,519

CentCh

ZheFuH 11 0.7863 0.9179 0.8358 863,302

ShenFr 9 0.7803 0.906 0.8121 1,023,824

YiMt 8 0.7703 0.8802 0.7605 1,036,460

JingMt 5 0.8034 0.9193 0.8387 790,069

WuMt 6 0.7874 0.8993 0.7987 903,219

DaMt 9 0.7734 0.8922 0.7844 1,049,718

QiongMt 10 0.7615 0.8752 0.7504 1,102,142

XunPn 5 0.7935 0.8985 0.797 833,139

Diannan Diannan 12 0.7882 0.9104 0.8209 833,743

YGPl YGPl 10 0.8107 0.9194 0.8387 805,782

TibetPl TibetPl 11 0.822 0.9306 0.8611 656,802

WSichPl WSichPl 12 0.8162 0.9098 0.8196 688,753

HainanId HainanId 14 0.8042 0.9172 0.8344 726,660

SanshaId SanshaId 9 0.862 0.9239 0.8477 483,900
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2.8 Tissue specificity of high-frequency
non-synonymous mutant genes

To understand the tissue specificity of high frequency non-

synonymous mutant genes including selected genes, we

downloaded transcriptome sequence data from public databases

for various tissues of Chinese honeybee workers, including brain

(SRR1380970), antenna (SRR1380976), hypopharyngeal gland

(SRR138979), gut (SRR1380984), fat body (SRR1388774) and

venom gland (SRR1406762). The expression levels of all genes

containing high-frequency non-synonymous mutations and

selected genes were calculated by the bowtie2, RSEM program

using the Trinity package (Grabherr et al., 2011). RNA

transcriptome sequence fragments were matched to annotated

genes of A. cerana abanisis using Bowtie2 (Langmead and

Salzberg, 2012), and TPM (Transcripts Per Kilobase Million) was

calculated using RSEM (Li and Dewey, 2011).

We conducted quantitative real-time PCR (qPCR) experiments

to compare the expression levels of the APCIA_03322,

APCIA_10378, and APCIA_08874 genes in three tissues of

SanshaId colonies, including brain, gut, and venom gland. These

tissues were transferred into TRIzol reagent to extract total RNA

according to the manufacturer’s protocols, and cDNA was prepared

using the Hifair® III 1st Strand cDNA Synthesis SuperMix for

qPCR. The following qPCR procedure was used: a pre-denaturation

step at 95°C for 30 s, followed by 40 cycles of 5 s at 95°C, annealing

for 10 s at 60°C, then 20 s at 72°C, and final extension for 5 min at

72°C. The primers of the three gene were shown in Table S1. The

transcript abundance was calculated relative to the gene A. cerana
Frontiers in Bee Science 04
ribosomal protein L32 (RP49) using the 2−DDCt method. Three

biological replicates were conducted in this experiment. The t-test

was used to determine the significance of a difference among

different tissue conditions.
3 Results

3.1 SNP identification

A total of 180 samples of A. cerana from 19 populations

(Table 1) were used in this study. After filtering, we aligned reads

to the A. cerana abanisis reference genome. The average mapping

rate was 94.83% and the average sequencing depth was 10.06×

(Table S2). This indicates that these data are suitable for subsequent

analysis. Overall, we obtained a total of 1.31 million high-

quality SNPs.
3.2 Genetic and morphological diversity

According to previous studies, there is no clear genetic

boundary between the Central and South China ecotypes (Shi

et al., 2020). Therefore, we defined a CentCh group containing

eight populations (ZheFuh, ShenFr, YiMt, JingMt, WuMt, DaMt,

QiongMt, XunPn) from central and southern China.

STRUCTURE analysis of the 180 Chinese honeybees is shown

in Figure 1A. It was found that SanshaId group (dark blue) can be
B

C

A

FIGURE 1

(A) Genetic structure with grouping number (K); (B) Principal component analysis; (C) Pairwise Fst between populations or groups of 180 samples of
Chinese honeybees from 19 populations.
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clearly distinguished from others, indicating that the SanshaId

group was clearly genetically differentiated. Principal component

analysis also supported this result (Figure 1B). Notably, we found

that SanshaId and HainanId (purplish red) groups consistently

clustered at K<6, suggesting that the two groups may have

descended from a common ancestor.

Next, we calculated pairwise Fst between populations or groups

(Figure 1C), with pairwise Fst ranging from 0.0327 to 0.3608 and a

mean value of 0.1068. Among them, the pairwise Fst of the SanshaId

group and others ranged from 0.1475 to 0.3608 with a mean value of

0.2669, which was higher than the level of differentiation between

western honeybee subspecies (Wallberg et al., 2014), showing

subspecies-level differentiation in SanshaId group. In particular,

we noted a relatively low index of pairwise genetic differentiation

between SanshaId and HainanId groups (Fst = 0.1475), which

implies that SanshaId and HainanId groups are linked in the

population history.

Furthermore, we also investigated the differences in the

morphological characteristics of different bees. We compared the 37

morphological characters of the newly determined SanshaId group with

those previously obtained by our team and found that SanshaId group

had the minimum values in 7 indicators, including tongue length, cubital

vein A, index number of cubital vein, thewidth of the stripe of tomentum

on tergum 3, the width of the white stripe of tomentum on tergum 4,

angle K19, L13, and had the maximum values in 7 indicators, including

the width of the stripe of tomentum on tergum 4, angle B4, D7, E9, G18,

J16, N23 (Table S3). And the discriminant analysis showed (Figure 2A)

that the SanshaId group had significant morphological differences.

In particular, our found that the tongue length of SanshaId

group was significantly smaller than that of others (Figure 2B). And

the tongue length also implied geographic variability, with the

CentCh, HainanId and SanshaId groups showing a gradual trend

towards shorter tongue lengths. Although the HainanId and

CentCh groups were not significantly different (p=0.526), they

were all significantly different (p<0.001) from those of SanshaId

group, which may be due to differences in the distribution

characteristics of nectar plants as a result of differences in climate

types. In particular, extra-floral nectar plants, such as Morinda

citrifolia and Scaevola sericea, were found in Sansha Island.
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3.3 Population history

To extrapolate the phylogenetic status of SanshaId group, we

selected high-quality SNPs from SanshaId, HainanId and CentCh

groups and constructed NJ trees with A. mellifera as outgroups,

according to the results of previous studies showing that the

HainanId group is closely related to CentCh group (Ji et al., 2020;

Shi et al., 2020). Our results showed (Figure 3A) that SanshaId and

HainanId groups were on the same evolutionary branch, further

supporting a closer relationship between SanshaId and HainanId

groups. Also, f4-statistic scores showed strong gene flow between

the SanshaId and HainanId groups (Table S4), indicating that the two

groups may come from a recent common ancestor. In particular, our

divergence time estimates (Figure 3B) showed that the divergence time

between HainanId and CentCh groups was about 0.82 Ma, and

between SanshaId and HainanId groups was about 0.57 Ma. Of

these, the SanshaId group diverged at a slightly lower time than the

Xisha area into a broken block. All of these suggested that the

SanshaId and HainanId groups came from a common ancestor and

then formed a new subspecies due to geographical isolation.
3.4 Genetic variation and environmental
adaptation

To identify the rapidly evolving genes of the SanshaId group, we

compared the SNPs of the SanshaId group with those of the most

closely related HainanId group. The results showed that SanshaId

group contained 54687 unique SNPs and 361 non-synonymous

mutation loci compared to HainanId group (Figures 4A, B). There

were 152 unique high-frequency non-synonymous mutation loci

(loci that were mutated in more than 50% of samples) covering 131

genes (Table S5). Functional enrichment analysis revealed that these

genes were mainly enriched in GO functional entries such as

Peptidase activity and involved in signaling pathways such as

Glutathione metabolism, Hippo, MAPK and Toll and Imd

(Figure 4C). In particular, we identified a gene encoding cuticular

protein (APICA_08874) among the high frequency non-

synonymously mutated genes with a non-synonymous mutation
BA

FIGURE 2

(A) Discriminant analysis of 37 morphological characters; (B) The differences in tongue length between groups. *** p-value < 0.00.
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from His to Tyr at the 32 amino acid position (Figure 4E).

Population differentiation methods were used to further

demonstrate that this locus was under selection (Figure 4D). The

reported interaction of this gene with LIPS causes changes in the

morphology of the labral cuticle (Arnoldi et al., 2022), which we

presume is related to the fact that SanshaId group has significantly

shorter tongue lengths than others.

In addition, we also examined the tissue variation of 131

high-frequency non-synonymous mutant genes, including

APICA_08874 (Figure 4F). APICA_10378 (Leucine-Rich

Repeat Neuronal Protein) and APICA_03322 (Caspase) were

found to be highly expressed in the gut tissues, and these results
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also confirmed by the qPCR (Figures 4G–I). However, we did not

find di fferent ia l express ion of APICA_08874 in the

transcriptome of the six tissues and speculate that it is possible

that the gene is expressed in other unstudied tissues pending

further validation.
4 Discussion

In past studies, the researchers classified the Chinese honeybee

into nine ecotypes. In this study, we identified A. cerana sanshasis as

a new ecotype and subspecies of A. cerana through morphological
B

C

D E

F

G H I

A

FIGURE 4

(A) Number of SNPs specific to the SanshaId group; (B) Number of high-frequency non-synonymous SNPs in the SanshaId group; }(C) GO function
analysis of high-frequency non-synonymous mutated genes in the SanshaId group; (D) Structural schematic diagram of APICA_08874 and analysis
of the population genetic differentiation; (E) Multiple sequence comparison of protein sequences of the SanshaId group with those of the HainanId
group of APICA_08874; (F) 131 high-frequency non-synonymous mutated gene tissue expression levels; (G-I) Genes expression levels in three
tissues of SanshaId honeybee by qPCR. *** p-value < 0.001, ** p-value < 0.01, ns means that p-value > 0.05.
BA

FIGURE 3

(A) Phylogenetic tree of HainanId, SanshaId and CentCh groups with (A) mellifera as outgroups constructed by neighbor-joining method (1,000
replications); (B) The divergence time between populations in millions of years.
frontiersin.org

https://doi.org/10.3389/frbee.2023.1144894
https://www.frontiersin.org/journals/bee-science
https://www.frontiersin.org


Gao et al. 10.3389/frbee.2023.1144894
and genomic analysis, which further enriches the genetic diversity

of A. cerana.

A total of 180 samples of A. cerana from 19 populations (Table 1)

were used in this study. Our study showed that the genetic structure and

morphology of SanshaId group differed significantly from others

(Figures 1A, B, 2A and Table S3), suggesting that SanshaId group is a

previously unknown ecotype. Meanwhile, pairwise Fst between groups or

populations further clarified the taxonomic status of A. cerana sanshasis

as a subspecies (Figure 1C), with a mean Fst value of 0.2669, which is

higher than the level of differentiation among subspecies of A. mellifera

(Fst=0.1) (Wallberg et al., 2014), and higher than some researchers

suggesting the existence of A. cerana Tibetan (Fst =0.1307), A. cerana

sanshasis (Fst =0.1462) and A. cerana Hainan (Fst =0.1250). Therefore,

our study identified A. cerana sanshasis as a new subspecies ofA. cerana.

The phylogenetic tree showed that SanshaId group is more

closely related to HainanId group (Figure 3A), and the f4-statistic

showed strong gene flow between SanshaId and HainanId groups

(Table S4), which further suggests a common ancestral relationship

between SanshaId and HainanId groups. Further studies on the

population divergence time (Figure 3B) showed that the divergence

time between Hainan Island and mainland honeybees was about 0.82

Ma, which was much lower than the 65 Ma for Hainan Island to split

off from the southwestern end of the ancient Chinese landmass

(Liang, 2018); and 0.6 Ma for the Xisha area to become a broken

block uplift zone (Liu, 2002), which was slightly larger than the 0.57

Ma for the population divergence time between SanshaId and

HainanId groups. In addition, mitochondrial studies of Hainan and

mainland populations suggest that Hainanese first migrated to

Hainan Island at 0.007-0.027 Ma (Peng et al., 2011). Therefore, we

suggest that SanshaId and HainanId groups came from a common

ancestor and formed a new subspecies due to geographical isolation.

Surprisingly, our study found that the tongue lengths also

implied migratory variability (Figure 2B), and the tongue lengths

of the CentCh, HainanId and SanshaId groups showed a trend of

progressively shorter tongue lengths, and the tongue length of the

CentCh, HainanId and SanshaId groups were significantly different

(p<0.001). The tongue length was closely related to the collection

ability of honeybees and had a close relationship with nectar plant

categories. Botanical researches have shown that the Xisha Islands

are relatively poor in plant species, and the flora has obvious

tropical characteristics and is rich in tropical coastal components,

typical of tropical coral island flora, such as Morinda citrifolia,

Scaevola taccada. (Tong et al., 2013; Wang et al., 2019; Sun et al.,

2021), while the flora of Hainan Island is dominated by pantropical

and Huaxia components (Zhang, 2001). The ecological mediation

of flora differences in migratory sites has driven the phenotypic

diversification and population differentiation of honeybees

(Schluter and Conte, 2009), which corroborates the historical

dynamic origin of SanshaId group.

The study notes that Hainan Island is a bedrock island, located on

the northern edge of the tropics, with a tropical monsoon climate;

Sansha Island is a coral reef island, located in the south-central South

China Sea, with a tropical maritime monsoon climate. The climatic

types and geological environments of the two have large differences.

Analysis of high-frequency non-synonymous mutation SNPs showed
Frontiers in Bee Science 07
131 genes were affected, including APICC_04326, which were involved

in several signaling pathways (Figure 4). Among them, Hippo and

MAPK signaling pathways play important roles in developmental

processes such as population differentiation, embryogenesis,

morphogenesis, shaped disc development and organ size regulation

in insects such as honeybees (Halder and Johnson, 2011; Wilson et al.,

2011; Yin et al., 2018). Toll and Imd signaling pathways are mainly

involved in the immunity of insects, including honeybees. It has also

been shown that the Hippo signaling pathway is considered to be an

important pathway for temperature adaptation in honeybees (Chen

et al., 2016; Chen et al., 2018; Shi et al., 2020). The Glutathione

metabolism signaling pathway found inMagallana hongkongensis from

Hong Kong Island responds to altered redox homeostasis induced by

heat stress and is involved in mediating oxidative stress responses (Xie

et al., 2022). This may be required for adaptation to tropical island

environments, which provides a basis for our understanding of tropical

island adaptation in A. cerana and provides a reference for subsequent

improvement of germplasm resources.

In conclusion, our study benefits from the newly discovery of A.

cerana sanshasis and enhances our knowledge of distribution of

Chinese honeybee. We have resolved the evolutionary origins of A.

cerana sanshasis and revealed potential mechanisms for its

adaptation to the island environment. This provides an important

theoretical basis for the subsequent preservation and utilization of

honeybee genetic resources.
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