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ABSTRACT 

 

The honey bee is an important animal model in agricultural industry and basic sciences to 

understand molecular and neural mechanisms underlying various repertoires of social 

behavior. Along with its importance, the genome information of the Western honey bee, Apis 

mellifera, was published in 2006. The Eastern honey bee, Apis cerana, which is being raised 

in many Asian countries for thousands years and have brought considerable economic 

benefits to apicultural industry and showed different biological traits compared to A. 

mellifera, have played a key role in keeping the biodiversity of eastern and southern part of 

Asia. However, the genome information of A. cerana is currently unknown. In this respect, 

we here report whole genome information of A. cerana using de novo sequencing methods. 

The present study, we first reported the 238 Mbp draft genome of the A. cerana. We also 
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assembled 99% completed circular mitochondrial genome. We generated 10,651 genes and 

analyzed orthologous protein groups between social and non-social insects. Of these genes, 

about 72% genes had more than one GO term and 1,696 enzymes were categorized into 125 

pathways. Genes involved in chemoreception and immunity were carefully identified, which 

appeared the similar expansion to A. mellifera. Here we specially characterized 8 gustatory 

receptors (Grs), 119 odorant receptors (Ors), and 10 ionotropic receptors (Irs) in A. cerana 

genome and 55 immune-related genes.  

 

Keywords: Apis cerana, Eastern honeybee, Genome, Social insect, Chemosensory receptors, 

Honeybee immune 
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1. Introduction  

Insects are the most abundant creatures on earth [1]. This diversity of insect species have 

influenced both scientifically and socially on many different fields, such as, agricultural industry, 

human health, biomedical research, alternative energy resources, and the core of the biodiversity 

conservation [2]. Nevertheless, the genomic approach of insect species is still limited and 

concentrated on restricted insect species so far [3]. Up to date, the completed insect genome 

sequences from 45 insect species were announced [4]. 

Among insect species, hymenopteran insects are comprised of approximately 100,000 

species which mainly include sawflies, wasps, ants, and bees [5]. Up to now, the genome information 

of 15 hymenopteran species is currently completed, and most of which were ‘eusocial’ insects. The 

honey bee, one of the well-known species with eusocial systems, has been widely used as a model for 

studying the social behavior and human health interests [6]. Because of the importance as a biological 

model, the genomic sequence information of the Western honey bee, Apis mellifera, was published 

previously [7]. The study of honey bee genome has provided invaluable information for 

understanding the evolution of the sociality and the relationship between behaviors and molecular 

genetics [8].  

The Eastern or Asian honey bee, Apis cerana, inhabits in the eastern and southern parts of 

Asia and widely-kept in those areas. It is considered that A. mellifera and A. cerana were diverged in 

about one and two million years ago, which is thought to be a latest event in genus Apis [9, 10]. 

However, they adapted completely different geographical region and nesting environment. Unlike the 

Western honey bee, A. mellifera, which has been well-domesticated for a long time, A. cerana is still 

lives in the wild [11, 12]. Since they have undesirable traits to keep them inside the manmade hives, 

such as frequent swarming and extremely sensitive to protect their colony, A. cerana is considered to 

be difficult to be domesticated [13]. However, A. cerana showed several strong traits (or 

characteristics?) such as adaptation to an extreme weather condition, effective group-level defending, 

and pollinating the high altitude plants and flowers [12]. Moreover, they bring considerable economic 
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benefits to apicultural industry and play a key role in keeping the biodiversity of eastern and southern 

part of Asia [11, 12, 14, 15].  

The detection of chemical cues is essential for the maintenance of honey bee colonies [16]. 

They employ chemosensory receptors in many different contexts such as, navigation to the location of 

flowers, chemical communication, and perceiving the internal situations of colony [17]. The first 

honey bee chemosensory receptors were discovered from the genome sequence of A. mellifera, which 

appear to be a remarkable expansion (~160 genes) compared to other insect species, excluding 

Nasonia species [16]. However, in A. cerana, only two odorant receptor sequences are available in 

NCBI. It would be interesting to compare the gene information and functions of the chemosensory 

receptors between A. mellifera and A. cerana, which would be provide an insight into evolution of 

chemosensory receptor genes of two honey bee species.  

In recent years, similar to the A. mellifera, the population of A. cerana has also been gradually 

decreased for several reasons, most likely caused by pathogenic diseases [18]. The ectoparasitic mite, 

Varroa destructor, is considered to be one of the most harmful pathogen to A. mellifera transferring 

various bee viruses such as deformed wing virus (DWV) and sacbrood virus (SBV) [14]. Whereas, 

colonies of A. cerana suffer less damage from V. destructor since they have more effective grooming 

and hygienic behaviors than A. mellifera [19]. However, it has been reported that SBV infection 

causes more severe damage to A. cerana colonies than A. mellifera [18]. Genetic differences could 

affect the resistance and susceptibility of honey bee. However, up to date, genomic research efforts to 

understand A. cerana immune systems have been extremely sluggish [11].  

In this report, we first announced the genome and gene information of the Eastern honey bee, 

A. cerana, and we focus on several gene sets related to chemoreception and immunity which exhibit a 

distinct difference in behavioral characteristics compared to Western honey bee, A. mellifera. This 

genome announcement will provide a shortcut for understanding the novel characteristics of 

indigenous honey bee species and insights into eusociality that are comparable with those ants and 

Western honeybee genome.  
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2. Results and Discussion 

2.1. Genome assembly and organization  

2.1.1. Sequencing and assembly  

Since the honey bee has haplodiploidy system in which males (drones) have a haploid and 

the females (workers and queens) a diploid, we collected and sequenced seven drones derived from a 

single colony. In addition, to minimize the possible contamination of foreign genomes such as 

bacteria or viruses, we used individual drone bees without mid-gut tissues. A total 103 Gbp raw data 

was generated by normal paired end (PE) library with insert size 500 bp, and mate paired end (MP) 

libraries with an insert size 3 and 10 Kbp (Table 1). Subsequently, low quality and duplicated 

sequences were removed for the high quality assembly, after which about 20.5 Gbp (35%), 8.8 Gbp 

(41%), and 6.8 Gbp (30%) reads were remained in PE 500bp, MP 3kbp, and MP 10kbp libraries, 

respectively (Table 1). Filtered raw reads were assembled into 18,160 contigs from which 2,430 

scaffolds with total 228,315,917 bp length were generated. To assess the accuracy of the scaffold 

assembly, we realigned the longest (10kbp) MP library onto the scaffolds. Each MP library was 

mapped evenly onto the scaffold and we did not find any misassembly errors. A total of assembled 

scaffolds covers approximately 96% of estimated whole genome size, 238 Mbp, and predicted 

coverage was about 152X. The N50 scaffold size was turned out to be 1,421,626 bp (Table 2). The 

genomic features of A. cerana such as estimated whole genome size, low G + C level, and low repeat 

content was comparable to A. mellifera genome.  
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Table 1. Sequencing raw data summary 

Library 

Raw data   
 

Filtered clean data   Sequence coverage (X) 

Number of reads length (bp) 

 

Number of reads length (bp) 

 

PEa 500 bp 290,571,627  58,695,468,654  
 

101,647,459  20,532,786,718 (35%) 86 

MPb 3 kb 214,359,129  21,435,912,900  

 

87,974,983  8,797,498,300 (41%) 37 

MP 10 kb 229,499,284  22,949,928,400  

 

68,408,294  6,840,829,400 (30%) 29 

Total 734,430,040  103,081,309,954  
 

258,030,736  36,171,114,418 (35%) 152 

The raw data were filtered by high stringency and more detailed information described in Method. 
a
Paired end 

sequencing, 
b
Mate-paried end sequencing.  

 

Table 2. Genome assembly summary 

Summary Number 

Estimated genome size, bp  238,934,385 

Total sequence length, bp 228,315,917 

Number of contigs 18,160 

Number of scaffolds 2,430 

  Scaffolds N50 length, kb 1,421,626 

  Largest scaffold length, bp 6,352,280 

  Average scaffod length, bp 93,957 

  Number of (A + T)s, % 60.19 

  Number of (G + C)s, % 30.02 

  Number of Ns, % 9.79 

Repeats length, bp 14,794,603  

Interspersed repeats, bp 4,448,613  

Simple repeats, bp 8,167,274  

Size of estimated genome and statistics of assembled scaffolds. The N50 scaffod size indicated that 50% of 

nucleotides in the assembly occur in scaffolds of length more than or equal to the N50 size.  
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2.1.2. Repetitive elements  

The A. cerana assembly contains 4,448,613 bp of interspersed repeats (1.95% of genome) 

including 75 A. cerana specific repeat elements, though the majority of repeats were unclassified 

(Table 2). Interestingly, A. cerana genome is devoid of transposable elements (TEs) except a few 

mariner subfamily that have an orthologous with AmMar3, AmMar4, AmMar5, and AmMar6, which 

are known as older lineages of mariner family elements [7]. On the other hand, we could not find 

AmMar1 and AmMar2 orthologous in A. cerana, which were considered as to be transferred recently 

into A. mellifera genome [20, 21]. It could be inferred that AmMar1 and AmMar2 were transferred 

into A. mellifera genome after two species were diverged. Estimates of divergent time for A. cerana-

mellifera species group are 1 to 2 million years ago [9]. According to the previous study of A. 

mellifera genome, the lack of transposable and retrotransposable elements are one of the major 

features of honey bee genome and it could possibly be explained by haplodiploid genetic system [7]. 

Nevertheless, this characteristic contrasted obviously with interspersed repeats in other sequenced 

Hymenopteran genome, such as about 8-25% in ants and 4% in parasitoid wasp [22-26]. It is assumed 

that the low number of repetitive sequence in A. cerana genome enabled to scaffold assembly without 

difficulties. 
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Table 3. Summary of repetitive elements in the A. cerana genome  

  

Repeat type Number of elements Length occupied Percentage of sequence 

SINEs 0 0 bp 0.00 % 

ALUs 0 0 bp 0.00 % 

MIRs 0 0 bp 0.00 % 

LINEs 0 0 bp 0.00 % 

LINE1 0 0 bp 0.00 % 

LINE2 0 0 bp 0.00 % 

L3/CR1 0 0 bp 0.00 % 

LTR elements 371 218929 bp 0.10 % 

ERVL 0 0 bp 0.00 % 

ERVL-MaLRs 0 0 bp 0.00 % 

ERV_classⅠ 0 0 bp 0.00 % 

ERV_classⅡ 0 0 bp 0.00 % 

DNA elements 924 247574 bp 0.11 % 

hAT-Charlie 0 0 bp 0.00 % 

TcMar-Tigger 0 0 bp 0.00 % 

Unclassified 19307 3982110 bp 1.74 % 

Total interspersed repeats  4448613 bp 1.95 % 

Small RNA 0 0 bp 0.00 % 

Satellites 0 0 bp 0.00 % 

Simple repeats 183134 8167274 bp 3.58 % 

Low complexity 41444 2190941 bp 0.96 % 

Total bases masked  14794603 bp 6.48 % 
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2.1.3. Mitochondrial genome 

In 2011, the first mitochondrial DNA (mtDNA) of A. cerana, originated from southeastern 

China, was sequenced and the genome organization and gene features were analyzed [27]. In the 

present assembly, we identified the complete mt genome of A. cerana stemmed from South Korea. It 

showed high sequence similarities (~ 99%) compared with that of published A. cerana mtDNA, 

supporting that our de novo assembly was considerably reliable.  

The mtDNA has been widely used as genetic markers of phylogenetic systematics and 

evolutionary relationships among the species [28]. So far, the biogeography and taxonomy of A. 

cerana was studied to rely entirely on morphology and behavioral trait [9]. Whole genome sequencing 

of A. cerana is the second genus of Apis, after A. mellifera, and thus, we anticipated that the 

information on mt genome of A. cerana will provide us substantial clues on evolution of Apis species 

and exploration of the origin of A. cerana.  

 

2.2. Analysis of A. cerana gene set  

Due to the limited data sets of expressed sequence tags (ESTs) and complementary DNAs 

(cDNAs) of A. cerana, we established a gene annotation pipeline using both computational prediction 

and manual curation (Table 4). Firstly, we generated 213,327 transcripts with 515,809,639 bp using 

De novo assembly from 68 Gbp amounts of A. cerana transcriptome data. Secondly, the RNA-

sequencing data was mapped to scaffold sequences, which resulted in 31,027 gene models with 

96,495,948 bp. Next, we performed computational gene annotation using scaffolds sequences, which 

generated 24,579 genes with 18,397,906 bp. Additionally, we employed A. mellifera Reference 

sequence (RefSeq) collected from National Center for Biotechnology Information (NCBI) [29] as a 

reference species to obtain homologues-based gene annotation. Finally, we merged all predicted gene 

models with the MAKER [30] program to generate a primary gene set. Subsequently, we checked and 

curated more than 10,000 primary gene models. Especially, chemoreceptor genes, which are odorant 
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receptors (Ors), gustatory receptors (Grs), and ionotropic receptors (Irs) were investigated more 

carefully based on the functional domain sequences (see Materials and Methods). Finally, 10,651 

genes were annotated as an official gene set (OGS) of A. cerana, OGS version 1.0 (Table 4), of which 

about 84% of genes were annotated with NCBI nr and about 70% of genes were annotated with 

Uniprot. Overall, the total number of A. cerana OGS v1.0 is comparable to the number of A. mellifera 

OGS v1.0, which totals 10,157 genes, but is less than N. vitripennis OGS v1.2, 17,219, and D. 

melanogaster initial prediction, 13,601 [7, 22, 31].  

We classified genes by functions using gene ontology (GO) and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) databases [32, 33], of which 6,338 genes (60%) had more than one GO 

term and 1,696 enzymes were categorized into 125 pathways. These included fatty acid synthesis and 

metabolism of glutathione and cytochrome P450 pathways that have been postulated in regard to 

nestmates recognition and detoxification of pesticides, respectively [34, 35]. Claudianos et al. (2006) 

reported that western honey bees, A. mellifera have fewer detoxification enzymes compared to fly and 

mosquito and this pattern is observed in A. cerana as well [35]. The lethal effects of pesticides against 

colony losses of A. mellifera are still a controversial issue, but it is almost certain that A. mellifera is 

unusually sensitive to various insecticides [36, 37]. However, the colonies of A. cerana have a little 

damage from a range of pesticides, which could be explained by the nature of A. cerana, such as 

frequent absconding behavior, small nest architecture, and foraging in high altitude region , thereby 

reducing the potential risks of pesticides.  
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Table 4. General statistics for gene modeling 

 Number of gene models Length, bp Number of BLAST hit 

Initial evaluation (Evidence data)    

Genome sequence, De novo 24,579 18,397,306  

RNA seq, De novo 213,327 515,809,639  

Genome + RNA seq 31,027 96,495,948  

Ref. genome Ortholog
a
 18,215 23,654,031  

Primary gene set    

Integrated evidence data 11,458 32,199,638 9,527 

Final gene set (OGS v1.0)    

Manual annotation 10,651   

a
NCBI RefSeq from http://www.ncbi.nlm.nih.gov/genome/48?project_id=13343 

 

2.3. Species-specific characteristics 

There are 3,759 A. cerana-specific genes relative to other species. The unique gene sets were 

analyzed with GO and we found several interesting terms associated with fascinating feature of A. 

cerana. Most of the enriched GO-terms were involved in muscle movement such as muscle structure 

development, muscle cell differentiation, muscle organ development, and actin filament-based process 

(p-value < 0.05 for all GO-term). A. cerana showed a higher wing beat frequencies than A. mellifera 

and flight pattern is quick, impetuous, and unpredictable compared to that of stable and uniform 

pattern in A. mellifera [9]. Flight is an important behavior in honey bee species, when bees faced with 

unexpected difficulties such as homing from foraging site under inclement weather or escaping from 

sudden predators. Thus, we suggest that some of those enriched proteins involved in muscle 

movement might be contributed to the A.cerana-specific flight pattern.  
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In addition, A. cerana does not produce propolis, which has an important role in defending 

pathogens in A. mellifera colonies due to its powerful antibiotic effects. Alternatively, A. cerana 

shows a number of group-level defensive operations. For example, when hornet comes to A. cerana 

colony, guard bees stop flying and raising up one’s abdomen and shake or flutter simultaneously 

together. Besides, A. cerana has been known to have effective grooming and hygienic behaviors, 

which could prevent a range of pathogen transmission within the colony. Interestingly, we also 

identified neural signaling related GO-term enriched in A. cerana unique gene set, including neuron 

recognition, signaling receptor activity, signal transduction, ion gated channel activity, and social 

behavior, which are a highly involved in chemical signaling between colony members (p-value < 0.05 

for all GO-term). Chemical signaling is an essential for social communication and genes related to 

signal transduction are known to have under strong evolutionary selection pressure, especially in 

honey bees [38]. It is assumed that some of the signal transduction related pathway genes may be 

affected by behavioral and physiological differences during evolution of two honeybees. Our results 

provide insights that there might be some relationships between exceptional social behavioral traits in 

A. cerana and species-specific sets of genes. 

 

2.4. Orthology analysis between social and non-social insect genomes  

The present study we focused on four well-studied insect genomes, which include two 

eusocial insects, Apis mellifera and Apis cerana, and two solitary insects, Drosophila melanogaster 

and Nasonia vitripennis. Of the total 10,651 proteins from A. cerana, 5,491 and 4,679 proteins were 

similar to A. mellifera (Hymenoptera, social insect) and N. vitripennis (Hymenoptera, non-social 

insect), respectively. On the other hand, 3,201 proteins were similar to D. melanogaster (Diptera, non-

social insect), indicating that proteins were shared more among Hymenoptera than Hymenoptera-

Diptera (Figure 1). There were 1,025 orthologous proteins between social insects, honey bees, 

implying that those orthologs are probably specific to chemical communication [23]. As expected, 

gene ontology (GO) analysis of those orthologues represented the GO-term, ‘sensory perception of 

smell (p-value < 1.75E-04)’ and ‘sensory perception of chemical stimulus (p-value < 7.55E-04)’ 
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which is crucial for the social communication. In addition, ‘carbohydrate transporter activity (p-value 

< 1.87E-02)’ term is enriched that could be related to cuticular hydrocarbon detection, and ‘regulation 

of short-term neuronal synaptic plasticity (p-value < 2.21E-02)’ and ‘transmembrane signaling 

receptor activity (p-value < 3.04E-02)’ term were enriched as well, which is involved in honey bee 

learning and memory.  

Epigenetic modifications have been known to be important in Hymenopteran species such as 

A. mellifera and N. vitripennis, in terms of both species have sophisticated lifestyle [22, 39]. 

Especially in western honey bee, A. mellifera, the genome encodes a full set of DNA 

methyltransferases (DNMT) which have an important role in gene expression regulation at the 

transcriptional level similar to human [40]. As this genome is the second report of the genus Apis, we 

focuesed to characterize the proteins including GO terms associated with epigenetic regulation 

(GO:0018027, GO:0018023, GO:0070577, GO:0042800, GO:0048096, and GO:0080182.; p-value < 

0.05 for all GO-ID) and transcription regulation (GO:0001078, GO:0001227, GO:0003680, 

GO:0000982, GO:0001071, GO:0003700, GO:0000976, GO:0043565, GO:0043388, and 

GO:0001012.;  p-value < 0.05 for all GO-ID). It is presumed that epigenetic regulations are 

conserved in Apis species, although it might be controlled by the different extent of gene expression 

level.  
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Figure 1. Comparative analysis of orthologous protein groups between social and nonsocial 

insect genome 

 

2.5. Chemoreceptor gene family  

Detecting chemical cues in insect is mostly mediated by Grs, Ors, and Irs, which belongs to 

chemoreceptor superfamily [16, 41-44]. In social insects such as ants and honey bees, chemical 

communications are crucial for colony maintenance and cooperation between colony members [45-

47]. Here, we newly characterized 8 Grs, 119 Ors, and 10 Irs from A. cerana genome. This it is likely 

to be an underestimate of total number of chemoreceptor genes in A. cerana, but those annotated 

genes are well organized and comparable to that of A. mellifera [16] and N. vitripennis [43].  

 

2.5.1. The gustatory receptor family 

Figure 3 demonstrates that phylogenetic relationships of Grs from three hymenopteran 

insects and D. melanogaster. Robertson and Wanner [16] demonstrated that honey bee have a small 
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number of Grs (13 Grs, H. M. Robertson, personal communication) compared to other insects such as 

D. melanogaster (68 Grs, [41]), N. vitripennis (58 Grs, [43]), and L. humile (116 Grs, [25]). Similarly, 

we found just eight Gr genes in A. cerana genome and we named these A. cerana Grs (AcGrs) along 

with A. mellifera Grs (AmGrs) based on orthology analysis. All identified AcGrs showed simple 

orthologous relationships with AmGrs and most of them also have orthologous relationships with N. 

vitripennis Grs (NvGrs) including AcGr1, 2, 3, 6, 7, 9, and 10 (Figure 2). It may be indicated that Gr 

genes are highly conserved within hymenopteran species. Similar to the A. mellifera Gr repertoires, 

AcGr1 and AcGr2 lineages in a phylogenetic analysis showed the expansion along with sugar 

receptors in D. melanogaster, such as DmGr5a, DmGr61a and DmGr64a/f [48-50]. Also, AcGr3 

represented to cluster a clade with DmGr43a subfamily, was reported to be a fructose receptor, also 

functioning as nutrient sensor in Drosophila brain [51]. Unfortunately, the remaining AcGr6, 7, 9, 10, 

and X lineages have no apparent relationships with DmGrs which have identified their ligands. Just 

like the case of A. mellifera Grs, bitter taste receptor are seemed to be lost in A. cerana genome, 

which has been believed as a consequence of coevolution of bees and plants as well as eusocial 

lifestyle of honey bees [16] but not in ants [24, 25]. Additionally, the carbon dioxide receptor is also 

absent in A. cerana like some of other arthropod genomes. Yet A. cerana can detect carbon dioxide, 

indicating that they might be introduced peculiar molecular mechanisms.  

We were unable to find orthologous genes with AmGr4, AmGr5 and AmGr8 in A. cerana 

genome, although we assumed that they might have existed either forms of degradation or 

pseudogenes in A. cerana genome. 
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Figure 2. Phylogenetic tree of the gustatory receptor (Gr) family in Apis cerana, Apis mellifera, 

Nasonia vitripennis and Drosophila melanogaster. Phylogenetic tree were analyzed using four insect 

gustatory receptor proteins. All sequences were obtained from NCBI. Each branches color represents a species, 

magenta, A. mel; green, d. mel; blue, N.v; and red, A. cer. The sequences were aligned with CLUSTALW and 

the tree was built with MEGA5 under the JTT model of substitution with 1000 bootstrap replicates.  

 

2.5.2. The odorant receptor family 

As A. mellifera genome was uncovered, it was remarkable findings that honey bee genome 

contained a large expansion of Or genes, which may play an important role in recognition and 

communication among inter and intra specific relationships [16]. It is believed that honey bees use 

their odorant receptors in many different contexts, such as kin recognition, food navigation, and 

pheromone detection [16, 46, 52]. Despite of the significance of odorant receptors in honey bees, the 
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functional identification of these Ors has been extremely limited compared to other model insect 

species such as fly and mosquito. In A. cerana genome, we identified total 119 Or genes, including 5’- 

or 3’- partial sequences, all of which contained seven-transmembrane-domain. We named AcOrs by 

the sequential positions in the scaffold order instead of considering the orthologous relationship with 

AmOrs. Annotated AcOrs included partial sequences, due to the frameshift or the presence of internal 

stop codons inside coding sequences.  

A total number of AcOrs was slightly lower than AmOrs, but we assumed that it may be due 

to miss-assembly or sequencing gaps. Most of AcOrs were tandemly located on the genome, for 

examples, 37 AcOrs, 15 AcOrs, and 17 AcOrs were shown to be arrayed on the scaffold 3, 103, and 

139, respectively. In A. mellifera, a largest tandem gene arrays found on chromosome 2 [16], whose 

synteny was shared with A. cerana scaffold 3 (Figure 3B). In addition, AcOr genes located on scaffold 

3 have a clear orthologous to AmOrs based on the sequence homology (E-value cut-off: 1e-40), 

presumably verifying the short evolutionary distances between two species [13, 53]. All identified 

AcOrs showed simple orthologous relationships with AmOrs, such as 1:1, 1:2, and 1:3 (AcOr:AmOr). 

Insect conventional Ors are known to form heterodimers with olfactory receptor co-receptor (Orco) in 

vivo to be functional [54-57]. In the present study, Orco of A. cerana, AcOr5, shared orthologous with 

other insect Orco: D. melanogaster DmOr83b, N. vitripennis NvOr1, and A. mellifera AmOr2 (Figure 

3A). Up to date, among 177 AmOrs, the function of AmOr11 protein has been characterized as a 

queen pheromone receptor responding to 9-oxo-2-decenoic acid (9-ODA) [52]. In our study, AcOr30 

have one to one orthologous to AmOr11, implying that its chemical ligands of this Or may be 

conserved between A. mellifera and A. cerana, especially detection of queen pheromone substance, 9-

ODA. Experimental verification using the heterologous expression systems needs to be done in the 

future. Overall, Or gene subfamilies clustered species-, social-, or solitary-specific expansion. Further, 

functional genomic approaches of AcOrs and social hymenoptera Ors will help to understand their 

sophisticated behaviors associated with the eusociality.  
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Figure 3. Phylogenetic tree of the odorant receptor (Or) family in Apis cerana, Apis mellifera, 

Nasonia vitripennis and Drosophila melanogaster. (A) Phylogenetic tree were analyzed using four 

insect gustatory receptor proteins. All sequences were obtained from NCBI. Each branches color 

represents a species, magenta, A. mel; green, d. mel; blue, N.v; and red, A. cer. The sequences were 

aligned with CLUSTALW and the tree was built with MEGA5 under the JTT model of substitution 

with 1000 bootstrap replicates. (B) Each trapezoid connects a matching gene model between two 

species. (C) CLUSTALW alignment of A. mellifera odorant receptor 11 and A. cerana odorant 

receptor 30.  
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2.5.3. The ionotropic receptor family  

Recently, a new family of chemesensory receptors, the ionotropic receptor (Ir) family, was 

identified in D. melanogaster [42]. The Irs of D. melanogaster constitute a distinct and divergent 

subfamily of ionotropic glutamate receptors (iGluRs). In total, 66 Ir genes were identified in D. 

melanogaster [44] and 16 Ir genes were shown to be specifically expressed in antennae [42]. They 

suggested that Irs can be classified in two subgroups: the conserved antennal Irs and the species-

specific divergent Irs. The antennal Irs were appeared to emerge the first Or family of insects and the 

divergent Irs to be implicated in taste [44]. In contrast to Ors, which are broadly responded to alcohols, 

ketones, and esters, Irs are detected primarily to acid, amines, and carbon dioxide which are known to 

be physiologically and behavioral important in many insect species [58-61]. Although the function of 

these receptors is still fully unknown, it is likely that at least some of Irs play roles in taste detection. 

These previous studies suggest that Irs might have a more general function in detection of 

environmental chemicals including odors and tastants.  

The Irs are also likely to be involved chemosensory perception which play an important role in 

colony communication in honey bee. Although the number of Irs identified in insects are currently 

increasing [44, 62, 63], Irs have been described in four hymenopteran species by genome of A. 

mellifera, N. vitripennis, L. humile, and P. barbatus [7, 22, 24, 25]. In the present work, we found 10 

Ir genes (Figure 4), whereas 10 in A. mellifera, 10 in N. vitripennis, 24 in P. barbatus and 32 in L. 

humile. Sequence comparison and phylogenetic analysis of Irs with D. melanogaster and A. mellifera 

identified putative orthologs of conserved Irs that are expressed in insect olfactory organs: Ir8a, Ir25a, 

Ir68a, Ir75a, Ir76a and Ir93a [44]. As expected, there are highly conserved ortholog of the antennal Irs. 

Therefore, our results supported that antennal expression of Ir orthologues is conserved through 350 

million years when dipteran and hymenopteran insects were diverged [64]. Other Irs of A. cerana 

appear to be honey bee specific, with low similarity to orthology of other insect receptors, and it may 

be used for species-specific recognition behavior including candidates for the cuticular hydrocarbon 

receptors and brood pheromone receptors. However, the expression pattern is unknown for the vast 
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majority of Irs and no ligands have been identified for any of honey bee Irs. Their functions and 

evolutionary driving force to their diversity remain unclear.  

Figure 4. Phylogenetic tree of the ionotropic receptor (Ir) family in Apis cerana, Apis mellifera, 

and Drosophila melanogaster. Phylogenetic tree were analyzed using four insect gustatory receptor 

proteins. All sequences were obtained from NCBI. Each branches color represents a species, magenta, 

A. mel; green, d. mel; blue, N.v; and red, A. cer. The sequences were aligned with CLUSTALW and 

the tree was built with MEGA5 under the JTT model of substitution with 1000 bootstrap replicates. 

 

2.6. Immune-related genes  

Honey bees are invaluable models for studying the social defense dynamics as well as 

behavioral and molecular individual defense mechanisms [65]. In contrast to A. mellifera, the 

ectoparasitic mite, Varroa destructor, one of the major vectors of various bee pathogens, was low 

detrimental effect in A. cerana since they have been evolved to have a resistance behavior. In recent 
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years, A. cerana suffers greatly from viral and bacterial diseases [66]. It was reported that more than 

90% of bee colonies decreased due to sacbrood virus (SBV) infection in Korea [67]. In addition, 

several Asian countries also suffer declines in A. cerana colonies. However, the molecular defense 

mechanism of A. cerana is still unknwon. Thus, we attempted to investigate the A. cerana immune 

genes by comparing the information of sequenced insect genome.  

A total 160 immune gene orthologues were identified in A. cerana using multiple TBLASTN 

searches, and 11 genes were additionally detected by manual annotation. All major pathways were 

detected in A. cerana, including components of Toll, Imd, Jak/Stat, and JNK pathways (Figure 5). 

Notably, BG4 (dFADD), an immune gene comprising of the Imd pathway, was not detected in A. 

cerana genome. Additionally, we compared social and non-social orthologs. As expected, the number 

of immune genes in A. cerana was fewer than other solitary insects such as, D. melanogaster and N. 

vitripennis (Table 4) [7, 24, 25]. It has been suggested that the social immunity such as cleaning 

behavior (hygienic behavior, grooming, and undertaking), thermal defense (lacks this behavior in A. 

mellifera), and nest architecture (resin collection) may contribute to a reduced exposure to the 

pathogens effectively, rather than the individual immunity [65].  

Most of immune genes in A. cerana shares a higher sequence similarity with the A. mellifera 

than other sequenced insects. It might simply be explained that innate immunity is conserved between 

A. cerana and A. mellifera, and the evolution of those genes are relatively slow. Xu et al. (2009) 

reported that the number of protein coding gene is more in A. cerana than A. mellifera, and Park et al. 

(2014) suggested that A. cerana is more strongly influenced by the selection pressure on defense 

peptides than A. mellifera. In addition, there have been some reports on uniqueness of strong 

behavioral defense of A. cerana [11, 19, 66], supporting that A. cerana might have effective defense 

systems against some pathogens and parasites. Although molecular evaluation of immune defense 

ability is needed, the investigation of genomic information of immune genes would allow us to gain 

further knowledge of disease controlling and breeding healthy colonies for Eastern honey bee, A. 

cerana.  
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Table 4. Immune related gene set counts in social and non-social insect, Apis cerana, Apis 

mellifera, Nasonia vitripennis, L. humile, and Drosophila melanogaster.  

Gene family A. cerana A. mellifera L. humile N. vitripennis D. melanogaster 

Recognition 

     

PGRP-S 1 3 4 3 7 

PGRP-L 2 1 2 1 15 

GNBP 2 1 4 3 7 

Galectins 2 2 3 2 5 

C-type lectins 5 10 

 

2 35 

Scavenger receptor A 0 2 0 3 5 

Scavenger receptor B 4 9 4 15 13 

Scavenger receptor C 1 1 1 2 4 

Signalling 

     

CLIP serine proteases 21 18 7 9 37 

Serpin 1 3 4 6 30 

Toll 3 5 9 9 9 

Cactus 1 1 0 1 1 

Dorsal 1 2 1 2 2 

Relish 1 2 0 1 3 

Effectors 

     

Prophenoloxidase 1 2 1 3 3 

Defensins 2 2 1 2 1 

Other immune peptides
a
 3 5 1 5 19 

Lysozyme 2 3 2 3 14 

TEP 3 4 3 1 6 

a
abaecin, apidaecin, hymenoptaecin, 
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Figure 5. Candidate immune related pathways in A. cerana 
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3. Methods 

3.1. Sample collection, DNA and RNA extraction 

Adult drone bees of A. cerana were collected in a single colony in College of Agriculture 

and Life Sciences, Seoul National University (SNU), Seoul, Korea during the summer season in 2012. 

The genomic DNA was extracted from seven eviscerated individual drone bees using Wizard 

Genomic DNA Purification kit (Promega, MI, US) according to the manufacturer’s protocol. For 

RNA extraction, female worker bees were collected from 3 different colonies in same location, SNU, 

and frozen in liquid N2 and stored -80°C prior to dissection. The brain, antennae, hypopharyngeal 

gland, gut, fat body, and venom gland were dissected in cold RNase free PBS and stored at -80°C. 

Total RNA was isolated from each tissue individually using the QIAGEN RNeasy Mini Kit (Qiagen, 

CA, US) according to the manufacturer’s protocol.  

 

3.2 DNA and RNA library construction and sequencing 

The genomic DNA for shotgun sequencing library were sheared with an average fragment 

size of 500bp, 3kb, and 10kb. Each of the three DNA libraries was constructed using the sequencing 

platform by manufacture’s protocol (Illumina CA, US). Briefly, Total of 5, 10 and 20 μg of genomic 

DNA were initiated for a whole genome random shearing step to construct 500bp, 3kb, and 10kb 

libraries, respectively. The fragments were ligated with 3’ and 5’ adapters to sequencible libraries 

which were clustered with PCR amplification on the flow cells and were sequenced through 

sequencing by synthesis in the Illumina HiSeq2000 platform. For mRNA sequencing, cDNA library 

preparation was performed using Illumina mRNA sequencing kit (Illumina, CA, US) and FastTrack™ 

MAG Micro mRNA isolation kit (Life Technologies, cat no. K1580-01). Each kit was used following 

the protocol as provided by the manufacturer. Subsequently, libraries were sequenced using Illumina 

HiSeq2000 and Roche 454 GS-FLX (Roche, UK) sequencer platforms.  
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3.3. De novo Genome assembly 

The shotgun fragment sequencing reads were generated from Illumina HiSeq2000 platform. 

The raw sequencing data with ≤ 20 Phred score were filtered out and those sequencing reads were 

selected for error correction of reads from fragment libraries. After filtration, the high quality reads 

were assembled using AllPaths-LG (version 42411, [68]) algorithm with optimized parameters. 

 

3.4. Repeat analysis  

Identifications for the A. cerana repeat elements were performed using RepeatModeler 

(version 1.0.7, [69]) with a default option. Subsequently, RepeatMasker (version 4.03, [70]) screened 

DNA sequences against a curated library of A. cerana repetitive elements using the RepBase (update 

20130422, [71]) as the repeat database, and masked all the regions that match a known repetitive 

element family.  

 

3.5. Analysis of mitochondrial DNA  

Comparison of mtDNA sequence to published mt genome of A.cerena (NCBI GQ162109) 

performed using BLAST Ring Image Generator (BRIG, version 0.95, [72]) with the default options. 

The percentage of identity between A. cerana genome assembly and NCBI GQ162109 was 

determined by BLAST2 [73].  

 

3.6. Gene annotation 

Pipelines for the gene annotation from the assembled genome of A. cerana were as follows: 

1) Assembly of RNA sequencing data using Trinity (version R2013-02-25, [74]) software; 2) Mapping 

RNA sequence data to de novo genome assembly sequence of A. cerana using Cufflinks (version 

2.1.1, [75]); 3) Prediction of gene set using GeneMark.hmm (version 2.5f, [76]) in de novo assembly 
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consensus sequence. A final gene set was created by synthesizing the evidence data using the 

MAKER (version 2.26-beta, [30]) pipeline. 

3.6.1. RNA seq assembly  

The raw data from RNA-seq were assembled by mapping to the A. cerana consensus 

genome sequence. The number of reads was 680,167,012 with total length of 68,764,771.5 kb. And 

after filtration, cleaned data was 403,335,352 reads and the total length was 40,534,384,047 bp. All 

predicted gene sets were compared with NCBI non-redundant databases.  

3.6.2. Decision of gene set  

The preliminary gene set was synthetically integrated by MAKER [30] using three different 

evidence data. The automated gene model was used to BLAST search with the NCBI nr dataset. All of 

ab initio gene predictions assembled with Apollo (version 1.9.3) and were then manually checked 

based on evidence data for correction of miss-prediction.  

 

3.7. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

analysis   

Total of 213,327 contigs of consensus sequences were annotated using BLASTX, based on 

the sequence similarity with known proteins in the non-redundant (NR) database in NCBI. The genes 

were classified with Gene Ontology (GO) terms using blast2GO (ver.2.7) with Mysql DBMS 

(ver.5.0.77). Different genes were subsequently counted by matching gene description of annotated 

genes. 

 

3.8. Orthology analysis  

The protein sets of four insect species were obtained from A. cerana OGS v1.0, A. mellifera 

OGS v1.0 [29], N. vitripennis OGS v1.2 [29], and D. melanogaster (r5.54). We performed BLAST 
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using all protein sets and those results were compared using NCBI blastclust (version 2.2.26, [77]) 

with custom parameters. For comparative purposes, we identified pairs of sequences with statistically 

significant matches using a single-linkage clustering algorithm.  

 

3.9. Gene set identification and annotation 

3.9.1. Chemoreceptor family 

Chemosensory receptors such as odorant receptors (Ors), gustatory receptors (Grs), and 

Ionotropic receptors (Irs) in A. cerana genome sequences were searched with known annotated A. 

mellifera Ors (AmOrs) and Grs (AmGrs) (personally received from Dr. Robertson H.M.) and other 

insect Or, Gr, and Ir sequences that were downloaded from NCBI RefSeq and used as a query using 

TBLASTN [78]. In order to search novel chemoreceptor genes of A. cerana, we took functional 

domains sequences such as PF02949, PF08395, and PF00600 domains from the Pfam database [79]. 

The genomic sequences encoding chemoreceptor proteins were matched with ab initio gene 

predictions (see Gene annotation section) and verified using MOTIF search program [80]. Annotated 

Or, Gr, and Ir proteins were aligned with ClustalX [81] to corresponding proteins of A. mellifera and 

were then manually corrected. Alignments were performed iteratively and each of sequences was 

refined based on these alignments to make complete AcOr, AcGr, and AcIr sequences. 

3.9.2. Analysis of shared synteny with the A. mellifera genome 

We used BLAST with the A. cerana Or genomic sequences located on scaffold 3 to compare 

the similarity with A. mellifera Ors on chromosome 2 and A. cerana scaffold (e-value < 1 x 10
-40

). 

Microsynteny analysis was performed using BLASTZ and illustrated by using a self-developed 

drawing program. 

3.9.3. Phylogenetic analysis  

Protein sequences of Or, Gr, and Ir genes of D. melanogaster, A. mellifera, N. vitrepennis, 

and A. cerana were used for phylogenetic analysis. Manually curated amino acid sequences of Or, Gr, 
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and Ir proteins of A. cerana were aligned with well-annotated chemosensory receptors of the other 

three insects using ClustalX [81] and examined in Jalview [82]. Initial phylogenetic trees for the 

heuristic search were obtained by the Neighbor-Joining method to a matrix of pairwise distances 

estimated using a JTT model [44]. Evolutionary analysis was inferred by using the Maximum 

Likelihood method based on the JTT matrix-based model in MEGA5 [83]. The bootstrap analysis was 

performed by using 1000 replications.  
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국문초록 

 

 

모델 곤충으로서 꿀벌은 다양한 생물학 연구의 주요 도구로 2006년 서양벌의 전장 

유전체 서열이 밝혀진 이래로 다양한 분자생물학적 분석이 활발히 이루어지고 있다. 그

러나 중국, 한국, 일본, 인도 등 아시아 지역에 거주하는 동양종꿀벌(토종벌)에 대한 분

자 생물학적연구는 매우 미비한 상황이다.  

국내 고유 생물종의 유전체 정보를 확보하고 이를 이용하여 생물자원을 보호하는 것

은 매우 중요한 과제이다. 토종벌은 국내 토착종으로서 생물학적 연구 가치뿐만 아니라, 

2차산물의 경제적인 효과가 상당함에도 불구하고 질병 피해, 관리 기술 부족으로 인해 

점점 그 개체수가 줄어들고 있는 실정이다. 2009년 전국적으로 발생한 토종벌 낭충봉아

부패병으로 2008년 약 14천여 농가에서 314천봉군의 봉군 중 95% 정도가 폐사한 전
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례가 있으며 이 후 그 개체수가 급속하게 감소하게 있는 추세이다.  

본 논문은 세계 최초로 동양종꿀벌(Apis cerana) 계통의 전장 유전체 염기서열 분

석을 완료하였으며 다양한 Bioinformatic analysis를 통한 토종벌 지놈 특성 분석 및 유전

자 시퀀스 확보(약 10,600여개의 유전자 annotation)하였다. 또한 서양벌과 동양벌의 

미각 및 후각 수용체 시퀀스를 이용한 비교 유전체 분석, 토종벌 특이 발현 유용 유전체, 

면역관련 유전자를 pathway별 시퀀스 확보 등으로 이후 생물모델로서 토종벌의 사용을 

가능하게 하였다. 본 연구는 국내 토착종의 농업유전자원을 발굴하고 연구 기반을 마련

한 데 의의가 있으며, 아시아 지역에서 동양종꿀벌에 대한 생물자원 주권을 확보함으로

써 나고야 의정서에 대비하는데 큰 역할을 할 것으로 기대된다.  
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ABSTRACT 

 

The honey bee is an important animal model in agricultural industry and basic sciences to 

understand molecular and neural mechanisms underlying various repertoires of social 

behavior. Along with its importance, the genome information of the Western honey bee, Apis 

mellifera, was published in 2006. The Eastern honey bee, Apis cerana, which is being raised 

in many Asian countries for thousands years and have brought considerable economic 

benefits to apicultural industry and showed different biological traits compared to A. 

mellifera, have played a key role in keeping the biodiversity of eastern and southern part of 

Asia. However, the genome information of A. cerana is currently unknown. In this respect, 

we here report whole genome information of A. cerana using de novo sequencing methods. 

The present study, we first reported the 238 Mbp draft genome of the A. cerana. We also 
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assembled 99% completed circular mitochondrial genome. We generated 10,651 genes and 

analyzed orthologous protein groups between social and non-social insects. Of these genes, 

about 72% genes had more than one GO term and 1,696 enzymes were categorized into 125 

pathways. Genes involved in chemoreception and immunity were carefully identified, which 

appeared the similar expansion to A. mellifera. Here we specially characterized 8 gustatory 

receptors (Grs), 119 odorant receptors (Ors), and 10 ionotropic receptors (Irs) in A. cerana 

genome and 55 immune-related genes.  

 

Keywords: Apis cerana, Eastern honeybee, Genome, Social insect, Chemosensory receptors, 

Honeybee immune 
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1. Introduction  

Insects are the most abundant creatures on earth [1]. This diversity of insect species have 

influenced both scientifically and socially on many different fields, such as, agricultural industry, 

human health, biomedical research, alternative energy resources, and the core of the biodiversity 

conservation [2]. Nevertheless, the genomic approach of insect species is still limited and 

concentrated on restricted insect species so far [3]. Up to date, the completed insect genome 

sequences from 45 insect species were announced [4]. 

Among insect species, hymenopteran insects are comprised of approximately 100,000 

species which mainly include sawflies, wasps, ants, and bees [5]. Up to now, the genome information 

of 15 hymenopteran species is currently completed, and most of which were ‘eusocial’ insects. The 

honey bee, one of the well-known species with eusocial systems, has been widely used as a model for 

studying the social behavior and human health interests [6]. Because of the importance as a biological 

model, the genomic sequence information of the Western honey bee, Apis mellifera, was published 

previously [7]. The study of honey bee genome has provided invaluable information for 

understanding the evolution of the sociality and the relationship between behaviors and molecular 

genetics [8].  

The Eastern or Asian honey bee, Apis cerana, inhabits in the eastern and southern parts of 

Asia and widely-kept in those areas. It is considered that A. mellifera and A. cerana were diverged in 

about one and two million years ago, which is thought to be a latest event in genus Apis [9, 10]. 

However, they adapted completely different geographical region and nesting environment. Unlike the 

Western honey bee, A. mellifera, which has been well-domesticated for a long time, A. cerana is still 

lives in the wild [11, 12]. Since they have undesirable traits to keep them inside the manmade hives, 

such as frequent swarming and extremely sensitive to protect their colony, A. cerana is considered to 

be difficult to be domesticated [13]. However, A. cerana showed several strong traits (or 

characteristics?) such as adaptation to an extreme weather condition, effective group-level defending, 

and pollinating the high altitude plants and flowers [12]. Moreover, they bring considerable economic 
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benefits to apicultural industry and play a key role in keeping the biodiversity of eastern and southern 

part of Asia [11, 12, 14, 15].  

The detection of chemical cues is essential for the maintenance of honey bee colonies [16]. 

They employ chemosensory receptors in many different contexts such as, navigation to the location of 

flowers, chemical communication, and perceiving the internal situations of colony [17]. The first 

honey bee chemosensory receptors were discovered from the genome sequence of A. mellifera, which 

appear to be a remarkable expansion (~160 genes) compared to other insect species, excluding 

Nasonia species [16]. However, in A. cerana, only two odorant receptor sequences are available in 

NCBI. It would be interesting to compare the gene information and functions of the chemosensory 

receptors between A. mellifera and A. cerana, which would be provide an insight into evolution of 

chemosensory receptor genes of two honey bee species.  

In recent years, similar to the A. mellifera, the population of A. cerana has also been gradually 

decreased for several reasons, most likely caused by pathogenic diseases [18]. The ectoparasitic mite, 

Varroa destructor, is considered to be one of the most harmful pathogen to A. mellifera transferring 

various bee viruses such as deformed wing virus (DWV) and sacbrood virus (SBV) [14]. Whereas, 

colonies of A. cerana suffer less damage from V. destructor since they have more effective grooming 

and hygienic behaviors than A. mellifera [19]. However, it has been reported that SBV infection 

causes more severe damage to A. cerana colonies than A. mellifera [18]. Genetic differences could 

affect the resistance and susceptibility of honey bee. However, up to date, genomic research efforts to 

understand A. cerana immune systems have been extremely sluggish [11].  

In this report, we first announced the genome and gene information of the Eastern honey bee, 

A. cerana, and we focus on several gene sets related to chemoreception and immunity which exhibit a 

distinct difference in behavioral characteristics compared to Western honey bee, A. mellifera. This 

genome announcement will provide a shortcut for understanding the novel characteristics of 

indigenous honey bee species and insights into eusociality that are comparable with those ants and 

Western honeybee genome.  
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2. Results and Discussion 

2.1. Genome assembly and organization  

2.1.1. Sequencing and assembly  

Since the honey bee has haplodiploidy system in which males (drones) have a haploid and 

the females (workers and queens) a diploid, we collected and sequenced seven drones derived from a 

single colony. In addition, to minimize the possible contamination of foreign genomes such as 

bacteria or viruses, we used individual drone bees without mid-gut tissues. A total 103 Gbp raw data 

was generated by normal paired end (PE) library with insert size 500 bp, and mate paired end (MP) 

libraries with an insert size 3 and 10 Kbp (Table 1). Subsequently, low quality and duplicated 

sequences were removed for the high quality assembly, after which about 20.5 Gbp (35%), 8.8 Gbp 

(41%), and 6.8 Gbp (30%) reads were remained in PE 500bp, MP 3kbp, and MP 10kbp libraries, 

respectively (Table 1). Filtered raw reads were assembled into 18,160 contigs from which 2,430 

scaffolds with total 228,315,917 bp length were generated. To assess the accuracy of the scaffold 

assembly, we realigned the longest (10kbp) MP library onto the scaffolds. Each MP library was 

mapped evenly onto the scaffold and we did not find any misassembly errors. A total of assembled 

scaffolds covers approximately 96% of estimated whole genome size, 238 Mbp, and predicted 

coverage was about 152X. The N50 scaffold size was turned out to be 1,421,626 bp (Table 2). The 

genomic features of A. cerana such as estimated whole genome size, low G + C level, and low repeat 

content was comparable to A. mellifera genome.  
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Table 1. Sequencing raw data summary 

Library 

Raw data   
 

Filtered clean data   Sequence coverage (X) 

Number of reads length (bp) 

 

Number of reads length (bp) 

 

PEa 500 bp 290,571,627  58,695,468,654  
 

101,647,459  20,532,786,718 (35%) 86 

MPb 3 kb 214,359,129  21,435,912,900  

 

87,974,983  8,797,498,300 (41%) 37 

MP 10 kb 229,499,284  22,949,928,400  

 

68,408,294  6,840,829,400 (30%) 29 

Total 734,430,040  103,081,309,954  
 

258,030,736  36,171,114,418 (35%) 152 

The raw data were filtered by high stringency and more detailed information described in Method. 
a
Paired end 

sequencing, 
b
Mate-paried end sequencing.  

 

Table 2. Genome assembly summary 

Summary Number 

Estimated genome size, bp  238,934,385 

Total sequence length, bp 228,315,917 

Number of contigs 18,160 

Number of scaffolds 2,430 

  Scaffolds N50 length, kb 1,421,626 

  Largest scaffold length, bp 6,352,280 

  Average scaffod length, bp 93,957 

  Number of (A + T)s, % 60.19 

  Number of (G + C)s, % 30.02 

  Number of Ns, % 9.79 

Repeats length, bp 14,794,603  

Interspersed repeats, bp 4,448,613  

Simple repeats, bp 8,167,274  

Size of estimated genome and statistics of assembled scaffolds. The N50 scaffod size indicated that 50% of 

nucleotides in the assembly occur in scaffolds of length more than or equal to the N50 size.  
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2.1.2. Repetitive elements  

The A. cerana assembly contains 4,448,613 bp of interspersed repeats (1.95% of genome) 

including 75 A. cerana specific repeat elements, though the majority of repeats were unclassified 

(Table 2). Interestingly, A. cerana genome is devoid of transposable elements (TEs) except a few 

mariner subfamily that have an orthologous with AmMar3, AmMar4, AmMar5, and AmMar6, which 

are known as older lineages of mariner family elements [7]. On the other hand, we could not find 

AmMar1 and AmMar2 orthologous in A. cerana, which were considered as to be transferred recently 

into A. mellifera genome [20, 21]. It could be inferred that AmMar1 and AmMar2 were transferred 

into A. mellifera genome after two species were diverged. Estimates of divergent time for A. cerana-

mellifera species group are 1 to 2 million years ago [9]. According to the previous study of A. 

mellifera genome, the lack of transposable and retrotransposable elements are one of the major 

features of honey bee genome and it could possibly be explained by haplodiploid genetic system [7]. 

Nevertheless, this characteristic contrasted obviously with interspersed repeats in other sequenced 

Hymenopteran genome, such as about 8-25% in ants and 4% in parasitoid wasp [22-26]. It is assumed 

that the low number of repetitive sequence in A. cerana genome enabled to scaffold assembly without 

difficulties. 
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Table 3. Summary of repetitive elements in the A. cerana genome  

  

Repeat type Number of elements Length occupied Percentage of sequence 

SINEs 0 0 bp 0.00 % 

ALUs 0 0 bp 0.00 % 

MIRs 0 0 bp 0.00 % 

LINEs 0 0 bp 0.00 % 

LINE1 0 0 bp 0.00 % 

LINE2 0 0 bp 0.00 % 

L3/CR1 0 0 bp 0.00 % 

LTR elements 371 218929 bp 0.10 % 

ERVL 0 0 bp 0.00 % 

ERVL-MaLRs 0 0 bp 0.00 % 

ERV_classⅠ 0 0 bp 0.00 % 

ERV_classⅡ 0 0 bp 0.00 % 

DNA elements 924 247574 bp 0.11 % 

hAT-Charlie 0 0 bp 0.00 % 

TcMar-Tigger 0 0 bp 0.00 % 

Unclassified 19307 3982110 bp 1.74 % 

Total interspersed repeats  4448613 bp 1.95 % 

Small RNA 0 0 bp 0.00 % 

Satellites 0 0 bp 0.00 % 

Simple repeats 183134 8167274 bp 3.58 % 

Low complexity 41444 2190941 bp 0.96 % 

Total bases masked  14794603 bp 6.48 % 
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2.1.3. Mitochondrial genome 

In 2011, the first mitochondrial DNA (mtDNA) of A. cerana, originated from southeastern 

China, was sequenced and the genome organization and gene features were analyzed [27]. In the 

present assembly, we identified the complete mt genome of A. cerana stemmed from South Korea. It 

showed high sequence similarities (~ 99%) compared with that of published A. cerana mtDNA, 

supporting that our de novo assembly was considerably reliable.  

The mtDNA has been widely used as genetic markers of phylogenetic systematics and 

evolutionary relationships among the species [28]. So far, the biogeography and taxonomy of A. 

cerana was studied to rely entirely on morphology and behavioral trait [9]. Whole genome sequencing 

of A. cerana is the second genus of Apis, after A. mellifera, and thus, we anticipated that the 

information on mt genome of A. cerana will provide us substantial clues on evolution of Apis species 

and exploration of the origin of A. cerana.  

 

2.2. Analysis of A. cerana gene set  

Due to the limited data sets of expressed sequence tags (ESTs) and complementary DNAs 

(cDNAs) of A. cerana, we established a gene annotation pipeline using both computational prediction 

and manual curation (Table 4). Firstly, we generated 213,327 transcripts with 515,809,639 bp using 

De novo assembly from 68 Gbp amounts of A. cerana transcriptome data. Secondly, the RNA-

sequencing data was mapped to scaffold sequences, which resulted in 31,027 gene models with 

96,495,948 bp. Next, we performed computational gene annotation using scaffolds sequences, which 

generated 24,579 genes with 18,397,906 bp. Additionally, we employed A. mellifera Reference 

sequence (RefSeq) collected from National Center for Biotechnology Information (NCBI) [29] as a 

reference species to obtain homologues-based gene annotation. Finally, we merged all predicted gene 

models with the MAKER [30] program to generate a primary gene set. Subsequently, we checked and 

curated more than 10,000 primary gene models. Especially, chemoreceptor genes, which are odorant 
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receptors (Ors), gustatory receptors (Grs), and ionotropic receptors (Irs) were investigated more 

carefully based on the functional domain sequences (see Materials and Methods). Finally, 10,651 

genes were annotated as an official gene set (OGS) of A. cerana, OGS version 1.0 (Table 4), of which 

about 84% of genes were annotated with NCBI nr and about 70% of genes were annotated with 

Uniprot. Overall, the total number of A. cerana OGS v1.0 is comparable to the number of A. mellifera 

OGS v1.0, which totals 10,157 genes, but is less than N. vitripennis OGS v1.2, 17,219, and D. 

melanogaster initial prediction, 13,601 [7, 22, 31].  

We classified genes by functions using gene ontology (GO) and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) databases [32, 33], of which 6,338 genes (60%) had more than one GO 

term and 1,696 enzymes were categorized into 125 pathways. These included fatty acid synthesis and 

metabolism of glutathione and cytochrome P450 pathways that have been postulated in regard to 

nestmates recognition and detoxification of pesticides, respectively [34, 35]. Claudianos et al. (2006) 

reported that western honey bees, A. mellifera have fewer detoxification enzymes compared to fly and 

mosquito and this pattern is observed in A. cerana as well [35]. The lethal effects of pesticides against 

colony losses of A. mellifera are still a controversial issue, but it is almost certain that A. mellifera is 

unusually sensitive to various insecticides [36, 37]. However, the colonies of A. cerana have a little 

damage from a range of pesticides, which could be explained by the nature of A. cerana, such as 

frequent absconding behavior, small nest architecture, and foraging in high altitude region , thereby 

reducing the potential risks of pesticides.  

  



9 

Table 4. General statistics for gene modeling 

 Number of gene models Length, bp Number of BLAST hit 

Initial evaluation (Evidence data)    

Genome sequence, De novo 24,579 18,397,306  

RNA seq, De novo 213,327 515,809,639  

Genome + RNA seq 31,027 96,495,948  

Ref. genome Ortholog
a
 18,215 23,654,031  

Primary gene set    

Integrated evidence data 11,458 32,199,638 9,527 

Final gene set (OGS v1.0)    

Manual annotation 10,651   

a
NCBI RefSeq from http://www.ncbi.nlm.nih.gov/genome/48?project_id=13343 

 

2.3. Species-specific characteristics 

There are 3,759 A. cerana-specific genes relative to other species. The unique gene sets were 

analyzed with GO and we found several interesting terms associated with fascinating feature of A. 

cerana. Most of the enriched GO-terms were involved in muscle movement such as muscle structure 

development, muscle cell differentiation, muscle organ development, and actin filament-based process 

(p-value < 0.05 for all GO-term). A. cerana showed a higher wing beat frequencies than A. mellifera 

and flight pattern is quick, impetuous, and unpredictable compared to that of stable and uniform 

pattern in A. mellifera [9]. Flight is an important behavior in honey bee species, when bees faced with 

unexpected difficulties such as homing from foraging site under inclement weather or escaping from 

sudden predators. Thus, we suggest that some of those enriched proteins involved in muscle 

movement might be contributed to the A.cerana-specific flight pattern.  
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In addition, A. cerana does not produce propolis, which has an important role in defending 

pathogens in A. mellifera colonies due to its powerful antibiotic effects. Alternatively, A. cerana 

shows a number of group-level defensive operations. For example, when hornet comes to A. cerana 

colony, guard bees stop flying and raising up one’s abdomen and shake or flutter simultaneously 

together. Besides, A. cerana has been known to have effective grooming and hygienic behaviors, 

which could prevent a range of pathogen transmission within the colony. Interestingly, we also 

identified neural signaling related GO-term enriched in A. cerana unique gene set, including neuron 

recognition, signaling receptor activity, signal transduction, ion gated channel activity, and social 

behavior, which are a highly involved in chemical signaling between colony members (p-value < 0.05 

for all GO-term). Chemical signaling is an essential for social communication and genes related to 

signal transduction are known to have under strong evolutionary selection pressure, especially in 

honey bees [38]. It is assumed that some of the signal transduction related pathway genes may be 

affected by behavioral and physiological differences during evolution of two honeybees. Our results 

provide insights that there might be some relationships between exceptional social behavioral traits in 

A. cerana and species-specific sets of genes. 

 

2.4. Orthology analysis between social and non-social insect genomes  

The present study we focused on four well-studied insect genomes, which include two 

eusocial insects, Apis mellifera and Apis cerana, and two solitary insects, Drosophila melanogaster 

and Nasonia vitripennis. Of the total 10,651 proteins from A. cerana, 5,491 and 4,679 proteins were 

similar to A. mellifera (Hymenoptera, social insect) and N. vitripennis (Hymenoptera, non-social 

insect), respectively. On the other hand, 3,201 proteins were similar to D. melanogaster (Diptera, non-

social insect), indicating that proteins were shared more among Hymenoptera than Hymenoptera-

Diptera (Figure 1). There were 1,025 orthologous proteins between social insects, honey bees, 

implying that those orthologs are probably specific to chemical communication [23]. As expected, 

gene ontology (GO) analysis of those orthologues represented the GO-term, ‘sensory perception of 

smell (p-value < 1.75E-04)’ and ‘sensory perception of chemical stimulus (p-value < 7.55E-04)’ 
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which is crucial for the social communication. In addition, ‘carbohydrate transporter activity (p-value 

< 1.87E-02)’ term is enriched that could be related to cuticular hydrocarbon detection, and ‘regulation 

of short-term neuronal synaptic plasticity (p-value < 2.21E-02)’ and ‘transmembrane signaling 

receptor activity (p-value < 3.04E-02)’ term were enriched as well, which is involved in honey bee 

learning and memory.  

Epigenetic modifications have been known to be important in Hymenopteran species such as 

A. mellifera and N. vitripennis, in terms of both species have sophisticated lifestyle [22, 39]. 

Especially in western honey bee, A. mellifera, the genome encodes a full set of DNA 

methyltransferases (DNMT) which have an important role in gene expression regulation at the 

transcriptional level similar to human [40]. As this genome is the second report of the genus Apis, we 

focuesed to characterize the proteins including GO terms associated with epigenetic regulation 

(GO:0018027, GO:0018023, GO:0070577, GO:0042800, GO:0048096, and GO:0080182.; p-value < 

0.05 for all GO-ID) and transcription regulation (GO:0001078, GO:0001227, GO:0003680, 

GO:0000982, GO:0001071, GO:0003700, GO:0000976, GO:0043565, GO:0043388, and 

GO:0001012.;  p-value < 0.05 for all GO-ID). It is presumed that epigenetic regulations are 

conserved in Apis species, although it might be controlled by the different extent of gene expression 

level.  
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Figure 1. Comparative analysis of orthologous protein groups between social and nonsocial 

insect genome 

 

2.5. Chemoreceptor gene family  

Detecting chemical cues in insect is mostly mediated by Grs, Ors, and Irs, which belongs to 

chemoreceptor superfamily [16, 41-44]. In social insects such as ants and honey bees, chemical 

communications are crucial for colony maintenance and cooperation between colony members [45-

47]. Here, we newly characterized 8 Grs, 119 Ors, and 10 Irs from A. cerana genome. This it is likely 

to be an underestimate of total number of chemoreceptor genes in A. cerana, but those annotated 

genes are well organized and comparable to that of A. mellifera [16] and N. vitripennis [43].  

 

2.5.1. The gustatory receptor family 

Figure 3 demonstrates that phylogenetic relationships of Grs from three hymenopteran 

insects and D. melanogaster. Robertson and Wanner [16] demonstrated that honey bee have a small 
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number of Grs (13 Grs, H. M. Robertson, personal communication) compared to other insects such as 

D. melanogaster (68 Grs, [41]), N. vitripennis (58 Grs, [43]), and L. humile (116 Grs, [25]). Similarly, 

we found just eight Gr genes in A. cerana genome and we named these A. cerana Grs (AcGrs) along 

with A. mellifera Grs (AmGrs) based on orthology analysis. All identified AcGrs showed simple 

orthologous relationships with AmGrs and most of them also have orthologous relationships with N. 

vitripennis Grs (NvGrs) including AcGr1, 2, 3, 6, 7, 9, and 10 (Figure 2). It may be indicated that Gr 

genes are highly conserved within hymenopteran species. Similar to the A. mellifera Gr repertoires, 

AcGr1 and AcGr2 lineages in a phylogenetic analysis showed the expansion along with sugar 

receptors in D. melanogaster, such as DmGr5a, DmGr61a and DmGr64a/f [48-50]. Also, AcGr3 

represented to cluster a clade with DmGr43a subfamily, was reported to be a fructose receptor, also 

functioning as nutrient sensor in Drosophila brain [51]. Unfortunately, the remaining AcGr6, 7, 9, 10, 

and X lineages have no apparent relationships with DmGrs which have identified their ligands. Just 

like the case of A. mellifera Grs, bitter taste receptor are seemed to be lost in A. cerana genome, 

which has been believed as a consequence of coevolution of bees and plants as well as eusocial 

lifestyle of honey bees [16] but not in ants [24, 25]. Additionally, the carbon dioxide receptor is also 

absent in A. cerana like some of other arthropod genomes. Yet A. cerana can detect carbon dioxide, 

indicating that they might be introduced peculiar molecular mechanisms.  

We were unable to find orthologous genes with AmGr4, AmGr5 and AmGr8 in A. cerana 

genome, although we assumed that they might have existed either forms of degradation or 

pseudogenes in A. cerana genome. 
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Figure 2. Phylogenetic tree of the gustatory receptor (Gr) family in Apis cerana, Apis mellifera, 

Nasonia vitripennis and Drosophila melanogaster. Phylogenetic tree were analyzed using four insect 

gustatory receptor proteins. All sequences were obtained from NCBI. Each branches color represents a species, 

magenta, A. mel; green, d. mel; blue, N.v; and red, A. cer. The sequences were aligned with CLUSTALW and 

the tree was built with MEGA5 under the JTT model of substitution with 1000 bootstrap replicates.  

 

2.5.2. The odorant receptor family 

As A. mellifera genome was uncovered, it was remarkable findings that honey bee genome 

contained a large expansion of Or genes, which may play an important role in recognition and 

communication among inter and intra specific relationships [16]. It is believed that honey bees use 

their odorant receptors in many different contexts, such as kin recognition, food navigation, and 

pheromone detection [16, 46, 52]. Despite of the significance of odorant receptors in honey bees, the 
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functional identification of these Ors has been extremely limited compared to other model insect 

species such as fly and mosquito. In A. cerana genome, we identified total 119 Or genes, including 5’- 

or 3’- partial sequences, all of which contained seven-transmembrane-domain. We named AcOrs by 

the sequential positions in the scaffold order instead of considering the orthologous relationship with 

AmOrs. Annotated AcOrs included partial sequences, due to the frameshift or the presence of internal 

stop codons inside coding sequences.  

A total number of AcOrs was slightly lower than AmOrs, but we assumed that it may be due 

to miss-assembly or sequencing gaps. Most of AcOrs were tandemly located on the genome, for 

examples, 37 AcOrs, 15 AcOrs, and 17 AcOrs were shown to be arrayed on the scaffold 3, 103, and 

139, respectively. In A. mellifera, a largest tandem gene arrays found on chromosome 2 [16], whose 

synteny was shared with A. cerana scaffold 3 (Figure 3B). In addition, AcOr genes located on scaffold 

3 have a clear orthologous to AmOrs based on the sequence homology (E-value cut-off: 1e-40), 

presumably verifying the short evolutionary distances between two species [13, 53]. All identified 

AcOrs showed simple orthologous relationships with AmOrs, such as 1:1, 1:2, and 1:3 (AcOr:AmOr). 

Insect conventional Ors are known to form heterodimers with olfactory receptor co-receptor (Orco) in 

vivo to be functional [54-57]. In the present study, Orco of A. cerana, AcOr5, shared orthologous with 

other insect Orco: D. melanogaster DmOr83b, N. vitripennis NvOr1, and A. mellifera AmOr2 (Figure 

3A). Up to date, among 177 AmOrs, the function of AmOr11 protein has been characterized as a 

queen pheromone receptor responding to 9-oxo-2-decenoic acid (9-ODA) [52]. In our study, AcOr30 

have one to one orthologous to AmOr11, implying that its chemical ligands of this Or may be 

conserved between A. mellifera and A. cerana, especially detection of queen pheromone substance, 9-

ODA. Experimental verification using the heterologous expression systems needs to be done in the 

future. Overall, Or gene subfamilies clustered species-, social-, or solitary-specific expansion. Further, 

functional genomic approaches of AcOrs and social hymenoptera Ors will help to understand their 

sophisticated behaviors associated with the eusociality.  
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Figure 3. Phylogenetic tree of the odorant receptor (Or) family in Apis cerana, Apis mellifera, 

Nasonia vitripennis and Drosophila melanogaster. (A) Phylogenetic tree were analyzed using four 

insect gustatory receptor proteins. All sequences were obtained from NCBI. Each branches color 

represents a species, magenta, A. mel; green, d. mel; blue, N.v; and red, A. cer. The sequences were 

aligned with CLUSTALW and the tree was built with MEGA5 under the JTT model of substitution 

with 1000 bootstrap replicates. (B) Each trapezoid connects a matching gene model between two 

species. (C) CLUSTALW alignment of A. mellifera odorant receptor 11 and A. cerana odorant 

receptor 30.  
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2.5.3. The ionotropic receptor family  

Recently, a new family of chemesensory receptors, the ionotropic receptor (Ir) family, was 

identified in D. melanogaster [42]. The Irs of D. melanogaster constitute a distinct and divergent 

subfamily of ionotropic glutamate receptors (iGluRs). In total, 66 Ir genes were identified in D. 

melanogaster [44] and 16 Ir genes were shown to be specifically expressed in antennae [42]. They 

suggested that Irs can be classified in two subgroups: the conserved antennal Irs and the species-

specific divergent Irs. The antennal Irs were appeared to emerge the first Or family of insects and the 

divergent Irs to be implicated in taste [44]. In contrast to Ors, which are broadly responded to alcohols, 

ketones, and esters, Irs are detected primarily to acid, amines, and carbon dioxide which are known to 

be physiologically and behavioral important in many insect species [58-61]. Although the function of 

these receptors is still fully unknown, it is likely that at least some of Irs play roles in taste detection. 

These previous studies suggest that Irs might have a more general function in detection of 

environmental chemicals including odors and tastants.  

The Irs are also likely to be involved chemosensory perception which play an important role in 

colony communication in honey bee. Although the number of Irs identified in insects are currently 

increasing [44, 62, 63], Irs have been described in four hymenopteran species by genome of A. 

mellifera, N. vitripennis, L. humile, and P. barbatus [7, 22, 24, 25]. In the present work, we found 10 

Ir genes (Figure 4), whereas 10 in A. mellifera, 10 in N. vitripennis, 24 in P. barbatus and 32 in L. 

humile. Sequence comparison and phylogenetic analysis of Irs with D. melanogaster and A. mellifera 

identified putative orthologs of conserved Irs that are expressed in insect olfactory organs: Ir8a, Ir25a, 

Ir68a, Ir75a, Ir76a and Ir93a [44]. As expected, there are highly conserved ortholog of the antennal Irs. 

Therefore, our results supported that antennal expression of Ir orthologues is conserved through 350 

million years when dipteran and hymenopteran insects were diverged [64]. Other Irs of A. cerana 

appear to be honey bee specific, with low similarity to orthology of other insect receptors, and it may 

be used for species-specific recognition behavior including candidates for the cuticular hydrocarbon 

receptors and brood pheromone receptors. However, the expression pattern is unknown for the vast 
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majority of Irs and no ligands have been identified for any of honey bee Irs. Their functions and 

evolutionary driving force to their diversity remain unclear.  

Figure 4. Phylogenetic tree of the ionotropic receptor (Ir) family in Apis cerana, Apis mellifera, 

and Drosophila melanogaster. Phylogenetic tree were analyzed using four insect gustatory receptor 

proteins. All sequences were obtained from NCBI. Each branches color represents a species, magenta, 

A. mel; green, d. mel; blue, N.v; and red, A. cer. The sequences were aligned with CLUSTALW and 

the tree was built with MEGA5 under the JTT model of substitution with 1000 bootstrap replicates. 

 

2.6. Immune-related genes  

Honey bees are invaluable models for studying the social defense dynamics as well as 

behavioral and molecular individual defense mechanisms [65]. In contrast to A. mellifera, the 

ectoparasitic mite, Varroa destructor, one of the major vectors of various bee pathogens, was low 

detrimental effect in A. cerana since they have been evolved to have a resistance behavior. In recent 
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years, A. cerana suffers greatly from viral and bacterial diseases [66]. It was reported that more than 

90% of bee colonies decreased due to sacbrood virus (SBV) infection in Korea [67]. In addition, 

several Asian countries also suffer declines in A. cerana colonies. However, the molecular defense 

mechanism of A. cerana is still unknwon. Thus, we attempted to investigate the A. cerana immune 

genes by comparing the information of sequenced insect genome.  

A total 160 immune gene orthologues were identified in A. cerana using multiple TBLASTN 

searches, and 11 genes were additionally detected by manual annotation. All major pathways were 

detected in A. cerana, including components of Toll, Imd, Jak/Stat, and JNK pathways (Figure 5). 

Notably, BG4 (dFADD), an immune gene comprising of the Imd pathway, was not detected in A. 

cerana genome. Additionally, we compared social and non-social orthologs. As expected, the number 

of immune genes in A. cerana was fewer than other solitary insects such as, D. melanogaster and N. 

vitripennis (Table 4) [7, 24, 25]. It has been suggested that the social immunity such as cleaning 

behavior (hygienic behavior, grooming, and undertaking), thermal defense (lacks this behavior in A. 

mellifera), and nest architecture (resin collection) may contribute to a reduced exposure to the 

pathogens effectively, rather than the individual immunity [65].  

Most of immune genes in A. cerana shares a higher sequence similarity with the A. mellifera 

than other sequenced insects. It might simply be explained that innate immunity is conserved between 

A. cerana and A. mellifera, and the evolution of those genes are relatively slow. Xu et al. (2009) 

reported that the number of protein coding gene is more in A. cerana than A. mellifera, and Park et al. 

(2014) suggested that A. cerana is more strongly influenced by the selection pressure on defense 

peptides than A. mellifera. In addition, there have been some reports on uniqueness of strong 

behavioral defense of A. cerana [11, 19, 66], supporting that A. cerana might have effective defense 

systems against some pathogens and parasites. Although molecular evaluation of immune defense 

ability is needed, the investigation of genomic information of immune genes would allow us to gain 

further knowledge of disease controlling and breeding healthy colonies for Eastern honey bee, A. 

cerana.  
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Table 4. Immune related gene set counts in social and non-social insect, Apis cerana, Apis 

mellifera, Nasonia vitripennis, L. humile, and Drosophila melanogaster.  

Gene family A. cerana A. mellifera L. humile N. vitripennis D. melanogaster 

Recognition 

     

PGRP-S 1 3 4 3 7 

PGRP-L 2 1 2 1 15 

GNBP 2 1 4 3 7 

Galectins 2 2 3 2 5 

C-type lectins 5 10 

 

2 35 

Scavenger receptor A 0 2 0 3 5 

Scavenger receptor B 4 9 4 15 13 

Scavenger receptor C 1 1 1 2 4 

Signalling 

     

CLIP serine proteases 21 18 7 9 37 

Serpin 1 3 4 6 30 

Toll 3 5 9 9 9 

Cactus 1 1 0 1 1 

Dorsal 1 2 1 2 2 

Relish 1 2 0 1 3 

Effectors 

     

Prophenoloxidase 1 2 1 3 3 

Defensins 2 2 1 2 1 

Other immune peptides
a
 3 5 1 5 19 

Lysozyme 2 3 2 3 14 

TEP 3 4 3 1 6 

a
abaecin, apidaecin, hymenoptaecin, 
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Figure 5. Candidate immune related pathways in A. cerana 
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3. Methods 

3.1. Sample collection, DNA and RNA extraction 

Adult drone bees of A. cerana were collected in a single colony in College of Agriculture 

and Life Sciences, Seoul National University (SNU), Seoul, Korea during the summer season in 2012. 

The genomic DNA was extracted from seven eviscerated individual drone bees using Wizard 

Genomic DNA Purification kit (Promega, MI, US) according to the manufacturer’s protocol. For 

RNA extraction, female worker bees were collected from 3 different colonies in same location, SNU, 

and frozen in liquid N2 and stored -80°C prior to dissection. The brain, antennae, hypopharyngeal 

gland, gut, fat body, and venom gland were dissected in cold RNase free PBS and stored at -80°C. 

Total RNA was isolated from each tissue individually using the QIAGEN RNeasy Mini Kit (Qiagen, 

CA, US) according to the manufacturer’s protocol.  

 

3.2 DNA and RNA library construction and sequencing 

The genomic DNA for shotgun sequencing library were sheared with an average fragment 

size of 500bp, 3kb, and 10kb. Each of the three DNA libraries was constructed using the sequencing 

platform by manufacture’s protocol (Illumina CA, US). Briefly, Total of 5, 10 and 20 μg of genomic 

DNA were initiated for a whole genome random shearing step to construct 500bp, 3kb, and 10kb 

libraries, respectively. The fragments were ligated with 3’ and 5’ adapters to sequencible libraries 

which were clustered with PCR amplification on the flow cells and were sequenced through 

sequencing by synthesis in the Illumina HiSeq2000 platform. For mRNA sequencing, cDNA library 

preparation was performed using Illumina mRNA sequencing kit (Illumina, CA, US) and FastTrack™ 

MAG Micro mRNA isolation kit (Life Technologies, cat no. K1580-01). Each kit was used following 

the protocol as provided by the manufacturer. Subsequently, libraries were sequenced using Illumina 

HiSeq2000 and Roche 454 GS-FLX (Roche, UK) sequencer platforms.  
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3.3. De novo Genome assembly 

The shotgun fragment sequencing reads were generated from Illumina HiSeq2000 platform. 

The raw sequencing data with ≤ 20 Phred score were filtered out and those sequencing reads were 

selected for error correction of reads from fragment libraries. After filtration, the high quality reads 

were assembled using AllPaths-LG (version 42411, [68]) algorithm with optimized parameters. 

 

3.4. Repeat analysis  

Identifications for the A. cerana repeat elements were performed using RepeatModeler 

(version 1.0.7, [69]) with a default option. Subsequently, RepeatMasker (version 4.03, [70]) screened 

DNA sequences against a curated library of A. cerana repetitive elements using the RepBase (update 

20130422, [71]) as the repeat database, and masked all the regions that match a known repetitive 

element family.  

 

3.5. Analysis of mitochondrial DNA  

Comparison of mtDNA sequence to published mt genome of A.cerena (NCBI GQ162109) 

performed using BLAST Ring Image Generator (BRIG, version 0.95, [72]) with the default options. 

The percentage of identity between A. cerana genome assembly and NCBI GQ162109 was 

determined by BLAST2 [73].  

 

3.6. Gene annotation 

Pipelines for the gene annotation from the assembled genome of A. cerana were as follows: 

1) Assembly of RNA sequencing data using Trinity (version R2013-02-25, [74]) software; 2) Mapping 

RNA sequence data to de novo genome assembly sequence of A. cerana using Cufflinks (version 

2.1.1, [75]); 3) Prediction of gene set using GeneMark.hmm (version 2.5f, [76]) in de novo assembly 
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consensus sequence. A final gene set was created by synthesizing the evidence data using the 

MAKER (version 2.26-beta, [30]) pipeline. 

3.6.1. RNA seq assembly  

The raw data from RNA-seq were assembled by mapping to the A. cerana consensus 

genome sequence. The number of reads was 680,167,012 with total length of 68,764,771.5 kb. And 

after filtration, cleaned data was 403,335,352 reads and the total length was 40,534,384,047 bp. All 

predicted gene sets were compared with NCBI non-redundant databases.  

3.6.2. Decision of gene set  

The preliminary gene set was synthetically integrated by MAKER [30] using three different 

evidence data. The automated gene model was used to BLAST search with the NCBI nr dataset. All of 

ab initio gene predictions assembled with Apollo (version 1.9.3) and were then manually checked 

based on evidence data for correction of miss-prediction.  

 

3.7. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

analysis   

Total of 213,327 contigs of consensus sequences were annotated using BLASTX, based on 

the sequence similarity with known proteins in the non-redundant (NR) database in NCBI. The genes 

were classified with Gene Ontology (GO) terms using blast2GO (ver.2.7) with Mysql DBMS 

(ver.5.0.77). Different genes were subsequently counted by matching gene description of annotated 

genes. 

 

3.8. Orthology analysis  

The protein sets of four insect species were obtained from A. cerana OGS v1.0, A. mellifera 

OGS v1.0 [29], N. vitripennis OGS v1.2 [29], and D. melanogaster (r5.54). We performed BLAST 
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using all protein sets and those results were compared using NCBI blastclust (version 2.2.26, [77]) 

with custom parameters. For comparative purposes, we identified pairs of sequences with statistically 

significant matches using a single-linkage clustering algorithm.  

 

3.9. Gene set identification and annotation 

3.9.1. Chemoreceptor family 

Chemosensory receptors such as odorant receptors (Ors), gustatory receptors (Grs), and 

Ionotropic receptors (Irs) in A. cerana genome sequences were searched with known annotated A. 

mellifera Ors (AmOrs) and Grs (AmGrs) (personally received from Dr. Robertson H.M.) and other 

insect Or, Gr, and Ir sequences that were downloaded from NCBI RefSeq and used as a query using 

TBLASTN [78]. In order to search novel chemoreceptor genes of A. cerana, we took functional 

domains sequences such as PF02949, PF08395, and PF00600 domains from the Pfam database [79]. 

The genomic sequences encoding chemoreceptor proteins were matched with ab initio gene 

predictions (see Gene annotation section) and verified using MOTIF search program [80]. Annotated 

Or, Gr, and Ir proteins were aligned with ClustalX [81] to corresponding proteins of A. mellifera and 

were then manually corrected. Alignments were performed iteratively and each of sequences was 

refined based on these alignments to make complete AcOr, AcGr, and AcIr sequences. 

3.9.2. Analysis of shared synteny with the A. mellifera genome 

We used BLAST with the A. cerana Or genomic sequences located on scaffold 3 to compare 

the similarity with A. mellifera Ors on chromosome 2 and A. cerana scaffold (e-value < 1 x 10
-40

). 

Microsynteny analysis was performed using BLASTZ and illustrated by using a self-developed 

drawing program. 

3.9.3. Phylogenetic analysis  

Protein sequences of Or, Gr, and Ir genes of D. melanogaster, A. mellifera, N. vitrepennis, 

and A. cerana were used for phylogenetic analysis. Manually curated amino acid sequences of Or, Gr, 
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and Ir proteins of A. cerana were aligned with well-annotated chemosensory receptors of the other 

three insects using ClustalX [81] and examined in Jalview [82]. Initial phylogenetic trees for the 

heuristic search were obtained by the Neighbor-Joining method to a matrix of pairwise distances 

estimated using a JTT model [44]. Evolutionary analysis was inferred by using the Maximum 

Likelihood method based on the JTT matrix-based model in MEGA5 [83]. The bootstrap analysis was 

performed by using 1000 replications.  
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국문초록 

 

 

모델 곤충으로서 꿀벌은 다양한 생물학 연구의 주요 도구로 2006년 서양벌의 전장 

유전체 서열이 밝혀진 이래로 다양한 분자생물학적 분석이 활발히 이루어지고 있다. 그

러나 중국, 한국, 일본, 인도 등 아시아 지역에 거주하는 동양종꿀벌(토종벌)에 대한 분

자 생물학적연구는 매우 미비한 상황이다.  

국내 고유 생물종의 유전체 정보를 확보하고 이를 이용하여 생물자원을 보호하는 것

은 매우 중요한 과제이다. 토종벌은 국내 토착종으로서 생물학적 연구 가치뿐만 아니라, 

2차산물의 경제적인 효과가 상당함에도 불구하고 질병 피해, 관리 기술 부족으로 인해 

점점 그 개체수가 줄어들고 있는 실정이다. 2009년 전국적으로 발생한 토종벌 낭충봉아

부패병으로 2008년 약 14천여 농가에서 314천봉군의 봉군 중 95% 정도가 폐사한 전
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례가 있으며 이 후 그 개체수가 급속하게 감소하게 있는 추세이다.  

본 논문은 세계 최초로 동양종꿀벌(Apis cerana) 계통의 전장 유전체 염기서열 분

석을 완료하였으며 다양한 Bioinformatic analysis를 통한 토종벌 지놈 특성 분석 및 유전

자 시퀀스 확보(약 10,600여개의 유전자 annotation)하였다. 또한 서양벌과 동양벌의 

미각 및 후각 수용체 시퀀스를 이용한 비교 유전체 분석, 토종벌 특이 발현 유용 유전체, 

면역관련 유전자를 pathway별 시퀀스 확보 등으로 이후 생물모델로서 토종벌의 사용을 

가능하게 하였다. 본 연구는 국내 토착종의 농업유전자원을 발굴하고 연구 기반을 마련

한 데 의의가 있으며, 아시아 지역에서 동양종꿀벌에 대한 생물자원 주권을 확보함으로

써 나고야 의정서에 대비하는데 큰 역할을 할 것으로 기대된다.  

 

 

검색어: 동양종꿀벌, Apis cerana, 전장유전체, 사회성 곤충, 화학감각수용체, 면역 
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