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Abstract 
There are two goals in this project: 1) Investigation of various hypotheses for the 

origin of A. mellifera; 2) Analysis of variation in genetic diversity across the 

genome.We investigated various hypotheses on the ancestral origin of honeybee Apis 

mellifera with about one thousand SNPs, and explored the genomic characteristics 

with newly re-sequenced 8000 SNPs from ten A. m. ligustica samples. Two different 

approaches were utilized to construct phylogenetic trees: allele-sharing distance and 

Fst matrix. We found the robustness of the trees was so sensitive to the specimens that 

the placing root was not unequivocal enough to illustrate the origin of Apis mellifera. 

Allele-sharing distance method implied an Africa origin, but Fst matrix method did 

not display significant signature for any of the hypotheses. The network of Fst matrix 

showed possible hybridizations existing in several subspecies, including A. m. 

intermissa and other subspecies. This shakes the previous African origin 

confirmation. Our analysis provided support to the high divergence of western and 

eastern European clusters, indicating they are derived from two distinct routes. 

Investigation of the newly re-sequenced SNPs provides an insight into the special 

genomic features and their underlying relations. The level of genetic variation 

displays a positive correlation with local GC content, which implies GC regions have 

higher mutation rate, and the genome might be under adaptive selection. But more 

evidences are needed to support the assumption.  



	   	  



	   	  

Genome-wide analysis of genetic variation in honeybee, Apis 
mellifera 

Popular	  science	  summary	  
Fan	  Han	  

The Western honeybee, Apis mellifera, is a striking species important for economy, 

agriculture and ecology. Here we discuss two main questions: 1) what is the origin of this 

species? In order to investigate this we analyse patterns of genetic variation in samples across 

the world. 2) What forces control variation in levels of genetic diversity across the honeybee 

genome? To figure out this question, we performed whole-genome sequencing of 10 Italian 

honeybees, and examined correlations with other genomic features. 

 
The native range of A.mellifera includes Europe, Asia and Africa. So far, 28 subspecies have 

been characterized based on their geographic variations, and they are assigned into four 

branches according to morphometric and molecular studies: C (Eastern Europe), O (Middle 

East), M (Western Europe) and A (Africa). The ancestral origin of A. mellifera and the routes 

of Europe invasion are still controversial issues. We summarized three scenarios in terms of 

the literature: 1) A Middle Eastern origin with two colonization routes into Europe (northern 

and western); 2) A Middle Eastern origin with only one (northern) invasion route; 3) An 

African origin with both colonization routes. A comprehensive new analysis based on 

hundreds of SNPs favoured the African origin hypothesis.  

 
In this project, we focus on the validation of the phylogeny and origin hypotheses, and 

exploration of the genomic parameters. We performed a detailed re-analysis of this data and 

showed that the first two hypotheses were also well supported by the data. We adopted two 

methods to construct the phylogenetic trees and tested the robustness of these trees. The 

topology of the trees is too sensitive to the specimens in various tests, especially with the 

inclusion of A. m. intermissa, which indicates the potential hybridization between the 

lineages. SNP polymorphism analysis showed that most of the variations was shared by 

subspecies and groups, which indicates a short isolation period for lineages. Analysis of 

genetic variation across the whole genome revealed some interesting features between 

genomic characteristics. The studies show a positive correlation between GC content and 

level of genetic variation, which indicates the GC rich regions have more mutations. Deep 

investigations are needed to provide more evidences. 
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Introduction 

Status of Honeybee 
Apis mellifera, also known as European honeybee or Western honeybee, is famous as 

a vital pollinator in the insect world. According to U. N. (United Nations 

Environment Program) report in 2010, of the 100 crop species that supply 90% of the 

world’s food, bees pollinate more than 71% [1].  Honeybee contributes more than $14 

billion to agriculture annually in United States [2] and €22 billion in Europe [3]. 

However, in terms of the expanding literature on this subject, both of wild and 

domesticated bees have been suffered from severe decline, which directly affects the 

agricultural productivity. 59% of domesticated honeybee colonies were lost in US 

between 1947 and 2005 [4], and 25% lost in central Europe from 1985 to 2005 [5]. 

These losses were probably caused by the comprehensive interactions between 

multiple potential factors, including habitat loss, pathogens, foreign species invasion, 

climate changes and beekeeping activities.  

 

From recent investigations of honeybee losses in Europe, pathogens have been 

definitely identified as the single most significant cause so far [6]. Colony collapse 

disorder (CCD), proposed in 2006, is a newly arising phenomenon in which worker 

bees decrease because of pathogens and pesticides in a honeybee colony. It was 

brought into notice due to a dramatic reduction in the number of honeybees from 

1972 to 2006 in U.S [7]. The ectoparasitic mite V. destructor, an invasive species 

from Asia, is dominantly responsible for the winter losses. This mite can impair both 

brood and adult bees, leading to a parasitic mite syndrome called “varroosis”. The 

original host of V. destructor is A. cerana, which is the closest relative to A. mellifera. 

A. mellifera are nearly defenceless against those mites, and infections are spread 

rapidly, especially among adult bees. Besides parasites like V. destructor, viral 

pathogens (DWV), bacterial pathogens (P. larvae) and fungal pathogens (Nosema 

spp.) also result in CCD. Alien species can act as dispersal medium for pathogen 

spread and associated diseases [8]. So far, there is no clear answer to provide a casual 

mechanism behind CCD, though some proof has showed that unusually abundant 

ribosomal RNA fragments observed in CCD colonies might leave bees unable to 
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respond to the environmental stresses [9]. Another important factor driving honeybee 

declines is habitat loss/fragmentation. Based on some quantitative reviews, the 

hypothesis that habitat degradation might affect bee species by the loss of floral and 

nesting resources is supported [3]. 

 

Because most wild plants can only be directly pollinated by insect pollination for 

reproduction during some particular sites and seasons, decline in honeybee brings a 

limitation for those pollinator-dependent plants. It has been proved that a casual 

connection exists between local extinctions of functionally linked plant and pollinator 

species [10]. Moreover, reduction in plant diversity potentially results in declines in 

crop production, although the annual yield can be increased by the use of commercial 

pollinators or hand pollinators. In summary, honeybee as a key pollinator provides 

vital services to ecosystems and economy.  

 

Breeding 
Honeybee not only plays an essential role in agriculture and ecology, but also 

provides much important information for understanding eusocial behaviours in 

insects. There are three castes in a complete bee society: queen, the only fertile female 

in the hive, is responsible for propagation and acts as a leader; drones, the male 

haploid, mate with queens; workers, the female diploid, forage bees and build cells. 

This highly structured colony is organized by haplodiploid sex-determination system, 

which is commonly seen in many hymenopterans (ants, wasp) and coleopterans (bark 

beetles) (Fig. 1). The diploid queen and workers have 32 chromosomes while the 

haploid drones have 16 chromosomes. Basically, drones produce sperm cells that 

contain their whole genome, and the queen provides the other half part of the genetic 

information. Once a virgin queen completes her swarming, mostly in spring, she 

deposits all the eggs from which all the bees are produced, and lay the eggs into 

separate cells during winter. The unfertilized eggs develop to drones, and fertilized 

eggs grow to potential queens or workers depending on their food during larva stage 

(royal jelly for intended queens whereas pollen and nectar for workers). Considering 

on genetic level, drones are entirely inherited from mother, so they don’t have father. 

The full-brothers who are in the same subfamily share 50% of the genetic content and 

full-sisters share 75%.  
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Figure 1. Sex-determination in honeybees 

 

This relatedness ratio in haplodiploidy, to some extent, may be explained by the 

altruistic behaviours and kin selection theory. If favouring other individuals in the 

colony will lead to the passing on more genes to the next generation than the worker 

could leave by reproducing on its own, then the altruistic behaviour is favoured by 

natural selection. Eusociality provides a stable and harmony system for the honeybee 

colonies, and natural selection works in an alternative way to maintain the 

cooperation between the castes. Humans, loosely defined, can also be characterized as 

dominantly eusocial population [11].  

Genomic characteristics and phylogeny 
In 2006, the whole genome of honeybee Apis mellifera was released [12], which has 

inspired researchers to put more attention on this striking creature.  The latest 

assembly has improved to X 30 coverage of the 250 MB genome through SOLiD and 

454 sequencing data.  A. mellifera genome has several novel characteristics, two of 

which are highly remarkable: 1) high AT content and 2) exceptionally high level of 

recombination rate over the entire genome. So far, the evidences are not enough to 

give a convincible explanation for these features on evolutionary level.  Besides, 

majority of the typical transposons is absent in the genome, which is probably related 

to high recombination rate. In some respects, it even shares more similarities with 

human than other sequenced insects. All these special genomic characteristics and 

their correlation with natural selection are waiting for deep explorations. 
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Figure 2. Geographical distribution of A. mellifera [13] 

 

According to geographical distribution of about two dozens of subspecies in A. 

mellifera, they are typically divided into four groups, which represent the 

corresponding lineages: A (Africa), M (Western and Northern Europe), C (Eastern 

Europe) and O (Middle East) (Fig 2). Some researchers proposed the fifth lineage Y 

standing for northeast Africa, but it is not commonly adopted [13]. For the origin of 

A. mellifera and its expansion routes, controversial debates still exist. Based on 

nuclear and mtDNA markers, phylogenetic analyses clustered A. mellifera with A. 

cerana and other nine species, all of whom are confined to Asia [14] (Fig 3). This 

implies it is most likely that A. mellifera can be traced back to Africa. Ruttner 

suggested that it derived from Middle East or northeast Africa, and spread into 

Europe through eastern and western routes[15]. Cornuet and Garnery also proposed a 

Middle East origin with other colonization routes [16]. The third hypothesis, Africa 

origin, started to get supports by a few scientists since a recent time, and lately it is 

favoured again by genetic analysis on 1136 SNPs from 14 subspecies and three 

outgroups [17]. Apart from that, they suggested a genome-wide signature of positive 

selection in the expansions [18]. Nevertheless, all the origin hypotheses have 

confirmed that M and C groups are distantly related on genetic level, no matter how 

close they are on geographic distribution. This indicates that at least two expansions 

from its origin occurred on history.  
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The aim of our project focuses on two parts. First, we re-evaluate the 1136 SNPs 

dataset in order to validate the published results. Furthermore, we propose other 

approaches to view the phylogeny of A. mellifera from other perspectives, and have a 

review of all the hypotheses for its origin. Second, we resequence about ten 

subspecies and assemble the reads to reference genome version 4.5. With the high 

throughput data, we investigate the SNPs distribution, coverage and their correlation 

with other genomic parameters, including recombination rate, Fst, and GC content. 

We hope this project will provide valuable information to understand the genetic basis 

of traits in honeybee. 

 
Figure 3. Phylogeny of species in genus Apis 

Materials and methods 

Materials 
The data used in the first part of the whole project was acquired from Whitfield’s lab. 

Detailed information about samples, locations and SNPs identification are described 

in Whitfield et al. [17]. The dataset consisted of 188 samples from four groups. 13 

samples from three related Apis species were used as outgroup in phylogenetic 

analysis (Table 1).  
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Table 1. Sample information 

Group subspecies Number of samples 

East Europe (C) A. m. carnica 17 
A. m. ligustica 18 

West Europe (M) A. m. mellifera 20 
A. m. iberiensis 11 

Asia (O) 

A. m. anatoliaca 19 
A. m. caucasica 11 
A. m. syriaca 9 
A. m. pomonella 3 

Africa (A) 

A. m. intermissa 19 
A. m. scutellata 22 
A. m. lamarckii 19 
A. m. capensis 3 
A. m. litoria 2 
A. m. unicolor 2 

Outgroups 
A. cerana 7 
A. florea 2 
A. dorsata 4 

 

For the second part, genomes were extracted from ten A. m. ligustica samples and 

resequenced using SOLiD xl 5500 series at Rudbeck center, Uppsala. The ten samples 

we collected from Italy were from distantly related colonies, and an extra drone was 

collected as the reference. In total, ten barcoded libraries were constructed for 

sequencing. The estimated coverage for the whole pool is about 40 X. 

SNP polymorphism analysis 
Levels of genetic variation corrected for sample size were estimated by calculating 

Watterson's θ = K/ (!
!
)!!!

!!!  [19]. The definition of polymorphism in this study is 

specified that, if one SNP displays heterozygous in any of the samples in one 

subspecies, then it is polymorphic in this population. Otherwise it is fixed. If the SNP 

is only polymorphic in the subspecies, then it is specified as a private SNP. The same 

criterion was utilized for group analysis.   

Differentiation estimates and phylogeny 
In order to analyse the relationship between the 14 subspecies of A. mellifera, we 

measured the degree of genetic differentiation between each population by estimating 

FST (Fixation index), including the three outgroup species [20]. Basically, we 

compared the genetic variability within and between subspecies and four groups. For 

example, when there are allele frequencies p(A) and p(B) for two subspecies A and B 
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respectively, then the observed heterozygosities are h(A) = 2*p(A)*(1-p(A)) and h(B) 

= 2*p(B)*(1-p(B)). The pairwise differentiation within each one is Hs= 

(h(A)+h(B))/2, and between each other is Ht=2*((p(A)+p(B))/2)*(1- (p(A)+p(B))/2). 

The fixation index, thus is, Fst=(Ht-Hs)/Ht. For each combination of the different 

subspecies, Fst matrices were produced for Fst tree construction. 

 

In addition, we also directly inferred the pairwise genetic distances among all samples 

from the SNP data using allele-sharing distance in plink [21]. Phylogenetic trees were 

generated using the neighbor-joining algorithm in phylip [22]. All trees were viewed 

in SplitsTree [23], which was also used to construct networks from distance matrices. 

Other analyses were performed using custom perl scripts. 

 

SNP calling and classification 
SNPs were detected by Freebayes. Because reads assembling and SNP calling were 

accomplished in different tools, depths were displayed in different values for the same 

SNP in pileup file (from SAMtools) and VCF file (from Freebaye). To keep 

consistence, SNPs in VCF file were mapped to pileup file. Depth threshold was 

determined by plotting the proportion of SNP and sites for each depth. In this study, 

SNP was filtered with quality >= 100 and depth >= 10. SNPs were classified into 

exonic, intronic and intergenic groups according to gene annotation of Assembly 4.5. 

In some plots, the latter two groups were merged as non-coding SNPs.  

 

GC content and recombination rate  
Two approaches were designed for estimating the correlation of SNPs and GC 

content. One was scanning the whole genome in 100KB non-overlapping windows so 

that GC content and number of SNPs with valid coverage could be inspected in each 

window. One was measuring GC content in a 10KB window around each SNP. 

Besides, transition and transversion were counted in the same method. Level of 

genetic variation was the percentage of SNPs in each window. The latest genetic map 

was constructed on Assembly 3.0, so the recombination rate was measured after the 

markers were mapped to Assembly 4.5. Basically, we got the marker sequences from 

the published linkage map, and then mapped the 1999 markers to Assembly 4.5 



	   14	  

genome in order to locate the physical distances [24]. 1972 markers were mapped to 

Assembly 4.5, which reached 98% of all the makers. The recombination rate=genetic 

distance/physical distance.  
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Results 

SNP polymorphism analysis 
We counted the number of polymorphic, private and fixed SNPs for each subspecies 

and group, respectively. Furthermore, to avoid sample size bias, values were corrected 

with Watterson estimator. In total, 1029 out of 1136 SNPs exhibit variation between 

14 subspecies (Table 2). The majority of the SNPs are shared across all the subspecies 

and groups. On average, 40% of the SNPs are polymorphic in any one of the 

subspecies, and 68% in any one of the groups. By contrast, only 0.5% and 4.5% are 

private SNPs in a subspecies and a group respectively. The corresponding values 

don’t have significant changes after sample size correction. This indicates that A. 

mellifera has not experienced long periods of isolation. Levels of genetic variation 

between groups do not have a substantial differentiation. Therefore, the finding that 

African group is highly diverged does not get support from this study.  

Table 2. Number of polymorphic SNPs present in each subspecies. 
  Real numbers Corrected numbers 
  Polymorphic 

SNPs 
Private 
SNPs 

Fixed 
SNPs 

Polymorphic 
SNPs 

Private 
SNPs 

M 
group 

mellifera 564 4 0 156.7 1.11 
iberiensis 265 2 0 87.7 0.66 
all group 592 7 0 147 1.74 

C group 
ligustica 637 8 0 182.2 3.15 
carnica 715 4 0 207.8 1.45 
all group 782 24 0 188.5 6.75 

O group  

anatoliaca 501 2 0 141.2 0.85 
caucasica 239 0 0 79.1 0 
syriaca 314 4 0 111 1.41 
pomonella 293 0 0 159.8 0 
all group 595 31 0 137.5 7.16 

A group 

scutellata 584 34 0 158.2 10.02 
lamarckii 549 3 0 154.7 0.85 
capensis 302 3 0 164.7 1.64 
litoria 216 1 0 144 0.67 
unicolor 72 1 1 48 0.67 
intermissa 552 5 0 155.6 1.41 

 all group 845 126 1 176.4 26.31 

 all group (-intermissa) 758 NA NA 170 27.14 
TOTAL all groups 1029 NA NA 179.1 NA 

 all groups (-intermissa) 1023 NA NA 181.7 NA 



	   16	  

Differentiation estimates and phylogeny 
According to the description in Whitfield’s paper, the ancestral subspecies derived 

from African group when outgroup species was introduced into the trees constructed 

with genotypes of 1136 SNP [17]. Firstly, we validated their conclusion with the same 

approach (Fig 4). 14 subspecies are apparently distinguished into four groups, with A 

and M on one clade and C and O on the other clade.  The three outgroups root in A 

group, but separate A. m. intermissa from other subspecies. Two European groups C 

and M are distantly related, although they locate proximately on geography. On the 

basis of this method, it is assumed that A. mellifera originated from Africa and 

expanded into Eurasia in at least two routes (One to M and one to C and O). 

 

 
Figure 4. Neighbor-joining tree based on allele-sharing distance for 14 subspecies 

with three outgroups as root.  

 

However, two questions were proposed on the above results. A. m. intermissa is 

separated from other subspecies within A group, which suggests it might be a 

hybridization. The same method was adopted to construct the same tree without A. m. 

intermissa, and the shape of the tree strengthened our doubt (Fig 5). Two clades of 

A+M and C+O are clearly distinct by the root as before, but the root stands out of A 

group. Instead, it locates independently between the two clades. This indicates that the 

position of the root is heavily affected by the existence of A. m. intermissa. When A. 

m. intermissa is included in the analysis, the bootstrap value for the outgroup is very 
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high among other subspecies in A group (Fig. 6B). When A. m. intermissa is removed 

from the samples, two competing reconstructions with regards to the outgroup are 

recovered, and none of them places the outgroup within A group (Fig. 6C). This 

topology is more similar to the Fst tree (Fig. 6A). The other doubtful point is that 

most of the genetic variations are shared between subspecies would result in problem 

in interpreting bifurcating trees.  

 

 
Figure 5. Neighbor-joining tree based on allele-sharing distance for 13 subspecies 

(without A. m. intermissa) with three outgroups as root. 

 



	   18	  

 
Figure 6. A) Neighboring-joining tree based on pairwise Fst matrix between 

subspecies, with three outgroups. B) Neighboring-joining majority-rule consensus 

tree based on allele-sharing distances for subspecies and outgroups. C) Two 

completing reconstructions with regards to the outgroup without A. m. intermissa. 

 

Based on these, we reconstructed trees in another approach. Pairwise Fst was 

calculated between subspecies and groups respectively in order to generate matrices. 

Unexpectedly, the shape of the Fst tree differs from the published tree (Fig 7). The 

African lineage forms a monophyletic clade rather than involving into the root 
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clustering. The whole topology is similar as the scenario without A. m. intermissa in 

Fig 5. After A. m. intermissa was excluded from the dataset, the shape of Fst tree does 

not have a substantial change (Fig S1), which implies that Fst tree is less sensitive 

than allele-sharing distance tree in sample alteration.   

 

 
Figure 7. Neighbor-joining tree based on Fst matrix for 14 subspecies with root. 

 

To have a close visualization on how the subspecies are clustered, we built up 

networks for both distance matrix and Fst matrix, and the observation reveals some 

interesting features (Fig 8, Fig S2). Obviously, A. m. intermissa is at an intermediate 

position between A and M groups as the previous analyses. Furthermore, the complex 

expansions of the branches at the centre of the tree, initiating from the root, imply 

multiple topologies for the relationship of the subspecies. Apart from A. m. intermissa, 

some other subspecies, like A. m anatoliaca and A. m. lamarckii, also show 

potentially hybrid origins in Fig S2. 

 

In conclusion, our re-evaluation demonstrate that evidences for a tree where the root 

is found within Africa clades are too few to provide an equivocal answer, so we do 

not support African origin or Asian origin. 
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Figure 8. Network structure based on Fst matrix for 14 subspecies and the root. 

Correlations of SNPs and genomic characteristics 
To have an insight into the correlation of distribution of SNPs and other genomic 

parameters over the whole genome, we investigated level of genetic variation, 

recombination rate, ratio of transition to transversion, GC content, density of genes 

and other ones in 100KB non-overlapping windows. Before going deep into the re-

sequencing data, we had an overview of the statistics in read depth and SNP calling. 

The proportions of bases and SNPs (quality >= 100) at each depth are plotted in Fig 9. 

From the tendency, we can see that the percentage of SNPs and bases keep consistent 

when the depth is above 10.  Therefore, we choose 10 as the threshold to filter valid 

data. The detail distribution of SNPs on each chromosome is in Table S1. On average, 

there are 4 SNPs per KB over the whole genome, except the ungroup. 

 
Figure 9. Depth information for the resequencing genome. 



	   21	  

 

The unexpectedly high recombination rate in honeybee draws biologists’ great 

attentions. The genome displays 10 times higher levels of recombination (19 cM/Mb) 

than even higher eukaryotes. In this study, we analyse the possible evolutionary or 

genetic causes of the high rate, with the latest linkage map released in 2007 and about 

800,000 newly calling SNPs in A. m. ligustica. To avoid the bias caused by local 

coverage, we estimate the level of genetic variation in a 20KB window around each 

recombination rate. No significant correlation is shown between them (Fig 10). For 

the 1136 SNP dataset, genome-wide SNPs were filtered and classified into coding and 

non-coding classes. The recombination rate for each SNP was calculated by the 

average value of two proximate rates marked by two genetic maps. GC content was 

estimated with 200bp flanking sequences around each SNP. Slightly positive 

correlation was displayed in coding SNPs but not in non-coding SNPs (Fig S3). Both 

of group and subspecies Fst showed positive correlations in exonic SNPs but no 

obvious signature for non-coding SNPs was observed (Fig S4). This is consistent with 

the previous study in which it suggested that adaptive evolution results in the 

differentiation in coding and non-coding regions [18]. However, none of the 

tendencies plotted with the 1136 SNPs data is significant. So there is more work to be 

done for investigation of the genetic background underlying the high level of rate 

across the whole genome. 

 

 
Figure 10. Level of genetic variation Vs. recombination rate in 20KB windows across 

the genome. 

 

R²	  =	  0.02%	  

0	  

0.002	  

0.004	  

0.006	  

0.008	  

0.01	  

0.012	  

0.014	  

0	   50	   100	   150	   200	   250	  

GV
	  	  

RR	  (cM/MB)	  



	   22	  

With the same method, we also detected a significantly positive correlation between 

genetic variation and GC content (p < 2.2e-16) (Fig. 11). Furthermore, we discovered 

that the regions with high density of repetitive elements have relatively low GC 

content.  Some regions with many genes have low SNP variation, which implies a 

possibly positive selection on the genome. Furthermore, we noticed that there were 

some relatively long regions with very few SNPs, where we expect they are patterns 

of selective sweeps. In the future, we will focus on identifying the signature of 

positive selection and investigating the genes under the selection.  

 
Figure 11. Correlation of level of genetic variation and GC content in 100 KB across 

the whole genome. 



	   23	  

Discussion 
So far, the clustering of the four distinct lineages (C, O, M, A) has been confirmed by 

both of genetic and morphological proof. However, debate still exists on how these 

groups are related and where the original emergence occurred. Based on the fact that 

other nine honey bee species emerged from Asia, it is reasonable to trace A. mellifera 

back to the same origin. Several studies have provided some evidence for this Middle-

East origin hypothesis [15,25]. But the route of colonization of Europe is 

controversial. Morphometric evidence indicated a close relationship between A and M 

groups, which supports a western route [15]. Microsatellite and mitochondrial 

analyses revealed that A and M were characterized by highly diverged lineages, 

which implied remote links between the two branches [26]. This makes the western 

expansion unlikely. The new SNP dataset shows A group is closest to M on genetic 

relations, and most distant to European C group. This suggests that M and C lineages 

invaded Europe from two independent routes, and there should be a western 

migration. Although no special African diversity is observed in the SNP dataset, in 

some studies, African populations displayed high genetic variation than European 

populations at microsatellite loci [13]. This seems supportive to the Middle-East 

origin, but the larger effective African population size should be taken into account.  

The way of introducing outgroups as the root in constructing phylogenetic trees could 

bring ambiguity in interpretation of the internal branches. This is caused by the large 

amount of shared variations between the lineages. When part of the samples are 

excluded or added into the dataset, the root locates either within A group, or on the 

main branch between A+M and C+O. Particularly, the shape of the tree is very 

sensitive with the inclusion of A. m. intermissa, which is a suspected hybridization. 

Alternatively, the subspecies A. m. intermissa is mainly located at the intersection 

near Mediterranean, which indicates it could be affected by gene flow from M 

lineage. So the position of the root could not give an explicit explanation for the 

origin of Apis mellifera.  

 

The novel characteristics in A. mellifera provide fascinating insights into honeybee, 

even insect world. One of the striking features is the high recombination rate, which is 

significantly greater than most eukaryotes. Evolutionary explanations consider that 
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recombination favours the efficiency of natural selection [27]. For example, 

exchanging genetic information between chromosomes through recombination can 

eliminate the deleterious alleles. Yet there are studies reporting positive correlation 

between recombination rate and GC content in honeybee[28], we did not observe a 

notable relationship. In human, local rates are positively correlated with GC content 

[29]. Hill-Robertson effect points out that changes in GC content driven by natural 

selection would be confined to the regions with high enough rates to overcome the 

effects of genetic drift. In our analysis, there is a slightly positive tendency in exonic 

SNPs but not non-coding SNPs, though the correlations are not significant enough. 

This might imply a positive selection in honeybee genome, which is consistent with a 

previous study [18].   

 

That GC content is positively correlated with local number of SNPs might indicate 

some interesting evolutionary features in honeybee genome. Because those SNPs are 

not classified according to their engagement with genes, we cannot infer how they 

relate with functional genes in the genome, although there have been studies 

indicating a signature of positive selection over honeybee genome [25]. Further 

studies will be focused on the detail features on each chromosome.  

 

Above all, colonization of modern populations of A. mellifera experienced strong 

selection of adaptation, and that is well worth a full understanding. Our studies on the 

origin and genomic characteristics are valuable for understanding how and when these 

adaptations arose.  
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Supplements 
Table S1. Distribution of SNP (quality >= 100) in each chromosome. 

CHROM Size (KB) All SNPs KB per SNP 

Group1 29890 119436 0.250259553 

Group2 15550 59212 0.262615686 

Group3 13230 56318 0.234916013 

Group4 12720 49126 0.258926027 

Group5 14360 53427 0.268777959 

Group6 18470 70794 0.260897816 

Group7 13220 50031 0.264236174 

Group8 13550 47636 0.284448736 

Group9 11120 46350 0.2399137 

Group10 12970 46794 0.277172287 

Group11 14730 53376 0.275966727 

Group12 11900 46948 0.253471926 

Group13 10290 42257 0.243509951 

Group14 10250 39102 0.262134929 

Group15 10170 33168 0.306620839 

Group16 7210 25119 0.287033719 

GroupUN 30640 32859 0.932469034 

Total 250270 871953 0.287022351 
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Figure S1. Neighbor-joining tree constructed from Fst matrix without A. m. 

intermissa. 

 

 
Figure S2. Network structure based on allele-sharing distance for 188 samples. 
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Figure S3. GC content Vs. Recombination rate. GC% was estimated with 200bp 

flanking sequences around each SNP. Blue represents the exonic SNPs while red are 

non-coding SNPs. 

 
Figure S4. Genetic differentiation Vs. recombination rate. Blue represents the exonic 

SNPs while red are non-coding SNPs. 
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