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            Abstract
The honeybee Apis mellifera has major ecological and economic importance. We analyze patterns of genetic variation at 8.3 million SNPs, identified by sequencing 140 honeybee genomes from a worldwide sample of 14 populations at a combined total depth of 634×. These data provide insight into the evolutionary history and genetic basis of local adaptation in this species. We find evidence that population sizes have fluctuated greatly, mirroring historical fluctuations in climate, although contemporary populations have high genetic diversity, indicating the absence of domestication bottlenecks. Levels of genetic variation are strongly shaped by natural selection and are highly correlated with patterns of gene expression and DNA methylation. We identify genomic signatures of local adaptation, which are enriched in genes expressed in workers and in immune system– and sperm motility–related genes that might underlie geographic variation in reproduction, dispersal and disease resistance. This study provides a framework for future investigations into responses to pathogens and climate change in honeybees.
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                    Figure 1: Geographic distribution of genetic variation and demographic history of honeybees.[image: ]


Figure 2: Genetic variation associated with gene function.[image: ]


Figure 3: Genes under positive selection.[image: ]


Figure 4: Function of selected genes.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Diploid genotype quality control using a haploid drone sequenced to 20× depth of coverage.
Haploid drone data were intentionally misspecified to be diploid in the FreeBayes SNP calling process, and variable positions shared by the drone and the population data set were compared. This figure shows the distributions of heterozygous genotypes in the population data set conditional on their genotype in the resequenced drone (blue, all population data set SNPs; pink, SNPs where the drone had a homozygous difference compared to the reference genome; gray, SNPs where the drone had a heterozygous genotype). Chromosomal positions with heterozygous drone genotypes demonstrated extremely elevated levels of heterozygous genotypes in the population data set (gray) compared to the L-shaped distribution of all population SNPs (blue) and the positions where the drone had homozygous differences relative to the reference sequence (red). SNPs overlapping the heterozygous drone positions were therefore removed from the population data set, as they are unlikely to represent true SNPs.


Supplementary Figure 2 Genotype representation.
(a) The number of genotypes called per sample (y axis) compared to the average depth of coverage of the sample (x axis). The number of SNP positions at which a sample had its genotype inferred varied between 5–8 million and is correlated with its depth of coverage (i.e., poorly represented samples had more unknown genotypes before alleles were imputed with BEAGLE). (b) The number of SNPs where each population had one or more genotypes called out of all ten samples (y axis) compared to the average depth of coverage for the population (x axis). Populations sequenced at lower depth generally had more missing genotypes than those sequenced at higher depth. The missing genotypes appeared to be partly randomly distributed among samples and were smoothened at the population level. Of the 8.3 million SNPs in the data set, all populations (see legend in a) are represented by at least 5 genotypes at 8 million SNPs and by 8 genotypes at 7 million SNPs. The A. mellifera anatolica population had two samples sequenced at low coverage (A), resulting in the lowest genotype representation at the population level. In total, about 6% of the genotypes in the SNP matrix were missing and were imputed with BEAGLE.


Supplementary Figure 3 Neighbor-joining trees based on allele sharing distances.
Trees were constructed using different subsets of the data using samples from native subspecies. (a) All data. (b) Coding sequences. (c) Genic sequences (introns, exons and UTRs). (d) Intergenic sequences. All trees show consistent topologies.


Supplementary Figure 4 Linkage disequilibrium decays rapidly in honeybees.
The linkage disequilibrium (LD) between SNPs as measured using the r2 estimator (y axes) is shown over increasing distance between the SNPs (x axes). (a) LD was found to decay quickly across the natural, domestic and Africanized populations. All populations have an r2 value of <0.2 at 1 kb. The rate of decay of LD reflected population size and was most rapid in the African populations. The highest LD was found among European bees. The domestic lineages had an intermediate decay of LD. (b) The corresponding decay of LD after grouping the samples according to major continental groups—A (n = 30), C (n = 20), M (n = 30) and O (n = 20)—shows that r2 is below 0.1 in all groups at distances of greater than 1,500 bp.


Supplementary Figure 5 Model-based clustering and ancestral inferences.
(a) A tree representation of the genetic relationships between the individual honeybee samples. fineSTRUCTURE was used to infer interrelationships among the samples, recovering a topology where most populations are identified as monophyletic clades (with a few outliers) and structured according to the four continental groups. South African A. mellifera capensis samples were recovered inside the A. mellifera scutellata population. The domestic bees clustered mainly with the bees from central Europe (C group). Africanized bees from Brazil were grouped with African bees (A group). (b) Allelic ancestry of each sampled honeybee. ADMIXTURE was used to infer allelic origins, and the samples were sorted according to fineSTRUCTURE topology. At K = 4, ADMIXTURE subdivides samples according to the four major groups inferred with fineSTRUCTURE. The domestic bees have mainly C-type alleles but also show some proportion of alleles with other origins. The Africanized bees appear to have mainly African alleles but also carry a remainder proportion of alleles originating from western Europe (M group). ADMIXTURE detects introgression of African alleles into the A. mellifera syriaca population. About 18% of A. mellifera syriaca alleles appear to be of African origin. (c) The co-ancestry matrix estimated in fineSTRUCTURE shows high levels of co-ancestry within the populations and groups and also detects introgression of African alleles into the A. mellifera syriaca population. (d) The cross-validation error according to the number of hypothetical ancestral groups (K). The cross-validation (CV) procedure implemented in ADMIXTURE was applied to all data (140 samples, including subspecies, domestic and Africanized samples; blue) and a data set including only the natural subspecies (100 samples; red). In both cases, the optimal value for K was found to be 4 (lowest CV errors), suggesting that the variation is best summarized as being subdivided according to the four ancestral groups.


Supplementary Figure 6 TreeMix analysis.
The relationships, divergence and major mixtures between populations were inferred and illustrated as trees using TreeMix. (a) The TreeMix ML tree explains 98.2% of the variation. It identifies the four major groups and places the root between the A + M and C + O clusters. (b) The most important mixing event (arrow) based on the residuals involves the migration of African alleles into the O group and explains an additional 0.6% of the variation. (c,d) The inferred interrelationships and major mixing event (arrow) after pooling the samples according to the continental groups are consistent with the population tree.


Supplementary Figure 7 FST and MDS analyses of population divergence.
(a) The fixation index (FST) matrix reconstructed from estimates of pairwise FST between all natural populations. There is evidence of large amounts of drift separating the populations of western and northern Europe (A. mellifera mellifera and A. mellifera iberiensis; M group) from those of central/southeastern Europe (A. mellifera carnica and A. mellifera ligustica; C group) and the introgression of African alleles into the A. mellifera syriaca population. (b) The corresponding FST matrix of pairwise distances between samples when aggregated according to the major groups is similar to that among populations. (c) Upper left, neighbor-joining (NJ) tree reconstructed from the pairwise FST distance matrix shows that the outgroup connects to the middle of the tree rather than within any of the groups. Lower right, the corresponding splits network reconstructed using SplitsTree indicates that the tree-like resolution is lowest at the basal positions among the groups. (d) The principal-component analysis (PCA) plot of the first two components (PC1 and PC2) as recovered by multidimensional scaling (MDS) in PLINK further supports the four major groups and the dominance of C-group alleles in domestic bees. The Africanized hybrid bees appear most similar to the native African samples.


Supplementary Figure 8 Genealogical concordance analyses.
(a) Population split events (blue dashed lines) in each group (A, M, C, O) as represented by the sampled honeybees were assumed to represent the origin of each population. (b) Population ages estimated by genealogical concordance (within, splits within the major groups, as shown in a; between, splits between groups). The proportion of concordant sites was computed from whole-genome patterns of allele sharing among samples and used to estimate the divergence times T in units of 1.5Ne. The effective population size was computed from the levels of sequence variation in each population. The mutation rate based on the divergence between A. mellifera and A. cerana (5.27 × 10–9) was used to transform ages into units of time, assuming a generation turnover of 1 year. Modern subspecies diverged around 20,000 YBP, whereas the major continental groups appear to have diverged around 200,000–300,00 YBP. The method is sensitive to external gene flow, as shown by the introgression of African alleles into the A. mellifera syriaca population, which overestimates the age of its split from A. mellifera anatoliaca. Because of admixture, the A. mellifera syriaca population was not included when estimating the ages of the splits between the O group and the other three groups.


Supplementary Figure 9 PSMC analysis.
The historical effective population size (Ne) (y axes) was traced back in time (x axes) using the Pairwise Sequentially Markovian Coalescent (PSMC) model applied to four samples sequenced at ∼20× depth of coverage. PSMC reconstructs the variation of historical Ne values from patterns of heterozygosity along the chromosomes. (a) Analysis of the complete data set. Generation turnover time was specified to be 1 year and the mutation rate was estimated to be 0.53 × 10–8 mutations per base and generation, computed from divergence observed with the outgroup species A. cerana (confidence intervals computed from 125 bootstrap replicates). (b) Analysis of only transversions. Old coalescent events and historical population sizes were reconstructed with greater resolution when the genotype data were thinned to include only transversions, suggesting alternating patterns of population expansion and contraction that match the last two glaciation cycles (errors bars are computed as in a; the transversion mutation rate was estimated to be 0.15 × 10–8).


Supplementary Figure 10 Genome-wide patterns of population differentiation.
(a) The mean fixation index (FST) of coding and noncoding SNPs detected in three comparisons (top, A versus MC; middle, C versus AM; bottom, M versus AC; A, Africa; M, northern/western Europe; C, southern/eastern Europe) as estimated for genes of different caste expression and CpGO/E categories. The FST of SNPs in coding regions (CDS + UTRs) is not significantly higher than the level of differentiation detected in noncoding (intron + intergenic) regions. There are no signs of genome-wide signals of positive selection as detected by FST on coding regions across all genes in the genome or among genes with caste-biased overexpression. The coding regions of low-GC/CpG genes have a small (∼12%) increase in mean FST compared to high-GC/CpG genes, a signal that is less clear in noncoding regions (NS, genes with unbiased expression; Q, queen-biased genes; W, worker-biased genes; D, drone-biased genes; LCpG, low-CpG genes; HCpG, high-CpG genes; LGC, low-GC genes; HGC, high-GC genes; 95% confidence intervals were estimated by bootstrap). (b) GC content in a 100-bp window around each SNP (y axes) is weakly correlated with FST (x axes; R2 < 2%) and mainly detected as a 10–20% drop in the extreme tail along the FST distribution for SNPs in coding regions. (c) Substitutions in coding regions were analyzed for codon changes (proportion of nonsynonymous SNPs; y axes) across the FST spectrum (x axes). High-FST substitutions (FST ≥ 0.9; fnon = 0.42) were found to be significantly enriched for nonsynonymous changes between African and European bees (A versus MC) compared to low-FST substitutions (FST < 0.9; fnon = 0.28) and in the C versus AM comparison (FST ≥ 0.9; fnon = 0.31 versus FST < 0.9; fnon = 0.26) but not the M versus AC comparison (FST ≥ 0.9; fnon = 0.28 versus FST < 0.9; fnon = 0.28) by bootstrapping the SNPs and assessing the variation around the mean at the 5% level. The large enrichment of highly differentiated nonsynonymous SNPs suggests that protein sequences are under divergent positive selection in African and European bees.


Supplementary Figure 11 Levels of nucleotide diversity around SNPs conditional on FST.
Neutral diversity (Watterson’s theta, θw) in the African bees was measured in 1-kb windows up to a distance of 250 kb on either side of every SNP detected between African and European bees and grouped into FST intervals (size = 0.05; the last interval contains the fixed SNPs). The mean diversity close to a SNP of a particular FST class (1–20 kb away) was compared to the diversity of all SNPs (at 100–250 kb away, matching the average diversity computed across the whole genome). (a) All SNPs. Diversity is reduced by ∼8% around SNPs with FST = 0.95–1.00 and by ∼23% around fixed SNPs with FST = 1 (pink, FST = 0.9–0.95; green, FST = 0.95–1.00; blue, FST = 1; 95% bootstrap confidence intervals are shown; average diversities computed for all lower FST classes shown in dark blue). (b) Coding SNPs. SNPs in coding regions are associated with the greatest reduction in diversity (FST(1) = 31%; FST(0.95–1.00) = 32%; FST(0.9–0.95) = 16%; FST(0.85–0.90) = 15%). (c) Intronic SNPs. It is mainly the fixed SNPs in introns that show reduced levels of variation (23%). (d) Intergenic SNPs. These SNPs are only weakly associated with reduced variation (FST(1) = 6%).


Supplementary Figure 12 Properties of highly differentiated SNPs.
The highly differentiated (top 0.1%) SNPs in the 3 pairwise comparisons between the African and European groups (6,179 SNPs with FST ≥ 0.89 in A versus MC; 4,799 SNPs with FST ≥ 0.95 in C versus AM; 6,283 SNPs with FST ≥ 0.96 in M versus AC) were subdivided according to honeybee genes, gene regions and caste-biased expression. (a) The CpGO/E levels of all putatively selected genes (green) associated with the highly differentiated SNPs between African and European bees are elevated compared to all genes (gray background). Likewise, the subsets of potentially selected caste-biased genes converge on high CpGO/E levels relative to all genes of the caste (Fig. 4b) (Q, queen; W, worker; D, drone), suggesting that unmethylated or differentially methylated genes are important targets of selection and adaptation in honeybees. (b) The functional associations of the Drosophila orthologs of the honeybee genes were analyzed with g:Profiler for functional enrichments. Across all contrasts and the 3 gene regions, 184 biological process (BP) terms were found to be significantly enriched in the SNP data sets, mostly driven by strong enrichments in intronic SNPs. The BP-associated noncoding regions were clustered into major categories using the REVIGO web service, spanning cellular development and signaling, regulation, response to stimulus and morphogenic development. SNPs in coding regions were significantly enriched for microtubule-based movement, detecting the large number of sperm motor proteins undergoing selection between African and European bees.


Supplementary Figure 13 Examples of genes with highly differentiated SNPs.
About 2,000–3,000 genes were associated with the top 0.1% of the most differentiated SNPs across three different comparisons (A versus MC, C versus AM, M versus AC; A, African; M, northern/western Europe; C, southern/eastern Europe; see Fig. 4a for details), including genes involved in the social, reproductive and immune systems. (a) Model of the vitellogenin receptor (yl) gene (light blue above graph; exons are shown as blocks; introns are shown as dashed lines; the arrow indicates the strand; neighboring genes shown in gray) involved in honeybee worker labor division and behavior. The allelic differentiations of SNPs among bees from different groups were estimated using the FST fixation index (y axis; circles, noncoding SNPs; filled circles, coding SNPs; triangles, nonsynonymous coding SNPs; FST measured in 1-kb windows shown as lines) and are illustrated at their coordinates along the gene (x axis). All honeybee groups (A, C, M) are associated with nonsynonymous SNPs at FST > 0.9, but the exons along the last 4 kb of the gene in C-group bees are the most differentiated. (b) Model of the microtubular dynein heavy chain 7 sperm motor protein gene (symbols as in a) showing highly differentiated SNPs and regions, found mainly in the A and M groups. The African bees have nonsynonymous SNPs distributed across several exons. (c) Model of the microtubular dynein intermediate chain 3 sperm motor gene (symbols as in a) showing a large cluster of nonsynonymous SNPs in an exon separating African and European bees. (d) Model of the immune gene hemocytin/hemolectin (Hml) showing several highly differentiated SNPs (FST > 0.9) in the African bees and a haplotype-like signature in M-group bees at lower fixation.
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