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Population genomics of the honey bee reveals strong
signatures of positive selection on worker traits
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Most theories used to explain the evolution of eusociality rest
upon two key assumptions: mutations affecting the phenotype of
sterile workers evolve by positive selection if the resulting traits
benefit fertile kin, and that worker traits provide the primary
mechanism allowing social insects to adapt to their environment.
Despite the common view that positive selection drives pheno-
typic evolution of workers, we know very little about the prev-
alence of positive selection acting on the genomes of eusocial
insects. We mapped the footprints of positive selection in Apis
mellifera through analysis of 40 individual genomes, allowing us
to identify thousands of genes and regulatory sequences with
signatures of adaptive evolution over multiple timescales. We
found Apoidea- and Apis-specific genes to be enriched for signa-
tures of positive selection, indicating that novel genes play a dis-
proportionately large role in adaptive evolution of eusocial insects.
Worker-biased proteins have higher signatures of adaptive evolu-
tion relative to queen-biased proteins, supporting the view that
worker traits are key to adaptation. We also found genes regulating
worker division of labor to be enriched for signs of positive selec-
tion. Finally, genes associated with worker behavior based on anal-
ysis of brain gene expression were highly enriched for adaptive
protein and cis-regulatory evolution. Our study highlights the sig-
nificant contribution of worker phenotypes to adaptive evolution in
social insects, and provides a wealth of knowledge on the loci that
influence fitness in honey bees.

natural selection | kin selection | social evolution |
taxonomically restricted genes

Eusocial behavior evolved multiple times in insects and is
characterized in part by extreme asymmetries in the re-
productive potential of individuals (1). This asymmetry is most
pronounced in advanced eusocial insects, with their fertile queen
and sterile worker castes. Darwin first recognized that natural
selection cannot directly optimize worker phenotypes because
workers are usually sterile (2). Hamilton (3, 4) developed kin-
selection theory to describe the conditions that allow natural
selection to indirectly optimize worker phenotypes if such phe-
notypes benefit their fertile kin. It is commonly believed that
worker traits, such as sib-care, foraging, and colony defense, play
important roles in allowing colonies to adapt to their environ-
ment (5-7). However, despite the central role of kin-selection
and inclusive fitness theory in the field of Sociobiology (8, 9), we
lack knowledge on the pattern and prevalence of positive se-
lection acting on the genomes of eusocial insects.

Population genomic studies provide unprecedented opportu-
nities to detect signatures of selection on DNA sequences over
different timescales (10). There are several tests of selection that
can be applied to genome-wide datasets. The McDonald-Kreitman
(MK) test is arguably the best method for detecting selection on
protein coding sequences because of its robustness to changes in
a species’ demography, which often confounds other tests of se-
lection (10, 11). A recent Bayesian implementation of this classic
test uses genome-wide estimates of polymorphism and divergence
to improve statistical power (11). Outlier tests of selection are also
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less sensitive to population demography, which affect all loci
within a genome; loci under selection thereby appear as outliers
in the empirical distribution of genome-wide data (12-14). In
spatially structured populations, outlier tests of genetic differ-
entiation are especially useful in identifying loci underlying local
adaptation (10, 15).

The honey bee, Apis mellifera, provides an ideal system for
applying population genomics to understand the evolutionary
forces shaping eusocial insect genomes. The honey bee is argu-
ably the most well-known social insect at the level of behavior,
physiology, and genetics, and there are many rich datasets that
detail caste-specific transcriptomic and proteomic phenotypes
(16, 17). The bee genome is relatively small (236 Mb) and lacks
many repetitive elements (18), making assembly via short-read
sequencing highly feasible. Finally, the honey bee’s genetically
and phenotypically distinct population groups in Africa, Asia,
and Europe (19, 20) provide an opportunity to examine how the
honey bee genome adaptively diverged in response to the dif-
ferent selective pressures experienced across its large and diverse
native range (21, 22).

To this end, we undertook a comprehensive population ge-
nomic study of the honey bee by sequencing the genomes of 40
individual bees from different geographic regions, including
a closely related species. Our goals were to first identify genomic
regions with signs of positive selection and then examine the
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degree to which genes associated with worker traits contribute to
adaptive evolution. Our study provides unparalleled insights on
the genes and traits underlying adaptation in social insects.

Results

Genomic Diversity in Apis mellifera. We sequenced the diploid
genomes of A. mellifera workers sampled from the four geneti-
cally distinct honey bee lineages (19, 20) in Africa (n = 11
workers), Asia (n = 10), East Europe (n = 9), and West/Northern
Europe (n = 9) at an average coverage of 38x (Table S1). We
also sequenced a single Apis cerana worker as an outgroup. We
conducted preliminary Sanger sequencing of several randomly
chosen exons to ensure that our collected specimens were not
admixed (23). We discovered 12,041,303 SNPs in the 39 se-
quenced A. mellifera genomes, many of which were validated
using independent datasets. We used the identified SNPs to con-
firm the population structure of the sampled bees. As expected, the
39 A. mellifera workers were assigned to four distinct populations
and our sampled bees had very low levels of admixture (Fig. S1 and
Table S2). Given that human management increases admixture
levels in honey bees, the nonadmixed bees studied herein pro-
vide the best approximation of the four A. mellifera evolutionary
lineages before human management (23).

Signatures of Positive Selection over Intermediate Timescales. We
used a Bayesian implementation of the MK test (11) to estimate
the strength and direction of selection on 12,303 genes since
divergence between A. mellifera and A. cerana ~5-25 Mya (24,
25). The MK test requires polymorphism data from at least one
species (i.e., A. mellifera) and divergence data from at least one
outgroup sequence (i.e., 4. cerana) (10, 26, 27), and the Bayesian
implementation of the MK test allows for the estimation of the
population size-scaled selection coefficient y on nonsynonymous
mutations (11). Although the MK test is very robust to changes
in population demography (11), we conservatively implemented
this test using the polymorphism data from African bees only,
which represent a large stable population that is minimally im-
pacted by human management (23, 28). We found that most
genes in the bee genome (approximately 90%) have y between
—1 and 1 (Fig. 14); 0.9% of genes have y < —1, consistent with
strong purifying selection, whereas 9.3% of genes have y > 1,
consistent with strong positive selection (Dataset S1).

Signatures of Positive Selection over Short Timescales. Positive se-
lection facilitating local adaptation creates loci with outlier levels
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Fig. 1. Loci underpinning adaptive evolution in honey bees. Histogram of
(A) the population-size scaled selection coefficient (y) for 12,303 genes; y
ranges from —1.64 to 11.8, but we truncated the histogram at y = 3 for
readability. There are 88 genes with y > 3. (B) Histogram of pairwise genetic
differentiation (Fst) between African and West European honey bees for
3,392,632 SNPs. Fst histograms for the other five pairwise comparisons are
found in Fig. S2. Areas in red represent outlier loci with signatures of
adaptive evolution.
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of genetic differentiation (Fsr) relative to the rest of the genome
(12, 13). We used outlier levels of Fsr to identify loci that have
likely experienced geographically restricted positive selection
since divergence of A. mellifera’s four evolutionary lineages ~1
Mya to 11,000 y ago (24, 25). We used two approaches to detect
genomic windows (>5 kb) (Dataset S2) and SNPs with outlier
levels of Fgr (Fig. 1B and Dataset S3) in the six pairwise pop-
ulation comparisons between the four bee lineages. The two
approaches were highly concordant: outlier SNPs were signifi-
cantly enriched within outlier windows (Fisher’s exact test; P <
2.2 x 107 for all pairwise comparisons) and, on average, 55.5%
of SNPs within outlier windows were themselves outlier SNPs.
We detected an average of 5,715 outlier windows with extreme
levels of genetic differentiation in the six pairwise population
comparisons. Outlier SNPs contained alleles that were either
nearly or completely fixed in pairwise population comparisons
(Fst ranged from 0.89 to 1). We found that SNPs with outlier
Fgrin A. mellifera occur mostly in putative cis-regulatory regions:
18.5% of SNPs found 500 bp upstream of genes are outliers
relative to 12.3% in exons, 8.5% in introns, and 8.6% in inter-
genic regions. However, there is still a considerable amount of
positive selection acting on protein sequences: 11% of non-
synonymous mutations were outlier SNPs and outliers SNPs
were enriched for nonsynonymous SNPs (Fisher’s exact test, P <
2.2 x 107%),

Biological Significance of Loci Underlying Positive Selection. We used
Gene Ontology (GO) tools (29) to investigate the possible
function of adaptively evolving loci. Genes associated with G
protein-coupled receptors (GPCRs) and GPCR-signaling were
enriched among adaptively evolving protein and regulatory loci
over intermediate and short timescales (Dataset S4). GPCRs
translate sensory inputs into cellular responses and are thus
crucial for tuning an organism’s physiology and behavior in re-
sponse to the environment; this is particularly intriguing given
the degree to which pheromones within a colony affect the bi-
ology of the different honey bee castes. We also found many
annotation clusters enriched among adaptively evolving loci,
including genes associated with adult behavior, cognition, ner-
vous system development, metabolism, and steroid hormones
(Dataset S4).

Selection on Taxonomically Restricted Genes. The gene content of
genomes is dynamic over evolutionary time, and genomes con-
tain both “old” genes and “new” genes. Old genes originated
in an evolutionary-distant common ancestor and orthologous
copies are found across many distant taxa, whereas new genes
originated recently and are found only in specific taxonomic
groups. Taxonomically restricted genes (TRGs) have been the
subject of recent attention because they are predicted to be
drivers of phenotypic evolution (30). The genomes of social
insects harbor many TRGs, which are hypothesized to play an
important role in the elaboration of sociality (31). TRGs in ants
(32), bees (33), and wasps (34) tend to show, on average, worker-
biased expression, which suggests that they play an important
role in the evolution of worker phenotypes. We used the hier-
archical catalog of orthologs in OrthoDB v.6 (35) to classify
honey bee genes to four mutually exclusive groups: Apis-
restricted, Apoidea-restricted, and Hymenoptera-restricted genes,
as well as genes found in honey bees and at least one other insect
order (Dataset S5). We then asked if TRGs exhibit differences in
adaptive protein evolution over intermediate timescales.

We found a significantly higher proportion of Apis-restricted,
Apoidea-restricted, and Hymenoptera-restricted genes with signs
of strong positive selection (y > 1) relative to genes found in
other insects; 20.4% of Apis genes (n = 88), 21.8% of Apoidea
genes (n = 215), and 15% of Hymenoptera genes (n = 1,321)
have y > 1 relative to 9% of genes found in other insects (n =
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Fig. 2. (A) Taxonomically restricted genes have higher rates of adaptive evolution. For genes with signs of positive selection (y > 0), y is significantly higher in
Apis-restricted and Apoidea-restricted genes, intermediate in Hymenoptera-restricted genes, and lowest for genes found in other insect orders. (B) For genes
with signs of negative selection (y < 0), Apis-restricted genes have the highest levels of negative selection. Error bars denote SEM.

8,686; Xz, P < 0.0003 for all tests comparing Apis, Apoidea, and
Hymenoptera genes relative to genes found in other insects).
Furthermore, Apoidea-restricted genes have a significantly higher
proportlon of genes with y > 1 relative to Hymenoptera-restricted
genes (X P =0.025). We also found that among 4. melllfem genes
with signs of positive selection (y > 0), those found in all insects
had the lowest average y, those found in the Hymenoptera had
intermediate average y, and those found in the Apoidea had the
highest average y. Apis- and Apoidea-specific genes did not differ
with respect to y, but the differences between these two groups
(i.e., Apis + Apoidea) and Hymenoptera- and insect genes were
hlghly significant (Wilcoxon test, P < 107'°). Average y for
Apoidea was more than three times higher than y for genes
found in all insects (Fig. 24). We also observed differences in
the prevalence of negative selection (y < 0) among TRGs, with
Apis-specific genes having significantly stronger purifying se-
lection relative to Hymenoptera-specific genes (Fig. 2B) (Wil-
coxon test, P < 0.01).

Adaptive Evolution of Queen-Biased and Worker-Biased Proteins. We
investigated the degree to which worker and queen phenotypes
contribute to colony fitness by examining if proteins with caste-
biased expression show differences in the prevalence of positive
selection. We used a list of caste-biased proteins from the Honey
Bee’s Protein Atlas (16), which provides quantitative proteomic
data for 26 tissues assayed in queens and workers. Most honey
bee proteins are expressed in both queen and worker tissues. We
obtained y estimates for 90 and 79 proteins that had higher ex-
pression in workers relative to queens (i.e., worker-biased) or
vice versa (i.e., queen-biased), based on average whole-body
expression (16; also see Dataset S5 herein); these proteins con-
sistently exhibited higher expression in workers relative to
queens, or vice versa, in most of the 26 tissues in the Honey Bee
Protein Atlas. Although few in number, caste-biased proteins
provide an objective way to identify sets of genes that are rele-
vant to caste-biased phenotypes. We make the reasonable as-
sumption that the evolution of worker-biased proteins is mostly
shaped by forces acting on worker phenotypes, and that the
evolution of queen-biased proteins is mostly shaped by forces
acting on queen phenotypes. We found that worker-biased pro-
teins had a significantly higher y relative to queen-biased pro-
teins (workers: average y = 0.77; queens: average y = 0.42;
Wilcoxon test; P < 0.0016). Proteins that were not differentially
expressed between queens and workers (n = 1,095) are expected
to have the greatest levels of pleiotropy and constraint (36), and
indeed they have significantly lower y relative to worker-biased
and queen-biased proteins (Wilcoxon test; P < 0.013) (Fig. 34).
We also found that worker-biased proteins were enriched for
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signatures of local adaptation. When benchmarked against non-
differentially expressed proteins, we found that worker-biased
proteins showed a greater enrichment of nonsynonymous outlier
SNPs in more tissues and over a larger number of pairwise line-
age comparisons relative to queen-biased proteins (Fisher’s exact
test: P = 0.0005).

Worker Traits and Colony Fitness. We investigated if genes that are
a priori known to influence worker phenotypes showed sig-
natures of positive selection.

Worker brain gene expression and behavior. There is strong evidence
that shifts in brain gene expression mediate shifts in behavior
in workers (17, 37, 38). Given the considerable and possibly
adaptive differences in worker behavior between the honey bee’s
four evolutionary lineages (39), we predicted that differentially
expressed genes (DEGs) associated with worker behavior would
be enriched for signs of adaptive divergence. We queried 27
microarray experiments from the BeeSpace project that assayed
the brain transcriptomes of nearly 1,000 workers across several
natural or experimentally induced behavioral states (reviewed by
refs. 17 and 37). We found that DEGs associated with 23 of 27
behavioral states have regulatory regions with significantly more
outlier SNPs than expected by chance in at least one pairwise
population comparison after correcting for multiple tests [false-
discovery rate (FDR), a = 0.001; P < 2.2 x 107*] (Fig. S3).
Eighteen of 27 behavioral states were enriched for coding
sequences with significantly more nonsynonymous outlier SNPs
than expected by chance (FDR, a = 0.001; P < 2 x 107%) (Fig. S3).
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Fig. 3. Genes associated with worker phenotypes show signs of adaptive
evolution in honey bees. (A) Worker-biased proteins have significantly
higher selection coefficients relative to queen-biased proteins, and non-
differentially expressed proteins (NDEG). Error bars denote SEM; **P < 0.01.
(B) Genes causally associated with worker division of labor have very high
selection coefficients in the honey bee.
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The enrichment of outlier loci in differentially expressed genes
across most BeeSpace experiments indicates that genes associated
with worker behavior are enriched for signatures of positive se-
lection underlying local adaptation.

Worker division of labor. Worker honey bees undergo an age-
related division of labor that allows them to transition from in-
hive tasks to foraging and colony defense over time. This division
of labor is regulated through an unusual interaction between the
egg yolk protein Vitellogenin (Vg), juvenile hormone (JH) and
JH-signaling, and insulin-like/TOR signaling (40-46) (Fig. 3B).
The mutually repressive relationship between Vg and JH is
unique to worker honey bees, prompting researchers to hy-
pothesize that these conserved genes and signaling pathways
were co-opted via natural selection to regulate worker division of
labor in Apis (47, 48). Vg was previously shown to be under
positive selection based on analysis of several exons (28), and our
complete analysis shows its selection coefficient to be even
higher than previously reported (y = 4.97 vs. 1.88). Vg in turn
regulates the central insulin/Tor growth pathway (49) and both
of the bee’s insulin receptors and the Depdc5 gene—part of
a complex which sensitizes Tor signaling to cellular amino acid
levels (50)—are under positive selection. Juvenile hormone acid
methyltransferase (Jhamt) and juvenile hormone esterase (Jhe)
are the proximal biosynthetic and catabolic enzymes for JH (51),
and Met/Gcee?2 is the key cofactor in JH receptor complexes (52,
53); all of these are under significant and strong positive selec-
tion. We also investigated if foraging (54) and malvolio (55)—
both implicated in worker division of labor—experience positive
selection. We had previously estimated that foraging experiences
nearly neutral evolution based on analysis of four exons (28), but
our complete analysis herein indicated that foraging experiences
positive selection (y = 0.99). On the other hand, malvolio
appears to be constrained (y = —0.33). Given their causal in-
volvement in regulating worker division of labor, signatures of
selection on the above-mentioned genes (Fig. 3B) supports the
hypothesis that worker division of labor has major influence on
colony fitness.

Major royal jelly proteins. Workers have specialized hypopharyngeal
glands that are used to synthesize royal jelly for feeding nest-
mates (39). The honey bee genome contains several genes that
encode Major Royal Jelly Protein (Mrjp), and most of these
genes are highly expressed in the hypopharyngeal glands of
workers (56). The eight Mrjp genes studied herein had signifi-
cantly higher gamma relative to other genes (Wilcoxon test, P =
0.0015) and three of eight genes had y > 2 (binomial P =
0.00003), indicating high levels of positive selection. This list
included Mrjpl (royalactin), which is essential for inducing
queen-worker differentiation (57). We also detected significant
signs of positive selection on Mrjp4 and Mrjp7, which are known
to be expressed only in workers and not in any other caste or
developmental stage (56).

Discussion

The honey bee is a model eusocial organism and our analyses
provide novel insights on the process of adaptive evolution in
social insects. We found strong evidence of positive selection
acting on protein coding sequences in the honey bee. The highest
levels of selection were observed in genes that were taxonomi-
cally restricted to bees, whereas Hymenoptera-specific genes had
intermediate levels of selection. The fact that Apoidea-specific
genes had similar selection coefficients relative to Apis-specific
genes suggests that adaptive evolution in the social honey bee is
partially fueled by novel genes that were found in solitary
ancestors. Although there is evidence that sociality evolved by
co-opting conserved genetic toolkits (58), our results suggest that
taxonomically restricted genes play an important and dispro-
portionately large role in the adaptive evolution of social insects.
Additionally, we uncovered a substantial amount of adaptive
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regulatory sequence evolution when contrasting differences in
allele frequency between the four honey bee lineages studied
herein. Our results, along with recent findings of rapid evolution
of transcription-factor binding sites in social insects (31), sug-
gests that cis-regulatory changes play an important role in the
evolution of insect societies.

The fitness of a colony is determined by the traits of fertile
members who monopolize reproduction, and by the traits of
sterile workers who build and maintain the colony, feed the
queen and the brood, collect food and resin, maintain temper-
ature homeostasis, and sacrificially defend the colony against
intruders (39). It is often thought that worker behavior and
phenotypic plasticity provide the primary mechanism that allows
insect colonies to adapt to their environment (5-7), and our
population genomic data support this view. We showed that
proteins with worker-biased expression have significantly higher
selection coefficients relative to queen-biased proteins. We also
showed that genes with known effects on worker division of labor
and genes associated with nursing brood tend to be under strong
positive selection in honey bees. Furthermore, we showed that
genes associated with worker behavior and behavioral plasticity,
based on extensive studies of brain gene expression, were enriched
for signatures of adaptive cis-regulatory and protein evolution.

It was previously shown that genes with worker-biased brain
expression have lower rates of protein evolution relative to
queen-biased genes based on analysis of Apis and Nasonia vitri-
pennis alignments (59), a result that is apparently inconsistent
with our finding of higher rates of adaptive evolution of worker-
biased proteins. However, our study used a more comprehensive
database of caste-biased proteins (i.e., proteomic differences
assayed in 26 tissues versus transcriptomic differences assayed in
one tissue), included TRGs that we have shown to experience
higher rates of positive selection (i.e., Apis—Nasonia alignments
would have excluded Apis- and Apoidea-specific genes), and
directly quantified adaptive evolution (11) [i.e., general measures
of protein evolution (59) are affected by both adaptive, neutral,
and nonadaptive causes (60)]. Our population genomics study
strongly indicates that worker transcriptomic and proteomic
phenotypes are enriched for signatures of positive selection.

Worker honey bees are effectively sterile but they can produce
haploid sons in queenless colonies. Given the rarity of worker
reproduction under queen-right conditions (61), the lower
number of drones produced by queenless colonies relative to
queen-right colonies (62), and lack of evidence showing that
worker-laid drones have similar fitness as queen-laid drones, it is
reasonable to assume that indirect kin-selection is mostly re-
sponsible for the adaptive evolution of worker traits. Recent theory
suggests that, all other factors being equal, indirect selection on
workers will be effectively weaker than direct selection on queens
(63), especially when queens are polyandrous, as in A. mellifera
(64). However, our work shows that indirect selection does not
necessarily impede adaptive evolution of the worker caste, possibly
because mutations in worker-biased genes tend to—on average—
have higher colony-level fitness effects.

The field of genomics has greatly enriched research in socio-
biology by providing knowledge on the molecular basis underlying
caste differentiation and caste-specific phenotypes. Our pop-
ulation genomics approach allowed us to identify loci that affect
fitness in honey bees, “the alleles that matter!” (65). We have
shed some light on the biological and social relevance of such loci
but more studies are needed to understand the molecular and
phenotypic basis of adaptation in honey bees (66). We believe
that the rich genomic resources provided herein will be in-
strumental in developing and testing mechanistic and evolution-
ary-explicit models of how and why social behavior evolved.
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Materials and Methods

Sequencing, Alignment, and SNP Calling. Genomic DNA was extracted from
each bee using a DNeasy Blood & Tissue Kit from Qiagen, and sent for
Illumina Hi-Seq sequencing (50-bp reads) at Génome Québec Innovation
Centre at McGill University. Each bee was sequenced in a single Hi-Seq lane.
We implemented a bioinformatics pipeline to align sequencing reads, detect
SNPs, and filter out highly repetitive regions of the bee genome from
analysis (SI Materials and Methods). Overall, we were able to study genetic
diversity in 227.6 Mb (~96%) of A. mellifera’s genome, and the sequenced
A. mellifera workers had an average coverage depth of 38x. Five researchers
manually examined over 100 kb of sequence to ensure the accuracy of our
alignment and SNP calls.

Validation of SNPs. We used three datasets to validate the SNPs identified
herein (NGS SNPs). (i) Some of the bees analyzed by us were previously
used to sequence several nuclear genes using Sanger technology (23, 28,
60, 67). We compared 270 different Sanger sequences covering 169,791
bp to our NGS dataset: 97% of sequences had identical numbers of SNPs.
(i) We compared 1,088,415 SNPs from the reference A. mellifera genome
(18) to NGS SNPs: 88% of the SNPs were present in our dataset, either as
SNPs (82.2%) or as indel polymorphisms (5.8%). (iii)) We also validated
85% of SNPs derived from sequencing Africanized honey bees (18). Given
the large level of genetic diversity in honey bees, we do not expect to
find a high (>95%) correspondence between NGS SNPs and those found
in jii and iii. The large level of validation reported herein, especially when
comparing NGS and Sanger sequences derived from the same bees (97 %
validation), indicates that the vast majority of SNP calls are accurate.

Population Structure. We used the program ADMIXTURE (68) to estimate the
population origin and admixture levels of the sequenced bees. We tested K =
1-6 populations (100 times per K) assuming no prior knowledge of population
origin. We randomly selected 25,000 SNPs separated by at least 5 Kb from
across the genome; singleton SNPs (i.e., derived allele present in a single bee)
were excluded from this analysis. We repeated this analysis with three sets of
25,000 randomly chosen SNPs to test the robustness of ADMIXTURE results.

MK Analysis. We used a Bayesian implementation of the MK test (11) to
estimate the prevalence of selection acting on genes. We used perl scripts to
determine if SNPs were nonsynonymous or synonymous using predictions
from the bee’s official gene set (OGSv3.2) (69). Divergence data were based
on fixed mutations between A. cerana and A. mellifera sequences. We re-
stricted our MK analysis to genes with sequence coverage in all African bees.
We used the following measures to guard against spurious alignment of
coding sequences in A. mellifera and noncoding sequences in A. cerana: (i)
We used expression data derived from RNA sequencing of Apis cerana
worker brains (70) to mask portions of A. mellifera exons that have no ev-
idence of expression in A. cerana; (ii) we checked all coding-sequence
alignments for the presence of frame-shifting indels. When we discovered
a frame-shifting indel in an exon, we excluded the downstream sequence of
that exon. Genes with no SNPs were excluded from analyses.

Outlier SNPs and Windows. Fs; was estimated for all six pairwise comparisons
involving the four sampled A. mellifera populations following Weir and
Cockerham (71) as implemented in GENEPOP v4.2 (72). Weir and Cockerham'’s
(71) method provides accurate estimates of Fst given uneven or small sample
sizes (73). In each population comparison, SNPs with a minimum allele fre-
quency <0.025 and SNPs not meeting our masking criteria were excluded from
analysis. We used two independent methods to identify loci and regions with
outlier levels of Fer. First, we classified any SNP in the top 5% of the empirical
distribution of Fsr as an outlier. Across our dataset, outlier SNPs were signifi-
cantly differentiated based on exact G-tests (74) (g << 108 after FDR correc-
tion). Second, we used a creeping-window algorithm (14) that estimates mean
Fst for overlapping 5-kb windows containing at least 30 SNPs. Analyses were
also performed with 7- and 10-kb windows and results remained consistent
across the different window sizes. To avoid estimating Fsy across sequence
gaps, windows with SNPs spaced greater than 5-kb apart were skipped (14).
For the creeping-window approach, outlier windows were statistically identi-
fied using simulation as follows: (/) we rescanned the genome 10 million times
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and randomly sampled new Fsy values for every SNP in a given window (14);
(i) windows were deemed outliers if observed average Fst in a window was
above the 95th percentile of the empirical distribution of expected Fsy, fol-
lowing stringent FDR correction (q < 0.025) (75). Within a range of overlapping
windows, only the most significant window was considered an outlier. Because
the two methods of detecting outlier loci were highly concordant (see text
above), we used the first method for most analyses because it allowed us to
precisely determine the genomic context (i.e., coding vs. noncoding) of outlier
loci. All Fsr-based analyses were performed on each pairwise population
comparison (n = 6) and corrected for multiple testing using FDR (76).

GO Analysis. We used the program DAVID 6.7 (29) to examine if adaptively
evolving loci are enriched for specific functional annotation clusters using
default parameters. We first identified the Drosophila homologs of posi-
tively selected bee genes using blastp match (evalue threshold 1e-10). We
were able to find fly homologs for 54.3% of genes in OGSv3.2.

Bee Protein Atlas. The Honey Bee Protein Atlas (16) provides protein ex-
pression data in 26 tissues in queens and workers for 1,728 proteins in
OGSv3.2. We examined if significantly worker-biased proteins, averaged
across the different tissues (16), have different y relative to significantly
queen-biased proteins using a Wilcoxon nonparametric test. We also counted
the number of cases where worker-biased proteins were enriched for non-
synonymous outlier SNPs relative to all proteins found in a given tissue; this
analysis was repeated for 26 tissues and for each of the six pairwise population
comparisons (a total of 156 tests). We performed a similar analysis for queen-
biased genes. After first ensuring that queen-biased and worker-biased proteins
did not significantly differ in length, we compared the number of significant
and nonsignificant (FDR, a < 0.05) tests of enrichment in worker-biased and
queen-biased proteins using a Fisher’s exact test. The Honey Bee Protein
Atlas also provided a proteomic contrast of drones and workers. Worker-
biased proteins had higher selection coefficients relative to drone-biased
proteins but the number of drone-biased proteins was too small to warrant
a statistical analysis.

BeeSpace Project. We obtained lists of differentially expressed genes in the
brains of worker honey bees from 27 microarray experiments targeting
several aspects of worker behavior associated with behavioral maturation,
foraging, and aggression (17; reviewed by ref. 37). We compared the
number of outlier SNPs in putative cis-regulatory sequences (i.e., 500-bp
upstream of start codon), and the number of outlier nonsynonymous SNPs in
exons, in DEGs, and non-DEGs for each of the 27 experiments. Across the
experiments, DEGs were not significantly longer than non-DEGs, and thus
enrichment of outlier SNPs in the exons of DEGs was not caused by differ-
ences in gene length.

Statistical Analyses and Power. All statistical analyses were performed in
R (77). All comparisons were performed with nonparametric tests unless
otherwise stated. FDR corrections were based on the methods of either
Benjamini-Hochberg (x values reported) (76) or Storey (g values reported)
(75); the latter was used when the number of statistical tests was large.
We used appropriate samples sizes for estimating y (20 haploid chromo-
somes from Africa) (78) and Fst (18-20 haploid chromosomes per pop-
ulation) (73).
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