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Abstract

The vitellogenin egg yolk precursor protein represents a well-studied case of social

pleiotropy in the model organism Apis mellifera. Vitellogenin is associated with

fecundity in queens and plays a major role in controlling division of labour in workers,

thereby affecting both individual and colony-level fitness. We studied the molecular

evolution of vitellogenin and seven other genes sequenced in a large population panel of

Apis mellifera and several closely related species to investigate the role of social

pleiotropy on adaptive protein evolution. We found a significant excess of nonsynon-

ymous fixed differences between A. mellifera, A. cerana and A. florea relative to

synonymous sites indicating high rates of adaptive evolution at vitellogenin. Indeed,

88% of amino acid changes were fixed by selection in some portions of the gene. Further,

vitellogenin exhibited hallmark signatures of selective sweeps in A. mellifera, including

a significant skew in the allele frequency spectrum, extreme levels of genetic

differentiation and linkage disequilibrium. Finally, replacement polymorphisms in

vitellogenin were significantly enriched in parts of the protein involved in binding lipid,

establishing a link between the gene’s structure, function and effects on fitness. Our case

study provides unequivocal evidence of historical and ongoing bouts of adaptive

evolution acting on a key socially pleiotropic gene in the honey bee.
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Introduction

Because of its association with fecundity and reproduc-

tion, the study of vitellogenin has special significance

for understanding the evolution of division of labour in

social insects. Vitellogenin encodes the major egg yolk

precursor proteins found in most oviparous animals

(Chen et al. 1997; Sappington & Raikhel 1998; Tufail &

Takeda 2008). In insects, vitellogenin proteins are syn-

thesized in the fat body, secreted into the haemolymph

and sequestered by oocytes, thereby providing the

future embryo with protein, lipid and carbohydrates

(reviewed by Tufail & Takeda 2008). Vitellogenin (Vg)

has been extensively studied in the model eusocial

organism the honey bee (Apis mellifera), where it has

multiple phenotypic effects in both queens and workers

(Amdam et al. 2003). Vg is linked to fecundity in the
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honey bee: Vg expression is higher in the reproductive

queens in comparison with the effectively sterile work-

ers (Barchuk et al. 2002; Amdam et al. 2003; Corona

et al. 2007), and circulating Vg titres match queen egg-

laying rate (Engels 1974). Vg also affects lifespan and

oxidative stress resistance in both queens and workers

(Amdam et al. 2005a; Corona et al. 2007). Further, Vg

affects several important traits in worker bees, either

directly or through its repressive effect on juvenile hor-

mone (Amdam & Omholt 2003). For example, nurse

bees use Vg to make ‘brood food’—secretions fed to lar-

vae (Amdam et al. 2003). Additionally, Vg regulates

worker division of labour—a major component of col-

ony fitness (Sagili et al. 2011)—by pacing workers’ tran-

sition from nursing to foraging (Nelson et al. 2007). The

age at onset of foraging varies between different

behaviourally distinct honey bee subspecies (Brillet

et al. 2002) in a presumably adaptive way (Amdam

et al. 2005b). Vg, therefore, contributes to colony fitness
� 2011 Blackwell Publishing Ltd
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through its effects on queen fecundity and lifespan, as

well as through worker sib-care and division of labour.

Vitellogenin has pleiotropic effects on queen and

worker traits in the honey bee. It is unclear whether

protein-coding genes can adaptively evolve in social

insects if they affect different traits in different castes,

such as vitellogenin. It has been suggested that the evo-

lution of eusociality involved the co-optation of pleio-

tropic gene networks regulating reproduction and

maternal care in solitary insects (West-Eberhard 1996;

Amdam et al. 2004), presumably through natural selec-

tion. Yet, genes with pleiotropic effects are expected to

be evolutionarily constrained if mutations that increase

fitness for one trait can decrease overall fitness via

antagonistic effects on other traits (Williams 1957; Fisher

1958; Otto 2004). Genes with socially pleiotropic effects

can be similarly constrained if they have antagonistic

effects on multiple castes, resulting in sub-optimum

queen or worker phenotypes (Linksvayer & Wade

2005). Indeed, several authors have suggested that gene

duplication and caste-specific expression are needed to

escape the constraining effects of social pleiotropy and

propel queen ⁄ worker phenotypic divergence (West-Eb-

erhard 1996; Gadagkar 1997). The fire ant genome con-

tains four copies of vitellogenin that are expressed in a

caste-specific manner (Wurm et al. 2011), suggesting

that vitellogenin may have been constrained because of

social pleiotropy in the fire ant. However, positive

selection can still act on a mutation if its net effects on

fitness across all castes are positive (Linksvayer & Wade

2005). Clearly, empirical data sets are needed to investi-

gate the effect of social pleiotropy on molecular evolu-

tion, as a prelude to understanding phenotypic

specialization and the evolution of division of labour in

social insects.

We sequenced most of Vg’s coding region (4.05 of

5.31 kb) in 41 A. mellifera workers, and in A. cerana,

A. florea and A. dorsata. We also partially sequenced

seven single-copy nuclear genes for comparative analy-

sis (Erk7, For and five randomly chosen genes; Table S1,

Supporting information). Erk7 and For are also

expressed in queens and workers and are involved in

the regulation of worker division of labour (Ben-Shahar

et al. 2003; Whitfield et al. 2003). We used the data set

to study molecular evolution of vitellogenin in honey

bees and to better understand the effect of social pleiot-

ropy on molecular evolution in social organisms.
Methods

Population samples

We sampled three major population groups of A. mellif-

era (Whitfield et al. 2006) from Africa (N = 19 workers,
� 2011 Blackwell Publishing Ltd
38 chromosomes per locus), East Europe (N = 10 work-

ers, 20 chromosomes per locus) and West Europe

(N = 12 workers, 20 chromosomes per locus) (Fig. S1,

Supporting information). We also used one worker of

each of A. cerana, A. florea and A. dorsata sampled from

Thailand (two chromosomes per locus per species).
PCR and sequencing

DNA was extracted from thoracic tissue using a Qiagen

DNeasy blood and tissue kit. PCR primers were devel-

oped to target exons using the honey bee genome as a

template (Table S2, Supporting information). PCR was

conducted in 25 lL reactions containing 1 u Tsg DNA

polymerase (BioBasic, Canada) 2–4 mM of MgSO4,

200 lM of each dNTP, 0.5 lM of each primer and 20–

100 ng of DNA. PCR purification and Sanger sequenc-

ing using both forward and reverse primers were car-

ried out at McGill University and The Génome Québec

Innovation Centre (Québec, Canada).
Sequence analysis and alignment

Sequencing reads were imported into Sequencher

(v4.10.1) and trimmed of low-quality bases. Heterozy-

gous sites were detected using Sequencher’s Call Sec-

ondary Peaks command with a 34% threshold (i.e.

intensity threshold for the fluorescently weaker allele

at a heterozygous site), and all heterozygous sites

were manually checked for errors. All sequences were

aligned using Sequencher using the published Apis

mellifera genome as a reference. The single nucleotide

polymorphisms (SNPs) analysed herein were discov-

ered from the alignments as allelic differences within

or between A. mellifera, A. cerana, A. florea and

A. dorsata.
Population genetic analysis

Diploid worker genotypes were phased using Phase

(Stephens & Scheet 2005); the software estimates the

most likely allelic phase for individuals with heterozy-

gous genotypes, given the observed association between

alleles in individuals with homozygous genotypes. We

used Structure 2.3.3 (Pritchard et al. 2000; Hubisz et al.

2009) to examine the population structure in A. mellifera

samples and to test for the presence of individuals of

mixed ancestry. Our analysis is consistent with three

distinct A. mellifera population groups in Africa, West

Europe and East Europe (Groups A, M, and C follow-

ing Ruttner 1988) corroborating recent studies (Whit-

field et al. 2006; Zayed & Whitfield 2008). We detected

several admixed individuals (Fig. S1, Supporting infor-

mation); such bees were included in the global analysis
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of Apis mellifera, but were excluded when conducting

intraspecific analysis of the African, West European and

East European Apis mellifera subspecies groups.

We used DNAsp 5.10 (Librado & Rozas 2009) to esti-

mate several population genetic parameters and sum-

mary statistics. Probability values for tests were

determined through 100 000 coalescent simulation runs

using estimated recombination rates. Linkage disequi-

librium measures calculated by DNAsp were exported

to Gold (Abecasis & Cookson 2000) and plotted using

the R2 measure. We used DNAsp to carry out McDon-

ald–Kreitman (MK) tests (McDonald & Kreitman 1991),

which compare the number of nonsynonymous (NS) to

synonymous (SS) sites that are polymorphic within spe-

cies to those that are fixed between species; a higher

ratio of fixed-to-polymorphic NS sites vs. SS sites indi-

cates positive selection. DNAsp also provides an esti-

mate of a, the proportion of amino acid changes fixed

by positive selection (Stoletzki & Eyre-Walker 2011). We

used mkprf (Bustamante et al. 2002, 2005) to estimate

the mean and standard deviation (SD) of c, representing

the product of the effective population size and the

selection coefficient (c = 2Nes), using default parameters

and 100 000 runs.

We used Lositan (Antao et al. 2008) to examine

whether some SNPs had outlier estimates of genetic

differentiation, as quantified using Fst. Only SNPs with

a minor allele frequency of 5% or higher were

included in this analysis, which was carried out using

100 000 runs and applying a false discovery rate (FDR)

correction (Benjamini & Hochberg 1995). We ran Losit-

an three times, each involving a pairwise comparison

between our three sampled population groups. To

examine whether genetic differentiation in Vg was ele-

vated over genome wide levels, we compared Fst at

polymorphic sites in Vg to those found in the seven

genes studied herein, as well as a previously published

data set (Zayed & Whitfield 2008) that estimated Fst in

the same subspecies groups. Zayed & Whitfield (2008)

previously showed that Fst in exon SNPs was nega-

tively correlated with GC content. Combining data

from Zayed & Whitfield (2008) with the current data

set strengthened the negative correlation of Fst with

GC (P = 0.0007, R2 = 0.13). We compared the residual

Fst estimates (i.e. after removing the effect of GC) in

Vg vs. the rest of the data set using a t-test. General

linear model analysis was carried out in R 2.8.1 using

the stats package (R Development Core Team 2011).
Protein structure

We translated the Vg coding sequences obtained herein

and aligned them to a partial protein model (Thompson

& Banaszak 2002) using ClustalW2 (Larkin et al. 2007)
and cross-checked using Muscle (Edgar 2004) (Fig. S2,

Supporting information). Polymorphic sites and linkage

disequilibrium were visualized on the model using Chi-

mera 1.5.2 (Pettersen et al. 2004; Meng et al. 2006).

Atom positions from the protein model were imported

into R 2.8.1, and the minimum Euclidean distance

between each amino acid residue atom and any lipid

atom (Dmin) was calculated for all residues. We exam-

ined whether NS SNPs in a region of the protein associ-

ated with lipid binding were nearer to lipids by

comparing Dmin for NS sites in this region to Dmin for

SS sites; sites were classified as in contact with lipid

when Dmin was 4 Å or less.
Results

Vg exhibits high levels of adaptive evolution in the
genus Apis

Vitellogenin had the highest levels of nucleotide diver-

sity in A. mellifera (p = 0.0086) when compared to the

other genes (p = 0.0019 ± 0.0011 SD, n = 7). Vg also

exhibited the highest level of divergence K (Jukes-Can-

tor), with 6.3% sequence divergence between A. mellif-

era and A. cerana, vs. an average of 2.9% sequence

divergence in the other genes. The MK test comparing

Vg in A. mellifera and A. cerana was highly significant

(a = 0.81; 53:98, polymorphic-to-fixed NS sites; and

206:71 SS sites, respectively; G-test with Williams cor-

rection, G = 63.0; P < 10)10). MK tests using A. florea or

A. dorsata gave similar results (A. florea: a = 0.84,

P = 0.00004; A. dorsata: a = 0.81, P = 0.003). The MK

test is largely insensitive to population demography

(McDonald & Kreitman 1991; but see Stoletzki & Eyre-

Walker 2011). Our study included 12 A. mellifera scutel-

lata workers sampled from Africa and representing a

large stable (Table S3, Supporting information) and

lightly managed honey bee subspecies (Winston 1987;

Ruttner 1988). A MK test utilizing only A. m. scutellata

and A. cerana was highly significant (P < 0.000005)

demonstrating that selection, and not demographic his-

tory, is driving the observed adaptive signatures in Vg.

We also used a Bayesian method to estimate c acting

on our studied genes (Bustamante et al. 2002, 2005);

positive values of c indicate positive selection. c was

significantly positive for Vg (mean c = 1.88) and for

Erk7 (c = 2.89), but not significant for the other six

genes (Fig. 1a). Our analysis also detected heteroge-

neous patterns of molecular evolution in both Vg and

Erk7, with some domains and exons experiencing posi-

tive selection while others evolved neutrally or were

constrained (Fig. 1b, Table S4, Supporting informa-

tion). Interestingly, the N-terminal barrel region of

vitellogenin has been identified as a conserved region
� 2011 Blackwell Publishing Ltd
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Fig. 1 Evidence for positive selection on vitellogenin in honey

bees. Mean c = 2Nes (±SD; positive values indicate positive

selection) for (a) all studied genes, and (b) for distinct func-

tional regions in vitellogenin and Erk7 (See Table S4, Support-

ing information, for region definitions). Both vitellogenin (Vg)

and Erk7 show significant gene-wide signatures of positive

selection (a), although both Vg’s N-terminal and Erk7’s Kinase

domain lack signs of positive selection (b).
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in insects (Havukainen et al. 2011) and is the only

region in this gene with a negative selection coefficient

in our data (Fig. 1b).
Vg exhibits high levels of recent and ongoing adaptive
evolution in Apis mellifera

Apis mellifera originated in Africa and colonized East

Europe and West Europe via two independent expan-

sions (Whitfield et al. 2006; Zayed & Whitfield 2008).

We used population genetic summary statistics to infer
� 2011 Blackwell Publishing Ltd
recent and ongoing bouts of adaptive evolution associ-

ated with A. mellifera’s out-of-Africa expansions. Posi-

tive selection is expected to increase linkage

disequilibrium and skew the allele frequency spectrum

towards rare-variants in the vicinity of a selected site

(Nielsen 2005). After correction for multiple testing, we

found many sites with significant linkage disequilib-

rium in Vg in both East European and West European

honey bee subspecies (Fig. 2a,b; Table S3, Supporting

information). For example, linkage disequilibrium sta-

tistics B (Wall 1999) and Za (Rozas et al. 2001) are both

significant for Vg in both East Europe and West Eur-

ope subspecies groups but not for African subspecies

groups. Further, these statistics were not significant at

Erk7 and the five randomly chosen genes in East Eur-

ope, West Europe and Africa (Table S3, Supporting

information). We also detected a significant skew in

the allele frequency spectrum, as quantified by the Taj-

ima’s D statistic and the Fu & Li F* test, at Vg but not

in the other genes when all Apis mellifera samples were

considered (Table S3, Supporting information).

Although both changes in demography and drift can

mimic selection by causing a skew in the allele fre-

quency spectrum and linkage disequilibrium, these

changes are expected to affect the entire genome and

not a specific locus. Therefore, significant values of D,

F* and linkage disequilibrium at Vg but not the ran-

dom genes suggest that the selection is operating on

the former.

Positive selection underlying local adaptation is also

expected to increase genetic differentiation between

populations at the selected sites relative to the rest of

the genome (Lewontin & Krakauer 1973; Beaumont

2005; Kelley et al. 2006). Overall, polymorphisms in Vg

had significantly higher levels of genetic differentiation

quantified using Fst when compared to other genes

(t = 3.65, d.f. = 96, P = 0.0004). We also detected 64

SNPs with outlier values of Fst in Vg after correcting for

differences in allele frequencies between sites. The 64

outlier SNPs were spatially clustered at approximately

five distinct regions within Vg: of the 64 sites, 50% are

within 10 bp of another outlier, and 94% are within

100 bp of another outlier. Additionally, the majority of

the outlier SNPs was in or close to areas of high linkage

disequilibrium. Finally, 27% of the outlier loci in Vg

were replacement polymorphisms in regions of high

linkage disequilibrium with alleles that were fixed in

one or both of the European honey bee groups

(Fig. 2b). The above patterns are indicative of recent or

ongoing positive selection acting on functional varia-

tion, which in turn skews the allele frequency spectrum

and increases genetic differentiation at nearby neutral

sites.
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Fig. 2 Evidence for positive selection on vitellogenin within

Apis mellifera’s geographic subspecies. Both Western European

(a) and Eastern European bees (b) have regions of highly sig-

nificant linkage disequilibrium (red, R2 > 85%) concentrated in

C-terminal portions of the gene. (c) Candidate functional poly-

morphisms experiencing selective sweeps in vitellogenin

(Vg)—all sites are nonsynonymous polymorphisms with outlier

levels of genetic differentiation and high levels of linkage dis-

equilibrium. Ancestral alleles were determined by comparison

to Apis cerana and Apis florea sequences. Sites are labelled by

amino acid residue number; A, African; M, Western European;

C, Eastern European. Note fixation of derived allele for site

1220 in Western European bees and for site 1536 in Eastern

European bees.
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Lipid-binding regions of the Vg protein are enriched
for adaptive amino acid changes

How do signatures of selection in Vg relate to the pro-

tein’s structure and function? Vitellogenin’s lipovitellin

lipid-binding structure (Raag et al. 1988; Anderson

et al. 1998) consists of a highly conserved N-terminal

region that forms a beta-barrel with receptor binding

sites (Li et al. 2003; Havukainen et al. 2011), followed

by a region of alpha helices that define and partially

enclose a lipid-binding cavity (Fig. S2, Supporting

information). We distinguish a ‘ball and socket’ region

of the protein (Anderson et al. 1998), which represents

the lipid-binding cavity’s insertion into the N-terminal

beta-barrel; this ball-and-socket region encloses the area

of highest resolved phospholipid densities in vitelloge-

nin (Thompson & Banaszak 2002).

We aligned Vg’s amino acid sequences with the

sequence used for crystallography (Larkin et al. 2007)

and displayed sites of significant linkage disequilib-

rium, genetic differentiation and amino acid changes

(i.e. fixed differences in the genus, or polymorphic

within Apis mellifera) (Pettersen et al. 2004; Meng et al.

2006). We quantified how close each mapped amino

acid residue in the ball-and-socket region was to the

phospholipid cargo by estimating the smallest distance

of any non-hydrogen atom in the residue from any

phospholipid. We found that residues close to phospho-

lipids were significantly enriched for likely adaptive
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Fig. 3 Nonsynonymous mutations in vitellogenin are signifi-

cantly enriched in parts of the protein associated with lipid

binding. As control, synonymous mutations, believed to be

neutral, do not show an association with lipid binding. Most

nonsynonymous mutations in vitellogenin are estimated to be

adaptive, suggesting that vitellogenin’s lipid binding capacity

is of both functional and adaptive relevance to the bee.
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Fig. 4 A portion of vitellogenin where points of contact

between bound lipids and the protein’s lipid-carrying cavity

occur at sites with nonsynonymous (NS) mutations in the bee.

Part of the vitellogenin’s (Vg) ball-and-socket region is shown

in ribbon format along with lipid molecules (blue chains). Sites

in contact with lipids (minimum carbon–carbon distances are

depicted in yellow) have nonsynonymous mutations (red).
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replacement mutations than residues farther from phos-

pholipids (Fig. 3, Fig. S3, Supporting information).

Two putative polymorphisms experiencing recent or

ongoing positive selection (Fig. 2c, Table S5, Supporting

information) were located in the ball-and-socket region

of the protein (Fig. 4). Residues 640 and 1451 are

replacement polymorphisms with outlier Fst values and

with side chains as little as 4.02 Å away from a bound

phospholipid (i.e. they are in contact). This protein

region contains a remarkable number of replacement

changes in residues whose side chains contact phospho-

lipids (residues 594, 608, 627—Fig. 4). There are also sev-

eral regions of high linkage disequilibrium (not shown)

in the ball-and-socket region. The striking juxtaposition

of sites of potential adaptive change with residues in

contact with the phospholipid cargo suggests selection

on Vg’s capacity to carry phospholipids in Apis mellifera.
Discussion

Adaptive evolution on Vg

Our data point to a clear signature of historical, recent

and ⁄ or ongoing positive selection acting on the honey

bee’s vitellogenin. MK tests clearly showed that nonsyn-

onymous mutations in Vg contribute significantly more

to divergence vs. polymorphism relative to synonymous
� 2011 Blackwell Publishing Ltd
and presumably neutral mutations. This is a hallmark

signature of positive selection acting rapidly to fix bene-

ficial nonsynonymous mutations resulting in reduced

within species polymorphism and high between species

divergence at such sites. We also detected several signa-

tures of positive selection acting on Vg within the

honey bee’s geographic subspecies groups, as evident

by significant deviations in Vg’s allele frequency spec-

trum, outlier values of genetic differentiation and high

levels of linkage disequilibrium relative to other genes

in our data set. The above three observations are classic

signatures of recent and ongoing selective sweeps.

Interestingly, Vg had high rates of molecular evolu-

tion in the honey bee, as evident by high rates of within

Apis mellifera polymorphisms and high rates of diver-

gence in the genus. The genomic location of Vg par-

tially explains our observations: Vg is located on Apis

mellifera’s fourth chromosome, which has the highest

recombination rate (27.6 cM ⁄ Mb) among the bee’s 16

chromosomes (Beye et al. 2006). Our estimates of

recombination at Vg are also 5.9 times higher when

compared to the average recombination rate at the other

genes studied herein. There is a positive trend between

recombination and polymorphism rates in Apis mellifera

and other organisms (Beye et al. 2006), which can either

be caused by adaptive (e.g. reduced neutral diversity in

low recombination regions because of positive ⁄ negative

selection on linked sites) or neutral processes (e.g.

recombination increases mutation rates). Further, if local

adaptation involves disruptive selection acting to fix

alternative alleles in the different honey bee subspecies

groups, as our data on Vg indicate, then we would

expect a high level of polymorphism maintained within

Apis mellifera at that gene.

Our evidence for positive selection acting on Vg dem-

onstrates that the gene affects fitness in honey bees.

Because queens in eusocial insects are specialized for

egg laying, it is possible that the observed patterns of

adaptive evolution on Vg reflect selection on queen

reproductive traits and fecundity. Vg hemolymph titre

is proportional to the queen’s egg-laying rate (Engels

1974; Engels et al. 1990; Amdam et al. 2003) and egg-

laying rate correlates with number of swarms (number

of new daughter queens)—a direct barometer of fitness

(McLellan & Rowland 1986). It is also conceivable that

adaptive evolution on Vg can result through positive

selection acting on worker traits through their net bene-

fit on related reproductive kin. Vitellogenin is a source

for the royal jelly produced by workers and fed to lar-

vae (Amdam et al. 2003), so just as it affects queen egg

laying, it may also affect the rearing of larvae hatching

from those eggs. Additionally, Vg plays an important

role in regulating the nurse-to-forager transition, which

is a key aspect of worker division of labour that can



5232 C . F . K EN T ET AL.
impact colony fitness by affecting colony foraging rates,

foraging efficiency and growth rates (Sagili et al. 2011).

Although it is currently difficult to determine whether

positive selection on Vg is primarily affecting queen

and ⁄ or worker traits, our work has highlighted many

putative mutations that are adaptively evolving that can

be assayed for phenotypic effects on queens and work-

ers in the future.

In addition to demonstrating an overall signature of

positive selection on Vg, our work also showed that

nonsynonymous mutations in vitellogenin are signifi-

cantly enriched in parts of the protein associated with

lipid binding. Our finding suggests that differences in

Vg’s lipid-binding capacity are affecting queen and ⁄ or

worker fitness. A recent analysis of the N-terminal, con-

served barrel region of Vg, suggested its increased

hydrophobicity in bees might be important in lipid

binding (Havukainen et al. 2011). We agree with this

suggestion, and our data more explicitly show that lar-

ger regions show evidence of selection for lipid binding.

Vg has been shown to bind steroid hormones such as

JH and ecdysteroids in the hemolymph and carry them

to the ovaries in some insects (Lagueux et al. 1981;

Yamada et al. 2005; Tufail & Takeda 2008), and binding

of JH to lipid carrier molecules has been shown to pro-

tect it from degradation (Engelmann 2000). Vg’s antago-

nistic association with JH in Apis mellifera, combined

with our finding that Vg’s lipid-binding capacity is

adaptively evolving in the bee, suggests the intriguing

possibility that Vg titres may directly affect steroid hor-

mone action via binding of lipophilic hormone carriers.
Social pleiotropy and adaptive evolution on Vg

Our study provides the first evidence of positive selec-

tion acting on a socially pleiotropic gene in social

insects. In addition to Vg, we also studied two genes

that are presumably socially pleiotropic based on

expression in queens and workers: Erk7 (1.25 kb

sequenced) and For (1.09 kb sequenced). Similar to Vg,

both Erk7 and For have been previously implicated in

regulating worker division of labour (Grozinger et al.

2007; Nelson et al. 2007; Elango et al. 2009). We found

very robust patterns of positive selection acting on

Erk7, but For was extremely constrained; we found no

replacement changes in For within or between Apis mel-

lifera and Apis cerana, compared with 151 replacement

changes in Vg. Our results indicate that social pleiot-

ropy, on its own, does not necessarily restrict adaptive

protein evolution. Both Vg and Erk7 are expressed in a

limited number of tissues (Lyko et al. 2010), while For

is ubiquitously expressed (Dawson-Scully et al. 2007;

Kent et al. 2009), and this finding suggests that tradi-

tional forms of pleiotropy (i.e. expression of a gene in
multiple tissues and developmental stages, e.g. Wright

et al. 2004) are more constraining than social pleiotropy.

Why does social pleiotropy appear to not constrain

adaptive evolution on Vg and Erk7? Social pleiotropy is

expected to constrain protein evolution only if pleiotro-

pic alleles have opposing fitness effects on different

castes. It is possible that alleles with socially pleiotropic

effects are rarely antagonistic. Alternatively, the condi-

tions under which antagonistic social pleiotropy can

occur seem narrow. Positive selection acts indirectly on

the effectively sterile worker caste, making it less effi-

cient compared to selection acting directly on queens:

selection on an allele because of worker fitness effects is

half as strong as selection on queen fitness effects

(Linksvayer & Wade 2009). Therefore, the conditions

under which antagonistic social pleiotropy stifles protein

evolution are restricted; an allele must have opposing

fitness effects in queens and workers, and the strength

of positive (or negative) selection on worker traits must

balance out the strength of negative (or positive)

selection on queen traits. Under such conditions,

antagonistic alleles can remain segregating in the popu-

lation (Linksvayer & Wade 2005). However, if the last

condition is not satisfied, then selection can still fix

mutations with opposing fitness effects in queens and

workers.

Our data lend support to the above-mentioned

hypothesis. The large proportion of nonsynonymous

polymorphisms fixed by selection in Vg suggests that

functional mutations in the gene do not often have

antagonistic effects or that their net effect on fitness

across queens and workers are positive. We also found

53 segregating nonsynonymous mutations in Apis mellif-

era’s vitellogenin. These mutations likely have a spec-

trum of fitness effects including: no effect on fitness (i.e.

neutral), antagonistic pleiotropic effects (i.e. appear to

be neutral if the sum of fitness effects across castes are

balanced) or positive effects on one or both castes (i.e.

on their way to fixation). Our population genetic data

indicate that many of these mutations are indeed expe-

riencing ongoing positive selection and are thereby not

likely to have strong antagonistic effects. If our case

study of Vg can be generalized, our work indicates that

social pleiotropy does not necessarily limit adaptive

protein evolution in social insects.
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