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Genomic signatures of evolutionary transitions from
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The evolution of eusociality is one of the major transitions in evolution, but
the underlying genomic changes are unknown. We compared the genomes
of ten bee species that vary in social complexity, representing multiple
independent transitions in social evolution, and report three major
findings. First, many important genes show evidence of neutral evolution as
a consequence of relaxed selection with increasing social complexity.

Second, there is no single road map to eusociality; independent
evolutionary transitions in sociality have independent genetic
underpinnings. Third, though clearly independent in detail, these

transitions do have similar general features, including an increase in
constrained protein evolution accompanied by increases in the potential
for gene regulation and decreases in diversity and abundance of
transposable elements. Eusociality may arise through different
mechanisms each time, but would likely always involve an increase in the

ing that TFs tend to have in-
creased capacity to regulate
genes in eusocial species of
bees, relative to solitary species
(Fig. 2A, supplementary online
text).

Further evidence for in-
creased capacity for gene regu-
lation throughout social
evolution is a positive ranked
correlation between social com-
plexity and the number of genes
predicted to be methylated (7)
(Spearman’s tho = 0.76, p =

complexity of gene networks.

The evolution of eusociality involves changes in the unit of
natural selection, from the individual to a group (I). Bees
evolved eusociality multiple times and are extremely socially
diverse (2) (Fig. 1), but all pollinate angiosperms, including
many crops essential to the human diet (3). Simple eusocial-
ity may be facultative or obligate, and both forms are char-
acterized by small colonies with a reproductive queen and
one or more workers that, due to social and nutritional cues,
forego reproduction to cooperatively care for their siblings
(2). Further evolutionary elaborations have led to complex
eusociality, “superorganisms” with colonies of several thou-
sand individuals, sophisticated modes of communication,
and morphological specializations for division of labor (4).

Theory predicts that the evolution of simple eusociality
involves increased regulatory flexibility of ancestral gene
networks to create specialized reproductive and non-
reproductive individuals, and the evolution of complex eu-
sociality requires genetic novelty to coordinate emergent
properties of group dynamics (5). To test these predictions,
we analyzed five de novo and five publicly available draft
genome sequences of ten bee species from three families,
representing two independent origins of eusociality in Api-
dae and Halictidae and two independent elaborations of
simple to complex eusociality in two apid tribes [Apini
(honey bees) and Meliponini (stingless bees); Fig. 1]. The
draft genomes were of comparable, high quality (supple-
mentary online text).

We found that the transition from solitary to group life
is associated with an increased capacity for gene regulation.
We scanned the promoter regions of 5,865 single-copy
orthologs among the ten species to calculate a motif score
(representing the number and binding strength of experi-
mentally characterized transcription factor binding sites
[TFBSs]) for 188 Drosophila melanogaster TFs (6) with at
least one ortholog in each of the ten bees, and correlated
motif score with social complexity, using phylogenetically
independent contrasts (7). Of 2,101 significantly correlated
motif-gene pairs, 89% were positive and 11% negative, show-

0.01; phylogenetically corrected

Spearman’s rho = 0.64, p =

0.06; Fig. 2B; bioinformatics
predictions validated with bisulfite sequencing data for
three invertebrate species; supplementary online text). DNA
methylation affects gene expression in a variety of ways (8).
Thus, this result suggests an expansion in regulatory capaci-
ty with increasingly sophisticated sociality.

The potential for increased regulatory capacity was fur-
ther revealed at the protein coding level. Increased social
complexity also is associated with rapid evolution of genes
involved in coordinating gene regulation. A Bayesian phylo-
genetic covariance analysis (9) of 5,865 single-copy
orthologs identified 162 genes with accelerated evolution in
species with increased social complexity (7) (Additional Da-
ta table S3). These rapidly evolving genes were significantly
enriched (p < 0.05) for Gene Ontology terms related to regu-
lation of transcription, RNA splicing, ribosomal structure,
and regulation of translation (supplementary online text
and tables S11 and S12). Similar results have been reported
for bee and ant species (10-13); our findings reveal the un-
derlying causes. Approximately two-thirds of these genes are
under stronger directional selection in species with increas-
ingly complex eusociality, but we also detected non-adaptive
evolution. One-third of the rapidly evolving genes are under
relaxed purifying selection in species with complex eusocial-
ity, possibly due to reduced effective population sizes (14).

We also found an additional 109 genes, significantly en-
riched (p < 0.05) for functions related to protein transport
and neurogenesis, which evolve slower with increased social
complexity (supplementary online text, table S13, and Addi-
tional Data table S3). This includes orthologs of deratled 2
and frizzled, which function as Wnt signaling receptors in
Drosophila synaptogenesis (15), and rigor mortis, a nuclear
receptor involved in hormone signaling (16). A similar pat-
tern of reduced evolutionary rate has been described for
genes expressed in human and honey bee brains, potentially
due to increasing pleiotropic constraint in complex gene
networks (17, 18). Constrained protein evolution of neural
and endocrine related genes seems at odds with the evolu-
tion of complexity, but this constraint appears to be com-
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pensated for, or perhaps driven by, increased capacity for
gene regulation.

We next investigated whether these molecular evolution
patterns involve similar sets of genes and cis-regulatory el-
ements among the early (facultative and obligate simple
eusociality) and advanced (complex eusociality) stages of
independent social transitions. We identified lineage-
specific differences in coding sequences and promoter re-
gions of 1,526 “social genes” for which evolutionary rate
(dN/dS) is faster or slower with increased social complexity
in two independent origins and two independent elabora-
tions of eusociality (7) (Fig. 1). Among these lineage-specific
social genes, we found common patterns of cis-regulatory
evolution: gains of TFBSs in the promoters of genes that
evolve slower with increasing social complexity (Fig. 2C and
supplementary online text). This suggests that a shared fea-
ture of both independent origins and elaborations of eusoci-
ality is increasingly constrained protein evolution with
increasing potential for novel gene expression patterns. The
TFs responsible for this pattern were different for each so-
cial transition, even though our analysis was limited to
highly conserved TFs (Table 1). Several function in neuro-
genesis, neural plasticity, or are prominent regulators of
endocrine-mediated brain gene expression in honey bees
(19, 20).

We found further lineage-specific differences among the
rapidly evolving “social genes” themselves. Genes undergo-
ing accelerated evolution at the origins of eusociality were
significantly enriched for GO terms related to signal trans-
duction in both Apidae and Halictidae, but they shared only
six genes (6 out of 354 and 167 genes, respectively; hyperge-
ometric test, p = 0.82; Fig. 2D; Additional Data tables S5
and S6). Rapid evolution of signal transduction pathways
may be a necessary step in all origins of eusociality to medi-
ate intracellular responses to novel social and environmen-
tal stimuli (70), but selection appears to have targeted
different parts of these pathways in each independent tran-
sition. Caste-specific expression and other analyses of these
genes are needed to determine their function in eusociality.

Genes showing signatures of rapid evolution with the
elaborations of complex eusociality were also highly dispar-
ate between honey bees and stingless bees, with only 43
shared genes and no shared enriched GO terms (43 out of
625 and 512 genes, respectively; hypergeometric test, p =
0.70; Fig. 2D; Additional Data tables S5 and S6). In addition,
only 2 out of 5,865 single-copy orthologs showed a signature
of convergent evolution by fitting a dendrogram based on
social complexity significantly better than the accepted mo-
lecular phylogeny (7) (supplementary online text and fig.
S21). Similarly, families of major royal jelly protein genes,
sex determining genes, odorant receptors, and genes in-
volved in lipid metabolism expanded in some, but not all,
lineages of complex eusocial bees (7) (Table 2; supplemen-
tary online text). These results suggest gene family expan-
sion is associated with complex eusociality as predicted (5),

but involves different genes in each case. Despite striking
convergence of social traits among the superorganisms (4),
the final stages of transformation to this level of biological
organization do not necessarily involve common molecular
pathways.

The major transitions in evolution involve a reduction in
conflict as the level of natural selection rises from the indi-
vidual to the group (I). Extending this to intragenomic con-
flict may explain our finding of decreased diversity and
abundance of transposable elements (TEs) with increasing
social complexity (7) (regression after phylogenetic correc-
tion, F = 8.99, adjusted R? = 0.47, p = 0.017; Fig. 2E and figs.
S42-S44; supplementary online text). This may be a conse-
quence of increased recombination rates among highly eu-
social insects (21, 22) or because key features of complex
eusociality lead to decreased exposure to parasites and
pathogens that horizontally transmit TEs (4, 23). Eusociality
in bees may thus provide natural immunity against certain
types of intragenomic conflict.

Our results and those in refs. 10-13 support the predic-
tion that changes in gene regulation are key features of evo-
lutionary transitions in biological organization (5). Our
results further reveal the convergent adaptive and non-
adaptive evolutionary processes common to both the early
and advanced stages of multiple independent transitions
from solitary to group living. It is now clear that there are
lineage-specific genetic changes associated with independ-
ent origins of eusociality in bees, and independent elabora-
tions of eusociality in both bees and ants. This includes
different sets of genes showing caste-biased expression
across species (24-26) and, as we have shown, evolutionary
modifications of TEs, gene methylation, and cis-regulatory
patterns associated with the suite of life history traits that
define eusociality. This suggests that if it were possible to
“replay life’s tape” (27), eusociality may arise through differ-
ent mechanisms each time, but would likely always involve
an increase in the complexity of gene networks.
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Fig. 1. Phylogeny and divergence
times (28) of bees selected for
genome analysis. We analyzed
two independent origins of simple
eusociality from a  solitary
ancestor, one each in Apidae
(white circle 1) and Halictidae
(white circle 2), and two
independent  elaborations  of
complex eusociality in honey bees
(grey circle 1) and stingless bees
(grey circle 2). Most bees mate
once, but honey bees mate with
multiple males. All bees eat pollen
and nectar from flowering plants.
Species names are colored
according to degree of social
complexity:  blue:  ancestrally
solitary; green: facultative simple
eusociality;  orange:  obligate
simple eusociality; red: obligate
complex eusociality. The social
biology of E. mexicana s
unknown, but is representative of
the facultative simple eusocial life
history (29). Numbers in each box
are approximate colony size on a
log scale.
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Fig. 2. Genomic signatures of evolutionary transitions from solitary to group life. (A) Increasing social
complexity is associated with increasing presence of cis-regulatory TFBS in promoter regions. Each bar
represents a TFBS for which presence correlates significantly with social complexity (blue: positive; red:
negative). (B) Relationship between predicted number of methylated genes and social complexity before and
after (inset) phylogenetic correction (see text for statistics). (C) TFBS motifs showing a relationship between
social complexity and evolutionary rate of coding and non-coding sequences in different lineages. Bar length
indicates the number of significant correlations (blue: positive; red: negative) between each motif score and
social complexity (from Table 1) among genes evolving faster (solid) or slower (hatched) in lineages with
different levels of social complexity (from 2D). Background shading follows circle shading in Fig. 1. (D) Number
of genes for which evolutionary rate is faster or slower in lineages with higher compared to lower social
complexity. Pie charts represent the proportion of genes evolving slower (light green) or faster (dark orange)
with increased social complexity. Venn diagram shading follows circle shading in Fig. 1. (E) Complex eusocial
species have a reduced proportion of repetitive DNA compared to other bees (see text for statistics).
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Table 1. Transcription factors (TFs) and corresponding motifs associated with origins and elaborations of eu-
sociality in bees. (Motif names: Fly Factor Survey (6); supplementary online text).

Motif D. melanogaster TFs Hypergeometric
test p-value
Solitary to simple eusociality — Apidae
lola_PQ_SOLEXA Lola 0.0047
Solitary to simple eusociality — Halictidae
br_PL_SOLEXA_5 Br 0.0016
Simple eusociality to complex eusociality - honey bees
h_SOLEXA_5 dpn,h 0.0027
Simple eusociality to complex eusociality — stingless bees
Side_SOLEXA_5 E_spl, HLHm3, HLHmMS5,
HLHm7, HLHmbeta,
HLHmdelta, HLHmM-
gamma, Side 0.0008
usp_SOLEXA EcR,suop,usp 0.0013
CrebA_SOLEXA CrebA 0.0040
CG5180_SOLEXA CG5180 0.0044
tai_Met_SOLEXA_5 Mio_bigmaax,tai_Met 0.0045
ttk_PA_SOLEXA_5 Ttk 0.0078
gsb_SOLEXA gsb,Poxn,prd 0.0083
tai_SOLEXA_5 Tat 0.0100
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Table 2. Relative size of select gene families as related to social complexity in bees.

Family Function Eusocial bees com-
pared to solitary bees
Differences among bees
Major royal jelly Brood feeding Expanded only in Apis

Sex determination
pathway genes
Odorant receptors

Lipid metabolism
genes

Biogenic amines recep-
tors, neuropeptides,
GPCRs
Insulin-signaling and
ecdysone pathway
genes

Immunity

Cytochrome P450
monooxygenase genes

Sex-specific development

Olfaction

Metabolic processing of
lipids
Sitmilarities across bees
Neural plasticity

Insect development,
caste determination in
honey bees, behavioral

plasticity as adults

Infectious disease protec-

tion
Detoxification

Expanded in some eu-
social lineages
Expanded in complex
eusocial lineages
Expanded in complex
eusocial lineages

Similar

Similar

Similar

Similar
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