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Abstract 
Life’s most dramatic innovations, from the emergence of self-replicating molecules to highly-integrated societies, often involve 
increases in biological complexity. Some groups traverse different levels of complexity, providing a framework to identify key 
factors shaping these evolutionary transitions. Halictid bees span the transition from individual to group reproduction, with repeated 
gains and losses of eusociality. We generated chromosome-length genome assemblies for 17 species and searched for genes that 
both experienced positive selection when eusociality arose and relaxed selection when eusociality was secondarily lost. Loci 
exhibiting these complementary evolutionary signatures are predicted to carry costs outweighed by their importance for traits in 
eusocial lineages. Strikingly, these loci included two proteins that bind and transport juvenile hormone (JH) – a key regulator of 
insect development and reproduction. Though changes in JH abundance are frequently associated with polymorphisms, the 
mechanisms coupling JH to novel phenotypes are not well understood. Our results suggest novel links between JH and eusociality 
arose in halictids by altering transport and availability of JH in a tissue-specific manner, including in the brain. Through genomic 
comparisons of species encompassing both the emergence and breakdown of eusociality, we provide insights into the mechanisms 
targeted by selection to shape a key evolutionary transition. 
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Introduction 
Organisms situated at the inflection point of life’s major evolutionary 
transitions provide a powerful framework to examine the factors shaping 
the evolution of these traits1,2. Halictid bees (Hymenoptera: Halictidae) 
offer a unique opportunity to study the evolution of eusociality – social 
colonies with overlapping generations and a non-reproductive worker 
caste. Within the halictid bees, there have been two independent gains3 
and a dozen losses4 of eusociality. As a result, closely related species 
within this group encompass a broad spectrum of social behavior, from 

solitary individuals that live and reproduce independently to eusocial 
nests where individuals cooperate to reproduce as a group, and even 
polymorphic species that produce both solitary and social nests. This 
evolutionary replication enables a comparative approach to identify the 
core factors that shape the emergence and breakdown of eusociality and 
provides insights into the most costly aspects of social life. 

We searched for signatures of positive selection associated 
with the convergent gains of eusociality as well signatures of relaxed 
selection when eusociality is lost.  These complementary patterns 
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indicate that these loci are associated with costs or trade-offs underlying 
the maintenance of social traits. We find that some of the targets of 
selection implicated in the origins and elaborations of eusociality, such 
as young, taxonomically restricted genes5 and gene regulatory elements6, 
also show relaxation of selective pressures when social behavior is lost, 
and we uncovered four genes strongly associated with the evolution of 
eusociality in halictid bees, including the two primary juvenile hormone 
binding proteins (JHBPs): apolipoprotein7–9 and hexamerin11010,11. 
These results, combined with our analysis of JH localization in insects, 
provide new insights into how JH signaling has likely been modified to 
shape the evolution of eusociality. 
 
A new comparative genomic resource for studying the 
evolution of eusociality 
 
We generated comparative genomic resources for halictids consisting of 
15 de novo genome assemblies and an update of 2 additional assemblies, 

all with chromosome-length scaffolds (Fig. 1; Fig. S1). We selected 
species with well-characterized social behaviors that encompass both 
independent origins and six repeated losses of eusociality3 (Fig. 1a-b). 
Sampling closely-related eusocial and solitary species alongside known 
non-eusocial outgroups provides a powerful framework to examine the 
molecular mechanisms shaping the evolution of social behavior in this 
group1.  

Assemblies ranged in size from 267 to 470 Mb, with estimated 
numbers of chromosomes ranging from 9 to 38 (Table S2). Broadly, we 
find that, in contrast to mammalian species (Fig. S2), genomic 
rearrangements among the bee species occur disproportionately within 
rather than between chromosomes (see Fig. 1c, Fig. S3). Consequently, 
loci that are on the same chromosome in one bee species also tend to 
occur on the same chromosome in other bee species. This observation is 
similar to previous findings in dipteran genomes12,13 and may indicate a 
broader trend during the evolution of insect chromosomes. 

To increase the quality of genome annotations, we generated  

Figure 1. Comparative genomic resources for halictid bees. (a) Halictid bees encompass a wide range of social behaviors, from solitary to eusocial. 
Solitary species (yellow) nest and reproduce independently. Reproductive queens from eusocial species (blue) initiate colonies with offspring that include 
non-reproducing workers. Individuals from polymorphic species (green) are capable of both solitary and eusocial reproduction. Non-eusocial outgroups (red) 
reproduce independently, and include both solitary (Nomia melanderi, Dufourea noveangliae) and communal (Agapostemon virescens) nesting species. (b) 
Within the Halictinae, there have been at least two independent gains of eusociality and over a dozen independent losses of eusociality. Colors at branch 
tips indicate the behavior of each species. Circle sizes are proportional to the total number of orthologs with evidence for positive selection on each terminal 
branch (abSREL tests in HyPhy16; FDR<0.1). Light blue rectangles denote the two independent gains of social behavior in this family; their width is proportional 
to the number of orthologs with evidence for positive selection on each origin branch. Proportions of complete, fragmented, and missing BUSCO orthologs 
are shown for each genome. (c) Genomic data aligned to the outgroup Nomia melanderi. The 14 N. melanderi chromosomes are represented as a circular 
ideogram with consecutive chromosomes shown in alternating dark and light gray. The area inside the ideogram comprises 18 color-coded circular tracks, 
each corresponding to one L. calceatum chromosome, and the y-axis of these circular tracks represents the frequency of regions that align to the 
corresponding region in the N. melanderi genome. Usually, most of the alignments fall into a single “wedge”, indicating that each L. calceatum chromosome 
corresponds to just one N. melanderi chromosome. The pattern is typical for the bees we studied (see Fig. S3). Outer blue line plot indicates the number of 
branches in the phylogeny where positive selection was detected at each gene (abSREL, p<0.05). The outermost plot highlights genes that show convergent 
or complementary patterns of selection. Genes experiencing positive selection on both origin branches are labeled in blue, those experiencing an 
intensification of selection in extant eusocial lineages and complementary relaxation of selection in secondarily solitary species (HyPhy RELAX, FDR<0.1) 
are in purple, and genes with a complementary pattern of both positive selection on the origin branches and convergent relaxation of selection associated 
the loss of eusociality are green (note that not all genes in these categories are annotated in N. melanderi and are therefore not labeled). See methods 
section for more details. 
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tissue-specific transcriptomes for 11 species, and we also sequenced and 
characterized 1269 microRNAs (miRs) expressed in the brains of 15 
species (Table S12). The number of annotated genes ranged from 11,060 
to 14,982, and BUSCO14 analyses estimated the completeness of our 
annotations to range from 93.4 to 99.1% (Fig. 1b; Table S2). Whole-
genome alignments were generated with progressive Cactus15 (Fig. 1c), 
which we then used to identify 52,421 conserved, non-exonic elements 
present in 10 or more species. All genomes, annotations, and alignments 
can be viewed and downloaded from the Halictid Geno me Browser 
(https://beenomes.princeton.edu).  

Convergent and complementary signatures of selection are 
associated with the gains and losses of eusociality 

Origins. First, to identify convergent signatures of positive 
selection associated with transitions from non-eusocial to eusocial life 
histories, we looked for positive selection on the branches that represent 
each origin of eusociality: Augochlorini and Halictini sensu stricto (Fig. 
2). We found 309 genes on the Augochlorini origin branch and 62 genes 
on the Halictini origin branch with evidence of positive selection (HyPhy 
abSREL16, FDR<0.1) (Table S3). On the Augochlorini branch, genes 
with signatures of positive selection were enriched for cell adhesion 
(GO:0007155, Fisher’s Exact, q=2.01e-4; enrichment=2.92; Table S4). 
There was no detectable gene ontology (GO) enrichment among 
positively-selected genes on the Halictini branch (Fisher’s Exact, q>0.1). 
Nine genes showed signatures of positive selection on both branches 
(Fisher’s Exact, p= 0.004, enrichment=3.97), including genes known to 
regulate lifespan and starvation resistance (methuselah-like 1017) and 
neuronal functions (shopper18), among others (Table S3). 

Losses. A unique attribute of halictid bees is that there have 
been a number of independent losses of eusociality19 in addition to 

repeated gains3. These reversals provide a powerful lens to identify key 
genomic factors needed for the maintenance of social living because 
organisms are expected to minimize investment in traits when social 
behaviors are lost or unexpressed. This results in the reduction or removal 
of selective pressures previously maintaining these costly but essential 
traits22,23. Thus, we predicted that genes associated with trade-offs or 
costly roles in maintaining eusocial societies should show relaxation of 
constraint in species that have secondarily reverted to solitary nesting. 
Consistent with this hypothesis, we found 443 genes showing evidence 
of convergent, relaxed selection on the six branches representing 
independent losses of eusociality (HyPhy RELAX20, FDR<0.1; Table 
S3). These genes are enriched for chromosome condensation 
(GO:0030261, Fisher’s Exact, q=0.067, enrichment=4.09), indicating 
that they may play a role in chromosome accessibility and gene 
regulation24. They are also enriched for vacuolar transport (GO:0007034, 
Fisher’s Exact, q=0.067, enrichment=3.11; Table S4). 

To determine whether or not this pattern is unique to the loss 
of eusociality, we ran the same tests for relaxed selection using extant 
eusocial lineages as the focal branches. We found 305 genes with 
signatures of relaxation in eusocial species (HyPhy RELAX20, FDR<0.1; 
Table S3) enriched for four GO terms related to metabolism (Table S4). 
This is a significantly lower proportion of genes experiencing relaxed 
selection in eusocial species compared to those experiencing relaxed 
selection among solitary species (Fisher’s exact test p = 2.42x10-7, odds-
ratio = 1.48), suggesting that the loss of eusociality is more often 
associated with a release of constraint compared with eusocial 
maintenance or elaboration.  

Convergent selection. Finally, by comparing genes associated 
with the emergence of eusociality to those associated with its loss, we 
have the unique ability to identify some of the most consequential 
molecular mechanisms associated with social evolution. If a shared set of 
genes is associated with the emergence and maintenance of social 
behavior in this group, then we would expect to find genes experiencing 
both positive selection when eusociality emerges and relaxed selection 
when social behavior is lost. Indeed, we find four genes that meet these 
criteria: OG_11519, a gene with no known homologs outside of 
Hymenoptera, Protein interacting with APP tail-1 (PAT1), 
apolipoprotein (apolpp), and hexamerin110 (hex110; Fig. 2). This 
overlap is significantly more than expected by chance (Multi-set Exact 
Test21; fold-enrichment=8.85, p= 0.001). OG_11519 has no identifiable 
protein domains but is conserved throughout the Hymenoptera. PAT1 
modulates mRNA transport and metabolism25,26, and apolpp and hex110 
are the primary JH binding proteins and collectively bind nearly all the 
JH in the hemolymph7–11,27. Hex110 is associated with caste 
differentiation in nearly all examined eusocial insects10,28–30, and ApoLpp 
has repeatedly been shown to be a major JH binding protein in the 
hemolymph8,9,27. We also find 34 genes that show intensification of 
selection on extant eusocial lineages and relaxation in secondarily 
solitary species (HyPhy RELAX, FDR<0.1 for both tests). These genes 
likely represent trade-offs associated with the maintenance or elaboration 
of eusociality, and they are enriched for regulation of SNARE complex 
assembly (GO:0035542, Fisher’s Exact, q=0.074, enrichment=80.91; 
Table S4), which is a key component of synaptic transmission that has 
also been implicated with variation in social behavior in L. albipes2 and 
wasps31. 

Young genes and gene regulatory expansions are associated 
with trade-offs underlying the maintenance of eusociality 
Previous studies of eusociality have suggested that, similar to their 
importance in the evolution of other novel traits32, younger or 
taxonomically-restricted genes (TRGs) may play key roles in the 

Figure 2.  Signatures of selection associated with the gains and 
losses of eusociality in halictids were identified by testing all orthologs 
for evidence that dN/dS >1 at a proportion of sites on focal branches 
(Gains 1 and 2 denoted with gray squares 1-2 on the inset; abSREL16 
tests in HyPhy, FDR<0.05). There were 309 orthologs with evidence of 
positive selection in the Augochlorini (Gain 1) and 62 in Halictini s.s. (Gain 
2). Nine of these loci overlapped both origins, which is significantly more 
than predicted by chance (enrichment ratio=3.97, Fisher’s exact p=0.004). 
Branches representing losses of eusociality (grey square, label 3; yellow 
circles) were tested for evidence of relaxed selection (HyPhy RELAX20); 
443 orthologs passed the significance threshold (FDR<0.1), and 4 
orthologs overlapped all 3 tests (purple), which is substantially more than 
predicted by chance (Multi-set Exact Test21; fold-enrichment=8.85, 
p=0.001).  
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evolution of eusocial behavior33. To test this hypothesis, we examined 
the relationship between gene age and selection associated with eusocial 
origins, maintenance, and reversions to solitary life histories (Fig. S4). 
We found a greater proportion of young genes compared with old genes 
experience relaxed selection when eusociality is subsequently lost (Fig. 
3A; Pearson’s r=0.869, p=0.002). This relationship does not hold for 
orthologs showing evidence of relaxed selection on eusocial branches, 
nor are younger genes more likely than older genes to experience 
intensified selection associated with either the origins or maintenance of 
eusociality (Fig. S4) (Table S5). These results suggest that the reversion 
to solitary life histories is uniquely associated with relaxed selection on 
young genes, implicating TRGs in traits that are subject to reduced 
functional constraint when eusociality is lost. Thus, our results partially 
support other studies in complex eusocial hymenopterans, including 
honey bees, ants, and wasps, in which young TRGs have been linked to 
the evolution of the non-reproductive workers5,34–37, and they further 
suggest that younger genes are associated with costs or trade-offs linked 
to eusociality. 

Gene regulatory changes have also been implicated in eusocial 
evolution37, including the expansion of transcription factor (TF) motifs 
in the genomes of eusocial species compared with distantly-related 
solitary species6. To assess the degree to which changes in gene 
regulation may facilitate the evolution of social behavior in halictids, we 
characterized TF motifs in putative promoter regions in each halictid 
genome. For each species, we defined these regions as 5kb upstream and 
2kb downstream of the transcription start site for each gene6 and 
calculated a score for a given TF in each region that reflects the number 
and/or strength of predicted binding sites38.  

If social species have a greater capacity for gene regulation 
compared to lineages that have reverted to solitary nesting, then we 
would expect to find more motifs with scores (reflecting both strength 
and number of binding sites) that are higher in social taxa compared to 
secondarily solitary taxa. In support of this hypothesis, we find a greater 
than 3-fold enrichment of TF motifs that are positively correlated with 
social lineages compared to secondarily solitary lineages after 
phylogenetic correction (Fig. 3b), and permutation tests indicate that this 
difference is highly significant (Fig. 3c). Five of these socially-biased 
motifs were previously identified as associated with eusocial evolution in 
bees6, including the motifs for lola, hairy, CrebA, CG5180, and the 
met/tai complex (Table S6). 

Interestingly, genes showing relaxed selection associated with 
the loss of eusociality are enriched for chromosome condensation (Table 
S4), suggesting there may be trade-offs or costs associated with this 
increased regulatory potential. To determine whether or not we see a 
signature of these trade-offs in non-coding sequences, we used 
phastCons39 to identify conserved non-exonic elements (CNEEs) in each 
species. We identified CNEEs that were either slow- or fast- evolving in 
eusocial and solitary lineages. Using the logic outlined above, we would 
predict that CNEEs essential to the maintenance of social behavior should 
be more highly conserved and evolving more slowly in extant eusocial 
taxa vs. secondarily solitary taxa. After phylogenetic correction, we find 
1,876 CNEEs that meet these criteria, with faster rates of evolution in 
secondarily solitary species (Fig. S5). This is significantly more than 
expected by chance (Binomial test, p=5.27e-9); these regions are proximal 
to genes enriched for several GO terms, including serotonin receptor 
signaling (Permutation tests, p=0.007) and adherens junction 
maintenance (Permutation tests, p=0.009; see Table S7 for complete list). 
We also find 1,255 CNEEs that are more highly conserved in secondarily 
solitary lineages (fast in eusocial; slower in solitary). This number is 
smaller than expected by chance (Binomial test, p<1e-10), but these 
regions are proximal to genes enriched for cytoskeletal organization and 
processes related to synapse and neurotransmitter functions, among other 

GO terms (Permutation tests, p<0.05; Table S7; Fig. S6), potentially 
providing molecular support to hypotheses that the evolution of 
eusociality involves altered investments in cognitive function40,41. 

Convergent signatures of selection on Juvenile Hormone 
Binding Proteins (JHBPs) 
We identified a small but robust set of genes with complementary 
signatures of selection linked to the repeated gains and losses of 
eusociality (Fig. 2). These complementary patterns highlight the 
importance of these genes in eusocial lineages: convergent signatures of 
relaxed selection when eusociality is lost suggest they are also associated 
with costly trade-offs23. Strikingly, 2 of these 4 genes (apolpp and 
hex110) are the primary binding proteins for juvenile hormone (JH), an 
arthropod-specific hormone that regulates many aspects of insect life 
history including development, reproduction, diapause and 
polyphenism42,43. Together, apolpp and hex110 are thought to bind nearly 
all JH in insect hemolymph27. 

For both proteins, we find region-specific, faster rates of 
evolution on eusocial branches compared to non-eusocial outgroups. To 
identify sites in these genes with evidence of positive selection on the two 
branches representing independent origins of eusociality, we used a 
mixed-effects maximum likelihood approach (MEME44). For both 
apolpp and hex110, we find evidence for positive selection on sites 
present in functional regions of the protein (Fig. S7), including the 
receptor binding domain and predicted binding pocket for ApoLpp as 
well as in all three Hemocyanin domains of Hex110 (associated with 
storage functions in these proteins45) and its predicted binding pocket. 
Taken together, these results suggest that positive selection shaped JHBP 

 
 

Figure 3. Young genes and increased transcription factor motif 
presence associated with the maintenance of eusociality. (a) Younger 
genes are more likely to show signatures of relaxed selection when social 
behavior is lost. Circles show the proportion of the genes in each age class 
that show evidence of relaxed selection in solitary (yellow) or social (blue) 
lineages, from the oldest Bilaterian group (Age=1) to the youngest, halictid-
specific taxonomically restricted genes (Age=9; see supplement for 
complete list). For solitary lineages, we find a significant correlation 
between gene age and the proportion of those genes with evidence of 
relaxed selection (Pearson correlation, r=0.869, p=0.002). This 
relationship does not hold for the social taxa, where genes experiencing 
relaxed selection in these lineages are found at low frequency in all gene 
age classes (Pearson correlation, r=-0.0447, p=0.91). Shading represents 
95% confidence intervals.  (b)  STUBB scores38 were calculated for 223 
Drosophila transcription factor binding motifs in each halictid genome, and 
each motif was tested for overrepresentation in solitary or social genomes; 
94 motifs were enriched in social genomes compared to only 29 enriched 
in solitary genomes. “**” indicates p<0.01. (c) Permutation tests reveal that 
this approximately 3-fold enrichment in (b) is unlikely to occur by chance 
(empirical p=<0.01).  
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function as eusociality emerged in 
two independent lineages of these 
bees, and that some of these changes 
may be associated with costs when 
eusociality is lost.  

A molecular model for 
evolutionary novelty in JH 
signaling 
JH is essential to reproductive 
maturation in solitary insects, but this 
signaling system has also been 
frequently co-opted during major life 
history transitions43,46–48, including 
eusociality42. In relatively small 
eusocial societies like halictids49,50, 
paper wasps51, and bumblebees52,53, 
JH has maintained its association with 
reproductive maturation, but has also 
gained a new role in mediating 
aggression and dominance. In the 
much more elaborate eusocial 
colonies of honey bees, further 
modifications to JH signaling have 
also resulted in a secondary 
decoupling of JH in workers 
independent of its ancestral, 
reproductive role42. Although the 
association between JH titers and 
division of labor is well established in 
these taxa, we still do not understand 
which components of the JH signaling 
pathways have been targeted or 
modified by natural selection to 
evolutionarily link JH and social 
traits.  

Our discovery that JHBPs 
experience complementary selective 
pressures when eusociality is gained 
or lost leads us to propose a model for 
how this novel association may arise. 
Specifically, alteration of JHBPs may 
lead to changes in JH availability in a 
tissue-specific manner52, facilitating the decoupling of JH from its 
ancestral role in reproduction54 (Fig. 4). Through modification of binding 
affinity and/or altered cellular uptake of JH, evolutionary changes to 
apolpp and hex110 could modify the overall and tissue-specific levels of 
JH55, with differential responses to JH leading to polyphenisms among 
individuals54. Our model is consistent with theory suggesting that 
conditional expression of a trait (i.e. eusociality) leads to independent 
selection pressures and evolutionary divergence56; evolution of JHBPs 
may be one example of such divergence associated with conditional 
expression of social behavior.  

There is a growing body of evidence that Hex110 modulates 
JH availability via sequestration. Hex110 is associated with caste 
differentiation in nearly all eusocial insects examined10,28–30. In a termite, 
Reticulitermes flavipes, RNAi knockdown of hex110 leads to an 
increased proportion of reproductives within the colony, suggesting that 
Hex110 sequesters JH to prevent it from interacting with downstream 
targets28. Further, gene expression studies in wasps, ants, and honey bees 
all reveal that abdominal gene expression levels of hex110 are higher in 

non-reproducing individuals compared to reproductives, bolstering 
support for the role of this protein in JH sequestration29,30,34,57,58.  On the 
other hand, ApoLpp (a.k.a. lipophorin, apolipoprotein, or lipoprotein) is 
known to transport its cargo to target tissues via receptor-mediated 
endocytosis59 and to cross the blood-brain barrier60. Given that ApoLpp 
has repeatedly been shown to be a major JH binding protein in the 
hemolymph8,9, it is likely that ApoLpp also plays a role in JH transport 
and delivery to tissues, including the brain.  

Surprisingly, JH has not previously been characterized in the 
insect brain, though another major insect hormone, ecdysone, was 
recently shown to be actively transported into the brain of 
Drosophila61,62. We used liquid chromatography coupled mass 
spectrometry (LC-MS) to measure JH titers in several bee species and 
found appreciable levels of JH III in all tissues across species, including 
the brain (Fig. 4a; Fig. S8). In addition, topical application of deuterated 
JH III (JH III-D3) to the abdomens of Bombus impatiens led to 
incorporation of JH III-D3 into the brain, with an average of 9.5% of total 
brain JH being of the deuterated form after 24 hours (Fig. 4b). Our results 

Figure 4. Modifications to JH transport and sequestration could couple behavior with reproduction in 
the origins of eusociality. (A) Peak areas of JH III in the brain and hemolymph of four halictid species. In all 
samples, we find detectable levels of JH III in both tissues. n=3 for each tissue of A. pura, A. aurata, and H. 
ligatus, and n=2 for each tissue from L. versatum. Boxes show median and 25th and 75th percentiles. Whiskers 
show minimum and maximum values. (B) Tissue samples collected from adult bumblebees confirm there is JH 
III in the hemolymph, brain, and ovaries (Fig. S8, S10). Fresh dissection buffer (PBS) was used as a negative 
control. (C) Stable isotope tracing reveals that labelled JH III (JH III-D3) applied onto the abdomens of 
bumblebees is transported to the brain and detectable by LC-MS 24 hours later. Bees treated with acetone 
were used as controls. n=3 bee tissues per experimental condition. (D) Hypothetical molecular model. JH is 
synthesized in the corpora allata (CA) and exerts downstream effects on reproduction and behavior in social 
insects. We find convergent positive selection on the two primary JH binding proteins7–9, apolpp and hex110, 
when social behavior is gained in halictid bees, and we also find evidence for relaxation of selection on these 
genes when social behavior is subsequently lost. Hex110 is a storage protein that appears to sequester its 
cargo rather than deliver it to tissues10,28. In contrast, ApoLpp delivers cargo to target tissues, including the 
brain59,60. Together, these results suggest that these two genes could modulate JH availability in a tissue-
specific manner52 – a plausible mechanism by which social behavioral traits (like dominance) can become 
coupled to ancestrally-reproductive pathways when eusociality arises. Created with BioRender.com. 
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reveal that JH is indeed present in insect brains and can cross the blood-
brain barrier. 

Following transport to relevant tissues, JH binds to the JH 
receptor, Met, to initiate downstream effects63. Met is a bHLH-PAS 
transcription factor that has been well-characterized in flies63,64, 
mosquitoes65, Tribolium flour beetles66, and silk moths67. It is coactivated 
by Taiman (Tai) as the Met/Tai complex, which initiates downstream 
transcriptional responses. We identified met/tai as one of the TF motifs 
correlated with sociality in halictids (Fig. 3b), and we find evidence for 
positive selection on tai on the Augochlorini origin branch, suggesting 
that modifications to JH response-elements have also helped to fine-tune 
JH signaling in this group of bees. 

This model provides a testable hypothesis for how JH signaling 
could be co-opted during evolutionary transitions to and from eusociality. 
Our findings suggest that the JHBPs, hex110 and apolpp, may function 
together to alter the availability and uptake of JH by the brain, ovaries, 
and other tissues, and that modifications to these proteins could generate 
novel relationships between behavioral and reproductive traits – a key 
feature of the origins and evolution of eusociality54.  

Conclusions 
Sweat bees repeatedly traversed an evolutionary inflection point between 
a solitary lifestyle and a caste-based eusocial one with multiple gains and 
losses of this trait. We developed powerful new comparative genomic 
resources for this group and identified complementary signatures of 
convergent selection associated with the emergence and breakdown of 
eusociality. Factors associated with the origins or maintenance of 
eusociality are also associated with its loss, indicating that there may be 
trade-offs, constraints, or costs associated with these genomic changes. 
Strikingly, we find that the functional domains of juvenile hormone 
binding proteins have been modified by selection as eusociality has been 
gained and lost in halictids, and that these modifications are likely to 
affect the transport and availability of JH. Coupled with our finding that 
JH is present in the insect brain, our results help to explain how the 
evolution of a major transition is driven by novel linkages between social 
behaviors and reproduction that have repeatedly evolved alongside 
eusociality in bees.  
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