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Abstract

Sweat bees have repeatedly gained and lost eusociality, a transition from individual to group 

reproduction. Here, we generate chromosome-length genome assemblies for 17 species and 

identify genomic signatures of evolutionary trade-offs associated with transitions between social 

and solitary living. Both young genes and regulatory regions show enrichment for these molecular 

patterns. We also identify loci that show evidence of complementary signals of positive and 

relaxed selection linked specifically to the convergent gains and losses of eusociality in sweat 

bees. This includes two pleiotropic proteins that bind and transport juvenile hormone (JH) – a 

key regulator of insect development and reproduction. We find one of these proteins is primarily 

expressed in subperineurial glial cells that form the insect blood-brain barrier and that brain levels 

of JH vary by sociality. Our findings are consistent with a role of JH in modulating social behavior 

and suggest eusocial evolution was facilitated by alteration of the proteins that bind and transport 

JH, revealing how an ancestral, developmental hormone may have been co-opted during one 

of life’s major transitions. More broadly, our results highlight how evolutionary trade-offs have 

structured the molecular basis of eusociality in these bees and demonstrate how both directional 

selection and release from constraint can shape trait evolution.

Organisms situated at the inflection point of life’s major evolutionary transitions provide 

a powerful framework to examine the factors shaping the evolution of traits associated 

with these transitions1–4. Halictid bees (“sweat bees”, Hymenoptera: Halictidae) offer a 

unique opportunity to study the evolution of eusociality (social colonies with overlapping 

generations and non-productive workers), since within this group there have been two 

independent gains5 and a dozen losses6 of eusociality.

The term eusocial was originally coined to describe sweat bee societies7, whose colonies 

typically consist of a single, reproductive female and a small number of non-reproductive 

workers (most often ranging between 2-12 individuals, Extended Data Fig. 18). Colony sizes 

can be quite variable, with up to 400 workers documented in Lasioglossum marginatum 
colonies9. Unlike honey bees and ants, sweat bee workers are totipotent — castes are not 

developmentally determined and all adult females are capable of mating and reproduction 

in the absence of a queen10. Due to the independent gains and losses of eusociality in this 

group, closely related halictid species 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 

Jones et al. Page 2

Nat Ecol Evol. Author manuscript; available in PMC 2024 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and social nests2. This evolutionary replication enables a comparative approach to identify 

the core factors that shape the emergence and breakdown of eusociality.

To identify these factors, we generated 15 de novo genome assemblies and updated 

2 additional assemblies in halictids3,11, all with chromosome-length scaffolds (Fig. 1; 

Extended Data Fig. 2). We also included two previously-published genomes12,13. We 

selected species with well-characterized social behaviors that encompass both origins and 

six repeated losses of eusociality (these gains and losses were previously established based 

on a much broader phylogeny used to reconstruct the origins of eusociality in this group5), 

as well as four socially polymorphic species. 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 these bees1–4.

We searched for signatures of positive selection associated with the convergent gains 

of eusociality as well as signatures of relaxed selection when eusociality is lost. These 

complementary patterns indicate genomic loci that 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 genes14–21 and gene regulatory elements12,20,22,23, also show relaxation of 

selective pressures when social behavior is lost. In addition, we uncovered four genes 

strongly associated with the evolution of eusociality in halictid bees, including two genes 

that encode primary juvenile hormone binding proteins (JHBPs): apolipoprotein24–26 and 

hexamerin11027,28. Using single-cell RNA-sequencing, we localized the expression of 

apolipoprotein in the brain to glial cells involved in forming the insect “blood-brain barrier” 

(BBB)29,30. In addition, we find evidence that eusocial reproductive females have increased 

levels of JH III in their brains compared to their solitary counterparts; this could potentially 

be mediated by changes in the transport of JH. These results provide new insights into how 

JH signaling may have been modified to shape the evolution of eusociality.

Results

We generated new comparative genomic resources for studying the evolution of eusociality 

in halictid bees. Genome assemblies of 17 species ranged in size from 267 to 470 Mb, 

with estimated numbers of chromosomes ranging from 9 to 38 (Supplementary Table 1). 

Broadly, we found that, in contrast to mammalian species (Extended Data Fig. 3), genomic 

rearrangements among the bee species occur disproportionately within rather than between 

chromosomes (see Fig. 1c, Extended Data Fig. 4). 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 genomes31,32 and 

may indicate a broader trend during the evolution of insect chromosomes. To increase the 

quality of genome annotations, we generated tissue-specific transcriptomes for 11 species. 

In addition, because of new roles emerging for microRNAs (miRs) in social plasticity 

and eusocial evolution33–40, we also sequenced and characterized 1269 microRNAs (miRs) 

expressed in the brains of 15 species (Supplementary Table 2). The number of annotated 

genes ranged from 11,060 to 14,982, and BUSCO41 analyses estimated the completeness 

of our annotations to range from 93.4 to 99.1% (Fig. 1b; Supplementary Table 1). Whole-
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genome alignments were generated with progressiveCactus42 (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 

Genome Browser (https://beenomes.princeton.edu).

Signatures of trade-offs on young genes and gene regulation

Previous studies of eusociality have suggested that, similar to their importance in the 

evolution of other novel traits43, younger or taxonomically-restricted genes (TRGs) may 

play key roles in the evolution of eusocial behavior14–21. To test this hypothesis, we 

examined the relationship between gene age and selection associated with eusocial origins, 

maintenance, and reversions to solitary life histories. We found a greater proportion of 

young genes compared with old genes experience relaxed selection when eusociality is 

subsequently lost (Fig. 2a; 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 (Extended Data Fig. 5; Supplementary Table 3). 

We note that we did not include polymorphic species as focal branches in any of these 

or subsequent analyses of selection because we could not classify these lineages as either 

eusocial or solitary.

Gene regulatory changes have also been implicated in eusocial evolution12,20,22,23, including 

the expansion of transcription factor (TF) motifs in the genomes of eusocial species 

compared with distantly-related solitary species12. 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 gene12 and calculated a score for a given TF in each region that reflects the number 

and/or strength of predicted binding sites44.

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. 2b; Supplementary Table 

4), and permutation tests indicate that this difference is highly significant (Fig. 2c). Five of 

these socially-biased motifs were previously identified as associated with eusocial evolution 

in bees12, including the motifs for Lola, Hairy, CrebA, CG5180, and the Met/Tai complex, 

which initiates downstream transcriptional responses to JH.

In addition to changes in TF motif presence, we also tested for signatures of selection 

on noncoding regions of the genome that potentially play a role in gene regulation45. 

Specifically, we used whole genome alignments to identify conserved, non-exonic elements 

(CNEEs), and found that CNEEs showed a bias toward faster rates of evolution in 

secondarily solitary species compared with eusocial lineages (Fig. 2d). This acceleration 

Jones et al. Page 4

Nat Ecol Evol. Author manuscript; available in PMC 2024 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://beenomes.princeton.edu/


is likely to be a signature of relaxed constraint in solitary lineages, further supporting the 

role of gene regulation in the maintenance of eusocial traits.

Convergent, complementary selection across social transitions

To determine if specific loci show convergent signatures of selection associated with 

the evolution of eusociality, we identified genes with positive selection on each branch 

representing a gain of eusociality. We found 309 genes on the Augochlorini origin 

branch and 62 genes on the Halictini origin branch with evidence of position selection 

(Fig. 3; Supplementary Table 5). 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; Supplementary Table 6). This list included taiman, which encodes a 

protein that co-activates the bHLH-PS transcription factor and JH receptor, Met46–49 

(Supplementary Table 5). 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 (Supplementary Table 5). These genes 

include shopper, which encodes a protein involved in neuronal network function and the 

ensheathing of glial cells50, and ND-42, encoding a suppressor of Pink1 which is associated 

with neurocognitive functioning51.

A unique attribute of halictid bees is that, in addition to repeated gains5, there have also 

been a number of independent losses of eusociality4. 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 traits52,53. 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 RELAX54, 

FDR<0.1; Supplementary Table 5). In contrast, we did not find any genes with evidence 

of convergent, positive selection on all of the solitary loss branches. Genes showing evidence 

of relaxed selection with eusocial losses 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 regulation55. They are also enriched for vacuolar 

transport (GO:0007034, Fisher’s Exact, q=0.067, enrichment=3.11; Supplementary Table 6).

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 RELAX54, FDR<0.1; 

Supplementary Table 5) enriched for four GO terms related to metabolism (Supplementary 

Table 6). 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.
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We also identified 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). 

The convergent intensification of selection on eusocial lineages suggests that these genes 

are likely to be particularly relevant to the maintenance or elaboration of eusociality. They 

are enriched for regulation of SNARE complex assembly (GO:0035542, Fisher’s Exact, 

q=0.074, enrichment=80.91; Supplementary Table 6), which is a key component of synaptic 

transmission that has also been implicated with variation in social behavior in L. albipes3 

and wasps56.

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 shaping 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 (Fig. 3b). Indeed, we find four genes matching 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. 3b). 

This overlap is significantly more than expected by chance (Multi-set Exact Test57; 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 metabolism58, and 

ApoLpp and Hex110 are pleiotropic proteins with roles in storage and lipid transport. 

Hex110 and ApoLpp have also been established as the primary JH binding proteins (JHBPs) 

across multiple insect orders25–27,59. These complementary patterns of positive selection 

when eusociality arises and relaxation of selection when it is lost suggests that this small 

but robust set of genes is associated with costly trade-offs linked to the evolution of 

eusociality53.

Selection on juvenile hormone binding and transport

Two of the four genes that show signatures of both positive selection when eusociality 

is gained and relaxed selection when eusociality is lost (apolpp and hex110) encode the 

primary binding proteins for JH, an arthropod-specific hormone with pleiotropic effects on 

numerous insect life history traits60. While ApoLpp and Hex110 have been characterized 

primarily in non-hymenopteran insects61,62, they function as JH binding proteins in a wide 

range of species25–27,59, suggesting their function is conserved. In addition to binding 

JH, these proteins have additional pleiotropic functions related to nutrient storage63, lipid 

transport62, and cuticular hydrocarbon transport64–67, all of which may also play important 

roles in the evolution of social traits27,68–73.

To further investigate the evidence for selection on these genes, we implemented a mixed-

effects maximum likelihood approach (MEME74) and found region-specific, faster rates of 

evolution on eusocial branches compared to non-eusocial outgroups for both proteins. Sites 

with evidence of positive selection are present in the functional regions of both proteins 

(Extended Data Fig. 6), including the receptor binding domain and predicted binding pocket 

for ApoLpp as well as in all three Hemocyanin domains of Hex110 (associated with storage 

functions61) and its predicted binding pocket. More broadly, our analyses and previous 
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studies61 demonstrate these proteins are rapidly evolving within the Hymenoptera (Extended 

Data Fig. 7). Though both of these proteins are highly pleiotropic61,62, their shared role in 

JH binding and transport suggests that positive selection may have shaped JHBP function as 

eusociality emerged in two independent lineages of halictids and that some of these changes 

may also be associated with costs when eusociality is lost.

apolpp expression patterns and JH III levels in the brain

While associations between circulating JH levels and division of labor are well established 

in the social insects71,75–79, we still do not understand which components of JH signaling 

pathways have been targeted by natural selection to decouple JH from its ancestral role in 

development and reproductive maturation80 and generate new links between JH and social 

traits. Because ApoLpp delivers cargo to target tissues and has been shown to cross the 

BBB81, we hypothesized that differences in ApoLpp transport and the availability of JH 

in the brain can help generate novel relationships between JH and behavior. To examine 

the potential role of cell type-specific expression of apolpp in modulating JH signaling 

in the brain, we generated a single-cell RNA-Sequencing (scRNAseq) brain dataset using 

two sweat bee species: L. albipes and L. zephyrus (Fig. 4a). We identified one cluster, 

characterized by markers of glial cells, to be the primary location of apolpp brain expression 

(Fig. 4b). In addition, three related lipid transfer-associated genes, apolipoprotein lipid 
transfer particle (apoLTP), megalin (mgl; experiencing relaxed selection in solitary lineages; 

Supplementary Table 5), and Lipophorin receptor 1 (LpR1), as well the gene encoding 

the JH degradation enzyme, Jheh2, are expressed primarily in these glial cells (Fig. 4b). 

Further subclustering demonstrates that both apolpp and apoLTP are primarily expressed in 

a subperineurial glia-like cluster (Fig. 4b); subperineurial glia, along with perineurial glia, 

form and regulate the permeability of the BBB in D. melanogaster29,30.

The actions of JH on the brain are sometimes assumed to be indirect82, and while JH has 

previously been quantified in whole-insect heads83 it has not yet been quantified directly in 

the insect brain. We used liquid chromatography–mass spectrometry (LC-MS) to measure 

JH III titers in dissected brains (see Methods; Extended Data Figs. 8–10) and found higher 

concentrations of JH III in social (A. aurata) foundresses compared with solitary (A. pura) 

foundresses; social A. aurata workers appear to have intermediate levels of JH III (Fig. 

5a). Next, we used topical, abdominal applications of isotopically labeled JH III-d3 to 

demonstrate that the bee brain is permeable to JH III (Fig. 5b). Taken together, our results 

suggest differential responses to JH in the brain and other tissues could be associated with 

behavioral polyphenisms among the social insects80.

Discussion

We leveraged the powerful natural variation in social behavior of sweat bees and developed 

new comparative genomic resources to characterize the mechanisms that shape transitions in 

social evolution. In addition to multiple gains of eusociality, halictids provide an excellent 

opportunity to study genomic signatures of eusocial loss, with repeated, recent reversions 

from eusocial to solitary life history strategies1,2,4. By studying both gains and losses within 
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this group, we have uncovered multiple genome-wide patterns as well as specific targets of 

selection associated with eusociality.

First, we tested for broad patterns in genome evolution that have previously been 

implicated in the elaboration or maintenance of eusociality, including a role for younger 

or taxonomically-restricted genes (TRGs)14–21 and changes in gene regulation12,20. We 

found several lines of evidence suggesting these patterns extend to social evolution in 

sweat bees. Our finding that TRGs are disproportionately experiencing a relaxation of 

selection pressure when social behavior is lost suggests that, in addition to influencing the 

maintenance of eusociality, younger genes are associated with costs or trade-offs linked to 

eusociality. These findings support studies of complex eusocial hymenopterans, including 

honey bees, ants, and wasps, in which young TRGs have been linked to the evolution of 

non-reproductive workers14–21. Our work extends this body of evidence to suggest that 

evolutionary changes in these TRGs may also incur costs when lineages revert to solitary 

strategies. We also find evidence that, similar to other eusocial lineages12,20,84, changes 

in gene regulation are associated with the elaboration of eusocial traits in halictids. TF 

motifs are expanded in social halictid genomes compared with secondarily solitary lineages, 

implicating more complex gene regulatory networks associated with eusociality. Further, 

many putative regulatory regions of halictid genomes (CNEEs45) show faster rates of 

evolution in secondarily solitary lineages. This acceleration is likely to be a signature of 

relaxed constraint in solitary lineages, further supporting the role of gene regulation in the 

maintenance of eusocial traits.

In addition to the genome-wide patterns associated with eusocial transitions, the repeated 

gains and losses of eusociality among halictids enabled us to probe the most consequential 

molecular mechanisms associated with social evolution. We identified genes experiencing 

positive selection when eusociality was gained and relaxation of selection when eusociality 

is lost. Our results suggest that the loss of eusociality is associated with a release of selective 

constraint on a shared set of genes in halictid bees. A similar comparative genomic analysis 

of social spiders also linked relaxation of selection with social evolution, though in spiders, 

there is greater relaxed selection in social lineages, where social species have elevated 

genome-wide rates of molecular evolution. These elevated rates are likely to be driven 

largely by demographic factors, including a reduced effective population size and increased 

inbreeding linked to a social life history in this group85.

We identified a small but robust set of genes with complementary signatures of selection 

associated with both the gains and losses of eusociality in sweat bees. These patterns 

highlight the importance of these genes in eusocial lineages: complementary signatures 

of positive selection when eusociality is gained and relaxed selection when eusociality 

is lost suggest they are also associated with costly trade-offs53. Strikingly, 2 of these 4 

genes (apolpp and hex110) encode the primary binding proteins for juvenile hormone 

(JH), a hormone that regulates many aspects of insect life history including development, 

reproduction, diapause and polyphenism75,86. Together, ApoLpp and Hex110 are thought to 

bind nearly all JH in insect hemolymph59. We identified positive selection on sites present 

in the functional regions of both ApoLpp and Hex110, with faster rates of evolution on 

eusocial branches compared with non-eusocial lineages. Evolutionary changes to ApoLpp 
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and Hex110 that modify binding affinity and/or cellular uptake could alter levels of JH87, 

potentially leading to discrete behavioral phenotypes80.

In Drosophila, ApoLpp forms a complex with other lipoprotein particles and can cross 

the BBB81. Our single-cell transcriptomics dataset reveals that apolpp is expressed in 

the brain (in addition to the fat body; Supplementary Table 7) and enriched in the cell 

cluster expressing markers of subperineurial glia, a glial subtype that contributes to the 

formation and permeability of the BBB. Thus, our data suggest that ApoLpp may have a 

similar role in mediating transport of cargo to the brain in bees. Whether glial-expressed 

ApoLpp has unique isoforms or different functions compared with ApoLpp expressed in 

other tissue types is unknown, but the interaction between ApoLpp and other glial-expressed 

proteins could facilitate brain-specific responses to JH signaling and other cargo mediated 

by ApoLpp.

These findings suggest a model where glial expression of ApoLpp and other lipid transport 

proteins may work in concert with JH degradation enzymes to modulate the uptake and 

availability of JH to the brain in a way that could differentiate social behaviors in halictids. 

This model is consistent with theory suggesting that conditional expression of a trait 

(i.e. eusociality) leads to independent selection pressures and evolutionary divergence88; 

evolution of JHBPs may be one example of such divergence associated with conditional 

expression of social behavior. Lending support to this hypothesis, we found that endogenous 

levels of JH III are higher in the brains of social compared with closely-related solitary 

female foundresses. Because the effects of JH on the brain are sometimes assumed to be 

indirect82, we also used isotopically labeled JH to demonstrate that JH is able to cross the 

BBB in bees, including halictids.

Similar hormonal gatekeeping mechanisms have also been recently proposed in ants89, 

suggesting that the regulation of JH in the brain may be a convergently evolved feature of 

caste differentiation in the social insects. In addition, modifications to JH response-elements 

may have also helped to fine-tune JH signaling in this group of bees. For example, following 

transport to relevant tissues, JH binds to the JH receptor, Met/Gce, which coupled to a co-

receptor, Taiman, initiates downstream effects47. We found evidence for positive selection 

on taiman linked to the origin of eusociality in the Augochlorini as well as expansion of 

the Met/Tai TF motif in eusocial lineages. Future studies are needed to test each of these 

hypotheses and elucidate the relative influences of modulating JH availability versus refining 

downstream responses to JH in the origins and elaboration of social traits.

JH is essential to reproductive maturation in solitary insects, but this signaling system 

has also been frequently co-opted during major life history transitions60,86,90,91, including 

eusociality75. In relatively small eusocial societies like halictids76,92, paper wasps77 and 

bumblebees93,94, JH has maintained its association with reproductive maturation, but has 

also gained a new role in mediating aggression and dominance. In the more elaborate 

social colonies of honey bees, modifications to JH pathways have also resulted in novel 

relationships between JH and vitellogenin95–97, and the reproductive ground plan hypothesis 

(RGPH)95–97 has been proposed to explain this secondary decoupling of JH in workers 

independent of its ancestral, reproductive role75. More generally, it has been hypothesized 
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that the origins of queen and worker castes in social insects can be linked to an evolutionary 

decoupling of reproductive and non-reproductive behavioral programs plastically expressed 

throughout the life cycle of a solitary ancestor98–100. This hypothesis, known as the ovarian 

ground plan hypothesis (OGPH), specifically implicates modification to hormone signaling 

as a major route for the evolution of social insect castes. Our finding of convergent selection 

associated with social transitions on genes that bind and transport JH adds another layer of 

support to these predictions.

We identified a shared set of genes experiencing selection associated with the origins 

of eusociality in sweat bees, supporting the hypothesis that a shared genetic toolkit 

could facilitate the evolution of social behavior101–106. Moreover, the sweat bee system 

provides a unique opportunity to identify convergent and complementary patterns of 

selection associated with gains and losses of this trait. Our findings demonstrate a role 

for both directional selection and release from constraint in social evolution and reveal how 

evolutionary trade-offs can structure the molecular underpinnings of eusociality.

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 

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 two proteins implicated in 

juvenile hormone binding and transport show convergent and complementary signatures of 

selection as eusociality has been gained and lost in halictids. Coupled with our finding 

that JH is present in the insect brain, our results help to explain how novel linkages 

between social behaviors and endocrine signaling could convergently shape the evolution 

of eusociality.

Methods

Detailed methods are provided in the Supplementary Materials.

Sequencing datasets

We built 10x Genomics linked-read libraries for 15 species and updated two additional 

assemblies with Hi-C (Supplementary Table 1). Bulk mRNA transcriptome sequencing of 

four tissues and miRNA sequencing was also conducted for most species. Four single cell 

(scRNAseq) libraries were also prepared from whole brains of Lasioglossum zephyrus and 

Lasiogossum albipes. Detailed information on all 194 sequencing libraries generated is 

provided in Supplementary Table 8.

Genome assembly

Genomes were assembled with Supernova version 1.0.0107 and evaluated for completeness 

using BUSCO241,108,109 with Apis mellifera as the seed species and the set of 4,415 
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Hymenoptera genes from OrthoDB v9. Gaps were closed with ABySS 2.0110, scaffolds 

of likely bacterial origin were filtered, and repetitive elements were masked. Hi-C 

scaffolding was used to error-correct, order, orient, and anchor the draft genomic sequences 

to chromosomes32,111. Candidate chromosome-length genome assemblies were generated 

using 3D-DNA32 followed by additional finishing using Juicebox Assembly Tools32.

Coding sequence annotation

We generated gene predictions for each genome using BRAKER v2.1.0112,113 with RNAseq 

reads mapped to repeat-masked genomes using HISAT v.2.0.5114. MAKER v3.00.0115,116 

was run on the repeat-masked genomes. The GFF files of aligned ESTs from PASA117,118 

were used as EST evidence. All high-quality protein predictions from Transdecoder119 from 

all species were combined and used as protein evidence for each genome. In addition, 

OGSv3.2 from Apis mellifera, OGSv5.42 from Lasioglossum albipes, and all UniProt 

proteins were included as protein evidence. An Official Gene Set v2.1 was created for each 

genome. These gene sets are relatively complete as measured by BUSCO2 when comparing 

with the 4,415 genes expected to be present in all Hymenoptera species based on OrthoDB 

v9120 (Fig. 1, Supplementary Table 1).

Orthology and gene ages

We used OrthoFinder v2.3.2121,122 to identify orthologous groups of genes across the 19 

species analyzed. Gene names, orthologous D. melanogaster genes, and orthologous A. 
mellifera genes were assigned based on OrthoDB groups. Gene Ontology terms were 

assigned to orthogroups using Trinotate v3.0.1123 as well as GO terms of both D. 
melanogaster and A. mellifera orthologs determined by OrthoDB mapping. GOATOOLS 

(v. 1.0.3)124 was used with our custom orthogroup to GO mapping table for GO 

enrichment analysis. Transcription factors (TFs) in halictids were identified from orthology 

to A. mellifera genes identified as TFs in the Regulator database125. We used the 

Phylostratigraphy pipeline (https://github.com/AlexGa/Phylostratigraphy)126,127 to identify 

the approximate evolutionary age of origin for orthogroups in our study with proteins 

from 11 species as a reference set. To assign an age to an orthogroup, we required that 

representative genes from at least five species be assigned an age by Phylostratigraphy 

and that the majority of the genes with an assigned age be assigned to the same age. To 

test for correlations with ages, we extracted the crown age of taxonomic levels from the 

literature128–130.

Coding sequence evolution

Coding sequences were aligned using the codon-aware version of Fast Statistical Aligner 

v1.15.9131, then extensively filtered to exclude poorly aligned regions as in Sackton et 
al.132. We used HyPhy RELAX v2.3.1154 to identify genes experiencing relaxed selection in 

secondarily solitary species, requiring that at least 12 taxa be present and at least one closely 

related pair of social and solitary species from each of the three social clades was included. 

In addition to examining signatures of relaxation in solitary species, we performed a parallel 

test on the extant lineages of social species to represent a null baseline. We also used HyPhy 

aBSREL133 tests to identify signatures of selection on individual branches.
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Transcriptomic analyses

For each bulk RNAseq sample, transcript per million (TPM) values were calculated for each 

gene using Salmon v0.9.1134 with quasi-mapping and controlling for GC bias, with quantile 

normalized TPMs used for subsequent analyses. We calculated the specificity of expression 

of each orthogroup across four tissues using these normalized expression levels135, requiring 

data from at least eight species and all four tissues in order to calculate a specificity index 

for each gene. We also performed phylogenetic generalized least squares (PGLS) analyses 

using the R package geiger v2.0136 to identify correlations between sociality and expression 

level for each orthogroup, excluding species with polymorphic social behaviors.

Whole brain expressed miRNAs were identified from each species using miRDeep2 (v. 

2.0.0.8)137. We detected known and novel miRNAs in each species using a reference set 

of miRNAs from 10 other insect species33,34,138. Expression was quantified and novel 

miRNAs were filtered based on no similarity to rRNA/tRNA, minimum of five reads each 

on mature and star strands of the hairpin sequence, and a randfold p-value<0.05. To identify 

homologous miRNAs across species, we added this filtered set to the list of known miRNAs 

and repeated the miRDeep2 detection step. We predicted gene targets of each miRNA 

using a combination of miRanda (v.3.3)139 and RNAhybrid (v. 2.12)140, keeping only those 

miRNA-target pairs that were predicted by both programs.

Single cell RNA-seq libraries of L. albipes and L. zephyrus were aligned to the respective 

genomes with CellRanger V6 (10X Genomics). We performed normalization and integration 

to combine scRNAseq data across species using the SCTransform pipeline with default 

settings in Seurat V4141,142. Dimensionality reduction was performed with the Uniform 

Manifold Approximation and Projection (UMAP) technique, and cell clusters were 

identified with shared nearest-neighbor Louvain modularity optimization, with cell-type-

specific genes identified using the MAST algorithm143 (Supplementary Tables 9–10).

Associations between promoter TFBSs and sociality

For each of 223 transcription factor (TF) motifs (identified in Drosophila and filtered for 

presence in bee genomes, as in 4), a “stubb” score44 was calculated across windows in each 

genome, and the highest score for each motif within 5kb upstream and 2kb downstream of 

the transcription start site was assigned to each gene within a species. We then examined 

correlations between rank-normalized stubb scores for a given motif and social behavior 

using PGLS as implemented in geiger v2.0136 after excluding all socially polymorphic taxa. 

We excluded motifs for a given orthogroup which did not have a normalized rank of at least 

0.95 in one species, and required that the number of genes with significant correlations of 

a motif be at least five. We then counted the numbers of significant (PGLS p-value<0.01) 

correlations detected with higher stubb scores in social taxa and with higher stubb scores 

in solitary taxa for each motif. Those motifs for which there were differences in numbers 

of significant correlations between social and solitary taxa of at least 20% were considered 

associated with the behavior with which they more often correlated.
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Conserved non-exonic elements (CNEEs)

Repeat-masked genomes of each of the 19 species included in our study were aligned 

using Cactus42,144. Fourfold degenerate sites were extracted from the alignment using 

halTools v2.1. phyloFit, part of the PHAST package145, and phastCons146 was used to 

identify conserved non-exonic elements (CNEEs). The coordinates of the resulting CNEEs 

were identified in each species using halLiftover. Coding sequences were removed from 

the CNEEs in each species individually and sequences of less than 100 bases were 

discarded. CNEEs were aligned with FSA131 and alignments were filtered using TrimAl 

v1.4.rev22147. To identify CNEEs associated with social evolution, we examined differences 

in the rates of evolution in CNEEs among extant taxa. For each locus, branch lengths 

were calculated on the species topology using BASEML v4.9148,149. Resulting branch 

lengths were standardized to average rates of evolution in each genome using the branch 

lengths estimated by RAxML150 and fourfold degenerate sites extracted using CODEML 

v4.9148,149. We compared the standardized branch lengths of the five pairs of closely related 

social and solitary species in our study. Loci for which the branch lengths were longer in all 

social taxa than the most closely related solitary taxa were considered fast-evolving in social 

species and vice versa.

JH extraction, LC-MS and stable isotope tracing

Bee brains and other tissues were flash frozen in liquid nitrogen, then ground and 

centrifuged before adding extraction solvent supplemented with 0.2 μg/ml valine-D8 as 

an internal standard. LC-MS was carried out following previously described protocols151 

using a Xbridge BEH amide HILIC column (Waters) with a Vanquish UHPLC system 

(Thermo Fisher). Chemical structure of JH III, parent and fragment m/z values for labeled 

and unlabeled forms, chromatograms and absolute quantification of JH III and JH III-D3 are 

shown in Extended Data Fig. 10. JH III-D3 treatments were applied to abdominal sternites 

of both Bombus impatiens workers as well as Augochlorella aurata foundresses. For LC-MS 

of B. impatiens, bees were chill anesthetized and then decapitated. For LC-MS of A. 
aurata, heads were lyophilized at −80°C and 300 mTorr for 30 minutes, after which brains 

were dissected and stored at −80°C until analysis. Data were analyzed using El-MAVEN 

Software (Elucidata, LLC., elucidata.io). Chromatographs and mass spectra were exported 

from El-MAVEN and plotted using MATLAB, and peak areas were exported, processed 

and plotted using R. Peak areas were all normalized to the valine-D8 (Cambridge Isotopes 

Laboratories Cambridge, MA) internal standard. Absolute quantification of JH III and JH 

III-D3 was carried out using a standard curve of purified JH III (Sigma, Cat. #J2000) and 

JH III-D3 (Toronto Research Chemicals, Cat. # E589402), respectively. For social A. aurata 
and solitary A. pura comparisons, JH III quantities were standardized to ng/mm3 using brain 

volumes previously-quantified for each species152.

ApoLpp evolution

We examined sliding windows across the apolpp alignment for our 19 halictid species 

and inferred branch lengths on the species tree using RaxML v7.3.0150 with the 

PROTGAMMAWAG model of evolution. We then calculated the branch length between 

each tip species and the outgroup species, D. novaeangliae. To identify changes in 
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evolutionary rates associated with transitions in social behavior, we compared the 16 

species with shifts in social behavior (either gains or losses) to N. melanderi and Ag. 
virescens, two species without such shifts. We also used fpocket2153, as implemented 

in the Phyre2154,155 Investigator tool, to predict the likely active sites of ApoLpp (and 

Hex110) in halictids. We next explored ApoLpp evolution across insects to place patterns of 

evolution within Halictidae into a broader context. We collected apolpp sequences from 78 

additional Neopteran insect species (Supplementary Table 11), aligned them with MUSCLE 

v3.8.31156, and filtered and backtranslated to nucleotides with trimAl v1.4.rev22147. We ran 

aBSREL as implemented in HyPhy v2.3.11 on the resulting nucleotide alignment, testing all 

191 branches within the phylogeny to detect branches experiencing selection in each major 

clade examined. We also examined shifts in rates of protein evolution during the evolution of 

Halictidae using PAML and likelihood ratio tests between five pairs of sister taxa on both the 

entire protein sequence as well as just functional pockets predicted by fpocket2. Finally, we 

used the branch model of PAML v4.9148,149 to estimate dN/dS ratios for each of the major 

clades examined.

Extended Data

Extended Data Fig. 1: Typical life cycle for solitary and eusocial sweat bees.
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In a typical solitary species, reproductive females produce a single brood that is a mix 

of males and females. However, some solitary species are multivoltine and can produce 

multiple reproductive broods in a year. In typical eusocial halictid species, females produce 

two broods: first workers, then reproductives. At the end of the season, females mate and 

overwinter as adults.

Extended Data Fig. 2: Genome assembly statistics.
Nineteen genomes are included in this comparative dataset. 15 de novo assemblies were 

generated using a combination of 10x genomics and/or Hi-C, and 2 previously-published 

genomes (N. melanderi11, L. albipes3) were improved by scaNolding with Hi-C data. M. 
genalis13 and D. novaeangliae12 were used as-is. (a) Genome assembly lengths ranged 

from ~300 to 420 Mb. (b) ScaNold N50s for each species following Hi-C scaNolding, and 

(c) GC content was consistent across species. (d) RepeatModeler was used to characterize 

diNerent types of repeats in the halictid assemblies. (e) Numbers of genes (in thousands) for 

each species following individual annotation. (f) Conserved non-exonic elements (CNEEs) 

were called using phastCons on a progressive Cactus alignment. (g) microRNAs were also 
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characterized using brain tissue from available species and from34. For some species, fresh 

tissue was not available (N/A).

Extended Data Fig. 3: Human-mouse chromosomal dotplot.
Dotplots comparing the chromosomes of two mammalian species, human and mouse, 

separated by comparable evolutionary distance to the bees examined in this study 

(~80MY to common ancestor). The vertical and horizontal lines outline the boundaries 

of chromosomes in respective species, and the numbers on the axes mark the relevant 
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chromosome name and orientation, with ‘-’ in front of the chromosome name representing a 

reverse complement to the chromosome sequence as reported in the assembly. See Extended 

Data Fig. 4 for more details. The human-mouse one-to-one alignments file was downloaded 

from https://github.com/mcfrith/last-genome-alignments.

Extended Data Fig. 4: Pairwise chromosomal dotplots for halictid species.
Dotplots showing alignment of chromosome-length scaNolds from 16 bee assemblies 

against the N. melanderi (NMEL) chromosome-length genome assembly. The NMEL 

reference (generated as part of this study) is shown on the y-axis. The x-axis shows the 
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chromosome-length scaNolds in the respective bee assemblies that have been ordered and 

oriented to best match the NMEL chromosomes in order to facilitate comparison. The 

vertical and horizontal lines outline the boundaries of chromosomes in respective species, 

and the numbers on the axes mark the relevant chromosome name and orientation, with ‘-’ 

in front of the chromosome name representing a reverse complement to the chromosome 

sequence as reported in the assembly. Each dot represents the position of a 1000 bp 

syntenic stretch between the two genomes identified by Progressive Cactus alignments. 

The colour of the dots reflects the orientation of individual alignments with respect to 

NMEL (red indicates collinearity, whereas blue indicates inverted orientation). The dotplots 

illustrate that, with the exception of a few species, highly conserved regions belonging to 

the same chromosome in one species tend to lie on the same chromosome in other bee 

species, even though their relative position within a chromosome may change dramatically. 

This rearrangement pattern accounts for the characteristic appearance of the dotplots with 

large diNuse blocks of scrambled chromosome-to-chromosome alignments appearing along 

the diagonal. The pattern is visibly diNerent from those characteristic of mammalian 

chromosome evolution (for example, see Extended Data Fig. 3). The few exceptions are 

species with multiple fissions (L. marginatum, L. albipes) and fusions (Augochlora pura, 
L. vierecki, L. pauxillum, L. malachurum) events. In the fission species, the syntenic 

regions that belonged to two diNerent chromosomes in one bee species tend to belong 

to diNerent chromosomes after the fission. The analysis of the fusion species suggests that 

the regions corresponding to separate chromosomes in the closely related species (and likely 

the ancestral species) remain separate in the new genome, possibly corresponding to the 

two chromosome arms. The alignments have been extracted from the hal file using the 

cactus hal2maf utility with the following parameters: –maxRefGap 500 – maxBlockLen 

1000 –refGenome NMEL.
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Extended Data Fig. 5: Relationship between selection and gene age associated with eusocial 
origins, maintenance, and reversions to solitary life histories.
Gene age ranges from the oldest Bilaterian group (Age=1) to the youngest, halictid-specific 

taxonomically restricted genes (Age=9). The relaxation panel demonstrates that there is a 

greater proportion of young genes experiencing relaxed selection when eusociality is lost 

(HyPhy RELAX, FDR < 0.1; Pearson’s r = 0.869, p = 0.002); we find no significant 

association with relaxation on extant, eusocial branches (Pearson correlation, r = −0.044, 

p = 0.91). Next, we looked at the sets of genes that show intensification of selection 

pressures (HyPhy RELAX, FDR < 0.1), but neither of these sets showed any significant 
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association with gene age (Eusocial: Pearson correlation, r = 0.244, p = 0.492; Solitary: 

Pearson correlation, r = 0.627, p = 0.071). Finally, we looked at genes that showed evidence 

of positive selection (HyPhy aBSREL, FDR < 0.05). We found no relationship between 

gene age and the proportion of genes with evidence of positive selection on at least 1 

branch representing the origins of eusociality (Positive, gains: Pearson correlation, r = 0.156, 

p = 0.688). Likewise, there was no relationship between gene age and the proportion of 

genes with evidence for positive selection (HyPhy aBSREL, FDR < 0.05) on at least 1 loss 

branch in the Halictini and on 1 loss branch in the Augochlorini (Positive, losses: Pearson 

correlation, r = 0.403, p = 0.283). Shading represents the 95% confidence intervals.

Extended Data Fig. 6: Evidence of positive selection in domains of Hex110 and ApoLpp.
Both Hex110 (a) and ApoLpp (b) show evidence for domain-specific positive selection 

associated with the origins of eusociality. Predicted binding pockets by PHYRE are shown 

with pink rectangles, glycosylation sites in orange squares. Pink hexagons denote MEME-

identified sites that also had a mutational eNect score > =1 for Hex110 and >1 for ApoLpp. 

In both JHBPs, MEME identifies sites in functional regions of the protein, including 

the receptor binding domain and predicted binding pocket for ApoLpp as well as in all 

three Hemocyanin domains (associated with storage functions in these proteins) and in 

the predicted binding pocket of Hex110. Moreover, for both proteins, we also find region-
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specific, faster rates of evolution on eusocial branches compared to non-eusocial outgroups 

in this phylogeny: the predicted binding pocket for ApoLpp and all Hemocyanin domains for 

Hex110. Taken together, these results suggest that positive selection shaped protein function 

as eusociality emerged in this group of bees.

Extended Data Fig. 7: Apolipoprotein has experienced pervasive positive selection throughout 
the insects.
HyPhy aBSREL was used to identify branches with evidence of positive selection 

(highlighted in blue). Arrows indicate the direction of significant rate shifts detected on 

relevant branches. The only branch tested that did now show a significant rate shift is 

indicated by an ‘o’.
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Extended Data Fig. 8: JH III is present in multiple bumblebee tissue types, including the brain.
LC-MS was used to measure JH III levels in dissected brain tissue and hemolymph from 

worker bumblebees (Koppert). Tissues were dissected in PBS. Negative control=fresh PBS, 

PBS control=3uL of buNer collected following brain dissections from each sample. RCC 

= retrocerebral complex. The RCC synthesizes JH and immediately releases it, it is not 

known to store JH78. Hemolymph (3uL) was collected by centrifuging thorax tissue from 

each sample. Ovaries and brains were dissected in PBS and the entire organ was used for 

JH III quantification. In all samples, we find detectable levels of JH III in the hemolymph, 
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brain, and ovaries. N = 5 for all sample/tissue types except negative control, where n = 1. 

Note that because all samples were generated by extraction in a constant volume of buNer 

from the total input tissue, estimated amounts are not directly comparable across diNerent 

tissue types. Boxes show median, 25th and 75th percentiles. Whiskers show minimum and 

maximum values without outliers.

Extended Data Fig. 9: Stable Isotope Tracing of Juvenile Hormone (JH).
Absolute quantification of JH III in the brain (a) and bodies (d) of bumblebees treated with 

acetone or JH III-D3. Absolute quantification of labelled JH III in the brains (b) and bodies 

(e) of bees treated with acetone or JH III-D3. Labelled JH III-D3 levels are high after 24 

hours, but decay significantly by 72 hours. (c) Labelled JH III-D3 applied to abdomens of 

bumblebees is detectable in brains 24 h later (acetone is control). n = 3 tissues/condition. 

(f) JH III-D3 accounts for nearly all the total JH III in bee bodies after 24 hours, indicating 

that the labelled compound is well-absorbed by the bee. n = 3 bumblebee workers for each 

experimental condition. Boxes show median, 25th and 75th percentiles. Whiskers show 

minimum and maximum values.
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Extended Data Fig. 10: JH III and JH III-D3 quantification.
(a) Chemical structure of JH III in positive ionization. JH III can exist in two forms of 

equal m/z and produces one fragment that retains the D3 label. (b) Parent and fragment 

m/z values for unlabelled and labelled JH III. (c) Chromatograph of unlabelled JH III. (d) 
Chromatograph of labelled JH III showing similar retention time to unlabelled JH III. (e) 
Mass spectra of unlabelled JH III showing the expected masses based on B. (f) Mass spectra 

of a 50/50 mix of labelled and unlabelled JH III showing the expected masses based on 

B. (g) Standard curve demonstrating a range of detection of JH III. (h) Chromatograph of 
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unlabelled JH III in the brains of bees painted with acetone (grey dotted line) or with JH 

III-D3 (purple solid line). (i) Chromatograph of labelled JH III in the brains of bees painted 

with acetone (grey dotted line) or with JH III-D3 (purple solid line). (j) Mass spectra of 

JH III in bee brains painted with acetone showing the expected masses based on B. (k) 
Mass spectra of JH III in bee brains painted with JH III-D3 showing the expected masses 

based on B. (l) Absolute quantification of JH III in the brains of bees painted with acetone 

or JH III-D3. (m) Absolute quantification of JH III-D3 in the brains of bees painted with 

acetone or JH III-D3. n = 3 replicates for each panel. Boxes show median and 25th and 75th 

percentiles. Whiskers show minimum and maximum values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Comparative genomic resources for halictid bees.
(A) Halictid bees encompass a wide range of behaviors, including solitary (yellow), 

eusocial (blue) and polymorphic species (green) capable of both solitary and eusocial 

reproduction. Non-eusocial outgroups (red) reproduce independently. (B) Pruned tree 

showing taxa included in this dataset. Colors at tips indicate species’ behavior, circle 

sizes proportional to the number of orthologs under positive selection on each terminal 

branch (abSREL, HyPhy133 FDR<0.05). Light blue rectangles denote gains of eusociality 

(*inferred from much broader phylogenies than shown here5). Proportions of complete/

fragmented/missing BUSCO orthologs are shown for each genome. (C) Genomic data 

aligned to Nomia melanderi (NMEL). The 14 NMEL chromosomes are represented as 

a circular ideogram with consecutive chromosomes shown in alternating dark/light gray. 

The inner spiral comprises 18 color-coded tracks, each corresponding to one L. calceatum 
(LCAL) chromosome; the y-axis represents the frequency of regions aligning to the 

corresponding region in NMEL. Most alignments fall into a single “wedge”, indicating 

that each LCAL chromosome corresponds to just one NMEL chromosome, a pattern typical 

for sweat bees and unlike that of mammals (Extended Data Figs. 3–4). Outer blue line plot 

indicates number of branches where positive selection was detected at each gene (abSREL, 

FDR<0.05), and gene names shown are those with convergent/complementary patterns of 

selection: positive selection at both origins (blue), intensification of selection in extant 

eusocial lineages and relaxation of selection in secondarily solitary species (HyPhy RELAX, 

FDR<0.1; purple), and complementary patterns of both positive selection on the origin 

branches and convergent relaxation of selection with losses of eusociality (green). Not all 

genes in these categories are annotated in NMEL and some are therefore not labeled.
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Figure 2. The maintenance of eusociality is associated with young genes and gene regulation.
(A) Younger genes are more likely to show signatures of relaxed selection when social 

behavior is lost. Circles show the proportion of 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). 

For solitary lineages, gene age is significantly correlated with the proportion of those 

genes with evidence of relaxed selection (Pearson correlation, r=0.869, p=0.002; social 

lineages: r=−0.0447, p=0.91). Shading represents 95% confidence intervals. (B) Stubb 

scores44 were calculated for 223 Drosophila transcription factor binding motifs in each 

genome, and each motif was tested for overrepresentation in solitary/social genomes; 94 

motifs were enriched in social genomes compared to 29 enriched in solitary genomes. “**” 

indicates p<0.01 for permutation test as shown in C. (C) Permutation tests reveal the ~3-fold 

enrichment in (B) is unlikely to occur by chance (empirical p<0.01). (D) Taxa that have lost 

eusociality have higher proportions of loci experiencing relaxed selection after phylogenetic 

correction, both for coding sequences (CDS; Fisher’s exact, p=2.42x10-7, odds-ratio=1.48) 

and for conserved, non-exonic elements (CNEEs). Social lineages have fewer fast-evolving 

CNEEs than chance (Binomial test, p<1x10-10), while solitary taxa have more than chance 

(Binomial test, p=5.27x10-9). The dashed line indicates the null expectation for CNEEs, 

and * indicates significant differences in the number of loci between eusocial and solitary 

species.
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Figure 3. Signatures of selection associated with the gains and losses of eusociality in halictids.
(A) Orthologs were tested for evidence that dN/dS >1 at a proportion of sites on focal 

branches (Gains 1 and 2 denoted with blue squares 1-2; abSREL133 tests in HyPhy, 

FDR<0.05) and for evidence of relaxed selection (gray square 3, yellow circles; HyPhy 

RELAX54, FDR<0.1). (B) Nine loci overlapped both origins (enrichment ratio=3.97, 

Fisher’s exact p=0.004). Four orthologs overlapped all 3 tests (Multi-set Exact Test57; 

fold-enrichment=8.85, p=0.001). Socially polymorphic species were not included as focal 

branches in either test.
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Figure 4. apolpp and associated lipid transport genes are expressed in glial cells.
(A) Single-cell RNA sequencing (scRNAseq) of the halictid brain. Grouping and 

visualization of ~7,000 cells from 4 halictid brain samples revealed 11 cell clusters in 

reduced dimensionality (UMAP) space. (Top left) Expression of canonical markers of insect 

brain-cell types showed that only a single cluster, Cluster 6, had low expression levels 

of neuronal markers fne and Syt1 and high expression levels of glial markers repo and 

bdl, suggesting that Cluster 6 is composed of glial cells. Focal subclustering of Cluster 

6 identified five cell subclusters, two of which contained known markers of insect cortex 

or subperineurial glia. Purple coloration in top left-hand figure corresponds to normalized 

expression levels of the gene listed above the plot, with darker color representing higher 

expression. (B) Four genes associated with lipid binding, including apolpp, apoLTP, LpR1, 
and mgl, as well as jheh2, were co-expressed in Cluster 6 (“glia”) compared to remaining 

cell clusters (“non-glia”). Focal subclustering of Cluster 6 into five subclusters (colored 

numbers 0-4 correspond to subclusters in (A)) revealed that apolpp and Apoltp are co-

expressed with moody, a marker of subperineurial glia (glia Subcluster 2), and jheh2 is co-

expressed with zyd, a marker of cortex glia (glia Subcluster 3). Circle diameter corresponds 

to the percentage of cells within a given cell type/subcluster (column) that express a given 

gene (row), and circle color corresponds to that gene’s average expression within a given 

cell type/subcluster following sequencing depth normalization. Asterisks in the top-right of 

some circles indicate that a specific gene is also significantly upregulated in a given cell 

type/subcluster compared to others following differential expression testing with the MAST 

algorithm.
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Figure 5. JH is higher in brains of eusocial foundresses and crosses the blood-brain barrier.
(A) LC-MS quantification of JH III in the brains of solitary A. pura (n=6) and eusocial A. 
aurata foundresses (n=4) and workers (n=7) reveal higher endogenous levels of JH III in 

social foundresses (Wilcoxon rank sums test, p=0.029; *asterisks indicate post-hoc, pairwise 

comparisons, p<0.05). (B) Isotopically-labeled JH III-d3 applied to the abdomens of A. 
aurata is detected in the brain as soon as 2h later and peaks at 4 hours post-treatment (n=7 

for 2,8,24h; n=6 for 4h and 16h). Boxes show median, 25th and 75th percentiles. Whiskers 

show minimum and maximum values without outliers.
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