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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. Thisincludes
two pleiotropic proteins that bind and transport juvenile hormone (JH)—a
key regulator of insect development and reproduction. We find that one of
these proteinsis primarily expressed in subperineurial glial cells that form
theinsect blood-brainbarrier and that brain levels of JH vary by sociality. Our
findings are consistent with a role of JH in modulating social behaviour and
suggest that eusocial evolution was facilitated by alteration of the proteins
thatbind and transportJH, 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 evolution-  with overlapping generations and non-reproductive workers), since
ary transitions provide a powerful framework to examine the factors ~ within thisgroup there have been two independent gains’ and adozen
shaping the evolution of traits associated with these transitions™.  losses® of eusociality.

Halictid bees (‘sweat bees’, Hymenoptera: Halictidae) offer a unique The term eusocial was originally coined to describe sweat bee
opportunity to study the evolution of eusociality (social colonies  societies’, whose colonies typically consist of a single reproductive
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Fig.1| Comparative genomic resources for halictid bees. a, Halictid bees
encompass a wide range of behaviours, including solitary (yellow), eusocial
(blue) and polymorphic species (green) capable of both solitary and eusocial
reproduction. Non-eusocial outgroups (red) reproduce independently.

b, Left: pruned tree showing taxaincluded in this dataset. Colours at tips indicate
species’ behaviour and circle sizes are proportional to the number of orthologues
under positive selection on each terminal branch (abSREL, HyPhy"** FDR < 0.05).
Light blue rectangles denote gains of eusociality (*inferred from much broader
phylogenies’ than shown here). Right: proportions of complete/fragmented/
missing BUSCO orthologues are shown for each genome. ¢, Genomic data aligned
to Nomia melanderi (NMEL). The 14 NMEL chromosomes are represented as a
circularideogram, with consecutive chromosomes shown in alternating dark/
light grey. The inner spiral comprises 18 colour-coded tracks, each corresponding

toonelL. calceatum (LCAL) chromosome; the y axis represents the frequency of
regions aligning to the corresponding region in NMEL. Most alignments fall into
asingle ‘wedge’, indicating that each LCAL chromosome corresponds to just one
NMEL chromosome, a pattern typical for sweat bees and unlike that of mammals
(Extended DataFigs. 3 and 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 labelled.

female and a small number of non-reproductive workers (most often
ranging between 2 to 12 individuals; Extended Data Fig. 1). Colony
sizes can be quite variable, with up to 400 workers documented in
Lasioglossum marginatum colonies’. Unlike honey bees and ants,
sweat bee workers are totipotent—castes are not developmentally
determined and all adult females are capable of mating and reproduc-
tion in the absence of a queen'. Due to the independent gains and
losses of eusociality in this group, closely related halictid species
encompass a broad spectrum of social behaviour, from solitary
individuals that live and reproduce independently to eusocial nests
where individuals cooperate to reproduce as a group, and even poly-
morphicspecies that produce both solitary and social nests”. This evo-
lutionary 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 halictids*", all
with chromosome-length scaffolds (Fig. 1 and Extended Data Fig. 2).
We also included two previously published genomes'>*, We selected
species with well-characterized social behaviours that encompass
both origins and six repeated losses of eusociality (these gains and
losses were previously established on the basis of a much broader
phylogeny used to reconstruct the origins of eusociality in this
group®), as wellas 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 behaviour in these bees' .

We searched for signatures of positive selection associated with
the convergent gains of eusociality as well as signatures of relaxed selec-
tion when eusociality is lost. These complementary patternsindicate
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 genes' ' and generegulatory
elements'>**?>%, also show relaxation of selective pressures when
social behaviour islost. Inaddition, 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): apolipoprotein®2® and hexamerinl110?"*. 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)***°. Inaddition, we found evidence that eusocial repro-
ductive females haveincreased levels of JHIIlin their brains compared
with their solitary counterparts; this could potentially be mediated
by changes in the transport of JH. These results provide new insights
into howJH signalling may have been modified to shape the evolution
of eusociality.
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Fig.2| The maintenance of eusociality is associated with young genes and
generegulation. a, Younger genes are more likely to show signatures of relaxed
selection when social behaviour 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 scores** were calculated for 223 Drosophila transcription factor binding
motifsineach genome, and each motif was tested for overrepresentationin

Social - solitary biased motifs

solitary/social genomes; 94 motifs were enriched in social genomes compared
with 29 motifs enriched in solitary genomes. **P < 0.01for permutation test as
showninc. ¢, Permutation tests reveal that 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 test, P=2.42x107,
odds-ratio =1.48) and for CNEEs. Social lineages have fewer fast-evolving
CNEEs than chance (Binomial test, P < 1x 107™'°), while solitary taxa have more
fast-evolving CNEEs than chance (Binomial test, P=5.27 x107°). The dashed line
indicates the null expectation for CNEEs, and *indicates significant differences
inthe number of loci between eusocial and solitary species.

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 DataFig.3), genomic rearrangements among the bee species
occur disproportionately within rather than between chromosomes
(see Fig. 1c and Extended Data Fig. 4). Consequently, loci that are on
the same chromosome in one bee species also tend to occur on the
same chromosomein other bee species. This observationis similar to
previous findings in dipteran genomes®-**and may indicate abroader
trend during the evolution of insect chromosomes. To increase the
quality of genome annotations, we generated tissue-specific tran-
scriptomes for 11 species. In addition, because of new roles emerg-
ing for microRNAs in social plasticity and eusocial evolution®*°, we
also sequenced and characterized 1,269 microRNAs expressed in the
brains of 15species (Supplementary Table 2). The number of annotated
genes ranged from 11,060 to 14,982, and BUSCO* analyses estimated
the completeness of our annotations to range from 93.4 to 99.1%
(Fig.1b and Supplementary Table 1). Whole-genome alignments were
generated with progressiveCactus* (Fig. 1c), which we then used
to identify 52,421 conserved, non-exonic elements (CNEEs) 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 traits*’, younger or taxo-
nomically restricted genes (TRGs) may play key roles in the evolution
of eusocial behaviour*™?, To test this hypothesis, we examined the
relationship between gene age and selection associated with euso-
cial origins, maintenance and reversions to solitary life histories. We
found that 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 neither
holds for orthologues showing evidence of relaxed selection on euso-
cial 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. 5and 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
evolution'??°?>% including the expansion of transcription factor
(TF) motifs in the genomes of eusocial species compared with dis-
tantly related solitary species'. To assess the degree to which changes
in gene regulation may facilitate the evolution of social behaviour
in halictids, we characterized TF motifs in putative promoter regions
in each halictid genome. For each species, we defined these regions
as 5 kb upstream and 2 kb downstream of the transcription start site
for each gene™ and calculated a score for a given TF in each region
that reflects the number and/or strength of predicted binding sites*.
If social species have a greater capacity for gene regulation com-
pared with 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
with secondarily solitary taxa. In support of this hypothesis, we find
a greater than 3-fold enrichment of TF binding motifs that are posi-
tively correlated with social lineages compared with secondarily
solitary lineages after phylogenetic correction (Fig. 2b and Supple-
mentary Table4),and permutation testsindicate that this differenceis
highly significant (Fig. 2c). Five of these socially biased motifs were
previously identified as associated with eusocial evolution in bees™,
including the motifs for Lola, Hairy, CrebA, CG5180 and the Met/Tai
complex, whichinitiates downstream transcriptional responses toJH.
In addition to changes in TF motif presence, we also tested for
signatures of selection on non-coding regions of the genome that
potentially play a role in gene regulation®. Specifically, we used
whole-genome alignments to identify CNEEs, and found that they
showed abias towards faster rates of evolutionin secondarily solitary
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Fig.3|Signatures of selection associated with the gains and losses of
eusociality in halictids. a, Orthologues were tested for evidence that dN/dS > 1 at
aproportion of sites on focal branches (Gains 1and 2 denoted with grey squares 1
and 2; abSREL"* tests in HyPhy, FDR < 0.05) and for evidence of relaxed selection
(grey square 3, yellow circles; HyPhy RELAX**, FDR < 0.1). b, Nine loci overlapped
both origins (enrichment ratio = 3.97, Fisher’s Exact test P= 0.004). Four
orthologues overlapped all 3 tests (Multi-set Exact test”’; fold-enrichment = 8.85,
P=0.001). Socially polymorphic species were notincluded as focal branchesin
either test.

species compared with eusocial lineages (Fig. 2d). 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.

Convergent, complementary selection across social
transitions
To determine whether 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 positive
selection (Fig. 3 and Supplementary Table 5). On the Augochlorini
branch, genes with signatures of positive selection were enriched for
cell adhesion (GO:0007155, Fisher’s Exact test, ¢ =2.01x107*; enrich-
ment =2.92; Supplementary Table 6). Positively selected genes also
included taiman, which encodes a protein that co-activates the
bHLH-PS transcription factor and JH receptor, Met***° (Supplemen-
tary Table 5). There was no detectable gene ontology (GO) enrichment
among positively selected genes on the Halictini branch (Fisher’s
Exacttest, g > 0.1). Nine genes showed signatures of positive selection
on both branches (Supplementary Table 5). These genes included
shopper, whichencodes a protein involved in neuronal network func-
tion and the ensheathing of glial cells*®, and ND-42, encoding a sup-
pressor of Pinkl, which is associated with neurocognitive functioning®".
Aunique attribute of halictid bees is that in addition to repeated
gains’, there have also been anumber ofindependent losses of eusoci-
ality*. Thesereversals provide a powerful lens to identify key genomic
factors needed for the maintenance of social living because organ-
isms are expected to minimize investment in traits when social
behaviours are lost or unexpressed. This results in the reduction or
removal of selective pressures previously maintaining these costly

but essential traits****. 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
RELAX®, false discovery rate (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 were enriched for
chromosome condensation (GO:0030261, Fisher’sExact test, g = 0.067,
enrichment =4.09), indicating that they may play a role in chromo-
some accessibility and gene regulation®. They were also enriched
for vacuolar transport (GO:0007034, Fisher’s Exact test, g = 0.067,
enrichment = 3.11; Supplementary Table 6).

To determine whether 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 sig-
natures of relaxation in eusocial species (HyPhy RELAX**, 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 selectionin eusocial species
compared with those experiencing relaxed selection among solitary
species (Fisher’s Exact test P=2.42 x 107, odds-ratio = 1.48), suggest-
ing that the loss of eusociality is more often associated with a release
of constraint compared with eusocial maintenance or elaboration.

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 conver-
gent intensification of selection on eusocial lineages suggests that
these genes are likely to be particularly relevant to the maintenance
or elaboration of eusociality. They were enriched for regulation of
SNARE complex assembly (GO:0035542, Fisher’s Exact test, g = 0.074,
enrichment = 80.91; Supplementary Table 6), whichis akey component
of synaptic transmission that has also been implicated with variation
insocial behaviourin L. albipes® and wasps*°.

By comparing genes associated with the emergence of eusociality
tothose associated withits loss, we have the unique ability to identify
some of the most consequential molecular mechanisms shaping social
evolution. Ifashared set of genesis associated with the emergence and
maintenance of social behaviour in this group, then we would expect
to find genes experiencing both positive selection when eusociality
emerges and relaxed selection when social behaviour is lost (Fig. 3b).
Indeed, we find four genes matching these criteria: 0G_11519, a
gene with no known homologues outside of Hymenoptera, Protein
interacting with APP tail-1 (PATI), apolipoprotein (apolpp) and
hexamerinllO (hex110; Fig. 3b). This overlap is significantly more
than expected by chance (Multi-set Exact test”; 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 metabolism*®, and ApoLpp and Hex110 are
pleiotropic proteins with roles in storage and lipid transport. Hex110
and ApoLpp have also been established as the primary JHBPs
across multiple insect orders”?"*°, These complementary patterns of
positive selection when eusociality arises and relaxation of selection
whenitis lost suggest that this small but robust set of genes is associ-
ated with costly trade-offs linked to the evolution of eusociality*.

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 traits®. While ApoLpp and Hex110

have been characterized primarily in non-hymenopteran insects®*?,
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Fig. 4 | apolpp and associated lipid transport genes are expressed in

glial cells. a, scRNA-seq 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 5 cell subclusters, 2 of which contained
known markers of insect cortex or subperineurial glia. Purple colourationin

top left panel corresponds to normalized expression levels of the gene listed
above the plot, with darker colour representing higher expression. b, Four genes
associated with lipid binding, including apolpp, apoLTP, LpRI and mgl, as well

asjheh2, were co-expressed in Cluster 6 (‘glia’) compared with remaining cell
clusters (‘non-glia’). Focal subclustering of Cluster 6 into 5 subclusters (coloured
numbers 0-4 correspond to subclustersin a) revealed that apolpp and Apoltp are
co-expressed with moody, amarker of subperineurial glia (glia Subcluster 2),
andjheh2is co-expressed with zyd, a marker of cortex glia (glia Subcluster 3).
Circle diameter corresponds to the percentage of cells within agiven cell
type/subcluster (column) that express a given gene (row), and circle colour
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 inagiven cell
type/subcluster compared with others following differential expression testing
with the MAST algorithm.

they function as JH binding proteins in a wide range of species® "%,

suggesting that their function is conserved. In addition to binding
JH, these proteins have additional pleiotropic functions related
to nutrient storage®, lipid transport®® and cuticular hydrocarbon
transport®*~®, all of which may also play important roles in the evolu-
tion of social traits** 7>,

To further investigate the evidence for selection on these genes,
we implemented amixed-effects maximum-likelihood approach™ and
found region-specific, faster rates of evolution on eusocial branches
compared with 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, aswell asinall three
Haemocyanin domains of Hex110 (associated with storage functions®')
and its predicted binding pocket. More broadly, our analyses and
previous studies® demonstrate that these proteins are rapidly evolv-
ing within the Hymenoptera (Extended Data Fig. 7). Although both of
these proteins are highly pleiotropic®*, their shared role in JH bind-
ing 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 Il levels in the brain

While associations between circulating JH levels and division of labour
arewell established in the social insects”””°, we still do not understand
which components of JH signalling pathways are targeted by natural
selection to decouple JH from its ancestral role in development and
reproductive maturation® and generate new links between JH and
social traits. Because ApoLpp delivers cargo to target tissues and has

been shown to cross the BBB®, we hypothesized that differences in
ApoLpp transport and the availability of JHin the brain can help gene-
rate novel relationships between JH and behaviour. To examine the
potential role of cell-type-specific expression of apolpp inmodulating
JH signalling in the brain, we generated a single-cell RNA-sequencing
(scRNA-seq) 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).Inaddition, threerelated lipid transfer-associated
genes, apolipoprotein lipid transfer particle (apoLTP), megalin (mgl;
experiencing relaxed selection in solitary lineages; Supplementary
Table 5) and Lipophorin receptor 1 (LpRI), as well the gene encoding
theJH degradation enzyme, Jheh2, are expressed primarily in these glial
cells (Fig. 4b). Further subclustering demonstrates that both apolpp
and apoLTPare primarily expressed inasubperineurial glia-like cluster
(Fig. 4b); subperineurial glia, along with perineurial glia, form and
regulate the permeability of the BBB in D. melanogaster™°.

The actions of JH on the brain are sometimes assumed to be indi-
rect®, and while JH has previously been quantified in whole-insect
heads®, it has not yet been quantified directly in the insect brain. We
used liquid chromatography-mass spectrometry (LC-MS) to meas-
ure JH Il titres in dissected brains (see Methods and Extended Data
Figs. 8-10) and found higher concentrations of JH Ill in social
(A. aurata) foundresses compared with solitary (A. pura) foundresses;
social A. aurata workers appear to have intermediate levels of JH 111
(Fig. 5a). Next we used topical abdominal applications of isotopically
labelledJH I1I-d3 to demonstrate that the bee brainis permeable toJHIII
(Fig. 5b). Taken together, our results suggest differential responses
to JH in the brain and other tissues could be associated with
behavioural polyphenisms among the social insects®’.
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(n=7)reveals higher endogenous levels of JH lll in social foundresses (Wilcoxon
rank sum test, P=0.029; *indicates post-hoc pairwise comparison, P < 0.05).

b, Isotopically labelled JH I1I-d3 applied to the abdomens of A. aurata is detected
inthebrainas soonas2 hlaterand peaks at4 h post-treatment (n=7for2,8

and 24 h; n=6for4and 16 h; colours denote sampling timepoint). Boxes show
median, 25th and 75th percentiles. Whiskers show minimum and maximum
values without outliers.

Discussion

We leveraged the powerful natural variation in social behaviour of
sweat bees and developed new comparative genomic resources to
characterize the mechanisms that shape transitions in social evolu-
tion. 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
strategies**. By studying both gains and losses within this group, we
have uncovered multiple genome-wide patterns as well as specific
targets of selection associated with eusociality.

First, we tested for broad patternsin genome evolution that have
previously beenimplicated in the elaboration or maintenance of euso-
ciality, including arole for younger or taxonomically restricted genes
(TRGs)"?"and changes in gene regulation'*°, We found several lines
of evidence suggesting that these patterns extend to social evolution
insweat bees. Our finding that TRGs disproportionately experience a
relaxation of selection pressure when social behaviour islost suggests
thatinaddition toinfluencing 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 workers™ ', 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 changes in gene regulation are
associated with the elaboration of eusocial traits in halictids, similar to
other eusocial lineages'****, TF motifs are expanded in social halictid
genomes compared with secondarily solitary lineages, implicating
more complex gene regulatory networks associated with eusocial-
ity. Further, many putative regulatory regions of halictid genomes
(CNEEs*) show faster rates of evolution in secondarily solitary line-
ages. This accelerationis likely to be a signature of relaxed constraint
in solitary lineages, further supporting the role of gene regulation in
the maintenance of eusocial traits.

Inaddition 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 is 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
genesin halictid bees. A similar comparative genomic analysis of social
spiders also linked relaxation of selection with social evolution,
although in spiders, there is greater relaxed selection in social line-
ages, where social species have elevated genome-wide rates of mole-
cular 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 group®.

Weidentified asmallbut 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 posi-
tive selection when eusociality is gained and relaxed selection when
eusociality is lost suggest that they are also associated with costly
trade-offs>. Strikingly, 2 of these 4 genes (apolpp and hex110) encode
the primary binding proteins for juvenile hormone (JH), ahormone that
regulates many aspects of insect life history including development,
reproduction, diapause and polyphenism”*¢, Together, ApoLpp and
Hex110 are thought to bind nearly all JH in insect haemolymph*. We
identified positive selection onsites 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 and Hex110 that modify binding affinity and/or
cellular uptake could alter levels of JH¥, potentially leading to discrete
behavioural phenotypes®°.

In Drosophila, ApoLpp forms a complex with other lipoprotein
particles and can cross the BBB®. 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 con-
tributes to the formation and permeability of the BBB. Thus, our data
suggest that ApoLpp may have asimilar rolein mediating transport of
cargotothebraininbees. Whether glial-expressed ApoLpp has unique
isoforms or different functions compared with ApoLpp expressed in
othertissuetypesis unknown, but theinteraction between ApoLpp and
other glial-expressed proteins could facilitate brain-specific responses
toJHsignalling.

These findings suggest amodel where glial expression of ApoLpp
and other lipid transport proteins may work in concert withJH degrada-
tionenzymesto modulate the uptake and availability of JH to the brain
in a way that could differentiate social behaviours in halictids. This
model is consistent with theory suggesting that conditional expres-
sionofatrait (thatis eusociality) leads toindependent selection pres-
sures and evolutionary divergence®®; evolution of JHBPs may be one
example of such divergence associated with conditional expression
of'socialbehaviour. Lending support to this hypothesis, we found that
endogenouslevels of JHIll are higher in the brains of social compared
with closely related solitary female foundresses. Because the effects
ofJHonthebrain are sometimes assumed tobe indirect®’, we also used
isotopically labelledJH to demonstrate that JH is able to cross the BBB
inbees, including halictids.

Similar hormonal gatekeeping mechanisms have also been
recently proposed inants®, suggesting that the regulation of JHin the
brainmay be aconvergently evolved feature of caste differentiationin
thesocialinsects. Inaddition, modifications toJH response-elements
may have also helped to fine-tune JH signalling in this group of bees.
For example, following transporttorelevant tissues,JH binds to the JH
receptor, Met/Gce, which when coupled to a co-receptor, Taiman, initi-
ates downstream effects”’. We found evidence for positive selection on
taimanlinked to the origin of eusociality inthe Augochlorini, as well as
expansion of the Met/Tai TF motifin eusocial lineages. Future studies
areneeded totesteach of these hypotheses and elucidate the relative
influences of modulating JH availability versus refining downstream
responses toJH in the origins and elaboration of social traits.
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JH is essential to reproductive maturation in solitary insects,
but this signalling system has also been frequently co-opted during
major life history transitions®®**°°! including eusociality”. In rela-
tively small eusocial societies such as halictids”*", paper wasps’” and
bumblebees’**, 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 toJH pathways have also resulted in novel relationships
between JH and vitellogenin® %, and the reproductive ground plan
hypothesis™ " hasbeen proposed to explain this secondary decoupling
ofJHinworkers, independent of its ancestral reproductive role”. More
generally, ithasbeen hypothesized that the origins of queenand worker
castesinsocialinsects can be linked to an evolutionary decoupling of
reproductive and non-reproductive behavioural programmes plasti-
cally expressed throughout the life cycle of asolitary ancestor’°°, This
hypothesis, known as the ovarian ground plan hypothesis, specifically
implicates modification to hormone signalling 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 asso-
ciated with the origins of eusociality in sweat bees, supporting the
hypothesis that ashared genetic toolkit could facilitate the evolution
of social behaviour'® %, Moreover, the sweat bee system provides a
unique opportunity to identify convergent and complementary pat-
terns of selection associated with both gains and losses of this trait.
Our findings demonstrate a role for both directional selection and
release from constraintinsocial evolution, and reveal how evolutionary
trade-offs can structure the molecular underpinnings of eusociality.

Conclusions

Sweat bees repeatedly traversed an evolutionary inflection point
betweenasolitary 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 arealso 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 impli-
catedinjuvenile hormonebinding and transport show convergent and
complementary signatures of selection as eusociality has been gained
and lostin halictids. Coupled with our finding that JHis presentin the
insect brain, our results help to explain how novel linkages between
socialbehaviours and endocrine signalling could convergently shape
the evolution of eusociality.

Methods

Detailed methods are provided in the Supplementary Information.

Sequencing datasets

Webuilt 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 sequenc-
ing were also conducted for most species. Four scRNA-seq libraries
were also prepared from whole brains of Lasioglossum zephyrus and
L. albipes. Detailed information on all 194 sequencing libraries gener-
atedis provided in Supplementary Table 8.

Genome assembly

Genomes were assembled with Supernova v1.0.0 (ref.'”’) and evaluated
for completeness using BUSCO2 (refs. %1% with Apis mellifera as the
seed species and the set of 4,415 Hymenoptera genes from OrthoDB v9.
Gaps were closed with ABySS 2.0 (ref. "), scaffolds of likely bacterial ori-
ginwerefiltered, and repetitive elements were masked. Hi-C scaffolding

was used to error-correct, order, orientand anchor the draft genomic
sequences to chromosomes*'". Candidate chromosome-length
genome assemblies were generated using 3D-DNA*?, followed by addi-
tional finishing using Juicebox Assembly Tools**'"2,

Coding sequence annotation

We generated gene predictions for each genome using BRAKER v2.1.0
(refs. ™) with RNA-seq reads mapped to repeat-masked genomes
using HISAT v.2.0.5 (ref. ™). MAKER v3.00.0 (refs. "*'") was run on
the repeat-masked genomes. The GFF files of aligned expressed
sequence tags (ESTs) from the PASA (Program to Assemble Spliced
Alignments) bioinformatic pipeline"®"? were used as EST evidence.
All high-quality protein predictions from Transdecoder'® fromall spe-
cieswere combined and used as protein evidence for each genome. In
addition, OGSv3.2 from Apis mellifera, OGSv5.42 from L. 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 rela-
tively complete (as measured by BUSCO2) when compared with
the 4,415 genes expected to be present in allHymenoptera species on
the basis of OrthoDB v9 (ref.'”) (Fig. 1 and Supplementary Table 1).

Orthology and gene ages

We used OrthoFinderv2.3.2 (refs.'?>'?) to identify orthologous groups
of genes across the 19 species analysed. Gene names, orthologous
D. melanogaster genes and orthologous A. mellifera genes were
assigned on the basis of OrthoDB groups. Gene Ontology terms were
assigned to orthogroups using Trinotate v3.0.1 (ref. **) as well as GO
terms of both D. melanogaster and A. mellifera orthologues determined
by OrthoDB mapping. GOATOOLS (v1.0.3)'* was used with our custom
orthogroup-to-GO mapping table for GO enrichment analysis. TFsin
halictids wereidentified from orthology to A. mellifera genesidentified
as TFsinthe Regulator database'.

We used the Phylostratigraphy pipeline (https://github.com/
AlexGa/Phylostratigraphy)'*'*® toidentify the approximate evolution-
ary 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 5 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
literature™® !,

Coding sequence evolution

Coding sequences were aligned using the codon-aware version of
Fast Statistical Aligner v1.15.9 (ref. *?), then extensively filtered to
exclude poorly aligned regions following ref.'**, We used HyPhy RELAX
v2.3.11 (ref. **) to identify genes experiencing relaxed selection in
secondarily solitary species, requiring that at least 12 taxa be present
and at least 1 closely related pair of social and solitary species from
each of the 3 social clades was included. In addition to examining
signatures of relaxation in solitary species, we performed a parallel
testonthe extantlineages of social species torepresent anull baseline.
We also used HyPhy aBSREL"* tests to identify signatures of selection
onindividual branches.

Transcriptomic analyses

For each bulk RNA-seq sample, transcript per million (TPM) values
were calculated for each gene using Salmon v0.9.1 (ref. **°) with
quasi-mapping and controlling for GCbias, with quantile-normalized
TPM used for subsequent analyses. We calculated the specificity
of expression of each orthogroup across four tissues using these
normalized expression levels”®, requiring data from at least eight
speciesand allfour tissues to calculate aspecificity index for each gene.
We also performed phylogenetic generalized least squares (PGLS)
analyses using the R package geiger v2.0 (ref.™) toidentify correlations
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betweensociality and expression level for each orthogroup, excluding
species with polymorphic social behaviours.

Wholebrain expressed miRNAs were identified fromeach species
using miRDeep2 (v2.0.0.8)"*%. We detected known and novel miRNAs
in each species using a reference set of miRNAs from 10 other insect
species®***° Expression was quantified and novel miRNAs were fil-
tered on the basis of no similarity to rRNA or tRNA, minimum of five
reads each on mature and star strands of the hairpin sequence, and a
randfold P < 0.05. Toidentify 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 (v3.3)"*° and RNAhybrid (v2.12)'*,
keeping only those miRNA-target pairs that were predicted by both
programmes.

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 com-
bine scRNA-seq data across species using the SCTransform pipe-
line with default settings in Seurat V4 (refs. **'**). Dimensionality
reduction was performed with the uniform manifold approximation
and projection (UMAP) technique, and cell clusters were identified
using shared nearest-neighbour Louvain modularity optimization,
with cell-type-specific genes identified using the MAST algorithm'**
(Supplementary Tables 9 and 10).

Associations between promoter TF motifs and sociality

For each of 223 TF motifs (identified in Drosophila and filtered for pres-
ence in bee genomes following ref. *), a ‘stubb’ score** was calculated
across windows in each genome, and the highest score for each motif
within 5 kb upstream and 2 kb 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 behaviour using PGLS as implemented in geiger v2.0 (ref.')
after excludingall socially polymorphic taxa. We excluded motif's for a
given orthogroup that did not have a normalized rank of at least 0.95
inone 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 < 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 differencesin numbers
of significant correlations between social and solitary taxa of at least
20% were considered associated with the behaviour with which they
more often correlated.

CNEEs

Repeat-masked genomes of each of the 19 species included in our
study were aligned using Cactus**'*. Fourfold degenerate sites were
extracted fromthe alignment using halTools v2.1. phyloFit of the PHAST
package'*® and phastCons'’ were used to identify CNEEs. The coor-
dinates 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 dis-
carded. CNEEs were aligned with FSA™ and alignments were filtered
using TrimAl v1.4.rev22 (ref. *®). 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 calcu-
lated on the species topology using BASEML v4.9 (refs. ***°), Result-
ing branch lengths were standardized to average rates of evolution
in each genome using the branch lengths estimated by RAXML"" and
fourfold degenerate sites extracted using CODEML v4.9 (refs. 1*%159),
We compared the standardized branch lengths of the five pairs of
closely related social and solitary species in our study. Loci for which
the branchlengths werelongerinall social taxa thanin the most closely
related solitary taxa were considered fast-evolving in social species
and vice versa.

JHextraction, 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 pug ml™ valine-D8 as an internal standard.
LC-MS was carried out following previously described protocols™?
using an Xbridge BEH amide HILIC column (Waters) with a Vanquish
UHPLC system (Thermo Fisher). The chemical structure of JHIII,
parent and fragment m/z values for labelled and unlabelled forms,
chromatograms and absolute quantification of JH Ill and JH 11I-D3
areshownin Extended DataFig.10.JH I1I-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 anaesthetized and then decapitated. For LC-MS
of A. aurata, heads were lyophilised at =80 °C and 300 mTorr for
30 min, after which brains were dissected and stored at =80 °C until
analysis. Data were analysed using EI-MAVEN software (Elucidata).
Chromatographs and mass spectra were exported from EI-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) internal standard. Absolute
quantification of JH Il and JH I1I-D3 was carried out using a standard
curve of purified JHIII (Sigma,J2000) andJH I1I-D3 (Toronto Research
Chemicals, E589402). For social A. aurata and solitary A. pura
comparisons, JH Il quantities were standardized to ng mm~ using

brain volumes previously quantified for each species™.

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 v7.3.0 (ref. ") with the PROTGAMMAWAG model
of evolution. We then calculated the branch length between each
tip species and the outgroup species, Dufourea novaeangliae. To
identify changes in evolutionary rates associated with transitions in
social behaviour, we compared the 16 species with shifts in social
behaviour (either gains or losses) to N. melanderi and Agapostemon
virescens, two species without such shifts. We also used fpocket2
(ref.*), as implemented in the Phyre2 (refs. *>*°) 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 v3.8.31
(ref.™’), and filtered and backtranslated them to nucleotides with
trimAl v1.4.rev22 (ref. *%). We ran aBSREL, as implemented in HyPhy
v2.3.11, ontheresulting 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 v4.9 (refs. *°5%) to estimate dN/dS ratios for each of the major
clades examined.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw sequencing data are available at NCBI under the following
accession numbers: PRJNA613468, PRJINA629833, PRJNA718331 and
PRJNA512907 (Hi-C). Hi-C data and genome assemblies are also avail-
able at www.dnazoo.org. Genomes and browsers can be accessed at
beenomes.princeton.edu and on NCBI: PRINA613468. Please address
inquiries or material requests to skocher@princeton.edu.
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Code availability
Repository with code is on GitHub at https://github.com/kocherlab/
HalictidCompGen.
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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 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.
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Extended Data Fig. 4 | Pairwise chromosomal dotplots for halictid species.
Dotplots showing alignment of chromosome-length scaffolds 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 chromosome-length scaffolds in the respective
bee assemblies that have been ordered and oriented to best match the NMEL
chromosomesin 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 a1000 bp syntenic stretch between the two genomes identified by
Progressive Cactus alignments. The colour of the dots reflects the orientation
ofindividual alignments with respect to NMEL (red indicates collinearity,
whereas blue indicates inverted orientation). The dotplotsillustrate 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 achromosome may
change dramatically. This rearrangement pattern accounts for the characteristic
appearance of the dotplots with large diffuse blocks of scrambled chromosome-
to-chromosome alignments appearing along the diagonal. The patternis visibly
different 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 different chromosomes in one bee species tend to belong
to different 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’sr=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
association with gene age (Eusocial: Pearson correlation, r = 0.244, p = 0.492;

4 5 6 7 8 9

Hymenoptera Halictidae
Gene Age
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 1loss branchiin
the Halictiniand on 1loss branch in the Augochlorini (Positive, losses: Pearson
correlation, r = 0.403, p = 0.283). Shading represents the 95% confidence
intervals.
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identifies sites in functional regions of the protein, including the receptor thisgroup of bees.

binding domain and predicted binding pocket for ApoLpp as well asin all three
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Extended Data Fig. 8 |JH Il is present in multiple bumblebee tissue types,
including the brain. LC-MS was used to measure JH 1l levels in dissected

brain tissue and hemolymph from worker bumblebees (Koppert). Tissues

were dissected in PBS. Negative control=fresh PBS, PBS control=3uL of buffer
collected following brain dissections from each sample. RCC = retrocerebral
complex. The RCC synthesizes JH and immediately releases it, it is not known to
store JH’®. Hemolymph (3uL) was collected by centrifuging thorax tissue from
eachsample. Ovaries and brains were dissected in PBS and the entire organ was

used for JH Il quantification. In all samples, we find detectable levels of JH 111

in the hemolymph, brain, and ovaries. N = 5 for all sample/tissue types except
negative control, where n = 1. Note that because all samples were generated by
extractionina constant volume of buffer from the total input tissue, estimated
amounts are not directly comparable across different tissue types. Boxes show
median, 25th and 75th percentiles. Whiskers show minimum and maximum
values without outliers.
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JHIII-D3 levels are high after 24 hours, but decay significantly by 72 hours. (c) show minimum and maximum values.

Labelled JH11I-D3 applied to abdomens of bumblebeesis detectable in brains

Nature Ecology & Evolution



Article

https://doi.org/10.1038/s41559-023-02001-3

@ JHI (positive ionization) H b
* Parent m/z | Fragment m/z
e e CH,or CD,
JH I 267 249
267 270 JH Ill fragment (unlabeled)
H
/+ JH IlI-D3
— PPN \ (labeled) 270 252
CH,or CD, CH,or CD,
C Standard e 28+05, Standard g
1.26+07/ (100ng/mL) e (100ng/mL) < 267
JHII 1e+08
(unlabeled)
> > @©
Z 8e+06 2 249 )
)  1e+051 ¢ g Q
= < fsi 5e+07
46+06 &
» ‘ 0e+00
ko] 0e+00 /\ 0e+0(é‘ 1 1 | L1 1. 1 L 1
E 22 23 24 25 26 40 260 280 0 25 50 75 100
el Retention Time (s) m/z Concentration (ng/ml)
§ d ~50/50 mix f 6er07, ~50/50 mix
0 | 1.2e+07{(100ng/mL) (100ng/mL)
JHII
JH 1lI-D3
> >.4e+074 (unlabeled)
= 8e+06 (labeled) = 267
c c
£ £ o Y 210
- - JH 1II-D3
4e+06 2e+07 / /252 (labeled)
0e+00 0e+00 | 1 | | | |
22 23 24 25 26 240 260 280
Retention Time (s) m/z
h - - Acetone j Acetone |
1e+067
—JH I-D3 JHII <249 <F26J7H n =
2e+05 (unlabeled) g
(unlabeled) E
D
> > s 10 * * ==
2 i 5
9} @ 5e+05 b=
£ 1e+05 b= g 8
c
3
5 6
) |. ©
IS R
S| oesoob VoSS 06400 iR | ST N | R e e 24hrs 72hrs 24 hrs 72 hrs
© 24 25 26 27 28 29 240 260 280 Acetone JH 1I-D3
o] Retention Time (s) m/z
Q |-
o |1 m
[11] —- Acetone 1e+06.JH li-D3 €267
ORI A Ghmepa JHIN 3
6e+04 - 249 €
(labeled) / (unlabeled) 535
2 Py =
£ 4e+04 £ 56+05 JHID3 £ 30
k= < (labeled) =
270 3
2e+04 252 l s 2.5
L\ Y il
0e+00 VA 0e+00 ! | NITANE Lo 1 l .1 l 24 hrs 72hrs 24 hrs 72hrs
22 23 24 25 26 240 260 280
Retention Time (s) m/z Acetone JH1II-D3

Extended Data Fig.10 | See next page for caption.
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Extended Data Fig.10 |JH IIl and JH I1I-D3 quantification. (a) Chemical
structure of JH Il in positive ionization. JH Il 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 I1I. (c) Chromatograph of unlabelled JH III.
(d) Chromatograph of labelled JH Il showing similar retention time to unlabelled
JHIIL (e) Mass spectra of unlabelled JH Il showing the expected masses based

on B. (f) Mass spectra of a 50/50 mix of labelled and unlabelled JH Il showing

the expected masses based on B. (g) Standard curve demonstrating a range of
detection of JHIII. (h) Chromatograph of unlabelled JH Ill in the brains of bees
painted with acetone (grey dotted line) or with JH [1I-D3 (purple solid line).

(i) Chromatograph of labelled JH Ill in the brains of bees painted with acetone
(grey dotted line) or with JHI1I-D3 (purple solid line). (j) Mass spectra of JH Il in
bee brains painted with acetone showing the expected masses based on B.

(k) Mass spectra of JH l1lin bee brains painted with JH [1I-D3 showing the expected
masses based on B. (I) Absolute quantification of JH Il in the brains of bees
painted with acetone or JH I1I-D3. (m) Absolute quantification of JH IlI-D3 in the
brains of bees painted with acetone or JHI1I-D3. n = 3 replicates for each panel.
Boxes show median and 25th and 75th percentiles. Whiskers show minimum and
maximum values.
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X |:| Eukaryotic cell lines |Z |:| Flow cytometry

X |:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|:| |Z Animals and other organisms

[] clinical data

XI|[] Dual use research of concern

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research
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Laboratory animals N/A

Wild animals N/A

Reporting on sex A mix males and females were used to generate genomic data in this study. All details are provided in the supplement as well as in
NCBI.

Field-collected samples  Specimens included in this study were field-captured and preserved for downstream analyses. All details are provided in the methods
and supplement, as well as in NCBI (PRINA613468, PRINA629833, PRINA718331, and PRINA512907). Relevant sampling permits
were obtained by the authors on this study: R-055-2017-OT-CONAGEBIO, P526P-15-04026, Belfast City Council, Parks & Leisure Dept.

Ethics oversight No ethical approval is required for research on the invertebrate species included in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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