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SUMMARY
Behavioral plasticity is key to animal survival. Harpegnathos saltator ants can switch between worker and
queen-like status (gamergate) depending on the outcome of social conflicts, providing an opportunity to
study how distinct behavioral states are achieved in adult brains. Using social and molecular manipulations
in live ants and ant neuronal cultures, we show that ecdysone and juvenile hormone drivemolecular and func-
tional differences in the brains of workers and gamergates and direct the transcriptional repressor Kr-h1 to
different target genes. Depletion of Kr-h1 in the brain caused de-repression of ‘‘socially inappropriate’’ genes:
gamergate genes were upregulated in workers, whereas worker genes were upregulated in gamergates. At
the phenotypic level, loss of Kr-h1 resulted in the emergence of worker-specific behaviors in gamergates and
gamergate-specific traits in workers. We conclude that Kr-h1 is a transcription factor that maintains distinct
brain states established in response to socially regulated hormones.
INTRODUCTION

Societies are organized into hierarchies, often through social

conflict. Social defeat profoundly impacts animals, with the po-

tential to induce abnormal behavior and disease (Berton et al.,

2006; Franklin et al., 2017; Hammels et al., 2015; Mouri et al.,

2018; Takahashi et al., 2017). In both mammals and Drosophila

melanogaster, steroid signaling pathways regulate behavioral

responses to social cues (Hashikawa et al., 2017; Ishimoto

et al., 2009, 2013; Wei et al., 2004; Yang and Shah, 2014), but

the transcriptional mechanisms by which steroids regulate inter-

nal brain states remain unclear.

The antHarpegnathos saltator is an excellent model system to

study how molecular memories of social experiences establish

long-lasting behavioral traits. Unlike most ant species, Harpeg-

nathos individuals can change caste through adulthood (Peeters

and Hölldobler, 1995). When the queen dies or is removed from a

colony, workers enter a dueling tournament until a few become

reproductive individuals, called gamergates (Peeters et al.,

2000; Sasaki et al., 2016). Gamergates abandon worker tasks

such as foraging, lay eggs, and exhibit dominant behaviors to-
ward workers. This behavioral transition is accompanied by a

5-fold lifespan extension, a reconfiguration of gene expression

and cellular composition of the brain, and neurohormonal

changes (Ghaninia et al., 2017; Gospocic et al., 2017; Penick

et al., 2014; Sheng et al., 2020). For example, mature game-

rgates and foraging workers have different levels of the terpenoid

hormone juvenile hormone III (JH3) and the ecdysteroid hormone

20-hydroxyecdysone (20E) (Penick et al., 2011).

JH3 and 20E bind to intracellular receptors—Met and EcR,

respectively—that regulate transcription after translocating to

the nucleus (Figure S1A). These hormones play important roles

in insect metamorphosis (Jindra et al., 2013; Truman, 2019; Ya-

manaka et al., 2013), but their functions in adult brain and behav-

ioral plasticity are less well characterized. Differences in juvenile

hormones and ecdysteroids across castes have been observed

in several social insects (Bloch et al., 2000; Brent et al., 2006;

Brian, 1974; Rachinsky et al., 1990; Robinson et al., 1991;

Wheeler and Nijhout, 1981), and increased levels of JH3

correlate with the age-associated transition to foraging in honey-

bees and ants (Dolezal et al., 2012; Elekonich et al., 2001; Huang

et al., 1991). However, a direct role for JH3 and 20E in regulating
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caste-specific behaviors via transcriptional changes has not

been demonstrated. One conserved effector of juvenile hormone

is the zinc-finger transcription factor Krüppel homolog-1 (Kr-h1)

(Lozano and Belles, 2011; Minakuchi et al., 2008, 2009; Ojani

et al., 2018). Intriguingly, expression levels of Kr-h1 have been

correlated with caste and behavioral differences in social insects

(Fussnecker and Grozinger, 2008; Grozinger and Robinson,

2007; Jedli�cka et al., 2016; Shpigler et al., 2010), but little is

known about its function and gene targets in the brain.

We developed and utilized primary ant neuronal cultures to

investigate the transcriptional responses of post-mitotic neurons

to JH3 or 20E. We combined these in vitro studies with social

manipulation and functional genomics to reveal a central role

of Kr-h1 in mediating the response to JH3 and 20E and enforcing

transcriptional boundaries between caste-specific brain states.

RESULTS

JH3 and 20E drive caste-specific gene expression and
behavior
We previously compared transcriptomes from whole brains

without optic lobes of ‘‘generic’’ Harpegnathos workers and

gamergates (Gospocic et al., 2017). To increase our power to

identify gene expression changes, we analyzed central brains

after removing gnathal ganglia and antennal lobes from mature

(4 months old) foraging workers and actively reproducing

gamergates. In addition to capturing previously identified

caste-biased genes (Figure S1B), including corazonin in workers

and vitellogenin in gamergates (Figure 1A, magenta dots), these

stricter behavioral definitions and increased anatomical focus re-

sulted in the identification of 2,294 new caste-biased genes, for a

total of 2,540 genes differentially expressed between the brains

of workers and gamergates (Figure 1A, dark gray dots; Table S1).

These genes were enriched for Gene Ontology (GO) terms

related to metabolism, development, and neuronal function (Fig-

ure S1C; Table S2).

Because of previous studies reporting correlations between

juvenile hormone and ecdysteroid titers with caste identity in

bees and ants, we searched the Harpegnathos RNA sequencing

(RNA-seq) data for transcriptional signatures of the two hor-

mones. Among the most upregulated genes in worker brains

were three associated with juvenile hormone signaling and func-

tion (Kr-h1, hymenoptaecin, and to) (Guo et al., 2020; Lago et al.,

2016; Minakuchi et al., 2008) (Figure 1A, green dots), whereas

ecdysone-induced protein (EIP) genes (Eip71CD, Eip78C, and

Eip78Cl) and the ecdysone-responsive E23 gene were upregu-

lated in gamergates (Figure 1A, blue dots). This is consistent

with the observation that juvenile hormone and ecdysteroid titers

are increased in workers and gamergates, respectively (Penick

et al., 2011).

Because Harpegnathos castes are plastic, we reasoned that

administration of JH3 or 20E might be sufficient to initiate a

switch in caste-specific transcriptional profiles and behaviors.

Injection of JH3 or 20E into the brains of immature (10 days

old) workers (Figure 1B) resulted in the differential expression

of 885 genes (Figure 1C; Table S1). Known ecdysone-responsive

genes (Eip74EF, Eip75B, E23, Hr3, and Hr4) were induced by

20E (Figure 1C, blue dots), whereas genes associated with juve-
2 Cell 184, 1–17, November 11, 2021
nile hormone function (e.g., groucho [gro] and hairy [h]) (Saha

et al., 2016) were upregulated in response to JH3 (Figure 1C,

green dots). Two insulin-like peptides (Ilp1 and Ilp2) and an insu-

lin receptor gene (InR) were also differentially regulated by JH3

and 20E. The insulin pathway is involved in caste determination

(Ament et al., 2008; Jedli�cka et al., 2016; Wang et al., 2013;

Wheeler et al., 2006), and a switch between Ilp1 and Ilp2 is key

to the transition between foraging and reproduction in the clonal

raider ant (Chandra et al., 2018). Consistent with this, Ilp1 was

naturally upregulated in Harpegnathos workers and artificially

by JH3 injections, whereas Ilp2 and InR were upregulated in

gamergates and by 20E injections (Figures 1A and 1C,

purple dots).

We hypothesized that JH3 and 20E might promote caste-

specific gene expression programs in the brain. We compared

the brain transcriptomes from mature workers and gamergates

(Figure 1A) with those obtained in response to JH3 and 20E (Fig-

ure 1C). A principal component analysis (PCA) revealed that the

largest amount of variance separated untreated mature individ-

uals from immature injected workers (Figure 1D, x axis). Strik-

ingly, the second component captured the similarities between

the mature castes and the hormone-induced states, with a clear

correspondence of worker brains and JH3 on one hand, and

gamergate brains and 20E on the other (Figure 1D, y axis).

Consistent with this observation, caste-biased genes overlap-

ped extensively with genes responsive to JH3 or 20E stimulation

(Figures 1E and S1D). Compared to the DMSO control, JH3

injections promoted a worker-like transcriptional state (Fig-

ure 1F), whereas 20E skewed the brain transcriptome toward a

gamergate-like state (Figure 1G).

To test whether these hormone-induced transcriptional

changes corresponded to phenotypic alterations, we measured

two caste-specific traits: hunting behavior, typical of workers,

and reproductive activity, which is restricted to gamergates.

We injected hormone analogs with stronger activity and/or sta-

bility compared to the natural hormones. The analogs and the

corresponding endogenous ligands elicited very similar tran-

scriptional responses (Figure S1E). Consistent with the changes

in gene expression, brain injections of the JH3 analog metho-

prene increased hunting activity (Figures 1H and S1F), whereas

brain injections of the 20E analog ponasterone A stimulated

ovary activation (Figures 1I, S1G, and S1H). We conclude that

JH3 and 20E signaling are sufficient to skew the brain transcrip-

tome toward a worker or gamergate state, respectively, and to

stimulate appropriate caste-specific behavior.

JH3 and 20E induce caste-specific transcriptomes
in vitro

Although our in vivo RNA-seq analyses revealed a role for JH3

and 20E in caste-specific gene expression, they could not pro-

vide detailed information on the immediate early response to

JH3 and 20E, due to the invasiveness of head injections. To

define the transcriptional response to these hormones in neu-

rons in a more biochemically controlled setting, we developed

primary ant neuronal cultures (Figure 2A). After 6 days in culture,

cells isolated from pupal central brains attached and grew pro-

jections that were reactive to HRP antibodies (Figures 2B and

S2A) (Jan and Jan, 1982). Compared to the frequencies in adult
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Figure 1. JH3 and 20E drive caste-specific gene expression and behavior

(A) RNA-seq from central brains of mature (4 months old) foraging workers and reproductive gamergates. Genes discussed in the text are highlighted. Data from

9 worker and 5 gamergate brains. Hyp, hymenoptaecin.

(B) Experiment scheme. Immature workers were 10 days old.

(C) Brain RNA-seq after injections of JH3 or 20E. Genes referenced in text are in green (JH3) or blue (20E). Data from 7 biological replicates.

(D) PCA based on the 1,000 most variable genes showing mature worker and gamergate brains (full circles) and immature worker brains after JH3 or 20E in-

jections (semi-transparent circles).

(E) Overlap of genes affected by JH3 or 20E injections with those differentially expressed in workers and gamergates (black line). The p value was obtained by

comparison with 106 random permutations of the gene lists (‘‘shuffle,’’ orange line).

(F and G) Log-fold-changes in genes that responded to JH3 (F) or 20E (G) injections over DMSO (y axis) and worker versus gamergate brains (x axis).

(H) Number of cricket interactions for ants injected with DMSO or hormone analogs in the cricket-in-a-tube assay (Gospocic et al., 2017). Bars represent means +

SEM. n = 71, 74, and 74 ants for DMSO, meth (JH3 analog), and ponA (20E analog), respectively. p values are from a generalized linear model based on the

negative binomial distribution.

(I) Activation score of ovaries in injected individuals based on the presence of different stages of oocytes and nurse cells. Bars represent themean +SEM. p values

are from ANOVA and Holm-Sidak test.

See also Figure S1 and Tables S1 and S2.
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Harpegnathos brains (Sheng et al., 2020), the cultures were en-

riched for neurons versus glia, as determined by immunofluo-

rescence stainings (Figures 2B, S2B, and S2C) and marker

expression analyses (Figures S2D and S2E). Mushroom body

(MB) neuron markers were slightly enriched, possibly due to a
higher resilience of these neurons to harvesting and in vitro

culture.

When exposed for 6 days to JH3 or 20E, the neuronal cultures

displayed similar morphologies and composition (Figures S2A

and S2C), but acquired very distinct transcriptional states, as
Cell 184, 1–17, November 11, 2021 3
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Figure 2. JH3 and 20E recapitulate caste-biased gene expression in vitro

(A) Scheme for the preparation of primary neuronal cultures.

(B) Immunofluorescence on neuronal cultures. Arrowheads indicate neuronal projections.

(C) RNA-seq for neuronal cultures maintained in JH3 or 20E conditions. Data are from 4 (JH3) and 5 (20E) biological replicates.

(D) Top ‘‘biological process’’ GO enriched in genes differentially expressed from the JH3 versus 20E comparison in (C).

(E) PCA based on the 1,000 most variable genes for neurons cultured with JH3 or 20E (semi-transparent circles) and brains from mature workers or gamergates

(full circles).

(legend continued on next page)
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demonstrated by the differential expression of 2,443 genes (Fig-

ure 2C; Table S1). In JH3, the neurons upregulated transcription

factors that regulate foraging behavior (Egr1, Egr2, and Hr38),

neuronal remodeling (ftz-f1), and aggression (Ktl) (Boulanger

et al., 2011; Singh et al., 2018; Ugajin et al., 2013; Williams

et al., 2014) (Figure 2C, green dots), all reminiscent of a

worker-like state. Genes upregulated in 20E conditions included

ecdysone-responsive genes (Eip75B, Eip78Cl, Eip93F, E23,Hr3,

Hr4, andHr51) (Figure 2C, blue dots), as well as genes involved in

reproduction (srp and ovo) (Bates et al., 2010; Cáceres et al.,

2011; Syed et al., 2017; Uryu et al., 2015), consistent with the

reproductive focus of gamergates. In general, genes differen-

tially regulated by JH3 or 20E in vitrowere enriched for GO terms

associatedwith neuronal remodeling andmetabolism (Figure 2D;

Table S2).

Similar to our observations with hormone injections in vivo, a

PCA revealed that the transcriptome of neurons cultured with

JH3 bore resemblance to the transcriptome of worker brains,

whereas neurons maintained in 20E conditions were more

similar to gamergate brains (Figure 2E, PC2). In keeping with

this, we observed a significant overlap between genes differen-

tially regulated in neurons cultured in the different hormones

and those naturally caste-biased in worker and gamergate

brains (Figure 2F). More specifically, genes upregulated in

JH3 conditions overlapped with worker genes, whereas genes

upregulated in 20E conditions overlapped with gamergate

genes (Figure 2G). Although, as would be expected, several

genes responded differently to these very different contexts,

the remarkable degree of correlation of gene expression

in vitro and in vivo supports the conclusion that the caste-spe-

cific brain transcriptomes of Harpegnathos workers and game-

rgates can be partially recapitulated in vitro by the presence of

JH3 and 20E, respectively.

Correlations between transcriptional signatures of juvenile

hormone and ecdysone signaling and caste-biased expression

patterns were not exclusive to Harpegnathos. We analyzed pre-

viously published RNA-seq data from ant species with fixed

queen-worker (Solenopsis invicta and Monomorium pharaonis)

or queenless social systems (Dinoponera quadriceps andOocer-

aea biroi). We also analyzed two species of wasps (Polistes dom-

inula and Polistes canadensis) and bees (Bombus terrestris and

Megalopta genalis) (Chandra et al., 2018; Kapheim et al., 2020;

Marshall et al., 2020; Patalano et al., 2015; Standage et al.,

2016; Wang et al., 2020). In all cases, genes differentially ex-

pressed between non-reproductive and reproductive individuals

overlapped significantly with genes regulated by JH3 and 20E

in Harpegnathos neuronal cultures (Figure S3, Venn diagrams).

Furthermore, in all 9 species, genes upregulated by JH3

were preferentially expressed in non-reproductive workers,

whereas 20E-responsive genes were preferentially expressed

in reproductive individuals (Figure S3, boxplots). Thus, the bal-

ance between JH3 and 20E signaling might be a conserved
(F) Overlap of genes differentially expressed between neurons grown in JH3 an

comparison with 106 random permutations.

(G) The MA plot shows differential gene expression in mature worker and gamerga

in neurons grown in JH3 (green) or 20E (blue) conditions in vitro. p values are from

See also Figures S2, S3, and S4 and Tables S1 and S2.
mechanism to establish caste-specific transcriptional states

across Hymenoptera.

JH3 and 20E affect overlapping neuronal populations
Although the strong dichotomy in the transcriptional response to

JH3 and 20E suggests a global shift in gene expression across

various neuronal types in the brain, it could also be that distinct

small populations of JH3- or 20E-reactive neurons are respon-

sible for the observed changes in bulk gene expression.

We re-analyzed single-cell RNA-seq data from worker and

gamergate brains (Sheng et al., 2020) (Figures S4A and S4B)

and determined the expression bias of JH3- and 20E-sensitive

genes in single cells. Two thirds of all neurons displayed a

skew in gene expression consistent with JH3-dependent activa-

tion in workers (Figures S4C, top, and S4D). Typically, the same

cell types also displayed 20E-associated transcriptional profiles

in gamergates (Figures S4C, bottom, and S4E). An exception

was found in a small cluster of excitatory clock neurons express-

ing Gadd45 and Lsd-2 (Figure S4F), which have been implicated

in regulation of oviposition and energy homeostasis (Plyusnina

et al., 2011; Thimgan et al., 2010), and displayed gamergate-

biased expression of some JH3-responsive genes. Thus, our

single-cell analyses confirmed the JH3 and 20E signaling dichot-

omy in worker and gamergate brains and suggested that broadly

overlapping neuronal populations acquire distinct transcriptional

states in response to these hormones.

Kr-h1 is induced by both JH3 and 20E
Once bound by their ligand, steroid hormone receptors activate

target genes, which often include many transcription factors,

transforming the internal cell state through changes in meta-

bolism, synaptic potentiation, and transcription (Gray et al.,

2017; Koyama et al., 2020; Yaniv and Schuldiner, 2016). To

define the plastic response of the neuronal transcriptome to

socially regulated hormonal changes, we simulated the effects

of caste transitions by switching neurons grown in JH3 to 20E

(mimicking a worker-gamergate ‘‘forward’’ transition) and neu-

rons grown in 20E to JH3 (mimicking a gamergate-worker

‘‘reverse’’ transition) and profiled gene expression after 30 min,

6 h, and 24 h (Figure 3A; Table S1).

We focused on genes encoding transcription factors that were

upregulated in response to acute treatment with JH3 or 20E (Fig-

ures 3B and 3C), although a small number of downregulated

genes was also detected (Figures S2F and S2G). Several of the

transcription factors induced by JH3 and 20E in vitro were also

differentially expressed between worker and gamergate brains

in vivo (Figures 3B and 3C, blue and green dots). Consistent

with the notion that JH3 and 20E promote diverging transcrip-

tional programs that correlate with separate caste identities,

the list of transcription factors activated during the forward and

reverse hormonal switch in vitrowere largely distinct (Figure 3D).

However, five transcription factors were induced by both
d 20E with caste-biased genes from Figure 1. The p value was obtained by

te brains (from Figure 1A). Colors highlight the genes upregulated (adj. p < 0.1)

Fisher’s exact tests for the overlaps of the significant genes in vitro and in vivo.

Cell 184, 1–17, November 11, 2021 5
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Figure 3. Kr-h1 is induced by JH3 and 20E

(A) Experiment scheme.

(B and C) Heatmaps for the expression levels

(DESeq2-normalized counts) of transcription

factors induced by 20E (B) or JH3 (C) in at least one

time point (adj. p < 0.1). Genes differentially

expressed in gamergates (B) or workers (C) are

indicated with blue or green dots, respectively.

Data from R4 biological replicates.

(D) Overlap of transcription factors induced by 20E

and JH3 from (B) and (C).

(E and F) Expression levels (DESeq2-normalized

counts) of Kr-h1 after JH3 or 20E stimulation of

neuronal cultures (E) or in the brain of maturing

workers and gamergates (F). Bars represent

mean + SEM. p values are from one-way ANOVA

and Holm-Sidak tests.

See also Figure S2 and Table S1.
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hormonal transitions at one or more time points. Of these, only

Kr-h1 was induced as early as 6 h and remained at higher levels

at 24 h in both treatments (Figure 3E).

We turned our attention to Kr-h1 because of its connections

with social behavior and hormone signaling, as well as its poten-

tial role in neuronal remodeling (Shi et al., 2007). Kr-h1 is a zinc

finger transcription factor that responds to juvenile hormone

(Lozano and Belles, 2011; Minakuchi et al., 2008, 2009; Ojani

et al., 2018) and to social stimuli in the honeybee brain, where

it is upregulated during the transition from nursing to foraging

behavior (Fussnecker and Grozinger, 2008; Grozinger and Rob-

inson, 2007; Grozinger et al., 2003). Consistent with this, we de-
6 Cell 184, 1–17, November 11, 2021
tected the upregulation of Kr-h1 in aging

Harpegnathos workers as they transition

from ‘‘inside’’ colony tasks to foraging

(Figure 3F, left), However, we unexpect-

edly also observed increasing levels of

Kr-h1 transcripts in the brain of maturing

gamergates (Figure 3F, right), suggesting

that Kr-h1 becomes upregulated over

time as individuals become firmly estab-

lished in their social castes.

Kr-h1 represses distinct genes in
workers and gamergates
We were intrigued by the fact that Kr-h1

was upregulated in vitro in response to

both JH3 and 20E, which promote worker

and gamergate identity, respectively. We

reasoned that if a single transcription fac-

tor contributes to different caste-specific

transcriptomes, it must be able to bind

and regulate different sets of genes

in different conditions. We performed

Kr-h1 chromatin immunoprecipitation

sequencing (ChIP-seq) from brains of

workers and gamergates using a custom

antibody (Figure S5A). Kr-h1 was bound

predominantly to genic regions, in partic-
ular promoters (Figure 4A). In total, 5,981 genes possessed

a strong (fold-over-input >3) Kr-h1 peak at the promoter or

within the gene body. Among the GO terms that were associated

with genes bound by Kr-h1, some were related to neuronal

remodeling and caste-specific processes, such as ‘‘axon

guidance,’’ ‘‘oogenesis,’’ and ‘‘insulin receptor signaling’’ (Fig-

ure S5B; Table S2).

Genomic regions bound by Kr-h1 were significantly enriched

(p value = 5.53 10�56, Fisher’s exact test) for genes differentially

expressed in workers and gamergates (Figure 4B). For example,

we observed higher Kr-h1 binding in gamergates compared

to workers at the corazonin (Crz) locus, which encodes a
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Figure 4. Kr-h1 binds to caste-biased genes

(A) Proportion of Kr-h1 peaks (fold over input >3) within genomic features. For global peak distribution, data from worker and gamergate brains were combined.

(B) Overlap of genes bound by Kr-h1 and differentially expressed between workers and gamergates (Figure 1A). p value is from a Fisher’s exact test.

(C) Tracks for Kr-h1 occupancy in mature worker and gamergate brains. p values are from DiffBind. To the right are expression levels (DESeq2-normalized

counts). Bars represent the mean + SEM. p values are from Student’s t tests. ChIP-seq data are from 5 biological replicates per caste. RPM, reads per million.

(legend continued on next page)
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neuropeptide preferentially expressed in worker brains (Gospo-

cic et al., 2017) (Figure 4C, top left). Other genes with stronger

Kr-h1 binding in gamergates included Syx7, which encodes a

protein involved in the synaptic vesicle cycle and neurotrans-

mitter release, and eif4A3, both of which were expressed at

higher levels in workers (Figure 4C, left). Conversely, the gene

for the insulin receptor, InR, as well as shn and tmod, were pref-

erentially bound by Kr-h1 in workers and expressed at higher

levels in gamergates (Figure 4C, right).

Beyond these examples, Kr-h1 occupancy and gene expres-

sion were anti-correlated in a caste-dependent manner

genome-wide. We identified 711 and 829 genomic regions with

significantly (p < 0.01, Wald negative binomial test) higher

Kr-h1 occupancy in brain chromatin from workers or game-

rgates, respectively (Figure 4D, top). Genes with caste differ-

ences in Kr-h1 binding were enriched for GO terms related to

transcriptional and epigenetic regulation as well as neuronal re-

modeling (Figure S5C; Table S2). Genome-wide, genes bound

by Kr-h1 in workers were expressed at higher levels in game-

rgates and vice versa (Figure 4D, bottom), suggesting that

Kr-h1 maintains caste-specific transcriptomes by repressing

genes for the opposite caste.

Genes with a caste-biased occupancy of Kr-h1 were also

differentially sensitive to JH3 and 20E: genes preferentially

bound by Kr-h1 in worker brains were repressed in response

to JH3 and genes preferentially bound by Kr-h1 in gamergate

brains were repressed in response to 20E both in vitro (Figure 4E,

top) and in vivo (Figure 4E, bottom). Similar to what we had

observed for the transcriptional response to JH3 and 20E, genes

with preferential Kr-h1 binding in workers or gamergates were

differentially expressed in multiple populations of neurons

across castes (Figures S5D and S5F), excluding the possibility

that small subsets of neurons might be responsible for the

genome-wide differences.

Overall, our data show that Kr-h1 binds to distinct sets of

caste-biased genes in worker and gamergate brains and that

these genes are preferentially repressed in response to JH3

and 20E, respectively.

Kr-h1 maintains transcriptional caste boundaries
To demonstrate that Kr-h1 maintains caste-specific expression

profiles in the brain, we injected short interfering RNAs (siRNAs)

against Kr-h1 into the heads of immature (day 10) workers, as

well as age-matched individuals in the early phase of the transi-

tion to gamergate (‘‘immature gamergates’’). Ten hours after

injection, we observed efficient depletion of Kr-h1 mRNA (Fig-

ure 5A) and extensive downstream transcriptional responses in

both castes, with 569 differentially expressed genes in immature

workers and 2,052 in immature gamergates (Figure 5B).

Our ChIP-seq and RNA-seq analyses in mature workers and

gamergates (Figure 4) suggested that Kr-h1 functions as a

caste-specific transcriptional repressor in the Harpegnathos

brain. Consistent with this notion, depletion of Kr-h1 in immature
(D) Top: heatmap for Kr-h1 ChIP-seq at differentially bound regions ±1 kb. Botto

entially bound by Kr-h1. p values are from Mann-Whitney U tests.

(E) Same as (D) but showing differential expression in response to JH3 versus 20

See also Figure S5 and Table S2.
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workers or gamergates resulted in the de-repression of genes

bound by Kr-h1 in the respective caste (Figure 5B). A quantitative

analysis confirmed that the set of worker-biased Kr-h1 targets

became significantly more active when Kr-h1 was depleted in

workers, and vice versa for gamergate-biased targets (Fig-

ure 5C). In each case, the opposite set of caste-specific targets

became less active upon knockdown, possibly due to indirect

effects and feedback loops. Based on these and our previous

observations, we reasoned that Kr-h1 might be functionally

required in each caste to repress the transcriptional program

of the opposing caste. Indeed, genes displaying gamergate-

biased expression in mature castes (from Figure 1A) were

preferentially upregulated in response to Kr-h1 knockdown in

immature workers and, conversely, worker-biased genes were

activated when Kr-h1 was depleted in immature gamergates

(Figures 5D and S6A).

Among the genes upregulated after Kr-h1 knockdown, we

found several that exhibited differential expression in mature

castes and differential responses to hormonal treatments

in vitro and in vivo, including Syx7 and eif4A3, which

were repressed by Kr-h1 in gamergates and induced by JH3

(Figure 5E), as well as InR and tmod, which were repressed

by Kr-h1 in workers and induced by 20E (Figure 5F). Consistent

trends were observed for Crz and shn (Figure S6B), although

in these cases the effects did not reach statistical significance.

At a broader level, we detected significant overlaps of

the genes affected by Kr-h1 knockdowns in immature

workers or gamergates with genes differentially expressed in

the mature castes, differentially bound by Kr-h1, and differen-

tially sensitive to JH3 or 20E stimulation in vivo and in vitro (Fig-

ure S6C). These results indicate that Kr-h1 is a major player in

themaintenance of caste-specific transcriptomes inHarpegna-

thos brains.

Kr-h1 regulates caste phenotype
Based on our observations of caste-specific transcriptional

regulation by Kr-h1, we reasoned that its loss might result in

distinct phenotypic outcomes in the two castes. Consistent

with the proposed role for Kr-h1 in foraging of worker bees (Fuss-

necker and Grozinger, 2008; Grozinger and Robinson, 2007),

knocking it down in the brain of immatureHarpegnathosworkers

inhibited hunting (Figures 6A and 6B, green bars, and S7A, left).

This effect was exquisitely caste-specific: depletion of Kr-h1 in

immature gamergates had the opposite outcome (Figures 6B,

blue bars, and S7A, right). Thus, Kr-h1maintains normal patterns

of hunting behavior by promoting it in workers and suppressing it

in gamergates.

To determine whether Kr-h1 has caste-specific roles also in

the context of reproductive activity, we performed RNA-seq on

the ovaries of mature workers or gamergates after Kr-h1 knock-

down in their brains. As expected from their different functional

status, 7,014 genes were differentially expressed in ovaries

from control mature workers versus gamergates, including
m: differential expression in worker versus gamergate brains for genes differ-

E in vitro (top) or in vivo (bottom).
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Figure 5. Kr-h1 represses caste-inappropriate genes

(A) RT-qPCR for Kr-h1 in the brains of immature workers (left) or gamergates (right) injected with siRNAs against Kr-h1 or GFP. Data are normalized to the

housekeeping gene Rpl32 and shown as the ratio to the GFPi control. Bars represent the mean + SEM. p values are from Student’s t tests.

(B) TheMAplots showdifferential expression upon Kr-h1 knockdown in immature workers or gamergates. Colors highlight geneswith caste-biased Kr-h1 binding

in workers (left, green) or gamergates (right, blue). p values are from Fisher’s exact tests for the gene set overlaps.

(C) Differential expression upon Kr-h1 knockdown in immature workers (left) or gamergates (right). Genes were classified according to their Kr-h1 binding

preference in the brains of the mature castes as in Figures 4D and 4E. p values are from Mann-Whitney U tests.

(D) Differential expression in mature workers and gamergates. Genes were classified according to the effect of Kr-h1 knockdown in immature workers (left) or

gamergates (right). p values are from Mann Whitney U tests.

(E and F) Expression levels (DESeq2-normalized counts) after Kr-h1 knockdown and in neuronal cultures. Bars represent mean + SEM. p values are from

Student’s t tests.

See also Figure S6 and Table S1.
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markers of cell proliferation and ovary activation aurA, fs(1)Ya,

and cort (Blengini et al., 2021; Chu et al., 2001; Lin and Wolfner,

1991), which were greatly upregulated in gamergates (Fig-

ure S7B, red; Table S1). Loss of Kr-h1 in the brain resulted in

559 significantly affected genes in the ovaries of mature workers

and 2,751 in the ovaries of mature gamergates (Figure 6C).

Among genes that became upregulated in workers, some were

potentially involved in oocyte maturation (e.g., CycB, osk, and

Tre1) (Flora et al., 2018; Kim-Ha et al., 1991; Kunwar et al.,
2003) and ecdysone biosynthesis (sro and dib) (Niwa et al.,

2010; Warren et al., 2002) (Figure 6C, left), which was reflected

in the enrichment of related GO terms such as ‘‘ecdysone

biosynthetic process’’ and ‘‘female meiotic nuclear division’’ (Ta-

ble S2). In contrast, Kr-h1 knockdown in the brain of mature

gamergates induced ovary expression of genes annotated as

positive regulators of autophagy (e.g., Sesn, shi, Synj, Lerp,

and sima), including multiple autophagy-related (ATG) genes

(Atg14,Atg17, andAtg101) (Figure 6C, right), suggestive of ovary
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B Figure 6. Kr-h1 stabilizes caste identity

(A) Experiment scheme. The hunting assay was

performed in immature workers or gamergates

(10 days old). For ovary RNA-seq, the knock-

downs were performed in mature individuals

(4 months old).

(B) Interactions with crickets trapped in a tube

(Gospocic et al., 2017). Bars represent mean +

SEM. p values are from a generalized linear model

based on the negative binomial distribution.

(C) RNA-seq from ovaries after Kr-h1 knockdown

in the brain of mature workers (left) or gamergates

(right). Data are from 5 (worker GFPi), 4 (worker

Kr-h1i), 6 (gamergate GFPi), and 7 (gamergate

Kr-h1i) replicates.

(D) TheMAplot shows differential gene expression

in control mature worker and gamergate ovaries.

Colors highlight genes derepressed in the ovaries

after Kr-h1 knockdown in mature workers (green)

or gamergates (blue). p values are from Fisher’s

exact tests for the overlaps.

(E) PCA based on the 2,000 most variable genes

in control workers and gamergates. Ovary tran-

scriptomes of mature workers (green) and game-

rgates (blue) after GFP RNAi were compared to

ovaries after Kr-h1 RNAi in the brain of mature

workers (top) or gamergates (bottom).

See also Figure S7 and Tables S1 and S2.
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function shutdown (Fang et al., 2016; Hasanagic et al., 2015; Lee

et al., 2010; Löw et al., 2013; Vanhauwaert et al., 2017).

Genome-wide, brain Kr-h1 knockdowns caused caste-depen-

dent changes in ovary gene expression: genes upregulated in

worker ovaries after brain knockdown of Kr-h1 overlapped with

genes normally expressed in active gamergate ovaries (Fig-

ure 6D, green dots), whereas genes upregulated in gamergate

ovaries after Kr-h1 knockdown were expressed at higher levels

in the inactive ovaries of control workers (Figure 6D, blue dots).

Overall, Kr-h1 knockdown in the brain shifted the transcriptome

of worker ovaries toward that of gamergates (Figure 6E, top) and

vice versa (Figure 6E, bottom). Thus, also in the context of a
10 Cell 184, 1–17, November 11, 2021
gamergate-specific phenotypic trait—

reproductive activity—the role of Kr-h1

is to maintain the status quo, i.e., ovary

activation in gamergates and ovary sup-

pression in workers.

Kr-h1 connects hormonal signaling
to caste-specific gene regulation
To establish a link between caste-

specific hormones, Kr-h1 binding, and

gene expression, we performed ChIP-

seq in Harpegnathos brains for the JH3

and 20E nuclear receptors, Met and

EcR, using custom antibodies (Fig-

ure S7C). The receptors localized pre-

dominantly to gene promoters (Fig-

ure S7D), as expected from their role

in transcriptional regulation. We found

extensive overlap for Met and Kr-h1
binding sites on chromatin (Figure 7A, top) and, unexpectedly,

between EcR and Kr-h1 as well (Figure 7A, bottom). In fact, a

large majority (�90%) of genes bound by Met also contained

peaks for both EcR and Kr-h1 (Figure S7E). Further, Met and

EcR binding sites were greatly enriched (p < 10�100, Fisher’s

exact test) at caste-biased genes that also contained a

Kr-h1 binding site (Figure 7B, Kr-h1+), but not at caste-biased

genes devoid of Kr-h1 (Figure 7C, Kr-h1–). Genes bound by

Met were enriched for worker-biased genes (Figure 7D, left),

whereas genes bound exclusively by EcR and not by Met

(EcR+/Met–) were more likely to be gamergate-biased (Fig-

ure 7D, right).
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Figure 7. JH3 and 20E regulate the genomic distribution of Kr-h1

(A–C) Overlap of genes with peaks for Met (top), EcR (bottom), and Kr-h1 (A), genes with caste-biased expression and bound (B) or not (C) by Kr-h1. Data are from

6 replicates (3 workers and 3 gamergates) for both Met and EcR. For peak determination worker and gamergate data were combined. Kr-h1 peaks are from

Figure 4. p values are from Fisher’s exact tests.

(D) Overlap of genes bound by Met (light green) or genes bound by EcR without Met (light blue) with worker-biased (left) or gamergate-biased (right) genes. Top:

odds ratios for the overlaps. Bottom: number of overlapping genes in each category.

(E) Metaplots for Kr-h1 occupancy (RPMs) on the top 500 differentially bound regions across castes ±1 kb after head injections of JH3 (green) or 20E (blue). Data

are from 2 biological replicates (injections) per condition.

(F) The ChIP-seq MA plot shows differential binding of Kr-h1 after injection of JH3 or 20E, as in (E). Colors highlight peaks with more Kr-h1 bound in workers

(green) or gamergates (blue). p values are from Fisher’s exact tests for the overlaps.

(G) Proposed model.

See also Figure S7.
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Based on this extensive co-localization, we hypothesized that

JH3 and 20E signaling might be sufficient to direct Kr-h1 to

caste-specific targets on chromatin. Indeed, brain injection of

JH3 resulted in increased binding to worker-specific Kr-h1 tar-

gets (Figures 7E, left, and 7F, green dots), whereas injection of

20E resulted in the redistribution of Kr-h1 in the opposite direc-

tion, with increased occupancy of target genes normally bound

in gamergates (Figures 7E, right, and 7F, blue dots).

Together, our data support amodel (Figure 7G) by which Kr-h1

binds to and regulates different target genes in workers and

gamergates in response to JH3 and 20E. In workers, Kr-h1 re-

presses genes typically expressed at higher levels in game-

rgates, whereas in gamergates, it represses worker-biased

genes. The result of this caste-specific repressive activity of

Kr-h1 is a reinforcement of the transcriptional boundaries be-

tween social castes.

DISCUSSION

We utilized a plastic caste system to explore the mechanism by

which hormonal signaling establishes distinct brain states and

how these states are maintained to give rise to stable social

castes. InHarpegnathos, workers and gamergates exhibit distinct

behavioral repertoires that likely originate from caste-specific

gene regulation. By analyzing the transcriptional and behavioral

response to JH3 and 20E in vivo and in vitro, we conclude that

these two hormones are key to the caste identities of workers

and gamergates and that Kr-h1 is required to maintain the tran-

scriptional boundaries that separate these two brain states.

Hormonal regulation of caste-specific transcriptional
states
We identified a striking dichotomy between the two hormonal

pathways and the social castes: the worker transcriptome was

dominated by JH3-induced genes, whereas gamergates showed

a 20E-dependent gene expression signature (Figure 1). These ob-

servations are consistent with studies that reported different

levels of juvenile hormones and ecdysteroids in castes of several

social insects (Bloch et al., 2000; Brent et al., 2006; Brian, 1974;

Rachinsky et al., 1990; Robinson et al., 1991; Wheeler and Nijh-

out, 1981) and a correlation between increased levels of JH3

and the age-associated transition to foraging in honeybees and

ants (Dolezal et al., 2012; Elekonich et al., 2001; Huang et al.,

1991). Here, we directly demonstrated that activation of JH3

and 20E signaling in the brain stimulated worker behavior and

reproductive activity, respectively (Figure 1). This result confirms

and extends the finding of a previous report, whereby long-term

systemic administration of methoprene or 20E by feeding was

shown to affectHarpegnathos ovary development (Opachaloem-

phan et al., 2021). Echoes of the dichotomy between JH3- and

20E-driven transcriptomes could be observed in several

Hymenoptera species (Figure S3), supporting a role for juvenile

hormones and ecdysteroids in the evolution of caste systems in

social insects. We note, however, that although our results indi-

cate that JH3 and 20E are sufficient to drive portions of the

caste-specific transcriptomes, proof of their necessity to caste

determination and caste transitions in Harpegnathos awaits the

development of the appropriate genetic tools.
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In mammals, steroid hormone receptors act as master regula-

tors by binding to and activating genes encoding a variety of

transcription factors, which in turn regulate hundreds or thou-

sands of downstream genes (Gray et al., 2017; Ogawa et al.,

2020). In Harpegnathos neurons, the first wave of genes acti-

vated in response to JH3 included transcription factors such

as ftz-f1, required for the establishment of caste-specific tran-

scriptomes in Apis mellifera (Mello et al., 2019); and Hr38, which

is upregulated in the brains of foraging honeybees compared to

nurses (Yamazaki et al., 2006). Several transcription factors

responded to 20E stimulation, including the only known insect

receptor for nitric oxide (NO), Eip75B (Brenman et al., 1996; Ra-

binovich et al., 2016; Reinking et al., 2005; Sunico et al., 2005).

NO signaling regulates aggression in mice and territorial fighting

among field crickets (Nelson et al., 1995; Stevenson and Rillich,

2015). Given the importance of social conflict in promoting the

worker-gamergate transition via the dueling tournament, it is

tempting to speculate that 20Emight contribute to the establish-

ment of the social hierarchy in Harpegnathos by regulating the

NO pathway.

Although, in general, the transcription factors activated by JH3

or 20E in vitro were different, a few were induced by both (Fig-

ure 3). Among these few was Kr-h1, a known effector of juvenile

hormone (Jindra et al., 2013) that had not previously been linked

to ecdysone. Our findings in Harpegnathos place Kr-h1 down-

stream of both JH3 and 20E signaling and as a crucial regulator

of transcriptional identity in both workers and gamergates.

Kr-h1 and the maintenance of social boundaries
We profiled the genomic distribution of Kr-h1 and found that

changes in Kr-h1 binding on brain chromatin between workers

and gamergates were strongly associated with changes in

gene expression, whereby Kr-h1 occupancy correlated with

repression (Figure 4). In flies, Kr-h1 associates with a histone de-

acetylase complex, Sin3-HDAC, required for the maintenance of

neuronal identity (Huang et al., 1999; Rhee et al., 2014), suggest-

ing the possibility that repression of transcription by Kr-h1 oc-

curs via changes to chromatin structure. This mechanism would

be in keeping with the important role for histone acetylation in

regulating caste-biased gene expression in the brain of the ant

Camponotus floridanus (Glastad et al., 2020; Simola et al., 2016).

Consistent with its caste-specific patterns of chromatin bind-

ing, knockdown of Kr-h1 in the brain of workers and gamergates

had distinct outcomes: loss of Kr-h1 in immature workers stimu-

lated expression of gamergate-biased genes and, vice versa,

loss of Kr-h1 in immature gamergates led to the upregulation

of worker-biased genes (Figure 5). Remarkably, the contribu-

tions of Kr-h1 to social behavior were also caste-specific (Fig-

ure 6): knockdown of Kr-h1 in workers inhibited hunting, whereas

the same treatment in gamergates promoted this behavior,

which is typically associated with the worker caste. Based on

these observations, we conclude that Kr-h1 maintains caste

boundaries by repressing ‘‘socially inappropriate’’ patterns of

gene expression in the brain (Figure 7G).

Mechanism of Kr-h1 regulation
We propose that Kr-h1 reinforces and maintains JH3- and 20E-

induced gene signatures through chromatin-based mechanisms.
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Acute administration of JH3 and 20E in the brain resulted in the

rapid redistribution of Kr-h1 to its natural target sites in mature

workers and gamergates, respectively (Figures 7E and 7F), sug-

gesting the existence of a direct, mechanistic link between hor-

mone signaling and Kr-h1 localization.

One open question is how the same transcription factor,

Kr-h1, acquires distinct caste-specific profiles on chromatin de-

pending on social status. A possibility is that JH3 and 20E induce

different Kr-h1 isoforms. This idea is supported by observations

in Drosophila, where two Kr-h1 isoforms are differentially regu-

lated during pupal development and this isoform switch coin-

cides with changes in JH3 and 20E titers (Pecasse et al., 2000;

Schuh et al., 1986; Shi et al., 2007). A detailed analysis of our

RNA-seq data revealed a small but significant difference in

Kr-h1 exon usage in the brains of workers and gamergates (Fig-

ure S7F). Additional experiments are needed to determine

whether these two transcriptional isoforms of Kr-h1 regulate

caste-specific transcription and behavior.

A second possibility is that selection of Kr-h1 targets depends

on Kr-h1-interacting proteins. These need not bemutually exclu-

sive, because alternative Kr-h1 isoforms may form different

repressive complexes with distinct target genes. Promising can-

didates for factors that might recruit Kr-h1 to different genes are

the JH3 and 20E nuclear receptors, Met and EcR. Our data show

that these receptors extensively co-localize with Kr-h1 on chro-

matin at loci encoding genes differentially regulated between

castes (Figures 7A–7C). However, the presence of Met at

�50% of EcR-bound genes excludes a simple model whereby

Met recruits Kr-h1 to its worker-specific targets and EcR recruits

it to gamergate-specific targets. The biochemical details of the

interplay between Met, EcR, and Kr-h1 in Harpegnathos will

require additional work to be uncovered and are likely to reveal

important aspects of the molecular regulation of social status

in ants and beyond.

Conclusions and outlook
Our data indicate that Kr-h1 is a core transcriptional regulator of

caste identity. In gamergates, Kr-h1 is downstream of 20E

signaling and is involved in maintaining gamergate identity

through repression of worker-biased genes. In workers, Kr-h1

is induced by JH3 and downregulates gamergate-biased genes.

Given the conservation of JH3 and 20E gene expression signa-

tures, we speculate that the role of Kr-h1 in caste maintenance

might also be conserved in other social insects. Future studies

will be needed to fully elucidate how JH3 and 20E control caste

behavior via Kr-h1 in Harpegnathos and to what extent these

mechanisms might affect social behavior and brain plasticity in

other animals.

Limitations of study
The effects on gene expression, behavior, and ovary status

observed upon Kr-h1 knockdown were of lower magnitude

compared to the effects of injecting hormones or hormone ana-

logs. Although it is possible that different treatment kinetics

might be responsible for these differences, we consider it more

likely that Kr-h1 is only one of multiple factors that shape the

transcriptional response to JH3 and 20E in the brain. Regarding

behavioral quantification, the cricket-in-the-tube assay has
some limitations, including the fact that a considerable fraction

of the ants from both immature castes did not hunt at all.

Although this was taken into account by our statistical analyses,

additional assays should be developed to bring further insights

on the molecular regulation of behavioral plasticity. Finally, our

manipulations in the current study were limited to Harpegnathos

ants. Until our observations are confirmed in other social and

solitary insects, any generalization advanced in our discussion

must be considered speculative.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Roberto

Bonasio (roberto@bonasiolab.org).

Materials availability
Antisera against Harpegnathos Kr-h1, Met, and EcR are available from the lead contact upon request.

Data and code availability
d Next generation sequencing data generated for this study have been deposited in the NCBI GEO as SuperSeries GSE161207.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Harpegnathos husbandry and worker-gamergate transitions
Harpegnathos saltator colonies were housed in polystyrene boxes (Pioneer plastic) with a nest chamber made of plaster kept in a

temperature controlled (25�C) ant facility on a 12-h light/dark cycle. Ants were fed every second day with live crickets (Acheta do-

mesticus and Gryllodes sigillatus). We recapitulated the worker–gamergate transitions as previously described (Gospocic et al.,

2017; Sheng et al., 2020). In short, 25 callow females (5 days old) were isolated from their original colonies and transferred with

3 males (7–14 days old) to a new nest without queens or gamergates. Every female ant was individually painted with a unique

two-color combination. Ants were carefully observed for 1–2 h every morning and evening for the following two weeks to monitor

dueling activities. The intermediate transition time points (Figure 3F) were collected on day 10 and 20 after isolation. After

100 days, all ants were scored for hunting behavior every other day. Four months (120 days) after isolation the whole colony was

sacrificed and the gamergate status was determined based on the presence of mature oocytes.

Ant neuronal cell cultures
Primary ant neuronal cultures were generated from central brains of late-stage (P5–P6)Harpegnathos pupae. The central brains were

collected in neurobasal: DMEMmedium (4: 6) with addition of 10mMHEPES and digested with papain for 5min at 25�C. Brains were

washed once with dissecting media containing 20 mM leupeptin and then twice with dissecting mediumwithout leupeptin. Single-cell

suspensions were plated on poly-D-lysine-coated plates in complete growing media (4: 6, neurobasal: DMEM medium with 10 mM

HEPES, 1x non-essential amino acids, 1x B27 supplement, 1x insulin-transferrin-selenium, 240 nM progesterone and 5% (v/v)

honeybee pupal extract). Cultures were further supplemented with either 2 mM JH3 or 20E. After four days this mediumwas replaced

with one lacking the honeybee pupal extract.

Preparation of honeybee pupal extract for in vitro cultures
The honeybee pupal extract was prepared as follows: 13–15 day-old honeybee pupae were removed from the combs and frozen

overnight at�80�C. The following day pupaewere homogenized in ice-cold neurobasal medium and filtered through 70 mmstrainers.

To remove debris, the homogenate was centrifuged at 1,500 g for 15 min at 4�C. Honeybee extract was then heat inactivated by

incubating at 60�C for 5 min and centrifuged at 1,500 g for 2 h at 4�C. Supernatant was carefully removed from debris and fat,

aliquoted, and stored at �80�C.

METHOD DETAILS

Brain dissections
Brains were harvested by dissection in neurobasal medium. The central brain region of interest was isolated by removing the optic

lobes, gnathal ganglion, and �95% of the antennal lobes. The tissue was then processed for RNA- or ChIP-seq.

RNA isolation and sequencing
Harpegnathos brains or ovaries were dissected from single individuals, snap-frozen, and then homogenized in TriPure (Sigma). RNA

was purified and its quality visualized on agarose-formaldehyde gels. Typical yields amounted to 0.6 mg total RNA per brain.

For library preparation, polyA+ RNA was isolated from 600 ng total RNA using Dynabeads Oligo(dT)25 (Thermo Fisher) and con-

structed into strand-specific libraries using the dUTPmethod (Parkhomchuk et al., 2009). UTP-marked cDNAwas end-repaired using

end-repair mix (Enzymatics), tailed with deoxyadenine using Klenow exo- (Enzymatics), and ligated to adapters with T4 DNA ligase

(Enzymatics). Libraries were size-selected with SPRIselect beads (Beckman Coulter) and quantified by qPCR after amplification with

custom dual-indexed primers. All sequencing was performed on a NextSeq 500 (Illumina).

Hormone injections
For hormonal stimulation, callow workers (10 days old, referred to as ‘‘immature workers’’ in the Results section) were injected with a

calibrated glass capillary needle directly into the head, right below the antennae with 100 ng of 20E, 100 ng of JH3, or an equivalent

volume of DMSO dissolved in 5% glucose (injected volume�0.5 mL). 10 h after the injections, central brains were dissected as above

in neurobasal medium, and processed for RNA extraction.

For the hunting assay immature workers (as defined above) were acclimated to the social context of the assay by isolating them

from their original colony for 24 h before injection. In microcolonies of 9 ants, three were injected with DMSO, three with the hormone

analog ponasterone A (PonA), and three with methoprene (meth) in molar amounts equivalent to 100 ng of 20E or 100 ng of JH3,

respectively. Behavior was scored after 24 h to allow the injected ants to recover. The DMSO control accounted for potential

non-specific effects on behavior and transcriptome due to the process of injection.

Hunting assay
The hunting assay (a.k.a. ‘‘cricket-in-the-tube test’’) was performed as previously described (Gospocic et al., 2017) with minor mod-

ifications. Ants grouped inmicro-colonies (3 PonA + 3meth + 3 control treated individuals) were acclimatized to the presence of a test
e3 Cell 184, 1–17.e1–e7, November 11, 2021
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tube for one day before the experiment. On the day of the experiment, the transparent tube was replaced with a new tube without

crickets (to score baseline interactions with an empty tube) followed by a tube containing four crickets. Ant behavior was recorded

and analyzed offline. We scored as interactions any event wherein an individual spent more than four seconds in the immediate

vicinity of the tube either touching its walls or the cotton plug sealing the tube. Attempts to bite the crickets trapped in the tube

were also scored as interactions. We counted these events for each individual ant in a 15 min window. Micro-colonies where all

individuals of one experimental group (hormone analog- or control-injected) died before recording, or where no interactions were

recorded, were excluded from the analysis. The individual ants were tracked by painting different color combinations on their

back and the behavioral scores were initially associated exclusively to the color combinations. Only at the end of the experiment

the relationships between the color code and experimental treatments were revealed.

Ovary imaging and quantification
For ovary imaging, 6 days after the injection of hormone analogs in the brain, the tissues were dissected in DMEM and fixed in 4%

PFA overnight at 4�C. The following day the tissue was blocked and permeabilized for 2 h in blocking buffer (0.5% (v/v) Triton X-100

and 1% (w/v) glycine in phosphate buffered saline (PBS)). The tissue was stained with SYBRGold (1:5,000) overnight at 4�Cwith light

agitation and washed three times with PBST (0.5% (v/v) Triton X-100 in PBS). Ovaries were imaged in 1x PBS. The ovary activation

score was determined based on the developmental stage of the yolky oocytes and nurse cells (see Figure S1G) by an observer who

was blinded to the experimental treatments.

Fiji (Schindelin et al., 2012) was used for image processing and quantification of germarium size (Figure S1H). The germariummea-

surements were performed from SYBR gold-stained ovaries using the Fiji ‘‘measure surface area tool’’ through the widest optical

section of the germarium. To obtain arbitrary units, we normalized the size of each germarium to the mean in the control DMSO

injections.

Immunofluorescence on neuronal cultures
Primary ant neurons were washed in neurobasal media and fixed in 4% PFA on ice for 20 min. The cells were washed twice with

1x PBS, permeabilized and blocked with blocking buffer (10% (v/v) normal goat serum, 0.1% (v/v) Triton X-100, 1% (w/v) BSA,

0.1% (w/v) glycine in PBS) for 1 h with light agitation. After permeabilization and blocking, cells were incubated with primary anti-

bodies overnight. In some experiments (Figure S2A) we used unconjugated 1:200 anti-HRP antibody (Jackson Immunoresearch,

#323-005-021) followed by washes and a 2 h incubation with goat anti-rabbit Alexa488. In other experiments (Figure 2B), cells

were stained with directly conjugated anti-HRP Alexa Fluor488 (Jackson Immunoresearch, #323-545-021) and anti-alpha tubulin

Alexa Fluor594 (Abcam #ab202272) overnight. After staining, we washed the cells twice with the blocking buffer and counter-stained

with DAPI for 30 min, then washed again in PBST (1x PBS + 0.1% (v/v) Triton X-100) and imaged in 1x PBS.

Hormonal stimulation of neuronal cultures
For acute stimulation of neuronal cultures, after 5 days in JH3 or 20E the medium was replaced with one lacking the hormones over-

night before adding 2 mM of the opposite hormone (20E in JH3-starved cultures and JH3 in 20E-starved cultures), or DMSO (0.05%

final concentration) as a control. To determine the transcriptome of neurons grown in JH3 or 20E at steady-state, we analyzed the

respective cultures 30 min after addition of the DMSO control.

Custom antibody production
Antibodies against Harpegnathos Kr-h1 (residues 410–580, accession XP_025159603.1), Met (residues 675–923; XP_019696436.1),

and EcR (residues 254–441, XP_025154672.1) were raised against recombinant 6xHis-tagged protein fragments. Rabbit immuniza-

tion was performed by Cocalico Biologicals. MBP-tagged versions of the same antigens were used for affinity purification from the

resulting antisera. The antibodies were validated by IP western blot (Figures S5A and S7C).

ChIP-sequencing
For ChIP-seq, three Harpegnathos central brains (minus gnathal ganglia and antennal lobes) were resuspended in 300 mL of homog-

enization buffer (60 mMKCl; 15 mMNaCl; 50 mMHEPES, pH 7.5; 0.1% Triton X-100) with 1% formaldehyde and incubated for 5 min

at 25�Cwith rotation. Formaldehyde was quenched using 250mMglycine, and brains were gently passed 10–20 times through a 30G

insulin syringe. The homogenate was pelleted by centrifugation for 10 min at 1,000 g at 4�C, followed by washing in homogenization

buffer, and re-pelleting. The homogenate was then resuspended in 130 mL lysis buffer (50 mM HEPES-KOH, pH 7.5; 140 mM NaCl;

1 mMEDTA; 0.5% Triton X-100; 0.1%Na-deoxycholate; 0.5%N-lauroylsarcosine), and sonicated with a Covaris S220 sonicator in a

130 mL micro tube for 15 min (peak incident power: 105; duty factor: 2%; cycles/burst: 200). The lysate was diluted to 250 mL, equal-

ized according to DNA content (as measured with a Qubit fluorometer), and 25 mL were saved as an input sonication control. A 1:1

mixture of washed and antibody-conjugated protein A and G Dynabeads (2 mg antibody per IP) were added to lysates and incubated

overnight at 4�Cwith rotation in a final volume of 300 mL. The following day, antibody-bead complexes were washed twice in low-salt

wash buffer (0.1% Na-deoxycholate; 0.1% SDS; 1% Triton X-100; 10 mM Tris-HCl pH 8.0RT; 1 mM EDTA; 140 mM NaCl), once in

high-salt wash buffer (0.1% Na-deoxycholate; 0.1% SDS; 1% Triton X-100; 10 mM Tris-HCl pH 8.0RT; 1 mM EDTA; 360 mM

NaCl), twice in LiCl wash buffer (0.5% Na-deoxycholate; 0.5% NP40; 10 mM Tris-HCl pH 8.0RT; 1 mM EDTA; 250 mM LiCl), and
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once in TE, followed by two elutions into 75 mL of elution buffer (50 mM Tris-HCl pH 8.0RT; 10 mM EDTA; 1% SDS) at 65�C for 45 min

with shaking (1,100 RPM). DNA was purified via phenol:chloroform:isoamyl alcohol (25:24:1) followed by ethanol precipitation.

Pelleted DNA was resuspended in 25 mL TE.

Libraries for sequencing were prepared using the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB E7645), as described by

the manufacturer but using half volumes of all reagents and starting material. For PCR amplification of new ChIP-seq targets, the

optimal number of cycles was determined using a qPCR side-reaction using 10%of adaptor-ligated, size-selected DNA. These cycle

numbers were used for all subsequent replicates of the same ChIP. 13 cycles of PCR were used for Kr-h1, Met, and EcR libraries;

5 cycles were used for input controls.

RNAi for Kr-h1
Kr-h1 knockdowns were performed in immature (10 days old) workers and gamergates for brain RNA-seq (Figure 5) and the hunting

assay (Figures 6A and 6B), and in mature (4 months old) workers and gamergates for ovary RNA-seq (Figures 6C–6E).

Custom dicer-substrate short interfering RNAs (DsiRNAs) targeting the Kr-h1 mRNA were synthesized by IDT. DsiRNAs were

resuspended at 20 mM and complexed with in vivo-jetPEI transfection reagent (Polyplus Transfection) following the manufacturer’s

instructions. First, equal volumes of 100 mMDsiRNAs and 10% glucose solution were mixed to 10 ml total. Next, 2 mL of in vivo-jetPEI

reagent was diluted with 8 mL of glucose solution (final concentration of 5%). The two solutions were combined, resulting in 25 mM

DsiRNA and incubated for 15 min at 25�C before injections. Immature workers were 10 days old, as defined above. Immature

gamergates were obtained by isolating 5-days-old individuals into transition colonies and then selecting active duelers after

5 days of transition, resulting in age-matched, 10-days-old ants committed to the gamergate transition. Each ant was injected

with a calibrated glass capillary directly in the head with 0.5 mL of DsiRNA-PEI complexes. To account for the effects of the invasive

injection procedure (head puncturing with a glass capillary), we utilized ants injected with DsiRNAs against GFP as controls.

For molecular analyses (RT-qPCR, RNA-seq), ant brains were collected 10 h post-injection. Hunting assays were performed as

described above for the hormone analog injections, with the only difference that in this case micro-colonies consisted of only

6 ants, three injected with Kr-h1 DsiRNAs and three controls injected with GFP DsiRNAs.

RT-qPCR for Kr-h1
To assess knockdown of Kr-h1 (Figure 5A) we performed RT-qPCR using the primer sequences indicated in the key resources table

and normalizing for the housekeeping gene Rpl32. In some experiments we performed RT-qPCR on 20 ng of total RNA in 10 mL re-

actions using the Power SYBRGreen RNA-to-CT 1-Step Kit (Thermo Fisher). In others, we utilized a two-step strategy first generating

cDNA from 500 ng RNAwith a QuantiTect Reverse Transcription kit (QIAGEN) in a total volume of 40 mL and then using 2 mL per 10 mL

qPCR reactions with the Power SYBR Green PCR Master Mix (Thermo Fisher). To compare the extent of knockdown across exper-

iments and castes, data were further normalized to the control brains injected with GFP DsiRNAs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Assignment of gene homology and functional terms
Genes from the NCBI Harpegnathos saltator annotation release 102, assembly v8.5 (Shields et al., 2018) were assigned homologs

using the reciprocal best BLAST hit method (Moreno-Hagelsieb and Latimer, 2008) to both D. melanogaster (r6.16) and Homo sapi-

ens (GRCh38) protein-coding genes. The resulting gene symbols are reported as ‘‘fly homolog’’ and ‘‘human homolog’’ in Table S1.

For a selected group of genes, we replaced these automatically generated annotations with manual curations by inspecting

alignments and phylogeny of the homologous genes in the reference genomes of D. melanogaster, A. mellifera, Bombyx mori,

and Tribolium castaneum. These manual curations are reported in Table S3.

GO terms were assigned to genes using the blast2go tool (Conesa et al., 2005) using the nr database, as well as InterPro domain

predictions. GO enrichment tests were performed with the R package topGO (Alexa and Rahnenfuhrer, 2020), utilizing Fisher’s elim-

ination method, and resulting significant terms were entered into REVIGO (Supek et al., 2011) for collapsing of redundant terms.

RNA-seq analysis
Reads were demultiplexed using bcl2fastq2 (Illumina) with the options ‘‘–mask-short-adapter-reads 20–minimum-trimmed-

read-length 20–no-lane-splitting–barcode-mismatches 0.’’ Reads were aligned to the Harpegnathos v8.5 assembly (Shields et al.,

2018) using STAR (Dobin et al., 2013). STAR alignments were performed in two passes, with the first using the options

‘‘–outFilterType BySJout–outFilterMultimapNmax 20–alignSJoverhangMin 7–alignSJDBoverhangMin 1–outFilterMismatchNmax

999–outFilterMismatchNoverLmax 0.07–alignIntronMin 20–alignIntronMax 100000–alignMatesGapMax 250000,’’ and the

second using the options ‘‘–outFilterType BySJout–outFilterMultimapNmax 20–alignSJoverhangMin 8–alignSJDBoverhangMin

1–outFilterMismatchNmax 999–outFilterMismatchNoverLmax 0.04–alignIntronMin 20–alignIntronMax 500000–alignMatesGapMax

500000–sjdbFileChrStartEnd [SJ_files]’’ where ‘‘[SJ_files]’’ corresponds to the splice junctions produced from all first pass runs.

Gene-level read counts were quantified using featureCounts (Liao et al., 2014) with the options ‘‘-O -M–fraction -s 2 –p,’’ against a

customNCBIHarpegnathos annotation (see following paragraph). Resulting counts were rounded to integers prior to importing into R

for DESeq2 analysis in order to account for fractional count values associated with multi-mapping reads.
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Because we observed a large number of genes that possessed truncated 30UTRs in the H. saltator NCBI annotation relative to

aligned brain RNA-seq data, we sought to globally amend annotations to account for this. We first aligned all reads as above, but

in the second round of alignment included the option ‘‘–outSAMattributes NH HI AS nM XS.’’ We then ran isoSCM v2.0.12 (Shenker

et al., 2015) assemble with the options ‘‘-merge_radius 150 -s reverse_forward’’ on all alignments. Following this we extracted only 30

exons from the resulting draft annotations, which were then overlapped with the current NCBI annotation release. We then took the

longest predicted 30 exon/UTR that overlapped with the 3’ exon in the current NCBI annotation, and extended this exon according to

the isoSCM 30 exon. Any predicted 30 exon extension that overlapped an exon of another gene on the same strand was trimmed to

500 bp upstream of the other gene.

Differential gene expression tests were performed with DESeq2 (Love et al., 2014). For all pairwise comparisons theWald negative

binomial test (test = ’’Wald’’) was used for determining differentially expressed genes. For hormone injection analyses aswell as Kr-h1

knockdown analyses, the injection sample batch was used as a blocking factor. Unless otherwise stated, an adjusted P-value cutoff

of 0.1 was used to define differentially expressed genes.

For differential exon expression (Figure S7F), DEXSeq (Anders et al., 2012) was run on exon-level counts for all genes using RNA-

seq data from mature workers and gamergates, testing for differential exon expression between castes after blocking for gene-level

expression differences.

ChIP-seq analysis
Reads were demultiplexed using bcl2fastq2 (Illumina) with the options ‘‘–mask-short-adapter-reads 20–minimum-trimmed-read-

length 20–no-lane-splitting–barcode-mismatches 0.’’ Reads were trimmed using Trimmomatic (Bolger et al., 2014) with the options

‘‘ILLUMINACLIP:[adapter.fa]:2:30:10 LEADING:5 TRAILING:5 SLIDINGWINDOW:4:15 MINLEN:15,’’ and aligned to the Harpegna-

thos v8.5 assembly (Shields et al., 2018) using bowtie2 v2.2.6 (Langmead et al., 2019) with the option ‘‘–sensitive-local.’’ Alignments

with a mapping quality below 5 and duplicated reads were removed using samtools (Li et al., 2009). Peaks were called using macs2

v2.1.1.20160309 (Zhang et al., 2008) with the options ‘‘–call-summits–nomodel -B.’’

To identify general Kr-h1, Met, and EcR peaks, reads from all replicates, regardless of caste, were used. Only peaks with a fold-

enrichment over input > 3 were considered, in order to produce a list of high-confidence peaks to associate to genes. For peak clas-

sification, promoters were defined as the region spanning 2 kb upstream and 0.5 kb downstream the transcription start site of a gene.

Genes ‘‘bound by Kr-h1’’ were defined as those genes containing a ‘‘strong’’ (fold-enrichment over input > 3) Kr-h1 peak either within

the promoter or the gene body.

Differential Kr-h1 ChIP peaks (Figure 4) were called using DiffBind (Ross-Innes et al., 2012) utilizing the option ‘‘summits=250’’ in

the dba.count() function, and ‘‘bFullLibrarySize=FALSE, bSubControl=TRUE, bTagwise=FALSE’’ for dba.analyze(). All peaks called

by macs2 were used regardless of fold enrichment. For DiffBind testing the DESeq2 algorithm (Wald negative binomial test) with

blocking was used, and ChIP replicate was used as the blocking factor while testing for caste differences. A P-value of 0.01 was

used as threshold to define differential binding.

To generate genome browser tracks and heatmaps, RPM (reads per million) were calculated for each biological replicate and then

averaged.

Analyses in other Hymenoptera species (Figure S3)
For comparisons with other species’ RNA-seq data, we used the following RNA-seq SRA datasets and comparisons: B. terrestris

(SRP078797), dominant reproductive versus foragers (Marshall et al., 2020); D. quadriceps (SRP044613), alpha versus low (Pata-

lano et al., 2015); M. genalis (SRP079663), queen versus worker (Kapheim et al., 2020); M. pharaonis (SRP239431), queen versus

worker (Wang et al., 2020); O. biroi (SRP148603), reproductive versus non-reproductive workers (Chandra et al., 2018);

P. canadensis (SRP044613), gyne versus worker (Patalano et al., 2015); P. dominula (SRP061693), gyne versus worker (Standage

et al., 2016); S. invicta (SRP148603), queen versus forager (Chandra et al., 2018). Reads were mapped to the current Refseq

release of the relevant genome and annotation, and gene-level counts quantified as described for Harpegnathos. DESeq2 was

used to compare reproductive versus non-reproductive castes. Genes from each species were associated with Harpegnathos us-

ing reciprocal best hits by BLAST. Only genes with unambiguous 1:1 reciprocal homologs between each species and Harpegna-

thos were considered in the comparisons (hence the difference in numbers for the Harpegnathos neuronal cultures gene set in

Figure S3).

Transcription factor analysis (Figure 3)
For identification of hormone-induced transcription factors, the amino acid sequences of all protein-coding genes were first scanned

with InterProScan (Jones et al., 2014) and all genes with a significant domain hit to a known DNA binding domain (Zf_C2H2, homeo-

box_like, HTH, WH, LIM_type, HMG_box, Zf_GATA, Pax, bHLH, BTB_POZ, POU, bZIP, p53_like,Zf_TFIIB_type, MADS_box,

Znf_hrmn_rcpt) were annotated as putative DNA-binding factors. The resulting annotations are reported in Table S4.

All these genes were assessed for differential expression (adjusted p < 0.1) in any of the three hormone switch time points (0.5, 6,

and 24 h) compared to the baseline (30 min DMSO). For transcription factor heatmaps (Figures 3B, 3C, S2F, and S2G), normalized

counts (DESeq2) were z-score transformed and clustered using the complete linkage clustering method.
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scRNA-seq re-clustering (Figures S4 and S5)
For scRNA-seq analyses we used 10x Genomics reads from Sheng et al. (2020). We utilized cellranger (Zheng et al., 2017) with the

revised Harpegnathos annotation inclusive of the extended 30 UTRs described above, due to the fact that 10x scRNA-seq data is

highly biased toward the 30. We then used Seurat (Butler et al., 2018) to perform clustering and differential testing.

For clustering we only included cells with nFeature_RNA > 500 and < 5,000, and with < 5%mitochondrial reads. We next used the

SCTransform method within Seurat to combine samples, using 3,000 integration features excluding certain genes (see below). We

then selected 2,500 variable features for PCA, but excluded a list of 1,414 genes related to mitochondrial function, tRNA synthesis,

cellular respiration, glycolysis and ribosomal functions, as well as a list of manually curated steroid receptors, and genes responsive

to JH3 or 20E in the neuronal cultures (Table S5). This was done to obtain consistent clustering across samples, guided by cell type

rather than metabolic or hormonal status.

PCA andUMAP clusteringwere performed using the top 30 principal components, and clusters were determined using a resolution

of 1.0 and the Louvain algorithm. For determination of per-cluster caste differential genes, the FindMarkers function of Seurat was run

on each cluster, comparing cells from workers and gamergates using the MAST test and controlling for the latent variables nFeatur-

e_RNA (number of features with data) and mitochondrial reads. For Figure S2E, the function quickMarkers from the soupX package

(Young and Behjati, 2020) was used to determine cluster markers, then the top 200 markers for each cluster were analyzed.

For UMAP significance plots, the P-values from Fisher’s exact tests on the overlaps between bulk in vitro differentially expressed

genes (Figure S4C) or genes differentially bounds by Kr-h1 in vivo (Figure S5D) and genes differentially expressed at the cluster level

in the scRNA-seq were log-transformed and plotted in a cluster-specific way on the UMAPs.

Statistics
Sample size and statistical tests are indicated in the figure legends. Unless otherwise noted all statistical tests were two-sided. All

replicates were obtained by measuring distinct samples (biological and/or experimental replicates) and not by measuring multiple

times the same sample (technical replicates). Boxplots were drawn using default parameters in R (center line, median; box limits,

upper and lower quartiles; whiskers, 1.5x interquartile range). For testing significance of gene overlaps, we used the GeneOverlap

R package (Shen and Sinai, 2020) and the R package OrderedList (Lottaz et al., 2006). For the latter, gene lists were ranked according

to |log-fold-change| x log10(P-value) (Gospocic et al., 2017). When testing lists of differentially expressed genes for their overlap,

those genes for which DESeq2 returned an ‘‘NA’’ as the adjusted P-value in any of the samples being compared were excluded.

For analysis of behavioral data at the individual ant level, which is discrete in nature (number of cricket interactions displayed by

each ant in the given timewindow), we first assessed the fit of different distributions to our empirical data. The behavioral scores were

over-dispersed compared to a simple Poisson function and best modeled by a negative binomial distribution. Individual ant cricket

test scores were modeled as a function of treatment, blocking for experimental batch and individual colony box.

Additional resources
No additional resources were generated for this study.
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Supplemental figures

Figure S1. JH3 and 20E effects on brain gene expression and caste traits, related to Figure 1

(A) Scheme of 20E (left) and JH3 (right) signaling. The hormones diffuse through the cell membrane and bind to their cytosolic receptors, EcR or Met. Ligand

binding induces the association of the receptors with co-receptors (CoR) and their translocation into the nucleus, where they regulate gene expression. 20E can

also signal through a G protein-coupled receptor, DopEcR, which activates CREB via cyclic AMP (cAMP).

(B) Overlap of differentially expressed genes in the central brain minus gnathal ganglia and antennal lobes of the mature castes, as identified in this study (actively

foraging workers versus dominant reproductive gamergates, see Figure 1A), and caste-biased genes previously identified in the non-visual brains (central brain

including gnathal ganglia and antennal lobes) of generic workers versus gamergates (Gospocic et al., 2017). P-value is from a Fisher’s exact test.

(C) Top 15 ‘‘biological process’’ GO terms enriched among differentially expressed genes in the brains of mature workers versus gamergates. Numbers within

bars correspond to the number of genes with each GO term found in the gene set and in all testable (detected) genes.

(D) Overlap of genes upregulated in worker brains (top) or gamergate brains (bottom) with genes stimulated by injections of JH3 versus 20E in vivo (from Fig-

ure 1C). P-values are from Fisher’s exact tests.

(E) Scatterplot showing the correlation between log-fold-change in gene expression upon injections of the natural hormones (JH3 or 20E, x axis) and, on the y axis,

the analogs used for the functional assays in Figure 1: methoprene (meth) or ponasterin A (ponA). Differentially expressed genes (DEGs; adj. p < 0.1) in either

comparison are shown in semi-transparent black.

(F) Histogram plot showing the number of individual ants (y axis) exhibiting a given number of interactions in the observation window (x axis) from Figure 1H. The

treatment groups are shown in separate bars and color-coded. The negative binomial fit for each group is shown by the solid lines in matching colors.

(G) Microphotographs of ovaries isolated from individuals six days after hormone or control injections counterstained with SYBR gold. The ovary scores for Figure 1I

were determined according to the presence of different stages of oocytes, nurse cells, and overall ovary size. Representative examples for each score are shown.

(H) The surface area of the germarium was measured and normalized to the average observed in the DMSO-injected controls. Bars represent mean + SEM. P-

values are from ANOVA and Holm-Sidak test.
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Figure S2. Composition and transcriptional response of primary ant neuronal cultures, related to Figures 2 and 3

(A) Immunofluorescence on primary cell cultures from pupal brains grown in the indicated conditions and stained for the pan-neuronal marker HRP.

(B) Relative abundance of neurons and glia in adult Harpegnathos brains as determined by single cell RNA-seq (Sheng et al., 2020). Bars represent mean + SEM.

(C) Percentage of cells positive (neurons) or negative (others) for HRP staining in JH3 or 20E conditions. Bars represent the mean + SEM.

(D) Expression of elav and repo in pupal brains at harvesting compared to neuronal cultures in JH3 and 20E conditions, as measured by RNA-seq. Levels for each

gene are expressed relative to the average in pupal brain (set to 1, dashed line). Bars represent mean + SEM.

(E) Expression of markers for different neuronal and glia subtype (as determined from reanalysis of single-cell RNA-seq) (Sheng et al., 2020) in pupal brains at

harvesting (in vivo) and after 6 days of in vitro culture. Violin plots show the distribution of the ratios for in vitro versus in vivo expression levels for the top 200

marker genes for each cluster. *p < 0.05 from Wilcoxon signed-rank tests.

(F and G) RNA-seq expression heatmaps of transcription factors downregulated in response to the hormonal switches in vitro (adj. p < 0.1 in at least one of the

time points compared to baseline). Heatmaps show Z-scores of DESeq2-normalized counts. Rows were ordered by hierarchical clustering. Data from R 4

biological replicates per condition.
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Figure S3. Conservation of JH3 and 20E signatures in Hymenoptera castes, related to Figure 2

Overlaps between caste-biased genes in different Hymenoptera species with the genes differentially induced by JH3 and 20E in Harpegnathos neurons in vitro.

Also shown are boxplots of RNA-seq log2(fold-change) of expression in non-reproductive versus reproductive castes in the different species comparing genes

induced by JH3 or 20E in Harpegnathos neurons. P-values above Venn diagrams are from Fisher’s exact tests, and P-values above boxplots are fromWilcoxon

signed rank tests. Only genes with unambiguous 1:1 reciprocal homologs between each species and Harpegnathoswere considered in the comparisons (hence

the difference in numbers for the Harpegnathos neuronal cultures gene set).
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Figure S4. In vivo single-cell analyses for JH3- and 20E-induced genes in vitro, related to Figure 2

(A) Annotated UMAP visualization of single-cell RNA-seq dataset from Harpegnathos brain (Sheng et al., 2020) obtained by pooling all cells from 6 worker and 5

gamergate replicates and re-clustering with an updated annotation.

(B) Heatmap plotted over global UMAP showing normalized UMIs per cell for a neuronal marker (Syn) in blue and a glial marker (repo) in red.

(C) Heatmap plotted over global UMAP showing the overlap of genes differentially expressed in vitro in JH3 or 20E conditions at steady state with caste-specific

genes at the single-cell level. The clusters are shaded based on the P-values of the Fisher’s exact tests for the overlaps.

(D and E) Bar graphs showing proportions of genes differentially expressed at the single-cell level (scDEGs) between workers and gamergates that overlap JH3-

(D) or 20E- (E) induced genes in the cell cultures. *, P-value < 0.05 from Fisher’s exact tests.

(F) Expression across neuronal clusters of selected marker genes used for the annotation.
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Figure S5. Analyses on genes bound by Kr-h1, related to Figure 4

(A) Proteins were extracted from Harpegnathos brains, subjected to immunoprecipitation with the Kr-h1 antibody and then separated on SDS-PAGE. The

arrowhead indicates the Kr-h1 band (predicted MW: 71 kDa).

(B) Top 15 ‘‘biological process’’ GO terms significantly enriched for genes containing a Kr-h1 peak. Terms mentioned in the text are in bold.

(C) Top 15 ‘‘biological process’’ GO terms associated with genes differentially bound by Kr-h1 in worker and gamergate brains (from Figure 4D). Terms related to

transcriptional and epigenetic regulation as well as neuronal remodeling are in bold.

(D) Heatmap plotted over global UMAP showing enrichment of genes with preferential Kr-h1 binding in gamergate or worker brains among genes expressed in a

caste-biased manner at the single-cell level. The clusters are shaded based on the log-transformed P-values for the overlaps from Fisher’s exact tests.

(E and F) Bar graphs showing proportions of genes differentially bound by Kr-h1 in workers versus gamergates that overlap with genes differentially expressed in

worker and gamergates at the single-cell level (scDEGs). *, P-value < 0.05, Fisher’s exact test.
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Figure S6. Gene expression levels and overlaps of Kr-h1 target genes, related to Figure 5

(A) Scatterplots showing the correlation between changes in gene expression upon Kr-h1 knockdown in immature workers (left) or immature gamergates (right)

with differential expression of genes in the brains of mature workers versus gamergates (x axis).

(B) Expression levels (DESeq2-normalized counts) for two additional Kr-h1 target genes in the brain after knockdown of Kr-h1 or GFP control in immature

gamergates (left) or workers (right). Bars represent mean + SEM P-values are from Student’s t tests.

(C) Odds ratios from Fisher’s exact tests on the overlaps between genes upregulated in the brain after Kr-h1 knockdown in immature workers (green) or immature

gamergates (blue) versus (left to right) genes differentially expressed in mature castes; genes with differential binding of Kr-h1 by ChIP-seq in mature castes;

genes differentially affected by JH3 and 20E injections in the brain; genes differentially expressed in neurons cultured in presence of JH3 or 20E in vitro. Below the

bar plots, the corresponding Venn diagrams for the overlaps are shown.
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Figure S7. Caste-specific targeting and function of Kr-h1, related to Figures 6 and 7

(A) Histogram plot showing the number of individual ants (y axis) exhibiting a given number of interactions in the observation window (x axis), from Figure 6B. The

treatment groups are shown in separate bars and color-coded. The negative binomial fit for each group is shown by the solid lines.

(B) RNA-seq from ovaries of mature (4 months old) control GFPi-injected workers and gamergates. Genes discussed in the text are highlighted in colors. Data

from 5 (workers) and 6 (gamergates) biological replicates.

(C) Quality control for anti-Met and anti-EcR antibodies. HA-fused Met and EcR were expressed in HEK293 cells and immunoprecipitations were performed with

the respective antibodies followed by SDS-PAGE and western blot against HA. An irrelevant control protein also fused to HA (HA-RFP) is shown as negative

control.

(D) Proportion of EcR and Met peaks (fold over input > 3) within major genomic features.

(E) Overlap of Met, EcR, and Kr-h1 gene targets.

(F) Alternative exon usage analysis for Kr-h1. Top: read coverage for exons 1–4 in the brains of mature workers versus gamergates. Bottom: sashimi plot showing

the possible Kr-h1 transcriptional isoforms. Adjusted P-value is from DEXseq.
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