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ABSTRACT

Reproductive investment is frequently associated with compromised immune 

performance. In female Drosophila melanogaster, mating increases susceptibility to 

bacterial infections, and prior work has demonstrated that juvenile hormone (JH) signaling 

is necessary for this mating-induced reduction of immune performance. However, the 

temporal dynamics and key organ systems that mediate this JH-mediated 

immunosuppression have not been studied. Here we show that post-mating sensitivity to 

bacterial infection depends on JH function spanning multiple life stages and target 

tissues. We find that mating induces a rapid, transient peak in JH titers and prolonged JH 

signaling activity. Transient treatment with exogenous JH is not sufficient to increase 

mortality from infection, suggesting continued JH activity is necessary for the persistent 

immune suppression observed after mating. Using conditional RNAi, we find that the JH 

receptor germ cells expressed (Gce) functions in the adipose tissue of developing pupae 
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to potentiate post-mating sensitivity to infection in adults. In adult females, Gce appears 

to function in multiple tissues, including the fat body and ovary, to decrease infection 

resistance after mating. These results suggest that Gce function during metamorphic 

development sensitizes adult females to sustained JH signaling induced by mating. More 

broadly, our study illustrates how endocrine regulation of the interaction between 

development and reproduction can shape immune performance and infection outcome.

INTRODUCTION

Animal immune systems are profoundly influenced by direct and indirect 

integration with other physiological processes. Reproductive investment constrains and 

antagonizes immune performance across a variety of vertebrate and invertebrate taxa1–

3. In Drosophila melanogaster, mated, reproducing females experience substantially 

increased mortality when orally or systemically infected with a variety of bacterial 

pathogens4–16. Mating-induced immune suppression occurs rapidly, with females 

showing increased sensitivity to bacterial infection as quickly as 2.5 hours after mating5, 

and persists for at least ten days following mating7. Thus, a single mating is sufficient to 

trigger lasting inhibition of immune defenses in female D. melanogaster.

Mating stimulates dynamic endocrine networks that promote reproduction17, 

including activation of juvenile hormone (JH) signaling18–20. JH also regulates insect 

immunity21–28, and in D. melanogaster primarily acts as an immunosuppressant9,14,29. 

Prior work has shown that JH signaling is required for mating-induced immune 

suppression in female D. melanogaster9. However, almost nothing is known about the 

signaling dynamics or mechanistic factors downstream of mating-activated JH production 

that ultimately reduce the ability of mated females to withstand infection.
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Juvenile hormones constitute a group of chemically-related sesquiterpenoid 

hormones that regulate many aspects of insect physiology30–33. Among these functions, 

JH has been most thoroughly studied for its role in controlling larval development and 

metamorphosis34. JH also sustains reproductive activity and oogenesis in adult 

females17,35, including by stimulating the production of yolk proteins (or “vitellogenins”) 

that are deposited into the oocyte36–39. In larvae and adults, JH molecules are synthesized 

by an endocrine gland called the corpus allatum40. Secreted JH circulates through the 

hemolymph and binds JH receptors, which function as basic Helix-Loop-Helix/Per-ARNT-

SIM transcription factors to regulate gene expression and transduce JH-activated cellular 

and physiological processes41.

Drosophilids possess two paralogous JH receptors, encoded by the genes 

Methoprene tolerant (Met, an evolutionarily derived duplication) and germ cells expressed 

(gce, the more ancestral receptor)42–46. Schwenke & Lazzaro (2017) used a tissue-

ubiquitous RNA interference (RNAi) approach to demonstrate that Gce is required for 

post-mating immune suppression. However, the specific organs or cell types in which Gce 

acts to reduce immune defenses in mated females have not been determined. 

Furthermore, in that study, genetic disruption of gce expression was induced at the onset 

of metamorphosis and maintained throughout early adulthood. Given the critical roles of 

JH activity in coordinating both development and reproduction, it remains unclear whether 

Gce curtails immunity entirely through post-mating JH signaling, or whether metamorphic 

functions of Gce might also be involved.

Here we show that mating induces sustained JH signaling activity, corresponding to the 

sustained immune suppression experienced by mated females, and that continual 
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presence of the hormone is necessary to induce sensitivity to bacterial infection. 

Additionally, we find that Gce activity in multiple tissues of pupae and adult female D. 

melanogaster reduces post-mating resistance to infection.

RESULTS

Juvenile Hormone treatment reduces immune defenses of virgin females

The JH analog methoprene has been shown to attenuate immune gene 

expression9,29 and infection resistance9 in virgin female D. melanogaster. However, 

methoprene is more stable and potent than endogenous JH44,47, so the measured effects 

of methoprene treatment could be artificially strong. For the present study, we performed 

a dose-response assay to test whether exogenous JH III would be sufficient to increase 

infection susceptibility of unmated females, thus chemically mimicking the immune-

suppressive effects of mating. We exposed Canton-S virgin females to filter discs infused 

with 0.005 µg to 2 µg of JH III dissolved in acetone and assayed survival following 

infection with the bacterial pathogen Providencia rettgeri48. Females were exposed to the 

volatilized hormone for 24 hours to allow passive uptake (see Materials & Methods), then 

were infected with P. rettgeri, placed in fresh JH vials, and monitored for survival. Infected 

flies were transferred to fresh JH vials daily throughout the five days over which we 

recorded survival. To establish a baseline prediction for the expected decrease in 

resistance to infection, we challenged D. melanogaster females with P. rettgeri at either 

6 hours or 4 days after mating and measured survival for five days post-infection. 

Consistent with prior studies5–8,10,11,13,15,16, mated females experienced significantly 

higher infection-induced mortality than virgin females when challenged at either of these 

post-mating timepoints (Fig. 1A, B).
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We found that ectopic exposure to 0.005 µg, 0.05 µg, or 0.5 µg of JH III had no 

effect on infection susceptibility. Females housed in vials with these doses survived P. 

rettgeri infection comparably to control females housed in vials containing filter paper 

saturated with an equivalent volume of acetone vehicle (Fig. 1C). In contrast, virgin 

females exposed to 1 µg or 2 µg of JH III were significantly more sensitive to P. rettgeri 

infection than vehicle-exposed control females, and were more susceptible than females 

exposed to the three lower concentrations (Fig. 1C). The mortality of infected unmated 

females exposed to 1 µg or 2 µg of JH III was quantitatively similar to that of mated 

females, whereas the survival of unmated females exposed to lower JH III doses was 

similar to that of unmated females (compare Fig. 1C to Fig. 1A and Fig. 1B). Importantly, 

96% of flies exposed to the high JH doses survived injury with a needle dipped in sterile 

PBS (n=26 for 1 µg JH III and n=21 for 2 µg JH III), indicating that the mortality of P. 

rettgeri-challenged females was not due to toxicity of the hormone exposure or a 

consequence of injury.

The reduced infection survival of unmated females exposed to 2 µg JH III 

suggested a biological response to the exogenous JH. To confirm this, we measured 

transcript levels of the known JH target genes Kruppel homolog 1 (Kr-h1), minidiscs 

(mnd), and Juvenile Hormone Inducible-21 (JHI-21)49,50 in unmated females exposed to 

2 µg JH III for 24 hours. Expression of Kr-h1 and mnd, though not JHI-21, was significantly 

elevated in JH-exposed females relative to vehicle-exposed females (Fig. 1D). These 

data indicate that our exposure protocol and this hormone dosage are sufficient to induce 

JH-regulated molecular responses.
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Together our results show that exposure to JH III can activate JH signaling and 

increase sensitivity to pathogen challenge in unmated females, thus recapitulating the 

reduced infection resistance caused by mating.

Mating induces a transient peak in JH titers and sustained JH signaling

The quantitative dynamics of post-mating JH activity have not been defined, 

allowing for two alternative mechanistic hypotheses for long-lasting immune suppression. 

Under the first hypothesis, a transient spike in JH activity post-mating could activate a 

mechanism that causes irreversible immunosuppression even in the absence of 

subsequent JH signaling. Under the alternative second hypothesis, JH ligand levels might 

remain persistently elevated following mating, leading to sustained JH signaling activity 

that continuously suppresses infection resistance.

To begin to differentiate these hypotheses, we profiled JH titers and JH signaling 

activity over time following mating. We quantified JH III levels in Canton-S females using 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) at 2 h, 6 h, 12 h, and then 

every 24 h up to 4 days post-mating. To complement these measurements, we used a 

transgenic reporter line to measure JH signaling activity at corresponding time points. 

This fly line carries a transgene comprising eight tandem repeats of JH response element 

(JHRE) sequence44 upstream of an eGFP reporter (8xJHRE-eGFP)51. As such, GFP 

expression in these flies provides an in vivo readout of Gce/Met-dependent JH signaling 

activity51,52. Females of this reporter strain exhibited the same rapid (Fig. S1A) and 

sustained (Fig. S1B) mating-induced infection susceptibility as Canton-S females (Fig. 

1A, B).
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We determined that JH III titers were significantly increased above virgin levels at 2 h and 

6 h post-mating (Fig. 2A). Correspondingly, RT-qPCR measurement of 8xJHRE-eGFP 

expression indicated that the reporter was induced ~2-fold over virgin levels at 6 h post-

mating, reflecting activated JH signaling (Fig. 2B). This mating-activated GFP induction 

was not observed in flies carrying a modified construct with point-mutations in the JHRE 

sequence that prevent Gce/Met binding44,51, demonstrating specificity and JH-receptor-

dependence of the reporter signal (Fig. S1C). Notably, after the initial increase in JH III, 

hormone levels declined and remained consistent from 12 hours to 4 days post-mating 

(Fig. 2A). These titers remained modestly higher than levels in unmated females but 

significantly lower than peak titers at 2 h and 6 h. However, despite the decrease in JH III 

levels at later timepoints, GFP reporter expression remained consistently elevated for up 

to seven days post-mating (Fig. 2B). This suggests that the relatively lower levels of JH 

III can still elicit a robust transcriptional response several days post-mating.

Transient induction of JH signaling is not sufficient to increase infection sensitivity

Our profiling of JH dynamics indicated that either hypothesis for sustained mating-

induced infection sensitivity might be possible: the early peak in JH III levels and rapid 

activation of JH signaling might irreversibly reduce immune defenses, or the sustained 

JH signaling activity over days might continuously suppress resistance to infection. We 

reasoned that if the first hypothesis were correct, then a single pulse of JH signaling 

should be sufficient to reduce infection survival. Alternatively, if the second hypothesis 

were correct, females that only experienced a single pulse of JH signaling would not 

exhibit decreased ability to withstand infection. To test this, we exposed unmated females 

to 2 µg JH III for 48 hours (transferring to fresh JH III once, after the first 24 hours) and 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



then transferred them to regular food vials for 24 hours, thus removing the hormone ligand 

and achieving “transient” exposure (Fig. 3A). In order to confirm that this treatment results 

in transient activation of JH responses, we again measured JH III levels and 8xJHRE-

eGFP expression. Six hours after initiating JH exposure we observed a modest, though 

not significant, increase in JH titers (Fig. 3B) and an ~2-fold induction of 8xJHRE-GFP 

expression relative to vehicle-treated control flies (Fig. 3C), similar to the level of reporter 

induction caused by mating (Fig. 2B). Twenty-four hours after hormone removal (“72h-

T”), both JH titers (Fig. 3B) and GFP expression levels (Fig. 3C) were indistinguishable 

between control flies and those that had been transiently exposed to JH.

Having validated our ability to transiently activate JH signaling, we asked whether 

this single induction event would be sufficient to render unmated females more 

susceptible to infection. We subjected Canton-S and 8xJHRE-eGFP virgins to transient 

JH III exposure as described, then challenged them with P. rettgeri and monitored 

survival. In parallel, another group of unmated females was housed in vials with 2 µg JH 

III for the duration of the experiment, both prior to and during infection, with daily transfer 

to fresh exposure vials, as was done in our previous experiments (Fig. 1C). We again 

found that this repeated exposure significantly increased the susceptibility of both Canton-

S and 8xJHRE-eGFP virgins to P. rettgeri (Fig. 3). In contrast, the post-infection survival 

of transiently-exposed females that were infected 24 hours after hormone removal was 

comparable to that of control females exposed to the acetone vehicle (Fig. 3D, E). Thus, 

a single period of JH signal induction with no further hormone stimulus prior to or during 

infection is not sufficient to recapitulate the weakened immune performance induced by 

mating or repeated JH III exposure. This result does not support the hypothesis of a 
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transient initial burst of JH activity that triggers lasting, diminished infection resistance. 

Rather, our findings suggest that continuously active JH signaling is necessary for post-

mating reduction in the ability of female flies to survive infection.

Mating-induced infection susceptibility requires the JH receptor Gce

A prior study implicated the JH receptor Gce as the major receptor responsible for 

mating-induced infection susceptibility9. We sought to confirm this finding with an 

independent RNAi approach. Specifically, we expressed a UAS-controlled RNA hairpin 

construct targeting gce transcripts (UAS-gce-RNAi) using a knock-in driver line in which 

GAL4 is expressed from the endogenous gce locus without disrupting the native gene 

(gce-T2A-GAL4)53, thus activating RNAi against gce in all cells in which gce is 

endogenously expressed. RT-qPCR analysis of adult females confirmed that this 

manipulation significantly reduced gce mRNA levels while expression of the paralogous 

JH receptor Met was unaffected (Fig. S2A).

We used this approach to ubiquitously knock down gce and monitored survival 

following P. rettgeri infection. We found that globally silencing gce fully eliminated mating-

induced infection sensitivity. Mated control females, heterozygous for either the GAL4 

driver or the UAS-hairpin alone, succumbed to P. rettgeri at significantly higher rates than 

unmated females of the corresponding genotypes (Fig. 4A). In contrast, mated gce 

knockdown females survived infection comparably to their unmated siblings and were 

significantly more resistant than mated control flies (Fig. 4A). Thus, our data validate 

previous findings that Gce is required for the mating-induced increase in infection 

mortality9.
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We next asked whether Gce acts in a tissue-specific manner to reduce immune 

performance. The fat body regulates both immunity and reproduction in female flies54,55, 

and JH signaling in the fat body promotes oogenesis38. We therefore hypothesized that 

mating-induced reduction of immune defenses might depend on Gce in the fat body. To 

test this, we used the Lpp-GAL4 driver56 to knock down gce expression specifically in the 

fat body (Fig. S2B) and recorded mortality after P. rettgeri infection. Consistent with our 

hypothesis, we found that fat-body-specific gce knockdown fully blocked mating-induced 

infection sensitivity (Fig. 4B). While mating significantly increased susceptibility to 

infection in driver-only control females, mated females with gce expression knocked down 

in the fat body exhibited minimal infection-induced mortality. In fact, mated Lpp>gce-RNAi 

knockdown females were moderately but significantly more resistant to P. rettgeri 

infection than unmated females of either genotype (Fig. 4B).

Knocking down gce in the adult fat body does not inhibit post-mating infection 

sensitivity

Having shown that mating activates JH signaling (Fig. 2), and that mating-induced 

infection sensitivity requires Gce in fat body cells (Fig. 4B), the simplest hypothesis would 

be that JH acts autonomously on the adult fat body through its receptor Gce to directly 

inhibit host immune defense. We reasoned that if this were true, then we could fully 

eliminate post-mating infection susceptibility by knocking down gce in the fat body of adult 

females after development is complete but prior to mating. To test this, we used the 

temperature-sensitive GAL80TS repressor to inhibit fat-body-specific gce RNAi during 

larval and pupal development (see Materials & Methods). Then, two days after adult 

eclosion, we shifted virgin females to the permissive temperature to activate gce 
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knockdown in the fat body. Five days after RNAi induction, females were allowed to mate, 

and 24 hours later, they were infected with P. rettgeri (Fig. 5A row “B”). We confirmed gce 

knockdown with RT-qPCR on abdominal carcasses dissected from virgin females five 

days post-RNAi-induction, verifying significantly reduced gce expression at the exact 

timepoint at which females were mated (Fig. S3D). Thus, gce expression and function 

should be preserved throughout development in these experiments, but gce function in 

the fat body should be inhibited prior to and during mating and subsequent infection.

Surprisingly, we found that gce knockdown solely in the adult fat body did not eliminate 

mating-induced susceptibility to infection. Knockdown and control females were both 

significantly more likely to die from infection when mated (Fig. 5B). Moreover, we found 

that adult-specific knockdown in mated females led to moderately increased mortality 

compared to mated driver-only controls (Fig. 5B). This result does not support the 

simplest model of mating-induced JH acting directly on the adult fat body through Gce, 

as knocking down gce expression only in the adult fat body does not rescue post-mating 

immune performance. Oppositely, gce function in the adult fat body seems to slightly 

promote infection resistance.

Next, we investigated a requirement for Gce in the fat tissue of newly-emerged 

adults to suppress immune defenses. JH titers spike dramatically within hours of eclosion 

and then gradually decline over the first three days of adulthood57,58. This time window 

coincides with final maturation of the adult fat body59–61. We hypothesized that Gce might 

play a role in fat cells shortly after eclosion, potentially transducing signals from the JH 

peak during this period that could ultimately enable mating to reduce infection resistance. 

We reasoned that this post-eclosion signaling may not have been perturbed in our 
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previous experiment (Fig. 5B) because gce knockdown was induced two days after 

female emergence, therefore after this spike in hormone levels has occurred.

This hypothesis predicts that knocking down gce in fat cells prior to eclosion and 

throughout early adulthood would block effects initiated by the JH peak at eclosion. If the 

post-eclosion JH peak were required for mating-induced infection sensitivity, then this 

manipulation would be sufficient to increase infection survival similarly to whole-life RNAi 

(Fig. 4B). To test this, we activated gce RNAi in the fat body beginning midway through 

pupal development (~P8-P10 stages), such that virgin females should eclose with gce 

already knocked down in adipocytes. We again isolated virgin females, maintained them 

at the RNAi-active temperature for five days, then allowed them to mate and infected 

them with P. rettgeri (Fig. 5A row “C”). This mid-pupal knockdown was not sufficient to 

block mating-induced infection sensitivity. Mated females with fat-body-specific gce 

knockdown were moderately less susceptible to infection than mated control females, but 

were still significantly more likely to die than their unmated siblings or unmated controls 

(Fig. 5C). Thus, we do not find evidence that the spike in JH signaling at eclosion is solely 

responsible for post-mating immune suppression.

Mating-induced infection sensitivity is potentiated by Gce in the pupal fat body

Our results thus far had shown that knocking down gce in the fat body throughout 

the larval, pupal, and adult stages fully blocks mating-induced infection sensitivity (Fig. 

4B, Fig. 5A top row). Published work9 found that tissue-ubiquitous gce knockdown from 

the white prepupal stage (WPP) through adulthood also prevented mating from reducing 

infection resistance (Fig. 5A second row). Publicly available RNA-seq data from the 

modENCODE database62,63 indicate that gce is expressed in D. melanogaster fat body 
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tissue throughout metamorphosis and adulthood, with low but detectable transcript levels 

in adipocytes of wandering L3 larvae, white prepupae, mid-stage (P8) pupae, and in the 

carcasses (enriched for fat tissue) of 1-day-, 4-day-, and 20-day-old adult flies (Fig. S3A). 

We confirmed these expression patterns by crossing the gce-T2A-GAL4 line to UAS-RFP 

and UAS-GFP fluorescent reporters, thus providing a visual readout of endogenous gce 

expression. We observed widespread reporter signal in fat bodies of both WPP females 

(Fig. S3B, B’) and young adult females (Fig. S3C, C’), indicating that gce is expressed in 

the fat bodies of both pupal and adult flies. This led us to consider the possibility that Gce 

might function in adipocytes during metamorphosis to facilitate mating-induced infection 

sensitivity in adults.

Since gce knockdown spanning the entire pupal phase blocked mating-induced infection 

sensitivity (Fig. 4)9 but knockdown initiated at the mid-pupal stage or later did not (Fig. 

5B, 5C), we inferred that Gce might function in adipocytes at earlier pupal stages or 

throughout metamorphosis to suppress immune defenses in mated adult females. To test 

this, we induced fat-body-specific knockdown from the WPP stage until adult eclosion, 

then shifted virgin females back to 18ºC to inactivate the RNAi and allow gce expression 

to recover prior to mating and infection (Fig. 5A row “D”). We confirmed that gce 

expression in adult fat bodies was restored to control levels after releasing the knockdown 

in the adult (Fig. S3E). Because pathogen proliferation and consequent effects on the 

host may occur more slowly at lower temperatures, in this experiment we monitored 

survival for ten days post-infection. In contrast to the preceding experiments, we found 

that knocking down gce in the fat body solely during the pupal stages substantially 

mitigated mating-induced infection sensitivity. Mated females that had sustained gce 
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RNAi in the fat body during pupal stages survived P. rettgeri infection comparably to 

unmated control females and were significantly more resistant to infection than mated 

controls (Fig. 5D). Notably, mated knockdown females still exhibited slightly higher 

mortality than their unmated siblings, although the magnitude of increased death was 

minimal compared to that observed with driver-only control females (Fig. 5D). Thus, 

reducing gce expression in fat body cells solely during the pupal life stage can largely 

eliminate mating-induced sensitivity to infection, while loss of gce solely in the adult fat 

body does not enhance survival of pathogen challenge.

Mating-induced infection sensitivity is mitigated by gce knockdown in multiple 

adult tissues

In mated females JH promotes egg production18,39,43,64, and mating does not increase 

infection susceptibility of D. melanogaster mutants that arrest oogenesis at any stage 

preceding vitellogenesis4,5,8,11. JH stimulates vitellogenin production by the fat body36–39, 

and gce is expressed in the follicle cells of vitellogenic (stage 8-9) egg chambers53. Since 

knocking down gce in the adult fat body alone was not sufficient to increase survival (Fig. 

5B), these observations led us to ask whether mating-induced infection sensitivity might 

depend on Gce function in the ovarian follicle cells, either exclusively or in combination 

with Gce function in the adult fat body. To address this question, we induced gce RNAi 

using the tj-GAL4 driver, which is active in follicle cells, the adult fat body, and the brain 

(Fig. S4)65,66. We used tj-GAL4 in conjunction with GAL80TS to activate RNAi in fully 

developed adults prior to mating and P. rettgeri challenge (Fig. 6A).

We found that adult-specific gce knockdown in the follicle cells, fat body, and brain 

strongly increased the ability of mated females to withstand P. rettgeri infection. Mated 
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tjTS>gce-RNAi females were significantly more resistant to infection than mated tj-

GAL4TS/+ control females and survived comparably to unmated tj-GAL4TS/+ controls (Fig. 

6B). Notably, however, gce knockdown in the tj-GAL4-targeted tissues did not completely 

alleviate mating-induced infection sensitivity: mated RNAi females still succumbed to 

infection at moderately but significantly higher rates than unmated RNAi females (Fig. 

6B).

Because adult-specific gce knockdown in the ovary, fat body, and brain did not completely 

eliminate mating-induced infection susceptibility, we hypothesized that Gce function in 

additional tissues or cell types of adult females might contribute to reduction of immune 

defenses. To test this, we knocked down gce in all adult tissues prior to mating and 

infection using both the gce-T2A-GAL4 driver to activate RNAi in the endogenous gce 

expression pattern and the strong, ubiquitous tubulin-GAL4 driver. Both drivers were 

deployed in combination with GAL80TS to induce gce RNAi in virgin females for five days 

after adult eclosion, before mating and infection (Fig. 6A). RT-qPCR analysis confirmed 

that gce expression levels were similar, though slightly reduced, between two-day-old 

tubTS/+ control and tubTS>gce-RNAi knockdown females held at 18ºC, indicating that 

RNAi was not active during development, and that gce expression was strongly 

diminished in the knockdown genotype compared to control females after five days of 

RNAi activation at 29ºC (Fig. S3F).

Unlike adult-specific RNAi localized only to the fat body only (Fig. 5B) or to the fat 

body, ovary, and brain in combination (Fig. 6B), tissue-ubiquitous, adult-specific gce 

knockdown with either driver fully blocked mating-induced infection sensitivity. Mated 

females with adult-specific gce RNAi induced by gce-T2A-GAL4 or tub-GAL4 survived 
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infection with P. rettgeri equivalently to their unmated siblings, in contrast to the strong 

mating-induced infection susceptibility observed with gce-T2A-GAL4TS/+ and tub-

GAL4TS/+ control females (Fig. 6C, D). Furthermore, we found that adult-specific 

knockdown with the gce-T2A-GAL4 driver enhanced resistance to infection irrespective 

of mating status, with both unmated and mated RNAi females surviving more than even 

unmated control females (Fig. 6C).

DISCUSSION

Based on our collective findings, we propose a model wherein JH and the JH receptor 

Gce suppress immune defenses by regulating both developmental processes during 

metamorphosis and dynamic post-mating responses in adult females (Fig. 7). Our data 

suggest that Gce first acts in pupal fat cells during metamorphic development, with the 

consequence that developing adult females become sensitized to future immune-

suppressive effects of mating. In the adult stage, mating stimulates a rapid peak in 

circulating JH levels that subsides within hours but stabilizes at levels that remain 

consistently elevated for days. We propose that the steady presence of JH in the 

hemolymph continuously suppresses immunity via the action of Gce in the fat body and 

other tissues including the ovarian follicle cells.

In adult D. melanogaster, systemic bacterial infections induce massive 

transcriptional upregulation of genes encoding antimicrobial peptides (AMPs) in the fat 

body67–69 and JH has been shown to attenuate this induction9,29. Additionally, JH 

promotes expression of yolk protein genes in the fat body36–39 and prior work has 

suggested yolk production contributes to post-mating immune suppression8, potentially 

by diverting cellular resources from the immune response. From these observations, the 
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simplest hypothesis would have been that mating-induced JH/Gce signaling would reduce 

immune performance entirely by autonomously suppressing AMP expression and/or 

promoting expression of resource-consuming molecules like vitellogenins in the adult fat 

body. However, our evidence does not support this simple model. Instead, our findings 

suggest that JH-induced infection sensitivity is initially potentiated during metamorphosis 

and subsequently requires mating-induced signaling in the adult. Our data are consistent 

with a model wherein mating activates a complex, JH-dependent signaling network in the 

adult, resulting in tissue autonomous and non-autonomous suppression of immune 

function of the fat body, at least partially regulated through Gce action in the follicle cells 

and possibly other tissues (Fig 7). Alternatively, Gce might primarily act non-

autonomously in the follicle cells to affect fat body immune function, and the differences 

in magnitude of phenotype suppression we observed between ubiquitous- and tj-GAL4-

induced gce RNAi could be due to differences in driver strength. The full post-mating 

response could also involve additional tissues that we did not resolve in the present study, 

such as the ovarian muscle sheath, in which JH signaling was recently shown to promote 

oocyte development and ovulation38, or other somatic cells with major immune functions, 

such as the hemocytes or oenocytes. Additionally, Gce in the central nervous system 

(which could have been disrupted by RNAi driven by tj-GAL4 in our study) might affect 

neuroendocrine functions that systemically control metabolism or oogenesis, thus 

indirectly constraining immunity. Future determination of the transcriptional targets of Gce 

across distinct cell types and life stages will reveal key molecular functions that underlie 

the complex effects of JH signaling on immune function and infection resistance.
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Our findings reveal a previously unrecognized contribution of JH developmental functions 

to mediating the antagonistic relationship between reproduction and immunity. This effect 

might be partially attributable to functional interactions with the steroid hormone 20-

hydroxyecdysone (20E). In larvae, interactions between JH and 20E have been shown to 

control key aspects of fat body development. At the onset of pupation, a subset of larval 

adipocytes undergoes apoptosis and the larval fat body fragments, processes known to 

be regulated by the balance of JH and 20E43,70–72. During metamorphosis, the adult fat 

body forms from an independent, mesoderm-derived cellular lineage60,61. While 20E has 

been implicated in adult fat body formation61, a role for JH has not been described. Based 

on our findings, Gce might act in the fragmenting larval fat tissue, adult fat body precursor 

cells, or potentially both of these adipocyte populations, shaping how the adult fat body 

will respond to future stimuli like mating-induced endocrine activity and pathogenic 

infection. Notably, JH III titers are reported low-to-undetectable during these pupal 

stages57,58, so Gce function in these cell populations may be responsive to ligands like 

JHB3 or methyl farnesoate73. Alternatively, Gce might control fat body metamorphosis via 

ligand-independent interactions with known binding partners like 14-3-3 proteins or the 

nuclear receptor Ftz-F174,75, both of which have been implicated as immune 

regulators76,77. Importantly, while our findings suggest an important function for Gce in 

pupal adipocytes, this does not rule out the possibility that JH/Gce might also regulate the 

metamorphic or early adult development of other organs – for example promoting ovarian 

maturation39,78,79 – in ways that potentiate subsequent post-mating immune suppression 

in adult females.
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At the end of the larval growth period, a drop in JH titers and corresponding peak 

in 20E titers initiates metamorphic cellular programs80. This includes the pronounced, 

20E-dependent transcriptional upregulation of innate immune genes at pupariation, which 

has been proposed to guard the animal against microbes released from the gut as larval 

tissues undergo histolysis81–85. Recent work has shown that this activation of immune 

pathways in early pupae is necessary for age-dependent upregulation of antimicrobial 

peptides85 and resistance to viral infection86 in adults. These findings are similar to our 

observations that Gce function in pupal adipocytes suppresses adult antibacterial 

defenses. This developmental immune induction may occur through upstream activation 

of the NF-B pathways that control humoral immunity85,86, or through direct regulation of 

AMP-encoding genes by hormone-regulated transcription factors81. Gce could potentially 

influence both of these mechanisms via functional interactions with the 20E network. 

While the mechanisms by which immune gene induction during pupariation shapes adult 

immune traits remain unknown, our work suggests Gce might contribute to the regulatory 

mechanisms that control this pupal-specific immune activity with consequences for later 

infection responses.

Prior work has shown that a single mating is sufficient to induce lasting immune 

suppression5,7, and our results in the present study indicate that a single mating also 

induces JH signaling activity sustained over several days. This underscores the 

importance of JH as a key endocrinological driver of major, lasting shifts in female 

physiological states induced by mating, which include impaired immune defenses. 

Interestingly, the persistent JH signaling we observed occurs despite relatively low levels 

of JH III following an initial post-mating peak in hormone titers. The initial JH transduction 
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may induce positive feedback mechanisms that increase sensitivity to subsequently 

limited ligand levels. These mechanisms could include increasing gce/Met expression 

levels, or the expression of co-regulators that stabilize or enhance JH receptor potency. 

This increased sensitivity would be consistent with our finding that a continual source of 

JH appears to be necessary for sustained immune suppression, while a single pulse of 

JH signal activation is not sufficient to increase infection sensitivity. These observations 

do not support a mechanism wherein mating-induced JH signaling contributes to long-

lasting immune suppression by causing permanent, irreversible changes to organ states, 

such as structural or functional tissue remodeling. Rather, our findings are more 

consistent with the possibility that sustained JH signaling drives biological responses, 

such as mechanisms proposed above, that actively and continuously reduce immune 

defenses.

JH is a deeply conserved insect hormone that has long been recognized to 

pleiotropically regulate many aspects of insect biology. Notably, the effect of JH on 

immunity appears to vary among insect species. As we observe in D. melanogaster, JH 

has been shown to be immunosuppressive in Tribolium castaneum21, Tenebrio molitor25, 

Spodoptera exigua22,87, and Hetaerina americana23. In contrast, JH appears to promote 

expression of immune related genes in the fat body of Bombyx mori larvae24. In the 

mosquito Aedes aegypti, studies have indicated that JH may either promote27 or 

suppress26 antibacterial humoral immunity, while activating antiviral88 and cellular 

immune defenses27. Thus, while the vital developmental and gonadotropic functions of 

JH are conserved across taxa, the impact of JH on immunity may be more plastic and, 

potentially, dependent on specific life history strategies. One intriguing possibility is that 
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the differing effects of JH on immunity in these organisms could be partly attributable to 

differences in JH signaling dynamics that sustain their varied modes of development and 

reproduction.

Our study implicates JH as a key factor that shapes the physiological balance 

among immunity, reproduction, and development. Determining exactly how development 

of the adult fat body is shaped by JH/Gce during metamorphosis – and how that 

potentiates subsequent adult sensitivity to post-mating JH signaling and infection – is a 

critical next mechanistic question. Similarly, the precise role of JH/Gce in establishing 

homeostatic immunological and reproductive balance across adult tissues remains to be 

defined. Addressing these questions will advance our understanding of the ways 

hormones pleiotropically govern immune system performance and host-microbe 

interactions within the context of overall animal physiology.

MATERIALS & METHODS

D. melanogaster stocks and husbandry

The following fly stocks were used in this study: Canton-S (Bloomington Drosophila 

Stock Center stock 64349), y*w*;;8xJHRE-eGFP and y*w*;;Mut8xJHRE-eGFP 51, w*,gce-

T2A-GAL4 (BDSC 76347)53, w*;;Lpp-GAL4 56, w*;tubP-GAL80TS;Lpp-GAL4 89, w*;tubP-

GAL80TS;tubP-GAL4 (BDSC 86328), w*,gce-T2A-GAL4;tubP-GAL80TS, y*w*;tj-

GAL4,tubP-GAL80TS 90, y1v1;attP40 (BDSC 36304), y1v1;UAS-gce-RNAiHMJ23341 (BDSC 

61852), w*;UAS-GFP.nls, w1118;UAS-RFP.W (BDSC 30556).

Flies were cultured on a diet of the following composition (weight-per-volume or volume-

per-volume): 6% cornmeal, 6% yeast, 4% sucrose, 0.7% agar, 0.265% methylparaben, 

0.05% phosphoric acid, and 0.5% propionic acid. Flies were housed in groups of 10-20 
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animals per vial and maintained on a 12H:12H light:dark cycle. Experiments were 

conducted at 25ºC, except for temperature-controlled RNAi experiments described below.

Information on fly stocks and transgenes, and modENCODE gene expression data 

were obtained from FlyBase (release FB2025_02)91.

Mating procedures

For experiments testing the effects of mating, females were collected within 6 hours of 

eclosion under light CO2 anesthesia and isolated in food vials in groups of 10-20 

individuals per vial. One subset of collected females was maintained as virgins while 

another subset was allowed to mate according to the procedure detailed below. Thus, for 

each genotype in an experimental replicate, mated and unmated females were siblings 

reared under the same conditions.

Females of all genotypes used in the study were mated with Canton-S males aged 

5-7 days post-eclosion. For each vial of females to be mated in an experiment, a group 

of 10-15 Canton-S males was isolated ~24 hours in advance to allow full recovery from 

CO2 anesthesia prior to mating. On the day of the experiment, males were transferred 

into vials containing unmated females. All females were observed to copulate within 30 

min of introducing males.

Data presented in Figs. 1A, 1B, Fig. 2, and Fig. S1 were collected from females 

analyzed at specific times post-mating. For these experiments, females and males were 

initially housed together and allowed to mate for 30 min. The females were then separated 

under light CO2 anesthesia and placed in vials for the prescribed length of time prior to 

data collection. To control for any effects of this brief CO2 exposure, unmated females 

were anesthetized for a similar amount of time. For all other experiments, females were 
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co-housed with males for 24 hours prior to administering infections (see details below), 

at which point males were discarded. Infected females were housed in food vials without 

males for subsequent survival analyses.

JH III exposure

Unmated female flies were treated with JH III using filter paper saturated with a volatilized 

hormone solution. Semicircular discs of Grade 1 Whatman filter paper (2.5 cm diameter; 

Sigma 1001-150) were placed in standard Drosophila food vials that had been left 

uncapped in a fume hood for ~1-3 hours to allow evaporation of excess moisture. JH III 

(Sigma J2000) was reconstituted in methanol to a 5 µg/µL stock solution, then diluted in 

acetone to the indicated concentrations. Control solution was prepared by mixing an 

equivalent volume of methanol in acetone. All solutions were prepared in silanized glass 

vials (Thermo Scientific C4000-S2W) to prevent JH III adsorption92. To initiate exposure, 

10µL of JH III or control solution was pipetted directly onto the filter paper immediately 

before transferring flies to exposure vials. Females were flipped into new exposure vials 

with freshly prepared JH III solution every 24 hours.

Liquid chromatography-tandem mass spectrometry quantification of JH III titers

JH III levels were quantified according to published protocols20,93 with modifications.

Juvenile hormone extraction

For JH extraction, 50 flies per sample were homogenized in 400 μL of ice-cold 

methanol containing 10 ppm deuterated JH III (JH III-D3) as an internal standard. To this, 

100 μL of 2% sodium chloride solution was added, followed by 300 μL of hexane. The 

samples were vortexed for 1 minute and then centrifuged at 845 x g for 5 min at 4ºC. After 

centrifugation, ~300 μL of the top hexane layer was transferred to a silanized glass vial. 
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Hexane extraction was repeated twice, and all fractions were pooled in a single vial. 

These samples were dried and stored at -80ºC until LC-MS/MS based quantitation.

Sample Preparation for LC-MS/MS

Dried samples were reconstituted in 500 µL 100% methanol, vortexed for 10 sec, 

and stored overnight at -20ºC. Samples were sonicated for 10 min, vortexed (1800 rpm, 

15 min, room temperature), and transferred to 1.5 mL microcentrifuge tubes. The original 

vial was rinsed with an additional 200 µL 100% methanol, and the rinse was combined 

with the extract (total volume ~700 µL). Samples were centrifuged at 16,000 x g for 15 

min at 4ºC. Approximately 675 µL of supernatant was transferred to clean tubes and 

evaporated in a speed vacuum concentrator. The resulting brown, gel-like pellets were 

stored at -20ºC until MS analysis. Prior to analysis, samples were reconstituted in 100 µL 

of 100% methanol (without formic acid to avoid diol formation), vortexed (1800 rpm, 15 

min, room temperature), and centrifuged at 16,000 x g for 15 min at 4ºC. A 40 µL aliquot 

was transferred to autosampler vials maintained at 4ºC.

Liquid Chromatography

LC-MS/MS analysis was conducted at the Proteomics and Metabolomics Facility 

of the Cornell Institute of Biotechnology (RRID:SCR_021743). Chromatographic 

separation was performed using an ExionLCTM system (SCIEX) equipped with a Luna 

C18(2) column (100 mm × 2.0 mm i.d., 3 μm; Phenomenex). The column temperature 

was maintained at 30°C, and the flow rate was set at 300 μL/min. The mobile phases 

consisted of (A) 0.1% formic acid and (B) 100% acetonitrile. A gradient elution program 

was applied over 15 min. The injection volume was 10 μL for standards and 10-40 μL for 

samples, using a 50 μL loop volume.
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Mass Spectrometry

Mass spectrometric analyses were performed using a SCIEX X500B quadrupole 

time-of-flight (QTOF) mass spectrometer operated in positive electrospray ionisation 

(ESI) mode.

Instrument calibration was conducted using a positive calibrant solution with the 

CDS system. Ion source parameters were as follows: ion spray voltage, 5.5 kV; ion source 

gas 1 and 2, 20 psi; curtain gas, 20 (arbitrary units); collision gas (CAD), 7 (arbitrary units); 

source temperature, 125°C; declustering potential (DP), 50 V; accumulation time, 0.15 s. 

Guided MRM high-resolution (MRM-HR) acquisition was performed by injecting 1 mg/mL 

individual analyte infusions (9 μL/min) diluted 20-fold with a 200 μL/min flow rate. Data 

acquisition consisted of a full MS scan (m/z 50–500, profile mode), followed by MRM-HR 

scans (three transitions per analyte) over a 15 min run time.

Data Analysis

Data acquisition and processing were performed using SCIEX OS software 

(version 1.7) for compound identification and quantitation. To statistically compare JH III 

measurements, we first assessed data normality with Shapiro-Wilk test and homogeneity 

of variance with Levene’s test. JH III data from both experiments in the study (Fig. 2A, 

Fig. 3B) did not meet parametric test assumptions so were analyzed by Kruskal-Wallis 

test. Analysis of the data presented in Fig. 2A indicated a significant effect of time post-

mating (Kruskal-Wallis p<0.05) so post-hoc pairwise comparisons were conducted using 

Dunn’s test.

Development- and time-restricted gce RNAi
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The GAL4-UAS system was used to reduce gce expression in specific tissues and 

cell types, or at particular developmental stages, via RNAi. Female flies carrying a 

transgene comprising UAS sites upstream of RNA hairpin sequence targeting gce mRNA 

(“UAS-gce-RNAi”) were crossed with male flies carrying the indicated GAL4 driver 

transgene to produce F1 progeny heterozygous for both genetic elements. In these 

progeny, GAL4 activates expression of the UAS-gce-RNAi construct, leading to RNAi-

mediated reduction of endogenous gce transcript levels. To obtain genetically-matched 

control flies carrying the GAL4 transgene with no UAS construct, we crossed GAL4 lines 

to the “attP40” background stock in which the UAS-gce-RNAi line was generated. As 

additional controls for the experiments described in Fig. 4A, we crossed the UAS-gce-

RNAi line with w1118 flies to produce females heterozygous for the UAS construct but 

lacking a driver transgene.

For the experiments illustrated in Figs. 5 and 6, we controlled the timing and 

duration of gce knockdown using GAL80TS 94. Flies carrying the ubiquitously expressed 

tubP-GAL80TS transgene and the indicated GAL4 driver were crossed with UAS-gce-

RNAi flies. Progeny of these crosses were reared at 18ºC, the permissive temperature at 

which GAL80TS inhibits GAL4 activity and consequent UAS RNAi transgene expression. 

At the indicated developmental stages (white prepupae, mid-pupal stage, 2 day old adult 

virgins), flies were shifted to the restrictive temperature of 29ºC to inactivate GAL80TS and 

de-repress GAL4-mediated induction of UAS-gce-RNAi. Driver-only controls were again 

generated by crossing flies carrying the GAL4 and tubP-GAL80TS transgenes to the 

genetically matched attP40 background stock. These control flies were subjected to 

temperature shifts in parallel to the experimental knockdown flies.
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Systemic infections and survival analysis

Flies were systemically infected with Providencia rettgeri strain Dmel 48 according 

to previously described protocols 95. Bacterial cultures were grown in Luria-Bertani (LB) 

broth (BD Biosciences 24460) at 37ºC with shaking. Overnight cultures were pelleted by 

centrifugation at 10509 x g for 3 min, resuspended in sterile phosphate-buffered saline 

(PBS; Sigma P4417), and standardized to optical density OD600=1. To administer 

infections, flies were briefly anesthetized on CO2 platforms. A 0.15mm minutien pin (Fine 

Science Tools 26002-10) was dipped in the bacterial inoculum and flies were pricked in 

the sternopleural region of the thorax. To quantify bacterial doses administered with each 

infection, 4-8 flies were infected and immediately homogenized in 150µL PBS. 

Homogenate was spread on LB agar with a Whitley Automated Spiral Plater 2 (Don 

Whitley Scientific) and plates were incubated at 37ºC overnight. Resulting colonies were 

counted with a ProtoCOL3 plate counter (Microbiology International) to estimate the 

infectious dose introduced to each fly. Infections in this study administered ~300 colony 

forming units per fly.

Infected flies were housed in groups of 10-20 animals per vial and flipped to fresh 

food every other day. To quantify infection-induced mortality, the number of dead flies in 

each vial was counted daily for five days post-infection.

Infection survival data were analyzed with the “survival” package in R version 

4.5.2. We used a Cox proportional hazards model to test for the effects of mating, 

genotype, and mating x genotype interaction, followed by Benjamini Hochberg-adjusted 

pairwise comparisons with the pairwise_survdiff function in the “survminer” package 96.

RT-qPCR
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Whole flies or dissected abdominal carcasses/fat bodies were homogenized in 

500L Trizol reagent (Invitrogen 15596026) by bead-beating for 30 seconds with 2.3mm 

zirconia/silica beads (BioSpec Products 11079125z). RNA was extracted using the Zymo 

Research Direct-zol RNA miniprep kit (R2052) and cDNA was synthesized from 500ng 

RNA template with qScript cDNA SuperMix (QuantaBio 95048). qPCR was performed 

with PerfeCTa SYBR Green FastMix (QuantaBio 95072) on a Bio-Rad CFX Connect 

thermocycler. Expression levels were calculated as Ct values:

1) For each sample, Ct values of the housekeeping gene Rpl32 were subtracted from Ct 

values of the gene of interest: CtGOI=CtGOI – CtRpl32.

2) Experimental genotypes/treatments were normalized to control genotypes/treatments 

by first averaging the Ct values for the control group and then subtracting this average 

value from the Ct values of each individual experimental sample: 

CtGOI=Ctexperimental_sample – average(Ctcontrol_samples).

The following primers were used (all sequences 5’-3’):

Rpl32: forward CGCTTCAAGGGACAGTATCTG; reverse AAACGCGGTTCTGCATGA

eGFP: forward GAACCGCATCGAGCTGAA; reverse TGCTTGTCGGCCATGATATAG

gce: forward AGCTGCGTATCCTGGACACT; reverse TCGAGAGCTGAAACATCTCCAT

Met: forward GCCTCAAGGGAACGGGTATG; reverse AGCAGTTGCATTAGAGTGTCC

RT-qPCR data were analyzed by unpaired two-sample t-test, with a significance threshold 

of p<0.05.

Tissue staining and imaging

Expression patterns of gce-T2A-GAL4 and tj-GAL4 were visualized by crossing 

these driver lines to flies carrying UAS-RFP or UAS-GFP reporter constructs and imaging 
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live fluorescent signal in female F1 cross progeny. Pupal and adult fat bodies (Fig. S3B-

C’, Fig. S4B, B’), adult brains (Fig. S4A, A’), and ovaries (Fig. S4C, C’) were dissected in 

ice-cold PBS and immediately fixed for 30 min at room temperature in 4% 

paraformaldehyde-PBS (Electron Microscopy Sciences 157-8-100). Tissues were rinsed 

three times with PBS + 0.3% Triton X-100 (Sigma X100) and nuclei were stained with 

DAPI (1µg/mL in PBS; Invitrogen D1306) for 15 min at room temperature. Tissues were 

washed three times with PBS and mounted in ProLong Glass Antifade Mountant 

(Invitrogen P36980).

Epifluorescence images were acquired on a Leica DM5000B upright microscope 

with a CTR5000 controller, EL6000 light source, and DFC365 FX camera using LAS AF 

2.6 software.
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Figure legends

Figure 1. Mating and JH III exposure increases the susceptibility of D. melanogaster 

females to bacterial infection. (A,B) Mated females exhibit higher mortality than 

unmated females when systemically infected with the bacterium Providencia rettgeri. 

Mated females are more sensitive to infection when challenged either 6 hours (A) or 4 

days (B) after mating. (C) Treatment with 1 µg or 2 µg of volatilized, exogenous JH III is 

sufficient to increase infection susceptibility of unmated females, while lower 

concentrations do not increase mortality relative to vehicle-exposed control females. (D) 

Unmated females exposed to 2 µg JH III for 24 hours exhibit elevated expression of JH-

responsive genes compared to unmated females exposed to acetone vehicle. Bars 

represent the mean and each point represents an individual replicate, 5-10 females per 

replicate. Survival data (A,B,C) were analyzed by Cox proportional hazards model. 

Benjamini Hochberg-adjusted, post-hoc pairwise comparisons were used to test for the 

effect of JH III dose in (C). RT-qPCR data (D) were analyzed by unpaired two-sample t-

test. Groups with different letters are statistically different from one another (p<0.05). 

n.s.=not significant. Sample sizes are reported in Table S1.

Figure 2. Mating activates a transient peak in JH III titers and sustained JH signaling 

activity. (A) LC-MS/MS measurements of JH III levels in females over time following 

mating. JH III levels increase at 2 hours and 6 hours post-mating then decrease and 

remain consistent from 12 hours through 4 days post-mating. Boxes show median, first 

and third quartiles, and 1.5x interquartile range. Each point represents an individual 

replicate of 50 females. (B) RT-qPCR analysis of 8xJHRE-eGFP reporter expression over 

time following mating. eGFP transcript levels, indicative of global JH signaling activity, 
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increase 6 hours post-mating and remain elevated up to 7 days post-mating relative to 

age-matched unmated females. Bars represent the mean and each point represents an 

individual replicate, 5-10 females per replicate. JH III titer data (A) were analyzed by 

Kruskal-Wallis test with Dunn’s post hoc comparisons. RT-qPCR data (B) were analyzed 

by unpaired two-sample t-test. Groups with different letters are statistically different from 

one another while groups sharing letters are not statistically different (p<0.05). Sample 

sizes are reported in Table S1.

Figure 3. Transient activation of JH III signaling is not sufficient to increase 

infection susceptibility of unmated females. (A) Schematic illustrating experimental 

design. Unmated females aged 3 days post-eclosion were exposed to 2 µg JH III 

throughout the experiment with daily transfer to fresh exposure vials (“Repeated 

exposure” group) or were housed in JH III vials for 48 hours then transferred to regular 

food vials for the remainder of the experiment (“Transient exposure” group). Transiently 

exposed females were sampled for LC-MS/MS analysis of JH levels or RT-qPCR analysis 

of 8xJHRE-eGFP expression at 6 hours after initiating JH III exposure (“6h”), and 24 hours 

after JH III removal (“72h-T”), the timepoint at which P. rettgeri infections were 

administered. (B) JH III levels in females transiently exposed to the hormone. JH III levels 

slightly increase 6 hours after exposure and are equivalent to vehicle controls following 

hormone removal. Boxes show median, first and third quartiles, and 1.5x interquartile 

range. Each point represents an individual replicate of 50 females. (C) RT-qPCR analysis 

of 8xJHRE-eGFP reporter expression in transiently exposed females. JH signaling activity 

increases 6 hours after initial hormone exposure and subsides following hormone 

removal. Bars represent the mean and each point represents an individual replicate, 5-
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10 females per replicate. (D,E) Repeated exposure to 2 µg JH III (solid lines) increases 

P. rettgeri infection-induced mortality (as in Fig. 1C), while females transiently exposed 

to JH III (dashed lines) survive comparably to vehicle-exposed control females. JH III titer 

data (B) were analyzed by Kruskal-Wallis test. RT-qPCR data (C) were analyzed by 

unpaired two-sample t-test. Survival data (D,E) were analyzed by Cox proportional 

hazards model with Benjamini Hochberg-adjusted pairwise comparisons. Groups with 

different letters are statistically different from one another (p<0.05). n.s.=not significant. 

Sample sizes are reported in Table S1.

Figure 4. The JH receptor Gce is required for mating-induced sensitivity to bacterial 

infection. (A) Ubiquitous, whole-life RNAi knockdown of gce using a GAL4 driver active 

in the endogenous gce expression pattern blocks mating-induced sensitivity to P. rettgeri 

infection. (B) Whole-life gce RNAi targeted specifically to the fat body prevents mating 

from increasing female flies’ susceptibility to infection. Survival data were analyzed by 

Cox proportional hazards model with Benjamini Hochberg-adjusted pairwise 

comparisons. Groups with different letters are statistically different from one another 

(p<0.05). Sample sizes are reported in Table S1.

Figure 5. Mating-induced infection sensitivity requires Gce in the fat body during 

metamorphosis but not during adulthood. (A) Schematic illustrating timing and 

duration of developmentally-restricted gce knockdown in prior experiments (Fig. 4A, 4B 

and Schwenke & Lazzaro, 2017) and experiments represented in panels (B,C,D), along 

with resultant effects on post-mating reduction of infection survival. (B,C) Knocking down 

gce in the fat body in the adult stage only (B) or beginning at the mid-pupal stage (C) 

does not inhibit mating-induced sensitivity to P. rettgeri infection. (D) RNAi reduction of 
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gce expression in the fat body only during metamorphic stages (white prepupae through 

eclosion) strongly mitigates mating-induced infection susceptibility. Survival data were 

analyzed by Cox proportional hazards model with Benjamini Hochberg-adjusted pairwise 

comparisons. Groups with different letters are statistically different from one another 

(p<0.05). Sample sizes are reported in Table S1. “E” = embryo, “WPP” = white prepupae, 

“P1-P10” = pupal stages 1-10, “PP” = pharate pupae.

Figure 6. Mating-induced infection sensitivity involves Gce in multiple adult 

tissues. (A) Schematic illustrating the timing of adult-specific activation of gce RNAi prior 

to mating and infection in experiments represented in (B,C,D). (B) Knocking down gce in 

the adult brain, fat body, and ovarian follicle cells strongly reduces the increased 

sensitivity to P. rettgeri infection caused by mating. (C,D) Adult-specific, ubiquitous gce 

RNAi using either the gce-T2A-GAL4 driver (C) or the tub-GAL4 driver (D) fully eliminates 

mating-induced susceptibility to P. rettgeri infection. Survival data were analyzed by Cox 

proportional hazards model with Benjamini Hochberg-adjusted pairwise comparisons. 

Groups with different letters are statistically different from one another (p<0.05). Sample 

sizes are reported in Table S1.

Figure 7. Hypothesized model for JH functions during metamorphosis and post-

mating that reduce antibacterial immune defenses of female D. melanogaster. Solid 

arrows indicate effects shown in this study or in prior studies, dashed arrows indicate 

proposed interactions.
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