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SUMMARY

Optimal mating decisions depend on the robust coupling of signal production and
perception because independent changes in either could carry a fitness cost.
However, since the perception and production of mating signals are often medi-
ated by different tissues and cell types, the mechanisms that drive and maintain
their coupling remain unknown for most animal species. Here, we show that in
Drosophila, behavioral responses to, and the production of, a putative inhibitory
mating pheromone are co-regulated by Gr8a, a member of the Gustatory recep-
tor gene family. Specifically, through behavioral and pheromonal data, we found
that Gr8a independently regulates the behavioral responses of males and fe-
males to a putative inhibitory pheromone, as well as its production in the fat
body and oenocytes of males. Overall, these findings provide a relatively simple
molecular explanation for how pleiotropic receptors maintain robust mating
signaling systems at the population and species levels.

INTRODUCTION

The majority of sexually reproducing animals use intricate mating signaling systems to find and evaluate poten-
tial mates. These systems rely on the robust physiological coupling between the production and perception of
species-specific signals since any independent changes in either the signal or the capacity to sense it would carry
a fitness cost.'™ Previously published theoretical models have postulated that the maintenance of robust
coupling between the production and perception of mating signals is driven by either strong genetic linkage
between the cellular and physiological processes that regulate mating-signal production and its perception,
or via the action of pleiotropic genes that control both processes."”'%'? Consequently, both mechanisms pro-
vide plausible explanations for how mating-signaling systems could remain stable and reliable at the population
level while still retaining their capacity for future diversification, as necessitated for speciation.®”'*"'¢

Empirical data in support of the contribution of gene-linkage or pleiotropy to the maintenance of coupling
between mating signal production and perception at the population level are rare.”'?"3'¢ For example,
the complex characteristics of mating behaviors, and the species-specific signals that drive them, present a
major barrier for identifying the actual molecular mechanisms and candidate pleiotropic genes that sup-
port the coupling between the production and perception of specific mating signals.”'” Moreover, how
the functional coupling of the physiological processes responsible for the production and perception of
mating signals remains robust is particularly puzzling since their perception is mediated by the peripheral
sensory nervous system, while their production is restricted to specialized, non-neuronal pheromone pro-
ducing cells."®?° Notwithstanding, a previous Drosophila study has implied that the gene desat1, which
encodes a fatty acid desaturase, directly contributes to both the perception and production of phero-
mones.”’ However, whether the effect of desat! mutations on the behavioral response to pheromones is
directly mediated via the modulation of pheromone perception by sensory neurons, or due to other
non-neural effects, remains unknown. Consequently, the molecular identities of genes that may mediate
the genetic and functional linkage between the production of insect mating pheromones by the oenocytes,
and their perception by the chemosensory system, remained unknown.

Here we show that some pheromone-driven mating behaviors in Drosophila are regulated by the pleio-
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the perception of inhibitory mating signals in pheromone-sensing neurons, and independently, to the pro-
duction of inhibitory mating pheromones in non-neuronal abdominal pheromone-producing oenocytes.
Together, these data provide a relatively simple molecular explanation for how genetic linkage could main-
tain functional coupling between the independent cellular and physiological processes that drive phero-
mone perception and production.

RESULTS
Some gustatory-like receptors exhibit enriched expression in abdominal tissues

Similar to other insect species, Drosophila cuticular hydrocarbons (CHCs), which are long-chain fatty
acids synthesized by the fat body and oenocytes,”"** provide a hydrophobic desiccation barrier, as well
as play an important role as pheromones in regulating diverse behaviors, including mating.'®?%?*? Spe-
cifically, complex blends of CHCs are often utilized by insects to communicate sex identity and female
mating status, as well as to define the behavioral reproductive boundaries between closely related

species.wg'w 9,24,28-32

While some of the genes and pathways that contribute to CHC synthesis in Drosophila are
known, 72922733 the molecular identities of most pheromonal CHC receptors remain unknown. Current
models stipulate that the perception of volatile pheromones is mediated by olfactory sensory neurons
(ORNSs) located in the antennae and maxillary palps, while less volatile pheromones, such as CHCs, are
sensed by specialized gustatory-like receptor neurons (GRNs) in the appendages (legs and wings), female
genitalia, and the proboscis.’**'**=** Indeed, several Gustatory receptor (Gr) gene family members have
already been implicated in the detection of specific excitatory and inhibitory pheromones in
Drosophila,”"~"" and the majority of genes that encode Gr gene family members are already known to
be enriched in GRNs*®"

Consequently, we chose to examine members of the Gr gene family as candidate pleiotropic genes that
might contribute to both the perception and production of pheromonal mating signals in Drosophila.
To begin to test this, we reasoned that any pleiotropic Gr genes, in addition to being expressed in the ap-
pendages and proboscis, should also be expressed in the abdominal oenocytes.”” We tested this by using
an RT-PCR screen, which revealed that 24 out of the 60 members of the Gr family are expressed in abdom-
inal tissues of adult Drosophila (Table 1). This suggests that at least some Gr genes may contribute to both
the perception and production of mating signals in Drosophila.

Gr8a is a chemosensory receptor with sexually dimorphic expression in abdominal cells

Although several members of the Gr gene family, including Gré8a, Gr32a, Grééa, Gr39a, and Gr33a, were
previously linked to the sensory perception of mating pheromones,*~4/:>?
were identified in our initial RT-PCR screen for Gr genes expressed in abdominal tissues of either males or
females (Table 1). However, Gr8a, which was indicated by our screen as being a male-specific abdomen-

none of these candidate genes

enriched receptor (Table 1),°% was previously shown to play a role in the chemosensation of the non-pro-
teinogenic amino acid L-Canavanine.””*? Because our initial expression screen was based on whole-
abdomen RNAs, we next used a GAL4 transgenic driver to label Gr8a in order to determine which cells
likely express Gr8a. We found that, as was previously reported,?” Gr8a-Gal4 labels 14-16 GRNs in the pro-
boscis (Figures 1A and 1B), as well as two paired GRNSs in the pretarsus of the prothoracic legs in males
(Figure 1C) and females (Figure 1D). We also observed that Gr8a-Gal4 labels abdominal oenocyte-like cells
in males (Figure 1E) but not females (Figure 1F). This male-biased Gr8a expression in the abdomen was
further supported by gRT-PCR analysis (Figure 1G). Likewise, single-cell sequencing indicates that Gr8a
is expressed in the male and female bitter taste bristles, gustatory receptors, oenocytes, and male repro-
ductive system (Table 2).>* These data further indicate that in addition to its chemosensory functions, Gr8a
may also contribute to oenocyte and male reproductive physiology.

Next, we used a membrane-bound GFP reporter to trace the axonal projection patterns of Gr8a-Gal4
labeled GRNs in the nervous system and the prothoracic legs. Within the nervous system, both males
and females displayed a subset of Gr8a-Gal4 labeled neurons in the abdominal neuromere of the ventral
nerve cord (VNC), and two Gr8a-Gal4 labeled neurons in each prothoracic neuromere (Figures TH-1M). In
contrast to other GRN populations that display sexually dimorphic axonal projections in the VNC, such as
the pheromone sensitive pickpocket 23 (ppk23)-expressing neurons,**"*"“? the axons of tarsal Gr8a-Gal4
labeled neurons ascend to the brain similarly in both males and females and do not cross the midline of the
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Table 1. Candidate Gr genes expressed in male and/or female abdomens

Gene Male Female
Gr2a - +
Gr8a + -
Gr10a + +
Gr21a - +
Gr22a + -
Gr22e + +
Gr36c + -
Gr58¢c + +
Gr5%a + +
Gr59b + +
Gré3a + -
Gré4a + -
Grédb + +
Gré4c + +
Gré4d + -
Grééa + +
Gr89%a + +
Gr93a - +
Gr93d + +
Gr97a + +
Gr98a + +
Gr98b - +
Gr98c A +
Gr98d + +

Plus and minus signs indicate whether the expected endpoint RT-PCR products were respectively present or absent on an
agarose gel. Only genes with positive PCR products in at least one sex are shown.

VNC in both sexes (Figures TH-1K). Overall, these data indicate a lack of neuronal sexual dimorphism.
Within the prothoracic legs, Gr8a-Gal4 labeled GRNs do not overlap with the sex determination factor
fru (Figure TN) or the ion channel ppk23 (Figure 10), which were previously shown to be expressed in
pheromone-sensing GRNSs in the fly appendages.®’ However, previous studies have shown that Gr8a is
co-expressed with other pheromone-sensing neurons in the prothoracic legs and proboscis, including
Gr33a, Gr39a and Grééa.”>* Together, these data indicate that Gr8a-labeled GRNSs likely represent a
subclass of GRNSs that is not sexually dimorphic, and has a similar expression pattern as some phero-
mone-sensing neurons.

To localize the expression of Gr8a in male-specific tissues, we imaged Gr8a-Gal4 labeled cells in the
male reproductive system and abdomen. Within the male reproductive system, we found that Gr8a-
Gal4 labeled cells are found in the seminal vesicles (Figures 2A-2C), the columnar cells comprising
the exterior of the ejaculatory bulb, and in the cells near the duct leading from the ejaculatory bulb
to the male genitalia (Figures 2D, 2F, and 2@G). Interestingly, immunohistochemical staining of an endog-
enous GFP-tagged allele of Gr8a with an anti-GFP antibody indicates that the Gr8a protein is enriched in
the basal surface of the columnar cells of the ejaculatory bulb, and seemingly collects where the ejacu-
latory bulb meets the ejaculatory duct (Figures 2E-2G), suggesting a role for Gr8a in the ejaculatory
functions of male flies. In Drosophila, it is common for males to transfer pheromones to females during
mating. %4521 Therefore GR8A's localization pattern in the ejaculatory bulb could be consistent with
a role in the transfer of pheromones during mating. In the male abdomen, we found that Gr8a-Gal4
labeled cells overlap with the oenocyte-specific desat1 driver,”” and are also found in desati-negative
fat body-like cells (Figures 2H-2J). Immunohistochemical staining of abdominal tissues from Gr8a-GFP
males with an anti-GFP antibody revealed that the Gr8a protein is enriched in some oenocyte clusters
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Figure 1. Gr8ais a chemosensory receptor with sexually dimorphic expression in abdominal tissues

(A-F) Gr8a-Gal4 labels cells in the proboscis (A and B) and prothoracic legs (C and D) of both males (top) and females
(bottom), but only labels cells in the abdomen of males (E and F).

(G) Gr8a has sexually dimorphic mMRNA expression in the bodies of flies. Relative mRNA levels were measured by real-time
quantitative RT-PCR. Head: p = 0.215, Student'’s t test; Appendages: p = 0.377, Student’s t test; Body: p = 0.008, Student’s
ttest. Depicted as boxplots with inner points plotted, whiskers represent the minimum and maximum values, n = 3/group.
(H-L) Axonal projection patterns in the ventral nerve cord (VNC) (dorsal view) and brain (anterior view) of a Gr8a-
GAL4>UAS-CD8::GFP (green) male (H, J, and L) and female (I, K, and M). Magenta, neuropil marker (nc82). Scale bars in H-
| =100 um. Scale bars in J-M = 25 um.

(N and O) Gr8a-Gal4 labeled GRNSs are distinct from ppk23 and fru pheromone sensing neurons. (N) Confocal z stack of a
male fruP1-LexA>LexAop-myrGFP (green); Gr8a-GAL4>UAS-Red-Stinger (magenta) prothoracic leg. Scale bar = 50 um
(O) Confocal z stack of a male ppk23-LexA>LexAop-CD8::GFP (green); Gr8a-GAL4>UAS-Red-Stinger (magenta)
prothoracic leg. Scale bar = 50 pm.

(Figure 2K). Although not directly tested here, this punctate expression pattern (Figure 2K) is consistent
with the expression pattern of internal membrane lipid droplets associated with the fat body.®”
Compared to the expression pattern of the Gr8a protein in the ejaculatory bulb, the sub-cellular local-
ization of Gr8a appears to differ depending on cell type. Together, these data indicate that in addition
to its role in the perception of L-Canavanine, Gr8a may also contribute to the production of male mating
pheromones.
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Table 2. Gr8a single-cell sequencing data>*

Average Percent

Tissue Sex Cell cluster name expression  expression
Whole body Mixed ejaculatory bulb 3.03861 46.0096
Whole body Mixed secretory cell of the male reproductive 1.41146 29.9728

tract
Whole body Mixed seminal vesicle 0.233372 7.26257
Whole body Mixed bitter-sensitive labellar taste bristle 0.341535 5.96026
Whole body Mixed gustatory receptor neuron of the labellum 0.580359 5.47945
Whole body Mixed male reproductive tract muscle 0.237696 4.28571
Whole body Mixed epidermal cell of the abdominal posterior 0.446717 2.94118

compartment
Whole body Mixed male accessory gland main cell 0.119238 2.28603
Whole body Mixed epidermal cell that specialized in 0.257374 2.1093

antimicrobial response
Whole body Mixed male accessory gland secondary cell 0.0516077 2.01342
Whole body Mixed cyst cell branch b 0.0172017 1.60772
Whole body Mixed spermatid 0.092183 1.57846
Whole body Mixed spermatocyte cyst cell branch b 0.0208268 1.39535
Whole body Mixed cyst cell branch a 0.0144526 1.33779
Whole body Mixed spermatocyte cyst cell branch a 0.0100769 1.01833
Male reproductive glands Male ejaculatory bulb 3.16643 47.7803
Male reproductive glands Male secretory cell of the male reproductive 2.07202 44

tract
Male reproductive glands Male seminal vesicle 0.233372 7.26257
Male reproductive glands Male male reproductive tract muscle 0.237696 4.28571
Male reproductive glands Male unannotated 0.220085 4
Male reproductive glands male spermatid 0.209198 3.68664
Male reproductive glands male hemocyte 0.0787541 2.77778
Male reproductive glands male male accessory gland main cell 0.119238 2.28603
Male reproductive glands male male accessory gland secondary cell 0.0516077 2.01342
Male reproductive glands male epithelial cell 0.0618365 1.52144
Oenocyte mixed ejaculatory bulb 0.452608 10.1852
Oenocyte mixed epithelial cell 0.313589 1.84697
Proboscis&manxillary palps mixed bitter-sensitive labellar taste bristle 0.341535 5.96026
Proboscis&manxillary palps mixed gustatory receptor neuron of the labellum 0.580359 5.47945
Testis male Cyst cells 0.0484747 3.2967
Testis male cyst cell branch b 0.0172017 1.60772
Testis male spermatocyte cyst cell branch b 0.0208268 1.39535
Testis male cyst cell branch a 0.0144526 1.33779
Testis male spermatocyte cyst cell branch a 0.0100769 1.01833

Tissue, tissue at which level the analysis was performed. Cell cluster name, cell cluster identified via marker expression.
Average expression, average normalized expression of Gr8a in that cell cluster. Percent expression, percent of cells in that
cell cluster that indicate enriched Gr8a expression. Only data indicating >1% percent expression shown.

Gr8a activity in neuronal cells contributes to mating decisions in females

We next hypothesized that if Gr8a is a pleiotropic gene that independently contributes to the production of a
mating pheromone in males, and its chemosensory perception in females, then the knockout of Gr8a in either
males or females should have similar effects on female mating behavior. To test this, we first investigated
whether Gr8a and the GRNs that express it, are required for sensory functions associated with female mate

iScience 26, 105882, January 20, 2023 5
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Figure 2. Gr8ais enriched in the male reproductive system and abdominal cells

(A) Depiction of the male reproductive system.

(B and C) Gr8a-Gal4 labels cells in the seminal vesicles. Confocal z stack images of a Gr8a-GAL4>UAS-Red-Stinger (red)
male reproductive system. Turquoise, nuclear marker (DAPI). Scale bar in B = 100 um. Scale bar in C = 50 um.

(D-G) Gr8a-Gal4 labeled cells and the GR8A protein are enriched in the ejaculatory bulb. Confocal z stack image of the
ejaculatory bulb in a Gr8a-GFP; Gr8a-GAL4>UAS-CD4::tdTomato male: (D) Gr8a-Gal4 (magenta); (E) GFP-tagged Gr8a
(green); (F) Merge. GR8A protein is enriched where the ejaculatory duct meets the ejaculatory bulb (white arrow). Yellow
arrow, duct leading from the ejaculatory bulb to the male genitalia. Scale bar = 50 um. (G) Inset of F. GR8A protein is
enriched along the basal surface of ejaculatory bulb columnar cells. White dashed lines, outline of individual cells; green
arrow, GR8A protein sub-cellular localization; white arrow, nucleus of cell; blue, nuclear marker (DAPI).

(H-J) Gr8a-Gal4 labels oenocytes and other abdominal cells. Confocal z stack images of oenocytes in a Gr8a-GAL4>UAS-
CD8::GFP; desat1>luciferase male: (H) desat1 (green); (I) Gr8a (magenta); (J) Merge. Blue, nuclear marker (DAPI). Scale
bar = 50 um.

(K) GR8A protein is enriched in abdominal cells. Confocal z stack of a GFP-tagged Gr8a allele in male abdominal cells;
green, anti-GFP; blue, nuclear marker (DAPI). Scale bar = 50 pm.

3031 To do this, we blocked neuronal transmission in female Gr8a-

Gal4 expressing neurons through the transgenic expression of tetanus toxin (TNT), which specifically affects
synaptic function by cleaving neuronal synaptobrevin.®® We found that Gr8a-Gal4>UAS-TNT females had
shortened copulation latency relative to wild-type females, when courted by wild-type males (Figure 3A), while

choice by using single-pair courtship assays.

male-based courtship decisions, including courtship latency and courtship index, were unaffected (Figure S1).
Similarly, homozygous (Figures 3B and 3C) and hemizygous (Figure 3C) Gr8a-null females exhibited shorter
copulation latencies compared to control females when courted by wild-type males, which can be partially
rescued by driving the expression of the Gr8a cDNA by Gr8a-GAL4 (Figure 3D). In contrast, genetic manipu-
lations of Gr8a in males did not affect male courtship behavior as measured by courtship latency and index to-
ward wild-type females (Figure S1). However, wild-type virgin females exhibited shorter copulation latencies
toward Gr8a mutant males relative to wild-type controls (Figure 3E), suggesting that the Gr8a mutant males
are more attractive to females than wild-type controls.
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Figure 3. Gr8a activity contributes to the perception and production of an inhibitory signal associated with
mating decisions in males and females

(A) Blocking neural activity in female Gr8a-labeled sensory neurons (Gr8a>TNT) shortens copulation latency relative to
wild-type controls (Gr8a>TNT"2"ve) 1, = 0.008, Student's t test.

(B) Homozygous Gr8a null females show shortened copulation latency relative to wild-type controls, p = 0.009, Mann
Whitney Rank-Sum Test.

(C) Homozygous and hemizygous Gr8a null females show shortened copulation latency relative to wild-type controls, p =
0.0006, Kruskal-Wallis Test. Letters above bars indicate statistically significant Dunn'’s Test with FDR p value adjustment
contrasts between groups. Df(1)BSC663 is a deficiency that covers the Gr8a locus. Df(1)BSC754 was used as a control.
(D) Expression of Gr8a cDNA with the Gr8a promoter (Gr8a-;Gr8a'9) rescues the copulation latency phenotype in Gr8a
mutant females, p = 0.022, Kruskal-Wallis Test. Letters above bars indicate statistically significant Dunn’s Test with FDR p
value adjustment contrasts between groups.

(E) Wild-type females exhibit shortened copulation latency when courted by Gr8a mutant males relative to wild-type
males, p = 0.048, Mann Whitney Rank-Sum Test.

(F) Gr8a mutant males do not recognize the mating status of females, and have a reduced effect on female post-mating
attractiveness, p = 0.004, Kruskal-Wallis Test. Letters above bars indicate statistically significant Dunn'’s Test with FDR p
value adjustment contrasts between groups. Female, female genotype; Sperm donor, genotype of males mated first with
focal females; Focal male, genotypes of experimental males presented with mated females. All assays performed under
red light conditions. All data depicted as boxplots with inner points and outliers plotted, whiskers represent the minimum
and maximum values, n > 12/group. See Data S1 "“P-value data” for exact p values.

While we do not use techniques such as electrophysiology to specifically test if Gr8a-labeled neurons
respond to pheromones, these behavioral data are consistent with Gr8a regulating female mating deci-
sions via the detection of male-borne mating pheromones. Furthermore, the shortened copulation latency
by Gr8a-silenced and mutant females and the increased attractiveness of Gr8a mutant males may suggest
that Gr8a plays a role in the production of and behavioral response to a male-produced inhibitory mating
pheromone. This inhibitory role may be considered analogous to Gr8a’s previously known role in taste

aversion.””%*

Gr8a regulates the post-mating perception and attractiveness of females

Mating decisions in Drosophila rely on a balance between excitatory and inhibitory drives.”* >~ |n
Drosophila melanogaster, previous studies showed that, in order to increase their fitness, males transfer
inhibitory mating pheromones to females during copulation, which subsequently lowers the overall
attractiveness of mated females to other males.**%#>°°%1 Because our behavioral data indicate that

Gr8a plays a role in female mating decisions, possibly through the production and behavioral response
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Figure 4. Gr8a mutation and knock-down affect the pheromone profiles of males

(A and B) Wild-type (wt) and Gr8a mutant (Gr8a~) males differ in the relative abundance of individual CHCs. (A) CHCs
found in low amounts in males. (B) CHCs found in high amounts in males. Only affected CHCs are shown. See Table 3 for
the complete list and exact p values. *, p < 0.05, **, p < 0.01, Student’s t test or Mann Whitney Rank-Sum Test, n = 6 (Gr8a-)
or 7 (wt).

(C) The Gr8a mutation affects the expression level of several desaturase genes in male abdomens. Only affected genes
are shown. See Table 4 for the complete list and exact p values. *, p < 0.05, Student'’s t test, n = 4/group.

(D) Control (desat1 > GFP-RNAI) and oenocyte-specific Gr8a knockdown (desat1 > Gr8a-RNAI) males differ in the relative
abundance of individual CHCs. Only affected CHCs are shown. See Table 6 for the complete list and exact p values. *,
p < 0.05, **, p < 0.01, Student’s t test or Mann Whitney Rank-Sum Test, n = 10. All data depicted as boxplots with inner
points and outliers plotted, whiskers represent the minimum and maximum values. Alkanes denoted as C,,, where n
denotes the number of carbon atoms in the chain. Alkenes denoted as N-C,,, where N denotes the location of carbon-
carbon double bond in chain. Methyl-branched alkanes denoted as NMe-C,,, where N denotes the carbon in the chain at
which the methyl branch occurs.

to male-produced inhibitory pheromones (Figures 3A-3E), we next tested whether Gr8a is involved in the
transfer of inhibitory pheromones to females during copulation as measured by a decrease in post-mating
female attractiveness. We found that Gr8a mutant males were more likely to court-mated females than
wild-type controls (Figure 3F), suggesting that Gr8a is involved in the recognition of the inhibitory signals
that label the post-mating status of females. We also found that wild-type males failed to recognize the

8 iScience 26, 105882, January 20, 2023
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Table 3. Male CHCs

R.T. Compound wt amount (ng) Gr8aamount (ng) p value Adjusted p value
12.31 Co 0.770 1.275 <0.001 <0.001
13.24 Unknown 0.094 0.220 <0.001 <0.001
14.2 Co 1.170 1.098 0.720 1
14.34 7-Cy; 0.474 0.568 0.0264 0.660
15.25 Unknown 0.167 0.262 <0.001 0.005
16.22 Cas &9-Cps 17.916 14.652 0.002 0.051
16.4 7-Cy3 39.561 41.105 0.525 1
16.53 5-Cy3 3.630 2.768 0.001 0.031
16.71 cVA 13.536 18.115 0.012 0.292
18.03 Cos & 9-Coa 0.757 0.425 <0.001 <0.001
18.19 8-Cyy 0.976 0.572 <0.001 0.017
18.27 7-Cos 0.761 0.467 0.003 0.084
18.37 6-Cyy 0.521 0.270 <0.001 0.016
18.46 5-Cos 0.057 0.055 0.773 1
19.09 2Me-Cyy4 3.171 3.752 0.042 1
19.95 Cas 0.000 2.350 0.001 0.036
20.02 Cos & 9-Cos 8.111 2.075 <0.001 <0.001
20.18 7-Cas 19.401 5.028 <0.001 <0.001
20.42 5-Cys 0.390 0.000 0.002 0.051
22.89 2Me-Cp 7.857 8.005 0.680 1

237 Cy7 1.469 0.832 0.013 0.333
23.94 7-Cy7 0.403 0.097 <0.001 <0.001
26.46 2Me-Cyg 6.517 6.650 0.772 1
27.25 Cyo 0.456 0.365 0.191 1
29.89 2Me-C3o 1.623 2.705 <0.001 0.002

Retention time (R.T.), relative abundance (ng), p value (Student’s t-test or Mann Whitney Rank-Sum Test), and adjusted p
value (Bonferroni correction) of each compound in each sample (5 flies per sample) for wild-type (wt) and Gr8a mutant
(Gr8a™) males. x Alkanes denoted as C,,, where n denotes the number of carbon atoms in the chain. Alkenes denoted as
N-C,,, where N denotes the location of carbon-carbon double bond in chain. Methyl-branched alkanes denoted as NMe-
C,., where N denotes the carbon in the chain at which the methyl branch occurs. See Data S1 “P-value data” for exact p values.

mating status of wild-type females that were previously mated with Gr8a mutant males (Figure 3F), indi-
cating that Gr8a expression in sperm-donor males is also important in the post-mating attractiveness of
females. Together, our behavioral studies are consistent with the pleiotropic role of Gr8a in the production
of an inhibitory mating signal in the male oenocytes, which is transferred to females during copulation, and
its behavioral response in both males and females.

Gr8a contributes to the pheromone profiles of males

Because our data indicate that Gr8a mutant females have a lower copulation latency compared to control
females, and Gr8a mutant males are unable to detect the mating status of females, we hypothesized that
Gr8a contributes to the production and/or transfer of an inhibitory pheromone in males. Therefore, we next
examined whether the Gr8a mutation has a direct effect on the CHC profiles of males and mated females.
We found that the CHC profile of Gr8a mutant males is different from that of wild-type males (Figures 4A
and 4B and Table 3). In particular, the Gr8a mutation increases the levels of two alkanes and one methyl-
branched alkane and decreases the levels of 8 alkenes (Figures 4A and 4B and Table 3), including two com-

pounds that have been identified as male sex compounds in D. melanogaster.”’%’~¢7

Although the exact mechanism by which Gr8a might be regulating the levels of specific CHCs remains un-
known, we found that the expression levels of the desaturases desat? and CG8630, which play a role in the
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Table 4. Desaturase gene expression

Gene wt mRNA fold difference Gr8a” mRNA fold difference p value
desat1 1.282 0.931 0.037
desat2 1.413 1.270 0.506
CG8630 0.951 1.429 0.012
CG9747 0.838 0.525 0.343
CG9743 1.060 0.959 0.373
CG15331 0.774 1.000 0.21

Relative mRNA expression of each desaturase gene for wild-type (wt) and Gr8a mutant (Gr8a’) males. Statistics via Student’s
t-test. See Data S1 “P-value data” for exact p values.

biosynthesis of alkenes,® are affected by the Gr8a mutation in the male abdomen (Figure 4C and Table 4).
Together, these data suggest that Gr8a action in oenocytes contributes to the production of some cuticular
alkenes, alkanes, and methyl-branched alkanes in males, which possibly function as inhibitory mating
pheromones.

Interestingly, we did not identify any individual CHCs that differed quantitatively between females that
mated with Gr8a mutant males relative to those that mated with wild-type males (Table 5). This suggests
that our analysis did not capture the transfer of an inhibitory pheromone, either because our analysis
was not sensitive enough, because the pheromone is not a CHC, or because the behavioral effects seen
above (Figure 3F) result from other post-mating responses that act independently of a transferred phero-
mone. At this time, we cannot discern between these possibilities. Therefore, we currently cannot defini-
tively say whether Gr8a is involved in the transfer, in addition to the production, of a pheromone by males
to females during copulation.

Since the Gr8a mutation is not spatially restricted in Gr8a mutant males, it is possible that at least some of
the effects of the Gr8a mutation on the pheromone profiles of males are indirectly mediated via its action in
GRNSs, instead of directly mediated via its action in oenocytes. Therefore, we next examined the effect of
oenocyte-specific Gr8a knockdown on the production of male CHCs. We found that oenocyte-specific
Gr8a RNAi knockdown in males leads to significant changes in the abundance of two CHCs relative to con-
trol males (Figure 4D and Table é). In contrast, fat body-specific knockdown of Gr8a has no effect on CHCs
in males (Table 7). These data suggest that Gr8ais likely to play an oenocyte-specific role in the production
of male CHCs. Together, our behavioral and pheromonal data indicate that Gr8a action contributes to mat-
ing decisions in females by co-regulating the behavioral response to an inhibitory mating pheromone by
females and males, as well as its production in males. This is consistent with a pleiotropic function for Gr8a.

Gr8a-associated cuticular hydrocarbons inhibit normal courtship behaviors

To further characterize whether any of the individual CHCs regulated by Gr8a function as inhibitory mating
pheromones, we tested the effect of perfuming naive males with the synthetically available individual
candidate CHCs identified in Figure 4 (Table S4) on the copulation latency of wild-type females.*%2"/%=72
We found that wild-type females did not copulate with Gr8a mutant males that were perfumed with exag-
gerated amounts of the alkenes 9-Cys, 7-Cys, and 7-Cy7 (Figures S2A and S2B). Similarly, we found that wild-
type males exhibited a longer courtship latency and lower courtship index toward wild-type females
perfumed with an exaggerated amount of 9-Cs (Figures S2C-S2E) and exhibited longer copulation latency
toward wild-type females perfumed with an exaggerated amount of 7-Cys (Figures S2F-S2H). In contrast,
perfuming wild-type females with an exaggerated amount of 7-Cy; had no effect on male courtship or fe-
male mating latency (Figures S21-S2K). Due to the possibility that exaggerated levels of CHCs may not have
biologically relevant effects on behavior, we next perfumed males with biologically relevant amounts (com-
parable to those found on wild-type male flies) (Table S4) of two of the alkenes found to have an effect on
female receptivity in Figures 6A and 6B. With these lower amounts, we found that wild-type females no
longer responded differently to CHC perfumed and control males (Figure 5A). Likewise, Gr8a null mutant
females did not respond differently to 7-Cy5 perfumed and control males (Figure 5B). Interestingly, Gr8a
null mutant females displayed a lower copulation latency toward 7-C,; perfumed males compared to con-
trol males, suggesting that Gr8a is not necessary to sense this compound. While we do not yet know why
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Table 5. Mated-female CHCs

R.T. Compound wt amount (ng) Gr8a amount (ng) p value Adjusted p value
12.31 Cy 0.119 0.125 0.596 1
14.2 Cyo 0.167 0.179 0.308 1
14.34 7-Cys 0.014 0.015 0.932 1
15.25 Unknown 0.121 0.104 0.178 1
16.09 Cos 3.297 3.390 0.681 1
16.4 7-Co3 1.249 1.392 0.045 1
16.39 7,11-Cys 0.240 0.220 0.520 1
16.53 5-Cy3 0.129 0.120 0.380 1
16.71 cVA 0.680 0.587 0.292 1
17.99 Coq 0.335 0.373 0.043 1
18.19 8-Cyy 0.079 0.088 0.109 1
19.09 2Me-Cyq 0.619 0.572 0.403 1
19.95 Cys 2.786 2.938 1 1
20.02 Cu5 & 9-Cys 1.591 1.984 0.589 1
20.18 7-Cys 1.602 1.531 0.370 1
20.25 7,11-Cys 0.925 0.868 0.436 1
20.42 5-Cys 0.268 0.284 0.223 1
20.47 5,9-Czs 0.348 0.362 0.693 1
22.89 2Me-Cypq 0.048 0.047 0.481 1
23.7 Cyy 5.105 4.790 1 1
23.8 9-Cy7 1.849 1.685 0.937 1
23.94 7-Cy7 1.281 1.443 0.277 1
24.1 7,11-Cyy 1.972 2.505 0.353 1
24.28 5,9-Cy; 10.940 10.193 0.604 1
25.85 7,11-Cyg 1.306 1.257 0.915 1
26.46 2Me-Cyg 0.337 0.334 0.289 1
27.25 Cyo 2.430 2.579 0.008 0.244
27.7 7,11-Cyo 0.293 0.355 0.842 1
29.89 2Me-Czq 9.950 10.150 0.127 1
31.03 7,11-C34 0.690 0.751 0.503 1

Retention time (R.T.), compound, relative abundance (ng), p value (Student's t-test or Mann Whitney Rank-Sum Test), and
adjusted p value (Bonferroni correction) of each compound as part of the total pheromonal bouquet for females (5 flies
per sample) mated with wild-type (wt) or Gr8a mutant (Gr8a~) males. Alkanes denoted as C,,, where n denotes the number
of carbon atoms in the chain. Alkenes denoted as N-C,,, where N denotes the location of carbon-carbon double bond in
chain. Methyl-branched alkanes denoted as NMe-C,,, where N denotes the carbon in the chain at which the methyl branch
occurs. See Data S1 "P-value data” for exact p values.

Gr8a mutant females seemingly responded differently from wild-type females to 7-C,7, our data indicate
that although some of the CHCs regulated by Gr8a activity in the male oenocytes may function as inhibitory
mating pheromones when present at exaggerated amounts, they may not have an effect at biologically
relevant levels. This suggests that perfuming with small amounts of individual compounds is not sufficient
to alter mating behaviors. Overall, these data suggest that the behavioral responses to the inhibitory mat-
ing pheromones regulated by Gr8a are complex and likely modulated by multiple receptors and multiple
compounds acting in tandem.

Variations in Gr8a contribute to species-specific male pheromonal profiles across the
Drosophila genus

As populations diversify, pheromonal signals and their receptors often have to co-evolve to maintain behavioral
species boundaries."®’*’* One possible mechanism for maintaining the functional coupling of coevolving
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Table 6. Oenocyte knockdown male CHCs
desat1 > GFP-RNAI desat1 > Gr8a-RNAi

R.T. Compound amount (ng) amount (ng) p value Adjusted p value
12.31 Co 1.375 2.334 <0.001 0.027
13.24 Unknown 0.027 0.048 0.174 1
14.2 Coo 1.299 1.308 0.951 1
14.34 7-Cyo 0.460 0.689 0.022 0.643
15.25 Unknown 0.175 0.401 <0.001 0.002
16.09 Cas 10.094 6.741 0.152 1
16.22 Ca3 & 9-Cys 6.764 9.427 0.967 1
16.4 7-Cy3 33.537 43.029 0.183 1
16.53 5-Cy3 2.115 2.261 0.776 1
16.71 cVA 5.587 7.386 0.342 1
17.99 Coq 0.424 0.310 0.049 1
1803  Cou&9-Cos 0.424 0.351 0.052 1
18.19 8-Co4 0.864 0.721 0.414 1
18.27 7-Coq 0.356 0.299 0.347 1
18.37 6-Cyq 0.335 0.356 0.757 1
18.46 5-Coa 0.047 0.059 0.900 1
19.09 2Me-Cyq 1.924 3.400 <0.001 <0.001
19.95 Cys 1.471 0.897 0.595 1
2002  Cus & 9-Cos 1.822 0.916 0.438 1
20.18 7-Cys 7.145 3.747 0.053 1
20.42 5-Cys 0.490 0.290 0.141 1
20.47 Cys diene 0.029 0.037 0.448 1
21.23 Unknown 0.260 0.206 0.190 1
22.89 2Me-Cyq 4.750 5.212 0.063 1
23.7 Cyy 0.396 0.291 0.086 1
23.94 7-Cy7 0.117 0.081 0.188 1
26.46 2Me-Cyg 2.766 2.739 0.825 1
27.25 Cyo 0.243 0.223 0.461 1
29.89  2Me-Cso 0.735 0.692 0.671 1

Retention time (R.T.), average relative abundance (ng), p value (Student’s t-test or Mann Whitney Rank-Sum Test), and
adjusted p value (Bonferroni correction) of each compound in each sample (5 flies per sample) for control (desat > GFP-
RNAI) and oenocyte-specific Gr8a knockdown (desat > Gr8a-RNAI) males. Alkanes denoted as C,,, where n denotes the num-
ber of carbon atoms in the chain. Alkenes denoted as N-C,,, where N denotes the location of carbon-carbon double bond in
chain. Methyl-branched alkanes denoted as NMe-C,,, where N denotes the carbon in the chain at which the methyl branch
occurs. See Data ST “P-value data” for exact p values.

signal-receptor pairs during speciation is pleiotropy.'*'? Because our data suggest that Gr8a is a pleiotropic
pheromone receptor, we tested the hypothesis that cross-species variations in the Gr8a coding sequence may
have contributed to the rapid evolution of mating pheromones in the Drosophila species group.”*’>’¢ To test
this hypothesis, we first performed a phylogenetic analysis of Gr8a orthologs across Drosophila species, which
indicated that Gr8ais a conserved receptor across the Drosophila genus that has sexually dimorphic expression
across Drosophila species (Figures 6A and 6B). Furthermore, the alignment of Gr8a proteins across all the major
Drosophila clades revealed that, in spite of its high overall sequence conservation, the Gr8a receptor has at
least one phylogenetically variable domain (magenta frame, Figure 6C), which includes the second intracellular
and extracellular domains (Figure 6D).

Although the ligand-binding domains of the insect Gr gene family have not yet been identified, such a
phylogenetically variable protein domain suggests that Gr8a may contribute to species-specific shifts in
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Table 7. Fat body knockdown male CHCs

r4 > GFP-RNAi r4 > Gr8a-RNAi

R.T. Compound amount (ng) amount (ng) p value Adjusted p value
12.31 Cor 5.919 5.651 0.796 1
13.24 Unknown 0.51 0.066 0.006 0.181
14.2 Coo 6.358 7.061 0.579 1
14.34 7-Cys 2.621 2.373 0.912 1
15.25 Unknown 0.657 0.594 0.798 1
16.09 Cos 20.344 6.761 0.075 1
16.22 Co3 & 9-Cy3 56.899 57.616 0.393 1
16.4 7-Cys 152.262 122.022 0.631 1
16.53 5-Cps 8.632 8.482 0.796 1
16.71 cVA 26.28 34.567 0.441 1
17.99 Cos 1.077 1.946 0.343 1
18.03 Coa & 9-Cos 2.053 2.201 0.631 1
18.19 8-Co4 5.511 4.341 0.739 1
18.27 7-Coq 2.358 1.699 0.473 1
18.37 6-Cyq 1.754 1.641 0.910 1
18.46 5-Coq 0.217 0.38 0.099 1
19.09 2Me-Cyq 4.759 5.898 0.248 1
19.95 Cus 1.572 4.029 0.571 1
20.02 Cas & 9-Cs 13.311 11.862 0.796 1
20.18 7-Cys 51.387 32.153 0.529 1
20.42 5-Cys 3.665 2.766 1 1
20.47 Cys diene 0.011 0.09 0.101 1
21.23 Unknown 2.196 2.357 0.739 1
22.89 2Me-Cyq 15.24 17.021 0.481 1
23.7 Cy7 3.2 3.514 0.770 1
23.94 7-Cy7 1.32 0.834 0.597 1
26.46 2Me-Cypg 12.745 14.269 0.724 1
27.25 Coo 1.482 1.299 0.657 1
29.89 2Me-Cso 3.505 3.969 0.706 1

Retention time (R.T.), average relative abundance (ng), p value (Student’s t-test or Mann Whitney Rank-Sum Test), and
adjusted p value (Bonferroni correction) of each compound in each sample (5 flies per sample) for control (r4 > GFP-RNAI)
and fat-body-specific Gr8a knockdown (r4 > Gr8a-RNAi) males. Alkanes denoted as C,,, where n denotes the number of car-
bon atoms in the chain. Alkenes denoted as N-C,,, where N denotes the location of carbon-carbon double bond in chain.
Methyl-branched alkanes denoted as NMe-C,,, where N denotes the carbon in the chain at which the methyl branch occurs.
See Data S1 “P-value data” for exact p values.

ligand-binding specificity and/or sensitivity across the Drosophila genus. Therefore, we next tested whether
the transgenic rescue of the Gr8anull allele via ectopic expression of Gr8a cDNAs from different Drosophila
species is sufficient to drive changes in the CHC profile of D. melanogaster males. By using a cross-species
male mate-choice assay, we found that while D. melanogaster males are generally promiscuous, they do
court Drosophila mojavensis females at a significantly lower proportion than conspecific females. Because
these assays are performed under red light, which eliminates visual mating cues, these data suggested that
the lower sex drives toward D. mojavensis females is likely pheromone-dependent (Figure 6E). Subse-
quently, we generated transgenic D. melanogaster lines which express either the D. mojavensis or the
D. melanogaster Gr8a cDNAs driven by an oenocyte-specific GAL4 in the background of the Gr8anull allele.
Comparison of male CHC profiles across the two genotypes revealed that rescuing the Gr8a mutation by
Gr8a cDNAs from these two distantly related species resulted in significantly different male CHC profiles
(Figures 6F and 6G, Table 8). These data indicate that species-specific Gr8a coding variations are sufficient
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Figure 5. Gr8a-associated alkenes inhibit normal courtship behaviors
(A and B) Perfuming males with a biologically relevant amount of 7-C,5 does not affect copulation latency with wild-type
females, p = 0.537, Mann Whitney Rank-Sum Test (A) or Gr8a mutant females, p = 0.691, Mann Whitney Rank-Sum Test (B).
Perfuming males with a biologically relevant amount of 7-C,; does not affect copulation latency with wild-type females,
p = 0.463, Mann Whitney Rank-Sum Test (A), but does affect copulation latency with Gr8a mutant females, p = 0.008,
Mann Whitney Rank-Sum Test (B). Depicted as boxplots with inner points and outliers plotted, whiskers represent the
minimum and maximum values, n = 15/group. See Data S1 “P-value data” for exact p values.

to drive differential CHC production by the male oenocytes, and suggest that pleiotropic chemoreceptors
may have played a role in driving the rapidly evolving behavioral mating boundaries in Drosophila.

DISCUSSION

The data presented here demonstrate that Gr8a is a pleiotropic chemoreceptor that co-regulates the
perception and production of an inhibitory pheromonal signal that plays an important role in mating be-
haviors of both D. melanogaster sexes. How Gr8a, a member of a canonical chemoreceptor family, might
also contribute to the production of pheromonal signals is not obvious. In some better understood secre-
tory cell types, autoreceptors are essential for the regulation of synthesis and secretion rates. For example,
dopaminergic and serotonergic cells regulate rates of synthesis and release of their respective neuromo-
dulators by the action of autoreceptors.”’”® These autoreceptors act via signaling feedback in response to
changes in the extracellular concentrations of the secreted molecule.”’”® Therefore, we hypothesize that
Gr8a might regulate the synthesis and/or secretion of specific CHCs by acting as an oenocyte-intrinsic au-
toreceptor, which regulates the synthesis of specific CHCs by providing feedback information about their
levels in internal stores and/or extracellularly (Figure 7).

Recent studies have indicated that Drosophila bitter receptor neurons typically express multiple Gr genes, and
that bitter receptor ligand specificity is determined via combinatorial heteromeric receptor complexes.”’*%
Gr8a'is specifically required for the sensory perception of the feeding deterrent L-canavanine,”>** but not for
the detection of other bitter feeding deterrents such as caffeine, strychnine, and umbelliferone.*"** Our data
indicate that similar to other Drosophila bitter taste receptors,’®>” Gr8a contributes to inhibitory sensory inputs
in the contexts of both feeding and mating decisions. In the context of feeding, Gr8a-dependent perception of
L-canavanine is mediated via its heterotrimeric interaction with Gré6a and Gr98b in bitter sensing neurons in
the proboscis.”> However, while Grééa and Gr98b were also identified in our initial screen for receptors en-

riched in the adult abdomen, we found that Grééa is expressed in both sexes and Gr98b is specifically enriched
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Figure 6. Sexually dimorphic Gr8a expression across the Drosophila genus may contribute to species-specific
differences in male CHC profiles

(A) Phylogenetic tree of Drosophila Gr8a proteins. Substitution rate = 0.2.

(B) Gr8a mRNA expression is enriched in males relative to females across Drosophila. Black, males; white, females. *,

p < 0.05; **, p < 0.01; Mann Whitney Rank-Sum Test, n = 4/group. Live D. grimshawi was not analyzed because live
specimens were not available at the Drosophila Species Stock Center (DSSC).

(C) Multiple aligned amino acid sequences of Gr8a protein sequences from 12 species across Drosophila. The magenta
dashed box highlights a putative hypervariable protein domain. Numbers on top of the alignment indicate amino acid
number. Black, 100% identical; Dark Gray, 80-100% similar; Light Gray, 60-80% similar; White, less than 60% similar
(Blosumé2 score matrix, threshold = 1). Bars below consensus represent overall level of amino acid conservation.

(D) Gr8a protein topology. Boxes, transmembrane domains; Red lines, intracellular domain; Blue lines, extracellular
domains.

(E) In female choice assays, D. melanogaster males court females from most other Drosophila species first at an equal
proportion as D. melanogaster females, but court D. mojavensis females first at a lower proportion than D. melanogaster
females. Assays performed under red light. *, p < 0.05, Pearson’s Chi-squared test.

(F and G) Gr8a mutant D. melanogaster males with oenocyte-specific D. melanogaster Gr8a rescue differ in the relative
abundance of many CHCs from Gr8a mutant D. melanogaster males with oenocyte-specific D. mojavensis Gr8arescue. (F)
CHCs found in low amounts in males. (G) CHCs found in high amounts in males. Only affected CHCs are shown. See
Table 8 for the complete list and exact p values. *, p < 0.05, **, p < 0.01, Student's t test or Mann Whitney Rank-Sum Test,
n = 10. Depicted as boxplots with inner points and outliers plotted, whiskers represent the minimum and maximum
values. Gr8a’; desat! > Gr8a™eangaster melanogaster Gr8a oenocyte rescue; Gr8a’; desat! > Gr8a™??v°"*, D.
mojavensis Gr8a oenocyte rescue. Alkanes denoted as C,,, where n denotes the number of carbon atoms in the chain.
Alkenes denoted as N-C,,, where N denotes the location of carbon-carbon double bond in chain. Methyl-branched
alkanes denoted as NMe-C,,, where N denotes the carbon in the chain at which the methyl branch occurs. See Data S1 “P-
value data” for exact p values.

infemales (Table 1). Although Grééa seems to be co-expressed with Gr8ain the foreleg,55 due to these expres-
sion differences in the abdomen, we suspect that Gr8a-dependent contributions to sensory functions associ-
ated with mating decisions are independently driven via its heteromerization with different Gr genes than those
that drive feeding-specific decisions.

Although we do not yet know the specific chemical identity of the ligand of Gr8a, previous studies indicated
that at least two inhibitory mating pheromones, 11-cis-vaccenyl acetate (cVA) and CH503, are transferred
from males to females during copulation. Since our data do not suggest that the Gr8a mutation affects the
level of cVA expressed by males (Table 3), it is unlikely that the volatile cVA, which is known to act via the
olfactory receptor Or67d,**¢*¢ is the putative Gr8aligand. Likewise, it is unlikely that CH503 is the putative
Gr8a ligand because CH503 has been reported to signal via Gré68a-expressing neurons, which have previ-
ously been shown to be anatomically distinct from the Gr8a-expressing GRNs we describe here (Figures 1
and 2).23°%57:83 |nstead, our analyses of the effect of the Gr8a mutation on the CHC profile (Figure 4), and
our results of the perfuming behavioral studies (Figure 5), suggest that a combination of other CHCs,
possibly including the alkenes 9-Cys and 7-Cys, are the likely ligands of Gr8a.

Pleiotropic receptors may contribute to the physiological coupling between the production and perception of
some mating pheromones by acting as both a sensory receptor in pheromone-sensing neurons and possibly as
an autoreceptor for the same chemical in the pheromone-producing oenocytes. Overall, the simplest interpre-
tation of our data is that Gr8a is one such pleiotropic receptor. Although we do not use electrophysiology to
directly show that Gr8a expressing neurons respond to Drosophila pheromones, our imaging, behavioral and
CHC data indicate that Gr8a is involved in the behavioral response to Drosophila inhibitory mating phero-
mones, as well as the production of the same chemical in the pheromone-producing oenocytes. Our finding
that Gr8a displays sexually dimorphic expression that is conserved across the Drosophila genus, and has at
least one phylogenetically variable domain (Figures 6A-6C), suggests that it might also drive the divergence
of mating signaling systems in association with rapid speciation. This is supported by our finding that rescuing
the Gr8a mutation specifically in D. melanogaster oenocytes with a Gr8a cDNA from a distant species,
D. mojavensis, leads to the development of a male CHC profile that is different from the profile of mutant males
rescued with the D. melanogaster Gr8a cDNA (Figures 6F and 6G).

Studies in other animal species suggest that receptor pleiotropy likely plays a role in mating signaling via
other sensory modalities including auditory communication in crickets™'¢%
fish.2> While the specific genes and signaling pathways that mediate the coupling of the mating signals
and their receptors in these mating systems remain mostly unknown, these data suggest that genetic

and visual communication in
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Table 8. Oenocyte rescue male CHCs

Gr8a-; Gr8a-;
desat1 > Gr8amelanogaster desat1 > Gr8ameiavensis Adjusted

R.T. Compound amount (ng) amount (ng) p value p value
12.31 Co1 1.888 3.597 <0.001 <0.001
13.24 Unknown 0.018 0.063 <0.001 <0.001
14.2 Cao 2.256 3.744 <0.001 0.005
14.34 7-Ca2 0.752 1.539 <0.001 0.005
15.25 Unknown 0.158 0.317 <0.001 0.005
16.09 Cus 10.509 0 0.002 0.064
1622  Cp3 & 9-Cos 16.14 37.673 <0.001 <0.001
16.4 7-Ca3 50.584 87.714 <0.001 <0.001
16.53 5-Cy3 3.559 6.501 <0.001 0.005
16.71 cVA 1.519 2.484 <0.001 0.007
17.99 Coq 0.782 1.192 <0.001 <0.001
18.03  Cyu & 9-Cos 0.782 1.192 <0.001 <0.001
18.19 8-Coq 1.599 2.926 <0.001 <0.001
18.27 7-Coq 0.623 1.147 <0.001 0.005
18.37 6-Cpq 0.646 1.14 <0.001 0.005
18.46 5-Coq 0.089 0.247 <0.001 0.005
19.09 2Me-Cyq 1.43 2.745 <0.001 0.005
19.95  Cos 2.72 0 <0.001 0.007
2002  Cos & 9-Cos 2.825 8.746 <0.001 0.005
20.18 7-Cos 10.116 17.492 <0.001 <0.001
20.42 5-Cps 0.63 1.223 <0.001 0.005
20.47 Cys diene 0.012 0.007 0.480 1.000
21.23 Unknown 0.373 0.938 <0.001 <0.001
22.89 2Me-Cypq 3.652 6.04 <0.001 <0.001
23.7 Cyy 1.411 1.992 <0.001 0.001
23.94 7-Cy7 0.292 0.522 <0.001 <0.001
26.46 2Me-Cypg 3.863 6.011 <0.001 <0.001
27.25 [ 0.566 0.886 <0.001 <0.001
29.89 2Me-C3q 0.942 1.445 <0.001 <0.001

Retention time (R.T.), average relative abundance (ng), p value (Student’s t-test or Mann Whitney Rank-Sum Test), and
adjusted p value (Bonferroni correction) of each compound in each sample (5 flies per sample) for Gr8a mutant
D. melanogaster males with oenocyte-specific D. melanogaster Gr8a rescue (Gr8a’; desat! > Gr8a™e#"°9%st*" and Gr8a
mutant D. melanogaster males with oenocyte-specific D. mojavensis Gr8a rescue (Gr8a’; desat > Gr8a™?*"**). Alkanes de-
noted as C,,, where n denotes the number of carbon atoms in the chain. Alkenes denoted as N-C,,, where N denotes the loca-
tion of carbon-carbon double bond in chain. Methyl-branched alkanes denoted as NMe-C,,, where N denotes the carbon in
the chain at which the methyl branch occurs. See Data S1 “P-value data” for exact p values.

linkage in signal-receptor pairs important for mating communication is likely to be more common than pre-
viously thought. Therefore, the genetic tractability of D. melanogaster, in combination with the diversity of
mating communication systems in this species-rich phylogenetic group, provide a unique opportunity for
understanding the evolution and mechanisms that drive and maintain the robustness of mating systems at
the genetic, molecular, and cellular levels.

Limitations of the study

The present study provides evidence that Gr8a plays a role in both the production and detection of mating
pheromones in D. melanogaster. We base our conclusion that Gr8a-expressing GRNs detect mating phero-
mones on our behavioral studies, which suggest that Gr8a mutations affect male and female responses to
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Figure 7. Model for the pleiotropic action of Gr8a in the perception and production of pheromones

A) Drosophila male. The location of CHC-producing oenocytes is shown in magenta.

B) Gr8a-expressing GRNs are located at the last tarsal segment of the prothoracic legs.

C) Gr8a functions as an inhibitory pheromone receptor in a specific subset of leg GRNs.

D) Oenocytes are the primary CHC-producing cells in the male abdomen.

E) Gr8a functions as an autoreceptor in oenocytes, which regulates CHC synthesis [I-1]] and/or CHC secretion [llI] via

(
(
(
(
(
signaling feedback loops.

an inhibitory mating signal. While these findings are consistent with a role for Gr8a in sensory detection, our
study does not use functional approaches that directly assess the responsiveness of Gr8a-expressing GRNs to
cuticular pheromones. Such approaches, including electrophysiology and functional imaging, can be incorpo-
rated into future work on Gr8a-expressing GRNs to establish this link at the functional level.
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National Drosophila Species Stock
Center

National Drosophila Species Stock

Center

National Drosophila Species Stock
Center

National Drosophila Species Stock
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D. virilis National Drosophila Species Stock https://www.drosophilaspecies.com/shop/
Center d-virilis/
Oligonucleotides
RT-PCR primers for D. melanogaster GR genes This paper Table S1
qRT-PCR primers for D. melanogaster Gr8a This paper Table S2
and Rp49 and orthologs
gRT-PCR primers for D. melanogaster This paper Table S3
desaturase enzyme genes
Recombinant DNA
Plasmid: GFP tagged Gr8a This paper, Ben-Shahar Lab N/A
Plasmid: UAS-Gr8amojavensis This paper, Ben-Shahar Lab N/A
Plasmid: UAS-Gr8amelanogaster This paper, Ben-Shahar Lab N/A
Plasmid: ppk23-LexA This paper, Ben-Shahar Lab N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Rv4.2.0 R core team™ https://www.R-project.org/
CIPRES Miller et al.?’ https://www.phylo.org
DRscDB Huetal.”* https://www.flyrnai.org/tools/single_cell/web/
Other

20 mL Scintillation Vials, Borosilicate glass, with VWR Cat#490007-896

screw cap, Kimble Chase

2 mL screw cap vial clear w/wr 12 mm Agilent Crosslab Cat#5182-0715

Screw cap 12 mm, blue, PTFE-lined, solid top Agilent Crosslab Cat#5183-2075

250ul vial insert, glass with polymer feet Agilent Crosslab Cat#5181-1270
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yehuda Ben-Shahar, benshahary@wustl.edu.

Materials availability
Fly lines generated in this study are available by request to the lead author.

Data and code availability

o All data have been deposited at Mendeley Data and are publicly available as of the date of publication.
DOls are listed in the key resources table.

® All code is available in this paper’s supplemental information.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies were maintained on a standard cornmeal medium under a 12:12 light-dark cycle at 25°C. Unless specif-
ically stated, the D. melanogaster Canton-S (CS) strain served as wild-type control animals. UAS-TNT-E,
UAS-TNT-IMP-V1-A, UAS-mCD8:GFP, LexAop-myr:GFP, UAS-Red Stinger, Df(1)BSC663, Df(1)BSC754, Gr8a-
GAL4, Gr8a', desat1-Gal4, r4-Gal4 and fruP1-LexA fly lines were from the Bloomington Stock center. Originally
in the w'" background, the Gr8a' null allele was outcrossed for six generations into the CS wild-type back-
ground, which was used as a control. Likewise, the desat1-Gal4 allele was outcrossed for six generations
into this Gr8a null background. PromE(800)-GAL4 and PromE(800)>Luciferase were from Joel Levine (The Uni-
versity of Toronto, Canada). The following Drosophila species were obtained from the San Diego Stock Center
(now National Drosophila Species Stock Center at Cornell University): D. simulans 14011-0251.192, D. sechellia
14021-0248.03, D. yakuba 14021-0261.01, D. erecta 14021-0224.00, D. ananassae 14024-0371.16,
D. pseudoobscura 14011-0121.104, D. persimilis 14011-0111.50, D. willistoni 14030-0811.35, D. mojavensis
15081-1352.23, and D. virilis 15010-1051.118. The UAS-Gr8a transgenic lines were generated by cloning the
D. melanogaster and D. mojavensis Gr8a cDNAs into pUAST-attB vector by using 5 EcoRl and 3’ Notl restric-
tion sites, followed by ®C37 integrase-dependent transgenesis at a Chromosome 2 attP landing site
(2L:1476459), as previously described.®® Subsequently, both UAS-Gr8a®™ lines were transgressed into the
Gr8a' background, resulting in complete substitution of the endogenous Gr8a with expression of a Gr8a ortho-
log. The ppk23-LexA line was generated by integrating our previously described ppk23 promotor DNA frag-
ment®’ into the pBPnlsLexA::p65Uw plasmid,®” followed by #C31 integrase-dependent transgenesis as above.
For all fly lines, males and females were used. For all experiments, the age of flies used were 4-7 days old.

The GFP-tagged allele of Gr8a was generated via CRISPR/Cas9-dependent editing using a modified “scar-

less” strategy by using the sgRNA CGAGCAAGGCGGGAACGATT and a 3XP3>dsRed in the donor
plasmid as a reporter for edited animals as previously described.”?" Control lines with matching genetic
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backgrounds were established by selecting DsRed-negative injected animals. The final tagged Gr8a allele
was generated by removing the DsRed cassette via the introduction of the piggyBac transposase.”’

METHOD DETAILS
Immunohistochemistry

To visualize the expression pattern of Gr8a in males and females, Gr8a-GAL4 flies?” were crossed to UAS-
CD8::EGFP and live-imaged at 5 days old using a Nikon-A1 confocal microscope. To demonstrate Gr8a
expression in oenocytes, abdomens from Gr8a-GAL4/UAS-myr::GFP; PromE(800)>Luciferase flies were
dissected and immunostained as previously described®'®® by using a Rabbit anti-GFP (1:1000; A-11122,
Thermo Fisher Scientific) and a mouse anti-luciferase (1:100; 35-6700, Thermo Fisher Scientific) antibodies
followed by Alexa Fluor 488 anti-rabbit and Alexa Fluor 568 anti-mouse secondary antibodies (Both at
1:1000; Thermo Fisher Scientific). To visualize the GR8A protein, abdomens of control flies and flies with
CRISPR/Cas? generated GFP-tagged GR8A were dissected and immunostained as previously
described’®® using a Rabbit anti-GFP antibody (1:1000; A-11122, Thermo Fisher Scientific) followed by
Alexa Fluor 488 anti-rabbit secondary antibody (1:1000; Thermo Fisher Scientific).

mRNA expression

Newly eclosed flies were separated by sex under CO, and aged for 5 days on standard cornmeal medium.
On day 6, flies were placed in a —80°C freezer until RNA extraction. To separate body parts, frozen flies
were placed in 1.5 mL microcentrifuge tubes, dipped in liquid nitrogen, and then vortexed repeatedly until
heads, appendages, and bodies were clearly separated. Total RNA was extracted using the Trizol Reagent
(Thermo Fisher Scientific) separately from heads, bodies, and appendages for Gr8a expression and from
bodies for desaturase enzyme genes. cDNAs were synthesized using Super-Script Il reverse transcriptase
(Thermo Fisher Scientific) with 500 ng total RNA in a 20 uL reaction. cDNAs were used in endpoint RT-PCR
(Table 1) or in Real-time quantitative RT-PCR as previously described with Rp49 as the loading control
gene.*9?1 88091 primer sequences are described in Tables S1-S3.

Courtship behavior assays

Single-pair assays were performed as we have previously published.*>®" In short, newly eclosed males were
kept individually on standard fly food in plastic vials (12 X 75 mm). Newly eclosed virgin females were kept
in groups of 10 flies. All behaviors were done with 4-7 day-old animals, which were housed under constant
conditions of 25°C and a 12h:12h light-dark cycle. Courtship was video recorded for 10 min for male court-
ship and 15 min for female mating receptivity. Male courtship latency and index were measured as previ-
ously described.”**" Female receptivity index (copulation latency) was defined as the time from the initia-
tion of male courtship until copulation was observed. If copulation was not observed, the maximum amount
of time (900s) was taken as the copulation latency. Unless otherwise indicated, assays were performed un-
der normal light conditions.

Male mate-choice assays were performed in round courtship arenas. Briefly, one D. melanogaster virgin
female and one interspecific virgin female was decapitated under CO, and placed in the arena. One virgin
male D. melanogaster was then aspirated into the arena and behavior was video recorded for 10 min. The
first female courted (by male wing extension) was noted. Male mate-choice assays were performed under
red light conditions.

Perfuming studies

Synthetic compounds were synthesized by J.G.M. Perfuming studies were performed using a modified pro-
tocol from.?* In short, for exaggerated CHC transfer assays, 3 mg of each compound was dissolved in 6 mL
hexane (Sigma-Aldrich #139386-500 ML), for a working solution of 0.5 mg/mL. For biologically relevant
transfer assays, a working solution of 1600 ng/mL, 40 ng/mL, and 640 ng/mL in hexane were used for
7-Cys, 7-Cy7, and 9-Cys, respectively. 0.5 mL of working solution was pipetted into individual 2 mL glass vials
fitted with 12 mm PTFE lined caps (Agilent Crosslab, 5182-0715, 5183-2075), The hexane was evaporated
under a nitrogen gas flow, such that a residue of the compound was left around the bottom one-third of
the vial. Control vials were prepared using hexane without a spiked compound. Vials were kept at
—20°C until use. Flies used in these trials were collected as described above, kept in single sex groups
and aged for 4 days on standard cornmeal medium at 25°C. 24 h before perfuming, 20 flies of one or
the other sex were placed in glass vials containing standard cornmeal medium (12 X 75 mm). To perfume
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the flies, these groups of 20 flies were dumped without anesthesia into each 2 mL vial containing the com-
pound of interest, and were vortexed at medium-low speed for 3 pulses of 20 s punctuated by 20 s rest pe-
riods. Flies were transferred to new food vials and were allowed to recover for 1 h. Perfumed flies were then
used in 10-15 min courtship behavior assays as described above and the remaining flies were used in pher-
omone analyses to verify compound transfer. In cases where copulation was not observed, the maximum
amount of time (900 s) was taken as the copulation latency. The genotype of flies that were perfumed
differed based upon the genotype with the lower amount of each compound as determined in
Figures 4B, 4C, and 4F). In all cases, compound transfer was verified by CHC extraction and GC/MS
(Table S4). For biologically relevant CHC transfer assays, we were unable to successfully transfer a biolog-
ically relevant amount of 9-Cys, so these assays were omitted from analysis.

Phylogenetic analysis

Protein sequences of GR8A orthologs from the 12 sequenced Drosophila reference genomes were aligned
by using the ClustalW algorithm in the Omega package,®’ followed by ProtTest (v2.4) to determine the best
model of protein evolution.® Subsequently, Akaike and Bayesian information criterion scores were used to
select the appropriate substitution matrix. We then used a maximum likelihood approach and rapid boot-
strapping within RAXML v 7.2.8 Black Box on the Cipres web portal to make a phylogenetic tree.”” Visual-
izations of the bipartition files were made using FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

Pheromone analysis

Virgin flies were collected upon eclosion under a light CO? anesthesia and kept in single-sex vials in groups
of 10 with é biological replications for each genotype and sex. Virgin flies were aged for 5 days on standard
cornmeal medium at 25°C. To collect mated flies, both females and males were aged for 3 days before sin-
gle mating pairs were placed in a standard fly vial with standard cornmeal food for 24 h. The pair was then
separated for 24 h before collection. Copulation was confirmed by the presence of larvae in the vials of
mated females several days later. On the morning of day 5, flies were anesthetized under light CO? and
groups of five flies were placed in individual scintillation vials (VWR 74504-20). To extract CHCs, each group
of flies was covered by 100 uL hexane (Sigma-Aldrich #139386-500 ML) containing 50 pg/mL hexacosane
(Sigma-Aldrich #241687-5G) and was washed for 10 min. Subsequently, hexane washes were transferred
into a new 2 mL glass vial containing a 250 ul insert (Agilent Crosslab 5181-1270) and were stored at
—20°C until shipment to the Millar laboratory.

Analyses of CHC profiles were done by gas chromatography and mass spectroscopy (GC-MS) in the Millar
laboratory at UC Riverside as previously described.'” Peak areas were measured, and data was normalized
to known quantity of internal standard hexacosane (Sigma-Aldrich #241687-5G). The relative proportion of
each compound in each sample was calculated and used in further statistical analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in R (v 4.2.0).”° Sample size (n) for each experiment is reported in
figure legends. For all analyses, assumptions were checked before statistical analysis. See code in paper’s
supplement for R analysis. The following functions were used in the base statistics package: shapiro.test()
(Shapiro-Wilk Normality Test), fligner.test () (Fligner-Killeen Test of Homogeneity of Variances), t.test() (Stu-
dent’s t test), wilcox.test() (Mann-Whitney Rank-Sum Test), aov() (ANOVA), TukeyHSD() (Tukey’'s HSD post
hoc test), Kruskal.test() (Kruskal-Wallis test), chisqg.test() (Pearson’s Chi-squared test). Kruskal-Wallis post
hoc was performed using the kwAllPairsDunnTest function in the PMCMRplus package.” Qualitative
CHC data were analyzed through a permutation MANOVA using the adonis function in the vegan package
of R with Bray-Curtis dissimilarity measures.”” CHC profile data were visualized using non-metric multidi-
mensional scaling (metaMDS) function in the vegan package of R”” using Bray-Curtis dissimilarity, and
either 2 or 3 dimensions in order to minimize stress to <0.1.
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