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A B S T R A C T

Ecdysis triggering hormone receptors (ETHR) regulate the behavioral sequence necessary for cuticle shedding.
Recent reports have documented functions for ETHR signaling in adult Drosophila melanogaster. In this study, we
report that ETHR silencing in local interneurons of the antennal lobes and fruitless neurons leads to sharply
increased rates of male-male courtship. RNAseq analysis of ETHR knockdown flies reveals differential expression
of genes involved in axon guidance, courtship behavior and chemosensory functions. Our findings indicate an
important role for ETHR in regulation of Drosophila courtship behavior through chemosensory processing in the
antennal lobe.

1. Introduction

Ecdysis triggering hormone receptors (ETHRs) in coordination with
its primary ligand, ecdysis triggering hormone (ETH), orchestrate cri-
tical behaviors involved in cuticle shedding at the conclusion of each
molt in insects. These G protein-coupled receptors are expressed in
distinct ensembles of peptidergic neurons including myoinhibitory
peptides, FMRFamides, eclosion hormone, kinin, bursicon and crusta-
cean cardioactive peptide. These receptors and ETH are conserved in a
wide variety of insect species (Žitňan et al., 1996, Park et al., 1999,
Žitňan et al., 2002, Žitňan et al., 2003, Clynen et al., 2006, Hummon
et al., 2006, Amare and Sweedler, 2007, Dai and Adams, 2009). In
Drosophila melanogaster, endocrine Inka cells, the sole source of ETH,
persist into adulthood, during which ecdysis behavior is absent. Like-
wise, ETHR transcripts are present in the adult stage (Graveley et al.,

2011, Lee et al., 2017, Meiselman et al., 2017), raising questions re-
garding functional roles of ETHRs during adulthood.

During larval development, ETH targets central neurons expressing
ETHRs to regulate sequential ecdysis-associated behaviors (Kim et al.,
2006, Žitňan and Adams, 2012, White and Ewer, 2014, Kim et al.,
2015). A possible role for ETH in regulation of juvenile hormone levels
was first recognized upon detection of ETHR transcripts in corpora al-
lata (CA) in larvae of the silkworm, Bombyx mori (Yamanaka et al.,
2008). Subsequently, ETH was demonstrated to function as an ob-
ligatory allatotropin essential for fecundity and courtship memory in
adult Drosophila (Deshpande 2012, Lee et al., 2017, Meiselman et al.,
2017). Because expression of genes encoding ETH and ETHR are
regulated by ecdysone (Žitňan et al., 1999, Kim et al., 2006, Meiselman
et al., 2017), we reasoned that reproductive phenotypes associated with
ecdysone deficiency may result from aberrant ETH signaling. We
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therefore examined whether ETHR deficiencies might explain elevated
male-male courtship reported in ecdysone receptor mutants (Ganter
et al., 2007, Schwedes and Carney, 2012).

In this study, we investigated functional roles for ETHR in adult
Drosophila male behavior by RNAi silencing using the Aug21-Gal4
driver line, which is reported to be specific for CA labeling during ju-
venile stages (Mirth et al., 2005). We found that ETHR knockdown with
this driver causes a sharp increase in male-male courtship correlated
with a male-specific reduction in juvenile hormone (JH) levels. How-
ever, we observe an expansion of Aug21-Gal4 labeling to the CNS
during adulthood and find that the male-male courtship phenotype
involves ETHR-expressing interneurons of the antennal lobe rather than
JH deficiency. Our findings reveal a novel role for ETHR signaling in
central olfactory processing.

2. Materials and methods

2.1. Fly lines

Drosophila melanogaster were reared on regular cornmeal medium at
25 °C under 12:12 light: dark cycle. ETH-Gal4, UAS-ETHR-Sym, and
UAS-ETHR-IR2 flies were described previously (Kim et al., 2006, Kim

et al., 2015). We obtained wCS (cantonized w1118) flies from Anupama
Dahanukar, Aug21-Gal4/CyO flies from Günter Korge, elav-Gal4/tub-
Gal80ts from Anandasankar Ray, fru-Gal4 flies from Bruce Baker, and
NP3056, Krasavietz-Gal4, LCCH-Gal4, NP6277-Gal4, HB4-94-Gal4 from
Liqun Luo. All other fly lines were obtained from the Bloomington Stock
Center. Canton-S (CS) flies were used as wild type for cantonized flies
and w1118

flies were used as controls for non-cantonized flies. Flies with
w1118 background were labeled as (w) and cantonized flies were labeled
as (cs). Aug21-Gal4/+, UAS-ETHR-Sym/+ flies were obtained by
crossing Aug21-Gal4/CyO and UAS-ETHR-Sym respectively with wild
type flies. Aug21-Gal4/+, UAS-ETHR-Sym/+, Aug21-Gal4/ UAS-ETHR-
Sym or wild type flies were used as test flies and wild type flies were
used as subject. RNAi was induced under elav-Gal4;tub-Gal80ts by
crossing UAS-ETHR-Sym flies with elav-Gal4;tub-Gal80ts. Flies were
raised at 18 °C until pupal ecdysis and 24–72 hr later the flies were
raised at 30 °C until they were tested. Control elav-Gal4/+;tub-Gal80ts

flies were also treated similarly by incubating adults at 30 °C until
tested for male-male courtship. Flies were collected within 12 hr after
eclosion under CO2 anesthesia. Males were individually aged after
collection in 12×75mm Pyrex glass culture tubes (Corning, NY,
United States) with about 1.5 cm food at the bottom, whereas virgin
females were aged in groups of 5–7 per vial.

Fig. 1. ETHRs regulate male courtship behavior. Courtship indices of A) cantonized or B) w1118 background males towards Canton-S or w1118 males, respectively.
Wing extension indices of C) cantonized and D) w1118 background males towards Canton-S or w1118 males, respectively. n= 20 for each genotype. Error bars indicate
SEM. ***P < .001 (Kruskal-Wallis One-way ANOVA).
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2.2. Immunohistochemical staining

The expression pattern of the Aug21-Gal4 driver was determined by
crossing it with UAS-mCD8EGFP flies, dissecting CNS, CA and gut, and
staining the tissue against anti-GFP. All tissue samples were dissected in
phosphate saline buffer and were stained using standard protocols.
Samples were immediately fixed by transferring into 4% paraf-
ormaldehyde and stored at 4 °C overnight. After 3 × 5min washes with
PBST (0.2% PBST: 50ml PBS+ 100 µl Triton X 100), 5% normal goat
serum in PBST was used for blocking at 4 °C overnight. Tissue samples
were washed 3 times with PBST and were incubated with primary an-
tibody, Rabbit anti-GFP (Abcam) a dilution of 1:2000 and stored at 4 °C
overnight. After 3 washes with PBST, tissue samples were incubated
with the secondary antibody, Alexa 488 Goat anti-Rabbit (Jackson
ImmunoResearch) at 4 °C overnight. After 3 washes with PBST and 1
wash with PBS, samples were exposed through a series of gradually
increasing concentrations of glycerol solutions. Tissue samples were
mounted on a glass slide in 100% glycerol. Confocal images were taken
at the Institute for Integrative Genome Biology (IIGB), University of
California, Riverside (UCR) using a Leica SP2 confocal microscope.

2.3. Video recording

Videos were recorded using a Sony HDR-XR150 camera for 10min
and behavior analysis was done manually. Video analysis was done on a
Toshiba DVD recorder (model RD-XS35) by slowing down the video by
16x. All data analysis was done blind. All data were recorded and
analyzed completely randomly across the genotype.

2.4. Courtship assays

Courtship assays were performed using 48-well polystyrene plate
with chamber dimensions of 15mm height and 10mm diameter. One
test and one subject fly were carefully aspirated into the arena and a
maximum of six pairs were recorded at a time. Courtship behavior in-
cluded following, orientation, tapping, singing and attempted copula-
tion (bending of abdomen). Courtship index (CI) for male-male court-
ship was calculated as percentage of time spent courting other males
during a 10min test session. In the case of male-female courtship,
courtship index was calculated as percentage of time spent by a male
courting a female either until either copulation occurred or 10min in
the absence of copulation. Wing-extension index (WEI) was calculated
as the percentage of time a male extends its wing perpendicular to its

Fig. 2. JH deficiency in ETHR-silenced males does not cause male-male courtship phenotype. A) JH-III levels in 3–4-day old adult females (pink bars-left) and males
(blue bars-right). B) Methoprene treatment does not rescue increased male-male courtship in ETHR-RNAi males, demonstrated using two independent RNAi con-
structs (UAS-Sym, UAS-IR2). C) Male-male courtship indices do not increase after CA specific silencing of ETHRs or ablation using the JHAMT-Gal4 driver.
n= 10–25. Error bars indicate SEM. **P < .01; ****P < .0001 (One-way ANOVA).
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body during 10min of interaction time. A total of 10–20 pairs were
tested for each genotype and an average CI and WEI was calculated and
standard error mean (SEM) was determined for each genotype. All the
courtship assays were performed between Zeitgeber time 7 to 9 at 23 °C
(Goldman and Arbeitman, 2007).

2.5. JH determination

JH III was extracted from flies, labelled with a fluorescent tag and
analyzed by reversed phase high performance liquid chromatography
coupled to a fluorescent detector (HPLC-FD) as previously described
(Rivera-Perez et al., 2012), with∼150 flies for each genotype divided
into three groups for statistical analysis.

2.6. Methoprene treatment

Adult flies were topically treated with 0.01% methoprene dissolved
in acetone as described previously (Meiselman et al., 2017).

2.7. RNAseq analysis

Adult fly samples from control flies (Aug21-Gal4/+) and ETHR-
RNAi flies (Aug21-Gal4 > UAS-ETHR-Sym) were collected in 2 groups.
For each set, 50 adult naïve male heads (3–5 day posteclosion) were
collected by snap freezing flies into liquid nitrogen at ZT 7. All head
samples were processed similar to whole fly samples with size selection
of 300 bps. Samples were submitted to the IIGB, UCR and were sub-
jected to single-end sequencing on the HiSeq2000 (Illumina). Libraries
were run at a concentration of 1.375 pM using 100 cycles. A total of 4
samples were multiplexed together in one lane.

Data obtained from IIGB, UCR were de-multiplexed based on bar-
code sequences using custom written Practical Extraction and
Reporting Language (PERL) scripts (Wall, 2000). Reads matching ri-
bosomal RNA sequences (using the BLAT alignment program (Kent,
2002)) were removed from further analysis, since they likely were de-
gradation products that had contaminated the library. The remaining
reads obtained from Illumina were aligned against the D. melanogaster
genome, Berkeley Drosophila Genome Project (BDGP) assembly release

5 (Trapnell et al., 2009), using default parameters. Expression levels of
known D. melanogaster transcripts were estimated using Reads Per
Kilobase of transcript per Million mapped reads (RPKM values)
(Mortazavi et al., 2008). Differential gene expression analysis was
performed using the DEseq R-package (Anders and Huber, 2010)
comparing control versus RNAi libraries. A p-value cut-off of < 0.1 was
used, due to lack of replicates; p-values instead of p-adjusted were used
for analysis. Only transcripts with reads≥10 in at least one of the li-
braries were used for analysis (Illumina, 2011).

Gene identifiers for differentially expressed genes were uploaded to
www.flymine.org and chromosomal distribution, tissue distribution
and gene names were converted into database identifiers (eg.
FBgn0028738). A database identifier list was used for gene ontology
enrichment analysis. Gene ontology analysis for both up-regulated and
down-regulated genes, based on biological process, cellular function
and molecular function, was performed on www.flymine.org using the
Holm-Bonferroni multiple hypothesis test correction at p < 0.05. Data
was uploaded on www.flymine.org (Lyne et al., 2007) and GO ter-
minologies were generated for each dataset. Genes falling into each
category were transferred to an Excel file and pie charts were generated
using MATLAB.

2.8. Statistics

Statistical analyses were performed on all data sets using http://
faculty.vassar.edu/lowry/VassarStats.html (last accessed in March
2012). The Kruskal-Wallis test with Mann-Whitney post hoc test was
performed on non-parametric data sets for statistical comparison of
behaviors exhibited by ETHR silenced flies and control flies.

3. Results

3.1. Aug21-Gal4 driven ETHR-RNAi elevates male-male courtship

Drosophila courtship is a complex innate behavior coordinated by
chemosensory, auditory, mechanosensory and visual senses (Krstic
et al., 2009). Since ETHRs are expressed in adult male CA and are ne-
cessary for maintenance of normal JH levels (Meiselman et al., 2017),

Fig. 3. ETHRs in fru-positive neurons regulate male courtship behavior. A) Immunostaining of 3-day old adult male Aug21-Gal4/UAS-mCD8-GFP indicates expression
in the CNS along with CA. Red arrow - thoracic ganglion, open white arrowhead – CA and closed white arrowheads - neurons. White scale bar indicates 150 µm. B)
Increased courtship indices of males towards WT males using pan-neuronal (elav-Gal4) or fruitless neuron specific (fru-Gal4) drivers. n=5–20. Error bars indicate
SEM. **P < .01 (Mann-Whitney Rank Sum Test).
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we hypothesized that ETHR and consequent JH deficiency may affect
male courtship behavior. To test this hypothesis, we used the Aug21-
Gal4 driver known to target the CA (Colombani et al., 2005, Mirth et al.,
2005) to silence ETHR using two independent RNAi constructs: (UAS-
ETHR-Sym and UAS-ETHR-IR2). Five- to seven-day old males were
monitored for 10min intervals for interactions with wild-type (WT)
males having two genetic backgrounds (Canton S or w1118). Courtship
index (CI) was computed as total time spent engaged in courtship be-
havior toward WT males, including tapping, wing extension, licking,
and copulation attempts. Wing extension index (WEI) was calculated as
amount of time spent extending a single wing towards the WT subject
male, a behavior unique to the courtship display, which is used to
“sing,” or convey an auditory cue to the subject.

We observed sharp elevation of male-male CI after ETHR silencing
(Fig. 1A, B, 2B, 3B, 4C, D), with ETHR-knockdown males displaying CI
values up to 35 compared to genetic controls, where CI values
were< 10. Similarly, mean WEI of ETHR silenced males of both
Canton-S and w1118 backgrounds is greatly increased (Fig. 1C, D).

3.2. JH deficiency does not cause male-male courtship

Since Aug21-Gal4 drives expression in the CA (Colombani et al.,

2005, Mirth et al., 2005), we examined whether male JH levels are
reduced upon ETHR-silencing. Indeed, JH levels decrease by 90% in
Aug21-Gal4 > UAS-ETHR-Sym males compared to Gal4 controls
(Fig. 2A). Of particular note, Aug21-Gal4 > UAS-ETHR-Sym females
showed no significant drop in JH levels, indicating a sex-specific action
of the Aug21-Gal4 driver.

JH plays a critical role in male courtship behavior (Wijesekera et al.,
2016, Lee et al., 2017). We therefore asked whether JH deficiency
contributes to the elevated male-male courtship observed in Aug21-
Gal4 > UAS-ETHR-Sym and Aug21-Gal4 > UAS-ETHR-IR2 flies. We
first treated males with the juvenile hormone analog methoprene, but
found no significant rescue in the elevated male-male courtship phe-
notype when compared to untreated males (Fig. 2B). We then examined
whether the Aug21-Gal4 driver could cause elevated male-male court-
ship in the absence of JH deficiency through co-expression of JHAMT-
Gal80, so as to block Gal4 expression in the CA. JHAMT-Gal4 is known
to be specific for the CA during adulthood (Wijesekera et al., 2016,
Meiselman et al., 2017). We nevertheless observed significant elevation
of male-male courtship in Aug21-Gal4; JHAMT-Gal80 > UAS-ETHR-
Sym flies (Fig. 2B), providing further evidence that JH deficiency does
not contribute to the male-male courtship phenotype.

Additional experiments were devoted to silencing ETHR using the

Fig. 4. ETHRs are expressed in antennal lobe interneurons and recapitulate increased male courtship behavior towards WT males. A) Expression of Aug21-Gal4/UAS-
mCD8-GFP in antennal lobe. Closed white arrowheads indicate antennal lobes. Scale bar indicates 50 μm. B) ETHR-Gal4 expression in AL interneurons using the
Trojan-ETHR-Gal4 driver expressing UAS-mCD8GFP. Scale bars indicate 20 μm. Arrowheads indicate cell bodies of antennal lobe interneurons. C) Comparison of
increased courtship CI following ETHR silencing using an assortment of Aug21-Gal4 and AL interneuron Gal4 drivers. n= 10–15 D) AL Gal4 driver, NP3056-Gal4
recapitulates elevated male-male courtship index similar to that obtained using the Aug21-Gal4 driver. n= 10–20. Error bars indicate SEM. **P < .01;
****P < .0001 (One-way ANOVA).
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JHAMT-Gal4 driver alone. While silencing ETHR expression in JHAMT-
Gal4 > UAS-ETHR-Sym males creates JH deficiency (Lee et al., 2017,
Meiselman et al., 2017), we observed no difference in male-male CI
compared to controls (Fig. 2C). As Aug21-ETHR silencing produces a
more severe reduction of JH levels than did JHAMT-driven ETHR si-
lencing reported previously (Meiselman et al., 2017), we asked whether
more severe JH depletion may be driving male-male courtship by ab-
lating the CA specifically in the adult stage using JHAMT-Gal4 > UAS-
Reaper;tubulin-Gal80ts. Again, we found no difference from controls
(Fig. 2C), confirming that JH deficiency is not responsible for elevated
male-male courtship observed in Aug21-Gal4 > UAS-ETHR-Sym flies.

3.3. Aug21-Gal4 expression extends to the adult central nervous system

Although Aug21-Gal4 is reported to be a CA-specific driver during
larval stages (Colombani et al., 2005, Mirth et al., 2005), we found that
its pattern of expression in male adults extends to the central nervous
system (CNS). Central neurons labeled in Aug21-Gal4 > UAS-
mCD8GFP flies include giant descending interneurons, eclosion hor-
mone neurons, and local interneurons of the antennal lobe (AL)
(Fig. 3A, Fig. 4A). We therefore hypothesized that elevated male-male
courtship behavior resulting from the Aug21-Gal4 > UAS-ETHR-Sym
genotype is a consequence of ETHR silencing in the CNS.

3.4. ETHRs expressed in fru-positive and antennal interneurons are critical
for normal male courtship behavior

To test this hypothesis, we first utilized the pan-neuronal driver
elav-Gal4 for ETHR knockdown. To avoid lethal ecdysis deficiencies, we
employed the conditional, temperature sensitive driver tub-Gal80ts to
delay ETH silencing until after eclosion. We found that elav-Gal4; tub-
Gal80ts > UAS-ETHR-Sym males show elevated male-male CI
(P < 0.01) (Fig. 3B).

Since fruitless neurons regulate male-male courtship, we hypothe-
sized that ETHRs are expressed in fruitless neurons and that receptor
silencing in those neurons would promote male-male courtship. Hence,
a fru-Gal4 driver (Robinett et al., 2010) was used for ETHR silencing.
Courtship index of fru-Gal4 > UAS-ETHR-Sym males is elevated sig-
nificantly (P < 0.01) (Fig. 3B).

Aug21-Gal4 expresses prominently in antennal lobe (AL) inter-
neurons (Fig. 4A), which are sexually dimorphic. We therefore ex-
amined whether the Trojan ETHR-Gal4 line (Diao et al., 2016) expresses
in local interneurons of the male AL and found ETHR-Gal4 is indeed
prominently expressed (Fig. 4B). We screened several AL Gal4 drivers,
including R46E11-Gal4 (Jenett et al., 2012), HB4-94-Gal4, NP6277-
Gal4, LCCH-Gal4, NP3056-Gal4 (Chou et al., 2010), and Krasavietz-
Gal4 (Dubnau et al., 2003) to drive ETHR RNAi and assessed male-male
courtship. ETHR knockdown using three of the aforementioned drivers
resulted in significant elevation of male-male CI. In particular, NP3056-
Gal4, which labels local interneurons in the antennal lobe specifically
(Chou et al., 2010), essentially recapitulates the male-male courtship
phenotype observed in Aug21-Gal4 > UAS-ETHR-Sym males (Fig. 4C,
D). These data suggest that ETHR expression in AL interneurons is
critical for regulation of male courtship behavior.

3.5. Differential gene expression in response to ETHR silencing

We assessed differential expression of transcripts in male heads after
ETHR silencing (ETHR-RNAi), using Illumina RNAseq. Raw expression
data is provided in Dataset S1. Cuffdiff analysis using a p-value cut-off
of 0.05 yielded a total of 2045 differentially expressed transcripts in
RNAi library as compared to the control library, which includes 456 up-
regulated transcripts corresponding to 400 genes and 1589 down-
regulated transcripts corresponding to 1474 genes. Out of 1589 down-
regulated transcripts, 852 transcripts were only expressed in the control
library and no expression was detected in the RNAi library. Up-regu-
lated genes, which were only expressed in RNAi library and not de-
tected in control library, included 64 transcripts. Differential expression
of a large number of genes in male heads as a consequence of ETHR
silencing indicates significant functional roles for ETHRs in adult male
flies (Fig. S1).

We attempted to determine the efficiency of RNAi silencing through
analysis of RNAseq data. However, ETHR transcripts read counts were
very low (< 10), thus preventing conclusions to be made from this
data. Alternatively, we utilized qPCR and determined that, based on
log2-fold changes in transcript number in fly heads, ETHR-A is down-
regulated by∼87% and ETHR-B by∼70%, indicating high efficiency
of RNAi (Fig. S2). We next determined differential gene expression by

Fig. 5. Functional characterization of genes up-regulated in heads after ETHR silencing. GO terms enriched indicates role of ETHRs in various biological processes,
including neurogenesis.
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examining gene ontology categories of up- and down-regulated genes
after ETHR silencing. Gene ontology (GO) analysis of up-regulated
genes revealed terms enriched under the biological process category,
including defense response and developmental processes, metamor-
phosis and signaling (Fig. 5). This suggests that ETHR is an important
signaling molecule in Drosophila male heads. Cellular component-based
GO enriched two terms, plasma membrane (38) and cell periphery (40).
None of the terms were enriched under the GO category molecular
function.

Genes implicated in male courtship behavior, including paralytic
(para), pale (ple) and shibire (shi) are up-regulated in male heads after
ETHR-RNAi. Two transcripts of the sodium channel gene para are up-
regulated, whereas one is down-regulated. para is a voltage-gated so-
dium channel known to play a role in courtship song (Peixoto and Hall,
1998). ple has a tyrosine 3-monooxygenase activity and is known to be
influenced by JH (Neckameyer and White, 1993, Gruntenko et al.,
2009). The gene product of shi has GTPase activity and functions in
vesicle recycling (Ramaswami et al., 1994).

Fig. 6. Functional characterization of genes down-regulated in heads after ETHR silencing. GO terms enriched as biological process (upper) cellular components
(middle) and molecular function (lower) with the percentage of genes included in each term indicates role of ETHRs in various adult functions, including re-
production and post-mating behavior.
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GO analysis of down-regulated genes revealed terms enriched under
the biological process category, including proteolysis (1 1 3), single-
organism reproduction behavior (25) and post-mating behavior (11)
(Fig. 6A). Terms enriched under the cellular component category in-
cluded extracellular space (69), extracellular region part (79) and ex-
tracellular region (1 1 2), indicating presence of structural components
downstream of ETHR silencing (Fig. 6B). Terms enriched under mole-
cular function include∼50% of the genes with catalytic activity (4 8 9)
and hydrolase activity (2 4 3) (Fig. 6C).

In order to identify genes involved in male courtship behavior,
genes associated with the term “male courtship behavior” were sear-
ched. Two transcripts of dlg1 and one transcript each of para and shi are
down-regulated. Interestingly, transcripts of para and shi were differ-
entially regulated, some were up-regulated and some down-regulated,
indicating transcript-specific roles for these genes. 195 genes involved
in axon guidance were individually searched. Overall, 39 transcripts
related to axon guidance changed after ETHR-RNAi, out of which 22 are
down-regulated and 17 are up-regulated (Table S1). Genes interacting
with dsx and fru were individually searched; 14 transcripts including
tra2, Mst84Da, Mst84Dd, hale and RSP15Aa were down-regulated after
ETHR silencing.

Some transcripts (64) were expressed only in the RNAi library, but
not detected in the control library, indicating their expression may
depend upon innate levels of ETHR. Further analysis is required to
determine whether these transcripts are regulated by ETHRs. About 852
transcripts were expressed in control libraries, but not in the RNAi head
library, after ETHR-RNAi. These include 4 gustatory receptor tran-
scripts (Gr36d, Gr64e, Gr98a and Gr47b), and axon guidance genes
including Mical, stan, Nedd4, mp, sim, ena, ago, mew, sli, NijA, sbb, exba
and tok. Three transcripts (Acp98AB-RA, BG642163-RA and lectin-29Ca-
RA) are accessory gland related proteins, of which BG642163-RA and
lectin-29Ca-RA are thought to be male accessory gland-specific genes
(Ranz et al., 2003, Rodgers-Melnick and Naz, 2010). polo-RA and polo-
RB transcripts are derived from the gene polo, possess serine/threonine
kinase activity, and are known to be expressed in ovary and testis
(Carmena et al., 1998). Six transcripts are found specifically in testis: ms
(2)35Ci and ms(2)34Fe with unknown function, klhl10-RA-involved in
oxidoreductase activity, ACXA with adenylate cyclase activity and
casein kinase II β2 subunit, (CKIIbeta2) with protein kinase activity and
tetraspanin 42A (Tsp42A). (Dataset S1).

4. Discussion

We have demonstrated an essential role for ETH signaling in
courtship inhibition in adult male Drosophila. Reduction of ETHR sig-
naling through RNAi silencing in local interneurons of the male an-
tennal lobe leads to marked elevation of male-male courtship.
Furthermore, we show that ETHR expression in fruitless neurons is
critical for regulation of male courtship behavior. Our findings reveal a
crucial function for ETHR in the ability of males to distinguish male
from female.

We describe here for the first time that Aug21-Gal4 is much more
broadly expressed during adulthood as compared to larval stages.
Although Aug21-Gal4 is reputed to be a CA specific driver in larval
stages (Mirth et al., 2005, Riddiford et al., 2010), we report here that
after metamorphosis its expression is not restricted to CA and it expands
to CNS, including AL interneurons in adult stage. ETHRs are expressed
in CA of the silkworm Bombyx mori and Drosophila melanogaster
(Yamanaka et al., 2008, Lee et al., 2017, Meiselman et al., 2017), the
sole source of JH, which influences social interactions such as courtship
behavior in various insects, including Drosophila (Anton and Gadenne,
1999, Gadenne and Anton, 2000, Wijesekera et al., 2016). Since Aug21-
Gal4 drives expression in the CA, we hypothesized that knockdown of
ETHR in CA might create JH deficiency in adult males, thereby af-
fecting male courtship behavior. Indeed, we found that JH levels were
reduced in ETHR-RNAi males, but unchanged in females. Although

previous studies have shown that JH levels are affected by ETHR si-
lencing in female CA using the JHAMT-Gal4 driver (Meiselman et al.,
2017), we did not observe this in our study using the Aug21-Gal4 driver.
This discrepancy can be attributed to sexual dimorphism in expression
of the Aug21-Gal4 driver, where it shows significantly lower expression
in females as compared to males.

Significantly, we observed no rescue of the male-male courtship
phenotype in methoprene-treated males. Furthermore, we created JH
deficiency using two additional approaches: 1) using the CA specific
driver JHAMT-Gal4 to silence ETHR expression and 2) using JHAMT-
Gal4 to ablate the CA. In both cases, no elevation of male-male court-
ship was observed. These findings confirm that JH deficiency does not
lead to the male-male courtship phenotype observed using the Aug21-
Gal4 driver. We thus conclude that, although ETHRs regulate JH levels
in males, elevation of male-male courtship must be attributed to a
different mechanism.

Use of neuronal Gal4 drivers, including elav-Gal4, fru-Gal4 and an-
tennal lobe Gal4 drivers (R46E11-Gal4, NP3056-Gal4, and krasavietz-
Gal4) to silence ETHR expression led to markedly elevated levels of
male-male courtship. Although some of these Gal4 drivers yielded
lower levels of male-male CI as compared to the Aug21-Gal4 driver,
variability in cell-specific strength or combinatorial labeling of het-
erologous neurons by Gal4 drivers can account for some of these dis-
crepancies (Pramatarova et al., 2006). Of particular note, the AL-spe-
cific driver NP3056-Gal4 recapitulates high male-male courtship
indices observed with the Aug21-Gal4 driver, indicating a crucial role
for AL local interneurons in courtship regulation.

Drosophila males discriminate males from females according to
gender-specific pheromone profiles. For example, 11-cis-vaccenyl
acetate (cVA) functioning as an olfactory cue activates olfactory re-
ceptors (ORs) OR67d and OR65a (Kurtovic et al., 2007, van der Goes
van Naters and Carlson, 2007, Ronderos and Smith, 2010, Lebreton
et al., 2014). This information is processed in sexually dimorphic an-
tennal lobe glomeruli (VA1lm and DA1), which play a prominent role in
male courtship behavior (Kondoh et al., 2003, Fishilevich and Vosshall,
2005, Manoli et al., 2005, Stockinger et al., 2005). Our observations
that ETHR-silencing in local interneurons of the antennal lobe elevates
male-male courtship suggests defective processing of male-specific
pheromone sensing. Future experiments will be aimed at assessing how
ETHR silencing affects pheromone-induced activity in these inter-
neurons. Although ETHRs have higher sensitivity to ETH than to other
peptides (Kim et al., 2006), it is possible that peptides such as small
cardioactive peptide B, if released in large amounts, could potentially
play a role in male courtship regulation. In future experiments, the role
of ETH signaling in pheromone processing can be further tested by
ablating Inka cells, the sole source of ETH, specifically in adult males.

Numerous sensory and neuronal genes have been implicated in
regulation of male courtship behavior. In order to investigate genes
influenced by changes in ETHR levels that regulate courtship behavior,
RNAseq analysis was conducted to determine differential expression of
transcripts in ETHR-RNAi male heads. Pheromones play a crucial role in
male courtship behavior, whereby males distinguish a male from female
based on divergent pheromone profiles (Dweck et al., 2015). Genes
associated with chemosensory functions are differentially expressed as
a result of ETHR silencing, indicating their role in pheromone proces-
sing. Similarly, axon guidance genes define wiring of the nervous
system (Clowney et al., 2015). A large number of axon guidance genes
are differentially expressed as a result of ETHR silencing, indicating
their role in nervous system wiring. Differential expression of a large
number of genes as a consequence of ETHR silencing in male heads
indicates significant functional roles for ETHRs in adult male flies.
Specifically, genes associated with axon guidance and chemosensory
functions are affected due to ETHR silencing, suggesting their role in
neuronal regulation of the courtship behavior.
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5. Conclusions

Our findings indicate that ETHR signaling in local interneurons of
the antennal lobe is essential for male-male courtship inhibition.
Although ETHRs were shown originally to play a major role in or-
chestration of ecdysis behaviors, our results indicate a their novel
function in Drosophila adult males. Although we have not demonstrated
a necessary role for ETH in regulation of antennal lobe interneurons,
hormones known to change function after metamorphosis include ju-
venile hormone and ecdysone, both of which have morphogenetic roles
in immature stages, but are re-purposed for regulation of reproduction
after eclosion to adulthood. Our findings indicate the possibility of a
similar metamorphosis for ETH signaling in the adult stage, where it
may play an important role in male courtship behavior.
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