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ABSTRACT

In Drosophila, sexual differentiation, physiology, and behavior are thought to be mediated by numerous
male- and female-specific effector genes whose expression is controlled by sex-specifically expressed
transcriptional regulators. One such downstream effector gene, sex-specific enzyme 1 (sxel, cyp4d21), has been
identified in a screen for genes with sex-biased expression in the head. Sxel was also identified in another
screen as a circadian regulated gene. Here, we analyzed the spatial and temporal regulation of sxel and
identified a function for this gene in male courtship. We show that male-specific transcriptional regulator
DSXM and the clock genes are necessary for cycling of sxe]l mRNA during the diurnal cycle. Similar to sxel
mRNA, expression of SXEI protein oscillates in a diurnal fashion, with highest protein levels occurring
around midnight. SXE1 protein expression is restricted to nonneuronal cells associated with diverse sensory
bristles of both the chemo- and mechanosensory systems. Suppression or knockout of sxel significantly
reduces mating success throughout the diurnal cycle. Finally, the metabolomic profile of wild-type and sxel
mutant males revealed that sxe! likely functions as a fatty acid w-hydroxylase, suggesting that male courtship

and mating success is mediated by small compounds generated by this enzyme.

EVELOPMENT and differentiation of sex-specific
structures and organs, and the establishment of
sex-specific physiological/neuroanatomical traits, are
essential processes common to virtually all animals. In
Drosophila melanogaster, somatic differentiation of male
and female flies is regulated by sex-specific splicing
regulators including SEX-LETHAL (SXL) and TRANS-
FORMER (TRA) that lead to the expression of male-
and female-specific spliced isoforms of the transcription
factors, FRUITLESS (FRU™) and DOUBLESEX (DSX™
and DSX"). DSX', DSX™, and FRU™ are thought to
control the expression of numerous downstream ef-
fector genes both in the nervous and other organ
systems, and ultimately establish the sex-specific prop-
erties and features of the adult fly (BurTis and BAKER
1989; CoscHIGANO and WENSINK 1993; ITO ef al. 1996;
RYNER et al. 1996; DEMIR and Dickson 2005). These
effector genes are thought to fall into two broad
categories: (1) genes expressed during critical stages of
development (pupae stage) and required for the dif-
ferentiation of sex-specific phenotypical traits (male
and female genitalia, male sex-comb, coloration of
abdominal cuticle) and wiring of sex-specific neural
circuits (male courtship, female egg laying, and mating/
rejection behavior) and (2) genes required after de-
velopment to assure sex-specific physiological proper-
ties and maintenance of sex-specific behaviors. While
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microarray and other large scale expression screens
have led to the identification of hundreds of putative
effector genes that are differentially expressed in males
and females (ARBEITMAN e¢f al. 2002, 2004; DAUWALDER
et al. 2002; Fujir and AMREIN 2002; PARISI et al. 2004),
the specific functions of virtually all of them remain
unknown.

Courtship is an innate behavior that is characterized
by manifestation of several behavioral displays executed
in a characteristic sequential fashion by a male when
encountering a female (HavLL 1994). The appropriate
execution of the male courtship sequence is genetically
controlled mainly by FRU", and to a lesser degree DSX"
(DEMIR and DicksoN 2005; SHIRANGI et al. 2006), and
by inference, the effector genes regulated by these
transcription factors.

We have previously identified 57 sex-biased and sex-
specific candidate genes in adult heads using serial
analysis of gene expression (SAGE) (Fujir and AMREIN
2002). Nine of these genes were virtually sex specific,
including all 5 genes known at the time to be expressed
in the head in a sex-specific manner: the 3 female-
specific yolk protein (ypl, 2, and 3) genes and the male-
specific RNAs roX7and r0X2 (RNA on the X /and 2). The
four novel genes included 3 male-biased genes sex-specific
enzyme I and 2 (sxel, sxe2) and turn on sex-specificity (tsx)
and a female-specific gene female independent of trans-
Sformer (fit). The common feature of these 4 novel sex-
biased genes is that their expression is nonneuronal, yet
is largely restricted to the head, and expression (sex-
biased expression in the case of ¢sx) is restricted to the
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adult stage (Fujir and AMREIN 2002). This suggests that
the main function of these genes is necessaryin the adult
physiology and/or behavior of male or female flies.

Sxel encodes one of >80 cytochrome P450 enzymes,
which are crucial components in many biochemical
pathways (SiMpsoN 1997). We have previously shown
that sxel is a downstream target of dsx (Fuji and AMREIN
2002). Specifically, XX; dsx”/Df(dsx) flies, which only
express DSX™ protein, show robust expression of sxel, as
do XX; tra/traflies, which express both DSX" and FRU™
(Fujir and AMREIN 2002). Expression of sxel mRNA was
detected in the head and at reduced levels in the thorax,
but not the abdomen. Within the head, sxel mRNA is
mostly found in carcasses (cuticle) and possibly fat cells,
but is absent in the brain. Sxel has also been identified
in a screen for genes expressed in the head of adult flies
that oscillate in a circadian fashion using microarray
analysis (CLARIDGE-CHANG et al. 2001; McDoNALD and
Rossasn 2001; LIN et al. 2002), suggesting that this gene
may also be a downstream effector of the clock genes.
Indeed, oscillation of sxel is dependent on Clock (CIk),
period (per), and timeless (tim), the main regulators
required for oscillation of downstream effectors (HARDIN
2005). Interestingly, takeout (to), which encodes a pher-
omone binding protein and is male-biased expressed in
the fat body (DAUWALDER et al. 2002), also oscillates with
a 24-hr period (SAROV-BLAT et al. 2000).

Circadian locomotor behavior was recently found to
exhibit sex-specific features (Fuji et al. 2007), albeit
both males and females are largely active during the day
and rest during the night. Specifically, the activity of
females, after an initial steep rise after dawn, continues
to increase throughout the day, ending in a single peak
before dusk, while males show two distinct activity peaks,
one after dawn and a second one at dusk (coinciding
with the single female peak). Surprisingly, circadian
activity is reset when a male and a female cohabitate the
same arena, with a drastic increase in nocturnal activity
(Fujir et al. 2007). This activity shift is driven by male
courtship and is dependent on the male’s circadian
system. Together, these observations suggest that the
circadian clock of the two sexes may be regulated by
distinct sex-specific factors.

Here, we determined SXEI expression using sxel-Gal4
drivers as well as anti-SXE] antiserum and found that
SXE1is expressed in nonneuronal tissues of the chemo-
and mechanosensory systems. Molecular genetic analyses
revealed that circadian regulation for sxel is dependent
on the male-specific transcription factor DSX". We
employed RNA interference and gene targeting to show
that sxel is required for high mating success in males.
Finally, we investigated the molecular function of SXE1
as a fatty acid w-hydroxylase by analyzing the metabolo-
mic profile of wild-type and sxe/ mutant males and we
show that this protein is essential for the production of
many small molecules in the male, which may function
as male- and species-specific neuromodulators.

MATERIALS AND METHODS

Fly strains: The following fly strains were used: Ore-R, w''’%,
per”, yw; tim”', CIR™, cyc” ry, B'Y; dsx'/TM3, BsY; hs->tra’ Df[3L]
st tra p dsx” Sb e/TM6, B'Y; dsx”/TM3, p[ELAV]GAL4“">, UAS-
y_ds (R. Costa), UAS-mCDS8-GIP, w''"S; 70FLP, 70I-Scel, Sco/CyO,
and w'"¥; 70FLP (K. Golic). All stocks were maintained under a
12-hr light:12-hr dark cycle at 25°.

Over 80% of homozygous dsx' flies die <4 days after
eclosion with standard food. To elongate their longevity and
entrain them for LD cycles, we collected flies within 8 hr after
eclosion and kept them in vials with food lacking yeast extract
for 4 days. Oregon-R, CIK™, cyc”, per”, and tim” males were
entrained for 7-10 days, whereas all flies carrying the dsx’ allele
were entrained for 4 days.

Immunochemistry: Whole mount LacZ and antibody stain-
ing were carried out as described (BRAY and AMREIN 2003),
with some modifications. A rabbit polyclonal antibody was
generated against synthetic peptide STGNNVGLKPRTRVK,
corresponding to amino acid 497 to 511 of SXEI and affinity
purified (AnaSpec, San Diego). The antiserum was used at
1:800 dilution for Western blotting and whole mount antibody
staining. For Western blotting, ECL anti-rabbit IgG, HRP-
linked F(ab')s fragment and ECL Plus detection kit (Amer-
sham Biosciences) were used. Western blots were repeated
between five and nine times using freshly prepared protein
extract for each genotype/time point.

Monoclonal anti-GFP (Molecular Probes), anti-a-tubulin
(Sigma-Aldrich), anti-ELAV antibody and TOTO3 (Molecular
Probes) were used at 1:1000, 1:50,000, 1:10, and 1:1000,
respectively. Immunofluorescence imaging was performed
using a Leica TCS5 confocal microscope as described pre-
viously (THORNE et al. 2004).

Northern blot analysis: Total RNA from heads was isolated
for all Northern blot analysis using a TRIsol (Life Technologies).
The coding region of sxel cDNA was labeled with [**P]-dCTP
using Random Primer labeling kit (Stratagene). Northern
blotting and hybridization was performed as previously de-
scribed (Fujir and AMREIN 2002). A Typhoon Imager (Amer-
sham Biosciences) was used for measurement of signal
strength. Northern blots in Figure 2A were repeated four to
five times, each time with a new RNA sample for each
genotype/time point, except for Ore-R females (performed
once). Northern blots in Figure 2C were repeated twice, each
time with a new RNA sample for each genotype/time point.

Transgenic fly construction: For the p/sxel]GAL4 driver, a
3.0-kb fragment upstream of the start codon was amplified
from genomic DNA, sequenced, and cloned into the GAL4
transformation vector SM1 (DUNIPACE et al. 2001). Transgenic
flies were generated as described previously (DUNIPACE ef al.
2001).

For the UAS-sxel_ds reporter, the entire coding region of
sxel was amplified from cDNA, cloned into pZerol vector
(Invitrogen), and sequenced. Two copies of this fragment
were ligated sense and antisense (head-to-head) orientation,
separated by a spacer (partial EGFP cDNA), and subsequently
cloned into the pUAST vector (BRAND and PERRIMON 1993).

For the sxel targeting construct, a 4.873-kb fragment
(corresponding to nucleotides 7,600,804-7,605,677 on chro-
mosome arm 2L; release 5.3 in FlyBase) was amplified to
generate the 5" arm (see Figure 4) using primers CCGGCGC
GCCCACTTCGAGTGCTGATCGCAATTGG and GGCCTAG
GTATTCTTACGGATAAATCGGCTTTACG, and a 3.619-kb
fragment (nucleotides 7,605,736-7,609,355) was amplified to
generate the 3’ arm using primers CCCGGTCCGAGTCG
CAAACAATGGAGAGTTAACAC and CCGCTAGCGCCTTAA
AAAAGATCTCAGAATGGTTC. Fragments were subcloned
into CMC105 vector (C.-M. CHEN and G. STRUHL, personal
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communication). The resulting targeting construct created a
sxel mutation in which the 58-bp DNA region starting at the
—5 position of the translational start was replaced by the white
minigene, creating a null allele for sxel. Virgin female flies
carrying asingle targeting construct on the third chromosome
(donor) were crossed to w'''*; 70FLP, 70I-Scel/TM3, and 3- to 4-
day-old progeny were heatshocked at 38° for 60 min.
Approximately 3000 white-eyed adult virgin females were
crossed to w'''%;70FLP males and progeny were heat-shocked
as described above. Four red-eyed flies were obtained in which
the targeting construct relocated to the second chromosome,
and a homozygous line for each of them was established.
Genomic DNA of these lines was digested with Ncol, analyzed
by Southern blotting using a DNA probe corresponding to the
5' region of sxel (see Figure 4). One line, sxel”, representing a
precise recombination event, was backcrossed five times to
Oregon-R and used for further investigation. A genomic rescue
fragment was amplified with the most 5" and the most 3’
primers used for the targeting construct, sequenced, cloned
into pCsper4 transformation vector, and used to generate
three independent transgenic rescue lines. Initial rescue
experiments revealed varying degrees of rescue in mating
assays; line 3, which conferred the strongest rescue, was
backcrossed five times to OreR and used for further inves-
tigations as a rescue line.

Behavioral analysis: All males used in behavioral assays were
of w" background to eliminate any effects due to impaired
visual perception caused by different levels of eye pigmenta-
tion provided by the various w minigene-containing trans-
genes. w'"® virgin females were used as mating targets in all
assays. CI and frequency of nonmaters were measured as
described (BrRay and AMREIN 2003). Males were kept in
isolation for 14 days, whereas ~20 virgin females were kept
in a vial together for 5-7 days.

Mating frequency assays were performed as described
(Sakar and IsHipa 2001), with the following modifications.
Virgin flies were collected and sexed within 6 hr after eclosion,
and animals of the same sex were kept for 1-2 weeks (~20/
vial). One day before the experiment, animals of the same sex
were transferred into new vials in batches of 5/vial; the
following day, they were placed in a light-protected box for
30 min before ZT 4, 8, 16, and 20. After letting all the flies
adjust to darkness, 5 males and 5 females were combined into
one vial and kept for 15 min under darkness (dim red light, <1
lux); they were then knocked out using COs to score actively
mating (physically connected) pairs. Females not actively
copulating were transferred into new vials individually, which
were examined for larvae after 10 days to determine the
female’s mating status.

Locomotor activity: Virgin males were kept individually for 14
days. Flies were transferred with a “fly aspirator” into a small
Plexiglas mating chamber (4 X 10 X 30 mm), left to adjust to
the new environment for 2 min, and then monitored for
crossing the midline of the chamber for 4 min at ZT 2—4.

Taste preference assay was performed as described previously
(THORNE et al. 2004). Preference of males for 25 mm trehalose
vs. water was measured. Three independent experiments were
performed with ~40 flies per genotype per experiment.

Longevity of flies was measured as follows: Virgin males were
collected within 6 hr after eclosion and kept at 10 flies per vial
at 25°. Flies were transferred into new vials every 2 days, and
dead flies were scored until all flies were dead. Three in-
dependent experiments were performed with 100 flies per
genotype per experiment.

Fertility test: A single male and single w''* virgin female were
kept for 4 days in a vial at 25°. Parents were discarded and the
vial was kept until adults emerged. The number of adult flies
was scored.
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Quantification and analysis of fatty acids: Roughly 1000
heads of sxel®”/sxel®”; Rescue3/+ and sxel®”/sxel®” males of 510
days of age were collected, weighed, and provided to Lipomics
Technologies for lipid analysis using the TrueMass protocol.
All lipid species were quantified as nanomoles per gram of
tissue. A molecular description of fatty acid species is provided
at http:/www.lipomics.com/fatty_acids.

Statistical analysis: All analyses were performed using the
JMP6 software suite (SAS).

RESULTS

Sxel is expressed in nonneuronal cells associated
with chemo- and mechanosensory sensilla: We pre-
viously analyzed the expression of sxel mRNA using
Northern analysis, which revealed that the gene is
abundantly expressed in the head and the thorax, but
not in the abdomen. Dissection of various head parts
further indicated that sxel is absent from the brain, but
is mostly expressed in tissues associated with the head
carcass (Fujir and AMREIN 2002). To determine the
cellular expression profile of sxel, we generated flies
containing a sxel-Gal4 driver and a UAS-lacZ reporter
(plsxel |GAL4/UAS-LacZ) and performed B-Gal staining.
lacZ activity was observed in numerous sites, most
notably the second antennal segment, at the base of
the arista, in the labial palps, at the tip of maxillary
palps, the vibrissae (ventral outside edge of compound
eyes), and at the base of macrochaetae in the head and
thorax (Figure 1, A—C). sxel is also expressed in the base
of bristles of the male forelegs (data not shown). In
females, expression is absent in most of these sites, with
the exception of the labial and maxillary palps; there,
expression is much weaker than in the corresponding
male structures (Figure 1D). These findings are consis-
tent with our previous Northern analyses, which re-
vealed male-specific sxel expression in the head and
thorax (Fujir and AMREIN 2002).

To determine protein expression of SXEI, we gener-
ated antisera against this protein (see MATERIALS AND
METHODS) and performed Western analysis, which
revealed a distinct band in wild-type but not sxel mutant
flies of the expected molecular weight of 58 kDa
(supplemental Figure 1). We then performed whole-
mountantibody staining of p/elav] GAL4/UAS-mCDS-GIP
flies using anti-SXEI, anti-ELAV, and anti-GI'P antibod-
ies, which allowed us to determine whether SXE1 was
present in any neuronal cell compartment. SXEI
immunoreactivity was observed in the same tissues
where lacZ activity was localized in sxel-GAL4;UAS-lacZ
flies (compare Figure 1, A-C, with Figure 1, E-I).
Confocal microscopy revealed that SXEI is expressed
in the cytoplasm of nonneuronal cells associated largely
with sensory bristles (Figure 1, G, H, and J). SXEI
immunoreactivity was also observed in the female labial
palps, but expression is weaker and restricted to a
smaller area when compared to males (compare Figure
1, I, K, and L). Taken together, these studies indicate
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FIGURE 1.—Sxel expression in the head and thorax of adult
males and females (A-D) Whole-mount LacZ staining of
plsxel [GAL4/UAS-LacZ in a male (A-C) and a female (D).
In the head and thorax, sxel is mainly expressed in cells asso-
ciated with long mechanosensory bristles of males (macro-
chaetae, A and B), but absent in females (not shown). Sxel
expression is also observed in cells associated with taste (labial
palps) and olfactory sensilla (maxillary palps) of males (C); in
females weak expression in the later is also observed. (E-K)
Whole-mount antibody staining of plelav]GAL4/UAS-
mCD8GFP in a male (E-]) and a female (K) using anti-
SXEl, anti-ELAV (only G), or anti-GFP primary (H, I, and
J) antibodies. SXE1 antigen (visualized in green) is present

that SXEI is localized in cells mostly associated with
sensory bristles and, while not entirely male specific, it is
expressed with a strong male bias.

Clock and sex determination genes coregulate sxel
expression: CLARIDGE-CHANG e¢f al. (2001) showed sig-
nificant changes in sxel expression in the heads in Clk,
per, and tim mutant flies using microarray analyses and
suggested that the clock genes regulate sxel expression
(McDoNALD and RosBasH 2001; LN et al. 2002). To
obtain a definite view of how expression of sxel is
regulated, we performed a series of Northern and
Western analyses with RNA and protein extracts from
adult heads isolated at various time points during the
day from flies mutant for individual clock and sex
determination genes (Figure 2). First, we confirmed
that the amount of sxel mRNA in wild-type males
oscillates (one-way ANOVA, P > 0.0001), with a peak
at Zeitgeber time (ZT) 19. The strongest Zeitgeber for
most animals is light, and zeitgeber time refers to a
specific time point during the 12-hr light:12-hr dark
cycle (ZT 0/24, light on; ZT 6, midday; ZT 12, light off ;
ZT 18, midnight). Mutations in all four major clock
regulators abolish sxel oscillation in males, but the
expression levels are still higher than those of wild-type
females. To investigate whether the cycling of sxel was
also observed at the protein level, we performed West-
ern analyses of protein extracts from heads at different
circadian times. Indeed, the abundance of SXE1 protein
followed an oscillating pattern throughout the day (one-
way ANOVA, P> 0.0001; Figure 2B) with peak time at ZT
23, corresponding to a 4-hr time shift of the mRNA peak.

We have previously shown that male-biased sxel
expression is regulated by dsx (Fujii and AMREIN
2002). We therefore determined the effects of the two
DSX proteins on cycling of sxel mRNA at ZT 3 and ZT
19, the times of trough and peak, respectively, in XX and
XY flies with various dsx alleles. Homo- and hemizygous
dsx’ mutant flies (dsx’/dsx’ and dsx’/dsx”), which show
an intersexual (male and female characteristics) phe-
notype (ErpMAN and Burtis 1993), generate no
functional DSX protein, regardless of their sex chromo-
somes; in contrast, the dsx” allele leads to TRA-in-
dependent splicing of dsx” mRNA (and production of
DSX™ protein), and therefore, X/X; dsx'/dsx” and X/Y;
dsx'/dsx” flies are phenotypic male and express only
DSXM, but not DSXF (NAGosHI and BAKER 1990). As

in cells surrounding the base of the long bristles on the head
and the vibrissae (E and F). SXE1 is clearly nonneuronal as no
colocalization is observed with ELAV (red, labels nuclei of
neurons in G) or GFP (red, labels entire neural network in
H, I, and J) in the third antennal segment/arista (G), the
maxillary (H), and the labial palp (I), but is confined to a cell
sheet just underneath the cuticle (H and J). Only very weak
staining is observed in the labial palps of the female (K).
(L) Schematic map of sexually dimorphic SXE1 expression
in labial palps.
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controls, we included XX and XY flies that contained
one intact dsx allele (7'M3/dsx"), which produce DSX"
and DSX™ and develop as normal females and males,
respectively. RNA from all flies showed an increase of
sxe]l mRNA from ZT 3 to ZT 19 in all genotypes, even in
the absence of any DSX protein; however, only DSX",
but not DSXF leads to a significant increase in sxel
mRNA at ZT 19 (Figure 2C; P < 0.05). Taken together,
these experiments establish that the clock genes are
necessary for cycling of sxel mRNA, and that DSX™ is
required for amplifying the increase of sxel expression
atZT 19.

Suppression of sxel decreases male courtship and
mating success: Male-specific expression of sxel in the
adult suggests a role for this gene in male reproductive
physiology and/or behavior. We therefore employed
RNA interference (RNAi) to suppress SXEI activity. We
generated flies expressing double-stranded sxe/ mRNA

under the control of the sxel promoter (sxel-RNAi flies:
plsxel |GAL4/UAS-sxel_ds; for details see MATERIALS AND
METHODS) and performed both Northern and Western
analyses. These experiments showed that both mRNA
and protein expression levels were drastically reduced
in sxel-RNAi males, when compared to control males
containing only the driver or the reporter (Figure 3A
and data not shown). These flies are viable, healthy, and
morphologically indistinguishable from control flies.
Moreover, suppression of sxel in male flies did not affect
locomotor activity (Table 1). To investigate whether sxel
is involved in sexual behavior, we performed behavioral
assays and determined the courtship index (CI) and
mating success (see MATERIALS AND METHODS). Indeed,
both the CI (P < 0.001) and mating success (P < 0.05)
was significantly reduced in sxe-RNAi males compared
to control males (Figure 3, B and C). Because SXE1
expression oscillates during the diurnal cycle (Figure 2,
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FIGURE 3.—Suppression of sxel by RNAi decreases court-
ship and mating performance. (A) Western blot with anti-
SXEI of protein extracts from heads of two types of control
males (lanes 1 and 2) and p[sxel|GAL4/UAS-sxel_ds males
(RNAi males; lane 3). (B) Courtship index (CI) for control
and RNAi males (n > 20 for OreR, UAS- p[sxel]GAL4/UAS-
y_ds, and p[sxel |GAL4/UAS-GFP; n > 50 for p[sxel | GAL4/+
and p[sxel [GAL4/UAS-sxel_ds). Error bars represent SEM.
#*pP < (0.001 (Wilcoxon/Kruskal-Wallis tests, the value of
plsxel [GAL4/UAS-sxel_ds was compared with that of p/sxel]-
GAL4/+). (C) Frequencies of nonmaters in single pair mat-
ing assay (n = 44 for each genotype; 30-min observation
period). ¥*P < 0.05 or **P < 0.01 (chi-square test) for values
compared with p[sxel [GAL4/UAS-sxel_ds. (D) Mating fre-
quencies at different ZT points. Five virgin males and five vir-
gin females were placed in a vial and left for 15 min to
copulate in the dark (<1 lux; n = 39-50 for each genotype
and time point). Error bars represent SEM. Differences in ge-
notype (P < 0.0001), time (P = 0.0223), and interaction of
time and genotype (P = 0.7249) were analyzed by two-way AN-
OVA.

A and B) and because male courtship is also under
circadian control (HARDELAND 1972; SAKAT and ISHIDA
2001; TAUBER et al. 2003; Fujit et al. 2007), we wondered
whether mating success was affected differently at
various time points during the day and night. Thus, we
measured the frequency of successful matings at ZT 4, 7,
16, and 19 among sexually naive males and females.
Because visual cues may override subtle deficiencies in
other sxel dependent sensory modalities, we performed

these experiments under dim red light (<1 lux). Mating
frequency of sxel-RNAi males was significantly lower at
all time points (Figure 3D). Two-way ANOVA revealed
that there are significant differences between sxeI-RNAi
males and control males (p/sxel/GAL/+) in genotype
(P < 0.0001) and time (P = 0.022), but not in the
interaction of genotype and time (P = 0.72). Thus, our
observations indicate that sxel is required throughout
the day for high mating success and show that sxel is
necessary in male courtship behavior and mating.

Sxel mutant males show reduced mating efficiency:
Although RNAI is an effective tool for investigating gene
function, downregulation is often incomplete; indeed
SXEI1 protein is not entirely depleted in sxe/ RNAi males
(Figure 3A). Conversely, RNAi can cause off target ef-
fects, especially if the target gene belongs to alarge gene
family that has extensive DNA homology, as do many cyp
genes. Thus, we generated a null mutation for sxel to
verify the phenotypes observed with RNAi using homol-
ogous recombination (GoNG and Govic 2003). Map-
ping and PCR analysis indicated that two potential
sxel mutations were obtained (Figure 4A and data not
shown), and Southern analysis indicated that one of
these two alleles (sxel®”) represented a precise recom-
bination event in which the first 18 codons of the sxel
gene were replaced by the mini-white gene (Figure 4B
and MATERIALS AND METHODS). To investigate whether
sxel®” was a true null allele, we performed Northern and
Western analyses, which revealed that neither RNA nor
protein is produced in homozygous mutant males
(Figure 4, C and D). We then performed the same
behavioral experiments on wild-type, sxel°” homozygous
and heterozygous males as we did on sxe¢I-RNAi males.
While no effect on the courtship index of sxel®”
homozygous mutant males compared to control males
was apparent (data not shown), we observed a signifi-
cant increase in the fraction sxel°” homozygous mutant
nonmaters, similar to sxe/-RNAi males (compare Fig-
ures 4E to 3C). Moreover, this phenotype was displayed
throughout the diurnal cycle as in sxel-RNAi males
(compare Figures 4F and 3D). Significantly, these phe-
notypes were rescued when a sxel transgene was in-
troduced into a sxeI°” homozygous mutant background
(Figure 4, E and F). Two-way ANOVA indicates that
there are significant differences in genotype (P <
0.0001) and time (P = 0.0036), but not in the in-
teraction of genotype and time (P = 0.9068), between
homozygous (sxel®”/sxel®”) and heterozygous (sxel®/+)
males. Genotype (P = 0.0003) and time (P = 0.0008),
but not the interaction of genotype and time (P =
0.5158) are also significantly different between homo-
zygous (sxel®”/sxel®’) males and the same males carrying
a rescue transgene (sxel®/sxel®’;Rescue3/+). We tested
several other behaviors and properties, such as locomo-
tion, taste preference, longevity, and fertility; none of
them were affected in sxeI°” homozygous mutant males
(Table 1). In summary, the genetic analysis of males
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A B N FIGURE 4.—Sxel mutant males exhibit reduced
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lacking a functional sxel gene confirmed the mating
phenotypes observed with sxe/ RNAi, and demonstrate
that sxel is necessary in males for efficient mating.
Quantitative analysis of lipids and fatty acids in the
head of sxel mutant male: The cytochrome p450
enzymes can be subdivided into several protein sub-
families. In Drosophila, the CYP4 subfamily is one of the
largest and includes 22 members, and several insect and
mammalian CYP4 enzymes were shown to function as
w-hydroxylases. For example, human CYP4All and
CYP4F2 are fatty acid o-hydroxylases for lauric acids
(PoweLL et al. 1996) and leukotriene B4, a potent
mediator of inflammation (Kikuta et al. 1993), re-
spectively. In Drosophila, CYP4Gl functions as an o-
hydroxylase for regulating triacylglycerol (TAG) levels
in oenocytes (GUTIERREZ et al. 2007). To test whether
SXE1/CYP4D21 may have a role in fatty acid metabo-
lism, we analyzed and quantified lipids in the head of
flies in the presence and absence of a functional sxel
gene (Figure 5 and supplemental Table 1). Overall, the
concentration of all lipid classes is similar, regardless of
whether a functional sxel gene is present or not, with the
possible exception of TAGs (Figure 5A). Interestingly,
however, the concentration of plasmalogen 18:1n7,
plasmalogen 18:1n9, adrenic acid (22:4n6), docosapen-
taenoic acid (22:5n6), docosahexaenoic acid (DHA,

ment present in the sxel gene, which also served
as a probe in Figure 44, is replaced by the white
minigene and adjacent sxel sequence, repre-
o sented by two fragments of 3.3 and 2.3 kb in the
sxel®” mutant allele. (C and D) Expression of
sxel mRNA (C) and SXE1 protein (D) is com-
pletely abolished in homozygous sxel®” mutant
flies. (E) Frequencies of nonmaters in single pair
mating assays of sxe/®” mutant and control males
(n = 5b, 41, 29, or 89 for OreR, sxel®”/+, sxel® -
Rescue3/+ or sxel®, respectively). **P < 0.01
(chi-square test) for values compared with sxel®.
(F) Mating frequencies at different ZT points. Five
virgin males and five virgin females were placed in
avialand leftfor 15min to copulate in the dark (<1
lux; n = 38-44 for each genotype and time point).
Error bars represent SEM. Differences were ana-
lyzed by two-way ANOVA and were as follows for
sxel®/+ vs sxel®> P < 0.0001 (genotype), P =
0.0036 (time), and P=0.9068 (interaction of time
and genotype). For sxel®/sxel®’;Rescue3/+ vs.
sxel®/sxel®”, they were P = 0.0003 (genotype),

24 P=0.0008 (time) and P= 0.5158 (interaction of

time and genotype).

22:6n3) of phosphatidylethanolamine (PE) are dramat-
ically elevated in the head of sxe/ mutant males (Figure
5B). In addition, the concentrations of y-linolenic acid
(18:3n6) of cholesterol ester (CE), plasmalogen 16:0 of
lysophosphatidylcholine (LyPC), mead acid (20:3n9) of
phosphatidylcholine (PC), and vaccenic acid (18:1n7)
of TAG are elevated, whereas the concentrations of two
saturated fatty acids, behenic acid (22:0) and lignoceric
acid (24:0) of cardiolipin (CL), +v-linolenic acid
(18:3n6), adrenic acid (22:4n6), and DHA (22:6n3) of
phosphatidylcholine (PC), and vaccenic acid (18:1n7)
of sphingomyelin (SM) are reduced in the head of sxel
mutant males (Figure 5B and supplemental Table 1).
These results strongly suggest that SXEI is involved in
fatty acid metabolism of a substantial number of lipids,
presumably as an o-hydroxylase.

DISCUSSION

Hundreds of putative, sex-specific and sex-biased
effector genes thought to be collectively responsible
for sex-specific differentiation during development and
sex-specific physiological processes in males and fe-
males have been identified in several large-scale expres-
sion studies (ARBEITMAN et al. 2002, 2004; DAUWALDER
et al. 2002; Fujir and AMREIN 2002; PARISI et al. 2004).
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TABLE 1

Suppression of sxel affected neither locomotor activity nor fertility

Locomotion” (no. of events/4 min) Taste” Life span‘ (days)  Fertility”
Oregon-R — — — 69.3 = 3.4
plsxel [GAL4/+ 39 + 3.7 — — —
UAS-sxel_ds/+ 37 = 3.3 — — —
Pplsxel |GAL4/UAS-y_ds 34 £ 35 — — —
plsxel [GAL4/UAS-sxel_ds 37 £ 3.2 — — —
sxel®/+ 38 = 3.6 0.85 = 0.06 48 £ 1.2 72.1 £ 3.3
sxel®; rescue3/+ 43 + 2.6 0.86 = 0.01 49 =19 —
sxel®” 40 = 29 0.86 = 0.01 48 * 2.6 75.2 £ 2.7

Sxel is not required for locomotion, taste (sugar) perception, normal life span, or fertility.

“Line crossing events were counted for 4 min (n = 14 for each genotype).

’Taste preference was determined by using the two-choice preference assay for 25 mm trehalose vs. water
(THORNE et al. 2004). Three independent experiments (n = 40/experiment) for each genotype were per-

formed.

‘Life span indicates at which point 50% of flies have died. Three independent experiments per genotype

were performed (n = 100/experiment).
? A single male and a single w!’¥

virgin female were kept in a vial. After 4 days, they were removed and flies

were counted after all progeny had hatched. The number indicates the average progeny per vial. The number
of single crosses for each genotype was between 20 and 26.

The main criteria of a sex-specific effector gene are (i)
sex-specific or -biased expression outside the germ line,
(i1) regulation by the sex determination genes and (iii)
functional requirement in a sex-specific process in
males or females. Despite the relatively large number
of putative effector genes, virtually none of these genes
have been studied in any detail. A main difficulty in
uncovering their function is probably the subtle phe-
notypes that animals mutant for any of these genes
display. One effector gene that has been functionally
characterized is to, which is expressed in fat cells of the
head in males and which was shown to be necessary for
male sexual behavior (LAZAREVA et al. 2007). Fat cells
are known to have endocrine roles, and TO, which is a
member of the odorant/pheromone binding protein
family is thought to be secreted from these cells and may
function as a neuromodulator (LAZAREVA et al. 2007).
Interestingly, fat cells in the adult fly are known to ex-
press several other putative sex-specific/biased effector
genes, including the yolk protein (yp) genes and female-
specific independent of transformer (fit) in females and turn on
sex-specificity (tsx) in males, which also encodes a odorant/
pheromone binding protein (Fujir and AMREIN 2002).
Sxel is only the second male-specific effector gene
with a role in male sexual behavior. Expression studies
revealed that SXE1 protein is found in nonneuronal
cells associated with chemo- and mechanosensory bris-
tles of the head and thorax in males. Albeit SXEI is also
detected in the labial palps of females, both Northern
and Western analysis revealed that the RNA/protein

levels are severely reduced when compared to males. We
also showed that both sxe/ mRNA and protein oscillate
in males during the day, with peak values at night and
separated by ~4 hr.

While sxel is necessary for efficient reproductive
behavior of the male, demonstrated both in our RNAi
studies as well as with the sxel mutant fly strain, only sxel
RNAi males, but not sxe/ homozygous mutant males,
exhibited a significant decrease of the CI. The most
likely explanation for this difference is that RNAi of sxel
causes off-target effects and downregulates other mem-
bers of the many and highly conserved cytochrome p450
genes. The observation that sxe/ mutant males show
relatively normal levels of courtship, yet copulate less
efficiently than control males suggests that they are slow
maters. For example, it is possible that sxel is necessary
for aggressive pursuit of the female, when she exhibits
coyness toward the end of courtship. However, once sxel
mutant males have copulated, they produce similar
numbers of progeny as control males (Table 1), further
supporting the notion that sxel is indeed a behavioral,
but not a fertility gene.

How does SXEI function in male mating success,
given its nonneural expression in sensory bristles? To
address this, we reflected on the biochemical role of this
enzyme. While the specific chemical reaction carried out
by SXEI remains to be characterized, the lack of SXE1
activity has severe consequences on the abundance of
various metabolites in the male’s head (Figure 5B and
supplemental Table 1). Like other CYP4 enzymes, SXE1

F1GUure 5.—The concentration of all lipid classes in the head of sxel mutant and control males is similar. Quantitative lipid
concentration in the head of files with (sxel®/sxel®’;Rescue3/+) and without (sxel®”/sxel®”) a functional sxel gene. (A) No large
differences were observed for any of the various lipid classes, with the possible exception of triacylglycerol. CE, cholesterol ester;
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(candidate substrates for SXE1)

R=cholesterol ester (CE) R=Cardiolipin (CL)
o vy-linolenic acid (18:3n6) [4.8/249.4] behenic acid (22:0) [44.2/0.0 ]
R\o)k/vt/\:/t/\/\/ R/O\T"\\ N N N N N N
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R=Phosphatidylcholine (PC)

R=Phosphatidylcholine (PC)
o y-linolenic acid (18:3n6) [0.7/0.1 ]

W@\/\/ ® \o)J\/\M—k/\/\/
Ry — — —

o arachidonic acid (20:4n6 ) [72.0/3.9]
R=Phosphatidylethanolamine (PE) R — — — —

o

plasmalogen 18:1n7 [2.5/29.1]

o

o docosahexaenoic acid (22:6n3, DHA) [14.0/0.6 ]
plasmalogen 18:1n9 [0.7/15.4] RS — — — _ _ _
i e P Y VPN

Reo o

? adrenic acid (22:4n6) [1.3/41.6 ]
R\o)J\/Wq/:\/:\/:W\ R=sphingomyelin (SM)

docosapentaenoic acid (22:5n6) [0.0/12.0]

o Vvaccenic acid (18:1n7) [18.9/1.5]

o R —
" f docosahexaenoic acid (22:6n3, DHA) [12.7/220.3]
\0 —_— f— P — —— —

R=triacylglycerol (TAG)
o vaccenic acid (18:1n7) [0.0/104.5]

~., —

CL, cardiolipin; DAG, diacylglycerol; FFA, free fatty acid; LyPC, lysophosphatidylcholine; PC, phosphatidylcholine; PE, phospha-
tidylethanolamine; PS, phosphatidylserine; SM, sphingomyelin; and TAG, triacylglycerol. (B) Some specific compounds are dras-
tically increased or reduced between the two genotypes (for detail, see supplemental Table 1). All chemical structures are referred
from http:/www.lipomics.com/fatty_acids. Values in brackets indicate nanomoles of fatty acid per gram of sample in the heads of
sxel®/sxel®; Rescue 3/+ and sxel®/sxel°’mutant males, respectively.
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FIGURE 6.—The sxel gene is conserved only in the melanogaster subgroup, but not in other Drosophila species. (A) The sxel
region (chr2L: 7,576,849-7,618,455) on the D. melanogaster genome (April 2004, the BDGP, Release 4), D. yakuba genome (April
2004, the Washington University School of Medicine, St. Louis, Release 1.0, SLAGAN), D. ananassae genome (July 2004, the In-
stitute for Genomic Research, SLAGAN), and D. pseudoobscura genome (July 2003, the Human Genome Sequencing Center at
Baylor College of Medicine, Freeze 1, SLAGAN) displayed by VISTA Browser (version 2.2.31 at http:/pipeline.lbl.gov/cgi-
bin/gateway2). Plots for D. yakuba/D. melanogaster (top), D. ananassae/D. melanogaster (middle), and D. pseudoobscura/D. melanogaster
(bottom) are displayed on the scale of D. melanogaster sequence. Conserved regions above the level of 50% in a 100-bp window are
plotted by the curve. (B) Neighborjoining phylogenetic tree of CYP4-type chytochrome P450 in D. melanogaster with some SXE1
homologs in other Drosophila species. Proteins were aligned using ClustalW (EMBL-EBI, http:/www.ebi.ac.uk) with default pa-
rameters. Prefixes Ds, De, Dy, Da, Dp, Dv, Mm, Hs, Ag, Am, and Bm indicate D. simulans, D. erecta, D. yakuba, D. ananassae, D.
pseudoobscura, D. virilis, Mus musculus (mouse), Homo sapiens (human), Anopheles gambiae (mosquito), Apis mellifera (honey
bee), and Bombyx mori (silkworm), respectively. D. melanogaster, D. simulans, D. erecta, and D. yakuba are melanogaster subgroup species
of the genus Drosophila. Asterisks indicate the most similar protein of SXET in each species determined by tblastn (FlyBase and
NCBI).

may modify arachidonic acid derivatives such as leuko-
triene B4 and prostaglandins. Strikingly, sxel mutant
males accumulate plasmalogens (fatty acids with the dm
prefix in supplemental Table 1) in their heads. Plasma-
logens serve as a starting point for the release of
arachidonic acid by phospholipase A2 (PLA2) and the
synthesis of signaling molecules derived from arachi-
donic acid such as prostaglandins in mammals (FARoOQUI
et al. 1995). In sxel mutant males, accumulation of a

SXEI substrate may decrease PLA2 activity and prevent
release of arachidonic acid from plasmalogens, thereby
increasing the concentration of plasmalogens. Given
the SXEl-dependent metabolites are small and soluble,
they can easily reach other cells, not only within the vicinity
of their production, but possibly in remote regions in
the head and beyond via transport through the hemo-
lymph. Thus, we propose that SXE1 expressed in sensory
bristles acts in an endocrine fashion via a diffusible
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metabolite on cells within the sensilla or possibly on
neurons located elsewhere, including the brain.

Expression of SXE1 (and TO; see above) in non-
neuronal cells of tissues not associated with sex-specific
behaviors is intriguing, especially in light of the fact that
several other sex-specific/biased genes have been found
to be expressed in the same tissues. For example, the
three yp genes and fit were all shown to be expressed in
the fat cells in the female head, while #sxwas found to be
expressed in the same cells of males, and yet another
gene, sxe2is expressed in nonneuronal cells in the head
of males in a fashion similar to sxel (Fuji and AMREIN
2002) (S. Fujir and H. AMREIN, unpublished data). A
common feature of all these genes is that they either
encode secreted proteins (TO, TSX, YPI1, 2, and 3) or
enzymes associated with the production of small metab-
olites (SXE1 and SXE2); hence, we propose that these
tissues have endocrine properties and may be the source
of various, hormone-like molecules involved in sexual
behavior and other sex-specific physiological processes
by acting on remote cells or neurons in the CNS.

Interestingly, sxel and a few other sex-specific/biased
genes (lo and (sx), are regulated by the clock genes
(DAUWALDER et al. 2002; Fujir and AMREIN 2002), and
both to and sxel expression oscillate in diurnal fashion.
Therefore, one may expect that mating success in sxel
mutant males may be affected differently at various
Zeitgeber times; instead, we observed areduction through-
out the day. Similarly, no circadian-dependent courtship
phenotype has been reported in fo mutant males, albeit a
second function associated with this gene, food intake, has
been reported to exhibit a circadian phenotype in fo
mutants. Regardless, the functional relevance of sxel os-
cillation remains to be investigated in more detail in the
future.

At last, we note that sxel is a gene that emerged
recently in evolution. Comparison of the genome se-
quence of various Drosophila species revealed that sxel
orthologs are only found in members of the melanogaster
subgroup (Figure 6, A and B), which include D. simulans,
D. melanogaster, D. erecta, D. sechellia, and D. yakuba.
Drosophila species of the melanogaster group (D. ana-
nassae) or the obscura group (D. pseudoobscura) lack sxel
in the syntenic region or elsewhere in the genome
(Figure 6, A and B), as do more distant diptera such as
the housefly or mosquitos. This suggests that the
function of sxel may be limited to a few, closely related
Drosophila species, perhaps as a gene involved in
speciation. However, many other sex-specific/biased
effector genes such as tsx (0bp99D), fit, sxe2, to, and the
yp genes are conserved in all Drosophila species for which
sequence data are available (data not shown).
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