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ABSTRACT

Many genes in eukaryotic genomes produce multiple transcripts through a variety of molecular mechanisms
including alternative splicing. Alternatively spliced transcripts often encode functionally distinct proteins,
indicating that gene regulation at this level makes an important contribution to organismal complexity. The
multilevel splicing cascade that regulates sex determination and sex-specific development in Drosophila is a
classical example of the role of alternative splicing in cell differentiation. Recent evidence suggests that a large
proportion ofgenes in the Drosophila genome may be spliced in a sex-biased fashion, raising the possibility that
alternative splicing may play a more general role in sexually dimorphic development and physiology. However,
the prevalence of sex-specific splicing and the extent to which it is shared among genotypes are not fully
understood. Genetic variation in the splicing of key components of the sex determination pathway is known
to influence the expression of downstream target genes, suggesting that alternative splicing at other loci may
also vary in functionally important ways. In this study, we used exon-specific microarrays to examine 417
multitranscript genes for evidence of sex-specific and genotype-specific splicing in 80 different genotypes of
Drosophila melanogaster. Most of these loci showed sex-biased splicing, whereas genotype-specific splicing was
rare. One hundred thirty-five genes showed different alternative transcript use in males vs. females. Real-time
PCR analysis of 6 genes chosen to represent a broad range of biological functions showed that most sex-biased
splicing occurs in the gonads. However, somatic tissues, particularly adult heads, also show evidence of sex-
specific splicing. Comparison of splicing patterns at orthologous loci in seven Drosophila species shows that
sexual biases in alternative exon representation are highly conserved, indicating that sex-specific splicing is an
ancient feature of Drosophila biology. To investigate potential mechanisms of sex-biased splicing, we used real-
time PCR to examine the expression of six known regulators of alternative splicing in males vs. females. We
found that all six loci are themselves spliced sex specifically in gonads and heads, suggesting that regulatory
hierarchies based on alternative splicing may be an important feature of sexual differentiation.

THE pervasive and frequently marked differences in
morphology and behavior between females and

males evolve when selectionfavors different phenotypes in
the two sexes, imposed by their distinct roles in re-
productionandcompetition(Lande1980).Intergenomic
conflict may arise between sexes with predominantly
identical genomes but different fitness requirements,
a discord that may be resolved by the evolution of sex-
specific gene expression (Connallon and Knowles

2005; Ellegren and Parsch 2007). Advances in high-
throughput technologies such as whole-genome sequenc-
ing and transcriptome profiling have afforded new insight
into the widespread occurrence of sex-biased gene ex-
pression in diverse species including Drosophila (Jin et al.

2001; Parisi et al. 2003; Ranz et al. 2003), mice (Yanget al.
2006), nematodes (Reinke et al. 2000; Thoemke et al.
2005), mosquitoes (Iatrou and Biessmann 2008), and
birds (Mank et al. 2008). In the best characterized
Drosophila model, sexual dimorphism affects not only
transcript abundance per se, but also the genetic architec-
ture of transcriptomevariation andthemode by which this
variation is inherited (Wayne et al. 2007).

An additional level of sexual dimorphism is found at
loci that produce multiple transcripts through alterna-
tive pre-mRNA splicing (AS) or the use of alternative tran-
scription initiation and termination sites (McIntyre

et al. 2006). AS makes an important contribution to
organismal complexity by allowing a single gene to pro-
duce multiple, functionally distinct proteins (Graveley

2001; Ben-Dov et al. 2008). Alternative splicing is a
common phenomenon among eukaryotes (Kim et al.
2007), with estimates in excess of 70% of the genome in
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humans (Johnson et al. 2003; Gupta et al. 2004;
Ben-Dov et al. 2008), up to 40% in Drosophila mela-
nogaster (Stolc et al. 2004), and of 10% in Caenorhabditis
elegans (Kim et al. 2007). The biological importance of AS
is reflected in its tissue- and stage-specific regulation
(Stolc et al. 2004; Thoemke et al. 2005; Blencowe 2006;
Clark et al. 2007) and in the preponderance of AS in
tissues with diverse cell types and in genes with regulatory
functions such as cell adhesion molecules and DNA- and
RNA-binding proteins (Pan et al. 2004; Barberan-Soler

and Zahler 2008; Ben-Dov et al. 2008).
The best characterized system of alternative splicing

regulation is the pathway of somatic sex determination
in Drosophila (Nagoshi et al. 1988; Bell et al. 1991;
Cline 1993). Three RNA-binding proteins, Sex-lethal
(SXL), Transformer (TRA), and Transformer 2 (TRA2),
form a multilevel splicing cascade that regulates sex-
specific splicing of the downstream targets male-specific
lethal-2, fruitless, and doublesex, which in turn control
sexually dimorphic cell differentiation and dosage
compensation (comprehensive reviews by Baker 1989;
Black 2003; Penalva and Sanchez 2003). At the top
of the cascade, female-specific splicing is initiated by
early zygotic expression of Sxl from the ‘‘establishment’’
promoter in response to the presence of two X chro-
mosomes. This sets up a stable feedback loop in which
SXL protein induces female-specific splicing of Sxl
mRNA transcribed from the ‘‘maintenance’’ promoter
that becomes active later in development (Bell et al.
1988, 1991). Default splicing of Sxl transcript in males
yields a truncated, nonfunctional protein. In females,
SXL controls the splicing of tra to produce a functional
TRA protein, which, together with TRA2, promotes
female-specific splicing of the dsx and fru transcription
factors that go on to direct female-specific development
of somatic tissues. In males, default splicing of tra, dsx,
and fru results in the production of male-specific DSX
and FRU isoforms, which promote male-specific differ-
entiation. In adult flies, the abundance of splice variants
of Sxl, tra2, dsx, ix, and her varies among genotypes
(Tarone et al. 2005). This variation may partly explain
genetic variation in the expression of downstream target
genes such as Yolk protein 1 (Tarone et al. 2005).

The sex determination pathway is conserved within
the genus Drosophila (Erickson and Cline 1998;
Pomiankowski et al. 2004). Conservation of sex-specific
splicing of doublesex in the holometabolous insect orders
Diptera, Lepidoptera, and Hymenoptera suggests that
the splicing-based mechanism of sex determination may
be quite ancient (Pomiankowski et al. 2004; Cho et al.
2007). However, the upstream regulators of doublesex
splicing are more evolutionarily labile. Transformer is re-
stricted to certain dipterans (Pomiankowski et al. 2004)
and is rapidly evolving in Drosophila (Kulathinal et al.
2003), while Sxl, which is the master regulator of sex
determination in Drosophila, is restricted to this genus
(Pomiankowski et al. 2004).

Despite the importance of AS in sex determination,
the prevalence of sex-specific splicing in Drosophila was
not fully appreciated until systematic genomewide
analyses became possible. McIntyre et al. (2006), using
D. melanogaster microarrays designed to detect over
.2700 multitranscript genes, found that between 10
and 22% of these genes showed sex-biased expression of
alternative transcripts. Moreover, many known regula-
tors of mRNA splicing (Park et al. 2004) show sex-biased
expression, suggesting a possible explanation for the
prevalence of sex-biased splicing (McIntyre et al. 2006).
Genetic variation in the splicing of several components of
the sex determination pathway (Tarone et al. 2005)
suggests that the splicing of other multitranscript genes
may vary across genotypes, especially if these genes are
regulated by the sexual hierarchy. Although McIntyre

et al. (2006) found little effect of sex-by-genotype in-
teraction on alternative transcript abundance, this could
be due to the limited number of strains examined in that
study. A larger number of genotypes are necessary both to
determine the generality of sex-specific splicing among
genotypes and to test for genetic variation in alternative
transcript preference.

Here, we report that a large proportion of multitran-
script genes showconsistent patterns of sex-biased splicing
in 80 crosses derived from 11 strains of D. melanogaster.
Although genotype has a large effect on transcript
abundance, genotype-specific splicing is rare. RT–PCR
analysis suggests that most, but not all, sex-biased splicing
occurs in gonads. A comparison of seven Drosophila
species separated by up to 60 million years of evolution
shows that most sexual biases in alternative exon repre-
sentation are highly conserved. Finally, we show that
several known regulators of mRNA splicing are them-
selves spliced sex specifically, suggesting that regulatory
hierarchies based on alternative splicing may be an
important feature of sexual differentiation.

MATERIALS AND METHODS

Drosophila lines and culture: Recombinant inbred lines (RIL-
derived lines): Four replicates of two D. melanogaster laboratory
strains OregonR and Russian 2b, and six randomly chosen
recombinant inbred lines derived from these parents were
grown from small mass matings on standard dextrose medium.
Parents were removed after 3 days at 25�, 12:12-hr light/dark
cycle, and 20 virgin females and males were collected within 24
hr and matured separately (64 samples total). At day 3
posteclosion flies were snap frozen in liquid nitrogen and
stored at �80� (McIntyre et al. 2006).

Diallel derived F1 heterozygous crosses (DIL-derived lines): The
nine parental D. melanogaster lines used for this experiment
were derived from single females collected in the wild
(Winters, CA) and inbred under full-sib mating for �40
generations (Yang and Nuzhdin 2003). The lines were further
isogenized using standard balancer techniques (Nuzhdin et al.
1998) and then crossed in a full diallel breeding scheme with
reciprocals, excluding self crosses of the parents for a total of
72 F1 crosses (Wayne et al. 2007). Thus these 72 genotypes
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represent all the pairwise combinations of the nine parental
alleles. Flies were reared as above, two biological replicates for
each cross, and two sexes resulted in 288 samples.

D. melanogaster RNA sample preparation, probe selection,
microarray hybridization, and signal detection: Total RNA was
isolated from the frozen samples using TRIzol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions and then purified using standard techniques
(RNeasy kit; QIAGEN, Valencia, CA). RNA concentration
was determined on a Nanodrop Spectrophotometer (Nano-
Drop Technologies, Wilmington, DE) and RNA integrity was
assessed using the Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Palo Alto, CA).

The chip was synthesized on an Agilent platform
(bioinformatics.ufl.edu/pages_for_research/Drosophilia_
chip.htm, AMADID 012798) (McIntyre et al. 2006). This
platform was found to be highly reproducible and reliable
for the detection of alternative exons (McIntyre et al. 2006).
The 20,772 probe sequences on the array were BLASTed
(Altschul et al. 1990) to the D. melanogaster genome, FlyBase
version 5.1 (Wilson et al. 2008). There were 158 probe
sequences that did not produce a BLAST hit to the current
genome build and were not considered further. As this work
focuses on identifying sex-specific expression of transcripts
with alternative exons, 12,653 probes representing 10,049
genes without alternative exons and 666 probes representing
163 paralogous gene families were not considered further.
Alternative exons may arise via the preferential inclusion or
skipping of a cassette exon, via mutually exclusive splicing of
cassette exons, or from multiple initiation/termination sites
(Graveley 2001). For genes with known alternative tran-
scripts, the microarrays included 7060 probes targeting 2777
genes. Probe types were split into two groups, constitutive and
alternative. A total of 2724 genes (6851 probes) had at least 1
probe targeting a constitutive exon, and 1651 of these genes
had .1 probe targeting constitutive exons. There were 4770
probes targeting constitutive exons only. There were 417 genes
(1409 probes) where at least 2 probes for the same gene
targeted different exons.

This permits us to attribute differences in the relative
abundance of alternative transcripts in males vs. females to
sex-biased transcription or sexually dimorphic transcription of
specific exons.

Fluorescent cRNA synthesis and microarray hybridization
procedures for the recombinant inbred line (RIL) and diallel
inbred line (DIL) experiments are described in McIntyre

et al. (2006) and Wayne et al. (2007), respectively. Briefly,
males and females of the same genotype were labeled in
different dyes and hybridized to the same chip. Dye swaps were
performed over biological replicates. This design may improve
the ability to detect differences among sexes compared to
differences among lines. Hybridizations were performed at
the Interdisciplinary Center for Biotechnology Research
Microarray Core, University of Florida. Slides were scanned
by an Agilent Microarray Scanner and spot quantification was
performed using Imagene software version 6.0 at the Ge-
nomics Database Facility, Purdue University (West Lafayette,
IN). Transcript abundance was estimated as the natural log of
the spot mean minus the mean of the local background. For
the RIL experiment, probes with signal .95% of the negative
control spots were considered detected, and a particular line/
sex combination was considered detected if .50% of the
replicates were detected. Probes were removed from analysis if
they were not detected in at least one treatment. There were
seven technical failures for the RIL experiment, resulting in
the loss of these samples. For the DIL experiment, the 90%
value of the negative control spots was set as the detection
threshold, and both replicates of each cross/sex combination

were required for analysis. All technical failures were repeated
until they were successful. To ensure that the results were
directly comparable between experiments, only those genes
where two or more probes targeting distinct exons detected in
both experiments were included in the analysis of alternative
transcript expression (n ¼ 243 genes).

Statistical analyses: The effects of sex and genetic variation
are complicated by the structure of the multiple-transcript
genes. Probes were classified as belonging to constitutive or
alternative exons. For each gene, we initially examined all the
probes for that gene, regardless of the type of exon the probe
interrogated, using the model

Yijkn ¼ m 1 di 1 lj 1 sk 1 lj sk 1 eijkn ;

where Yijkn is the transcript abundance for dye i, line j, sex k,
and replicate n; m is the overall mean of the transcript
abundance for that gene; d is the dye effect; l is the line effect;
s is the effect of sex; ls is for line-by-sex interaction; and e is the
error. We refer to this model as model 1. Model 1 was also fitted
for only the probes representing constitutive exons, for all
genes.

In the case where there were two or more alternative exons,
the model

Yijkln ¼ m 1 di 1 lj 1 sk 1 pl 1 lsjk 1 lpjl 1 spkl 1 eijkln

was fitted to assess alternative exon representation for each
gene, where Yijkln is the transcript abundance for dye i, line j,
sex k, probe l, and replicate n; m is the overall mean of the
transcript abundance for that gene; d is the dye effect; l is the
line effect; s is the effect of sex; p is the probe effect; ls is for
line-by-sex interaction; lp is for line-by-probe interaction; sp is
for sex-by-probe interaction; and e is the error. Only probes
that interrogated alternative exons were included in this
model. This model (model 2) was also fitted with a three-way
interaction term for line, probe, and sex. This term was not
statistically significant, and the model fit was significantly
worse; therefore the model with the three-way interaction term
included was not considered further. All effects were consid-
ered fixed, since the question was whether ‘‘males’’ were
different from ‘‘females’’ and whether particular lines were
different from each other in their effects. The main effect of
sex or line and the sex-by-line interaction in this model rep-
resents the average of probes across alternative exons. The
models above were all fitted with an additional random effect
for slide. These models gave the same basic inferences as those
presented and differences in the number and type of sig-
nificant effects were negligible.

If males and females produce different exons preferentially,
then probes targeting different exons will be detected at
different levels between the sexes. Similarly, if different exons
are preferentially transcribed or spliced in different genetic
backgrounds, then probes targeting different exons will be
detected at different levels between genotypes. If the differ-
ence is large enough, and variance small enough, then the F
test for interaction between the probe and sex (spkl) or the
probe and line (lpjl) will be significant. These are the main
hypotheses of interest. P-values were corrected for multiple
tests, using a false discovery rate (FDR) approach (Benjamini

and Hochberg 1995). An FDR level of 0.05 was used for
determining whether results were statistically significant. As
type I and type II errors are inversely related, analyses were
repeated at FDR 0.1 and 0.2. Results were consistent with the
0.05 level and are reported in the supplemental materials. All
analyses were performed using SAS software version 9.1 (SAS
Institute, Cary, NC).
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Real-time PCR: D. melanogaster tissue dissections: One D.
melanogaster line (line 89) derived from the Winters isofemale
strains described above was randomly chosen for real-time
PCR to verify the microarray results and to examine sex-
specific exon expression at the tissue level. Four biological
replicates were reared from small mass matings on standard
medium at 25�, 12:12-hr light/dark cycle. From each replicate,
virgin males and females were collected within 24 hr and
matured separately. At day 3 posteclosion, 15 whole flies of
each sex were snap frozen in TRIzol. In addition, the heads,
ovaries/testes, and carcasses from 20 females and males,
respectively, were dissected in Ringer’s solution and snap
frozen separately in TRIzol. This resulted in a total of 32 D.
melanogaster samples for PCR: 4 samples of whole bodies of
each sex and 4 samples of three tissues (heads, gonads, and
carcasses) by two sexes.

Drosophila species collections: Three biological replicates each
of D. simulans (Winters, CA), D. yakuba (strain Tai 18, Ivory
Coast), D. ananassae (KMJ1, Japan), D. pseudoobscura (Winters,
CA), D. willistoni (14030-0811.0, Tucson Drosophila Stock
Center), and D. virilis (15010-1051.0, Tucson) were reared
on standard media at 25� in uncrowded mass cultures. Non-
virgin males and females 3–4 days of age were separated by sex
and stored immediately in TRIzol at�80�. From each species,
male and female heads were collected by freezing several
hundred 3- to 4-day-old nonvirgin flies on dry ice and shaking
them through a series of prechilled wire sieves. Heads were
retained in the 230-mm sieve; visual inspection showed that no
significant contamination from other body parts was present
in the head fraction. A total of 72 Drosophila species samples
were collected for real-time PCR, three replicates of whole
bodies and heads of 6 species by two sexes.

PCR: Primers for real-time PCR were designed to flank
alternative exon junctions, so that each primer pair amplified
only a subset of alternative transcripts and did not detect
genomic DNA or unspliced mRNA (supplemental Table 1).
Total RNA was isolated and purified as previously described,
with the addition of 1 ml of linear polyacrylamide (Ambion,
Austin, TX) to the D. melanogaster gonad and all species head
samples. TURBO DNase (Ambion) digestion was carried out
for 20 min at 37�. Reverse transcription was performed on 300
ng of total RNA, using oligo(dT)16 following manufacturer’s
instructions (Applied Biosystems, Foster City, CA). Real-time
PCR was performed on 1 ml of cDNA product in a total volume
of 25 ml, using RT2 SYBR Green/Fluorescein qPCR mastermix
(SuperArray, Frederick, MD). PCR was performed on a MyiQ
single-color real-time PCR detection system (Bio-Rad Labora-
tories, Hercules, CA). Cycle thresholds (CTs) were determined
using MyiQ v2.0 software.

For each gene, the relative abundance of different exon
junctions (and, by implication, different alternative transcripts)
was compared in males vs. females for whole bodies, carcasses,
gonads, and heads. The ratio of the CT values for the alternative
exon junctions amplified by different primers pairs was calcu-
lated and tested for sex effects, using the ANOVA model

Yin ¼ m 1 si 1 ein ;

where Yin is the ratio of CT values for alternative exons for sex i
and replicate n, m is the overall mean expression ratio for that
gene, s is the effect of sex, and e is the error.

RESULTS

Effects of sex and genotype on overall transcript
abundance of multitranscript genes: We examined ex-
pression variation at 2777 loci that produce multiple

transcripts through the use of alternative exons. Among
the 2724 of these genes that had at least one probe
targeting a constitutive exon, 2428 showed detectable
hybridization of any probe(s) (including constitutive
and/or alternative exons) in both the RIL and the DIL
experiments (Table 1). In the RIL data, 64.6% of these
genes showed significant sex-biased expression, and
the expression of 3.7% of the genes was significantly
different among genotypes (Table 1, FDR 0.1, 0.2;
supplemental Table 2). In the DIL data, 87.3% of the
2428 genes examined showed significant sex bias, and
60.5% showed significant genetic variation. The direc-
tion of the sex difference was affected by genotype (line-
by-sex interaction) for 4.1% of the genes (Table 1, FDR
0.1, 0.2; supplemental Table 2).

Effects of sex and genotype on constitutive exon
expression: We next examined expression variation of
constitutive exons for the 2724 genes with constitutive
exon probes. Hybridization of constitutive probe(s) was
detected for 2340 loci in both the RIL and the DIL
experiments (Table 2). Similar to the overall model, in
the RIL data, 67.7% of the 2340 genes examined showed
significant sex-biased expression for constitutive exons,
and 2.69% were significantly different among genotypes
(Table 2, FDR 0.1, 0.2; supplemental Table 3). In DIL
data, 88.7% of the 2340 genes showed significant sex-
biased expression of constitutive exons, and 67.1% were
variable among genotypes. Line-by-sex interaction was
significant for 6.06% of the genes (Table 2, FDR 0.1, 0.2;
supplemental Table 3).

Effects of sex and genotype on alternative exon
representation: For probes that target specific exons, we
fitted a model that tests for interaction between probe
and sex and between probe and genotype (model 2). A
significant interaction indicates that a particular exon is
differentially spliced or transcribed either in males vs.
females or in different genotypes. Hybridization of 243
genes was detected in both the RIL and the DIL data sets
(n ¼ 644 and 1200 probes, RIL and DIL experiments,
respectively). In the RIL data, 58% of genes showed
significant sex-by-probe interactions and 3.3% of genes
were significant for line-by-probe interactions (Table 3).
In the DIL data, 87.2% of genes showed significant sex
bias for expression of alternative exons (sex-by-probe

TABLE 1

Results from ANOVA model by gene for all probes for
that gene detected in the RIL and DIL data sets, with

significant genes shown at FDR 5%

Genes Sex Line Line 3 sex

RIL 2432 1569 108 0
DIL 2673 2322 1689 100
Overlap 2428 1536 91 0
RIL 2428 1569 107 0
DIL 2428 2121 1470 101
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interaction), and 3.3% of genes showed genetic varia-
tion for alternative transcript expression (line-by-probe
interaction, Table 3; supplemental Table 4). The fact
that so little variation is observed among the DIL crosses
(n ¼ 72) despite high levels of genetic variation for
expression (Table 3) indicates that sex-biased exon
preference is common while genotype-biased exon pref-
erence is relatively rare. Eighty-eight genes (36.2%) had
consistent sex-by-probe interactions in the two experi-
ments, with no significant line-by-probe or sex-by-line
interactions. At these loci, the difference between the
female and the male exon abundance was highly con-
sistent between experiments (supplemental Figure 1).
These genes perform a range of biological and molec-
ular roles, including learning and memory, gametogen-
esis, and cell signaling; however, they also include many
genes with unknown functions (supplemental Table 4).

There was little evidence for an interaction between
sex and genotype effects. For constitutive exons, no
significant interactions were observed, and for alterna-
tive exons such interactions were seen for only 2% of the
genes in the RIL data (Table 3). Interestingly, even with
the increased power of the DIL experiment to detect
interactions with genotypic effects, few genes showed a
line-by-sex interaction for constitutive exons (�6%)
while the interaction between the sex and genotype
effects was detectable in 28.2% of the genes in the
alternative exon model (Table 3). This apparent con-
flict in findings between the alternative exon model and
the constitutive exon model can be explained by a
possible interaction between sex and probe by geno-
type. That is, the magnitude of the sex effect may vary by
genotype. The failure to detect the three-way interac-
tion as statistically significant does not mean that this
effect is not present, as this design is underpowered to
detect this effect.

Sex-specific expression of alternative transcripts
confirmed by RT–PCR: Of the 88 multitranscript genes
with sex-biased alternative transcript expression, 34
showed a clear qualitative exon preference between
the two sexes, with one exon more abundant in males
and another in females (supplemental Table 4, supple-
mental Figure 2). Seven of these loci were selected for

confirmation by RT–PCR. We selected genes to repre-
sent diverse biological and molecular functions, in-
cluding gametogenesis (hts), learning and memory
(Mob1 and ltd), pathogen phagocytosis (garz), and
protein folding (jdp). To examine potentially novel
roles of sex-specific splicing, we also included 2 unchar-
acterized genes (CG6016 and CG4662). At 5 of these loci
(hts, garz, jdp, CG6016, and CG4662), different tran-
scripts are produced by alternative splicing. The re-
maining 2 genes (ltd and Mob1) produce alternative
transcripts due to the use of multiple promoters. The
relative abundance of alternative exons in males and
females for these genes was almost perfectly correlated
between the RIL and the DIL microarray experiments
(supplemental Figure 3).

For each gene, primer pairs specific to two alternative
exon junctions were designed (supplemental Table 1,
Figure 1). Primers for the dsx male-specific and female-
specific transcripts were designed and amplified in D.
melanogaster to ensure that the PCR data showed the
expected sex-biased transcript ratios before proceeding
to the other genes (data not shown). To determine
consistency across platforms, we compared RT–PCR for
D. melanogaster whole bodies to the array results and
found the results to be concordant for six of the seven
genes tested (supplemental Figure 4, A and B). This is
remarkable given that the samples compared were from
flies reared almost 2 years after the initial experiment.
The sex-specific exon expression for Mob1 was not
verified in the strain used for RT–PCR, and this gene
was not considered further.

Tissue specificity of sex-specific expression of
alternative transcripts: Most sex-biased differences in
transcript abundance in D. melanogaster and other or-
ganisms can be attributed to the gonads (Ellegren and
Parsch 2007; Mank et al. 2008). To test the hypothesis
that the sex-specific preference for particular exons may
be largely ovary or testes specific, flies were dissected
into three parts: heads, soma, and gonads. Expression
profiles were compared between the sexes in each of
these tissues as well as in intact whole bodies. For each

TABLE 2

Results from ANOVA model by gene for constitutive
probes detected in the RIL and DIL data sets, with

significant genes shown at FDR 5%

Genes Sex Line Line 3 sex

Multitranscript genes with constitutive probe(s)
RIL 2346 1586 72 2
DIL 2651 2327 1851 142
Overlap 2340 1562 63 0
RIL 2340 1586 71 2
DIL 2340 2076 1570 144

TABLE 3

Results from ANOVA model by gene for at least two alter-
native exon probes detected in the RIL and DIL data sets, with

significant genes shown at FDR 5%

Genes Sex Line
Line 3

sex
Sex 3
probe

Line 3
probe

RIL 245 165 177 5 142 9
DIL 363 309 342 72 283 10
Overlap 243 159 166 3 135a (88) 1
RIL 243 165 175 5 142 9
DIL 243 212 229 70 196 8

a Genes common to the RIL and DIL data sets with sex-by-
probe interaction at FDR 5% when significant line-by-probe
and sex-by-probe interactions at FDR 5% were removed.
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sex, the CTs were expressed as a ratio of one exon
junction to the other exon junction.

Most, but not all, sex-specific expression of alternative
transcripts observed in whole adults can be attributed to
ovary- and testes-specific splicing (Figure 2, A–D). At the
hts locus, which has a known function in oogenesis (Yue

and Spradling 1992; Whittaker et al. 1999), the RB,
RE, and RF transcripts were detected in both sexes, while
hts-RA was restricted to females. The latter transcript is
most abundant in ovaries and was detected in some
somatic tissues, excluding the head (Figure 2A). For the
remaining genes, we observed highly significant differ-
ences in the ratios of alternative exons in whole bodies
between the sexes (P , 0.001) (supplemental Table 5).
Three genes, ltd, CG6016, and garz show extreme sex
bias in the gonads, where one of the transcripts is
present in the ovaries and absent in the testes (Figure 2,
C–E). For CG6016, slight but significant sex-specific
expression was observed in the gonadectomized carcass
(P , 0.01), whereas ltd and garz were sexually mono-
morphic in the soma. At the CG4662 locus, the RA
transcript was overrepresented in females and the RB
transcript was overrepresented in males, and this bias is
also explained by the gonads (Figure 2B). The jdp gene,
however, was not detected in either male or female
gonads, but showed significant sexual dimorphism in
adult heads (P , 0.001) (Figure 2F).

Evolutionary conservation of sex-specific splicing:
Sex-specific splicing patterns observed in D. melanogaster
whole bodies were tested in six other Drosophila spe-
cies: D. simulans, D. yakuba, D. ananassae, D. pseudoobs-
cura, D. willistoni, and D. virilis (see supplemental Table 1
for primer design). These species represent both major
subgenera of Drosophila and span over 60 million years
of evolutionary divergence (Markow and O’Grady

2007). Female-restricted expression of hts-RA was con-
served in all five species tested (Figure 3A). Transcript
levels varied among species, but sexually dimorphic
splicing of alternative transcripts was conserved in all
seven species for CG4622, CG6016, and ltd and in six of
the seven species tested for garz (Figure 3, B–E,

supplemental Table 5). Sequencing of the garz PCR
products in D. pseudoobscura revealed that the correct
garz-RB junction was not being amplified; therefore this
species was not included in the analysis of this gene.

Interestingly jdp, the only gene not expressed in the
reproductive tissues, showed the greatest evolutionary
variation for sex-specific splicing. Significant sex bias in
the RA/RC transcript ratio was found in whole bodies of
D. simulans and D. ananassae (P , 0.01), while non-
significant bias in the same direction was seen in D.
yakuba (Figure 3F). As alternative jdp transcripts are
expressed sex specifically in D. melanogaster heads, we
examined jdp expression in the heads of adult males and
females of other species. No significant biases were
observed, although D. yakuba and D. ananassae showed a
trend that was similar to D. melanogaster (Figure 3G).
Overall these data suggest that strong sex bias in the
splicing of jdp in the heads may be restricted to D.
melanogaster.

Sex-specific splicing of splicing regulators: The
Drosophila sex determination pathway operates as a
multilevel alternative splicing cascade, suggesting that
analogous cascades might play a role in other aspects of
cell differentiation. We therefore examined the splicing
of six known regulators of alternative splicing: mub,
Rm62, Psi, B52, sqd, and ps (Park et al. 2004; Blanchette

et al. 2005; Robida et al. 2007). All six genes had probes
on the array and showed significant sex bias for the
constitutive exons (supplemental Table 6). Due to the
structure of these genes (Figure 4), only sqd and ps could
be included in the analysis of alternative exons (model
2). Both showed significant sex-by-probe interactions
(supplemental Table 2). We designed primers to am-
plify alternative exon junctions for each of the six
regulators (Figure 4) and compared the relative abun-
dance of alternative transcripts between male and
female whole bodies and dissected tissues as described
above (Figure 5, A–F). At the ps locus, the ps-RB and RJ
transcripts were male restricted in all tissues (Figure 5F).
At the mub, Rm62, Psi, B52, and sqd loci, transcripts were
significantly sex biased in whole bodies (supplemental

Figure 1.—Gene structure schematic illustrating transcript targets of exon-specific microarray probes (arrows) and exon-
junction RT–PCR primers (connected lines) for each of the seven nonregulatory genes investigated by RT–PCR for D. melanogaster.
Exons are shown as boxes (solid boxes, coding regions; open boxes, UTRs) connected by introns (lines), with each transcript
aligned against the cytogenic scale. (A) Microarray probes targeting alternatively spliced exons CG6016:7 (transcript CG6016-
RA) and CG6016:4 (transcript CG6016-RB) and RT–PCR primers for transcripts CG6016-RA and CG6016-RB. (B) Microarray
probes targeting alternatively spliced exons CG4662:9 (transcript CG4662-RA) and CG4662:11 (transcript CG4662-RB) and
RT–PCR primers for transcripts CG4662-RA and CG4662-RB. (C) Microarray probes targeting alternatively spliced exons jdp:4
(transcripts jdp-RA and jdp-RB) and jdp:7 (transcript jdp-RC) and RT–PCR primers targeting transcripts jdp-RA and jdp-RC. (D)
Microarray probes targeting alternatively spliced exons garz:11 (transcript garz-RA) and garz:9 (transcript garz-RB) and RT–
PCR primers targeting transcripts garz-RA and garz-RB. (E) Microarray probes targeting exons hts:16 (transcript hts-RA) and
hts:13 (transcripts hts-RB, hts-RE, and hts-RF) and RT–PCR probes targeting transcripts hts-RA and hts-BEF. (F) Microarray probes
targeting exons derived from alternative initiation sites, Mob1:6 (transcript Mob1-RA) and Mob1:5 (transcript Mob1-RD) and RT–
PCR primers for Mob1-RA and Mob1-RD—note that the microarray results for this gene were not verified by PCR and it was not
considered further. (G) Microarray probes targeting exons derived from alternative initiation sites, ltd:7 (transcript ltd:RB), ltd:6
(transcript ltd:RC), and ltd:1 (transcript ltd:RE) and RT–PCR primers for transcript ltd-RB and transcripts ltd-RC and ltd-RE. Gene
structures were adapted from FlyBase V. 5.4.
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Table 7; Figure 5, A–E). For mub, Rm62, B52, and sqd,
much of this sexual dimorphism is explained by the
gonads (Figure 5, A–C and E). However, sqd also showed
strongly sex-specific splicing in the head, though not in
the rest of the soma (Figure 5E). Psi showed no ex-
pression in either male or female gonads, but was spliced
sex specifically in adult heads (Figure 5D). Overall, this
analysis shows that the regulators of alternative splicing
are themselves spliced in complex sex- and tissue-
specific patterns.

DISCUSSION

The sex determination hierarchy of Drosophila has
long served as the leading paradigm for the role of
alternative splicing in development (McKeown 1992).
More recently, a microarray analysis based on a small

number of genotypes revealed an unexpectedly high
prevalence of sex-biased splicing in the Drosophila
genome (McIntyre et al. 2006), suggesting that alter-
native splicing may play an important role in sexual
differentiation beyond the canonical sex determina-
tion pathway. The splicing of several sex determination
components was also found to vary across genotypes
(Tarone et al. 2005). Unfortunately, the scale of previous
analyses was insufficient to estimate the genomewide
extent of genotype-specific splicing or the importance of
sex-by-genotype interactions in splicing variation.

In this study, we examined variation in the splicing
of 243 multitranscript genes among both the RIL and
the DIL experiments. Sex-biased exon expression was
evident for �80% of these genes. In contrast, while
ample genetic variation was observed in transcript abun-
dance, genotype-specific splicing and sex-by-genotype

Figure 2.—Sex- and tissue-specific expression of alternative transcripts from six D. melanogaster genes that showed significant
probe-by-sex interaction in the microarray data (solid bars, males; open bars, females). The RT–PCR results are analyzed as the
average ratio of CT values for the two exon junctions amplified for each gene (y -axis), and error bars show the standard deviation.
(A) Ratio of transcripts hts-RA and hts-RB, -RE, and -RF. (B) Ratio of transcripts CG6016-RA and CG6016-RB. (C) Ratio of transcripts
CG4662-RA and CG-4662-RB. (D) Ratio of transcripts ltd-RB and ltd-RC,-RE. (E) Ratio of transcripts garz-RA and garz-RB. (F) Ratio of
transcripts jdp-RA and jdp-RC.
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Figure 3.—Sex-specific expression of alternative transcripts for six genes that showed significant probe-by-sex interaction in the
microarray data (solid bars, males; open bars, females) among Drosophila species. The RT–PCR results are analyzed as the average
ratio of CT values for the two exon junctions amplified for each gene (y-axis), and error bars show the standard deviation. D. mel, D.
melanogaster; D. sim, D. simulans; D. yak, D. yakuba; D. ana, D. anannasae; D. pse, D. pseudoobscura; D. wil, D. willistoni; D. vir, D. virilis.
(A) Ratio of hts-RA and hts-RB, -RE, and -RF for female whole bodies of D. melanogaster, D. simulans, D. yakuba, D. anannasae, and D.
pseudoobscura. (B) Ratio of CG6016-RA and CG6016-RB male and female whole bodies for D. melanogaster, D. simulans, D. yakuba, D.
anannasae, D. pseudoobscura, D. willistoni, and D. virilis. (C) Ratio of CG4662-RA and CG4662-RB male and female whole bodies for
all seven species. (D) Ratio of ltd-RB and ltd-RC and -RE for male and female whole bodies for all seven species. (E) Ratio of garz-RA
and garz-RB for male and female whole bodies of all seven species. (F) Ratio of jdp-RA and jdp-RC for male and female whole bodies
tested for all seven species. (G) Ratio of jdp-RA and jdp-RC for male and female heads for D. melanogaster, D. simulans, D. yakuba, D.
anannasae, D. willistoni, and D. virilis.
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interactions were rare despite the number of genotypes
examined for the DIL experiment. Sex-biased splicing
of many genes was remarkably consistent across all 80
genotypes. We conclude that sex-specific splicing of
these genes is a fundamental feature of Drosophila
biology, rather than a rare occurrence restricted to some
genotypes.

An increasing amount of evidence supports the
importance of alternative splicing in regulating distinct

developmental and physiological phenotypes (Ben-Dov

et al. 2008). In Drosophila, alternatively spliced isoforms
of the lola transcription factors play nonredundant roles
in axon guidance in the embryonic central nervous
system (Goeke et al. 2003) and in apoptosis in the
ovary (Bass et al. 2007). The Drosophila Dscam locus
has enormously complicated patterns of alternative
splicing that can produce .38,000 distinct cell adhesion
proteins (Schmucker et al. 2000), at least some of

Figure 5.—Sex- and tissue-specific expression of alternative transcripts from six D. melanogaster mRNA splicing regulator genes
(solid bars, males; open bars, females). The RT–PCR results are analyzed as the average ratio of CT values for the two exon junc-
tions amplified for each gene (y -axis), and error bars show the standard deviation. (A) Ratio of transcripts mub-RA,-RB,-RC and
mub-RD. (B) Ratio of transcripts Rm62-RA,-RD and Rm62E-RB. (C) Ratio of transcripts B52-RA,-RC,-RE,-RG,-RH and B52-RF,RH. (D)
Ratio of transcripts Psi-RA/Psi-RB,-RC. (E) Ratio of transcripts sqd-RD and sqd-RA. (F) Ratio of transcripts ps-RB,-RJ and ps-RC.

Figure 4.—Gene structure schematic illustrating transcript targets of exon-junction RT–PCR primers (connected lines) for the
six mRNA splicing regulator genes investigated by RT–PCR for D. melanogaster. Exons are shown as boxes (solid boxes, coding
regions; open boxes, UTRs) connected by introns (lines), with each transcript aligned against the cytogenic scale. (A) RT–
PCR primers for transcripts mub-RA,-RB and mub-RD. (B) RT–PCR primers for transcripts Rm62-RA,-RD and Rm62-RE. (C) RT–
PCR primers for transcripts B52-RA,-RC,-RE,-RG,-RH and B52-RB. (D) RT–PCR primers for transcripts Psi-RA/Psi-RB,-RC. (E)
RT–PCR primers for transcripts sqd-RD and sqd-RA and exon-specific microarray probes (arrows). (F) RT–PCR primers for tran-
scripts ps-RB,-RJ and ps-RC and exon-specific microarray probes (arrows).
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which have distinct binding affinities that are essential
for neuron wiring specificity (Hattori et al. 2007;
Matthews et al. 2007; Meijers et al. 2007; Wojtowicz

et al. 2007). In the vertebrate CNS, alternatively spliced
variants of the Robo3 receptor control midline crossing
by spinal commissural axons, with one variant silencing
and the other favoring midline repulsion mediated
by the Slit ligand (Chen et al. 2008). Misregulation
of alternative splicing in humans is implicated in such
diseases as neurofibromatosis and myotonic dystrophy
(reviewed in Ben-Dov et al. 2008), highlighting the im-
portance of splicing regulation for normal development.

Like many eukaryotes, the Drosophila gonads are the
most sexually dimorphic tissue and are the main source
of sex-biased transcription (Parisi et al. 2004; Reinke

et al. 2004; Cutter and Ward 2005; Mank et al. 2008).
Our data suggest that sex-biased splicing also occurs
predominantly in the reproductive organs. Nine of the
12 examined genes were differentially spliced in D.
melanogaster gonads. Interestingly, for 8 of these 9 genes,
one or more splice variants were completely restricted to
the ovaries, but no strictly testis-specific alternative
transcripts were observed. The prevalence of sex-biased
splicing in the Drosophila gonads suggests that alterna-
tively spliced transcripts may play distinct roles in male
and female reproduction. Among the genes examined
in this study, hts and sqd have well-characterized roles in
oogenesis. Different isoforms of the sqd hnRNPs per-
form different functions in the dorsal–ventral pattern-
ing of the oocyte, including gurken mRNA localization
and protein accumulation (Norvell et al. 1999). hts
encodes an essential component of cytoskeletal struc-
tures that regulate germline stem cell maintenance
and gamete differentiation in both sexes (Yue and
Spradling 1992; Deng and Lin 1997; Wilson 2005;
Lighthouse et al. 2008). Interestingly, different hts
transcripts are expressed in different cell types in the
ovary: the RB, RE, and RF transcripts are localized in the
somatic cells of the egg chambers, while the RA tran-
script is germline specific and is conveyed to the matur-
ing oocyte from the nurse cells (Whittaker et al. 1999;
Chen et al. 2008). The extent to which the proteins
encoded by alternatively spliced hts transcripts are
functionally distinct remains tobe determined. The other
7 genes that show sex-specific splicing in the gonads (ltd,
garz, CG6016, and CG4662 and splicing regulators mub,
Rm62, and B52) have no characterized functions in gonad
development or gametogenesis. Experimental analysis
of these and other candidate genes will be needed to
determine the functional significance of sex-specific
splicing for these genes.

However, sex-biased splicing is not limited to the
gonads. Among somatic tissues, it appears to be espe-
cially prevalent in adult heads, where 3 of 12 examined
genes show significant differences in splicing between
males and females. Although sex-biased transcription
is less extensive in somatic tissues than in the gonad,

it nevertheless plays an important role in sex-specific
development, particularly in the formation of neuronal
circuits that control sexual behavior in both vertebrates
(Isensee and Noppinger 2007; Mank et al. 2008) and
insects (Goldman and Arbeitman 2007; Iatrou and
Biessmann 2008). It is possible that sex-biased splicing
contributes to CNS development and function, as well.
For example, jdp encodes a molecular chaperon-like
protein that has been shown to be phosphorylated by
a cAMP-dependent kinase in the Drosophila brain
(Inoue et al. 2000). cAMP signaling is involved in syn-
aptic function and is implicated in learning and memory
(Silva and Murphy 1999; Siwicki and Ladewski 2003),
suggesting that sex-biased jdp transcripts could be in-
volved in these processes.

Sex-specific splicing showed remarkably little intra-
specific variation in D. melanogaster. This observation is
consistent with evolutionary conservation of sex-specific
splicing between Drosophila species that diverged �60
million years ago. All seven species compared exhibit
the same sex-biased alternative exon expression as
observed in the D. melanogaster gonads, suggesting that
these differences are under purifying selection. In
contrast, sex-specific splicing of jdp in adult heads
appears to be limited to D. melanogaster. Studies in
mammals and insects have shown that the levels of
alternative exon conservation are typically low in com-
parison to constitutive exons, and the loss of splice
variants is frequent (Malko et al. 2006; Nurtdinov et al.
2007). However, some alternative splicing events exhibit
strong similarity among diverse eurkaryotic lineages
(Irimia et al. 2007, 2008; Katyal et al. 2007), indicating
that such loci are under strong selection to preserve
functional protein structure (Resch et al. 2004; Kim et al.
2008). Conservation of sex-specific splicing of the sex
determination genes dsx and fru in holometabolous
insects is an important example, reflecting their func-
tional importance in establishing sexual dimorphism at
both the morphological and the behavioral levels
(Gailey et al. 2006; Cho et al. 2007).

Perhaps the most intriguing question raised by the
high prevalence of sex-specific splicing is how it is
regulated in each tissue. We have shown that all six
examined regulators of alternative mRNA splicing are
themselves spliced sex specifically in the gonads and
heads. It remains to be tested whether their splicing is
controlled by Sxl, tra, and other components of the
canonical sex determination pathway. The proteins en-
coded by mub, Rm62, Psi, B52, sqd, and ps are known to
affect the splicing of anywhere between a few and several
hundred target genes (Park et al. 2004; Blanchette

et al. 2005). This raises the possibility that multilevel
splicing cascades acting downstream of, or in parallel
with, the sex determination pathway may be involved
in the differentiation of multiple cell types. Genetic
analysis will be necessary to identify and dissect these
regulatory hierarchies.
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