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Gene duplication provides an essential source of novel genetic material to facilitate rapid morpho-
logical evolution. Traits involved in reproduction and sexual dimorphism represent some of the
fastest evolving traits in nature, and gene duplication is intricately involved in the origin and evol-
ution of these traits. Here, we review genomic research on stalk-eyed flies (Diopsidae) that has been
used to examine the extent of gene duplication and its role in the genetic architecture of sexual
dimorphism. Stalk-eyed flies are remarkable because of the elongation of the head into long
stalks, with the eyes and antenna laterally displaced at the ends of these stalks. Many species are
strongly sexually dimorphic for eyespan, and these flies have become a model system for study-
ing sexual selection. Using both expressed sequence tag and next-generation sequencing, we have
established an extensive database of gene expression in the developing eye-antennal imaginal
disc, the adult head and testes. Duplicated genes exhibit narrower expression patterns than non-
duplicated genes, and the testes, in particular, provide an abundant source of gene duplication.
Within somatic tissue, duplicated genes are more likely to be differentially expressed between the
sexes, suggesting gene duplication may provide a mechanism for resolving sexual conflict.
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1. INTRODUCTION

Sexual dimorphism is a characteristic of many of the
most bizarre and conspicuous morphological and
behavioural traits found in nature. The evolution of
these characters is driven by differences in the selec-
tion pressures affecting the sexes, and they often
exhibit rapid rates of change [1-4]. Understanding
the genetic basis of these traits and how they contrib-
ute to the diversification of animals represents a
fundamental goal of evolutionary biology. One central
feature when examining the genetic architecture of
sexual dimorphism is that males and females essen-
tially share the same genetic material. There are few
genes that reside exclusively in one sex and this is
expected to lead to substantial conflict between the
sexes as to how the genome evolves because males
and females will often have different selective optima
for any given trait or gene [5—7]. Recently, there has
been considerable interest concerning the prevalence
and evolutionary significance of intralocus sexual
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conflict, and this research suggests that sexual conflict
has had a profound impact on genomic structure and
variation [5,6]. Here, we summarize recent research
on the genetic architecture of sexual dimorphism in
stalk-eyed flies and highlight how new genomic tech-
niques can be applied to the study of sexual selection
and sexual conflict in a non-model organism. In the
first section, we review the recent literature on the geno-
mics of sexual dimorphism and sexual conflict, focusing
primarily on research in Drosophila because of its rela-
tively close evolutionary proximity to stalk-eyed flies.
The second section provides an introduction to sexual
selection in stalk-eyed flies. In the third section, we sum-
marize our genomic data on chromosomal gene content,
gene duplication and sex-biased gene expression focus-
ing in particular on its relevance to sexual conflict and
reproductive investment in stalk-eyed flies.

2. GENETIC ARCHITECTURE OF SEXUAL
DIMORPHISM AND SEXUAL CONFLICT

Seminal research conducted by Rice and co-workers
[7—10] provided the first extensive demonstration of
the widespread nature of sexually antagonistic loci.
In a series of experiments on Drosophila melanogaster,
they manipulated the chromosomal composition and
breeding regime of flies in the laboratory to relax or

2357 This journal is © 2012 The Royal Society


mailto:rbaker@amnh.org
http://dx.doi.org/10.1098/rstb.2012.0287
http://dx.doi.org/10.1098/rstb.2012.0287
http://dx.doi.org/10.1098/rstb.2012.0287
http://rstb.royalsocietypublishing.org
http://rstb.royalsocietypublishing.org

2358 R. H. Baker et al.

Review. Stalk-eyed fly transcriptomics

eliminate selection in one of the sexes while the other
sex was allowed to accumulate sexually antagonistic
variation. Consistent with theoretical predictions,
loci that were harmful to one sex or beneficial to
the other developed as a result of sex-limited evolu-
tion [8,10]. Additional research in Drosophila has
demonstrated substantial negative fitness correlations
between the sexes [9—12], although this relationship
is present only in adults and not in larvae, presumably
because there is little divergence in their adaptive inter-
ests at this stage. As sexually antagonistic variation
builds up in the genome, the average fitness of the
sexes is reduced, a phenomenon called gender load
[13], and selection is expected to break or reduce the
genetic correlation between the sexes that is the basis
for the sexual conflict. This can be accomplished by
a few different mechanisms. First, sex-specific regulat-
ory DNA can evolve to allow a given gene to be
expressed at a higher level in one sex [14-—16].
Second, sex-specific splicing mechanisms can evolve
to create the formation of alternative transcripts, as in
many sex determination pathways [17], in a single sex.
Finally, gene duplication can occur to produce an
additional copy of a gene that is free from the pleiotropic
constraints operating on the original copy and facilitate
the evolution of sex-specific expression [18,19].

Sex chromosomes are predicted to be a hotspot for
sexual conflict because each sex has an advantage with
respect to the evolutionary outcome of sexually antag-
onistic variation on these chromosomes, depending on
the dominance of a given allele [20,21]. Because
sex-linked genes spend twice as much time in the
homogametic sex (e.g. XX in flies and mammals)
than in the heterogametic sex, the homogametic sex
is expected to control the outcome of sexual conflict
whenever alleles have dominant effects. Alternatively,
alleles that are recessive and beneficial to males are
predicted to increase in frequency when the gene is on
the X chromosome because they are exposed to selec-
tion in males but hidden from selection in females.
Theory predicts that little sexually antagonistic variation
will reside on autosomes, and recent work in Drosophila
estimated that nearly 97 per cent of all sexually antagon-
istic variation was located on the X chromosome [12].
A recent paper [22], however, argued that there are sev-
eral conditions under which the autosomes, rather than
the X chromosome, are more likely to accumulate
sexually antagonistic variation.

The development of microarray and next-generation
sequencing technologies has resulted in a flourish of
genomic research comparing the pattern of sex-biased
genetic effects between the sex chromosomes and auto-
somes. Initial microarray experiments comparing gene
expression between the sexes in Drosophila revealed
that a large portion of the genome is differentially
expressed between the sexes, and that there is a signifi-
cant underrepresentation of male-biased genes (i.e.
genes with higher levels of expression in males) on the
X chromosome [14-16,23]. A similar relationship
between sex-biased genes and chromosomal location
has been found in other Drosophila species [16,23],
including the neo-X chromosome in Drosophila pseu-
doobscura [16], as well as in mosquitoes [24] and flour
beetles [25]. This ‘demasculinization’ of the X involves
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extensive gene movement off of the X chromosome on
to an autosome, and, therefore, is consistent with the
resolution of sexual conflict resulting from genes with
dominant effects. Alternative explanations, however,
have also been proposed to explain this pattern. In
Drosophila, the X chromosome has been thought to
undergo inactivation during meiotic stages of spermato-
genesis, a process called meiotic sex chromosome
inactivation (MSCI) [26-29]. This transcriptional
silencing would make the X chromosome a disfavoured
location for genes that are important to sperm develop-
ment. Many male-biased genes are expressed at high
levels in the male germline and, therefore, these genes
are under strong selective pressures to avoid the X
chromosome [30—-32]. While genes expressed in testes
represent the vast majority of male-biased genes in
these microarray studies, the demasculinization pattern
also held for male-biased genes in somatic tissue,
suggesting MSCI alone was not sufficient to explain
the gene movement [14]. Furthermore, sexual antagon-
ism and MSCI are not mutually exclusive explanations
for biased sex chromosome composition because one
process may drive the other [33]. Increased dosage
requirements have also been hypothesized as a mechan-
ism driving the lack of male-biased genes on the
X chromosome [25,34].

The relocation of genes off of the X chromosome
onto an autosome is driven largely by gene dupli-
cation. The movement or creation of autosomal
male-biased genes accounts for nearly all of the
biased chromosomal gene content in Drosophila,
whereas evolutionary shifts in the expression patterns
of genes have little impact on these patterns [16]. Ret-
roposition events, in particular, enable biased gene
movement across chromosomes. Retroposition creates
new genes when reverse-transcribed mRNAs are
inserted into the genome at different locations from
their parental copy and survive to form functioning
genes. In Drosophila, the distribution of retrogenes is
characterized by excess movement off of the
X chromosome, with the derived copy exhibiting elev-
ated expression levels in the testes in the majority of
cases [28,30,32,35]. Analyses of retrogene polymorph-
ism suggest that this movement is driven primarily by
selection and not by mutational bias [36]. While this
pattern is consistent with avoidance of MSCI, other
studies in Drosophila have demonstrated that the
testes-specific expression of derived retrogenes also
applies to gene movement between two different auto-
somes, indicating that there are processes unrelated to
MSCI affecting gene distribution [32]. In addition, a
few recent studies have questioned the existence of
MCSI in Drosophila [37-39]. They found only
minor reductions in the level of gene expression for
X-linked genes during the transition to the meiotic
phase of spermatogenesis and suggested that previous
estimates of MSCI may have resulted from a lack of
dosage compensation in the male germline.

Regardless of the mechanism driving chromosomal
movement, it is clear that gene duplication is intrinsi-
cally linked to sex-biased gene expression and possibly
to the resolution of sexual conflict [18,19]. The vast
majority of sex-biased genes are expressed in the
gonads. Spermatogenesis in Drosophila involves a
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unique transcriptional apparatus involving thousands of
genes that are expressed exclusively or primarily in the
testes and many of these testes-specific genes derive
from recent duplication events [40—43]. For instance,
the basal transcription factor complex TFIID contains
several testes-specific paralogues that are critical to
sperm production [44,45]. This complex is part of the
general machinery responsible for initiating transcription
at core promoters in eukaryotic cells. The complex
includes 12 TATA binding protein-associated factors
(TAFs), five of which have been duplicated in Drosophila
and are expressed exclusively in the testes. These genes
are required for progression of the meiotic cell cycle,
and mutations in the genes result in meiotic arrest and
sterility [44,45]. Similarly, the proteasome, a complex
that controls protein degradation, also contains
numerous testes-specific components that have origi-
nated recently, via gene duplication, within Drosophila
[46,47]. Not only is much of spermatogenesis regulated
by testes-specific duplicates, but there are several cases
of recurrent duplication in which a given gene has under-
gone multiple independent duplications and acquired
testes-specific expression in different lineages [46—49].

In a series of recent articles, Gallach ez al
[19,50,51] have explored in detail the connection
between gene duplication, testes-specific gene
expression and the resolution of sexual conflict. They
present a model in which sexual conflict arises in a ubi-
quitously expressed parental gene that contains an
allele that increases fitness when expressed in the
testes but is harmful relative to other alleles when
expressed in other tissues. In this situation, selection
will favour the duplication of the gene and relocation of
a copy elsewhere in the genome to avoid homogeniz-
ing processes such as gene conversion. The allelic
divergence that arises from the sexual conflict may
even promote the duplication event [52]. Released
from pleiotropic constraints, the derived copy is free
to evolve testes-specific gene expression, potentially
resulting in rapid rates of protein evolution. Gallach
et al. [51] stress that gene duplication will often be
the favoured mechanism to resolve sexual conflict
because most genes have important functions in both
sexes; so it is not possible to simply downregulate a
gene in one sex when conflict arises. Gene duplication
allows the sexual conflict to be resolved without dis-
rupting the function of the parental copy in other
tissues and in the opposite sex. They argue that this
scenario represents the primary mechanism driving
the pattern of biased chromosomal gene content and
sex-biased gene expression. The testes are under
intense selective pressures generated by sperm compe-
tition, meiotic drive and parasite infections that are not
likely to be applicable to females or other tissues in
males. This tissue then becomes the primary generator
of sexual conflict and, consequently, the overwhelming
cause for gene duplication in the genome.

3. SEXUAL SELECTION IN STALK-EYED FLIES

Sexual dimorphism in head morphology is common in
adult flies. Modification of the male head into elabor-
ate and exaggerated structures, such as eye-stalks or
antlers, that play a critical role in their mating system
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has evolved independently in several dipteran families.
Wilkinson & Dodson [53] list over 40 groups, in eight
different families, in which head projections have
evolved. All of these flies belong to the Acalyptratae,
a group that comprises approximately 20 per cent of
all described fly species [54]. Within the Acalyptratae,
sexually dimorphic head modification is significantly
overrepresented in certain families. For instance, in
the Platystomatidae, there are 11 different genera
that contain species with eye-stalks or broad heads
(collectively termed hypercephaly) and seven other
genera with species that possess cheek processes.
This clustered phylogenetic distribution suggests that
these flies may possess some physiological or develop-
mental mechanism that predisposes them to evolve
this extreme phenotype.

Stalk-eyed flies in the family Diopsidae provide
some of most spectacular examples of head elongation
within Diptera [53,55]. They are the most species-rich
group of hypercephalic flies, as all species within the
family possess eye-stalks to some degree. Diopsids
are found primarily in the old-world tropics although
flies in the basal genus Sphyracephala have a cosmopo-
litan distribution. While currently the subject of
taxonomic revisions [56], there are approximately
200-300 described species in 10—14 different genera
within the family [57]. There is substantial variation
in the family in terms of the size of the eye-stalks as
well as the extent of the dimorphism [55,58]. For
instance, flies in the genus Sphyracephala have eye-
stalks that are approximately one-third of their body
length, and most species are monomorphic or slightly
dimorphic, while some 7éleopsis species have eye-stalks
that are nearly two times their body length. Phylogenetic
analysis of 35 species sampled from each of the major
genera demonstrated that eye-stalk sexual dimorphism
evolved independently at least four times within the
family, and there have been several substantial
reductions in eyespan and dimorphism [59].

The evolution of eye-stalk sexual dimorphism is
mediated by a breeding system that involves both
male—male competition and female choice. In many
species, females aggregate at dusk on leaves or root
hairs, and males fight for control of these mating sites.
In a typical confrontation, males align themselves face-
to-face and grapple with their forelegs until one male
flies away. Males with larger eye-stalks are more likely
to win these battles and displace other males from the
aggregations [60—62]. In the morning, the males con-
trolling the sites mate numerous times with several
females. Mating rate and ejaculate size vary consider-
ably among species, but in the most well-studied,
and highly dimorphic, species (Zéleopsis dalmanni and
Teleopsis whiter), matings last for approximately 60 s
and the ejaculate size is small [63,64]. Both field and
laboratory experiments have shown that females in
sexually dimorphic species prefer to roost and mate
with males with larger eye-stalks, but females in mono-
morphic species exhibit little female choice [65-68].
Consistent with genetic models of sexual selection
[69], female preference behaviour is genetically linked
with male eyespan. After 13 generations of bidirectional
selection on male eyespan in 7. dalmanni, females from
the long-eyespan lines and the control lines exhibited
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preference for males with larger eyespan, while females
from the short-eyespan lines preferred males with
shorter eyespan [70].

Despite the strong selection pressures operating on
eyespan and the rapid evolution of this trait, there is
still abundant genetic variation for male eyespan in
sexually dimorphic species [71,72]. Elevated levels of
genetic variation are common for sexually dimorphic
traits [73]. Genic capture models explain this result
by proposing that there is substantial variation for
general condition within a population, and male orna-
mental traits accurately capture and advertise this
variation because they are costly to produce [74,75].
Females, therefore, can assess the genetic quality of a
male through the expression of these exaggerated traits
and evolve mating preference for males that possess
them. While the evolutionary significance of ‘good
genes’ models of sexual selection remains controversial
[76—78], there is evidence that some male ornamen-
tal traits exhibit heightened condition-dependence
[79-81]. Several studies on stalk-eyed flies have
measured condition-dependence for sexual and non-
sexual traits in both monomorphic and dimorphic
species, and also found results consistent with the genic
capture models [82—84]. Relative eyespan (i.e. body
size effects removed) in sexually dimorphic males has
higher condition dependence than eyespan in females,
eyespan in monomorphic males and non-ornamental
traits such as wingspan in sexually dimorphic males. Fur-
thermore, this condition-dependence appears to have a
genetic basis as certain genotypes produce males with
larger eyespan across a range of stressful environments,
while other genotypes consistently produce males with
smaller eye-stalks [85].

Another evolutionary pressure driving the evolution
of diopsid eye-stalks is the presence of X-linked mei-
otic drive in many species [86,87]. Meiotic drive is a
selfish genetic element that segregates non-randomly
into gametes, promoting itself at the expense of
gametes that do not carry the drive element. In
males that carry the drive element, Y-bearing sperm
either fail to develop properly or are destroyed during
spermatogenesis, resulting in the transfer to females
of only X-bearing sperm and, consequently, the pro-
duction of a highly female-biased sex ratio [87,88].
As a population becomes skewed towards females,
the reproductive success of individual males increases
but females that mate with drive males will predomi-
nately produce daughters and therefore have lower
reproductive success than females that mate with
non-drive males. Therefore, mating with drive males
is costly to females and they are expected to evolve
mechanisms to counter the effects of drive [89].
One mechanism that females use is to evaluate the
presence of meiotic drive based on male eyespan. In
1 dalmanni, males without a drive element have
larger eyespan than drive carrying males; so eyespan
serves, to some degree, as an indicator of the presence
of the drive element in males [90]. Therefore, females
that choose to mate with males with longer eyespan
are more likely to avoid the drive genotype, and this
provides an explanation for the possible genetic
benefits that females derive from preferring to mate
with males with larger eyespan [90].
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The relationship between meiotic drive and male
eyespan results from genetic linkage [90,91]. In
T. dalmanni, the genetic region with the largest effect
on eyespan is located on the X chromosome, explaining
over 30 per cent of the variation in male eyespan [92].
Quantitative trait locus analysis has demonstrated that
loci influencing drive and eyespan are tightly linked
on this chromosome and a lack of recombination
between drive and non-drive individuals along much
of the X chromosome suggests that these genes are
located in one or more inversions [91]. Meiotic drive
has been found in other dimorphic Téleopsis species,
but not in monomorphic ones, suggesting that it may
consistently influence sexual selection and the evolution
of eyespan across the clade [86]. In addition, recent
breeding experiments involving two T dalmannm
populations have revealed numerous cases of cryptic
drive, indicating that drive elements have evolved and
been suppressed numerous times in the genus (G. S.
Wilkinson 2012, unpublished data). The inversion
complex on the drive X chromosome can influence
other traits as well as eyespan. For example, drive
males have shorter sperm than non-drive males, and
drive males suffer in post-copulatory sperm compe-
tition [93,94]. The presence of drive and the superior
competitive ability of non-drive sperm may also influ-
ence the evolution of female mating rate in stalk-eyed
flies. Females that mate often, thereby mixing the
sperm of drive and non-drive males, may reduce the
deleterious effects associated with mating with a drive
male, and a comparative analysis has revealed a corre-
lation across populations between female mating rate
and the prevalence of drive [86]. Additional female
traits exhibit a relationship with male eyespan and the
X chromosome. Selection on male eyespan produced
a correlated response in female eyespan, female internal
reproductive morphology (ventral receptacle size) and
egg size, all of which were due, in part, to X-linked
genes that are in linkage disequilibrium or exhibit
pleiotropy [95].

Opverall, stalk-eyed flies provide an excellent model
system for studying the evolution of sexual dimorphism.
Numerous aspects of diopsid biology are affected
by sexual selection and many of the genetic and pheno-
typic relationships among these components have been
described. These interactions often involve male and
female phenotypic traits and therefore provide opportu-
nities for sexual conflict. The rapid change in eye-stalk
morphology and repeated independent evolution of
sexual dimorphism within the family enable com-
parative analysis. Furthermore, the close evolutionary
proximity of diopsids to Drosophila facilitates functional
annotation of the genome. In developing genomic
resources for species within this family, we hope to
encourage additional genetic and developmental studies
of these fascinating animals.

4. STALK-EYED FLY GENOMICS

Technological advances—such as expressed sequence
tag (EST) libraries, microarrays and next-gen sequen-
cing—that allow users to screen the expression and
nucleotide sequence of thousands of genes at a time
have enhanced the exploration of the genetic basis of
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sexual dimorphism in non-model organisms. In the
past few years, we have conducted genomic research
on stalk-eyed flies to assess the gene content of the X
chromosome, quantify levels of sex-biased gene
expression and annotate various transcriptomes. In the
following sections, we summarize much of this work,
focusing in particular on the prevalence of gene dupli-
cation and tissue-enriched gene expression and how
these biological phenomena relate to sexual conflict.

(a) Sex-linkage

As summarized earlier, selective forces acting on genes
located on the sex chromosomes are distinct from
those on the autosomes, and consequently sex chromo-
somes are expected to have important influence on the
evolution of sexual dimorphism [20,21]. In stalk-eyed
flies, the significance of the X chromosome to the
evolution of sexual dimorphism is well established
[90-92,95,96] but, other than a few microsatellite
markers, the genetic composition of this chromosome
has been entirely unknown. Recently, we undertook a
project to identify the sex-linkage of genes that are
particularly relevant to eye-stalk development and
evolution in T dalmanni. The first step was to establish
a database of genes expressed in the developing
eye-antennal imaginal disc, the tissue that forms the
adult head and eye-stalks. We sequenced over 40 000
clones from eye-antennal imaginal disc EST libraries
made at three developmental stages and, after assem-
bly and annotation, identified approximately 3500
genes that had significant homology to a known protein
in D. melanogaster [97]. On the basis of this gene data-
base, we then developed a microarray platform to
identify sex-linkage.

Microarrays are best known as a method for
comparing levels of gene expression between two
different tissues, but they can also be used to compare
DNA levels between tissues. This technique is called
comparative genomic hybridization (CGH) and it is
commonly used to identify duplicated chromosomal
regions associated with disease [98,99]. In XY sys-
tems, because females have two X chromosomes and
males have a single X chromosome, there should be
a hybridization intensity difference for X-linked
genes versus autosomal genes when male DNA is
compared with female DNA. The expectation is that
X-linked genes will have twice the signal for females
than males, whereas autosomal genes will have the
same signal intensity between the sexes. For all the
genes in the EST database, we designed 60 bp
probes and constructed microarray slides that con-
tained 6—10 probes per gene. We labelled male DNA
with a green dye and female DNA with a red dye,
and hybridized the two to the slide.

Results from the CGH experiment clearly distin-
guished sex-linked genes from autosomal genes [100].
A histogram of the relative intensities for each gene on
the slide shows a bimodal distribution, with the major
peak reflecting no difference in DNA quantity for
males and females and the smaller peak reflecting
greater DNA abundance for females than males
(figure 1a). Therefore, autosomal genes are represented
by the major peak and X-linked genes by the minor
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peak. Approximately, 15 per cent of the genes on the
microarray slides were scored as X-linked, which corre-
sponds to the approximate size of the X chromosome
based on karyotype images [92]. This experiment also
identified a single gene that had a female/male log
ratio of —5. We suspected that this gene was located
on the Y chromosome and subsequent polymerase
chain reaction (PCR) of the gene for over 40 males
and females confirmed Y-linkage.

Examination of the chromosomal location of the
homologues of the 7. dalmanni genes in Drosophila
reveals a strong syntenic relationship [100]. Over 90
per cent of the X-linked genes in T dalmanni are
located on chromosome 2L in Drosophila (Muller
element B), suggesting that the 7. dalmanni X chromo-
some is derived directly from an autosome (figure 15).
The formation of new X chromosomes, called neo-X
chromosomes, has been found in several Drosophila
species, but the neo-X found in 7. dalmanni represents
one of the largest wholesale reconstitutions of the
X chromosome, at least in flies, and possibly in insects.
In order to verify the chromosomal designations indi-
cated by the CGH experiments, we mapped the
location of a handful of genes that had probes on the
chip. We examined a total of 28 genes, all of which
had polyglutamine repeat regions that varied between
selection lines and therefore could be typed as markers
in line crosses. In all cases, the CGH results were con-
firmed. The four genes that are located on 2L in
Drosophila are all on the X chromosome in 7. dalmanni
and the remaining 24 non-2L genes are all autosomal
in 1. dalmanmi. In addition, mapping the Drosophila
location of the T. dalmanni autosomal genes suggests
additional syntenic relationships between the species.
Chromosome 1 in 7. dalmanni appears to be homolo-
gous primarily to 3L and X in Drosophila (all the genes
but one come from these two Drosophila arms), while
chromosome 2 contains almost exclusively genes from
2R and 3R [100].

Syntenic relationships across Diptera suggest that the
neo-X chromosome in 7. dalmanni is a derived con-
dition. Both Drosophila and the mosquito, Anopheles
gambiae, have relatively large X chromosomes that
share a majority of their genes, suggesting that this X
is basal for the family [101,102]. Alternatively, several
other calyptrate and acalyptrate species have a small
X with very few genes [103]; so it is most parsimonious
at this time to assume that the Drosophila—mosquito
X was lost or greatly reduced and the ancestor to
diopsids had a small X. If this is the case, then the
neo-X in diopsids formed from either the fusion of an
autosome to a small pre-existing X or the movement
of sex-determining genes to an autosome that started
the sex chromosome creation process anew [104].

CGH experiments were also conducted on
three other 7Zeéleopsis species, one of which, 7Zéleopsis
quinquegurtata, is not sexually dimorphic. The results
from these experiments also produced two distinct
peaks with strong agreement across the species [100].
Nearly all of the X-linked genes in 7. dalmanni are
X-linked in the other three species. But some genes
have differential sex-linkage within 7éleopsis, and on
the basis of the synteny both with Drosophila and
among the 7Téleopsis species, we can tentatively map
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Figure 1. Identifying sex-linkage in 7. dalmanni. (a) Distribution of 7. dalmanni CGH log, ratio values. Male and female genomic
DNA was hybridized to microarray slides containing probes designed from EST sequence data. A total of 3444 genes are rep-
resented. The large peak indicates autosomal genes while the smaller peak are genes on the X chromosome. (b) 1. dalmanni
chromosomal synteny with D. melanogaster indicates the diopsid X chromosome is homologous to chromosome 2L in Drosophila.
The autosomal category includes 2891 7. dalmanni genes and the X chromosome comprises 533 T dalmanni genes.

gene movement within the genus. This analysis reveals a
biased pattern of gene movement with 23 genes moving
off of the X chromosome onto an autosome and no
genes moving onto the X chromosome on the branch
leading to T quinqueguttata. Furthermore, the branches
leading to the most dimorphic species, 1. dalmanni and
Teleopsis thaii, exhibit movement primarily onto the X
chromosome (20 out of 22 gene movements). There-
fore, gene movement appears to be associated with
sexual dimorphism, but not in the manner predicted
by an X feminization hypothesis because the branches
with the most male-biased phenotypes have genes
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moving primarily onto the X chromosome. Sex
chromosome gene content in Drosophila, however,
is also affected by the age of a gene with newly dupli-
cated genes actually being overrepresented on the X
[105], and the pattern in Zéleopsis may be driven by a
similar process.

(b) Gene duplication

Much of the ‘off-of-the-X’ gene movement in
Drosophila is driven by duplication events in which
the derived copy, often through retroposition, moves
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off the X chromosome and subsequently acquires male-
biased expression [28,30,32]. Therefore, we wanted to
characterize the extent of gene duplication in 7éleopsis
and examine its relationship with chromosomal location
and sex-biased gene expression. Comprehensive identi-
fication of gene duplication events from transcriptome
data is problematic owing to incomplete assembly of
genes and the assembly of alternative transcripts and
divergent alleles into separate contigs. However, with
substantial sequence coverage from several tissue
sources and detailed sequence analysis of the resulting
contigs, many of these difficulties can be mitigated.
For this analysis, we collected four lanes of Illumina
sequence data from testes, one lane from the adult
male head, and one lane from the adult female head.
These data comprised approximately 20 GB of short-
read (60—80bp) sequence information that was
combined together with the EST data into a single
grand transcriptome assembly.

In a two-step process, all the RNA-seq short reads were
first assembled in ABYSS [106,107] using five different
k-mer sizes (33, 37, 41, 45 and 49). In the second step,
the resulting contigs from each assembly were combined
together, along with the contigs from the EST assembly,
and assembled again in Geneious [108] with a minimum
overlap of 30 bp and a minimum overlap identity of 96 per
cent. This produced 55 792 contigs that were greater than
200 bp and these contigs were kept for annotation. All
open-reading frames (ORFs) greater than 120 bp were
extracted from these contigs and translated into their
protein sequence using the ‘getorf’ module in EMBOss
[109]. The sequences were blasted, using BLASTP, against
the D. melanogaster (Flybase r5.37) and A. gambiae
(Ensembl P3.49) protein databases. Over 12 000 contigs
contained ORFs with significant blast hits. In some cases,
a given contig contained two or more ORFs that had sig-
nificant hits to the same gene in D. melanogaster, which
suggested the existence of a frame shift error in the
contig sequence. These contigs were examined by
eye and the frame shifts corrected by hand using the
BLASTP alignment as a guide for identifying the source
of the error. Gene expression values (expressed as
reads per kilobase per million—RPKM) for each of
the contigs were generated by mapping the reads back
onto the contigs using BowTie [110].

Within the grand transcriptome assembly, there
were thousands of cases in which two or more contigs
had their top blast hit to overlapping regions of the
same gene in both Drosophila and Anopheles. In order
to distinguish duplicated genes from allelic variants
and alternative transcripts, we compared all the con-
tigs that had significant homology to the same gene
in D. melanogaster or A. gambiae to each other using
a BLASTP search. Only contigs that contained greater
that 50 per cent of the total protein sequence for the
gene in Drosophila were included in the analysis. If
any two contigs exhibited greater than 80 per cent
protein similarity (based on BLASTP) across any portion
of their sequence, these sequences were aligned
together in SEQUENCHER (v. 4.8; Gene Codes) and
scored as paralogues, alternative transcripts or allelic
variants. Paralogues can be distinguished from alterna-
tive transcripts based on the distribution of variation
across the alignment. Sequence divergence between
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paralogues is typically spread across most of the align-
ment, whereas alternative transcripts are characterized
by perfect identity for a subsection of the contigs (i.e.
the regions of shared exons) and then a complete lack
of homology across the remaining sequence. The differ-
ence between paralogues and allelic variants is simply a
matter of protein divergence. We took a conservative
approach and called two contigs as putative duplicates
if they had greater than 10 per cent amino acid diver-
gence across homologous regions of the protein. It is
likely that some very recent duplication events are
missed using this criterion. Overall, 685 genes appear
to be single copy in D. melanogaster and A. gambiae but
have multiple paralogues in 7. dalmanni and comprise
a total of 1787 paralogues, indicating that many genes
have undergone multiple duplication events.

Gene duplication in Zéleopsis is associated with the
formation of the neo-X chromosome and gene move-
ment on and off the sex chromosomes. Genes that
reside on chromosome 2L in D. melanogaster, which is
homologous to the neo-X chromosome in 7. dalmanni,
are significantly more likely to have duplicated in stalk-
eyed flies than are genes located on other chromosomes
(x* = 14.12, p = 0.002). The CGH experiments [100]
have directly identified X-linkage in 7. dalmanni for a
subset of genes that have duplicated and these data con-
firm the association between the neo-X chromosome
and elevated duplication rates (y* = 7.00, p = 0.008).
Duplicated genes are also more likely to move between
the autosomes and the sex chromosomes. Comparing
D. melanogaster and T. dalmanni, 127 genes violate the
21-X syntenic relationship between species and genes
that have duplicated are over twice as likely to be rep-
resented in this subset of genes (y*=19.56, p <
0.0001). Within Téleopsis, the relationship is even stron-
ger, as genes that have duplicated are over three times
more likely to have moved on or off the X chromosome
of one of the four species examined in this genus than
are genes that have not duplicated (y*=17.05,
$»<<0.0001). We are in the process of mapping the chro-
mosomal location of all the genes identified in the testes
transcriptome and will soon be able to provide a more
detailed view of the pattern of duplication and gene
movement on and off the neo-X chromosome.

Understanding how these duplication events are
related to sex-biased gene expression requires mapping
their expression relative to the tissue types used in the
transcriptome assembly. For this analysis, we scored a
gene as ‘tissue-enriched’ if the average level of gene
expression was five times greater in one tissue than
in the other tissue (e.g. head versus testes) and
‘tissue-specific’ if its expression level was 500 times
greater in one of the tissues. It is important to point
out that in this analysis all paralogues from a gene
that has duplicated are counted as a ‘duplicate’
because we do not have the phylogenomic information
to determine which of the copies is the original gene
and which is the derived duplicated copy of a gene.
Nevertheless, figure 2 clearly illustrates that duplicate
paralogues are more likely to exhibit expression pat-
terns that are enriched or specific to a given tissue.
In both the testes and the head, genes that exhibit a
more limited range of expression contain a higher per-
centage of duplicated genes. Over 70 per cent of all
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Figure 2. The relationship between gene duplication and tissue specificity of gene expression in 7. dalmanni. Columns indicate
the percentage of genes for a given tissue expression pattern that are composed of genes that have undergone a gene dupli-
cation. The numbers within the columns provide the total number of duplicate paralogues that fall within that expression
category. Tissue-‘enriched’ genes are defined as genes that are expressed five times more than in the other tissue and
tissue-‘specific’ genes are expressed 500 times more than in the other tissue.

testes-specific genes and 26 per cent of all head-specific
genes have been involved in a gene duplication event
compared with only 11 per cent of gene that are
expressed at similar levels between the tissues
(‘ubiquitous’ in figure 2). Narrower expression patterns
for duplicated genes are well documented [111-115]
and occur either because the duplicate copy develops
a new specialized function or because the regulatory
role of the original gene is divided among the various
paralogues created by the duplication events [116,117].

Genes expressed in the testes, in particular, are associ-
ated with duplication events in 7. dalmann: (figure 2).
There are over 20 times more testes-specific duplicate
paralogues (590 paralogues) than head-specific duplicate
paralogues (27 paralogues). In Drosophila, spermato-
genesis uses a unique transcriptional programme that
requires numerous genes that are expressed exclusively
in the testes and male germline, many of which have ori-
ginated from recent gene duplication events
[40,42,43,47]. Stalk-eyed flies appear to have evolved a
similar, or possibly greater, level of genetic diversity to
function during this process. As summarized earlier,
gene duplication and expression in the testes in Droso-
phila is the primary mechanism driving chromosomal
relocation and biased sex chromosome composition.
Similarly, in 7Zéleopsis, duplicated testes genes also
appear to be largely responsible for the association
between gene duplication and the neo-X chromosome
(figure 3). There is a significant over-representation of
duplicated genes located on the neo-X (as inferred by
their location on 2L in D. melanogaster) relative to the
autosomes for testes-enriched genes (y*=16.25,
$<<0.0001) but not for genes that are expressed at similar
or greater levels in the head (head-enriched: y* = 0.88,
p = 0.345; ubiquitous: x* = 0.00, p = 0.989).
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One prominent example of testes genes that have
undergone abundant diversification in stalk-eyed flies
involves the tubulin genes that are the central com-
ponent of the axoneme, the structure in the sperm
tail that provides motility. Two proteins, a-tubulin
and B-tubulin, assemble into microtubules that are
arranged in a stereotypic pattern within the axo-
neme—usually a ring of nine doublets surrounding
two central pairs (termed 9 + 2 architecture) [118]—
to form the basic motor structure of sperm. Mutations
in these genes result in sterile males [119-121]. In
Drosophila, the axonemal a-tubulin is also expressed
in other tissues, including females, while the axonemal
B-tubulin is specific to the male germline. Both genes
are part of a gene family that diversified during insect
evolution forming four primary clades for each gene
family [49]. While reproductive genes often evolve
rapidly [122,123], the tubulins are highly conserved
at the protein level. In fact, there is not a single
amino acid difference in the axonemal B-tubulin
across all Drosophila species, a taxonomic range that
spans approximately 60 million years [124].

Analysis of the testes transcriptome in 1. dalmanni
revealed numerous duplicate copies of both a-tubulin
and B-tubulin. To examine the molecular evolution of
this proliferation in more detail, we sequenced the
duplicate paralogues for several 7. dalmanni popu-
lations and closely related species [86,125] (sequence
data have been deposited in NCBI Genbank under
accession codes JQ866691-JQ866759). Stalk-eyed fly
protein sequences were aligned with homologous pro-
teins from other dipterans using the Muscle alignment
function [126] in the GENEIOUS analysis package [108]
and maximum-likelihood trees were generated in
PuyML [127] using a JTT + G model with 100
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Figure 3. Association between chromosomal location and
tissue specificity of gene expression. ‘21 genes in 7. dalmanni
have homologues on chromosome 2L in D. melanogaster,
which is the source of the neo-X chromosome in 7" dalmanni.
‘Non-2L genes in 7. dalmanmi have homologues on other
chromosomes in D. melanogaster. Tissue-‘enriched’ genes are
defined as genes that are expressed five times more than in the
other tissue. A gene was scored as tissue-enriched if any of the
paralogues associated with that gene was expressed five times
more in one of the tissues, whereas ‘ubiquitous’ genes included
only genes for which no paralogues were tissue-enriched. Dark
grey bars, 2L; light grey bars, non-2L. p < 0.0001.

bootstrap replicates. The phylogenies for both «- and
B-tubulins clearly show elevated rates of protein evol-
ution for the duplicated copies in stalk-eyed flies
relative to other flies (figures 4 and 5). It is noteworthy
that a blast search of the Glossina morsitans supercontig
database (provided by the G. morsitans group at the
Wellcome Trust Sanger Institute and which can be
searched at http:/www.sanger.ac.uk/cgi-bin/blast/sub
mitblast/g_morsitans) also identified six paralogous
copies of B-tubulin that have arisen from recent dupli-
cation, but they have not differentiated to the extent of
the stalk-eyed fly genes. Despite this rapid change rela-
tive to other dipteran homologues, tubulin evolution
in stalk-eyed flies is still characterized by strong stabiliz-
ing selection. dN/dS ratios, which were calculated
in HYyPHY [128] using the SLAC method, for each
duplicate paralogue range from 0.2 to 0.02.
Quantification of expression values for the tubulin
paralogues indicates that the duplicate copies are not
minor isoforms but are expressed at high levels within
the testes and therefore may play an important func-
tional role in sperm production (figures 4 and 5). All
the a-tubulin paralogues but one (a-tub5) are among
the 40 most highly expressed genes in the testes. The
more rapidly evolving copies (a-tub5, B-tub5 and
B-tub6) are expressed at lower levels than the other
tubulin genes, but even B-tub6 (RPKM = 85) is
expressed at a substantially higher level than the
median expression value for all testes genes (RPKM =
21.8). In order to determine the tissue specificity of
the tubulin duplicates, we prepped RNA from adult
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females, gonadectomized males and mature testes and
conducted PCR on the cDNA generated from these
RNA samples. All the B-tubulin genes appear to be
testes-specific, as no PCR bands were produced for the
female or gonadectomized male samples (see electronic
supplementary material, S1). The «-tubl exhibits a
ubiquitous expression pattern, while a-tub2, a-tub3
and a-tub4 (we have not yet succeeded in amplifying
a-tub5) are all expressed in females but not gonadecto-
mized males (see electronic supplementary material,
S1). Given that none of these genes is expressed in the
female head, we suspect that their expression is limited
to reproductive tissues in the adult female. In the
future, it will be essential to examine correlated patterns
of gene expression across a range of spermatogenetic tis-
sues and stages and to conduct functional assays (e.g.
RNAI) that knockdown specific genes in order to ident-
ify whether specific pairs of a-tubulin and B-tubulin
paralogues function together as a microtubule unit.
Mutagenesis assays in Drosophila have identified two
sequence motifs in the B-tubulin protein that have
strong functional significance. The first domain,
termed the internal variable region (IVR), comprises
three amino acids (T'GA) at positions 55-57 and med-
iates physical interaction with the outer dynein arms in
the axoneme [121]. Mutations in this region result
in non-functioning sperm that do not maintain struc-
tural integrity along the length of the sperm tail
[119]. The second domain, termed the axoneme
motif, resides in the C-terminal tail of the protein
and controls axoneme architecture [119,120].
Mutations in this region also produce non-functioning
sperm, often lacking the central pair of microtubules
[119,120]. These functional domains are highly con-
served across insects [49,121,124] but the stalk-eyed
fly B-tubulin paralogues exhibit substantial variation
within these regions (figure 5). For instance, all axon-
emal B-tubulin genes examined thus far in animals
possess a glycine at position 56 in the IVR [121], but
four of the 7. dalmanni paralogues possess an alter-
native amino acid at this position (figure 5).
Understanding what factors are promoting this diversi-
fication and how this genetic diversity translates into
phenotypic diversity requires additional studies on
the developmental genetics of spermatogenesis in
stalk-eyed flies. All the species in the family, except
flies in the genus Diasemopsis, possess a heteromorphic
sperm phenotype that is characterized by a long sperm
type that is capable of fertilization and a short sperm
type (approximately one-half to one-quarter the
length of the long sperm) that probably cannot fertilize
[129,130]. The diversity of the tubulin genes found
within stalk-eyed flies suggests that there may be
morphological complexity beyond this dimorphism.
The standard view of gamete investment is that
egg production by females requires vast energetic
demands, while sperm has relatively little cost and is
produced in limitless quantity. While this dichotomy
clearly applies to many species, there is an increased
recognition that sperm production often entails non-
trivial costs that affect the reproductive strategies of
both sexes [131]. Several studies have shown that
males modify their ejaculate size based on various
aspects of female quality [132—134]. Flies, in particular,
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Figure 4. Phylogenetic analysis of a-tubulin genes in Diptera. Bootstrap values are provided for nodes defining and joining
stalk-eyed fly paralogues. Dm, D. melanogaster, Dp, D. pseudoobscura, Sb, S. beccarri, Td (Cam), T. dalmanni (Cameron popu-
lation), Td (Gom), T dalmanni (Gombak population), Td (Lang), 7. dalmann: (Langat population), Tq, 1. quinquegurtata, Tt,
T. thaii, Tw, T. whitei. Measurements of gene expression values (RPKM) are presented for each 7. dalmanni (Gom) paralogue.

are noteworthy for the investment that many species
make in individual sperm. Drosophila contains numer-
ous species that produce giant sperm, including
Drosophila bifurca, a species that has the longest sperm
recorded for any animal [135]. The large sperm pro-
duction entails a physiological cost in terms of delayed
sexual maturity [136] and males modulate sperm
production based on the availability of females [137].
Stalk-eyed flies exhibit a similar investment strategy in
sperm production. While not approaching the extremes
found within Drosophila, many diopsid species, particu-
larly in the genus Diasemopsis, produce large sperm
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[129] and numerous aspects of their reproductive
biology suggest that there is a substantial physiological
cost associated with sperm production. First, males
transfer very few sperm during a single copulation. In
T. dalmanni, estimates range from between 65 and 140
sperm per mating [95,138] and, while males can mate
several times in a morning, sperm transfer become lim-
ited after several sequential copulations [139]. Second,
females in many species are highly sperm-limited
owing, largely, to extensive infertile or unsuccessful
copulations. In a laboratory survey of 1. dalmanni,
approximately 12 per cent of all matings of a standard
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duration failed to transfer any sperm [140]. Measure-
ments in the wild indicate that between 20 and 65 per
cent of all eggs laid by T. dalmanni females are not fertile
[141,142]. Finally, diopsids take an extremely long time
to reach sexual maturity, and this time period is
characterized by substantial reproductive gland growth.
In T dalmanni, males reach sexual maturity about
25 days after eclosion, which is even longer than in
D. bifurca, and experimental manipulation of their diet
reduces testes and accessory gland growth and extends
their time to sexual maturity [143]. Overall, these results
suggest that the fitness effects associated with sperm pro-
duction in male diopsids are not simply a function of
sperm quantity but are likely to involve several aspects
of sperm quality. Future research will need to examine
how the high degree of genetic diversity reflected in the
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tubulin genes and the numerous other testes-specific
duplicates relate to sperm fitness and investment, and
the extent to which this diversification is driven by
sperm competition and male—female coevolution.

(c) Sexual conflict

The abundance of gene duplication associated with
reproductive tissues suggests that it may play a central
role in the evolution of sexual dimorphism and the res-
olution of sexual conflict [18,19,51]. The process is
particularly powerful because it allows differentiation
between the sexes at multiple levels of transcriptional
complexity. Not only can duplicate copies evolve sex-
biased gene expression when freed from the pleiotropic
constraints operating on the original gene, but also they
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Figure 6. Association between sex-biased gene expression
and gene duplication. Black bars, duplicates; grey bars,
non-duplicates. ‘Duplicates’ include all paralogues for any
gene that has duplicated in T dalmanni; ‘non-duplicates’
have not been involved in a gene duplication event. Bars indi-
cate the percentage of genes in each category that exhibit
twofold or fourfold expression differences between males
and females in the adult head. Black bars, duplicates; grey
bars, non-duplicates. ***p < 0.0001.

can diverge at the protein level to favour the sex in which
the duplicate is primarily expressed. The majority of
studies examining the relationship between sex-biased
gene expression and gene duplication have focused on
expression in the germline [16,30,32]. Our catalogue
of duplicated genes expressed in the adult head of
T dalmanni allows us to examine this relationship in
somatic tissues. Male and female 7. dalmanni exhibit
numerous behavioural differences related to mating
and reproduction [61,62,65,144,145], so it is reason-
able to expect expression differences between the sexes
in this tissue. For this analysis, we excluded all genes
that had a testes-enriched or testes-specific pattern of
gene expression to eliminate genes whose expression
patterns were driven largely by selective forces related
to sperm production. For the remaining 7018 genes,
174 exhibit twofold expression differences between the
sexes, and genes that have duplicated were significantly
over-represented in this group (figure 6). Genes that
have been involved in a duplication event are over
twice as likely to exhibit a twofold sex bias (}*>=
24.70, p < 0.0001) and seven times as likely to exhibit
a fourfold sex bias (y* = 22.40, p < 0.0001). Currently,
we do not know whether these differentially expressed
genes have been subject to different selective pressures
in males and females, but if sex-biased gene expression
reflects previous sexual conflict, then this relationship
between duplication and sex-biased expression suggests
that gene duplication provides a prominent mechanism
for resolving this conflict.

To illustrate the evolution of tissue- and sex-specific
gene expression that can result from gene duplication,
figure 7 presents the phylogenetic relationships and
expression values for two gene families that have both
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testes-specific and head-enriched sex-biased gene
copies. Both genes, ferritin 1 heavy chain homologue
(FerlHCH) and Ance-4, have four paralogues in
T dalmanni, two of which are expressed primarily in
the head and two of which are highly specific to the
testes. Sphyracephala beccarri, a monomorphic species
with relatively short eye-stalks that belongs to the basal
genus in the family [59], has at least one copy of the
testes-specific paralogues for each gene, indicating that
the initial duplication is ancestral to the diversification
of diopsids. It is possible this duplication event is related
to the formation of the neo-X chromosome in the family.
For the paralogues expressed in the head, the dupli-
cation of each gene is relatively recent, occurring after
the split with the congeneric species, 1. quinqueguttata,
and involves the evolution of sex-biased gene expression
(male-biased for FerlHCH and female-biased for
Ance-4) for one of the duplicates. FerlHCH forms
part of a complex with Fer2LCH that mediates iron-
binding and storage and affects numerous aspects of
behaviour in Drosophila [146] but is also expressed ubi-
quitously throughout the body [147]. The second
member of the complex, Fer2LCH, also has a male-
biased duplicate copy in 7. dalmanni, suggesting this
complex may have been influenced by selective pressures
specific to male behaviour. If these pressures favoured
changes at the protein level that were harmful to females,
then the generation of a duplicate complex allows each
sex to approach their respective fitness optima.

The phylogenies in figure 7 also reveal accelerated
protein evolution for the duplicate copies that have
acquired sex-biased gene expression. Rapid evolution of
genes involved in reproduction has been well documented
in Drosophila [122,123,148], so we wanted to examine
whether duplication and the evolution of sex-biased
gene expression were associated with faster protein evol-
ution for genes expressed primarily in somatic tissue.
Accurate measurements of protein divergence on a geno-
mic scale are not available within diopsids; so we used D.
melanogaster as the reference taxon to assess protein evol-
ution. On the basis of the percent similarity scores from
a BLASTP search against the D. melanogaster protein data-
base, protein divergence in 7. dalmanni is greater for
both duplicated and sex-biased genes (figure 8). There
is also a significant interaction term, based on a least-
squares model, between these variables indicating that
the difference between unbiased and sex-biased genes is
greater for duplicated genes than genes that have not
duplicated (Model effects: Duplicate—F; 6956 = 89.34,
»<0.0001, Sex-bias—F og6 = 39.19, p < 0.0001,
Duplicate x Sex-bias—F; gos6 = 12.13,  p = 0.0005).
This result supports the hypothesis that the resolution of
sexual conflict from gene duplication may also involve
extensive protein evolution [18].

Much of the data from the stalk-eyed fly transcrip-
tomes is consistent with the proposal by Gallach and
co-workers [19,50,51] that gene duplication resolves
sexual conflict. The duplication rate is much higher
for genes that function in the testes than for genes
that are expressed in the head or in both tissues. How-
ever, it is important to note that we do not yet have
data to exclude other factors, such as MSCI, that
might be influencing the testes-specific duplication
rate. Furthermore, two patterns suggest that a large
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Figure 7. Phylogenetic analysis and gene expression values for two genes—Fer] HCH (a) and Ance-4 (b)—that have duplicated
and exhibit sex-biased gene expression in the adult head of 7. dalmanni. In the gene expression boxes, M, male head; F, female
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proportion of the sex-biased duplications in 7. dal-
manni are not driven by sexual conflict within the
testes. First, many of the duplications of testes-
expressed genes involve multiple copies that are all
testes-enriched or testes-specific. If the original copy
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of a gene duplication is already expressed in a male-
limited pattern in the testes, then it is unlikely that
sexual conflict is relevant to the origin and mainten-
ance of the duplicate copy. This pattern is illustrated
by the B-tubulin genes, which are all testes-specific,
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Figure 8. Rate of protein evolution for sex-biased and dupli-
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but also includes several other gene families. For
instance, there are 31 genes that have at least four
testes-enriched or testes-specific duplicates and no
more than one other paralogue expressed at a similar
level in the head. These genes comprised a total of
221 paralogues of which 210 are testes-enriched (40)
or testes-specific (170). Many of these duplicates may
have resulted from selection pressures associated with
sperm competition rather than sexual conflict. The
rate of testes-specific duplication may also be enhanced
by certain properties of transcription within this tissue,
such as open chromatic structure and elevated levels
of the core transcriptional machinery [149]. Second,
the analysis of the head duplicates indicates that tissues
other than the testes may be a rich source of sexual con-
flict that is resolved through gene duplication. It will be
essential for future experiments on stalk-eyed flies to
collect data from additional tissues and species in
order to more accurately identify the phylogenetic
origin of duplication events and the extent of tissue-
and sex-specific gene expression [19].

5. CONCLUSIONS AND FUTURE DIRECTIONS

Stalk-eyed flies have become a valuable model system
for studying the ecological and evolutionary aspects of
sexual dimorphism, as they contain numerous classic
features of a sexually selected system including orna-
mental traits, female preference behaviour, aggressive
male interactions, sperm competition, condition-
dependence and meiotic drive. Recent advances in
sequencing technologies and other genomic method-
ologies now allow researchers to explore, on a wide
scale, the genetic basis of these various components
and the associations among them. Using many of
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these techniques, our research has focused on identify-
ing chromosomal gene content, gene duplication and
sex-biased gene expression in both sexually dimorphic
and monomorphic species. In this review, we show
that stalk-eyed flies possess a neo-X chromosome that,
similar to Drosophila, contains a biased distribution of
sex-biased genes. We have identified an extensive list
of gene duplications that have arisen in the lineage
leading to stalk-eyed flies and are associated with
numerous aspects of their reproductive biology, includ-
ing being preferentially associated with the neo-X
chromosome, chromosomal gene movement, testes-
expression and sex-biased gene expression in the head.
Future studies will need to identify chromosomal gene
content, gene presence/absence and tissue- and sex-
specific gene expression across a wide-range of stalk-
eyed fly species in order to provide a more fine-scaled
picture of the evolutionary relationships among these
variables and various sexual traits such as eyespan,
female preference and sperm morphology. We also
hope that the genomic resources we have developed
will encourage more developmental research on these
remarkable insects.
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