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ABSTRACT

Recent studies have highlighted the importance of sex and reproductive related
traits in speciation. Hence, an evolutionary examination of the primary regulators of
sexual differentiation is an important step in understanding the origins of phenotypic
diversity. In this thesis, a molecular analysis of sequence variation is performed on the
three interacting sex determining genes, transformer (tra), transformer-2 (tra-2) and
doublesex (dsx), among closely related species of the Drosophila melanogaster subgroup.

At the dsx locus, both female- and male-specific DSX isoforms are found to be
conserved relative to other loci sequenced from species of the D. melanogaster subgroup.
However, levels of selective constraints on the male-specific portion of the dsx protein
has varied considerably across Dipteran lineages and indiéate the apparent heterogeneity
in selection pressures across taxa. Meanwhile, tra and tra-2 are demonstrated to be
among the most rapidly evolving loci found in the D. melanogaster subgroup. The
presence of large arginine-serine rich insertions in sibling species indicate that TRA is
tolerant to substantial amino acid change. Generally, within and between species patterns
of variation in the sibling species do not deviate from a neutral model of evolutionary
change. At the tra-2 locus, the ratios of replacement to synonymous substitutions were
significantly different within vs. between species indicating the presence of diversifying
selection at this locus. Polymorphism data from D. simulans corroborates this result and
thus, provides evidence that positive selection may be acting directly on a gene involved

in the primary sex determination hierarchy.
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The high levels of variability found among sex determining genes indicate the
evolutionary potential of this important sexual system. The amenability of this sexual
system to tolerate large genetic perturbations may expedite the generation of evolutionary
novelties. Since sex determination genes control various components of the mating
system, this high degree of genetic variability may be an important source of heritable

genetic material for sexual selection - an important driver of speciation - to act upon.
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CHAPTER ONE

General Introduction

1.1 On the Origins of Organic Diversity

1.11  Explaining the variety of life

The origins of the vast diversity of organic forms has been one of mankind’s most
enduring mysteries. The wealth of organismal variation can be found on many different
levels. Obvious differences in size and complexity abound among organisms from
different taxonomic kingdoms. Within these groups, a seemingly endless variety of
developmental plans, metabolic processes and life str;xltegies exist. Even within sexually
reproducing species, which comprise the majority of eukaryotes, the existence of
pronounced dimorphisms in the form of males and females adds to the extraordinary
diversity of life.

A large amount of effort has been dedicated to explain the diversity of organisms
that inhabit our planet at any time. Of course, the first step in understanding these origins
was the recognition of observable patterns and the classification of organisms into
morphologically distinct groups or taxa became a necessary task. Early Greek
philosophers, for example, categorized organisms into like forms based on a perceived
archetype, or eidos (translates to species). This concept originated from Plato’s Theory of
Forms which first suggested that ideas were based on an ideal type and that any variation

represented a distortion from reality and was unimportant (Plato, in The Republic).



Although this concept was a typological one, the classical tradition was important in
laying the foundation of modern biology. Plato’s student, Aristotle, later extended the
Theory of Forms to the biological world and formulated the scala naturae, or “Great
Chain of Being”. In this hierarchical ladder, simple (or lower) organisms were found on
the bottom rungs while more complex (or higher) animals were situated on top. From
this hierarchical categorization, a biological framework for classification materialized.
With the observation of a pattern of simple to complex organisms, the next step
was to explain how this pattern came into being. For the Greeks, this Chain of Being was
fixed and immutable. As the contemporary philosopher Arthur Lovejoy remarked, “The
Chain of Being, in so far as its continuity and completeness were affirmed on the
customary grounds, was a perfect example of an absolutely rigid and static scheme of
things” (Lovejoy 1964, pg. 242). For over two millennium, this hierarchical concept of
life and its nonchanging behaviour was absorbed into Western philosophy and schools of
religious thought. Christian notions of Creation and man’s “dominion ... over all the wild
animals of the earth” (Genesis 1:26) were consistent with scala naturae. But with the
arrival of the Renaissance in the 16" century, there was a revival in philosophical and
empirical interests, especially in the biological sciences. Finally, old Aristotlean dogmas
were challenged and ultimately eliminated. For example, the French philosopher Herder,
a student of Immanuel Kant, argued that scala naturae is not a fixed order of being but
rather, a progressive scale of descent (see Lovejoy 1959, pg.220). Extinct species were
thought to represent gaps in the ladder thus rejecting the aged dictum, natura non facit

saltum, or “nature makes no leaps”. Other members of the French environmental school



of thought also advocated the mutability of the fixed ladder. Lamarck renamed it, La
marche de la nature, and championed the revolutionary viewpoint that adaptations to the

environment allow species to ascend the hierarchical rungs of ladder (Lamarck 1809,

1984).

1.12  Darwin provides a new framework

With the publication of On the Origins of Species, Charles Darwin (1859)
introduced a nonessentialist and materialistic theory to explain the diversity of life.
While other thinkers had already suggested a changing or evolutionary concept of species,
Darwin provided a complete synthesis. Here, I describe two of his greatest achievements
in dispelling traditional conceptions of species immutability. First, Darwin discarded the
concept of a fixed ladder of being. Darwin argued that a branching model of evolution
would best explain the discontinuities, or gaps, among presently living species. Related
extant species would share common ancestors which were most likely absent or extinct.
Hence, the diversity of life would be better represented as a tree, with its terminal
branches denoting extant species, and its internal trunks, those species that are ancestral
and creating the discontinuities. This fundamental paradigmatic change in viewing
organic reality allowed Darwin to free himself from the constraints of scala naturae.

Darwin’s second revolutionary idea in transforming the static concept of the
species into a dynamic one was the idea of descent with modification. Influenced by an
essay entitled, “An Essay on the Principle of Population”, by the economist Thomas

Malthus (1799) and his tenure as a naturalist on the Beagle, Darwin utilized previously



ignored variation found in populations as the basis of his general theory of natural
selection. For the first time, a plausible and probable mechanism of evolutionary change
was proposed and propelled an evolutionary notion of the species into the forefront of

biological thought.

1.13  Two central problems in evolutionary biology

Understanding the processes involved in species formation became an important
focus in evolutionary biology long after Darwin published his seminal work in 1859. (1
refer to this as the first problem not due to chronological order, but because of its
importance.) As observed by many contemporary critics, Darwin’s treatise on species
origins really had little to do with the process of species formation but simply explained
the divergence of species (or as he called them, varietals) through gradual adaptive
mechanisms (Coyne 1992). Speciation theory was not advanced until almost a century
later (see below). Much of this had to do with the absence of a material basis for heredity
which would only be developed with the rediscovery of Mendel’s Laws by the turn of the
century while another part had to do with the nominalistic views of Darwin himself
(Darwin 1859, Chapter 1). And it wasn’t as though Darwin lacked the observations
necessary to achieve a fully comprehensive theory of speciation. Darwin realized that
varieties may be reproductively isolated from each other. For example, in his writings on
hybrid sterility (On the Origin of Species, Chapter 8), Darwin (1859) explains how such a
maladaptive trait as hybrid sterility could evolve (see below). Nonetheless, with

Darwin’s publication, a new biological framework was constructed which would



inevitable lead to an understanding of how species are formed.

The second problem, which was introduced in the nineteenth century by
Darwinian theory, was the relationship between development and evolution. Darwin
considered his examples showing the common features of embryos from related species
to be among the most important evidence for evolution. “Embryology is to me by far the
strongest single class of facts in favour of change of forms, and not one, I think, of my
reviews has alluded to this” he wrote in his autobiography (Darwin 1888). Of course,
Darwin was not the first to observe the commonality of embryonic forms from
phylogenetically similar species. Many philosophers and scientists of the German school
of thought, naturphilosophie, observed common body plans, or bauplans, and similar
design was often observed early in development. In the 1820s, the German biologist
Meckel and the French anatomist, Serres, independently arrived at the law of parallelism
(also known as the transcedentalist law) which proposed that the embryological
development of a higher animal recapitulates the adult morphologies of the lower animals
beneath it in the order of beings (Raff and Kaufman 1983, pg. 8). For example, Serres
stated that “a man becomes a man only after passing through transitional stages of
organization in which he is similar first to a fish, then to a reptile, then to birds and
mammals” (Serres 1824). The German embryologist, Karl von Baer, was adamantly
opposed to this idea of embryonic recapitulation as a result of his observations on
vertebrate development. From his careful observations, he recognized simply that
embryos of similar kind shared common features (von Baer 1828). This created a

misconception, as von Baer pointed out, since the development of complexity among
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higher animals superficially makes it seem as though their ontogeny recapitulated that of
the lower animals. Unfortunately, in his evolutionary interpretation of the law of
parallelism, the German embryologist Haeckel (1879) readopted the mistaken belief that
“ontogeny recapitulates phylogeny” (also known as the biogenetic law). These early
theories, however, correctly viewed developmental processes to be generally conserved
between related species. Recent phylogenetic studies on developmental genes have
supported this notion (Nullsein-Volhard 1994, see Carroll et al. 2001).

Both speciation and the role of developmental changes in creating evolutionary
novelty are central problems in evolutionary biology. These problems are associated with
the origin of diversity on two distinct levels. On one level, microevolutionary processes,
which include the evolution of reproductive isolation and speciation (Dobzhansky 1937),
are the primary causes of the discontinuities we observe in nature. On a higher level,
drastic differences between distant taxa, most likely caused by changes in developmental
programmes, generate the extraordinary diversity of life. The interconnection between

both levels represents a fascinating yet enigmatic facet in modern evolutionary theory.

1.2 Reproductive Isolation and Speciation

1.21  Early theories of species formation

It was not until almost a century after Darwin’s initial publication that the process
of speciation began to be understood in a unified manner. During this time, evolutionary
theory underwent a period of development in order for it to fit current and novel

paradigms. The idea of evolutionary change first went through methodical and



sometimes fierce debate (i.e. Huxley 1900). The understanding of a heritable basis of
evolutionary transformation was assured with the rediscovery of Mendel’s laws. The rift
between the naturalists and the geneticists was reconciled by the development of
population genetics which advanced the quantitative understanding of gene frequency
(Fisher 1930; Wright 1931; Haldane 1932). Yet, it was not until the Evolutionary
Synthesis of the 1940s that an acceptable comprehension of the process of speciation was
achieved. During this period of time, such diverse scientific disciplines as geology,
botany, zoology, genetics and palaeontology combined forces and developed a
comprehensive and modern synthesis of evolutionary theory (Mayr 1963; Dobzhansky
1970).

Perhaps the most important contribution was the association of speciation with
reproductive isolation (Fisher 1930; Dobzhansky 1937; Mayr 1942). A major focus was
placed on geographic modes of reproductive isolation. This focus on physical isolation
models can be seen in the numerous debates about the importance of allopatry vs.
sympatry found in the literature (Maynard Smith 1966; Bush 1969; Kulathinal and Singh
2000a,b; Coyne and Price 2001). Other examples that highlight the importance of
geographical models include founder effect models (reviewed in Carson 1968; Templeton
1980) which concern the relocation of a small population to a new environment, and
parapatric models which argue for the formation of species along a geographical axis
associated with a cline in selection intensity for a particular trait (i.e. Slatkin 1973). This
dependence on geography to explain the initial divergence of incipient species may well

restrict a complete understanding of the diversity of processes that lead to speciation (see



below).

1.22  The genetics of reproductive isolation

The knowledge that mechanisms of reproductive isolation invariably lead to
speciation allowed species formation to become an experimentally addressable problem.
Incompatibilities found in the interspecific hybrid (i.e. inviability and sterility) offered the
promising potential that one could acquire at least some idea of the nature of the genetic
changes that led to reproductive isolation. However, with the discovered importance of
geography in speciation theory, initial stages of divergence were thought to take place in
allopatry, and allelic incompatibilities were expected to accrue as a byproduct of
divergence (Dobzhansky 1937, Muller 1942). Once these diverged species again meet in
sympatry, the accumulated incompatibilities are manifested in the hybrid. Thus, the
evolution of hybrid incompatibilities and their role in speciation, was finally understood
and other patterns of species hybridization could be explained. For example, J.B.S.
Haldane (1922) found that “when in the F1 hybrid offspring of two different animal races
one sex is absent, rare or sterile, that sex is the heterozygous [heterogametic] sex”. Most
explanations of Haldane’s rule have utilized the fact that the heterogametic sex possesses
two different sex chromosomes while the homogametic sex contains autosomes and sex
chromosomes from each parent. Interest in Haldane’s rule across a wide spectrum of
animal taxa lead to the introduction of new tools which allowed reproductive isolation to
be finely dissected. Dobzhansky (1936) pioneered some of the first studies of hybrid

male sterility in two related species of Drosophila, D. pseudoobscura and D. persimilis.



9

Using a series of backcrosses, he demonstrated that the X-chromosome has a large effect
on hybrid sterility which lead to the development of various genetic models of species
divergence (see Coyne 1992).

Because of its association to early stages of species divergence (Coyne and Orr
1989, 1997), a renewed interest has been found in explaining the genetic basis of
Haldane’s rule (see Laurie 1997, Orr 1997). One explanation has been termed the
dominance theory (Turelli and Orr 1995) and is an updated version of Muller’s imbalance
theory (Muller 1940, 1942; Zeng 1996). According to the dominance theory, if
incompatible alleles act in a recessive manner in the hybrid, the heterogametic sex will
always be the first to be inviable or sterile (Orr 1995). Another explanation of Haldane’s
Rule highlights the importance of sexual selection on male traits (Wu and Davis 1993), a

process which has been the focus of extensive research.

1.23  Sexual selection as a factor in speciation

After revolutionizing biological (as well as philosophical and political) thought
with his 1859 publication, Darwin produced another less appreciated, until recently,
evolutionary theory. His 1871 publication, The descent of man, and selection in relation
to sex, was a successful attempt to explain the sometimes bizarre diversity within species
- between male and female. Exaggerated features found on males such as elaborate
colouration and aggressive behaviour could be explained as the result of either female
selection on male variability or direct competition between males for females.

Over the last decades, countless studies have demonstrated a remarkable
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collection of traits resulting from sexual selective mechanisms in a wide variety of
sexually reproducing taxa (Andersson 1994). Sexual selection’s association to speciation
has also been emphasized. Fisher (1930) first demonstrated how Darwin’s theory of
sexual selection may cause a trait, even if maladaptive to the male (i.e. natural selection
does not favour it), to still evolve rapidly due to its selective advantage in mating. Lande
(1981) modelled this process and demonstrated that a maladaptive male trait may evolve
rapidly in a runaway process. Thus, the formation of species can be achieved in a very
short time period. That sexual selection may be the driver of rapid evolutionary changes
in mate signals and preference runs counter to previous models which assume the species
must be geographically separated from each other and divergence takes place in a rather
gradual manner. Using the newly formed species of Hawaiian Drosophila (over 500
species have evolved within the last five million years), Carson (1997) demonstrated that
many of the diverged male traits used in mating, as well as female preferences, have
evolved through sexual selection on small founding populations.

Theories of sexual selection have traditionally invoked female preference of male
traits (Kirkpatrick 1985). This preference allows female traits to remain more-or-less
constant and has been explained by the good-genes model among others (Fisher 1915;
Zahavi 1975). Recently, a coevolutionary process between male and female traits has
been proposed. Rice (1996) suggested that males and females continuously produce
strategies that would increase the fitness of themselves, even if it involves a loss of fitness
in its partner. This antagonistic conflict between the sexes will cause both male and

female traits to evolve at a rapid rate. Arnquist et al. (2000) indeed showed that in taxa
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which exhibited sexual conflict, rates of speciation were four times higher than similar
(related) taxa in which sexual selection is greatly reduced because they possessed

monogamous mating systems.

1.24  Sex genes and their role in speciation

One recent and important development in sexual selection theory has been the
extension of sexual selection to traits other than secondary sexual characters (Eberhard
1996; Civetta and Singh 1998a). Previous examples focussed on classical morphological
traits involved in mating (precopulatory). This extension increases the number of traits
on which sexual selection could act upon. Eberhard (1985) demonstrated that male
genitalia, directly involved in copulation, are extremely diverged in a variety of animal
taxa and proposed that this diversity was caused by sexual selection. Proteins involved in
fertilization such as Drosophila accessory gland proteins (Aguadé et al. 1992, Clark et al.
1995, Tsaur and Wu 1997) are also highly diverged and sexual selection may be the
causative factor. Because sexual conflict involves the coevolution of male and female
traits, females traits/genes are also expected to be diverged. Civetta and Singh (1995),
using two-dimensional electrophoresis, demonstrated that proteins from male and female
reproductive tracts are more diverged between closely related species of Drosophila than
are proteins from other sampled tissue. Swanson et al. (2001) also showed that three
female-specific mammalian egg proteins involved in binding sperm are highly diverged
and that divergence is driven by positive selection. In another study, Civetta and Singh

(1998b) classified available genes as sex or non-sex and found that sex genes were
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significantly more diverged than non-sex genes indicative of the role of sexual selection
on these genes. Singh and Kulathinal (2000) review a number of classes of sex and
reproduction-related genes (SRR) genes which reveal high divergence.

An accumulating number of examples of SRR genes are found to be rapidly
evolving among a wide range of species (see Table 5.1). The use of an extended or
‘broadened’ concept of sexual selection (Civetta and Singh 1999) allows us to abandon
the view of speciation as simply the gradual divergence of allopatric taxa. Sexual
selection may represent an impressive force which increases the rate of speciation. The
greater fitness component found in sexual systems within species (Prout 1971;
Kingsolver et al. 2001; Hoekstra et al. 2001) may translate to the phenotypic variation we
observe between species. Thus, a new and encompassing view of speciation is being

formed.

1.3  The Role of Development in Macroevolution

1.31 Importance of gene regulation in generating species diversity

While much of the population genetics of speciation deals with protein divergence
and allelic differences in enzymatic activity (Lewontin 1974), differences in the
regulation of gene expression have remained relatively unexplored. But regulatory
interactions may play a major role in producing evolutionary novelty (Tautz 2000). King
and Wilson’s (1975) comparison of chimpanzees and humans using DNA hybridization
and protein and electrophoretic comparisons, revealed that over 99% of our genes are

similar, supporting the idea that the large conspicuous differences between these two
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primates are primarily regulatory in nature (Wilson et al. 1974). Until recently, biologists
could only make inferences about the role of regulatory elements in species diversity.
Now, with the readily available tools of molecular biology, the role of regulation in
species differences can be experimentally pursued.

Studying the evolution of gene regulation in both non-coding regions and
regulatory proteins presents a difficult challenge. Regulatory regions, which may
comprise much of the noncoding part of a gene, do not follow a general design and may
be located far from the actual gene itself. Furthermore, regulation itself may include a
wide range of mechanisms from transcriptional control to post-translational
modifications. However, by selecting loci with characterized and tractable regulatory
sequences, these problems could be alleviated. Recently, a series of studies have
examined the evolutionary dynamics of a well-defined regulatory region in Drosophila.
Comparing the enhancer sequence which drives even-skipped (eve) expression in stripe
number two (pair-rule gene expressed in embryogenesis), Ludwig and Kreitman (1995)
found the presence of extensive polymorphism at binding sites in the eve enhancer region
among natural populations of D. melanogaster as well as the divergence of enhancer
sequence between closely related species. They also demonstrated that a D.
pseudoobscura enhancer placed in a D. melanogaster background drives normal eve
stripe 2 expression (Ludwig ef al. 1998). However, most interestingly, they showed that
chimeric constructs containing both D. pseudoobscura and D. melanogaster enhancer
sequence caused misexpression (Ludwig et al. 2000) and concluded that enhancer regions

evolve rapidly but stabilizing selection appears to conserve their function. In a recent
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experiment, Kopp et al. (2000) revealed that regulatory changes in the bric-a-brac (bab)
gene (which causes differences in bab expression) have played an important role in the
evolution of adult abdominal segment morphology in Drosophila. bab modulates signals
from the homeotic and sex determination pathways to create sex-specific pigmentation,
most likely evolved by sexual selection (Kopp et al. 2000).

Regulatory proteins (i.e. transcription factors) have also been shown to play an
important role in the evolution of phenotypic diversity by means of reproductive
isolation. Ting et al. (1998) isolated the transcription factor, OdsH, involved in the
reproductive isolation of Drosophila simulans and D. mauritiana. This gene contains an
extremely fast evolving homeobox domain which, when its D. mauritiana ortholog is
introgressed into a D. simulans genetic background, produces a significant male sterile

effect.

1.32  The diversity of sex determination mechanisms

One of the most significant patterns identified in evolutionary and developmental
biology is the conservation of developmental processes at a molecular level across distant
taxa (Carroll 1995; Peterson and Davidson 2000). Sex determination, however, is a
notable exception. For most organisms, sexual differentiation is a fundamental process
which affects a whole array of sex-specific traits including morphology, physiology,
behaviour and reproduction. While the decision to become either male or female
represents a major developmental stage which takes place early in ontogeny, a wide

variety of mechanisms exists (Hodgkin 1990, 1992). Table 1.1 displays various
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mechanisms of sex determination in an assortment of taxa. Not only are there differences
between principle determinants of sex (i.e. chromosomal vs. environmental), but
particular sexes are either heterogametic or homogametic and modes of dosage
compensation vary. Mechanisms include dominant X-, Y- or autosomally-linked loci in
mammals, temperature or density dependence in amphibians and reptiles, and the ratio of
X chromosomes to autosomes in worms and flies. In addition, genetic and molecular
analyses have shown that the molecular bases of regulatory systems which ultimately
control sexual development are not homologous (Cline and Meyer 1996). Variation
found among sex determination systems is particularly evident in the Order Diptera (see

© Table 1.1).

1.33  Sex determination in Drosophila

Through extensive genetic and molecular analyses, an excellent comprehension of
the sex determining genetic pathway has been procured in Drosophila. Early in
Drosophila embryonic development, each cell must autonomously decide whether to be
male or female. This critical task is accomplished using the X-linked binary switch gene,
Sex-lethal (SxI), and the principle signal that activates this switch is the ratio of X-
chromosomes to autosomes (X:A) (Baker 1989). Females (X/X;A/A) have equal
numbers of X-chromosomes and autosomes (i.e. an X:A ratio of 1.0) while males
(X/Y;A/A) have an X:A ratio of 0.5 (Bridges 1925) (Figure 1). Each cell determines this
ratio by assessing the number of numerator (X-linked) vs. denominator (autosomal)

elements or expressed genes. A number of genes have been localized on the
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Diversity of sex determination mechanisms
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Sex determinant

Sex determination

Taxa Genus (female, male) mechanism

Mammals XX, XY dominant male-determining

Birds W, 77 Z:W ratio

Alligators warm, cool temperature

Turtles cool, warm temperature

Nematodes Caenorhabitis XX (herm), XO (male) X:A ratio
Meliodogyne  sparse, crowded population density

Insects Pales XX, XY dominant male-determining

(Order: Sciara XX, XO (somatic) X:A ratio

Diptera) Mayetiola X1 X1 X2 X, X1 X520 genotype of mother

Culex homomorphic dominant male-determining
Aedes XX, XY dominant male-determining
Anopheles homomorphic dominant male-determining
Eusimulium homomorphic dominant male-determining
Chironomus  homomorphic dominant male-determining
Megaselia homomorphic dominant male-determining
Ceratitis XX, XV dominant male-determining
Anastrepha XiXi1XoXp, XiX1Y; ZW, ZZ  variable
Drosophila XX, XY X:A ratio
Musca XX, XY; homomorphic variable
Chrysomya XX, XY genotype of mother
Lucilia XX, XY dominant male-determining

Data compiled from Hodgkin (1992) and Marin and Baker (1998); herm=hermaphrodite
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Figure 1.1  The sex determination regulatory hierarchy in Drosophila. The ratio
between certain genes found on the X-chromosome (numerator elements) and autosomes
(denominator eléments) directs whether or not the early Sex-lethal (SxI,,) promoter is
activated. In females, functional SXL splices transformer (tra) premRNA to form fully
functional TRA. TRA, with the transformer-2 protein (TRA-2) activates production of
the female-specific doublesex isoform, DSXf. Along with the intersex protein (IX),
DSXf represses the activation of downstream male-specific gene expression. In males,
the null pathway (i.e. no SXL nor TRA) allows for the default splicing of male-specific
doublesex isoforms, DSXm. DSXm represses female differentiation by acting on

downstream sex-specific targets.
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X-chromosome and an autosome providing a molecular basis for this X:A ratio (Cline
and Meyer 1996). The products of these genes interact transiently during early embryonic
development (Cline 1985) to control the transcription of Sx/ (Figure 1.1), using its early
(also known as embryonic or establishment) promoter, Sx/-Pe (Keyes et al. 1992).
Transcription using this promoter occurs in females during the early formation of somatic
cells between nuclear cycles 12 and 14 (Erickson and Cline 1991) producing an early
SXL protein. Once transcription of the early Sx/ promoter ceases, constitutive Sx/
transcription (in both males and females) ensues using the late (i.e. maintenance)
promoter, Sx/-Pm. The transient production of early SXL serves as a female-specific
pulse to alternatively splice late Sx/ transcripts, produced from the maintenance promoter,
into functional SXL (Bopp ef al. 1991). Late SXL eventually autoregulate their own Sx/
premRNA transcripts. Since Sx/-Pe is not activated in males, Sx/-Pm transcripts are
spliced using the default pathway whereby exon 3, which contains an in-frame stop
codon, is utilized, thereby producing a non-functional truncated protein. In females,
functional SXL can regulate downstream genes such as transformer (tra), involved in
somatic differentiation, to instruct female development. Both female-specific tra and the
ubiquitously expressed transformer-2 (tra-2) gene products interact with doublesex (dsx)
premRNA to effect the production of the female isoform, DSXf. Males, without any
functional SXL, follow the default pathway to produce the male-specific dsx isoform,
DSXm. The sex-specific proteins, DSXf and DSXm, then act upon a cascade of

downstream genes involved in somatic sexual differentiation.
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1.34  Rapid evolution of sex determination genes

A remarkable diversity of sex determination mechanisms exists in nature (see
Table 1.1). Correspondingly, many of the loci involved in sex determination have been
shown to be rapidly evolving. O’Neil and Beloté (1992) demonstrated that the tra locus
was among the most diverged between D. melanogaster and D. virilis. Both selective
(Walthour and Schaeffer 1994) and neutral (McAllister and McVean 2000) modes of
selection were supported. In nematodes, the terminal regulators of the sex determining
pathway, tra-1 and tra-2, (no homology to their namesakes in Drosophila) were also
highly diverged between Caenorhabditis elegans and C. brigassae (de Bono and Hodgkin
1996; Kuwabara 1996). A large portion of the-primary sex determination switch locus,
Sry, is rapidly evolving in mammals (Whitfield ef al. 1993; Tucker and Lundrigan 1993;
Hawkins 1994). The algal sex determination mid locus is found to possess high rates of
substitution between Chlamydomonas reinhardtii and C. incerta (Ferris and Goodenough

1997). Hence, sex determination appears to be a variable genetic system.

1.4  Thesis Overview

1.41  The problem

The molecular evolution of sex determination genes, which are necessary for
normal sexual differentiation, presents a fascinating paradox. On the one hand,
developmental processes and genes tend to be conserved. But on the other hand, sex
determination systems are extremely diverse among different taxa (Hodgkin 1992) and a

number of sex determining genes, which primarily direct the regulation of traits involved
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in sexual dimorphisms, have been found to be evolving rapidly. This thesis investigates
the molecular evolution of sex determination by performing a comprehensive evaluation
of sequence variation in the three primary sex determining genes, doublesex (Chapter 2),
transformer (Chapter 3)and transformer-2 (Chapter 4) in species of the Drosophila
melanogaster subgroup. Since all differences between taxa ultimately find their roots in
the genetic variation found within populations (Purugganan 1998), understanding the
evolutionary dynamics among closely related species may direct us to the proximal causes

of the observed diversity in sexual systems.

1.42  The species

Sequence variation was quantified using species of the Drosophila melanogaster
subgroup. This subgroup has a Afrotropical origin (Lachaise et al. 1986; Powell 1997).
For the highly diverged tra and tra-2 sequences, sibling species of the D. melanogaster
complex - the cosmopolitan species, D. melanogaster and D. simulans, and the island
endemics, D. mauritiana and D. sechellia - were sequenced for divergence and
polymorphism. These sibling species are morphologically indistinguishable and
homosequential. The only diagnostic difference are the shapes of their genial arch’s
posterior lobes (Coyne and Kreitman 1986). Also, when the latter three species (species
of the D. simulans clade) are crossed, they produce fertile female hybrids but sterile males
(Lachaise et al. 1986; Kulathinal and Singh 1998), following Haldane’s rule. One
advantage of using sibling species of the D. melanogaster group is that they possess many

genes that have been sequenced in population studies (Hey and Kliman 1993; Kliman and
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Hey 1993) and represent “the most thoroughly studied speciation model” (Kliman et al.
2000). Of course, one of the other advantages is that sex determination has been
extensively characterized at both genetic and molecular levels in D. melanogaster (Cline
and Meyer 1996). For the relatively conserved gene, dsx, seven species of the D.
melanogaster subgroup - which include the four sibling species and D. erecta, D.

tiessieri, and D. yakuba - were assessed for patterns of divergence.

1.43  Objectives and findings

Genes and traits involved in sex and reproduction have been demonstrated to
possess higher evolutionary rates indicative of their preferential involvement in the
formation of species (Singh and Kulathinal 2000). In particular, sex determination genes
have been found to be rapidly evolving across a wide range of taxa. The main objective
of this thesis has been to study and understand, in a comprehensive manner, the molecular
evolution of this particular subset of genes. I choose to study the evolution of sex
determination loci from the D. melanogaster species subgroup, a model system in studies
of speciation. Genetic variation of three interacting genes of the Drosophila sex
determination pathway, doublesex, transformer, and transformer-2, was examined in
detail. The evolutionary analysis of sequence variation in these three sex determination
genes is expected to provide answers about their rates of evolution and mechanisms of
evolutionary change as well as provide valuable information about the possible role of
rapidly evolving genes from this sexual system in generating species diversity.

Chapter 2 examines the molecular evolution of the terminal sex determining
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switch gene, doublesex. dsx is directly regulated by the presence or absence of the
upstream regulators, TRA and TRA-2. As the furthest downstream locus in the primary
sex determination pathway, this gene effects both male and female somatic sexual
function by means of its sex-specific gene products, DSXm and DSXf. Hence, an
adaptive change in any of its upstream transcription factors, if directed at primary sex
determination, should be observed at this point in the genetic pathway. Also, dsx’s low
expected divergence, given that it contains known conserved domains, can be used as a
baseline against estimated divergences of the other rapidly evolving sex determining loci,
tra and tra-2. In an internal comparison of divergence between species of the D.
melanogaster subgroup, male-specific exons of dsx were found to possess higher levels
of selective constraint compared to exons common to both males and females. This
pattern is reversed, however, across larger phylogenetic distances and may indicate the
presence of lineage-specific differences in selection.

Chapter 3 examines fransformer evolution among sibling species of the D.
melanogaster complex. TRA is expressed only in females and regulates the dsx locus to
produce female-specific DSX isoforms. #ra had previously been demonstrated to be
rapidly evolving across Drosophila (O’Neil and Beloté 1992) and different evolutionary
processes have been suggested to drive its divergence (Schaeffer and Walthour 1994,
McAllister and McVean 2000). Among the sibling species of D. melanogaster,
replacement changes are rapidly fixed between species and the presence of very large
amino acid insertions, which drastically change the biochemical structure of this

transcription factor, indicate that this protein can accommodate large disruptive changes.
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Except for the significant presence of heterogeneity between amino acid sites, a neutral
explanation was not rejected.

Chapter 4 examines the divergence and polymorphism of the ubiquitously
expressed gene transformer-2, in the D. melanogaster complex. Its gene product
interacts with TRA in females and is also necessary for male fertility. Using sibling
species of the D. melanogaster subgroup, it was demonstrated that TRA-2, like TRA, also
evolved in a rapid manner. Although arginine-serine (RS) domains seemed to remain
constant between species, significant differences in evolutionary rate, likely caused by
differences in selective constraint, were found between species. The low levels of
replacement polymorphism in both D. melanogaster and D. simulans compared to the
relatively higher levels of fixed replacement substitutions and higher variation at
synonymous sites (both within and between species), indicate the possibility that
adaptation may be driving the rapid fixation of its amino acids.

Finally, Chapter 5 is treated as a general discussion of the results from this thesis.
In particular, I discuss the rapid evolution of sex determining genes in the context of

sexual system diversity and speciation.
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ABSTRACT

The doublesex (dsx) locus plays a dual role in the regulation of sex determination
in Drosophila. In females, the female-specific isoform, DSXT, represses the expression of
male differentiation while in males, the male-specific DSXm isoform represses the
expression of genes involved in female differentiation (Burtis and Baker 1989). To
function, DSX forms a homodimer via the interaction of its oligomerization domains - a
common OD1 domain that is found in both sexes and a sex-specific OD2 domain located
at the DSX carboxy-terminus. Although sex determination genes expressed immediately
upstream to the dsx locus were found in this thesis to be rapidly evolving, DSX appears to
be relatively conserved - particularly in its protein oligomerization domains - across
distant taxa. Using seven species of the D. melanogaster subgroup, sequence divergence
was assessed at the dsx locus. Overall protein divergence is low. All replacement
substitutions are found outside the conserved oligomerization domains, OD1 and OD2.
The noncoding dsx premRNA repeat element (dsxRE) region is also relatively conserved
between species of the D. melanogaster subgroup. This dsxRE conservation among these
species contrasts to D. virilis divergence. Although repeat units were identical, D. virilis
possessed only four out of the six repeats found in the D. melanogaster subgroup. To
compare evolutionary rates across the dsx protein, a sex-specific region of the dsx locus
was compared to a region of dsx which is common to both sexes. Using Dipteran
sequences from Megaselia, Bactrocera and D. melanogaster, the OD1 domain common

to both DSX isoforms were compared to male-specific portions of the OD2 domain.
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While OD1 appears moderately conserved across Dipterans, the male-specific carboxy
terminus of OD2 has low similarity. In another comparison using the seven species of the
D. melanogaster subgroup, divergence of the sequenced common exon was compared to
the sequenced male-specific exon. In terms of nonsynonymous divergence, the male-
specific exon was found to be, in contrast to the Dipteran lineages, less diverged on
average than the common exon. Using maximum likelihood, selective constraints were
estimated to be larger in the male-specific exon (d/dg = 0.04) compared to the common
exon (dy/dg = 0.09). The differences in divergence between sex- and non-sex-specific
regions from these two phylogenetic comparisons may suggest the presence of variable
selection pressures between these lineages. Intraspecific variation in D. melanogaster
was found to be lower in the second common exon relative to the male-specific exon.
Among six geographically diverse lines of D. melanogaster, only five segregating sites

were observed (2 being replacement polymorphisms) over a 1332 base pair sequence.
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INTRODUCTION

In most eukaryotes, biparental reproduction is a common evolutionary strategy.
The determination of sex generally takes place early in the development of the organism
and is coordinated by a small number of genes. These genes, in turn, reguiate a cascade
of downstream genes and genetic pathways which ultimately control sex-specific aspects
of development, physiology and behaviour.

Much of our understanding of the genetic mechanisms of sex determination is
based on the extensively studied model organism, Drosophila melanogaster (for an
excellent review, see Cline and Meyer 1996). Genetic and molecular analyses have been
used to acquire a precise understanding of the genetic pathways involved in the early
decision of sexual identity, particularly somatic sexual differentiation (see Introduction,
Figure 1.1). The primary signal is found in the X-chromosome to autosome ratio. In
females (X/X;A/A), the double dose of X-chromosomal genes allows for the production
of functional SXL protein. SXL, in turn, splices transformer (tra) premRNA (Handa et
al. 1998) into full length transcripts which translate to functional TRA protein. TRA and
the ubiquitously expressed TRA-2 then bind to dsx premRNA to form female-specific
isoforms, which regulate a whole cascade of downstream genes involved in female
somatic sexual differentiation (Nagoshi ef al. 1988). In males, the single dose of X-
linked genes does not allow for the production of functional SXL and therefore functional
TRA is not produced. Without TRA, dsx premRNA is spliced through default

mechanisms and a male DSX isoform is produced (Figure 1.1).



37

As the final gene in the regulatory hierarchy that controls sexual differentiation in
Drosophila, dsx plays a pivotal role in the development of male and female somatic
sexual identity. Classic genetic screens have uncovered the dichotomous nature of dsx
expression and subsequent production of sex-specific isoforms (Baker and Ridge 1980).
These zinc-finger transcription factors target downstream genes that are involved in
various aspects of somatic sexual differentiation including courtship behaviour (Villella
and Hall 1996), morphological dimorphisms and developmental differences (Burtis and
Baker 1989). Sex-specific targeting of yolk-protein2 (yp-2) has become the best example
of dsx regulation (Burtis and Wolfner 1992). Male isoforms of DSX repress transcription
of this gene involved in yolk protein production during embryogenesis while female
isoforms allow for yp-2 expression (Coschigano and Wensink 1993). Hence, dsx acts as a
double-switch gene that “selects between two alternative sexual programmes” (Schiitt and
Nothiger 2000).

While the primary genetic hierarchy of sex determination is a critically important
genetic pathway, sex determination mechanisms appear to be quite variable among taxa
(Hodgkin 1992; Marin and Baker 1998). The primary trigger can be either genetic or
environmental and a wide diversity of regulatory genes and mechanisms exists (Table
1.1). The observed plasticity in evolutionary strategies employed to decide sexual fate is
seen across distant taxa as well as within species. For example, in the common housefly,
Musca domestica, sex determination is controlled by either a single gene or chromosomal
ratio, depending on the strain used (Diibendorfer et al. 1992). A similar situation exists

in the lemming, Myopus schisticolor (Fredga 1994).
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In addition to the variation found among sex determination systems, many sex
determination genes have been found to be rapidly evolving. In nematodes, the sex
determining loci, tra-1 and tra-2, are among the most diverged genes between, C. elegans
and C. brigassae (deBono and Hodgkin 1996; Kuwabara and Hodgkin 1996). Sry, the
master control gene of sex determination in mammals has also been demonstrated to be
rapidly evolving among rodents and primates (Tucker and Lundrigan 1993; Whitfield et
al. 1993). In Drosophila, O’Neil and Beloté (1992) found that transformer (tra), one of
the sex determining transcription factors that interacts with dsx premRNA, is among the
most diverged genes in Drosophila.

It must be noted that while a handful of sex determination genes have been found
to be rapidly evolving, most others are relatively conserved. Interestingly, the sex
determination loci that are most diverged are usually situated at the top of the genetic
pathway (i.e. upstream regulators). One evolutionary hypothesis to explain this pattern of
variation between sex determination loci has been proposed by Wilkins (1995). In his
model, downstream regulatory genes in sex determination are suggested to be more
ancient and that upstream genes have been recruited more recently. Hence, upstream loci
would tend to be less similar to other upstream recruits from different taxa. The tolerance
of this part of the sex determination pathway to different regulators suggests that selective
constraints on these genes may be quite low. Another explanation of the pattern of
rapidly evolving upstream regulators in sex determination is that downstream genes may

control a greater repertoire of genes and, therefore, be more constrained (Marin and Baker

1998).
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Comparative studies have indicated that regions of the dsx locus that code for
certain protein domains are conserved across distant taxa (Raymond et al. 1998; Smith et
al. 1999). On the other hand, diverged regions have also been found. Hertel et al. (1996)
demonstrated structural differences between D. virilis and D. melanogaster in the
premRNA repeat region used to promote binding of the TRA/TRA-2 mediated
spliceosomal complex in females. In order to better understand the evolutionary
constraints at the dsx locus, seven species of the D. melanogaster subgroup were
sequenced in selected regions. This comparative approach allows differences in
divergence of various regions of the locus to be assessed. I report that dsx is indeed a
conserved locus in the sex determination pathway. Neither protein nor regulatory regions
sequenced revealed much change across the D. melanogaster subgroup. However,
differences in selective constraints were observed between common and sex-specific

regions of the gene and appear to change between evolutionary lineages.
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MATERIALS AND METHODS

Isolation of DNA from species of the D. melanogaster subgroup: In order to
assess DSX divergence in closely related species of the D. melanogaster subgroup, the
dsx locus was partially sequenced in seven species of the D. melanogaster subgroup
(Figure 2.1). Unless otherwise stated, flies were originally obtained from the Drosophila
Species Stock Centre in Bowling Green. This group of species (stock centre designations
are indicated in parentheses) includes the more distantly related species, D. yakuba
(14021-0261.0), D. tiessieri (14021-257.0), and D. erecta (5-18, kindly provided by John
Roote, Cambridge University), as well as the sibling species, D. sechellia (14021-
0248.3), D. mauritiana (0241.2), D. simulans (0251.2), and the published sequence of D.
melanogaster (GenBank accession number M25292). Several lines of D. melanogaster
were used to determine within species polymorphism in the common second exon and
male-specific fifth exon (both exons are separated by over 25 kb) including the laboratory
strains Canton-S (provided by Ana Campos, McMaster University), InAB (obtained from
UMEA Stock Centre, Sweden) and isofemale lines originating from populations in
Hawaii (14021-0231.0), Peru (14021-0231.1), India (14021-0231.6), Pennsylvania
(CPAA46, kindly provided by Brian Lazzaro, Penn State), and Zimbabwe (Z(H)12 and
Z(H)34), provided by B.L.). Fly stocks were maintained at low density between 22-23° in
banana medium on a diurnal 12h dark/light cycle.

Extraction of genomic DNA was implemented using a single fly procedure (Gloor

and Engels 1992). One fly is ground in 10 mM Tris-Cl (pH 8.2), 25 mM NaCl, 1 mM
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Figure 2.1  Phylogenetic relationship of members from the Drosophila melanogaster

subgroup. D. virilis is also indicated. Divergence times are from Powell (1997).
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EDTA and 200 mg/ml proteinase-K and placed at room temperature for 30 minutes. As a
final step, this mixture is heated at 95° for three minutes.

Amplification and sequencing of the dsx locus: Since the dsx locus spans over
40 kb (see Figure 2.2A), I employed a strategy to simply sample coding regions which
translate to male and female-specific DSX isoforms and designed ubiquitous primers
(from the published D. melanogaster sequence, Burtis and Baker 1989) which amplified
coding regions in all seven species. Only exons with coding sequences were sequenced
and amplified, thereby restricting this analysis to just three regions (Figure 2.2A). With
respect to the published sequence of D. melanogaster, this sequencing strategy effectively
covers 86.5% of the total coding region, including 471 out of the total 549 amino acids
found in male-specific isoforms and 372 out of 427 amino acids found in female-specific
isoforms. Region A includes amino acids 17 to 328 which originate from common exon
2 and is amplified using the external primers, SSGGAGGAGAACTGGAATAGCG3' and
5'AACTGAGATCGGCAAAATGG3!, plus an internal set of primers for sequencing,
5'AGTGTGGGTGGCTTTGGTG3' and 5S'GACATGTCCTGCACCACCAG3'. Region B
includes amino acids 367-397 from common exon 3 and amino acid sites 398-427
originating from the female-specific exon. Region B also contains intron 3 as well as
noncoding portions of the female-specific exon which includes the dsxRE region. Its
primary sequence is amplified using the flanking primers,
5'GCCAAGACGTTTTCCTAGAC3 and STCGCAAGACATCGATGAAAC3'. Internal
primers (for sequencing), SSGCTGAGATGTCTGGCCTC3' and

5'AGATCCGTTTGCGGATTG3', were also employed in this region. Region C includes



44

Figure 2.2  Transcribed and translated products of doublesex in D. melanogaster. A.
Gene structure and sex-specific splicing of the dsx locus. Exons represented as boxes and
numbered above. Solid boxes denote coding portion of the exons.. Female and male-
specific mRNA transcripts are shown above and below, respectively. The three
sequenced regions (A, B, and C) used in this study are indicated above. B. Sex-specific
dsx products, DSXf and DSXm. Both isoforms have a common amino-terminus and sex-
specific carboxy-termini. Protein binding domains (OD1, OD2m/f) are represented as

open boxes. Sequenced regions (A, B, C) are also indicated.
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amino acid sites 410-541 from male-specific exon 5 and amplification of its sequence is
accomplished with the primer pair, 5STCGAGTGGAAATAAATCGCA3Z' and
5'CGTTGCGATACTGCTACGTG3'. All primers were constructed at the Molecular
Biology Institute of McMaster University (MOBIX).

Using flanking primers for each of the particular regions listed above, the dsx
locus was partially amplified between members of the D. melanogaster subgroup using a
Perkin-Elmer 480 thermocycler. A hotstart and touchdown protocol was used in all cases
with cycles based on a 95°/1 minute dissociation and 72°/1 minute extension, however,
annealing conditions varied according to which region was amplified. For Region A, a
MgCl, concentration of 1.5mM and a decremental series of cycles starting at 62° and
ending at 54° (2 cycles per degree Celsius except for 3 cycles at both 59° and 58°) was
used. A similar touchdown protocol, but MgCl, concentration of 2.0 mM, was used for
Region B. Region C (MgCL=1.25mM) also employed a touchdown procedure starting at
64° and terminating at 56° (2 cycles per degree Celsius except for 3 cycles each at 60°,
59°, and 58°). 10X PCR buffer, MgCl, and Taq polymerase were supplied by Fermentas
(Burlington, ON). Amplifications performed on populations of D. melanogaster to assess
levels of intraspecific variation used similar conditions as above, but on a different
thermocycler, an MJ Research PT-200.

All amplification products were run on 1% agarose gels with EtBr to check for
amplification specificity and purified using a QIAGEN DNA purification kit. Sequencing
was performed on an ABI PRISM® 377 DNA sequencer using both flanking and internal

primers (as described above) on both strands.
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Sequence analyses: Sequence validity was confirmed by sequencing both
strands. Sequences were aligned using ClustalX (Thompson et al. 1997) and all variable
sites were again confirmed. Coding regions were identified in-frame as defined by the D.
melanogaster published sequence (Burtis and Baker 1989). Variable nucleotide and
amino acid sites were found using MEGA ver. 2.0b (Kumar ef al. 2000). For
comparisons of the dsxRE region across Diptera, sequences were obtained from the
following sources; D. melanogaster, Burtis and Baker (1989), Inoue et al. (1992); D
virilis, Hertel et al. (1996); Megaselia scalaris, Kuhn et al. (2000); Bactrocera tryoni,
Shearman and Frommer (1998). Neighbor-joining trees (Saitou and Nei 1987) were
constructed using the Phylip package of programs ver 3.5 (Felsenstein 1993) and
visualized with TREEVIEW ver. 1.61 (Page 2000). Two estimates of nucleotide
diversity, 0, determined from the number of segregating sites in a sample of genes
(Watterson 1975), and =, the average pairwise difference between haplotypes (Nei 1987),
were calculated using DnaSP v3.51 (Rozas and Rozas 1999). Variances are calculated as
in Nei (1987). For estimates of interspecific divergence, the proportion of synonymous
(Ks) and nonsynonymous (Ka) substitutions per site (Nei and Gojobori 1986) were also
calculated.

Evolutionary models (clock vs. no clock and d,/dg heterogeneity between lineages
vs. constant dy/dg) were compared using a maximum likelihood approach implemented by
the program CODEML in the PAML package v3.0b (Yang 1997). Likelihood ratio tests
were performed to examine whether a particular model produces a significantly better fit

to the data. PAML also generates estimates of the parameter, o=d/ds.
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RESULTS AND DISCUSSION

Conservation of the oligomerization domains in the D. melanogaster
subgroup: As terminal regulators of the sex determination hierarchy in Drosophila, sex-
specific isoforms of DSX (Figure 2.2B) play a critical role in sexual differentiation.
Genetic analyses using dsx mutants have indicated their involvement in controlling many
aspects of somatic sexual differentiation including differences in pigmentation of the fifth
and sixth abdominal tergites, courtship behaviour (Villella and Hall 1996), yolk protein
expression in oogenesis (Bownes 1994), development of the nervous system (Truman
1992) and differences in genitalia and secondary sexual traits such as male sex combs.

In order to study divergence between members of the D. melanogaster subgroup
at the dsx locus, a sequencing strategy was employed that maximized the amount of
coding region sequenced. Although the coding region of the dsx locus spans over 30 kb
(Figure 2.2A), nucleotide sequence encompassing over 86% of the dsx protein code from
seven species of the D. melanogaster subgroup was collected allowing us to observe
approximately 20 million years of evolutionary change on synonymous and
nonsynonymous variation at this locus.

Figure 2.3 shows an alignment of the partially sequenced dsx protein from species
of the D. melanogaster subgroup. Its two protein dimerization domains, OD1 and OD2
(both male and female-specific) are completely devoid of substitutions in this subgroup.
Recent studies have demonstrated that these domains are important in DSX

homodimerization. In vitro crosslinking assays and in vivo yeast-two-hybrid system
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Figure 2.3 DSX protein alignment in the D. melanogaster subgroup. Variable amino
acid sites which are translated from the three sequenced regions of the dsx locus
(indicated in Figure 2.1) are shown. Sibling species of the D. melanogaster complex, D.
simulans, D. mauritiana, and D. sechellia, are grouped together, as are the more distant
members of the yakuba complex, D. tiessieri, and D. yakuba. Variable sites are shown if
at least one amino acid from a particular group differs from the published D.
melanogaster sequence. Lightly shaded sites denote similar amino acid substitution.
Exons of protein origin are indicated. Oligomerization domains, OD1 and OD2 are
represented in boxes. OD2 has a sex-specific carboxy terminus. Astericks denote stop

codons. Gaps indicate region of protein not sequenced in this study.
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studies (Chen 1995; An et al. 1996; Erdman et al. 1996; Cho and Wensink 1997)
revealed the presence of DSX protein dimers (in both males and females). Also
corroborating the hypothesis that DSX isoforms act in dimerized form was the
determination that DSX binds to symmetrical sequence on its mRNA targets (Erdman et
al. 1996). It appears that OD1 and OD2 are necessary to dimerize full length DSX
isoforms as well as to form a dimeric DNA binding unit required for the activation or
repression of transcription in downstream gene targets (An ef al. 1996).

In an evolutionary analysis of the doublesex locus using distantly related species
of non-Drosophilids, Kuhn et al. (2000) also demonstrated the conservation of
oligomerization domains, relative to the remainder of the protein. The phorid fly,
Megaselia scalaris, the tephrytid fly, Bactrocera tryoni, and the silk moth, Bombyx mori,
all showed protein homology in OD1 and the common and female-specific portion of
OD?2 when aligned with D. melanogaster. In fact, conservation of this domain extends
beyond Diptera. A slightly smaller region of OD1 (termed the “minimal DNA-binding
domain”) has recently been shown to have high similarity to MAB-3 domains in the
nematode, Caenorhabitis elegans (Raymond et al. 1998). Not only do these genes from
D. melanogaster and C. elegans code for similar protein domains, but both control sex-
specific neuroblast differentiation and female-specific yolk protein synthesis. It was
further demonstrated that male DSX isoforms can rescue mab-3 null mutants. A testis-
expressed gene, DMT!, encoding a similar minimal DNA-binding domain was also
isolated in humans (Raymond et al. 1998). Recently, Smith et al. (1999) isolated genes

from reptiles, chickens and mice having similar minimal DNA-binding domain as DSX.
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Furthermore, they demonstrated that these genes possess sexually dimorphic expression
patterns indicating the remarkable conservation of both structure and function across a
wide range of taxa.

The distribution of amino acid substitutions among members of the D.
melanogaster subgroup reveals much about the levels of selective constraints found
across the DSX protein. The immediate regions surrounding the OD1 and OD2 domains
are also conserved (Figure 2.3). The sequenced region of common exon 3, the entire
female-specific exon and much of the 5' end of the sequenced male-specific exon lack
nonsynonymous substitutions which suggests the presence of purifying selection on these
particular regions of the dsx protein.

Conservation of dsx premRNA enhancer region: The transformer locus, which
encodes an upstream transcription factor that interacts with dsx premRNA, has been
previously found to be rapidly evolving in the genus Drosophila (O’Neil and Beloté
1992). Two contrasting evolutionary mechanisms have been suggested to cause this
divergence. Walthour and Schaeffer (1994) argued that the low polymorphism found in
D. melanogaster implies that positive selection may have been responsible for its rapid
evolution. McAllister and McVean (2000), by comparing fra evolutionary rates,
suggested high rates of neutral evolution. Since the only known function of TRA is in its
association to dsx premRNA via its interaction with other serine-arginine (SR) proteins
such as TRA-2, one might expect that the enhancer region may have also diverged as a
coevolutionary response. As shown above, the downstream protein target, DSX, is

relatively conserved relative to its upstream regulator, tra. Among the four sibling
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species of the D. melanogaster complex, only 1.4% of the total amino acid sites sampled
from the DSX protein were variable while 8.7% of amino acid sites in TRA were variable
among the same four species (see Chapter 3). In order to detect any coevolutionary
process between the rapidly evolving TRA and its regulatory premRNA target,
divergence was assessed in the enhancer region where this binding takes place.

Six repeats (each 13 nucleotides long), comprising the enhancer region, are found
in the 3' untranslated part of the female-specific exon (Figure 2.4). Except for a single
substitution in D. sechellia’s first repeat and two dinucleotide substitutions at precisely
the same nucleotide sites in repeat 5 in D. simulans and D. tiessieri and D. yakuba, the
enhancer region is identical among species of the D. melanogaster subgroup. In terms of
enhancer region structure, dsx premRNA of the distantly related fruitfly, D. virilis, is
quite different from that found in the D. melanogaster subgroup. D. virilis contains four
identical repeat units compared to six repeat units found in the D. melanogaster
subgroup. The D. virilis repeat likely represents the ancestral sequence since the
Dipterans, Megaselia and Bactrocera, also contain repeats that are identical to the
common D. virilis repeat (Figure 2.4C). The overall primary conservation of these
noncoding repeats over time reveals the importance of proper alternative splicing in the
female to produce solely female-specific isoforms.

Comparison of variation between common and male-specific exons: The
presence of highly similar domains across vertebrate and invertebrate taxa in genes which
have sexually dimorphic expression patterns, suggest that dsx has a conserved function

(Raymond et al. 1998; Smith et al. 1999). As female DSX isoforms repress the



54

Figure 2.4  Conservation of the dsx splicing enhancer region (dsxRE). A. Structure of
female-specific exon 4 which includes the dsx preRE in D. melanogaster. Six repeats of
13 nucleotides are found in the female-specific exon. A purine-rich element (PRE) is
found between repeats five and six. Solid boxes denote coding portion of exon B.
Comparison of repeat elements from species of the Drosophila melanogaster subgroup
and D. virilis. The number of nucleotides found between repeats are indicated. C.
Alignment of the dsx repeat elements across Diptera. Among species of the D.
melanogaster subgroup, the published D. melanogaster sequence is used as the consensus
sequence and sites that are variable between subgroup species are indicated in lowercase.
The most similar Diperan repeat elements were compared to repeats of the D.

melanogaster consensus sequence.
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transcription of downstream male-specific loci and male DSX isoforms repress the
transcription of downstream female-specific loci, both DSXf and DSXm are critical to
somatic sexual differentiation in Drosophila. An attempt was made to compare the
evolutionary rates between domains that have a sex-specific function to those that are
common in both sexes. In the first comparison, only the conserved oligomerization
domains were compared between the three Dipterans, Megaselia, Bactrocera and
Drosophila (the published sequence of D. melanogaster was used). Unlike other portions
of the dsx locus, these protein domains produced unambiguous alignments necessary to
calculate a reliable set of identities. Among these three species, a highly conserved OD1
domain (88% identity) and a moderately conserved OD2 domain that is common in both
males and females (78% identity) is observed (Table 2.1). Female-specific OD2 domains
are 93% identical. However, conservation of the male-specific OD2 domain is, in stark
contrast, very low (1 out of 30 aligned amino acids is identical between all three species)
and these results indicate that male-specific DSX isoforms possess higher rates of
evolutionary change. These result are consistent with literature that have demonstrated a
high variance in male sexual traits. Traditional notions of sexual selection have invoked
female choice on an arena of male traits with high additive genetic variance (for example,
Lande 1981, Kirkpatrick 1982). Examples of highly variable male traits include insect
genitalia (Eberhard 1985), sperm morphology (Karr and Pitnick 1996; Joly et al. 1997)
and accessory gland proteins (Clark et al. 1995; Begun et al. 2000). Since DSX sex-
specific domains (i.e. OD2) are the principle regulators of a variety of downstream targets

involved in somatic sexual differentiation, the higher evolutionary rates found in the
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TABLE 2.1

Conservation of DSX oligomerization
protein domains across Diptera

Common Domains Sex-specific Domains
Species
Comparison OD1 OD2 OD2 female OD?2 male
Drosophila - 88% 78% 93% 31%
Megaselia n=066 n=47 n=15 n=27
Drosophila - 98% 96% 100% 78%
Bactrocera n=66 n=48 n=135 n=30
Megaselia - 84% 79% 93% 31%
Bactrocera n=66 n=47 n=15 n=35
Drosophila -
Megaselia - 88% 78% 93% 13%
Bactrocera n=66 n=47 n=15 n=30

Sequences retrieved from GenBank (see Materials and Methods for accession
numbers) and aligned using ClustalX. Oligomerization domains, OD1 and OD2,
are as defined by Erdman and Burtis (1993). Percentages indicate proportion of
domain region that is identical or has conserved amino acids. Indels are ignored.
Sample size, n, is in nucleotides.
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male-specific domain support a generally higher level of variation in male-specific
genes/traits.

Among species of the D. melanogaster subgroup, nucleotide divergence between
common exon 2 and the male-specific exon 5 was compared (Table 2.2) using
synonymous (Ks) and nonsynonymous (Ka) substitutions per site (Nei and Gojobort
1986) and an opposite trend was found. In nearly all pairwise comparisons, both K, and
K, were greater in the common exon than the male-specific exon. A codon substitution
model and maximum likelihood approach (Yang 1997) was used to estimate the
parameter, dy/dg (Table 2.3). This parameter, which is an estimate of a protein’s overall
selective constraint, was obtained from the model of best fit (i.e. a molecular clock was
not assumed) and revealed that the male-specific exon had greater selective constraints
(dy/dg = 0.04) when compared to common exon 2 (d,/dg = 0.10). Thus, greater selective
constraints are observed in the male-specific portion of DSX relative to the common
portion, contrary to the observations across a greater phylogenetic species range (i.e.
Megaselia, Bactrocera, Drosophila).

Although both common and male-specific exons contain differences in
evolutionary rates (Table 2.2) and selective constraints (Table 2.3), the overall level of
change at the dsx locus was among the lowest found between species of the D.
melanogaster complex (Appendix A). Despite its low divergence, there is ample
evidence of heterogeneity in dsx evolutionary rates between species of the D.
melanogaster subgroup as significant differences in likelihoods are obtained between

evolutionary models that employ a molecular clock and models that do not (Table 2.3).



TABLE 2.2

Pairwise nucleotide divergence of dsx
common exon 2 and male-specific exon 5
between species of the D. melanogaster subgroup

Species

mel

sim

mau

sec

ere

tie

yak

mel

sim

mau

sec

ere

tie

yak

2
M5

0.1024
0.0916

0.1431
0.0809

0.1537
0.1360

0.1592
0.1592

0.2338
0.2090

0.2510
0.2480

0.0044
0.0035

2
M5

0.0449
0.0096

0.0449
0.0597

0.1705
0.1243

0.2168
0.1837

0.2518
0.2214

0.0059
0.0035

0.0015
0

2
M5

0.0635
0.0494

0.2269
0.1131

0.2771
0.1716

0.3149
0.2086

0.0059
0.0035

0.0044

0.0059
0

2
M5

0.2152
0.1716

0.2646
0.2086

0.3018
0.1708

0.0192
0.0071

0.0192
0.0036

0.0207

0.0036

0.0207
0.0036

C2
M5

0.1390
0.2344

0.1652
0.1592

0.0192
0.0143

0.0192
0.0107

0.0207
0.0107

0.0207
0.0107

0.0207
0.0071

2
M5

0.0736
0.0810

0.0162
0.0179

0.0162
0.0143

0.0177
0.0143

0.0177
0.0143

0.0177
0.0107

0.0147
0.0107

Cc2
M5

Proportion of nonsynonymous substitutions per nonsynonymous site (K,) are
found in upper triangular. Lower triangular contains proportion of synonymous
substitutions per synonymous site (Ks). For each pairwise species comparison,
the top value corresponds to common exon 2 while the bottom value
corresponds to male-specific exon 5. Sequences from both exons comprise of
coding region only. D. melanogaster is represented by its previously published
sequence (Burtis and Baker 1989). mel, D. melanogaster; sim, D. simulans,
mau, D. mauritiana; sec, D. sechellia; ere, D. erecta; tie, D. tiessierri; yak, D.

yakuba
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TABLE 2.3

Likelihood-ratio tests and evolutionary rates of dsx coding regions
amongst species of the D. melanogaster subgroup

60

Difference in log-

Estimate of

likelihood® dn/dg under
Species Clock Lineage vs. no clock
topology Region Number of Vs. constant model
utitlized of dsx codons no clock (dn/ds)
*Siblings common
resolved, exon 2 305 22.0%* 18.1%* 0.09
erecta - male
melanogaster  exon 5 129 12.6* 5.6 0.04
®Sibling common
trichotomy,  exon?2 305 17.7+* 14.3* 0.10
erecta - male
yakuba exon 5 129 12.6* 42 0.04

%(((mel,((sim,mau),sec)),ere),(vak,tie)); °((mel,(sim,mau,sec)),(ere,(yak,tie)));
D. melanogaster is represented by its published sequence. ° Twice the difference in
log likelihood between models tested. *95% significance, **99% significance
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However, this rate heterogeneity between lineages is found in both common and male-
specific exons and was confirmed using different species topologies. Figure 2.5
compares the divergence of both common and male-specific exons. No obvious
differences were observed between trees again suggesting that this rate heterogeneity
among lineages equally affects both regions of the dsx locus. When comparing
evolutionary models that possess constant d,/dg vs. lineage-specific d/d, it also appears
that certain lineages of the D. melanogaster subgroup have significantly different levels
of selective constraint across the common exon (Table 2.3), indicating the presence of
variable selective pressures between these species.

Intraspecific nucleotide variation was also compared in D. melanogaster between
these two exons (Table 2.4). Although the number of segregating sites are low, thereby
reducing the power of this analysis, an opposite trend from dsx divergence in the D.
melanogaster species subgroup emerges. Overall nucleotide diversity is significantly

higher in the male-specific exon (x

‘male

=0.00554 vs. 700, =0.00092, P<0.01 ). Since
these two regions of the dsx locus are situated relatively close to each other, the effects of
differing levels of recombination rates (Begun and Aquadro 1992; Andolfatto 2001) are
neglible. While the estimated diversity from the male exon appears to be similar to the
average nucleotide diversity calculated from 24 D. melanogaster loci (Moriyama and
Powell 1996; see Table 3.1), variation in the common exon is low. The low levels of
diversity found in the dsx common exon, which consists of a larger sampled area than the
dsx male exon (Table 2.4), can best be explained by its chromosomal location. The dsx

locus (Drosophila cytological map, 84E1, Lindsley and Zimm 1992) is situated near the
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Figure 2.5 Neighbor-joining trees of common vs. male-specific dsx exons. Bootstrap
values-(out of 1000 replicates) are indicated. Strains are indicated for D. melanogaster in

parentheses. Both trees are drawn to the same scale.
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third chromosome centromere where recombination rates are low. In fact, reported
recombination rates of genes located in the immediate vicinity of dsx appear to be an
order of magnitude lower than the majority of genes found distal to both centromeric and
telomeric regions of the D. melanogaster genome (see Appendix Al in Kliman and Hey
1993). Therefore, the low diversity found at the dsx common exon (Table 2.4) may be a
reflection of the observed correlation between recombination rate and nucleotide diversity
(Begun and Aquadro 1992). The higher observed diversity found in the male exon is
more difficult to explain. However, its higher variation is based on a small 393 base pair
region which may be more sensitive to stochastic error.

Conclusions: The evolution of sex determination loci presents us with a study in
contrasts. While some loci are rapidly evolving between closely related taxa, others
maintain protein domains which are quite conserved even across large phylogenetic
distances. doublesex falls in the latter category. Among species of the D. melanogaster
subgroup, the dsx locus is relatively conserved. A closer evaluation using different levels
of phylogenetic comparison reveals that selective constraints may have varied across
lineages. Relative to the dsx common exon, lower levels of divergence are found in male-
specific regions between members of the D. melanogaster subgroup. Across non-
Drosophilid Dipterans, much higher divergence levels are found in male-specific protein
domains. Such transformations in selective constraints indicate the variability of

selective pressures across lineages in sex determining loci.
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