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ABSTRACT

Comparison of tissue-specific gene expression profiles between sibling species

and their F1 interspecific hybrids are expected to reveal important information about the
mechanisms involved in speciation and species divergence. In the present study, the
expression of 40 candidate genes were analyzed using qRT-PCR in the testis, ovary and
head tissues (both male and female) among the hybrids and their parental species. The
expression patterns of these genes were profiled via quantification of misexpression (both
over- and under-expression) relative to that of their parents as well as across tissues. We
set out to answer several questions as well as test the following hypotheses: (1) Do
Drosophila sibling species differ in tissue-specific distribution of gene expression? (2)
Do males and females differ in tissue specific distribution of expression? (3) Do
reciprocal crosses differ in patterns of gene misexpression suggesting X-effect? (4) Do
sex and non-sex genes differ in extent of gene misexpression? The results of this study
gave rise to two important findings. First, it was found that while the majority of genes
showed head and testis expression in Drosophila melanogaster, more genes showed head
and ovary expression in D. sechellia. Second, we observed differences in gene
misexpression between reciprocal D. simulans and D. sechellia hybrid females,
suggesting the role of maternal effect. Thus, these findings supply a wealth of data
regarding tissue-specific expression in both fertile females and sterile male hybrids, the
former of which have largely been ignored, as well as advance our understanding of the
process of species divergence and speciation. Ultimately, this thesis will provide a

contribution to the field of gene regulatory evolution.
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INTRODUCTION

"No one definition (of species) has as yet satisfied all naturalists; yet every naturalist knows
vaguely what he means when he speaks of a species. Generally the term includes the unknown
element of a distinct act of creation. The term "variety" is almost equally difficult to define; but
here community of descent is almost universally implied, though it can rarely be proved."
Charles Darwin (1859), On the Origin of Species

1.1 On the Origin of Species
1.1.1 Diversity of Life and the Development of an Evolutionary Theory

The diversity of life has endured as one of mankind’s most intriguing and investigated
mysteries. Charles Darwin summarized it best when he referred to the origin of species as “...that
mystery of mysteries...” (Darwin 1859). This vast diversity of life had long been recognized
amongst plants and animals through a typological concept of species dating back to the ancient
Greeks (Mayr 1970); the recognition that organisms are similar within groups and distinctively
different from other groups (Singh 2000). The foundation of naturalistic thinking on biology was
conceptualized by the Greek philosopher Anaxiamander (611-547 B.C.), where he introduced the
notion that all living things were related and could change over time (Wright 1984; Gould 1989).
Another well known Greek philosopher, Aristotle, laid the foundation for a natural classification
deemed Scala Naturae, translated to mean Ladder of Life, which was developed to elucidate the
visible diversity of life. Aristotle also proposed the theory of spontaneous generation, which
suggests that life emerges from non-living matter (Wiener 1973; Kutschera and Niklas 2004).
This theory of spontaneous generation remained prominent and there was little advancements
made towards the currently accepted ideologies of evolution for what would be close to two

millennia (Wright 1984). This was thought to, at least in part, be the result of Biblical literalism,

that the Bible was without error and its contents where entirely factual. This, in turn, placed a
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great deal of constraints on “scientists” throughout the Middle Ages who countered the more
popular natural theology of the time, which supported the concept of species as static and fixed
entities. In order to progress to the now widely accepted theory of evolution, the notion of
spontaneous generation needed to be disproven (Wright 1984; Levine and Evers 1999).

The first documented assault on spontaneous generation was conducted in 1668 (1680)
through an experiment conducted by an Italian physician, Francesco Redi (1626-1697). He
intended to prove that the prevailing belief that maggots arose from rotting meat was false, and
that they in fact were produced by flies lying eggs on said meat. While this was a good first
experiment in the pursuit to disprove spontaneous generation, the theory remained strong
(Levine and Evers, 1999). The dispute of this theory continued throughout the eighteenth
century, however it was not until the nineteenth century that Louis Pasteur (1822-1895), through
his work with bacteria, was the scientific world convinced of the mendaciousness of spontaneous
generation (Wright 1984; Levine and Evers, 1999).

At the same time, doubts in the traditional views of the “truth”, referring to the inerrancy
of the Bible, began to develop by the middle of the eighteenth century. The field of geology
introduced the theory of uniformitarianism, a principle that states that the same processes that
exist in the present are those which had acted in the past are sufficient to account for (geologic)
change (Gould 1987). This theory proved to be widely accepted, and its fundamental idea was
adopted by naturalists and applied to the perceptible differences between species. Ultimately,
lending to the beginnings of the development of a modern view of evolution (Gould 1987;
Levine and Evers, 1999).

Thought to be some of the first to put forth a general theory of evolution, was the French
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philosopher, Pierre Louis Maupertuis (1698-1759), with his concept of heredity as a collection of
a number of separate particles, and the French naturalist, Georges-Louis Leclerc, Comte de
Buffon (1707-1786), who hypothesized the idea that species could change and believed to have
spearheaded the modern doctrine of evolution (Mayr 1970; Bowler 1973). Around the same time,
Erasmus Darwin (1731-1802), grandfather of Charles Darwin, a British physician, proposed that
life had changed overtime on the basis of inheritance through acquired characters, yet his theory
was conjectural and did not present a mechanism for which species could change (Wright, 1984).

Near the beginning of the 19th century, thought to be one of the most influential
evolutionists at the time, Jean Baptiste de Lamarck (1744-1829), presented the first mechanism
for evolutionary change. He conceptualized the theory of inheritance of acquired characteristics,
commonly referred to as Lamarckism. This theory suggests that: (1) any organism may pass on
acquired characteristics, such as the infamous example of the giraffes neck, to their offspring,
and (2) the law of use and disuse, which proposed the notion that an organism may lose a
particular characteristic if unnecessary and develop more useful characteristics in its place
(Gould 2002). While this was a step towards unveiling a mechanisms for such change in species,
it was heavily disputed. One palaeontologist by the name of Georges Cuvier(1769-1832), who
was instead an advocate for catastrophism, proposed a theory which suggests that geological
events formed as a result of some great catastrophe (Levine and Evers, 1999). After this, there
was a number of others who presented their own theories, such as Richard Owen (1804-1892), a
comparative anatomist, who called attention to the homology between species. However, despite
many attempts to develop a mechanism for the noted change among species, no one person could

present a clear and undisputed theory.
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1.1.2 Darwin’s Revolutionary Theory

“There is a grandeur in this view of life, with its several powers, having been originally breathed
into a few forms or into one: and that whilst this planet has gone cycling on according to the
fixed law of gravity, from so simple a beginning endless forms most beautiful and most
wonderful have been, and are being, evolved.”

Charles Darwin, On the Origin of Species (1859)

The absence of a widely-accepted theory ended with the publication of On the Origin’s of
Species (1859) put forth by Charles Darwin (1809-1882), where he presented his revolutionizing
theory of evolution, and most significantly, his theory of natural selection, a mechanism for
change and dynamic force of his evolutionary theory. The process of natural selection describes
the means by which certain heritable characteristics, or “traits”, lend to the likelihood of an
organism’s survival and, in turn, promote its ability to successfully reproduce in a population
over successive generations (Darwin 1859). Darwin arrived at this theory through his
observations made during his almost five year journey aboard the H.M.S. Beagle to South
America, were he spent time accumulating data and forming hypotheses (Van Wyhe 2008).
However, while this theory indicated the necessity of some form of trait heritability, it was not
entirely unique. No one had previously presented the effects of selection acting on small random
variations in an organism’s reproductive capacity over an extensive period of time as clearly
(Wright 1984). As Darwin summarized in On the Origin of Species (1859):

“If during the long course of ages and under varying conditions of life, organic beings vary at all
in the several parts of their organisation, and I think this cannot be disputed; if there be, owing to
the high geometrical powers of increase of each species, at some age, season, or year, a severe
struggle for life, and this certainly cannot be disputed; then, considering the infinite complexity
of the relations of all organic beings to each other and to their conditions of existence, causing an

infinite diversity in structure, constitution, and habits, to be advantageous to them, I think it
would be a most extraordinary fact if no variation ever had occurred useful to each being's own
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welfare, in the same way as so many variations have occurred useful to man. But if variations
useful to any organic being do occur, assuredly individuals thus characterised will have the best
chance of being preserved in the struggle for life; and from the strong principle of inheritance
they will tend to produce offspring similarly characterised. This principle of preservation, I have
called, for the sake of brevity, Natural Selection.”

Charles Darwin, On the Origin of Species (1859)

Most unique to Darwin’s theory of evolution was his recognition of the existence of a
single “superior” trait, and that, through the mechanism of natural selection, such a trait could
prevail over the previously dominating traits. Additionally, he showed that this cycle of
dominance continued over time and thus lead to advancements (Wright 1984). It can be said that
Darwin’s theory relied upon logical inferences taken from general observations. He reported that
variability could be detected in all species under surveillance and at least some of the observed
variability is hereditary (Wright 1984). From this point on, thinking shifted from biological
species as inherent properties of nature to products of a major force generating gradual change.

In spit of his revolutionizing theory, Darwin, while presenting a solution to the species
problem, did not solve the problem of speciation, contrary to his belief. This largely had to do
with his coupling of the problems of change, this being evolution, and that of diversity, noted as
speciation (Singh 2000). Therefore, the mechanism producing the visible groupings of organisms

remained unsolved, this being the enigma of speciation.
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1.1.3 Natural Mechanism of Speciation: The Missing Link

While Darwin’s theory received international interest and recognition - the majority of
the educated public generally accepted that evolution occurred in some form - there remained
some weaknesses and difficulties with his theory. His failure to explain the source of variability
with his theory of natural selection, as well as his inability to describe the method in which traits
transcend generations, prevented an absolute acceptance of his theory. The response to this
quandary came in 1866, when Gregor Mendel (1822-1884) used Pisum sativum, garden peas, to
observe recurring patterns of inheritance. Through his studies, he was able to trace characteristics
through successive generations (Weiling 1991; Yon Rhee 1999). With his experiments with
garden peas and their multiple characteristics, and later his work with honeybees, Mendel
became the first person to introduce the concept of heredity.

Unfortunately, during his life, Mendel’s work was overlooked, predominately due to most
scientists supporting the concept of blending inheritance and perhaps as a result of his work
being ahead of its time (Janick 1989). Mendel’s theory was given new life, however, thirty-four
years after its discovery in the early twentieth century and his journal entitled, Experiments with
Plant Hybrids, has endured as one of the most influential publications and laid the ground work

for modern genetics (Yon Rhee 1999).
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1.1.4 The Marriage of Darwinism and Mendelism

“His words, his calculations were to take a sudden belated flight out of the dark tomblike
volumes and be written on hundreds of university blackboards, and go spinning through
innumerable heads.”

Loren Eiseley, Darwin’s Century. Evolution and the Men Who Discovered It (1961)

The words of Loren Eiseley describe the rediscovery and consequential impact of Gregor
Mendel’s work in the 1900’s, after it went unacknowledged for over three decades. Most would
attribute the precursor to the rediscovery of Mendel’s work to the German evolutionary biologist,
August Weismann (1834-1914) (Novak 2008). He proposed the rudimentary idea of the division
of cells into germ and soma cells, “germinal selection”, and that the germ cells possessed
heritable information. The vast amount of his work was dedicated to the research of
development, heredity, and variation (Kutschera and Niklas 2004; Novak 2008). Following
Weismann’s work, was the revival of Mendel’s theory which has been credited to three
independent researchers — Hugo Marie de Vries (1848-1935), mainly known for his proposed
concept of genes, as well as Carl Correns (1864-1933), and Erich von Tschermak (1871-1962),
published their own experimental work drawing the same conclusions as Mendel (Janick 1989).

The full significance of Mendel’s work was not fully unveiled until the combined efforts
of R.A. Fisher (1890-1962), J.B.S. Haldane (1892-1964), and Sewall Wright (1889-1988) along
with a number of other researchers, in the 1930s and 1940s, who are credited with the ‘marriage’
of Darwinism and Mendelism, where natural selection is the mechanism of change and genes are

the units on which it functions (Olby 1997) (Figure 1.1). It was at this time that Mendelian
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Genotypes ﬁ Phenotypes

INDUCED 1 NATURAL
SELECTION * SELECTION

Selected
Genotypes

Selected
Phenotypes

SEGREGATION

Genotypes ﬁ Phenotypes

Figurel.l: A simplified scheme of Darwinian evolution by natural selection incorporating
Mendelian indirect inheritance. Adapted from Christiansen 1990.
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genetics had emerged as the basis of variation observed among organisms required by Darwin’s
theory of evolution and was subsequently deemed the “modern evolutionary synthesis”, which

persists to this day (Kutschera and Niklas 2004) (Figure 1.2).
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C. Darwin (A. Wallace) 1958

Hypothesis: Overproduction, struggle for existence, natural
selection, origin of new varieties and species

C. Darwin 1859: Origin of Species

Theory of descent with slow and slight successive modifications:
One species has given birth to other and distinct species

G. Mendel 1866

Mechanism of speciation: source of diversity

A. Weismann 1892

Neo-Darwinian Theory

Evolution

R.A. Fisher, J.B.S. Haldane, S. Wright:
1930°s -1940’s

Modern Evolutionary Synthesis

Dobzhansky 1937; Mayr 1942; Huxley 1942;
Simpson 1944; Rensch 1947; Stebbins 1950

Synthetic Theory

Figure 1.2: Scheme illustrating the historical development of the concept of evolution: from the

hypothesis of Darwin, through the Neo-Darwinian theory, to modern evolutionary synthesis, to
the synthetic theory. Adapted from Kutschera and Niklas 2004.
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1.2 Modern Synthesis and Speciation

“The grossest blunder in sexual preference, which we can conceive of an animal making, would
be to mate with a species different from its own...”

Fisher, R.A. The Genetical Theory of Natural Selection. (1958)

1.2.1 Genetics of Speciation

Over one hundred and fifty years ago, through his revolutionizing paper, Charles Darwin
(1859) introduced the notion of natural selection, yet the underlying mechanisms which exists in
order to allow all species to evolve in isolation remains one of the great conundrums within the
field of biology (Coyne 1992; Kulathinal and Singh 2008). The inability to unveil the
fundamental mechanisms necessary for the process of speciation was believed to result from the
lack of a working definition of a species (Mayr 1942). The development of an operational
definition for a species began when E. Mayr and T. Dobzhansky approached the act of defining
species and imposed a more ‘Modern Synthesis’ perspective of a species (Mallet 2010). A group
was characterized as a species through reproductive isolation from other such groups
(Dobzhansky 1935; 1937; Mayr 1940; 1942; 1963). Even with this now widely accepted
definition of a species, many questions remained concerning the specific workings of the theory,
such as: How much variation among the genes are necessary to constitute a new species? As well
as, the question of whether it is simply standard changes in allele frequencies or is it more
complex, requiring novel evolutionary processes (Coyne 1992).

The difficulty in answering such questions is the consequence of speciation being such a
slow process, thus making direct observation difficult. However, due to what has been

determined about the process of speciation, it is believed that it may be investigated through
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patterns it leaves behind (Coyne 1992). Studies surrounding these patterns of speciation have
been investigated, dating back to 1936 in a paper by Dobzhansky, yet the importance of the study
of speciation in the field of evolutionary biology was not fully realized until the last thirty years,

largely due to the advent of molecular technologies (Carson 2000).

1.2.2 Genetics of Reproductive Isolation

Darwin was able to propose a theory of evolution which is still universally accepted in
present day, however, his proposed mechanism for speciation was erroneous. Currently, the
mechanism of species formation is one of the most prominent, yet most elusive, enigmas in
evolutionary biology (Dronamraju 2011; Palumbi 1994). Ernst Mayr (1904-2005) proposed a
solution to the ‘species problem’, referring to the ability of multiple species to evolve from a
single common ancestor. In his publication in 1942, entitled Systematics and the Origin of
Species, Mayr moved away from the predominate belief of grouping individuals based on
morphological similarities and presented a new definition for the notion of species, which he
entitled the ‘Biological Species Concept’ (BSC) (de Queiroz 2005): “species are groups of
actually or potentially interbreeding natural populations, which are reproductively isolated from
other such groups” (Mayr 1942).

Mayr acknowledged that he was not the first to suggest such a definition for species,
citing publications by K. Jordan and E.B. Poulton where they indicated that species were
syngamic, suggesting they formed ‘reproductive communities’. However, this concept of species
became commonly accepted during the advent of the Modern Evolutionary Synthesis,

independently introduced by S. Wright, T. Dobzhansky, G. Simpson and, most notably, Ernst

12



M.Sc. Thesis — Madeline Loomer McMaster — Biology

Mayr (Mallet 2004).

In light of this novel definition of a species, it prompted many to inquire after the source
of species inability to interbreed. The resolution to this query came with a publication by
Theodosius Dobzhansky in 1937 entitled, Genetics and the Origin of Species, where he outlined
the evolution of ‘reproductive isolation’ as a key player in the formation of species. The
mechanisms of reproductive isolation can be classified in two types: pre-zygotic, referring to
mechanisms which take place prior to fertilization — such barriers as temporal isolation
(different reproductive periods), behavioural isolation (courtship) and mechanical isolation
(prevention of copulation through dissimilar reproductive organs) — and post-zygotic, referring
to mechanisms which take place post fertilization — referring to reduced sterility and inviability
of species hybrids (Orr and Presgraves 2000). The latter of the two mechanisms will be

highlighted and remain the focus of this thesis.

1.2.3 Bateson-Dobzhansky-Muller Model of Speciation

Prior to the 1930s, many biologists accepted evolution as fact, yet many cast doubt over
the ability of natural selection of random mutation to justify the observed degrees of adaptation
between organisms (Haldane 1932). The works of R.A. Fisher (1930), S. Wright (1931) and
J.B.S. Haldane (1932) renewed confidence in Darwin’s evolutionary theory through the use of
mathematical analysis - which married the newly develop science of genetics with the
established theory of evolution (Leigh 1990). These three researchers focused on mathematical
analysis of gene frequencies in light of mutation, selection, and genetic drift. Unanimously, they

concluded selection to be the vehicle of change, over the previously favoured notion of mutation
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(Nei 1987). As a result of this revolution, a number of scientists published works —
Dobzhansky (1937), Huxley (1942) and Mayr (1942), to name a few — based on the growing
understanding of genetics to illuminate the causes of evolution, thus creating the Modern
Evolutionary Synthesis or “neo-Darwinian synthesis”.

However, while the idea of post-zygotic isolation as a major player in speciation had been
presented, questions remained regarding the causation behind such hybrid sterility (Johnson
2002). The foundation for answering this was independently presented by T. Dobzhansky
(1937), H.J. Muller (1940, 1942) and, while generally overlooked, W. Bateson (1861-1924)
(Queiroz 2005). It has been said that Bateson first presented a solution to explain the genetic
basis of reproductive isolation less than a decade after the rediscovery of Mendel’s work, yet
Theodosius Dobzhansky is credited with the first proposed evidence of such genetic
incompatibilities as the source of hybrid dysfunction. He did so through his empirical work
creating backcrosses with hybrids between Drosophila pseudoobscura and D. persimilis (Ehrman
1960; Tamura et al. 2004; Noor and Feder 2006). He concluded that the sterility observed in
these backcrossed hybrids resulted as a direct response to epistatic interactions between
chromosomes (Dobzhansky 1936; Orr 1997; Bomblies and Weigel 2007).

Around the same time, Hermann J. Muller supplied a more theoretical approach to
Dobzhansky’s empirical treatment of the theory in an essay published in 1942, which has been
noted to have greatly contributed to the conceptualization of speciation genetics (Orr 1997;
Johnson 2002). In his essay, Muller argued that incompatibles at interacting loci completed the
process of speciation, opposed to the more commonly accepted idea that it began the process

(Muller 1942; Carlson 1971). Muller was also credited with the ability to demonstrate that
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incompatible interactions among loci require more than two interacting factors, when in actuality
could consist of multiple interactions, deemed ‘complex’ (Johnson 2002). Lastly, and one of the
most significant contributions made by Muller, was his introduction of the ‘Dominance Theory’,
which ultimately lead to the explanation of the theory of Haldane’s rule (see below). Muller
proposed the concept for the potential of a unique consequence in the inheritance of incompatible
genetic factors which would occur if one or both of these factors were found on the sex
chromosome, with particular emphasis on the heterogametic sex (i.e. XY) which only inherits
one the these factors (Orr 1997).

The amalgamation of Dobzhansky and Muller’s theories was formalized into a simple
model, deemed the Dobzhansky-Muller model, which has come to describe the development of
post-zygotic isolation in allopatry as a by-product of natural evolutionary divergence (Orr and

Turelli 2001).

“ Two taxa separated by an adaptive valley can evolve even though no genotype ever passed
through the valley.”
Orr, A. Haldane's Rule. (1997)
Genetic substitutions, or mutations, accumulate as two lineages diverge from their
common ancestor and will not cause significant disruption to a species viability due to natural
selection and its rejection of deleterious alleles (Orr 1997; Orr and Turelli 2001). However, these
same mutations within a different genetic background, possible when two species hybridize, may
not be able to support such negative epistatic interactions, thus leading to sterility or inviability

and ultimately giving rise to postzygotic isolation (Orr and Turelli 2001) (Figure 1.3).
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McMaster — Biology
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Two allopatric
populations
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AAbb x aaBB = AaBb

Figure 1.3: Graphical illustration of the ‘Bateson-Dobzhansky-Muller’ model of the evolution of
genetic hybrid incompatibility. At two epistatic loci, a and b, diverging lineages may evolve
substitutions, depicted in red, that are harmless in their native context, negatively impact hybrid
offspring when brought together. This can occur when these loci are in the heterozygous state
and cause the F1 hybrids to have reduced fertility or viability. Adapted from Bomblies and

Weigel 2007.
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1.2.4 Haldane’s Rule

The theory proposed by Dobzhansky and Muller underlying postzygotic isolation has
been thought to, at least in part, explain an almost universal generalization formulated by the
British evolutionary biologist, J.B.S. Haldane (1892-1964) (Coyne 1985; Ridley 2004). The
phenomena of hybrid sterility and inviability had been documented, and its key role in speciation
via postzygotic isolation was eventually acknowledged. However, it was not until J.B.S. Haldane
proposed a rule, later to be known as Haldane’s rule, would indicate this phenomena’s role in
speciation (Wu et al. 1996). Haldane’s rule has been regarded as one of the most uncontested
and best-supported empirical generalizations in the field of evolutionary biology regarding

patterns in speciation (Johnson 2002; Coyne 1994). Originally stated:

“When in the offspring of two different animal races one sex is absent, rare, or sterile, that sex is
the heterozygous [heterogametic] sex."

J. B. S. Haldane. Sex-ratio and unisexual sterility in hybrid animals. (1922)

In this case, ‘heterozygous’ refers to the heterogametic sex, such as the XY in males among
Drosophila and mammal species or, conversely, ZW in females of Lepidoptera and birds
(Johnson 2000). Haldane was one of the first to discover hybrid sterility and inviability and it has
been deemed as one of the strongest patterns in evolutionary biology, thus prompting the
suggestion of its fundamental role in characterizing speciation.

Through his observations, Haldane formulated this rule which demonstrates, almost
universally, that speciation through postyzgotic isolation occurs similarly across very distinct

taxa. This finding warranted a great deal of attention due to the significance of an implied
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fundamental similarity which existed among the genetic events causing speciation (Coyne 1992;
Wu and Davis 1993; Orr 1997; Orr and Presgraves 2000). However, a clear explanation of
Haldane’s rule eluded the scientific world and thus, a need to better understand the mechanistic
basis of this observation was required. Several hypotheses have been proposed as a means to
explain this noted sterility and inviability among heterogametic hybrids, yet three of these
hypotheses are at the forefront: The dominance theory, “faster-male” theory and the “faster-X”
theory (Orr 1997).

As stated above, the dominance theory was first introduced by H. J. Muller as a means to
correlate the Dobzhansky-Muller model of speciation with a feasible explanation for Haldane’s
rule (Muller 1942; Orr 1993; 1995; 1997). The basis of the theory centers around the notion that
heterogametic hybrids are affected by both recessive and dominant genes which are linked to the
X-chromosome and function in incompatible interactions, while at the same time, homogametic
hybrids are only affected by the dominant genes (Coyne 1985). While Muller’s theory was not
always accepted, it was formalized and further refined towards the end of the 20th century by
Allen Orr and Michael Turelli in a number of their papers (see Orr 1993; 1995; Turelli and Orr
1995; 2000; and Orr and Turelli 1996).

The “faster male” hypothesis focuses on the forces employed by sexual selection which
cause faster evolution of male genes as well as a larger incidence of hybrid male sterility (Wu
and Davis 1993; Presgraves 2002). Studies have produced evidence of a faster evolution among
male reproductive characters over those in females due to a greater intensity of sexual selection
acting upon males (Orr 1997). Therefore, while the dominance theory constitutes the observance

of Haldane’s rule among species possessing a degenerate Y chromosome, in instances where a
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particular species lacks a degenerate Y chromosome, the faster male theory accounts for
Haldane’s rule when the dominance theory could fall short (Presgraves 2002). The faster male
theory does however have deficiencies which is two-fold: (1) The theory is unable to explain
hybrid inviability due to the fact that a male versus a female lethal does not exist. (2)
Furthermore, the theory cannot account for sterility among species such as birds and
Lepidoptera, where the female is heterogametic (Orr 1997).

Lastly, the “Faster-X” theory was offered as yet another explanation of Haldane’s rule. A
paper by Charlesworth, Coyne and Barton (1987) suggested as a by-product of the large X-effect
— the idea that X-linked genes have a disproportionate effect on hybrid fitness — was that the
X-linked genes would also be affected among heterogametic hybrids (Orr 1997). This proposed
effect could be possible under the stipulation of rapid evolution of the loci on the X chromosome
over those located on autosomes (Coyne 1992). Having said that, the faster-X theory may not be
capable on its own to explain Haldane’s rule due to the fact that female hybrids possessing
double the number of X chromosomes lending to doubling the effect of recessive mutations (Orr
1993; 1997). In combination with the notion of dominance, however, it has been thought to

intensify its effects (Orr 1997).

1.2.4.1 The Molecular Era: Renewed Interest in Speciation

By the middle of the twentieth century, soon after an expansion of molecular biology, the
discovery of protein polymorphism was a significant step towards uncovering the mysteries of
speciation. Following this discovery, emphasis was placed on aspects which may impact protein

variation, such as, mutation, drift, and natural selection (Whitehead and Crawford 2006). Until
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this point in history, never had there been a means to measure “genetic distance” (King and
Wilson 1975). Several methods were developed to measure organismal diversity with the
understanding of protein polymorphism, including comparisons of proteins via electrophoresis
and sequencing techniques, to name a few (King and Wilson 1975; Coulthart and Singh 1988;
Singh 1990).

It was later proposed that it may not necessarily be the proteins themselves producing the
observed variation, but rather elements that control gene expression. These elements have been
classified as either trans-regulatory elements (transcription factors) or cis-regulatory elements.
The former bind to cis-regulatory elements, while the latter are sequences throughout DNA
(Whitehead and Crawford 2006; Wittkopp et al. 2008). It was suggested that the observed
differences in gene regulation are at the root of variation between closely related species,
however this notion was relatively unexplored due to a lacking in the area of molecular
technology to support further exploration. This all changed with the emergence of molecular
technologies such as, DNA microarrays and real-time polymerase chain reaction (real-time PCR)
(White et al. 1999; Orr and Presgraves 2000; Whitehead and Crawford 2006; Moehring et al.
2007; Catron and Noor 2008). However, despite the variations within the regulatory architecture
between species there still remained difficulties when attempts were made to obtain a clear
picture within the genetic backgrounds of pure species (Ranz et al. 2003; Rifkin et al. 2003;
Ranz et al. 2004). A departure was needed from the conventional comparisons of the gene-
expression profiles. This came in the form of species interspecific hybrids and the genetics of
postzygotic isolation (Turelli and Orr 2000; Ranz et al. 2004; Clark 2006; Ortiz-Barrientos et al.

2007).
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1.2.4.2 Role of Interspecific Hybrids

Central to the evolution of hybrid incompatibilities is the understanding of the molecular
basis of these newly generated epistatic interactions (Landry et al. 2007; Wray et al. 2003;
Gibson and Weir, 2005). However, while natural populations harbor extensive variation in gene
expression (Wray et al., 2003; Ranz and Machado, 2006), it appears as cryptic genetic variation
(CGV) (Gibson and Dworkin, 2004) allowing for sibling species to exhibit consistent phenotypes
yet possessing distinctive regulatory architecture (Britten and Davidson, 1969; Moehring et al.,
2006; Landry et al., 2005; Orr and Presgraves, 2000; Artieri et al., 2007). This occurrence is a
consequence of stabilizing selection (Haerty and Singh, 2006), a process termed ‘developmental
systems drift’ (DSD) by True and Haag (2001), and thus has given rise to compensatory changes
which has extended to widespread conservation of gene expression levels between sibling
species (Artieri et al., 2007; Ranz et al., 2004). However, within these genetic backgrounds,
interspecific hybrids no longer have the ability to obscure sequence divergences due to the
amalgamation of incompatible gene products which have been encoded by different genomes
and are now present in the same cells (Ranz et al., 2003; 2004; Rifkin et al., 2003; Landry et al.,
2005). As a result, interspecific hybrids have allowed the unique opportunity to uncover the
incompatibilities which exist within the regulatory networks between species and ultimately
demonstrate what had previously been observed at the morphological level (Eberhard 1985; Joly

et al. 1991) now at the molecular level (Clark 2006).
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1.3 The Study of Speciation via Gene Expression

1.3.1 Regulatory pathways and epistatic interactions

Ubiquitous to all species are the presence of regulatory pathways which aid in the
realization of specific phenotypes (Johnson and Porter 2000). This allows species to remain in
distinct groupings or develop into unique species. Interspecific hybrid incompatibilities may
develop due to isolated populations having a specific trait — determined via regulatory pathways
— which experience directional natural selection causing the trait to change (Johnson 2008). A
large number of traits associated with reproductive isolation, specifically postzygotic isolation,
pertain to reduced hybrid viability and sterility are associated with sex-related genes and are
often involved in the formation of new species (Coyne and Orr 1989; Presgraves 2002; Michalak
and Noor 2003). Distinctive to hybrid dysfunction is the requirement of epistasis — non-additive
genetic interactions among distinctive loci — which has been found to have gene interactions
which can produce complex patterns (Johnson and Porter 2000). Due to the paucity of
reproductive isolation, despite its potential to occur with relative ease, the notion of phenotypes
thought to be developmentally additive or multiplicative seems to be less feasible (Johnson and
Porter 2000; Johnson and Porter 2002; Michalak and Noor 2003). Instead, it has been proposed
that divergence in regulatory pathways appears to be the most promising hypothesis (Johnson
and Porter 2000). Therefore, if one may identify these “failures” in the regulation of gene
expression one may be able to, first, establish if they are associated with hybrid sterility and
inviability, and second determine which specific genes or genetic pathways may be responsible

(Michalak and Noor 2003).
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1.3.2 Genome-Wide Expression Profiling

The notion of transcriptional dynamics acting as a mechanism of hybrid sterility and
inviability was first put forth as theoretical models (Johnson and Porter 2000). They described
complex interactions between transcription factors (7rams-elements) and regulatory elements
(cis-elements) which would be revealed through disruptions in hybrid genomes. Soon to follow,
empirical work was conducted based on the previous theoretical models through genome-wide
analyses of comparisons in expression profiles between pure species and their F1 interspecific
hybrids (Mavarez et al. 2009). In its infancy, studies (Reiland and Noor 2002) used such
techniques as differential display — which compared and identified changes in gene expression
at the level of mRNA between a pair of cell samples — however, this technique lacked
sensitivity and only a single gene could be identified as having differential expression. With
advancements in technology, techniques involving oligonucleotide analysis, cDNA microarrays
as well as quantitative real-time polymerase chain reaction (QRT-PCR) were employed in a
number of studies (Michalak and Noor 2003; Barbash and Lorigan 2007, Ranz et al. 2004;
Haerty and Singh 2006; Moehring et al. 2007 and Michalak and Noor 2004, respectively). These
studies confirmed ideas presented in the theoretical models suggesting patterns of gene
misexpression in interspecific hybrids (Ortiz-Barrientos et al. 2007). Two main conclusions
emerged: (1) a large number of genes display an expression level in their hybrids under that
observed in the pure species. This confirms the notion that gene regulatory divergence
significantly contributes to Dobzhansky-Muller incompatibilities. The other conclusion (2)

describes a greater proportion of the differentially expressed genes to experience a male-bias
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(higher or exclusive expression in male somatic or gonadal tissues) (Johnson and Porter 2000,

2002; Landry et al. 2007; Ortiz-Barrientos et al. 2007 and Mavarez et al. 2009).

1.4 Sexual Dimorphism at the Genome Level

Sexual dimorphism is the phenotypic differences between the sexes within a species and
has been recognized as a major contributor to observed biological diversity among sexual
organisms (Parisi et al. 2004). The morphological variation between the sexes has been well
documented — some of the most commonly used examples are the plumage of the male
peacock’s tail and the birds of paradise — and has raised questions over its incidence due to the
maladaptive nature of many of these traits (Singh and Kulathinal 2005). In accordance with
Charles Darwin’s theory of natural selection, the phenomenon of sexual dimorphism seems
paradoxical. To circumvent this paradox, Darwin (1859) proposed the theory of sexual selection
as a response to the overwhelming evidence suggesting the greatest degree of variation existing
among males (Huxley 1938). Furthermore, with recent advancements in molecular technology,
genome-wide expression profiles have uncovered extensive molecular sexual dimorphism,
deemed “sex-biased” gene expression (Connallon and Clark 2011). Therefore, what was first

observed at the morphological level has been substantiated at the molecular level.

1.4.1 Sexual Selection and its Role in Speciation
Sexual selection can be defined as the occurrence of a more pronounced secondary sexual
traits in one sex over the other of the same species (Andersson 1994). More specifically, these

secondary sexual traits are predominately found in males of a species as a direct response to
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pressures exerted by female choice (Singh and Kulathinal 2005). As stated above, this variance
between the sexes is not only at the morphological level but, despite both sexes developing from
the same underlying genome, have been found to be present at the genomic level and is a direct
response to evolutionary changes among male-specific (male-biased) genes (genes with a higher
or exclusive expression within the male sex) (Ellegren and Parsch 2007; Mavarez et al. 2009 and
Connallon and Clark 2011). It has been shown that these male-specific genes are undergoing a
faster rate of evolution and contribute significantly to speciation (Wu et al. 1996; Singh and

Kulathinal 2000; Haerty and Singh 2006 and Mavarez et al. 2009).

1.4.2 Sex-Specific Expression Patterns

The sexes within a species develop from the same genome (with the exclusion of the Y/
W-chromosome) yet experience differential phenotypic and genomic patterns. Thus, there is a
necessity to exploit differential divergence of these shared genes (Ellegren and Parsch 2007 and
Connallon and Clark 2011). There are two ways in which the sexes can differentially utilize
shared genes: (1) each sex can experience alternative splicing of a coding sequence or (2)
undergo sex-specific selection giving rise to the evolution of sex-specific (both male- and
female-specific) genes (Connallon and Clark 2011). Genome-wide analyses have been used to
identify and compare male- and female-specific levels of gene expression and have found that
male-biased genes consistently exhibit a greater degree of divergence between species at the
level of expression (Parisi et al. 2004 and Ellegren and Parsch 2007). A study by Conallon and
Knowles (2005) described male-specific genes displaying increased expression in males when
compared to females suggesting a faster rate of evolution driven by positive selection (Gallach

etal. 2011).
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1.5 Rapidly Evolving Genes (REGs)

A number of recent gene expression studies have support this notion of rapid evolution of
sex-specific genes (Ranz et al. 2003, 2004; Meiklejohn et al. 2003; Parisi et al. 2004; and Haerty
and Singh 2006). Using the technique of cDNA microarrays, these studies revealed that between
sibling species of Drosophila, sex-specific expression is rapidly evolving within the entire
genome and contributes to ~ 30-50% of genes displaying divergence in expression between the
sexes (Ranz et al. 2003; 2004; Parisi et al. 2003; Singh and Kulathinal 2005 and Ortiz-Barrientos

et al. 2007).

1.5.1 Tissue-Specific Expression

With the discovery of these rapidly evolving genes it become important to identify which
genes were affected and where these genes were localized. A study by Coulthart and Singh
(1988) used a method of two-dimentional electrophoresis to investigate the localization of such
rapidly evolving genes and discovered a large proportion of these genes were found in the
reproductive tissues. Furthermore, another study conducted by Civetta and Singh (1995) found a
battery of proteins within both the testis and ovary tissues to exhibit a greater divergence when
compared to proteins of somatic tissues. More recently, studies comparing the DNA of varying
Drosophila species have noted a rapid evolution in sex and reproduction-related genes (SRR-
genes) between closely related sibling species (Singh and Kulathinal 2000; Swanson and
Vacquier 2002; Haerty and Singh 2006). Later, in a paper by Ranz et al. (2003), the observed
rapid evolution in reproductive tissues was also found to be the case at the transcriptional level,

displaying patterns of sex-biased expression between sibling species. Interesting, it was found
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that many of these rapidly evolving genes are expressed in more than one tissue despite the
known differences which exist in the evolutionary rates of tissue-specific and shared genes
(Jagadeeshan and Singh 2005; Khaitovich et al. 2005). Consequently, it would be advantageous
to investigate the degree to which specificity influences the rates of evolution among these genes

when looking at tissue-specific expression.

1.6 Thesis Overview

1.6.1 The Species

Two sibling species of the simulans clade were the focus of this study and were retrieved
from the Drosophila species stock center in Arizona; the stock numbers are given in brackets. D.
simulans (14021-0248.197) and D. sechellia (14021-0251.25) (from Joffreville, Madagascar and
Seychelles island, respectively). Drosophila simulans is a cosmopolitan species, like the
thoroughly investigated D. melanogaster, and D. sechellia is an island species restricted to the
three known Seychelles islands and it has been suggested that D. sechellia may have resulted
from a colonization by a proto-simulans ancestor (Coyne and Kreitman 1986). These sibling
species diverged ~ 250, 000 years ago and it has been shown that the D. simulans is more closely
related to D. melanogaster (Figure 1.5) (Caccone et al. 1988; Catron and Noor 2008; McDermott
and Kliman 2008). Both species have identical chromosome banding sequencing and are nearly
indistinguishable other than the shape of the posterior process of the male genital arch
(Lemeunier and Ashburner 1984 and Coyne and Kreitman 1986). Due to D. sechellia specialized

food preference to a toxic fruit Morinda citrifolia, it has been found to be difficult to rear this
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species under laboratory conditions and therefore can be a difficult species to maintain (Dworkin
and Jones 2009). The interspecific hybrid crosses between these species have varying fitness —
The reciprocal crosses produce sterile F1 males and fertile females, however the cross between

@ D. simulans x &" D. sechellia is a ‘successful’ cross while it has been suggested that the cross
between ? D. sechellia x &" D. simulans is ‘difficult’(specifically, only 1 out of 7 crosses are

successful) (Coyne and Kreitman 1986 and Barbash 2010).

1.6.2 Objectives

The purpose of this thesis has been to investigate a number of intriguing questions that aim
to supply a wealth of data regarding tissue-specific expression in both fertile females and sterile
male hybrids, as well as advance our understanding of the process of species divergence and
speciation. Cardinal to this study was the comparison of expression profiles of previously studied
genes which were categorized according to D. melanogaster expressed sequence tags (ESTs),
with those determined in this thesis, using D. simulans and D. sechellia hybrids. This will allow
for possible insight into the variation in expression patterns between species. Furthermore, this
thesis intends to reveal important information exhibited through unique expression patterns when
looking at four different tissue types — male and female heads, ovary and testis — two species
and their reciprocal crosses. We can answer several questions as well as test the following
hypotheses: (1) Do Drosophila sibling species differ in tissue-specific distribution of gene
expression? (2) Do males and females differ in tissue specific distribution of expression? (3) Do

reciprocal crosses differ in patterns of gene misexpression suggesting X-effect? (4) Do sex and
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Figure 1.5: The phylogeny of the genus Drosophila adapted from Powell 1997. Within the melanogaster subgroup, D.
melanogaster, simulans, and sechellia are closely related species. The sibling species, D. simulans and D. sechellia
diverged from D. melanogaster ~ 0.5 - 2.5 million years ago and diverged from each other ~ 250,000 years ago
(Caccone et al. 1988; Catron and Noor 2008; McDermott and Kliman 2008).
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non-sex genes differ in extent of gene misexpression? Ultimately, this thesis will provide a

notable contribution to the field of gene regulatory evolution and speciation.
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MATERIALS AND METHODS

2.1 Drosophila Species

Two sibling species of the simulans clade were the focus of this study and were retrieved
from the Drosophila species stock center in Arizona; the stock numbers are given in brackets. D.
simulans (14021-0248.197) and D. sechellia (14021-0251.25) (from Joffreville, Madagascar and
Seychelles island, respectively) were received in two vials for both species, one containing 30
adult individuals and the other containing a combination of larvae and pupae (Table 2.1). Flies
were reared on cornmeal-molasses-yeast medium at 25°C. Due to D. sechellia specialized food
preference to a toxic fruit Morinda citrifolia, it has been found to be difficult to rear this species
under laboratory conditions. To impede this, D. sechellia stocks were maintained on medium
which had a yeast mixture, yeast mixed with lukewarm tap water, painted across a small portion
of the medium (Table 2.2). As a further measure, greater than one-day-old food supplies were

scored along the surface as a means to aid female egg implantation.
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Table 2.1: List of Drosophila stocks

Species Stock List Obtained From

Drosophila simulans UC San Diego Drosophila Stock Center
Joffreville, Madagascar
(14021-0248.197)

Drosophila sechellia UC San Diego Drosophila Stock Center
Seychelles Island
(14021-0251.25)
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2.2 Parental Species and Tissue Collections

Both males and females of pure species were collected at the pupa stage, approximately
6-9 days after hatching, and sexed under a dissecting microscope (Vista Vision Stereozoom) via
the observed presence or absence of sex-combs along the first tarsal segment of the Drosophila
forelimb. This method was performed over the customary anaesthetized method of sexing flies as
a way to achieve more accurate collections of virgin specimens. The flies were then separated
into 35mL glass vials with cotton plugs and approximately one inch of medium with no more
than 30 individuals in a single vial as a means to prevent density dependent growth effects. Flies
were maintained for four days (96 hours), at which point the ovary, testis, and heads of both
males and females were dissected in a 1x PBS (phosphate buffered saline) buffer solution,
pooling 20 of each tissue in respective 0.2mL tubes and submerged immediately in 100ul of
RNALater (Ambion) and placed at -80°C for later use (see below) (Figure 2.1) (Table 2.3). Flies

that emerged prior to pupae collection, and therefore their virginity in question, were discarded.

33



M.Sc. Thesis — Madeline Loomer McMaster — Biology

Figure 2.1: Schematic illustration of the testis, ovary and head tissue dissections. (a) The ovaries
of anesthetized adult females were dissected using two sets of forceps in 1XxPBS solution. (b) the
left forceps secure the distal end of the thorax and the right forceps pinch the distal end of the
abdomen and pulls away delicately. (c) The testis of anesthetized adult males were dissected
using two sets of forceps in 1xPBS solution. (d) the left forceps secure the distal end of the
thorax and the right forceps pinch the distal end of the abdomen and pulls away delicately and
the gut and accessory glands were removed. The head tissue was removed in a similar manner
simply by squeezing the head away from the body using the forceps. The images in (a) and (b)
were adapted from Prasad et al. 2007 Figure 1 and the images in (c) and (d) were adapted from
www.FlyBase.org under the ‘ImageBrowse’ tab.
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2.3 Drosophila Hybridizations and Tissue Collections

Both virgin male and female flies were collected from parental pure species stocks with
one day and four day periods prior to mating, respectively. Hybridization crosses were
constructed from mating ten virgin four-day-old females of one species with one-day-old virgin
males from the other species in a 1:1 sex ratio. The two reciprocal hybridizations took place in
35mL glass vials with cotton plugs and approximately one inch of medium. These crosses were
then transferred to a new vial containing the same medium every 3-4 days as a way to attain as
many hybrids per cross as possible. The empty vials were kept and observed daily for larvae and
pupae formation. Upon discovery, the cross would be discarded along with any progeny that may
have ensued. Hybrid pupae were collected from each cross, sexed, and maintained for a four-day
period in the same manner described above. After this 96-hour time period, 150 individuals were
dissected for each hybrid cross following the same protocol described above.

With respect to the newly emerged F1 hybrids, in contrast to the procedure of pure
species, they were never discarded. They were maintained in separate glass vials which
possessed the same cornmeal-yeast-molasses medium and retained for approximately 15-20
days. With the knowledge that these F1 hybrid males are sterile (Lachaise et al. 1986) one could
deduce whether or not the parental females were virgins through the observation of the
materialization of larvae. If any were found at the 20 day mark, all individuals collected from the

specific cross were discarded.
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2.4 Total RNA Extraction and cDNA Synthesis

To obtain the required quantities of RNA for qRT-PCR assays, total RNA was extracted
using Trizol (Invitrogen, Carlsbad, CA) from four-day-old individuals from both pure species
and their F1 reciprocal hybrids from a pool of 60 tissues in each category: male head, female
head, ovary, and testis (dissected without accessory glands). Some tissues were homogenized
using a handheld homogenizing instrument; these included the head tissues due to their tough
exoskeleton, as well as the ovaries. The testes were simply vortexed in Trizol solution. Samples

of RNA were checked for their quality and concentration and in ng/ul using a NanoDrop

ND1000 speterophotometer and the integrity of the RNA was assessed using the Agilent 2100
bioanalyzer.

The RNA was then treated with DNase I (Qiangen), used to cleave unwanted DNA that
may have remained in the samples. The samples then were converted into cDNA using gScript™

cDNA Synthesis Kit (Qunata Biosciences), and stored at -20°C until gRT-PCR (see below).

2.5 Gene Selection and Primer Design
2.5.1 Gene Selection

Prior to this study, cDNA microarray hybridization data was generated from studies of
gene expression in hybrid male whole body, as well as male whole body and testes, between D.
simulans and D. sechellia (Artieri and Singh, 2009; Haerty and Singh, 2006). Within these
studies, the genes under investigation were selected from D. melanogaster wildtype expressed
sequence tags (ESTs). They were assigned to specific tissues as their site of expression based on

an arbitrary cut-off of at least three ESTs per tissue type. Following analysis, these genes were
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deemed as either misexpressed or non-misexpressed in hybrids when compared to the expression
patterns of both pure species, as per the criteria used in Hearty and Singh (2006). From this data
set, a total of 36 genes were selected from the category of genes found to be misexpressed in
hybrids. A total of 2 genes were selected from the category of genes found to be non-
misexpressed in hybrids. Two additional genes were selected from a gene set described as ovary-
biased, and were generated from female hybrids where the ovary samples included the ovary,
lateral oviduct, and most of the common oviduct (Parisi, et al. 2004). These genes were found to
be misexpressed in the hybrid. A total of 40 genes were selected as candidate genes and were
divided into five categories: 2 Non-misexpressed; 2 Testis-specific; 2 Head-specific; 2 Ovary-
biased; 32 Mixed-tissue, which were further subdivided into four categories: 14 HOT (head,
ovary, and testis), | OH (ovary and head), 4 OT (ovary and testis) and 13 TH (testis and head).

A sample set of 40 genes were chosen to explore tissue-specific expression between
parental species and their F1 hybrid and among tissue within the hybrid: genes were chosen at
random, using a PerlScript software program, from list of previously determined misexpressed
genes in hybrids between species of the genus Drosophila (Haerty et al. 2006; Artieri et al. 2007,
Parisi et al. 2004). This randomized selection was done to eliminate a bias in our results.
Furthermore, these randomly chosen genes were subdivided into specific categories: 2 were
testis-specific (T), 2 were ovary-biased (O), 2 were head-specific (H), 32 were mixed tissue (OH,

OT, TH, HOT) and 2 were non-misexpressed genes within these hybrids.
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2.5.2 Primer Design

Using the Drosophila genome annotation project (http://rana.lbl.gov/

drosophila.supplementary Table 1), we were able to retrieve coding sequences for D.
melanogaster, D. sechellia and D. simulans for all 40 genes of interest as well as the internal
control gene, RpL32, from the FlyBase web site (www.flybase.org). For each gene, under the
drop-down tab orthologs there are two categories: Genome-wide drosophilid orthologs and
Curated drosophilid orthologs. The genomes under the curated category take precedence over
genome-wide, however both were used. The GenBank was selected to retrieve the genome
region, which was then placed in a file written in a FASTA format. Sequences were aligned using
ClustalW2 (www.ebi.ac.uk/clustalw/) according to the protein sequence alignments. Primers
were designed based on the observed conserved regions, 3’ most constituently expressed exon,
through the use of the online program Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi), which were then tested against the aligned sequences using
BioEdit Sequence Alignment Editor software (see Supplementary Table § 3.1 for a complete list
of investigated genes and their forward and reverse primers). All primers were designed to

generate primer products between 100-120 base pairs.

2.6 Quantitative Real-Time Polymerase Chain Reaction
2.6.1 Design and Products

Expression data was collected using quantitative RT-PCR using PerfeCra® SYBR®
Green SuperMix, Low ROX™ (Quanta Biosciences catalog No. 95056). As there appears to be

no consensus regarding endogenous control selection, RpL32 was chosen, which according to

38


http://rana.lbl.gov/drosophila.supplementary
http://rana.lbl.gov/drosophila.supplementary
http://rana.lbl.gov/drosophila.supplementary
http://rana.lbl.gov/drosophila.supplementary
http://www.flybase.org
http://www.flybase.org
http://www.ebi.ac.uk/clustalw/
http://www.ebi.ac.uk/clustalw/
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi

M.Sc. Thesis — Madeline Loomer McMaster — Biology

the qRT-PCR data was expressed at expressed at very similar levels in all samples (species/
tissues). A total of 10ng/sample of RNA was extracted as described above from pools of 20
tissues in each category for both parental species and their F1 reciprocal hybrids. cDNA was
produced using the Quanta Bioscience qScript™ c¢cDNA Synthesis Kit (catalog No. 95047) using
the manufacturer’s protocol. To assay for genomic DNA and reaction contamination, a blank
(DEPC-treated water) was used as a negative control. No amplification was observed in any of
the negative control runs. The Stratagene MX3000P® RT-PCR system and the instrument default
cycling conditions were used. Each RNA sample was assayed twice for every mRNA in separate
RT reactions. The threshold cycle (CT) ratios between the target RNA and the endogenous

control were calculated.

2.6.2 Normalization of Expression Data

Several variables need to be controlled for in gene-expression analysis, such as the
amount of starting material and differences between tissues in overall transcriptional activity.
Various strategies have been applied to normalize these variations. Under controlled conditions
of reproducible extraction of good-quality RNA, the gene transcript number is ideally
standardized to the number of cells, but accurate enumeration of cells is often precluded, for
example when starting with solid tissue. Another frequently applied normalization scalar is the
RNA mass quantity, especially in northern blot analysis. The quality of RNA and related
efficiency of the enzymatic reactions are not taken into account. Moreover, in some instances it
is impossible to quantify this parameter, for example, when only minimal amounts of RNA are

available from microdissected tissues. Probably the strongest argument against the use of total
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RNA mass for normalization is the fact that it consists predominately of rRNA molecules, and is
not always representative of the mRNA fraction. Further drawbacks to the use of 18S or 28S
rRNA molecules as standards are their absence in purified target mRNA transcripts. The latter
makes it difficult to accurately subtract the baseline value in real-time RT-PCR data analysis.

To date, internal control genes are most frequently used to normalize the mRNA fraction. This
internal control - often referred to as a housekeeping gene - should not vary in the tissues or cells
under investigation, or in response to experimental treatment. However, many studies make use
of these constitutively expressed control genes without proper validation of their presumed
stability of expression.

It 1s generally accepted that gene-expression levels should be normalized by a carefully
selected stable internal control gene. However, to validate the presumed stable expression of a
given control gene, prior knowledge of a reliable measure to normalize this gene in order to
remove any nonspecific variation is required.

The first step of normalization was the quantification of my collected RNA. The collected
tissues were treated with a RNA extraction technique using Trizol. The RNA integrity was
assayed through a Bioanalyzer (Agilent RNA 6000) using 1 pl aliquot of each tissue sample and
the given concentration was recorded in nanograms per microliter (LL). To equalize the

relative RNA concentrations the lowest value was divided by all other values (i.e. 60/60

ng/ul and 60/73.3 ng/ul etc).
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2.7 Analysis of qRT-PCR Gene Expression Data

To analyze results of quantitative real-time PCR (qRT-PCR) a standard curve was
generated for each gene that was under investigation. A standard curve was designed by creating
a dilution series: undiluted, 1:10, 1:100, 1:1000. A pool of the tissues were used for each standard
curve and two samples of RNA were plotted for each dilution (Figure 2.2). An equation was
determined for each gene based on the generated slope (m) and y-intercept data. This was then
used to calculate the Logl0 Input Amount (Ct value - y-intercept/slope) and the Input Amount
(remove the log: POWER(10, [Log10 Input Amount]). This input amount was established for all
genes and for each tissue and species type (the same was done for the HKG) for each technical
replicate. The final input amount was established by determining the mean of the two input
amounts for each technical replicate. As stated above, the gene of interest (GOI) mean input
amount was divided by the HKG mean input amount, giving the GOI/HKG ratio, which was

used as the relative expression levels.
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Figure 2.2: Standard Curve — A standard curve is used to quantitate alterations in mRNA
levels using QRT-PCR. An ideal curve has both technical replicates fits along a straight line
and has a correlation coefficient of 1.0. In the example above “RSq” is 0.998. Once the
correlation coefficient has been determined to be sufficient the slope and y-intercept are
recorded for each gene (individually) and used to calculate the input amount.
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2.8 Biological Replicates

Two biological replicates were generated within the present study for all samples types —
the testis, ovary and male and female head tissues within the pure species and reciprocal
interspecific crosses for all 40 genes of interest. Upon initial review, the biological replicates
were presumed to possess extreme variation in expression data. As a consequence, it was decided
that both could not be used to described the observed results, as they were too variant in their
respective data sets. The biological replicate that was used in the current study was chosen in
response to the following criteria: First, the biological replicate that possessed the least amount
of extreme values (outliers) relative to their respective data sets. Second, upon review of the
values generated for the internal control gene (RpL32), the biological replicate that demonstrated
the least amount of variation between sample types for this gene. As a result, one biological

replicate met the above criteria more closely than the other and, therefore, was chosen.

2.9 Tissue Morphology

A digital camera (Nikon SM21000) connected to a dissecting microscope and a computer
were used to capture images of the parental and their F1 reciprocal hybrid tissues. EOS™
software package was used for image capturing. Each dissected tissue type — testis, ovaries and

male and female head tissues — was captured for both F1 reciprocal hybrids.
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RESULTS

3.1 Conservation of Gene Distribution Among the Drosophila Triad Species

With advancements in technology the ability to scan and analyze species genomes was
revolutionizing to the field of biology. Yet, uncovering the biological relevance and critical
information from collected sequence data have proven to be an ongoing process with much to be
investigated and explored.

In this study, gene expression profiles for 40 genes were analyzed through quantitative
real-time PCR across four tissues types among two parental species, Drosophila simulans and D.
sechellia, and their two reciprocal hybrids. The selected genes were chosen from a collection of
genes determined to be misexpressed in the genetic background of D. melanogaster. They were
annotated according to their presence in various expressed sequence tag (EST) libraries and were
assigned specific tissue categories based on D. melanogaster ESTs. One of the first undertakings
of this study was to compare the D. melanogaster EST data with the observed expression profiles
determined in this study of the closely related sibling species, as a means to determine if gene

expression patterns are conserved between closely related species.

3.1.1 Variation in Tissue-Specific Distribution of Gene Expression

Expressed sequence tags (ESTs) have been created for the D. melanogaster species
allowing the ability to assign genes of interest to specific tissues. Based on these ESTs, previous
research investigating gene expression had employed these sequence tags to classify a collection

of genes demonstrating biased expression in a particular tissue or group of tissues by setting an
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arbitrary cut-off of three ESTs per tissue or percent of the genome (see Haerty et al. 2007 and
Parisi et al. 2004, repsectively). For the species of interest within this study, such ESTs do not
exist, and as a consequence, genes were selected for this study based on D. melanogaster data.
Therefore, when comparing gene distribution throughout the investigated tissues, D.
melanogaster data was determined in accordance with its EST data, while both D. simulans and
D. sechellia data were determined by the observed expression patterns in this study as well as
establishing an expression magnitude cut-off above 1.0 of the logarithmic GOI/HKG ratio (see

Supplementary Figure §.3.1a).

3.1.1.1 Gene Distribution Among Drosophila Species: A ‘Global’ Analysis

Determined within this study, a ‘global’ analysis of gene distribution — the overall trend
in the number of genes expressed within each tissue or mixed-tissue grouping — was conducted
and a number of patterns emerged (Figure 3.1a,b and c). In this study, one of the goals is to
observe genes which are expressed in multiple tissue types and determine whether or not these
genes are expressed similarly in these tissues. Therefore, out of the 40 genes selected, genes
found to be expressed in all three tissue types (head, ovary and testis) designated as (HOT), were
the focus having a total of 14 genes in this category. Another significant mixed tissue category,
consisting of 13 genes, possessed genes which had ESTs in both the head and testis (TH). This
grouping was of particular interest as a means to test the evolution of reproductive (testis) genes
relative to ‘nonreproductive’ (head) genes. When referring to the literature, a number of studies
have noted that the testis transcriptome possesses a greater extent of rapidly evolving genes when

compared to the head tissue (Coulthart and Singh 1988; Civetta and Singh 1995 and Haerty et al.

45



M.Sc. Thesis — Madeline Loomer McMaster — Biology

Head

13 1
14

Testis Ovary

Non-misexpressed genes - 2

[a] Gene assignment based on D. melanogaster EST
data adapted from Artieri and Singh, (2009); Haerty
and Singh, (2006) and Parisi et al. (2004).
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D. sechellia expression data. D. simulans expression data.

Figure 3.1: Venn diagram representation of gene distribution in [a] D. melanogaster, [b] D. sechellia and [c] D. simulans. Each
circle depicts a specific-tissue category: Head (green), Testis (blue), and Ovary (red). The mixed-tissue genes are depicted within
their respective overlapping sections of the diagram. Both male and female gene expression was illustrated in one venn diagram
for both D. sechellia and D. simulans, thus having a total of 80 genes represented (the 40 genes of interest for each sex).
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2007). Furthermore, the rates of evolution among these ‘testis-biased’ genes exceed rates found
in rapidly evolving ‘head-biased’ genes (Jagadeeshan and Singh 2005 and Haerty et al. 2007).
The remaining genes were selected as follows: 4 ovary and testis (OT) genes, 1 ovary and head
(OH) gene, and 2 genes for the head-, ovary- and testis-biased categories, respectively. The last
two genes were not found to be misexpressed in any of the above tissues when looking at the
expression of the hybrid cross between D. melanogaster and D. simulans, and was deemed a
‘non-misexpressed’ gene (Haerty and Singh 2006) (see Figure 3.1a).

The parental gene expression data among the Drosophila triad illustrated greater
similarity between D. melanogaster and D. simulans species by means of tissue expression
distribution for the genes of interest (Figure 3.1 a and c). Most interesting, the majority of the
observed genes fell within the HOT and TH tissue categories, having 40 (42 including the male
specific HOT category) and 8 genes, respectively. Similarly, the gene distribution within D.
melanogaster had 14 HOT-specific and 13 TH-specific genes. The remaining tissue categories,
while not completely equivalent, demonstrated comparable gene numbers — Head: mel (2), sim
(0); Testis: mel (2), sim (1); Ovary: mel (2), sim (2); OT mel (4), sim (2); OH mel (1), sim (6).

Conversely, the other sibling species, D. sechellia, exhibited a clear departure in tissue
expression distribution from the other two species (Figure 3.1b). While there were found to be 20
(23 including the female specific HOT category) genes which occurred in the HOT category,
there was a complete lack of genes within the TH category. Interestingly, the OH category
possessed 18 genes, a notable increase from D. melanogaster having only 1 gene. Moreover,
there was a greater number of genes, a total of 8, found in the ovary tissue category. The

remaining tissue categories were as follows — Head: mel (2), sec (3); Testis: mel (2), sec (0); OT
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mel (4), sec (3).

Between the sibling species, one would expect greater similarities in gene expression
than either with D. melanogaster, due to their more recent divergence of ~ 250,000 years ago
over that of both species from D. melanogaster ~ 0.5 - 2.5 MYA (Caccone et al. 1988; Catron
and Noor 2008; McDermott and Kliman 2008). This was found in a study conducted by Artieri
and Singh (2009) where they investigated an increase in regulatory conservation throughout
metamorphosis among the species of the D. melanogaster subgroup. During the larval, late pupal
and adult stages there were fewer differentially expressed genes and it was only in the early
pupal stage that these species appeared to have significantly more genes differentially expressed
when compared to either species with D. melanogaster (see Artieri and Singh 2009 — Figure 1).
Despite this, however, within this study it was found that these sibling species demonstrated a
greater extent of differential gene expression than D. simulans experienced when compared to D.
melanogaster. This finding may have resulted due to a variance in methodology. The study
conducted by Artieri and Singh 2009 was carried out using microarray technology, while this
study employed qRT-PCR, which has been suggested to be a more sensitive methodology
(Catron and Noor 2008).

Thus, looking globally at gene distribution, distinct patterns emerge illustrating a more
similar gene distribution between D. melanogaster and D. simulans and a vastly distinct gene
distribution demonstrated by D. sechellia. This finding is consistent with previous results in the
literature (Caccone et al. 1988; Caccone et al. 1996) which support a more recent divergence
between D. melanogaster and D. simulans through the use of DNA-DNA hybridization

experiments using single-copy nuclear DNA(scnDNA), than the divergence of the former and D.
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sechellia. This could be a consequence of effective population size, were the D. melanogaster
and D. simulans species originating as cosmopolitan human commensal and D. sechellia as an
island species in the Seychelles (Tsacas and Bachli, 1981 and Lachaise et al. 1986; Coyne and

Kreitman 1986).

3.1.1.2 Gene Distribution Among Drosophila Species: Gene Specific Analysis

At the global level of analysis, there was found to be fewer genes differentially expressed
between D. simulans and D. melanogaster over that observed between the latter and D. sechellia.
Furthermore, the sibling species did not display similar tissue distributions across genes of
interest. Having noted this, however, while the analysis of global tissue distribution reports the
number of genes observed within each tissue category, it neglects to identify the specifics of each
gene of interest. By constructing a table listing D. melanogaster, simulans, and sechellia and
their specific tissue expression patterns for all 40 genes of interest, one can distinguish specific
genes sharing the same tissue expression patterns (Table 3.1). It was found that 30% of genes
shared the same tissue expression patterns between D. simulans and D. sechellia, 15% shared the
same tissue expression patterns between D. simulans and D. melanogaster, 10% shared the same
tissue expression patterns between D. sechellia and D. melanogaster, and 7.5% shared the same
tissue expression patterns amongst all three species. The remaining 37.5% of genes lacked any
similarities in tissue expression. Therefore, it was found that the sibling species had the highest
degree of shared tissue expression followed by D. melanogaster and D. simulans, which is
supported by the divergences suggested in a number of established Drosophila phylogenies

(Powell 1997; Tamura et al. 2004; Stark et al. 2007; Larracuente et al. 2008).
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Table 3.1: Specific gene distribution among D. melanogaster, D. sechellia and D. simulans. Genes are classified into
tissue categories: (H) head, (O) ovary, (T) testis, (HOT) head, ovary and testis, (TH) testis and head, (OT) ovary and
testis, (OH) ovary and head, and (NE) not expressed based on the 1.0 GOI/HKG ratio cut-off (see result section) — The
red box indicates genes which show similar tissue distribution between D. simulans and D. sechellia.; the blue box
indicates genes which show similar tissue distribution between D. simulans and D. melanogaster; the green box indicates
genes which show similar tissue distribution between D. sechellia and D. melanogaster; the purple box indicates genes
which show similar tissue distribution between all species of the three species.

Genes D. simulans D. sechellia  D. melanogaster Genes D. simulans D. sechellia  D. melanogaster
FBgn0030706 ~MALE: HOT ~ MALE: NE H FBgn0035878 |  HOT HOT HOT |
FEMALE: OT  FEMALE: O
FBgn0032702 HOT HOT H FBgn0034689 |  HOT HOT HOT |
FBgn0020392 MALE: OT 0 FBgn0022338 TH HOT HOT |
| HOT FEMALE: HOT
FBgn0038964 _ MALE: NE HOT FBgn0051108 TH HOT HOT |
[FEMALE: O 0 |
FBgn0032821 TH HOT T FBgn0034176 NE HOT HOT |
FBgn0034532 HOT MALE: NE T FBgn0032474 HOT MALE: NE HOT
FEMALE: O FEMALE: H
FBgn0038607 MALE: OT TH FBgn0011604 NE H HOT
HOT FEMALE: HOT
FBgn0028902 | HOT HOT | TH FBgn0015799 |  NE NE | HOT
FBgn0052112 OH MALE: OT TH FBgn0032248 HOT OH HOT
FEMALE: HOT
FBgn0031853 | TH |  MALE:NE | TH | i FBgn0032451 | OH OH | HOT
FEMALE: O
FBgn0002036 MALE: HOT ~ MALE: NE TH FBgn0034689 |  NE MALE: NE | HOT
FEMALE: OoT FEMALE: OH FEMALE: O
FBgn0042710 HOT MALE: NE TH FBgn0039360 |  NE NE | HOT
FEMALE: O
FBgn0011273 HOT OH TH FBgn0037369 HOT OH HOT
FBgn0032973 | MALENNE NE | TH FBgn0050104 HOT MALE: OH HOT
FEMALE: O FEMALE: O
FBgn0038266 |  NE NE | TH FBgn0030574 HOT OH NMG
FBgn0029947 HOT NE TH FBgn0031988 |  NE NE NMG |
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3.2 Males vs. Females: Observed Expression Patterns Across Species

Unique to this study was the focus on both sexes rather than the previously predominate
affinity towards the male sex (Andrews et al. 2000; Michalak and Noor 2003; 2004; Haerty and
Singh 2006 and Moehring et al. 2007). This has largely been contributed to the discovery of sex-
biased genes, with particular emphasis on male-biased genes, demonstrating a faster rate of
evolution. This was inferred via higher variation in expression patterns suggesting an experience
of a higher rate of positive selection (Coulthart and Singh 1988; Civetta and Singh 1999;
Meiklejohn et al. 2003; Michalak and Noor 2003 and Oliver 2003).

However, through the investigation of these rapidly evolving genes (REGs) as well as
gene expression variation between sexes and across species, one may be able to infer whether or
not one sex may be driving the evolution of the other, via cryptic female choice, male-sex drive

or the possibility of a coevolution between the sexes may emerge.

3.2.1 Tissue-Specific Distribution between the Sexes: Parental Species

The parental gene expression data demonstrates a strong correlation in gene distribution
between males and females of both parental species, D. sechellia and D. simulans, among the
tissue-specific categories (Figure 3.2). This result, while interesting, does not prove unexpected
given the comprehensive analyses revealing that gene expression profiles of parental species
appear more similar to one another than either is to that of the hybrid (Ranz et al. 2003; Rifkin et
al. 2003 and Ranz et al. 2004). This result is a consequence of compensatory changes which act

to ‘eclipse‘ the prevailing interspecific differences between species, however, in the genetic
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Figure 3.2: Parental species tissue-specific distribution between the sexes of Drosophila sechellia |a] and D. simulans
[b]. Male and female distribution are depicted in blue and red, respectively, across the tissue categories: (H) male and
female head; (O) ovary; (T) testis; (TH) testis and head; (OT) ovary and testis; (OH) ovary and head; (HOT) head,
ovary and testis expressed for both sexes; (TH O) head, ovary and testis for the male sex only; (T _HO) head, ovary
and testis for the female sex only; and (NE) not expressed.
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backgrounds of interspecific hybrids, these changes may no longer be concealed as a result of a
lack in genetic coadaptation (Dobzhansky 1937; Muller 1942; Orr 1997; Johnson and Porter

2000; Orr and Presgraves 2000; Porter and Johnson 2002).

3.2.2 Tissue-Specific Distribution between the Sexes: Hybrids

A greater opportunity to observe differential gene expression between the sexes resides
within the reciprocal hybrids. A large number of studies have suggested ~ 30 - 50% of the
Drosophila transcriptome are sex-biased — a gene is deemed sex-biased when its level of
expression significantly varies between the sexes (Ranz et al. 2003; 2004; Parisi et al. 2003;
Ortiz-Barrientos et al. 2007 and Gallach et al. 2011). Furthermore, there has been specific
emphasis on male-biased gene expression as a result of: (1) a greater difference in expression
than that found in female- and non-sex-biased genes (Haerty et al. 2006) as well as (2) a greater
proportion of genes experiencing sex-biased (Ranz et al. 2003; 2004; Parisi et al. 2003; Graveley
et al. 2010 and Daines et al. 2011).

Surprisingly, when looking at the male and female tissue-specific gene expression data for
both interspecific crosses, unlike previous research, the majority of genes did not show a large
extent of variation between the sexes, where the variance was established by a factor of 2 (see
Castillo-Davis et al. 2003) (Figure 3.3). For the cross between @ D. simulans x 3 D. sechellia,
genes which experienced differential expression (71/80) displayed variation between the sexes
for 33.8% of the genes and a total of 63.4% of genes which displayed parallel expression for
both sexes. This is disparate from the study conducted by Castillo-Davis et al. (2003) were they
compared the gene expression profiles of adult D. melanogaster and D. simulans species as a

means to reveal the evolution of sex-biased regulation of genes. They found that out of the 2238
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Figure 3.3: Reciprocal hybrid tissue-specific distribution between the sexes of 9 simulans x & sechelliala] and 9
sechellia x & simulans [b]. Male and female distribution are depicted in blue and red, respectively, across the tissue
categories: (H) male and female head; (O) ovary; (T) testis; (TH) testis and head; (OT) ovary and testis; (OH) ovary
and head; (HOT) head, ovary and testis expressed for both sexes; (TH O) head, ovary and testis for the male sex only;
(T_HO) head, ovary and testis for the female sex only; and (NMG) non-misexpressed.
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genes surveyed only 380 genes, or 16.6%, of differentially expressed genes displayed parallel
differences in expression for both sexes. Moreover, there were 1903 out of the same gene set, or
83.4%, of genes which exhibited sex-specific expression. Similarly, in the reciprocal cross
between @ D. sechellia x & D. simulans, it was found for the genes which experienced
differential expression (53/80) only 24.5% and 71.7% of genes exhibiting variation between the
sexes and parallel differences for both sexes, respectively.

Therefore, contrary to previous studies, the results in here have the majority of
differentially expressed genes demonstrating parallel expression for both sexes and fewer genes

which have observed variation between the sexes.

3.2.3 Comparison: Male and Female Head Expression

It is known that males and females utilize the same basic set of genes and achieve
dimorphism at the morphological and molecular level. Thus, each sex possesses either
quantitative difference in the level of gene expression and/or undergo sexual selection lending to
the evolution of genes with male- and female-specific functions (Connallon and Clark 2011). A
number of studies have been conducted investigating sex-biased regulation among Drosophila
species (Arbeitman et al. 2002 and Parisi et al. 2003) and have found this regulation to be the
result of expression within the germ-line tissues. Specifically, it was suggested that transcription
in testis and ovaries are responsible for the majority of sex-biased expression (Meiklejohn et al.
2003). To validate this theory, dissected testes and ovaries, along with gonadectomized males
and females of the species D. melanogaster and D. simulans were analyzed and genes were

classified based on their variation in expression between testes, ovaries and both male and
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female somatic tissues (Meiklejohn et al. 2003; Parisi et al. 2003; 2004 and Ranz et al. 2003). It
was determined that male-biased expression experienced the greatest degree in variation over
both female-biased and non-sex-biased genes.

In this study, the ‘somatic tissues’ — both the male and female heads, were dissected and
their expression was compared between the sexes (Figure 3.4). The results followed what was to
be anticipated, revealing a close correlation between the head tissues across both pure species

and their reciprocal hybrids.

3.2.4 Comparison: Testes and Ovaries Expression

Upon the comparison between the testis and ovary tissues, an unexpected result emerged.
For pure species, it was found that the ovary tissue had a higher level of expression over the
testis tissue, which had a relatively low level of gene expression (Figure 3.5a and b). For the
reciprocal hybrids, they exhibit varied expression between the gonadal tissues (Figure 3.5¢ and
d). The cross between @ D. simulans x & D. sechellia demonstrates a higher level of expression
in the testis over ovary tissues, while the reciprocal cross @ D. sechellia x & D. simulans,

exhibits the same patterns observed in the two pure species.
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Figure 3.4: Male and female head tissue expression of both parental species: Drosophila sechellia [a] and D. simulans [b] as well
as their reciprocal hybrids: Q@ simulans x & sechellia [c] and Q sechellia x 3 simulans [d]. Male and female head tissues are
depicted in square green and diamond blue data points, respectively. These graphical representations act to compare the
relative gene expression of all genes of interests between both the male and female head tissues.
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Figure 3.5: Ovary and testis tissue expression of both parental species: Drosophila sechellia [a] and D. simulans [b] as well as
their reciprocal hybrids: 9 simulans x 3 sechellia [c] and ¢ sechellia x & simulans [d]. The ovary and testis tissues are
depicted in square yellow and diamond red data points, respectively. These graphical representations act to compare the
relative gene expression of all genes of interests between both the male and female gonadal tissue.
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3.3 Variation between Reciprocal Hybrids

To date, the predominance in the literature, for the most part, does not focus on the
analysis of differential expression between reciprocal hybrids between species. The majority of
studies discuss two or more pure species and their (one-way) F1 hybrid (Ranz et al. 2004; Haerty
et al. 2007; Cantron and Noor 2008 and Artieri et al. 2009). Yet, a paper by Dobzhansky (1935)
indicates that reciprocal crosses can frequently produce diverse results which can lend to insight

into such phenomenon as maternal effect, an area of study largely overlooked.

3.3.1 Observed Patterns of Expression Data

As a means to observe the relative gene expression levels across the testes, ovaries and
both male and female head tissues for all the genes of interest a graphical representation was
plotted from highest to lowest GOI/HKG ratios (Figure 3.6a and b). The graph illustrating
relative gene expression for Q@ sechellia x & simulans demonstrated a correlation between the
male-specific (testis and male head) tissues and female-specific (ovary and female head) tissues,
respectively (Figure 3.6a). This pattern of relative gene expression was similarly observed in the
reciprocal cross, 9 simulans x & sechellia (Figure 3.6b). One notable difference relates to the
magnitude of relative expression for male and female tissue types between hybrids. The cross
between Q sechellia x & simulans demonstrated male-specific tissues to have a higher relative
level of expression over that observed in female-specific tissues. The reverse was observed in the
reciprocal cross, showing the female-specific tissues having a notably higher relative level of

expression compared to the male-specific tissues.
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ovary and testis tissues — for all 40 genes of interest plotted from highest to lowest GOI/HKG ratio data. Graph illustrating gene
expression for @ sechellia x & simulans [a] as well as Q@ simulans x 3 sechellia [b].
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Specifically, looking at the gene distribution across tissue-specific categories, variant results
were observed between the reciprocal crosses (Figure 3.7). In the cross between Q sechellia x &
simulans, the majority of genes are concentrated amongst tissue categories central to female-
specific tissues (those tissue categories involving ovaries), with the exception of the OT category
having only 2 genes. The remaining tissue categories possessed few, if any, genes — Head: 6;
OT: 2; Testis: 0; TH: 0 (Figure 3.7a). Conversely, while a large number of genes congregate
within the female-specific tissue categories, several genes occupy tissue categories associated
with male-specificity having the tissue categories as follows — Head: 6; Testis: 3; Ovary: 6;
HOT: 16; OH:15; OT: 10 and TH: 5 (Figure 3.7b). These findings could be attributed to a strong
pressure exerted by the maternal genome on their respective crosses. This can be further
supported by the observation that suggests the reciprocal hybrids having tissue-specific gene
distribution with a large degree of similarity to that found in their maternal parental species,

respectively ([Figure3.2a — Figure3.3b] and [Figure3.2b — Figure3.3a]).

3.3.2 Observed Maternal Effect

The examination of the phenomenon deemed ‘maternal effect” dates back to the 1930s,
with two original papers by Dobzhansky (1935) and Dobzhansky and Sturtevant (1935) noting
its relative evolutionary significance. Despite these attempts to highlight its significance,
maternal effect received little attention until the late 1980s (Mousseau et al. 2009). This fact may
be accredited to the prevailing argument favouring cytoplasmatic inheritance, which has since
been discredited (Dobzhansky 1935). In a paper put forth by Roach and Wulff (1987), gave rise

to the “first [empircial] support for the near-ubiquitous role of maternal effects in
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Figure 3.7: Venn diagram representation of gene distribution in [a] D. sechellia x D. simulans, [b] D. simulans x D. sechellia.
Each circle depicts a specific-tissue category: Head (green), Testis (blue), and Ovary (red). The mixed-tissue genes are depicted
within their respective overlapping sections of the diagram. Both male and female gene expression was illustrated in one venn
diagram for both hybrids, thus having a total of 80 genes represented (the 40 genes of interest for each sex).
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plants...” (Mousseau et al. 2009). This, along with a number of additional studies which
followed, outlined the potential for maternal effect to act as an evolutionary response to
selection.

To investigate the degree of maternal effect, the relative expression levels for genes
which were classified as ‘H’, ‘O’ and ‘OH’ were plotted for both the reciprocal hybrids (Figure
3.8). For the cross between Q sechellia x & simulans, the ‘H’ tissues had the fewest number of
genes (4) and the ‘O’ tissues had 13 genes, which suggest a difference between the tissues by a
factor of 3. The ‘OH’ tissue category had 16 genes and was not notably different from the ‘O’
tissue category. However, there was an observed difference between the ‘OH’ and ‘H’ tissue
categories by a factor of 4. For the cross between @ simulans x & sechellia, the ‘H> and ‘O’
tissues had the fewest number of genes, both having 7 genes respectively, and the ‘OH’ tissue
category had 22 genes. There was an observed difference between the ‘OH’ and the ‘H’ and ‘O’
tissue categories by a factor of 3. Between the reciprocal hybrids, none of the tissue categories

had large degrees of variance between them.
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Figure 3.8: Maternal effect illustrated via tissue-specific modulation between the reciprocal crosses, § sechellia x &
simulans and Q simulans x & sechellia for female head and ovary tissues — (H ) only the head tissue is misexpressed;
(_O) only the ovary tissue is misexpressed; (HO) head and ovary are both misexpressed.
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3.4 Sex vs. Non-Sex Genes: Extent of Gene Misexpression

It has been previously determined by a number of studies (Ranz et al. 2003, 2004) that
~ 30 - 50% of genes in the Drosophila transcriptome exhibit sex-biased expression. Many of
these genes have expression found in reproductive organs (testis and ovary) ( Arbeitman et al.
2002 and Parisi et al. 2003). Therefore, it is important to look at the variation observed in this
study between the isolated testis, ovary, and female and male head tissues between both pure

species and their reciprocal hybrids.

3.4.1 Tissue Modulation

In a means to identify the varying extent of gene expression between sex (testis and
ovary) and non-sex (male and female head) genes, the observed tissue-specific modulation was
plotted between the reciprocal hybrids for all tissues, with male head and testis as one
comparison and female head and ovary as the other (Figure 3.9). Between the male head and
testis gene expression, the cross between Q@ sechellia x & simulans was found to have 35% of its
gene expression displaying tissue-specific modulation, specifically 30% in the male head and 5%
in the testis. In the reciprocal cross, @ simulans x & sechellia, 55% of gene expression
demonstrated tissue-specific modulation, with an equal distribution of 27.5% for both male head
and testis. The unexpected testis expression finding in the former hybrid may be the by-product
of the difficult nature of the hybridization between the female D. sechellia with the male D.
simulans. The tissue morphology (see below) between the hybrids reveals a slightly more
atrophic appearance of the this cross relative to the testis of the other hybrid and the pure species.

In both crosses, the hybrid males exhibited a higher proportion of misexpressed genes in the head
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Figure 3.9: Tissue-specific modulation of gene expression between the reciprocal crosses, ¢ sechellia x 3 simulans
and Q simulans x & sechellia for [a] male head and testis tissues — (HT) head and testis are both misexpressed;
(NMG) within a gene both tissues demonstrate non-misexpression; (H ) only the head tissue is misexpressed; (_T)
only the testis tissue is misexpressed. The female was also investigated via the [b] female head and ovary tissues —
(HO) head and ovary are both misexpressed; (_O) only the ovary tissue is misexpressed.



tissue.

For the comparison between the female head and ovary gene expression, the cross
between @ sechellia x & simulans out of the 42.5% of genes demonstrating tissue-specific
modulation, 10% were found in the female head and 32.5% in the ovary, while in the reciprocal
cross, @ simulans x & sechellia, out of the 35% of genes showing tissue-specific modulation,
both the head and ovary tissues exhibited 17.5% equal expression. This result was similarly
found in a study looking at synonomous (dS) and nonsynonomus (dN) substitutions of rapidly
evolving genes (REGs) between D. melanogaster and D. simulans, where they found that there
was no the dN estimates of both ovary and head significant difference between REGs
(dNovary=0.0147 £+ 0.006, dNhead=0.0149 £ 0.007) (Jagadeeshan and Singh 2005). Thus, hybrid

females display a higher proportion of misexpressed genes in head and ovary tissues.

3.5 Tissue Morphology

The gonadal tissue morphology between the reciprocal hybrids, @ simulans x & sechellia
and Q sechellia x & simulans, gives insight into the workings of the relative difficulty of the
crosses. The cross between @ simulans x & sechellia has been found to be a ‘successful cross’
and the ovary tissue of the females of this cross resemble that of their maternal parent (Figure
3.10a and b). The testis of this cross were found to have both properly developed testis and
seminal vesicles (refer to the paper by Zeng and Singh 1993). This was similarly observed in a
paper by Orgogozo et al. (2006) were the cross between @ simulans x & sechellia had a closer
resemblance in ovariole number to D. simulans (Figure 3.10a). Conversely, when examining the
morphology of the ovary and testis of the reciprocal cross, @ sechellia x & simulans, the ovary,

while not completely atrophied, appear less affluent than those observed in the other cross
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Figure 3.10: Gonadal Tissue Morphology — [a] Adapted from Orgogozo, Broman and Stern (2006) Figure 1. Variation in ovariole number in Drosophila simulans
and D. sechellia. (A) Phylogeny showing range in the number of ovarioles per ovary for each species (B) Ovarian morphology (C) Mean ovariole number and the
standard deviation for the sibling species and their F1 hybrid @ D. simulans x & D. sechellia. The red boxes indicate data which is of interest to this study. [b]
Gonadal morphology of the ovary (left) and testis (right) of the reciprocal hybrid cross — 9 D. simulans x & D. sechellia [¢] Gonadal morphology of the ovary (left)
and testis (right) of the reciprocal hybrid cross — @ D. simulans x & D. sechellia.
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(Figure 3.10c). The ovaries from this cross are more comparable to those found in D. sechellia
(Figure 3.10a). Furthermore, the testis of this cross appears to be atrophic, with smaller testis size

and reduced seminal vesicles (Figure 3.10c).
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DISCUSSION

4.1 Sibling Species Differ in Tissue-Specific Distribution of Gene Expression

The results obtained for tissue-specific distribution of gene expression between the
species under investigation were of interest. When analyzing the genes at a global level — a
comprehensive analysis of the number of genes expressed within each tissue or mixed-tissue
grouping — gene expression data among the three species, Drosophila melanogaster, D.
simulans and D. sechellia, illustrated greater resemblance between the D. simulans and D.
melanogaster species upon the comparison of distribution across tissues of the genes of interest.
The other sibling species, D. sechellia, displayed a clear departure in tissue-specific distribution
from the other two species. The observed result depicting a greater homogeneity between the
melanogaster and simulans species, relative to former and sechellia, is consistent with the
reported phylogeny of the D. melanogaster subgroup (Powell 1997). While this result is
expected, the finding that between the sibling species, D. simulans and D. sechellia, relative to
D. melanogaster, there was not a high level of homogeneity was unusual. One would expect a
greater proportion of similarities to exist between the sibling species as a consequence of their
more recent divergence, ~250,000 years ago, relative to either from D. melanogaster ~0.5 - 2.5
MYA (Caccone et al. 1988; Catron and Noor 2008; McDermott and Kliman 2008). Possible
reasons for such an unusual result may be due to (1) variation in methodology used to analyze
relative gene expression among this study versus previous experiments, or (2) perhaps it is due to
the D. sechellia species having origins of an island species while both D. melanogaster and D.

simulans share a cosmopolitan origin (Tsacas and Bachli, 1981 and Lachaise et al. 1986; Coyne
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and Kreitman 1986).

That being said, however, when looking at specific genes and their relative tissue-
distributions one can distinguish trends for each individual gene across species (Table 3.1). It
was found that for genes which had similarities in tissue expression between at least two of the
species, the majority of genes shared the same tissue expression patterns between the sibling
species, D. simulans and D. sechellia. Furthermore, as support for the proposed phylogenies
(Powell 1997; Tamura et al. 2004; Stark et al. 2007; Larracuente et al. 2008), D. simulans had a
greater number of genes sharing tissue expression patterns with D. melanogaster, while D.
sechellia had fewer genes sharing tissue expression.

Therefore, it was found that while the number of genes expressed in specific tissue
categories may appear distinct between closely related species, the analysis of specific gene

tissue expressions allowed for a clear observation of gene expression patterns between species.

4.2 Males and Females Differ in Tissue-Specific Distribution of Gene Expression

Among the pure species within this study, a strong correlation was found in gene
distribution between males and females among tissue-specific categories. This result,
demonstrating that pure species generally display similar expression patterns, parallels those
found in a number of other studies (Ranz et al. 2003; Rifkin et al. 2003 and Ranz et al. 2004).
This result is a consequence of compensatory changes which act to ‘eclipse® the prevailing
interspecific differences between species (Dobzhansky 1937; Muller 1942; Orr 1997; Johnson

and Porter 2000; Orr and Presgraves 2000; Porter and Johnson 2002).
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A greater opportunity to observe differential gene expression between the sexes resides
within the reciprocal hybrids. Previously determined, approximately half of the Drosophila
transcriptome is composed of sex-biased genes — a gene is deemed sex-biased when its level of
expression significantly varies between the sexes (Ranz et al. 2003; 2004; Parisi et al. 2003;
Ortiz-Barrientos et al. 2007 and Gallach et al. 2011). Specifically, male-biased genes have shown
to have a greater difference in expression than both female- and non-sex-biased genes as well as
possess a greater proportion of genes experiencing sex-biased (Ranz et al. 2003; 2004; Parisi et
al. 2003; Haerty and Singh 2006; Graveley et al. 2010 and Daines et al. 2011). With this in mind,
surprising results were found when observing the male and female tissue-specific gene
expression data for the F1 interspecific crosses. The majority of genes did not display significant
variation between the sexes. In the cross between @ D. simulans x & D. sechellia, more than half
of the genes analyzed displayed parallel expression between the sexes. Similar results were
found in the reciprocal cross, @ D. sechellia x & D. simulans, having the majority of genes
exhibiting parallel patterns of expression for both sexes.

To investigate this further, comparisons were made between the expression patterns found
in male and female head tissues. As expected, based on previous studies, the ‘somatic
tissues’ (male and female head) revealed a close correlation between the sexes across both pure
species and their reciprocal hybrids (Meiklejohn et al. 2003; Parisi et al. 2003; 2004 and Ranz et
al. 2003). Conversely, when comparing the testis and ovary tissues, an unexpected result
emerged. For pure species, it was found that the ovary tissue had a higher level of expression
over the testis tissue, which had a relatively low level of gene expression. For the reciprocal

hybrids, they exhibit varied expression between the gonadal tissues. The cross between < D.
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simulans x & D. sechellia demonstrates a higher level of expression in the testis over ovary
tissues, while the reciprocal cross @ D. sechellia x & D. simulans, exhibits the same patterns
observed in the two pure species. Previous studies had found that testis tissue generally has a
much higher degree of expression relative to ovary and head tissues (Parisi et al. 2004 and Ranz
et al. 2004 and Haerty and Singh 2006). This result may be the consequence of: (1) unlike
previous studies which employed the less sensitive technique of microarrays, this study analyzed
expression via qRT-PCR which has been found to have a greater degree of sensitivity, or (2)
there may be an underlying problem with the procedure utilized in tissue collection/preservation.
It may be possible that during the duration of the dissection of the testis the RNA could have
degraded slightly from the time of extraction until it was placed in RNAlater©. Furthermore, the

samples were placed on ice instead of being flash frozen.

4.3 Reciprocal Crosses Differ in Patterns of Gene Misexpression

Analysis of reciprocal hybrids is lacking throughout the literature due to the majority of
studies focusing on one F1 hybrid when making comparisons between pure species (Ranz et al.
2004; Haerty et al. 2007; Cantron and Noor 2008 and Artieri et al. 2009). Despite this lack of
attention in the literature, a paper presented by Dobzhansky (1935) suggests the potential
significance regarding the study of reciprocal crosses as they were noted to produce diverse
results. Such divergence could be the result of such a phenomenon known as ‘maternal effect’
which, until the late 1980s, had largely been ignored (Mousseau et al. 2009). As expected,

looking at the overall gene distribution based on expression levels across all tissues types
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between the hybrids, varying results were observed between the hybrids. The results found
between the hybrids suggest a strong pressure exerted by the maternal genome on the respective
cross. This was further supported by the observation that suggests the reciprocal hybrids
possessing tissue-specific gene distribution with a noted degree of similarity to that found in their

maternal species.

4.4 Sex and Non-Sex Genes Differ in the Extent of Gene Misexpression

As previously stated, a number of studies have determined that ~ 30 - 50% of genes in the
D