THE GENETIC BASIS OF SEXUAL DIMORPHISM IN DROSOPHILA AND
PRIMATES

A Thesis
Submitted to
the Temple University Graduate Board

In Partial Fulfillment
of the Requirements for the Degree
MASTER OF SCIENCE

by
Nichole Howard Rigby
July 2016

Thesis Approvals:

Rob J. Kulathinal, Thesis Advisor, Department of Biology
David Liberles, Department of Biology



ABSTRACT

Sexual dimorphism, ie., differences in morphology, physiology, and behavior
between conspecific males and females, is ubiquitous, extensive, and often species-
specific, indicative of its rapidly evolving nature. Ever since Darwin first described a
general theory of sexual selection to explain the extraordinary differences between males
and females of the same species, biologists have proposed a variety of mechanisms
ranging from runaway selection to good genes to sexual conflict. While a popular
approach is studying the effects of sexual selection on different components of fitness,
the results of these studies are generally difficult to nterpret and are typically not
generalizable across populations, let alone taxa.

Recent advances in the “omics™ field are transforming the way that we study
patterns and processes involved in sexual selection. At the molecular level, sexual
dimorphism is present in gene expression differences between the sexes, providing a
powerful framework to study sexual selection. By studying genes that are sex-biased in
expression, we will better understand the underlying genetic basis of traits that are
sexually dimorphic. Alreadly, studies of sex-biased genes in model organisms,
particularly Drosophila, have revealed that male-biased genes are among the most rapidly
evolving functional classes of genes. However, while a number of mtrinsic factors appear
to correlate with evolutionary rate (e.g., gene expression level, codon bias), it is unclear
whether any of these factors drive the rapid divergence of male-biased genes. Another
important discovery is the prevalence of sex-biased gene expression. However, even with
widespread sexual dimorphism at the phenotypic level, it remains unknown the extent to

which sex-biased gene expression exists in humans and theirr primate relatives. In fact,



studies of sexual dimorphism on a molecular level in primates have been very few, even
though understanding this phenomenon in humans could further our knowledge of the
nature of sex-biased phenotypes and diseases.

In this thesis, I advance our knowledge of the genetic bases and mechanisms that
shape sexual dimorphism. First, I review a classic framework that biologists have
traditionally applied to define and partition fitness measures between males and females
mn the model system, Drosophila. Second, 1 apply a molecular framework to compare the
relative roles of intrinsic factors on the evolutionary rate of rapidly evolving male-biased
genes in Drosophila. Third, I review the current state of our knowledge of sexual
dimorphism and sex-biased gene expression in humans. Fourth, I present a bioinformatics
framework to identify the extent of sex-biased expression in primate tissue and to
examine the selective forces involved in therr evolution. Overall, I demonstrate the
effectiveness of using a functional comparative genomics approach i studying the nature

of sexual dimorphism at the molecular level across multiple taxa.
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CHAPTER 1
INTRODUCTION
1.1 The prevalence and causes of sexual dimorphis m

Males and females can be strikingly different in appearance and behavior. This
phenomenon, referred to as sexual dimorphism (SD), arose over a billion years ago with
the rise of anisogamy, and has remained a defining characteristic across much of life.
Although it has become common among taxa, SD can also be quite species-specific,
reflecting its rapid evolutionary nature. The existence of phenotypic SD has inspired a
large body of work aimed at providing explanations for its origin, prevalence, and
consequences.

Darwin mitially introduced an explanation for the existence and maintence of SD
when he attempted to explain the existence of elaborate secondary sexual characteristics
of male animals (Darwin, 1871). He proposed that SD is the result of sexual selection, a
type of natural selection that affects an organism’s ability to acquire mates. Like natural
selection, sexual selection can influence the fitness of individuals, which can confound
methods for estimating fitness for males and females. Darwin explained fitness as an
organism’s ability to survive and reproduce (Darwin, 1859). Yet, males and females have
differing strategies for pursuing mates and survivorship, making the study of fitness with
relation to reproductive success and its associated costs and benefits, highly nuanced.

Several hypotheses can explain the evolution of SD and demonstrate the
complexity of individual fitness. Female mate choice, for example, is a mechanism

resulting from a female trait that biases mating towards males with specific desired



characters (Maynard-Smith, 1987; Kirkpatrick and Ryan, 1991; Andersson, 1994). As
females in a population continue to choose males with these traits, the desired traits
become more prevalent and pronounced among males in the population. This also results
mn differential selection on sex-specific traits, promoting the evolution of SD. Because
mate choice may be energetically costly for females (Alatalo et al., 1987; Pomiankowski,
1987; Gibson and Bachman, 1992; Wigby and Chapman, 2005), this will only increase
female fitness if costs are outweighted by benefits gained from the mating (Friberg and
Arngvist, 2003). These fitness costs can be remedied by direct benefits gained from
mating (e.g., improved resource control or improved paternal care; Price et al., 1993), or
indirect benefits (e.g., ‘good genes’; Houle and Kondrashov, 2002). Sexual conflict —a
conflict between the evolutionary interests of males and females — can also produce
differential selection between the sexes (Parker, 1979; Parker, 2006), resulting in
complex fitness differences. Analyses that examme changes in fitness in a population
must consider appropriate measures or proxies for fitness, given the selective forces
acting on males and females in a system.
1.2 Sexual dimorphism at the molecular level

In populations with SD, males and females appear phenotypically different,
despite a common genome. Selective pressures acting on the phenotypes of organisms
can result i signatures of change at the molecular level. Sexually dimorphic traits are the
product of differential expression of genes between the two sexes ie., sex-biased genes
(Ellegren and Parsch, 2007), that can be readily identified by examining differences in

expression level between males and females via RNA-seq or microarray technology. This



approach, combined with methods for estimating the extent of selection on genes and
their associated proteins (e.g., dN/dS or K./Ks) can provide insight into the evolution of
SD on a molecular scale.

Such genomic analyses have provided valuable msight to a number of commonly
observed trends among sex-biased genes. First, sex-biased gene expression appears to be
pervasive, existing in fruit flies (Jin etal, 2001; Parisi et al., 2003; Ranz et al., 2003),
nematodes (Reinke et al., 2000; Thoemke et al., 2005), and mice (Yang et al., 2006).
Second, sex-biased appears to be highly tissue-specific, with reproductive tissues
exhibiting the largest proportion of sex-biased genes (Ellegren and Parsch, 2007). Third,
sex-biased genes, especially those that are male-biased, exhibit higher rates of evolution
(ie., dN/dS) than unbiased genes (Ellegren and Parsch, 2007). Yet, the cause(s) of this
rapid evolution of male-biased genes and male reproductive-related proteins remain
unclear.

To understand why male gene’s rapidly evolve, one approach would be to
examine the relative contribution of mtrinsic factors that constrain and promote protein
evolution in this class of genes. Intrinsic factors refer to the selective pressures and/or
constraints that are present at the molecular level such as those found in the
transcriptional and translational machmery. A “core set” of intrinsic factors have been
previously identified as potential correlates of rapid evolution in protein sequences
(Larracuente et al., 2008). A major factor is gene expression level, which has been shown
to have a strong negative correlation with dN/dS (Drummond et al., 2005; Drummond et

al., 2006; Popescu et al., 2006; Lemos et al., 2005). This is likely driven by purifying



selection, assuming that highly expressed genes may experience increased non-specific
binding and translational errors (Chi and Liberles, 2016). Another major factor that
commonly correlates with evolutionary rate is the codon adaptation index (CAI). CAI
consistently appears to be negatively correlated with dN/dS of protein sequences (Pal,
2001; Mclnerney, 2006; Drummond et al., 2006), potentially due to selection on
translational efficiency (Mclnerney, 2006). By examining the contributions of these
mtrinsic factors and others (e.g., functional specificity, protein-protein interactions, gene
length, chromosome location) to protein evolution, it may be possible to reveal the
correlates of rapid evolution in male-biased genes on a molecular level.

While Drosophila and its extensive set of genomic resources is an excellent model
to understand these patterns of sex-bias, primates and particularly humans have lacked in
both resources and analyses. This knowledge gap in human sex-biased gene expression
patterns is concerning given that many diseases and complex phenotypes have significant
sex mteraction effects.

1.3 Objectives

Understanding how SD evolves at the molecular level can provide valuable
msight into the mechanisms and forces that have shaped sexually dimorphic characters in
the recent past. I present four chapters highlighting phenotypic and molecular approaches
to studying SD in both insects and primates. These chapters will address the relative
contributions of factors shaping evolutionary change of reproductive-related genes,
methods for experiementally testing these factors, and expanding this work from

Drosophila to humans and their closest relatives.



First, I review the fitness framework that enables reseachers to experimentally test
for the role of adaptation among partitioned phenotypic traits via estimates of fitness
componenets. | discuss empirical methods for measuring fitness in Drosophila, as well as
commonly used proxies used for estimating fitness. I additionally address important
caveats of therr use, which include complex trade-offs and correlations. These approaches
lend their hand towards understanding the relative role of extrinsic forces of selection on
various components of fitness between males and females.

Second, I use a molecular approach to compare selective forces that contribute to
the rapid evolution of male reproductive genes observed in Drosophila. Molecular and
cellular processes such as codon bias, pleiotropy, and epistasis that can impose varying
evolutionary constraints on protein evolution. The relative roles of these correlates among
functional gene classes are not well understood. I collect a comprehensive set of genic
parameters including gene length, chromosomal distribution, tissue specificity, protein-
protein interactions, sex-bias, codon usage, and total expression to determine their
relative contributions in the evolutionary rate of male reproductive-related genes.

Third, in an already published manuscript (Rigby and Kulathinal, 2015) in the
Journal of Cellular Physiology, I switch species systems and review sexually dimorphic
phenotypes i humans and the current state of our knowledge on sex-biased gene
expression in humans. Despite societal anthropocentrism, our understanding of this
phenomenon in humans is lacking. Here, I expose the current gaps in the field and the

potential mmplications of filling these knowledge gaps.



Fourth, I present a bioinformatics framework to identify sexually dimorphic
genes and genomic elements at the molecular level in humans and primates in order to
examine the selective forces mvolved i their evolution. To demonstrate, 1 apply
mdependent metrics to identify differentially expressed genes between the sexes on the
primate liver, and reveal the difficulty mn developing a clear definition of a sex-biased
gene. Using genes identified as sex-biased by a combination of metrics, I then examine
the evolutionary rates of sex-biased genes to determine whether sexually-biased genes are

rapidly evolving in primates.



CHAPTER 2

THE APPORTIONMENT OF FITNESS: MEASUREMENT, TRADEOFFS, AND
APPLICATION OF FITNESS COMPONENTS IN DROSOPHILA

2.1 Abstract

The concept of fitness is central to our understanding of natural selection and
adaptation. As a population-level phenomenon, fitness can be broadly defined as the
relative ability of an organism to survive and reproduce within its environment.
Partitioning fitness into separate life history components may provide stronger biological
msight mto the precise targets of natural selection. However, applying this phenotypic
approach is not straightforward. First, the methods used to examine how relatively fit an
organism is can be laborious and difficult. Second, there are a number of drawbacks that
researchers should be cognizant of when designing experiments. Factors such as
temperature, nutrition, and age can influence life history traits that are implemented as
fitness components. Lastly, trade-offs between fitness components related to survival and
reproduction exist as well. In this essay, [ will examine the concept and measurement of
fitness and its components in the model system, Drosophila. 1 will discuss the major
fitness components related to survival and reproduction with respect to Drosophila, and
how they are measured and applied in empirical investigations. The potential tradeoffs
between these components will also be addressed, as these may have mmplications for
future studies. This chapter provides a theoretical and empirical framework to study
differences in the strength of selection between both males and females. This phenotypic

approach of addressing sex-specific selection is complementary to molecular-based



approaches that partition components of fitness through patterns of gene expression and
will be applied in the next chapter.
2.2 Introduction

For natural selection and adaptation to occur, differences i fitness between
mdividuals i a population must exist (Darwin 1859; Orr 2009). These differences in
fitness dictate how quickly a population will change in allele frequency and how strongly
selection will actupon a given trait. Yet, despite its importance to evolutionary processes,
the concept of fitness is neither straightforward nor completely universal among
evolutionary biologists.

The idea of fitness was first introduced by Charles Darwin (1859). Darwin’s
concept of fitness encompassed an organism’s ability to survive and reproduce (Darwin
1859). His description, however, was entirely qualitative and lacked the means to
quantitate fitness between individuals (Demetrius and Ziehe, 2007). In 1930, Fisher
addressed this issue i, The Genetical Theory of Natural Selection, a culmination of some
of his greatest contributions to evolutionary biology (Plutynski, 2006). This piece
vindicated Darwin’s ideas and directly tied fitness with genetic variation and the rate of
evolutionary change (Fisher, 1930; Plutynski, 2006). In this work, Fisher makes the
statement that the “rate of increase in fitness of any organism at any time is equal to its
genetic variance in fitness at that time” (Fisher, 1930). Using this paradigm, he developed
a quantitative method to address fitness. Fisher was first to apply the Malthusian
parameter, also referred to the mtrinsic rate of increase, as a measure of fitness (Roff,

2008). Since then, fitness has been examined mathematically, theoretically, and



empirically by a number of studies, across many taxa, including the genetic model of
Drosophila melanogaster.

Drosophila has been used in the laboratory for more than a century in order to
understand a variety of biological phenomena (Jennings, 2011). Itis well known that
there are a number of advantages to using this system, including its short generation time,
the ease and low cost of maintaining laboratory cultures, and the abundance of
sophisticated tools with which it can be genetically modified. For these reasons,
Drosophila has been a popular experimental system to study fitness and its components.
In this chapter, I focus on the knowledge and application of fitness measures with respect
to Drosophila.

Below, Idiscuss the concept of fitness and its components, focusing on its
application to the Drosophila system. I first address the definition of fitness and how
fitness is measured. Then, I discuss partitioning of fitness into its fitness components. The
role of common fitness components in Drosophila is examined, as well as, a review of
the current literature pertaining to the knowledge about these components. Tradeoffs
between fitness components that may confound the ability of researchers to draw
meaningful conclusions from these measurements are also addressed.

2.3 Defining Fitness

The concept of fitness has inspired and mystified evolutionary biologists since
Darwin’s pivotal work, On the Origin of Species. Confusion surrounding this idea
partially stems from the difficulty in finding a suitable, universal definition. Many

definitions have been proposed by biologists for the concept of fitness (Orr, 2009;



Barker, 2009). These vary in terms of the relationship to individual, population,
generation and environment (Barker, 2009). Yet, it is generally agreed that fitness refers
to the relative ability of an organism to survive and reproduce in its environment (Orr,
2009; Barker, 2009). Given this definition, a genotype with higher fitness will produce
more offspring, and therefore, increase in frequency in subsequent generations. While in
principle, this concept and its implications may be rather mntuitive; the practice of
measuring fitness is not historically simple.
2.4 Measuring fitness

In order to measure fitness accurately, one must monitor aspects of both survival
and reproduction across the entire lifespan on an organism. Fitness can be measured at
the level of an individual or a population through two ways: absolute fitness or relative
fitness. The method for measuring fitness (absolute or relative) and the level at which it is
measured (population or individual) depends on the biological question being addressed.

2.4.1 Absolute fitness

Absolute fitness is the total number of gene copies or offspring that an mdividual
produces during its lifetime. It can be measured for a population over a single generation
as the ratio between the number of individuals with a given genotype after selection to
those before selection. Absolute fitness can also be calculated as the product of fecundity
(offspring production) and the probability of survival on an individual or population

level.
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2.1.2 Relative fitness

Relative fitness is a measure of fitness that has been normalized relative to
another fitness value. Essentially, it can be thought of as standardized absolute fitness.
At the level of an individual, relative fitness is expressed as the ratio of absolute fitness of
that individual to the absolute fitness of another individual. At the population level,
relative fitness is the average number of surviving progeny of one genotype compared to
the average number of surviving progeny of other genotypes, calculated over a single
generation.

2.4.3 Implications of population and individual fitness measures

It is not difficult to imagine that changes in fitness at the individual level can
translate to changes at the population level. This can be seen when examining the effects
of genetic diversity on fitness. On an individual level, increased homozygosity has been
shown to cause decreases in fitness in laboratory and natural settings (Westemeier et al.,
1998; Boakes et al., 2007; Fritzshe et al., 2006; Johnson and Dunn, 2006). At a
population level, increases in homozygosity and decreases genetic diversity can be
associated with a decrease in population fitness (Westemeier et al., 1998). This is because
on an individual level, an increase in homozygosity reveals deleterious, recessive
mutations. Such a decline in population fitness, due to changes at the individual level can
further lead to increased extinction risk through a genetic extinction vortex (Gilpin and

Soule, 1986).
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2.4.4 Pitfalls in measuring fitness

Estimating fitness in natural populations and environments involves extensive
fieldwork over many years (Ellegren and Sheldon, 2008). Due to this difficulty, fitness is
most often measured under well-controlled laboratory conditions that, while easy to
monitor, do not accurately represent an organism’s natural environment. According to
Haymer and Hartl (1982), the optimal conditions for obtaining an accurate measure for
fitness include: the understanding of a working definition for fitness, inclusion of as
much of the organism’s life cycle as possible, experimentation under uniform
environmental conditions, and manageable protocols. Yet, even under laboratory
conditions these requirements can still be difficult to meet. For example, for an organism
with a long generation time, even laboratory experiments can take many months or years
to complete. Due to the difficulty of measuring fitness, biologists often measure
components of fitness and use them as proxies for fitness.
2.5 Fitness components

Partitioning fitness into components can be a useful way to reduce the complexity
of fitness and its measurement. Fitness components are traits in which an increase in
value correlates with an increase i fitness, given all other traits are constant
(Charlesworth, 2000). These are often life history traits — lifespan, viability, fertility,
fecundity, etc. — that can be measured and are assumed to be correlated to fitness. As the
data for the genetics of fitness are difficult to obtain for diploid organisms (Fowler et al.,

1997), most quantitative genetics studies in Drosophila use fitness components in
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laboratory conditions (Charlesworth, 2015) to make predictions about the fitness of
populations, strains, and genotypes.

2.5.1 Drawbacks to studying individual fitness components

Despite the benefits that come with substituting fitness components for the
measure of fitness, there are some drawbacks. First, fitness components are different
across taxa (Orr, 2009). For example, consider the fitness component of mating success.
In a sexual species this measure is applicable, however, in an asexual species mating
success cannot be determined (Orr, 2009). Second, researchers often subdivide fitness
components arbitrarily and subjectively (Orr, 2009). For example, one researcher may
divide the component of survival into egg survival, juvenile survival, and adult survival
Yet, another may decide to divide survival into the number of days the organism is living,
Third, predictions made based on fitness components may not mirror those in wild
populations (Service and Rose, 1985). Fourth, different components of fitness can be
negatively correlated (Partridge and Fowler, 1992, 1993), which can lead researchers to
make incorrect assumptions about the overall fitness of the organism. In addition to these
issues, there can be other tradeoffs between various fitness components. These will be
discussed in more detail later, in the context of the Drosophila system.
2.6 Fitness components of Drosophila

Various life history traits that are commonly used as fitness components of
Drosophila will be discussed below. The measurement of these components is commonly
carried out in a laboratory setting, remote from the natural population and potentially

representing an incomplete portrait of wild conditions (Prout, 1971). Yet, such laboratory

13



studies are necessary for creating a uniform environment. Because much of the literature
on fitness components in Drosophila has been in the laboratory, that will be the focus
here. Traditional fitness components of Drosophila can be broken into two categories:
survival-related fitness components and reproductive-related fitness components (Figure
2.1). While survival fitness components can be measured in the same way for males and
females, some reproductive components require differential methods of measurement due
to differences in mating strategy between the sexes.

2.6.1 Viability

Viability in Drosophila is traditionally determined in terms of egg-to-adult
viability. This is reported as a percentage or fraction, and is measured as the proportion of
eggs that develop mto an adult fly. Viability can easily be determined in the laboratory
by counting the number of eggs placed into a container, and after several days, counting
the number of viable adults emerged. In order to study differences between the viability
of different genotypes, this proportion can be statistically compared between control and

experimental study groups.

Survival fitness components Reproductive fitness components

Figure 2.1 Graphical representation of fitness components. These components contribute
to fitness and are used as proxies for estimating fitness. Survival related fitness components
are shown in red, while reproductive related fitness components are shown in blue.
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Studies measuring this fitness component have largely examined the
environmental, nutritional, and mutational conditions under which fruit flies can survive,
with the aim of understanding how these influences play a role in evolution. For example,
Kristensen et al. (2015) analyzed temperature effects on egg-to-adult viability in both
laboratory and natural settings for D. melanogaster, showing that the evolution of
viability is more constrained at higher temperatures than lower temperatures, which has
mmplications for global climate change. In terms of nutrition, D. melanogaster flies given
medium that was protein rich and carbohydrate poor have been shown to exhibit reduced
egg-to-adult viability compared to those on standard medium after several generations
(Kristensen et al., 2010), suggesting a role for nutrition in this fitness component as well.
In another study, Fry and Nuzhdin (2003) measured egg-to-adult viability to support the
prediction that transposable element insertions have a greater dominance (on average) in
their viability effects than pomnt mutations.

2.6.2 Longevity

Longevity in Drosophila is traditionally determmed at the level of the adult stage
of the organism. This is a life-history trait that is also related to survival, but unlike
viability, it is not commonly measured in juvenile stages in Drosophila. Longevity is the
duration of the lifespan of an adult mdividual. For Drosophila, this is typically measured
in the number of days from emergence to death, and can be monitored in the laboratory
for the lifetime of individual flies. As the maximum lifespan of D. melanogaster can
exceed 90 days, even lifespan studies in this model have the potential to last several

months.
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Similar to viability, longevity has also been shown to be affected by nutrition. For
example, diet dilution (ie., dietary restriction) has been shown to increase longevity 50%
or more in D. melanogaster (Tatar, 2007; Marr et al, 2004; Partridge et al., 2005; Piper
and Partridge, 2007). Yet, more recent studies have indicated that the relationship
between nutrition and longevity is more complex than previously thought. A number of
studies indicate that this increase i longevity may be due to the content of specific
macronutrients in the food, rather than actual calorie counts (Mair et al, 2005; Vigne and
Frelin, 2007). Furthermore, the effects of nutrition on longevity appear to be age-
dependent as Vigne and Frelin (2007) showed that 30-day-old flies to not respond to
dietary restriction by increased longevity.

In addition to fitness and its evolutionary applications, measuring longevity in
Drosophila has other applications to aging and age-related diseases. For example, Jeon et
al (2015) used D. melanogaster as a model to examine muscle aging and indicated that
there was a strong correlation between age-dependent muscle damage and lifespan.
Furthermore, female longevity is traditionally used as a proxy for the detection of sexual
conflict in populations of Drosophila (Arbuthnott et al, 2014; Fowler and Partridge,
1989; Rice, 1996). This proxy for sexual conflict is traditionally used because male-
mnduced reductions in female longevity have been shown to correlate with reduced total
fitness of females (Edward et al, 2011), and in D. melanogaster, males with the largest
mnfluence on female longevity tended to have the greatest fitness (Rice, 1996). These

relationships indicate that male fitness gains are associated with a reduction in female
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fitness (Chapman, 2001), and support the use of longevity as a proxy for fitness in
detecting ongoing sexual conflict.

2.6.3 Fertility

Fertility refers to an individual’s ability to produce offspring. For Drosophila
females this can be determined by counting the number of eggs produced over the
lifetime of the individual. For males, fertility would refer to a male’s ability to produce
offspring through the transfer of sperm. Yet, determining the amount of sperm transferred
mn mating is difficult and can only be determined by dissection of females (Lupold et al.,
2010). This process, however, would prove extremely difficult if the female has
previously been mated, as the sperm from additional males may still be present in her
reproductive tracts (Lupold et al., 2010). Due to these challenges, male fertility is often
quantified as the number of sired offSpring. This is a reasonable method if the aim is to
use fertility as a proxy for fitness, as Drosophila male fitness has been demonstrated to
largely depend on number of matings and average number of progeny sired (Bateman,
1948).

Fertility and sterility studies are central to our understanding of the genes and
factors that influence reproduction and hybridization during the process of speciation.
Many genes have been indicated as essential for male fertility, and thus, a male’s ability
to reproduce. Over 2,000 alleles across the D. melanogaster genome appear to be
mvolved in male fertility, 40% of which also lead to changes in female fertility when

homozygous m D. melanogaster females (Wakimoto et al., 2004). Additionally in
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females, fertility also appears to have a nutritional basis, m which lifetime egg production
increases with higher food levels (Chapman and Partridge, 1996).

2.6.4 Fecundity

Like fertility, fecundity is also related to the offSpring production of an individual.
Fecundity, however, refers to an organism’s capacity to produce offspring and cause
population growth. For Drosophila females, this can be determined by counting the
number of viable progeny produced from eggs laid. Fecundity is traditionally not
calculated for males, as the number of viable progeny produced is usually used as a
fertility measure in males (see above section).

Fecundity is proposed to be a major element in female fitness (Roff, 1992). The
fecundity of a female is influenced by her age (Lieps et al., 2005), mates (Markow and
Ankey, 1984; Partridge et al., 1986; Pitnick 1991), environment, and genetics (Lieps et
al., 2005). For example, females mated to males with larger body sizes appear to have
greater fecundity (Pitnick, 1991). Additionally, females taken from natural populations
that differ in their environmental conditions show different fecundity responses to
temperature changes (Lazzaro, 2008).

2.6.5 Other fitness components related to reproductive behavior

Outside of the fitness components already discussed, there are several behavioral
components of fitness that are commonly measured in Drosophila with respect to mating.
As these life-history traits are related to reproduction, they have been indicated as
components of fitness. Furthermore, courtship behavior is important to evolution and

speciation for its role in premating isolation. These components include courtship
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latency, courtship duration, copulation latency, and copulation duration. Courtship
latency is the time from which flies are introduced to one another to when the process of
courtship begins, while courtship duration is the time from which courtship begins to the
time at which flies begin copulating. Similarly, copulation latency is the time from which
flies are introduced to when the copulation begmns, and copulation duration is the total
time for which copulation takes place. As males are responsible for performing the
courtship behavior sequence in D. melanogaster, components related to courtship are
male-specific. Copulation related components, however, are traditionally determined for
a pair of mating flies. One can imagine that if a male dedicates more time to courtship
(thereby increasing his courtship duration), he may sire more offSpring, thereby
increasing his fitness. The connection between courtship and fitness, however, has not
been experimentally confirmed in Drosophila. These behavioral components can be
measured by observing or computationally tracking flies in a behavioral arena with a
program such as Ctrax (Branson 2009).

Experimental conditions will greatly affect the measurement of these components.
For example, the behavioral arena size and the light conditions will influence courtship
latency. A larger chamber and lower light conditions will lead to a longer courtship
latency, as it will require males more time to locate females (Ejima and Griffith, 2007).
Additionally, courtship latency has been shown to be age-specific, with young males
taking significantly longer to mitiate courtship than older males (Eastwood and Burnet,
1977). So to ensure sexual naivety, these experiments are traditionally carried out with

virgin flies.
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Related to courtship duration, is the courtship index. This is measured as the total
duration of the male’s courtship behavior as a fraction of the experiemental observation
period (Ejima and Griffith, 2007). For wild-type D. melanogaster, the courtship index
ranges from 0.3 to 0.9, depending on lighting and arena conditions (Ejima and Griffith,
2007). As there are many behaviors mvolved m the male courtship display (e.g.,
orientation, wing extension, chasing) the courtship index between males may be the
same, but the amount of time spent on any one behavior may vary (Ejima and Girffith,
2007). Increasing the granularity of the courtship index may provide insight into
individual-specific patterns of courtship behavior.

2.7 Tradeoffs between fitness components

Tradeoffs represent when an advantageous change in one trait leads to a
detrimental change in another. These have been discussed with respect to many
biological phenomena (Charnov and Krebs, 1974; Gadgil and Bossert, 1970; Partridge
and Farquhar, 1981), and may also be present in fitness components. Biologists
sometimes draw conclusions about the fitness of an organism based on a single
component, however, if tradeoffs exist this could lead to erroneous conclusions.
Researchers should consider potential tradeoffs between fitness components, and between
fitness components and other influential abiotic factors, like those discussed above, when
experiments are designed. The most discussed tradeoff is with reproduction.

Reproduction is often associated with costs in sexually reproducing species
(Williams, 1966), therefore, it is not surprising that there is evidence of tradeoffs between

survival and reproductive fitness components (Figure 2.1). Longevity has historically
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been expected to have tradeofts with reproductive effort (Tatar, 2007; Piper and
Partridge, 2007; Partirdge et al., 2005; Hunt et al., 2004). This is certainly true for effort
associated with the performance of reproductive behaviors. In particular, male flies that
more frequently perform reproductive behaviors, specifically courtship, tend to show a
decrease in longevity (Cordts and Partridge, 1996; Partridge and Farquhar, 1981). There
is also a growing amount of evidence suggesting that sexual reproduction and mating is
costly to female insects, including Drosophila. Females contmuously exposed to males
(and therefore courtship and seminal fluid) consistently live longer than those
mtermittently exposed to males despite equal amounts of egg production (Chapman et al,
1995; Chapman and Partridge, 1996; Partridge et al., 1987), suggesting an negative
mteraction between reproductive behavior and longevity for females as well. From these
types studies, there appears to be no interaction between egg production (fertility) and
longevity (Chapman et al., 1995; Chapman and Partridge, 1996; Partridge et al., 1987;
Barnes et al., 2008).

Longevity and fecundity have also been suggested to have a tradeoff relationship.
Several studies using artificial selection methods show that extended lifespan decreases
early fecundity in D. melanogaster (Zwaan et al., 1995; Rose, 1984; Partridge et al.,
1999). Yet, other studies have shown that this relationship can be uncoupled through
genetic processes such as recombination. For example, Khazaeli and Curtsinger (2013)
show that the correlation between longevity and fecundity can be broken down through

the generation of fruit fly genotypes in highly recombmant lines.
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2.8 Conclusions and future directions

Natural selection provides a mechanism enabling species to adapt to their biotic
and abiotic environments. An understanding of fitness and its various components is
helping us to tease apart the selective forces that influence traits. The genetic model
system, Drosophila, has been a premiere model for the study of fitness. As with many
other taxa, partitioning fitness into components has facilitated the study of fitness. Due to
the possibility of tradeoffs between fitness components, however, in the future it will be
mportant to develop complete knowledge about the correlation between these variables.

This classical phenotypic approach in studying the strength of selection on
various components has been largely superseded by a genomics approach based on gene
ontologies. By surveying their temporal-spatial patterns of expression, we can classify
genes according to when (e.g., embryo vs. adult), where (e.g., gonadal vs. brain), and to
whom (e.g., male vs. female) they are expressed. Both phenotypic and genomic

approaches can complement each other.
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CHAPTER 3

INTRINSIC FACTORS AFFECTING THE EVOLUTIONARY RATE OF
RAPIDLY EVOLVING MALE GONADAL GENES IN DROSOPHILA

3.1 Abstract

A longstanding goal of evolutionary biology is to understand what promotes and
constrains evolutionary rate among proteins. A well-known evolutionary pattern
ubiquitous across taxa is that protein sequences of reproductive-related genes are
generally more rapidly evolving, with male proteins evolving significantly faster than
female reproductive genes and non-reproductive genes. While this pattern is usually
explained through extrinsic factors such as stronger sexual selection on male genes,
mtrinsic factors including protein length, codon bias, and expression levels unique to
testes-expressed genes may also explain the rapidity of male gene evolution. However,
the relative roles of these extrinsic vs. itrinsic evolutionary parameters in promoting
rapid evolution remains unknown. Here, we use a multiple linear regression approach to
examine the relative roles of correlates in the rate of sequence evolution of reproductive
proteins in Drosophila. We find that these models best predict variation of dN/dS (®) in
male gonadal genes, with codon adaptation index (CAI), length, and chromosome as the
most significant contributors. Sex-bias and CAI are significant predictors of female
gonadal genes while for both reproductive and non-reproductive genes, CAI has the
greatest relative importance among correlates, indicating its important contribution to
evolutionary rate in the form of ®. However, while significantly lower codon bias in male

genes reduces evolutionary constraints in both dN and dS, it only partially explains the
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rapid evolution of male genes, highlighting the importance of extrinsic factors such as
selection on male traits in driving higher rates of protein evolution.
3.2 Introduction

A remarkable amount of variation exists in the evolutionary rates of proteins, with
mmportant implications to evolutionary biology. A wealth of functional and comparative
genomic data has provided insight into the function of genes and their proteins on both
ends of the evolutionary spectrum (Stanley and Kulathinal 2016). A commonly found
pattern ubiquitous across taxa is that reproductive-related genes and protemns are regularly
identified as among the most rapidly evolving (Wong and Wolfner, 2012), with a higher
than average proportion of amno-acid substitutions between species (Swanson and
Vacquier, 2002). In ciliates of the genus Euplotes, an alignment of amino acids involved
in sexual conjugation show less than ten conserved amino acids across different mating
types (Luporini et al, 1995). In mammals, sperm-egg imteracting proteins are also
evolving rapidly (Makalowski and Boguski, 1998; Swanson et al., 2003 ; Torgerson et al.
2003). In the diatom. Thalassiosira, the extracellular matrix protein Sig/ is upregulated
during mating and believed to be nvolved i the mating process. This gene is divergent
between species and distinguishes Atlantic and Pacific Ocean populations (Armburst and
Galindo, 2001). Even plants exhibit rapid evolution of reproductive genes. Pollen coat
components of Arabidopsis thaliana mvolved in plant mating show high variability
(Mayfield et al., 2001).

The rapid evolution of reproductive proteins has been extensively studied in

Drosophila. In this group, proteins from reproductive tissues are more divergent than
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those from non-reproductive tissues (Civetta and Singh, 1995; Singh and Kulathinal,
2000; Vacquier, 1998). Specifically, male reproductive genes are evolving faster than
non-reproductive genes (Civetta and Singh, 2005; Swanson et al., 2001). Much work has
been focused on male accessory gland proteins, which are transferred from the male to
the female reproductive tract via ejaculate (Wolfher, 1997). These accessory gland
proteins are demonstrated to be twice as diverse between species as non-reproductive
proteins (Civetta and Singh, 1995).

This trend raises the question: why are reproductive genes evolving so rapidly?
On one hand, the rapid evolution of male reproductive genes could be attributable to
adaptive evolution, with extrinsic processes of sexual selection (e.g., sperm competition)
promoting amino acid change. On the other hand, the observed rapid evolution may be
due to a lack of functional constraint unique to male genes (Swanson and Vaquier, 2002)
with genes rapidly accumulating substitutions due to relaxed purifying selection. It has
been highly debated whether elevated rates of substitution, as observed through studies of
o, are indicative of positive selection or relaxed purifying selection (Li and Gojobori,
1983; Zhang et al., 1998; Van de Peer et al., 2001; Zhang, 2003). Therefore,
understanding what drives rapid evolution in male-reproductive genes will require a more
thorough examination of the factors driving these elevated observations of ®.

Several mtrinsic factors have been identified as potential predictors in the
evolutionary rate of proteins, and are known to correlate with protein sequence evolution.
Intrinsic factors refer to evolutionary constraints acting at the molecular and cellular level

and include protein length, chromosomal location, and codon bias among others
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(Larracuente et al., 2008). Here, we attempt to untangle the importance of each of these
factors in driving the rapid evolution of reproductive proteins. First, we classify genes of
Drosophila melanogaster based on their presence in reproductive tissues in the sexes. We
then use multiple linear regression to disentangle the role of seven evolutionary rate
correlates by comparing sequence divergence between D. melanogaster and D. simulans.
3.3 Methods

3.3.1 Tissue-specific gene expression and functional classification

As a measure of functional pleiotropy, we estimated tissue specificity for each
gene using 7 (Yannai et al, 2005), which has been shown to have strong positive
correlation with dN/dS (Wright et al,, 2004; Ingvarsson, 2007; Duret and Mouchiroud,
2000; Liao etal., 2006). Gene expression levels for multiple tissues of D. melanogaster
were obtaned from FlyAtlas (Chintapalli et al., 2007) n December of 2015 from
http//flyatlas.org/data .html. Similar to Meisel et al., 2012, we focused our analysis on
the following 14 adult tissues: brain, eye, thoracicoabdominal ganglion, salivary gland,
crop, midgut, tubule, hindgut, heart, fatbody, ovary, testis, male accessory gland, and
virgin spermatheca, eliminating compound tissues such as ‘head’ and ‘carcass’ from our
analysis. Since the FlyAtlas data is referenced n the original data under Affymetrix
probes, in order to determine the tissue expression for each gene the Affymetrix
annotation file “Drosophila 2.na23.annot.short.csv” was also downloaded from the above
web address, as recommended by FlyAtlas. The expression level for each Affymetrix
probe in each of the 14 tissues was set to 0 unless the probe was determined to be present

i at least two of the four replicate FlyAtlas arrays. As a single gene may be represented

26



by multiple probes in the FlyAtlas dataset, we averaged over all probes and arrays for
each gene in each tissue. To determine the degree of tissue specificity for each gene we

estimated t (Yannai etal., 2005) following the approach of Meisel (2012) as

log S;

N 4_ i

— Zi:l ! logSmax

T= )
N-1

where S; is the signal intensity of tissue i and Smax is the maximum signal itensities of all
tissues for the gene. N refers to the total number of tissues. For this calculation, taking
the log of the expression values reported by FlyAtlas transforms the data to reduce large
differences between the maximal tissue expression and tissue expression values within
the expression profile of the gene (Weber and Hurst, 2011). Genes with © > 0.9 were
conservatively designated as tissue-specific, and for these we recorded the tissue in which
expression was highest. The genes were then classified into 5 non-overlapping categories
as follows:

a. male gonadal-specific: genes specific to the male testis or accessory gland;

b. female gonadal-specific: genes specific to the female ovary or spermatheca;

c. other specific: genes with values above the tau specificity cutoffs with highest

expression in a tissue other than those listed above;

d. non-specific: genes with values below the tau specificity cutoff of 0.90;

e. all genes: includes all genes in dataset.

3.3.2 Total gene expression levels

Because gene expression levels are found to have a strong negative correlation
with dN/dS (Drummond et al, 2005; Drummond et al., 2006; Pal et al., 2001; Popescu et

al,, 2006; Lemos et al., 2005; Marais et al., 2004), we estimated total expression for each
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gene. We initially attempted to estimate total expression by summing the raw expression
values obtained from tissue-specific FlyAtlas data. We found, however, that the
correlation between this total expression value and dN/dS was not as strong as expected
(Spearman’s rank, p =-0.244, P <0.001). We suspect that this is due to greater noise
arising from microarray platforms. We instead chose to implement total expression as
determined from RNA-seq data. Gelbart and Emmert (2013) calculated expression levels
from modENCODE (Celniker et a., 2007) RNA-seq expression data as reads per kilobase
of exon model per million mapped reads (RPKM) for over 25 D. melanogaster life
stages. To obtain expression levels of genes across life stages, the file containing these
calculations, gene rpkm report fb 2016 0l.tsv.gz, was downloaded from FlyBase
(Attrill et al, 2016) in January of 2016. In this dataset, adult male and female flies aged 1
day, 5 days and 30 days post-eclosion are reported separately. To obtain a single value
for adult flies at each of these time points, RPKM values for each gene at each time point
were averaged between the male and female samples. We then calculated total expression
by adding together all RPKM expression levels from all stages for each gene from this
dataset. The observed correlation between this total expression value and dN/dS was
indeed stronger than what we had observed with the FlyAtlas data (Spearman’s rank, p =
-0.335,P <0.001).

3.3.3 Sex-biased gene expression

Sex-biased genes, especially those that are male-biased, show rapid protein
evolution (Ellegren and Parsch, 2007). In order to include sex-biased expression as one of

our correlates, sex-biased expression estimates for D. melanogaster were obtained from
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SEBIDA (Gnad and Parsch 2006; SEBIDA Dmel v3.2) in January of 2016. The SEBIDA
database provides processed microarray data comparing gene expression levels from
male and female flies. We used a meta-analysis reported by the database providing the
male-to-female ratio of expression level, P values and false discovery rate (FDR)
estimated by Bayesian inference (Townsend and Hartl, 2002). This meta-analysis takes
sex-specific measurements from whole flies (Innocenti and Morrow, 2010; Wyman et al.,
2010; Ayroles et al., 2009; Mclntyre et al., 2006; Gibson et al., 2004; Parisi et al., 2004;
Ranz et al., 2004; modENCODE 2011) and gonads (Parisi et al., 2003; Gan et al., 2010)
to generate the male-to-female (M:F) estimates of gene expression. An FDR cutoff of
10% was used to classify sex-bias in the SEBIDA dataset. To determine the extent of sex-
bias of each gene, regardless of sex, we first set any M:F estimate with an FDR greater
than 10% as 1.0, indicating unbiased expression between males and females. Then, we
transformed all M:F values by taking the absolute value of the logio of each, using this as
the level of sex-bias for that gene. Thus, the sex-bias value ranges from 0 to infinity, with
0 indicating an unbiased gene and increasing values indicating increasing levels of sex-
bias.

3.3.4 Protein length and chromosomal location

Protein length is known to have a weak, but statistically significant, negative
correlation with protein evolution (Comeron et al, 1999; Duret and Mouchiroud, 1999).
As a proxy for protein length, we included the length of the coding sequence (CDS) of
each gene as a predictor in our model. In addition to length, chromosomal locations of

genes have also been demonstrated to influence dN/dS of genes, with X-linked genes

29



having higher evolutionary rates of substitution (Mackay et al., 2012). We obtained gene
lengths and locations from FlyBase (Attrill et al., 2016). The file dmel-all-CDS-
16.09.fasta was downloaded from Flybase.org in February of 2016. The chromosomal
location and length of each gene transcript was extracted using a custom python script.
For genes with multiple transcripts, the transcript used to calculate the rates of evolution
mn flyDIVaS was chosen in order to maintain consistency.

3.3.5 Codon usage bias

For a given gene, the codon adaptation index (CAI) reflects its synonymous
codon bias (Sharp and Li, 1987). Significant negative correlations between evolutionary
rate and CAI have been observed previously (Sharp and Li, 1986). CAI for each gene
was calculated using codonW program (http//codonw.sourceforge.net/), using D.
melanogaster-specific reference values as determined by Carbone et al., 2003
(http//www.1ihes. fr/~carbone/materials/genomes/Dmelanogaster/ wv.txt).

3.3.6 Protein-protein interactions

While there is some controversy in the role protein-protein interactions play in
determining evolutionary rate, we included a metric estimated from the protein
mteraction network of D.melanogaster to represent the role of intramolecular epistasis in
our model. Such epistatic effects can be inferred from a protem-protein interaction (ppi)
network (Sun and Kardia 2010). The network measure of closeness (defined as the
average number of nodes connecting a protein to all others) takes both direct and indirect
mteractions mto account (Hahn and Kern 2005), providing a comprehensive estimate of

epistasis within the protein-protein interaction network. We obtained the ppi network for
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D. melanogaster from the High-Quality Interactions Database (HINT; Das and Yu,
2012), which includes known ppi fron the literature, filtered for high-quality interactions
only. Using the Python module Networkx, we calculated closeness centrality (a measure
of closeness, normalized by the total number of proteins in the network) for each gene in
our dataset.

3.3.7 Rates of evolution

Rates of evolution (dN, dS, and dN/dS) for each gene were obtained from
flyDIVaS at flydivas.info (flyDIVaS vl.2; Stanley and Kulathinal, 2016). We examined
the rates of evolution of orthologous genes between the closely related species, D.
melanogaster and D. simulans, in order to maximize the number of genes with complete
data in the dataset.

3.3.8 Statistical analyses

Any gene with incomplete data (tissue specificity, sex-biased expression, dN/dS,
gene length, chromosome, CAI) was removed from the final dataset and subsequent
analyses. Mann-Whitney-Wilcoxon tests were used to compare differences in
determmants between functional groups. In order to test for the effects of seven different
factors on protein divergence (length, chromosome, tissue specificity, total expression,
CAl, sex-bias) we performed an independent multiple linear regression model for each
functional category of genes. For the protein length of each gene, we used the total length
of the CDS of the gene, as obtained from FlyBase. Chromosome location, a categorical
determinant, was transformed mnto bmary dummy variables (1 or 0; X-linked or

autosomal). Tissue-specificity was measured as 7, as calculated from the FlyAtlas data
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(described above). Sequence divergence between D. melanogaster and D.simulans, o,
was considered the response variable in each model, with the seven determmants (no
mteraction terms included) as main effects. Features were normalized to have a mean of
zero and a variance of one. The response variable, ®, was log transformed and extreme
small values were removed. We observe pairwise correlations between some of these
variables, and the multiple linear regression models intended to disentangle these effects.
We additionally used custom R scripts to then determine the relative mmportance of each
of the determinants.
3.4 Results

3.4.1 Functional classification of genes

We analyzed a total of 8,686 genes with complete data in our final data set (Table
3.1), representing over 60% of the genes in Drosophila. We characterized these genes
mto functional categories based on their tissue specificity, T, estimated based on
standardized microarray data from multiple tissue obtained from FlyAtlas (reference). Of
these genes, the largest portion were categorized as non-specific (6,644 genes; 76.5%),
while the smallest portion were female-biased (143 genes; 1.6%; Table 3.1). As expected,
we observed that the mean dN and ® of male gonadal genes is significantly higher than
that of non-specific genes on average (Table 3.1; Figure 3.1). Male gonadal genes also

have a significantly higher © than all genes on average (P <0.01).

32



Table 3.1

Summary of gene categories and mean values of determinants

Cateo Number | Mean Mean M Mean Mean Mean XA Mean Mean | Mean total

8OY | of genes dN ds can © length | closeness T ratio sex-bias | CAI | expression

Male

gonadal- 1,263 | 0.0439* | 0.1787* | 0.2871* | 1,187* | 0.2287 | 0.985* | 1:6.65 | 0.670* | 0.306* | 254.72*
specific
Female 1:

gonadal- 143 | 0.0269% | 0.1492 | 0.1903* | 1,772 | 0.2349 | 0.962* 2 83;* 0.499* | 0.332*% | 963.71*
specific }
Sgetggc 636 | 0.0193% | 0.1500 | 0.13386 | 1,358* | 0.2263 | 0.965* | 1:7.42 | 0.026* | 0.359 | 1,140.84*
Sge%ril;ic 6,644 | 0.0153* | 0.1343* | 0.1149* | 1,727* | 0.2291 | 0.382* | 1:6.00 | 0.174* | 0.362* | 1,776.27*
geA]lnes 8,686 | 0.0200 | 0.1422 | 0.1425 | 1,622 | 0.2290 0.523 | 1:6.08 | 0.241 0.353 | 1,571.04

Note. Bold values in specific categories significantly different from non-specific genes, Mann-Whitney-Wilcoxon P <0.001;

* values significantly different from all genes Mann-Whitney-Wilcoxon P<0.001. For X:A ratio, R proportions test P<0.001.
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Figure 3.1. Distribution of dN/dS (w) for functional gene classes. Notched boxplot
displaying the distribution of dN/dS values between D. melanogaster and D.simulans for
genes in each functional class.

3.4.2 The role of evolutionary determinants

To assess the relative contribution of each evolutionary determinant on dN/dS we
performed multiple linear regression for each functional class of genes. Table 3.2

displays the results of these models. The coeflicients of determination (multiple R?) of

the models are highly significant (Table 3.2). We find that length, chromosome, and CAI
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are significant contributors to dN/dS in male gonadal genes, while sex-bias and CAI are
significant contributors for female gonadal genes (Table 3.2; P < 0.05). For all genes and
non-specific genes, we observed that all variables except closeness had a significant

mpact (Table 3.2).

Table 3.2
Linear regression model for divergence
Male gonadal Female gonadal
Linear model Coefficient P-value Coefficient P-value
Multiple R* 0.3356 <2.2e-16%** 0.2815 0.0006816**
Variable Estimate | Std. Error | t value Pr(>lt]) Estimate | Std. Error | t value Pr(>t)
Tau 0.2251 0.4885 0.461 0.6451 0.8460 0.9723 0.870 0.3871
Length -0.3204 0.0741 -4.325 | 1.83e-5*** | -0.07982 0.1078 | -0.740 0.4615
Sex-bias -0.0033 0.0291 -0.113 0.9103 0.1646 0.0795 2.071 0.0418
CAI -0.7172 0.0505 | -14.198 | <2e-16*** | -0.71016 | 0.14472 | -4.907 | 5.35e-6***
Closeness 0.0580 0.0376 1.541 0.12397 -0.0572 0.1142 | -0.501 0.6182
Total Expression | -0.3156 0.6034 -0.523 0.6012 0.5673 0.3311 1.713 0.0909
Chromosome 0.4644 0.1128 4.116 4.48e-5%%* -0.0428 0.2492 -0.172 0.8640
Note. Bold values indicate P < 0.05, asterisks indicate level of significance: <<0.001*** <0.001**, <0.01 *.

Table 3.2
Linear regression model for divergence (continued)
Other specific Non-specific
Linear model Coefficient P-value Coefficient P-value
Multiple R? 0.2285 2.688e-10%** 0.2084 <2.2e-16%**
Variable Estimate | Std. Error | t value Pr(>t)) Estimate | Std. Error | tvalue Pr(>1t))
Tau 0.6964 0.5256 1.325 0.1865 0.1252 0.0205 6.118 1.04e-9%**
Length -0.1062 0.0789 | -1.345 0.1798 -0.0893 0.0143 -6.240 | 4.86e-10%**
Sex-bias 0.0268 0.1120 0.240 0.8108 0.0599 0.0203 2.958 0.00311%**
CAl -0.44963 | 0.0625 | -7.200 | 9.02e-12*** | -0.5392 0.0182 |-29.690 | <2e-16%**
Closeness -0.0956 0.0591 | -1.691 0.1068 -0.0115 0.0146 -0.785 0.4323
Total Expression | 0.8715 0.1467 5.942 | 1.07e-8*** 0.2198 0.0240 9.153 <2e-16***
Chromosome 0.3510 0.1881 1.866 0.0633 0.3312 0.0432 7.653 2.46e-14%**
Note. Bold values indicate P < 0.05, asterisks indicate level of significance: <<0.001*** <0.001**, <0.01 *.

Table 3.2
Linear regression model for divergence (continued)
All genes
Linear model Coefficient P-value
Multiple R? 0.2681 <2.2 e-16***
Variable Estimate | Std. Error | t value Pr(>|t])
Tau 0.1754 0.0143 12.266 | <2.2 e-16%**
Length -0.1058 0.0136 -1.774 9.29e-15%**
Sex-bias 0.0868 0.0141 6.156 8.07e-10%**
CAI -0.5511 0.0163 6.156 <2.2 e-16%**
Closeness -0.115 0.0132 -0.870 0.384
Total Expression | 0.2418 0.0233 10.364 | <22 e-16%**
Chromosome 0.3457 0.0391 8.831 <2.2 e-16***

Note. Bold values indicate P < 0.05, asterisks indicate level of
significance: <<0.001***,<0.001**, <0.01 *.
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The estimation of the relative importance of each correlate on the linear model is
revealed in Figure 3.4. CAI appears to have the largest relative importance for all classes
of genes. CAl was also a significant contributor for each class in our linear models (Table
3.2). Figure 3.4 illustrates the degree to which our correlates correlate with one another
for all genes in the dataset. We found significant, negative correlations between CAI and

T (P<0.001), length (P<0.001), sex-bias (P<0.001), and ® (P<0.001). We also noted

significant, positive correlations between ® and sex-bias (P<0.001) and t (P<0.001).
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Figure 3.2. Relative importance metrics for each functional category. Stacked bar chart
showing the relative importance of each evolutionary correlate, as calculated from
multiple linear regression models.

In order to visualize the distribution of CAI with relation to dN/dS and to
determme if CAI explains higher dN/dS solely in male genes, we divided CAI values for

each function class into five groups based on theirr value (Figure 3.3). We noticed that for
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male gonadal genes, as well as, non-specific and all genes, low values of CAI have the

highest dN/dS.
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Figure 3.3 Binned CAI values for functional classes. Boxplots of CAI values binned into
5 groups for male gonadal genes (top, blue), non-specific genes (middle, orange), and all

genes (bottom, gray).
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Figure 3.4. Correlation among evolutionary correlates for all genes. Network figure
depicting correlations between correlates. Green edges (lines between nodes) indicate
positive correlations, while red edges indicate negative correlations. Edge width increases
with increasing correlation.

3.5 Discussion

Male reproductive genes are among the most rapidly evolving classes of genes
(Civetta and Singh 1995; Singh and Kulathinal 2000; Vacquier 1998). Studies in protein
evolution have revealed a number of factors that correlate with rates of sequence
evolution, but the relative importance of these determmants in the evolutionary rates of
reproductive genes has been largely unknown. Here, we have used independent multiple
linear regression models to disentangle the effects of these evolutionary correlates on
sequence evolution in reproductive and non-reproductive genes.

We first developed a functional classification of genes, grouping male and female
gonadal-specific genes based on their tissue specificity. Our classifications proved robust,
as we observed expected trends in dN/dS values among these functional classes. Male

gonadal genes exhibited the highest rates of sequence divergence, with female gonadal
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genes exhibiting the next to highest rates (Figure 3.2; Table 3.1). We observed the lowest
rates of divergence among non-specific genes, which could also be expected (Figure 3.2;
Table 3.1). These non-specific genes are broadly expressed throughout the organism and
likely play important roles related to cellular and molecular function.

Second, we performed five, independent multiple linear regressions, one for each
of our functional classes. In these regression models, we used our seven correlates
(length, chromosome, closeness, T, sex-bias, total expression, and CAI) as explanatory
variables and dN/dS as the response variable. For each of our linear models, we found
that codon bias was a significant contributor for all functional classes, and it provided the
largest relative importance for all functional classes (Table 3.2; Figure 3.2). The
magnitude of its relative contribution and the negative correlation between codon bias
and evolutionary rate that we observe here, has also been documented in the past (Pal et
al,, 2001; Drummond et al., 2006; Sharp and Li, 1986). While it is unclear whether the
correlation indicates causality, one can imagine that CAI could influence evolutionary
rate. Slightly selectively beneficial substitutions may generate a synonymous codon that
could be translated more quickly (Mclnerney, 2006). On the other hand, male gonadal
genes with significantly lower codon bias may reflect the testis environment and the large
amounts of sperm that need to be produced without strong selection for translational
accuracy.

In addition to trends observed with relation to CAl, we also observe a relationship

between ® and length. Our linear regression model shows that length is a significant

contributor to ® in male gonadal genes, though its relative importance is less than 10% in
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our model. Interestingly, male gonadal genes on average are significantly smaller than
non-specific genes (Table 3.1) as well. This could be due to the fact that testis genes are
often novel due to strong selective pressures from male-male competition in Drosophila,
and, thus, lack network connectivity and functional constraint (Hansen and Kulathinal,
2013).

With this analysis, we confirm that CAI provides a substantial negative correlate
to overal AN/dS n D. melanogaster. CAI’s contribution to evolutionary rate is also
significant with male gonadal genes, but certanly not entirely predictive (Figure 3.3).
With just greater than 30% of the variation in omega explained by the linear regression
model, missing extrinsic factors such as selection on male reproductive genes may

provide some of the remaing contribution.
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CHAPTER 4

GENETIC ARCHITECTURE OF SEXUAL DIMORPHISM IN HUMANS

4.1 Abstract
Males and females differ across a broad spectrum of morphological,
physiological, and behavioral characters. In fact, sexually dimorphic traits typically
contribute the largest component of phenotypic variance in most taxa that use sex to
reproduce. However, we know very little about the mechanisms that maintain these
dimorphic states and how these sexually dimorphic traits evolve. Here, we review our
current knowledge of the underlying genetic basis of sexual dimorphism in humans. First,
we briefly review the etiology of sex differences starting from sex determination's initial
switch early n embryogenesis. We then survey recent sex-biased transcriptomic
expression literature in order to provide additional insight into the landscape of sex-
biased gene expression in both gonadal and non-gonadal tissues: from overall prevalence
to tissue specificity to conservation across species. Finally, we discuss implications of
sex-biased genetic architecture to human health and disease i light of the National
Institute of Health's recently proposed initiative to promote study samples from both
sexes.
4.2 Introduction
In most mammalian species, individuals can be defined as either male or female

based on the respective presence or absence ofa Y chromosome. This distinction is
concealed within each individual cell, however, more conspicuous phenotypic differences

between females and males are common and readily observed. Sex differences that are
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not directly associated with primary reproductive organs (i.e., distinctive male and female
gonads) such as behavior, morphology, and physiology, feature prominently in most
species. In humans, for example, adult females generally possess developed mammary
glands, broader pelves, and thinner body hair compared to their male counterparts
(Plavcan, 2012). On an evolutionary level, these divergent sex-specific traits, often called
“secondary reproductive characters”, are also thought to play a large role in social
mteractions, mate choice, and reproductive fitness (e.g., Darwin, 1871).

As we explore the landscape of male and female states, previously unknown
differences are being discovered. For example, on a physiological level, men are able to
synthesize serotonin, the neurotransmitter commonly associated with pleasant moods, at a
greater mean rate that women (Nishizawa et al., 1997). Also, women are able to
metabolize certain drugs more efliciently due to greater levels of cytochrome P450 in
their livers (Anderson, 2001; Tullis et al, 2003). In addition, women are more likely to
develop diseases such as major depression, anxiety, and multiple sclerosis (Ngo et
al,, 2014), while men are more likely to be diagnosed with coronary artery disease
(Kannel and Femleib, 1972; Gordon et al., 1978; Patrick et al., 1982; Lerner and
Kannel, 1986), and attention deficit hyperactive disorder (Arnold,1996; Gaub and
Carlson, 1997; Arcia and Conners, 1998). While more research is needed to disentangle
genetic and environmental sex-specific effects, it is an intriguing possibility that nnate
physiological differences between males and females may play a large role in sex

differences in disease onset, susceptibility, prevalence, and treatment responses.
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Also intriguing is that fact that these sex differences exist despite the fact that
males and females share a common genome, with the exception of a handful of genes
residing on the male-specific Y chromosome. In most species, once the sex of an
mndividual is established during development, sexually dimorphic characters emerge due
to differences in gene expression levels (Rinn and Snyder, 2005; Connallon and
Knowles, 2005) and the differential expression of sex-specific alternative transcripts and
isoforms (Mclntyre et al., 2006; Telonis-Scott et al., 2009). Genes that exhibit differential
expression between males and females are referred to as sex-biased. A sex-biased gene
may be additionally designated as male- or female-biased if it harbors greater expression
in males or females, respectively (Ellegren and Parsch, 2007). Identifying sex-biased
gene expression will, ultimately, help uncover the genes responsible for sexually
dimorphic phenotypes (Ellegren and Parsch, 2007). Furthermore, understanding the
extent of sex-bias across the genome may also provide new insight into sexually
dimorphic physiology and susceptibility to disease.

Unfortunately, studies of sexually dimorphic expression in humans, particularly
on a genome-wide scale, are still few and far between. Currently, most research on sex-
biased gene expression has been carried out using model organisms such as fruit flies (Jin
et al, 2001; Parisi et al., 2003; Ranz et al., 2003), nematodes (Reinke et al., 2000;
Thoemke et al, 2005), and mice (Yang et al.,, 2006). While model organisms, especially
the mouse, have provided invaluable mformation for understanding human health and
disease, they may not provide the ideal model system to unlock genetic mechanisms

involved in sex-biased gene expression. Unlike Drosophila (Zhang et al, 2007), sex-
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biased gene expression appears not to be conserved across mammalian species (Si et

al., 2009), thus, a thorough knowledge of sex-biased expression in humans, and not just
its close evolutionary proxies, is critical to understanding its role in human evolution and
disease.

Here, we attempt to motivate new insight into the general genetic architecture of
genes involved in global sex-biased transcription in humans. First, we briefly review the
developmental mechanisms mnvolved in sex determination that commence during
embryogenesis. We then integrate emerging new data of genome-wide sex-biased
expression across different tissues including the most sexually dimorphic tissues, the
ovaries and testis, as well as non-gonadal tissues. Finally, we exammne the implications of
sex-biased gene expression on our understanding of sex differences on human health and
preview recent steps that the National Institutes of Health (NIH) has proposed to promote
research in this relatively uncharted area.

4.3 Determining sex in humans

Sex-biased gene expression first arises during embryogenesis as sexually
dimorphic morphology and physiology starts to develop. From fertilization, every
individual cell can be characterized as male or female based on the sex chromosomes that
are present. It is not until approximately 1.5 months into human embryonic development,
however, that sex differences can be detected. These differences begin with an
individual's genetic (ie., chromosomal) endowment that determines the gonadal sex of

the organism and the development of reproductive tissues.
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Much of what we know about the sex determination pathway in humans derives
from mouse models and studies of human disorders. At the early epiblast stage, male and
female embryos are indistinguishable morphologically. They contain an identical
collection of cells, called the bipotential gonad, capable of becoming either testes or
ovaries. The formation of this non-differentiated, bipotential gonad requires the
expression of two genes, Wilms’ tumor 1 (WT1) and Steroidogenic Factor-1 (SF1)
(Eggers and Sinclair, 2012, and references therein). The expression of the sex-
determining region Y (SRY) gene, on the Y chromosome, signals the bipotential gonad to
develop mto testes by instructing the expression of downstream genes necessary for
normal testes formation (Figure 4.1) including GATA binding protein 4 (GATA4), SRY-
related HMG box 9 (SOX9), Zinc finger protem multitype 2 (FOG2), WTI, SF1, and
Anti-Mullerian hormone (AMH) (reviewed in Eggers and Sinclair, 2012). In females, the
absence of SRY expression leads to ovary formation via the expression of a different set
of genes including Wingless-type MMTV integration site family, member 4 (WNT4), R-
spondin 1 (RSPOT1), and Forkhead box L2 (FOXL2) (reviewed in Eggers and
Sinclair, 2012).

Once formed, ovaries and testes become the primary regulators of mammalian
sexual differentiation by secreting sex-specific hormones that regulate downstream
developmental processes. Thus, these reproductive tissues impose body-wide and long-
lasting phenotypic effects (Figure 4.1). For example, the sex steroids testosterone and
estradiol, differ in expression levels between the sexes throughout adult life (Ober et al.,

2008) and affect complex biological pathways from metabolism to reproduction. While
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some sex difference n morphology and disease may be attributable to the presence of sex
hormones (Manwani et al., 2014) or the Y chromosome (Charchar et al., 2002; Charcher
et al., 2003; Bellott et al., 2014), transcriptome analyzes hold the promise of
comprehensively uncovering the gene expression differences that underlie these adult

phenotypic and developmental sex differences in mammals.
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Figure 4.1 Sex determination and sexual differentiation in humans. Haploid gametes fuse
during fertilization (top) to produce a diploid zygote. Diploid zygotes become an embryo
with a non-differentiated, bipotential gonad through the WT1 and SF1. Sex determination
mn females (pathway highlighted in light grey) is dependent on the absence ofa Y
chromosome and lack of SRY expression, leading to ovary formation via the expression
of WNT4, RSPO1, and FOXL2. Sex determination in males (pathway highlighted in dark
grey) is based on expression of the sex-determining region Y (SRY) gene, which signals
testes development through expression of GATA4, SOX9, FOG2, WT1, SF1, and AMH.
Secretion of sex steroids and other sex-specific hormones by the developing gonads leads
to further sex differentiation, ultimately, leading to the maturation of an adult human with
a distinctly male or female phenotype.

Fertilization

l

Sex Determination

l

Sex Differentiation

45



4.4 Sex-biased gene expression in gonadal tissues

It is clear that divergent gonadal development and sex-specific hormones play a
critical role in the early etiology of sex differences in mammals. As the most dimorphic
feature in taxa with two distinct sexes, the testes and ovaries are essential in maintaining
the dimorphic character state across both development and generations. Since these
dimorphic tissues are involved in the ultimate of sex-specific functions—the development
of sperm and eggs—one would predict that the greatest amount of sex-biased expression
would be found among those gonadal tissues.

In our survey of the recent literature, there currently is no genome-wide analysis
of sex-bias across human reproductive tissues. However, using observations in mice
transcriptomes as an evolutionary proxy to understand the extent and prevalence of sex-
bias in humans, it was found that murine ovaries and testes harbor the largest amount of
sex-biased expression (Rinn et al, 2004). In this particular study, testes were functionally
enriched for immunosuppression processes while ovarian genes were enriched for drug
and steroid metabolism. Yet, rodents may not provide the best basis for comparison, as
sex-biased gene expression profiles appear to be largely species-specific (Si et al., 2009).
New data are needed to determine sex differences in gene expression in human
reproductive tissues, including those tissues not directly associated with the testis and
ovary.

4.5 Sex-biased gene expression in non-gonadal tissues
In contrast to sex-specific gonadal tissues, somatic tissues provide functions

common to both sexes such as metabolism and physiology and generally lack
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conspicuous sexual dimorphism at the morphological level. Although these tissues and

functions are shared between both sexes, evidence suggests that sexual dimorphism in

gene expression exists (Isensee etal, 2008; Reinius et al., 2008; Si et al., 2009; Zhang et

al,, 2011; Michael et al., 2011; Jansen et al., 2014; Xu et al., 2014). So, what is the extent

of sex-bias in gene expression in human somatic tissues? In particular, how much sex-

bias is present in tissues that appear not to bestow a dimorphic phenotype? Furthermore,

are there differences in the number of sex-biased genes between tissues? And are sex-

biased genes common between tissues or conserved between species? Below, we attempt

to answer these questions from recent genome-wide analyzes examining sex-biased gene

expression in a handful of major somatic organs (Table 4.1).

Table 4.1

A survey of recent genome-wide analyses examining sex-biased gene expression in somatic organs

Stud Tissue Male Female % of genes with sex-biased
Y Samples Samples expression
Isensee et al. Heart <40y: 4 <40y: 3 <40y: 0.70% (93/13,169)
2008 50-65y: 5 50-65y:5 | 50-65y: 0.95% (125/13,169)
. . Glomeruli 0.25% (26/10,561)
Siet al. 2009 Kidney 0 10 Tubuli 0.48% (50/10,478)
Zha;gﬁt al. Liver 112 112 3.75% (1,249/33,250)
Mlcg%ell e al Mm"gr];;‘é”ary 4 5 1.07% (360/33,717)
Remie o al. Occ(frlgfl 4 4 2.929% (1,349/46,128)
I ansen et al Peﬁng{al 1,814 3,427 3.15% (582/18,495)
Xu etal. 2014 Prceg;’gal 32 14 10.02% (1,489/14,851)
Weggoegt al Isvl[‘i‘ztﬁl 15 15 1.94% (336/17,282)
RO;%OGE al iﬁfﬁl 5 5 20% (210/1,000)

Note. Numbers in the parentheses indicate the total number of genes or transcripts with sex-biased
expression over the total number included in the study.
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4.5.1 Liver

As one of the most homogeneous organs, the liver is responsible for the filtration
of blood, metabolism of drugs, and detoxification of chemicals. Some of the first studies
to assay molecular differences between the sexes in mammals compared the livers of
male and female rats (Gustafsson et al., 1983; Roy and Chatterjee, 1983) spurring
additional research into differences in the expression of genes involved in metabolism in
rodent models. While these early studies focused on single genes, recent work has
examined sex-biased genes in the liver across the genome. Zhang et al. (2011) identified
1,249 sex-biased genes (from ~20,000 genes in humans) using 224 human non-tumorous
liver samples obtaned from subjects undergoing liver surgery. Functional gene ontology
(GO) clustering of these genes revealed that lipid metabolism was among the top
molecular functions represented, affirming physiological differences seen between the
sexes.

4.5.2 Heart

As the human transcriptome varies from tissue to tissue, variation is also expected
across different developmental stages. Isensee et al. (2008), using microarrays in normal
human left ventricular myocardial samples, exammned sex-biased gene expression among
different age groups by comparing nine individuals greater than 40 years old to fourteen
individuals between the ages of 50 and 65 years. These different age groups controlled
for pre- and postmenopausal effects. Both the <40 year age group and the 50-65 year old

age group exhibited less than one percent of sex-bias genes.
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4.5.3 Brain

Differences in the brain are among the most intriguing contrasts between males
and females. Physical differences have been noted between the sexes in gray and white
matter volume (Gur et al, 1999) and total brain volume (Ruigrok etal., 2014). On a
functional level, differences in cognitive function, attention, and memory have been
found (Gur et al, 2012). In addition, studies have shown that there are differences in the
incidence, severity, and progression of well-known neurodegenerative diseases, such as
Alzheimer's disease and dementia (Li and Singh, 2014). Xu et al. (2014) examined sex-
biased expression in the prefrontal cortex, an area of the brain responsible for cognition,
and found the largest fraction of sex-biased genes in non-gonadal tissues seen in such
studies (Table 4.1). While the prefrontal cortex has been shown to have the largest extent
of sex-biased expression, the occipital cortex expresses only about 3% ofits genes in a
sex-specific manner (Table 4.1; Xu et al., 2014; Remius et al., 2008). This difference
between tissue subtypes is also seen in the kidney, where tubuli contain nearly twice the
number of sex-biased genes compared to the glomeruli (Table 4.1; Si et al., 2009).

These tissue-specific surveys, while relatively few, reveal modest numbers of
non-gonadal sex-biased genes, relative to testes and ovaries, with the prefrontal cortex of
the brain harboring the largest amount of sex-biased gene expression of the somatic
tissues.
4.6 Non-conserved nature of sex-bias at tissue- and species levels

Whether sex-biased genes are specific to particular tissues or are common across

all tissues and developmental stages is another important question. Two microarray
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studies have made direct comparisons in mammalian gene expression among multiple
tissues, but only in mice. While both studies used different metrics to identify sex-biased
expression, there are similarities in their results. In the mouse liver, Rinn et al. (2004) and
Yang et al. (2006) observed less than 1% of genes with sexually dimorphic expression at
greater than three-fold change in the liver and the brain (specifically the hypothalamus in
Rinn et al., 2004). Both studies also observed little overlap of sex-biased genes across
tissues indicating tissue specificity. Perhaps, the best systematic study of sex-biased
expression across multiple tissues in humans to date is a meta-analysis by Jansen et al.
(2014). In this study, the authors compared the sexually dimorphic transcriptome in
peripheral blood to that found in skeletal muscle by Welle et al. (2008) and Roth et al.
(2002), and mn the liver by Zhang et al. (2011). Jansen and colleagues noted little overlap
between sex-biased genes of these different tissues. However, such a meta-analyzes may
be prone to biases specific in each study (see below) and, ultimately, will underestimate
the number of common sex-biased genes.

An evolutionary approach to sexually dimorphic gene expression may also
provide insight into the development of sexually dimorphic gene expression and the
relative amount of dimorphism to expect. Again, however, only a few such studies exist.
Remius et al. (2008) published a comparative study into sex-biased expression across
primates using samples from the occipital cortex of the brain. The occipital cortex is a
potential candidate for sex differences on the molecular level as it is responsible for
higher behavior functions. In this study, researchers compared expression levels from

humans, cynomolgus macaques, and common marmosets. At 2.92%, the human occipital
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cortex appears to contain a lesser extent of sexual dimorphism than the prefrontal cortex.
Of the 1,349 differentially expressed genes between the sexes in humans, approximately
only 6% of these were conserved i theirr bias between humans and macaques, and only
two genes were conserved across all three species. In the kidney, Si etal. (2009) observed
nine transcripts that were conserved in ther bias between mouse and human kidneys.
These genes represented only 13% of all human sex-biased genes and 0.8% of mouse
sex-biased genes.

This lack of conservation seems to be consistent with what has also been shown n
other tissues as well. However, this low conservation in sex-bias significantly differs
from what has been observed in the genus Drosophila, where the majority of genes are
observed to maintain theirr sex-bias across phylogenetically distant species (Zhang et
al, 2007). It is still unclear as to why we see decreased conservation of biased genes in
mammals, and future comparative studies should be able to shed light on this question.
The non-conservative nature of sex-biased expression between species may also allude to
population-level differences. In Drosophila, such differences in sex-biased expression
profiles have been identified between populations (Huylmans and Parsch, 2014)
indicating that sex-bias shifts can occur quite rapidly.

4.7 Challenges to studying sex-biased gene expression in humans

More work is clearly needed to understand the prevalence and conservation of
sex-biased genes between tissues and across mammalian species. However, a number of
technical challenges must be overcome before we can get a true picture of human sex-

biased architecture. First, most studies use different metric and statistical cutoffs for
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determining whether a gene is differentially expressed or male- or female-biased. This
variance in metrics makes cross-tissue and cross-species comparisons extremely difficult.
In Drosophila, it has been demonstrated that different metrics for determining sex-biased
genes produce different lists of genes with little overlap (Assis etal., 2012). This seems
to be the case for human tissues as well, judging by the differences in amount of sex-
biased gene expression found between two skeletal muscle studies (Table 4.1). Future
analyzes would benefit from a standard or composite metric for determining differences
in sex-biased gene expression.

Other factors such as environmental, dietary, and age differences among the
surveyed samples may confound the study of sex-biased expression. The human
transcriptome responds to changes in environment and lifestyle by varying gene
expression levels (Maretty et al., 2014) yet most studies of sex-related gene expression do
not control for these factors. In addition, current studies primarily sample adults since at
sexual maturity males and females are the most sexually dimorphic, but studies in
Drosophila indicate that juvenile sex-bias occurs as well (Arbeitman et al., 2002; Perry et
al, 2014). The changes in sex-biased expression across the development of an organism
will provide more insight into the dynamic nature and regulation of these genes. In a
similar vein, differences in sampling protocols can profoundly affect the analyzes and
results of gene expression studies.

Lastly, all of the aforementioned studies were carried out using microarray
technology, which is prone to systematic error such as gene and transcript ascertainment

biases and cross-species divergence biases (Marioni et al.,, 2008). As next-generation
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sequencing has dramatically decreased in cost over the last decade, whole transcriptome
sequencing has made sequence data more accessible. RNA sequencing (RNA-seq)
provides a far more nuanced picture of the sex-biased transcriptome, allowing for the
identification of novel transcripts and splice sites. In addition, many researchers look to
freely available data from publicly supported databases (e.g., NCBI's SRA database and
European Molecular Biology Laboratory's European Bioinformatics Institute (EMBL-
EBI) ArrayExpress) to help leverage their results. In the case of sex-biased expression,
the bank of available RNA-seq datasets useful for examining the phenomenon in humans
is quickly growing (Figure 4.2, Supplementary Table 1). Unfortunately, the most
understudied of sex-biased tissues—testis and ovary—are still lacking in available data.
4.8 Future advances

The need for gender inclusion in research is quickly becoming apparent as we
learn about sex-biases in disease prevalence and drug efficacies. Women and men are
disproportionally affected by diseases including stroke (Roy-O'Reilly and
McCullough, 2014), dementia (Li and Singh, 2014), and coronary artery disease (Gordon
et al., 1978; Kannel and Feinleib, 1972; Patrick et al., 1982; Lerner and Kannel, 1986). In
terms of cancer, men exhibit a higher prevalence of certain types of cancer, even when
environmental variables are controlled (Kiyohara and Ohno, 2010, and references
therein). A large number of diseases show profound differences in sex-bias for mortality,
as seen from reorganized data from the World Health Organization (Figure 4.3). Some of
these differences are specific to geography, potentially indicating an environmental

component (Figure 4.3). Yet, many of these sex differences co-vary with geography and
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ethnicity, which is consistent with the results found in studies attempting to relate
ethnicity to gene expression using HapMap data (Tabassum et al.,, 2013). Future studies
of sex-biased gene expression will benefit by sampling multiple populations living under

varying environmental conditions and lifestyles.
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Figure 4.2. Number of male and female human adult RNA-seq reads currently available
in NCBI for various tissues. Bar graph depicting the number of adult male and female
RNA-seq reads publicly available through NCBI's Sequence Read Archive (SRA)
database (Lemonen and Sugawara, 2011). Number of reads were determined by
searching NCBI's SRA database for the query term, “homo sapiensforgn: txid9606]”, in
December of 2014 and filtering for RNA results that were publicly available. Reads were
excluded if netther sex nor tissue was specified, the sample was not from adult tissue, or
if the sample tissue was unhealthy (e.g., cancer, tumor, lesion). Black bars represent male
samples (420 in total), while grey bars represent female samples (383 in total).
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Figure 4.3. Sex-biased death rate across disease per country. A: Heatmap showing
ranked fold changes (see legend) between males and females in age-standardized death
rates for diseases (rows) across countries (columns). Data was obtained from the World
Health Organization for the year, 2008. Nations are ranked from left to right by
increasing 2008 GDP and diseases ranked by average fold change of death rates across all
countries. Negative values (red) indicate a female-biased death rate while positive values
(blue) indicate a male-biased death rate. B: Boxplot showing the median and variance in
the fold changes on a log scale for each disease in all countries. Each box extends from
the lower to upper quartile values of the data, with a line at the median. Data outside of
the first and third quartiles indicated by blue crosses. Gray dashed line at zero indicates
the fold change at which there is no bias towards either sex. Male-biased values are to the
right of the dashed line and female-biased values are to the left.

Recently, the National Institutes of Health announced an initiative to promote
gender inclusion i research and funding (Clayton and Collins, 2014), recognizing the
dearth of female samples (see Figure 4.2) and lack of sex-biased analyzes in preclinical
and basic research (Mogil and Chanda, 2005; Beery and Zucker, 2011). The preference
for male study subjects was previously justified due to women having 28-day hormonal
cycles that can affect multiple genetic pathways, adding difficult-to-control variables to

the study (Wizemann and Pardue, 2001). However, sex-bias differences in disease and
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drug response that may potentially have an effect on over half of our species’ population
serves as a substantiated call to promote gender parity in research sampling and analysis.
To encourage this mitiative, the NIH plans ask potential grantees to specify their efforts
m providing equal attention to male and female cells and tissue samples in research and
analyzes, and reviewers will be trained to seek out this information. These new efforts are
good news to the field of sex-biased gene differences, as more human-based samples and
studies are needed to understand this dynamic phenomenon and its impacts on health and

disease.
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CHAPTER 5

EVOLUTIONARY DYNAMICS OF SEX-BIASED GENE EXPRESSION IN
PRIMATES

5.1 Abstract

Sexually dimorphic traits are extensive across taxa and among the most rapidly
evolving characters between species. Primates, including humans, are no exception.
Studying the evolution of genes that exhibit sex-biased gene expression may uncover
important details about the evolutionary processes that drive and/or maintain sexually
dimorphic features. However, little work has been done to examme sex-biased gene
expression and its evolution in humans and their close primate relatives. Here, as an
mitial phase of a larger study to investigate the evolution of sex-biased genes in humans
and mammals, we estimate baseline levels of sexually differentiated gene expression i a
sexually monomorphic tissue. We apply four independent estimates to identify whether
sex-biased proteins expressed in the liver are conserved or rapidly evolving between
humans, chimpanzees and macaques. Using evolutionary rate estimates, we test for
evidence of rapid evolution of sex-biased proteins, a pattern observed in a variety of other
taxa. We find that defining sex-biased expression is difficult, as metrics for identifying
differentially expressed genes result in differing sets and numbers of sex-biased genes.
However, each of the metrics consistently identify relatively small numbers of sex-biased
genes in these species, indicating that the amount sex-biased expression in primates is not
as extensive as that observed in other species such as Drosophila. Furthermore, We find

that sex-biased proteins in humans do not show significantly higher rates of evolution
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than unbiased proteins. This, however, could be the result of a number of caveats related
to the use of primate data.
5.2 Introduction

Sexual dimorphism exists n a large variety of taxa, mcluding humans and non-
human primates. Morphologically, primates are sexually dimorphic in body mass, harr,
skin color, and tooth and skeletal shape (Plavcan 2012). In addition to this, differences
between males and females exist in behavior and aggression as well (Bernstem 1978).
These differences persist although the sexes share a common genome, with the exception
of a handful of genes on the Y chromosome. The differences observed between the sexes,
therefore, are due to the differential expression of genes between the sexes (Connallon
and Knowles, 2005; Rinn and Snyder 2005; Ellegren and Parsch, 2007). Sex-biased
genes — those exhibiting differences in gene expression between males and females —
provide an underlying genetic basis to sexually dimorphic traits.

Relatively little work has been done to understand sex-biased expression in
humans and close primate relatives. Most studies of sexually dimorphic expression have
been carried out using model organisms such as fruit flies (Jin et al, 2001; Parisi et
al, 2003; Ranz et al., 2003; Singh and Kulathinal 2005), nematodes (Reinke et al., 2000;
Thoemke et al., 2005), and mice (Yang et al., 2006). Studies that have examined sex-
biased gene expression in humans have mainly used microarray technology, which can
mtroduce systematic error in the form of ascertainment bias (Marioni et al, 2008). These
studies (reviewed i Rigby and Kulathinal 2015) report a relatively small occurrence of

sex-biased expression in human tissues that ranges from 0-20%.
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Understanding sex-biased genes may provide new insight into sexually dimorphic
physiology and susceptibility to disease. There is an increasing amount of evidence that
the majority of human diseases have sex-biased or sex-specific effects (Ober et al., 2008).
These differences may exist in disease prevalence, age of onset, or severity. Well known
examples of such diseases include cardiovascular disease (Choi et al., 2007), Alzheimer’s
dementia (Li and Singh, 2014) and stroke (Roy-O’Reilly and McCullough, 2014).

Comparative studies of sex-biased expression in other organisms, particularly
Drosophila, have revealed some common trends. One frequent observation is that
proteins encoded by sex-biased genes exhibit greater sequence divergence than unbiased
genes (Ellegren and Parsch, 2007). Specifically, male-biased genes have higher turnover
rates and evolve faster than female-biased and unbiased genes (Meikeljohn et al., 2003;
Zhang and Parsch, 2005; Zhang et al., 2007). There is some evidence that this may also
be true in some primate tissues as well (Reinius et al., 2008; Wyckoff et al, 2000), but
additional analyses are needed to determine whether this is true for multiple tissues.

We used RNA-seq data from published liver samples in three primate species
(Homo sapiens, Pan troglodytes and Macaca mulatta) with three goals in mind. First, we
aimed to determine the extent of sex-biased gene expression in the somatic tissue of
humans and primates. Second, we mtended to develop an empirical framework for
detecting sex-biased gene expression in humans. Third, we aimed to estimate the
evolutionary rate of sex-biased genes in somatic tissues in order to determine if these

genes show the common trend of rapid evolution compared to unbiased genes.
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Our reasoning for choosing the liver to examine sex-biased expression is four-
fold. First, the liver is one of the most homogeneous tissues in terms of cellular
composition (Balashova and Abdulkadyrov 1984). This prevents the introduction of bias
due to differences i cell content from tissue sampling. Second, sexually dimorphic gene
expression in the mouse has been most extensively studied i the liver (Khil et al, 2004;
Zhang etal, 2012; Yang et al, 2006; Bur et al., 2009), which facilitates downstream
comparisons within mammals. Third, among freely available published RNA-seq
samples, those sampled from the liver are the most abundant. Fourth, the liver presents a
monomorphic tissue that likely is not under sex-specific selection for fertility, so a
baseline level of sex-biased gene expression can be estimated.

Since different metrics for determining sex-biased genes can produce different
lists of sex-biased genes (Assis et al., 2012), we applied four widely-used, independent
metrics to identify sex-biased genes in each species. With the goal of understanding the
evolutionary dynamics of sex-biased gene expression among these species, we compared
the levels of sex-bias and ammo acid substitutions of one-to-one orthologs between
humans and chimpanzees.

5.3 Methods

5.3.1 Gene Expression Data

We analyzed published RNA-seq data sequenced by Illumnia GA IIx instruments
from three studies (Brawand et al., 2011; Blekhman et al., 2010; Perry et al., 2012).
Single- and paired-end RNA-seq reads for liver samples in three primate species (H.

sapiens, P. troglodytes and M. mulatta) were downloaded from NCBI’s SRA database
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(Table 5.1; a complete list of sample and accessions can be found in Appendix B).
Sequences were trimmed for quality and sequencing adapters using Trimmomatic (v0.36;
Bolger etal, 2014). Using a 4 base-pair sliding window approach, Trimmomatic was
used to trim portions of reads with a phred33 score below an average value of fifteen. For
samples with paired-end reads, the 2"dread in each pair was discarded to prevent bias in

mapping between samples, effectively making all samples single-end.

Table 5.1

Summary table of species and sample numbers

Tissue H. sapiens P. troglodytes M. mulatta
Male Female | Male Female | Male Female
Liver 10 9 9 9 9 9

Human, chimpanzee, and macaque CDS sequences were downloaded from
Ensembl (Ensembl release 84 —March 2016; Flicek et al, 2014). For genes with multiple
transcripts, the CDS of the longest transcript was used for transcriptome alignment.
Trimmed RNA-seq reads were aligned to the respective transcriptomes with Burrows-
Wheeler Aligner (BWA version 0.7.5a-r405; Li and Durbin, 2009) using default
parameters. Output files from BWA were converted from SAM to BAM format and
sorted using SAMtools (version 0.1.19; Li et al., 2009). Read counts and the number of
fragments per kilobase per million mapped (FPKM) were determined using eXpress
(version 1.5.1; Roberts and Pachter, 2012).

5.3.2 Identification of Sex-Biased Genes

Assis etal, (2012) noted that different metrics for differential expression identify
different numbers and sets of sex-biased genes in Drosophila. Because there is no

consistent metric for identifying and defining a sex-biased gene (Ellegren and Parsch,
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2007; Meisel, 2011), we chose to compare the results of several metrics. To identify
genes differentially expressed between the sexes in each tissue of each species, we
applied four widely used, independent metrics, DESeq2 (Love et al, 2014), CuffDiff
(Trapnell etal., 2013), edgeR (Zhou et al., 2014) and a 2-fold change difference in
FPKMs between males and females.

5.3.3 Conservation and evolution of Sex-Biased Genes

In order to determine the extent of conservation of sex-biased genes across the
three species, we obtained single copy orthologs for human, chimpanzee, and macaque
from Ensembl (release 84; Flicek et al, 2014). We then examined whether or not each of
these orthologs were labelled as sex-biased in the three species by our differential
expression metrics.

To understand divergence and selective pressures acting on primate genes, we
first obtained single copy orthologs for human and chimpanzee from Ensembl (release
80; Flicek et al., 2014). Translated nucleotide sequences for each gene were aligned using
MUSCLE (version 3.0; Edgar, 2004). To reduce impact of misaligned regions around

insertions (Markova-Raina and Petrov, 2011), +/- six nucleotides surrounding insertions

Table 5.2

Number of sex-biased genes identified in each species by various metrics

Metric H. sapiens P. troglodytes M. mulatta

MBG |FBG |UBG [MBG |FBG |UBG |[MBG |FBG |UBG
edgeR 16 65 22,672 | 139 353 18,252 | 61 41 21,802
DESeq2 | 19 55 15,158 | 98 203 12,626 | 93 54 14,962
Cuffdift | 27 59 14,761 | 174 239 13,980 | 80 44 16,768
2-fold 416 466 19,413 | 362 544 17,852 | 313 241 21,350

Note. MBG: male-biased genes; FBG: female-biased genes; and UBG: unbiased genes.

62




were masked using 'N'and corresponding codons were ignored i final analyses. Ka/Ks, a
commonly used homolog to dN/dS, was calculated using the sequinR (version 3.1.4;
Charif and Lobry, 20006).

5.4 Results

5.4.1 Identification of sex-biased genes

Depending on the metric used, we identified 0.4-5.6% of sex-biased genes in
humans, 2.3-4.9%of sex-biased genes in chimps, and 0.5-2.5% Of sex-biased genes in
macaques (Table 5.2). In humans and chimpanzees, we consistently see more female-
biased genes than male-biased genes identified by the metrics, however, this is not the
case for macaques. Our 2-fold approach for identifying differentially expressed genes
between the sexes, returned the highest number of sex-biased genes across all species
(Table 5.2).

The overlap of genes identified by our four metrics is small, particularly for male-
biased genes. For humans, we observed only 8 and 27 genes identified as male- and
female-biased in all metrics, respectively (Figure 5.1). In chimpanzee and macaque
samples, 70 and 32 genes were labelled as male-biased by all four metrics, respectively.
It appears, therefore, that male-biased genes were more robustly identified than female-

biased genes.
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Figure 5.1. Comparison of four metrics used to classify sex-biased genes. Venn diagrams
showing the overlap of male-biased genes (left) and female-biased genes (right) among
the four metrics used.

Due to the lack of overlap among metrics, we see that there are a large number of
genes that were identified as sex-biased by at least one metric (Figure 5.2), with fewer
genes identified as the number of metrics increases. Rather than choosing one metric for
labelling sex-biased genes in our following analyses, we defined sex-biased genes as
those identified by any combination of n=2 metrics, similar to Assis et al., (2012). Assis

et al. (2012), noted that as the variance in sex-biased expression and distance between
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male- and female-biased genes increases with n. Thus, in choosing too few n metrics the

number of false positive rate would be too great, yet in including too many metrics, the

false negative rate would be large (Assis etal, 2012).

700
600
500
400
300
200
100

700
600
500
400
300
200
100

700
600
500
400
300
200
100

0

Human
I I BN w=_
2P D 2B
Chimp
P > >3
Macaque

II ml _=
>EL >R >B

4

Figure 5.2. Comparison of sex-biased genes identified by n metrics in each species.
Stacked bar graph showing the number of male- and female-biased gene identified by n

metrics.

5.4.2 Evolution of sex-biased genes in primates

To study the evolution of sex-biased genes in our three primate species, we

obtained single-copy orthologs and the human-chimp Ka/Ksvalues for each. Among

single-copy orthologs, we notice very little overlap among sex-biased genes in these

species (Figure 5.3). Only one ortholog is identified as male-biased m all species and
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female-biased in all species (Figure 5.3). In males, the ortholog for human phospholisase
A2 group ITA (PLA2G2A, ENSG00000188257) was male-biased i all samples. In
females, the ortholog for human msulin-like growth factor binding protem 5 (IGFBPS,
ENSG00000115461) was female-biased in all samples. To study the sequence

divergence, we calculated evolutionary rate as Ka/Ksbetween humans and chimpanzees
for male-, female-, and unbiased genes in humans. We found no significant differences in

evolutionary rate between sex-biased and unbiased genes.
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Figure 5.3. Conservation of sex-biased genes across primates. Venn diagrams showing
the conservation of male- (left, blue) and female-biased (right, red) genes among single
copy orthologs of the three species.
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Figure 5.4. Sequence divergence in sex-biased and unbiased genes. Boxplot of Ka/Ks
values between humans and chimpanzees for male-biased, female-biased and unbiased
genes.
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5.5 Discussion

Despite its broad implications for our understanding of the evolutionary processes
that mamntain and promote sex, as well as the origins of sex disparities in disease (Rigby
and Kulathinal 2015), little is known about the evolution of sex-biased expression in
humans. Here, we have examined sex-biased expression across a single somatic tissue of
humans, chimps and macaques in order to explore the extent and evolutionary dynamics
of baseline sex-biased expression in primates.

For all species in this analysis, less than 5% of all genes were identified as being
sex-biased by any of our 4 mdependent metrics. This is consistent, for humans at least,
with previous microarray studies, which report similarly small proportions of sex-biased
gene expression (Rigby and Kulathinal, 2015). In other taxa, much larger proportions of
sex-biased expression have been reported. In Drosophila, proportions of over 50% have
even been reported (Ellegren and Parsch 2007). This disparity could be due to differences
in the level of sexual dimorphism between these organisms, however, it could also be a
result of a lack of definition for sex-biased gene expression. Currently, there is no clear
definition or singular metric for identifying differentially expressed genes between males
and females, which makes it impossible to make accurate comparisons between studies.
Adopting a single method for identifying sex-biased genes is easier said than done, as
there are a plethora of methods for carrying out differential expression analyses.

In order to reduce both false positives and negatives in the identification of sex-
biased genes, we chose to follow the protocol of Assis etal. (2012) to define sex-biased

genes as those labelled biased by at least two metrics. When we examined one-to-one
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orthologs among primate species, we noted very little conservation of sex-bias across
organisms. In fact, only one gene was identified as male- or female-biased i all three
species. The gene PLA2G2A, which was noted to be male-biased i all three species, is
an enzyme that catalyzes the hydrolysis of phosphoglycerides, causing the release of free
fatty acids and lysophospholipids. In one study, mutations n PLA2G2A were noted to be
associated with changes in levels of an important secretory phospholipase (Shuvalova et
al,, 2015) associated with an increased risk of coronary heart disease (Boekholdt et al.,
2005; Mallat et al., 2007). This is particularly interesting because it is well known that
there are sex differences in the risk, onset, and prevalence of heart disease in humans
(Klein, 1996). In all three species, the gene IGFBP5 was labelled as female-biased.
Interestingly, this gene has been noted to have roles pertaining to breast cancer
(Ghoussaini et al., 2014), a commonly female-biased disease. It is unclear from our
analysis whether these sex-biased genes represent an ancestral condition, and further
research will be required to determine this.

In Drosophila, it is well-established that male-biased genes exhibit higher
sequence divergence (Ellegren and Parsch, 2007). We examined the evolutionary rate of
single copy orthologs in humans and chimpanzees to determme if this trend also existed
mn humans. Unlike Drosophila, we found no significant difference between the K./Ks ratio
of male-biased and unbiased genes. Other studies have found a signature of rapid
evolution in male-biased genes in primate lineages within the brain (Reinius et al., 2008)

and the gonads (Wyckoft et al., 2000). We suspect that we may not see this trend in our
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study due to the fact the primate liver may not be under as much sexual selection as those
tissues that are mvolved in reproduction and reproductive behavior.

The absence of this trend may also be due to one or more potential caveats
associated with our analysis. For example, the difficulty in obtaining biological samples
from primates resulted in the lack of readily available, high-quality primate RNA-seq
samples and, as a result, our analysis contains unequal and small sample sizes,
particularly for females. This lack of female samples is a direct result of an inequality in
the availability of female RNA-seq samples through NCBI (Rigby and Kulathinal 2015),
which has been recently brought to light by the NIH (Clayton and Collins, 2014).
Furthermore, our data mainly consists of single-end RNA-seq reads, which map poorer
than paired-end data. Additionally, the study of gene expression levels can be
complicated by environmental, dietary, and age differences amongst samples (Maretty et
al,, 2014), which we have been unable to control for here.

This study provides an important mitial step towards our understanding of sex-
biased expression in humans and other primates. The fraction of sex-biased genes in these
organisms is much less than previous observations in other taxa, particularly Drosophila.
A more appropriate comparison is with mouse tissue samples which has more publically
available sequences, at present. We plan to perform tissue-by-sex comparisons in a future
study when higher quality primate samples are more abundant. Such a comparison would
provide greater power to detect evolutionary rate differences among sex-biased genes in

mammals.
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CHAPTER 6
CONCLUDING REMARKS

Sexual dimporphism is extensive and prevalent across taxa. Understanding this
phenomenon on both a phenotypic and molecular level will provide isight into the
mechanisms and forces that have shaped sexual dimorphic characters in the recent past.
In this thesis, I have advanced the current knowledge about sex-biased gene expression
from Drosophila to primates.

First, I exammed the literature for theoretical and experimental approaches to
measuring fitness in Drosophila. 1 discuss how the study of fitness has been facilitated by
the partitioning of fitness into its compnents. The measurement of these components can
differ for males and females, due to the mating behavior of this system. I point out,
however, that due to the possibility of tradeoffs between fitness components, it will be
important to develop complete knowledge about the correlation between these variables
when performing a study.

Second, I used a linear regression analysis to determine the relative contributions
of ntrinsic factors to the evolutionary rate of reproductive-related genes. The intrinsic
correlates of evolutionary rates tested explain only ~20-30% of variation in dN/dS. This
suggests that either extrinsic factors that may mfluence evolutionary rate (ie., external
adapted forces) have a stronger effect on evolutionary rate or there are other intrinsic
factors (ie., evolutionary constraints at the cellular level) at work. As expected, I observe
that male gonadal genes have a higher evolutionary rate than non-gonadal genes. Also, of

the intrinsic factors that I tested, CAI has the largest relative contribution to dN/dS in

70



male gonadal genes. This measure of codon usage bias influences the largest portion of
the variation seen in the evolutionary rate of both reproductive-related and non-
reproductive genes. It was found that there was significantly less codon bias in male
genes, with this lack of evolutionary constraint explaining higher dN/dS.

Third, Ireviewed current literature i sex-biased gene expression in humans.
While few studies of sex-biased gene expression in humans exist (primarily using
microarray technology), those that have examined these genes find low proportions of
sex-biased expression across human tissues. Unfortunately, little sex-specific data has
been produced in order to advance the study of sex-biased expression in humans. I
discussed how the National Institute of Health has recognized this problem and plans to
resolve this issue in the future by requiring equal inclusion of male and female samples in
future studies.

Finally, to expand the knowledge of sex-biased expression in humans, I identified
sex-biased genes on a tissue-specific level n humans and primates using multiple
mdependent metrics. I found littte overlap n the number and sets of sex-bised genes
among metrics, but even less overlap across species. Only one gene was male-biased and
another female-biased, across humans, chimpanzees and macaques. These genes were
associated with commonly-known sex-biased diseases, but further study will be
necessary to determine if the sex-biased nature of these genes is involved in the causality
of these diseases. Additionally, I examined the evolutionary dymanics of sex-biased
genes identified mn humans by comparing the Ka/Ks. ratios of unbiased, male- and female-

biased genes. No differences were seen between the biased and unbiased classes, which
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could be attributable to small sample size or other factors. More investigations of sex-
biased gene expression in humans, primates and other mammals are sorely needed to

understand the etiology of sexually dimorphic traits and disease.
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COMPLETE TABLE OF ALL SAMPLES USED IN PRIMATE STUDY

APPENDIX B

Appendix B

Complete table of all samples used in primate study

SRR ID Study ID Biosample 1D SRS ID Sex | Species
SRR032116 | SRP001558 | SAMNO00007004 | SRS009313 | F | H. sapiens
SRR032117 | SRP001558 | SAMNO00007005 | SRS009314 | F | H. sapiens
SRR032118 | SRP001558 | SAMNO00007006 | SRS009315 | F | H. sapiens
SRR032119 | SRP001558 | SAMNO00007007 | SRS009316 | F | H. sapiens
SRR357437 | SRP008743 | SAMNO00744084 | SRS268623 | F | H. sapiens
SRR032120 | SRP001558 | SAMNO00007008 | SRS009317 | F | H. sapiens
SRR032121 | SRP001558 | SAMNO00007009 | SRS009318 | F | H. sapiens
SRR361334 | SRP008743 | SAMNO00744094 | SRS268633 | F | H. sapiens
SRR350973 | SRP008743 | SAMNO00722964 | SRS265059 | F | H. sapiens
SRR357412 | SRP008743 | SAMNO00722969 | SRS265064 | M | H. sapiens
SRR306854 | SRP007412 | SAMNO00632246 | SRS214088 | M | H. sapiens
SRR032122 | SRP001558 | SAMNO00007010 | SRS009319 | M | H. sapiens
SRR306855 | SRP007412 | SAMNO00632246 | SRS214088 | M | H. sapiens
SRR032123 | SRP001558 | SAMNO00007011 | SRS009320 | M | H. sapiens
SRR306856 | SRP007412 | SAMNO00632247 | SRS214089 | M | H. sapiens
SRR032124 | SRP001558 | SAMNO00007012 | SRS009321 | M | H. sapiens
SRR032125 | SRP001558 | SAMNO00007013 | SRS009322 | M | H. sapiens
SRR032126 | SRP001558 | SAMNO00007014 | SRS009323 | M | H. sapiens
SRR032127 | SRP001558 | SAMNO00007015 | SRS009324 | M | H. sapiens
SRR032140 | SRP001558 | SAMNO00007028 | SRS009337 | F | M. mulatta
SRR306786 | SRP007412 | SAMNO00632181 | SRS214023 | F | M. mulatta
SRR032141 | SRP001558 | SAMNO00007029 | SRS009338 | F | M. mulatta
SRR032142 | SRP001558 | SAMNO00007030 | SRS009339 | F | M. mulatta
SRR032143 | SRP001558 | SAMNO00007031 | SRS009340 | F | M. mulatta
SRR032144 | SRP001558 | SAMNO00007032 | SRS009341 | F | M. mulatta
SRR357438 | SRP008743 | SAMNO00744085 | SRS268624 | F | M. mulatta
SRR032145 | SRP0O01558 | SAMNO00007033 | SRS009342 | F | M. mulatta
SRR357411 | SRP008743 | SAMNO00722968 | SRS265063 | F | M. mulatta
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Appendix B

Complete table of all samples used in primate study (continued)

SRR ID Study ID Biosample 1D SRS ID Sex | Species
SRR306787 | SRP007412 | SAMNO00632182 | SRS214024 | M | M. mulatta
SRR306788 | SRP007412 | SAMNO00632182 | SRS214024 | M | M. mulatta
SRR357439 | SRP008743 | SAMNO00744086 | SRS268625 | M | M. mulatta
SRR032146 | SRP001558 | SAMNO00007034 | SRS009343 | M | M. mulatta
SRR032147 | SRP001558 | SAMNO00007035 | SRS009344 | M | M. mulatta
SRR032148 | SRP001558 | SAMNO00007036 | SRS009345 | M | M. mulatta
SRR032149 | SRP001558 | SAMNO00007037 | SRS009346 | M | M. mulatta
SRR032150 | SRP001558 | SAMNO0007038 | SRS009347 | M | M. mulatta
SRR032151 | SRP001558 | SAMNO0007039 | SRS009348 | M | M. mulatta
SRR032128 | SRP001558 | SAMNO00007016 | SRS009325 | F | P. troglodytes
SRR032129 | SRP001558 | SAMNO00007017 | SRS009326 | F | P. troglodytes
SRR357413 | SRP008743 | SAMNO00722970 | SRS265065 | F | P. troglodytes
SRR032130 | SRP001558 | SAMNO00007018 | SRS009327 | F | P. troglodytes
SRR032131 | SRP001558 | SAMNO00007019 | SRS009328 | F | P. troglodytes
SRR306823 | SRP007412 | SAMNO00632217 | SRS214059 | F | P. troglodytes
SRR032132 | SRP001558 | SAMNO00007020 | SRS009329 | F | P. troglodytes
SRR032133 | SRP001558 | SAMNO00007021 | SRS009330 | F | P. troglodytes
SRR357406 | SRP008743 | SAMNO00722965 | SRS265060 | F | P. troglodytes
SRR357432 | SRP008743 | SAMNO00744079 | SRS268618 | M | P. troglodytes
SRR306824 | SRP007412 | SAMNO00632218 | SRS214060 | M | P. troglodytes
SRR032134 | SRP001558 | SAMNO00007022 | SRS009331 | M | P. troglodytes
SRR357440 | SRP008743 | SAMNO00744087 | SRS268626 | M | P. troglodytes
SRR032135 | SRP001558 | SAMNO00007023 | SRS009332 | M | P. troglodytes
SRR032136 | SRP001558 | SAMNO00007024 | SRS009333 | M | P. troglodytes
SRR032137 | SRP001558 | SAMNO00007025 | SRS009334 | M | P. troglodytes
SRR032138 | SRP001558 | SAMNO00007026 | SRS009335 | M | P. troglodytes
SRR032139 | SRP001558 | SAMNO00007027 | SRS009336 | M | P. troglodytes
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