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ABSTRACT

Biologists have strived to understand the origins of morphological and behavioral differences
between individuals since long before Darwin’s 1859 “Abstract” to his Big Book. While
Darwin’s work made it abundantly clear that huge amounts of variation exist within and
between species, the mechanism by which this variation was produced and passed on from
generation to generation was not clear. We now know that DNA is the hereditary material.
Furthermore, the complete DNA sequences from an immense range of organisms has revealed
an enormous amount of DNA variation that could cause the morphological and behavioral
differences Darwin highlighted in his books. Which of this genetic variation causes pheno-
typic variation? And what roles do natural or sexual selection play in its evolution? This
thesis explores the role that evolutionarily new genes, the functional units of DNA, play in
shaping the evolution of fitness and the genome through an investigation of genes found in
a single species of fruit fly. I use precise genetic manipulation to show that at least 27% of
Drosophila melanogaster-specific genes, while young, have essential roles in fly development
and reproduction. Furthermore, I use empirical population genetics analyses to show that
species-specific genes are frequently strongly selected, and, combined with my functional
data, suggest that new genes are likely primarily selected for their male-beneficial functions.
Altogether, this work shows that the genes underlying important processes such as develop-
ment and reproduction can rapidly change and that this process is strongly influenced by

selection.



CHAPTER 1

INTRODUCTION

1.0.1 Natural Selection Requires A Mechanism of Inheritance

Darwin’s theory of evolution by natural selection, developed over nearly 30 years and finally
published in 1859, is based on three simple facts: 1) there is no such thing as an unlimited
resource; 2) individuals differ from one another; and 3) individuals inherit traits from their
parents [1, 2]. Individuals that are better able to collect and utilize their limited resources
will tend to produce more offspring and pass on the traits that make them so successful,
resulting in morphological, behavioral, and other phenotypic changes in a lineage over many
generations. Natural selection is thus “daily and hourly scrutinizing, throughout the world,
every variation, even the slightest; rejecting that which is bad, preserving and adding up all
that is good; silently and insensibly working, whenever and wherever opportunity offers, at
the improvement of each organic being in relation to its organic and inorganic conditions of
life” [1]. While he provided ample evidence that there is indeed competition between individ-
uals for limited resources and that there are vast amounts of variation between individuals
and species, the mechanism by which offspring inherited traits from their parents was not

known to Darwin and his Victorian contemporaries [1, 3, 4].

1.0.2 From Naturalists to Geneticists

The mechanism by which traits are inherited was, ironically, described by Gregor Mendel
in 1866, six years before Darwin’s final edition Origin. But Mendel’s laws did not become
widely known for another 34 years, long after the deaths of Mendel and Darwin. However, the

application of Mendel’s laws of segregation and independent assortment to a wide variety of



problems in heredity spurred rapid experimental and theoretical advances in understanding
the physical causes of inheritance and the effects of natural selection on trait changes over
time [5].

T. H. Morgan’s 1910 discovery of a single male fruit fly with white eyes instead of the nor-
mal red eyes not only convince him that Mendelism and Darwinism were consistent (which
he and many others had denied up until then), it prompted a series of experiments that
precisely dissected the phenotypic effects of pieces of chromosomes [6, 7]. This impressively
careful and patient work throughout the early 201" century definitively showed that chro-
mosomes, and particularly specific pieces of chromosomes, carried the information needed to
produce fully functioning organisms [6, 8-11]. With knowledge of the precise mechanism of
inheritance, precise mathematical models were developed to definitively show that natural
selection could work by altering the frequencies of mutant chromosomes in populations over
time [12-14]. Thus, by the end of the 1940s this “Modern Synthesis” had definitively linked
Darwin’s natural selection and Mendel’s laws, experimentally and theoretically establishing

Darwin’s third fact [5].

1.0.3 Chromosomes to Genes to Genomes

Work throughout the mid-1900s showed clearly that chromosomes are comprised of DNA,
and that DNA is a sequence of hundreds to billions of nucleotides. The pieces of DNA
(loci) that control traits are generally defined as genes, and genes are considered to be the
functional units of an organism’s genome (the organism’s full complement of DNA and the
genes it contains). Genes are transcribed into RNAs that are translated into the functional
units of the cell, proteins (i.e. genes are expressed). Genes are expressed, and therefore

function, at different times during an organism’s development, in different cell types, and in



different environmental conditions. The times and places in which a gene is expressed and
functions are regulated by other proteins and RNAs in the cell. Work over just the last 20
years has clearly shown that no gene functions in isolation, and that it is the set of genes
active in a particular time or place, and the interactions between them and DNA that control
cellular processes [15]. Amazingly, this fact was apparent to Wright (1930), who specifically
said that “... it may safely be assumed that there are always important epistatic effects
[between genes|. Genes favorable in one combination, are, for example, extremely likely to
be unfavorable in another.” [13].

The sequencing of entire genomes from a huge variety of organisms has revealed an as-
tounding array of genetic diversity both within and between species. At this time, the central
repository for genome sequence data contains 3,707 complete eukaryotic genomes, ranging
in size from 660,000 nucleotides in the clam Corbicula fluminea to 27.6 billion nucleotides
in the tree Pinus lambertiana (NCBI Genome, accessed 5 October, 2016). Beyond differ-
ences in size, comparisons between genomes from closely related organisms revealed that a
massive number of single nucleotide differences, small DNA insertions and deletions, fusions
and splits of chromosomes, and duplications and deletions of large regions of the genome are
common between species and even between individuals of the same species. Darwin’s second

fact has now clearly been demonstrated to be true at the genomic level, too.

1.0.4 FEach Genome Contains a Unique Set of Genes

Analysis of whole genome sequences has clearly shown that the number of genes each genome
contains is often very different [16]. For example, while the soybean (Glycine mazx) genome
contains more than 115,000 protein-coding genes, the genome of the bacterium Candidatus

Tremblya princeps contains only 155 genes (NCBI Genome, accessed 5 October, 2016). Fur-



thermore, even genomes with similar numbers of genes can have very different sets of genes
[17]. These observations show that there must exist a widespread process by which genes
are gained and lost from genomes over evolutionary time. These observations also raise im-
portant questions about gene gain and loss and its contribution to evolution. In particular,
what molecular mechanisms and evolutionary forces govern gene gain and loss? And what

is the benefit of adding new genes to genomes?

1.0.5 The Process of New Gene Origination

New genes are those that were formed recently in evolutionary time and are therefore present
in one group of closely-related organisms but absent in all others [16]. The process by which
new genes originate consists of several overlapping phases. First, a mutation occurs in a
single germ cell’s DNA to form a new locus. The new locus then spreads through the
population under the influence of evolutionary forces such as (natural or sexual) selection
and genetic drift until it is fixed. Concurrent with and following its formation and fixation,
the new locus can accumulate mutations that alter its sequence, structure, and/or expression
patterns that cause it to contribute positively to the organism’s fitness and to be maintained
in the genome by selection [16].

There are thus two aspects to new gene origination: evolution of the locus and evolution of
the function. The evolution of the new locus can be split into two phases that are delineated
by fixation. Before fixation, the new locus is a polymorphism that is subject to the effects of
evolutionary forces such as selection, drift, recombination, and mutation, and its journey to
fixation can simplistically be described using classic population genetic models. Overlaid on
this population genetic process is the evolution of the gene’s function. A gene’s function(s)

include its expression pattern, biochemical function, and its interactions with other genes



(which in turn dictates the functions of those genes). Mutations that cause new genes to
become favored may accumulate at any point in the new locus’ evolution, from mutation to

fixation and beyond.

1.0.6 Models of New Gene Origination

Perhaps unsurprisingly, the structures, functions, and evolution of new genes have attracted
the interests of pioneers in genetics and evolution since the early 201" century. Sturtevant
(1925) was one of the first to identify a gene formed by duplication of a piece of chromosome,
the Bar duplication in the fruit fly Drosophila melanogaster, from which Muller developed
the first prevalent model of new gene evolution [8, 11]. Muller predicted that a new duplicate
gene could mutate, acquire a novel beneficial function, and be preserved in the genome. He
further claimed that “there remains no reason to doubt the application of the dictum ‘all
life from pre-existing life’ and ‘every cell from a pre-existing cell’ to the gene: ‘every gene
from a pre-existing gene”’ [11]. Ohno further developed and argued for Muller’s model,
and emphasized the fact that the vast majority of duplicate genes will be inactivated by
mutations and lost from the genome by additional mutations [18, 19]. In Muller’s and
Ohno’s formulations, duplication produces two functionally redundant gene copies. As long
as one copy retains the ancestral, important function, the other copy is free to accumulate
mutations that confer on it a novel, beneficial function (neofunctionalization) [18].

Our increased understanding of duplication mechanisms and, especially, the complexity
of gene expression regulation suggests that gene duplicates are probably rarely functionally
redundant. To explain the high rates of duplicate gene retention after duplication (partic-
ularly whole genome duplication), models were developed that posit that selection acts on

new genes at all stages of their origination [20, 21]. The adaptive radiation (AR) model



predicts that duplication of a gene is beneficial because it increases gene expression levels
(dosage). Repeated duplication results in many duplicate copies that are then free to ac-
cumulate mutations and neofunctionalize [20]. Piatigorsky and Wistow (1991) and Hughes
(1994) stimulated development of a series of models assuming that new genes originate from
existing genes with multiple functions [22, 23]. The Innovation-Amplification-Divergence
(IAD) model predicts that a multifunctional gene’s low-level secondary function may be-
come beneficial with environmental change [21]. Repeated amplification increases dosage
of the beneficial function, and different duplicates can then optimize the ancestral or novel
functions. Similarly, escape from adaptive conflict (EAC) posits that duplication may be
favored for a gene with two functions that cannot simultaneously be optimized by selection
[24-26]. Thus, duplication allows partitioning of functions between the two copies and in-
dependent optimization. In each of these cases, natural or sexual selection is assumed to be
operating on each stage of new gene origination.

Many clear examples of new genes that have evolved according to each of these neofunc-
tionalization and subfunctionalization models have been published and contribute to new

gene origination (see refs. [16, 27] for reviews).

1.0.7 New Gene Formation Mechanisms and Patterns

Classic studies of new genes focused on the contribution of DNA-based (copy-and-paste) du-
plication of genes, but it is now clear that a wide variety of mechanisms frequently generate
new loci, including retrotransposition of mRNAs [28, 29], fusion or splitting of existing genes
[30, 31], and even de novo gene origination from non-coding DNA [32] (see references |16,
33, 34] for reviews). The predominant mechanism of new locus formation varies between

organisms. For example, while tandem duplication is most prominent in Drosophila [35],



dispersed DNA-based duplication is most common in primates [36]. However, each mech-
anism has been experimentally demonstrated to contribute to genome evolution across the
tree of life, and comparative genomic studies have estimated that new DNA- and RNA-based
duplicates arise at high rates [17, 37-41]. For example at least 15 genes per million years are
gained by Drosophila genomes [35, 42, 43], while ~30 genes per million years are gained by
mammalian genomes [44]. Thus, new genes of many different types originate at appreciable
rates in all taxa studied to date.

Two general characteristics of new genes have emerged from such large-scale studies.
First, new genes are frequently expressed more highly in males than in females (i.e. they
have male-biased expression) [43, 45]. Second, new genes are non-randomly distributed in
the genomes of flies, silkworms, mice, and humans [43, 46-49]. New genes tend to be located
on autosomes, but to have been formed via duplication of sex chromosome-linked genes (X
or 7) [28, 46-48]. That is, new genes tend to move X—A. While the exact cause(s) of X—A
movement are still debated, the consequence of this gene traffic is a dearth of male-biased
genes on the X chromosome in worms, flies, and mice [50-53]. Thus, the process of new gene

origination has also shaped the overall distribution of genes among chromosomes.

1.0.8 New Gene Phenotypes

What is the advantage to adding a new gene to a genome? As genes age, they accumulate
mutations that obscure the structural or evolutionary signals from their early history [33,
54]. Thus, the advantage to studying genes at the early stages of their evolution is that
the sequence and expression differences that initially cause new genes to become important
components of the genome are not likely to have been obscured by continued mutation

accumulation [54]. This idea and the ability to assign ages to genes through comparative



genomics allowed rigorous experimental analyses of new gene functions to begin in the 1990s.

The last two decades have produced an enormous number of studies of the phenotypic
effects of new genes (for reviews, see refs [27, 55-57]). These studies have shown that new
genes can quickly become involved in both conserved and novel processes and that new gene
origination is frequently driven by selection. Arctic fish, for example, have evolved novel
antifreeze proteins through duplication and neofunctionalization [58-60]. Sphinz is a novel
chimeric gene found specifically in D. melanogaster that prevents male-male courtship [61].
Distinct regulatory regions were partitioned between Gal? and Gall, yeast duplicate genes,
through an escape from adaptive conflict to produce fine-scale control over induction of the
galactose utilization pathway [24]. Ding and her colleagues used detailed experiments to show
that a ~10 million year old gene in D. melanogaster and its closest relatives rapidly evolved
a unique and essential role in spermatogenesis through novel expression and subcellular
localization [62].

Altogether, just these few studies highlight the fact that new genes, even those formed
by complete gene duplications, can quickly produce novel phenotypes and participate in
pathways and networks controlling critical cellular processes. Furthermore, selection played
a large role in each of the above cases. Finally, these studies highlight the observation in

metazoans that new genes disproportionately affect males.

1.0.9 New, Yet Essential Genes

Recently, Chen and his colleagues showed that constitutive knockdown of the expression of
new genes in Drosophila, less than ~35 million years old, frequently caused flies to fail to
complete development [63]. That is, ~30% of the new genes they studied were essential for

fly development. Furthermore, they found that the essentiality of a new gene appears to be



independent of its parent [63].

These results raised two important questions. First, how, molecularly, did new genes
become essential for fly development? Developmental processes are assumed to be ancient
and highly conserved, so it was unclear how new genes could be so quickly and tightly
integrated into the gene networks that control these processes [15, 63]. Second, what are the
evolutionary forces that drove this process, and what model(s) of new gene evolution can
explain it? Like many studies of young genes, Chen et al. (2010) found that young essential
genes exhibited elevated rates of amino acid substitutions [63]. But because the genes they
studied were relatively old (i.e. > 3 million years), it is not clear if these protein sequence
changes or other layers of divergence (e.g. expression or structural) may have initially caused
new genes to become essential.

This thesis explores these questions through direct and indirect tests of the fitness ef-
fects of genes at the extreme earliest stages of their evolution: species-specific genes. I
sought to answer two main questions using genes that were formed specifically in Drosophila

melanogaster:
1. What are the phenotypic effects of D. melanogaster-specific genes?

2. What are the evolutionary forces that governed and continue to govern D. melanogaster-

specific gene evolution?

I will use the term ‘essential’ frequently in this thesis. To be very clear, throughout this
work I consider a gene to be essential if the loss of that gene’s function causes a statistically
significant reduction in fly survival and/or fertility. Arguments for and against this definition
can certainly be made. For example, should a gene whose knockdown causes a 20%, but
significant, reduction in fly survival be defined as essential gene? I believe the answer is

yes because a variant with a selection coefficient of -0.2 would quickly be purged from a
9



population and that, in evolutionary terms, is essential for fitness.

The remainder of this work describes my experimental and computational investiga-
tions of the answers to these questions. Chapter 2 describes a broad-scale screen of D.
melanogaster-specific gene fitness effects and evolution. Chapter 3 discusses a more detailed
investigation of one D. melanogaster-specific gene pair. Chapter 4 switches to an investiga-
tion of new genes segregating within D. melanogaster populations. Finally, Chapter 5 briefly

summarizes my results, and some potential future directions.
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CHAPTER 2
DROSOPHILA MELANOGASTER-SPECIFIC GENES CAN

RAPIDLY BECOME ESSENTIAL FOR FLY DEVELOPMENT

2.0.1 Abstract

Essential genes are those whose functions are required for an organism to properly develop
and successfully reproduce. Such genes are thought to be the keystones in the biological
networks that produce fit organisms, and the prevailing view is that only genes found in
many species, which have been conserved over long periods of evolutionary time by purifying
selection, can be essential. Yet recent studies clearly show that new genes can become
essential within just several millions of years. Here we investigate the essentiality of species-
specific duplicate genes, the youngest class of new genes, to understand how new genes
quickly become essential. We find 27% of Drosophila melanogaster-specific gene duplicates
we tested are essential for fly development, while their parent copies are not, and that
divergence between duplicates’ expression patterns across development likely caused new
duplicates to become essential. Furthermore, selection had a large direct or indirect role
in this process, as 62% of D. melanogaster-specific duplications are found in recent, strong
selective sweeps. Our results show that species-specific genes can quickly become essential,
highlighting the fact that a gene’s age or protein sequence conservation is not necessarily

indicative of its importance in conserved processes such as development and reproduction.
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2.0.2 Introduction

New genes are genes found in one group of closely-related organisms but absent in all others,
and are common features of all species’ genomes [16]. Recently, detailed molecular and
phenotypic studies of new genes have shown that they can be critical components of the
pathways and gene-gene interaction networks controlling novel phenotypes, sometimes within
just several million years [27, 62-68]. Fud-1, for example, is a gene found specifically in the
nematode Pristionchus pacificus and its sister species that promotes development of a novel
mouth form (and therefore novel feeding strategy) in P. pacificus [69]. Umbrea, in contrast,
was formed ~15 million years ago in Drosophila, but has since evolved a novel, yet essential
function promoting proper chromosome segregation during cell division through binding to
centromeres in a species-specific fashion [63, 70].

The existence of young essential genes like Umbrea poses a practical problem because
detailed studies of gene functions tend to focus on genes that are highly conserved among
a broad range of taxa. A gene’s function experimentally determined in a model system is
then extrapolated to be that gene’s function in a non-model system, like humans. This
practice has produced the prevailing view that only ancient genes, shared by many taxa and
maintained by selection over long periods of time, have essential functions, and has also led
to a dearth of studies on and resources for studying new genes [45]. Certainly, influential
authors and classroom textbooks, such as Jacob [71] and Lewin’s Genes, state that “highly
conserved genes tend to have more basic functions” [15] and that “functionally essential
genes are not organism specific, nor are their functions protected by gene duplication” [72].
However, new essential genes do exist and it is therefore crucial to understand how they
became essential and whether their essential functions are novel like Umbrea’s.

Most new genes are formed by duplication and are usually assumed to be functionally

12



redundant in the early stages of their evolution [18, 73]. In contrast to this classic assump-
tion, recent models make it clear that there are a broad range of conditions under which new
duplicates may immediately or quickly become beneficial to their hosts via neofunctionaliza-
tion [74, 75] or selection-driven partitioning of ancestral functions between duplicate copies
(23, 24, 55]. Thus, a new gene may become essential either by gaining a novel essential
function or retaining an ancestral essential function after duplication [21, 23, 75, 76]. New
genes frequently exhibit signs of rapid amino acid sequence and expression pattern evolution,
indicative of the role of selection in the early stages of new gene evolution and potentially
rapid acquisition of beneficial, possibly essential, functions [35, 63, 77].

In addition to examples like Umbrea and eud-1, Chen et al. (2010) showed that new
genes in Drosophila could become essential for fly development in ~35 - 6 million years [63].
However, it remained unknown if and how often the youngest new genes, those found in a
single species, are essential. This knowledge is critical, though, because the mutations and
signatures of the evolutionary forces that initially caused these new genes to become essential
are unlikely to have been obscured by additional mutation accumulation [54].

Here we investigate the essentiality and evolution of species-specific duplicate genes in
D. melanogaster, which are therefore less than ~2 million years old, to understand how
new genes quickly become essential. We find that at least 27% of D. melanogaster-specific
genes are essential for fly development using available mutant lines and RNA interference
(RNAi). Essential D. melanogaster-specific gene expression patterns quickly diverged from
their parent copies’ and drove divergence of their gene-gene interaction network positions.
Furthermore, 62% of D. melanogaster-specific duplications reside in recent and strong se-
lective sweeps, suggesting that selection plays a large role in these earliest stages of new

gene evolution. Our results clearly show that species-specific duplicate genes can rapidly

13



become essential components of the networks controlling development, and they have sig-
nificant implications for understanding the evolution of developmental processes and the
genes and gene networks controlling them. In addition our findings highlight the fact that,
while conservation certainly implies functional importance, functional importance does not

necessarily require conservation.
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Figure 2.1: Drosophila melanogaster-specific genes are less than ~2 million years old. A hypothet-
ical gene genealogy depicting the relationship between a D. melanogaster-specific (new) gene and
its homologs. The new copy is defined as the copy with the greatest amino acid divergence from the
orthologous protein in D. simulans (Dsim) and D. yakuba (Dyak). Dashed branches show uncer-
tainty in precisely determining when duplication and fixation occurred. Divergence time estimates
are taken from [78]. Dana: D. ananassae; Dmel: D. melanogaster.

2.0.3 Results

D. melanogaster-Specific Duplicate Genes Can Be Essential for Fly Develop-

ment

We compiled a high-confidence set of 17 D. melanogaster-specific protein-coding genes and
their parents by filtering candidate genes from previous studies [35, 43, 65]. These genes
were formed by 13 duplications since D. melanogaster and D. simulans diverged (Figure
2.1; Table 2.1; Table A.1) [78]. Most (11/13) duplications are tandem, and one of the

two adjacent copies cannot be defined as ‘new’ in terms of age. However, consistent with
14



Table 2.1: D. melanogaster-specific genes and their parents.

New gene K¢, Parent gene(s) Ky cn Type Chrom./  Freq.?

CG31958° 0.0652 CG31960 0.0351 tandem 2L 0.89
Adal-1 0.0167 Adal-2 0.0126 tandem 2L 1
CG18789 0.0417 CG18787 0.0405 tandem 2L 1
Qt1¢ - CG12264/escl -/-  tandem 2L 1
ProtB® 0.0351  ProtA 0.0357 tandem 2L 1
CG31683 0.0156 CG18858 0.0093 tandem 2L 0.94
CG31687" ~ (dc23/CG31688 /- tandem 2L 0.94
RpS15Ab 0.0254 RpS15Aa 0.0000 RNA 2R«+X 1
CG33470 0.0226 IMPPP 0.0226 tandem 2R 0.89
CG30059 0.0154 CG18278 0.0154 tandem 2R 0.89
CG32165° 0.0397 CG32164 0.0302 tandem 3L 1
CG12592° - CG18545/sle -/- tandem 3R 1
CG11659 0.0172  CG6300 0.0173 tandem 3R 1
tHMG1¢ 0.2462 tHMG2 0.1176 tandem 3R 1
CG11700% 0.1037  Ubi-pSE 0.0000 tandem X 1
CG32588¢ 0.3617 CG33252 0.2245 dispersed DNA  X+X 1
CG9123° 0.0906 CG12608 0.0440 tandem X 1

a: Greater gene structure divergence than parent relative to outgroups - see Figure A.1 for detail.
b: Chimeric gene, formed by partial duplication and fusion of two nearby genes.

c: Studied in detail by [81]

d: Studied in detail by [82]

e: Polarized amino acid divergence from D. yakuba and D. simulans orthologs.

f: New gene chromosome < parent gene chromosome.

g: Frequency in 17 re-sequenced fly genomes from the Drosophila Population Genomics Project Phase 2 [83].
Note: Adal-2, CG18789, and Qtzl were formed by one tandem duplication; CG338470 and CG30059 were formed
by one tandem duplication; CG31687 and CG31683were formed by one tandem duplication.

any definition of homology among genes found in more than one species, we define a new
tandem duplicate gene as the gene copy with greater amino acid sequence divergence from
the single-copy orthologs in D. simulans and D. yakuba [35, 43, 79, 80]. In addition, three
genes were formed by gene fusion (i.e. they are chimeric), and half of the remaining genes
have unique insertions or deletions relative to their parents and orthologs, unambiguously
defining them as the ‘new’ gene copies (Table 2.1, Figure A.1). Three duplications segregate
in D. melanogaster at frequencies > 0.89 and are thus copy number variants (CNVs; Tables
2.1 and A.1).

We tested the essentiality of D. melanogaster-specific duplicates using constitutive RNAA.

We constructed 16 new RNAi lines predicted to specifically target new or parent copies,
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then used these and other available RNAi lines to constitutively knock down target gene
expression and monitored egg-to-adult survival, external adult morphology, and ability to
produce progeny (Figure 2.2; Tables A.2, A.3, and A.4) [63, 84, 85]. We also collected and
confirmed the phenotypes of available stocks carrying transposable element (TE) insertions
or deficiencies predicted to disrupt the functions of D. melanogaster-specific genes or their
parents (Table A.5). Altogether we were able to test the essentiality of 14 new and 15 parent
genes using at least one type of evidence.

We observed no external morphological defects or significant sterility in any of the RNAi
lines we screened. However, we found that 0/3 polymorphic and 3/11 (27%) fixed D.
melanogaster-specific genes we tested are essential for proper fly development (Figure 2.2a;
Tables A.3 and A.4). Knockdowns of CG9123 and tHMG1 with multiple lines and at least
one of the two drivers caused complete lethality which was manifested in the pupa (CG9123)
or prior to hatching (tHMG1; Figure 2.2b). Knockdown of CG32165, which is clearly in-
complete (Figure 2.2¢), caused a 20% reduction in fly survival to adulthood (Welch’s t-test,
Benjamini-Hochberg corrected p < 0.05 for both drivers; Table A.4). In addition, 3/15 (20%)
parent genes we tested are essential by these criteria (CG12264,Cdc23, and RpS15Aa). The
proportions of essential new and parent genes are not different (FET p = 1) and there are no
duplicates which are both essential, though our numbers are small and the power to detect
differences is low.

It is likely that either CG18789 or CG18787 and Qtzl are essential as well, but we could
not confirm this. Constitutive, but non-specific knockdown of CG18789 and its parent
CG18787 with TRIiP line 55663 was completely lethal, but knockdown of CG18787 55375
was not lethal (Figure 2.2a). These results suggest that either CG18789 is essential or the

pair of genes together is essential. Furthermore, TE insertion in the 5" UTR of Qtzl at least
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Figure 2.2: Constitutive gene expression knockdowns suggest that some D. melanogaster-specific
genes are essential for proper fly development. a) The mean and 2 SEM from up to two RNAi
lines are shown for each target gene for each of two constitutive drivers, Act5C::GAL4 (act) and
aTub84B::GALJ (tub). Each bar is comprised of 2 - 8 replicate crosses. # Indicates that the RNAi
line targets both gene copies and is therefore not specific. Line names and full results for these and
additional lines are shown in Tables A.3 and A.4. *Welch’s two-sample ¢-test, Benjamin-Hochberg-
corrected p < 0.05. b) The timing of lethality with essential gene RNAi. We used a GAL4 driver
line carrying a GFP-marked balancer to track RNAi vs. non-RNAi F1 individuals. Each point
summarizes the mean and 2 SEM of three replicate crosses of RNAi lines to aTub84B::GAL4
drivers. The following lines were used: 60100-¢C31 (control), NV-CG32165-2-4, NV-CG9123-
8, NV-CG7045-5 (tHMG1). c) Relative expression levels of target and non-target (i.e. the other
duplicate copy) genes in RNAi knockdowns versus controls. Quantitative PCR (qPCR) results were
normalized using the AACT method to RpL32. Bars show means and 2 SEM for three replicates.
All results are from a Tub8/B::GAL/ crosses except NV-CG7045-5, which yielded complete lethality
with that driver but partial lethality with Act5C::GAL4. Labels are RNAIi line names and target
genes in parentheses.

causes sterility because it is and has always been maintained in a balanced stock (see ref [81]
for discussion).

Altogether, these experiments show that species-specific genes, less than ~2 million years
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old, can be essential components of D. melanogaster developmental programs. Their essen-
tiality is independent of their parents’ and the proportion of essential new genes is similar

to the estimated proportion of essential old genes (25%-35%) [86, 87].

D. melanogaster-Specific Gene Pairs Rapidly Diverged in Expression Pattern

New duplicate gene pairs can rapidly diverge in their expression patterns, sequences, and
structures [35, 77, 88-93]. At least 40% (6/14) of D. melanogaster-specific duplicate pairs
we tested are not functionally redundant because specific knockdown or disruption of one
copy causes lethality. To understand how gene pairs quickly became non-redundant, we next
investigated divergence between D. melanogaster-specific duplicate genes in their expression
patterns, gene structures, and gene sequences.

We first summarized duplicate expression patterns using whole transcriptome sequencing
data from the modENCODE project available in FlyBase (Figure 2.3) [94-96]. Qualitatively,
most gene pairs have different expression patterns among tissues and developmental stages
(Figure 2.3a). Two thirds of D. melanogaster-specific new genes are most highly expressed
in the testis and/or L3 imaginal disc, as are 47% of parent genes. Consistent with its RNAi
phenotype, CG9123 is most highly expressed in L3 larval imaginal discs, groups of cells that
rapidly divide and differentiate to form adult fly tissues during metamorphosis, and during
late larval to late pupal stages (Figure 2.3a). While CG32165 and tHMG1 are also highly
expressed in imaginal discs and testis, these genes appear to exert their effects earlier in
development (Figure 2.2a).

Most D. melanogaster-specific duplicates were formed by tandem duplication and likely
share the same chromatin environment and regulatory regions [97]. We calculated correlation

coefficients between D. melanogaster-specific duplicate pairs as well as duplicates that arose
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Figure 2.3: Expression patterns of D. melanogaster-specific genes and their parents. a) Heat
map of new and parent gene expression levels in modENCODE tissue and development datasets
[94, 95]. New gene/parent gene pairs are grouped, with parent gene above new gene (see also
Table 2.1). Average FPKM values for redundant datasets are used (see Methods). WPP: white
prepupa; CNS: central nervous system; dig. sys.: digestive system and larval salivary glands; AG:
accessory gland. b) Pairwise correlations between duplicate gene pairs of different ages among the
non-redundant modENCODE tissue and development RNAseq datasets. Means and 95% Cls are
shown. Branch assignments are taken from ref. [43] and displayed in the tree. Correlations between
1,000 random protein-coding gene pairs are shown, too. Gene pair age is not a significant predictor
of expression pattern correlation in either tissue (F' = 0.16, p = 0.69) or development (F' = 1.59,
p = 0.21) datasets. c¢) Expression patterns of the D. simulans orthologs of CG32165/CG32164,
tHMG1/tHMG2, and CG9123/CG12608 in D. simulans strain w501 tissues and developmental
stages, relative to RpL32. Mean and 2 SEM are shown for 3 biological replicates. Relative expression
levels are calculated as 2_(CTvG_CT~R), where C7 ¢ and Cr g are the threshold cycles of the target
gene and RpL32, respectively. Values are scaled to the maximum expression level within the tissue
or development samples.
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recently in the D. melanogaster lineage. We find no association between duplicate pair age
and correlation coefficients among tissues (mean Spearman’s Rank Correlation, p = 0.64) or
developmental stages (p = 0.73), suggesting that expression divergence between duplicates
occurs very soon after the duplication event (Figure 2.3b). Overall, the magnitude of expres-
sion divergence between D. melanogaster-specific gene pairs in their tissue or developmental
expression patterns is not different (Wilcoxon Rank Sum p = 0.13). However, CG32165 and
CG9123 have diverged especially rapidly from their parents across development, consistent
with their phenotype (p = 0.42 and p = 0.05, respectively; Figure 2.3b). These particular
low correlations are caused by asymmetric divergence in the new copies’ expression patterns
because their parents (CG32164 and CG12608) have a qualitatively similar pattern to their
D. simulans orthologs (Figure 2.3c).

Each gene performs its function in the context of other genes. To better understand
the position of D. melanogaster-specific duplicates in gene-gene interaction networks, we
constructed a gene co-expression network using modENCODE RNAseq data (Figure 2.4).
We used centrality measures to assess the positions of D. melanogaster-specific duplicates
in the network, and used their close interaction partners to assess what biological processes
they are likely involved in (Figure 2.4; Tables 2.2). D. melanogaster-specific genes have
similar numbers of direct interaction partners (degree) as all genes, suggesting that they
have similar opportunities to participate in gene-gene interactions as their parents and all
genes (Figure 2.4b). Essential genes have especially high betweenness values, suggesting they
are essential because they have more pleiotropic effects (Figure 2.4c). Finally, no essential
D. melanogaster-specific / parent gene pairs share any first degree interaction partners in
this co-expression network, highlighting the large potential for rapid gene-gene interaction

network divergence between gene pairs driven by expression divergence.
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Figure 2.4: Expression pattern divergence and co-expression network characteristics of D.
melanogaster-specific duplicates and other young genes in Drosophila. a) An example of the edges
between one D. melanogaster-specific essential gene (CG9123, red) and its direct (first degree) in-
teraction partners. Edges connect pairs of highly co-expressed genes (Spearman’s p > 0.78 among
all non-redundant modENCODE datasets, determined using permutations; Methods). Edge length
is meaningless, but more tightly-connected genes are closer together. b-c) Co-expression network
characteristics of all genes or genes of different ages. Gene ages (B3-B5) follow the tree in Figure
2.3b. New essential gene parents are shown in gray circles, and connected to their essential part-
ners by dotted lines. Means and 95% CI are shown. Qtzl and CG18789 are potentially essential
genes (Figure 2.2; Tables A.3 and A.4). b) The distribution of degree, the number of first-degree
interaction partners, for all protein-coding genes or genes of different ages. c¢) The distribution of
betweenness, a measure of a gene’s importance in connecting the network, for all protein-coding
genes or genes of different ages.

Highly co-expressed genes are likely involved in similar biological processes. We used a
Gene Ontology (GO) analysis of each D. melanogaster-specific duplicate’s direct interactors
to determine the biological process(es) in which that duplicate may be involved [98, 99
and combined these results with GO annotations based on sequence similarity and experi-
mental evidence compiled by FlyBase (Tables 2.2 and 2.3). All duplicate gene pairs have
the same FlyBase GO annotations [96], but 60% of pairs with GO annotations based on
co-expression data for both copies have different annotations, including CG32165/CG3216

and CG9123/CG12608 (Table 2.2), further highlighting a large potential for functional di-
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Table 2.2: GO analysis of co-expression network data. Only pairs where at least one duplicate
has an annotation are shown.

Gene Biological Process GO GO p* enrichment’
CG31958 - - - -
CG31960 TCA cycle G0:0006099 0.02 6
Adal-1 mitotic spindle elongation G0:0000022 5.5E-27 32.7
Adal-2 - - - -
CG18789 mRNA splicing, via spliceosome G0:0000398 0.89 1.5
CG18787 mRNA splicing via spliceosome G0:0000398 5.5E-5 5.1
Qtzl mRNA splicing, via spliceosome G0O:0000398 1.7E-9 9.8
CG12264/escl mitochondrial electron transport/- G0:0006120 6.70E-24 21.5
ProtB microtubule-based movement G0O:0007018 4.3E-7 8.4
ProtA microtubule-based movement GO:0007018 1.4E-6 7.6
CG31687 - -

Cdc23/CG31688 anaphase-promoting complex/- G0:0090302 1.5E-4 5.6
RpS15Ab mitotic spindle elongation G0O:0000022 2.30E-29 42.4
RpS15Aa translation G0O:0006412 1.00E-54 68
CG32165 protein dephosphorylation G0O:0006470 0.79 1
CG32164 MF:Ran GTPase binding G0:0008536 0.01 3
CG12592 protein dephosphorylation G0:0006470 2.80E-04 3.4
CG18545/sle protein Ser-Thr phosphatase/ GO:0004722/ 1.8E-5/ 3.5/ 4.6

centrosome organization GO:005129 4.7E-5

CG11659 metabolic process GO:0008152 1.60E-03 2.8
CG6300 transmembrane transport G0O:0055085 3.30E-03

tHMG1 microtubule-based movement G0O:0007018 1.90E-06 7.5
tHMG2 microtubule-based movement G0O:0007018 7.80E-07 7.7
CG11700 carbohydrate phosphorylation G0:0046836 3.10E-03 3
Ubi-p5E - - - -
CG32588 TCA cycle G0:0006099 0.02 6.5
CG33252 TCA cycle G0:0006099 3.60E-03 7.7
CGI9128 mRNA splicing, via spliceosome G0:0000398 0.51 2.3
CG12608 pseudouridine synthesis G0O:0001522 1.90E-03 2.6

a: Benjamini-Hochberg corrected p-value
b: Enrichment score from DAVID 6.8 beta

vergence between pairs due to expression pattern differences.

We note that these analyses are assessing the genes that duplicates interact with on a
broad scale. It is possible, or even likely that their (essential) functions are in a particular
tissue or developmental stage with a particular gene or set of genes. Thus, here we are only

describing the broad-scale potential for functional divergence, not inferring the exact causes
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Table 2.3: GO terms associated with D. melanogaster-specific gene pairs based on sequence
similarity and experimental evidence from FlyBase 2015_05. Pairs always have the same annotation.

New Gene Parent Gene GO Term GO
CG31958 CG31960 - -
Adal-1 Adal-2 histone H3 acetylation G0O:0043966
CG18789 CG18787 - -
Qtzl CG12264/escl Fe-S clustering/H3K27 methylation G0:0016226/G0O:0070734
ProtB ProtA spermatogenesis G0:0035093
CG31683 CG18858 lipid metabolic process G0:0006629
CG31687 Cdc23/CG81688 regulation of mitosis/- GO:0030071
RpS15Ab RpS15Aa cytoplasmic translation G0O:0002181
CG33470 IMPPP antibacterial humoral response G0:0019731
CG30059 CG18278 glycosaminoglycan metabolic process G0O:0030203
CG32165 CG3216 intracellular protein transport GO:0006886
CG12592 CG18545/sle -/nucleolus organization G0O:0007000
CG11659 CG6300 metabolic process GO:0008152
tHMG1 tHMG2 - -
CG11700 Ubi-pSE protein ubiquitination GO0O:0016567
CG32588 CG33252 biological_process GO:0008150
CGI123 CG12608 cell proliferation G0O:0008283

of the non-redundant fitness effects.

Most D. melanogaster-Specific Duplications Are In Recent, Strong Selective
Sweeps

Gene duplicates may diverge due to neutral or selection-driven processes. We next tested
whether selection has driven D. melanogaster-specific duplicate divergence by analyzing rates
of sequence evolution and signatures of selection in regions containing species-specific dupli-
cations.

One signature of neofunctionalization is an accelerated amino acid substitution [18, 54].
However, no D. melanogaster-specific duplicates exhibit accelerated evolution according to
maximum likelihood analyses of the nonsynonymous to synonymous site substitution rates
(dy and dg; Table A.8) [100]. Furthermore, only 3/37 new or parent genes contain a
significant excess of nonsynonymous substitutions relative to polymorphisms according to

McDonald-Kreitman tests (Table A.7) [101]. There is thus little evidence of rapid amino
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acid sequence evolution in D. melanogaster-specific genes or their parents. Additionally, all
ancestral pre-duplication genes, except the CG32588/C(G 33252 ancestor, exhibit dg > 0.03
and dp/dg << 1 on the branch between D. simulans and the duplication event, suggesting
that they were under strong purifying selection before the duplication occurred and that
selection-driven subfunctionalization models do not describe D. melanogaster-specific gene
pair evolution, at least at the gene sequence level (Table A.8).

Selection can cause new beneficial alleles to rapidly fix in a population. Alleles at tightly
linked sites hitchhike with the selected allele and are also rapidly fixed, leading to a temporary
reduction in nucleotide variation in genome regions near the selected site just after fixation
(i.e. a selective sweep) [102, 103]. We expected that any sweep signatures would still be
present in the regions surrounding D. melanogaster-specific duplications because if a sweep
did occur, it must have occurred within the last 2 million years. Genome regions that
recently underwent a selective sweep are expected to contain 1) an excess of intermediate
and high-frequency derived alleles when the sweep completes, 2) an excess of low-frequency
alleles shortly after sweep completion, and 3) a reduction in variation relative to divergence.
These characteristics can be quantified using the population genetic statistics Fay and Wu'’s
H (1), Tajima’s D (2), and the Hudson-Kreitman-Aguadé test (3) [104-106]. To avoid the
problem of low diversity in D. melanogaster-specific duplications themselves, we calculated
these statistics in sliding windows across the D. melanogaster genome in 17 African fly
genomes, used the window centered on the duplication to represent that duplication, and
considered a duplication to be in a sweep if its window’s statistic was in the lowest 5% of
values for its chromosome arm (Figure 2.5; Table A.9) [83, 104-108].

Eight out of 13 (62%) duplications reside in windows of extremely negative, H, D and/or

HKAI statistics, suggesting that they reside in recent selective sweeps (Figure 2.5). The

24



*% *

) o5 b) 20, ©) 20,
0 8 g _ %
0.01 ® 60 6 S 4 80,89
20 © 0 0]
o} T - o g') 0
3 0.5 o 2 40 T s
£ 0 8 0 e 2 -20)
E —1.07 ® © 60 % hd
° o 8 onl —
w -80 <
15 ? 2 40y
1.5 T )
° L4 —1001 [
-2.0° -120- —-60-
2L 2R 3L 3R X 2L 2R 3L 3R X 2L 2R 3L 3R X
d) -05
-0.6 :k
-0.7 £
% 0 4 :
-g —08 T = 3 ’.‘
5 -0.9 - g2 R
= T4 i, - u_'._-T,-' '\. . ;1*.‘-,,‘
-1.0 1 o o “"h"‘"v o \
-1.1 1 H dups (n =10) _'5 _%5 _'5 O 5 1'5 2'5
genes (n = 1000) distance from focal region (kb)
_1.2 T T T T T 1
-25 -15 -5 0 5 15 25

distance from focal region (kb)

Figure 2.5: Population genetic summary statistics in regions surrounding D. melanogaster-specific
duplications. a-c) Tajima’s D, Fay and Wu’s H, and the signed Hudson-Kreitman-Aguad-like test
p-values in windows of 250 informative sites centered on D. melanogaster-specific duplications
(points). The means and 95% CI of windows centered on annotated protein-coding genes are
shown for reference in gray. Red points are values for duplications containing new essential genes.
Filled circles indicate duplications in windows with statistics in the lowest 5% of statistics on their
chromosome arm. Wilcoxon Rank Sum p < 0.05 (*) or p < 0.01 (**) are shown for significant
comparisons. d) Mean Tajima’s D values calculated in 5 kb sliding windows (100 bp step) in
the regions flanking autosomal duplications (dups) or protein-coding genes with D. melanogaster-
specific Kg between 0 and 0.01. Such genes have accumulated relatively neutral substitutions since
D. melanogaster and D. simulans diverged and should roughly represent the expected level of D
surrounding recently-fixed neutral variants. Lines are smoothed LOESS fits (solid) and 95% CI
upper and lower bounds (dotted) for each window, calculated separately for left and right flanking
regions. Probability values for each window (right) were determined using 10,000 permutations.
We obtained similar results using regions flanking D. melanogaster-specific intergenic substitutions
(Figure A.2). Duplicate or gene regions are not included in any of the calculations in a-d.
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general patterns of these per-duplication results are clearly visible in plots of D in win-
dows flanking duplications (Figures 2.5d and A.2). Low D and H values are likely due to
recent strong positive selection because most windows also have significantly low ratios of
polymorphism to divergence, indicated by negative HK Al statistics (Figure 2.5¢). More du-
plications have extremely negative D values than H values, suggesting that most of these
sweeps completed some time ago and are beginning to recover variation [105, 106].

Our window analysis prevents identification of the precise target of selection. However,
six D. melanogaster-specific genes with demonstrated fitness effects (CG11700, CG32165,
tHMG1, Sdic, Qtzl, and CG9123) all lie in sweeps. In fact, previous studies of the sweeps
containing C'G32165, Qtzl, and CG9123 estimated they were caused by variants with selec-
tion coefficients of 0.007, 0.006, and 0.010 and to have completed roughly 50,000, 15,000, and
20,000 years ago, respectively [81, 91, 109]. Furthermore, 4/8 sweeps we identified here were
also identified by ref. [83]. There is thus good evidence that 62% of D. melanogaster-specific
duplications were recently involved in strong selective sweeps, and that D. melanogaster-
specific duplications have large beneficial effects that arose concurrent with or shortly after

the duplication event.

2.0.4 Discussion

Contrary to suggestions that “essential genes are not organism specific” [72], our work clearly
shows that species-specific genes can rapidly become essential components of the genetic net-
works that control development. We used RNAi and available disruption lines to show that
at least 27% of fixed new species-specific genes are essential for proper fly development
and that essential gene knockdowns cause lethality between fertilization and eclosion. Im-

portantly, while the common claim that protein sequence conservation indicates functional
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importance is certainly true, our results highlight the fact that the converse statement is not
true: functional importance is not necessarily predicted by sequence conservation (and gene
age) [45].

These results challenge the assumption that a gene’s function in one organism can be
inferred to be the function of its ortholog, and suggest instead that essential gene functions
may evolve de novo or be partitioned into different gene copies in different lineages. How
often are ortholog functions different in different taxa?

Note also that all copy-specific dg values are well within the range of d values calculated
for D. melanogaster-specific divergence at 4-fold degenerate sites or short introns calcu-
lated by Hu and her colleagues [110]. This suggests that these duplications are in fact D.
melanogaster-specific. However, even if the duplication occurred before the D. simulans/D.
melanogaster split and one duplicate was subsequently lost in D. simulans, these genes are
still found only in D. melanogaster and these conclusions are unchanged.

Species-specific genes that are essential for development support the existence of species-
specific network topologies. Duplicate genes, especially tandem duplicates like the ones we
examined in this study, are likely expressed from the moment they are formed and therefore
interact with co-expressed genes. New duplicates can be fixed as long as they provide a net
benefit. However, the existing gene-gene interaction network will likely need to change to
accommodate the addition of the new gene and any pleiotropic effects that addition may have,
and rapidly drive the divergence of these networks between populations [65, 111, 112]. Our
finding that essential D. melanogaster-specific / parent gene pairs quickly diverged in their
developmental expression patterns is consistent with their loss-of-function phenotypes, and,
combined with the fact that there is little amino acid sequence divergence between duplicates,

suggests that expression divergence is likely the main driver of functional differentiation
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between the two copies. The fact that no essential new gene / parent gene pairs share any
direct interaction partners in the co-expression network we constructed further highlights
how pairs can diverge in interaction networks. Recent work has shown that young genes and
even intraspecific genetic variants can significantly impact development and show that the
genetic basis and control of this important process can change in short periods of time [63,
69, 113, 114].

Our observation that the pre-duplication genes were under strong purifying selection
before the duplication event suggests that whatever benefit the duplication provides is large (s
~ 0.01) and arose concurrent with or shortly after duplication [81, 91, 109]. Neutral variants
in D. melanogaster are expected to fix in, on average, ~400,000 years, so it is possible the
new duplication drifted to fixation and subsequently swept specifically in D. melanogaster,
but the population dynamics of variants with selection coefficients of magnitudes greater
than ~ 107 are dominated by selection in populations as large as D. melanogaster’s, and
new duplicates probably rarely drift to fixation [115-117].

An important question that we cannot answer is: What function was selected? We cannot
definitively say whether the essential functions of CG32165, tHMG1, or CG9123 are novel
or beneficial and it is difficult to imagine how a new essential function can arise. A plausible
scenario may be that a sex-specific benefit was selected and an ancestral essential function
simply partitioned into the more divergent gene copy. Non-essential D. melanogaster-specific
duplicates may have more subtle fitness effects than we measured, and there is strong evi-
dence from the Sdic gene family [118, 119] and CG11700 [82] that D. melanogaster-specific
gene effects may often be slight and male-beneficial. For example, deletion of the Sdic gene
family causes a ~ 1.5% reduction in sperm competitiveness [119]. These observations and the

fact that many new genes in mammals and insects exhibit testis-biased expression patterns
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suggests that they are mainly beneficial to males [43, 56, 120]. Indeed, ProtB and tHMG1
are important components of networks controlling spermatogenesis, and 60% of species-
specific new genes we studied here have their highest expression in testis and/or imaginal
disc [121, 122]. Experimental tests of the fitness effects of the pre-duplication, ancestral gene
in closely-related outgroup species may help determine if these essential functions are novel
or not.

Finally, while we only consider CG32165, tHMG1, and CG9123 as essential species-
specific genes, it is very likely that Qtzl and possibly CG18789 are essential as well based
on disruption lines and RNAI results. Furthermore, our qPCR experiments and others show
that at least 40% of our experiments produce < 20% knockdown of target gene expression,
and so we are probably not testing the effects of those genes [84]. Altogether, the fact
that previous studies estimate the number of D. melanogaster-specific genes to be ~60 [35,
43], the high false negative rate of RNAi, and our focus on gene essentiality suggest that
there could be substantially more species-specific genes with strong fitness effects than we

uncovered in this study.
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2.0.6 Methods

D. melanogaster-Specific Gene Identification

Candidate Dmel-specific genes were collected from previous studies of new gene origination
in Drosophila [35, 43, 66]. We removed from this initial list of 233 candidates 1) any genes
whose Dmel release 6.05 (http://flybase.org) annotation status is ‘withdrawn’, 2) genes not
located on the major chromosome arms 2L, 2R | 3L, 3R, or X, and 3) members of large
tandem arrays, including the Sperm dynein intermediate chain [118, 119], Stellate (Ste),
and X: 19,900,000-19,960,000 arrays that appear to be Dmel-specific but are impossible to
specifically study. We checked syntenic whole-genome alignments of the remaining 84 genes
manually using our multi-species alignments (see below) and the UCSC Genome Browser
(http://genome.ucsc.edu/). We required that the Dsim, Dsec, Dyak, and Dere genome as-
semblies contained no assembly gaps, transposable elements, or repeats in the region contain-
ing the putative Dmel-specific gene. Dmel-specific gene formation mechanisms and parent
genes were taken from the original studies and confirmed using BLAT and BLASTp. If a gene
had multiple significant (F < 10_10) full-length BLASTp hits, the hit that was most similar
to the Dmel-specific gene was assumed to be the parent. Dmel-specific genes often have
unique structures not present in outgroup orthologs (Table 2.1, Figure A.1). We also used
available Dsim and Dyak next generation sequencing reads to test the presence of putative
Dmel-specific tandem duplications in these two species (Figure A.3) [110, 123]. We found no
uniquely-mapped read pairs supporting Dmel tandem duplications in any of 20 Dsim or 20
Dyak genomes, supporting the idea that these tandem duplications are specifically found in
Dmel and are not simply missing from the Dyak and Dsim reference genome assemblies. We
checked if any of the duplications in our final set are segregating within Dmel by analyzing

whole genome re-sequencing data from the DPGP2 core Rwanda (RG) genomes [83]. We
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required tandem duplications to have at least one read uniquely mapped to each of the three
unique breakpoints in order to be called as ‘present’ in a particular line. Ten of these genes
are not found in any of 17 additional D. melanogaster genomes we analyzed, suggesting that

they are singletons found specifically in the reference stock.

RNAIi Strain Construction

We generated new, specific RNAI lines following ref [84]. We designed RNAi reagents us-
ing the E-RNAIi server (http://www.dkfz.de/signaling/e-rnai3/) and kept constructs with
100% of the possible 19-mers uniquely matching the intended target gene and excluding
designs with >1 CAN repeat [124]. Constructs were cloned into pKC26 following the Vienna
Drosophila Resource Center’s (VDRC’s) KK library strategy (http://stockcenter.vdre.at,
last accessed 2 February 2016). We introgressed the X chromosome from Bloomington
Drosophila Stock Center line 34772, which expresses ¢C31 integrase in ovary under con-
trol of the nanos promoter, into the VDRC 60100 strain. Strain 60100 carries attP sites at
20::22,019,296 and 21.:9,437,482 [125]. We ensured that our RNAi constructs were inserted
only at the 21.:9,437,482 site using PCR following [125]. RNAi constructs were injected into
the 60100-¢C31 at 250 ng/uL. Surviving adult flies were crossed to sna”co /CyO balancer

flies (BDSC 9325) and individual insertion strains isolated by backcrossing.

RNAIi Screen

We constitutively knocked down target gene expression using driver lines constitutively and
ubiquitously expressing GAL4 under the control of either the Actin5C or o Tubulin84B pro-
moter. We replaced driver line balancer chromosomes with GFP balancer chromosomes to

enable tracking of non-RNAi progeny. As controls in each of the following experiments, flies
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from the background strains 60100-¢C31, 25709, or 25710 were crossed to driver strains and
treated identically. Five males and five virgin driver females were used in each cross. Crosses
were grown at 25°C, 40% - 60% humidity, and a 12h:12h light:dark cycle. F1 progeny were
counted at day 19 after crossing, after all pupae had emerged. We screened F1 RNAI flies
for visible morphological defects in the fly’s general structure and coloring in addition to 1)
wings: vein patterning and numbers, wing periphery; 2) notum: general bristle organization
and number, structure and smoothness; 3) legs: number of segments. We monitored sur-
vival of RNAi F1s by counting GFP and non-GFP L1 and L3 larvae and pupae. We tested
RNAIi F1 sterility by crossing individual RNAi F1 flies to 60100-¢C31 and monitoring vials
for L1 production. Ten replicates for each sex for each line were performed. No significant
differences were found between the fractions of fertile RNAi flies and control flies for any of

the lines (no experiment or control produced more than 2/10 sterile vials).

RNAi Knockdown Specificity and Sensitivity

We sought to address two known problems of RNAi technology using RT-qPCR. First, since
off-target effects are common in RNAi experiments [124, 126], we wanted to test that our lines
are specifically knocking down target gene expression. Our constructs are computationally
predicted to be specific. Second, since RNAI is often incomplete [84], we wanted to estimate
how many genes we are actually able to test. We chose a sample of lines because either 1)
they targeted an essential D. melanogaster-specific gene or its parent or 2) the target gene
had no phenotype according to previous studies or ours. We collected qPCR primers from
FlyPrimerBank [127]. For those genes not found in FlyPrimerBank we designed primers
specifically targeting a 100 bp region of the target gene using Primer-BLAST (Table A.6).

We confirmed primer specificity with PCR and Sanger sequencing. We extracted RNA from
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sets of 16 flies (8 females and 8 males) in triplicate from each RNAIi cross using TRIzol
(Thermo Fisher, USA), treated 2ug RNA with RNase-free DNase I (Invitrogen, USA),
then used 2 ulL treated RNA in ¢cDNA synthesis with SuperScript III Reverse Transciptase
(Invitrogen, USA) using oligo(dT)90 primers. cDNA was diluted 1:10 in water before using
2 pli as template in 10 uL. PCRs with iTaqTM Universal SYBR Green Supermix (Bio-Rad,
USA) and 400 nM each primer. Reactions were run on a Bio-Rad C1000 Touch thermal
cycler with CFX96 detection system (BioRad, CA). Cycling conditions were 95°C for 30 sec,
then 45 cycles of 95°C for 5 sec, 60°C for 30 sec, and 72°C for 15 sec. We normalized gene
expression levels using the AAC: method and RpL32 Cys as reference gene expression levels.

We tested the efficiency of qPCR primers using a 8-logs dilution series for each primer pair

(Table A.6).

D. melanogaster SNPs

We called SNPs in the 17 primary core RG (Rwanda) samples from the Drosophila Population
Genomics Project Phase 2 (DPGP2; www.dpgp.org) with less than 3% admixture [83]: RG2,
RG3, RG4N, RGH, RG7, RGY9, RG18N, RG19, RG22, RG24, RG25, RG28, RG32N, RG33,
RG34, RG36, and RG38N. We downloaded raw sequencing reads from the NCBI Short Read
Archive and mapped them to the release 6 genome assembly using bwa mem v0.7.12 with
default parameters except the -M flag [128]. PCR duplicate reads were marked with Picard
Tools v1.95 [129]. Alignments were processed following the Genome Analysis ToolKit’s
(GATK’s) best practices workflow [130]. We used GATK v3.4-0 with default parameters to
realign reads around putative indels and to recalibrate read base quality scores on individual
sample alignment files [131-133]. DPGP SNP calls [108] were used as known variant sites in

base quality score recalibration.
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SNPs were called using the GATK’s HaplotypeCaller in GVCF mode with default settings
except sample ploidy was set to 1 and heterozygosity was set to 0.00752, the genome average
value for African lines determined by ref. [108]. Samples were then jointly genotyped with
GATK’s GenotypeGVCF's with default parameters except heterozygosity and ploidy listed
above, then hard filtered by the following criteria: |BaseQRankSum| > 2.0 to ensure sites
were not supported only by low-mapping-quality reads, |ClippingRankSum| > 2.0 to ensure
supporting reads were not being excessively trimmed, MQRankSum < -2.0 to ensure mapping
quality was not extremely low, ReadPosRankSum < -2.0 to ensure call support came from all
read regions instead of just the low-quality beginning and ends, and a per-sample genotype
phred score >30. All SNP sites overlapping repeat-masked regions (UCSC Genome Browser
Simple Repeats and RepeatMasker tracks, downloaded 21 June 2015) or putatively admixed

sites were removed [83].

Multi-Species Alignments and SNP Polarization

[ aligned D. simulans (Dsim) release 2.01, D. sechellia (Dsec) release 1.3, D. yakuba (Dyak)
release 1.04, and D. erecta (Dere) release 1.04 genome assemblies to the release 6 D. melanogaster
(Dmel) sequence following the UCSC Genome Browser pipeline for reference-guided multi-
species alignments using roast v3 (part of the multiz 11.2 package) [134, 135]. Analyses
requiring polarized SNP states only used SNPs where one of the Dmel SNP states unam-

biguously matched the state in species from both the Dyak/Dere and Dsim/Dsec clades.

dy /ds and M-K Calculations

We calculated the ratio of nonsynonymous substitutions per nonsynonymous site to synony-

mous substitutions per synonymous site (dp/dg or w) for Dmel-specific duplicate pairs using
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PAML 4.7a (Table A.8) [100]. Ortholog coding sequences (CDS) from Dsim, Dsec, Dyak,
Dere, and D. ananassae (Dana) were collected from FlyBase release 2015.05. If a parent
gene had multiple orthologs in a single species we only used the ortholog sequence with the
highest score from pairwise BLASTn. The ortholog assignments were the same if we required
highest similarity to the new gene instead of the parent gene. We used only the longest CDS
for each gene in analyses. We used the Dmel reference genome CDS for the Dmel-specific
gene and its parent in these analyses. Alignments were generated using TranslatorX v1.1
with MUSCLE v3.8.31 [136, 137]. PAML analyses used the guide tree ((((Dmel new gene,
Dmel parent gene), (Dsim, Dsec)), (Dyak, Dere)), Dana). We estimated w for each branch
under a free-ratio model, and also specifically tested whether the Dmel-specific gene has
evolved at a different rate from its orthologs using 2-ratio models. To specifically test if
a gene has evolved with a significantly elevated w, we compared a 2-ratio model allowing
the gene’s terminal branch to evolve at any rate to a 2-ratio model constraining the gene’s
branch to evolve with w = 1. Models were compared with a standard likelihood ratio test
with 1 d.f.

Polarized McDonald-Kreitman tests, excluding singletons and sites called in fewer than
9/17 RG samples, were conducted for each duplicate gene pair using polymorphism data
generated above [101]. Orthologs from Dsim and Dyak and the 17 Dmel ingroup sequences

were aligned using TranslatorX v1.1 and MUSCLE v3.8.31.

Population Genetic Summary Statistics and Analyses

D, H, and Hudson-Kreitman-Aguadé-like statistics were calculated using perl scripts which
take into account the fact that segregating sites may not be called in all samples [107, 108].

We calculated D, H, and HKAI in sliding windows of informative sites across the major
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chromosome arms 2L, 2R, 3L, 3R, and X. An informative site is a segregating site that is
called in at least 9/17 RG genomes (D) and is confidently polarized (H and HKAl). We used
windows of informative sites so that each window has equal information for D, H, and HKAI
estimates. D and H have complementary power to detect the effects of strong selection
that acted on loci at different times after a selective sweep has occurred. H is sensitive
to an excess of derived variants that hitchhiked to intermediate and high frequencies with
a selected variant while D is sensitive to the excess of low-frequency derived variants that
accumulate in the sweep region after sweep completion. Thus, H is most powerful to detect
a sweep that has just completed while D relies on some amount of variation recovery and
the two methods complement each other. It is also worth noting that, even at their best,
these statistics have 60% power to detect even the strongest selective sweeps [106].

The expected numbers of divergent and segregating sites for each chromosome arm were
calculated following ref. [107]. Low-recombination regions (as defined in ref. [108]) were
excluded from the calculations and only confidently polarized sites were included. Sites that
were both polymorphic and divergent were classified as segregating sites. These expected
values were used in HKAl calculations.

We followed Sattath et al. (2011) [138] to generate plots of D surrounding D. melanogaster-
specific duplications and 1,000 random intergenic fixed sites or 1,000 random genes with
0 < Ks < 0.01, where K is the fraction of synonymous sites that have mutated and fixed
specifically in Dmel since the Dmel-Dsim split. The idea is that these genes have fixed
multiple, putatively neutral variants in roughly the same period of time that Dmel-specific
duplications arose and fixed and may reflect the reduction of D or 7 surrounding gene regions

expected when they accumulate neutral mutations.
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Expression Pattern Analyses

We used modENCODE gene expression level (FPKM) estimates for all annotated genes
from FlyBase release 201505 [94, 95]. Figure 2.3 was generated using average FPKMs for
redundant or similar datasets. Statistical analyses were performed with R 3.0.1 [139]. We
constructed a gene co-expression network for all protein-coding genes in all modENCODE
tissue and development datasets using pairwise Spearman Rank Correlations [140]. We
excluded genes with no detected expression in any dataset. We used average FPKM values
for male whole body, female whole body, carcass, digestive system, and head samples because
they are redundant (Figure A.4). Gene pairs with correlations greater than the highest
correlation value recovered by bootstrapping the datasets (10,000 replicates, maximum p =
0.78) were used as edges in network construction. We calculated network statistics using

igraph 1.0.1 [141].
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CHAPTER 3
A PAIR OF DUPLICATE DROSOPHILA
MELANOGASTER-SPECIFIC GENES ARE BOTH

ESSENTIAL, BUT FOR OPPOSITE SEXES

3.0.1 Abstract

New duplicate genes can rapidly become critical components of the biological networks con-
trolling important processes such as development and reproduction. Thus, it is crucial to
understand the process by which duplicate genes diverge at the levels of sequence, struc-
ture, and expression pattern to become functionally non-redundant. Here we investigate
the evolution of a pair of duplicate genes, CG32164 and CG32165, that formed, fixed, and
functionally diverged specifically in Drosophila melanogaster (i.e. within that last ~2 mil-
lion years). We find that knockout of CG32165, but not knockout of CG32164, causes a
significant (~20%) reduction in fly survival. However, both duplicates are essential for fly
reproduction and are sexually antagonistic: CG3216/ knockout causes complete female steril-
ity but significantly increased male reproductive output, while CG52165 knockout causes
complete male sterility but significantly increased female reproductive output. The sterility
effects are caused by defects in oogenesis and spermatogenesis, as CG321 64”“” flies produce
round eggs and CG321 65" flies fail to produce mature sperm. Asymmetric expression pat-
tern divergence between the duplicates and their D. simulans ortholog suggest that CG32165
specifically has gained testis expression since the duplication event. Altogether, our results
suggest that CG32164/CG32165 evolution was driven by meiotic drive or, more likely, the
resolution of sexual antagonism. We thus provide empirical evidence for a general framework

for understanding the rapid evolution of essential new genes.
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3.0.2 Introduction

New gene origination is a central process in the evolution of the genome and novel phenotypes
[16, 27, 56]. New genes are often formed by duplication of an existing gene. Duplicate genes
are functionally redundant until they accumulate mutations that cause them to have distinct
expression patterns, gene sequences, and/or gene structures [18, 21, 23, 55, 76]. Duplicate
gene pairs have been experimentally shown to become functionally non-redundant within
just several millions of years (Chapter 2; see ref. [27] for additional examples). However,
it is rarely clear exactly how these duplicates initially became non-redundant because they
are relatively old and have accumulated many mutations since they formed. The mutations
that initially caused the functional differentiation between copies have thus been obscured
by continued mutation accumulation, and it is usually difficult to discern the cause of the
functional differentiation and if selection has acted on gene copies.

In particular, gene pairs may become different because one copy gains a truly novel
function while the the other maintains the ancestral function (neofunctionalization), or non-
redundant subsets of ancestral gene functions may be partitioned into the two copies (sub-
functionalization) [18, 23, 76]. Thus, it is important to study the evolution and fitness effects
of genes at the earliest stages of their evolution to understand the initial stages of functional
differentiation between duplicate genes and the forces that drive it [54].

New duplicate genes in Drosophila can quickly become essential components of the genetic
networks controlling development within ~2 million years (Chapter 2) [63, 70]. We previously
showed that genes found specifically in D. melanogaster often reside in selective sweeps and
that they have significantly divergent expression patterns and gene structures (Chapter 2).
Furthermore, three of these species-specific genes were essential for fly development. These

results suggested that 1) new duplications are frequently strongly beneficial and 2) functional
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Figure 3.1: (CG32165 and CG32164 were formed by 7.8 kb tandem duplication after D.
melanogaster and D. simulans diverged ~2 mya [78]. Top: The tandem duplication produced
CG32165, CG32164, and a novel chimeric pseudogene CR18217. Bottom: Pairwise alignment of
CG32165 and CG32164 consensus gene regions from 17 DPGP2 'RG’ genomes [83]. The top bar
shows the gene structure. Lines are introns, thick boxes are coding exons, and thin boxes are UTRs.
For each gene, the nucleotide sequence (upper bar) and the corresponding amino acid translation

(lower bar) are shown. Sites that differ in CG32165 relative to CG32164 are shown as vertical
black bars. Thin lines are gaps.

differentiation must occur concurrent with or shortly after the duplication event. However,
that work did not indicate what particular gene functions may have been selected to cause
the selective sweeps, nor precisely why such new genes were essential but their parents were
not. To better understand how new genes quickly become essential, we studied the evolution
of one essential D. melanogaster-specific gene, CG32165, and its duplicate copy CG32164.
CG32165 and CG32164 were formed by a tandem duplication on chromosome 3L in
the last 2 million years, since D. simulans and D. melanogaster diverged (Figure 3.1), yet
constitutive RNA interference (RNAi) of CG32165 but not CG32164 results in a ~20%
reduction in egg-to-adult survival. RNAi of either gene had no measured effects on male

or female sterility (Chapter 2). Furthermore, CG32165 and CG3216/ reside in the middle
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Figure 3.2: CG32165 and CG32164 reside in a recent, strong selective sweep. The blue bar along
the X-axis delineates the tandem duplicates, while black bars denote repeat regions > 500 bp. =
is calculated in sliding windows of 10 kb with 1 kb step. Divergence is polarized divergence to D.
stmulans and D. yakuba in sliding windows of 500 divergent sites (100 site step).

of a large selective sweep that was estimated to have completed 20,000 years ago and
caused by a variant with a selection coefficient of 0.006, suggesting that the duplication, or
a variant to which it is tightly linked, has a large beneficial effect (Figure 3.2) [91]. Thus,
the young age, strong phenotype, clear non-redundancy, and potentially strong benefit of
the CG32164/CG32165 duplication make it a prime candidate for understanding the initial
stages of duplicate gene differentiation and the role of selection in the process.

Here we use CG32165 and CG32164 CRISPR/Cas9-induced knockouts to show that, in
fact, both duplicates are essential for fly reproduction and sexually antagonistic. Knocking
out CG32165 causes complete male sterility, but significantly increased female fertility, while
knocking out CG32164 causes complete female sterility, but significantly increased male
reproductive output. Sterility is caused by defects late in oogenesis and spermatogenesis.
We discuss these results in the framework of meiotic drive and sexual antagonism and suggest

a model by which new genes like CG32165 can quickly become essential.
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3.0.3 Results

CG32165 and CG32164 Are Both Essential For Reproduction

We recapitulated the results of constitutive CG32164 or CG32165 RNAi by knocking out
these genes using the CRISPR/Cas9 system (Figure 3.3). Consistent with our RNAI results,
~20% fewer CG32165™U homozygotes survive to adulthood than expected, while no lethal
effect was observed in CG321 64”“” homozygotes (Figure 3.3). There was no difference in
lethality between CG32165"" males and females (Welch’s ¢ test p > 0.05 in all cases).
Furthermore, we did not observe any reduction in survival in heterozygotes, suggesting that
CG32165™ mutations are recessive (not shown). The lethal effect of CG32165 knockout is
rescued by introgression into one CG321 65" Tine of a wild-type copy of CG32165 inserted
into attP40 on chromosome 2L, showing that the deletion induced in CG32165 is the cause
of the lethality (Figures 3.3, A.5, and A.6). Thus, CG32165 is essential for proper fly
development (Chapter 2).

Clearly, most or all homozygous CG32165™ or CG3216/™ ! flies survive to adulthood.
We next tested whether loss of CG32164 or CG32165 function affected male or female
reproductive output by crossing individual mutant flies to two flies from of common wild-
type strain. Surprisingly, all homozygous CG321 65" males are sterile (Figure 3.3; Table
A.10). There was no significant increase in female sterility in these same lines (FET p =
0.37), and in fact fertile CG321 65" females produced significantly more offspring relative
to controls (Figure 3.3).

Conversely, almost all homozygous CG32164™! females are sterile. CG32164™! males
exhibit no increase in sterility rates, but instead sire significantly more offspring than controls
(Figure 3.3; Table A.10). Like the CG32165" phenotypes, CG32164™! phenotypes are

rescued by insertion of a wild-type CG32164 copy into chromosome 2L, showing that the
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Figure 3.3: CRISPR/Cas9 knockouts of CG32164 and CG32165 and their effects on survival and
fertility. a) CG32165 deletions encompass exon 1 and most of the 5 UTR. Superscripts indicate
independent lines. b) CG3216/ deletions encompass the entire 5 UTR and exon 1. ¢) CG32165
deletions cause lethality while CG3216/ deletions do not. RC: rescue construct. *¢-test p < 0.05.
d) Male and female fertility in deletion lines and controls. Raw offspring counts are shown relative
to non-deletion lines (CG82165"*% and CG32164P3%, respectively). Means and 95% CI are shown.
Each point and bar summarizes the number of progeny produced by individual test flies crossed to
two BDSC 54590 flies in at least 30 replicate crosses. t-test *p < 0.05, **p < 0.01, ***p < 0.001.

disruption of CG3216/ is the cause of the defect (Figure 3.3). Furthermore, the female
sterility effect exists regardless of which strain CG32164™! females are mated to, suggesting
it is not a paternal effect [142].

Thus, CG32164 and CG32165 are both essential for fly reproduction and both genes are

sexually antagonistic. That is, CG3216/ is beneficial for females but detrimental to males,
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while CG32165 is beneficial to males but detrimental to females.

CG32165 Knockout Disrupts Late Spermatogenesis

Drosophila spermatogenesis proceeds in a linear order from the germ cells at the apical tip of
the testis to mature sperm at the base [143]. After an initial self-renewing germ cell division,
the cell destined to produce mature sperm (gonialblast) undergoes four mitotic divisions
and two meiotic divisions with incomplete cytokinesis to produce a cyst of 64 interconnected
spermatids. Crucially, the large, bulky histones bound to DNA are then replaced with small,
acidic protamines, substantially reducing the volume occupied by chromatin and allowing
tight packing of the male DNA into sperm heads [143]. After this histone-to-protamine
transition (HPT), spermatids are invested in their own membranes and shed excess cytoplasm
and waste, producing mature sperm which are coiled and transferred to the seminal vesicle
for storage.

CG32165" mutants fail to produce mature sperm (Figure 3.4). We never observed
any sperm in mutant seminal vesicles (n = 87), which were small and withered, even in
old unmated males that typically accumulate unused sperm in the seminal vesicle and the
base of the testis. The overall morphology of mutant testes was similar to controls, except
spermatogenesis appears to fail prior to individualization (Figure 3.4) [144]. That is, we
never observed normal late canoe-stage nuclei. This defect was not observed in CG321 651C
or CG32164™ males. CG32165™ mutations apparently affect all developing spermatids

around the HPT. Interestingly, several new D. melanogaster-specific duplicate genes, includ-

ing tHMG1 and ProtB, are also involved specifically in the HPT [122].
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Figure 3.4: (CG32165 knockout causes spermatogenesis to fail near the histone-to-protamine
transition. All images are DNA (DAPI) stains of testis or seminal vesicles from 10-day old mated
males. a) A seminal vesicle from CG32165%C male containing mature sperm. Large nuclei are the
seminal vesicle somatic cells. b) The proximal third of a CG321657C testis, showing development
proceeding from left to right. Maturing cysts are clearly visible, and proceed through the histone-to-
protamine transition to produce dense bundles of spermatids just prior to individualization (e.g. the
cyst indicated by the arrow). c) A single CG32165%C cyst just prior to individualization, similar to
the cyst indicated by an arrow in b. d-e) The same features as a - ¢, but in CG32165*9% mutant
males. d) CG32165°*92 mutants fail to produce mature sperm. e) Spermatid nuclei appear to
progress normally through spermatogenesis until around the HPT, then revert to a globular form
(arrow, similar to the cyst shown in f). Scale bars: a,b,d,e 25 pm; c,f 5 pm.

Oogenesis In CG32164™" Flies Is Abnormal

The cause of sterility in CG3216/™! mutants is less clear. CG3216/m! eggs remain rounded

and have shortened, thick anterior filaments, suggesting failure earlier in oogenesis (Figure
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Figure 3.5: C(G32164 mutant eggs are rounded. a) Stock 54590 (wild-type), b) CG32164"C, c)
CG3216/P™f7 mutant, and d) CG382164P™ mutant embryos. Scale: 300 ym. e) Quantification of
embryo anterior-posterior length. Means 4+ 2 SEM are shown. Wilcoxon Rank Sum test results
comparing 54590 vs. mutants shown above bars. *p < 1073; **p < 1079

3.5). Interestingly, the estimated volumes of mutant eggs, calculated as %*WidthQ*length,
are not different from wild-type eggs (Welch’s ¢-test p > 0.05 for all comparisons), suggesting
that CG32164 may exert its effect in the somatic cells that influence egg development (e.g.
follicle cells; S. Horne-Badovinac personal communication). This egg length defect is not
seen in CG32165 mutants or in CG3216/ rescue lines. We do not know if these embryos
were successfully fertilized, so the egg shape defect may not be the cause of the sterility.
However, sterility occurs regardless of the genotype of the males that CG321 64"“” flies are

mated to, suggesting that it is an oogenesis defect rather than a paternal effect.

CG32164 and CG32165 Expression Divergence

Overall, CG32164 and C'G32165 fertility defects are consistent with their expression patterns
across tissues and development (Figure 3.6). CG32165 is moderately expressed in L3 larval

imaginal discs and testis and only lowly in ovary, while CG32164 is moderately expressed
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in L3 imaginal discs and ovary but lowly in testis. Furthermore, the D. simulans ortholog
appears to be broadly expressed in female bodies, and especially female head, so there has
likely been significant expression pattern divergence both since the speciation event and since
the duplication event that likely contributed to the functional divergence we see between the
duplicates now (Figure 3.6). Even though the gene pair was generated within the last 2
million years by tandem duplication, the Spearman Rank correlations in their expression
patterns in modENCODE data are only 0.64 (p = 0.0017) across tissues and 0.42 across

development (p = 0.059) [95].
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Figure 3.6: Expression pattern divergence between CG32164, CG32165, and their D. simulans
ortholog, GD14650. GD14650 expression levels are calculated relative to RpL32 as 2-(Cr.c=Cr.R)
where Cr g and Cr g are the threshold cycles of the target gene and RpLS32, respectively. They
are then divided by the maximum expression detected for that gene among tissues or development
to highlight expression relative to maximum detected expression. Means and 2 SEM from three
biological replicates are shown. CG32164 and CG32165 expression levels are taken from FlyBase
201505 [95]. Only similar datasets are shown.

This expression pattern divergence will likely have led to a significantly different set of

proteins that the two genes are able to interact with. In fact, the genes share no direct
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interaction partners in a gene co-expression network constructed using modENCODE data
(Chapter 2). The fact that the duplicates are expressed in the same tissues or developmental
stages, but at different levels, may explain why they cannot compensate for each other’s loss.
However, it is still unknown which particular tissue or set of tissues the two genes actually

exert their effects in.

CG32165 and CG32164 sequences evolved relatively rapidly since duplication

CG32164 and CGS32165 may have identical molecular functions but act in different devel-
opmental stages or tissues, or they may have distinct molecular functions. To begin to
understand if the CG32164 and CG32165 molecular functions have functionally diverged,
we investigated patterns of amino acid substitutions in the proteins through time.

Neither gene has accumulated amino acid substitutions significantly faster or slower than
expected for neutrally evolving genes according to maximum likelihood analyses of nonsyn-
onymous and synonymous substitution rates (dy and dg) [100]. CG32165 and CG32164
dy/dg estimates are similar (likelihood ratio (LR) = 0.06, p = 1) and less than one, but
both values are significantly higher than the background rate (CG32165 dy/dg = 0.750,
LR =4.77, 1 d.f., p = 0.002; CG32164 dyn/dg = 0.685, LR = 2.18, p = 0.019). There is
thus no evidence for asymmetric rates of sequence divergence between the two copies. Fur-
thermore, neither gene has accumulated a significant excess of nonsynonymous substitutions
according to McDonald-Kreitman tests (FET CG32165 p = 0.19, CG32164 p = 0.39) [101].
Finally, dy /dg of the pre-duplication, ancestral gene is estimated to be 0.226, suggesting it
did not evolve rapidly in the period leading up to the duplication event, which is expected in
some selection-driven subfunctionalization models [20, 21, 23]. Altogether, these results sug-

gest that the rate of amino acid substitution has increased in both C'G32165 and CG32164
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since duplication, but whether this apparent increase is due to relaxed constraint or positive
selection is unknown.

As mentioned previously, CG32164 and CG32165 reside in the middle of a large selective
sweep in a region of average recombination (~2.5 cM/Mb; [145]), suggesting that at least one
of the duplicates, or a variant very tightly linked to them, was the target of selection. Con-
stitutive knockdown of CR18217, a chimeric pseudogene formed by the CG32164/CG32165
tandem duplication, had no effect on fly survival or fertility (not shown), suggesting it is

likely not the target of selection.

CG32164

CG32165

Figure 3.7: Predicted protein structures of CG32164 and CG32165. Structures were predicted
using the RaptorX web server and the consensus protein sequences for CG32164 and CG32165
(Methods) [146]. The two genes, like all importin-fs, form « helix-rich right-handed coils. Green
residues are those that substitutions that are shared between the two copies and therefore arose in
the pre-duplication ancestor. Blue substitutions are those that are specific to that gene copy. The
purple region is the canonical importin-3 motif. Structures were analyzed in PyMol [147].

CG32164 and CG32165 are importin-g proteins. Importin-£s have diverse roles within
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the cell, including the regulation of mitotic spindle assembly, directional import of proteins
into the nucleus, and nuclear envelope assembly, and each of these roles are regulated by
the nucleus-to-cytoplasm gradient of the Ran GTPase bound to GTP (Figure 3.8) [148].
Thus, the ability to bind Ran is therefore crucial for importin-g function [149, 150]. The
importin-g domain that binds Ran is highly conserved among eukaryotes, and we reasoned
that mutations that disrupt the importin-8 domain may interfere with Ran binding. The pre-
duplication ancestor accumulated 44 amino acid substitutions between the D.simulans/D.
melanogaster split and the duplication event, CG32165 specifically accumulated 16, and
CG3216/ specifically accumulated 8, yet none of these substitutions has occurred in the
importin-5 domain (Figure 3.7). Instead, substitutions are scattered throughout the proteins
and tend to maintain the site polarity and hydrophobicity (Figure 3.7). Interestingly, while
only 14% (6/44) of amino acid changes shared by the duplicates were drastic (i.e. changed
the charge or hydrophobicity of the site), 44% CG32165-specific (FET p = 0.0287) and 38%
CG32164-specific (FET p = 0.13) substitutions are drastic. Whether this accumulation of
potentially deleterious substitutions is due to relaxation of selection after duplication or a
sign of functional differentiation is unclear. In any case, there are no obvious differences
in CG32164 and CG32165 protein sequences that suggest they perform different molecular
functions.

Altogether these results suggest that functional divergence between the two copies was
primarily driven through expression pattern divergence. The 5 ends and first introns have
a multitude of structural differences that may influence this expression pattern divergence
(Figure 3.1). However, further experiments are needed to determine if this hypothesis is true

(see Experiment #1 below).
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3.0.4 Discussion

Here we have shown that both copies of a species-specific duplicate gene pair are essential
for fly fertility. RNAi and specific gene knockouts provide strong evidence that, in addition
to CG32165°s effect on fly survival, CG32165 and CG3216/ are required for male and
female fertility due to their action in testis and ovary, respectively. Intriguingly, the gene
pair appear to be sexually antagonistic, as CG32164 knockout also results in significantly
increased male fertility while knocking out CG32165 significantly increases female fertility.
The pair likely perform a similar molecular function, but at different developmental stages

and tissues, considering the functional regions of the proteins have been preserved.

CG32165 Is An Essential Species-Specific Gene

CG32165 has greater sequence and structural divergence from its D. simulans and D. yakuba
orthologs than CG32164 and, consistent with any definition of young genes, can be called
the new copy of the duplicate pair (Chapter 2) [35, 45, 63, 80]. Furthermore, CG32165
has qualitatively higher expression in the testis relative to the D. simulans ortholog and
CG32164, a phenomenon observed for young genes in organisms from mammals to flies (see
refs [34, 56] for reviews). This novel expression pattern explains how CG32165 is able to
affect spermatogenesis, but not the cause of the sterile phenotype. Why is CG32165 essential
for fly development, while CG3216/ is not? It is not possible with our data to distinguish
between neofunctionalization and subfunctionalization models, but it is difficult to explain
how a novel essential function could evolve so quickly. It seems more plausible that CG32165
is essential because it retained an ancestral essential function, probably expression in a
particular developmental stage and/or tissue, while CG32164 did not. However, functional

tests of the ancestral, pre-duplication gene copy are needed to distinguish between these
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types of models (more below).

CG32165 Knockout Causes Sterility by Interfering With the Middle Stages

of Spermatogenesis

Many examples of young, male-beneficial genes have been identified in Drosophila. Ding
and her colleagues found that knocking out nsr, a ~10 million year old duplicate gene in D.
melanogaster and its close relatives, causes male sterility because spermiogenesis fails [62].
The Sdic chimeric gene family formed by tandem duplication specifically in D. melanogaster,
yet significantly improves the competitiveness of sperm by ~1.5% [118, 119]. And, like the
other D. melanogaster-specific genes CG32165, ProtB, and tHMG1 Sdic resides in a re-
cent and strong selective sweep. Interestingly, ProtB, tHMGI1, and CG32165 all appear
to function during the histone-to-protamine transition (HPT) [121, 122]. In fact, ProtB
is a protamine and tHMG1 (another species-specific essential gene, Chapter 2) is a chro-
matin remodeling factor [121, 122]. Thus, it is possible that these D. melanogaster-specific
genes function together in a species-specific spermatogenesis network, as well as development
(Chapter 2). Mojoless and nsr, for example, ~35 and 6 million year old genes, are both es-
sential for normal spermatogenesis and male fertility [62, 151]. Loppin et al. (2005) showed
that K81 is a gene with paternal effect: eggs fertilized with sperm from K81 mutant males

fail to complete the first round of nuclear division [142].

CG32164 Knockout Causes Female Sterility by Disrupting Oogenesis

CG321 64””” females produce rounded eggs with normal volumes, suggesting that the defect
in oogenesis is caused by a defect in egg chamber elongation rather than a defect in oocyte

maturation and loading.
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Null mutations in Ketel, a well-studied importin-£ protein, cause females to produce eggs
with thin chorions [152], while dominant mutations that interfere with Ran binding cause

pronuclear fusion and nuclear divisions to fail extremely early in embryogenesis [150, 153].

Three Reasonable Hypotheses Can Explain CG5216/’s and CG32165’s Evo-

lution

CG32164 and CGS32165 are both sexually antagonistic. Why is CG3216/4 detrimental to
male fitness and CG32165 detrimental to female fitness? Both copies are expressed in the
gonads of both sexes, which probably explains how they affect the fitness of both sexes. Our
results suggest at least three plausible alternatives to explain the effects on reproduction of
CG32164 and CG82165. All four hypotheses require a test of the function of the ancestral,
pre-duplication gene to distinguish between them, and cannot be definitively picked between
here. We will highlight the main data that support each hypothesis and the data that are
still needed to accept them. Two experiments would particularly help to distinguish between
the following models.

Experiment #1: To test if expression pattern differences are the cause of functional dif-
ferentiation between CG32164 and CG32165 the coding sequences of the two genes could be
swapped to place CG32165 expression under the control of CG32164’s regulatory sequences
and vice versa. If expression pattern divergence drives functional divergence, then we ex-
pect that C'G32164 knockout can be rescued by CG32165 expression under the control of
CG32164 regulatory sequences. No rescue should be observed if the functional difference is
caused by protein sequence divergence.

Experiment #2: To test the essentiality of the ancestral, pre-duplication gene would

definitively show whether the essential functions of CG3216/ and CG32165 are novel or
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whether they are subsets of the ancestral functions. This experiment can be performed by
knocking out GD14650 in D. simulans only if we assume that the ortholog represents the
ancestral state. Alternatively, ancestral state reconstruction may be used to reproduce the
CG32164/CG82165 ancestor and test its ability to rescue extant gene knockouts. However,
the pitfall of this experiment is that the expression pattern likely matters and it is unclear
how to handle this. In either experiment, if the ancestral gene is essential for the fertility of
both sexes, then we would conclude that these genes have evolved according to a subfunc-
tionalization model. If the ancestral gene shows no such effects, or an effect on one sex, then
we would have evidence of neofunctionalization.

Model #1: Neofunctionalization

The first hypothesis that can explain CG32164 and CG32165 evolution is therefore that
CG32165 underwent classic neofunctionalization, which is predicted to be common in large
populations like D. melanogaster’s [74]. CG32165 appears to have gained high expression
in testis, but mainly lost expression in other tissues and developmental stages relative to
CG32164 and GD14650. Experiment #2 above will help determine if this is a viable model.

Model #2: Meiotic Drive

CG32165 may have been rapidly driven to fixation by meiotic drive, the non-adaptive
but biased transmission of particular alleles. Overall, our results bear a striking resemblance
to the D. melanogaster Segregation Distorter (SD) system, probably the best-characterized
meiotic drive system (see ref. [154] for review). Heterozygous males transmit SD chromo-
somes 65% - 95% of the time, instead of Mendel’s expected 50% [155]. Distortion is caused
by a partial tandem duplication of RanGAP (Sd-RanGAP). Sd-RanGAP produces a func-
tional enzyme lacking a site that typically enables tethering to the outside of the nuclear

envelope and maintenance of the RanGTP gradient because RanGAP (and Sd-RanGAP)
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stimulate RanGTP to hydrolyze GTP to GDP (Figure 3.8) [156, 157]. Without its tether,
Sd-RanGAP enters the nucleus of the cell, distorts the RanGTP gradient, and by some
unknown mechanism, causes preferential transmission of SD chromosomes [154, 156, 157].

In fact, SD chromosomes cause non-SD chromosomes to fail to proceed through the HPT,

similar to CG32165 knockout [158].

[ importin = RanGDP
importin-a @ RanGTP
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Figure 3.8: The RanGTP gradient determines importin-g function. The Ran GTPase activating
protein (RanGAP) and Ran guanine nucleotide exchange factor (RCC1) act to maintain a RanGTP
gradient between the nucleus and cytoplasm which drives directional, importin-mediated nuclear
import through the nuclear pore complex (NPC). Importin-3s have an N-terminal Ran-binding
domain (purple), a middle domain that interacts with the NPC, and a C-terminal importin-a/cargo
binding domain. Some importin-8s also bind directly to nuclear localization signal sequences in
cargo proteins without importin-a mediation.

The nuclear import machinery, including nucleoporins [159], nuclear transport factors,
and even Ran duplicates [160, 161], frequently exhibits signs of recent and strong positive
selection. These observations have led to the hypothesis that the nuclear import pathway,
including many proteins that importin-gs directly interact with, is susceptible to genomic
conflicts caused by meiotic drive [162]. The diverse roles of importin-fs in nuclear import
and cell division provide plenty of potentially essential functions that may explain the lethal
and sterile effects of CG32165 and CG32164. Furthermore, strong meiotic drive will produce
patterns of diversity reduction identical to selective sweeps. However, alleles fixed by male
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meiotic drive should not increase male fertility, whereas alleles fixed by natural or sexual
selection might be expected to do so. Work in mice has led to the suggestion that such meiotic
drive systems may potentiate more extensive divergence and even speciation by rapidly
driving genetic divergence between populations, and that non-adaptive yet rapid evolution
of recombination hotspots in mice can lead to the evolution of reproductive incompatibilities
between populations in short periods of time (<1 million years) [163, 164].

Model #3: Male-Specific Selection

CG32165 is required for male reproduction, and, as we discussed above, many young
Drosophila genes have similarly strong male-specific effects [61, 62, 119, 142, 151]. These
results and more from mammals suggest that new gene origination is frequently driven by
the male-specific benefit of new genes [56].

The difficulty with all of these studies and ours is that they are all loss-of-function assays.
Therefore, we do not know if the gene itself is actually beneficial, only that its removal causes
a phenotype. Though it is complicated by the fact that the expression pattern may not be
comparable, one test of the male benefit of the new gene would be to insert it into an outgroup
species like D. simulans. We would expect transgenic males to have higher fertility.

Model #4: Resolution of Sexual Conflict

A closely-related and final model to describe CG32164 and CG32165 evolution is that
the duplication was favored because it allows the resolution of intralocus sexual conflict
(SC) [165-170]. Males and females of sexually dimorphic species share the majority of
their genomes but have different fitness optima. Thus, alleles beneficial to one sex may be
detrimental to the other, and there is a conflict between male-specific and female-specific
selective pressures. Detrimental effects are typically resolved by sex-biased gene expression,

but resolution may often be prohibited by pleiotropic effects of changing gene expression
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patterns [171]. Theory predicts that gene duplication can relieve intralocus sexual conflict
by allowing each copy to increase expression in the benefitted sex and reduce expression
in the harmed sex while avoiding the pleiotropy problem [169, 172]. Such resolution is
not immediate, but rapid divergence in expression pattern and therefore relief of strong SC
should occur shortly after duplication occurs [172].

Several observations make us believe that SC resolution has governed CG32164 and
CG32165 evolution. Obviously, CG32164 and CG32165 are sexually antagonistic. Fur-
thermore, they exhibit symmetric amino acid divergence rates, but apparently asymmetric
expression pattern divergence in which CG32165 specifically increased testis expression while
CG32164’s expression remained more constant. After duplication, the copies would be free
to optimize their male and female effects separately and, by chance partitioning of expression
patterns, CG32165 kept the gene-gene interactions necessary for the ancestral gene’s essen-
tial function during development. The chance partitioning of essential functions into one
copy or other would also explain why there is a relatively constant fraction of essential genes
of different ages [63]. We hypothesize that CG32164/CG32165 SC is simply not yet fully
resolved. This hypothesis can be tested if we assume that the D. simulans ortholog’s expres-
sion pattern is similar to the expression pattern of pre-duplication CG32164/CG32165 gene.
We predict then that D. simulans GD14650, which is single-copy, is essential for fertility of
both sexes.

This model is closely related to model #3 because the male-specific selective pressure,
and therefore sexual conflict, may have existed before the duplication and provided the initial
benefit to duplicate the CG32164/CG32165 ancestor.

Detailed investigations of the fitness effects and molecular evolution of the remaining

essential species-specific genes and their parents may help distinguish between whether new
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duplicates sweep to fixation because 1) they have a novel beneficial function, 2) there is strong
meiotic drive, 3) they specifically improve male fitness, and/or 4) they allow resolution of

sexual conflict.

3.0.5 Methods

CRISPR/Cas9-Induced CG32165 and CG32164 Knockout

We induced large deletions ( 180 bp and 700 bp, respectively) encompassing the CG32165
or C(G32164 translation start sites using the CRISPR/Cas9 system generally following Bas-
sett and Liu 2014. We designed gRNAs using the FlyCRISPR Optimal Target Finder with
high stringency, choosing only gRNAs with no predicted off-target cut sites [174]. We syn-
thesized gRNAs following Bassett and Liu 2014, and injected gRNAs (500 ng/uL each) into
Bloomington Drosophila Stock Center strain 54590 [175]. Strain 54590 expresses Cas9 ubiq-

uitously under control of the Act5C promoter. Mutants were isolated by crossing to BDSC

: *. Sht . .
strain 4534 (w*; TM3,P{w+mC,Act—GFP},Ser1)' Both gene copies were PCR amplified and

sequenced to ensure that only the target copy contained a deletion. F1 flies without deletions

in CG32164 or CG32165 were used as controls in fertility and lethality experiments.

Rescue Line Construction

CG32164 or C'G32165 gene regions plus ~750 bp up- and downstream were PCR amplified

and inserted into a backbone carrying a wvermilion marker (pVerm) before injection into

1. sna®c :
s 2oy Palancer strain

BDSC strain 25709. Transformants were isolated by crossing to ylv J

(provided by the Harvard Transgenic RNAi Project’s R. Binari). The appropriate rescue

chromosome was introgressed into CG32165"%92 or CG3216/P7/7 with the aid of BDSC

1f-1 1
stock 7198 ( KCrny ) T M?, Serl)‘ These rescue lines were used in subsequent fertility and
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lethality assays. See Figures A.5 and A.6 for additional details.

CG32165 and CG32164 Knockout Fly Lethality and Fertility Effects

Twenty balanced flies of each sex were crossed in bottles in at least triplicate. The proportion
of F1s without a balancer (i.e. homozygous for the deletion) for knockout lines was compared
to the proportion from controls to estimate egg-to-adult lethality. We tested the effect of
CG32165 or CG32164 knockout on fly fertility by crossing individual 3 - 5 day old mutant,
rescue, or control flies to two 54590 flies. Flies were allowed to mate for 9 days in a 25°C
incubator with 12h:12h light:dark cycle. Parents were then removed and total F1 progeny

counted 18 days after cross setup. At least 30 crosses were used for each line (Table A.10).

Testis and Egg Staining and Microscopy

Testis were fixed with methanol/acetone and stained with DAPI following Bonaccorsi et
al. (2011,2012) before visualization using a Zeiss LSM 710 confocal microscope [176, 177].
Embryo lengths were quantified in ImageJ using the maximal distance from anterior-to-

posterior tips [178].

Population Genomic Data and Analyses

McDonald-Kreitman tests and maximum likelihood analyses were carried out using meth-
ods and polymorphism and divergence data described in Chapter 2 (page 30). We used
PAMLA4.7a [100] to estimate relative rate ratios. We used the longest isoforms of CG3216/
orthologs defined in FlyBase release 2015_05 from D. ananassae, D. simulans, D. sechellia,
D. yakuba, and D. erecta as outgroup sequences. We used the majority consensus sequences

of CG82165 and CG32164 coding sequences from 17 DPGP2 RG genomes as representa-
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tives for those genes [83]. We estimated w under a free-ratio model and also specifically
tested whether C'G32165 or CG3216/4 have evolved at different rates than their orthologs by
comparing two-ratio models allowing CG32165 (or CG32164) to evolve with a different w
than its orthologs to a one-ratio model constraining all branches to evolve under the same w

value. Likelihoods were compared using a likelihood ratio test with one degree of freedom.
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CHAPTER 4
AN INVESTIGATION OF SELECTION ON INDIVIDUAL
TANDEM DUPLICATIONS SEGREGATING IN

DROSOPHILA MELANOGASTER

4.0.1 Abstract

All genes in a species’ genome originated as a mutation in a single germ cell which then
spread to all members of the species. Understanding the evolutionary forces governing this
phase of new gene origination is crucial for understanding precisely when new genes be-
come beneficial and therefore destined to be fixed and maintained in that species’ genome
over some period of evolutionary time. Theoretical models describe idealized ways in which
new genes fix, while empirical studies show that the vast majority of genes segregating in
populations are under strong purifying selection. To begin to reconcile these two ways of
thinking about the polymorphic phase of new gene origination, I investigated the presence,
structures, expression, and evolutionary forces acting on new duplicate genes segregating in
D. melanogaster. Consistent with previous studies of D. melanogaster gene copy number
variation (CNV), I find thousands of partially or completely duplicated genes segregating in
a large African population of D. melanogaster. Ten percent of duplications completely du-
plicate at least one gene, but an additional 23% partially duplicate genes to form potentially
novel gene structures, many of which are expressed. Analyses of nucleotide diversity and
haplotype length around CNVs suggest that a small fraction have risen in frequency, proba-
bly due to positive selection. I discuss the implications of these results, future experiments,

and ways to improve the power of these methods.
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4.0.2  Introduction

New genes are those that were formed recently in evolutionary time and are therefore found
in one group of closely related organisms but absent in all others. The initial stage of the
process of new gene origination is a population genetic process in which a mutation in a germ
cell in a single individual spreads through the population to fixation under the influence of
evolutionary forces such as natural selection, genetic drift, and recombination [16, 75]. Most
new genes are formed by duplication, and duplicate genes have long been hypothesized to be
a significant source of novel gene functions that contribute to adaptation and evolutionary
novelty. There has thus been intense theoretical investigation of when and how new beneficial
gene functions arise [9, 18, 74, 75, 111, 179, 180].

Classic models of duplicate gene evolution assume that duplicates are functionally re-
dundant long after the duplication event and therefore ignore the fixation phase of new
gene origination (e.g. ref. [73]). However, more recent models show that the probability of
duplicate retention and even neofunctionalization can be high, particularly in large popula-
tions, and the classic assumption of redundancy and neutrality before fixation may rarely
be true [74]. In addition, several experimentally-supported models exist describing how new
duplicates may evolve under continual positive selection, either because gene duplication
is favored to increase gene dosage or because duplication allows copies to independently
optimize distinct beneficial functions [20-24].

Conversely, massive amounts of population genomic data have shown that new genes
segregating in populations frequently have strong deleterious fitness effects [117, 181-185].
Applications of powerful array and next-generation sequencing technologies in humans, flies,
plants, and other organisms have shown that DNA copy number variants (CNVs), which

include gene duplications, may account for more genomic differences between individuals
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than single nucleotide polymorphisms (SNPs) [117, 123, 185-187]. Empirical investigations
in humans and flies consistently show that the frequency spectrum of CNVs, including com-
plete gene duplications, is strongly skewed towards low frequencies, suggesting that most
new duplicates are quickly purged from the population by strong purifying selection [117,
185, 187]. Furthermore, there are many strong associations between duplications and disease
in humans (e.g. see ref. [188] for review and ref. [189]). Thus, there is abundant indirect
and direct evidence that new duplicates are often deleterious.

The fact that new genes originate at high rates in diverse lineages, from human (~25
per million years) to Drosophila (~10 per million years), shows that some small fraction
of newly-formed genes do fix [35, 43, 44, 46, 190]. Furthermore, 62% D. melanogaster-
specific genes frequently exhibit signs of having recently been strongly selected (Chapter 2).
Outstanding questions, then, are which new genes segregating in populations are likely to fix
and what characteristics of those genes distinguish them from the vast majority segregating
in the population? Comparing genes at the polymorphic stage to those that have fixed may
shed light onto these questions.

This chapter was motivated by the observation that 62% of fixed D. melanogaster-specific
genes (less than ~2 million years old) reside in recent and strong selective sweeps, suggesting
that natural selection often strongly influences the early stages of the evolution of genes that
eventually fix in flies (Chapter 2). Whether or not selection acted on these new gene loci
before fixation is still not certain, however, because the mean time to fixation for a neutral
variant is 4N, generations [191]; for flies, this equates to ~400,000 years [116]. Thus, these
new loci may have drifted to fixation and subsequently accumulated beneficial mutations
which caused the loci to sweep. It is therefore still unclear if and how frequently natural

selection acts on new genes when they still segregate in the population.
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Figure 4.1: Divergently-mapped read pairs and split reads indicate tandem duplications in sample
genomes relative to the reference genome. Arrows are sequencing reads and read pairs are con-
nected by dotted lines (which are not sequenced). The reference genome region B-C is tandemly
duplicated in the sample genome. Random fragments from the sample genome are sequenced with
paired-end next generation sequencing and mapped back to the reference genome. Divergent pairs
(+—) indicate the tandemly-duplicated region and split reads (dark red arrow) reveal the precise
nucleotide breakpoints.

The goal of the work described in this Chapter was to, first, detect individual duplicates
segregating at high frequencies within D. melanogaster that have been selected and, second,
produce a high quality set of candidate genes with putatively beneficial functions that can
be experimentally studied in the lab in order to better understand new gene origination
and functional evolution. I investigated the presence, expression, and evolution of tandem
duplications (TDs) segregating in D. melanogaster. At least 80% of CNVs [117, 187] and
new genes that recently fixed in D. melanogaster were clearly formed by tandem duplication
(Chapter 2) [35, 192]. I therefore identified TDs segregating in the Drosophila Population
Genomics Project phase 2 (DPGP2) dataset, a collection of 109 deeply-sequenced haploid
embryo sequences from individual flies collected around Africa [83]. This sequencing dataset
has the significant advantage of being haploid sequences, which allows investigation of vari-

ation specifically among chromosomes in which the duplication is present or absent.
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4.0.83 Results

TD Caller Specificity, Sensitivity, and Accuracy

Several algorithms have been developed to detect TDs in high-throughput, whole-genome
re-sequencing data relative to a reference genome assembly (Figure 4.1) [193-195]. These
algorithms can identify duplications with nucleotide resolution, offering a significant advan-
tage in detecting the precise fusion points in chimeric genes over previous methods (Figure
4.1) [117]. I tested the sensitivity, specificity, and accuracy of two algorithms, pindel [193]
and delly [195], using simulations based on DPGP2 data characteristics (Methods) [83, 196].
I specifically tested the effects of read depth, minimum supporting read mapping quality,
repeat sequences, and the number of required supporting reads. Both algorithms have rea-
sonably high sensitivity, and extremely high accuracy, even with low coverage sequencing
(Figure 4.2).

Impressively, repeat regions and mapping quality cutoffs have negligible effects on the
true positive (< 1.7% decrease) and false positive rates (< 2.3% increase). Previous studies
used the intersection of calls from multiple algorithms to generate a ‘high-confidence’ set of
variants [185, 187]. However, including pindel calls here only increases the false negative
rate: with 30x mean coverage, delly correctly called 85% of duplications and pindel called
62% of duplications, but only 32% of calls were made by both programs. I analyze precise

delly calls for the remainder of this chapter.

Thousands of Tandem Duplications Segregate in the DPGP2

I identified TDs on the major chromosome arms of the release 6 D. melanogaster genome
in the 109 core, haploid African fly embryo genomes sequenced by the DPGP2 using delly

v0.6.5 precise calls [83, 195]. It is critical to note that all TDs are duplications relative to the
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Figure 4.2: Tandem duplication calling algorithm specificity and sensitivity with minimum map-
ping quality 30. Only calls with at least one supporting split read (i.e. precise, nucleotide resolution
calls) were used. A) True and false positive rates for delly and pindel at a range of mean read cov-
erage depths. Results are shown for a minimum of 3 or 6 supporting read pairs (RP). The delly
TPR and FPR at 5-fold coverage o are 0.31 and 0.10. B) Call accuracy for the two programs
at various mean read coverage depths. This is the total absolute distance in base pairs between
the call coordinates and the true duplication coordinates. Means plus two standard deviations are
shown. Ninety-five percent of delly and pindel calls are within 5 and 7 bp of the true coordinates,
respectively, for all coverages.
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reference genome and therefore duplications present in the reference will not be identified
(Chapter 2).

I find 7,068 TDs segregating in the 109 genomes at a mean (median) frequency of 0.055
(0.009). Two thirds (67.2%) of TDs are singletons and 3.6% are found at frequencies >0.5,
significantly fewer than expected for neutral variants (FET p < 0.001; vs. SNPs in short
introns; [197]) consistent with previous studies using smaller datasets and different methods
(75% singletons [117] or 57% singletons [187]). While 11.6% (8.8%) of calls reciprocally
overlap > 50% (>80%) with calls made by Emerson et al. (2008), 46% (36.6%) overlap with
calls made by Zichner et al. (2013), who used similar methods to identify TDs in a North
American population of flies.

Tandem duplication can immediately generate genes with novel structures by partially
duplicating existing genes [81, 123, 198, 199], and at least 18% of fixed D. melanogaster-
specific genes are chimeric genes formed by partial tandem duplication and fusion of two
genes (Chapter 2). However, theoretically any duplication encompassing a gene’s promoter
may allow transcription of new genome regions and the production of potentially novel coding
or non-coding RNAs, and a large diversity of novel gene structures can potentially be formed
by TD [123, 198].

I determined the context of DPGP2 TDs using the D. melanogaster release 6.05 refer-
ence gene annotations. Precise fusion points can be determined because of delly’s accurate,
nucleotide-resolution calls (Figure 4.2). Overall, 9.7% of TDs duplicate at least one entire
gene, while 23% form at least one novel gene structure by fusing two existing genes or par-
tially duplicating a gene, including its promoter. However, significantly more complete gene
duplications (35) are found at frequencies >0.50 than chimeras or partial duplicates (28),

suggesting that duplicates are less deleterious than partial duplicates or chimeras, as found
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Figure 4.3: Tandem duplication type by frequency. The fraction tandem duplications in different
contexts differs depending on the frequency bin. Only tandem duplications with a single predicted
context were used. The five most abundant types are shown. EEs: exon-exon fusion of genes

on the same strand; EG: exon-intergenic DNA fusion; IG: intron - intergenic DNA fusion; CDG:
completely duplicated gene(s).

previously (FET p < 0.0001; Figure 4.3) [117, 187]. Interestingly, 51% of TDs are intragenic
and cause expansion of introns (56%) or exons (12%). Furthermore, intragenic and intergenic
TDs appear to be least deleterious, as they make up the vast majority of TDs that survive
to intermediate and high frequencies, but a significantly lower proportion are found at these
higher frequencies than expected for neutral variants (FET p < 0.001 vs. short intron SNPs;
Figure 4.3).

There are thus myriad new gene loci segregating within the DPGP2 genomes. Many have
novel gene structures and are frequently predicted to result in transcription fusing two genes
or into intergenic DNA, creating many opportunities for novel coding or non-coding RNAs

to be formed.
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ID freq. CO GA KE KK KM LA MD ML MW NK NM NR OK ZH 7S
DUP162 0.837
DUP1900 0.128
DUP2134 0.676
DUP2887 0512
DUP5193 0.028
DUP5200 0.056
DUP5291 0.065
DUP5415 0.028
DUP5435 0.579
DUP5905 0.287
DUP6345 0.156
DUP6954 0.560
DUP6957 0.009

Figure 4.4: Tandem duplications were detected using PCR and Sanger sequencing in lines char-
acterized by Emerson et al. 2008. Gray boxes indicate TD presence in that line. Frequency (freq.)
is the frequency among the 109 DPGP2 lines. This is not a direct test of delly false positive rate
because these are not DPGP2 lines.

TDs Are Present and Expressed in Lab Fly Lines

A major disadvantage of using the DPGP2 resource is that the fly lines from which embryos
were collected were not inbred before collecting the embryos for sequencing [83, 196]. How-
ever, high-frequency duplications are often found in a variety of lab lines. I confirmed the
presence of a set of 13 TDs in 15 inbred African-derived fly stocks studied by Emerson et
al. (2008) with PCR and Sanger sequencing across the unique breakpoint (C-B junction in
Figure 4.1; Figure 4.4). Current DPGP2 lines do not carry duplications that the haploid
embryo sequences contain 54% of the time (7/13 confirmed, tested TDs; not shown).

It is difficult to specifically assay expression of completely duplicated genes because there
is no way to amplify one copy versus the other, but chimeric genes have a unique breakpoint
that can be spanned with PCR primers and amplified (Figure 4.1). I assumed in the previous
section that any duplication that encompasses a transcription start site in the appropriate
orientation can result in transcription through the unique breakpoint between the tandem
duplicate copies (C-B in Figure 4.1) and potentially novel chimeric genes. I tested whether

chimeric genes are expressed using RT-PCR and SOLiD whole-transcriptome RNA sequenc-
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ing (RNAseq) from male and female whole flies. RT-PCR showed that all chimeric genes I
confirmed in lab lines are expressed in all lines they are present in. More generally, RNAseq
data from two lab lines contained multiple uniquely-mapped junction-spanning reads from
69% (51/74) and 75% (48/64) of polymorphic chimeric genes in lines Co and Zhl, respec-
tively. These results show that partial gene duplications continue to be expressed through

the breakpoint and potentially form novel fusion genes.

Reduced 7 and Extended Haplotypes Surrounding TDs

Classic genetic hitchhiking theory predicts that alleles linked to a selected allele will change
frequency with the selected allele [102, 103, 200]. TDs that have been selected to interme-
diate and high frequencies should exhibit several characteristics, including: 1) a reduction
in diversity flanking the duplicated regions specifically among chromosomes carrying the
duplication; 2) an excess of rare variants among duplication chromosomes and an excess
of intermediate and high frequency variants among ancestral chromosomes due to a recent
effective population size reduction; 3) an excess of high-frequency variants in the whole set
of chromosomes due to hitchhiking; and 4) long haplotypes surrounding duplications [102,
103, 200-206]. To test whether TDs are being positively selected I analyzed the reduction in
nucleotide diversity (m, Figure 4.5 for example) and long haplotypes in TD flanking regions
and compared these values to those surrounding putatively neutral SNPs. I will discuss
alternatives and pitfalls below.

I first calculated nSy, a powerful yet simple statistic to quantify haplotype lengths sur-
rounding TDs and intergenic SNPs found in greater than 5 DPGP2 genomes, excluding SNPs

in duplicated regions [206].
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Figure 4.5: Nucleotide diversity (7) per site among chromsomes with (7p) or without (m4)
DUP6345 in sliding 5 kb windows and 500 bp step.

SL
unstandardized nSy, = log (SLA(k)>
D(k)

where SL A(k) is the quotient of the average physical length over which chromosomes carrying
an ancestral allele at site k are identical by descent and the total number of segregating sites
within those physical coordinates. Sy, values were then standardized using Sy, values for
intergenic SNPs on the same chromosome arm in frequency bins of 0.05. Like other extended
haplotype homozygosity statistics, the log ratio controls for differences in recombination rate
between the two chromosome classes [205, 206]. Significantly long haplotypes surrounding
derived alleles are indicated by extreme negative nSy values. See Ferrer-Admetlla et al.
(2014) for additional details [206].

Furthermore, I calculated m among chromosomes carrying (7 p, derived or duplicated) or
not carrying (w4, ancestral or absent) the duplication and compared the relative reduction

in mp to mp around putatively neutral alleles at matched frequencies. I excluded the du-
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plicated regions themselves to avoid the confounding effects of gene conversion, which may
be a powerful homogenizing force in the early stages of duplication evolution [207, 208]. I
quantified the reduction in 7p as the standardized difference between w4 and 7mp (A7) in

regions of defined size w flanking the duplications.

+
Ap_ TATTD _ zs: pa,(L=pa)—pp,(1—pp,) . f”i’ij(l —p4;) —pp; (L —pp;)
TA Mt pa;,(1—pa,) = pa;(1—pa;)

where s and e are the start and end coordinates of the duplication and p 4, is the frequency
of the major allele at site ¢ among ancestral (absence) chromosomes. Only biallelic sites
were included. Analogous to nSy, analysis, I standardized A7 values to those calculated for
intergenic SNPs on the same chromosome at matched frequencies in bins of 0.05.

Table 4.1: nSy, and Ax top hits.

Duplication Coordinates Freq.® Type® AT psip nSr p

DUP2887 3L:1310981-1315894 0.52 CDG;EEs 0.9946 0.0002
DUP3447 3L:13674879-13678963 0.19 intragenic_II 0.96 0.0014
DUP2137 2R:12207300-12207855 0.64 intergenic 0.9975 0.0016
DUP1930 2R:8960432-8964174 0.21 intergenic 0.9998 0.0023
DUP3755 3L:19643894-19644186 0.07 intergenic 0.9813 0.0047
DUP1900 2R:8563666-8566020 0.13 CDG 0.9954 0.0053
DUP461 21.:8997259-8997676 0.07 Elo;IEo 0.9166 0.0062
DUP5798 3R:26278219-26280524 0.12 intergenic 0.9866 0.0066
DUP781 21.:15935606-15937294 0.06 intragenic_II 0.9937 0.0072
DUP2426 2R:18050085-18053644 0.06 3Es 0.9918 0.0079
DUP1097 21.:21094034-21096539 0.08 intergenic 0.9937 0.0085
DUPG6852 X:18230519-18235255 0.11 intergenic 0.9974 0.0101
DUP2261 2R:14853062-14857288 0.07 CDG;EEs 0.9885 0.0102
DUP5328 3R:17272377-17274695 0.07 intergenic 0.9841 0.0135
DUP4287 3R:444410-446824 0.07 intergenic 0.9547 0.0165
DUP5541 3R:21584673-21586910 0.11 intragenic_II 0.9907 0.0181
DUP3287 3L:10372726-10374665 0.09 intergenic 0.9716 0.0271
DUP144 21.:2653057-2654733 0.08 Ebs 0.9355 0.0383
DUP4010 3L:23227775-23228068 0.15 intergenic 0.9985 0.0398
DUP2007 2R:10142104-10144624 0.06 EG 0.9492 0.0459
DUP3271 3L:9966782-9970344 0.06 E3o0;E3s;3E0 0.9614 0.0461

a: frequency among 109 DPGP2 genomes.

b: E - exon, I - intron, 3 - 3’ UTR, G - intergenic DNA, CDG - completely duplicated gene, s (o) - fusion
occurs between genes on the same (opposite) strand. TDs that form multiple

new genes separate the different types with ’;’
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I considered TDs with nSy; (Ax) values in the most negative (positive) 5% of TD and
SNP values genome-wide as having good evidence of being positively selected (Table 4.1).
This analysis detects 21 TDs with extremely negative nSy, values, all of which also exhibit
significantly reduced A in at least one window size (Table 4.1). Conversely, 104 (0.5 kb
window) to 160 (5 kb window) TDs have extremely high Ar values. The discrepancy is due
to the fact that 1) Ax has an absolute maximum value of 1 (i.e. when 7 = 0) and 2) many
of these duplications have large repeat regions nearby that are masked, reduce the number
of informative sites for 7 calculations, and therefore amplify differences between 74 and 7p
(discussed below). About half of these duplications are at frequencies <0.10. Surprisingly,
8/21 are completely intergenic duplications, and could suggest that they affect the regulation

of nearby genes (Discussion).

Case Studies

DUP2887 is a Prime Candidate for Further Study: DUP2887 has the most extreme Am and
nSy, values of any TD (Figure 4.6). This duplication completely duplicates CG9186 and
also forms a novel chimeric gene comprised of the RCC1 domain of Sherpa and a domain
of unknown function from CG2469. 1 hypothesized that the chimera had a novel function
that was being selected, but I found that 70% of chimeric gene alleles segregating in lab
lines contain frameshifts and premature stop codons (Figure 4.6). It is possible that these
frameshifts were accumulated during inbreeding to generate these stocks. Cardoso-Moreira
et al. (2016) also recently found DUP2887 to be being selected, and the CG9186 duplication
increased dosage of the gene, so it could be that the duplicate gene is the target of selection
[199].

Gene - Intergenic DNA Fusions Can Immediately Generate Novel Transcripts: One ex-
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Figure 4.6: DUP2887 generates a novel chimeric gene and appears to be sweeping. The duplication
is found in 51% of DPGP2 genomes and about half of lab strains I tested (Figure 4.4). a) A tandem
duplication on chromosome 3L completely duplicates CG9186 and partially duplicates and fuses
Sherpa and CG2469. b) Semi-quantitative expression pattern of the chimera in tissues from one
strain, MD. Sherpa is moderately to moderate-highly expressed in all modENCODE tissue and
development datasets [95]. ¢) Cloning and sequencing the chimeric gene region in 10 lab strains
showed that 70% of the chimeric genes contain indels that cause frameshifts and premature stop
codons. For each sample (pair of horizontal bars), the top bar is the nucleotide sequence and the
bottom bar is the translation. Vertical black bars indicate positions that differ from the predicted
chimeric CDS (protein) sequence based on the reference genome. Regions that are out-of-frame
with respect to the reference are solid black. d) 7 per site in 50 kb flanking DUP2887, calculated
in sliding 5 kb windows (0.5 kb step). e) 7 in the 5 kb flanking regions, calculated in sliding
windows of 0.5 kb and 50 bp step. m4: 7™ among chromosomes without the duplication; 7wp: =«
among chromosomes carrying the duplication.

ample will highlight the large potential that TDs have to generate novel genes beyond strict
gene duplication. A duplication of 3R:30,888,920..30,893,496 found in 15% of lab lines [117]
copies only the promoter and first codon of Sap-r and produces novel transcription into
intergenic DNA (Figure 4.7). There are three implications. First, without knowing that
a line contains this duplication, it would appear that there is random, high transcription
of intergenic DNA and potentially cause it to be annotated as a non-coding RNA. Second,

if this duplication did eventually fix the locus would appear to have arisen de novo from
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previously non-coding DNA. I suspect this is one major way that de novo gene origination
can be jump-started, though transcription of intergenic regions appears to be abundant in
humans, yeast, and flies [95, 209-211]. Whether this is simply caused by a permissive chro-
matin environment or, in some cases, unknown duplications, is worth investigating. Third,
this gene has multiple isoforms, indicating that splicing can occur at the earliest stages of de
novo gene origination. Further work is needed to understand the contribution of this type

of duplication to genome evolution, which accounts for 6% of duplications.

4.0.4  Discussion

Altogether, T find thousands of tandem duplications segregating in the DPGP2 dataset.
While 10% of TDs completely duplicate genes, many more (23%) duplications partially du-
plicate pieces of one or more genes to generate novel fusions between all possible combinations
of genetic elements. While the vast majority of TDs are known to be rapidly lost due to drift
or purifying selection [117], at least 21 TDs in this dataset have extremely reduced diversity

and long haplotypes, suggesting that they are rising in frequency due to positive selection.

Is Selection Acting on Tandem Duplications Segregating in the DPGP27

A major unresolved question about new gene evolution is whether or not selection acts on
new gene loci before fixation. Detecting positive selection on new loci would suggest that new
loci are not redundant even immediately after they are formed. This would rule out classical
models of new gene evolution in many cases, which assume two copies are redundant for very
long periods of time [18, 73], and instead favor more recent models that posit selection before
or shortly after new gene formation [21, 23, 213]. Tt certainly appears that most duplications

are not redundant and in fact deleterious, because they are kept at low frequencies or purged
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Figure 4.7: a) A duplication on chromosome 3R copies the promoter and first codon of Sap-
r, resulting in transcription into previously intergenic DNA. Interestingly, this gene already has
multiple isoforms, determined using 3’ RACE: a 2 kb transcript and an 800 bp transcript produced
by splicing out a 1.2 kb region. b) Whole transcriptome sequencing (RNAseq) shows transcription
from this region in lines carrying the duplication (Zhl is shown). A snapshot from the Integrated
Genomics Viewer is shown [212]. Cyp4c8 is on the opposite strand. c¢) Qualitative expression
pattern using reverse-transcriptase PCR of Sap-r and the novel chimera shows that the novel gene
gained expression in testis.

from the population. In addition, recent work has even shown that tandem duplication itself
may often immediately change expression levels in different ways than expected [214].

Cardoso-Moreira et al. (2016) also recently published a manuscript showing 1) that
duplications frequently affect gene dosage and 2) some duplications appear to be being pos-
itively selected [199]. She and her colleagues used a similar approach to the one take here
(increased linkage and decreased diversity levels) in a different D. melanogaster popula-
tion genomic dataset and found DUP2887 to be under selection and increased dosage from
CG9186 [199]. Certainly an interesting future direction would be to analyze genes nearby
intergenic duplications to determine if the duplication is affecting transcript levels. This
could be one explanation for the signatures of selection surrounding the eight intergenic TDs
(Table 4.1).

An accurate assessment of the proportion and types of new loci that evolve non-neutrally,

as Cardoso-Moreira et al. (2016) and I have attempted, will also help to begin to distinguish
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between classes of new genes that are being selected. It is well-documented that genes
involved in acute selective pressures (pesticides, heavy metals, pathogen resistance, etc.)
are frequently and recurrently duplicated and can rise quickly in frequency, probably due
to their effect of increasing gene dosage [199, 215, 216]. However, fixed new genes are not
enriched for with these types (Chapter 2) [63], suggesting that duplicated resistance genes
are most often eventually lost or perhaps maintained as balanced polymorphisms. Therefore
the distinction will need to be made between new genes with continually beneficial functions
and new genes with conditionally beneficial functions. New experimental techniques such as
CRISPR/Cas9 should make the insertion/deletion of duplications into/out of lines relatively
straightforward and provide the ability to directly test these types of hypotheses.

A final, serious issue with this analysis is that deleterious variants may also rise (or fall)
in frequency just as quickly as beneficial variants and cause identical changes in the patterns
of linkage and diversity in their flanking regions [217, 218]. Distinguishing these cases from
truly positively-selected and beneficial cases is a problem that can only be solved using

detailed molecular studies of duplication fitness effects.

Ar and nS; Caveats

[ compared TD Ar and nS, values to those surrounding intergenic SNPs at matched frequen-
cies because this is a large class of sites that allows reasonable estimates of the distribution
of expected values surrounding relatively neutral variants at different frequencies. Further-
more, there are at most eight intergenic TDs in bins >0.15, precluding their use as a null set.
In contrast, there are a minimum of 7,769 SNPs in every bin. Are SNPs and TDs compara-
ble? I would argue that using SNPs is an extremely conservative approach to determining

which TDs have extreme statistics. The results were identical using synonymous SNPs (not
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shown).

A second difficulty we face analyzing m and haplotype lengths around TDs is that link-
age disequilibrium decays by 50% over ~50 bp in D. melanogaster [108, 219]. This also
means that An values calculated in the regions flanking SNPs should be more severe than
those flanking TDs. Haplotypes also have a greater chance to decay before they reach the
edge of the TDs, where I began the nSj, calculation. nSjy is a measure of the total phys-
ical distance over which a haplotype extends around a focal variant and is calculated as
log((La/Sa)/(Lp/SD)), where Sy and Sp are the average number of segregating sites in
the longest haplotypes on chromosomes carrying the ancestral or derived alleles, and L 4 and
Lp are the average physical haplotype lengths, respectively. Longer physical distances con-
taining fewer SNPs produce larger positive S, values, and further reduce the power to detect
long haplotypes surrounding TDs. For example, nS7 may calculate a particular 500 bp-long
TD to have L, = Lp = 1000 bp and S4 = Sp = 10 SNPs, and S;, = 0. However, the true
Lp is 1500 bp and thus Sy, is actually -0.405. So, excluding the duplicated region biases TD
St values upward and reduces power to detect long haplotypes containing recent duplicates
(Figure 4.8). Furthermore, there is evidence in the literature that duplication-containing
chromosomes have similar, if not slightly elevated, recombination rates and should not have
inflated haplotype lengths [220-222].

One possible future direction is to use coalescent simulations to determine significance,
but an appropriate demographic model needs to be used and it is not yet clear precisely

what that is for African D. melanogaster, although there are good estimates [223, 224].
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Figure 4.8: nSy, statistics for SNPs and tandem duplications segregating in the DPGP2. Means
and 95% confidence intervals are shown. TDc values are nSy, values corrected for the fact that the
physical distance on duplication chromosomes is increased by the length of the duplication. Sy,
values were normalized to the distribution of intergenic SNP Sy, values.

4.0.5 Methods

Tandem Duplication Calling Algorithms

I tested the specificity and sensitivity of Pindel v0.2.5b1 [193] and delly v0.6.5 [195] using
simulations modeled after the Drosophila Population Genomics Project Phase 2 (DPGP2)
haploid embryo sequences [83, 196]. I avoided TD calling methods based on read depth
because the haploid embryo sequencing protocol results in high variance in read depth across
the genome [196]. T simulated TDs in the D. melanogaster release 6 chromosome 2L using
RSVSim [225], randomly drawing TD lengths from an empirical distribution of 2L TDs [117],
then simulated next-generation sequencing reads from this pseudo-reference genome with
ART (version Chocolate Cherries 03-09-2015) [226] using default settings and the Illumina
GAIIx error profile included in the package. I mapped reads to the dm6 reference 2L with

bwa mem v0.7.5a [128] with default parameters. To approximate the coverage distribution

79



of the DPGP2 genomes, I simulated 3 sets of reads with mean coverages of 10, 25, and 50,
then downsampled to a target mean coverage. TDs were then called with pindel and delly.
I simulated 100 rearranged 2L sequences with an average of 30 tandem duplications each. I
tested the sensitivity and specificity of delly and pindel to varying mean read coverage (5,
10, 15, 20, 25, or 30) and minimum read mapping quality (10, 20, or 30). I considered a
caller to have correctly called a TD if both the start and end coordinates were within 50 bp

of the true TD coordinates.

TDs in the DPGP2 Genomes

I called TDs in the 109 core DPGP2 genomes using delly v0.6.5 with default settings, then
filtered calls using custom perl scripts. A TD was considered to be present in an individual
genome if the genome had at least one supporting read pair and the TD call had at least
three total supporting read pairs from all sample genomes. TD context was determined using

FlyBase release 2015_05 gene models [96], BEDtools [227], and custom perl scripts.

TD Confirmation and Expression in Lab Lines

PCR primers were designed using primer-BLAST and PCRs performed using Standard Taq
Polymerase (New England BioLabs, USA) on a BioRad C100 Thermal Cycler. All Sanger
sequencing was performed at the University of Chicago Comprehensive Cancer Center Se-
quencing Core.

Male and female tissues were dissected in 1x PBS at room temperature and immediately
placed in a 1.5 ml tube with RNAlater (Ambion, USA). Samples were frozen until extraction.
Prior to extraction, RNAlater was removed by filling the tube with fresh PBS, centrifuging

at maximum speed at 4°C for 5 minutes, pipetting away the supernatant, and repeating
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the wash once. I extracted RNA using TRIzol (Ambion, USA) then treated the RNA with
RNase-free DNase (QIAgen, USA), all according the manufacturer’s instructions. I synthe-
sized cDNA from 2ug treated RNA using Superscript III Reverse Transcriptase (Invitrogen,
USA) and oligo-dT90 priming. ¢cDNA was diluted 1:10 in water before using 1uL in PCRs.

Whole transcriptome sequencing using SOLiD 5500x1 (Applied Biosystems, USA) tech-
nology was performed on two biological replicates of each sex for lines Co and Zhl. RNA
was extracted from 15 five day old males or females per replicate using TRIzol (Ambion,
USA). To detect expression of putative chimeric genes, we added pseudo-TD junctions to
the release 6 reference genome file and then mapped raw colorspace reads to this pseudo
reference using BFAST 0.7.a [228, 229]. T considered a chimeric gene to be expressed if T

found >3 uniquely and fully-mapped reads spanning the pseudo TD junction.

nSy Calculations

I used nSy, version 0.47 to calculate the nSy, statistic for each duplication [206]. Regions
that were duplicated in any genome were masked in all genomes prior to analysis. SNPs
encompassed by the duplication were replaced with a single entry at the duplication midpoint
for each TD in the VCF file generated in Chapter 2 (page 33). nSy, input files were generated
using custom perl scripts. Ancestral SNP states were assigned following Chapter 2 (page

34).

7 Calculations

Only TDs with frequencies between 0.05 and 0.95 were analyzed. 7 was calculated following

ref. [107] using SNP calls generated in Chapter 2 (page 33) and custom perl scripts.
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CHAPTER 5

FUTURE DIRECTIONS

5.0.1 Recap

I introduced this thesis in Chapter 1 as an exploration of two questions regarding genes that

were formed specifically in Drosophila melanogaster:

1. What are the fitness effects of D. melanogaster-specific genes?

2. What are the evolutionary forces that governed or are governing D. melanogaster-

specific gene evolution?

I used genetic manipulation and empirical population genetic analyses to provide at least
partial answers to these questions. First, I showed in Chapters 2 and 3 that at least 27% of
species-specific genes, less than 2 million years old, are essential for fly development, and at
least one is essential for fly fertility. These results make it clear that new gene copies can
be critical components of the pathways and networks controlling important processes such
as development and reproduction. Furthermore, I provide evidence in Chapter 3 that sexual
selection and resolution of sexual antagonism may drive new gene evolution. Finally, I pro-
vide some evidence suggesting that a handful of the thousands of duplications segregating in
D. melanogaster populations appear to be rising in frequency due to positive selection, sug-
gesting that whatever new gene function that selection acted on in fixed new genes probably
operated from the moment they were formed or very shortly thereafter.

The main point of Chapter 2, that a gene’s sequence conservation or presence in a wide
range of species is not predictive of its functional importance, has now been well-established
(Chapter 2 and ref. [63]). Thus, strong arguments can be made for careful molecular studies

of genes of all ages, not just ancient genes, in a variety of organisms to understand the
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evolution of phenotype, disease, and processes like development and reproduction. The
reason for this is that, as I have emphasized several times throughout this work, no gene
acts in isolation. Recent advances in functional genomics techniques have only just begun to
really highlight the complexity of how genes interact with each other to produce functional
and fit organisms.

The big question that needs to be addressed then changes from “In what ways and why
are processes such as development and reproduction conserved between organisms?” to “In
what ways and why do these existing processes differ between organisms?”. The answers
to these questions bear on a broad range of fields, from theoretical population genetics
descriptions of the limits of selection to the robustness of gene regulation to the causes of

the evolution of development.

5.0.2 Future Work

The Fitness Effect of Gaining a New Gene

All experimental studies of new gene evolution use loss-of-function methods to ask what a
new gene’s function is. This approach has clearly been successful, but only allows inference
of the new gene’s fitness effect. What is the initial benefit, if any, of gaining a new gene? I
see two approaches to answering this question.

First, what is the effect of simulating a D. melanogaster-specific duplication in D. sim-
ulans? 1t is likely that D. melanogaster-specific duplications had some fitness benefit that
caused them to become fixed and maintained in that species. They are thus good candi-
dates for further study of the initial fitness effects and evolution of new genes. Insertion
of D. melanogaster-specific genes or duplications into D. simulans may provide clues as to

why these duplications became fixed in D. melanogaster and what those initial fitness ef-
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fects were. This experiment can be executed with the CRISPR/Cas9 system to knock in D.
melanogaster-specific genes or simulate a duplication of the orthologous region in D. simu-
lans (i.e. insert a second copy of the D. simulans gene into the D. simulans strain). The
fitness effect could easily be measured using protocols like those in Chapter 3. One could
also imagine marking the insertion and tracking its frequency in experimental fly populations
over time, simulating what might happen to the new duplication in natural populations.

Second, what is the effect of gaining a new gene duplicate in a population? Thousands
of new genes segregate within D. melanogaster populations. What are their fitness effects,
if any? I think this question can best be answered by inserting new duplicates into D.
melanogaster strains that do not carry the duplicates and assaying their fitness. Insertions
can be made using either the ¢C31 system or the CRISPR/Cas9 system and take advantage
of the large number of different D. melanogaster strains available to the community (e.g.
the DGRP). To maximize the probability of observing a fitness effect, one should focus on
those duplicates found to be potentially under positive selection in Chapter 3, for example.
Fitness effects can be assayed relative to no-insertion lines, again following protocols like
those in Chapter 3.

By far the biggest difficulty with these experiments is providing the new gene’s expres-
sion pattern. In the simplest case, and to maximize the probability of observing a fitness
effect, one could place the new gene under control of a constitutive promoter. However, this
approach may bias the results, probably causing new genes to appear more detrimental than
they really are because such a broad expression pattern will cause many pleiotropic effects.
Alternatively, one could use the promoter region of the single-copy gene whose duplication
is being tested.

Altogether, though, the power of CRISPR/Cas9 and the fact that there are some very
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good candidate new genes should encourage experiments like these, which should help eluci-
date the fitness effects, if any, that cause new genes to become fixed and maintained in the

genome.

New Gene Male Bias: Causes and Effects

I see two outstanding problems in the area of new gene research in general. First, it is still
unclear what evolutionary forces actually drive the acquisition of new genes by populations.
My work suggests that new genes may be being selected specifically for their role in male
reproduction or resolution of sexual antagonism. In the future, some careful work will
need to be done investigating the fitness effects of the pre-duplication ancestral gene, either
by ancestral state reconstruction and testing, or by studying the single-copy ortholog in
outgroup species, as described above.

New genes tend to be highly expressed in testis in flies and mammals. Is this a cause of
new gene origination or is it an effect? That is, are testis-biased genes the most frequently
beneficial type of gene, or is it just that the testis is a permissive tissue that ‘allows’ new

genes to survive because there is low pleiotropy for testis-biased genes?

Understanding New Gene Evolution Using Systems Biology

I emphasized and argued several times throughout this thesis that no gene acts in isolation
and that it is the interactions between genes that dictate a particular gene’s phenotypic
effects. High-throughput technologies have allowed the rapid evolution of the comparative
and functional genomics fields in the last decade or so. These technologies are fantastic for
describing broad-scale patterns of genome evolution and gene-gene or gene-DNA interac-

tions. However, we still have few solid experimental links between those patterns and actual
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(evolutionarily important) phenotypes.
We are now on the verge of true functional genomics, though, with technologies like the
CRISPR/Cas9 system and all its variants. Some interesting questions to ask about new gene

evolution and new gene phenotypic effects using functional genomics techniques are:

1. How does the addition of a new gene affect existing gene-gene interaction networks?
This type of question will be important to understand the contribution of models like

developmental systems drift [230] to evolution.

2. How do new gene expression patterns rapidly diverge? That is, what is the role of diver-
gence in cis-regulatory elements or trans-acting factors that cause duplicate expression

patterns to diverge?

3. What is the relative contribution (and order) of expression pattern and protein se-

quence divergence to duplicate gene pair evolution?

Conclusion

Finally, there are many exciting avenues to take to understand the contributions of new genes
and other young genetic variants to evolution. The future will depend on the continuing
rapid development of precise genome editing techniques and experimental characterization
of genome-wide patterns of sequence, expression pattern, and gene-gene interaction evolu-
tion, but looks extremely promising. This also means that combinations of computational,
experimental, and ecological approaches to understanding evolution will be important to

achieve a fuller understanding of the past and continuing evolution of life.
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APPENDIX A

MAIN SUPPLEMENT

A.0.1 Supplementary Note #1: eca and p24-2

eca and p24-2 were formed by tandem duplication specifically in D. melanogaster and appear
to be present only in the reference genome sequence (Table A.1). That is, I found no evidence
that both copies are present in any of the 109 DPGP2 genomes [83].

However, several studies have provided evidence that both gene copies are essential [63,
231, 232]. eca is likely essential, as disruptive point mutations cause development to fail
prior to hatching [231]. The only evidence that p24-2 is essential comes from constitutive
RNAI using a single specific RNAi line, KK109179 [63, 232]. However, we discovered that
this RNAI line contains an insertion near tiptop [125]. Recombining out this bad insertion
and re-testing constitutive knockdown produced no lethal effect (Act5C::GAL: balancer
Fls = 91, RNAi Fls = 102, y2 = 4.62, p = 0.032; aTub84B::GAL/: balancer Fls = 70,
RNAi Fls = 74, X2 = 0.13, p = 0.72). I obtained similar results with a new RNAI line I
constructed. I note that Chen et al. (2010) used RNAI line GD5843 to suggest that p24-2
knockdown was lethal, but this line hits both eca and p24-2 and probably causes lethality
through eca knockdown.

Altogether, the data suggest that eca is essential while p24-2 is not. p2/-2 has recruited
an additional 43 amino acids into its 3" end that are not present in eca or is orthologs from
D. ananassae, D. yakuba, D. erecta, Dsechellia, or D. simulans, and it should be defined as

the 'new’ gene copy.
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A.0.2  Supplementary Note #2: tHMG1 Essentiality Contrasts with

Gartner et al. (2015) EJCB

I showed in Chapter 2 that constitutive RNAi of the Drosophila melanogaster-specific gene
tHMG1 caused lethality early in fly development. This experiment was repeatable with
multiple independent RNAI lines and drivers (Figure 2.2; Tables A.3, A.4). Furthermore,
tHMG1 knockdown in the lines I tested using qPCR appeared to be specific and fairly strong
(Figure 2.2b). I concluded in that chapter that tHMG1 is an essential species-specific gene.

However, Gértner et al. (2015) used P-element mobilization to generate a deletion
that appears to encompass tHMG1 and the 5 end of tHMG2 and found that homozy-
gous AtHMG1/tHMG2 flies exhibited no defects in morphology or spermatogenesis [122].
These authors did not measure the effect of AtHMG1/tHMG2 on male reproductive output.

I think that the discrepancy between these results is caused by compensation in the
knockout mutants by other genes in the same gene network. It has been well documented
in zebrafish that knocking out or knocking down a particular gene can produce a different
phenotype [233, 234]. Gene knockouts are somehow recognized by the cell and compensated
for by differential expression of other genes in the gene interaction network in which the
knocked-out gene participates. Conversely, expression knockdowns do not appear to be
recognized and compensated for and frequently result in stronger phenotypes than knockouts
of the same gene [234]. Indeed, Gértner et al. (2015) show that related proteins, like hmgz,
are upregulated in AtHMG1/tHMG?2 mutant flies, which suggests that this related protein
may act to compensate for tHMG1/tHMG2 loss.

It is also possible that tHMG1 and tHMG2 antagonize each other and simultaneous loss

of both copies relieves the antagonism and mitigates the phenotype.
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Figure A.1: D. melanogaster-specific duplicate gene structure divergence. Continued on next
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Figure A.1 continued. D. melanogaster-specific duplicate gene structure divergence. Multiple
sequence alignments of new and parent genes and their D. simulans and D. yakuba orthologs. Blue
bars underneath the gray (nucleotide sequence) bars denote the coding sequence. Alignment blocks
are outlined in black. Chimeric genes (Qtzl, CG31687, and CG12592) are not shown. For each
alignment, the sequences are top to bottom: D. yakuba, D. simulans, D. melanogaster parent, D.
melanogaster new.
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Figure A.2: Mean Tajima’s D in regions flanking D. melanogaster-specific duplications versus
intergenic sites that mutated and fixed specifically in D. melanogaster. D was calculated in 5
kb sliding windows (100 bp step) in the regions flanking duplications (dups) or fixed diverged
intergenic sites (FDISs). Solid lines are smoothed LOESS fits using with a 0.75 span. Separate
fits were calculated for the left and right flanking regions. Dotted lines represent 95% confidence
intervals on the means for each window. Probability values for each window (right) were determined
using permutations.
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Figure A.3: Scheme to test if D. melanogaster-specific tandem duplications exist in D. simulans
or D. yakuba population genomic data from Rogers et al. 2014. A - F are genome regions. a)
The C - D and C’ - D’ segments are tandem duplicate copies in the Dmel reference genome (blue
bar), but single-copy in (b) an outgroup genome (green bar). If the region is also duplicated in
the outgroup, but missing in the outgroup reference genome due to misassembly (e.g. light green
C - D in c), we expect that next-generation sequencing should produce paired-end reads (arrows)
spanning the unique D — C breakpoint. We simulated the D — C breakpoint breakpoint by
pasting two copies of the outgroup C - D region together, added this pseudo-TD sequence to the
outgroup reference genome FASTA file, and re-mapped population genomic sequencing reads the
pseudo-reference genome. We parsed the resulting BAM files for properly-mapped read pairs to
determine if the D — C breakpoint junction existed in any of the 20 sequenced D. simulans or 20
D. yakuba genomes [123].
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Figure A.4: Correlations between modENCODE expression data collected from FlyBase 2015_05.
FPKM values were used to generate a correlation heatmap in R 3.0.1. Large blocks of highly-
correlated datasets (e.g. all adult male datasets) provide little additional data and reduce power
to detect true correlations (top). While not complete, averaging carcass, digestive system, mated
female head, virgin female head, male head, male whole body, and female whole body samples
reduces this redundancy (bottom).
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Figure A.5: Generation of (CG8216/ and CGS82165 rescue constructs. CG32164 (A)
or CG32165 (B) gene regions and 500 bp upstream and downstream were amplified
with the primers below using the MasterAmp Extra-Long PCR Kit (Epicentre, USA).
PCR products were then cloned into BamHI-digested pVerm wusing the HiFi DNA As-
sembly Master Mix (NEB, USA). Rescue constructs were then injected into stock 25709
(Yot P{y™"7 = nos — ®C31 — int. NLS}X; P{y*'"" = CaryP}attP40) and isolated by crossing
to ylol; S’C‘?S(;O (TRiP Toolkit Stock). I introgressed the rescue constructs into either C'G'32164P7/7

Krlf-1 D!
CyO ' TM3,Ser!
A.6). Black bars are DNA sequence, green annotations are gene regions, blue annotations are

coding exons, yellow annotations are pseudogenes, and green triangles are primer sites. Primers,
where underlined regions are those that overlap with BamHI-digested pVerm: CG32165_rescue_1F
5-CGCGAATGCATCTAGATATCGGATCCGCGTCGCTTCGATCA; CG32165_rescue 1R 5’-
CTCTGCAGTCGACGGGCCCGGGATCCGGGAGGCGTTCAGGTATAC; CG32164 _rescue_1F
5-TCGGTACCTCGCGAATGCATCTAGATATCGTCCACTGCTTCTGTCCATTCC;
CG32164_rescue_1R 5-CTCTGCAGTCGACGGGCCCGGGGCAGATGGGGTCCAAATCA

or C(G32165P492 using a crossing scheme involving stock 7198 (ws; ) (Figure
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Generation

0 CG32164p717 Krit1, Dt CG32164RC < Kri-1, Dt
TM3, Ser CyO ' TM3, Ser' CG32164FC CyO ’TM3, Ser'
’ +_ . CG3216477 < K1, D1 CG32164RC + % Krtt, Dt
CyO’ TM3, Ser? CyO ’'TM3, Ser? CyO * TM3, Ser? CyO ’'TM8, Ser?
2 Kr' CG32164p77 X CG32164RC D!
CyO’ TM3, Ser! CyO » TM3, Ser?
3 CG32164RC CG32164p717 % CG32164RC  CG32164p77
CyO ’ TM3, Ser CyO * TMS3, Ser
4 CG32164°C CG32164077 CG32164°C CG32164077
CG32164RC TM3, Ser' CG32164RC 1 CG321640777
stock assay

Figure A.6: Crossing scheme to introgress rescue constructs into deletion lines using stock 7198.
The same scheme was used to introgress CG32165%¢ into CG32165P492.
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Table A.3: Full Chapter 2 RNAI screen results.

line gene source control driver® rep. balF wtF balM wtM
25709 25709_CTRL TRiP 25709  act 1 39 31 24 19
25709 25709_.CTRL TRiP 25709  act 2 23 29 18 29
25709 25709_CTRL TRiP 25709  act 3 24 20 27 28
25709 25709_.CTRL TRiP 25709  act 4 24 20 22 24
25709 25709_CTRL TRiP 25709  tub 5 28 33 21 16
25709 25709_.CTRL TRiP 25709  tub 4 29 22 22 24
25709 25709_.CTRL TRiP 25709  tub 2 18 29 20 20
25709 25709_.CTRL TRiP 25709  tub 1 14 11 10 13
25709 25709_.CTRL TRiP 25709  tub 3 21 10 18 22
25710 25710_.CTRL TRiP 25710  act 1 38 35 30 20
25710 25710_CTRL TRiP 25710  act 2 21 18 14 20
25710 25710_CTRL TRiP 25710 act 3 31 36 40 19
25710 25710_CTRL TRiP 25710  act 4 29 19 24 15
25710 25710_CTRL TRiP 25710  tub 1 28 36 35 30
25710 25710_.CTRL TRiP 25710  tub 2 22 30 16 24
25710 25710_CTRL TRiP 25710  tub 3 22 30 25 22
25710 25710_CTRL TRiP 25710  tub 4 22 25 22 30
60100 60100_.CTRL NEW 60100 act 1 14 24 32 26
60100 60100_.CTRL NEW 60100 act 2 21 27 21 27
60100 60100_.CTRL NEW 60100 act 3 29 34 39 31
60100 60100_.CTRL NEW 60100 act 4 16 24 16 15
60100 60100_.CTRL NEW 60100 act 5 14 19 14 9
60100 60100_.CTRL NEW 60100 tub 1 10 12 8 14
60100 60100_.CTRL NEW 60100 tub 2 17 13 18 12
60100 60100_.CTRL NEW 60100  tub 3 26 29 17 27
60100 60100_.CTRL NEW 60100  tub 4 10 12 8 11
60100 60100_.CTRL NEW 60100 tub 5 16 16 12 26
31735 Cdc23 TRiP 25710  act 1 19 15 14 15
31735 Cdc23 TRiP 25710 act 2 23 18 15 17
31735 Cdc23 TRiP 25710  tub 1 14 13 8 17
31735 Cdc23 TRiP 25710  tub 2 10 30 19 14
55268 CG11659 TRiP 25709  act 1 16 22 12 36
55268 CG11659 TRiP 25709  act 2 16 14 22 34
55268 CG11659 TRiP 25709  tub 2 12 15 12 11
55268 CG11659 TRiP 25709  tub 3 11 19 20 16
NV-CG11659-2 CG11659 NEW 60100  act 3 32 29 27 28
NV-CG11659-2 CG11659 NEW 60100 act 1 30 27 28 28
NV-CG11659-2 CG11659 NEW 60100 act 2 29 32 17 26
NV-CG11659-2 CG11659 NEW 60100  tub 1 26 26 27 25
NV-CG11659-2 CG11659 NEW 60100  tub 2 29 20 25 30
NV-CG11659-2 CG11659 NEW 60100  tub 3 23 28 35 32
32933 CG11700 TRiP 25710  act 1 34 14 13 20
32933 CG11700 TRiP 25710  act 2 19 35 16 12
32933 CG11700 TRiP 25710  act 3 13 17 31 30
32933 CG11700 TRiP 25710  tub 1 31 16 13 22
32933 CG11700 TRiP 25710  tub 2 19 29 16 32
32933 CG11700 TRiP 25710  tub 3 27 35 30 30
NV-CG11700-1 CG11700 NEW 60100  act 1 33 30 34 24
NV-CG11700-1 CG11700 NEW 60100 act 2 19 33 17 23
NV-CG11700-1 CG11700 NEW 60100 act 3 13 12 19 23
NV-CG11700-1 CG11700 NEW 60100 act 4 26 23 23 28
NV-CG11700-1 CG11700 NEW 60100  tub 1 15 24 23 15
NV-CG11700-1 CG11700 NEW 60100 tub 2 14 16 21 16
NV-CG11700-1 CG11700 NEW 60100  tub 3 28 24 21 32
NV-CG11700-1 CG11700 NEW 60100 tub 4 28 24 10 25
44037 CG12264 TRiP 25709  act 1 19 0 14 0
44037 CG12264 TRiP 25709  tub 2 14 1 13 0
36079 CG12592 TRiP 25710  act 1 33 25 20 16

a: act: Act65C::GALJ driver or tub: aTub84/B::GAL/ driver
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Table A.3: Continued from previous page

line gene source control driver® rep. balF wtF balM wtM
36079 CG12592 TRiP 25710  act 2 16 14 12 7
36079 CG12592 TRiP 25710  tub 1 18 13 18 16
36079 CG12592 TRiP 25710  tub 2 15 7 16 11
36079 CG12592 TRiP 25710  tub 3 15 15 15 18
36079 CG12592 TRiP 25710  tub 4 16 17 15 19
NV-CG12608-11-4 CG12608 NEW 60100 act 1 11 13 7 14
NV-CG12608-11-4 CG12608 NEW 60100 act 2 23 14 16 18
NV-CG12608-11-4 CG12608 NEW 60100  act 3 18 15 24 23
NV-CG12608-11-4 CG12608 NEW 60100 act 5 27 31 28 31
NV-CG12608-11-4 CG12608 NEW 60100 act 6 21 16 19 14
NV-CG12608-11-4 CG12608 NEW 60100  tub 1 29 20 18 17
NV-CG12608-11-4 CG12608 NEW 60100 tub 2 19 30 19 24
NV-CG12608-11-4 CG12608 NEW 60100  tub 3 11 26 15 26
NV-CG12608-11-4 CG12608 NEW 60100  tub 4 18 23 19 20
NV-CG12608-11-4 CG12608 NEW 60100  tub 5 31 31 26 23
NV-CG12608-11-4 CG12608 NEW 60100  tub 6 28 28 17 31
NV-CG12608-11-7  CG12608 NEW 60100 act 1 20 24 12 18
NV-CG12608-11-7  CG12608 NEW 60100 act 2 26 30 19 28
NV-CG12608-11-7  CG12608 NEW 60100  act 3 20 20 19 20
NV-CG12608-11-7  CG12608 NEW 60100  act 4 21 13 20 28
NV-CG12608-11-7  CG12608 NEW 60100  tub 1 11 20 11 17
NV-CG12608-11-7  CG12608 NEW 60100 tub 2 21 12 27 25
NV-CG12608-11-7  CG12608 NEW 60100  tub 3 15 22 21 30
NV-CG12608-11-7  CG12608 NEW 60100  tub 4 13 17 13 19
NV-CG12608-11-7  CG12608 NEW 60100  tub 5 25 34 22 22
NV-CG12608-11-7  CG12608 NEW 60100  tub 6 13 23 24 25
51878 CG18278 TRiP 25709  act 1 34 35 29 10
51878 CG18278 TRiP 25709  act 1 34 35 29 25
51878 CG18278 TRiP 25709  act 3 45 24 34 24
51878 CG18278 TRiP 25709  act 3 45 24 34 6
51878 CG18278 TRiP 25709  act 4 20 11 12 21
51878 CG18278 TRiP 25709  tub 1 19 21 14 24
51878 CG18278 TRiP 25709  tub 1 19 21 14 8
51878 CG18278 TRiP 25709  tub 2 22 24 24 31
51878 CG18278 TRiP 25709  tub 3 25 21 12 15
51878 CG18278 TRiP 25709  tub 4 10 8 23 25
55375 CG18787 TRiP 25709  act 1 47 14 16 17
55375 CG18787 TRiP 25709  act 2 25 17 25 23
55375 CG18787 TRiP 25709  act 3 21 14 17 8
55375 CG18787 TRiP 25709  act 4 35 26 22 23
55375 CG18787 TRiP 25709  act 5 27 33 33 20
55375 CG18787 TRiP 25709  tub 1 13 17 11 12
55375 CG18787 TRiP 25709  tub 2 8 13 19 12
55663 CG18789 TRiP 25709  act 1 37 0 21 0
55663 CG18789 TRiP 25709  act 2 20 0 22 0
55663 CG18789 TRiP 25709  act 3 15 0 23 0
55663 CG18789 TRiP 25709  act 4 33 0 19 0
55663 CG18789 TRiP 25709  tub 1 18 0 14 0
55663 CG18789 TRiP 25709  tub 2 24 0 22 0
55663 CG18789 TRiP 25709  tub 3 31 0 17 0
55663 CG18789 TRiP 25709  tub 4 19 0 21 0
28520 CG30059 TRiP 25710  act 1 26 32 22 16
28520 CG30059 TRiP 25710 act 2 29 21 23 28
28520 CG30059 TRiP 25710  act 3 27 26 17 13
28520 CG30059 TRiP 25710  tub 1 27 23 20 13
28520 CG30059 TRiP 25710  tub 2 20 20 12 19
28520 CG30059 TRiP 25710  tub 3 21 17 23 18
28520 CG30059 TRiP 25710  tub 4 21 21 31 25
28607 CG30059 TRiP 25710  act 1 29 28 21 23

a: act: Act5C::GAL4 driver or tub: aTub84B::GAL/ driver
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28607 CG30059 TRiP 25710  act 2 34 32 34 27
28607 CG30059 TRiP 25710  act 3 20 24 25 20
28607 CG30059 TRiP 25710  tub 1 24 20 16 31
28607 CG30059 TRiP 25710  tub 2 25 22 16 15
28607 CG30059 TRiP 25710  tub 3 21 26 22 21
28607 CG30059 TRiP 25710  tub 4 17 15 13 16
31569 CGE31958 TRiP 25710  act 1 24 28 29 24
31569 CG31958 TRiP 25710 act 2 25 16 21 15
31569 CG31958 TRiP 25710  act 3 34 30 28 42
31569 CG81958 TRiP 25710 act 4 16 19 12 26
31569 CG31958 TRiP 25710  tub 2 20 26 19 20
31569 CGE31958 TRiP 25710  tub 3 23 19 23 34
31569 CG31958 TRiP 25710  tub 4 18 11 21 25
NV-CG31958-1 CG31958 NEW 60100 act 1 24 19 18 20
NV-CG31958-1 CG31958 NEW 60100  act 2 31 27 24 29
NV-CG31958-1 CG31958 NEW 60100 act 3 22 24 17 18
NV-CG31958-1 CG81958 NEW 60100  act 4 27 19 25 30
NV-CG31958-1 CG31958 NEW 60100 act 5 27 20 24 32
NV-CG31958-1 CGE31958 NEW 60100  tub 2 28 25 30 29
NV-CG31958-1 CG31958 NEW 60100  tub 3 20 14 18 17
NV-CG31958-1 CG31958 NEW 60100  tub 4 14 13 11 15
NV-CG31958-1 CG31958 NEW 60100  tub 5 18 23 19 13
NV-CG31958-2 CG31958 NEW 60100 act 1 18 15 30 17
NV-CG31958-2 CG81958 NEW 60100 act 2 21 37 20 22
NV-CG31958-2 CG31958 NEW 60100  tub 1 20 16 19 16
NV-CG31958-2 CGE31958 NEW 60100  tub 2 7 16 14 19
NV-CG31958-2 CG31958 NEW 60100 tub 3 19 22 12 22
NV-CG31960-1 CGE31960 NEW 60100 act 1 25 22 21 20
NV-CG31960-1 CG81960 NEW 60100  act 2 31 21 26 33
NV-CG31960-1 CG31960 NEW 60100 act 3 24 23 26 27
NV-CG31960-1 CGE31960 NEW 60100  tub 1 20 21 25 27
NV-CG31960-1 CG31960 NEW 60100  tub 2 24 27 16 23
NV-CG31960-1 CGE31960 NEW 60100  tub 3 20 30 29 27
28692 CG32164 TRiP 25710  act 1 32 32 20 30
28692 CG32164 TRiP 25710  act 2 27 27 19 29
28692 CG32164 TRiP 25710 act 3 21 27 14 17
28692 CG32164 TRiP 25710  act 4 12 20 32 27
28692 CG32164 TRiP 25710  tub 1 24 29 15 13
28692 CG32164 TRiP 25710  tub 2 11 14 14 15
28692 CG32164 TRiP 25710  tub 3 16 18 20 29
28692 CG32164 TRiP 25710  tub 4 23 31 19 24
NV-CG32164-7 CG32164 NEW 60100 act 1 25 18 24 23
NV-CG32164-7 CG32164 NEW 60100  act 2 15 16 13 20
NV-CG32164-7 CG32164 NEW 60100  tub 1 9 12 14 16
NV-CG32164-7 CG32164 NEW 60100  tub 2 17 22 14 21
NV-CG32164_1C CG32164 NEW 60100 act 1 25 18 17 22
NV-CG32164_1C CG32164 NEW 60100 act 2 24 25 23 13
NV-CG32164.1C CG32164 NEW 60100 tub 1 13 13 17 11
NV-CG32164_1C CG32164 NEW 60100  tub 3 20 21 16 16
NV-CG32164-1C CG32164 NEW 60100  tub 4 12 11 12 11
NV-CG32164_1R3 CG32164 NEW 60100 act 2 28 24 16 16
NV-CG32164_1R3 CG32164 NEW 60100  tub 1 28 17 22 13
NV-CG32164_1R3 CG32164 NEW 60100 tub 2 28 24 16 27
GD49306 CG32165 VDRC 60100 act 1 17 28 11 21
GD49306 CG32165 VDRC 60100 act 2 29 27 26 14
GD49306 CG32165 VDRC 60100 act 3 20 15 21 14
GD49306 CG32165 VDRC 60100 act 4 31 27 25 22
GD49306 CG32165 VDRC 60100 tub 1 11 8 11 10
GD49306 CG32165 VDRC 60100  tub 2 14 27 20 30

a: act: Act5C::GAL4 driver or tub: aTub84B::GAL/ driver
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GD49306 CG32165 VDRC 60100  tub 3 12 18 15 13
GD49306 CG32165 VDRC 60100  tub 4 24 27 23 24
GD49307 CG32165 VDRC 60100 act 1 22 14 19 27
GD49307 CG32165 VDRC 60100 act 2 25 22 15 21
GD49307 CG32165 VDRC 60100 tub 1 18 19 17 28
GD49307 CG32165 VDRC 60100 tub 2 32 27 21 22
NV-CG32165 CG32165 NEW 60100 act 2 19 20 19 27
NV-CG32165 CG32165 NEW 60100 act 3 24 24 19 21
NV-CG32165 CG32165 NEW 60100  tub 2 22 19 13 22
NV-CG32165 CG32165 NEW 60100  tub 3 15 22 11 27
NV-CG32165-2 CG32165 NEW 60100 act 1 10 13 16 18
NV-CG32165-2 CGE32165 NEW 60100 tub 1 22 7 23 17
NV-CG32165-2 CG32165 NEW 60100  tub 2 15 15 8 18
NV-CG32165-2-4 CGE32165 NEW 60100 act 1 25 10 24 10
NV-CG32165-2-4 CG32165 NEW 60100 act 2 24 13 23 14
NV-CG32165-2-4 CG32165 NEW 60100 act 3 25 8 26 6
NV-CG32165-2-4 CG32165 NEW 60100 act 4 15 13 14 12
NV-CG32165-2-4 CG32165 NEW 60100  tub 1 20 14 22 18
NV-CG32165-2-4 CGE32165 NEW 60100  tub 2 26 13 20 16
NV-CG32165-2-4 CG32165 NEW 60100  tub 3 16 6 26 14
NV-CG32165-2-6 CG32165 NEW 60100 act 1 26 11 17 5
NV-CG32165-2-6 CG32165 NEW 60100  act 2 17 17 17 10
NV-CG32165-2-6 CG32165 NEW 60100 act 3 18 15 23 12
NV-CG32165-2-6 CG32165 NEW 60100 act 4 14 20 23 13
NV-CG32165-2-6 CG32165 NEW 60100  tub 1 16 11 14 13
NV-CG32165-2-6 CG32165 NEW 60100  tub 2 18 11 14 22
NV-CG32165-2-6 CG32165 NEW 60100  tub 3 20 18 24 16
NV-CG32165-2-6 CG32165 NEW 60100  tub 4 32 16 36 24
50935 CG32588 TRiP 25709  act 1 29 42 29 19
50935 CG32588 TRiP 25709  act 2 23 30 21 15
50935 CG32588 TRiP 25709  tub 2 15 31 13 18
50935 CG32588 TRiP 25709  tub 3 20 22 18 22
KK102410-3 CG32588 VDRC 60100 act 1 12 20 14 16
KK102410-3 CG32588 VDRC 60100 act 1 22 10 7 8
KK102410-3 CG32588 VDRC 60100 act 2 18 12 16 16
KK102410-3 CG32588 VDRC 60100 act 3 17 16 9 16
KK102410-3 CG32588 VDRC 60100 act 4 16 14 16 18
KK102410-3 CG32588 VDRC 60100  tub 1 22 12 18 20
KK102410-3 CG32588 VDRC 60100 tub 2 10 10 17 11
KK102410-3 CG32588 VDRC 60100  tub 3 17 21 16 21
NV-CG33252-4 CG33252 NEW 60100 act 1 24 24 21 22
NV-CG33252-4 CG33252 NEW 60100 act 1 18 23 23 26
NV-CG33252-4 CGE33252 NEW 60100  act 2 23 32 25 27
NV-CG33252-4 CG33252 NEW 60100 act 2 13 22 22 22
NV-CG33252-4 CG33252 NEW 60100 act 3 28 27 31 22
NV-CG33252-4 CG33252 NEW 60100 tub 1 15 23 12 21
NV-CG33252-4 CG33252 NEW 60100  tub 1 16 24 17 21
NV-CG33252-5 CG33252 NEW 60100  act 1 20 21 26 24
NV-CG33252-5 CG33252 NEW 60100 act 2 11 15 14 12
NV-CG33252-5 CGE33252 NEW 60100 act 3 30 23 20 22
NV-CG33252-5 CG33252 NEW 60100 act 4 27 19 19 24
NV-CG33252-5 CG33252 NEW 60100  tub 1 20 21 18 18
NV-CG33252-5 CG33252 NEW 60100  tub 2 19 23 17 18
NV-CG33252-5 CG33252 NEW 60100  tub 3 34 40 35 44
NV-CG33252-5 CG33252 NEW 60100 tub 4 14 14 14 20
NV-CG33252-5 CG33252 NEW 60100  tub 5 18 23 16 16
28540 CG33470 TRiP 25710  act 1 30 34 31 20
28540 CG33470 TRiP 25710  act 2 28 25 18 17
28540 CG33470 TRiP 25710  act 3 22 30 16 19

a: act: Act5C::GAL4 driver or tub: aTub84B::GAL/ driver

117



Table A.3: Continued from previous page

line gene source control driver® rep. balF wtF balM wtM
28540 CG33470 TRiP 25710  tub 1 27 21 18 20
28540 CG33470 TRiP 25710  tub 2 19 21 22 26
28540 CG33470 TRiP 25710  tub 3 22 14 27 24
28540 CG33470 TRiP 25710  tub 4 20 16 13 19
43147 CG83470 TRiP 25710  act 1 12 13 7 15
43147 CG33470 TRiP 25710  act 5 22 16 13 14
43147 CG33470 TRiP 25710  tub 1 16 10 12 10
43147 CG33470 TRiP 25710  tub 2 16 16 7 11
43147 CG33470 TRiP 25710  tub 3 10 12 10 16
43147 CG83470 TRiP 25710  tub 4 9 17 8 5
55264 CG6300 TRiP 25709  act 1 34 30 35 9
55264 CG6300 TRiP 25709 act 2 15 14 14 14
55264 CG6300 TRiP 25709  act 3 26 17 9 2
55264 CG6300 TRiP 25709  act 4 28 21 14 23
55264 CG6300 TRiP 25709  tub 1 19 24 17 12
55264 CG6300 TRiP 25709  tub 2 19 10 14 9
55264 CG6300 TRiP 25709  tub 3 16 18 8 12
55264 CG6300 TRiP 25709  tub 4 34 20 8 18
55264 CG6300 TRiP 25709  tub 5 8 5 13 11
NV-CG6300-1 CG6300 NEW 60100  act 1 30 27 21 26
NV-CG6300-1 CG6300 NEW 60100 act 2 22 25 22 19
NV-CG6300-1 CG6300 NEW 60100  act 3 28 19 22 30
NV-CG6300-1 CG6300 NEW 60100  tub 1 25 26 28 22
NV-CG6300-1 CG6300 NEW 60100 tub 2 24 24 19 22
NV-CG6300-1 CG6300 NEW 60100  tub 3 22 19 28 27
61894 CGI9123 TRiP 25709  act 1 10 0 14 0
61894 CGI9123 TRiP 25709  tub 1 16 0 16 0
61894 CGI9123 TRiP 25709  tub 2 12 0 17 0
61894 CG9123 TRiP 25709  tub 3 10 0 16 0
61894 CG9123 TRiP 25709  tub 4 18 0 16 0
61894 CG9123 TRiP 25709  tub 5 15 0 18 0
62982 CG9123 TRiP 25709  tub 1 12 0 14 0
62982 CG9123 TRiP 25709  tub 2 10 0 13 0
62982 CG9123 TRiP 25709  tub 3 10 0 11 0
62982 CG9123 TRiP 25709  tub 4 11 0 10 0
GD24629 CG9123 VDRC 60100 act 1 16 0 13 0
GD24629 CG9123 VDRC 60100 act 1 16 0 13 0
GD24629 CG9123 VDRC 60100 act 2 20 0 23 1
GD24629 CGI9123 VDRC 60100 tub 1 20 0 28 0
GD24629 CG9123 VDRC 60100  tub 2 40 0 39 0
NV-CG9123-8 CG9123 NEW 60100  act 1 29 0 24 0
NV-CG9123-8 CG9123 NEW 60100 act 2 26 0 26 0
NV-CG9123-8 CG9123 NEW 60100  act 3 28 0 32 0
NV-CG9123-8 CGI9123 NEW 60100 act 4 32 0 31 0
NV-CG9123-8 CGI9123 NEW 60100  tub 1 30 0 31 0
NV-CG9123-8 CGI9123 NEW 60100  tub 2 27 0 29 0
NV-CG9123-8 CG9123 NEW 60100  tub 3 29 0 24 0
NV-CG9123-8 CG9128 NEW 60100  tub 4 28 0 22 0
NV-CG4479-6-2 ProtA NEW 60100 act 1 24 23 24 27
NV-CG4479-6-2 ProtA NEW 60100 act 3 24 24 18 31
NV-CG4479-6-2 ProtA NEW 60100 act 4 13 12 11 13
NV-CG4479-6-2 ProtA NEW 60100  tub 1 19 21 28 25
NV-CG4479-6-2 ProtA NEW 60100 tub 3 29 14 23 16
NV-CG4479-6-3 ProtA NEW 60100 act 1 27 22 23 21
NV-CG4479-6-3 ProtA NEW 60100 tub 1 23 26 33 18
NV-CG4479-6-3 ProtA NEW 60100  tub 2 16 18 17 14
NV-CG4479-6-5 ProtA NEW 60100 act 1 25 22 17 20
NV-CG4479-6-5 ProtA NEW 60100 act 2 19 19 19 21
NV-CG4479-6-5 ProtA NEW 60100 act 3 21 22 17 22

a: act: Act5C::GAL4 driver or tub: aTub84B::GAL/ driver
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NV-CG4479-6-5 ProtA NEW 60100  tub 1 28 21 16 35
NV-CG4479-6-5 ProtA NEW 60100  tub 2 13 14 14 19
KK102917 ProtB VDRC 60100 act 1 18 25 20 17
KK102917 ProtB VDRC 60100 act 2 11 14 12 15
KK102917 ProtB VDRC 60100 act 2 11 14 12 15
KK102917 ProtB VDRC 60100 act 3 28 22 28 36
KK102917 ProtB VDRC 60100 act 3 28 22 9 36
KK102917 ProtB VDRC 60100 tub 1 26 17 15 20
KK102917 ProtB VDRC 60100  tub 3 26 15 12 19
KK102918 ProtB VDRC 60101  tub 4 17 21 25 15
NV-CG4478 ProtB NEW 60100 act 1 17 19 18 13
NV-CG4478 ProtB NEW 60100 tub 1 15 22 19 22
NV-CG4478 ProtB NEW 60100  tub 2 20 22 18 13
NV-CG4478-15-1 ProtB NEW 60100 act 1 19 20 10 19
NV-CG4478-15-1 ProtB NEW 60100 act 2 18 15 14 19
NV-CG4478-15-1 ProtB NEW 60100 act 3 20 15 22 27
NV-CG4478-15-1 ProtB NEW 60100 act 4 15 20 23 19
NV-CG4478-15-1 ProtB NEW 60100 tub 1 19 13 12 12
NV-CG4478-4-1 ProtB NEW 60100  act 1 14 16 14 10
NV-CG4478-4-1 ProtB NEW 60100 tub 1 11 21 14 15
NV-CG4478-4-1 ProtB NEW 60100  tub 2 15 23 8 18
NV-CG4478-4-2 ProtB NEW 60100 act 1 18 29 29 25
NV-CG4478-4-2 ProtB NEW 60100 act 2 15 11 18 11
NV-CG4478-4-2 ProtB NEW 60100 act 2 15 11 9 11
NV-CG4478-4-2 ProtB NEW 60100 act 3 25 28 19 26
NV-CG4478-4-2 ProtB NEW 60100 act 4 18 22 18 23
NV-CG4478-4-2 ProtB NEW 60100 tub 1 15 19 21 16
NV-CG4478-4-2 ProtB NEW 60100  tub 2 24 23 17 20
34005 RpS15Aa TRiP 25710  tub 1 20 0 13 0
34005 RpS15Aa TRiP 25710  tub 2 14 1 11 0
34005 RpS15Aa TRiP 25710  tub 3 11 0 15 0
34005 RpS15Aa TRiP 25710  tub 5 10 0 16 0
34005 RpS15Aa TRiP 25710  act 1 22 0 12 2
34005 RpS15Aa TRiP 25710 act 2 17 0 11 0
34005 RpS15Aa TRiP 25710  act 3 15 0 18 0
34008 RpS15Ab TRIiP 25710 act 1 15 18 5 14
34008 RpS15Ab TRiP 25710  act 3 26 17 10 8
34008 RpS15Ab TRiP 25710  act 4 17 16 12 13
34008 RpS15Ab TRiP 25710  act 6 15 13 7 16
34008 RpS15Ab TRiP 25710  tub 1 11 11 9 13
34008 RpS15Ab TRIiP 25710  tub 4 10 12 14 9
34008 RpS15Ab TRiP 25710  tub 5 12 15 27 23
34008 RpS15Ab TRiP 25710  tub 6 9 12 11 12
GD49103 RpS15Ab VDRC 60100 act 1 32 0 31 0
GD49103 RpS15Ab VDRC 60100 act 2 24 0 19 1
GD49103 RpS15Ab VDRC 60100 tub 1 31 0 23 0
GD49103 RpS15Ab VDRC 60100  tub 2 12 0 12 0
KK109062 RpS15Ab VDRC 60100 act 1 43 0 34 0
KK109062 RpS15Ab VDRC 60100 act 2 31 0 30 0
KK109062 RpS15Ab VDRC 60100  tub 1 21 0 32 0
KK109062 RpS15Ab VDRC 60100 tub 2 26 0 42 0
32969 sle TRiP 25710  tub 1 11 8 23 22
32969 sle TRiP 25710  tub 2 2 8 9 8
28656 tHMG1 TRiP 25710  act 1 24 0 16 0
28656 tHMG1 TRIiP 25710  act 2 21 0 5 0
28656 tHMG1 TRiP 25710  act 3 30 0 26 0
28656 tHMG1 TRiP 25710  act 4 25 0 34 0
28656 tHMG1 TRiP 25710  tub 1 31 0 19 0
28656 tHMG1 TRiP 25710  tub 2 6 0 15 0

a: act: Act5C::GAL4 driver or tub: aTub84B::GAL/ driver
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28656 tHMG1 TRiP 25710  tub 3 31 0 18 0
28656 tHMG1 TRiP 25710  tub 4 25 0 20 1
61962 tHMG1 TRiP 25709  act 1 38 0 34 0
61962 tHMG1 TRiP 25709  act 2 39 0 31 0
61962 tHMG1 TRIiP 25709  act 3 32 0 30 0
61962 tHMG1 TRiP 25709  tub 1 16 0 14 0
61962 tHMG1 TRiP 25709  tub 2 19 0 32 0
61962 tHMG1 TRiP 25709  tub 3 12 0 14 0
61962 tHMG1 TRiP 25709  tub 4 10 0 10 0
61962 tHMG1 TRiP 25709  tub 5 16 0 10 0
NV-CGT7045-16 tHMG1 NEW 60100  tub 5 18 0 13 0
NV-CGT7045-16 tHMG1 NEW 60100 tub 7 32 0 31 0
NV-CGT7045-17 tHMG1 NEW 60100 act 1 18 20 13 6
NV-CGT7045-17 tHMG1 NEW 60100 act 2 19 24 16 11
NV-CGT7045-17 tHMG1 NEW 60100  act 3 16 31 30 23
NV-CGT7045-17 tHMG1 NEW 60100 act 4 11 13 15 6
NV-CGT7045-17 tHMG1 NEW 60100 act 5 31 22 21 8
NV-CGT7045-17 tHMG1 NEW 60100  tub 1 24 0 25 0
NV-CGT7045-17 tHMG1 NEW 60100  tub 2 37 0 21 0
NV-CGT7045-17 tHMG1 NEW 60100  tub 4 17 0 13 0
NV-CGT7045-17 tHMG1 NEW 60100  tub 5 26 0 15 0
NV-CGT7045-5 tHMG1 NEW 60100 act 1 12 13 18 7
NV-CGT7045-5 tHMG1 NEW 60100 act 2 31 20 21 22
NV-CGT7045-5 tHMG1 NEW 60100 act 3 11 16 14 34
NV-CGT7045-5 tHMG1 NEW 60100 act 4 38 19 16 7
NV-CGT7045-5 tHMG1 NEW 60100 act 5 16 15 10 6
NV-CGT7045-5 tHMG1 NEW 60100 act 6 21 28 24 20
NV-CGT7045-5 tHMG1 NEW 60100 act 7 18 20 31 8
NV-CGT7045-5 tHMG1 NEW 60100 tub 1 21 0 12 0
NV-CGT7045-5 tHMG1 NEW 60100  tub 2 29 0 26 0
NV-CGT7045-5 tHMG1 NEW 60100  tub 4 15 0 17 2
NV-CGT7045-5 tHMG1 NEW 60100  tub 5 18 1 12 0
NV-CGT7045-5 tHMG1 NEW 60100  tub 6 28 0 27 0
NV-CGT7045-5 tHMG1 NEW 60100  tub 8 19 0 28 0
NV-CGT7045-7 tHMG1 NEW 60100 act 1 20 6 16 6
NV-CGT045-7 tHMG1 NEW 60100 act 2 16 2 22 5
NV-CGT7045-7 tHMG1 NEW 60100 act 3 26 3 18 7
NV-CGT7045-7 tHMG1 NEW 60100 act 4 22 2 14 7
NV-CGT7045-7 tHMG1 NEW 60100 tub 1 14 0 10 0
NV-CGT7045-7 tHMG1 NEW 60100  tub 2 14 0 20 0
NV-CGT7045-7 tHMG1 NEW 60100 tub 3 22 1 8 0
NV-CGT7045-7 tHMG1 NEW 60100  tub 4 18 0 16 0
NV-CGT7045-7 tHMG1 NEW 60100  tub 5 11 0 11 0
28657 tHMG2 TRiP 25710  act 1 32 25 21 19
28657 tHMG2 TRiP 25710  act 2 15 21 9 20
28657 tHMG2 TRiP 25710 act 3 45 10 24 24
28657 tHMG2 TRiP 25710  act 4 10 15 10 12
28657 tHMG2 TRiP 25710  tub 1 34 16 16 19
28657 tHMG2 TRiP 25710  tub 2 18 14 17 12
28657 tHMG2 TRiP 25710  tub 3 25 16 13 14
28657 tHMG2 TRiP 25710  tub 4 20 14 13 18
NV-CGT7046-7 tHMG2 NEW 60100 act 1 25 26 21 23
NV-CGT7046-7 tHMG2 NEW 60100 act 2 12 19 30 16
NV-CGT7046-7 tHMG2 NEW 60100 act 3 19 26 28 24
NV-CGT046-7 tHMG2 NEW 60100 act 4 21 14 17 22
NV-CGT7046-7 tHMG2 NEW 60100 act 5 19 13 17 21
NV-CGT7046-7 tHMG2 NEW 60100  tub 1 16 24 11 16
NV-CGT7046-7 tHMG2 NEW 60100 tub 2 15 18 13 14
NV-CGT7046-7 tHMG2 NEW 60100  tub 3 15 17 15 19

a: act: Act5C::GAL4 driver or tub: aTub84B::GAL/ driver
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NV-CGT7046-7 tHMG2 NEW 60100  tub 4 15 18 13 19
NV-CGT7046-7 tHMG2 NEW 60100  tub 5 8 18 16 15
38967 Ubi-pSE TRiP 25709  act 3 16 15 10 16
28967 Ubi-p5E TRiP 25709  act 1 24 20 9 14
38967 Ubi-pSE TRiP 25709  tub 1 18 14 14 11
38967 Ubi-pSE TRiP 25709  tub 3 14 12 13 18
NV-CG32744-6 Ubi-p5E NEW 60100  act 1 12 23 24 18
NV-CG32744-6 Ubi-p5E NEW 60100 act 2 24 29 16 23
NV-CG32744-6 Ubi-p5E NEW 60100 act 3 19 23 13 21
NV-CG32744-6 Ubi-pSE NEW 60100 tub 1 10 22 25 10
NV-CG32744-6 Ubi-pSE NEW 60100  tub 2 22 21 22 27
NV-CG32744-6 Ubi-p5E NEW 60100 tub 3 18 11 24 27

a: act: Act5C::GALY driver or tub: aTub84B::GAL/ driver
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Table A.4: Welch’s t statistics comparing the proportion of balancer F1 flies from RNAi crosses
and control crosses for males and females separately or pooled. Benjamini-Hochberg corrected *p
< 0.05, **p < 0.01, ***p < 0.001

Act5C::GAL Tub84B::GAL/
line target sy males females pooled males females pooled
31735 Cdc23 1 1.74 -0.98 1.08 0.19 0.4 2.13
552680 CG11659 1 1.95 0.73 1.77 -1.83 1.95 1.41
NV-CG11659-2° CG11659 1 1.65 *.3.95 -0.46 -1.52 -0.53 -1.56
329330 CG11700 1 1.1 0.3 1.04 1.16 -0.71 -0.02
NV-CG11700-1b CG11700 1 1.21 -1.56 -0.07 -0.52 0.18 -0.7
44037 CG12264 1 NA NA NA NA NA NA
36079° CG12592 1 -0.25 -0.58 -0.6 -0.62 -2.67 -1.78
NV-CG12608-11-4b CG12608 1 1.26 -3.26 -0.81 -0.55 0.79 0.02
NV-CG12608-11-7°  CG12608 1 3.07 -2.24 0.44 -0.67 1.14 0.24
51878P CG18278 1 -1.51 -1.37 -1.75 0.26 0.45 0.7
55375° CG18787 1 -1.54 -1.3 -2.09 -0.83 2.16 0.43
556637 CG18789 0 **.14.48 **.17.75 **.16.51 **%.22.08 **.9.34 *4*_26.48
28520° CG30059 0 0.63 0.39 1.28 -0.89 *.4.94 -2.28
28607° CG30059 0 0.73 1.11 1.33 0.35 -3.04 -1.17
31569° CG31958 0.34 1.35 0.36 1.23 0.56 -1.75 -1.01
NV-CG31958-1 CG31958 1 2.51 **_5.17 -1.62 -1.54 -0.78 -1.58
NV-CG31958-2° CG31958 1 -0.27 -0.38 -0.3 -0.31 0.64 0.12
NV-CG31960-1° CG31960 1 1.5 -4.25 -2.34 -0.9 1.08 -0.29
286920 CG32164 0.63 1.93 1.88 3.28 0.14 -0.66 0.11
NV-CG32164-7° CG32164 1 1.26 -2.23 -0.28 -0.27 2.7 0.49
NV-CG32164_1C CG32164 1 -0.03 -2.43 -2.3 -2.14 -0.58 -1.85
NV-CG32164_1R3 CG32164 1 -0.6 -1.94 -1.04 -0.6 -1.94 -1.04
GD49306° CG32165 0.10 0.04 -1.82 -0.72 -1.21 0.76 -0.28
GD49307 CGE32165 0.10 4.2 -3.6 -0.91 -0.21 -0.71 -0.35
NV-CG32165-2 CG32165 1 -1.41 -4.55 **%.10.7 -2.89 -1.8 *.3.46
NV-CG32165-2-4° CG32165 1 -2.08 *.4.84 -3.49 -3.15 -3.77 *.3.95
NV-CG32165-2-6 CG32165 1 *-3.68 **.6.51 **.6.36 -2.83 *-3.8 *-3.81
50935° CG32588 1 -3.09 3.41 0.28 1.85 1.42 1.67
KK102410-3° CG32588 1 2.19 2.3 -0.81 121 -0.66 -1.28
NV-CG33252-4° CGE33252 1 0.84 -0.97 -0.08 0.18 *4.37 1.3
NV-CG33252-5° CGE33252 1 1.12 -2.4 -1.84 -0.98 0.92 -0.37
28540° CG33470 0 0.69 1.38 1.36 0.15 -3.75 -1.99
43147° CG33470 0 1.77 0.03 1.11 -0.15 -0.72 -0.46
55264° CG6300 1 -1.27 -1 -1.38 -0.04 -0.49 -0.86
NV-CG6300-1° CG6300 1 1.46 -2.79 -1.55 -1.66 -0.76 -1.57
61894 CG9123 1 **%.22.08 **.9.34 **%.26.48 **%_22.08 **.9.34 ***_26.48
629820 CG9123 0 **%_22.08 **.9.34 **%_26.48 **%_22.08 **.9.34 ***_26.48
GD24629 CG9123 0.66 **%.14.32 **%_.36.83 **%.32.36 **.11.95 **%.24.34 **%.16.39
NV-CG9123-8° CG9123 1 **%_16.44 ***_36.83 **%_37.29 **.11.95 **%_24.34 ***_16.39
NV-CG4479-6-2° ProtA 0.98 2.37 **.5.48 0.21 -2.46 -0.83 -1.61
NV-CG4479-6-3 ProtA 0.98 -2.6 0.94 -1.9 -2.6 0.94 -1.9
NV-CG4479-6-5° ProtA 0.98 2.54 *.4.33 -0.44 0.66 -0.74 0.24
KK102917b ProtB 0.94 1.91 -1.87 1.23 -0.71 -1.17 -2.31
NV-CG4478 ProtB 0.99 -1.37 1.19 -0.47 -1.37 1.19 -0.47
NV-CG4478-15-1 ProtB 0.99 1.84 -2.53 -0.02 NA NA NA
NV-CG4478-4-1 ProtB 0.99 0.22 3.65 1.64 0.22 3.65 1.64
NV-CG4478-4-2° ProtB 0.99 0.86 -1.8 -0.63 -1.32 0.34 -1.28
34005° RpS15Aa 1 *-5.04 **.16.08 *H*_13.18 **.14.62 HAE_DT.61 HAE_27.69
34008° RpS15Ab 1 1.94 0.09 1.43 -0.64 -1.02 -1.24
GD49103 RpS15Ab 0.6 **.11.66 **%.36.83 **%.28.37 **.11.95 **%_24.34 ***_16.39
KK109062° RpS15Ab 0.7 ***_16.44 *¥**_36.83 **%_37.29 **.11.95 *¥*%_24.34 ***_16.39
32969 sle 1 -1.26 0.26 -0.22 -1.26 0.26 -0.22
28656° tHMG1 0.84 *-7.39 **.16.08 **.16.7 **.13.57 **%_52.98 **%.30.6
61962 tHMG1 0 **.14.48 **_17.75 **.16.51 **%.22.08 **.9.34 ***_26.48
NV-CGT7045-16 tHMG1 1 **.11.95 **%.24.34 **%.16.39 **.11.95 **%_24.34 ***_16.39
NV-CG7045-17 tHMG1 1 -2.84 -0.99 -2.02 **.11.95 **%_24.34 ***_16.39
NV-CG7045-5° tHMG1 1 -0.86 -2.39 -1.6 ***_10.91 *¥*%_22.07 ***_15.24
NV-CGT7045-7 tHMG1 1 *.4.74 **.12.18 **%_13.48 **.11.95 k221 ***_15.9
286570 tHMG2 0.87 1.72 -0.17 0.67 -0.25 *.6.29 *.4.2
NV-CG7046-7b tHMG2 1 0.49 -1.74 -1.81 -0.62 1.99 0.51
389677 Ubi-p5E 1 -0.05 -0.4 -0.32 -0.05 -0.4 -0.32
NV-CG32744-6° Ubi-p5E 1 1.22 0.05 1.76 -1.3 0.09 -1.51

a: fraction of all possible 19-mers (siRNAs) specifically matching target gene; off-targets are always only the other duplicate
b: plotted in Figure 2.2
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Table A.5: Compiled phenotype data for D. melanogaster-specific genes and their parents.

Gene Phenotype Source Df, TEI Reference
confirmed?
CG31958 Viable, fertile NV-CG31958, TRiP 31569 - -
CG31960 Viable, fertile NV-CG31960 - -
Adal-1 Unknown - - -
Adal-2 Unknown - - -
CG18789 Unclear PEPCG1878952531 P_clement insertion in exon 1 of either  no, seq. too [235]
copy, non-specific RNAi with TRiP 55663 similar
CG18787 Unclear P{EP}CG1878952531 P_clement insertion in exon 1 of - -
either copy, non-specific RNAi with TRiP 55663
Qtzl Probably P{GSV}Qtz1¢58952 P_element insertion in 5’UTR see [81] [81, 236]
escl i}ﬁﬁ}ﬁ:, fertile P{XP}escl?01514 in exon 1 TE present, -
no expression
CG12264 Lethal TRiP 44037
ProtB Viable, fertile Df(2L)AMst35B Deletion of ProtA and ProtB, see [237] (237]
NV-CG4478, VDRC 102917
ProtA Viable, fertile Df(2L)AMst35B Deletion of ProtA and ProtB, see [237] (237]
NV-CG4479
CG31683 Unknown - - -
CG18858 Unknown - - -
CG31687 Unknown - - (238]
Cdc23 Lethal VDRC stock 52279 and 52280 - [239, 240]
CG31688 Viable, fertile VDRC stocks 103257 and 102282, not
P{SUPor-P}CG31688%G07854 determined
RpS15Ab Viable, fertile TRiP 34008 - -
RpS15Aa Lethal TRiP 34005, non-specific RNAi with VDRC 49103, 109062 - -
CG33470 Viable, fertile Non-specific RNAi with TRIP 28540, 43147 - -
IMPPP Viable, fertile Non-specific RNAi with TRIP 28540, 43147 - -
CG30059 Viable, fertile Non-specific RNAi with TRIP 28520, 28627 - -
CG18278 Viable, fertile Non-specific RNAi with TRIP 28520, 28627 - -
CG32165 Lethal, fertile P{EPgy2}EY14634, NV-CG32165, non-specific RNAi with  TE confirmed, -
TRiP 60487 but expressed
CG32164 Viable, fertile NV-CG32164, non-specific RNAi with TRiP 60487 - -
CG12592 Viable, fertile TRiP 36079 - -
CG18545 Unknown - -
sle Viable,sterile Several alleles, including P{GSV1}sle?53144 P_element no, many [241]
insertion, TRiP 32969 alleles
CG11659 Viable, fertile NV-CG11659, TRiP 55268 - -
CG6300 Viable, fertile NV-CG6300, TRiP 55264 - -
tHMG1 Lethal NV-CG7045, non-specific RNAi with TRiP 28656, TRiP  see [122] and [122]
(Viable, 61962 (AtHMG1/tHMG2 mutant) discussion
fertile)
tHMG2 Viable, fertile NV-CGT7046, non-specific RNAi with TRiP 28657, see [122] and [122]
AtHMG1/tHMG2 mutant discussion
CG11700 Viable, lower CG117007™% see [82] [82]
fertility
Ubi-p5E Viable, fertile ~ TRiP 38967, NV-CG32744, Ubi-p5E"%i, see [82] [82]
CG32588 Viable, fertile VDRC 102410, NV-CG32588 - -
CG38252 Viable, fertile NV-CG33252 - -
CG9123 Lethal NV-CG9123, TRiP 61894, non-specific RNAi with TRiP - -
24629 and 62982
CG12608 Viable, fertile NV-CG12608 - -
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Table A.6: Primers used for reverse-transcriptase quantitative PCR.

Target F Primer R Primer Length eff.?

CG31958 AGACGACGAGCTGGAAGAGA TGTAATTTAGAATGGGCGTGGT 107 104%
CG31960 CTGGAGGAGATGATACGCGAG GAAAGCGTGTGCGTGTAGATT 106 99%
CG32165 AGCCGACGATCTGCAAGTTT TTTCGAATCCGGCTCACCAA 102 100%
CG32164 TGCGTCCTGTTGCCTTTCATA ATCGTCTTCCTTGAGGTCGTC 372 99%
CG9123 GCTGGATTTCCAAACGGGCT CGCATAACATGGGCGTTCTC 111 101%
CG12608 CATAGTGGGCACCTACGAG GGAGCTGTCTGCAAAAGTCTG 115 96%
ProtA GCCAGGCTCTCGGAGAATAG GTATTGCTGGCAAATCCGTCG 99 98%
ProtB AGAGCCTGTGGAATGGCATAAT GGGCGGTGCTCTCCTCTTT 98 101%
tHMG2 AGACGGAGTCGTTTCCCCATA GGCGTTGGCCTTTGGTTAGTTT 75 101%
tHMG1 GACAAGATCGTGTGGCAGGA ACACAAAAAGGGTGGGGCAT 151 97%
CG33252* CGCACCAACCTAAATATACCACT TGAGAACGCTCGAAGGATACC 123 94%
CG32588* TTACTGGTGAGAGCGTACATGC GCAAAAAGCGGAACGAAGATATT 86 97%
RpS15Ab CCACGAGGAGGCTAGGAGAA ACATATCAAACTCCATCCCTCTAC 100 102%
RpS15Aa GCGGTACAGTGATAAATCAATAGCG TAAGTAACTCCGGTCGAGGT 92 94%
CG12592 GACGGGGAAGTCTCGAATGG GGTGGCGCTGAATTACCTTC 107 103%
sle® GTCGCTTGTCCCTTCTGGAAA TCCTCACATCTAAAGTGGACGAG 123 98%
CG11659 TGATGACGGCGAATCGCTTG CCCGACCAGTGCTGGTTATT 72 96%
CG6300 AATGATGACGGCGAATCCCTG TTCCGTAGTATCCCGACCAGT 85 102%
RpL32 AGCATACAGGCCCAAGATCG TGTTGTCGATACCCTTGGGC 112 96%

a: From FlyPrimerBank [110].
b: Efficiencies were calculated using a 8-logs dilution series of a common control cDNA template.

Efficiency = 10~ 1/5 — 1) x 100 and slope is the slope of the line of best fit for a plot of loga (template concentration)

versus C'7. All correlations were >0.99.
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Table A.7: McDonald-Kreitman test results for D. melanogaster-specific duplicates.

Gene RP* RF SP SF Codons® Frac. Codons® Sam. Size? FET p

CG31958 4 3 0 9 48 0.28 16.71 0.020
CG31960 0 3 0 11 59 0.4 16.81 1.000
Adal-2 0 3 0 16 239 0.78 16.97 1.000
Adai-1 0 4 0 16 239 0.78 17 1.000
CG18789 0 10 0 10 240 0.59 16.99 1.000
CG18787 0 9 0 10 222 0.55 16.96 1.000
ProtB 2 3 1 7 58 0.27 17 0.510
ProtA 2 2 2 4 56 0.26 16.98 1.000
CG31683 0 5 0 11 321 0.76 16.96 1.000
CG18858 0 3 1 11 321 0.76 17 1.000
RpS15Ab 0 3 3 7 118 0.91 16.99 0.530
RpS15Aa 0 0 0 9 118 0.91 16.99 1.000
CG33470 0 4 0 8 177 0.62 17 1.000
IMPPP 0 4 0 8 177 0.62 17 1.000
CG30059 1 7 16 12 387 0.79 16.65 0.040
CG18278 1 7 17 10 388 0.79 16.89 0.018
CG32165 4 34 1 41 761 0.7 16.99 0.190
CG32164 1 25 0 40 761 0.7 16.99 0.394
CG11659 10 8 19 9 408 0.74 16.74 0.530
CG6300 5 8 13 12 404 0.74 16.92 0.506
tHMG1 1 16 1 6 65 0.47 17 0.510
tHMG2 5 8 1 1 68 0.49 16.99 1.000
CG11700 0 29 3 32 242 0.45 16.97 0.250
Ubi-p5E 0 0 2 26 386 0.72 16.98 1.000
CG32588 0 18 0 2 47 0.25 16.96 1.000
CG33252 0 11 1 2 49 0.27 17 0.214
CG9123 2 27 0 10 268 0.56 16.98 1.000
CG12608 0 13 5 11 275 0.58 16.95 0.048

a: Polymorphism and divergence data come from the 17 DPGP2 ’core’ RG genomes with low admixture. Changes were
polarized using D. simulans and D. yakuba. Singletons were excluded from the analysis. R replacement, S synonymous,

P polymorphism, F fixed.

b: Number of codons included in calculations
¢: Number of codons included in calculations / total number of codons in the gene

d: Average number of genomes (out of 17) a codon was called in
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Table A.8: PAML analysis of dy, dg and dy/dg (w) values under a free-ratio model following
the tree ((((Dmel new gene, Dmel parent gene),(Dsim,Dsec)),(Dyak,Dere)),Dana).

w anc-new w anc-parent w sim-anc
New Parent dN das w dN as w dN ds w
CG31958 CG31960 0.009642 0.019632 0.49  0.000005 0.052297 0 0.030247 0.058723 0.52
Adal1-2 Adal-1 0.000002  0.000001 2.76  0.001393 0.005031 0.28 0.006976 0.112934 0.06
CG18789 CG18787 0.004669 0.005496 0.85 0.005581 0.011568 0.48 0.01538  0.057273 0.27
ProtB ProtA 0.009972 0.031103 0.32 0.036486 0.013323 2.74 0.016156 0.066823 0.24
CG31683 CG18858 0.002055 0.000002 999  0.000002 0.000001 2.15 0.006284 0.048499 0.13
RpS15Ab RpS15Aa 0.009468 0.000031 302.96  0.000006 0.064202 0 0.000013 0.125585 0
CG33470 IMPPP  0.000002 0 47.48  0.000002 0 11.45 0.006913 0.053216 0.12
CG30059 CG18278 0.002712  0.01032 0.26  0.001762 0.016556 0.11  0.005532  0.038009 0.15
CG32165 CG32164 0.007162  0.007769 0.92 0.002846 0.006544 0.43 0.015713 0.069361 0.23
CG11659 CG6300 0.00435 0.002763 1.57 0.001615 0.019219 0.08 0.011346 0.063072 0.18
tHMG1 tHMG2 0.099642  0.153305 0.65 0.040811 0.039624 1.03 0.00788  0.063649 0.12
CG32588 CG33252 0.263115  0.163404 1.61 0.108715 0.108714 1 0.007168 0.000007 999
CG9123 CG12608 0.041308 0.026096 1.58 0.000736 0.031434 0.02 0.021871 0.037971 0.58

a: anc - D. melanogaster-specific ancestral, pre-duplication gene copy (i.e. the gene copy that duplicated to form the new
gene and parent gene. Branch sim-anc, for example, is the branch from the D. simulans / D. melanogaster split to the
pre-duplication ancestral gene.
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Table A.9: Tajima’s D, Fay and Wu’s H, and Hudson-Kreitman-Aguadé-like statistic p-values for
windows containing D. melanogaster-specific duplications.

100 IS Window, 50 IS step 250 IS window, 50 IS step
genes® D H HKAI p? D H HKALI p? Sweep
Finder®
CG31958; CG31960 -0.97 -6.15 +0.099 -0.84 -3.55 +0.001 0
CG18789; Adal-2; **.1.70 -4.94 -1.21e-11 *¥**_1.76 **_51.51 -1.22e-19 1
Qtzl; CG18787;
Adal-1
ProtA; ProtB -1.23 -4.03 -0.449 *-1.20 -5.26 -0.1855 1
CG31683; CG31687; -1.18 **%.43.37 -0.174 *HETH ***_103.21 -6.87¢-6 0
CG18858
RpS15Ab -0.54 -8.27 -0.400 -0.80 -22.06 +0.010 0
CG30059; CG33470; -0.71 3.59 +0.155 -0.78 -11.56 +0.021 0
CG18278; IMPPP
CG32165; CG32164 **.1.65 -4.45 -1.41e-19 -0.78 -10.54 -4.60e-46 0
CG12592 0.3 2.42 -5.11e-13 -0.26 0.41 -9.07e-27 0
CG11659; CG6300 -0.54 -10.67 -0.189 -0.57 -11.54 -0.785 0
tHMG1; tHMG2 -0.66 -2.29 -0.928 *.1.06 6.34 +0.030 1
CG11700; Ubi-p5E **.1.82 -5.18 +0.361 **.1.61 -2.06 +2.74e-4 0
RpS15Aa -0.6 -1.87 +0.122 -0.69 -19.67 +0.100 0
CG32588 -0.95 -1.49 +2.64e-6 -1.16 0.9 +3.82e-8 0
CG9123; CG12608 *-1.63 4.66 -1.43e-5 *-1.37 -3.35 -8.55e-17 1
CG33252 -0.86 4.42 +0.017 -0.92 -3.93 +7.44e-4 0
a: Genes contained within a single duplication are analysed together because duplicate regions were masked for this
analysis.

b: Signed HKAI x2 test p values. Negative values indicate a deficiency of segregating sites relative to divergent sites.

c: From Pool et al. (2012)

note: p values are determined relative to the empirical distribution of values for windows on the same chromosome arm.
* p <0.05; % p < 0.01; ¥* p < 0.001
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Table A.10: Summary of CG32164 and CG32165 fertility assays.

reps sterile mean offspring (95% CI) reps sterile mean offspring (95% CI)
CG32165P44 50 0 55.4 (35.0-80.3) 50 9 34.6 (20.0-51.0)
CG32165P15 50 50 - 44 13 43.0 (12.8-55.5)
CG32165r492 50 50 - 48 8 40.8 (22.0-57.2)
CG321658¢ 30 0 52.1 (39.5-65.3) 30 0 31.5(21.9-42.0)
CG32164r378 50 0 55.3 (34.2-84.7) 50 5 33.7 (18.1-49.9)
CG32164P717 48 7 64.5 (35.0-94.0) 50 50 -
CG32164P7<8 50 5 63.2 (36.8-99.3) 42 42 -
CG32164R¢ 30 0 51.6 (41.2-63.3) 30 0 38.6 (21.6-36.3)
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APPENDIX B

ADDITIONAL PUBLICATIONS

This appendix contains publications that I co-authored with citations and details about my

contributions to each project.

B.0.1 Vibranovski et al. (2012) BMC' Evolutionary Biology

An excess of new genes formed by retrotransposition (retrogenes) were duplicated from
X-linked genes and inserted onto autosomes. Furthermore, new retrogenes tend to be ex-
pressed at higher levels in males than in females (i.e. have male-baised expression). Several
hypotheses have been put forward to explain these observations [28, 242-244]. Metta and
Schl6tterer (2010) claimed that non-random X—A movement is an intrinsic property of
Drosophila retrogenes [245]. Vibranovski et al. (2012) re-analyzed the dataset used by
Metta and Schlétterer (2010) to evaluate their claims [246]. I contributed to the discussion
shaping the criticisms of Metta and Schlotterer that we raised in the manuscript. I also
analyzed male and female fly whole body whole transcriptome sequences to identify genes
with sex-biased expression. That analysis was not included in the final paper, but shaped
the major critique that whole-body expression analyses cannot accurately and powerfully

detect sex-biased gene expression. I also helped write the manuscript. Vibranovski M.D.,

Zhang Y.E., Kemkemer C., VanKuren N.W., Lopes H.F, Karr T.L, and Long M. Segmental
dataset and whole body expression data do not support the hypothesis that non-random
movement is an intrinsic property of Drosophila retrogenes. BMC' Evolutionary Biology 12,

169, (2012). doi:10.1186/1471-2148-12-169
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B.0.2  VanKuren and Vibranovski (2013) Journal of Genomics

Males and females of a single species frequently have strikingly different morphologies and
behaviors despite the fact that the two sexes share most of the same DNA. These phe-
notypic differences between sexes are primarily produced by the differential expression of
genes between the sexes (i.e. sex-biased gene expression). Thus, accurate identification and
characterization of genes that exhibit sex-biased or even sex-specific expression is crucial for
understanding the causes of sexual dimorphism, the evolution of sex-biased genes, and selec-
tion in relation to sex (see ref. [247] for review). The majority of sex-biased gene expression
in Drosophila occurs in the gonads [248] and while many resources exist for studying D.
melanogaster gene expression, few exist for other Drosophila species. The goal of VanKuren
and Vibranovski (2013) was to generate accurate whole-transcriptome expression data for
sex-specific tissues (testis, accessory gland, and ovary) for a broad range of Drosophila species
to enable accurate identification genes with sex-biased expression.

This paper describes the first phase of the sequencing project conceived of and started by
Maria D. Vibranovski, currently an Associate Professor at the Universidade de Sao Paulo,
Brazil. Maria and I collected testis and ovary samples. I carried out all analyses. I wrote the

paper under Maria’s supervision. VanKuren N.W. and Vibranovski M.D. A novel dataset

for identifying sex-biased genes in Drosophila. Journal of Genomics 2, 64-67 (2014). doi:

10.7150 /jgen.7955

B.0.3 Long et al. (2013) Annual Review of Genetics

This review focus on the rates, patterns, and models of new gene origination in a wide range
of taxa. I collected references, contributed to discussions about content, and co-wrote this

review with M.L. based on outlines and information provided by S. C. and M. D. V. Long M.,
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VanKuren N.W., Chen S., and Vibranovski M.D. New Gene Evolution: Little Did We Know.

Annual Review of Genetics 47, 307-333 (2013). doi:10.1146 /annurev-genet-111212-133301

B.0.4 Gao et al. (2014) Genome Research

Genes with male-biased expression patterns are underrepresented on the X chromosomes
of mammals, flies, and worms. Several hypotheses have been proposed to explain this non-
random distribution and each has experimental support from analyses of male-biased protein
coding genes. This paper investigated the existence and chromosomal distribution of male-
biased intergenic non-coding RNAs in D. melanogaster and tested models of male-biased
gene location evolution using whole-genome tiling arrays. I collected thorax and gut tissue

samples used to generate Figures 1 and 2 and helped write the paper. Gao G., Vibranovski

M.D., Zhang L., Li Z., Liu M., Zhang Y.E., Li X., Zhang W., Fan Q., VanKuren N.W., Long
M., and Wei L. A long-term demasculinization of X-linked intergenic noncoding RNAs in

Drosophila melanogaster. Genome Research 24, 629-638 (2014). doi:10.1101/gr.165837.113

131



