THE UNIVERSITY OF CHICAGO

FUNCTIONAL EVOLUTION OF YOUNG RETROGENES

WITH REGULATORY ROLESIN DROSOPHILA

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES
AND THE PRITZKER SCHOOL OF MEDICINE
IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF ECOLOGY AND EVOLUTION

BY

IlURI MATTEUZZO VENTURA

CHICAGO, ILLINOIS

JUNE 2019



To Léo

Grant me, O Lord, the courage and the joy

to ascend to the summit of this day

Jorge Luis Borges

ii



Table of Contents

LIST Of FILGUI S ccouceeeeeeeeseeceeseer et essse s sesse s s s s s iv
TS 1= o) TN \
ACKNOWIEAGEIMENTS .....ceoeeeeeereeeeeseeees et s sessessses e s s s s b s b bbb s e vi
] 0 ¢ [ PN viii
(081 -1 0103 s S 00T oo Ta 10 (o m (o) o FOO OO 1
Chapter 2: Connecting evolutionary genomics to cell biology ......oenreneerneeneeneenseeneeseeseenseens 14

Chapter 3: The young retrogene Poseidon impacts gene expression through interactions

with an ancient regulatory compleX in DIOSOPAIIA ......ecereeeeereenreeseereereeseenseeseeseeseesssesessssssessssssesnas 32
Chapter 4: The young retrogene Cocoon is essential for D. melanogaster survival.................. 63
Chapter 5: CONCIUSIONS ..cuuieuieereeeesreeeesseseesseessesseess s sess s s sssse s es s s s s bbb et 83
1 10] D0 eaa=1 0] 4|2 TSSO 87
AAPPEINIAIX weereeeeeeseeseeseesseseessesseessesssesseesse s s s s s bR R RS RS R AR AR R AR AR R R AR R E s 101

iii



List of Figures

2.1 Schematic representation of different questions addressed in a comparative genomics

2 0] 0 0 = U o RPN 19
3.1 Origination of Poseidon and Zeus from CAF40 in DroSOPAIlQ .........eeoreenreneenseeseereensennens 39
3.2 CAF40, Poseidon and Zeus have distinct eXpression Patterns .........eeeeseesesssesnees 43
3.3 CAF40, Poseidon and Zeus impact on VIability .....coenmnecnenneneesesseeseessessesssesseessessesees 45
3.4 CAF40, Poseidon and Zeus impact on male fertility ......nenenneneeseenseseeseeseessesseenees 46
3.5 CAF40, Poseidon and Zeus protein interaction with the CCR4-NOT complex ................ 49
3.6 Impact of CAF40, Poseidon and Zeus knockdowns on global gene expression ............... 53
4.1 Structural and evolutionary history of Cocoon and TBPH .........nenenneenseeseeseeseesseens 69
4.2 Cocoon and TBPH expression and phenotypic effect ... enenecneenseeseeseeseeseens 72
4.3 Role of Cocoon and TBPH in male fertility ......eseesesseesesssessessssssssssssesssens 73
S3.1 Shannon’s entropy (H) for each residue in the CAF40 alignment from eukaryotic

(0) o 0 0] [0 o 3OO 101
S3.2 The duplicates diverged even at highly conserved sites in CAF40.......ccooureenreereereennens 102
S3.3 Agarose gels confirming the expression of each paralog at different tissues from

D. INEIANOGASTET .cuneeeeeenreeeerreesesseessesseesseesesss s s s s s s R ARt aes 102
S3.4 Constitutive RNAi-knockdown efficiency measured through quatitative PCR ........... 103
S3.5 Clustering of samples upon knockdown in the RNA-seq assay .......comeneenmeeseesseeneens 103
S3.6 Impact of CAF40, Poseidon and Zeus knockdowns on global gene expression ............ 104
S3.7 Proportion of genes differentially expressed upon Poseidon and Zeus knockdown

that are alSO IMPACLEA DY CAFZ0 .. eeeeeeeeeeeeeeseeserseesesseessseessssss s ssse s s ssasssssaes 104
S3.8 Knockout mutants for Poseidon and Zeus generated through CRISPR-Cas9................. 105
S4.1 Confirmation of CRISPR knockout of Cocoon homozygous individuals .......cccceeeereennee. 112

iv



List of Tables

2.1 A selection of [andmark GEN0ME PrOJECLS.....ooreenerreenresreesreseesseesesseessesseessessessesssessesssesssssees 16
2.2 Examples of new genes involved in basic cellular processes reported in Drosophila
Y 0103 L= TP 29

S3.1 Poseidon and Zeus accumulated mutations at functionally important residues in

S3.2 RNAi-knockdown efficiency for reducing the expression of each paralog in our RNA-
YT [ Y £ 106
S3.3 List of GO terms for the genes differentially expressed upon CAF40, Poseidon and
Zeus knockdown according to our RNA-Seq analySis .....cemenmeneemesneessesssessesssesseesssssessssanes 106

S3.4 Proportion of differentially expressed genes that exhibit significant either female- or

D00 ) Lo o) F Ty =T = q 0 =Ty () o O OO 110
S3.5 List of fly strains used in this STUAY ... sesssessessessssssesssessees 110
S3.6 List of primers used in this STUAY ... seessssesssessessesssesesssesssees 111
S3.7 List of antibodies used in the co-immunoprecipitation assays .......eeeneeseeneees 111
S4.1 List of fly strains used in thiS STUAY ... ssessesssessessseseees 113
S4.2 List of primers used in this STUAY ... ssesssessesssessees 114



Acknowledgments

[ am very grateful to many people who contributed to my personal and professional
development during my years as a graduate student. The challenges of grad school and the
experiences of living in a different country certainly helped shape the person I am today.

[ am grateful to my advisor Manyuan Long, who has been encouraging, patient and
supportive throughout the years. His awareness towards his students’ well being makes
the lab a collaborative and relaxed environment to work in.

[ am thankful to past and present members of the Long Lab, for helpful discussions
and harmonious company: Maria Vibranovski, Ben Krinsky, Patrick Landback, Claus
Kemkemer, Qian Yang, Chengjun Zhang, Wenyu Zhang, Li Zhang, Andrea Gschwend, Alex
Advani, UnJin Lee, Emily Mortola, and Jianhai Chen. I am especially in debt to Nick
VanKuren, for his diligent and friendly support in numerous stages of my work; Shengqian
Xia, for his collaboration with the CRISPR knockouts; and Grace Lee, for her generosity in
inviting me to collaborate with her in an exciting project.

[ thank the members of my committee for helpful suggestions and discussions:
Marty Kreitman, Urs Schmidt-Ott, Vinny Lynch and Joe Thornton. I am also thankful to Ilya
Ruvinsky, Marty Kreitman and Marcus Kronforst, whose courses I had the pleasure to
contribute to as a teaching assistant.

[ thank the helpful staff in the Department of Ecology and Evolution for their
patience and attention: Mary Johnson, Bonnie Brown, Connie Homan, Jeff Wisniewski, and
especially Audrey Aronowsky and Alison Anastasio, for their friendly support and

commitment with the students.

vi



[ acknowledge my funding sources, the Science without Borders scholarship
(BEX18816/12-6) and the Hinds Funds for Graduate Student Research.

[ thank my fellow students in the Darwinian cluster for the friendly environment
and insightful conversations. I cannot emphasize enough how crucial the support from my
friends was during my years in grad school. I am especially in debt to Debora Sobreira,
Darli Massardo, Arvind Pillai, Ayse Tenger-Trolander, Marcos Vieira, Aarti Venkat, Matthew
Michalska-Smith, Joe Mihaljevic, Jeff Thorburn, and Yoseop Yoon. I also thank the support
of longtime friends for reminding me that academia is just a small part of the world, in
special Marilia Lopes Justino, Nara Barbieri, Marcos Moraes, Gustavo Fattori, Jader
Armanhi, and Rafael Soares de Souza.

[ am grateful to my mom, dad and sister, for their affection, unconditional support,
and trust in me. I truly appreciate their encouragement throughout my years in academia,
even though this meant being physically (and sometimes emotionally) distant.

Above all, I am grateful to my husband Léo, for reminding me every day about the
things that really matter. He has been the most loving and supportive partner I could wish
for. Even though we had rich and exciting experiences in grad school, being apart from each
other for the past years was the hardest (and dumbest) decision we have made. Reuniting

with him will be the best reward after our adventure in the United States.

vii



Abstract

The set of genes in the genome of a species is the result of a dynamic net balance
between gain and loss events that happen over evolutionary time. The origination and
divergence of new genes are major sources of genomic novelty, and has the potential to
generate substantial raw material for the evolution of functional innovations. It has been
recently recognized that young genes can take over fundamental functions in basic cellular
processes and be essential for the survival of an organism, even when they are restricted to
a few species in a phylogeny. It is not clear, however, how newly duplicated genes are
integrated into ancestral networks or to what extent they diverge from their parents at the
functional level. In the two study cases reported here, I investigate the evolution of three
relatively young duplicated genes with regulatory functions, and only found in some fly
species. Using computational analyses and experimental assays, | show that a diverse suite
of factors was responsible for the functional divergence of the duplicated genes after their
origination from their conserved parental genes. After their origination through
retrotransposition events in different branches of the Drosophila phylogeny, the genes
acquired a restrict expression pattern, and rapidly diverged in sequence from their parents,
which remained essentially conserved. I further show their phenotypic importance for
viability and male fertility, and demonstrate that the duplicated genes diverged in several
aspects from their parents, including their protein interactions, genomic binding pattern
and impact on global gene regulation. Our results show how young elements can be
integrated into conserved processes in different ways, and illustrate the complex nature of

evolution driven by new gene origination.
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Chapter 1

Introduction

Describing the astonishing diversity at many levels of natural organization, as well
as understanding its functioning rules, has been a central goal of biology. Finding out the
main principles that underlie complex and diverse living systems has captivated
researchers, from traditional naturalists (such as Darwin and Wallace themselves) to
contemporary biologists in the genomic era, who are equipped with sophisticated
experimental and analytical tools.

In this chapter, I will briefly argue that the origination of new genes (i.e. the
formation of new genetic loci) is a topic of fundamental importance in biology, which can
shed light on fundamental questions in evolutionary biology. In addition, I will describe the
main gene origination mechanisms, as well as the patterns that emerged from large-scale
genomic studies, in special regarding gene movement between chromosomes and male-
bias expression. I will also summarize case studies that showed how genes restricted to few
species can be integrated into fundamental roles, and have an impact in basic cellular
functions. Finally, I will conclude by articulating these broad concepts with the studies

described in the next chapters.

New genes for old questions

The notion that genomes from distinct species are constituted by a different set of
genes, and that new genes can originate and evolve in function over evolutionary time
seems commonplace now, but have come a long way to become accepted. The long and rich

history behind those ideas intertwines with the very development of genetics in the



twentieth century (reviewed in Taylor and Raes, 2004). For instance, when studying small
duplications of chromosome fragments in fruit flies at Thomas Morgan’s famous lab, Muller
speculated that such duplications could be a way of increasing gene number, which could
produce redundant gene copies and diverge over time (Muller, 1935). Initial hypotheses
regarding the creation and accumulation of new genes were also in the center of heated
debates, such as those concerning the causes of increasing morphological complexity in
living organisms (Goldschmidt, 1940), the relative importance of mutations in regulatory
versus protein coding regions (Britten and Davidson, 1969), among several others.

Perhaps the early author most associated with concepts regarding the evolution of
duplicated genes is Susumo Ohno. In his seminal book (Ohno, 1970), he combined
emerging evidences from molecular biology, biochemistry and population genetics to argue
that gene duplication is the major contributor to genomic evolution. Ohno’s reasoning is
that most genes are usually strongly constrained, and new mutations that alter their
function are usually removed from populations by purifying selection. Nevertheless, when
a gene duplicates, the new copy is redundant, and is free to accumulate beneficial
mutations that alter its function without disrupting the ancestral one. Over time, the new
copy can evolve a new activity, and both copies are maintained in the genome. Ohno’s
vigorous promotion of his neofunctionalization model became widely popular, and inspired
many studies on the evolution of new genes. This model emphasizes the creative role
played by gene duplication and, along with the notion that evolution is a tinkering process,
which modifies already existing proteins and finds new uses for them (Jacob, 1977),

became an influential view of gene function evolution. In an early review on the emerging



principles in molecular evolution, for instance, Kimura and Ohta (1974) go far to state that
“gene duplication must always precede the emergence of a gene having a new function”.

Because beneficial mutations are rare and should require a long time to accumulate
on the duplicated copies, other models were proposed as attempts to explain the large
number of duplicated genes retained in the genomes over time. A leading model proposes
that new duplicated copies can be retained and diverge through a subfunctionalization path
(Force et al., 1999). The basic idea is that, after duplication, the paralogs are redundant,
purifying selection is relaxed, and degenerative mutations are allowed to accumulate on
both copies. With time, the ancestral function of the parental gene may be partitioned
between the copies, which complement each other. In addition, a suite of alternative
models were proposed to explain the retention of duplicated genes under various
scenarios. For instance, a category of models posits the preservation of both copies at all
stages of their evolution, due to benefits of increasing the dosage of a gene product (e.g. the
adaptive radiation model; Francino, 2005), or by independently refining and optimizing
multifunctional genes to fulfill distinct tasks (e.g. escape from adaptive conflict,
Bergthorsson et al, 2007; and innovation-amplification-divergence, Piatigorsky, 1991;
reviewed in Conant and Wolfe, 2008).

Despite the difficulty of distinguishing between models in real case studies due to
analytical and experimental limitations, or simply because of the inherent complexity of
biological systems (Hahn, 2009; Innan and Kondrashov, 2010), these models are useful for
providing a framework for the investigation of new gene copies. For example, it is pertinent
to understand to what extent the function of a duplicated gene and its parent overlap at

expression and protein function; as well as to determine in what processes they act on, and



what phenotypes they impact. The systematic dissection of recently originated genes
provides more than curious or anecdotal study cases. Although many evolutionary
mechanisms can be elucidated by the study of ancient genes, some questions are better
tackled by investigating evolutionary young elements. Those genes offer a particularly
convenient study model to address certain evolutionary questions because, given their
recent origination, they still carry the evolutionary signatures that shaped their formation
and evolution (Long et al, 2013). Furthermore, by applying computational and
experimental analyses to compare ancestral genes and their duplicates, we can connect
their genetic and functional divergence to obtain a detailed view of gene evolution. With
this framework in mind, long-standing questions in evolutionary biology can be addressed
and illuminated, such as the relative importance of evolutionary processes to genomic
evolution, the number and nature of mutations responsible for adaptive traits, the pace and
mechanisms underlying genetic adaptation, among others (Kaessmann, 2010; Losos et al,,

2013; Stern and Orgogozo, 2008).

New gene origination mechanisms

The ability of generating and analyzing large genomic datasets developed in the last
decades enabled studies to transfer their attention from few anecdotal examples of gene
duplicates to large lists of young genes. By systematically comparing genomes, such studies
were able to identify loci that are present in a group of closely-related species but absent in
all others (reviewed in Hardison, 2003; Ventura and Long, 2017). This comparative

approach is valuable for elucidating the general picture and common patterns related to



new gene origination, as well as for providing appropriate instances that are worth being
investigated experimentally.

Large-scale studies demonstrated that the total gene number in the genome of a
species represents a dynamic net balance between gain and loss events that happen over
evolutionary time. The origination of a gene (i.e. the formation of a locus that did not exist
previously) can occur through various molecular mechanisms (reviewed in detail in
Kaessmann et al, 2009; Chen et al, 2013). The most common process is DNA-based
duplication, which simply “copy and paste” a DNA sequence from a genomic region to
another during replication. Duplications can occur on a wide range of scales, from parts of
genes to extreme cases such as whole-genome duplications (Sémon and Wolfe, 2007).
Another common process of duplication is retrotransposition (or RNA-based duplication),
in which an mRNA molecule is reverse-transcribed and inserted back into the genome.
Retrogenes can be easily identified in genome sequences due to, for example, their lack of
introns compared to its parental copy and traces of flanking short direct repeats and poly-A
tail at the 3’ end, although several factors may confound or erase those hallmarks (Casola
and Betran, 2017). Remarkably, retrocopies are inserted into random regions of the
genome, and readily recruit or evolve new regulatory elements in a different epigenomic
environment (Zhang and Zhou, 2018), leading to fast divergence in their expression pattern
compared to the parental copies.

Besides the duplication-based mechanisms described above, new gene structures
can also be created by gene fission and fusion (Snel et al., 2000), transposable element
domestication (Jangam et al., 2017), and even evolve de novo, when mutations in a non-

coding region generate a new coding sequence (Tautz, 2014). Perhaps unsurprisingly since



this is biology, the combination of several mechanisms or events are often involved in the
origination of a gene. An interesting example is illustrated by jingwey, one of the first young
genes to be rigorously characterized in Drosophila (Long and Langley, 1993). The gene is
present in only two species, and it was created after the fusion of exons from two different
genes, a DNA-duplicated copy of yellow-emperor, and a retrotransposed copy of the Adh
gene (Long et al,, 2003; Wang et al., 2000). This process combined protein domains from

the two ancestral genes to create a new chimeric gene.

Patterns of new gene evolution

Comparative genomic studies carried out in the last decades provided a general
picture of gene origination events in different clades. Here, I will focus on three specific
results that emerged from large-scale comparisons: the rates of gene origination, gene
movement (traffic) between chromosomes, and male-bias expression of new genes.

The availability of genomes from closely related species allows us to investigate the
rates of new gene origination in particular lineages with high confidence. For example,
analyses of the 12 Drosophila genomes suggest that around 947 duplicated genes arouse in
the subgenus Sophophora after its split with the subgenus Drosophila, resulting in an
overall rate of 15 duplicates per million years (Zhang et al, 2010a), the majority of which
(78%) generated by DNA-based duplication. In vertebrates, between 25-30 new duplicates
were generated per million years, with a wide variation between lineages (Zhang et al,
2010b; Zhang et al, 2011). In an early study that compared genomes from distant
eukaryotes, a conservative estimate of the average rate of new gene origination was around

0.01 per gene per million years, although the estimate is quite variable (Lynch and Conery,



2000). Regardless of the precise rate of origination, it is clear from these reports that gene
duplication has the potential to generate substantial raw material for the evolution of
genetic novelties.

Along with the general rates of new gene origination, initial comparative studies
revealed a striking pattern for retroduplicated genes regarding their non-random
chromosomal distribution and biased expression. The reports showed that there is a
significant excess of new retrogenes inserted on autosomes that derived from X-linked
parental genes (the so-called X->A movement). Furthermore, such derived retrogenes
disproportionately exhibit male-biased expression (i.e. they are only expressed in male
tissues, or at significantly higher levels in males compared to females). This pattern was
extensively reported for Drosophila (Betran et al., 2002; Dai et al., 2006; Bai et al., 2007;
Zhang et al,, 2010a), Anopheles (Toups and Hahn, 2010), and mammals (Emerson et al,
2004; Potrzebowski et al, 2008; Zhang et al, 2010b; Carelli et al, 2016). Several factors
may contribute to this pattern (Casola and Betran, 2017), such as potential compensation
for the inactivation of parental genes on the X chromosome during meiosis by their
autosomal duplicates (Vibranovski et al, 2009), sexual antagonism (Charlesworth et al,,
1987), and even insertion bias due to permissive nuclear organization in the germline
(Diaz-Castillo and Ranz, 2012). These hypotheses are reviewed in more detail in the Gene

Traffic section in Chapter 2.

New genes for old processes
The large-scale comparative studies mentioned above demonstrated beyond doubt

that gene origination is a process that have been continuously shaping species genomes. It



remained to be elucidated, however, what is the functional contribution and phenotypic
importance of newly originated copies, which became possible with detailed genetic
manipulation tools. A traditional view is that basic cellular functions are encoded by a set of
old, conserved genes, since some essential processes and pathways are shared by
evolutionary distant organisms (Jacob, 1977; Miklos and Rubin, 1996; Lewin et al., 2011).
Young genes, on the other hand, would contribute to more dispensable activities, or would
be restricted to the adaptation to novel environments (Kondrashov, 2012), but would
hardly fulfill essential functions (Ashburner et al.,, 1999). Moreover, it has been suggested
that gene duplications are not only an unnecessary ingredient for developmental processes,
but are actually strongly selected against, because of their disruptive effects on gene
dosage-sensitive developmental pathways (Carroll, 2008).

Recent experiments challenged this traditional assumption showing that relatively
young genes can be integrated into basic cellular processes and have dramatic phenotypic
importance (reviewed in Chen et al, 2013). For example, using constitutive RNAi-
knockdown to silence the expression of a large number of genes in D. melanogaster, Chen et
al. (2010) showed that a significant proportion of young genes are essential for fly
development (~30%). More surprisingly, the fraction of genes that were essential was
roughly constant across the phylogeny, regardless of their ages (Xia and Long, unpublished
data).

Several functional case studies have shown that new genes can be integrated into
basic and conserved cellular processes, and become critical for development and
reproduction (extensively reviewed in Chen et al, 2013). In particular, it is worth noting,

for instance, several described young duplicates whose silencing was shown to



dramatically reduce male fertility in Drosophila (Chen et al., 2012; Ding et al., 2010; Gubala
et al, 2017; Nurminsky et al,, 1998; Saleem et al,, 2012; Yeh et al,, 2012; Zheng et al., 2018),
and mouse (Bradley et al., 2004; Heinen et al., 2009).

A mechanism by which duplicated genes, even if evolutionary young, can become
indispensable for essential roles is by interacting with pre-existing members (Kim et al,,
2012). For example, it was shown that the perturbation of young genes can lead to
widespread regulatory changes, even in conserved processes (Chen et al,, 2012; Ding et al,,
2010; Lee et al,, 2018; Zhang et al,, 2015). The integration of new elements into ancestral
pathways is possible because regulatory networks are not stagnant over time, but are
recurrently rewired during evolution (Johnson, 2017; Wilinski et al., 2017), which allows

new elements to become crucial players in old cellular processes.

New genes for new functions

Besides being integrated into ancestral processes, new genes can increase the
functional repertoire of an organism by encoding proteins with different properties when
compared to the ancestral gene, and/or by acquiring different expression patterns. For
example, careful molecular dissection and comparison of protein activities have shown that
duplications have diversified cytochrome P450 enzymes in plants, leading to the creation
of a new phenolic pathway only found in one plant family (Matsuno et al,, 2009). More
recently, Vazquez et al. (2018) showed that a retroduplicated gene (LIF6) encodes an
intracellular protein that induces apoptosis in response to DNA damage in elephants, in

contrast to its parental protein, which functions as an extracellular cytokine. Several other



examples of altered protein functions were explored in diverse organisms (extensively
reviewed in Ding et al.,, 2012; Chen et al, 2013; Long et al., 2013).

The extent to which duplicated genes diverge in expression from their parental
copies has been thoroughly studied in recent years, stimulated by the availability of whole
genome sequences and high-throughput transcriptome data for different tissues, and were
carried out in in yeast (Gu et al., 2005; Wagner, 2002), Arabidopsis (Casneuf et al., 2006),
Drosophila (Assis and Bachtrog, 2013; Gu et al.,, 2004) and mammals (Assis and Bachtrog,
2015; Lan and Pritchard, 2016; Makova and Li, 2003), among others. Particularly in flies,
the emerging conclusions from such studies are that the divergence in gene expression
after gene duplication tends to be strongly asymmetrical, with the expression of the
duplicated copies diverging at higher rates compared to their parents. Moreover, the
expression diversity boosted by duplicated genes is especially apparent during
development and in reproductive tissues, suggesting that particular processes are more
liable to integrate new elements (Gu et al,, 2004). In an extreme example, VanKuren and
Long (2018) showed that two young duplicates evolved sex-specific reproductive functions
in male and females in just 200 thousand years, in order to mitigate antagonistic effects
when expressed in the opposite sex. Thus, divergence in expression of duplicated genes
may be the first steps leading to the their specialization, as suggested by early models of
gene duplication (Force et al., 1999; Ohno, 1970). The most conspicuous examples of such
dynamics are observed in retrogenes that acquire male-biased functions, which will be

discussed below.
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Two case studies of retrogenes with regulatory functions

As mentioned earlier, the excess of autosomal retrogenes duplicated from X-linked
copies has been described in Drosophila as soon as genomic and transcriptome data
became available for such analyses (Betran et al, 2002; Dai et al, 2006; Zhang et al,
2010a). More recently, Assis and Bachtrog (2013) employed a phylogenetic approach for
comparing expression patterns between duplicates, their parents and outgroups and
showed that copies originated through RNA-duplication were more likely to exhibit an
expression divergence consistent with neofunctionalization or specialization, with strong
asymmetry between duplicates and their parents, and significant localization to the testes.
Such asymmetry is expected because retrogenes are inserted in random genomic locations,
and lack parental cis-regulatory sequences.

Consistent with the emerging pattern from large-scale studies, previous studies
have reported the existence of specific versions of several housekeeping genes only
expressed in male reproductive tissues. Some of these genes are involved in basic cellular
processes such as transcription regulation (Hiller, 2004), translational machinery (Baker
and Fuller, 2007), and proteasome subunits (Zhong and Belote, 2007). It has been
suggested that these duplicated copies might represent specialized versions of their
parental genes, better adapted to accomplish their functions in a specific tissue.
Alternatively, it has also been speculated that new genes may be preferentially expressed
in the testis during their early stages of evolution, due to promiscuous transcription and
fast evolution features. Then, at later stages, such genes may acquire broader expression

patterns (the so-called “out of the testis” hypothesis; Vinckenbosch et al, 2006). It is not
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clear, however, to what extent duplicated copies diverge in function from their parents
(Belote and Zhong, 2009), or their phenotypic relevance.

This thesis explores the evolution and functional divergence of young retrogenes
found in Drosophila in two different study cases, and illustrates the complexity of evolution
driven by new gene origination. First, in Chapter 2, | summarize several examples of
duplicated genes involved in basic cellular processes in diverse organisms to argue that
even ancient and conserved pathways often integrate new elements during evolution.

In Chapter 3, I describe the evolution of a relatively young gene only found in the
subgenus Sophophora (CG2053), which we named Poseidon. In this study, we compare its
functional impact with that of its parent CAF40, an ancient gene involved in regulatory
pathways, and Zeus, an even younger duplicate from the same gene, which was shown to
have a role in male germline gene regulation. We investigate their divergence in expression
pattern, protein interactions, and impact on global gene regulation, and assay their
phenotypic effect on viability and male fertility. These analyses were performed in
collaboration with Annamaria Sgromo and Elisa Izaurralde, from the Max Planck Institute
for Developmental Biology in Tiibingen, Germany.

In Chapter 4, I describe my contributions to a study performed in collaboration with
Grace Lee, a former post-doc in our lab, now a faculty at the University of California in
Irvine. In this study, we investigate the evolution of Cocoon (CG7804), a young retrogene
only found in three Drosophila species. Our assays show that the gene is essential for the
survival of flies at several developmental stages, and in different tissues from its parental
gene, TBPH. Along with our knockout and knockdowns assays, we performed functional

genomic analyses to show that Cocoon essential functions are the result of multiple

12



interactions with critical genes during development. Other contributing authors in this
study are Gavin Rice (UC - Davis) and Don-Yuan Chen (UC - Berkeley).

Finally, in Chapter 5 I summarize the similarities observed in both case studies
described here, and suggest that some patterns can be particularly common after gene

duplication, in special for genes with regulatory roles.

13



Chapter 2

Connecting evolutionary genomics to cell biology

The work described in this chapter was published as: Ventura IM and Long M (2017)
“Connecting evolutionary genomics to cell biology” in the Encyclopedia of Cell Biology, Vol. 4:

153-159, organized by Bradshaw RA and Stahl PD.

Abstract

Biologists are now able to investigate intricate biological systems by exploring the
most fundamental source of biological information - the genome. In the last decades, there
has been tremendous advance in sequencing and analyzing genomes from diverse
organisms. Systematic comparative analyses between genomes from different species
coupled with careful experimental dissection provide a powerful strategy to understand
how genomes function and evolve. Here, we argue that studying the origin of recently
originated genes can shed light on fundamental evolutionary questions. We illustrate this
point by summarizing studies of new genes implicated in basic cellular processes, such as

regulatory networks, cell division and protein traffic.

Genomics for old and new questions

Among the long-standing aims of biology, understanding how organisms function,
develop, and adapt occupies a central position in the field. In modern biology, researchers
pursue some of the same standard questions, but with a remarkable advancement: they are

now able to connect intricate biological processes to the most fundamental source of
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biological information - the genome. As it has been known for decades, the genome of a
species contains the instructions required for its evolutionary perpetuation, including the
development, functioning and reproduction of the organism carrying it. The 20t century
has witnessed a step-wise advancement in our comprehension of the genome structure and
function; from the role of DNA in hereditary, to its biochemical structure, genetic coding
logic and regulatory mechanisms.

The launch of the Human Genome Project in the 1990’s gave the start to several
genome consortiums aiming to sequence model organisms’ genomes (e.g. yeast, fruit fly,
mouse; see Table 2.1). In a simplified overview, a genome project consists of sequencing
the nucleotides of short fragments of DNA, covering the whole organism genome; followed
by the computational assembly of these short segments into large sequences representing
the chromosomes. Finally, the genome annotation step identifies different functional
elements in the assembled sequence (such as protein coding regions and regulatory
motifs). In recent years, there has been an explosion in the number of genomic studies
published, encouraged by the advance in the sequencing technologies (the so-called ‘next-
generation sequencing’) and bioinformatic analysis tools. The massively parallel
sequencing implemented nowadays rapidly generates high amounts of genome-wide data,
and allows genomics to pursue biological questions in a unprecedented way, connecting
variation at the genome level to its functional consequences (Koboldt et al., 2013)

The simple description given above may create the deceptive impression that the
link between nucleotide sequences in the genome and their function is direct and
unambiguous. However, the genetic information encoded in the DNA may not be evident

when a single genome is read. To put it in another way, when one tries to understand what
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portions of the genomes are functionally relevant and how the intricate biological

processes arise from them, the ‘book of life’ (to use a commonplace metaphor) resembles

more an encrypted file.

Table 2.1. A selection of landmark genome projects that have contributed to the

understanding of genome structure, function and evolution.

Organism

Remark

Reference

Haemophilus influenza
(bacterium)

Saccharomyces cerevisiae
(yeast)

Escherichia coli (bacterium)
Caenorhabditis elegans
(worm)

Drosophila melanogaster
(fruit fly)

Arabidopsis thaliana
(flowering plant)

Homo sapiens

Mus musculus (mouse)

12 Drosophila genomes

1000 human genomes

First complete prokaryotic
genome

First complete eukaryotic genome
Most studied prokaryotic
organism

Model organism, first multicellular
organism genome

Important model organism

First plant genome, important
model organism

A complex mammal

Mammal model organism

Comparative analysis
of fly species
Characterization of human genetic
variation across populations

(Fleischmann et al., 1995)

(Goffeau et al., 1996)
(Blattner et al., 1997)

(Consortium, 1998)

(Adams et al., 2000)

(Arabidopsis Genome Initiative,
2000)

(International Human Genome
Sequencing Consortium et al.,
2001; Venter et al,, 2001)

(Mouse Genome Sequencing
Consortium et al., 2002)
(Drosophila 12 Genomes
Consortium et al., 2007)

(1000 Genomes Project
Consortium et al., 2010)

In order to identify functionally relevant elements, the systematic comparison of

genome sequences from different species provides a powerful strategy. The justification
behind such comparative framework is that portions of the genome that encode for
biologically important functions tend to be more conserved across different species than
non-functional regions (Hardison, 2003). The rationale is simple: genomes are continually
evolving; therefore, if sequences from different species remain with high similarity, despite

their independent evolutionary trajectories since the last common ancestor, it is
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reasonable to assume that they were spared by evolution because they play a functional
role, which is usually subject to purifying selection, whereas non-functional portions are
free to accumulate mutations, or even be deleted from the genome. This approach can be
used to identify genes, and it is particularly useful for finding regulatory regions, whose
structure is more heterogeneous than that of protein coding sequences. Therefore, when
researchers find conserved sequences from evolutionary distant species (such as human,
mouse and fly), they conclude that sequence is a good candidate for a functional element,
because it retained similar information even in species that have been diverging for
millions of years. It must be noted, on the other hand, that this conservative approach may
fail to identify genes that underwent intense divergence in a short evolutionary period,
such as that driven by rapid positive selection, for example. Thus, complementary
annotation approaches, such as measurements of protein-coding potential, probably
improve genome analyses (Zhang et al.,, 2012).

In this context, it is not surprising that the human genome sequencing was followed
by similar projects in other model organisms (Table 2.1 shows that several pioneer genome
projects were published within a decade). Even if one is interested in exploring genome
function of a single species (e.g. identifying genes contributing to human diseases),
evolutionary comparisons with genomes from diverse taxa are imperative (Collins et al,,
2003). Nevertheless, identifying functional elements in the genome is just the first step for
investigating how genes work, interact and evolve. Detailed functional experiments are
required to confirm and determine the specific biological functions of genetic elements

(Miklos and Rubin, 1996).
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Besides the role of identifying functional elements in genomic studies, comparative
genomics is also a powerful strategy to investigate evolutionary questions (Hardison,
2003). Comparison of genomes in a phylogenetic framework, ranging from closely related
species to taxa in different kingdoms, for example, may help to elucidate exciting questions:
What is the basic set of genes common to diverse taxa? How often new genes are created?
What are the evolutionary processes involved in diversification and adaptation? An
illustrative scheme is provided in Figure 2.1. In the other extreme, comparison of genomes
from individuals of the same species can also be applied to pinpoint specific genetic
variations underlying relevant phenotypes (such as adaptive traits or disease factors) in
genome-wide association studies. A complementary set of questions we are now able to
investigate relates to the origin of genetic novelties. In the past decades, many studies have
explored the creation of new genetic elements, how they integrated in genetic systems, and

their roles in phenotypic evolution (Long et al., 2013).
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Figure 2.1. Schematic representation of different questions addressed in a
comparative genomics approach (based on Hardison, 2003). At left, colored boxes
represent genes present in different animal groups in the phylogeny (cnidarian, fly, fish,
mouse, and human); at top right, a phylogeny of closely related fly species illustrating a
syntenic alignment used to identify a new gene (pink box).
Case studies: new genes for old and new functions

In the rest of this chapter, we will focus on studies that took advantage of genomic
data to identify new genes and then investigate fundamental questions about their
evolution, especially those related to cell biology functions. We refer to new genes as
distinct loci that originated at a certain time in the evolutionary history of a species and

that were not present in the ancestors (Chen et al.,, 2013). New genes offer a particularly

convenient study model to address evolutionary questions because, given their relatively
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recent origin, they still carry the evolutionary signatures that shaped their formation and
molecular evolution (Long et al, 2013). Furthermore, due to the great advance of
computational and molecular biology techniques, we can now explore some evolutionary
problems in a precise and mechanistic way, identifying patterns, elaborating hypotheses
and testing their predictions, in order to achieve a comprehensive view of new genes
evolution and connect genetic to functional divergence.

New genes can originate through diverse mechanisms, such as DNA duplication,
retrotransposition (RNA-based duplication), gene fission or fusion, and de novo creation
(reviewed in Chen et al,, 2013). New loci can be identified through syntenic alignments of
genomes from different species. Genes present in some (or even a single) species but
absent in all outgroup species are good candidates for having a recent origination (see
Figure 2.1). Furthermore, structural features in the gene and flanking regions can be used
to infer the mechanisms of its formation. After identifying a new gene candidate, studies
typically seek to confirm its functionality (analyzing its open reading frame length and
transcription products, for instance) and explore signatures of molecular evolution (such
as synonymous/non-synonymous substitution rates). Ideally, the ultimate goal is to
connect the evolution at the nucleotide sequence to its phenotypical impact, evaluating the
functional and adaptive impact of the new gene.

Basic cellular functions have been considered to be encoded by a set of old,
conserved genes, since some essential processes and pathways are found in evolutionary
distant organisms (Miklos and Rubin, 1996), whereas new genes would be involved in
minor, dispensable activities. Nevertheless, an increasing number of studies have been

reporting the contribution of new genes to basic cellular processes. They show that new
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genes can be integrated into conserved pathways, and even become essential for viability
and reproduction (Chen et al,, 2010). Next, we will explore how the study of new genes can
be connected to cellular biology. We will focus on examples of gene movement between
chromosomes, as well as the integration of new genes into basic cellular functions (namely,
gene regulatory networks, cell division and protein traffic) to argue that the evolution of
new genes can shed light on fundamental cellular mechanisms. With that, we hope to

stimulate future insightful connections between the genomics and cell biology fields.

Gene traffic

Cytogenetics played a central role in the early decades of genetic studies. Suffice is to
mention, for instance, that Thomas Morgan and his students were pioneers in connecting
chromosome structure to heredity; and Theodosius Dobzhansky and his students were
able to use structural variation (such as chromosomal inversions) as molecular markers for
studying genetic variability in natural populations of Drosophila, all with elementary
microscopy techniques. With the recent advancement of molecular biology techniques,
however, evolutionary studies have changed its focus from large variations of structure to
the specific changes on nucleotide sequences. In this context, genomic analyses allow the
investigation of biological questions at a finer scale. However, basic structural data can be
surprisingly informative for testing evolutionary hypotheses in a comparative genomics
framework. We will illustrate this point using recent findings of new genes movement
patterns in mammals (e.g. humans and rodents) and insects (e.g. flies, mosquitoes and

silkworms).
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Several studies demonstrated that the distribution of retrogenes (new loci created
through RNA-based duplication) and their parental copies in the genomes are not random
with respect to their chromosomal position; instead, new genes movement follows a
preferential direction (gene traffic). Analyses focusing on the D. melanogaster genome
(Betran et al., 2002) and more recent comparative investigations using genomes from 12
Drosophila species (Meisel et al.,, 2009; Vibranovski et al., 2009a), for example, revealed
that retrogenes derived from X-linked genes preferentially move to autosomes (X—2>A),
contrasting to random expectations. More interestingly, the large majority of these X>A
retrogenes are expressed in testis, suggesting a connection between male-biased function
and chromosomal location. To some extent, a similar pattern is observed in human and
mouse genomes (Emerson et al., 2004), in which there is an excess of XA movement of
retrogenes, as well as male expression bias. However, in these mammal genomes there is
also a significant excess of retrogenes moving in the opposite direction (A—=>X), which
present either female or unbiased expression. Interestingly, a somewhat symmetrical
pattern is observed in silkworms (in which females are ZW and males are ZZ), whose
retrogenes tend to move out of the Z chromosome and have ovary-biased expression
(Wang et al, 2012). Additionally, recent comparative analyses of 16 mosquito genomes
also found a significant excess of gene translocations from the X to the autosomes in these
species (Neafsey et al., 2015).

How can these findings be explained in an evolutionary perspective? Gene traffic
patterns are probably explained by adaptive and mechanistic forces acting on the
origination and insertion of new genes. Several models have been proposed to explain the

specific roles of each force, and their relative importance is still debated (summarized in
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Long et al, 2012). Among the plausible models for explaining why new genes have a
preferential movement across the genome, we find the sexual antagonism hypothesis,
which predicts that dominant beneficial mutations to females but detrimental to males
have higher probability of fixation by natural selection on the X chromosome, while
recessive ones have higher probability of fixation on the autosomes. Conversely, dominant
and recessive mutations that are beneficial to males but detrimental to females have higher
probability of fixation on the autosomes and on the X chromosome, respectively
(Charlesworth et al., 1987; Rice, 1984). Other, more mechanistic, explanations are the
meiotic sex chromosome inactivation (Vibranovski, 2014; Vibranovski et al., 2009b) and
the dosage compensation models (Vicoso and Charlesworth, 2009). Both hypotheses
suggest that processes occurring in the X chromosome reduce the expression of male-
biased genes (such as meiotic sex-chromosome inactivation and dosage compensation)
and, as a consequence, natural selection favors the relocation of these genes to autosomes.
Finally, a recently proposed hypothesis (Diaz-Castillo and Ranz, 2012) suggests that the
accumulation of testis-expressed retrogenes in Drosophila autosomes can also be explained
by the nuclear organization of chromosome domains in the male germ line. They argue that
the preferential integration of male-expressed retrogenes on autosomes is caused by the
increased accessibility of open chromatin domains with testis expression during
spermatogenesis, due to distinct chromosome interactions with the nuclear lamin. The
lower fraction of accessible domains on the X chromosome in the male germ line would
also explain the paucity of retrogenes in this chromosome. This model illustrates how data
regarding gene locations can be combined with structural information to provide new

explanatory hypotheses.
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There is still intense debate regarding the limitations and explanatory power of each
model. The general patterns of retrogene movement are probably caused by a combination
of factors, each one promoted by a different model. Further understanding will certainly
emerge from the collection of more genomic, expression and functional data. In any case,
these findings show how basic structural information (in this case, comparison of the
chromosomal distribution of genes and their parents) can be connected to genomic data to
reveal compelling patterns. We believe that future investigations connecting gene
distribution to other chromosome structures (such as chromatin states, chromosomal

domains and epigenetic markers) may provide exciting evolutionary insights.

Gene regulatory networks

Gene regulation is a key process for proper cellular function. Spatial and temporal
transcriptional activation of genes is determined by complex and extensive regulatory
networks, often involving signaling cascades, protein complexes assembly and
transcription factors binding to gene regulatory motifs. Recent large-scale genomic
analyses have described general patterns regarding the intricate regulatory networks from
some model organisms (Mackay, 2014), which allows us to investigate the number of
functional elements, connectivity and logic of networks topologies. However, little is known
about how regulatory networks actually evolve at a high resolution, how they can be
rewired and expanded, and how their constituent elements adapt in concert. A good way to
explore that is by investigating how the addition of new elements impact preexisting
networks. Next, we will illustrate how the recent integration of gene duplicates provides

insights about network evolution.
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In one example, the gene Zeus (Drcd-1r) originated through retrotransposition from
an X-linked parental gene, CAF40 (Drcd-1), in the ancestor of D. melanogaster, D. simulans,
D. mauritiana and D. sechellia, around 4-6 million years ago (Quezada-Diaz et al., 2010).
CAF40 encodes a highly conserved DNA-binding protein and takes part in a transcriptional
and post-transcriptional regulatory complex. Interestingly, Zeus protein sequence
underwent intense divergence from its parent after duplication, whereas the parental copy
remained essentially conserved (Chen et al., 2012). Also, Zeus regulation also diverged,
acquiring testis-expression, and being subject to histone modifications (Arthur et al., 2014),
while the parental Caf40 remained ubiquitously expressed. Using chromatin
immunoprecipitation followed by microarray assays (ChIP-chip), Chen et al. (2012)
demonstrated that Zeus protein binding sites across the genome have diverged to large
extent from the parental gene, promoting the upregulation of male-biased genes and
downregulation of female-biased genes. Furthermore, Zeus knockout shows a dramatic
negative effect on male fertility, evidencing the functional relevance of Zeus integration into
the regulatory network.

A similar pattern was investigated with another regulator recently duplicated in the
D. melanogaster species complex. Nsr (novel spermatogenesis regulator) originated
through DNA duplication from the kep1 locus in the same phylogenetic branch of Zeus, and
exhibits evidence of positive selection. The parental gene encodes a conserved RNA-
binding regulator, with ubiquitous expression, whereas nsr expression is restricted to
testis. Alike the previous example, nsr knockout also decreases male fertility. Detailed
electron microscope revealed that nsr knockout results in loss of the outer dynein arms of

the sperm axoneme, generating abnormal sperm structures (Ding et al, 2010). More
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interesting, the authors suggest that Nsr functional divergence may be related to its
subcellular localization, which is much broader than that of Kepl protein. Therefore,
according to their hypothesis, nsr acquired new male reproductive function through the
regulation of mRNA of pre-existing genes required for spermatogenesis. Curiously, the
sperm maturation processes affected here are very conserved during fly evolution.

Both examples mentioned above exemplify how new genes can be integrated into
pre-existing regulatory networks and acquire important functions. In this process, the new
gene can substantially diverge from the parental locus, changing its interaction partners,
expression pattern and subcellular localization. This integration can impact the overall
network architecture, and promote its rewiring, which can explain, for example, why some
new genes quickly acquired crucial functions in Drosophila and even became essential for
development and other conserved processes, despite their recent origination (Chen et al,,

2010; Kemkemer and Long, 2014).

Cell division

Another cellular process that, despite being highly fundamental and evolutionary
conserved, may also be impacted by new gene recruitment is cell division. The intricate
cellular mechanisms driving the accurate distribution of a duplicated genome during cell
division are critical to ensure proper cellular viability and development. Chromosome
alignment and segregation require the interaction between kinetochore proteins
associated with the centromere and the spindle microtubules, usually involving conserved

protein complexes (Cheeseman and Desai, 2008).
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In a detailed investigation, Ross et al. (2013) showed that the new duplicated gene
Umbrea, originated through DNA duplication 12-15 million years ago in Drosophila, evolved
an essential role for chromosome dynamics during mitotic division. Comparing sequences
from a range of species and manipulating their protein structure, they were able to
reconstruct the stepwise trajectory of Umbrea evolution. After duplication from the
parental HP1B (which encodes a heterochromatin protein involved in gene regulation),
Umbrea divergence involved the loss of an ancestral heterochromatin-localizing domain,
and other changes that rewired its protein interaction network and led to centromere
localization. Surprisingly, whereas the parental HP1B gene is dispensable for viability,
Umbrea developed an essential function, as demonstrated by the high proportion of mitotic
errors found in knockdown cells (Chen et al.,, 2010; Ross et al., 2013).

The authors propose that recurrent changes at centromeric regions may explain the
recruitment of new duplicated genes coding for centromeric proteins. Umbrea constitutes a
notable example of how new genes can be integrated into preexisting cellular networks and
impact its overall architecture, even in fundamental cellular processes, such as

chromosome segregation.

Protein traffic

As a final example, we will discuss a study case that challenges our concepts of
conservation and homology of subcellular components. Many complex cellular structures,
such as organelles, are found in phylogenetic distant groups of organisms. The
parsimonious interpretation is that those shared features are homologous, i.e. they are

ancient structures inherited from a common ancestor. There are at least some cases,
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however, in which the finding of complex structures in distant organisms is better
explained by independent convergent evolution, rather than by shared inheritance.

The hypothesis of independent origins was explored with specialized secretory
vesicles called dense core granules (DCGs). These vesicles accumulate in the cytoplasm and
function as storage reservoirs, until extracellular signals cause their fusion with the plasma
membrane and the extracellular release of their content. Because DCGs are found in a wide
range of eukaryotes (e.g. mammals, fungi, protozoans), the prevailing hypothesis was that
they were already present in the early eukaryotic ancestor. However, analyses of the
molecular composition of DCGs in mammals and ciliates (groups that diverged more than 1
billion years ago) failed to find homologous proteins, and some molecular mechanisms
involved in DCGs processes are fundamentally different in these groups. Such observations
support the idea that these secretory granules had independent origins in distinct
phylogenetic lineages (Elde et al., 2007).

A supplementary example comes from clathrin proteins involved in endocytosis.
This process is highly conserved in eukaryotes, and there is strong evidence for the shared
inheritance of the underlying genes. Nevertheless, recent duplications of clathrin genes
during chordate evolution generated distinct isoforms with tissue-specific function (Elde et
al., 2007). This instance illustrates how the inheritance of ancient genes, combined with
lineage-specific duplications, can lead to functional divergence and adaptation. The
possibility that other common cellular features are the result of convergent processes,
rather than representing shared inheritance, provides a stimulating alternative view of the

evolutionary history of complex structures.
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Perspectives

The recruitment of newly originated genes to play a role in fundamental cellular
processes may be a general and recurrent theme in evolution, rather than represent
exceptional events. Table 2.2 summarizes several new genes documented in Drosophila
with basic cellular functions. Note that those genes originated in diverse phylogenetic
branches in the Drosophila history, ranging from 0 to 25 million years ago (for the sake of
comparison, this upper limit corresponds to the time that separates humans from our
primate cousins Rhesus, a relatively recent event in evolutionary terms). In the near future,
the collection of additional complete genomes will improve our ability to discover and date
the origin of genes more precisely. Allied to experimental molecular biology techniques,
this knowledge will allow a mechanistic understanding of the functional evolution of new
genes, and of biological functions in general. We believe that future cases of novel genes
implicated in basic cellular processes will emphasize their relative importance for

adaptation.

Table 2.2. Examples of new genes involved in basic cellular processes reported in
Drosophila species.

Gene name Gene age (MY) Cellular process
jingwei 0-3 Alcohol metabolism
p24-related-2 0-3 Golgi vesicle transport
Cyp9f2 3-6 Intracellular oxidoreductase activity
Xcbpl 3-6 Chaperone
TflIA-S-2 6-11 Transcription factor
Ribosomal protein S28a 6-11 Ribosomal structural constituent
methuselah-like 6 6-11 Membrane G-protein coupled receptor
ACXA 11-25 Intracellular signal transduction
Chemosensory 11-25 Detection of pheromones

protein B 93b
Scavenger receptor class C,

11-25 Cellular internalization of foreign material
type 11
Lysozyme X 11-25 Lysozyme activity, defense against bacteria
Ribosomal protein L37b 11-25 Ribosomal structural constituent
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The evolutionary relevance of new genetic elements also points to the appealing
perspective of their significance in shaping human-specific traits, as well as contributing to
diseases. Despite variable estimates, we can conservatively conclude that at least 300 genes
are specific of the human lineage, and other 1000 are only found in primates (Zhang and
Long, 2014). Strikingly, transcriptome analyses revealed that a large proportion of new
genes are expressed in human brains during development when compared to mouse, and
also suggested that those genes originated in the same evolutionary period during which
the human neocortex was expanding (Zhang et al., 2011). Such findings demonstrate how
genome-wide expression comparisons can be used to shed light on long-standing questions
regarding human traits. Additionally, detailed experimental investigations have shown the
implication of young genes in diseases (reviewed in Zhang et al., 2012). Some remarkable
examples include genes related to tumors, such as the hominoid-specific TBC1D3
(Wainszelbaum et al., 2008), which is involved in cellular signaling and trafficking; and the
primate-specific CT45A1, which upregulates oncogenic and metastic genes (Shang et al,,
2014). Once more, these examples illustrate how evolutionary and cellular approaches can
be combined to explore relevant questions.

The finding that distantly related taxa share many common cellular processes, and
even ancient genes, may give the false impression that basic functions, and the genes
underlying them, are not affected by evolution, and remain unaltered at the molecular
level. This view is not in accordance with our current view of evolution. The existence of
deeply conserved processes does not imply that their underlying components have been
static over evolutionary time. Cellular processes are highly dynamic, and so is their

evolution. Even when a biological process is conserved across long evolutionary periods
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(such as the cell division mechanisms mentioned above), the molecular components
responsible for them may undergo a dynamic turnover. With these examples, we want to
emphasize the idea that, far from providing mere anecdotal reports, the evolution of new
genes can help to illuminate main evolutionary mechanisms and understand fundamental

biological processes and structures.
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Chapter 3
The young retrogene Poseidon impacts gene expression through

interactions with an ancient regulatory complex in Drosophila

The work described in this chapter is summarized in a manuscript under preparation as:
Ventura IM, Xia S, Sgromo A, Izaurralde E, Long M. “The young retrogene Poseidon impacts

gene expression through interactions with an ancient regulatory complex in Drosophila”.

Abstract

The origination and divergence of new genes are a major source of genomic and
functional novelty. It has been recently recognized that such young genes can take over
fundamental functions in basic cellular processes. It is not clear, however, how newly
duplicated genes are integrated into ancestral networks or to what extent they diverge
from their parents at the functional level. Here, we describe the evolution of a relatively
young gene only found in some Drosophila species (CG2053), which we named Poseidon.
We compare its functional impact with that of its parent CAF40, an ancient gene involved in
regulatory pathways, and Zeus, an even younger duplicate, which was shown to have a role
in male germline gene regulation. We show that, after their origination through
retrotransposition, both duplicates rapidly diverged at the sequence level, and exhibit
distinct timing of expression in different testis cell types. Using knockdown and knockout
assays, we show that the three genes have an importance for fly viability and male fertility.
Moreover, our transcriptome analyses demonstrate that the three genes have a broad and

distinct effect in the expression of hundreds of genes, with almost half of the differentially
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expressed genes being perturbed exclusively by one paralog, but not the others. Finally, we
show that Poseidon protein, but not Zeus, conserved CAF40 ability to interact with an
ancient protein regulatory complex. Our results show how young elements can be
integrated into conserved processes in different ways, illustrating the complex nature of

evolution driven by new gene origination.

Introduction

The complex regulation of gene expression is essential for proper cell function.
Accurate spatial and temporal transcriptional activation and repression, as well as post-
transcriptional regulation, is determined by intricate regulatory networks, often involving
extensive signaling processes and the recruitment of multi-protein regulatory complexes.
Thus, describing the components of such regulatory circuits, as well as understanding their
role in the evolution of gene regulation can extend our comprehension of how organisms
adapt and diversify over time (Erwin and Davidson, 2009; Halfon, 2017; Wilson et al,,
1977). Fundamental cellular functions, including basic regulatory processes common to
distantly related organisms, are often assumed to be carried out by old conserved
elements, whereas evolutionary young genes would be involved in more restrict, even
dispensable, activities (Kondrashov, 2012; Miklos and Rubin, 1996). However, recent case
studies have challenged this view, showing that young genes can be incorporated into
ancestral regulatory networks, with major impact in the expression of numerous genes
(Chen et al., 2012; Ding et al,, 2010). The importance of such integration of new elements
into fundamental cellular processes is illustrated by dramatic examples of young genes

which were experimentally shown to have acquired indispensable roles in development or
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reproduction in a short evolutionary time, even when present in a single species (Chen et
al., 2010; Lee et al., 2018; Ross et al,, 2013; Saleem et al,, 2012; VanKuren and Long, 2018).

The incorporation of new elements, in particular evolutionary young genes, into
ancestral regulatory networks remains elusive and underexplored (Abrusan, 2013; Zhang
et al., 2015). In particular, little is known about the molecular mechanisms involved in the
evolution of regulatory networks driven by recently evolved gene duplicates. For instance,
it is not clear to what extent the regulatory role of a young gene diverges from that of the
parental copy, as well as what specific cellular processes and phenotypes they impact. In
this context, the detailed comparison of old genes and their young duplicated paralogs can
shed light on the mechanisms leading to the integration of new elements into preexisting
cellular processes.

Despite the fact that newly originated genes are integrated into diverse functions
(Long et al., 2013), extensive comparative genomic analyses have reported an intriguing
pattern: there is a strong excess of parental genes on the X chromosome that produced
autosomal duplicated genes with specific expression in the male germline (Kaessmann et
al., 2009). This pattern was confirmed for various organisms such as flies (Bai et al., 2007;
Betran et al, 2002; Dai et al, 2006; Zhang et al,, 2010a), mosquitos (Toups and Hahn,
2010), and mammals (Carelli et al.,, 2016; Emerson et al., 2004). The preferential fixation of
male-biased duplicated copies into autosomes likely reflects the fact that, during the
meiotic stage, there is a suppression of expression of genes in the X chromosome. As a
result, natural selection favors the fixation of autosome-inserted duplicated copies that
escape the X chromosome and compensate for the expression of its parental gene

(Vibranovski et al, 2009, 2012; reviewed in Casola and Betran, 2017). In addition, other
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factors are thought to contribute to this scenario, such as the fact that the testis is a rapidly
evolving organ, prone to the accumulation of new elements, consistent with intense sexual
selection (Harrison et al, 2015); and that, during late spermatogenesis stages, the
transcription of new gene copies is facilitated by the permissive chromatin state, which
may facilitate the promiscuous transcription, insertion, and subsequent evolution of newly
arisen genes (Kaessmann, 2010).

Consistent with the pattern described above, previous studies have reported that
male reproductive tissues express specific versions of several housekeeping genes involved
in basic cellular processes, such as the proteasome (Zhong and Belote, 2007), transcription
(Hiller, 2004), and translational machineries (Baker and Fuller, 2007). It was suggested
that these duplicated copies may represent specialized versions of their parental genes,
required to accomplish the intense and coordinated changes in gene expression observed
during spermatogenesis (White-Cooper, 2010). It is not clear, however, why the duplicated,
specific copies are so abundant, or to what extent they diverge from their parental ones
(Belote and Zhong, 2009).

In this study, we investigate the evolution and functional impact of Poseidon and
Zeus, two relatively young genes expressed in the testes, which independently duplicated
from CAF40, and are only found in some Drosophila species (Zhang et al., 2010a). CAF40 is
an ancient gene, broadly expressed in all fly tissues. The locus encodes a highly conserved
protein in eukaryotes, with orthologs identified and experimentally studied from mammals
(e.g. mouse and human) to insects (e.g. Drosophila) to fungi (e.g. yeast) (Collart and
Panasenko, 2017). CAF40 is a core member of the also conserved CCR4-NOT regulatory

complex, a multi-protein assembly involved in transcriptional, post-transcriptional and
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translational regulation (Miller and Reese, 2012). The complex promotes the deadenylation
and degradation of mRNA targets, a critical regulatory process for proper spermatogenesis
(Legrand and Hobbs, 2018). By integrating several regulatory processes, the complex is
considered a key regulator of eukaryotic gene expression (Collart, 2016). CAF40 function in
the complex involves the recruitment and stabilization of the protein assembly, and it also
acts independently of the complex, interacting with transcription factors and altering their
activation potential (Garapaty et al., 2008).

Zeus was already shown to play a role in male fertility in Drosophila, by binding and
regulating the expression of a large set of target genes, many not shared with the parental
CAF40 (Chen et al,, 2012). Here, we first describe the divergence between CAF40 and its
two retroduplicates, Poseidon and Zeus, in gene sequence and expression patterns. Second,
using RNAi-knockdown and CRISPR-Cas9-deletions, we further explored their phenotypic
importance for viability and male fertility. Third, we demonstrate that Poseidon protein,
but not Zeus, retained the ability to interact with the CCR4-NOT complex. Finally, our RNA-
seq data demonstrate that the independent silencing of each paralog impacts the regulation
of a distinct set of genes, likely due to a misbalance between regulatory processes in which
the paralogs are integrated to. Together, our data show that both young duplicates play a
role in Drosophila male germline regulatory pathways, interact with highly conserved

regulatory mechanisms, and impact the gene expression network in different ways.

Results
Below, we describe the diverse computational and experimental assays we

employed to investigate Poseidon and Zeus evolution and function, and to what extent they
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diverge from those of the parental gene CAF40. Briefly, we explore their: i) origination
process and sequence divergence; ii) expression patterns; iii) phenotypic impact for
viability and male fertility; iv) interaction with the CCR4-NOT complex; and v) impact on

global gene expression.

Poseidon origination and rapid evolution

Comparative genomic analyses from public databases had previously identified Zeus
as a diverged copy of CAF40 (Zhang et al, 2010a), which prompted its functional
description as a duplicated gene (Chen et al., 2012; Quezada-Diaz et al., 2010). Curiously,
such analyses had also revealed the presence of another annotated related gene in flies,
although it had not been studied until now (CG2053 in D. melanogaster, which we named
Poseidon, as a reference to Zeus’ brother in the Greek mythology).

Poseidon intact ORFs are present in the third chromosome of 18 Drosophila species
(Fig. 3.1A), all from the subgenus Sophophora. Reciprocal BLAST searches did not find any
other significant match in eukaryotes besides CAF40 and Zeus orthologs (e.g. PSI-BLAST E-
value = 7x10-°%, coverage = 81% between CAF40 and Poseidon from D. melanogaster),
which suggests this is a relatively young gene only present in some fly species.

The presence of introns is useful for determining the mechanisms of origination of
new genes. CAF40 orthologs have between 4 and 6 introns in Drosophila species. Poseidon,
on the other hand, only exhibits one small intron in its 3’ end in some species, which is
unrelated in sequence or position to any intron found in CAF40. The lack of the ancestral

introns in the duplicated gene suggests that Poseidon likely originated through an X to
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autosome retrotransposition event, with the insertion of the duplicate in the third
chromosome, and subsequent gain of a new intron (Fig. 3.1B).

Our phylogenetic analyses support the hypothesis that Poseidon and Zeus originated
through two independent duplication events from CAF40 in different branches of the
Drosophila phylogeny (Fig. 3.1C). Zeus phylogenetic position is consistent with its
retroduplication after the split of the most recent common ancestor of D. melanogaster and
D. yakuba (6-11 MYA), as previously reported (Quezada-Diaz et al., 2010).

Our phylogenetic analyses strongly support the hypothesis that Poseidon
duplication event happened after the split of the common ancestor of Drosophila and other
Diptera (e.g. genera Culex and Musca in Fig. 3.1), around 132 MYA, which is in agreement
with the fact that this gene is not found in any species outside the genus Drosophila (Fig.
3.1A). However, Poseidon exact origination period within Drosophila is harder to precise,
because its phylogenetic distribution among species slightly conflicts with its estimated
phylogenetic position. On one side, our phylogeny suggests that the duplication happened
before the split of the Sophophora and Drosophila subgenera (50 MYA), although the
support for this node is not very strong (Fig. 3.1C). The duplication event in that branch
would require the loss of Poseidon in flies from the Drosophila subgenus clade, since it is
not present in any of the four species with available genomic data (D. virilis, D. mojavensis,
D. albomicans, D. grimshawi; Fig. 3.1A). Alternatively, the presence of Poseidon in 18 species
from the Sophophora clade but absence in species from the Drosophila subgenus suggest
that the duplication might have occurred after the split of the two subgenera, in the
common ancestor of D. melanogaster and D. willistoni (50 MYA). In this case, the early split

of Poseidon and CAF40 in our estimated phylogeny might be the result of an artifact, such as
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long-branch attraction (Bergsten, 2005), since Poseidon sequences are rapidly diverging

compared to the parental CAF40.

Figure 3.1. Origination of Poseidon and Zeus from CAF40 in Drosophila. A)
Distribution of the three paralogs among Drosophila species, with other insects as
outgroups. Filled boxes represent the presence of each gene. B) Scheme depicting Poseidon
origination process through retroduplication, and insertion into an autosome. ()
Phylogenetic relationship among the three paralogs reconstructed through Bayesian
method (CAF40 homologs in black, Poseidon in blue, and Zeus in orange; numbers represent
the Bayesian posterior probability of each node).

Regardless of the exact time of the duplication event, our analyses support the
conclusion that Poseidon and Zeus are two independent, relatively young duplicates from

the same parental gene CAF40, and are only present in some Drosophila species. Also, they
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show that both duplicates have substantially diverged at the sequence level from CAF40,
which remained highly conserved. As an illustration, CAF40 protein sequences from
D. melanogaster and D. willistoni (which split around 50 MYA) diverged in only 2.3% of the
sites, whereas Poseidon and Zeus diverged 56.8% and 30.6%, respectively, from CAF40 in

D. melanogaster.

The duplicates diverged at highly conserved sites

In order to understand whether the duplicated proteins accumulated replacements
at conserved residues in the ancestral protein, or merely at the highly variable termini of
the protein, we estimated the Shannon entropy (H) for each residue in an alignment of
CAF40 homologs from 56 eukaryotes, and contrasted it with the replaced residues in the
duplicates (Fig. S3.1). We found that amino acid replacements in Poseidon and Zeus
occurred even at extremely conserved sites of CAF40 (Fig. S3.2 depicts replacements
mapped onto the parental protein structure). In both duplicates, replacements are
distributed throughout the protein structure, including the charged groove formed by the
conserved armadillo-repeat domain (Garces et al., 2007), which was shown to be important
for CAF40 interactions (Chen et al. 2014). For the sake of comparison, out 49 residues that
are completely conserved in CAF40 among eukaryotes (H=0; Fig. S3.1), Poseidon diverged
in 25, and Zeus, in 11 of them. Furthermore, several residues that were experimentally
shown to be functionally relevant for CAF40 interaction with its protein partners in
previous studies were replaced in the duplicates (Table S3.1; Chen et al. 2014; Mathys et al.

2014; Sgromo et al. 2017). The extensive replacement of amino acids that are highly
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constrained in the parental protein suggests that Poseidon and Zeus biochemical

properties may have diverged substantially from CAF40.

The duplicates acquired a restrict expression pattern

Part of the phenotypic divergence between duplicated genes and their parents may
result from their differential expression pattern. We used extensive transcriptome data
from publicly available databases to investigate to what extent Poseidon and Zeus diverged
from CAF40 at the expression level. First, a comparison of expression of these genes in
several tissues from D. melanogaster evidences that both Poseidon and Zeus have acquired a
narrower expression pattern when compared to CAF40 (summarized in Fig. 3.2A). The
duplicates are only expressed at larval imaginal discs, adult male reproductive tissues, and
pupae at low or intermediate levels, in sharp contrast to CAF40, which is expressed at all
assayed tissues and development times, from intermediate to high levels. We confirmed the
distinct expression of the three paralogs in D. melanogaster larvae, head, and testis through
RNA extraction followed by RT-PCR (Fig. S3.3).

We also compared the expression of each paralog at different testis cell types in D.
melanogaster. Taking advantage of a previous study that isolated cells from different
spermatogenesis phases (mitosis, meiosis, post-meiosis) (Vibranovski et al., 2009b), we
show that the three paralogs have distinct expression dynamics in that organ (Fig. 3.2B).
While CAF40 expression levels are consistently high across the three phases, with the
lowest expression in meiotic cells, Poseidon exhibits a peak of expression in the meiotic
stage, a common pattern for autosomal retrogenes expressed in the testis (Vibranovski et

al., 2009b). Zeus is even more variable, with a strong peak of expression in the early mitotic
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phase, and subsequent drop of expression in the meiotic and post-meiotic stages. Fast
divergence in the expression pattern is often observed for retrogenes, which are inserted in
genomic contexts diverse from the parental copy, and may promptly acquire and/or evolve
new cis-regulatory elements (Bai et al., 2008). The distinct expression dynamics of each
paralog suggests that they may not be functionally redundant, even when expressed in the
same male reproductive organ. Their phenotypic impact for male fertility is addressed
below.

Finally, we analyzed transcriptome data from other six Drosophila species in order
to understand whether the duplicates male-biased expression pattern is conserved across
the phylogeny. For all the additional six species, CAF40 is expressed at intermediate or high
levels in adults, consistent with its role as a housekeeping gene. In contrast, all the other
species exhibit significant male-biased expression of the duplicated genes (four additional
species for Poseidon, and one for Zeus), similar to the pattern observed in D. melanogaster

(Fig. 3.2C).
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Figure 3.2. CAF40, Poseidon and Zeus have distinct expression patterns. A)
Summary of the expression intensity of each paralog in D. melanogaster tissues and
development times. Expression summarized as average FPKM. CAF40 broad expression
contrasts with the duplicates restricted expression pattern. B) Expression level at three
different cell types in D. melanogaster testes (mitosis, meiosis, post-meiosis). Error bars
indicate SD. The expression dynamics of each paralog diverges according to the cell type. C)
Summary of expression intensity in female/male adults for Drosophila species with
available data for each paralog. Circles in the phylogeny represent the duplication event for
Poseidon (blue) and Zeus (orange). Male-biased expression for Poseidon and Zeus are
conserved across the phylogeny. Data extracted from (Brown et al., 2014; VanKuren and
Vibranovski, 2014; Vibranovski et al., 2009b).

Poseidon and Zeus impact viability and fertility

The duplicates restrict pattern of expression, along with their conserved sex-specific
expression across fly species, suggest that the duplicates may have been integrated into
developmental and/or reproductive processes. First, we tested this hypothesis by using
RNAi-mediated knockdown and CRISPR-based knockout to assay the importance of the
three paralogs on D. melanogaster egg to adult viability.

RNAi knockdown using both a ubiquitous (Tub84B>GAL4) and an imaginal disc-

specific driver (T80>GAL4) confirmed that CAF40 expression is essential for fly survival

(less than 3% of the flies developed into adults when the gene was silenced with the
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ubiquitous driver, t-test, p < 0.0001 for the comparison with the control; Fig. 3.3A). CAF40
essential role in cellular processes is also observed in distant eukaryotes, as evidenced by
knockout experiments in C. elegans (Kamath et al., 2003) and humans (Wang et al,, 2015).
Both knockdown and knockout assays evidenced that Poseidon and Zeus also have a
significant phenotypic impact on fly viability, although less dramatic than the parental
gene. When RNAi-silenced, these genes reduced the relative fly viability in around 20%,
with a slightly stronger effect of the ubiquitous driver over the imaginal disc one (t-test, p <
0.05 for all the comparisons with the controls; Fig. 3.3A). Such a difference could be due to
a higher efficiency of the ubiquitous driver, or to the fact that the genes may be expressed
at tissues other than the imaginal discs, such as the pupae stage. A similar negative impact
on fly viability (reduction of ~25% compared to the control) was achieved when the genes
were knocked out, as evidenced by the reduced viability of lines homozygous to two
independent frameshift deletions for each of the two genes (t-test, p < 0.05 for both genes
compared to the control; Fig. 3.3B). The similar effect achieved with knockdown and
knockout assays are consistent with the high efficiency of the RNAI strategy in lowering the

expression level of the three genes, as measured through RT-PCR (Fig. S3.4).
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Figure 3.3. CAF40, Poseidon and Zeus impact on viability. A) Viability of RNAi-
expressing flies, relative to the control genotype from each individual cross. The two
hatched bars in the left show the relative viability of the two control GAL4-expressing
drivers, Tub (ubiquitous) and T80 (imaginal-discs). CAF40-RNAi-expressing flies in red;
Poseidon in blue and Zeus in orange. B) Viability of homozygous flies for different CRISPR-
Cas9 deletions for Poseidon (blue) and Zeus (orange) relative to the control from the same
background strain (black). Notice the non-significant effect of the only non-frameshift
deletion for Poseidon (first blue bar on the left); t-test: * p < 0.05, ** p < 0.01, *** p < 0.001,
*¥* p < 0.0001. Error bars indicate SD.

Given the conserved expression of the duplicates on the testes of several fly species,
we also assayed the effect of silencing each gene on male fertility. We used RNAi-
knockdown with two different testis-specific drivers: nanos>GAL4 (typically expressed at
spermatogonia and male germline stem cells), and Bam>GAL4 (expressed at late
spermatogonia and early spermatocytes stages), which allowed us to assay the genes
importance at different spermatogenesis phases (White-Cooper, 2012). Independent

silencing of the three genes had a negative impact on male fertility (Fig. 3.4). CAF40

knockdown had the strongest effect (drop of ~45% on relative fertility using nanos; t-test p
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< 0.0001), in accordance with its function as a fundamental housekeeping gene. Poseidon
strongest effect was observed with the Bam driver (reduction of ~39% on relative fertility,
t-test p < 0.001), although the effect is also significant with nanos (drop of ~28% on
relative fertility; t-test p < 0.001). The effect of Zeus knockdown, on the other hand, was
only significant when the nanos driver was employed (drop of ~36% on relative fertility; t-
test p < 0.0001), but not the Bam-driver (t-test p = 0.59). These results are consistent with
the timing of expression of each paralog at different spermatogenesis stages mentioned
before (Fig. 3.2B). In particular, Zeus effect is only observed when the gene is knocked
down at early stages, consistent with its peak of expression in mitotic cells. Finally,
Poseidon and Zeus impact on male fertility was also confirmed using CRISPR-generated
frameshift deletions, reducing relative fertility in around 17% and 32%, respectively,
compared to the control from the same background strain (t-test p < 0.05 for both

comparisons; Fig. 3.4C).
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Figure 3.4. CAF40, Poseidon and Zeus impact on male fertility. Relative fertility
of males expressing RNAi using testis-specific drivers: A) nanos>GAL4 - early
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(Figure 3.4, continued) spermatogenesis; and B) Bam>GAL4 - late spermatogenesis.
Black bars represent the controls, CAF40-RNAi-expressing flies in grey, Poseidon in blue,
Zeus in orange. C) Fertility of males homozygous for frameshift CRISPR-Cas9 deletions for
Poseidon (blue) and Zeus (orange) compared to the control of the same background strain
(darker bars). t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Error bars
indicate SD.

Poseidon and Zeus interaction with the CCR4-NOT complex

Given CAF40 conserved role as a core member of the CCR4-NOT regulatory complex
in eukaryotes, we were tempted to test whether the two duplicates maintained this
ancestral function, despite their intense protein sequence divergence. First, we
independently expressed a GFP-tagged version of each paralog in Dm S2 cells, and assayed
their interaction with HA-tagged NOT1 through co-immunoprecipitation followed by
Western blotting analysis. NOT1 was selected because it is the only known interaction
partner of CAF40 in the CCR4-NOT complex (Collart and Panasenko, 2017). We found that
Poseidon conserved the ability to interact with NOT1, whereas Zeus either lost it, or binds
NOT1 only weakly (Fig. 3.5A).

Second, we also tested the paralogs ability to interact with two additional post-
transcriptional regulators, Bam and Roquin, which were recently shown to recruit the
CCR4-NOT complex in D. melanogaster through direct interactions with CAF40 (Sgromo et
al, 2017, 2018). Again, Poseidon retained the ancestral binding ability, in contrast to Zeus,
which failed to bind to either ancestral partner (Fig. 3.5B-C).

The conservation of ancestral interaction with NOT1 observed for Poseidon
suggests that it should be able to recruit the CCR4-NOT regulatory complex, in contrast to

Zeus. If this is true, Poseidon should have conserved the repressive effect on targeted

mRNAs extensively observed for CAF40 (Sgromo et al., 2017). We tested this hypothesis by
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measuring each paralog ability to repress a luciferase reporter mRNA in a AN-tethering
assay. In agreement with previous reports, our assays show that CAF40 promotes a strong
repression of the tethered reporter activity, compared to the control, consisting of a similar
reporter transcript lacking the binding sites for the AN-tagged protein (Fig. 3.5D).
Accordingly, Poseidon is also able to reduce the reporter expression to similar levels
(around 10% of the control level, Fig. 3.5D). In contrast, Zeus exhibits a weaker repressive
ability compared to the parental protein, although it is clearly significant (around 35% of
the control level).

Taken together, these results suggest that Poseidon conserved CAF40 ancestral
ability to interact with the CCR4-NOT complex through interactions with NOT1, as well as
recruit two known regulatory partners of the complex, leading to the repression of targeted
transcripts. Zeus, on the other hand, had its CCR4-NOT recruitment ability lost or
weakened. Nevertheless, the fact that Zeus is still able to promote the reporter repression
to a lesser extent suggests that it either evolved new protein interactions involved in mRNA
repression, or conserved other ancestral, not yet described, CAF40 protein interactions

related to this activity.
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Figure 3.5. CAF40, Poseidon and Zeus protein interaction with the CCR4-NOT
complex. Western blotting assaying the interaction between each paralog and three
different protein partners, according to co-immunoprecipitation and pull-down assays in
Dm S2 cells. In all panels, GFP-F-Luc served as a negative control. Input samples consist of
3% for the GFP-tagged proteins and 1% for the HA-tagged proteins, and
immunoprecipitate samples of 10% for the GFP-tagged proteins and 30% for the HA-
tagged proteins. Protein size markers are shown on the right in each panel. A) Cells
expressing GFP-tagged versions of CAF40, Poseidon and Zeus, and HA-tagged NOT1. Notice
the positive bands for the three paralogs in the input sample (left), and positive bands for
HA-NOTT1 in the co-immunoprecipitated sample for CAF40 and Poseidon, but not Zeus. B)
Cells expressing GFP-CAF40, Poseidon and Zeus and HA-Bam. C) Cells expressing HA-
CAF40, Poseidon and Zeus, and GFP-Roquin. D) Luciferase mRNA reporter repressing
ability of each paralog assayed through a AN-tethering assay. A plasmid expressing R-Luc
served as a transfection control, and an F-Luc reporter lacking the binding sites for AN-HA
(BoxB) was used as control (grey bars). F-Luc activity levels were normalized to those of
the R-Luc control and set to 100% in cells expressing the AN-HA peptide. Error bars
indicate SD of five replicates. CAF40 and Poseidon exhibit similar abilities of repressing the
luciferase reporter (black bar) compared to the control (grey bar). On the other hand, Zeus
exhibits lower, though still significant, repression ability.
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CAF40, Poseidon and Zeus impact on gene regulation

Given CAF40 central role in several cellular regulatory processes, we asked what is
the impact of the perturbation of the three paralogs for global gene expression. Moreover,
since the two duplicates are highly diverged at their protein sequence and expression
dynamics from the parent, they offer a good opportunity to assay to what extent the impact
on gene regulation differs among the paralogs.

We conducted genome-wide transcriptome analysis of adult testes to assay the
impact of CAF40, Poseidon and Zeus germline-specific knockdown on global gene
expression, compared to controls from the same background strain. Our transcriptome
data showed that RNAi-silencing was effective and specific against each paralog, reducing
mRNA levels of each gene in at least 60% compared to the control, while not impacting the
other paralogs (Table S3.2). Knocking down the three genes had a significant impact on the
regulation of hundreds of genes. Figure 3.6A shows the number of genes whose expression
level was up- or down-regulated more than 1.5-fold for each knockdown, compared to the
control. At this threshold, the knockdowns affected the expression of 2,622 genes, which
corresponds to more than a fifth of the genes mapped in our transcriptome (11,491) (Fig.
S3.4-5). Such a widespread effect on gene expression suggests that Poseidon also conserved
a role on gene regulation in male germline, as previously shown for CAF40 and Zeus (Chen
etal, 2012).

We also investigated to what extent the impact on gene regulation differs upon each
paralog knockdown. A large set of genes had their expression affected by all the three
knockdowns compared to the control. For instance, a common set of 670 genes was

perturbed when the three paralogs were individually silenced, which corresponds to
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25.5% of all differentially expressed genes at >1.5-fold (Fig. 3.6B). On the other hand, a
substantial set of genes (46.3%) was perturbed by only one of the knockdowns, but not
shared with the other two, which reveals the distinct impact that each paralog has in the
global regulatory network.

Remarkably, our gene ontology analyses revealed that, among the differentially
expressed genes, the most significant enrichment was found among the 670 perturbed
genes shared by the three knockdown samples. Particularly, there was a high proportion of
genes involved in catabolic functions (Table S3.3), such as serine-type endopeptidase
activity (G0:0004252, adj. p < 10-28), serine hydrolase activity (GO:0017171, adj. p < 10-%7),
and catalytic activity (GO:0003824, adj. p < 10-¢). Accordingly, the cellular processes with
the most significant enrichment were proteolysis (GO:0006508, adj. p < 107) and
reproduction (GO:0032504, adj. p < 10-7) (Tables S3.3).

The number of perturbed genes shared with the parental CAF40-KD differed
between Poseidon-KD and Zeus-KD. Among all the genes differentially expressed in the
Poseidon-KD sample, 63.7% are shared with the CAF40-KD, whereas the same is true for
only 53.3% of the genes affected by Zeus-KD (fig. 3.6C), which suggests that Zeus impact on
gene regulation is more diverged than that of Poseidon (x* = 50.7, p < 1010 for the
comparison of shared/not shared with CAF40-KD). Similar proportions are observed when
only differentially expressed genes higher than 2- or 5-fold are considered (Fig. S3.7). For
instance, 37.5% of >5-fold differentially expressed genes in Zeus-KD are exclusive (not
shared with the other knockdowns), whereas the same is true for only 17.7% of the genes

impacted by Poseidon-KD (x? = 7.69, p < 0.01; Fig. S3.7).
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Despite the differences in the set of genes that are perturbed by each knockdown,
for the vast majority of genes that were commonly affected by CAF40 and one of the
duplicates knockdown, the perturbation occurred in the same direction (i.e. up- or down-
regulation) on both samples (Fig. 3.6D). Yet, once again Zeus-KD had a larger proportion of
genes that were perturbed in the opposite direction of that of CAF40-KD when compared to
Poseidon-KD (9.1% of perturbed genes in Zeus-KD versus 3.8% in Poseidon-KD were in the
opposite direction of that of CAF40-KD, x2 = 21.3, p < 10->for the opposite/same direction
as CAF40-KD comparison), consistent with previous observations by (Chen et al., 2012).

Finally, we classified the genes with perturbed expression compared to the controls
in each knockdown sample as male or female-biased, based on two independent Drosophila
databases (Assis et al., 2012; Gnad and Parsch, 2006). For all the three knockdowns, there
was an enrichment of genes with male-biased expression among the differentially
expressed sets, following the classification of both databases (x? test, p < 0.01 for all the
male/female-biased genes comparisons; Table S3.4). The impact of the three knockdowns
on the regulation of male-biased expressed genes is in agreement with the importance of

the three paralogs for male fertility, as described above.
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Figure 3.6. Impact of CAF40, Poseidon and Zeus knockdowns on global gene
expression. A) Number of genes with >1.5-fold change in expression compared to the
control in the knockdown of each paralog measured through RNA-seq. Up-regulated genes
shown in blue, down-regulated shown in red. B) Venn diagram representing the number of
genes differentially expressed upon the knockdown of each paralog (CAF40 in grey,
Poseidon in blue, Zeus in orange) and their intersections. Areas in the figure are
proportional to the number of genes in each category. Notice the large number of genes
(670) commonly affected by the three knockdowns, as well as genes exclusively perturbed
by one paralog (1,215). C) Proportion of genes differentially expressed upon Poseidon and
Zeus knockdown that are also affected by CAF40 knockdown. Notice that Poseidon affects a
higher proportion of genes shared with CAF40 compared to Zeus (63.7% versus 53.3%; x? =
50.7, p < 10-19). D) Proportion of genes differentially expressed upon the knockdown of
Poseidon and Zeus that are affected in the same direction (i.e. up- or down-regulated) in the
CAF40-KD. Notice that, despite the fact that the large majority of genes are affected in the
same direction by the duplicates and the parental knockdown, Zeus knockdown affects a
larger proportion of genes in the opposite direction of that of CAF40 when compared to
Poseidon (9.1% of perturbed genes in Zeus-KD versus 3.8% in Poseidon-KD were in the
opposite direction of CAF40-KD, x% = 21.3, p < 10-5).

Discussion

The analyses presented here allow us to investigate the evolution of two young
genes after their independent retroduplication from the same parental gene in Drosophila.
We showed that both Poseidon and Zeus are functional genes that have substantially

diverged from CAF40 at the protein sequence shortly after duplication, whereas the

parental gene remained highly conserved (Fig. 3.1C). Furthermore, even residues that have
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been conserved in CAF40 for a long evolutionary time (namely, amino acids common to all
eukaryotic homologs in our alignment) were replaced in the duplicates, which may impact
conserved functions of the protein.

Poseidon and Zeus have also diverged at the expression pattern in a similar fashion.
Both genes have independently acquired restricted regulation, being expressed at low or
intermediate levels during larval development and at male reproductive tissues, whereas
CAF40 remained broadly expressed. The duplicates male-biased expression is conserved
throughout the Drosophila phylogeny (Fig. 3.2C), suggesting that both genes either quickly
acquired expression in male reproductive tissues after duplication, which then remained
conserved across species, or repeatedly evolved a similar expression pattern, which seems
less likely (Bai et al., 2008; Sorourian et al., 2014).

Despite their overlapping expression in the testes, the three paralogs have distinct
timing of expression in the cell types of that organ. We showed that Poseidon expression
peaks at meiotic cells, the same stages in which CAF40 has its lowest expression (Fig. 3.2B).
Such dynamics was extensively reported for X-linked parental genes and their autosome
duplicated copies, and suggests an expression compensation between the paralogs due to
the inactivation of genes on the X chromosome during meiosis (Casola and Betran, 2017;
Vibranovski et al., 2009b). On the other hand, Zeus peak of expression happens at early
spermatogenesis stages (mitotic cells), and drops during and after meiosis. Such difference
in expression is consistent with our fertility experiments, which showed that Zeus negative
effect on male fertility is only significant when knocked down with an early germline
driver, but not with a mid-spermatogenesis one (Fig. 3.4). In contrast, CAF40 and Poseidon

knockdown effects are observed at both early and mid-stages. Therefore, despite the
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overlap of expression of the three paralogs in the testes, they exhibit distinct dynamics in
different cell types, and may be required for different moments of spermatogenesis.

Likewise, our functional assays also demonstrated that Poseidon and Zeus have an
importance for egg to adult viability, consistent with their expression during larval
development. Although less strong than silencing CAF40, which is an essential gene,
knockdowns and knockouts of both duplicates yielded lower viability (Fig. 3.3). Because
the independent perturbation of each copy had a detrimental impact on viability and
fertility, it suggests that the duplicates are not completely redundant, i.e. the divergence
observed at expression and/or protein function make them functionally distinct, to the
extent that the presence of two wild-type paralogs did not automatically compensate for
the silencing or knockout of a third paralog.

Our co-immunoprecipitation assays showed that Poseidon protein conserved CAF40
ability to interact with NOT1 in the CCR4-NOT complex, as well as to recruit Bam and
Roquin. Moreover, such interactions are consistent with CAF40 and Poseidon strong
repressive effect of a tethered reporter transcript (Fig. 3.5). On the other hand, Zeus failed
to bind, or binds only weakly, to NOT1 and the other two assayed proteins. Again, this
difference is in agreement with its weaker repressive ability in our tethering assay (Fig.
3.5). Although significantly lower, Zeus retained a significant repressive ability, which
probably reflects either Zeus weak binding to the CRR4-NOT complex, the conservation of
ancestral, not yet described interactions or the evolution of new interactions involved in
repressive activities. Taken together, these results suggest that, whereas Poseidon
probably inherited CAF40 role in the CCR4-NOT complex (although with a distinct impact

on gene regulation, as discussed below), Zeus likely acts independently of this complex.
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One possibility, for instance, is that Zeus main mechanism of action consists solely of
binding the genome and regulating transcription, which is in agreement with previous
analyses that showed that Zeus presents a distinct binding pattern in the genome, and
regulates a different set of genes compared to CAF40 (Chen et al,, 2012). If that is the case,
Zeus protein function consists of a subfunction of the ancestral CAF40, consistent with the
partitioning of functions postulated by subfunctionalization models (Force et al., 1999).

Lastly, our genome-wide transcriptome analyses demonstrated that the
independent perturbation of the three paralogs impacts the regulation of hundreds of
genes in the testes (Fig. 3.6), in agreement with CAF40 well established role in
transcriptional and post-trancriptional regulation (reviewed in Collart 2016), as well as
previously assayed for Zeus (Chen et al.,, 2012). On one hand, the comparison of the genes
that are differentially expressed in the knockdown samples revealed that, among the large
set of genes commonly perturbed by the paralogs knockdown compared to the control,
there is a strong enrichment for genes related to cellular catabolic processes (Fig. 3.6, Table
S3.3). Such enrichment suggests that the knockdown of the paralogs affects the regulatory
balance between transcription, translation and degradation of numerous downstream
genes, given the importance of the parental gene in coordinating and integrating different
regulatory pathways (Miller and Reese, 2012). In addition, for the vast majority of genes
co-affected by more than one paralog knockdown, the direction of the impact (i.e. up- or
down-regulation) was the same on both samples (Fig. 3.6D), suggesting that the paralogs
share a similar effect on a large portion of the target genes.

On the other hand, almost half the differentially expressed genes are exclusively

perturbed when one of the paralogs is silenced, but not the others, which reflects the
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distinct impact of each paralog in the regulatory network (Fig. 3.6B). Such differences in
the sets of genes impacted can be explained by the fact that each paralog has a distinct
timing of expression in the testis (Fig. 3.2B), and/or has different binding affinities to their
transcript and genomic targets, which was not explored in this study.

Curiously, despite the fact that Zeus is younger and less diverged from CAF40 when
compared to Poseidon, it seems to be more functionally distinct from the parental gene,
with respect to expression pattern (Fig. 3.2B), protein interaction (Fig. 3.5A-C), and
repression activity (Fig. 3.5D). Moreover, such distinctions are consistent with the
observation that Zeus knockdown impacts the expression of a larger proportion of genes
not impacted by CAF40 knockdown (Fig. 3.6B-D). These observations reinforce the
importance of experimental assays for determining the impact of divergence on gene
function, since sequence similarity alone is not a reliable predictor.

Taken together, the analyses presented here show that Poseidon and Zeus, despite
their relatively recent origination in Drosophila, were integrated into fundamental cellular
processes with profound impact in the regulatory network and phenotype. Such
integration was accompanied by divergence at protein sequence, timing of expression and
protein interactions, emphasizing the complex nature of evolution driven by new gene
origination (Chen et al., 2013). The fixation of two retroduplicated copies from the same
conserved parental gene with extensive regulatory functions in a relatively short
evolutionary period follows the intriguing pattern of the recurrent origination of
specialized copies of housekeeping genes with male-biased expression (Belote and Zhong,
2009; Kaessmann, 2010). It is possible that, for the case studied here, evolution takes

advantage of CAF40 constrained role in a highly pleiotropic regulatory complex to generate
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specialized versions of the same structure (Pavlicev and Wagner, 2012), which may help to
promote the fast and coordinate changes in gene regulation through different
transcriptional and post-transcriptional mechanisms required during spermatogenesis

(Legrand and Hobbs, 2018; White-Cooper, 2010).

Methods
Molecular evolutionary analyses

Poseidon (CG2053) had been previously computationally identified as a putative
young gene (Zhang et al., 2010a). Gene and protein sequences were retrieved from Flybase
and NCBI, aligned with MUSCLE (Edgar, 2004) and manually curated. Reciprocal PSI-BLAST
(NCBI) searches were employed to survey for CAF40, Poseidon and Zeus orthologs in
eukaryotes. The proper substitution model for the alignment (GTR+G) was selected
through a likelihood ratio test using jModeltTest (Posada, 2008), and the phylogenetic
relationship among the paralogs was inferred through Bayesian analysis in MrBayes
(Ronquist et al., 2012). MCMC analysis was run with 4 chains for 2 million generations,
with trees begin sampled every 500 generations, and the first 25% of samples were
discarded as burn-in. Shannon’s entropy was calculated for an alignment of CAF40
orthologous protein sequences from 56 eukaryotes (Fig. S3.1), and the entropy value (H)
for each residue was plotted onto CAF40 protein structure from D. melanogaster (Sgromo
et al.,, 2017) using PyMOL (Fig. S3.2).

For the divergence of expression analysis, we retrieved the summary of expression
data (average FPKM [fragments per kilobase per million mapped reads]) from

modENCODE and public RNA sequencing data from various fly species (Brown et al. 2014;
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Chen et al. 2014; VanKuren and Vibranovski 2014). Expression values of each paralog at
different spermatogenesis stages in D. melanogaster was compared using data from the

SpermPress database (Vibranovski et al., 2009b).

Knockdown and knockout phenotypes

In order to assay the knockdown effect of each paralog on egg to adult viability,
homozygous UAS-TRiP RNAi lines (Perkins et al, 2015) were crossed to a balanced
constitutive driver line (Tub84B>GAL4/TM3) and an imaginal disc-specific driver line
(T80>GAL4/CyO0) (Table S5 shows the list of lines used). At least 10 independent replicates
of 3 couples were allowed to cross and lay eggs for 7 days at 23°C. All F1 adults in the
progeny were scored, and the proportion of wild/balancer phenotypic markers for all
replicates was compared to control crosses (TRiP background line BDSC 36303 crossed to
the driver lines). Male fertility effects were assayed for the three paralogs by driving GAL4
expression using male-germline-specific nanos-GAL4 and Bam-GAL4 drivers, which are
expressed in early and late spermatogenesis, respectively (Table S3.5). At least 15
replicates with 3-5 days old knockdown males were individually crossed to two virgin
females from background line BDSC 36303 for one day. Females were allowed to lay eggs
for 7 days, and all the F1 adults were counted. Knockdown efficiency for each paralog was
confirmed through RT-PCR (Table S3.2). RNA samples were extracted in triplicate using
Quagen RNeasy kit, digested with DNAse (Invitrogen) to remove genomic DNA
contamination, and reverse-transcribed with SuperScript III Reverse Transcriptase
(Invitrogen) using oligo(dT) primers. RT-PCR was performed using iTaq Universal SYBR

Green Supermix (Biorad), with three technical replicates for each biological replicate.
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Quantitative PCR values were normalized using the AACt method to the Rp49 control
product.

CRISPR-Cas9 frameshift deletions were induced for Poseidon and Zeus. Guide RNAs
were designed using FlyCRISPR Optimal Finder to target early portions of the exon, and
injected (500 ng/ul) along with Cas9 protein (PNA Bio Lab) into embryos from the BDSC
25710 line, following (Bassett and Liu, 2014) (Tables S3.5-6). F1 mutant individuals were
screened and crossed to balancer lines (w+*;Sb/TM3; and w*;Sco/CyO, respectively). Small
frameshift deletions were confirmed through Sanger sequencing, and created early stop-
codons in the transcribed genes (Fig. S3.8). Viability and male fertility assays were
performed with knockout flies as described above, using the injected line BDSC 25710 as

control.

Co-immunoprecipitation assay

DNA constructs with the coding region of D. melanogaster genes CAF40, NOT1,
Roquin and Bam used were described before (Sgromo et al, 2017, 2018). Plasmids
encoding Poseidon and Zeus were generated by inserting the corresponding cDNA (Thermo
Scientific) into the pAc5.1-AN-HA and pAc5.1-GFP vectors (Rehwinkel et al, 2005;
Tritschler et al, 2007) using HindIIl and Xhol restriction sites. All constructs were
confirmed by Sanger sequencing. For co-immunoprecipitation assays in D. melanogaster S2
cells (ATCC), 2.5x10° cells were seeded per well in 6-well plates and transfected using
Effectene transfection reagent (Qiagen), using 1 - 1.8 pg of plasmids expressing the HA- or

GFP-tagged versions of the assayed proteins.
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Cells were harvested 3 days after transfection, and co-immunoprecipitation assays
were performed using RIPA buffer [20 mM HEPES (pH 7.6), 150 mM NaCl, 2.5 mM MgCl2,
1% NP-40, 1% sodium deoxycholate supplemented with protease inhibitors as previously
described (Sgromo et al., 2018; Tritschler et al., 2008)]. All co-immunoprecipitation assays
in S2 cell lysates were performed in the presence of RNaseA as previously described
(Sgromo et al.,, 2017). All Western blots were developed using an ECL western blotting

detection system (GE Healthcare). The antibodies used in this study are listed in Table S3.7.

Luciferase assay

For the AN-tethering assays in D. melanogaster S2 cells, 2.5x106 cells per well were
seeded in six-well plates and transfected using Effectene (Qiagen). The transfection
mixtures contained the following plasmids: 0.1 pg of Firefly luciferase reporters (F-Luc-
5BoxB or F-Luc-V5), 0.4 pg of the Renilla Luciferase (R-luc) transfection control and 0.1 pg
of plasmids expressing the AN-HA-tagged paralogs. The plasmids for tethering assays in S2
cells (F-Luc-5BoxB, F-Luc-V5 and R-Luc) were previously described (Behm-Ansmant et al,,
2006; Zekri et al,, 2013). Cells were harvested 3 days after transfection and Firefly and
Renilla luciferase activities were measured by using a Dual-Luciferase Reporter Assay

System (Promega) with three replicates.

RNA-seq analysis
Total RNA was extracted with Arcturus PicoPure Isolation kit (Qiagen) from testes
of 3-5 days old knockdown males and controls, with three biological replicates. A total

amount of 1 pg RNA per sample was used to construct the cDNA library, using NEBNext
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Ultra RNA Library Prep Kit for [llumina (NEB) following manufacturer’s recommendations.
Briefly, poly(A) mRNA was purified from total RNA using oligo(dT)-attached magnetic
beads, reverse-transcribed to double-stranded cDNA with random primers, end-repaired
and ligated with NEB adaptors for Illumina, before sequencing (HiSeq 4000, University of
Chicago Genomics Core Facility).

Raw reads were processed and mapped to D. melanogaster reference genome (dmo6)
using STAR with default parameters (Dobin et al., 2013), and evaluation of transcriptional
expression was carried out using featuresCounts (Liao et al., 2014). For the differential
expression analysis, methods DESeq2 (Love et al., 2014), edgeR (Robinson et al., 2010), and
limma (Ritchie et al, 2015) were independently employed. Genes were considered as
differentially expressed if they were consensually called by the three methods, with an
expression fold change of at least 1.5 compared to the control at false discovery rate less
than 0.05. For differentially expressed genes, enriched biological processes and molecular
functions were identified using GOrilla (Eden et al., 2009), with p-values < 104, and a false
discovery rate of 0.05. The analyses of differentially expressed genes with male/female-
biased expression followed the classification of two independent Drosophila databases

(Assis et al,, 2012; Gnad and Parsch, 2006).
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Chapter 4
The young retrogene Cocoon is essential

for D. melanogaster survival

The work described in this chapter summarizes my contributions to the project
developed in collaboration with Grace Lee (now at University of California - Irvine). The
manuscript reporting the whole project is under review as: Lee YCG, Ventura IM, Rice GR,
Chen DY, Long M. “Rapid evolution of essential developmental functions of a young gene via

interactions with other essential genes”.

Abstract

New genes originated relatively recently and are only present in a subset of species in a
phylogeny. Accumulated evidence suggests that new genes, like old genes that are
conserved across species, can also take on important functions and be essential for the
survival and reproductive success of organisms. Here, we focused on a young retro-
duplicated gene (CG7804, which we named Cocoon), which originated less than four million
years ago and is found in three Drosophila species. We found that, unlike its evolutionarily
conserved parental gene, Cocoon has diverged rapidly in sequence and expression since its
birth. Despite its young age, Cocoon is essential for the survival of D. melanogaster at
multiple developmental stages, and in different tissues from its parental gene. Functional
genomic analyses found that Cocoon protein binds to a subset of genomic sites bound by

the parental gene. Importantly, Cocoon binding predominantly locates at genes that have
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other essential functions and/or have multiple gene-gene interactions, suggesting that
Cocoon is essential to survival through interactions with genes that have large impact on
the regulatory network. Our study is an important step towards deciphering the
evolutionary trajectory by which new genes functionally diverge from their parents and

play essential roles.

Introduction

The genetic basis of the diversity of life remains a central question in evolutionary
biology. Nucleotide substitutions or indels that change protein-coding or regulatory
sequences are often observed to contribute to functional, phenotypic, and behavioral
polymorphism and divergence within and between species (e.g. (Ding et al., 2016; Linnen
et al., 2013; Rost et al., 2004; Wittkopp et al., 2009), reviewed in (Barrett and Hoekstra,
2011; Wray, 2007). However, in addition to gradual change at pre-existing genes, gene
composition turns over rapidly even between closely related species (e.g. (Demuth et al,,
2006; Zhang et al., 2010a, 2011) and reviewed in (Kaessmann, 2010). Indeed, while
humans and chimpanzees have only diverged 1.5% in their orthologous coding sequences
(Consortium, 2005), they differ by at least 6% of their gene contents (Demuth et al.,, 2006).

The origination of new genes is an important evolutionary process contributing to
the dynamic turnover of genes in genomes over the phylogeny. This dynamic gene turn
over has been widely documented in Drosophila (Zhang et al., 2010a), primates (Demuth et
al., 2006; Zhang et al.,, 2011), and plants (Moore and Purugganan, 2005). Because of their
recent origin, new genes are only present in a subset of species in a phylogeny and the

prevailing view was that they have dispensable functions and are not essential to an
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organism’s fitness (e.g. (Ashburner et al., 1999; Jacob, 1977). However, recent evidence in a
variety of eukaryotic species shows that new genes can quickly become essential for an
organism’s viability and fertility (Charrier et al, 2012; Chen et al, 2010; Cooper and
Kehrer-Sawatzki, 2011; Hazelett et al., 2012; Ranz and Parsch, 2012; Reinhardt et al.,, 2013;
Ross et al,, 2013; VanKuren and Long, 2018), suggesting that new genes unique to few
species can also have essential functions similar to those of highly conserved genes across
the phylogeny.

The main mechanism by which new genes arise is through duplication, in which a
copy of a gene is created through either DNA or RNA intermediates in the genome. Many
evolutionary fates have been predicted for the duplicated (new) and original (parental)
genes, grossly pseudo-functionalization, neo-functionalization, or sub-functionalization
(Innan and Kondrashov, 2010; Lynch and Conery, 2000; Ohno, 1970). Despite the
convenient conceptual distinction, it is often challenging to distinguish between these
alternative models due to the fact that the past evolutionary trajectories are usually
unknown or hard to decipher. Several in-depth analyses of the evolutionary steps leading
to gained novel fertility functions of duplicated genes have shed light on the initial
evolutionary processes of gained essential function supported by new genes (Chen et al,,
2012; Ding et al,, 2010; Heinen et al., 2009; Loppin et al.,, 2005; Yeh et al,, 2012). In contrast,
few studies have focused on viability (e.g. (Ross et al., 2013)). Many genes responsible for
essential viability functions (e.g. development of body plan in Drosophila embryos (Stauber
et al, 1999)) are identified as ancient gene duplicates (reviewed in (Chen et al.,, 2013)),
suggesting new genes indeed can gain a critical role in the most essential and core

functions of organisms. Yet, the past evolutionary trajectories of gained essential viability
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function by new genes and whether that is similar to those of essential fertility function still
need further investigation.

A potential mechanism by which duplicated genes become essential is by integrating
into the cellular genetic network, through either multiple protein-protein or protein-
nucleic acids interactions with pre-existing genes. Indeed, new genes with essential fertility
functions were discovered to have locally or globally reshaped the regulatory network
(Chen et al., 2012; Ding et al,, 2010). Similarly, a new gene could quickly became essential
for survival by gaining interaction partners in a gene network, a hypothesis consistent with
the observations that genes with many interaction partners (hub genes) are more likely to
have essential functions (Batada et al., 2007; Blomen et al., 2015; Jeong et al,, 2001; Yu et
al, 2004) and reviewed in (Barabasi and Oltvai, 2004; Barabasi et al., 2011). However,
comparisons of ancient orthologous genes report that the accumulation of gene-gene
interactions is a slow evolutionary process (Kim et al., 2012). Whether and how, in a short
evolutionary time, new genes can acquire a far-reaching impact on gene interaction
network is still an open question.

In this study, we characterized the evolutionary history and function of a young
duplicated gene that quickly became essential for the survival of Drosophila melanogaster.
This young gene (CG7804, which we named Cocoon) duplicated from another essential gene
(TBPH, also known as TDP-43 human homolog or CG10327) through retrotransposition less
than four million years ago (Zhang et al., 2010a), and is present in few Drosophila species.
The especially young age of Cocoon offers a rare opportunity to investigate the initial
evolutionary steps of gaining essentiality by new genes. The parental gene, TBPH, is highly

conserved among animals (Ayala et al., 2005; Li et al., 2010), its null mutant was found to
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be lethal in Drosophila (Feiguin et al., 2009; Hazelett et al,, 2012; Lin et al,, 2011), and a
mutant allele is associated with neuronal diseases in human (Sreedharan et al.,, 2008).
TBPH was also shown to bind to nucleic acids (Kuo et al., 2009), influencing the splicing
(Ayala et al., 2006; Bose et al., 2008; Buratti and Baralle, 2001) and transcriptional
regulation (Ayala et al., 2008) of many genes. On the other hand, little is known about the
duplicated gene, Cocoon. We found that unlike its evolutionarily conserved parental gene,
Cocoon has rapidly evolved since its birth. Despite its young age, our functional assays
show that it has a role in male fertility, and it is essential for the survival of D. melanogaster
at multiple developmental stages, and in different tissues from TBPH. Furthermore, our
functional genomic analyses (not described in detail in this chapter) showed that that
Cocoon underwent multiple gains and losses of genomic binding sites compared to TBPH.
Remarkably, Cocoon DNA binding targets are enriched for genes that have essential
functions (i.e. mutant lethal) and/or engage in a large number of protein-protein/gene-
gene interactions. Our study is an important step towards deciphering the evolutionary
trajectory by which duplicated genes functionally diverge from the parental gene and

become essential for development.

Results
Choice of studying CG7804

Our study began with a question: whether and how a young gene became essential
for survival in a short evolutionary time through influencing gene interaction network? We
proposed to address one of the many plausible scenarios: a young gene acquired multiple

nucleic acid bindings and thus has a global influence on gene regulatory network in non-

67



reproductive tissues. Accordingly, we used several criteria to narrow down our candidate
young duplicated genes whose evolutionary trajectories would help addressing the
question. We decided to focus on duplicated genes that have a good annotated gene model
(according to Flybase), are less than four million years old (according to (Zhang et al,
2010a)), and have a parental gene with nucleic acid binding activity. We further narrowed
down our list to CG7804 by choosing young genes that were suggested to exhibit lethal
and/or semi-lethal phenotypes in previous in vivo RNAi screens (Mummery-Widmer et al,,
2009; Neely et al,, 2010; Schnorrer et al,, 2010), and performed genomic and functional

analysis in order to test our hypotheses.

Cocoon is a young retrogene

The Cocoon locus (on chr3L) is only present in D. melanogaster, D. simulans, and D.
sechellia (Zhang et al.,, 2010a), which suggests it originated between 1.5 and 3.5 million
years ago. A PSI-BLAST search revealed that its closest match in D. melanogaster is TBPH
(E-value = 10-167). Because the gene sequence lacks the introns present in TBPH (on chr2R),
it likely originated through an RNA-based duplication event (retrotransposition) (Fig.
4.1A). Despite the fact that the entire coding sequence of TBPH was inserted to create the
duplicate, Cocoon sequences from the three species exhibit a premature stop codon,
resulting in a considerably shorter protein (318 versus 531 amino acids in D.
melanogaster). Cocoon is predicted to possess the same two nucleic acid binding domains
(residues 109-174 and 194-239) found in TBPH (Fig. 4.1B). Such RRM (RNA recognition
motif) domains have been demonstrated to bind to both RNA and DNA (Kuo et al,, 2009),

and are crucial to TBPH function. On the other hand, Cocoon lost the C-terminal glycine-rich
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region found in the parental protein (Fig. 4.1B), which was shown to be critical to TBPH
function as a splicing factor in Drosophila and humans (Ayala et al., 2005).

Despite its short evolutionary history, we detected a burst of 77 amino acid
substitutions in the D. melanogaster lineage after the origination of Cocoon using a
maximum-likelihood method (Yang, 2007), in sharp contrast with TBPH, which only
accumulated 4 amino acid replacements in the same period (Fig. 4.1C). The fast evolution
of Cocoon since its origination resulted in the high divergence in amino acid sequences
between it and TBPH (28.6%). As a comparison, TBPH paralogs from D. melanogaster and
D. yakuba, a species in which Cocoon is absent, diverge only 5.0% in amino acid sequences.
We hypothesized that Cocoon intense divergence at sequence and protein size might have

impacted its function when compared to the parental protein, which we explore below.

A C
TBPH chr 2R
Cocoon chr 3L
B
1 531 4 44
TBPH _ GRR 0 27 33
0
Cocoon
1 318
TBPH Cocoon

Figure 4.1. Structural and evolutionary history of Cocoon and TBPH. (A) Exon-intron
structure of TBPH (blue) and Cocoon (orange). Filled boxes represent exons (darker color -
coding sequence; lighter color - UTRs) while lines represent introns. Because Cocoon
originated through a retrotransposition event, it lacks the introns of TBPH. (B) The
structures of the protein sequences of TBPH and Cocoon are shown. Darker colors
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(Figure 4.1, continued) represent the predicted structures of the RRM (RNA-recognition
motifs) and GRR (glycine-rich region) predicted using Phyre (Kelley et al.,, 2015). Notice
that Cocoon peptide is considerably shorter, and lacks the GRR domain of the parental
protein. (C) The duplication event of Cocoon (orange) from TBPH (blue) is denoted as a
dashed line in the phylogeny. The number of amino acid substitutions inferred by PAML
(see text) is denoted at right to branches.

TBPH and Cocoon are essential for the survival of D. melanogaster

In order to assay Cocoon phenotypic role, we first used extensive transcriptome data
from public databases to investigate its expression. According to modENCODE expression
reports in D. melanogaster (Brown et al., 2014; Graveley et al., 2011), Cocoon expression is
restricted to larval imaginal discs, pupae, and male reproductive tissues, whereas TBPH
exhibits a broader expression pattern at multiple tissues and developmental stages, both in
males and females (Fig. 4.2A). Such male-biased expression pattern for Cocoon is also found
in D. simulans, whereas TBPH is expressed in adults of both sexes in other Drosophila
species in which Cocoon is absent (Fig. 4.2B; VanKuren and Vibranovski, 2014; Brown et al,,
2014).

We employed GAL4/UAS system to knockdown the expression of Cocoon and TBPH
individually, first using ubiquitous GAL4 drivers (Act5C-GAL4 and Tub-GAL4). Consistent
with previous studies (Feiguin et al., 2009; Hazelett et al., 2012; Lin et al.,, 2011), TBPH
knockdown showed that the gene is essential for the survival of D. melanogaster (lethality
rate: 97.5% with Act5C-GAL4 and 86.6% with Tub-GAL4). Surprisingly, despite originating
recently on an evolutionary timescale, expression knockdown of Cocoon also led to very
low survival rate (lethality rate: 94.7% with Act5C-GAL4 and 95.5% with Tub-GAL4, Fig.

4.2C). For Cocoon knockdown, the lethality happens at larval and pupal stages (Figure

4.2C). Indeed, we found that flies could not develop pass the pharate adult stage and
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identified many eclosion lethal incidences (i.e. flies could not emerge and were found stuck
and dead half way in pupal cases, which inspired the gene naming, Fig. 4.2D).

We then used tissue-specific GAL4-drivers to knockdown the expression of CG7804
and TBPH in different tissues. Expression knockdown of TBPH using larval neuronal-
specific elav GAL4-driver leads to much lower survival rate than expression knockdown of
CG7804 using the same driver (Fig. 4.2E), which is consistent with the previously identified
role of TBPH in neuronal functions (Feiguin et al., 2009; Hazelett et al., 2012). On the other
hand, expression knockdown of CG7804 using DIl (leg imaginal disc) and salm (imaginal
discs) led to lower survival rates than those of TBPH knockdown with the same GAL4
drivers (Fig. 4.2E). These disparities in tissue-specific knockdown effects suggest that the
expression of CG7804 is essential for viability at different tissues from those of its parental
gene, TBPH.

We also used CRISPR/CAS9 system (Gratz et al,, 2013) to generate null mutants of
CG7804 (see Methods). Consistent with the results using GAL4/RNAi expression
knockdown, CG7804 knockout leads to extremely high lethality rate (99.4%). In addition,
another mutant of CG7804 that was generated by a different approach (insertion of a
MIMIC construct in the coding region (Venken et al., 2011) also shows extremely high
lethality (99.21%), and the two mutants cannot complement each other. We didn’t find any
effect of Cocoon knockout on the developmental time (egg to adult) compared to control of
the same background strain (Fig. 4.2F). Overall, both our expression knockdown and null
mutant analyses support the conclusion that CG7804 is highly essential for the survival of

D. melanogaster, despite being young and only present in few species.
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Figure 4.2. Cocoon and TBPH expression and phenotypic effect. A) Summary of the
expression intensity of Cocoon and TBPH in D. melanogaster tissues and development
times. Expression summarized as maximum expression (FPKM). Cocoon has a more
restricted expression pattern compared to TBPH. B) Summary of expression level in
female/male adults for different Drosophila species. Adult male-biased expression for
Cocoon is observed in D. melanogaster and D. simulans. Data extracted from (Brown et al,,
2014; Chen et al,, 2014b; VanKuren and Vibranovski, 2014). (C) Expression knockdown of
Cocoon using Tub-GAL4 driver results in different lethality rates at different developmental
stages. (D) Expression knockdown of Cocoon leads to eclosion lethal at the pupal stage. (E)
Cocoon expression is essential in different tissues from those of its parental gene, TBPH.
Lethality rate is significantly different between the genes knockdown when using elav, D],
and salm GAL4 drivers. (F) The developmental time from egg to eclosed adults is not
different between Cocoon knockout and wildtype individuals (CRISPR background strain; p
= 0.83). E: embryo; L: third instar larvae (L3); P: pupae; A: adult. KD: individuals with
Cocoon knockdown genotype; nonKD: wildtype individuals; Mann-Whitney U test: *p <
0.05, **p < 0.01, **p < 0.001.
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TBPH and Cocoon impact male fertility

Given the high expression of Cocoon in male reproductive tissues, it is natural to
wonder whether the gene also impact male fertility. We used germline specific GAL4 driver
(Bam-GAL4) to knockdown the expression of Cocoon and TBPH in the testis and tested
whether that influence male fertility. A similar negative effect on the mean offspring
number was observed for Cocoon and TBPH knockdowns (Fig. 4.3). Thus, despite its
evolutionary recent origination, Cocoon knockdown also affects male fertility, although the
effect is less dramatic than that observed in viability.

*k%k

*k%k

mean offspring number

Figure 4.3. Role of Cocoon and TBPH in male fertility. Mean offspring number of males
with Cocoon and TBPH knockdown is lower than background genotypes (Cocoon-RNAi
strain, TBPH-RNAI strain, and Bam-GAL4). Mann-Whitney U test: *p < 0.05, **p < 0.01, ***p
<0.001.

Cocoon genomic binding pattern and impact on global gene expression

In order to further investigate the mechanisms by which Cocoon is essential for the

survival of D. melanogaster at multiple developmental stages, we compared the impact of
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Cocoon knockdown on global gene expression, through RNA-seq. In addition, we generated
GFP-tagged versions of Cocoon and TBPH, and compared their genomic binding sites
through ChIP-seq. Because these functional genomics analyses were designed and
performed by Grace Lee, they will not be described here in detail, but the main findings are
described below. A preliminary version of the complete manuscript is available at
www.biorxiv.org/content/10.1101/226936v1.

Briefly, our transcriptome analyses revealed that Cocoon knockdown significantly
perturbed the expression of hundreds of genes, consistent with the well-known role of the
parental TBPH in gene regulation. It is worth noting that the rate of development from eggs
to adults is not significantly different between Cocoon knockout and wildtype individuals
(as described in Fig. 4.2F), suggesting that the observed global transcriptome differences
are not merely driven by shifts in the developmental rates.

Remarkably, in contrast with a previous study that found that TBPH knockout leads
to alternative splicing of hundreds of transcripts (Hazelett et al.,, 2012), our analyses did
not detect transcripts whose alternative spliced forms significantly differs between
wildtype background and Cocoon knockout, suggesting that the duplicate may not function
as a splicing factor. This result is consistent with the loss of the C-terminal glycine-rich
domain in Cocoon (Fig. 4.1B), since this is the region that was shown to interact with other
splicing factors (Ayala et al.,, 2005).

Finally, our ChIP-seq analyses revealed that TBPH and Cocoon proteins exhibit a
distinct binding pattern across the genome. Out of all TBPH genomic binding sites (1864
genes), Cocoon binds to only a subset of them (529 genes, 28.3%), as well as to other 120

sites not bound by the parental protein (18.5% of Cocoon sites). Moreover, the genes
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bound by Cocoon have more experimentally validated protein-protein interactions and
reported genetic interactions than an average gene, as well as are more likely to exhibit
lethal phenotypes according to previous reports. These results suggest that, after
duplication, Cocoon protein lost most of the binding sites from the parental protein, but
remained essential for development through regulating the expression of other essential

and highly connected genes.

Discussion

The origination of new genes is a major contributor to the dynamic gene turnover
observed across evolutionary time. Despite being young and restricted to few species on a
phylogeny, new genes have diverse essential functions and may play important roles for
adaptation (reviewed in (Chen et al,, 2013; Kaessmann, 2010; Kondrashov, 2012; Ventura
and Long, 2017). Yet, how, in a short evolutionary time, new genes become essential is still
an open question, and detailed functional dissection of new genes and their parents is a
important step to address this phenomenon.

Despite its young age, and the fact that the gene is only present in three fly species
(Fig. 4.1), our focused duplicated gene, Cocoon (CG7804), was found to be essential for
D. melanogaster viability through expression knockdown and gene knockout experiments
(Fig. 4.2). Our analyses demonstrate that Cocoon and its parent TBPH diverged
considerably in several aspects. Cocoon has acquired a more restrict expression pattern, in
contrast with TBPH broad expression. Such divergence is commonly observed for
retrogenes, which recruit or evolve new regulatory elements upon their origination (Zhang

and Zhou, 2018). Furthermore, divergence in expression has critical functional
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consequences for these genes, since our tissue-specific expression knockdown assays
showed that Cocoon and TBPH are required at different tissues (Fig. 4.2E).

Our functional genomic analyses (not described here in details, see Results)
revealed that Cocoon has a widespread effect on transcriptome regulation, consistent with
the observed essentiality of the gene for development. Interestingly, Cocoon protein
probably lost the ancestral function as a splicing factor observed for TBPH, which is
consistent with the loss of the C-terminal glycine-rich region due to a premature stop
codon in the retrogene (Fig. 4.1B). In addition, our ChIP-seq analysis suggests that Cocoon
is essential by engaging in interactions with and regulating the expression of multiple pre-
existing genes, in particular, those with reported lethal phenotypes, or that have many
protein-protein/genetic interaction partners (hub genes). Moreover, the genomic sites
bound by Cocoon represent only a subset of all sites bound by the parental protein
(28.3%), suggesting that the duplicated protein may have evolved distinct genomic binding
preferences.

The perturbation of highly connected genes/proteins is expected to have more
widespread influence on the overall network than perturbations of peripheral nodes with
few links (for biological networks, reviewed in (Barabasi and Oltvai, 2004)). Indeed, in
gene-gene interaction network, hub genes are often found to be essential (Blomen et al,,
2015; Jeong et al,, 2001; Yu et al, 2004). In particular, the binding of Cocoon to other
essential and/or hub genes may explain why it plays an essential role for fly development.

Overall, our observations show that Cocoon evolution involved fast divergence at
several different aspects of gene function, in contrast to the parental gene high

conservation. For instance, TBPH human ortholog (TDP-43) is able to complement a loss of
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function TBPH mutant in D. melanogaster (Li et al., 2010). As a contrast, the duplicated gene
evolution involved divergence in expression, protein structure (i.e. loss of a protein
domain), and genomic binding pattern. Moreover, despite its young age, the gene has an
essential role on global gene expression, in particular on the regulation of highly connected

genes expressed during development.

Methods
Evolutionary analysis of Cocoon and TBPH

We used coding sequence of Cocoon (CG7804) and TBPH of 12 Drosophila species
from (Clark et al., 2007) and aligned using MUSCLE (Edgar, 2004), followed by manual
curation. We used CODEML program in PAML (Yang, 2007) to estimate the number of
amino acid replacements on each branch. Domains of Cocoon protein were predicted by
Pfam (Finn et al,, 2016) and Phyre (Kelley et al., 2015). For the divergence of expression
analysis, we retrieved the summary of expression data (FPKM [fragments per kilobase per
million mapped reads]) from modENCODE and public RNA sequencing data of diverse fly

species (Brown et al., 2014; Chen et al., 2014b; VanKuren and Vibranovski, 2014).

Generation of transgenic strains and mutants

Design and injection of guide RNA, and screen for CRISPR mutants were performed
by Genetic Service Inc. (Sudbury, MA). Cocoon mutant has a 2 bp deletion in the coding
sequence, which is confirmed by Sanger sequencing (Fig. S1). To further confirm that our
CRISPR mutant is a true null mutant, we used another mutant of Cocoon to perform

complementation tests. We used a strain (BDSC 36014) that has a MIMIC construct
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(Venken et al,, 2011) inserted in the coding sequence of the gene. The presence of the
MIMIC insertion was confirmed by PCR. We found CRISPR and the MIMIC strain do not
complement each other, suggesting that our CRISPR Cocoon is a null mutant. We balanced
Cocoon mutants over balancer chromosomes with ubiquitously expressed GFP for
developmental stage-specific lethality analysis (see Table S1 for strains used). It is worth
mentioning that, even for those few knockout individuals that survived to adult, we were
able to detect expression of Cocoon either through RT-PCR or RNA-seq. However, these

detected transcripts all have the frameshift deletion.

Essentiality analysis

Virgin females of RNAIi strain (homozygous) were crossed to males of GAL4 strain.
The GAL4 strain is heterozygous for GAL4 construct, which is balanced with visible
markers and/or construct of ubiquitously expressed GFP. Expression knockdown and
wildtype offspring were recognized by visible markers (adult) or presence/absence of GFP
(embryo, larva, and pupa). All comparisons are within crosses (RNAi/+; GAL4/+ vs RNAi/+;
+/balancer). For each cross, the expected number of knockdown individuals was estimated
using the number of individuals with other genotypes and with the assumption that alleles
were inherited following Mendelian proportions. The survival rate of knockdown
individuals was estimated as observed number of knockdown individuals divided by the
expectation, and the lethality rate is one minus the survival rate. At least 10 independent
crosses that have at least 20 adults in each cross were counted. For tracking stage-specific
lethality, 20 embryos/larvae/pupa of each genotype were collected and placed on fresh

medium and the numbers of next-stage individuals were counted after 5 and 10 days. We
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collected embryos of mixed stages through standard apple juice plate, larvae at L3 stage,
and white pre-pupa. This experiment was repeated at least four times for a specific
genotype or specific developmental stage. GAL4 and RNAI strains used in the study can be
found in Table S1. Estimation of survival rate and tracking of stage-specific lethality rate for
knockout individuals used the same methods as experiments with knockdown individuals.
All flies were reared with standard Drosophila medium at 25 °C with 12/12 light and dark

cycle.

Male fertility assay

Expression of Cocoon or TBPH was knocked down using a germline-specific GAL4
driver (Bam>GAL4, from G. Findlay lab, see Table S1), and their progeny was counted. In
details, sets of 10 virgin females from the GAL4 driver were crossed to 10 males of RNAi
strain (homozygous) to obtain males with Cocoon or TBPH knockdown. Those 3-5 days old
virgin males were allowed to cross to two females from strain BDSC36304 (the background
strain from which RNAI strains were generated) for two days, and then crossed again for
two days with two additional virgin females. Females were allowed to lay eggs for 7 days,
and total progeny was counted after 20 days. Ten to fifteen crosses were used for each
genotype tested. In addition to males with Cocoon or TBPH knockdown (CG7804-
RNAi/Bam>GAL4 or TBPH-RNAi/Bam>GAL4), males with genotypes Bam>GAL4/+ and

RNAi/+ were tested as controls.
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Developmental rate analysis

To investigate whether the Cocoon knockout affects the fly development time (which could
potentially confound the developmental stage-specific RNA-seq analysis), the egg-adult
development time was compared between the knockout and the wildtype background
individuals. 80-100 inseminated females were allowed to lay eggs in an agar plate for 1h,
and then 20 eggs were transferred to food vials, where they developed at 25°C. Adult

eclosion was scored twice a day until all adults had eclosed.

RNA-seq experiment and analysis

Despite the fact that the functional genomics analyses performed in this study are
not described in detail in the Results, their methodology will be briefly summarized here, in
order to offer a context for some of the discussed conclusions. Homozygous knockout
individuals were collected from the progeny of the crossing between heterozygous
individuals for the null allele (Cocoon-null/GFP-balancer). For the wildtype counterparts,
we used the Cas9 strain from which the knockout mutant was generated. We collected 0-
24hr embryos using standard apple juice plate, wandering L3, and white pre-pupa. For all
three stages, we used mixed-sex individuals and have two biological replicates for each
genotype at each developmental stage. Total RNAs were extracted from collected materials
using RNeasy Plus kit (Qiagen). RNA-Seq sequencing library was prepared using Illumina
TruSeq and sequenced on Illumina Hi-Seq with 100bp, paired-end reads (IGSB Sequencing
core, the University of Chicago). Processed reads were mapped to D. melanogaster release 6

genome, and DESeq2 (Love et al., 2014) was used to normalize and estimate expressional
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fold enrichment between two D. melanogaster genotypes. Only genes with at least 10 mean

read counts were included in the DESeqZ2 analysis.

ChIP-seq experiment and analysis

ChIP was performed using modEncode protocol (http://www.modencode.org/)
using anti-GFP antibody (from Kevin White’s laboratory) with two biological IP replicates
for each genotype (Cocoon-GFP and TBPH-GFP). ChIP-Seq sequencing library was prepared
using NuGen Ovation Ultralow Library Systems V2 (San Carlos, CA) and sequenced on
[llumina Hi-Seq with 100bp, paired-end reads (IGSB Sequencing core, the University of
Chicago). Processed reads were mapped to D. melanogaster reference genome release 6,
and we used IDR analysis to identify enrichment peaks with lower than 1%
irreproducibility rate between replicates. Genes overlapping with enrichment peaks were

identified using Bedtools (Quinlan and Hall, 2010).

Analysis of gene properties

Degree of each gene in protein-protein network was estimated as the number of
experimentally validated, non-redundant protein-protein interaction using data from
BioGrid 3.4 (Stark et al,, 2006). The degree of each gene in genetic interaction network was
estimated as the number of reported genetic interaction on Flybase (release 2017, Feb).
Phenotypic data for all genes annotated were downloaded from Flybase, which were based

on either knockout mutants or expressional knockdown analysis.
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Chapter 5

Conclusions

The two study cases described in Chapter 3 (CAF40, Poseidon and Zeus) and Chapter
4 (TBPH and Cocoon) allow us to investigate the mechanisms underlying the evolution of
two relatively young duplicated genes in Drosophila, as well as their functional roles and
phenotypic impact. Broadly speaking, the two studies demonstrate that a diverse suite of
factors was responsible for the functional divergence of the duplicated genes after their
origination from their conserved parental genes. Despite not being directly associated, the
duplicated genes evolution in the two systems exhibits remarkable similarities, and
suggests that some patterns can be particularly common after gene duplication, in special
for genes with regulatory roles. Below, I will summarize the general picture drawn from
these examples regarding their origination mechanisms, expression pattern, protein
divergence, and regulatory impact.

First, it is intriguing to observe that the three new genes described here originated
through independent retrotransposition (RNA-based duplication) events, even though this
is not the most common origination mechanism of new genes in flies. In the
D. melanogaster subgroup, for example, retrotransposition accounts for around 10% of the
retained new genes, in contrast to 78% of genes that originated through DNA-based
duplication (Zhou et al., 2008). When choosing a duplicated gene to investigate, we often
focus on those that present promising features to dissect, such as high divergence at
expression and/or sequence. Notably, retrogenes are able to readily diverge in expression

from their parents upon origination, since they are inserted in different genomic regions
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from their parents. Such origination mechanism creates gene copies that lack the ancestral
cis-regulatory elements, epigenetic environment, and even potential regulatory introns
(Zhang and Zhou, 2018). Indeed, in both of the systems studied here, the duplicated genes
acquired a narrower expression pattern, being restricted to larval imaginal discs and male
reproductive tissues, whereas the parental genes remained broadly expressed.

The divergence in expression between the duplicates and their parents has critical
implications for their function. As we demonstrated in our expression knockdowns assays,
the parental genes and their duplicates do not have a completely redundant expression
pattern across different tissues and/or cell types. As a result, the phenotypic impact of each
paralog depends on the tissues in which they are knocked down, which differs between the
parental and duplicated genes. The prompt divergence in expression, likely facilitated by
the random genomic insertion that created the new copies, may help to explain why the
duplicates were retained in the genome, and not lost or pseudogenized over time (Zhang
and Zhou, 2018).

Another key aspect common to both systems studied here is the rapid and
asymmetrical divergence in protein sequence after duplication. While both CAF40 and
TBPH sequences remained highly conserved in the Drosophila phylogeny, their duplicates
extensively diverged, even at conserved residues. Such divergence seems to be significant
for their functions as well. For instance, we showed that Zeus protein fails to recruit
partners from the CCR4-NOT complex; and Cocoon has a distinct genomic binding pattern
compared to its parent, besides lacking the ancestral protein domain involved in mRNA

splicing.
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Such asymmetrical divergence in protein sequence was already reported for
duplicates of other conserved genes, such as homeobox genes that regulate the
development of metazoans (Holland et al, 2017; Leite et al, 2018). Remarkably, both
parental genes studied here, CAF40 and TBPH, are ancient genes, deeply conserved across
eukaryotes and metazoans, respectively. Given the role of both parents in crucial cellular
functions, it is possible that the mutations accumulated in the duplicates were not allowed
in the constrained parental proteins because of potential deleterious pleiotropic effects on
their structure. Once they were duplicated, though, the new copies were released from
such strict negative selective pressure and allowed to diverge and increase the expression
diversity of the processes they act on (Gu et al., 2004).

We also demonstrated that the duplicated genes have a widespread impact on
global gene regulation. In both systems, the knockdown of the duplicates perturbed the
expression of hundreds of genes, directly and indirectly. Again, this result is consistent with
the well-described importance of their parental genes in important regulatory pathways.
Our results show that the duplicates inherited the ability to engage in important regulatory
processes, although their effects on gene expression are not identical to the parental genes,
likely due to differences in their timing of expression, binding pattern in the genome,
and/or protein function. These results are consistent with the idea that gene regulatory
networks are constantly expanding and reshaping to accommodate novel genes
(Voordeckers et al,, 2015). In addition, the timing of expression of Poseidon is consistent
with a potential compensation for its X-linked parental gene inactivation caused by meiotic

sex chromosomal inactivation, as reported for other retrogenes (Vibranovski et al., 2009b).
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On the other hand, the expression and functional divergence suggest that meiotic
compensation is unlikely for Zeus and Cocoon.

In this context, it is notable that the three duplicated genes studied here
independently acquired expression in the very same tissues, namely larval imaginal discs
and testes. Notably, the critical developmental processes that take place in those tissues
require fast and coordinated changes in gene regulation (Beira and Paro, 2016; White-
Cooper, 2010). These observations suggest that processes involving the coordination of
gene expression networks, despite being crucial and highly pleiotropic, are liable to the
accumulation of new elements, such as newly arisen duplicated genes. Again, these results
foster the idea that the duplication of key conserved elements may be common despite
their predicted negative effects on developmental processes (Carroll, 2008), and that
evolutionary young genes can carry out important, and even essential, functions in

fundamental cellular processes.
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Appendix

Supplementary Figures for Chapter 3

Figure S3.1. Shannon’s entropy (H) for each residue in the CAF40 alignment
from eukaryotic orthologs. A) Part of the alignment among CAF40 orthologs from 56
eukaryotes, with conserved and variable residues. B) Entropy values (H) for each residue
in CAF40. C) Histogram plot of entropy values calculated for CAF40. The two bars on the
left represent very low values, i.e. highly conserved residues in the alignment.
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Figure S3.2. The duplicates diverged even at highly conserved sites in CAF40.
At the top row, entropy values for each site in an alignment of CAF40 homologs from 56
eukaryotes were mapped into the known protein structure of CAF40 in D. melanogaster
(left and right are two different views; blue represents the lowest entropy, i.e. high
conservation, whereas red depicts the highest entropy). At the middle and bottom rows,
sites that diverged between CAF40 and Poseidon and Zeus, respectively, are highlighted in
orange. Notice that replacements are distributed throughout the protein structure,
including the groove, which interacts with other proteins and nucleic acids.

A B

Figure S3.3. Agarose gels confirming the expression of each paralog at
different tissues from D. melanogaster. RNA extraction was followed by DNAse
treatment and reverse transcribed for each sample. Primers for actin5C were used as
positive control. Small differences between the size of reverse-transcribed and gDNA bands
are due to the presence of introns in CAF40 and actin5C. A) CAF40 and Poseidon; B) Zeus
and actin5C control.
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Figure S3.4. Constitutive RNAi-knockdown efficiency measured through
quatitative PCR. Expression levels of each target paralog relative to the normalized
control (+/Tub>GAL4 driver), in larvae with the indicated genotypes. Quantitative PCR

results were normalized using the AACtr method to Rp49 product. Bars show means and SD
for three replicates.
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Figure S3.5. Clustering of samples upon knockdown in the RNA-seq assay. A)
PCA plot of all the replicates in the control (green), CAF40-KD (grey), Poseidon-KD (blue)
and Zeus-KD (orange). The x-axis represent PC1, and y-axis, PC2. B) Heatmap showing
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(Figure S3.5, continued) normalized expression values of each sample for selected genes
upon CAF40, Poseidon and Zeus independent knockdown, compared to the control. Each
row represents a different gene, selected among all the differentially expressed ones, and
each column represents a different replicate. Top panel: genes commonly affected by the
knockdown of the three paralogs relative to the control; middle panel: genes only affected
by CAF40 knockdown; bottom panel: genes only affected by Zeus knockdown.

Figure S3.6. Impact of CAF40, Poseidon and Zeus knockdowns on global gene
expression. Number of genes with >2-fold change (panel A) and >5-fold change (panel B)
in expression compared to the control in the knockdown of each paralog measured through
RNA-seq. Up-regulated genes shown in blue, down-regulated shown in red.

Poseidon-KD 2-fold
Poseidon-KD 5-fold

Zeus-KD 2-fold
B shared with CAF40-KD

Zeus-KD 5-fold B not shared with CAF40-KD

0 25 50 75 100
percent of genes

Figure S3.7. Proportion of genes differentially expressed upon Poseidon and
Zeus knockdown that are also impacted by CAF40. Notice that Poseidon affects a higher
proportion of genes shared with CAF40 at both 2-fold and 5-fold, compared to Zeus.
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A Pos w+  ATGAGTGOCCCAAACATGGAT TGT GAACAGCGCGGQGATATAGATAGOGTCTTCGGCT Zeus w+  ATGAGIGOGGAACCAAGT COGGTAAT GAGT COCCAGCAGCAGGCCGAGOGGEGAGAAGAAGG
Pos Albp ATGAGTGOCCCAAACATGGATTGT GAACAGCGCGGEOGATATAGATAGOG: GATCGGCT Zeus A8bp ATGAGTGOGGAACCAAGTCOGGTT- - - - - - - - CCAGCAGCAGGCOGAGCGGGAGAAGAAGG
Pos A2bp ATGAGTGCCCCAAACATGGAT TGT GAACAGOGCGECGATATAGATAGC— CTTCGECT Zeus A4bp ATGAGTGOGGAACCAAGTCCGGTA- - - - GTCOOCAGCAGCAGGOCGAGCGGEGAGAAGAAGG
Pos ABbp ATGAGTGOCCCAAACATGGATTGT GAACAGCGCGGOGATATAGATA: - - - - - GOGECT
Pos w+ Zeus w+
Pos w+/A2bp Zeus w+/Adbp

Figure S3.8. Knockout mutants for Poseidon (A) and Zeus (B) generated
through CRISPR-Cas9. Top panel: wild-type and mutant gene sequences for both
duplicates confirmed through Sanger-sequencing. Bottom panel: sequencing
chromatogram depicting a wild-type (top) and a heterozygous mutant (bottom). Red
triangle represents the expected cut site. Notice the multiple peaks downstream of the cut
sites, reflecting heterozygous alleles.

Supplementary Tables for Chapter 3

Table S3.1. Poseidon and Zeus accumulated mutations at functionally important
residues in CAF40. Below, replaced residues in Poseidon and/or Zeus proteins that were
experimentally assayed in previous studies, and shown to be important for CAF40 function
(Chen etal., 2014a; Mathys et al., 2014; Sgromo et al., 2017).

Residue in CAF40 Residue in Residue in
Structural role

(position in Dmel) Poseidon Zeus
N(58) H K interaction interface with NOT1
F(60) F \ interaction interface with NOT1
C(64) S C interaction interface with NOT1
T(78) Y T interaction interface with NOT1
P(79) Q T interaction interface with NOT1
L(117) C M interaction interface with NOT1
C(200) S C interaction interface with NOT1
Y(203) L H interaction interface with NOT1
H(208) H Q interaction interface with NOT1
A(248) L A interaction interface with NOT1
A(84) G A interaction interface with Roquin
N(88) H N interaction interface with Roquin
R(130) R E interaction interface with Roquin
P(131) A P interaction interface with Roquin
Y(134) H Q interaction interface with Roquin
G(144) N C interaction interface with Roquin
L(177) M L interaction interface with Roquin
T(180) I \ interaction interface with Roquin
V(181) L A interaction interface with Roquin
F(184) F S interaction interface with Roquin
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Table S3.2. RNAi-knockdown efficiency for reducing the expression of each paralog
in our RNA-seq assays. Notice that each knockdown significantly reduced the expression
of its targeted gene, while not affecting the expression of the other two paralogs.

Knockdown Effecton log2fold fold

. ”
target (RNAi) paralog change change p value qvalue significant?
CAF40-KD CAF40 -1.4304 0.3710 2.337E-49  4.331E-47 Significant

Poseidon -0.1075 0.9285 0.2484 0.4077 NotSignificant

Zeus 0.0091 1.0060 0.9536 0.9733 NotSignificant

Pos-KD CAF40 0.0833 1.0592 0.3739 0.5230 NotSignificant
Poseidon -1.2700 0.4147 7.541E-37 3.094E-34 Significant

Zeus 0.1030 1.0739 0.5034 0.7671 NotSignificant

Zeus-KD CAF40 0.0563 1.0396 0.5483 0.6847 NotSignificant

Poseidon -0.1517 0.9002 0.0987 0.2012 NotSignificant
Zeus -3.3262 0.0997 6.184E-63  1.974 E-60 Significant

Table S3.3. List of Gene Onthology terms with the top 10 most significant enrichment
among the genes differentially expressed upon CAF40, Poseidon and Zeus knockdown
according to our RNA-seq analysis. Only genes with p-values lower than 104 and false
discovery rate g-value lower than 0.05 are shown (N=total number of genes; B=total
number of genes associated with a GO term; n=number of genes with differential
expression; b=number of genes in the intersection).

DEG

GO Term Description p-value g-value Enrich. N B n b
sample
G0:0006508 proteolysis 521E-11_ 3.76E-07 167 9210 635 1270 146
G0:0006631 fatty acid metabolic process 1.09E-07 3.93E-04 2.49 9210 102 1270 35
G0:0017085 response to insecticide 7.39E-07 1.33E-03 4.99 9210 16 1270 11
2 G0:0006030 chitin metabolic process 1.33E-06  1.91E-03 283 9210 59 1270 23
S ) :
o G0:0009593 detection of chemical 3.81E-06 4.59E-03 311 9210 42 1270 18
[-» stimulus
=) fatty acid bi theti
g G0:0006633 atty acid blosynthetic 1.08E-05 9.77E-03  2.67 9210 57 1270 21
OI process
2 . )
% | G0:0006040 amino sugar metabolic 243E-05 195E-02 238 9210 73 1270 24
J process
G0:1901071 glucosamine-containing 3.61E-05 2.61E-02 238 9210 70 1270 23
compound metabolic process
G0:0006022 ammogg:;‘:ezemb"llc 467E-05 3.06E-02 222 9210 85 1270 26
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Table S3.3: Continued from previous page.

DEG
GO Term Description p-value q-value Enrich. N B n b
sample
CAF40- G0:0006508 proteolysis 5.21E-11  3.76E-07 1.67 9210 635 1270 146
KD:
G0:0016042 lipid catabolic process 6.90E-05 4.15E-02 2.21 9210 82 1270 25
Process
G0:0008236 serine-type peptidase 6.35E-37  1.62E-33 3.87 9210 180 1270 96
o G0:0017171 serine hydrolase activity 1.18E-36  1.51E-33 3.85 9210 181 1270 96
-§ G0:0004252 serine-type endopeptidase 1.41E-35 1.21E-32 4.01 9210 159 1270 88
Q
g G0:0008233 peptidase activity 2.15E-25 1.10E-22 2.44 9210 405 1270 136
o G0:0004175 endopeptidase activity 1.29E-22  5.48E-20 2.67 9210 277 1270 102
@ G0:0016787 hydrolase activity 5.04E-11  1.84E-08 1.41 9210 144 1270 280
3' G0:0004180 carboxypeptidase activity 3.79E-08  1.21E-05 4.83 9210 21 1270 14
f-<'- G0:0032450 maltose alpha-glucosidase 1.54E-07  4.38E-05 6.53 9210 10 1270 9
© G0:0090599 alpha-glucosidase activity 7.44E-07  1.58E-04 5.93 9210 11 1270 9
G0:0003824 catalytic activity 1.02E-06  2.01E-04 1.17 9210 324 1270 524
G0:0044421 extracellular region part 3.98E-09 4.97E-06 1.62 9210 592 1270 132
G0:0031226 intrinsic component of 3.17E-08 198E-05  1.84 9210 303 1270 77
- plasma membrane
=
) .
£ | Go.ooosggy ~ Integralcomponentof -y o0p 67 177504 178 9210 294 1270 72
a plasma membrane
§ G0:0005615 extracellular space 6.89E-07 2.15E-04 1.58 9210 472 1270 103
& G0:0044459 plasma membrane part 1.37E-06  3.42E-04 1.51 9210 561 1270 117
< G0:0005576 extracellular region 1.74E-06  3.63E-04 1.74 9210 288 1270 69
= .
= G0:0016021 integral component of 9.62E-06  1.50E-03 135 9210 918 1270 171
5 membrane
G0:0005777 peroxisome 3.45E-05 4.79E-03 2.29 9210 79 1270 25
G0:0042579 microbody 3.72E-05 4.65E-03 2.24 9210 84 1270 26
G0:0031012 extracellular matrix 4.14E-05 4.70E-03 2.16 9210 94 1270 28
@ G0:0006508 proteolysis 7.63E-14  5.50E-10 1.81 9210 635 1170 146
ag G0:0007606 sensory perception of 5.61E-06  2.02E-02 2.4 9210 92 1170 28
& G0:0050909 sensory perception of taste 1.04E-05  2.50E-02 3.94 9210 24 1170 12
a G0:0006030 chitin metabolic process 2.11E-05 3.81E-02 2.67 9210 59 1170 20
= . .
2 | Go:0006022 ~ Aminoglycanmetabolic g g7p o5 142p01 222 9210 85 1170 24
[ process
G0:0008236 serine-type peptidase 8.90E-34  1.14E-30 3.89 9210 180 1170 89
5 _E G0:0017171 serine hydrolase activity 1.54E-33  1.32E-30 3.87 9210 181 1170 89
o 'g G0:0004175 endopeptidase activity 4.22E-26  2.70E-23 2.93 9210 277 1170 103
;E 2z G0:0008233 peptidase activity 1.44E-24  6.13E-22 2.49 9210 405 1170 128
G0:0016787 hydrolase activity 9.75E-13  3.56E-10 1.47 9210 144 1170 269
2 G0:0044421 extracellular region part 3.03E-11  3.78E-08 1.74 9210 592 1170 131
a - G0:0005615 extracellular space 2.50E-10  1.56E-07 1.8 9210 472 1170 108
'f g G0:0005576 extracellular region 1.73E-07  7.20E-05 1.86 9210 288 1170 68
] o
&35 | G0:0031226 intrinsic component of 4.02E-05  1.25E-02 164 9210 303 1170 63

plasma membrane
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Table S3.3: Continued from previous page.

DEG GO Term Description p-value q-value Enrich. N B n b
sample
G0:0005887  integral component of plasma  5.66E-05  1.41E-02 1.63 9210 294 1170 61

Pos-KD:

Compon. | G0:0031012 extracellular matrix 7.52E-05 1.57E-02 2.18 9210 94 1170 26
G0:0006508 proteolysis 4.20E-09  3.03E-05 1.6 9210 635 1230 136
G0:0050830 ~ defemseresponsetoGram-  ;74p o8 79504 357 9210 42 1230 20

w positive bacterium
§ G0:0006022 aminoglycan metabolic 8.64E-06  2.08E-02 2.38 9210 85 1230 27
E G0:0042335 cuticle development 1.76E-05  3.18E-02 2.3 9210 88 1230 27
& G0:0055085 transmembrane transport 1.97E-05  2.84E-02 1.52 9210 437 1230 89
z:'n G0:0040003 chitin-based cuticle 1.99E-05 2.39E-02 2.37 9210 79 1230 25
2 G0:0006629 lipid metabolic process 2.74E-05  2.83E-02 1.57 9210 368 1230 77
N G0:0010025 wax biosynthetic process 2.98E-05  2.68E-02 4.99 9210 12 1230 8
G0:0010166 wax metabolic process 2.98E-05  2.39E-02 4.99 9210 12 1230 8
G0:0006030 chitin metabolic process 441E-05  2.89E-02 2.54 9210 59 1230 20
G0:0008236  serine-type peptidase activity =~ 5.54E-25  7.08E-22 3.33 9210 180 1230 80
G0:0017171 serine hydrolase activity 8.68E-25  7.40E-22 3.31 9210 181 1230 80
- G0:0004175 endopeptidase activity 5.48E-18  2.80E-15 2.49 9210 277 1230 92
_g G0:0008233 peptidase activity 1.11E-17  4.71E-15 2.18 9210 405 1230 118
2 G0:0005506 iron ion binding 1.46E-10  5.34E-08 2.7 9210 122 1230 44
2 G0:0016705 oxidoreductase activity 1.13E-09  3.63E-07 2.5 9210 138 1230 46
a G0:0016787 hydrolase activity 1.44E-09  4.09E-07 1.38 9210 144 1230 266
E Go:000g010 ~ Structuralconstituentof 515 5 335506 439 9210 29 1230 17
3 chitin-based larval cuticle
G0:0005214 ~ Structural constituent of 192E-08  4.47E-06 395 9210 36 1230 19
chitin-based cuticle
G0:0020037 heme binding 3.19E-08  6.81E-06 2.57 9210 105 1230 36
G0:0044421 extracellular region part 2.10E-15  2.62E-12 1.87 9210 592 1230 148
i G0:0005615 extracellular space 8.43E-13  5.26E-10 1.89 9210 472 1230 119
a g G0:0005576 extracellular region 2.52E-10  1.05E-07 2.03 9210 288 1230 78
g g G0:0031012 extracellular matrix 7.73E-06  2.41E-03 2.31 9210 94 1230 29
- g G0:0009986 cell surface 1.12E-05  2.80E-03 2.93 9210 46 1230 18
© G0:0031226 intrinsic component of 1.46E-05  3.03E-03 1.66 9210 303 1230 67
G0:0005887 integral component of plasma  7.07E-05  1.26E-02 1.6 9210 294 1230 63

108



Table S3.3: Continued from previous page.

DEG

GO Term Description p-value q-value  Enrich. N B n b
sample
overlap | G0:0006508 proteolysis 6.17E-14  4.57E-10 2.33 9842 675 532 85
CAF, Pos, di ind d .
Zeus-KD: | G0:0043252  Sodwmn e{’e“ ent ‘t’rgamc 869E-06 322E-02 1321 9842 7 532 5
Process anlon transpor
G0:0004252 Se““e'typaectei‘;i‘l‘;pep“dase 364E-29 9.78E-26 62 9842 161 532 54
5
< G0:0017171 serine hydrolase activity 6.92E-28  6.20E-25 5.66 9842 183 532 56
§ G0:0008233 peptidase activity 9.19E-23  4.94E-20 336 9842 441 532 80
N L G0:0004175 endopeptidase activity 2.46E-22 1.10E-19 3.97 9842 298 532 64
@ o
(=1
&9 G0:0016787 hydrolase activity 2.95E-17  1.13E-14 1.89 9842 125 532 159
=)
< =
:_ = G0:0003824 catalytic activity 1.97E-07  6.63E-05 1.29 9842 353 532 247
3 G0:0016298 lipase activity 1.37E-06  4.08E-04 454 9842 57 532 14
g G0:0004553 hydrolase activity, 1.54E-06  4.13E-04 4 9842 74 532 16
© G0:0008235 metalloexopeptidase activity =~ 2.08E-06  5.07E-04 4.72 9842 51 532 13
G0:0008237 metallopeptidase activity 3.03E-06  6.79E-04 3.11 9842 125 532 21
overlap | G0:0032504 multicellular organism 6.71E-08  1.84E-04 27.26 727 16 10 6
CAF, Pos, | 0:0000003 reproduction 6.71E-08  9.20E-05 2726 727 16 10 6
Zeus-KD:
Process | .0006508 proteolysis 9.28E-08  8.48E-05 1.72 727 96 282 64
(ranked)
G0:0004252  Serine-typeendopeptidase 5 »3p g3 4 g1E g5 1.7 727 54 387 49
& activity
"f-’ _ G0:0004175 endopeptidase activity 5.67E-08  2.30E-05 1.65 727 69 371 58
2 E G0:0008233 peptidase activity 2.05E-07  5.54E-05 1.55 727 90 371 71
N
2 . . .
48 | Go:oo70011  Peptidaseactivity actingon  oop 07 445p05 155 727 90 371 71
= L-amino acid peptides
~ =
: .g G0:0008236  serine-type peptidase activity =~ 8.03E-07  1.30E-04 1.66 727 58 371 49
22 G0:0017171 serine hydrolase activity 8.03E-07  1.09E-04 1.66 727 58 371 49
=
% = G0:0016787 hydrolase activity 6.00E-06  6.97E-04 1.37 727 190 319 114
>
2 o .
GO:0140096¢  CAtalyticactvityactingona ) g4p 05 599503 142 727 115 356 80

protein
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Table S3.4. Proportion of differentially expressed genes (DEG) upon knockdown of
CAF40, Poseidon and Zeus that exhibit significant either female- or male-biased
expression according to two different databases (Assis et al,, 2012; Gnad and Parsch,
2006). Notice that the knockdown of the three paralogs affects a significantly higher
proportion of male-biased genes when compared to the total number of genes in our
dataset.

comparison to comparison to
Gnad et al 2006 Assis etal 2012
samole female-biased male-biased 5 -value ) value
p genes genes X p X p
all genes according
to Gnad et al 2006 786 603
all genes according
to Assis etal 2012 1396 1750
DEG in CAF40-KD 44 96 32.43 <0.000001 | 6.72 0.0095
DEG in Poseidon-KD 34 84 33.82 <0.000001 | 15.8 0.00007
DEG in Zeus-KD 38 92 35.84 <0.000001 | 8.72 0.0031

Table S3.5. List of fly strains used in this study.

source genotype note
w[*]; In(2LR)noc[4L]Sco[rvIR], )
BDSC 4533 b[1]/CyO, P{w[+mC]=ActGFP}]MR1 CyO-GFP balancer
w[*]; Sb[1]/TM3,
BDSC 4534 P{w[+mC]=ActGFP}MR2, Ser[1] TM3, Ser, GFP balancer
y[1] w[*]; P{w[+mC(C]=tub84B- i
BDSC 5138 GAL4}LL7/TM3, Sb[1] Tub84B-GAL4
BDSC 1878 P{w[+mW.hs]=GawB}T80/CyO T80-GAL4
BDSC 36303 y[1] v[1]; P{y[+t7.7]=CaryP}attP40 thr{;li)nRNA‘ background
background strain for
BDSC 25710 X-Cas9 background CRISPR injection
y[1] sc[*] v[1]; P{y[+t7.7] : . .
BDSC67988  {[4t1.8]=TRiP.HMS05851}attP40 Poseidon TRIP RNAI
y[1] sc[*] v[1]; P{y[+t7.7] . :
BDSC 67987 {I4t1.8]=TRiP.HMS05850}attP40 CAF40 TRiP RNA
. y[1] w[*]; P{w[+mC(C]=Bam- germline specific Bam-
G.Findlaylab e a7 a1 17/TM3, Sb[1] GAL4 driver
y[1] w[*]; P{w[+mC]=nanos- germline specific nanos-
BDSC 32180 G AL4MLL7/TM3, Sb[1] GAL4 driver
* .
BDSC36683 VLM SCUI VL Piyl+t7.7] Zeus TRiP RNAi

v[+t1.8]=TRiP.HMS01571}attP2
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Table S3.6. List of primers used in this study.

Purpose primer name primer sequence
Posei_CRISPR_F TGAGTGCCCCAAACATGGAT
Eg;‘;fr‘;naa‘i‘ijon o Posei_CRISPR_R GCCCAGAGACGCGTTTCTTTG
Zeus_CRISPR_F AATGAGTGCCCCAAACATGG
CRISPR mutant
Zeus_CRISPR_R GAGACGCGTTTCTTTGTTGC
JPCR (Zeus) Zeus_PP11452_F GGAACCAAGTCCGGTAATGAG
Zeus_PP11452_R GGGCGTCGTTATTATGGGGTA
CAF40_PP17951 F  AGCAAGAAGCGTGAGACGG
qPCR (CAF40) CAF40_PP17951 R AAAGGGTACAAGTACAGCGGT
4PCR (Poseidon) Pos_PP14812_F ACTCTTGCTATGGCATTCCTTTG
Pos_PP14812_R TGTTGGCCGGTTAATTCAATTTC
4PCR (control gene) qRp49F CCGCTTCAAGGGACAGTATC
qRp49R GACAATCTCCTTGCGCTTCT

Table S3.7. List of antibodies used in the co-immunoprecipitation assays.

Catalo Monoclon
Antibody Source g Dilution al/
Number
Polyclonal
Anti-HA-HRP Roche 12 001031819 1:5,000 Monoclonal
Anti-GFP (f(?r Roche 11814 460 1:2,000 Monoclonal
western blotting) 001 (mouse)
Anti-GFP (for In house
. L , Polyclonal
immunoprecipitati  (Izaurralde’s .
(rabbit)
on) lab)
Anti-V5 ADbD Serotec MCA1360GA 1:5,000 Monoclonal
Anti-mouse-HRP GE Healthcare NA931V 1:10,000 Monoclonal
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Supplementary Figures for Chapter 4

Figure S4.1: Confirmation of CRISPR knockout of Cocoon homozygous individuals. (A)
Alignment of the CG7804 CRISPR line with the reference genome sequence. Notice the 2 bp
deletion. (B) Chromatogram of the CG7804 sequence with the induced deletion. Red arrow

indicates the predicted cut site. (C) Alignment of the predicted amino acid sequence of
wildtype and CRISPR mutant CG7804 protein.
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Supplementary Tables for Chapter 4

Table S4.1. List of fly strains used in this study.

source genotype note
BDSC 38355 y[1] v[1]; P{y[+t7.7] CG7804 TRIP, effective RNAi
v[+t1.8]=TRiP.HMS01823}attP40/CyO line. Confirmed by qPCR
y[1] v[1]; P{y[+t7.7] . .
BDSC 39014 v[+t1.8]=TRiP.HMS01932}attP40 TBPHTRIP RNAI
w[*]; In(2LR)noc[4L]Sco[rvIR], b[1]/CyO, i
BDSC 4533 P{w[+mC]=ActGFP}]MR1 Cyo-GEP
*7. -
BDSC 4534 \S/\;[r[]i]Sb[l]/TM& P{w[+mC]=ActGFP}JMR2, TM3, Ser, GFP
y[1] w[*]; An unbalanced MIMIC
BDSC 36014 Mi{y[+mDint2]=MIC}CG7804[MI102615] insertion in CG7804
BDSC 25374 y[1] w[*]; P{Act5C-GAL4-w}E1/CyO Act5C-GAL4
*7. — _
BDSC 5138 38'{)1[]1]“/[ J; P{w[+mC]=tubP-GAL4})LL7/TM3, .\ ./,
BDSC 458 P{w[+mW.hs]=GawB}elav[C155] elav-GAL4
BDSC 3038 P{w[+mW.hs]=GawB}Dll[md23]/CyO DIl-GAL4
w[1118] P{w[+mW.hs]=GawB}Bx[MS1096]; i
BDSC 25706 P{w[+mC]=UAS-Dcr-2.D}2 Bx-GAL4
P{w[+mC]=UAS-Dcr-2.D}1, w[1118]; )
BDSC 25755 P{w[+mW.hs]=GawB}salm[LP39] salm-GAL4
P{w[+mC]=UAS-Dcr-2.D}1, w[1118]; i
BDSC 25754 P{w[+mW.hs]=GawB}nubbin-AC-62 nub-GAL4
P{w[+mC]=UAS-Dcr-2.D}1, w[1118];
BDSC 25752 P{w[+mW.hs]=en2.4-GAL4}e16E, en-GAL4
P{w[+mC]=UAS-2xEGFP}AH2
VK31, attP strain for TBPH-
BDSC 9748 y1 w1118; PBac{y+-attP-3B}VK00031 GFP BAC insertion
VK37, attP strain for CG7804-
BDSC 9752 y1 w1118; PBac{y+-attP-3B}VK00037 GFP BAC insertion
BDSC 3605 w([1118] w1118
BDSC 36304 y[1] v[1]; P{y[+t7.7]=CaryP}attP40 TRiP RNAi background strain

Genetic Service Inc
generated in house

generated in house

G. Findlay lab

X-cas9[RFP, GFP]
Act5C-GAL4/Cyo-GFP

Tub-GAL4/TM3, Ser, GFP
Bam-GAL4, UAS-Dicer2/TM3 ; GFP

background strain for
CRISPR injection

generated by combining
Act5C-GAL4/Cyo and #4533
generated by combining Tub-
GAL4/TM3, Sb and $4534

germline specific GAL4 driver
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Table S4.2. List of primers used in this study.

Purpose

primer name

primer sequence

Screen and confirm CRISPR
mutant

Confirm presence of MIMIC
insertion at CG7804

Confirm absence of MIMIC
insertion at CG7804

RT-PCR (CG7804 CDs)

qPCR (CG7804)

qPCR (TBPH)

gPCR (reference)

gPCR (reference 2)

Confirm insertion of BACs

Confirm presence of GFP
tag (CG7804)

Confirm presence of GFP
tag (TBPH)

CG7804_CRISPR_F
CG7804_CRISPR_R
TBPH_CRISPR_F
TBPH_CRISPR_R
CG7804_MIMIC_3B_F
CG7804_MIMIC_3B_R
CG7804_MIMIC_L
CG7804_MIMIC_R
CG7804_CDs_RA298_F
CG7804_CDs_RA1345_R1
CG7804_elto2_L
CG7804_el1to2_R2
TBPH_RE_F1
TBPH_RE_R1

qRp49F

qRp49R
actin_qPCR_F
actin_qPCR_R
attP-F-new
attP-R-new
P[acman]-1.0-F
P[acman]-1.0-R
CG7804_GFP_F
CG7804_GFP_R1
TBPH_GFP_F
TBPH_GFP_R1

GTTTCCGGAATCTAGCGGTCTG
GAGAGTACGTGCATCTGGACATC
GATCCTGCGGTCTGAAGTACC
GAAACCGAAGCCCTTGGACTG
AGGGTAGGATCCGTTGACCT
GTCGATCACTTCGCCAAACT
GCTTCGGCTCTTACGATGTC
GTCGATCACTTCGCCAAACT
GAACAAATCCCTAGGCAATCC
GGTTGGGCATATCCAACAGT
TGAATTTGCCTGGGTGTG
TCGGCGGACTATTGATAAGG
TCTACTTGCCATACGCAGTCA
GTCTCGATGCGTTTGGTCTT
CCGCTTCAAGGGACAGTATC
GACAATCTCCTTGCGCTTCT
GCGTCGGTCAATTCAATCTT
AAGCTGCAACCTCTTCGTCA
AGGTCAGAAGCGGTTTTCGGGAGTAGTG
GGTCGTAAGCACCCGCGTACGTGTCCAC
ACGCCTGGTTGCTACGCCTGAATAAGTG
CCCACGGACATGCTAAGGGTTAATCAAC
GCATGCATTCATTTAATCCACA
GAACTTCAGGGTCAGCTTGC
CAGAGCAGCGGATCTCAAA
GAACTTCAGGGTCAGCTTGC
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