Understanding Host Tolerance to Transposable

Elements

by

Jyoti Lama

A dissertation submitted to the Department of Biology and Biochemistry,
College of Natural Science and Mathematics

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

in Biology

Chair of Committee: Erin Kelleher
Committee Member: Brigitte Dauwalder
Committee Member: Tasneem Bawa

Committee Member: William Murphy

University of Houston

December 2021



Abstract

Transposable elements (TE) are mobile genetic parasites, whose unregulated activity in
germline causes DNA damage, and results in sterility. Host genomes can avoid these fitness
costs of TEs either by regulating TE proliferation, or by altering gametogenesis to tolerate
TE-induced DNA damage. Although TE regulation through piRNAs is studied extensively, little is
known about mechanisms of gametogenic tolerance to TE activity.

To study tolerance, | took advantage of a unique phenomenon called hybrid dysgenesis
in Drosophila melanogaster where naive females devoid of P-element DNA transposon typically
produce sterile offspring when mated with P-element carrying males. However, tolerant
individuals are capable of producing viable gametes in spite of transposition. By performing
Quantitative Trait Loci (QTL) mapping in a panel of highly recombinant inbred lines, two
genomic regions associated with natural tolerance to P-element transposition were isolated.
Transcriptome analysis of multiple tolerant and sensitive genotypes showed evidence
suggesting variation in the Double-strand Break (DSB) repair efficiency. Tolerant genotypes
showed increased expression of components of the Tat-interactive Protein 60-kDa (TIP60)
complex involved in DSB repair and also exhibited increased chorion gene expression- an
indicator of enhanced DSB repair.

By integrating the data from QTL mapping, gene expression, and in-phase SNP
analysis, | identified two strong candidate genes that could influence tolerance: brat and
Nipped-A, a member of the TIP60 complex. Loss-of-function mutation in brat promoted hybrid
dysgenesis by increasing ovarian atrophy in the dysgenic females. Furthermore, tolerant
genotypes displayed high resilience to X-ray mediated DNA damage. These results reveal
gametogenic regulation and enhanced DSB repair as two potential mechanisms of germline

tolerance to TEs.
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Chapter 1 Introduction



1.1 TE mobilization, diversity, and abundance

Transposable elements (TEs), also referred to as “jumping genes” are selfish genetic
parasites, which are able to propagate themselves by replicating in the host cells. TEs are
present in nearly all organisms—both prokaryotes and eukaryotes—where they constitute a
major portion of their genome. For example, TEs comprise approximately 45% of the human
genome (Consortium, International Human Genome Sequencing 2001), 20% of D.
melanogaster genome (Mérel et al. 2020; Hill 2019) and >90% of maize genome (Jiao et al.
2017). Following the first discovery of TEs in maize by Barbara McClintok in 1950 (McClintock
1950; McClintock 1953) and the recognition that they are ubiquitous constituents of the
eukaryotic genome, enormous research effort has been dedicated to understanding TEs and
their manifold consequences to the host.

TEs are classified into two groups according to the mode of transposition: Class | TEs
that move through a copy and paste mechanism and Class Il TEs that use the cut and paste
mechanism of transposition (McClintock 1950; Finnegan 1989). Class | TEs, also known as
retrotransposons, transpose via RNA intermediates, which are reverse-transcribed into DNA by
TE encoded reverse transcriptase followed by reinsertion into a new genomic location. Class Il
TEs, on the other hand, are DNA transposons that directly excise themselves and re-integrate
elsewhere in the genome. Transposons encode for transposase enzymes that aid in the
transposition process. Both Class | and Class Il could either be autonomous or
non-autonomous. Autonomous elements can mobilize on their own by encoding transposase or
reverse transcriptase. Non-autonomous elements do not encode the proteins required for
transposition and therefore depend on autonomous elements to provide for the required
enzymes in trans.

TEs are further grouped into families, which include those elements that share sequence

similarity because of their common ancestry. There exist diverse TE families within a genome of
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a species, a large fraction of which is unique to that species (McClintock 1956; Kofler et al.
2015; Bourque et al. 2018). Organisms with especially large genomes such as maize, wheat,
and barley can carry thousands of different types of TE families (Sanmiguel 1998; Vicient et al.
1999; Morgante 2006; Charles et al. 2008). However, not all TE families within the genome may
be transpositionally active or mobilizable. Most older TE families are inactive because all of their
genomic copies have lost their ability to mobilize. The proportion of active elements in the
genome also varies among species. There are only two active TE families in the human
genome (LINE1 and Alu) (Britten and Kohne 1968; Mills et al. 2007), whereas more than 58 TE

families are thought to be active in Drosophila melanogaster (Kofler et al. 2015).

1.2 Impacts of TE

TEs are a major source of mutations and are known to have diverse consequences for
hosts. There are some instances where individual TE insertions are beneficial to the host such
as TE-derived RAG genes that catalyse V(D)J somatic recombination in the vertebrate immune
system (Kapitonov and Koonin 2015; Huang et al. 2016), CENP-B derived from POGO like
transposons involved in centromeric chromatin assembly (Casola et al. 2008), and HeT-A and
TART retrotransposons in Drosophila involved in telomere maintenance (Pardue and
DeBaryshe 2003).

However, the occasional advantages conferred by TEs are unable to mask their parasitic
nature, which is largely deleterious to the host. Unrestricted transpositions are highly mutagenic
as TEs can either disrupt gene function by inserting within or nearby genomic sequences
(McGinnis et al. 1983; Levis et al. 1984; Deininger and Batzer 1999) and/or promote ectopic
recombination thereby mediating chromosomal rearrangements such as deletion, duplication,
inversion, and translocation (Hedges and Deininger 2007; Han et al. 2008; Ade et al. 2013;

Bennetzen and Wang 2014). These properties of TEs make them a powerful transgenic and
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mutagenic tool commonly used in functional genetic analysis. Deleterious effects of TEs also
arise through their production of Double-strand Breaks (DSBs). In fact, the majority of genomic
instability caused by TEs is thought to be the byproduct of rampant DSBs (Vilenchik and
Knudson 2003; Friedberg 2005; Hedges and Deininger 2007). DSBs are severe forms of DNA
damage that may trigger cell-cycle arrest and even cause cell death (Gasior et al. 2006; Hedges
and Deininger 2007).

TEs mobilize in germline as well as in somatic cells, both of which can have detrimental
impact on the host. In humans, somatic transposition can lead to diseases such as cancers and
psychiatric and neurodegenerative disorders, as well as cause aging and chronic inflammation
(De Cecco et al. 2013; Ayarpadikannan and Kim 2014). However, the effects of somatic
transposition are limited to the individual and need not have long-term fitness consequences, as
these mutations are not transmitted to the offspring. Germline transpositions, which are
transmitted to the next generation, impose severe fitness costs. Unrestricted proliferation in
germ cells can not only transmit harmful mutations to offspring, it can also cause germ-cell loss
and sterility. Germline transposition in humans is known to cause various hereditary diseases
and has been associated with infertility (Halling et al. 1999; Hadziselimovic et al. 2015; Hancks
and Kazazian 2016; Bourque et al. 2018). In Drosophila, DSBs resulting from germline
transposition of certain TEs is known to be the cause of a sterility syndrome called hybrid
dysgenesis (Kidwell et al. 1977; Bucheton et al. 1984; Brennecke et al. 2008). To avoid these
fitness effects, hosts employ mechanisms to regulate TE mobilization or cope up with the

harmful consequences of transposition.

1.3 Host response to TEs

Generally, host response to invading parasites, pathogens, and herbivores falls under

two distinct categories, resistance and tolerance (Mauricio 2000; Roy and Kirchner 2000;
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Raberg 2014). Resistance reduces parasite proliferation, whereas tolerant individuals are able
to withstand or repair damage inflicted by the parasite. For instance, in D. melanogaster,
intestinal infection by bacterial pathogens causes enterocyte cell death (Nehme et al. 2007).
The host can either resist by triggering immune response pathways to kill the bacteria, or
tolerate by promoting proliferation of intestinal stem cells, thus compensating for the loss of
enterocytes (Cronin et al. 2009; Ferrandon 2009).

With respect to TEs, host resistance, whereby TEs are repressed both transcriptionally
(histone modification and DNA methylation) and post-transcriptionally (TE transcript modification
and degradation), has been well described. In plants, resistance is mediated through small
interfering RNAs (siRNAs) (Hamilton et al. 2002; Kasschau et al. 2007). In many metazoans,
repression occurs predominantly through the piRNA pathway (Brennecke et al. 2007; Nishida et
al. 2007; Ernst et al. 2017). In mammals, TEs are additionally regulated by Kruppel-associated
box-containing zinc finger proteins (KRAB-ZFPs) (Wolf et al. 2015; Yang et al. 2017). By

contrast, host factors that confer cellular tolerance to TEs have been largely understudied.

1.4 TE regulation through piRNA pathway

In the germline of metazoans, TEs are silenced by the piRNA pathway, a
germline-specific small RNA-silencing mechanism (Aravin et al. 2007; Brennecke et al. 2007;
Ozata et al. 2018). The targets of piRNA pathway silencing are determined by small RNA
molecules called piRNAs (23-29nt) together with Piwi-subfamily Argonaute proteins. The
piRNA/protein complexes recognize complementary TE sequences and target them for
silencing either transcriptionally by heterochromatin formation or post-transcriptional by
endonucleolytic cleavage of TE transcripts (Brennecke et al. 2007; Le Thomas et al. 2013)
(Figure 1.1). In Drosophila, piRNAs are produced in the germline and maternally deposited into

the embryo, thereby transmitting silencing of corresponding TEs in the resulting offspring.
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piRNAs are transcribed as long precursor transcripts from discrete genomic loci called
piRNA clusters (Robert et al. 2001; Ozata et al. 2018) and are subsequently processed into
mature piRNAs (23-29). piRNA clusters are enriched with multiple copies of truncated and
defective TEs and are usually located in heterochromatic regions, such as the pericentromere
and subtelomere (Brennecke et al. 2007; Malone et al. 2009; George et al. 2015). The exact
number of piRNA clusters in D. melanogaster is unknown but more than 155 piRNA clusters of
varying sizes have been reported so far (Brennecke et al. 2007; Malone et al. 2009; George et
al. 2015). Among these the largest is known to be the 42AB piRNA cluster (240 kb), accounting
for ~30% of all piRNAs (Brennecke et al. 2007). Dual-stranded piRNA clusters, including 42AB,
are transcribed from both genomic strands and produce sense and antisense piRNAs in the
ovarian germ cells. By contrast, uni-strand piRNA clusters produce overwhelmingly antisense
TEs from a single genomic strand, and either silence TEs in the soma (e.g., flamenco) or in both
soma and germline (e.g., 20A) (Brennecke et al. 2007).

piRNA transcription from dual-stranded clusters is dependent upon the heterochromatic
histone modification, histone 3 lysine 9 trimethylation (H3K9me3) (Le Thomas et al. 2014; Mohn
et al. 2014). These clusters undergo non-canonical transcription, which do not use promoters
but instead rely on H3K9me3 histone modifications (Le Thomas et al. 2014; Mohn et al. 2014).
A germline-specific heterochromatin protein 1 paralog, Rhino, initiates transcription at many
sites within these clusters by binding to H3K9me3, together with several other protein partners

(Klattenhoff et al. 2009; Le Thomas et al. 2014; Mohn et al. 2014; Chang et al. 2019).
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Figure 1.1 piRNA-mediated resistance in Drosophila. piRNAs are derived from piRNA
clusters that silence complementary TEs either transcriptionally or post-transcriptionally.

1.5 Horizontal transfer

Host regulation of TEs suppresses their proliferation, eventually leading to the
degradation and loss of all existing copies of a TE family from a host genome. However, TEs
can escape this fate by invading a naive genome that has yet to evolve resistance (Schaack et
al. 2010; Panaud 2016). Although TEs, like any genetic material, are inherited from parents to
offspring, occasionally TEs transmit horizontally between non-mating individuals with the help of
parasites or pathogens as vectors (Schaack et al. 2010; Panaud 2016; Wallau et al. 2018). With
the development of new sequencing techniques, TEs, particularly DNA transposons, frequently
undergo horizontal transfer (Schaack et al. 2010; Dotto et al. 2015; Panaud 2016; Zhang et al.
2020). For example, comparative genomic analysis of 195 insect species revealed at least 2248
horizontal transfer events during the last 10 million years (Peccoud et al. 2018).

Recurrent TE invasions impose a tremendous mutational burden on the host genome.

When a TE invades a naive genome, it takes time for the host to evolve silencing against it
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(Meiklejohn and Blumenstiel 2018). Absence of host repression during this time allows for
rampant transposition (Anxolabéhére et al. 1988; Kofler et al. 2018), which is associated with
severe fitness effects. For instance, unrestricted activity of certain TEs (pogo, hobo, | element,
P-element) in Drosophila germlines results in a phenomenon called hybrid dysgenesis,
characterized by a series of germline abnormalities such as elevated mutation, recombination,
and even sterility in severe cases (Bucheton et al. 1976; Kidwell et al. 1977; Schaefer et al.
1979; Bucheton et al. 1984; Yannopoulos et al. 1987; Tudor et al. 1992).

The host's ability to tolerate the new TEs immediately following their invasion, may
determine the survival and reproductive fitness of the species. In fact, the repeated successful
invasion of TEs despite their detrimental effects, suggest that tolerance may be an important
evolutionary strategy for the host. TE invasion throughout evolution may also repeatedly exert
strong selective pressure for host tolerance, ultimately driving its adaptive evolution. Therefore,
studying tolerance could help us better understand the host-TE interaction and its potential

impacts on host gene evolution.

1.6 P-element and hybrid dysgenesis

The P-element invasion of D. melanogaster is one of the best-documented cases of
horizontal transfer of a TE. P-elements are DNA transposons, which recently invaded D.
melanogaster genome from D. willistoni in the 1950s (Kidwell 1983; Anxolabéhére et al. 1988;
Daniels et al. 1990) through an unknown mechanism. Within just a few decades, P-elements
rapidly spread worldwide, infecting all D. melanogaster populations in the wild. At the same
time many wild populations also rapidly evolved resistance through the piRNA pathway (Kidwell
1983; Anxolabéhére et al. 1988; Brennecke et al. 2008).

P-element invasion was first detected by crosses between females from laboratory

strains and males from natural populations, which produced sterile offspring displaying a suite of
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aberrant traits collectively referred to as hybrid dysgenesis (Figure 1.2) (Kidwell et al. 1977).
However, the reciprocal crosses produce fertile offspring signifying a maternal effect. The
lab-maintained strains were collected prior to P-element invasion, and therefore lacked
P-elements (referred to as M or maternal strains). By contrast, flies collected after invasion
carried P-elements in their genome and were often able to induce dysgenesis (referred to as P
or paternal strains) (Kidwell et al. 1977; Rubin et al. 1982). The interaction of the M strain and P
strain reveals the detrimental impacts of newly invaded P-elements and allows us to further
study the variable responses of the host.

The maternal effect of hybrid dysgenesis, in which genetically identical offspring of
reciprocal crosses differ in the occurrence of sterility, is explained by the maternal transmission
of piRNAs. Because M strain females lack P-elements, they are unable to produce P-element
derived piRNAs that suppress transposition. Lack of maternally deposited P-element piRNAs
similarly renders the offspring defenseless against the P-element activity in their germline.
Consequently, the unregulated activity of P-elements induces DNA damage, leading to

germ-cell degeneration and gonadal atrophy.
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Figure 1.2. Variation in germline tolerance to P-elements is revealed by the severity of
hybrid dysgenesis among offspring. In the F1 offspring from P-elements carrying females
and naive males (left), maternally deposited piRNAs regulate the activity of the P-elements in
the germline, thus maintaining fertility. The reciprocal cross (right) shows hybrid dysgenesis. The
naive mothers are incapable of producing and transmitting P-element piRNAs. Typically, the
unregulated transposition of paternally inherited P-elements induces germline loss, producing
an atrophied ovary showing sensitivity to hybrid dysgenesis. However, dysgenic offspring can
also show tolerance, where unregulated transposition of paternally inherited P-elements does
not induce germline loss and instead produces fertile offspring.

1.7 De novo piRNA production

piRNAs that are produced in the oocyte are maternally deposited and feed forward
piRNA defense against complementary TEs in the resulting embryo. Maternally inherited
piRNAs are therefore critical for the fertility of the progeny (Le Thomas et al. 2014). M strains
lack P-element derived piRNAs, thus producing dysgenic/sterile offspring when mated to
P-element carrying males. However, the offspring of some naive genotypes can mount
piRNA-mediated silencing of P-elements even in the absence of maternally deposited piRNAs

(Khurana et al. 2011; Casier et al. 2019). These M strains are reported to display
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age-dependent recovery of hybrid dysgenesis through de novo production of P-element piRNAs
from paternally inherited piRNA clusters (Khurana et al. 2011; Moon et al. 2018). De novo
piRNA production is also known to occur under stressful conditions such as when exposed to

high temperature (Casier et al. 2019).

1.8 Challenges in studying tolerance

piRNA-mediated silencing presents a challenge to studying tolerance. The repression of
transposition masks the action of tolerant variants that work to minimize the impacts of TE
transposition on fithess. Therefore, the differential response of germline cells to unbridled
transposition is revealed only in dysgenic crosses. Although unregulated mobilization of
P-elements typically leads to complete loss of germ cells and sterility, the tolerant variants are
capable of avoiding this outcome and producing viable gametes (Figure 1.2). Multiple studies
demonstrate that naive-maternal genotypes show variation in the degree of severity in hybrid
dysgenesis, suggesting the existence of tolerant genetic variants (Ignatenko et al. 2015;
Funikov et al. 2018; Kelleher et al. 2018; Serrato-Capuchina et al. 2020). However, the
mechanisms underlying cellular tolerance to TEs remain unclear. Tolerance could be conferred
in two possible ways: either by promoting stem cell maintenance or by a more efficient

double-strand break repair system.

1.9 Tolerance through promoting stem cell maintenance

Germline stem cell maintenance may be critical for germline tolerance to P-elements.
The germ-cell loss arising from P-element transposition is due to the loss of adult germline stem
cells (GSCs) as well as their larval precursors, the primordial germ cells (PGCs) (Dorogova et
al. 2017; Teixeira et al. 2017; Tasnim and Kelleher 2018; Ota and Kobayashi 2020).

Furthermore, TE expression in general is more abundant in GSCs and their immediate progeny
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than in late stage germ cells (Story et al. 2019). This may be because TE insertion in GSCs
ensures transmission to all the gametes arising from the same progenitor GSC, thus allowing for
the ample spread of TEs to the next generation.

The GSCs of D. melanogaster are a major model for the investigation of stem cell
biology. In Drosophila females, GSCs reside in the anterior most portion of germarium, a
specialized sub-structure of the ovary. Each germarium contains two to three GSCs attached to
terminal filaments and cap cells that together form a niche providing signals for self-renewal to
the stem cell. GSCs divide asymmetrically to produce one stem cell and a cystoblast, which
later divides and differentiates to form mature oocytes. In this way, GSCs ensure continuous
supply of germ cells and ultimately mature gametes.Therefore, if GSCs are lost, the gametes
are not formed, which is evident during hybrid dysgenesis.

The larval gonad of D. melanogaster harbors over a hundred undifferentiated PGCs (Zhu
and Xie 2003), only a subset of which later forms the self-renewing GSCs that will remain in the
ovary throughout adulthood (King 1970; Asaoka and Lin 2004). The fate of the PGCs is
determined by the niche microenvironment, which provides signals to suppress differentiation.
During late larval stages, a somatic niche is formed that limits the contact with PGCs, such that
PGCs outside the niche differentiates to cytoblasts while those in contact give rise to GSCs. The
mechanisms underlying the maintenance of PGCs and GSCs are likely similar as they are
known to involve the same set of genes (Niki and Mahowald 2003; Gilboa and Lehmann 2004).

GSC/PGCs loss in dysgenic females is most likely driven by the DNA damage resulting
from rampant P-element transposition (Khurana et al. 2011). Since GSCs are resistant to
apoptosis (Xing et al. 2015), the mechanisms underlying their loss are not well understood.
However, it is suggested that GSC loss may be due to disruption of signalling pathways that
maintain GSCs (Ma et al. 2016; Kelleher et al. 2018). Tolerance could therefore arise by
weakening the connection between DNA damage and germline loss, thus making germline

robust to DNA damage (Figure 1.3). In this scenario, damaged germ cells would persist and
12
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form gametes, but those gametes would carry larger numbers of new mutations.

Recent studies have provided evidence of stem cell maintenance as a source of
tolerance. For example, overexpression of the stem cell self-renewal factor myc confers
tolerance by suppressing loss of damaged PGCs in the dysgenic larval gonads and produces
gametes with high mutation loads (Ota and Kobayashi 2020). Similarly, a recent study on
natural variation in hybrid dysgenesis by Kelleher et al. (2018) revealed germline differentiation
factor, bruno as a tolerance factor. Reduced activity of bruno is thought to promote retention of
GSCs in the niche, thereby preventing loss of germ cells in the face of P-element-mediated
DNA damage. These observations suggest that germline regulation of stem cell maintenance is

a potential mechanism of germline tolerance.

1.10 Tolerance through efficient DNA-damage repair

Alternatively, tolerance could be determined through enhanced repair of TE-induced
DNA damage (Figure 1.3). DNA damage triggers a cellular response called DNA Damage
Response (DDR). The DDR comprises a network of signaling pathways that senses DNA
damage and triggers activation of cell-cycle checkpoint and repair machinery. Cell-cycle
checkpoints ensure time to repair the DNA damage. However, if the damage is excessive, DDR
triggers cell death. But most adult stem cells are resistant to apoptosis (Reya et al. 2001; Liu et
al. 2014; Xing et al. 2015) and the cause of their loss remains unclear.

The DNA damage from unrestricted activity of TEs induces cell-cycle arrest and
germ-cell loss. Mutations in the DDR components: checkpoint kinase 2 (chk2) and p53
influences the frequency of ovarian atrophy in dysgenic females (Moon et al. 2018; Tasnim and
Kelleher 2018). In GSCs, chk2 triggers cell-cycle arrest in response to DNA damage and p53
aids in cell-cycle re-entry (Shim et al. 2014; Wylie et al. 2014; Ma et al. 2017). This is distinct

from its function in meiotic cells, where p53 acts downstream of chk?2 to trigger cell-cycle arrest
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and apoptosis (Shim et al. 2014). Mutations in chk2 suppress ovarian atrophy, but the resulting
gametes are inviable due to unrepaired DNA damage. On the other hand, mutations in p53
increase ovarian atrophy during hybrid dysgenesis. These observations suggest that DDR
represents a potential mechanism of tolerance.

DDR could promote tolerance in three possible ways: 1) increased activity of repair
pathway, 2) increased duration of arrest to ensure time for repair, and 3) decreased probability
of GSC loss. However, having a more dynamic and effective DNA-damage repair mechanism is
likely to be more beneficial to the host as it not only ensures fertility in the face of transposition
but also helps preserve genomic integrity for the next generation. Furthermore, stem cells in
general are reported to have overexpression of DNA-damage sensing and repair factors

(Saretzki et al. 2004; Maynard et al. 2008).

piRNAs

Resistance J_

TE
proliferation

|

DNAdamage |— Tolerance by DNA

damage repair
Tolerance by
developmental ——I

robustness

Gametogenesis

Figure 1.3. Diagram depicting the two ways the host responds to TE-mediated DNA
damage: resistance and tolerance. Resistance is conferred by piRNAs that directly suppress
TE proliferation. Two possible ways to tolerate consequences of transposition are either through
developmental robustness or through DNA-damage repair that could be brought about by more
efficient DNA-damage repair.
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1.11 Dissertation outline

In this dissertation, | sought 1) to genetically map host factors conferring germline
tolerance to P-elements in a panel of recombinant inbred lines derived from Drosophila
synthetic population resource (DSPR), and 2) to determine the mechanism of tolerance using
the isogenic lines carrying tolerant and sensitive alleles.

To study natural tolerance to TEs, our lab previously performed quantitative trait locus
(QTL) analysis in one of the panels of recombinant inbred lines (RILs). It revealed two QTL loci
at the pericentromeric region of the 2™ chromosome associated with germline tolerance to
P-element. In Chapter 2, | used small RNA and total RNA-seq to look at phenotypic differences
associated with tolerant and sensitive QTL alleles. | found that tolerance is associated with
increased chorion assembly, whereas sensitivity is associated with increased histone and
pericentromeric gene expression. To identify candidate genes, | specifically looked for genes
that were differentially expressed within the QTL and also harbored in-phase SNPs. Finally, |
identified two candidate genes, one in each QTL, that potentially determine the phenotypic
differences associated with tolerant and sensitive alleles.

In Chapter 3, | generated isogenic lines carrying either a tolerant or a sensitive QTL
allele and tested different hypotheses on the mechanisms of tolerance. | found evidence
supporting two of the four hypotheses tested: 1) enhanced DNA-damage repair promotes
tolerance, and 2) activity of germline differentiation factor brat promotes tolerance. These

observations point towards two potential mechanisms of tolerance to TEs.
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Chapter 2. Investigating host factors conferring

tolerance to TEs'

This chapter is a part of a manuscript entitled “Natural tolerance to transposition is associated
with Myc-regulation and DNA repair. The preprint is available at
https://doi.org/10.1101/2021.04.30.441852
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2.1 Introduction

Transposable elements (TE) are mobile DNA sequences that spread through host
genomes by replicating in germline cells. Although individual TE insertions are sometimes
beneficial, genomic TEs are foremost genetic parasites (reviewed in Chuong et al. 2017).
Unrestricted transposition not only produces deleterious mutations, but also DSBs that lead to
genotoxic stress in developing gametes. Generally, hosts avoid the fitness costs of invading
parasites, pathogens, and herbivores by two distinct mechanisms, resistance and tolerance
(Mauricio 2000; Roy and Kirchner 2000; Raberg 2014). Resistance reduces parasite
proliferation, whereas tolerant individuals experience reduced fitness costs from parasitism.
With respect to TEs, host resistance has been the focus of extensive research, and occurs
through production of regulatory small RNAs that transcriptionally and post-transcriptionally
silence TEs in the germline (Brennecke et al. 2007; Nishida et al. 2007; Malone and Hannon
2009). By contrast, tolerance mechanisms that could ameliorate the fitness costs of
transposition during gametogenesis remain largely unstudied.

The absence of research on tolerance in part reflects the ubiquity of resistance. For
example, in Drosophila melanogaster, where resistance to TEs is extensively studied, all
actively transposing TE families are silenced in developing gametes by the Piwi-interacting RNA
(piRNA) pathway (Brennecke et al. 2007). In the presence of strong resistance that represses
transposition, individual differences in tolerance will not be apparent. Therefore, | made use of
the P-M hybrid dysgenesis in Drosophila melanogaster, where resistance to P-element DNA
transposons is short-circuited due to the absence of maternally transmitted piRNAs (reviewed in
Kelleher 2016). When males bearing genomic P-elements (P-strain) are mated to naive
females lacking P-elements and corresponding piRNAs (M-strain), they produce dysgenic
offspring that does not regulate P-element transposition in germline cells (Brennecke et al.

2008). A range of fertility effects result from P-element-induced DNA damage, including the
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complete loss of germline cells (Kidwell et al. 1977). The ability of an individual to produce
gametes despite P-element transposition is therefore a measure of tolerance.

Recent forward genetic studies of dysgenic germline loss have revealed potential
mechanisms of P-element tolerance. Mutations in checkpoint kinase 2 (chk2), a key factor in
germline response to DSBs, suppress germline loss in dysgenic females (Moon et al. 2018;
Tasnim and Kelleher 2018). While the gametes produced by the dysgenic females are inviable
due to unrepaired DNA damage, these observations suggest that enhanced DSB repair in
germline cells could provide tolerance. Alternatively, tolerance could arise by weakening the
connection between DNA damage and germline loss, allowing dysgenic individuals to maintain
gametogenesis but produce gametes with more mutations. For example, overexpression of the
stem cell self-renewal factor myc is associated with suppressed germline loss in dysgenic males
and females, resulting in the production of additional gametes that exhibit more P-element
transpositions (Ota and Kobayashi 2020).

Natural variation in hybrid dysgenesis provides another opportunity to study tolerance. In
particular, the degree of dysgenic sterility differs among M-strains, with germline loss being less
prevalent in the offspring of some maternal genotypes (Kidwell et al.1983; Anxolabéhére et al.
1988; Ignatenko et al. 2015; Kelleher et al. 2018). This suggests the presence of natural
tolerance alleles. Using a panel of highly Recombinant Inbred Lines (RILs) from the Drosophila
Synthetic Population Resource (DSPR, King et al. 2012), our lab recently uncovered a natural
tolerance allele through Quantitative Trait Locus (QTL) mapping (Kelleher et al. 2018). Kelleher
et al. (2018) further associated tolerance with reduced expression of bruno, a female germline
differentiation factor whose ectopic expression in stem cells promotes their loss (Parisi et al.
2001; Wang and Lin 2007; Xin et al. 2013). Kelleher et al. (2018) speculated bruno tolerance
potentially arises by desensitizing gametogenesis to DNA damage in a mechanism analogous

to myc overexpression.
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In this chapter, | report results following the QTL mapping of hybrid dysgenesis in a
second, independent panel of DSPR RILs (Population B, King et al. 2012). Our lab (Dr. Kelleher
and her group) uncovered two QTL peaks close to the second chromosome centromere that
determine tolerance to P-element activity in young and old females. Here, | interrogated the
tolerance phenotype by contrasting RNA and small RNA expression between nearly isogenic
strains (NILs) carrying tolerant and sensitive QTL alleles. Finally, | combined information about
expression differences, RIL genotypes, and QTL positions to identify novel candidates for

natural variation in tolerance.

2.2 Result

2.2.1 QTL mapping of 2" chromosome centromere

The DSPR RILs are all P-element free M-strains, which were isolated from natural
populations before the P-element invasion (King et al. 2012). Our lab therefore screened for
tolerant alleles among the panel B RIL genomes by crossing RIL females to males from the
reference P-strain Harwich, and examined the morphology of the F1 ovaries (Figure 2.1a).
Atrophied ovaries are indicative of germline loss resulting from P-element activity, while
non-atrophied ovaries are indicative of tolerance (Schaefer et al. 1979; Kelleher et al. 2018).
Since some females exhibit age-dependent recovery from P-element hybrid dysgenesis
(Khurana et al., 2011), our lab phenotyped F1 females at two developmental time points: 3 days
and 21 days post-eclosion.

Similar to previous observations with the Population A RILs (Kelleher et al. 2018), our
lab found continuous variation in the frequency of ovarian atrophy among dysgenic offspring of
different RIL mothers, indicating genetic variation in tolerance. Based on a combined linear
model of F1 atrophy among 3 and 21 day-old females, our lab estimated the broad-sense

heritability of tolerance in our experiment to be ~42.5%. However, the effect of age on the
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proportion of F1 atrophy was significant but minimal (X?= 7.03, df = 1, p-value = 0.008) with
3-day-old females showing only 0.7% increase in atrophy as compared to 21-day-old females.
Therefore, age-dependent recovery from dysgenic sterility is not common among the genotypes
our lab sampled.

To identify the genomic regions associated with genetic variation in germline tolerance,
our lab performed QTL analysis using the published RIL genotypes (King et al. 2012). Our lab
found a large QTL peak near the 2" chromosome centromere in both 3 and 21 day-old F1
females (Figure 2.1b, Table 2.1). However, the intervals of the major QTL peaks, based on the
A2LOD and Bayes Credible Interval (BCI) methods (Lander and Botstein 1989; Manichaikul et
al. 2006), are non-overlapping between the 3 and 21 day-old data sets (Figure 2.1¢c, Table 2.1).
The major QTL in 21 day-old females (hereafter, QTL-21d) resides in the euchromatic region
and is quite small (990 kb) compared to the major QTL in 3 day-old females (hereafter QTL-3d),
which spans the centromere and pericentromeric regions (9.6 Mb). Therefore, there are likely at
least two polymorphisms that influence tolerance near the 2" chromosome centromere, one of
which is more important in young 3-day old females, and the other of which is more important in

21 day-old females.

Table 2.1. QTL positions for tolerance in 3 and 21-day old females

LOD
Analysis | Score | Peak Position A2LOD ClI BCI % variation
2L:20,710,000-|2L:20,820,000-
3-day 15.2 2R:6,192,495 | 2R:7,272,495 | 2R:6,942,495 11.13
2L:19,170,000-|2L:19,010,000-
21-day 10.13 2L.:19,420,000 20080000 20000000 9.78

The peak position, A2LOD drop confidence interval (A2LOD CI), and the Bayesian Credible
Interval (BCI) in dm6 are provided for each analysis.

The presence of two tolerance QTL is further supported by the phenotypic classes our
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lab detected among founder alleles (B1-B8) for each of the QTL peaks (Figure 2.1e). For
QTL-21d, both B2 and B6 founder alleles were sensitive and greatly increased dysgenic ovarian
atrophy, while all other founder alleles were tolerant. By contrast for QTL-3d, only the B6

founder allele was associated with increased sensitivity.
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Figure 2.1: QTL mapping of variation in P-element tolerance. a) Crossing scheme to
phenotype the variation in tolerance to P-elements among the RILs by screening for ovarian
atrophy in 3 and 21 day-old dysgenic F1 females b) The log of odds (LOD) plot for QTL
mapping of germline tolerance using 3 day-old (orange) and 21 day-old (blue) F1 females. The
dotted line is the LOD threshold and x-axis represents the chromosomal positions. ¢) Zoomed-in
figure of QTL mapping from 3 days (orange) and 21 days (blue). The colored boxes show the
A2LOD confidence interval of each QTL, and the pairs of dotted lines indicate the LOD peak
position and the A2LOD score that determines the interval. The solid horizontal line is the LOD
threshold. d) Cytological map depicting the interval of the two QTL peaks (Bridges, 1935;
Bridges, 1942). e) Graph showing F1 atrophy (y-axis) associated with each of the eight founder
alleles (x-axis) at the QTL peaks. All the QTL peaks show two phenotypic classes: a sensitive
(light green) and tolerant (dark green) class.

3.2.2 Sensitive and tolerant alleles exhibit differential expression of

genes involved in chorion formation and chromatin packaging
Both the QTL regions contain large numbers of protein coding and non-coding RNA
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genes, piRNA clusters, and repeats, which could influence tolerance (Figure 2.1d). To better
understand the tolerance phenotype, | examined differential gene expression between
recombinant inbred lines carrying tolerant and the sensitive QTL alleles. | identified three pairs
of nearly isogenic lines (NILs), which carried either a sensitive (B6) or tolerant (B4) QTL
haplotype across the QTL region (dm6 2L:19,010,000-2R:7,272,495) in an otherwise similar
genetic backgrounds. | then performed RNA-seq on ovaries of 3-5 day-old females (three
biological replicates). Principal component analysis (PCA) of read counts revealed two
independent axes that resolve sensitive and tolerant genotypes, which together accounted for
40% and 16% of variation (Figure 2.2a). One biological replicate of RIL 21188 (tolerant) was an
outlier, which | excluded from downstream analysis of differentially expressed genes.

| found a total of 530 genes differentially expressed between sensitive and tolerant
genotypes (Benjamini-Hochberg adjusted p-value <=0.05, fold-change > 1.5). The most
significantly enriched GO term among genes upregulated in tolerant genotypes was chorion
assembly (Bonferroni corrected p-value <0.01, Figure 2.2b). Indeed, all of the major chorion
genes were found to be significantly upregulated in the tolerant genotypes (Figure 2.2¢, Tootle
et al. 2011; Kim et al. 2011). It is unlikely that chorion assembly impacts dysgenic ovarian
atrophy, since chorion synthesis occurs in late-stage oocytes (stages 10B-14, Waring 2000),
whereas atrophy results from the loss of larval primordial germline cells and subsequent
germline stem cells (GSCs) (Dorogova et al. 2017; Teixeira et al. 2017; Tasnim and Kelleher
2018; Ota and Kobayashi 2020). However, chorion genes reside in clusters that undergo
amplification (Spradling 1981; Claycomb et al. 2004), a process that relies on the efficient repair
of DSBs at the boundaries of an amplified region (Alexander et al. 2015). Therefore,
upregulation of chorion genes in tolerant genotypes could indicate more efficient DSB repair,
which might off-set the impact of P-element transposition.

Genes upregulated in the sensitive genotypes were enriched for functions in chromatin

assembly and transcription, cell division, and translation. A careful inspection of genes
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underlying these enriched terms revealed that with the exception of translation, they were
majorly driven by the increased expression of replication-dependent (RD) histone gene copies
(Figure 2.2d). Overexpression of RD histones is associated with increased sensitivity to DNA
damage in yeast (Gunjan and Verreault 2003; Liang et al. 2012), mice (Murga et al. 2007) and
Drosophila (Landais et al. 2014; Ozawa et al. 2016). Therefore, histone upregulation exhibited
by sensitive alleles may reduce their tolerance to genotoxic stress resulting from P-element
activity. Notably, the expression of both histone and chorion genes are increased in late
oogenesis (Ambrosio and Schedl 1985; Ruddell and Jacobs-Lorena 1985; Waring 2000;
Potter-Birriel et al. 2021), meaning that their inverted differential expression between sensitive
and tolerant genotypes cannot be explained by differential abundance of late stage oocytes.
The D. melanogaster histone gene cluster is located the pericentromeric region of
QTL-3d and consists of ~100 copies of a 5-kb cluster containing each of the five RD histones
(his1, his2A, his2B, his3, and his4). However, the differential regulation of histones is unlikely to
reflect the presence of a cis-regulatory variant within the QTL, since the histone gene cluster
exhibits coordinated and dosage-compensated regulation in a unique nuclear body called the
histone locus body (HLB, McKay et al. 2015). Rather, | postulated that sensitive and tolerant
alleles may differ in heterochromatin formation, since many negative regulators of histone gene
transcription are also suppressors of position effect variegation (Su(var), Ner et al. 2002; Ozawa
et al. 2016). In support of this model, sensitive (B6) genotypes exhibited increased expression
of pericentromeric genes, as well as genes on the heterochromatic 4th chromosome (Figure
2.2¢). | also discovered increased expression of pericentromeric genes associated with the B6
haplotype in a previously published microarray dataset from head tissue (King et al., 2014,
Figure A2.1), suggesting B6 is unusual among the founder alleles in exhibiting reduced

heterochromatin formation.
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Figure 2.2: Tolerance is associated with upregulated chorion proteins, whereas
sensitivity is associated with upregulated replication-dependent histones. a) PCA analysis
of gene expression data of S/sensitive and T/ tolerant genotypes. Members of the same NIL pair
are represented by the same shape. b) GO terms enriched among genes upregulated in
tolerant and sensitive genotypes. ¢) Log2 fold change increase in expression in tolerant
genotypes for chorion genes residing in the four amplicons (Drosophila Amplicons in Follicle
Cells, DAFCs) as well as outside amplicons (Kim et al. 2011; Tootle et al. 2011). d) Log2 fold
change increase in RD histone expression in sensitive genotypes. e) Probability density plot of
log2 fold change values for all euchromatic (blue), pericentromeric (red), telomeric (green)
genes, and 4th chromosome (gray) between strains carrying sensitive and tolerant alleles. The
mean of each distribution is represented by a dotted line. Sensitive genotypes display
significantly higher expression of pericentromeric genes (two-sample t-test, t,,,= -9.32, p-value =
2.335e-16) and 4th chromosome genes (two-sample t-test, t5; = -4.56, p-value = 3.014e-05)
when compared to euchromatic genes. For e) the x-axis boundaries were confined from (-1.5 to
2) for a better visualization. The pericentromere-euchromatin boundaries were drawn from
(Riddle et al. 2011; Hoskins et al. 2015) and subtelomeric-euchromatin boundary coordinates
from (Karpen and Spradling 1992; Walter et al. 1995; Yin and Lin 2007).
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3.2.3 piRNA clusters in QTL-3d exhibit differential activity that does
not translate to TE deregulation

The pericentromeric region is rich in piRNA clusters, and the QTL-3d region itself
harbors 78 piRNA clusters. Particularly, the major piRNA cluster, 42AB, lies very close (~65kb
distal) to the QTL-3d peak position. Although the RIL mothers do not produce or transmit
P-element-derived piRNAs, the D. melanogaster genome harbors more than 100 distinct
resident TE families (Kaminker et al. 2002; Quesneville et al. 2005) that are also regulated by
piRNAs (Brennecke et al. 2007). If sensitive alleles of piRNA clusters within QTL-3d exhibit
reduced silencing of resident (non P-element) TEs, resulting transposition could enhance
genomic instability triggered by P-element activity. | therefore evaluated whether tolerant and
sensitive alleles differed in the activity of piRNA clusters using small RNA-seq. A PCA of piRNA
cluster expression revealed that sensitive and tolerant genotypes are resolved by the second
principal component, accounting for 22% variation in expression (Figure 2.3a).

| did not find evidence that QTL-3d is explained by the differential activity of piRNA
cluster 42AB, as sensitive and tolerant genotypes exhibited comparable piRNA abundances
from this locus. Similarly, piRNA abundance from other major piRNA clusters outside the QTL
did not differ between sensitive and tolerant alleles (Figure 2.3b). However, | discovered two
small pericentromeric piRNA clusters located within QTL-3d that were active in tolerant
genotypes but largely quiescent in sensitive genotypes (Figure 2.3b, ¢ and d; Figure A2.2 and
A2.3). While these piRNA clusters contain no annotated TE insertions in the reference genome
(dm6), Repbase Censor (Kohany et al. 2006) revealed that they were largely composed of TE
fragments. The majority (~77%) of these TE fragments were relatively divergent from the
consensus (0.65-0.95 sequence similarity; Table A2.4 and A2.5), and were often most similar to
consensus TEs from other (non-melanogaster) Drosophila species. Given that transpositionally

active TE families are often highly similar to the consensus sequence (Bergman and Bensasson

25


https://paperpile.com/c/4B7LZD/kGTY2+SB7pa
https://paperpile.com/c/4B7LZD/udF5V
https://paperpile.com/c/4B7LZD/lV6i7
https://paperpile.com/c/4B7LZD/zDi8w

2007), and piRNA silencing is disrupted by mismatches between the piRNA and its target (Post
et al. 2014), this suggests that the differential activity of these two piRNA clusters is unlikely to
impact the expression of transpositionally active TEs.

To further evaluate if differences in tolerance are related to resident TE regulation, |
compared resident TE expression between sensitive and tolerant genotypes in our RNA-seq
data. None of the TE families represented in the QTL piRNA clusters were upregulated in
sensitive genotypes (Figure 2.3e). Furthermore, while some TE families were differentially
expressed, there was no systematic increase in TE activity in the sensitive genotypes. Rather,
more TE families were upregulated in tolerant genotypes (13 TEs) when compared to sensitive
(4 TEs) genotypes. Therefore, despite the conspicuous position of QTL-3d surrounding
piRNA-producing regions, as well as evidence for differential heterochromatin formation that
could impact piRNA biogenesis (Figure 2.2b and e), | found no evidence that tolerance is

determined by resident TE silencing.

Figure 2.3: Tolerance is not determined by differential activity of piRNA cluster or TE
deregulation. a) PCA analysis for piRNA cluster expression data of S/sensitive and T/ tolerant
genotypes. The NIL pairs are represented by the same shapes. b) Heat map showing the
expression of seven piRNA clusters. NIL pairs that are compared are plotted adjacent to each
other. ¢ and d represent the piRNA expression between sensitive and tolerant genotypes from
one of the NIL pairs along the two QTL piRNA clusters: 21.:23,328,000-23,337,026 and
21.:23,222,004-23,246,024, respectively. Only uniquely mapping piRNAs were considered. The
TE families at the top of each figure are represented by different colors. TE-others represent the
repeat families coming from sibling species of D. melanogaster. Positive value indicates piRNAs
mapped to the sense strand of the reference genome and negative value indicates those from
the antisense strand. See Figure A2.2-2.3 for cluster expression in the remaining NIL pair. For
b, ¢, and d, piRNA cluster expression levels were estimated by log2 scale transformed of reads
per million mapped reads [log2(RPM+1)]. e) Bar graph depicting differentially expressed TEs
(fold change = 1.5, base mean >= 100, adjusted p-value <= 0.05) between sensitive and
tolerant genotypes.
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3.2.4 Identifying candidate genes influencing tolerance

In the absence of an obvious role for piRNA clusters within the QTL in determining
tolerance, | sought to identify candidate genes that explain the associated phenotypes. | first

identified “in-phase” single nucleotide polymorphisms (SNPs), where the genotypic differences
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among the founder alleles are consistent with their tolerance phenotypes (Figure 4b, Long et al.
2014). | identified 64 and 258 genes with in-phase SNPs in QTL-21d and 3d, respectively.
These polymorphisms potentially impact either gene expression—by residing within the
regulatory/intron region—or affect the activity of the encoded protein through non-synonymous
mutations (Table A2.1, and A2.2).

To further narrow down the candidates, | similarly identified differentially expressed
genes with the QTL. Of 530 genes differentially expressed (Figure 2.4a), 43 were within the
QTL, representing an approximately five-fold enrichment in the QTL regions compared to the
rest of the genome (Pearson’s Chi-squared test, X-squared = 255.54, df = 1, p-value < 2.2e-16,
Figure 2.4a). Ultimately, | identified 5 and 14 differentially expressed genes that also carry
in-phase SNPs within the QTL-21d and 3d, respectively (Figure 2.4¢c and d; Table A2.1). These
genes, along with those carrying non-synonymous in-phase SNPs, make up the strongest
candidate genes influencing tolerance (Figure 2b; Table A2.2).

I next scoured our list of candidate genes for those with known functions in
heterochromatin formation and DNA-damage response, whose differential function or regulation
are plausibly related to gene expression differences associated with sensitive and tolerant
alleles. | similarly looked for genes with known functions in germ-cell maintenance or
differentiation, which is a critical determinant of the dysgenic phenotype (Ma et al. 2017;
Rojas-Rios et al. 2017; Tasnim and Kelleher 2018). | only found two candidate genes: brat
within QTL-21d and Nipped-A within QTL-3d, that have functions in determining germ-cell fate
(Harris et al. 2011; McCarthy et al. 2018). Interestingly, Nipped-A is a member of the
Tat-interacting Protein 60 kD (TIP60) complex, which has additional roles in DSB repair and
heterochromatin formation (Sinclair et al. 1998; Ruhf et al. 2001; Qi et al. 2006; Hanai et al.
2008). Moreover, | found four other members and interactors of TIP60 complexes that were also
upregulated in tolerant genotypes (dRSF-1/CG8677, dom, E(Pc) & DMAP1) (Kusch et al. 2004;

Hanai et al. 2008), and one that was upregulated in sensitive (yeti) (Messina et al. 2014). Of
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these, yeti and dRSF-1 are located in QTL-3d.
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Figure 2.4: Differential expression and in-phase SNPs identify candidate genes that
determine tolerance. a) Bar graph showing enrichment of differentially expressed genes in
QTL. The dotted line is the genome wide average. b) Schematics representing the in-phase and
out of phase SNPs, where each row represents the genotype of the eight B founder strains and
the letters in bold indicate SNP alleles. The founders are colored based on their phenotypic
classification, either tolerant or sensitive (Figure 2.1e). ¢ and d) Venn diagram showing the
overlap of differentially expressed genes (DEG) and genes carrying in-phase SNPs for QTL-21d
and QTL-3d, respectively. The number within the brackets indicates the genes carrying
non-synonymous in-phase SNPs.
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Figure 2.5: A model of TE tolerance in Population B RILs. brat and the TIP60 complex
(containing Nipped-A) are proposed to determine TE tolerance through the modulation of
Myc-dependent stem cell self-renewal or DSB repair (TIPG0 only).

2.3 Discussion

Although small-RNA mediated TE regulation is widely studied, little is known about
cellular and molecular mechanisms that confer tolerance to transposition. Here, | uncovered
natural variation in tolerance to P-element DNA transposons, which is associated with two or
more loci proximal to the second chromosome centromere in D. melanogaster. | further showed
that tolerant and sensitive genotypes may differ in their ability to form heterochromatin and
enact DNA repair, explaining their differential responses to P-element transposition. Finally, |
identified candidate genes in each QTL that potentially determine the phenotypic differences
between tolerant and sensitive alleles. Nipped-A, located in QTL-3d, is a member of the TIP60

complex and has a non-synonymous in-phase SNP that could alter the activity of encoded
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protein. By contrast, brat, located in QTL-21d, has in-phase SNPs in its intronic and
downstream regulatory regions, and is upregulated in the tolerant genotypes.

Nipped-A (QTL-3d) could influence tolerance by promoting the maintenance of larval
PGCs or early adult GSCs, which are destabilized by DNA damage (Ma et al. 2016; Ota and
Kobayashi 2020). Nipped-A is required for female germ-cell maintenance (Yan et al. 2014), as
well as maintenance of larval neuroblasts, and adult intestinal and male germline stem cells
(Prado et al. 2013; Tauc et al. 2017; Rust et al. 2018). While the functional consequences of the
non-synonymous SNP that separates tolerant and sensitive Nipped-A alleles is not clear, the
upregulation of four other TIP60 members (dRSF-1, dom, E(Pc) & DMAP1) suggests increased
activity in the tolerant genotypes (Table A2.3). Reduced expression of pericentromeric genes in
tolerant strains also suggests increased TIP60 activity, since TIPGO is involved in
heterochromatin formation (Sinclair et al. 1998; Ruhf et al. 2001; Qi et al. 2006; Hanai et al.
2008).

While the specific function of TIP60 in female germ-cell maintenance is not clear, TIP60
is a conserved interactor of Myc: a transcription factor with diverse and well-studied roles in
tumorigenesis, cell growth and proliferation, cell competition, and apoptosis (reviewed in Gallant
2013; Grifoni and Bellosta 2015). In larval neuroblasts, TIP60 and Myc coregulate downstream
targets that promote stem cell self-renewal (Rust et al. 2018). Similarly, myc overexpression
confers tolerance in dysgenic larval gonads by suppressing primordial germ cell (PGC) loss (Ota
and Kobayashi 2020). Thus, increased TIP60 function in tolerant genotypes may activate
myc-dependent tolerance in larvae.

Interestingly, brat (QTL 21d) is a translational repressor of myc that is upregulated in
tolerant ovaries (Figure A2.1). Conversely, increased expression of translational machinery
suggests increased Myc activity in sensitive ovaries as ribosomal proteins are conserved
downstream targets of Myc (Figure 2B; Orian et al. 2003). Our data therefore, point to an

association between reduced Myc activity and tolerance in adult stages. While puzzling, the
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impact of Myc activity on cellular persistence is context and cell type specific. For example,
reduced Myc activity confers robustness to X-ray-induced apoptosis in larval eye imaginal discs,
while Myc overexpression in the same tissue induces apoptosis (Montero et al. 2008).
Therefore, the modulation of Myc function over the course of development may be a critical
determinant of tolerance, with TIP60-dependent regulation of self-renewal factors increasing
tolerance in PGCs, while other Myc targets may decrease tolerance in adults (Figure 2.5).
Exploring potential interactions between TIP60, Myc and Brat in determining tolerance presents
an enticing avenue for future work.

In addition to promoting germ-cell maintenance, Nipped-A might also influence tolerance
by facilitating repair of DSBs in PGCs or GSCs. The TIP60 complex has a conserved function in
DSB repair (Kusch et al. 2004; Sun et al. 2009), and Nipped-A in particular promotes the
proliferation of intestinal stem cells after DNA damage (Tauc et al. 2017). By contrast, histone
upregulation in the sensitive genotypes—which potentially results from reduced
TIP60-dependent heterochromatin formation—could inhibit DNA repair. Surplus RD histones are
proposed to interfere with DNA-repair machinery, and are considered genotoxic outside of
S-phase (Liang et al. 2012; Landais et al. 2014; Kumar et al. 2020). Enhanced repair in tolerant
genotypes is further supported by the increased expression of chorion genes, since chorion
gene amplification during oogenesis is dependent upon DSB repair (Alexander et al. 2015).

In summary, my work suggests that tolerance to transposition may have a complex
architecture, including both the concurrent modulation of Myc-dependent stem cell self-renewal
and stem cell loss, and the enhanced repair of DSBs. This complexity contrasts our previous
study of natural variation in the population A RILs of the DSPR, which uncovered a maijor effect
of the expression of a single differentiation factor, bruno, on tolerance (Kelleher et al. 2018).
Furthermore, while DNA-damage signaling is a clear determinant of dysgenic germ-cell loss
(Dorogova et al. 2017; Moon et al. 2018; Tasnim and Kelleher 2018), the potential for natural

variation DNA repair to offset the mutagenic effects of transposition has never been evaluated.
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My observations therefore point to multiple new mechanisms through which cells could

withstand the genotoxic effects of unregulated transposition.

2.4 Methods

2.4.1 Drosophila strains and husbandry

The recombinant inbred lines (RILs) were generously provided by Dr. Stuart Macdonald.
Harwich (#4264) was obtained from the Bloomington Drosophila stock center. All flies were

maintained in standard cornmeal media.

2.4.2 Phenotyping

Phenotyping was performed as described previously in Kelleher et al. (2018). Briefly,
crosses between virgin RIL females and Harwich males were transferred to fresh food every 3-5
days. Since crosses reared at a restrictive temperature (29 °C) result in complete gonadal
atrophy in F1 offspring, crosses were reared at a lower permissive temperature (25 °C), which
produces an intermediate phenotype that better reveals the variation in severity of dysgenesis
(Kidwell et al. 1977; Dorogova et al. 2017; Srivastav and Kelleher 2017; Kelleher et al. 2018).
F1 offspring were maintained for 3 days or 21 days, at which point their ovaries were examined
using a squash prep (Srivastav and Kelleher 2017). 21 day- old females were transferred onto
new food every five days as they aged to avoid bacterial growth. Females who produced 1 or
more chorionated egg chambers were scored as having non-atrophied ovaries, and females
producing 0 egg chambers were scored as having atrophied ovaries.

Crosses and phenotyping were performed for 673 RlLs across 22 experimental blocks
for 3 day-old F1 females, and 552 RILs across 18 experimental blocks for 21 day-old F1
females. If fewer than 21 F1 offspring were phenotyped for the same cross, it was discarded
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and repeated if possible. In total, our lab phenotyped >20 3-day old and 21 day-old F1 female

offspring for 595 RILs and 456 RILs, respectively.

2.4.3 QTL mapping

QTL mapping was performed as described in Kelleher et al. (2018). Briefly, for each
developmental time point, the arcsine transformed proportion of F1 ovarian atrophy was
modeled as a function of two random effects: experimental block and undergraduate
experimenter. Regression models were fit using the Imer function from the Ime4 package (Bates
et al. 2015). The residuals were used as a response for QTL mapping using the DSPRqtl
package (King et al. 2012) in R 3.02 (Team and TRDC 2008). The LOD significance threshold
was determined from 1,000 permutations of the observed data, and the confidence interval
around each LOD peak was identified by a difference of -2 from the LOD peak position
(A2-LOD), or from the Bayes Confidence Interval (Manichaikul et al. 2006). For A2-LOD
intervals, the conservative approach of determining the longest contiguous interval was taken
where the LOD score was within 2 of the peak value. Furthermore, the broad sense heritability

of ovarian atrophy was calculated as in Kelleher et al. (2018).

2.4.4 Estimation of founder phenotypes and QTL phasing

To estimate the phenotypic effect associated with each founder allele at the QTL peak,
the distribution of phenotypes from all RILs carrying the founder haplotype at the LOD peak
position (genotype probability >0.95%) was considered (King et al. 2012; Kelleher et al. 2018).
QTL were then phased into allelic classes by identifying the minimal number of partitions of
founder haplotypes that describe phenotypic variation associated with the QTL peak, as

described previously (King et al. 2012).
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2.4.5 Identification of in-phase polymorphisms

The SNP data of B founders that used to infer in-phase SNPs is based on dm3 (King et
al. 2012). To identify in-phase SNPs, | looked for alternate SNP alleles that matched the
predicted phenotypic class for each of the QTL peaks. For QTL-21d, | used the criteria:
sensitive class (B2, B6) and the tolerant class (B1, B3, B4, B7, B8), whereas for QTL-3d:

sensitive class (B6) and the tolerant class (B1, B2, B3, B4, B7, B8).

2.4.6 Selection of paired RILs with alternate QTL alleles

| identified background matched RILs containing either the B6 (“sensitive”) or B4

(“tolerant”) haplotypes from the start position of the QTL-21d confidence interval (2L:

19,010,000) to the end position of QTL-3d confidence interval (2R: 6,942,495) (P > 0.9), based

on their published HMM genotypes (King et al. 2012). For all possible RIL pairs (B6 and B4), |
then calculated the number of 10 Kb genomic windows in which they carried the same RIL
haplotype (P < 0.9). | selected three pairs of RILs, which carried the same founder genotype for
47% (21213 & 21183), 46% (21147 & 21346) and 44% (21291 & 21188) of genomic windows

outside of the QTL.

2.4.7 Small RNA-seq and total RNA-seq

RILs were maintained at 25 °C, and three biological replicates of 20 ovaries were
dissected from 3-5 day old females. Ovaries were homogenized in TRIzol and stored at -80 °C
until RNA extraction. 50 ug of total RNA from each of 18 biological samples (three biological
replicates x three pairs) was size fractionated in a 15% denaturing polyacrylamide gel and the
18-30 nt band was excised. 2S-depleted small RNA libraries for lllumina sequencing were then

constructed according to the method of Wickersheim and Blumenstiel (2013). Ovarian small
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RNA libraries were published previously (SRP160954, Zhang and Kelleher 2019). Ribodepleted
and stranded total RNA libraries were generated from the same ovarian samples using NuGen
total RNA kit (TECAN). All 18 small RNA and total RNA libraries were sequenced on an lllumina

Nextseq 500 at the University of Houston Seq-N-Edit Core.

2.4.8 Small-RNA analysis

Sequenced small RNAs were separated based on size into miRNAs/siRNAs (18-22 nt)
and piRNAS (23-30 nt) (Brennecke et al. 2008). Reads corresponding to contaminating rRNAs,
including 2S-rRNA, were removed from each library by aligning to annotated transcripts from
flybase (Gramates et al. 2017). To determine the piRNA cluster activity, | first uniquely aligned
the piRNAs to reference genome (dm6) using Bowtie1 (-v 1 -m 1) (Langmead et al. 2009). | then
used a customized perl script to count reads that mapped to a set of previously annotated
piRNA clusters from the same genotypes (497 piRNA clusters, S. Zhang et al. 2020). Read
counts normalized to total mapped microRNAs for each library were used to infer differential
expression using DESeq2 (Love et al. 2014). Sliding window estimates of piRNA abundance
were calculated using bedtools genomecov (Quinlan 2014), normalizing the read counts to total

mapped miRNA reads.

2.4.9 Total RNA analysis

Residual ribosomal RNAs (rRNAs) were identified in ribodepleted libraries based on
alignment to annotated rRNAs from flybase (Gramates et al. 2017), and excluded from further
analysis. Retained reads aligned to the library of consensus satellite and TE sequences from
repbase (Bao et al. 2015), plus additional satellite consensus sequences from Larracuente
(2014). For TE expression, the total reads mapped to TE sequences were counted using awk

commands. Remaining reads that failed to map were aligned to D. melanogaster transcriptome
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(dm6/BDGP6) using Kallisto with default parameters (Bray et al. 2016). Differentially expressed
TEs and genes were identified from a combined analysis in DESeq2 (Love et al. 2014). Genes
and TEs with base mean >= 100, Adjusted p-value <= 0.05 and whose expression pattern
differed (fold change >= 1.5) were considered differentially expressed between the B6 and B4

QTL haplotype.
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Chapter 3. Using isogenic lines to investigate the

mechanism of tolerance
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3.1 Introduction

In Chapter 2, | found two natural QTL alleles that differed in tolerance to P-element
activity using a panel of recombinant inbred lines. However, how these QTL alleles influence
tolerance is unclear. Here, | test multiple hypotheses for the mechanistic underpinning of
tolerance: 1) differential silencing of satellite repeats, 2) differential de novo piRNA production,
3) enhanced DSB repair, and 4) brat function.

DNA damage arising from transposition is proposed to trigger germ-cell loss in the
dysgenic germline (Khurana et al. 2011). Therefore, exposure of germ cells to additional agents
of DNA damage other than transposition might reduce tolerance. QTL-3d residing in the 2"
chromosome centromere harbors known blocks of satellite repeats- Responder (Rsp) and
260-bp. Deregulation of satellite repeats has previously been associated with DNA damage and
segregation defects (Ferree and Barbash 2009; Aldrup-MacDonald et al. 2016; Kishikawa et al.
2016; Ichida et al. 2018; Kishikawa et al. 2018). Particularly, Rsp mispackaging is proposed to
establish a well-known meiotic drive system in the male germline known as Segregation
Distorter (SD) (Larracuente 2012). SD is known to target the Rsp block, and spermatids with
large Rsp blocks become dysfunctional. Additionally, 260-bp is a member of 1.688 satellite
repeats, whose deregulation is proposed to cause hybrid lethality (Ferree and Barbash 2009).
Thus, regulation of satellite repeats may be an important determinant of germline tolerance to
TEs. | therefore tested whether sensitive genotypes experience deregulation of 260-bp or Rsp
repeats.

In Chapter 2, | uncovered that tolerant and sensitive alleles may differ in TIP60 activity,
which functions in DSB repair (Sinclair et al. 1998; Ruhf et al. 2001; Qi et al. 2006; Hanai et al.
2008). Since hybrid dysgenesis is characterized by DNA damage (Moon et al. 2018; Tasnim and
Kelleher 2018), tolerance could also arise from enhanced repair of DSBs induced by

P-elements. | therefore tested the hypothesis that tolerance is determined by increased
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efficiency of DSB repair.

TIP60 also has a function in heterochromatin formation, and tolerant genotypes exhibit
signatures of enhanced heterochromatin formation. Heterochromatin formation is critical for the
transcription of piRNA clusters (Le Thomas et al. 2014; Mohn et al. 2014). While | already
uncovered that tolerant and sensitive alleles do not differ in regulation of resident TEs in
Chapter 2, it is unclear if there is a difference in regulation of P-elements through de novo
piRNA transcription. De novo piRNA transcription of paternally inherited piRNA clusters was
reported to reduce hybrid dysgenesis with age (Khurana et al. 2011; Moon et al. 2018).
Therefore, | examined if tolerance is determined by de novo piRNA transcription.

The loss of GSCs and PGCs during hybrid dysgenesis is thought to be caused by
disruption of germline stem cell maintenance (Ma et al. 2017). Promoting renewal or retention of
GSCs in the dysgenic germline is therefore one potential mechanism of tolerance. For example,
overexpression of GSC self-renewal factor, myc (Ota and Kobayashi 2020) and reduced
expression of germline differentiation factor bruno suppresses hybrid dysgenesis (Kelleher et al.
2018). However, contrary to previous studies, | found tolerant alleles are associated with
increased expression of a GSC differentiation factor, brat, a candidate gene residing within
QTL-21d. Therefore, it is puzzling how increased differentiation of GSCs in our genotypes could
confer tolerance.

To unravel the mechanisms behind tolerance, | tested these non-mutually exclusive
hypotheses using isogenic lines carrying tolerant and sensitive QTL alleles. | found that tolerant
genotypes were highly robust to X-ray-induced DNA damage, suggesting that tolerance may be
conferred by enhanced DNA-damage repair. Furthermore, loss-of-function mutations in brat
showed increased ovarian atrophy in dysgenic females, suggesting that tolerance may be
conferred by promoting differentiation of GSCs. Hence, our observations point towards DSB

repair and brat function as two potential mechanisms of tolerance.
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3.2 Results

3.2.1 Generation of isogenic lines

To investigate the mechanisms of tolerance, | generated isogenic lines carrying sensitive
or tolerant QTL alleles in an otherwise similar genetic background (Figure 3.1a). First, | crossed
the tolerant (21077 and 21154) and sensitive (21076 and 21218) strains to a marker strain
carrying recessive mutations in black body and cinnabar eyes, which lie at the boundary of the
two QTL (Figure 3.1a). The F1 was then subjected to seven rounds of backcrossing, each time
selecting for wild type phenotype. Finally, | performed inbreeding to generate the homozygous
isogenic lines. These lines were verified by PCR and sequencing of the regions within the two
QTL. | further confirmed the phenotype of the isogenic lines by mating them to P-element
carrying males (Harwich) and screening for F1 atrophy in 3 day-old female offspring. Consistent
with the previous QTL analysis (Fig 2.1), tolerant alleles exhibited 30 percent less F1 atrophy
than the sensitive alleles (Figure 3.1a).

Figure 3.1. Isogenic line generation and phenotyping. a) Crossing scheme for generating
isogenic lines. b) Phenotyping isogenic lines carrying tolerant and sensitive QTL alleles by
crossing with Harwich males and screening for ovarian atrophy of F1 females. Bar graph

showing the percentage of ovarian atrophy in dysgenic F1 from tolerant (dark green) and
sensitive (light green) isogenic lines as well as the control strains (gray).

41



marker tolerant/sensitive
- _
b cn b+ cn+
i X —
b cn
black body l wild type phenotype
bright red eyes
F1 marker
. -
. recombination b cn b cn
X X X .
o b+ cn+ ‘ b cn
£
7]
8
5 | !
4 b+ cn+
) b+ cn -
© — B -
0 . ——
"6 b o ild y hcn b cn
. e phenotype
) bright red eye b cn+ wild type p typ e
© e e
c - b cn
8 b cn
= black body
N~ black body bright red eyes
— Inbreeding
A
b+ cn+
i
Isogenic sensitive/tolerant lines
b) * k%
100 - Sensitive (B6)
I [l Tolerant (B8)
| . Control
sogenic i
genic X harwich e
tolerant/sensitive males g
females S
/ \ g w0
>
1 : 727 5 L
F1: 7 ! =
‘ 5 < 25
normal ovarian
ovaries atrophy 0
$ $
N o~
S ¢
&

42



3.2.2 Investigating the role of satellite repeats on tolerance

Incomplete silencing of satellite repeats could impact tolerance to TEs. Aberrant
expression of satellite repeats have been associated with genomic instability, segregation
disorders and DNA damage (Ferree and Barbash 2009; Aldrup-MacDonald et al. 2016;
Kishikawa et al. 2016; Ichida et al. 2018; Kishikawa et al. 2018). The QTL-3d harbors two
unique satellite repeats namely, Responder (Rsp) and a 260-bp, both of which are
predominantly found proximal to the 2" chromosome centromere. Maternally transmitted
piRNAs have been implicated in regulating satellite arrays such as the 359 bp (Usakin et al.
2007; Yuan and O’Farrell 2016) and Rsp through heterochromatin formation (Wei et al. 2021).
Reduced maternal transmission of satellite-derived piRNAs and siRNAs from sensitive
genotypes could result in inefficient packaging of paternally inherited satellite arrays, leading to
additional genotoxic stress that enhances ovarian atrophy.

To test this hypothesis, | first asked if small RNAs derived from satellite repeats are less
abundant in the sensitive nearly isogenic lines (NILs) that | examined in Chapter 2. Rsp-derived
small RNAs were 5-fold and 8-fold reduced among sensitive piRNAs and siRNAs, respectively
(Figure 3.2a). Similarly, 260-bp derived piRNAs and siRNA were 2-fold and 1.5-fold reduced
among sensitive alleles. This suggests that sensitive and tolerant NILs may differ in their ability
to regulate satellite repeats at 2" chromosome centromere.

Differences in satellite-derived piRNA abundance may arise from differences in satellite
copy number. Particularly, the Responder (Rsp) satellite array is known to differ dramatically in
copy number between strains (20-2000 copies) ( Lyttle 1991, Larracuente & Presgraves 2012).
Differential satellite copy number could also explain the observed differences in small RNA
abundance between sensitive and tolerant alleles. Therefore, | next compared satellite copy
numbers between the tolerant and sensitive alleles. | discovered that sensitive (B6) alleles carry

very few Rsp repeats (~60 copies) and 260-bp (~130) when compared to tolerant (B4) alleles
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(~1038 Rsp copies and ~826 260-bp copies). | further found a correlation between Rsp dosage
and P-tolerance (Figure 3.2b), which was lacking in the case of 260-bp. The correlation for the
Rsp satellite was largely driven by the highly sensitive B6 that has the fewest Rsp copies among
the founders. These observations suggest that packaging of Rsp but not 260-bp may be an

important determinant of tolerance.

Figure 3.2: Responder copy number is associated with but does not determine tolerance.
a) Bar graph showing satellite derived piRNA and siRNA abundance between sensitive and
tolerant NILs. The x-axis represents the log2 fold change between tolerant and sensitive alleles
and the y-axis represents the different satellite repeats. b) Correlation plot between F1 atrophy
associated with B founder QTL and log2 estimated Responder and 260-bp copy number at their
second chromosome centromere. ¢) Graph showing F1 atrophy percentage in the dysgenic
crosses between tolerant, sensitive and control females with Harwich/RAL73 males. Harwich
and RAL73 are P-strain carrying a short and long Rsp array, respectively. Tolerant crosses show
significant reduction in F1 atrophy compared to sensitive crosses with both Harwich (21077 vs.
21076 cross: Pearson’s Chi-square test, X-squared = 37.05, df = 1, p-value = 1.15e-09; 21077
vs. 21218 cross: X-squared = 13.7, df = 1, p-value = 0.0002; 21154 vs. 21076 cross: X-squared
= 37.85, df = 1, p-value = 7.625e-10; 21154 vs. 21218 cross: X-squared = 14.14, df = 1, p-value
=0.0001) and RAL73 ( 21077 vs. 21076 cross: Pearson’s Chi-square test, X-squared = 17.09,
df = 1, p-value = 3.57e-05; 21077 vs. 21218 cross: Pearson’s Chi-square test, X-squared =
24.7, df =1, p-value = 6.68e-07; 21154 vs. 21076 cross: X-squared = 4.83, df = 1, p-value =
0.02; 21154 vs. 21218 cross: X-squared = 9.26, df = 1, p-value = 0.0023) males. Marker and CS
are the controls. Tolerant and sensitive QTL alleles were initially extracted into the marker
background.
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3.2.3 Investigating the role of de novo piRNA production on tolerance

Tolerance may be determined by enhanced production of P-element derived piRNAs
from paternally derived piRNA clusters in the dysgenic germline. Some dysgenic genotypes
recover fertility with age by transcribing piRNAs from paternally inherited piRNA clusters,
thereby silencing P-elements in the germline (Khurana et al. 2011; Moon et al. 2018). Since,
piRNA transcription relies on the heterochromatic mark H3K9me3 (Thomas et al. 2014; Mohn et
al. 2014), differences in heterochromatin formation could impact de novo production of piRNAs.
In Chapter 2, | found tolerant genotypes were associated with increased activity of the TIP60
chromatin remodeling complex, which is involved in heterochromatin formation (Sinclair et al.
1998; Ruhf et al. 2001; Qi et al. 2006; Hanai et al. 2008). Increased heterochromatin could
facilitate de novo production of P-element piRNAs in the dysgenic germline, thus conferring
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tolerance.

To test this hypothesis, | first used age-dependent recovery of fertility in dysgenic
females as a proxy for de novo piRNA production. | asked whether the tolerant and sensitive
alleles show differences in age-dependent recovery of F1 fertility when mated to Harwich males
at 25 °C. If the tolerant genotypes exhibit a greater recovery of fertility from 3 to 21 days relative
to sensitive genotypes, it would suggest de novo piRNA production as a potential source of
tolerance. However, | did not detect fertility recovery in either genotype as there were no
significant differences in F1 atrophy between ages (Figure 3.3a). This is consistent with our
observation that there is a minimal effect of age in Chapter 2. Our observation may either
suggest the absence of de novo piRNA production in either genotype, or the initiation of de novo
piRNA production occurs at earlier developmental stages.

Next, | sought to address whether | missed the early acquisition of de novo piRNAs in
tolerant genotypes. Since examining piRNA production in larval ovaries is technologically
challenging, | used an alternative approach that induces dysgenesis in adult stages through
temperature shift (Moon et al. 2018). | first maintained the dysgenic offspring (tolerant/sensitive
X Harwich) at 18 °C, where P-element activity is lower and does not induce ovarian atrophy
(Kidwell et al. 1977; Moon et al. 2018). | then transferred newly emerged and 3 day-old adults to
25 °C or 29 °C, where P-element activity is higher (Engels and Preston 1979). Using the
dysgenic offspring of crosses between w1 and Harwich, Moon et al. (2018) reported that this
treatment results in germ-cell loss and ovarian atrophy at 5 days post-induction and resumption
of fertility at 10 days. They further demonstrated that recovery of fertility was associated with de
novo piRNA production. Therefore, | assayed for ovarian atrophy at 5 days and 10 days post
temperature-shift to measure fertility recovery. If de novo piRNA production determines
tolerance, it is predicted that tolerant genotypes will show higher incidences of fertility recovery

post induction.
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Unexpectedly, | did not detect any F1 atrophy on the 5th day of P-element induction in
either genotype (Figure 3.3 ¢ and d). Therefore, | was not able to compare piRNA-dependent
recovery of fertility between genotypes. Furthermore, | did not detect any differences in the
number of the eggs laid by dysgenic daughters of sensitive and tolerant mothers to that of
non-dysgenic controls (Figure 3.3 e). This suggests that differences between sensitive and
tolerant genotypes most likely arise at larval stages. Hence, these results, together with the
absence of age-dependent recovery of fertility, make it experimentally intractable to compare de

novo piRNA production between sensitive and tolerant strains.

Figure 3.3. Adult induction of P-element activity is not sufficient to trigger hybrid
dysgenesis. a) The percentage of ovarian atrophy in 3 day and 21 day-old dysgenic daughters
from tolerant and sensitive mothers at 25 °C. The x-axis shows the dysgenic crosses and the
y-axis is the F1 ovarian atrophy. b) Schematics depicting the steps in the temperature shift
assay. The crosses were set at 18 °C till the F1 offspring were 0 or 3 day-old adults. The
individuals were then transferred to 25 °C for 5 and 10 days and screened for ovarian atrophy.
c) and d) Graph showing the percentage fertility ¢) for 3 day-old control daughters raised at 18
°C and d) for F1 daughters after 5-day post-induction at 25 °C. The x-axis shows the tolerant
and sensitive dysgenic crosses. e) Dot plot showing the egg count per day per female of the
dysgenic and non-dysgenic F1 daughters at 18 and 25 °C. X-axis shows the no. of days and
y-axis shows the total number of eggs laid by a female per day. The colors indicate the tolerant
(21077) and sensitive (21076) dysgenic and non-dysgenic (control) crosses.
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3.2.4 Investigating association of irradiation sensitivity with tolerant

and sensitive alleles

My observations from Chapter 2 suggest that sensitive and tolerant alleles may differ in

their capacity to repair DSBs. | found that tolerant genotypes display increased expression of
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TIP60 components, which is involved in DSB repair (Kusch et al. 2004; Sun et al. 2009) as well
as elevated chorion gene expression, a potential indicator of efficient DSB repair. If tolerance is
determined by enhanced DSB repair, it is predicted that tolerant genotypes will show higher
resilience to radiation. | therefore compared the sensitivity of the two genotypes to X-ray
radiation.

| first sought to identify the appropriate radiation dose to reveal the phenotypic difference
between the two genotypes. | irradiated 3" instar larvae at different X-ray doses (5 to 80 Gy)
and observed their survival to adulthood for 10 days. | found that doses above 10 Gy showed
high lethality, making it difficult to detect differences in radiation sensitivity between the
genotypes (Table A3.1 and A3.2). Therefore, | compared the response of sensitive and tolerant
larvae to radiation doses of 5 Gy and 10 Gy. | observed only modest reduction in larval survival
after 5 Gy radiation (76-95% survival to adulthood), with minimal differences between
genotypes. By contrast at 10 Gy, considerables rates of lethality were observed for all
genotypes (25-80% survival to adulthood). Furthermore, sensitive genotypes had significantly
higher lethality than the tolerant genotypes These results are consistent with differences

between sensitive and tolerant alleles in DSB repair.

Figure 3.4. Tolerance is associated with enhanced DNA-damage repair. Bar graph showing
the percentage of mock treated and irradiated (5 Gy and 10 Gy) larvae that survived to
adulthood for the tolerant, sensitive and the control genotypes. The X-axis represents the
different strains with the colors representing the type of genotype. The Y-axis is the percentage
of irradiated larvae that survived to adulthood. The numbers in the brackets refer to the sample
size. For 5 Gray irradiation, 21077 vs. 21156: Pearson’s Chi-squared test, X-squared = 15.66,
df=1, p-value =0.0008; 21154 vs. 21218: Pearson’s Chi-squared test, X-squared = 9.56, df=1,
p-value =0.001. For 10 Gray irradiation, 21077 vs. 21218: Pearson’s Chi-squared test,
X-squared = 34.23, df=1, p-value =0.0001; 21077 vs. 21156: Pearson’s Chi-squared test,
X-squared = 12.69, df=1, p-value =0.0004; 21154 vs. 21218: Pearson’s Chi-squared test,
X-squared = 58.6, df=1, p-value =0.0001 ; 21154 vs. 21156: Pearson’s Chi-squared test,
X-squared = 19.08, df=1, p-value =0.0001).
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3.2.5 Investigating the role of brat on tolerance

To determine the impact of brat on tolerance, | looked at the effect of brat loss-of-function
mutation on hybrid dysgenesis. The causative variant influencing tolerance in the dysgenic
hybrid offspring is most likely heterozygous, as it is only present in the maternal genotypes.
Therefore, to look at the heterozygous effect of brat mutants, | mated the brat’/CyO females to
Harwich males and compared the incidences of ovarian atrophy among the 3-4 day-old F1
offspring (mutant -/+ vs balancer CyO/+).

In absence of dysgenesis, brat loss-of-function alleles impact oogenesis recessively.
However, | found that the brat’ heterozygotes showed significantly higher frequency of ovarian
atrophy (68.6%) than their balancer control siblings (37.5%) (Figure 6). To further prove that this
phenotype was not an effect of the 2"* chromosome of the brat’ mutant line, | additionally used
three deficiency stocks with deletions overlapping brat. | found that two out of three deficiency
lines increased ovarian atrophy similar to brat’ mutants (Figure 6). The deficiency line
(Df(2L)brat [ED1231]) with a larger deletion (39 genes) showed modest increase in ovarian
atrophy. Whereas another deficiency line (Df(2L)brat [ED1200]) also carrying large deletion (31
affected genes) showed no change in the incidences of ovarian atrophy compared to its

balancer siblings, which may be due to deletion of genes with opposing function to that of brat.
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Hence, our results suggest that brat activity increases fertility in dysgenic females, which
is consistent with our previous observation that tolerant genotypes are associated with

increased brat expression.
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Figure 3.5. Loss-of-function mutation of brat increases severity of hybrid dysgenesis.
Graph showing the percentage of F1 ovarian atrophy of control balancer siblings CyO/+,
heterozygous brat’ mutants and heterozygous deficiency lines Df(2L)brat. brat’ mutant:
Pearson’s Chi-squared test, X-squared = 13.55, df=1, p-value =0.0002. Df(2L)brat [Exel8040]:
Pearson’s Chi-squared test, X-squared = 14.78, df=1, p-value =0.0001. Df(2L)brat [ED1231]:
Pearson’s Chi-squared test, X-squared = 0.06, df=1, p-value =0.8. Df(2L)brat [ED1200]:
Pearson’s Chi-squared test, X-squared = 3.66, df=1, p-value =0.05.

3.3 Discussion

In Chapter 2, | uncovered two strong candidate genes as well as the phenotypic differences

associated with tolerance to P-elements. However, the cellular and molecular mechanisms of
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tolerance remained unclear. Here, through the use of isogenic lines carrying tolerant and
sensitive alleles, | found evidence of two potential mechanisms of tolerance: 1) through
enhanced robustness to DNA damage, and 2) through increased expression of GSC
differentiation factor brat.

Since DNA damage underlies hybrid dysgenesis (Ma et al. 2016; Ota and Kobayashi
2020), facilitating DSB repair could minimize the impact of P-element activity and confer
tolerance. Multiple pieces of evidence from Chapter 2 suggest enhanced DSB repair in tolerant
genotypes. Tolerant alleles showed increased expression of TIP60 members, which are
involved in DSB repair (Kusch et al. 2004; Sun et al. 2009) as well as show upregulation of
chorion gene expression- an indicator of efficient DSB repair (Alexander et al. 2015). Sensitive
genotypes also exhibited histone overexpression, which has been associated with DNA damage
and therefore could be a possible determinant of the variable DSB repair efficiency. Here, |
demonstrated that tolerant larvae are highly resilient to X-ray-induced DNA damage (Figure
3.4), which is widely associated with increased activity of DNA repair genes (Staeva-Vieira et al.
2003; Ruike et al. 2006; Uri et al. 2007; Sterpone and Cozzi 2010; Koval et al. 2019). Together
these observations suggest that tolerance may be determined by enhanced repair of DSBs
induced by P-elements.

Recent studies also suggest tolerance could be conferred by promoting GSC
maintenance. Ectopic overexpression of GSC self-renewal factor myc suppresses hybrid
dysgenesis by increased retention of damaged PGCs in larval gonads (Ota and Kobayashi
2020). Similarly, reduced function of the germline differentiation factor bruno confers tolerance,
potentially through stabilizing damaged GSCs by reducing signals for differentiation (Kelleher et
al. 2018). Similar to bruno, brat is a differentiation factor, which could modulate the response of
GSCs and their differentiating daughter to DNA damage (Harris et al. 2011; McCarthy et al.
2018). However, unlike bruno, | observed that the brat function promotes tolerance. This

opposite phenotypic effect might be explained by their activity at distinct developmental stages
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and cellular pathways. bruno promotes the differentiation of four cell cysts (Parisi et al. 2001;
Wang and Lin 2007), whereas brat act earlier by regulating single cell cystoblast differentiation
through the Bam/Bgcn pathway (Harris et al. 2011; McCarthy et al. 2018). DNA damage in the
germline is known to reduce the expression of bam and delay cystoblast differentiation (Ma et
al. 2016). Therefore, brat could confer tolerance by compensating for damage-induced bam
repression (Harris et al. 2011; McCarthy et al. 2018).

My data highlights the possibility of DSB repair and GSC differentiation as two novel
mechanisms of tolerance to P-element transposition. While natural variation in irradiation
sensitivity has been previously reported (Vaisnav et al. 2014), here, | for the first time
demonstrate its association with tolerance to transposition. Furthermore, | show brat, a GSC
differentiation factor, promotes tolerance, which interestingly is distinct from the Kelleher et al.
(2018) report on bruno. Together these observations reveal the complex underpinnings of

germline tolerance to TEs.

3.4 Methods

3.4.1 Drosophila strains and husbandry

The recombinant inbred lines (RILs) were generously provided by Dr. Stuart MacDonald.
Harwich (#4264), RAL73 (#28131), brat’ (#3988), Df(2L)brat{Exel8040] (#7847), Df(2L)brat
[ED1231] (#9174) and Df(2L)brat [ED1200] (#9173) were obtained from the Bloomington
Drosophila stock center. The second chromosome centromere from three recombinant inbred
lines carrying B6 QTL allele (#21218, #21076, #21156) and two RILs carrying B8 QTL allele
(#21077, #21154) were extracted into a common background by crossing them to multiply
marked stocks b cn (#44229). After seven rounds of backcrossing followed by inbreeding, the

final isogenic lines were generated. RILs were made homozygous for the 2" chromosome by
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inbreeding and selecting for wild type phenotype. The genotype of the isogenic lines were
verified through PCR using five different primers within the two QTL. All flies were maintained at

room temperature in standard cornmeal media.

3.4.2 Quantification of genomic Responders

Paired-end deep sequencing libraries (54 nt) for each founder genome (King et al. 2012)
were aligned both to the published D. melanogaster Release 6 genome (Hoskins et al. 2015)
and our custom repeat library using bowtie 2 (using parameters -sensitive, -a) (Langmead and
Salzberg 2012). For the Responder and 260-bp array, the estimated copy humber was
determined based on the number of aligned reads per million mapped, divided by the total
number of reads aligning to the founder genome and the length of the satellite repeat, i.e., 120
bp (Wu et al. 1988) and 260 bp, respectively (Abad et al. 2000). The size of satellite arrays in
each RIL genome was inferred based on its founder haplotype at the centromeric LOD peak

(King et al. 2012).

3.4.3 Egg count assay

To estimate the fertility of the dysgenic female progeny, eggs laid were quantified over a
10-day period. | first mated the females from tolerant and sensitive isogenic lines to Harwich
males at 25 °C. Reciprocal crosses were set as controls. The dysgenic and non-dysgenic
daughters were then mated to tester males (Canton-S). Each vial contained one male and one
female, which were transferred to fresh food after 24 h for 10 days. Eggs laid on the food by

each daughter were counted daily.

3.4.5 X-ray irradiation

Third instar larvae were either mock treated or irradiated in a Rad Source RS 1800 X-ray
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machine set at 12.5 mA and 160 kV. To obtain 3" instar larvae, embryos were collected for 24 h
and aged for 5 days at 25 °C. The food vials containing larvae were then X-ray irradiated at
doses from 5-80 Gray after which an optimal dose that clearly depicts the phenotypic difference
was selected. Survival to adulthood was determined by scoring the number of empty and full

pupal cases until 10 days.

3.4.6 Small-RNA analysis

Sequenced small RNAs from NILs (described in Section 2.4.7 of Chapter 2) were
separated based on size into MiRNAs/siRNAs (18-22 nt) and piRNAs (23-30 nt) (Brennecke et
al. 2008). Reads corresponding to contaminating rRNAs, including 2S-rRNA, were removed
from each library by aligning to annotated transcripts from flybase (Gramates et al. 2017). Small
RNAs were then aligned to a custom library of the new consensus sequences for the
Responder (Larracuente 2014) and 1.688 satellite families (Khost et al. 2017). Reads that could
not be uniquely assigned to a single repeat class were discarded.

The raw number of sequenced reads from each repeat class were used to infer
differential expression using DESeqg2 (Love et al. 2014). To detect repeats whose expression
pattern differed depending on the haplotype at the chromosome centromeric QTL region, |
employed a linear model that included factors for both the QTL haplotype (B6 or B4) and the

matched genotype pair.
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Chapter 4. Conclusion
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Transposable elements (TEs) threaten the genomic integrity of the host by not only
producing deleterious mutations but also by causing DSBs. Accumulation of DSBs in germline
cells results in germ-cell loss and sterility. While host regulation of TEs through small RNAs has
been extensively studied, tolerance mechanisms that allow germ cells to withstand the
disruptive effects of transposition have been largely unstudied. My dissertation investigated
natural tolerant factors to P-element transposition and explored their mechanisms of action.

| found two linked QTLs (QTL-3d and QTL-21d) associated with natural tolerance to
P-element transposition and subsequently compared the total RNA and small RNA pools among
NILs carrying tolerant and sensitive QTL alleles. Through my observation, | speculated two
potential mechanisms of tolerance: 1) enhanced DSB repair and 2) increased expression of
differentiation factor brat. Tolerant genotypes were associated with increased expression of
members of TIP60 complex, involved in DSB repair and heterochromatin formation (Sinclair et
al. 1998; Ruhf et al. 2001; Kusch et al. 2004; Qi et al. 2006; Hanai et al. 2008). Tolerant
genotypes also exhibited increased expression of chorion genes whereas sensitive genotypes
exhibited upregulation of histone genes, both of which are reliant on DNA-damage repair. | also
found signatures of reduced heterochromatin formation in sensitive genotypes- upregulation of
histone as well as pericentromeric gene expression. | further demonstrated that tolerance is
associated with reduced sensitivity to X-ray radiation.

Through a combined analysis of QTL mapping, gene expression, and in-phase SNPs, |
identified two candidate genes. Within the 3-day old QTL, Nipped-A, a member of the TIP60
complex, harbored a non-synonymous in-phase SNP. Whereas within the 21-day old QTL, a
GSC differentiation factor, brat, carried an in-phase SNP within the intron and regulatory region
as well as was upregulated in tolerant genotypes. Finally, | demonstrated that loss-of-function
mutations in brat reduces tolerance to P-elements.

Tolerance could be conferred by stabilizing damaged GSCs and their larval progenitors,

PGCs during hybrid dysgenesis. Following transposition, the loss of GSC and PGCs that is
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incited by DNA damage is thought to result from disruption of germline stem cell maintenance
(Khurana et al. 2011; Ma et al. 2016; Kelleher et al. 2018). Furthermore, overexpression of
self-renewal factor myc and reduced expression of germline differentiation factor bruno allows
dysgenic individuals to produce viable gametes, possibly by promoting PGCs and GSCs
retention, respectively (Kelleher et al. 2018; Ota and Kobayashi 2020). | found signatures of
increased activity of the TIP60 complex, which is involved in male and female GSC
maintenance (Prado et al. 2013; Yan et al. 2014). Furthermore, TIP60 components including
Nipped-A, is a known interactor of myc (Rust et al. 2018). Therefore, tolerance could be
determined by myc-dependent retention of damaged PGCs and GSCs. This is also consistent
with my observation that Nipped-A is linked to the 3-day old QTL, where tolerance is likely to act
in early developmental stages.

However, our data also suggests brat, a GSC differentiation factor, could confer
tolerance. Tolerant genotypes exhibited increased expression of brat. Furthermore, a brat
loss-of-function mutation exacerbated hybrid dysgenesis (Figure 3.4). This provides a puzzling
yet intriguing contrast with the existing reports that suggest how sustaining GSCs confers
tolerance. DNA damage not only results in the degeneration of GSCs but also delays
GSCs/cystoblast differentiation by suppressing germline differentiation factor bam (Ma et al.
2016). brat could potentially confer tolerance by promoting differentiation of GSCs that undergo
arrest following DNA damage. brat functions in early stages of GSC differentiation (Harris et al.
2011; McCarthy et al. 2018) and therefore could help the cytoblasts escape arrest, which is
triggered by P-element-mediated DNA damage. My proposed hypothesis is consistent with the
fact that brat is linked to a 21-day old QTL, suggesting that it is likely to act during adult
developmental stages.

Tolerance could be conferred by efficient repair of DSB generated during rampant
transposition. GSC loss in dysgenic germline is proposed to be caused by DSB induced by

P-elements (Khurana et al. 2011). Furthermore, DNA damage response proteins like chk2 and
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p53 are modulators of hybrid dysgenesis (Moon et al. 2018; Tasnim and Kelleher 2018). Hence,
a robust DSB damage repair system is a possible mechanism whereby germline could
ameliorate the impacts of transposition. This mechanism would also be highly beneficial to the
host as it allows for the production of viable gametes with lower mutation from transposition.
Indeed stem cells, in general, are known to adopt superior DNA-damage repair machinery
compared to other cell types (Saretzki et al. 2004; Maynard et al. 2008), further bolstering my
hypothesis.

TIP60 may also confer tolerance by facilitating DSB repair in dysgenic larvae or young
females. The TIP60 complex is involved in multiple steps of the DDR pathway (Figure 4.1)
starting from the earliest steps through activation of DNA-damage sensor, ataxia
telangiectasia-mutated (ATM, Dai and Gu 2010) and later during DSB repair (Sun et al. 2005).
Furthermore, the TIP60 complex is known to regulate p53 activation in mammals (Berns et al.
2004). Tolerant genotypes exhibited signatures of efficient DNA-damage repair activity. Tolerant
genotypes not only appear to have increased expression of multiple components of TIP60
complex involved in DSB repair, but also upregulation of chorion genes, whose expression is
reliant on DSB repair. Tolerant genotypes also exhibited histone upregulation, which is thought
to interfere with DNA-damage repair. Consistent with this model, tolerant genotypes showed
higher resilience to irradiation, a phenomenon commonly associated with enhanced DNA repair
activity (Staeva-Vieira et al. 2003; Ruike et al. 2006; Uri et al. 2007; Sterpone and Cozzi 2010;
Koval et al. 2019). Together, my results suggest enhanced DSB repair as a possible mechanism

of tolerance.
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Figure 4.1. Multiple steps through which TIP60 could confer tolerance.

My work points towards two candidate genes with genetic and transcriptional variation
associated with tolerance and also reveals the complex underpinnings of tolerance
mechanisms. Particularly, my observation that brat- a female GSC differentiation factor-
promotes tolerance opposes the related Kelleher et al. (2018) study of natural tolerant alleles,
where germline differentiation factor bruno reduces tolerance. In addition, | for the first time,
associate genetic variation in resilience to DNA damage to TE tolerance and the potential for
natural variation in DNA-damage repair influencing tolerance. However, further investigation is
required to conclusively determine DNA-damage repair and GSC differentiation as mechanisms
underlying tolerance. Also, in my study, | measured tolerance based on the individual's
capability to make mature eggs. Although there are plenty of studies that report the existence of
true tolerance alleles that produce fertile offspring (Kelleher et al. 2018; Ota and Kobayashi

2020), | have yet to study the viability of the gametes produced and the fitness of the resulting

progeny.
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Tolerance may be an evolutionarily important strategy when new TEs, which the host is
unable to silence, invade a genome. Tolerance is also adopted by many tumor types, which
experience deregulation of TEs due to loss of silencing (Ardeljan et al. 2020; Grundy et al.
2021). Therefore, my work may be instrumental in understanding host-TE interaction as well as

human diseases.

QTL-3d QTL-21d
l brat
Nipped-A
(Tip60 member) 1
\’ . cystoblast
DSB repair |— Histones Frelement bss — differentiation

larvae - Primordial = ¢ N
T germcells F— DsB +— P-element \% Germline (IS @A (A

Adult

Cystoblast

Germarium

Larval gonad

Figure 4.2. Two models of TE tolerance to P-elements based on the QTL positions. Since
Nipped-A resides within the 3-day old QTL, repairing DNA damage may be particularly
important in maintaining germline in the dysgenic larvae. On the other hand, since brat is linked
to 21-day old QTL, maintaining germline as an adult may be dependent upon aiding cytoblasts
to escape the cell-cycle arrest imposed by P-element-mediated DNA damage. Figure credits:
(Kelleher et al. 2020).
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Appendix
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Figure A2.1. Sensitivity is associated with increased expression of pericentromeric genes
in the head. a) Mean expression of genes located in the pericentromere, euchromatin, telomere
and the fourth chromosome from RILs carrying each of the eight B founder genotypes at the
QTL-3d region. Error bars represent the standard deviation among mean expression levels of
different genes. The sensitive/B6 (light green) shows high pericentromeric gene expression
compared to the tolerant strains (dark green) (Anova; Fg 4,=7.775, P<5.24e). The letters
indicate significantly different expression levels based on Tukey-HSD comparisons between
RILs with different founder alleles.
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Figure A2.2. Expression profile of QTL piRNA clusters in a sensitive and tolerant NIL pair.
The piRNA expression between sensitive and tolerant genotypes from 21188-21291 NIL pairs
along the two QTL piRNA clusters:2L:23,328,000-23,337,026 and 2L:23,222,004-23,246,024,
respectively. Only uniquely mapping piRNAs were considered. The TE families at the top of
each panel are represented by different colors. TE-others represent the repeat families coming
from sibling species of D. melanogaster. Positive value indicates piRNAs mapped to the sense
strand of the reference genome and negative value indicates those from the antisense strand.
The piRNA cluster expression levels were estimated by log2 scale transformed of reads per
million mapped reads [log2(RPM+1)].
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Figure A2.3. Expression profile of QTL piRNA clusters in a sensitive and tolerant NIL pair.
The piRNA expression between sensitive and tolerant genotypes from 21346-21147 NIL pairs
along the two QTL piRNA clusters: 2L.:23,328,000-23,337,026 and 2L:23,222,004-23,246,024,
respectively. Only uniquely mapping piRNAs were considered. The TE families at the top of
each figure are represented by different colors. TE-others represent the repeat families coming
from sibling species of D. melanogaster. Positive value indicates piRNAs mapped to the sense
strand of the reference genome and negative value indicates those from the antisense strand.
The piRNA cluster expression levels were estimated by log2 scale transformed of reads per
million mapped reads [log2(RPM+1)].
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Table A2.1. List of 19 candidate genes that are differential expressed and have in-phase SNPs

in their regulatory/intron region

No. of | Genotype
in-phase with
Gene QTL |Chromosome| SNPs [upregulation| Biological function
promotes GSC
brain tumor (brat) |QTL-21d Chr2L 14 Tolerant differentiation
CG10492 QTL-21d Chr2L 3 Tolerant UNK
microtubule nucleation
gammaTub37C |QTL-21d Chr2L 8 Sensitive at the centrosomes
transcription by RNA
lethal(2)37Cg |QTL-21d Chr2L 5 Sensitive poll/l
oocyte follicle cell
Leukocyte-antigen-r development and
elated-like (Lar) |QTL-21d Chr2L 5 Tolerant patterning
CG31612 QTL-3d Chr2L 2 Tolerant replication
CG40006 QTL-3d Chr2L 2 Sensitive unknown
CG9336 QTL-3d Chr2L 18 Sensitive unknown
Histone 2B-
heterochromatin
His2B:CG33868 | QTL-3d Chr2L 1 Sensitive organization
Histone 3-
heterochromatin
His3:CG33866 | QTL-3d Chr2L 2 Sensitive organization
Microsomal
triacylglycerol phosphatidylcholine
transfer protein transporter involved in
(Mtp) QTL-3d Chr2L 16 Tolerant lipoprotein metabolism
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Table A2.1 continued

regulation of
sequestering
CG11163 QTL-3d Chr2R 15 Sensitive of zinc ion
CG17508 QTL-3d Chr2R 3 Sensitive unknown
UDP-glycosylt
ransferase
CG30438 QTL-3d Chr2R 31 Sensitive activity
CG34200 QTL-3d Chr2R 6 Sensitive unknown
mitochondrial
Fission, organization
mitochrondiral and fission;
1 (Fis1) QTL-3d Chr2R 2 Sensitive autophagy
border follicle
jing QTL-3d Chr2R 79 Tolerant cell migration
border cell
missing-in-met and PGC
astasis (mim) QTL-3d Chr2R 20 Sensitive migration
Cellular
ubiquitin like protein
(ubl) QTL-3d Chr2R 3 Sensitive modification

The biological function data of genes is derived from Flybase (Thurmond et al., 2018).

Table A2.2. List of candidate genes with non-synonymous in-phase SNPs

Gene QTL Chromosome Biological function
pigeon QTL-21d 2L positive regulation of amyloid-beta formation.
CG10492 QTL-21d 2L unknown
CG17568 QTL-21d 2L zinc ion binding; nucleic acid binding
CG10700 QTL-21d 2L apoptosis
ttm3 QTL-3d 2L mitochondrial membrane organization
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Table A2.2 continued

negative regulation of
tio QTL-3d 2L transcription
tadr QTL-3d 2L unknown
Osegb QTL-3d 2L cilium assembly
ventral cord
nolo QTL-3d 2L development
lipoprotein metabolic
Mtp QTL-3d 2L process
1(2)05287 QTL-3d 2L unknown
apoptotic cell
Itgbn QTL-3d 2L clearance
Ir40a QTL-3d 2L sensory perception
chemical synaptic
transmission; cilium
dtr QTL-3d 2L assembly
CG9270 QTL-3d 2L ATPase activity
CG42597 QTL-3d 2L unknown
CG3651 QTL-3d 2L unknown
CG31703 QTL-3d 2L Cdc73/Paf1 complex
CG31702 QTL-3d 2L Cdc73/Paf1 complex
transmembrane
CG31693 QTL-3d 2L transport
CG31674 QTL-3d 2L unknown
CG31673 QTL-3d 2L unknown
CG31601 QTL-3d 2L unknown
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Table A2.2 continued

Tsp42A

QTL-3d

2R

unknown

Src42A

QTL-3d

2R

actin filament bundle
assembly; apoptotic cell
clearance

sced

QTL-3d

2R

actin filament
reorganization involved in
cell cycle

Nipped-A

QTL-3d

2R

DNA repair; germline
differentiation;
heterochromatin
organization

mle

QTL-3d

2R

DNA duplex unwinding;
dosage compensation;
heterochromatin
assembly

mim

QTL-3d

2R

border follicle cell
migration; germ cell
migration

1(2)09851

QTL-3d

2R

unknown

jing

QTL-3d

2R

border follicle cell
migration; chromatin
organization

Cyp6a2

QTL-3d

2R

response to caffeine;
response to DDT

CG7856

QTL-3d

2R

unknown

CG7791

QTL-3d

2R

protein processing
involved in protein
targeting to mitochondrion

CG43366

QTL-3d

2R

negative regulation of
endopeptidase activity

CG3270

QTL-3d

2R

mitochondrial respiratory
chain complex | assembly
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Table A2.2 continued

regulation of
transcription,
CG30431 QTL-3d 2R DNA-templated
regulation of mitotic
cell cycle spindle
CG15237 QTL-3d 2R assembly checkpoint
CG15236 QTL-3d 2R unknown
CG15233 QTL-3d 2R unknown
CG1344 QTL-3d 2R phosphorylation
regulation of
transcription,
CG30431 QTL-3d 2R DNA-templated

The biological function data of genes is derived from Flybase (Thurmond et al., 2018).

Table A2.3. List of differential expressions of Tip60 members and one of its interactors (RSF)

log2FoldChange
Gene Symbol Chromosome baseMean (Sensitive/Tolerant) padj
Act87E 3R 94.3 -0.05 0.93
E(Pc) 2R 4611 -0.97 6.74E-07
dom 2R 9074.8 -0.66 3.70E-05
Bap55 2R 872.1 0.007 0.97
Tip60 X 711.7 0.36 0.12
CG8677/RSF 2L 2783 -0.83 4.85E-05
MRG15 3R 583.7 -0.11 0.38
Ing3 X 342.8 0.17 0.29
Gas41 2L 270.6 0.47 0.51
YL-1 2L 614.9 0.06 0.72
MrgBP 2R 409.1 0.15 0.36
DMAP1 2R 880.8 -0.22 0.022
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Table A2.3 continued

Eaf6 3L 576.7 0.11 0.63
Brd8 3R 488.5 -0.1 0.60
rept 3L 720.3 0.03 0.81
pont 3R 999.7 -0.06 0.63

Nipped-A 2R 3514.8 -0.33 0.16
Yeti 2R 2600.4 0.59 4.16E-07

The positive log2 fold-change value indicates that the gene is upregulated in the sensitive while
negative log2 fold-change indicates those that are upregulated in the tolerant genotypes. The
highlighted ones are those that are significantly differentially expressed. The genomic
coordinates for each gene is provided in dm6.

Table A2.4. RepBase Censor table for QTL cluster 1 (chrom2L:23222004..23246024)

Name From| To TE TE_From |TE_To Class Dir| Sim
/tmp/censor.2798
0.tmp/data.ori 1 485 Gypsy4 4913 5400 | LTR/Gypsy | d |0.9774
/tmp/censor.2798
0.tmp/data.ori | 489 [ 1127 Gypsy4 5650 6288 | LTR/Gypsy | d | 0.989
/tmp/censor.2798
0.tmp/data.ori | 1128 | 1412 Gypsy4 1 287 LTR/Gypsy | d [0.9652
/tmp/censor.2798
0.tmp/data.ori | 1413 [ 2030 1360 162 853 DNA/P c [0.9548
/tmp/censor.2798
0.tmp/data.ori | 2031 [ 3176 MAX 976 2022 LTR/BEL d (0.9224
/tmp/censor.2798
0.tmp/data.ori (3177 | 8611 MAX 2468 7914 LTR/BEL d [0.9688
/tmp/censor.2798
0.tmp/data.ori (8615 | 8890 MAX 1 320 LTR/BEL d | 0.844
/tmp/censor.2798
0.tmp/data.ori | 8891 [ 9914 Gypsy12 845 1928 | LTR/Gypsy | ¢ [0.7517
/tmp/censor.2798
0.tmp/data.ori | 9966 (10618 | Gypsy-others 387 1110 | LTR/Gypsy | d |0.9085
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Table A2.4 continued

/tmp/censor.27980.t

mp/data.ori 1061910824 | Gypsy-others | 4214 | 4420 | LTR/Gypsy 0.8889
/tmp/censor.27980.t

mp/data.ori 10825(10893| INVADER4 1 70 LTR/Gypsy 0.8857
/tmp/censor.27980.t

mp/data.ori 1089711874 1360 30 1153 DNA/P 0.9381
/tmp/censor.27980.t

mp/data.ori 1206817244 RT1B 1 5183 [ NonLTR/R1 0.9954
/tmp/censor.27980.t NonLTR/Jocke

mp/data.ori 1724717453 |Jockey-others| 3 209 y 0.7212
/tmp/censor.27980.t

mp/data.ori 1769817766 ZAM 1 69 LTR/Gypsy 0.8551
/tmp/censor.27980.t

mp/data.ori 17767)17817 | Gypsy-others | 81 131 LTR/Gypsy 0.8431
/tmp/censor.27980.t

mp/data.ori 17819117898 | Gypsy-others | 552 630 LTR/Gypsy 0.8125
/tmp/censor.27980.t

mp/data.ori 18570118707 | Gypsy-others | 2686 | 2823 | LTR/Gypsy 0.7194
/tmp/censor.27980.t

mp/data.ori 18753119912 | Gypsy-others | 1357 | 2630 | LTR/Gypsy 0.671
/tmp/censor.27980.t

mp/data.ori 19953120890 | Gypsy-others | 153 | 1110 | LTR/Gypsy 0.9057
/tmp/censor.27980.t

mp/data.ori 20891121096 | Gypsy-others | 4214 | 4420 | LTR/Gypsy 0.8986
/tmp/censor.27980.t

mp/data.ori 21097121165 | INVADER4 1 70 LTR/Gypsy 0.8857
/tmp/censor.27980.t

mp/data.ori 2116921698 1360 30 625 DNA/P 0.9333
/tmp/censor.27980.t QUASIMODO

mp/data.ori 21699|22237| 2-others 1 497 LTR/Gypsy 0.976
/tmp/censor.27980.t

mp/data.ori 2227022377 CR1 4261 | 4368 | NonLTR/CR1 0.9259
/tmp/censor.27980.t

mp/data.ori 22378]22665 Copia-2 1 288 LTR/Copia 0.9688
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Table A2.4 continued

/tmp/censor.279
80.tmp/data.ori | 22666 |23904 CR2 3082 4291 | NonLTR/CR1 | ¢ |0.9469
/tmp/censor.279
80.tmp/data.ori | 23934 |24010| Gypsy-others 6655 6731 | LTR/Gypsy | d [0.7273

Column 2 and 3 (From and To) indicate the start and stop position on the piRNA cluster

whereas Column 5 and 6 (TE_From to TE_To) indicate the start and stop position on the TE
sequence. Dir indicates orientation ('d' for direct, 'c' for complementary) of TE fragment. sim
indicates the alignment similarity between the two fragments.

Table A2.5. RepBase Censor table for QTL cluster2 (2L:23328000..23337026)

Name

From

To

TE

TE_From

TE_To

Class

Dir

Sim

/tmp/censo
r.29235.tm
p/data.ori

279

Gypsy-other
s

3304

3582

LTR/Gypsy

0.8889

/tmp/censo
r.29235.tm
p/data.ori

280

1016

1360

750

DNA/P

0.9499

/tmp/censo
r.29235.tm
p/data.ori

1025

1231

1360

1610

1816

DNA/P

0.9662

/tmp/censo
r.29235.tm
p/data.ori

1271

1456

1360

2257

2476

DNA/P

0.9786

/tmp/censo
r.29235.tm
p/data.ori

1458

1913

1360

2994

3457

DNA/P

0.9629

/tmp/censo
r.29235.tm
p/data.ori

1914

2589

1360

3739

4480

DNA/P

0.9604

/tmp/censo
r.29235.tm
p/data.ori

2590

2762

Gypsy-other
s

3576

3769

LTR/Gypsy

0.8409
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Table A2.5 continued

/tmp/censor.292 Gypsy-other

35.tmp/data.ori | 2916 [ 2987 s 4366 4448 LTR/Gypsy 0.8611
/tmp/censor.292

35.tmp/data.ori | 2988 [ 3428 [ INVADER 2718 3186 LTR/Gypsy 0.8787
/tmp/censor.292

35.tmp/data.ori | 3475 [ 3770 | INVADER 113 414 LTR/Gypsy 0.8339
/tmp/censor.292

35.tmp/data.ori | 3772 | 3973 | Gypsy-dmel 198 382 LTR/Gypsy 0.8053
/tmp/censor.292

35.tmp/data.ori | 3998 | 4193 |Jockey-dmel 3794 4000 |NonLTR/Jockey 0.7929
/tmp/censor.292 Gypsy-other

35.tmp/data.ori | 4253 | 4305 S 2 57 LTR/Gypsy 0.8364
/tmp/censor.292 Gypsy-other

35.tmp/data.ori | 4327 | 4553 S 130 357 LTR/Gypsy 0.7588
/tmp/censor.292 Gypsy-other

35.tmp/data.ori | 4666 | 4739 S 81 154 LTR/Gypsy 0.7838
/tmp/censor.292 DNAS3-1-oth

35.tmp/data.ori | 4831 [ 5332 ers 374 918 DNA 0.7202
/tmp/censor.292

35.tmp/data.ori | 6463 [ 6730 INE1 1 327 DNA/Helitron 0.8982
/tmp/censor.292 Gypsy-other

35.tmp/data.ori | 7644 | 8603 S 1660 2709 LTR/Gypsy 0.6554
/tmp/censor.292 Gypsy-other

35.tmp/data.ori | 8648 [ 9100 S 3242 3758 LTR/Gypsy 0.7174

Column 2 and 3 (From and To) indicate the start and stop position on the piRNA cluster

whereas Column 5 and 6 (TE_From to TE_To) indicate the start and stop position on the TE
sequence. Dir indicates orientation ('d' for direct, 'c' for complementary) of TE fragment. sim
indicates the alignment similarity between the two fragments.
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Table A3.1. Percentage of larvae that survived to adulthood after irradiation at a range of X-ray
doses

Survival to
Strain Genotype X-ray Dose | No. of pupae |Empty Pupae |adulthood%
21218 Sensitive 5 Gray 214 199 92.27
21156 Sensitive 5 Gray 94 76 80.8
21077 Tolerant 5 Gray 339 323 95.2
21154 Tolerant 5 Gray 291 244 85.1
CS Control 5 Gray 49 44 89.7
w1 Control 5 Gray 34 31 91.97
Marker Control 5 Gray 39 30 76.9
21218 Sensitive 10 Gray 334 92 27.5
21076 Sensitive 10 Gray 30 5 16.67
21156 Sensitive 10 Gray 52 14 26.9
21077 Tolerant 10 Gray 346 182 52.6
21154 Tolerant 10 Gray 488 282 57.78
CS Control 10 Gray 71 48 67.6
w1 Control 10 Gray 60 33 55
Marker Control 10 Gray 42 34 80.9
21218 Sensitive 17 Gray 31 1 3.23
21076 Sensitive 17 Gray 38 3 7.89
21077 Tolerant 17 Gray 28 2 7.14
21154 Tolerant 17 Gray 46 9 19.56
CS Control 17 Gray 29 6 20.68
w1 Control 17 Gray 50 2 4
21218 Sensitive 25 Gray 11 0 0
21076 Sensitive 25 Gray 29 1 3.4
21077 Tolerant 25 Gray 35 1 2.9
21154 Tolerant 25 Gray 32 0
w1 Control 25 Gray 30 0
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Table A3.1 continued

21218 Sensitive 30 Gray 51 0 0
21076 Sensitive 30 Gray 35 0 0
21077 Tolerant 30 Gray 24 1 417
21154 Tolerant 30 Gray 28 0 0
CS Control 30 Gray 37 0 0
w1 Control 30 Gray 30 0 0
21218 Sensitive 40 Gray 35 0
21077 Tolerant 40 Gray 35 1 2.86
21154 Tolerant 40 Gray 35 0
CS Control 40 Gray 35 0
w1 Control 40 Gray 35 0 0
21218 Sensitive 60 Gray 35 0 0
21076 Sensitive 60 Gray 35 0 0
21077 Tolerant 60 Gray 70 0 0
21154 Tolerant 60 Gray 35 0 0
CS Control 60 Gray 35 0 0
w1 Control 60 Gray 35 0 0
21218 Sensitive 80 Gray 35 0 0
21076 Sensitive 80 Gray 35 0 0
21077 Tolerant 80 Gray 35 0 0
21154 Tolerant 80 Gray 35 0 0
CS Control 80 Gray 35 0 0
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Table A3.2. Percentage of mock treated larvae that survived to adulthood

Survival to

Strain Genotype No. of pupae Empty Pupae adulthood%
21218 Sensitive 83 79 95.2
21076 Sensitive 40 38 95
21156 Sensitive 36 32 88.89
21077 Tolerant 208 196 94.23
21154 Tolerant 169 162 95.9

CS Control 142 139 97.9

w1 Control 57 54 94.7
Marker Control 159 145 91.2
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