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ABSTRACT 

An organism’s genome is constantly exposed to endogenous and 

exogenous forms of damage. If left unrepaired, DNA damage can pose a threat to 

the regulation and function of genes located near the site of the lesion. To address 

the multiple types of DNA damage that accumulate on a daily basis, organisms 

have evolved specific pathways to deal with each one. Although most of these 

pathways have been studied for multiple years or even decades, there are still 

many interactions and mechanisms that have yet to be elucidated. In recent years, 

the study of genomes and their maintenance has changed significantly thanks to 

drastic improvements to DNA sequencing technologies and the corresponding 

data analysis tools. In the work described here, whole genome sequencing (WGS) 

and bioinformatic data analysis were used to address two research questions, each 

of which focused on investigating DNA repair proteins and their roles in DNA 

repair and genomic stability in Drosophila melanogaster. First, I investigated the 

cause of a synthetic larval lethality, which was discovered after creating double 

mutants for two conserved helicases: DmBlm and DmHelQ. Second, I analyzed 

mutants obtained from an ethyl-methane sulfonate (EMS) mutagenesis screen that 

was conducted in a trans-lesion synthesis (TLS)-deficient background, in order to 

elucidate genes and interactions involved in the template-switching (TS) pathway 

of DNA damage tolerance (DDT). For both projects, I applied a single 

bioinformatic pipeline to WGS data, which led to the identification of strong 

candidates for causative variants in each.  
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ABSTRACT 

 Both the benefits and the potential of DNA sequencing technologies are 

apparent across multiple fields of biological research, as well as in industry and 

the medical field. Sequencing has also allowed the more traditional techniques 

and assays employed in these fields to be approached in innovative ways, and 

among the most prominent benefactors are studies in forward genetics. The 

traditional methods used to connect genetic variants with observed phenotypes 

proved both prolonged and laborious. Now, comparative next generation 

genomics provides significant relief. Whole genome sequencing (WGS) has 

already been applied to genetic screens in multiple systems, and while approaches 

for both sequencing and data analyses have been evaluated and compared, 

comprehensive start-to-finish frameworks for research labs transitioning to the 

use of WGS have not been extensively described. Here, I provide a brief history 

of WGS, give examples of its impacts in classical forward genetics, and present 

my own example of a start-to-finish WGS framework built for Drosophila 

melanogaster. I both obtained and analyzed WGS data, and identified candidate 

mutations, without traditional genetic mapping methods. I applied the workflow 

to two different forward genetics studies, which addressed unique biological 

questions related to DNA repair and genomic stability. In parallel, I took steps to 

implement best practices for on-site data storage, organization, and manipulation. 

I propose that this framework could be maintained, adjusted, and reapplied for 

similar forward genetics experiments in Drosophila melanogaster, and with some 

reconfiguration and specification, to those in other model systems. 
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  A brief history of the sequencing revolution in molecular biology 

Since its introduction, DNA sequencing has provided ongoing advantages 

to endeavors in both applied and investigative biology. One of the first and most 

impactful results of the technology was the ability to, over time, piece together 

nucleic acid sequences that constituted entire organismal genomes. Frederick 

Sanger and colleagues developed and applied perhaps the most well-known early 

method of sequencing, which was achieved by radiolabeling deoxyribonucleotide 

triphosphate (dNTP) monomers and incorporating them on DNA restriction 

fragment scaffolds. Labeled fragments were then separated and visualized on 

polyacrylamide gels. Once primers were associated with the restriction fragments, 

the maximum length of the read was only 150-200 base pairs (bp), at best, and 

this limited the length and overall amount of DNA that could be sequenced at a 

time (Sanger, Air, et al., 1977). The Sanger sequencing method was first applied 

to the approximately 5.4 kilobase (kb) long genome of the bacteriophage ϕX174, 

also known as PhiX, and this genome is still used as a sequencing standard in 

many labs to date (Sanger, Air, et al., 1977). The introduction of chain-

terminating dNTPs provided additional speed and accuracy to the technique 

(Sanger, Nicklen, & Coulson, 1977), and further improvements in labeling and 

detection methods were made in the years to follow. One of the modifications of 

Sanger sequencing led to the development of Shotgun sequencing, which was 

based on sequencing a collection of larger, random genome fragments in the form 

of a library of bacterial clones (Sanger, Coulson, Hong, Hill, & Petersen, 1982; 

Weber & Myers, 1997). The assembly of a genome from these fragments was 

Comment [FSM1]: This is a very late reference if 
you’re talking about the history of sequencing.  I 
believe shotgun sequencing started in the early 80s  

Comment [BS2]: Added original ref 
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based on overlaps in sequence information at the fragment ends. Subsequently, 

cosmids and yeast artificial chromosomes were used to accommodate even larger 

DNA fragments (Cooper, 2000). Together, these advances prompted the 

publishing of many model organism genomes just a few decades after the initial 

development of Sanger sequencing. These genomes included bacteria 

(Haemophilus influenza and Escherichia coli K-12), archaea (Methanococcus 

jannaschii), baker’s yeast (Saccharomyces cerevisiae), nematode worms 

(Caenorhabditis elegans), Arabidopsis (Arabidopsis thaliana), fruit flies 

(Drosophila melanogaster), humans (Homo sapiens), and mice (Mus musculus) 

(M D Adams et al., 2000; Arabidopsis Genome Initiative, 2000; Blattner, 1997; 

Bult et al., 1996; Fleischmann et al., 1995; Lander et al., 2001; The C. elegans 

Sequencing Consortium, 1998; Venter et al., 2001; Waterston et al., 2002; 

Williams et al., 1996). Access to full genomes afforded researchers working in 

these model systems with a boon of new potential in genetic manipulation, 

conservation studies, gene discovery, and more. However, for smaller private and 

academic research labs, sequencing the genomes of individual specimens on a 

continual basis was still a relatively inaccessible endeavor due to high costs, read 

length restrictions, and lack of automation.     

The next major improvement to sequencing technology, which over time 

systematically addressed the major limitations of Sanger sequencing, was next-

generation sequencing (NGS): a set of sequencing platforms characterized by 

massively parallelized, ultra-high-throughput sample processing. A number of 

biotechnology companies emerged with different versions of next generation 
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sequencing technology: 454 Life Sciences/Roche, Solexa/Illumina, Applied 

Biosystems, Helicos Biosciences, and Pacific Biosciences were among the biggest 

competitors in the early years of NGS, and are reviewed in detail elsewhere 

(Mardis, 2008; Metzker, 2010; Shendure & Ji, 2008; Shendure, Mitra, Varma, & 

Church, 2004). While these companies all used slightly different versions of 

sequencing biochemistry to accomplish the rapid, massively parallelized reaction, 

most followed an underlying formula. The more abundant version of the reaction 

chemistry, generally, began as follows: DNA was first fragmented and associated 

with index/barcode sequences which allow the fragment to anneal to a primer 

bound to a bead (454/Roche, Applied Biosystems) or glass slide (Solexa/Illumina, 

Helicos) and in some cases also included primer-binding sites for downstream 

amplification of the fragment library. Next, bound fragments were amplified so 

that thousands of copies of the template sequence would be available for the 

sequencing reaction. In the case of the Helicos platform, an amplification step was 

not included, as the sequencing reaction took place on single molecules. Finally, 

the sequencing reaction itself took place via cycles of binding and then washing 

off reversible chain-terminating dNTPs with fluorescent labels. The signals from 

these fluorescent labels were read by a camera and then translated to an output 

signal with each cycle, in order to determine the identity of the base at that 

position.  

Other platforms, such as Ion Torrent, which was purchased by Life 

Technologies in 2010 (MacArthur, 2010), and single molecular real-time (SMRT) 

sequencing by Pacific Biosciences, boasted more unique reaction chemistries. Ion 
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Torrent used the release of protons during the incorporation of nucleotides to 

detect sequencing information as synthesis took place. SMRT immobilized 

polymerases in micro-wells to systematically detect fluorescent labels released 

from dNTPs as they were incorporated from a single molecule template (Quail et 

al., 2012). More recently, Oxford Nanopore announced ultra-long reads, low cost, 

and rapid results with their nanopore sequencing platform. By passing an ion 

current through individual nanopore channels within a chip-based array, they 

could detect changes  in the current as a DNA molecule was pulled through 

(Huang, Romero-Ruiz, Castell, Bayley, & Wallace, 2015). Each base combination 

passing through the nanopore would create a different signature in the current 

output. Although less competitive in the early days of NGS technology, Ion 

Torrent, SMRT, and Nanopore have been developed extensively in recent years, 

and are now actively competing with the prevailing industry giant, Illumina.     

Despite various approaches to reaction chemistry, all of the NGS 

technologies share in the accomplishment of allowing scientists to sequence the 

entire genome of an organism all at once. Furthermore, NGS not only made WGS 

readily attainable, but also made it affordable. According to data collected by the 

NHGRI Genome Sequencing Program since 2001, the arrival of NGS began to 

drive the cost-per-base of sequencing the human genome down drastically 

between 2007 and 2008 (Figure 1-1a). This change corresponded with a 

noticeable and favorable deviation from trend estimates derived from Moore’s 

Law, which represented estimates of cost-per-base assuming only a biannual 
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doubling in computational capability (Wetterstrand, 2016). By the end of 2015, 

the cost of sequencing an entire human genome approached the important  

 

Figure 1-1. Lower sequencing costs are accompanied by shifts in spending. (a) Data from the 

NHGRI are shown. The black points and aqua trend line represent the cost of sequencing per raw 

megabase of human genome (log scale) and how it has changed over the years. This is compared 

to the white trend line, which represents estimates of sequencing costs obtained via Moore’s Law. 

(b) The percentage of sequencing costs attributable to various processes is shown. While the cost 

of sequencing has dropped dramatically in accordance with (a), the cost of experimental design 

and downstream analysis, in particular, have increased. 1-(b) modified from Sboner, Mu, 

Greenbaum, Auerbach, & Gerstein, 2011. 

b. 

a. 
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benchmark price point of $1000 (National Human Genome Research Institute, 

2016), and currently some prices have dipped below this point, although there is 

much debate surrounding published and actual costs, and many estimates are 

based on whole exome sequencing (WES) rather than WGS. Sample preparation, 

labor, and required data analysis are additional complicating factors in cost 

analyses (Figure 1-1b) (Sboner et al., 2011; Van Nimwegen et al., 2016). 

Nonetheless, the increased affordability of sequencing reactions that accompanied 

NGS technologies provided newfound accessibility for a larger population of 

scientists in both the public and private sectors. This expansion allows us to apply 

WGS to both new and pre-existing research questions.  

 

WGS in forward genetics: a modern upgrade for classical techniques 

  The term “forward genetics” is often used interchangeably with “classical 

genetics”. This is because the forward genetics approach—seeking the underlying 

genetic cause of an observed phenotype—is one that was central in genetics 

research long before the arrival of sequencing and other modern molecular 

techniques. One of the most common manifestations of the forward genetics 

approach is the forward genetic screen (FGS). In screens, the genetic material of 

an organism is exposed to a mutagen, which causes changes—usually on the 

single nucleotide level—in random locations along the chromosome. The 
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frequency of these changes depends on the dosage of mutagen applied at the 

outset. Usually, a mutagen-treated organism is crossed to a wild-type organism, 

and changes that have occurred in the germline of the mutagen-treated organism 

can be passed to offspring. The generation at which phenotypes are screened for 

depends on the nature of the underlying mutation, and mutant strains obtained 

from screens are usually maintained in a heterozygous state. Non-lethal mutations 

functioning dominantly will have phenotypes that are visible in the first 

generation (F1). Alternatively, to screen for recessively functioning mutations, 

additional generations are necessary. Individual F1 organisms are mated to wild 

type organisms, followed by interbreeding of F2 organisms, and screening for 

phenotypes in the third generation (F3), where the mutation can be obtained in the 

homozygous state (Kile & Hilton, 2005; St Johnston, 2002). Once an interesting 

phenotype is identified, the hunt to track down the underlying genomic change 

begins. Forward genetics studies can also seek causes for de novo phenotypes 

occurring outside of the context of a screen. In other words, these would be 

spontaneous changes to the genome that were not induced with a mutagen, and 

have instead appeared randomly over time. De novo changes present an additional 

challenge; the change that causes the underlying cause cannot be assigned to a 

consequence typical of a certain mutagen. For example, alkylating mutagens like 

ethyl-methane sulfonate (EMS) tend to cause transition mutations, from GC to AT 

and from AT to GC (Sega, 1984).  In a forward genetics approach, the ability to 

use parameters like these can go a long way in trimming the list of candidates for 

causative changes. However, in the case of spontaneous phenotypes, all types of 
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single nucleotide changes as well as insertion and deletion events will also 

warrant consideration. 

 Before scientists had access to WGS, the process of identifying a region of 

interest for causal mutations took months or even years, depending on the model 

system. Usually, multiple traditional mapping methods were employed in this 

effort, and often included crosses of mutants stocks to each other and/or to stocks 

with large chromosomal deficiencies in order to detect a lack of complementation, 

indicating a mutation within the same region or within the tested deficiency, 

respectively. Mutant stocks could also be crossed to mapping stocks with visible 

markers tiled along the genome, and interbreeding of the F1 generation would 

yield offspring that could be genotyped for these markers in order to narrow down 

a region of interest via traditional linkage mapping analysis. For mutations in 

heterochromatic regions, this process had to be extended, and required even finer 

scale mapping (Moresco, Li, & Beutler, 2013). Finally, any final candidates 

would have to be tested and confirmed as causal for the observed phenotype. 

Overall, the traditional mapping methods required to identify causal mutation 

candidates from screens created a bottleneck in the utility of forward genetics 

endeavors in the lab. The power of WGS in forward genetics lies in its ability to 

remove this bottleneck, and in some cases, to eliminate traditional mapping 

methods entirely from the process. 

 Only a few years after most NGS platforms were first introduced, 

biologists were predicting its impacts on forward genetics. As early as 2008, 
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scientists predicted that WGS would replace Sanger sequencing of amplified 

DNA when it came to both fine-scale mapping and mutation discovery in genetic 

screens (Mardis, 2008). Just one year later, a research group used the Illumina 

platform to apply WGS to mutants obtained via EMS mutagenesis in D. 

melanogaster (Blumenstiel et al., 2009). In the same year, a method called 

SHOREmap was published, which computationally accomplished genomic 

mapping using WGS data obtained from large pools of recombinant individuals. 

This method also simultaneously identified variant calls using the same WGS data 

set (Schneeberger et al., 2009). Additionally, the SHOREmap team identified that 

their system could be applied to bulk segregant analyses (BSA), in which large 

pools of individuals displaying a phenotype are compared to a pool of wild-type 

individuals in order to find loci that segregate at 100% in the phenotype pool and 

0% in the wild-type pool. However, these and many other early examples of the 

application of WGS in forward genetics still relied heavily on some amount of 

traditional genetic mapping and/or the use of hundreds of recombinants.  

In 2010, another method was published which took isolates obtained in a 

mutagenesis screen in C. elegans and backcrossed them to unmutagenized starter 

stocks (Zuryn, Le Gras, Jamet, & Jarriault, 2010). Progeny were then screened for 

the phenotype of interest. These progeny, when sequenced, contained a cluster of 

EMS-induced mutations that harbored the putative causal mutation. While this 

approach may have expedited the process in the system described, it still required 

additional generations and time at the bench after the point at which mutant 

isolates were first obtained from the screen. The ease and feasibility of taking 
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these extra steps of backcrossing, making recombinants, and applying traditional 

mapping methods to narrow down regions of interest depends heavily on the 

model system used. Nonetheless, over time, other model organisms with larger—

and therefore more expensive—genomes followed suit, using combinations of 

WGS and traditional mapping to obtain results more efficiently in their forward 

genetics experiments. Simultaneously, in systems like A. thaliana, where the 

application of WGS to screens was more developed, efforts were underway that 

tested the limits on the amount of backcrossing necessary to unearth causative 

mutations (Lindner et al., 2012). This trend continued, and strategies were 

developed that allowed researchers to be less dependent on high sequencing 

coverage levels, and to avoid additional generations altogether in their screens. In 

one such example, an N-ethyl-N-nitrosourea (ENU) mutagenesis screen in mice 

demonstrated that a combination of filtering for variation caused by ENU, and 

application of a Lander-Green algorithm for determining identity-by-descent, was 

sufficient to discover causative mutations for a B cell lymphopenia phenotype 

(Bull et al., 2013). Eventually, approaches were developed that even removed the 

necessity for a reference genome sequence, which was extremely beneficial to 

groups working in non-model organisms (Schneeberger, 2014). The feasibility of 

conducting WGS on individual genomes obtained from screens, as opposed to 

pooling many individuals or relying on recombinants, continues to expand. This 

gives researchers even greater freedom and flexibility in experimental design. As 

a result, the applicability of WGS to different systems and biological questions in 

forward genetics continues to expand rapidly.   
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Despite the undeniable contribution of WGS to forward genetics, its 

integration into the field has also provided new challenges. As new technologies 

have continued to emerge, and existing ones have improved in both efficiency and 

affordability, it has become clear that the work to be done will depend less on 

WGS itself and more on the filtration and analysis of the overwhelming amount 

of WGS-generated data (Figure 1-1b). The arrival of high-throughput sequencing 

technologies prompted a demand for solutions to store, process, and analyze this 

data. Bioinformatics thereby became a major consideration for all labs applying 

WGS to their forward genetics studies. At first, shorter sequencing reads and the 

lack of paired-end reads were identified as major challenges in designing and 

applying bioinformatics pipelines (Pop & Salzberg, 2008). The same 

bioinformatics pipelines designed to align and assemble sequences from Sanger 

data, which had been successfully optimized to easily produce reads hundreds of 

base pairs long, would not be sufficient to complete the same computational tasks 

with new NGS data. Early NGS users also realized that their data analysis 

pipelines often needed to be tailored to the types of variants being sought out—

whether single nucleotide variants (SNVs), indels, or large structural changes.  

The need to customize pipelines for this and other reasons is still 

prevalent, even with increased read lengths and the availability of paired-end 

reads. While many of the practical challenges in completing the alignments, 

quality filtration, and variant calling of WGS data have been addressed, today’s 

researchers are faced with an inundation of choices when it comes to the software, 

scripts, and pipelines that complete these tasks. One thorough review surveyed 
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over 200 of these tools and made comparisons in their ability to address several 

types of questions in human medical genetics (Pabinger et al., 2014). Fortunately, 

some of the tools discussed—such as SAMtools and the Genome Analysis Tool 

Kit (GATK)—are also designed for applications in other model systems. This 

group focused their discussion on the variant calling, annotating, and visualization 

of variants. Their reasoning for this was twofold. First, the earliest step of quality 

assessment tends to be built into the sequencing platform itself. Second, the 

subsequent step of aligning WGS reads had already been reviewed in detail (Li & 

Homer, 2010; Ruffalo, Laframboise, & Koyutürk, 2011; Yu et al., 2012). In 

general, findings from those studies indicated that aligners gave similar results for 

a given WGS data set, but that certain programs were faster or more sensitive to 

quality thresholds. Other reviews have been published that discuss applications in 

multiple model systems (Ekblom & Wolf, 2014), and that focus on the challenges 

inherent in non-model systems (da Fonseca et al., 2016). Finally, databases such 

as OMICtools contain categorized lists that provide links to different tools for 

every step of the WGS data analysis process (“Whole-genome sequencing data 

analysis bioinformatics software tools,” 2017). Combining the available 

information from these resources with findings from representative studies in a 

given model system can provide a bioinformatic foundation for labs considering 

the implementation of WGS. In Table 1-1, I have provided a summary of 

examples of the application of WGS to forward genetics studies in multiple model 

metazoans.  
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Table 1-1. WGS in forward genetics studies in model metazoans 

 

Study 
Sequencing platform 

used 
Data analysis Results/Notes 

(Blumenstiel et al., 

2009) 

EMS mut. screen 

Illumina Genome 

Analyzer I  

(single-end) 

Align: MAQ 

Variant calling: Directly compare MAQ alignments, 

filter for EMS-induced changes 

Candidate filtration/annotation: SIFT, custom scripts 

Nonsense mutation in enc gene 

determined causative in fused 

dorsal appendage phenotype in 

embryos 

(Laitinen et al., 

2010) 

Map causative variant 

in dwarf A. thaliana 

Illumina Genome 

Analyzer (paired-end) 

Pooled variant calling: SHOREmap, GenomeMapper 

Candidate filtration/annotation: Dwarf-pool-specific 

variants assigned by SHORE quality value 

Spontaneous frameshift mutation in  
At1g58440 gene associated with 

dwarf phenotype 

(Zuryn et al., 2010) 

EMS mut. screen in 

C. elegans 

Illumina Genome 

Analyzer II (paired-

end) 

Align: MAQ 

Variant calling: MAQ 

Candidate filtration/annotation: custom scripts 

 

Variant in egl-5 determined causal 

in cell re-programming defect. 

WGS and backcrossing eliminates 

need for any prior mapping 

(Doitsidou et al., 

2010) 

C. elegans screen for 

dopaminergic neuron 

specification deficient 

mutants 

Illumina Genome 

Analyzer II (single-

end) 

Align: MAQ 

Variant calling: MAQ 

Candidate filtration/annotation: Manual filtration in 

Excel, data visualization in Adobe Illustrator 

Strategy modified from 

SHOREmap. Premature stop 

codons in vab-3 locus identified in 

deficiencies in dopaminergic neuron 

specification 

(Gerhold et al., 2011) 
Compensatory growth 

gene screen 

Illumina Genome 

Analyzer II 

(combination of single- 

and paired-end) 

Align: MAQ 

Variant calling: Custom scripts to analyze MAQ 

coverage and .snp files 

Candidate filtration/annotation: SIFT, custom scripts 

Causative alleles found in bun, 

RnrL, and  Top3a  
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Abbreviations: MAQ: Mapping and Assembly with Quality | SIFT: Sorts Intolerant From Tolerant (effect of amino acid changes) | BWA: Burrows-Wheeler 

Aligner | GATK: Genome Analysis Tool Kit | SAMtools: Sequence Alignment Map tools | BCFtools: Binary variant Call Format tools 

(Gonzalez et al., 

2012) 
EMS mut. screen 

Illumina HiSeq2000 

(paired-end reads) 

Align: BWA 

Variant calling: GATK 

Candidate filtration/annotation: ENSEMBL Variant 

Effect Predictor (VEP)  

Nonsense mutation in Ect4 

determined causative in increased 

survival of severed peripheral axons  

(Bowen et al., 2012)  

Map  D. rerio SNPs 

Illumina HiSeq2000 

(single-end) 

Align: Novalign 

Variant calling: SAMtools, BCFtools  

Candidate filtration/annotation: GATK, custom scripts 

First WGS mapping in zebrafish 

Established SNP database; found 

causative variants in 2 mutants 

(Tabata et al., 2012) 

EMS mut. screen in 

A. thaliana  

Applied Biosystems 

SOLiD 3 Plus System 

Align: BioScope 1.3 software 

Variant calling: BioScope 1.3 Bayesian algorithm 

Candidate filtration/annotation: Custom scripts 

Missense variant in CTR1 assigned 

to short root/high-boron 

requirement mutant phenotype 

(Bull et al., 2013) 

Mouse ENU mut. 

screen 

Illumina HiSeq200 

(paired-end) 

Align: Stampy (BWA settings) 

Variant calling: Platypus (in-house software) 

Candidate filtration/annotation: Annovar (Emsembl 

annotations), Polyphen-2 (trained with HumVar 

dataset) 

WGS identity-by-descent strategy 

avoids excessive breeding. 

Missense variant in  Lyn identified 

as causal in peripheral B cell 

lymphopenia 

(Haelterman et al., 

2014) 
EMS mut. screen, 

essential genes 

Illumina HiSeq2000 

(mostly paired-end, 

single-end) 

Align: BWA, calibrated with GATK 

Variant calling: Atlas2 variant analysis software 

Candidate filtration/annotation: custom scripts, remove 

D. mel. Genetic Reference Panel (DGRP) SNVs  

Discovery of 274 causative 

mutations on Chr. X, in 394 EMS-

induced mutant strains  

(Lee et al., 2016) 

EMS mut. screen 

Illumina HiSeq2000 

(paired-end) 

Align: BWA 

Variant calling: GATK 

Candidate filtration/annotation: custom scripts 

Mosaic eye assay, WGS, and 

iPLEX MassARRAY: Atm, Xrp1 

mutations affect cell competition 

(Sanchez et al., 2017) 

Map causative D. 

rerio variants, ENU 

screen, fixed tissue 

Illumina 

HiSeq2500/3000 

(paired-end) 

Align: Novalign 

Variant calling: SAMtools  

Candidate filtration/annotation: snpEFF 

Mapped causative mutation for 

myelination defect in fbxw7 

mutants 

Comment [FSM3]: This is by far not the only 
acronym in here that may need explanation 

Comment [d4]: Tried to add in the ones that 
would not be obvious from the text 
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I have included an over-representation of examples in D. melanogaster (shaded 

rows in Table 1-1), as these examples were used to inform the framework that I 

describe in the following section. 

 

From mutant phenotypes to candidate genes: a start-to-finish framework 

applied to two Drosophila forward genetics studies 

 For any lab conducting studies in forward genetics, there can be a steep 

learning curve at each step of the process when integrating WGS. Decisions need 

to be made about which individuals or pools to sequence, DNA library 

preparation methods, sequencing platforms, and strategies for data processing, 

analysis, and organization. Drosophila melanogaster is a model organism with 

decades of history in genetic screens and forward genetics, and is one of many 

examples of the past, present, and future benefits of WGS in forward genetics. In 

addition, successful applications within the Drosophila system demonstrate that—

with the proper data analysis and filtration approaches—WGS can overcome the 

additional challenge of a constantly evolving genome. This is in contrast to 

systems such as S. cerevisiae and C. elegans, where genome evolution can be 

suspended by freezing down stocks and interesting mutants for long-term storage. 

A chronological list of representative studies in D. melanogaster and other model 

metazoans and their findings is presented in Table 1-1. These studies represent 

several variations on forward genetics. Despite changes in available technology 

and software throughout the years, certain programs and platforms become 
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industry standards for a number of years until improved replacements take hold. 

For example, while Illumina remains a popular choice of sequencing platform, 

and many labs depend on GATK for variant handling, popular alignment 

programs have shifted, from MAQ (Mapping and Assembly with Quality) to 

BWA (Burrows Wheeler Alignment) to Bowtie/Bowtie2, Novalign, and others.   

 I have taken the current examples of WGS in D. melanogaster forward 

genetics and analyzed the similarities and differences to forward genetics studies 

in DNA repair in our own lab. This allowed me to create a WGS and 

bioinformatics framework that I applied to two studies related to novel roles of 

genes involved in DNA repair and genomic integrity. In the first study, I 

generated double mutants lacking two helicases involved in DNA repair, BLM 

and HELQ. As the genes encoding these proteins are located on opposite arms of 

the third D. melanogaster chromosome, it was feasible to accomplish this using 

meiotic recombination. I obtained 21 double mutant strains, and only 1 was able 

to produce viable homozygotes. The other 20 strains displayed a spontaneous 

synthetic lethality phenotype, with lethality occurring between the third instar 

larval and pharate adult stage of development. Given the observation that this 

synthetic lethality was not always present, I proposed that a spontaneous variant 

in one of the initial mutant stocks (blm or mus301) had crossed onto the third 

chromosome. I employed WGS in order to find the third chromosome variant 

responsible for the lethal phenotype.  

The second study was a modification on a classical EMS-mutagenesis 

screen. The screen was prompted by work from our lab on the translesion 
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synthesis (TLS) polymerase Rev1. Our lab has previously gathered evidence 

showing that Rev1 is important to both the TLS and template switching (TS) 

pathways of DNA Damage Tolerance (DDT) in D. melanogaster (Khodaverdian, 

in preparation). DDT is a pathway in which either TLS or TS is used to bypass 

DNA lesions during replication in order to prevent more detrimental effects, such 

as replication fork stalling and collapse. Knocking out the C-terminal domain 

(CTD) of Rev1 removes its ability to recruit TLS polymerases, and should shunt 

the DDT pathway toward the use of TS (Khodaverdian et al., in preparation). The 

role of Rev1 in TS is not well understood. Furthermore, there is still little known 

about the TS pathway itself, and what other proteins might be involved. In order 

to address this, our lab conducted an EMS mutagenesis screen in a Rev1-ΔCTD 

mutant background. We screened for extreme sensitivity to methyl-methane 

sulfonate (MMS) in mutants, indicating potential variants compromising the TS 

pathway of DDT. These variants could thus result in failure to bypass MMS-

induced lesions. Instead of employing traditional mapping methods, I used WGS 

to discover mutations causing MMS sensitivity in this screen.  

For both of these studies, I applied a WGS and bioinformatic data analysis 

framework that was similar at every step, yet could easily be adjusted in order to 

account for the differences in the design and goal of each individual study. In 

addition to deciding on a suitable sequencing platform, library preparation 

method, and data analysis system, I also implemented best practices for storage 

and organization of raw WGS data, as well as data created from downstream 

analysis. Many principles for the latter were adopted or modified from a guide on  
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Figure 1-2. A start-to-finish framework for applying WGS to D. melanogaster forward 

genetics. The flowchart shown represents the entire WGS workflow as it applies to two separate 

forward genetics studies in D. melanogaster (see text for further description of these studies). 

Computer icons represent points at which I recommended saving data (file types indicated) or 
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keeping records to maintain organizational best practices. (a) Wet-lab and initial bioinformatics 

workflow, which was similar between both studies. (b) Specific details on downstream workflow 

customization for Project 1 (blm and mus301 project). (c) Specific details on downstream 

workflow customization for Project 2 (Rev1-ΔCTD EMS mutagenesis screen project). 

 

organizing projects that use bioinformatics/computational biology approaches 

(Noble, 2009). Although this guide was published at a time when the application 

of NGS to forward genetics was still a relatively new effort, its principles remain 

relevant to any research lab planning to do some or all of their own WGS data 

analysis. The overall framework—including wet lab work, data analysis, file 

types used, and organizational considerations—is detailed in Figure 1-2. 

For this framework, I used Illumina’s Nextera DNA library preparation kit 

and the Illumina MiSeq for high-throughput sequencing. To conduct all data 

analysis in our lab, high processing power was necessary for the various 

manipulations of raw sequencing data. I accomplished this by using a computing 

cluster: a connection of multiple local computers with high speed connections 

accessed remotely (Doughty, 2017). Using the cluster, I was able to take raw 

sequencing reads, align them to the Drosophila reference genome (dm6 build), 

and generate variant calls for each genome, in the form of VCF files. I could also 

compare VCF files to one another within the cluster using a program called 

bedtools, and resultant data were used to generate lists of candidate variants for 

these two projects. On a per-use basis, I tracked my manipulations of the data 

within the cluster by keeping an electronic lab notebook (Figure 1-2a). Electronic 

lab notebook entries tracked all activity in a session of cluster use. Keeping these 

notebook entries allowed recall of previously used commands for running scripts 
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and working with data sets. Finally, variant annotation was accomplished using 

the Ensembl Variant Effect Predictor (VEP), which currently services over 80 

organisms (McLaren et al., 2016). Results from the VEP can be filtered by 

predicted impact. I have focused my analyses thus far on variants with moderate 

to high impact.  

The preceding steps represent the generally applicable foundation of the 

framework (Figure 1-2a). However, there are certain places within the framework 

where I have made adjustments in order to account for the unique requirements of 

the two different forward genetics projects to which it was applied. Most of these 

come into play after the point at which an individual genome VCF file is created 

by GATK. In the blm mus301 project (Project 1), the genome of each double 

mutant being sequenced represents a unique third chromosome recombination 

event. Therefore, the VCF information on each individual’s third chromosome 

represents a pattern of variants corresponding to the crossover events, wherein the 

homozygous double mutant larval genome can carry one of two possible VCF 

signatures: one that matches either the blm genome or the mus301 genome. I used 

the Integrated Genomics Viewer (IGV) to scan the third chromosome for points at 

which this signature changes (Robinson et al., 2011). This allowed for the 

successful mapping of recombination events (Figure 1-3). This information was 

used to compare recombination events between the lethal double mutant genomes 

and the viable double mutant genome, and to seek out a region of interest (ROI) 

where all lethal genomes share VCF information, yet show no similarity to the 
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viable genome. I used the ROI to narrow down the list of candidate variants 

determined by comparing the VCF files with bedtools (Figure 1-2b).  

 

 

Figure 1-3. Visualizing VCF files in IGV to locate crossovers and map a region of interest. 

The image above is a representative screenshot from IGV that clearly shows the location of a 

crossover near the 4
th
 exon of gene CG10089 on the left arm of the third chromosome. All genome 

sequences were homozygous. The red lines indicate the pattern of variant calls in each of the three 

genome traces; this information is obtained from the VCF files. The top trace represents the stock 

mus301 mutant chromosome. The middle trace represents a single blm mus301 double mutant. 

The bottom trace represents the stock blm chromosome. The crossover is identified as a location 

where the double mutant trace switches from resembling the variant call pattern of one mutant 

stock to resembling the variant call pattern of the other. 

 

In the Rev1-ΔCTD project (Project 2), the primary goal was to find the 

mutations causing MMS sensitivity in mutant strains obtained from an EMS 

mutagenesis screen. I first applied this to two mutants within a complementation 

group. However, this dictated that I needed to seek out two unique mutations 

between these strains, rather than the same mutation in each. Therefore, rather 

than using bedtools to find the intersection of the VCF information in the two 

strains, I instead extracted gene lists from each individual strain and then 

manually scanned this list for overlaps. This allowed the identification of genes 

with variant calls in both strains, and I could then refer back to the VCF 

information in order to see if each mutant strain contained unique calls in that 
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gene (Figure 1-2c). In order to visualize and verify variant calls from candidates 

in both projects, I referred back to alignments and coverage information at the 

appropriate positions in the genome using IGV for visualization, and this was 

crucial to filter out low quality and false positive calls.  

Applying this framework to these two projects resulted in manageable 

candidate lists for causative mutations in each. A summary of my process and the 

results is summarized in Table 1-2 (Project 1) and Table 1-3 (Project 2). In Table 

1-2, I have shown two versions of the same data set. The top row represents the 

population of variants and genes obtained when considering only the blm mus301 

double mutant strains. The second row represents the same data, but with the blm 

and mus301 single mutant stocks added to the analysis. Based on the 

recombination mapping analysis (Figure 1-2b, Figure 1-3), it is most likely that 

the causative mutant originated in the blm mutant stock. Inclusion of this 

condition means that the bedtools analysis proceeded as follows: variation in the 

mus301 stock and the viable blm mus301 double mutant is subtracted from the list 

of all variants present in both the blm mutant stock and the population of lethal 

blm mus301 double mutants. The latter analysis does provide a slight amount of 

filtration to the list of candidates. The list of candidates from Project 1 will be 

analyzed further by viewing the quality of alignments and coverage at the 

corresponding locations. This will help to filter out false-positive variant calls and 

provide a more manageable list for validation. 



26 

 

The preliminary analysis from Project 2, which is presented in Table 1-3, 

was based on two mutants from an EMS mutagenesis screen that showed a MMS-

sensitivity phenotype, and fell into a single complementation group. That these 

mutants (148 and 157) belonged to a single complementation group indicated that 

they contained mutations in the same gene. Both were sequenced, and I found a  

Table 1-2. WGS variant data obtained in Project 1 (blm and mus301) 

 

total of 7 genes that had high or moderate predicted impact variants in both 148 

and 157. Of these, only one gene—polybromo—had unique, high impact variants 

in each, and also showed high quality alignments and coverage at the relevant 

locations. This data set therefore indicates polybromo as a strong candidate for 

validation in Project 2. The data obtained from the analyses support the 

applicability of this framework across two different studies in forward genetics, as 

well as the framework’s ability to provide a manageable list of candidates for 

causative variants in each. 

 

Data Set Analyzed 
Total 

Variants 

Total  Variants 

(HIGH or 

MODERATE 

Predicted Impact)  

Total  

HIGH to 

MOD. 

Genes 

HIGH to 

MOD. 

Genes in 

ROI 

HIGH 

only 

Variants in lethals, not 

in viable  
19,954 1166 558 466 35 

Variants in lethals and 

blm stock, not in viable 

or mus301 stock 

16,548 1090 539 394 18 
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Table 1-3. WGS variant data obtained in Project 2 (Rev1-ΔCTD) 

 

 

Conclusions and future directions 

The arrival of NGS technology, and with it the possibility of WGS for any 

organism, has proved to be an incredible tool in the pursuit of forward genetics 

questions. It was clear, even in the early days of NGS, that the pre-existing 

bottleneck imposed on forward genetics by tedious and challenging methods of 

traditional mapping and variant identification could be lessened, or even 

eliminated, by this technology. Recent improvements in accessibility and cost 

have caused a shift in the main challenges that face scientists who hope to 

implement WGS in their research. The challenge may no longer be the WGS 

platform itself, but the issues of experimental design, implementation, and most 

importantly, data handling and analysis (Figure 1-1b). In implementing a 

standard, start-to-finish WGS and bioinformatic data analysis framework, I have 

maintained consistency of application while still allowing room for customization. 

To demonstrate this, I presented the preliminary results that were obtained from 

the application of this framework to two different forward genetics projects from 

Data Set 

Analyzed 

Total  

Variants 

Total 

Genes 

Genes with HIGH or 

MODERATE Predicted 

Impact Variants 

Genes HIGH or MOD. 

Impact, in list for both non-

complementing strains 

Mutant 148  3,339 1,591 45 7 

Mutant 157 3,962 1,666 53 7 
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our lab. Moving forward, the top candidates obtained as outputs from the 

framework will need to be validated, and this can be done in a variety of ways. 

For example, in the case of interesting candidates from Project 1, we can look for 

D. melanogaster stocks with inserted transposable elements within the genes of 

interest. These stocks could then be crossed with the viable blm mus301 double 

mutant strain. Progeny from resultant triple mutant recombinant strains could then 

be screened for larval lethality. Alternatively, CRISPR-Cas9 genome editing 

could be used to knock out blm and mus301 in a transposable element line for the 

gene of interest, and resultant triple mutant lines could be similarly screened for 

larval lethality phenotypes. For any given mutant in Project 2, a candidate 

causative gene could be expressed as a transgenic wild-type copy in that mutant. 

Demonstrating subsequent rescue of MMS sensitivity by the transgenic copy of 

the gene in that mutant would provide significant evidence for validation. 

Of course, while I have focused here on forward genetics, similar 

principles of organization and data analysis can be applied to other studies using 

WGS. Both forward and reverse genetics studies may employ a pooled 

sequencing analysis strategy, such as BSA. For these studies, entire software 

suites such as popoolation2 are available (Kofler, Pandey, & Schlötterer, 2011), 

which are designed specifically for genomic pools. When designing and planning 

any project, it is important to find representative examples that outline the 

application of WGS in the model organism of interest. In doing so, researchers 

can review specific details pertaining to the best programs to use for data analysis 

(Table 1-1). The list of choices for bioinformatics software and analysis strategies 
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can be daunting, but this type of preparation will provide valuable guidance, and 

can ease the transition into WGS workflows. Here, I have described my own 

framework, which was applied to two studies in forward genetics in our lab, and 

can now be easily applied to future projects. On a larger scale, it can provide an 

example of an efficient workflow to labs working in other model systems who 

wish to use or streamline a WGS workflow.  
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ABSTRACT 

 DNA damage is a constant obstacle in a cell’s struggle to maintain 

genomic integrity. In response to this threat, multiple repair mechanisms have 

evolved to avoid the accumulation of damage-induced lesions, which can 

ultimately lead to large chromosomal defects and rearrangements, aberrant 

growth, or cell death. Among the classes of proteins that participate in DNA 

repair, helicases are of particular interest because they are essential not only to 

many different repair pathways, but also to normal replication and meiotic 

recombination. In Drosophila melanogaster, conserved 3' to 5’ DNA helicases 

Bloom (DmBlm) and HelQ (DmHelQ) both have important roles in the 

maintenance of genomic stability, specifically in DNA double-strand break repair 

(DSBR). The genes encoding DmBlm (blm) and DmHelQ (mus301/spn-C) are 

both located on the third chromosome, and mutants in either gene result in defects 

in both DSBR and development. However, the roles and interactions of DmHelQ, 

in particular, remain less well defined. I used meiotic recombination to generate 

blm mus301 double mutant strains in order to investigate genetic interactions of 

these helicases. I discovered a synthetic, larval-stage homozygous lethality that 

was present in most, but not all, blm mus301 double mutant strains. I proposed 

that a third mutation had caused the larval lethality phenotype, and applied whole 

genome sequencing (WGS) to conduct recombination mapping and to find 

candidates for a causative variant. Based on data obtained from our variant call 

format (VCF) file mapping data, it appears that the causative mutation originated 

on the blm chromosome, and that lethality is only apparent in the absence of 
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mus301 and the presence of this new variant. A bioinformatics and data analysis 

pipeline was developed to create a candidate list with several candidates for the 

causative mutation. Considering the current gap in knowledge on HelQ in D. 

melanogaster, these findings have the potential to shed light on the function of 

this important protein. 

 

INTRODUCTION 

Helicases are best known as the proteins that anneal and unwind DNA 

strands. Perhaps the most well-known helicases are the major replicative MCM-

family helicases, which travel ahead of replication forks in order to open up the 

double-stranded DNA for access by the molecular replicative machinery. These 

elegantly designed molecular motors use ATP hydrolysis to unwind the double-

helical DNA molecule, and have also been shown in mice and yeast to anneal 

DNA as part of the replication stress response (Sheu, Kinney, Lengronne, Pasero, 

& Stillman, 2014; You & Masai, 2017). However, beyond the standard definition 

of helicases lies a vast complexity, not only in the variety of different helicases at 

work in most organisms, but also in each of their preferred substrates or structure 

specificity, their strand polarity, and their specific functions. In addition to their 

role in replication, helicases are also essential to processes that preserve genomic 

integrity. Many of these processes take the form of DNA repair pathways, and 

include the resolution of complex endogenous structures, such the Holliday 

junctions (HJs) created by DNA recombination, and G-quadruplex (G4) DNA 
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(Mendoza, Bourdoncle, Boulé, Brosh, & Mergny, 2016). Not surprisingly, the 

central involvement of helicases in pathways of DNA repair implicates them in a 

variety of cancers. Helicases pose somewhat of a double-edged sword in the 

context of cancer. DNA lesions that might persist in the absence of helicases can 

have carcinogenic potential. However, the rapid divisions of cancer cells can also 

depend on the upregulation of helicases in order to maintain stability and resist 

the effects of chemotherapeutic agents (Brosh, 2013). Overall, the sum of helicase 

involvement in cancer makes this class of proteins incredibly important as a 

subject of research and as a potential target in drug development.  

  

The many roles of BLM in DNA repair and genomic integrity 

 The Bloom’s Syndrome helicase, BLM, is an incredible example of a 

helicase that exercises its potential in many ways, and within many pathways. In 

humans, mutations in BLM are the cause of Bloom’s syndrome, which is 

characterized by short stature, infertility, immunodeficiency, and a predisposition 

to multiple cancers, as well as an increased likelihood of early cancer onset 

(Brosh, 2013; de Renty & Ellis, 2017). BLM is a 3’ to 5’ ATP-dependent helicase 

(Nathan A Ellis et al., 1995) which belongs to the subfamily of Superfamily II 

(SFII) helicases named for the Escherichia coli homologous recombination repair 

(HRR) helicase, RecQ (Nakayama et al., 1984). Most eukaryotes possess more 

than one RecQ ortholog. Among these orthologs, BLM, in particular, is highly 

conserved, with homologs in model eukaryotes from yeast to humans. The level 
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of conservation is strongest around the core SFII helicase domain, indicating the 

importance of BLM’s ATP-dependent helicase activity to many of its functions in 

the cell. However, certain functions of BLM, such as its impact on gene 

conversion tract length in non-crossover HR pathways, seem to be independent of 

its helicase activity (Ertl et al., 2017).   

Various in vitro biochemical analyses provided important foundations for 

understanding BLM’s role in processes of genetic maintenance. It was 

demonstrated that BLM could actively resolve single and double Holliday 

junctions (dHJs) (Wu & Hickson, 2003), regressed replication forks (MacHwe, 

Karale, Xu, Liu, & Orren, 2011), and G4 structures (Mohaghegh, Karow, Brosh, 

Bohr, & Hickson, 2001). BLM has also been shown to have strand annealing 

capability (Cheok, Wu, Garcia, Janscak, & Hickson, 2005), to participate in HJ 

branch migration (Karow, Constantinou, Li, West, & Hickson, 2000), and to 

disrupt displacement loops (D-loops) (Van Brabant et al., 2000). Early in vivo and 

in vitro evidence showed BLM interacting with the recombinase Rad51 and co-

localizing to sites of irradiation induced damage in human cells (Wu, Davies, 

Levitt, & Hickson, 2001). The same study also demonstrated an interaction 

between Rad51 and the yeast BLM homolog, Sgs1. Another set of studies showed 

BLM being recruited to the sites of stalled replication forks, along with the p53 

tumor suppressor and Rad51, following hydroxyurea treatment (Sengupta et al., 

2003). This group also showed that p53 localization to these sites and its 

interaction with Rad51 was dependent on BLM. Finally, they showed that damage 

sensor protein 53BP1 interacted with BLM at these sites in a process dependent 
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on the Chk-1 kinase, a mediator which signals replication stress  (Sengupta et al., 

2004). These studies laid out a clear role for BLM in homology-directed repair 

(HDR) during replication. A set of in vivo experiments in mice in 2010 

demonstrated increased chiasmata formation in conditional knock-outs of Blm, 

and was the first evidence supporting a role for BLM in mammalian meiosis 

(Holloway, Morelli, Borst, & Cohen, 2010). These findings were in general 

agreement with prior studies on sgs1 in yeast (Ira, Malkova, Liberi, Foiani, & 

Haber, 2003). Taken together, all of this evidence assigned BLM to pathways in 

DSBR, Synthesis Dependent Strand Annealing (SDSA), and Homology Directed 

Repair of regressed four-way junctions resulting from replication fork stall or 

collapse (reviewed in Brosh, 2013; Payne & Hickson, 2009). Support for these 

assignments was lent by descriptions of phenotypes in BLM mutants, including 

increased sensitivity to DNA damaging agents and replicative stress; increased 

genomic instability manifesting in the form of sister chromatid exchanges, 

translocations, and large deletions; increased tumorigenesis; and deficiencies in 

DNA gap repair assays (Melissa D Adams, McVey, & Sekelsky, 2003; Davalos & 

Campisi, 2003; Davalos, Kaminker, Hansen, & Campisi, 2004; N A Ellis, 

Proytcheva, Sanz, Ye, & German, 1999; Gruber, 2002; McVey, Andersen, Broze, 

& Sekelsky, 2007; Suzuki, Yasu, & Honma, 2016; Ui et al., 2001). Finally, 

studies of human BLM demonstrated its ability to promote end resection shortly 

after the occurrence of a meiotic DSB, underlining the additional ability of BLM 

to act much earlier on in a repair pathway and to potentially play a role in repair 
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pathway choice (Grabarz et al., 2013; Nimonkar et al., 2011; Nimonkar, Ozsoy, 

Genschel, Modrich, & Kowalczykowski, 2008).  

The incredible collection of studies on BLM has changed researchers’ 

characterization of the helicase since its discovery. BLM has often been primarily 

referred to as an anti-crossover helicase: acting to avoid the crossover products of 

recombination by promoting SDSA over DSBR, dissolving dHJs in meiotic 

recombination, and also by preventing promiscuous mitotic crossovers. While this 

still remains an important aspect of BLM’s job description, it has also become 

clear that BLM can act both early and late in these pathways, with many different 

proteins, and at various points in the cell cycle—in either a pro- or anti-

recombinational matter, depending on the cellular context (Davalos et al., 2004; 

Maréchal & Zou, 2013).  

  

Roles of HELQ in DNA repair and genomic integrity 

In contrast to BLM, HELQ/HEL308 seems to be more specialized in its 

function, acting primarily alongside the FANC-family proteins in interstrand 

crosslink (ICL) repair, and with Rad51 paralogs during HDR at damaged 

replication forks. Similarly to BLM, mutations in HELQ have been implicated in 

certain cancers—such as breast and ovarian cancer—although it appears that this 

association only holds true in certain human populations (Hamdi et al., 2016; 

Han, Zhao, & Li, 2016; Pelttari et al., 2016; Rosales-Nieves & González-Reyes, 
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2014). HELQ deficiencies may also signify risk for early-onset menopause (Stolk 

et al., 2012). HELQ is an ATP-dependent SFII DNA helicase with 3’ to 5’ strand 

unwinding activity. Its level of conservation nearly matches that of BLM, with 

homologs in model metazoans from C. elegans through humans, and some 

archaea (Gramates et al., 2017; Woodman, Brammer, & Bolt, 2011). HELQ was 

initially discovered as HEL308, and was identified by its similarity to the 

helicase-like domain of the Mus308/PolQ/Polθ protein in D. melanogaster 

(Marini & Wood, 2002), which is important for ICL repair and repair of DSBs by 

microhomology-mediated end-joining (MMEJ) (Beagan et al., 2017; Chan, Yu, & 

McVey, 2010). The 2002 Marini & Wood study also demonstrated the preference 

of HELQ to single stranded substrates, and that its activity could be stimulated by 

DNA single-stranded binding proteins such as RPA. In contrast to Mus308’s 

mechanism of ICL repair by MMEJ, further in vitro and in vitro evidence has 

shown that HELQ likely accomplishes ICL repair within a recombination-based 

pathway.  HELQ was shown to localize, along with Rad51, to sites of active 

replication following treatment with camptothecin, a topoisomerase inhibitor 

which causes replication stalling and collapse (Tafel, Wu, & McHugh, 2011). In 

C. elegans, a meiotic synthetic lethal interaction was discovered between the 

Rad51-paralog rfs-1 and helq-1 (Ward et al., 2010). Rad51-paralogs are important 

for Rad51 filament assembly and disassembly during recombination-mediated 

repair. As the only known Rad51-paralog in C. elegans, rfs-1 has been shown to 

be essential to recruiting Rad51 to blocked replication forks (Ward, Barber, 

Petalcorin, Yanowitz, & Boulton, 2007). In the 2010 Ward et al. study, because 
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lethality only occurred when both rfs-1 and heq-1 were compromised, this argued 

for a role for helq-1 in Rad51 disassembly as well, and in fact, this group went on 

to demonstrate that both HELQ-1 and RFS-1 could effectively displace Rad51 

from dsDNA. RFS-1 was also shown to interact with RTEL-1, which can disrupt 

D-loop structures in a mechanism similar to that of BLM (Adelman & Boulton, 

2010), lending further evidence to the meiotic and mitotic pathways of repair and 

genomic stability in which BLM and HELQ may both be involved. 

 

Blm and HelQ in Drosophila melanogaster 

In D. melanogaster, both Blm and HelQ were originally isolated from a 

large mutagenesis screen, and named for their mus (mutagen sensitive) 

phenotypes as mus309 and mus301, respectively (Boyd et al., 1981). Mutants 

isolated from this screen for blm/mus309 and mus301 were each sensitive to the 

alkylating agent methyl-methane sulfonate (MMS), and to the nitrogen mustard, 

bis(2-chloroethyl)methylamine (HN2). Although the D. melanogaster NHEJ 

protein Ku70 was originally assigned to the mus309 locus, further analysis 

indicated that DmBlm was the protein product of mus309 (Kusano, 2001). Early 

characterization of DmBlm confirmed its role in promoting SDSA, and more 

specifically, in the post strand-invasion disruption of D-loops (Adams, McVey, & 

Sekelsky, 2003; McVey, Larocque, Adams, & Sekelsky, 2004). Other work 

showed that blm mutants were unable to resolve dHJ, and also that they were 

synthetically lethal with mutations in the endonuclease mus81, which resolves 
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various recombination intermediates. This synthetic lethality was not rescued by 

loss of Rad51, indicating DmBlm’s role in replication-mediated pathways 

(Johnson-Schlitz & Engels, 2006; Trowbridge, McKim, Brill, & Sekelsky, 2007). 

By the time this work had been published on DmBlm, several studies had already 

shown that the mus301 (spn-C) locus, which would later be recognized as 

DmHelQ, was involved in proper oocyte patterning and development (Ghabrial & 

Schüpbach, 1999; González-Reyes, Elliott, & St Johnston, 1997). The connection 

between mus301 and DmHelQ was established in a study that demonstrated the 

similar of the mus301 locus to that of human and mouse HEL308. In the same 

study, increased damage in D. melanogaster oocytes—assayed by the 

accumulation of phosphorylated γH2AV—demonstrated the importance of 

mus301 in meiotic progression and recombinational repair. Beyond the results 

described by McCaffrey et al. 2006, roles of HelQ in D. melanogaster have not 

been well-studied.  

In the work described here, I used characterized null alleles for blm and 

mus301. Both alleles used have large deletions that remove or compromise the 

genes’ conserved helicase domain (Figure 2-1). When the blm
N1

 allele that we 

used was first made by imprecise P-element excision and characterized, the 

authors discovered by reverse-transcriptase PCR that truncated transcript was 

present in this mutant (McVey et al., 2007). However, genetic data from the same 

study established that blm
N1

 was genetically null. Evidence for this included 

extremely low hatch rates and hypersensitivity to ionizing radiation (nearly 0% 

relative survival at 2,500 rads) in blm
N1

 homozygotes. In addition, helicase-dead 
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blm
N1

/blm
D2

 heteroallelic mutants displayed severe defects in gap repair by 

SDSA—including large flanking deletions—and increased mitotic crossovers. 

The mus301 allele we used was mus301
288A

, which was also created by P-element 

excision, but in a different genetic background then that of blm
N1

. We have shown 

previously that mus301
288A

 mutants have increased sensitivity to HN2 and to 

Topetecan (Thomas, unpublished data). HN2 is a DNA alkylating agent, which 

can induce ICLs (Kohn, Spears, & Doty, 1966; Siede, 2014). Topetecan is a 

Topoisomerase I inhibitor which traps the enzyme in the cleavage complex, and 

this can lead to replication fork collapse and DSBs. The sensitivity of mus301 

mutants to these DNA damaging agents was consistent with prior findings on 

HELQ in C. elegans, mice, and human cell lines (Adelman et al., 2013; Muzzini, 

Plevani, Boulton, Cassata, & Marini, 2008; Takata, Reh, Tomida, Person, & 

Wood, 2013). We also demonstrated that the mus301
288A

 mutant behaved 

similarly to blm
N1

 mutant in terms of its defects in gap repair, although it did not 

show the large flanking deletions characteristic of the blm
N1

 mutant (Thomas, 

unpublished data). The same study from our lab revealed that combining these 

genes in a mus301
288A

 blm
N1

 mutant resulted in rescue of the large flanking 

deletion phenotype, implying that DmHelQ likely acts upstream of DmBlm in 

SDSA. Additionally, we had previously observed in another study that we could 

obtain both viable and inviable mus301
288A

 blm
N1

 double mutant strains (Carrie 

Hui, unpublished data). Together, these results prompted us to pursue the genetic 

basis of  mus301
288A

 blm
N1

 mutant lethality. 
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D. melanogaster provides an excellent model in which to study novel 

interactions in DNA repair, as techniques in both forward and reverse genetics 

and genetic manipulation are robust and well-established in this system. 

Additionally, the availability of whole genome data (M D Adams et al., 2000) and 

WGS technology has improved on these well-established techniques, while also 

opening up new avenues of study. Here, I apply these tools to the helicases 

DmBlm and DmHelQ in order to gain further understanding of their roles in 

repairing and safeguarding of the genome.  

 

 

RESULTS 

Synthetic larval lethality in blm mus301 double mutants 

In order to study interactions between the blm and mus301 helicases in 

repair and genomic integrity, I created blm mus301 double mutants. I started with 

the alleles described previously. The blm
N1

allele has a large deletion of 2,480 bp, 

which eliminates the first two conserved motifs in the helicase core domain. The 

mus301
288A

 allele has a large deletion of 2,069 bp, which completely removes the 

conserved helicase domain. Despite being genetically null mutants in terms of 

SDSA/DSBR, as discussed previously, both the blm
N1 

and the mus301
288A 

stocks 
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Figure 2-1. Mutant alleles used for blm and mus301. Alleles used for creation of blm mus301 

double mutants are shown. Regions containing the conserved helicase motifs are shown in the blue 

shaded regions. Gray hatched regions represent 5’ and 3’ untranslated regions (UTRs). (a) The 

mus301
288A

 allele was created by imprecise excision of the P{SUPor-P}mus301
KG0908

 transposable 

element in the fourth intron. Excision resulted in an upstream deletion of 2,069 bp. This deletion 

leaves the promoter and transcription and translation start sites intact, but removes part of the first 

exon, as well as the entire second, third and fourth exons. This deletion effectively removes the 

entire conserved helicase region. (b) Allele diagram modified from McVey, Andersen, Broze, & 

Sekelsky, 2007. The blm
N1

 allele was created by imprecise excision of the P{EPgy2}mus309
EY03745

 

transposable element in the 5’ UTR of blm. Excision resulted in a deletion of 2,480 bp. An intact 

promoter is preserved, but the first two conserved helicase motifs are removed.  

 

are able to produce viable homozygotes. Because these genes are both located on 

the third chromosome (Figure 2-2), and are also located at a large genetic 

distance (28.1 Mbp) apart from one another, the natural process of meiotic 

recombination during female gametogenesis allows  the generation of third 

chromosome recombination events in the germline of blm
N1

/mus301
288A 

transheterozygous females. After crossing these females to balancer males, I 

a. 

b. 
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Figure 2-2. Cytogenic map diagram showing approximate locations of mus301 and blm on D. 

melanogaster chromosome 3. The blm and mus301genes are located 28.1 Mbp apart from one 

another. Cytogenic map locations are provided in parentheses below gene names. Modified from 

Roote & Prokop, 2013. 

 

collected 50 individual male progeny and crossed each male to three balancer 

females. After 5-6 days of mating, single males from these crosses were sacrificed 

and genotyped by PCR for both the blm
N1 

and mus301
288A

 alleles using deletion-

flanking primers. Of the 50 males genotyped, I obtained 13 indicated successful 

recombination events (i.e., single males for which both deletion alleles were 

confirmed). Progeny from the crosses of these 13 individual males were collected, 

and double mutant siblings were interbred to establish double mutant stocks. Of 

these 13 stocks, 12 showed a homozygous synthetic lethality phenotype, but 1 

was able to produce viable homozygotes at Mendelian ratios (Table 2-1). Out of 

the 13 blm
N1

 mus301
288A

 stocks, 4 were lost due to bacterial contamination 

(shaded rows in Table 2-1), and could not be analyzed further. 
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Table 2-1. Characterization of double mutant strains as homozygous lethal or viable.  

Double mutant strain Percent homozygous 

bm-6 (lethal) 3.85 (n=156) 

bm-13 N/A 

bm-14 (viable) 24.51 (n=306) 

bm-16 (lethal) 0 (n=83) 

bm-17(lethal) 1.98 (n=202) 

bm-18 (lethal/viable?) 9.63 (n=218) 

bm-22 (lethal) 0 (n=110) 

bm-33 (lethal) 1.39 (n=144) 

bm-37 (lethal) 4.92 (n=244) 

bm-41 (lethal) 0.51 (n=198) 

bm-43 (lethal) 0 (n=215) 

bm-47 (lethal) 1.49 (n=201) 

bm-48 (lethal) 1.70 (n=353) 

Naming format for double mutant strains is as follows: bm-6, (blm-mus301 - followed by the 

number (6) of the cross, out of the 50 total single male crosses). Shaded rows represent stocks lost 

to bacterial contamination, and were therefore not sequenced or subjected to VCF mapping. n 

values represent the total number of flies counted. 

 

 

The remaining collection of strains—8 homozygous lethal and 1 homozygous 

viable—was subjected to developmental observation on grape agar plates, in 

order to determine the timing of the synthetic lethality. All 9 double mutant stocks 

were generated over a GFP-containing balancer chromosome, and homozygotes 

were identified by a lack of GFP expression. Observations of GFP- larvae on 

grape agar plates revealed that, in all 8 homozygous lethal blm
N1 

mus301
288A

 

strains, the synthetic lethality was consistently occurring between late 3
rd

 instar 

larval and pharate adult stage (Figure 2-3a). These double mutants were created 

by recombination events on the third chromosome, and so I hypothesized that 
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Figure 2-3. Synthetic larval lethality in blm
N1 

mus301
288A

 double mutants and potential 

causative third mutation crossover events. (a) The stages of D. melanogaster development from 

embryo to adult are shown. The bracket represents the range in development at which lethality 

occurs in all 8 homozygous lethal double mutants. Development stages image modified from 

Andersen, Kuo, Savukoski, Brodsky, & Sekelsky, 2011. (b) Representation of potential 

recombination events of the third chromosome, occurring in the female germline in 

blm
N1

/mus301
288A

 transheterozygotes, assuming a causative variant for larval lethality originates in 

the mus301
288A

 stock. The gray arrows represent positions of mus301 and blm on the third 

chromosome, and a red arrow represents a potential third mutation. Red, green, and blue dotted 

X’s represent potential, individual crossover events which would lead to the inclusion of the third 

mutation in one of the meiotic products. A black X represents an event that would not include the 

third mutation. (c) Representation of potential recombination events of the third chromosome, 

occurring in the female germline in blm
N1

/mus301
288A

 transheterozygotes, assuming a causative 

variant for larval lethality originates in the blm
N1

 stock. Labeling is the same as in (b). Third 

chromosome diagrams are modified from Figure 2. For simplicity, only single crossover events 

are shown here. 

 

the synthetic larval lethality had been caused by a third mutation which had 

crossed over with either mus301
288A

 or blm
N1 

(Figure 2-3b, c). The production of 

homozygous adults at Mendelian ratios in the single viable blm
N1

 mus301
288A

 

strain (bm-14 in Table 2-1) provided evidence for the involvement of a single 

causal gene in the synthetic lethality phenotype. Finally, the crosses and analyses 

a. 

b. c. 
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described above were repeated in an attempt to obtain a higher number of 

recombination events for more powerful mapping and downstream data analysis. 

Mapping of recombination events allows the generation of a region of interest for 

causative variant candidates (see below); therefore, having a greater number of 

recombinants became important to narrowing the region of interest. The second 

round consisted of 270 single male crosses, and after genotyping, 20 new double 

mutants were identified. Due to bacterial contamination issues, 8 of these stocks 

were lost. The remaining 12 stocks were all homozygous lethal strains. One of 

these, strain bm2-161, did produce a small number of homozygotes (8% 

homozygotes, n=65 total flies). However, because homozygotes were not 

produced at Mendelian ratios as in the bm-14 viable strain, the bm-2-161 strain 

was categorized as lethal. This categorization was also supported by the 

information obtained through recombination mapping (see below).  

 

Using WGS to find candidates for a causative variant 

 To work toward identification of a causative mutation, I first subjected all 

9 double mutants from the round one crosses, as well as the original single mutant 

stocks, to WGS. Before WGS, genomic DNA was isolated from homozygous flies 

(for blm
N1

 and mus301
288A

 single mutant stocks) or larvae (for all blm
N1

 

mus301
288A

 double mutants) using a phenol-chloroform extraction. The 

subsequent DNA library preparation relies on clean, high-quality genomic DNA, 

and so we validated genomic DNA by gel electrophoresis, Nanodrop, and finally 
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by DNA, RNA, and Protein Qubit. Any genomic preps with contaminating RNA 

were treated with RNaseA and column purified. I then proceeded to use the 

Illumina Nextera kit to create DNA libraries. 

 

 

Figure 2-4. Estimated percentage data loss as a function of peak fragment insert size. Each 

point represents data from an individual genome, which was sequenced via 2x300 paired-end 

sequencing runs on the Illumina MiSeq. The points shown comprise a representative set of data 

from a total of 2 sequencing runs, but do not include all genomes used for downstream analysis. 

 

I checked the library fragment size distribution using an Advanced Analytics 

Fragment Analyzer. Lower peak fragment sizes tended to correlate with higher 

levels of data loss during the subsequent sequencing reaction (Figure 2-4). This is 

because, in a 2x300 paired end run designed produce 300 bp read lengths, library 

fragment inserts shorter than 300 bp will be read through to the point of the 

adapter sequences. Detection of adapter sequences leads to read trimming, and 

this can result in a certain percentage of data loss for that fragment. Based on 
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downstream analysis, the amount of data loss experienced in these genomes was a 

non-issue in comparison to the amount of available useable data. However, for the 

sample with the greatest data loss, bm-43 (Figure 2-4), a new genomic prep and 

DNA library was made, and this sample was submitted on another WGS run. 

Illumina MiSeq was used to sequence all genomic preps using 2x300 paired-end 

sequencing runs. For the for blm
N1

 and mus301
288A 

stocks, two separate genomic 

preps, library preps, and sequencing runs were done for each. Raw read data from 

these runs was concatenated to build coverage. Most blm
N1

 mus301
288A

 double 

mutants were sequenced only once, but for any double mutants run on an Illumina 

QC chip, or prepared and run on a second full WGS run, these raw data were also 

concatenated in a similar manner to take advantage of any added coverage.  

In order to find causative variation, I sought out variants that segregated at 

100% with one phenotype (homozygous larval lethality), and simultaneously at 

0% with the other (homozygous viable). The presence of variants in the various 

double mutant strains which either overlapped with the single mutant stocks 

(background), or differed between the various lethals (stock divergence), was not 

a concern, as these could easily be filtered out computationally. Because ultra-

high coverage was not a necessity for these analyses, I did not optimize for the 

maximum coverage level that would be obtained by running only one genome per 

lane, and instead opted to run up to four indexed genomes per lane on the MiSeq 

flowcell.  
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Applying bioinformatics-based data analysis framework to WGS data 

 I applied a bioinformatics pipeline (pe_align.sh) to take the raw 

sequencing output from WGS and generate variant calls for each genome in the 

form of VCF files. Variant calls were made by comparison to the most recent 

build of the Drosophila melanogaster genome: dm6 (Dos Santos et al., 2015). 

First, to accomplish recombination mapping and determine a region of interest 

(ROI) for a causative variant, I took a novel approach in mapping by viewing 

VCF files directly using Integrated Genomics Viewer (IGV). IGV displays variant 

calls as red vertical lines that make up a trace for each genome, and this trace is 

aligned to the reference genome (Figure 2-5a). For each sequenced double 

mutant genome, I viewed its VCF pattern alongside the patterns in the blm
N1 

and 

mus301
288A

 stock genomes. I used a 70 kb sliding window to scan the entire third 

chromosome. At any given location, the pattern of variant calls in the double 

mutant third chromosome was characterized as blm
N1

-like or mus301
288A

-like.  By 

looking for areas where variant call patterns shifted from blm
N1

-like to 

mus301
288A

-like, or vice versa, I could identify regions where recombination had 

taken place. In most instances, the location of the recombination event could be 

easily assigned to a specific cytogenic map location. However, there were cases 

where the variant call pattern was more similar between the three traces around 

the area of the recombination event, such that the exact location could only be 

estimated in a broader range. 
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Figure 2-5. Identifying crossover events and determining an ROI using VCF recombination 

mapping (VRM). VCF files were viewed in IGV, and crossover events were mapped to 

approximate locations along the third chromosome to determine an ROI for a causative variant. (a) 

Example screenshot from IGV that clearly shows the location of a crossover near the 4
th
 exon of 

a. 

b. 

c. 
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gene CG10089 on the left arm of the third chromosome, at cytogenic map location 70B2. Red 

lines indicate variant calls in each of the three genome traces. The top trace represents the stock 

mus301
288A

 mutant chromosome. The middle trace represents the bm-6 double mutant. The bottom 

trace represents the stock blm
N1

 chromosome. The location of the crossover, which was one of the 

ROI defining events, is labeled with a yellow star. (b) Recombination maps for the left arm of 

chromosome three. Each bar represents a double mutant genome. Black sections have a blm
N1

-like 

VCF pattern and gray sections have a mus301
288A

-like VCF pattern. Hatched gray and white 

sections are areas of uncertainty (described in text). Crossover events are represented as red X’s. 

The ROI-defining crossover, also shown above in (a), is labeled again with a yellow star. (c) 

Recombination maps for the left arm of chromosome three. Labeling is the same as in (b). In (b) 

and (c), red dotted brackets with arrows indicate ROI boundaries. 3L and 3R cytogenic diagrams 

modified from the DGRC website (http://fruitfly.jp/flystock/index_e.html)  

 

The collective results of the VCF recombination mapping (VRM) strategy 

is shown for the left (Figure 2-5b) and right (Figure 2-5c) arms of chromosome 

three. Fortunately, the crossovers defining the ROI were among the more clearly 

defined recombination events. Analysis of the round one strains resulted in an 

ROI between cytogenetic map locations 70B2 (crossover on 3L in bm-6 lethal 

strain) and 85B7 (crossover on 3R in blm-14 viable strain), which corresponded to 

a distance of approximately 20 Mbp.  

I applied bedtools software to compare the VCF files in a way that would 

generate lists of candidate variants. Each individual genome VCF file contained 

all third chromosome variants called by comparison to the dm6 D. melanogaster 

genome sequence. The bedtools software allowed VCF datasets to be intersected 

and subtracted from each other. I first intersected the variants calls for all of 8 

lethal double mutants. From this intersection, I then subtracted the variants 

present in the bm-14 viable double mutant. The VRM analysis determined an ROI 

region which indicated that a causative variant had likely originated on the blm
N1

 

chromosome (Figure 2-5b, c). To account for this finding, I also conducted a 

http://fruitfly.jp/flystock/index_e.html


62 

 

separate stock-inclusive bedtools analysis, which intersected all lethal double 

mutants with the variants in the blm
N1

stock. From this intersection, I subtracted 

the variants in the bm-14 viable double mutant and those in the mus301
288A

 stock.  

The resultant post-bedtools VCF files for both analyses were annotated using the 

Ebsembl Variant Effect Predictor (VEP). For each data set analyzed, I saved both 

a full variant list and a list containing only variants of high or moderate predicted 

impact. All annotated variant lists from VEP were downloaded and filtered for 

unique variant changes by simultaneously removing rows with duplicates in all of 

the following VEP fields: Allele, Symbol, Gene, Amino Acid, and Codon. The 

resultant VEP-generated variant lists for the double-mutants only and stock-

inclusive bedtools analyses are summarized in Table 2-2. The stock-inclusive 

analysis reduced the total variant list by 17.1%, but only reduced the moderate to 

high set of variants by 6.5%, indicating that much of the variants subtracted out in 

this analysis were low impact or modifier variants.  

In terms of affected genes—some of which included multiple variants—

narrowing this list by restricting it to the boundaries set by VRM led to a 26.9% 

reduction in the stock-inclusive analysis, compared to a 16.5% reduction when the 

stocks were not included. However, both lists of genes in the ROI with moderate 

to high predicted impact contained hundreds of hits for initial candidate 

consideration. With this in mind, I filtered again and narrowed the lists to include 

only high predicted impact hits. This narrowed the gene list to 35 in the double-

mutant only set, and 18 in the stock-inclusive set (Table 2-2). Considering that 

this analysis of the round one strains included either only 9 recombinant genomes, 
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or 9 recombinant genomes and 2 stocks, we have demonstrated a powerful and 

efficient tool for obtaining a filtered list of genes with causative variant candidates 

for a spontaneous synthetic lethality phenotype. 

 

Table 2-2. WGS third chromosome variant data 

*Values in parentheses represent genes remaining after applying new ROI, which was defined by 

VRM analysis of double mutants bm-2-119 and bm-2-161. 

 

The level of filtration achieved at the bioinformatics level was effective, 

but the ROI size of 20 Mbp remained large. In order to provide a more powerful 

filter with the ROI, I initiated a repeat of the crosses which were originally done 

to create the blm
N1 

mus301
288A 

double mutants (discussed previously as round two 

of crosses). The availability of additional recombination events introduces the 

possibility for further refinement of the ROI using the same analysis shown in 

Figure 2-5. Because the ROI is centered around the third chromosome 

centromere, we do expect recombination events to be repressed in the this 

heterochromatic region (Denell & Keppy, 1979). I accounted for this by setting up 

Data Set Analyzed 
Total 

Variants 

Total  Variants 

(HIGH or 

MODERATE 

Predicted Impact)  

Total  

HIGH to 

MOD. 

Genes 

HIGH to 

MOD. 

Genes in 

ROI 

HIGH 

only 

Variants in lethals, not 

in viable  
19,954 1166 558 466 35 

Variants in lethals and 

blm stock, not in viable 

or mus301 stock 

16,548 1090 539 
394 

(139*) 

18     

(5*) 

List of genes in ROI 

with HIGH predicted 

impact variants 

alpha-Est5, Ama, CG7448, CG11248, CR45951 
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an increased number of single male crosses—and therefore a higher number of 

potential recombination events—in our second round of crosses. This second led 

to the creation of 12 new double mutants, as described previously. All of these 

were homozygous lethal. 

However, with the generation of the ROI, it was not necessary to sequence 

all 12 new strains. I referred back to our VRM analysis and scanned the region 

around the left arm ROI boundary, which was defined by the bm-6 strain (Figure 

2-5a, b). I discovered a 39 bp indel located 116.7 kb downstream of the left arm 

70B2 crossover in bm-6. This indel is present in the
 
blm

N1
stock and in the bm-6 

double mutant, but not in the mus301
288A

 stock. I designed primers that flanked 

this indel, and did a PCR with these primers for each of the 12 new double mutant 

strains, using the bm-6 as a positive (blm
N1

-like) control. All double mutants 

genotyped as mus301
288A

-like at this position (indel not present) were selected as 

candidates for sequencing, as these were the only recombinants demonstrating the 

potential to refine the ROI. Of the 12 new double mutant strains, only two fell 

into this category: bm-2-119 and bm-2-161. I did not genotype the right arm ROI 

boundary, as it was specific to the bm-14 viable strain, and we had no new viable 

strains to analyze. The WGS data from these new strains did, in fact, provide 

significant refinement to the ROI, thereby provided us with a smaller and more 

manageable list of candidate variants (Table 2-2, Table A-2-1).  
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DISCUSSION 

 Helicases are key to maintaining genomic stability in the face of both 

endogenous and exogenous sources of DNA damage. Because damage can occur 

at any point of the cell cycle, organisms need to have a variety of repair pathways 

at their disposal that can respond to DNA damage during both gametogenesis and 

replication. Several DNA helicases act in more than one of these pathways, and 

display functions in both meiotic and mitotic repair. Evidence in multiple model 

system supports BLM and HELQ as two helicases that fit this description. In D. 

melanogaster, Blm has been well characterized as a key mediator of both 

recombinational and non-recombinational repair (McVey et al., 2007). In its 

ability to promote SDSA via migration and disruption of D-loops, it can prevent 

mitotic crossovers and repair mitotic DSB via HDR. It can also achieve repair 

after second-end capture by the dissolution of dHJ junction structures in 

cooperation with Top3α. BLM provides an additional safeguard to replication by 

unwinding G4 DNA and promoting replication fork regression and fork restart. 

Recently, a helicase-independent role was established for DmBlm in the gene 

conversion tract length in HDR, which may be related to results showing that 

human BLM interacted with DNA2 in a helicase-independent mechanism to 

promote end resection (Ertl et al., 2017; Nimonkar et al., 2011). BLM’s presence 

throughout the cell cycle, and at points both early and late in repair pathways, has 

solidified its status as a genomic caretaker. While DmHelQ is not as well studied, 

evidence of the roles of HELQ in repair and genomic maintenance in multiple 

other systems has underlined its importance, despite the fact that it seems to be 
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more specialized than BLM. Both genes have been shown to be important to early 

development in D. melanogaster, and both can be indicators of cancer risk in 

humans. This makes BLM and HELQ important research targets, both in model 

systems and in clinical labs. In this study, I used two well-characterized null 

alleles of DmBlm (blm
N1

) and DmHelQ (mus301
288A

) to generate double mutants 

and seek novel interactions and implications for the roles of these helicases in 

repair and genome integrity (Figure 2-1).  

 I set up 320 recombinant single male D. melanogaster crosses (Figure 2-

6) to generate double mutant strains. This was accomplished via two separate 

rounds of crosses: round one generated 9 total double mutants, while round two 

generated a total of 12 double mutants. I discovered and analyzed a synthetic 

lethality in these blm
N1

mus301
288A

 double mutants. Interestingly, the synthetic 

lethality was not present in all of them. Out of the 21 total double mutant strains 

obtained, 19 were synthetically homozygous lethal and 2 were homozygous 

viable, with lethality occurring between the third instar and pharate adult stages of 

development. Lethality at this stage of development may argue for an interaction 

based on repair during replication, as differentiation in multiple tissues at this 

stage poses significant demands on the replicative machinery and DNA damage 

checkpoint proteins. This has been demonstrated through studies in D. 

melanogaster which have underlined the importance of repair and checkpoint 

genes during larval and pupal stages (Brodsky, Sekelsky, Tsang, Hawley, & 

Rubin, 2000; Gorski et al., 2004). However, this alone does not allow for variants 

in other genes, such as those involved in D. melanogaster growth and 



67 

 

development, to be removed from consideration as causative in a larval lethality 

phenotype. To account for any initial bias toward certain types of genes during the 

screening of candidate variants for validation, all full data sets and variant lists are 

kept in my WGS workflow. These full data sets, which also include modifier 

variants and variants of low predicted impact, can always be mined for other 

genes of interest should validation of initial candidates fail. Because synthetic 

lethality was not present in all double mutants, we proposed that a single 

causative mutation had crossed over with either blm or mus301 to cause the larval 

lethality in the 9 original affected strains (Figure 2-3). This was also based on our 

observation that the viable strain, bm-14, was able to produce homozygous adults 

at Mendelian ratios (Table 2-1).  

To find a causative mutation, I conducted WGS and applied a 

bioinformatics pipeline to the 9 double mutant strains obtained in the first round 

of crosses. Using this WGS data, I applied a VRM approach (Figure 2-5) to 

determine a ROI for a causative mutation. I successfully mapped crossover events 

in all 9 double mutant strains, and determined a 20 Mbp ROI (from cytogenic 

map location 70B2 through 85B7). Because the third chromosome in D. 

melanogaster is so large (over 50 Mbp in total) crossover events on the left arm 

and right arm can be considered independently. Out of total of 18 arms analyzed, I 

observed 3 double crossovers, 13 single crossovers, and 1 arm without crossovers 

(Figure 2-5). This data supported the suppression of crossover events near the 

centromere (Denell & Keppy, 1979). However, because the ROI is relatively 

centered around the centromere and remained large after sequencing of the 9 

Comment [d9]: This is my attempt to 
acknowledge the possibility for us to find other 
types of genes.  
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double mutants from round one, I submitted round two double mutants for 

sequencing, with the intention of attempting to refine the ROI. For the double 

mutants from round two, instead of sequencing each one, I used information from 

our initial ROI to find a blm
N1

-like 39 bp indel downstream of the left ROI 

boundary. Using indel flanking primers, I determined that only 2 of the 12 round 

two double mutants, (bm-2-119 and bm-2-161), were mus301
288A

-like at this 

location. VRM analysis of bm-2-119 moved the left arm ROI boundary inward by 

a significant amount, from 70B2 to 78C9 (Figure 2-5b). VRM analysis of the bm-

2-161 lethal revealed a left arm mus301-like to blm-like crossover that was 

downstream of 70B2, but upstream of 78C9, and therefore did not affect the final 

left arm ROI boundary. 

 The WGS data was also used to generate a variant list (Table 2-2), to 

which the previously-described ROI was applied. I achieved this using the 

bioinformatics tool called bedtools. I used this tool to overlap the variant calls in 

the lethal isolates, from which I subtracted variant calls in the viable isolate. 

Because VRM analysis revealed that a causative mutant likely originated in the 

blm
N1

 mutant chromosome, I did a second analysis where the lethal set was also 

overlapped with blm
N1

variant calls, and the subsequent subtraction included 

variant calls from the bm-14 viable double mutant and the mus301
288A 

mutant. 

This second analysis gave the list representing the total remaining variants that 

were present in the blm
N1 

stock and all lethal double mutants, but not in the bm-14 

viable double mutant or the mus301
288A 

mutant stock (Table 2-2). Fortunately, the 

information gained from WGS of the round two bm-2-119 and bm-2-161 double 
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mutants tightened the ROI for the causative variant, and thereby narrowed the 

original list of candidates for validation (Table 2-2, Table A-2-1). However, this 

narrowed list also resulted in the removal of one particular candidate variant, 

which was my top candidate for validation from the original list, from further 

consideration (discussed in Appendix). Therefore, further analysis of the refined 

list, followed by validation of the candidate variants within the genes in this list, 

will be necessary before the nature of the genetic interactions and corresponding 

larval lethality phenotype in the blm
N1

 mus301
288A

 double mutants discussed here 

can be understood. However, the level of bioinformatic filtration achieved in this 

complex genetic background was drastic, and demonstrated the utility of our 

WGS and bioinformatics pipeline in this project.   

The information about the causative variant gained from ROI was also 

valuable in providing support for a potentially novel interaction. Larval stage 

synthetic lethality has been identified in blm
N1 

mutants in the past. This interaction 

was shown with several structure-specific endonucleases which are important to 

the resolution of recombination intermediates in the absence of BLM (Andersen 

et al., 2011). However, because we believe our causative mutation originates on 

the blm
N1

 chromosome (Figure 2-5), the likelihood of a similar interaction being 

responsible for our observations is unlikely. Instead, we suspect that the 

interaction could relate to an interaction between DmBlm, DmHelQ, and our 

causative mutation, although we cannot rule out the possibility that the interaction 

may also be independent of DmBlm, and therefore only indicative of a 

relationship between DmHelQ and the causative mutation. However, given the 

Comment [SBT10]: Added in about new data 
and new list…I refer to Appendix. 
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lack of knowledge currently available on DmHelQ, both of these possibilities are 

equally intriguing. 

 

MATERIALS AND METHODS 

Generation of double mutants in Drosophila melanogaster 

 D. melanogaster stocks and crosses were maintained in bottles or vials at 

25°C on standard cornmeal agar media. The mutant alleles for blm and mus301 

were both generated via imprecise P-element excision (Melissa D. Adams & 

Sekelsky, 2002). The P-element used to create the blm
N1

 allele was 

P{EPgy2}mus309
EY0374 (McVey et al., 2007). The P-element used to create the 

mus301
288A

 allele was P{SUPor-P}mus301
KG09098

. Single mutant stocks used for 

initial crosses were mus301
288A

/TM6B, Tb, Hu and blm
N1

/TM6B, Tb, Hu. The 

crossing scheme used to obtain third chromosome blm
N1 

mus301
288A

 mutants is 

shown (Figure 2-6).  



71 

 

 

Figure 2-6. Cross scheme for generation of blm
N1

 mus301
288A

  double mutants. The (50 x) box 

refers to the 50 single male crosses set up at this stage. The final box represents sibling crosses 

between collected blm
N1

 mus301
288A

/TM3, Ser, P{Act-GFP} males and females to establish double 

mutant strain stocks. 

 

In the first round of crosses, a total of 50 single male crosses were set up. 

In the second round, 270 single male crosses were set up. Balancers used in the 

early steps of the second round cross scheme differed from those in Figure 2-6, 

but the final double mutant strain stocks were generated over the same TM3, Ser, 

P{Act-GFP, w
+
} balancer used in the first round. For both the first and second 

round of single male crosses, each individual male was collected after 6 days for 

genotyping. Genomic DNA was extracted from these males using 50 µL 

Squishing Buffer (10 mM Tris-Cl, 25 mM NaCl, 1 mM EDTA) and Proteinase K 

(0.2 mg/mL). These were incubated at 37°C for 30 minutes, and 95°C for 2 min to 

inactivate Proteinase K. Mutant alleles were confirmed in the males via PCR and 

gel electrophoresis. Deletion-flanking primers (all listed here in 5’ to 3’ 
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orientation) that were used to genotype the blm
N1

 allele: -164(F): 

TGAAGGGTGGACCGACGGTC; 4811(R): GCCAGAATATCCAAGCGGAC. 

Deletion-flanking primers used to genotype mus301
288A

: p
OUT

(F): 

CCGCGGCCGCGGACCACCTTATGTTATTTC; 3586(R): 

CATGTTCCAGGTACCACACG.  

 

Characterization of double mutant lethality phenotype and timing 

Fly heterozygote/homozygote counts for double mutant strains were made 

over a period of 7 days post enclosure. Counts (Table 2-1) were primarily made 

from bottles, but counts for bm-6 and bm-16 were made from multiple vials and 

summed. Values for percent homozygotes eclosing was calculated as follows: 

(total homozygotes/total flies eclosed)*100%. The homozygous viable strain 

produced homozygotes at Mendelian ratios (24.51%) (Table 2-1). Round two 

double mutant isolate counts for homozygous lethality/viability were made 

similarly, but in vials over a period of 10 days. All double mutant strains were 

generated and maintained over either a TM3, Ser, P{Act-GFP, w
+
} balancer, or, in 

the case of strain bm-16, a TM6B, P{Act-GFP, w
+
} balancer (Figure 2-6). With 

these balancers, larvae could be screened for presence or absence of GFP to 

identify heterozygotes (GFP
+
) and homozygotes (GFP

-
). For each round one 

double mutant strain, heterozygous siblings were crossed and set up in grape plate 

agar cages. Grape agar plates in these cages were changed out every 24 hours for 

3 days, for a total of 3 replicate grape agar plates for each strain. Larval and pupal 
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development was observed on grape agar plates over a period of 14 to 21 days, 

and observations were compiled to determine timing of lethality (Figure 2-3). For 

round two double mutant strains, lethality timing was confirmed as consistent 

with round one double mutant strains by making observations of grape agar plates 

and by observing GFP- pupae in vial under a fluorescent microscope. 

 

Genomic DNA Extraction from whole flies and larvae  

 For each blm
N1 

mus301
288A

 double mutant strain, heterozygous siblings 

were crossed and allowed to lay eggs on grape-juice agar plates for 24 hours. For 

each strain, 50 homozygous (GFP-) late second instar and third instar larvae were 

collected from grape-juice agar plates and rinsed with deionized water, then 

frozen down at -80°C. Larvae were homogenized in 600 µL DNA extraction lysis 

buffer (10mM Tris-HCl pH 8.0, 10 mM EDTA, 150 mM NaCl; plus addition of 

30 µL of 10 mg/mL Proteinase K, 60 µL of 10% SDS, and 20 µL of 10 mg/mL 

RNaseA) and incubated at 65°C for 1 hour and allowed to cool to room 

temperature. Phenol:chloroform:isoamyl alcohol (25:24:1) was added to the lysis 

mixture (1:1), left on a rocking platform for 15 minutes, and spun down for 15 

minutes at 14,000 at room temperature. This was repeated for one additional 

extraction with phenol:chloroform:isoamyl alcohol, after which a 1/5
th

 volume of 

8M potassium acetate was added. This was followed by one final extraction with 

chloroform. DNA was precipitated from the supernatant with isopropanol, and 

incubated at -80°C for 30 minutes. The pellet was rinsed with 70% ethanol and 
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allowed to dry for 5-10 minutes. Pellets were re-suspended in 50 µL pico pure 

water. Initial quality control (QC) of genomic DNA was assessed by Nanodrop 

spectrophotometry and gel electrophoresis. For increased accuracy, DNA, RNA, 

and Protein quantification was assed using Qubit spectrophotometry. Residual 

RNA was removed by treatment with 10 mg/mL RNaseA followed by incubation 

at 37°C for at least 30 minutes, followed by clean-up using a Macherey-Nagel 

NucleoSpin Gel and PCR Clean-up kit.  

 

 

 

Library Preparation and Illumina MiSeq WGS  

Genomic DNA passing QC was diluted to 2.5 ng/µL in 20 µL. DNA 

libraries for MiSeq WGS were prepared according to the Illumina Nextera 

protocol for 2x250 paired-end sequencing runs (Illumina Inc., 2016). The 

Advanced Analytical (AATI) Fragment Analyzer (DNF-474 High Sensitivity 

NGS Fragment Analysis Kit) was used to assess fragment size distribution of 

DNA libraries before sequencing (Advanced Analytical Technologies, 2017). 

Paired-end (2x300) sequencing was done on an Illumina MiSeq. Most runs were 

confined to 3-4 indexed genomes per flowcell lane in order to balance coverage 

and efficiency. All index (index adapter) sequences used were from the Nextera 
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kit, and sequence information can be found on the “Index Sequences” page of the 

Nextera Library Prep Reference Guide (Illumina Inc., 2016). 

 

WGS Data Analysis and filtration 

 Analysis via the Tufts University High Performance Compute Cluster 

(HPC): All WGS raw data was provided in the zipped (.gz) file format and 

transferred to the Tufts HPC using a free, open source file transfer program, 

FileZilla (https://filezilla-project.org/). We connected to the HPC remotely using 

another free, open source program: a SSH and Telnet client called PuTTY 

(http://www.putty.org/). The data manipulations described here were all 

accomplished via command line (Unix/Linux) and software modules available on 

the HPC network.  WGS raw read .gz files were loaded onto our lab’s personal 

HPC directory, and decompressed to the FASTQ file format. If applicable, 

FASTQ files for genomes with multiple runs’ worth of data (either from multiple 

full WGS runs, or from a WGS run and a QC run) were concatenated. For each 

genome, FASTQ files for paired end reads (format: genome1_R1.fastq, 

genome1_R2.fastq) were processed via a paired-end alignment script 

(pe_align.sh) designed to generate variant call format (VCF) data. The script 

employed the following software for data manipulation, in order: Bowtie2 

(alignments), SAMtools (quality filtration; SAM to binary format, BAM; sorting), 

Picard (remove PCR duplicates), SAMtools (index BAM files), GATK (create 

VCF from BAM). Finally, the script also selectively filtered final VCF output to 
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the third chromosome, and generated VCF files for the left arm, right arm, and 

entirety of that chromosome (format: genome1_3L.vcf, genome1_3R.vcf, 

genome1.vcf). The dm6 Drosophila melanogaster genome build was used as the 

reference genome for variant calling in the script. For generation of variant lists, 

the full chromosome VCF files were compared to each other using bedtools 

(version 2.26.0), which was included as a software module within the HPC. To 

overlap genomes (find similarities), we used bedtools-intersect. To subtract 

genomes (remove background), we used bedtools-subtract.  

 Post HPC Analyses and Filtration: After bedtools analysis, VCF files were 

downloaded via FileZilla, and were then annotated with the Ensembl Variant 

Effect Predictor (VEP) (http://www.ensembl.org/Tools/VEP) for D. melanogaster 

(BDGP6 genome assembly). Settings used were as follows (any settings not 

mentioned were not selected). Identifiers: Gene symbol, CCDS, Protein, Uniprot, 

HGVS, CSN
(p)

. Frequency data (find co-located known variants): Yes. 

Miscellaneous: Transcript biotype, Protein domains, Exon and intron numbers, 

Transcript support level, APPRIS, Identify canonical transcripts, 

Upstream/Downstream distance (bp) – 5000 bp. After obtaining results from 

VEP, annotated variant information was downloaded as a TXT file. Within VEP, 

we also filtered results down to a list of variants with high and moderate predicted 

impact, and downloaded this information as a separate TXT file. To visualize 

variant lists, TXT files were viewed, manipulated, and saved as MS Excel 

workbooks. Any exact duplicate rows were removed from these files, 

Subsequently Allele, Gene, Symbol, Amino Acid, and Codon were removed in 

http://www.ensembl.org/Tools/VEP
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order to create a list of unique variant hits. From this data, we generated gene lists 

from which to seek out interesting candidates for causative variants.  

 

VCF Recombination mapping and region-of-interest (ROI)-based genotyping 

 Single-genome third chromosome VCF files (genome1.vcf) generated 

from our script (pe_align.sh) were used for recombination mapping. In order to 

visualize the location of the crossover events that had occurred in each blm
N1 

mus301
288A

 double mutant strain, we used the Integrative Genomics Viewer 

(http://software.broadinstitute.org/software/igv/). Single genome VCF files for 

each double mutant strain were loaded into the IGV software individually. Each 

double mutant VCF file was viewed between the VCF files for the original blm
N1

 

and mus301
288A

 stock genomes. Crossover events were identified as the locations 

where the pattern of variant calls in the double mutant switched from resembling 

the pattern in blm
N1

 to resembling that of mus301
288A

, and vice versa. Resulting 

recombination maps from each individual genome were analyzed together in 

order to find a region where all lethal strain genomes were alike, yet also differed 

from the viable strain genome (Figure 2-5). This region became our region of 

interest (ROI) for potentially causative variants, and was used to narrow the post 

bedtools variant lists discussed previously.  

VRM data was also used to determine which of the 12 round two double 

mutant strains should be sequenced to refine the ROI. We genotyped each of these 

http://software.broadinstitute.org/software/igv/
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strains for a 39 bp indel near the left ROI boundary that was present in the blm
N1

 

sequence. We used PCR with indel-flanking primers to genotype the 12 round 

two double mutant strains as blm
N1

-like or mus301
288A

-like and selected only 

strains that genotyped as mus301
288A

-like (and therefore potentially ROI refining) 

for subsequent sequencing. 
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APPENDIX 

 

Initial analysis from round one double mutant strains identifies interesting 

dicistronic locus  

The original list of high impact variants from the initial analysis of WGS 

data is presented here. This analysis did not include the two double mutants (bm-

2-119 and bm-2-161 from the second round of crosses to obtain double mutants). 

One locus of particular interest from this initial analysis was CG42374/CG9666. 

Differential splicing of this dicistronic locus produces two protein products. 

Predicted model organism orthologs of CG9666 are conserved from C. elegans to 

humans, and CG9666 is predicted to have nucleic acid binding and 

methyltransferase activity (Gramates et al., 2017). Alternatively, CG42374 has 

predicted involvement in DNA repair, and has orthologs in model metazoans from 

zebrafish to humans (Gramates et al., 2017).  

The protein product has similarity to the sensor of ssDNA (SOSS) 

complex subunit C (SOSS-C). The SOSS complex can bind to ssDNA at the site 

of DNA DSB, and is likely to have an important role in repair and maintenance of 

genomic stability (Nam & Cortez, 2009). In human fibroblasts, the B component 
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of the heterotrimeric SOSS complex, hSSB1, was recruited to the sites of IR-

induced DSBs, colocalizing with γ-H2AX (Richard et al., 2008). Finally, two 

more recent studies demonstrated that the SOSS complex could cooperate with 

Exo1 to promote end resection of dsDNA, and that hSSB1 interacted with 

BLM, both before the induction of ionizing radiation, and again 2-3 hours post-

treatment (Croft et al., 2017; Yang et al., 2012). Together, these studies 

implicated CG42374 as a high priority locus. The variant called in 

CG42374/CG966—which bedtools analysis assigns as present in all lethal 

isolates and the blm
N1

 stock, but not in the bm-14 viable strain or the 

mus301
288A

 stock—is a unique splice donor variant that eliminates the 

conserved GT splice site. The location of this variant has the potential to  alter 

the splicing of both CG42374 and CG9666. The WGS data for bm-2-119 and 

bm-2-161 removed this variant from consideration. Its cytogenic map location 

at 76A3 was no longer a part of the region of interest once the left arm 

boundary for was pushed inward to 78C9 by VCF recombination mapping 

analysis of bm-2-119. However, while no longer in consideration as causative 

in the context of the work described here, this may still be an interesting locus, 

and variant, to investigate further in the context of DNA repair and genomic 

integrity. 

 

Loci with variants of moderate predicted-impact within the refined ROI 
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 validation efforts have yet to take place, many of the genes containing 

variants of moderate predicted impact may also have to be considered 

downstream, depending on the results of validation efforts with the high-predicted 

impact variants. In order to account for this possibility, I have included a full list 

of the genes containing variants with moderate predicted impact below. As with 

any candidate variant, before any of the variants in the genes in this list are 

considered, sequencing alignments must also be viewed to filter out low quality 

calls and false positives from consideration. An example of this was described in 

Chapter 3 for the variant in Claspin (false positive) and the variant in lodestar 

(confirmed variant candidate).  

 

Table A-2-1. List of genes in refined ROI with high and moderate impact variants 

Gene symbol  Gene symbol  Gene symbol  Gene symbol  Gene symbol 

Ac78C CG7133 CG11248 CG42337 MAGE 

alpha-Est10 CG7148 CG11737 CG42564 mRpL1 

alpha-Est4 CG7173 CG11762 CG43060 Neu2 

alpha-Est5 CG7407 CG14463 CG43061 Nlg1 

alpha-Est8 CG7414 CG14562 CG43254 Nopp140 

Als2 CG7443 CG14563 CG43618 nxf4 

Ama CG7448 CG14564 CG45263 Or83c 

bel CG7519 CG14569 CG46026 Or85a 

Ccp84Ad CG7878 CG14570 CheA84a Or85c 

Ccp84Ag CG7900 CG14572 CR45951 Or85d 

CD98hc CG8145 CG14573 Cyp313b1 Or85e 

Cdk12 CG8159 CG14598 djl Osi1 

Cenp-C CG8202 CG14608 DNApol-eta Osi17 

CG1041 CG8223 CG15186 DNApol-iota p 

CG1091 CG9626 CG17816 Dpck pb 

CG1104 CG9630 CG18249 eg pch2 

CG1227 CG9684 CG31259 Eip78C ppk5 

CG1288 CG9773 CG31463 Est-Q puc 

CG1979 CG10032 CG31482 gfzf pyd 

CG1988 CG10055 CG31496 Glg1 RacGAP84C 

CG2616 CG10092 CG31544 gpp rn 

CG2678 CG10286 CG31560 Hr78 RpA-70 

CG2698 CG10445 CG32436 Ilk S1P 
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Cells shown in orange represent genes containing variants of high predicted impact. Some genes 

containing high impact variants also contain moderate impact variants. The full name of lodestar 

is given (symbol: lds), as it is discussed in Chapter 3. 

 

 

Chapter 3 

 

WGS and bioinformatics identify causative variant 

candidates for MMS hypersensitivity in mutants 

obtained via EMS-mutagenesis of Rev1-ΔCTD 

Drosophila melanogaster 

 

 

Contributions to this work: 

EMS mutagenesis and generation of mutant stocks: Varandt Khodaverdian, 

Hannah Slutsky, Natalie Danziger 

Characterization and confirmation of MMS-hypersensitive mutants: Tokio 

Sano, Sarah Shnayder, Jake Cosgrove  

Complementation testing: Tokio Sano, Sarah Shnayder, Jake Cosgrove 

 

  

 

 

CG2747 CG10512 CG33288 Ir84a sas 

CG2767 CG10566 CG33290 lab Syt4 

CG2943 CG10581 CG34023 lap unc-45 

CG3014 CG10585 CG34127 lds (lodestar) wa-cup 

CG5656 CG11035 CG34384 mAChR-B 
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ABSTRACT 

 DNA Damage Tolerance (DDT) is a set of mechanisms that allows cells to 

synthesize past DNA lesions during replication, and thereby prevents the more 

detrimental impacts of the lesion, such as fork stalling or collapse. DDT is 

proposed to branch off into two main sub-pathways: a pathway dependent on 

specialized error-prone polymerases, called trans-lesion synthesis (TLS), and 

another recombination-based pathway called template-switching (TS). While 

some of the main TLS polymerases and the TLS mechanisms of repair have been 

well-characterized, the TS pathway remains poorly understood in comparison. In 

Drosophila melanogaster, we have previously gathered evidence that the 

translesion polymerase and scaffolding protein Rev1 is essential to both TLS and 

TS, and that loss of its C-terminal domain (CTD) removes its ability to recruit 

TLS polymerases such as Polζ. Therefore, without access to TLS, Rev1-∆CTD 

flies should depend on TS to achieve DDT. In order to gain a deeper 

understanding of REV1 in DDT pathway choice in a model metazoan, and to 

identify other proteins important to TS in an unbiased manner, we conducted an 

ethyl-methane sulfonate (EMS)-mutagenesis screen in Rev1-∆CTD background in 
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D. melanogaster. From this screen, we obtained 23 mutant strains that showed 

hyper-sensitivity to the alkylating agent methyl-methane sulfonate (MMS). Here, 

we discuss the WGS analysis of 3 of these mutants: one set of 2 non-

complementing mutants (148 and 157), as well as one individual mutant (1396). 

We demonstrate that the application of a single bioinformatics and data analysis 

pipeline to each of these WGS data sets is sufficient to identify candidates for 

causative variants in each. In the non-complementing set, we identified a single 

gene, polybromo, with unique high-impact variants in each of the non-

complementing mutants. In the single mutant, we identified an interesting 

candidate, lodestar, which also had a unique variant, and shows conservation with 

human HLTF. Further validation of these genes as causative could provide 

valuable, novel insight into the mechanisms and proteins involved in the TS sub-

pathway of DDT. 

 

INTRODUCTION 

Rev1 and DNA Damage Tolerance (DDT) in eukaryotes 

During an organism’s development, growth and differentiation depend on 

periods of increased cell proliferation. This process depends upon the fidelity and 

efficiency of DNA replication in order for genetic information to be copied and 

distributed to new cells in a timely and accurate manner. During normal, 

uninhibited eukaryotic replication, highly processive error-free polymerases Pol δ 
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and Pol ε are responsible for synthesizing the nascent DNA strands in a 5’ to 3’ 

direction, both continuously along the leading strand (Pol ε) and discontinuously 

along the lagging strand (Pol δ) of the replication fork (Burgers & Kunkel, 2017). 

These polymerases belong to a group called the B-family, which also includes the 

primase Pol α and, due to structural similarities, the trans-lesion synthesis 

polymerase Pol ζ. In order to lend specificity and processivity to the replication 

process, the active sites of the main replicative polymerases are smaller and 

highly specific. However, this same property of error-free replicative polymerases 

is what tends to prevent them from bypassing lesions that arise during replication. 

Failure to bypass lesions to the DNA can cause the stalling or collapse of the 

replication fork. This can then result in the creation of double strand breaks, and 

during these periods of frequent cell division, the repair machinery necessary to 

repair these double strand breaks may not be able to keep up. Postponing repair of 

these lesions in favor of error-prone bypass maintains replication fork 

progression, and thereby avoids increased the danger for potential collapse. This 

may actually be the safer option for the cell when the level of DNA damage 

overwhelms the repair machinery. To avoid the cascade of detrimental events that 

can occur when the replication machinery is faced with a lesion, cells can employ 

the DNA Damage Tolerance (DDT) pathway to accomplish bypass. 

DDT depends on a suite of specialized DNA polymerases, collectively 

referred to as trans-lesion synthesis (TLS) polymerases, whose main role is to 

synthesize past various types of DNA lesions. Unlike the replicative polymerases, 

the TLS polymerases have low-fidelity, low-processivity, and wider, more 
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flexible active sites (Vaisman & Woodgate, 2017). These characteristics allow 

TLS polymerases to accommodate damaged bases in their active sites. Many of 

them have evolved to recognize certain types of damaged bases, and to 

incorporate certain bases across from the damage. They also lack the 3’ to 5’ 

proofreading activity of processive, high-fidelity polymerases. Their low 

processivity allows them to dissociate from the template once lesion bypass is 

complete, after which the normal replisome can be reconstituted, and processive 

synthesis can continue (Ghosal & Chen, 2013). Having a variety of TLS 

polymerases at their disposal allows eukaryotic cells to be prepared to survive 

even extensive levels of damage during replication.  

The main TLS polymerases are the Y-family polymerases and the B-

family polymerase Pol ζ. Although Pol ζ falls within the family which contains 

the high-fidelity replicative polymerases Pol δ, Pol ε, and Pol α, as a TLS 

polymerase it lacks their processivity and proofreading capability (Chun & Jin, 

2010). One of the main methods of control thought to initiate recruitment of TLS 

polymerases in response to damage is the ubiquitination of the proliferating cell 

nuclear antigen (PCNA) sliding clamp. Within the replisome, PCNA is a trimeric 

ring-shaped complex which clamps around dsDNA and associates with 

polymerases such as Pol δ and Pol ε to maintain their processivity as they 

translocate along with the replication fork (Sale, Lehmann, & Woodgate, 2012). 

PCNA was first identified as a target of ubiquitination in the context of DDT in 

yeast (Hoege, Pfander, Moldovan, Pyrowolakis, & Jentsch, 2002; Ulrich, 2009). 

The same study also demonstrated that PCNA could direct DDT toward either 
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error-prone or error-free repair by being either be mono-ubiquitinated by the 

RAD6-RAD18 complex or polyubiquitinated by the UBC13-MMS2-RAD5 

complex, respectively. These complexes which direct ubiquitination are each 

made up of a combination of ubiquitin ligases (RAD18, RAD5) and ubiquitin-

conjugating enzymes (RAD 6, UCB13-MMS2) (Hoege et al., 2002). All 

ubiquitination was observed after the application of sub-lethal levels of DNA 

damage. Not long after these results were published, two human functional 

homologs of yeast Rad5 were identified: SNF2 histone-linker PHD RING 

helicase (SHPRH) and helicase-like transcription factor (HLTF) (Unk et al., 2006, 

2008). All of the TLS polymerases have been shown to possess ubiquitin-binding 

motifs which increased their affinity for ubiquitinated PCNA (Sale et al., 2012). 

All of this evidence made it clear that this mechanism of DDT control was highly 

conserved in eukaryotes. 

While modification of PCNA seems to be an important component to 

control of DDT, other proteins are likely to help coordinate the process. In this 

aspect, REV1 is particularly interesting among its Y-family peers. REV1 is highly 

conserved in eukaryotes, but the sum of its roles in DDT remains unclear. The 

polymerase activity of REV1 is limited to inserting dCMP nucleotides across 

from normal Gs, adducted-Gs, and abasic sites (Waters et al., 2009). However, 

mounting evidence supports that Rev1’s most important roles are in scaffolding, 

recruitment, and ultimately pathway choice between TLS and TS. Evidence in 

mammals and other eukaryotes has demonstrated that REV1 is able to interact 

with all of the other TLS polymerases, specifically through interactions at its CTD 
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(D’Souza & Walker, 2006; Guo et al., 2003; Kosarek et al., 2008; Tissier et al., 

2004).  Furthermore, a recent study done in a human U2OS cell line demonstrated 

that REV1 could stimulate the mono-ubiquitination of PCNA in a mechanism 

dependent on ubiquitinated RAD18 (Wang et al., 2016). This effect was persistent 

after DNA damage by UV, mitomycin-C, and hydoxyurea (HU), but not the 

alkylating agent MMS. In another study in U2OS cells, treatment with MMS led 

to de-ubiquitination of RAD18.  De-ubiquitination of RAD18 had been shown to 

induce an interaction with SHPRH, potentially in an effort to shunt DDT away 

from TLS and toward a less error prone pathway—presumably TS (Wang et al., 

2016; Zeman, Lin, Freire, & Cimprich, 2014). Together, these studies provided 

evidence for unique aspects of REV1: first, that it could not only respond to 

modifications of PCNA, but could also prompt them. Second, that—aside from its 

role in TLS—Rev1 might play a role in redirecting DDT toward TS in certain 

contexts.  

 Recent work has investigated the clinical implications of research on TLS 

polymerases. Specifically, one study showed that single nucleotide 

polymorphisms in REV1 and REV3L, the catalytic subunit of Pol ζ, resulted in 

decreased rates of survival in osteosarcoma patients taking cisplatin-based 

chemotherapeutics, which target rapidly dividing cancer cells by causing 

interstrand-crosslink (ICL) damage (Goričar et al., 2015). Survival rates were 

lower in patients with SNPs in both REV1 and REV3L. This argued for the 

importance of REV1 as a potential target for research and cancer therapeutics.  
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How Rev1 mediates or is involved in TS remains to be clarified, and 

considering that most of the work on Rev1 in DDT has been done in yeast and 

mammalian cell lines, clarifications in intact multicellular organisms are lacking. 

To address these gaps, D. melanogaster provides an ideal model. Prior work in 

our lab used a DmRev1 complete deletion mutant and a mutant lacking the CTD 

to characterize sensitivity to DNA damaging agents (Khodaverdian et al., in 

preparation). This work demonstrated that rev1 mutants were hypersensitive to 

MMS, showing low relative homozygote survival at doses as low as 0.0025% 

(v/v). This result indicated that DmRev1 was essential to repair of alkylating 

damage. Surprisingly, a Rev1-ΔCTD mutant only became sensitive at a dose of 

0.03% MMS (v/v). This level of sensitivity was nearly identical to that of a rev3 

knockout, which eliminates the catalytic subunit of Pol ζ. In yeast, the UV 

sensitivity phenotypes of REV1 mutants were found to resemble those of REV3 

mutants (Lemontt, 1971). The large size of the REV3 protein in mammals had 

made comparisons of a similar nature difficult in these systems, but knocking out 

REV3 resulted in embryonic lethality in mice, while REV1 knockouts were viable 

(Jansen, Tsaalbi-Shtylik, & de Wind, 2015). Our data in D. melanogaster 

indicated a role for DmRev1 outside TLS, independent from its ability to recruit 

TLS polymerases (Figure 3-1).  Interestingly, although the same work from our 

lab also demonstrated that rev1 mutants were not sensitive to mutagens that 

induced DSBs, we also showed that a rev3 brca2 double mutant was as sensitive 

to MMS as the rev1 mutant. This suggests that in DDT, when TLS is not an 

option, homologous recombination is used in an alternative bypass process. This 
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work laid the foundation for an investigation into this poorly understood branch of 

DDT. 

 

 

Figure 3-1. Proposed roles of Rev1 in DDT. The pathway above represents DDT occurring after 

a replication fork encounters a lesion. Bypass of the lesion is accomplished either by TLS, shown 

on the left, or by TS, shown on the right. When TLS is compromised, we expect DDT to shunt 

toward TS. The result of a template switch in the TS pathway could be either a fork reversal event 

or a recombination mediated event. Both can achieve lesion bypass. Our results indicate an 

essential role for DmRev1 outside of TLS, and independent of its ability to recruit other TLS 

polymerases via interactions with its C-terminal domain. The TS pathway may depend on the 

poly-ubiquitination of PCNA (shown as a blue ring with ubiquitin represented by small brown 

circles), and may also be coordinated by the association of DmRev1 with Rad5-like ubiquitin-

ligases, like SHPRH or HLTF. 

 

Modifications on a traditional EMS mutagenesis genetic screen allow 

specification and faster candidate identification and filtration 
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In order to discover other uncharacterized proteins which may be involved 

in DmRev1’s role in the TLS-independent and recombination-mediated TS 

pathway, we employed a modified version of an EMS mutagenesis screen, and 

focused our analysis on the third chromosome, where the rev1 gene is located. In 

D. melanogaster, the EMS screen is a classic approach that allows for the 

unbiased generation of genome wide variation. EMS has been primarily shown to 

preferentially ethylate the N-7 of guanine, but is capable of creating multiple 

types of transitions, transversions, and, occasionally, even small deletions 

(Pastink, Heemskerk, Nivard, van Vliet, & Vogel, 1991; Sega, 1984). In order to 

target genes potentially involved in the TS pathway of DDT, we made a novel 

modification to the traditional EMS mutagenesis screen by conducting it in a 

TLS-deficient background. We accomplished this by using our Rev1-ΔCTD stock. 

By screening for mutants that displayed MMS hypersensitivity phenotypes, we 

could selectively discover mutations that may have compromised genes in the TS 

pathway. Examples of potentially affected genes might be the fly homologs of 

SHPRH or HLTF (Figure 1). Recent studies in yeast have shown that Rev1 

associates with Rad5 through an interaction at its C-terminal domain (Kuang et 

al., 2013; Xu et al., 2016). In D. melanogaster, we have previously shown that 

putative yeast Rad5/human SHPRH ortholog CG7376, while not sensitive to 

MMS, became hypersensitive when combined with the Rev1-ΔCTD allele in a 

double mutant (Schmidt, 2016). A functional ortholog for HLTF has not yet been 

characterized in D. melanogaster, although conservation-based orthology 

predictions identify the gene lodestar as a potential ortholog. Finally, addition to 
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genes potentially involved in TS, our screen might identify genes acting upstream 

of DDT, which could be involved in signaling.  

The screen produced 23 MMS-hypersensitive mutants as candidates, and 

our next task was to identify the variants causing the sensitivity phenotype in 

each. The first of these results are presented here. Following the recent example 

of several other groups (Blumenstiel et al., 2009; Gerhold et al., 2011; Gonzalez 

et al., 2012; Haelterman et al., 2014; Lee et al., 2016), we used WGS to eliminate 

the traditional genetic mapping bottleneck that normally impedes the downstream 

analysis of mutant candidates and the identification of causative variants.  

 

RESULTS 

EMS-generated mutants selected for analysis 

 Twenty-three mutant strains displaying an MMS-hypersensitive phenotype 

were obtained from an EMS-mutagenesis screen, as described above. The screen 

was targeted to the third chromosome, and mutants were generated over a TM3, 

Ser, P{Act-GFP, w
+
} balancer. Sensitivity of mutants to MMS was determined by 

measuring the relative percent survival of homozygotes (phenotype: w
-
). Relative 

survival ratios were calculated by comparing the percent survival of homozygotes 

in a treatment condition (0.01% or 0.03% v/v MMS treatment) to the percent 

survival of homozygotes in a control condition (water treatment). The dosages 

tested were based on the pre-determined sensitivity of the rev1 mutants at 0.01% 
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MMS and the Rev1-ΔCTD mutants at 0.03% MMS, as discussed previously. 

Given the context of a Rev1-ΔCTD background, we predicted that mutants 

displaying sensitivity at 0.01% MMS (hypersensitivity) might indicate genes 

compromising the TS pathway.  

After hypersensitive mutants were identified, we used complementation 

testing to determine if any of these mutants were in the same complementation 

group. Placement of any number of mutants into a complementation group would 

indicate that these mutants contained separate mutations in the same gene. This is 

based on the assumption that two mutants with recessive mutations in different 

genes, when crossed together, should complement. In other words, they should be 

able to produce viable, transheterozygous progeny that are not sensitive to MMS. 

Alternatively, mutants that do no complement should produce transheterozygous 

progeny that are sensitive to MMS. Mutants from the latter category were 

categorized as belonging to a complementation group. While the possibility exists 

for complementation testing to falsely assign nearby mutations to the same gene, 

as discussed in Hawley & Gilliland, 2006, we were prepared to account for this 

experimental assumption with the availability of WGS data for each mutant.  

 

Mutant / cross 
Hom./transhet. relative survival 

indicated  sensitivity to 0.01% MMS? 

Mutant 148   (hypersensitive) 

Mutant 157  (hypersensitive) 
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Table 3-1. MMS sensitivity of mutants analyzed in this study 

*Maternally inherited third chromosome genotype listed first 

 

Any mutant strains showing non-complementation upon being crossed were 

subjected to a reciprocal male/female cross. This allowed us to rule out sex-linked 

effects in non-complementing crosses. We found two mutants, 148 and 157, 

which failed to complement and prepared them for WGS (Table 3-1). In order to 

maximize the efficiency of the sequencing run, while still allowing for relatively 

high coverage per genome, we also chose to include another mutant, 1396, which 

complements with the 148/157 complementation group. Like 148 and 157, the 

1396 mutant also displayed sensitivity to MMS at 0.01% (Table 3-1). 

Additionally, because we do not expect the causative locus in 148/157 to be the 

same as that in 1396, sequencing all three genomes allowed us to build in another 

set of background variants that could be removed in downstream analysis 

(discussed below). 

 

WGS and data analysis pipeline effectively identifies candidate causative 

variants in non-complementing mutants 148 and 157 

148*/157 transhet. (complementation test)  (hypersensitive) 

157*/148 transhet. (complementation test)  (hypersensitive) 

Mutant 1396  (hypersensitive) 

1396*/157 transhet. (complementation test) X (not sensitive) 
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Genomic DNA was isolated from either homozygous adult male flies (for 

isogenized Rev1-ΔCTD stock) or from larvae (for mutants) using a phenol-

chloroform extraction. The Rev1-ΔCTD stock was isogenized before being 

mutagenized in order to provide a consistent reference genome for downstream 

sequencing analysis. DNA library preparation from genomic DNA relies on clean, 

high-quality genomic DNA, and so we validated genomic DNA by gel 

electrophoresis, Nanodrop, and finally by DNA, RNA, and Protein Qubit. Any 

genomic preps with contaminating RNA were treated with RNaseA and column 

purified. We then used the Illumina Nextera kit to create DNA libraries. We 

checked the library fragment size distribution using an Advanced Analytics 

Fragment Analyzer. Illumina MiSeq was used to sequence all genomic preps 

using 2x300 paired-end sequencing runs. Raw sequencing output from WGS was 

put through a bioinformatics pipeline (pe_align.sh) to generate third chromosome 

variant calls for each genome in the form of VCF files. Variant calls were made 

by comparison to the most recent build of the Drosophila melanogaster genome: 

dm6 (Dos Santos et al., 2015). To remove background variants in the mutant 

genomes that were also present in both the Rev1-ΔCTD stock, and would 

therefore not be responsible for MMS hypersensitivity, we used a program called 

bedtools. The bedtools software allowed us to intersect or subtract VCF datasets 

from each other. We then used information about our complementation group to 

remove additional background present in mutants shown to complement, such that 

VCF data for 1396 were subtracted from VCF data for 148 and from VCF data for 

157. Similarly, VCF data for 148 and 157 were subtracted from VCF data for 
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1396. The resultant post-bedtools VCF files for all analyses were annotated using 

the Ebsembl Variant Effect Predictor (VEP). For each data set analyzed, we saved 

both a full variant list, and a list containing only variants of high or moderate 

predicted impact. All annotated variant lists from VEP were downloaded and 

filtered for unique variant changes by simultaneously removing rows with 

duplicates in all of the following VEP fields: Allele, Symbol, Gene, Amino Acid, 

and Codon. The resultant VEP-generated variant lists are summarized in Table 3-

2. On average, only 2.9 % of genes containing variants had variants with a high or 

moderate predicted impact. For the non-complementing mutants, we directly 

compared the list of 45 genes in 148 with the list of 53 genes in 157 to find 

overlaps. This comparison generated a list of just 7 genes that contained moderate 

to high impact variants in both mutants.  

 

Table 3-2. WGS variant data for mutants analyzed in this study 

 

 

We then went back to the variant list to view the variant calls at these loci 

in each non-complementing mutant strain. We discovered that only one of these 

genes, polybromo, had unique variants of high predicted impact in 148 and 157, 

Data Set 

Analyzed 

Total  

Variants 

Total 

Genes 

Genes with HIGH - 

MOD. Predicted 

Impact Variants 

Genes with HIGH - MOD. 

Impact, in list for both non-

complementing strains 

Mutant 148  3,339 1,591 45 
7 

Mutant 157 3,962 1,666 53 

Mutant 1396 2,653 1,338 37 N/A 
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as well as an additional, unique missense variant in 157 (Table 3-3). The variant 

calls in polybromo were validated by viewing the sequencing alignments in the 

Integrative Genomics Viewer (IGV). Alignments at this locus in 148 and 157 both 

had high coverage and demonstrated the confidence of the variant calls. 

 

 

Table 3-3. Variants present in candidate gene polybromo in mutants 148 and 157 

Gene affected Variant in 148 Variants in 157 

polybromo 

HIGH impact – Allele: A 

(gained stop codon, exon 4/4, 

Q/STOP amino acid change) 

HIGH impact – Allele: T (splice 

acceptor variant, intron 2/3) 

MODERATE impact – Allele: T 

(missense variant, exon 2/4, G/E 

amino acid change) 

 

This analysis identified the variants in polybromo as a high priority candidates for 

validation in mutants 148 and 157. However, other variants in the list of genes 

affected in 148 and 157 may also need to be considered if the variants in 

polybromo cannot be confirmed as responsible for the MMS hypersensitivity 

phenotype in these mutants (see Table A-3-1 in Appendix for a list of the 7 genes 

containing variants of high or moderate predicted impact in mutants 148 and 157). 

 

 

WGS and data analysis pipeline effectively identifies several strong candidate 

genes in single MMS hypersensitive mutant 1396 
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 After demonstrating the utility of this WGS framework to identify a strong 

candidate for a causal gene in two non-complementing MMS hypersensitive 

mutants from our EMS mutagenesis screen, we also wanted to analyze the list of 

genes present in our single mutant, 1396. In this case, we started with a larger list 

of genes in consideration: 37 total (of which 13 had only high predicted impact 

variants, 22 had only moderate predicted impact variants, and 2 had both types). 

We identified two particularly interesting genes within this list, Claspin and 

lodestar. Claspin/CLSPN is a nuclear protein involved in the ATR-Chk1 

checkpoint, and is highly conserved in multicellular eukaryotes (Gramates et al., 

2017). Lodestar is a SNF2 family helicase-like protein which has been shown to 

be involved in the organization and segregation of chromatin in D. melanogaster, 

but orthology predictions identify it as a possible ortholog of yeast Rad5 and 

human HLTF (Gramates et al., 2017; Szalontai et al., 2009). Therefore, Claspin 

and lodestar stood out due to their potential to influence the DDT pathway, and 

they contain strong candidates for causative variants in 1396 (Table 3-4). The 

variant calls in Claspin and lodestar were validated by viewing the sequencing 

alignments in the Integrative Genomics Viewer (IGV). Alignments at the Claspin 

locus revealed that the relevant variant was actually in an area of very low 

coverage. At this position, GATK called a T missense variant in 1396, but did not 

call any variant in the Rev1-ΔCTD genome. The VCF files for 1396 and Rev1-

ΔCTD therefore differed at this position, allowing the variant to come through as 

a candidate in our bedtools-generated list. However, upon viewing the 1396 and 

Rev1-ΔCTD alignments side by side, it was clear that the few reads present at this 
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location in the Rev1-ΔCTD did actually show the same T variant, despite the fact 

that it was missed by GATK. These observations indicated that this variant was 

actually a false positive, and underlined the importance of viewing alignments in 

choosing causative variant candidates. Alignments at the variant locus of interest 

in lodestar showed high quality coverage, and indicated that the variant call 

represented a true candidate for a causative variant.  

 

Table 3-4. Variants present in candidate genes Claspin and lodestar in mutant 1396 

Gene affected Variant in 1396 Confirmed by alignments? 

Claspin 

MODERATE impact – Allele: T 

(missense variant, exon 1/7, 

K/M amino acid change) 

NO 

lodestar 

HIGH impact – Allele: T 

(gained stop codon, exon 2/5, 

Q/STOP amino acid change) 

YES 

 

This analysis identified the variant in lodestar as a high priority candidate 

for validation in mutant 1396. However, other genes in the list generated for 1396 

may also need to be considered if the variant in lodestar cannot be confirmed as 

responsible for the MMS hypersensitivity phenotype in this mutant (see Table A-

3-2 in Appendix for a list of all genes containing variants of high or moderate 

predicted impact in mutant 1396). 
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DISCUSSION 

 The highly conserved DDT pathway is crucial to the maintenance of 

genomes during periods of development when DNA synthesis demands are high. 

DDT allows the cells to bypass the lesions that threaten to cause fork collapse and 

stalling in favor of later repair by mechanisms such a base excision or nucleotide 

excision repair (BER or NER). While this makes DDT a mutagenic process, it 

also saves the cell from far more detrimental consequences such as DSBs, 

chromosomal fragility, and eventually, possible cell death. The DDT pathway 

consists of two main sub-pathways for bypass: TLS and TS. We have previously 

shown that one TLS polymerase, Rev1, is essential to both in D. melanogaster 

(Figure 3-1). The role of REV1 in the TLS pathway is well characterized, and 

depends on its ability to recruit other TLS polymerases that specialize in 

synthesizing across from and past lesions. Previous studies in our lab 

demonstrated that DmRev1 had a role in DDT that was independent of its ability 

to recruit TLS polymerases. This implicated Rev1 in TS, and potentially in 

coordinating DDT pathway choice. We modified a traditional EMS mutagenesis 

screen by conducting it in an isogenized Rev1-ΔCTD background to focus on third 

chromosome mutations that might compromise the TS pathway. The mutants 

from the screen showing hypersensitivity to MMS represented mutations that 

could have compromised genes involved in TS. Here, we have presented the 

application of a WGS and bioinformatics analysis pipeline to multiple mutants 

obtained from the screen, and identify strong third chromosome candidate genes 

with potentially causative variants. We demonstrated that this pipeline is 
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sufficient to generate manageable candidate lists from the two different types of 

data sets tested. The availability of complementing mutants within a group does 

seem to increase the power of the analysis, but the list generated for the single 

mutant was still manageable in size. Most importantly, if validated, either of the 

two candidates we have presented here will expand our current understanding of 

mechanisms and control of TS in D. melanogaster DDT. 

We first applied our analysis to identify candidates for causative variants 

in a set of non-complementing mutant strains, 148 and 157, and identified 

polybromo as our top candidate (Table 3-2, 3-3). This gene is highly conserved in 

eukaryotes, and in D. melanogaster, polybromo is thought to be involved in 

chromatin remodeling as part of the SWI/SNF-like brama complex (Gramates et 

al., 2017; Vorobyeva, Mazina, & Doronin, 2013). Studies have shown that 

polybromo is important to eggshell development in ovarian follicle cells (Carrera 

et al., 2008; Gramates et al., 2017). We decided to take the first steps toward 

validating our variants in polybromo as causative by screening for the same 

eggshell defects in 148 and 157 that were observed in the D. melanogaster 

polybromo mutants from the 2008 study. Preliminary data has not shown eggshell 

defects in our screen of 148/157 transheterozygous embryos. However, it is still 

possible that the variants we identified in polybromo are responsible for MMS 

sensitivity in 148 and 157. In other words, the variants in these mutant strains may 

compromise polybromo in DDT, but not in eggshell and chorion development 

(discussed further below). In either scenario, further validation will be necessary 

to confirm that polybromo is in fact responsible for the MMS hypersensitivity in 
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148 and 157. For example, if we can express a transgenic copy of polybromo in 

each mutant and rescue MMS hypersensitivity, this will provide further 

confidence in validation. We have also begun validation of our polybromo 

variants by Sanger sequencing, and thus far have successfully validated both 

mutants in strain 157. 

Evidence supports a connection between chromatin remodeling and DDT. 

Chromatin remodelers are involved in the ATP-dependent positioning of 

nucleosomes to allow access to DNA by replication, transcription, and repair 

machinery (Saha, Wittmeyer, & Cairns, 2006). In addition, they are responsible 

for the normal progression of DNA replication forks and for their progression 

during times of replication stress (Vincent, Kwong, & Tsukiyama, 2008). Studies 

in yeast have implicated chromatin remodelers in modifying PCNA and recruiting 

repair proteins to sites of DNA damage (Downs et al., 2004; Falbo et al., 2009). 

The later of these two studies implicated the yeast INO80 chromatin remodeler in 

DDT specifically. An ino80 mutant showed hypersensitivity to MMS, increased 

accumulation of γ-H2AX after progression through S-phase, reduced PCNA 

ubiquitination, and demonstrated a failure to recruit RAD18. Perhaps their most 

interesting result was that ino80 mutants failed to recruit Rad51 to replication 

forks, a process normally in place to ensure that recombination-mediated repair is 

available in the case of blocked replication (Falbo et al., 2009).  The clinical 

significance of Polybromo-1 was highlighted by another study which showed that 

mutations in PBRM1 were found in 41% (92 out of 227) clear cell renal cell 

carcinoma ccRCC specimens (Varela et al., 2011). Perhaps the most implications 
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to our work are underlined by more recent work in human cells, which 

demonstrated that Polybromo-1 (PBRM1/BAF180) played a role in the 

ubiquitination of PCNA after treatment with both UV and hydroxyurea (HU), and 

that this particular role was independent of the ATPase activity used to position 

nucleosomes (Niimi, Hopkins, Downs, & Masutani, 2015). This study also 

demonstrated that, after UV damage, a mutant construct containing only the 

bromo-adjacent homology (BAH) domains was sufficient to induce PCNA 

ubiquitination, despite the fact that this mutant could not be assembled into 

PBAF, a SWI/SNF family chromatin remodeling complex. Taken together, these 

experiments suggest that the PCNA ubiquitination activity of Polybromo-1 is 

independent of its ATPase-dependent chromatin remodeling activity.   

 

 

 

Figure 3-2. Variant locations within DmPolybromo in 148 and 157. The NCBI conserved 

domain search tool was used to create this figure, which shows conserved bromodomains, Bromo-

Adjacent Homology (BAH) domains, and the High Mobility Group (HMG) domain in 

DmPolybromo. The variants from mutants 148 and 157 are shown by colored arrowheads. Variant 

Formatted: Indent: First line:  0"



113 

 

descriptions are in bold, followed by the strain in parentheses. Protein positions are indicated. Red 

arrowheads represent variants of high predicted impact. The yellow arrowhead represents a variant 

of moderate predicted impact.  

 

These findings in human cell lines concerning the BAH domains of 

Polybromo-1 lend support to the observations we have made in mutants 148 and 

157. Because the high impact splice acceptor variant in 157 is positioned 

immediately upstream of the BAH domains, it is possible that the PCNA 

ubiquitination activity is removed, but the N-terminal end of the protein, and thus 

its bromodomains, remain unaffected (Figure 3-2). Of course, this would also 

rely on the assumption that the missense variant also present in strain 157 does 

not  compromise the function of the third bromodomain in which it is located. 

However, even if it does, it is possible that this change is not detrimental, or that 

the other bromodomains can compensate. In fact, one recent study in human cell 

lines demonstrated that the third bromodomain may not be as important to the 

chromatin remodeling function of Polybromo-1 as the others (Porter & 

Dykhuizen, 2017). Because the gained stop codon in strain 148 is located at the 

far C-terminal end of the protein, it is difficult to predict what effect this variant 

would have on DmPolybromo function (Figure 3-2). However, because 148 and 

157 fail to complement, it remains possible that this variant has a detrimental 

effect. Thus far, the most well-studied polybromo mutant allele studied in D. 

melanogaster is a complete protein null; female flies with this allele were sterile, 

producing inviable eggs with irregular chorion, as described previously (Carrera 
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et al., 2008; He et al., 2014). Taken together, this argues for the variants we have 

isolated in polybromo to be very functionally different alleles of the gene.  

Identifying polybromo as an interacting protein in the control or 

mechanism of TS in D. melanogaster would provide novel insight. The combined 

information from work in human cell lines and in flies argues for our variants as 

alleles of polybromo that may only affect its role in PCNA ubiquitination. 

Extensive work has demonstrated that PCNA ubiquitination is central to DDT 

pathway choice. It is possible that in D. melanogaster replication, polybromo 

could be essential to ubiquitination of PCNA after MMS induced damage. If 

polybromo can initiate poly-ubiquitination of PCNA specifically, this would allow 

for lesion bypass by a Rad51-mediated TS type of mechanism in a TLS-deficient 

context (Rev1-ΔCTD mutant background). 

The same analysis applied to non-complementing mutants 148 and 157 

was also applied to a single MMS hypersensitive mutant: 1396. While the final 

list of genes under consideration in this data set was larger, one high priority 

candidate for a causative variant in the lodestar gene was identified (Table 3-3). 

Lodestar contained a gained stop codon variant of high predicted impact in 

mutant 1396 (Table 3-4). Further phenotypic and genetic validation will be 

necessary to determine the ultimate strength of the variant in lodestar as the best 

causative candidate in mutant 1396, but this gene is particularly interesting, due to 

its potential ties to DDT. In eukaryotes lodestar is highly conserved, and has been 

implicated as an ortholog to yeast Rad5 and mammalian HLTF. Furthermore, the 
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design of our mutagenesis screen would clearly implicate lodestar in the tolerance 

of MMS damage in the absence of TLS, if its variant can be confirmed as 

causative. Taken together, this would argue strongly for lodestar as a key 

component of the TS pathway of DDT in D. melanogaster. Thus far, lodestar has 

been identified as a helicase-like protein in D. melanogaster, and a dominant 

negative mutation was shown to have abnormal chromosome segregation, 

increased nondisjunction, and female sterility (Szalontai et al., 2009). Orthology 

predictions for lodestar collected on Flybase suggest its possible tie to human 

HLTF (Gramates et al., 2017), but also lists the primary function of DmLodestar 

as transcription termination. 
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Figure 3-3. D. melanogaster lodestar is a strong candidate for a HLTF ortholog. (a) Domain 

predictions in D. melanogaster lodestar obtained from protein BLAST (pBLAST). (b) Alignment 

scores from a two-sequence alignment pBLAST between human HLTF and D. melanogaster 

lodestar, which shows the high level of identity (alignment score ≥ 200, identity = 31%) at the C-

terminus, which contains the predicted ATPase domain in lodestar. (c) Detailed view: 

CLUSTALW alignment in the C-terminal region of D. melanogaster lodestar and human HLTF. 

(* = fully conserved residue; : = strongly similar properties; . = weakly similar properties) 

 

 

 To investigate this further, we used CLUSTALW (2.1) to align human 

HLTF and DmLodestar (Figure 3-3). Near the putative ATPase region, these 

proteins share 31% identity. Pending the confirmation of the stop codon variant in 

lodestar being causative for the MMS hypersensitivity in strain 1396, the 

evidence we have collected thus far would strongly lodestar as the possible D. 

a. 

b. 

c. 
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melanogaster ortholog of HLTF. In human fibroblasts, knockdown of HLTF has 

been shown to lead to sensitivity to both UV and MMS (Unk et al., 2008). 

However, a later study argued for damage specific roles for HLTF and its other 

Rad5 ortholog, SHPRH (Lin, Zeman, Chen, Yee, & Cimprich, 2011). In this 

study, MMS treatment resulted in ubiquitination and degradation of HLTF, and 

increased mutagenesis in an SHPRH-deficient background, but not an HLTF-

deficient background. An HLTF-deficient background instead resulted in 

increased UV-induced mutagenesis. It is possible that, despite key functional 

domain similarities in lodestar and HLTF between flies and humans, damage 

specificity may not have been conserved.  

 Our lodestar variant in mutant 1396 is a gained stop codon occurring early 

in the protein, upstream of both the SNF2_N superfamily and HELICc domains 

(Figure 3-4). Characterized alleles of lodestar in D. melanogaster have 

demonstrated strong maternal effect lethality, chromosomal defects, and in the 

case of the Horka
D 

allele (Ala777Thr), a dominant negative effect which may be 

caused by an increased affinity for chromatin (Erdélyi & Szabad, 1989; Girdham 

& Glover, 1991; Szabad, Mathe, & Puro, 1995; Szalontai et al., 2009). 

Interestingly, the 1396 mutant produced viable, albeit MMS-hypersensitive, 

homozygotes. Based on the previous results in D. melanogaster, we might expect 

that an upstream stop codon in lodestar would not produce viable homozygotes. 

Therefore, if we can confirm this mutation by Sanger sequencing, it will be 

interesting to follow up on characterization and validation of this variant. A 

further complication exists in the variant-proximal location of a small Cajal-body 
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specific RNA (scaRNA:MeU2-C41). The transcribed sequence of this scaRNA 

begins 2 bp downstream of the variant of interest in 1396. While it is difficult to 

predict on the impact of this variant on the scaRNA, it is important to consider 

during efforts to validate the gained stop codon in lodestar as causative in MMS 

hypersensitivity of mutant 1396. 

 

 

Figure 3-4. Variant locations within DmLodestar for 1396. The NCBI conserved domain 

search tool was used to create this figure, which shows the conserved SNF2 family N-terminal 

domain, and the conserved helicase c-terminal (HELICc) domain in DmLodestar. The variant 

from mutant 1396 is shown by a colored arrowhead (red color indicates that the variant is of high 

predicted impact). Variant description is in bold, followed by the strain in parentheses. Protein 

position is indicated.  

 

Final confirmation of causative variants responsible for the MMS 

sensitivity phenotype in mutants 148, 157, and 1396 will require further 

validation, but what we have presented here demonstrates the utility of a powerful 

WGS and bioinformatics pipeline for filtration and prioritization of candidates for 

causative variants in a modified EMS mutagenesis screen. 
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MATERIALS AND METHODS 

Genomic DNA Extraction from whole flies and larvae  

 All strains were generated over the TM3, Ser, P{Act-GFP, w
+
} third 

chromosome balancer, so that homozygous adults and larvae could be easily 

identified. For MMS-hypersensitive mutants analyzed in this study, heterozygous 

siblings were crossed and allowed to lay eggs on grape-juice agar plates for 24 

hours. 50 GFP- late second instar and third instar larvae were collected from 

grape-juice agar plates and rinsed with deionized water, then frozen down at -

80°C. For the Rev1-ΔCTD stock, 30 homozygous male adults were collected and 

frozen down at -80°C. Larvae or flies were homogenized in 600 µL DNA 

extraction lysis buffer (10mM Tris-HCl pH 8.0, 10 mM EDTA, 150 mM NaCl; 

plus addition of 30 µL of 10 mg/mL Proteinase K, 60 µL of 10% SDS, and 20 µL 

of 10 mg/mL RNaseA) and incubated at 65°C for 1 hour and allowed to cool to 

room temperature. Phenol:chloroform:isoamyl alcohol (25:24:1) was added to the 

lysis mixture (1:1), left on a rocking platform for 15 minutes, and spun down for 

15 minutes at 14,000 at room temperature. This was repeated for one additional 

extraction with phenol:chloroform:isoamyl alcohol, after which a 1/5
th

 volume of 

8M potassium acetate was added. This was followed by one final extraction with 

chloroform. DNA was precipitated from the supernatant with isopropanol, and 

incubated at -80°C for 30 minutes. The pellet was rinsed with 70% ethanol and 

allowed to dry for 5-10 minutes. Pellets were re-suspended in 50 µL pico pure 

water. Initial quality control (QC) of genomic DNA was assessed by Nanodrop 
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spectrophotometry and gel electrophoresis. For increased accuracy, DNA, RNA, 

and Protein quantification was assed using Qubit spectrophotometry. Residual 

RNA was removed by treatment with 10 mg/mL RNaseA followed by incubation 

at 37°C for at least 30 minutes, followed by clean-up using a Macherey-Nagel 

NucleoSpin Gel and PCR Clean-up kit.  

 

Library Preparation and Illumina MiSeq WGS  

Genomic DNA passing QC was diluted to 2.5 ng/µL in 20 µL. DNA 

libraries for MiSeq WGS were prepared according to the Illumina Nextera 

protocol for 2x250 paired-end sequencing runs (Illumina Inc., 2016). The 

Advanced Analytical (AATI) Fragment Analyzer (DNF-474 High Sensitivity 

NGS Fragment Analysis Kit) was used to assess fragment size distribution of 

DNA libraries before sequencing (Advanced Analytical Technologies, 2017). 

Paired-end (2x300) sequencing was done on an Illumina MiSeq. Most runs were 

confined to 3-4 indexed genomes per flowcell lane in order to balance coverage 

and efficiency. All index (index adapters) sequences used were from the Nextera 

kit, and sequence information can be found on the “Index Sequences” page of the 

Nextera Library Prep Reference Guide (Illumina Inc., 2016). 

 

WGS Data Analysis and filtration 
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Analysis via the Tufts University High Performance Compute Cluster 

(HPC): All WGS raw data was provided in the zipped (.gz) file format and 

transferred to the Tufts HPC using a free, open source file transfer program, 

FileZilla (https://filezilla-project.org/). We connected to the HPC remotely using 

another free, open source program: a SSH and Telnet client called PuTTY 

(http://www.putty.org/). The data manipulations described here were all 

accomplished via command line (Unix/Linux) and software modules available on 

the HPC network.  WGS raw read .gz files were loaded onto our lab’s personal 

HPC directory, and decompressed to the FASTQ file format. If applicable, 

FASTQ files for genomes with multiple runs’ worth of data (either from multiple 

full WGS runs, or from a WGS run and a QC run) were concatenated. For each 

genome, FASTQ files for paired end reads (format: genome1_R1.fastq, 

genome1_R2.fastq) were processed via a paired-end alignment script 

(pe_align.sh) designed to generate variant call format (VCF) data. The script 

employed the following software for data manipulation, in order: Bowtie2 

(alignments), SAMtools (quality filtration; SAM to binary format, BAM; sorting), 

Picard (remove PCR duplicates), SAMtools (index BAM files), GATK (create 

VCF from BAM). Finally, the script also selectively filtered final VCF output to 

the third chromosome, and generated VCF files for the left arm, right arm, and 

entirety of that chromosome (format: genome1_3L.vcf, genome1_3R.vcf, 

genome1.vcf). The dm6 Drosophila melanogaster genome build was used as the 

reference genome for variant calling in the script. For generation of variant lists, 

the full chromosome VCF files were compared to each other using bedtools 
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(version 2.26.0), which was included as a software module within the HPC. To 

overlap genomes (find similarities), we used bedtools-intersect. To subtract 

genomes (remove background), we used bedtools-subtract.  

 Post HPC Analyses and Filtration: After bedtools analysis, VCF files were 

downloaded via FileZilla, and were then annotated with the Ensembl Variant 

Effect Predictor (VEP) (http://www.ensembl.org/Tools/VEP) for D. melanogaster 

(BDGP6 genome assembly). Settings used were as follows (any settings not 

mentioned were not selected). Identifiers: Gene symbol, CCDS, Protein, Uniprot, 

HGVS, CSN
(p)

. Frequency data (find co-located known variants): Yes. 

Miscellaneous: Transcript biotype, Protein domains, Exon and intron numbers, 

Transcript support level, APPRIS, Identify canonical transcripts, 

Upstream/Downstream distance (bp) – 5000 bp. After obtaining results from 

VEP, annotated variant information was downloaded as a TXT file. Within VEP, 

we also filtered results down to a list of variants with high and moderate predicted 

impact, and downloaded this information as a separate TXT file. To visualize 

variant lists, TXT files were viewed, manipulated, and saved as MS Excel 

workbooks. Any exact duplicate rows were removed from these files, 

Subsequently Allele, Gene, Symbol, Amino Acid, and Codon were removed in 

order to create a list of unique variant hits. From this data, we generated gene lists 

from which to seek out interesting candidates for causative variants. For non-

complementing strains, we directly compared gene lists to find overlapping gene 

hits, and then assessed the variants in those genes. Quality of variant calls was 

http://www.ensembl.org/Tools/VEP
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assessed by viewing the duplicate-filtered BAM files (genome1.nodup.bam) files 

in IGV. 
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APPENDIX 

Consideration of genes with variants of moderate predicted-impact  

 Although high-priority variant candidates for validation were identified for 

the sequenced mutants discussed in Chapter 3 (variants in polybromo for 148 and 

157, and a variant in lodestar for 1396), full validation of these candidates has yet 

to occur for this project. In consideration of this, the expanding gene lists are 

presented below. Before any of the variants in genes in these expanded lists are 

considered, sequencing alignments must also be viewed to filter out low quality 

calls and false positives, as discussed previously. Table A-3-1 contains genes 

containing high or moderate predicted impacts in non-complementing mutants 

148 and 157. Table A-3-2 contains all genes with variants of high or moderate 

predicted impact in mutant 1396.  

 

Table A-3-1. List of genes with high or moderate impact variants in mutants 148 and 157 

 

 

 
 

Cells shown in orange represent genes containing variants of high predicted impact in one or both 

mutants. Some genes containing high impact variants also contain moderate impact variants. 

*Variants in polybromo have already been confirmed by sequencing alignments in 148 and 157. 
 

 

Gene symbol 

Ank2 

CG15021 

CG33213 

Myo61F 

polybromo* 

prc 

ptip 
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Table A-3-2. List of genes with high or moderate impact variants in mutant 1396 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cells shown in orange represent genes containing variants of high predicted impact. Some genes 

containing high impact variants also contain moderate impact variants. *Variant in Claspin has 

already been deemed a false positive. †Variant in lodestar has already been confirmed by 

sequencing alignments. 
 

 

 

 

 

 

Gene symbol 

Acp76A 

Ank2 

atk 

CG3744 

CG3984 

CG6283 

CG7720 

CG7852 

CG9801 

CG10103 

CG12163 

CG12413 

CG13046 

CG14692 

CG17249 

CG17514 

CG17698 

CG31036 

Claspin* 

Clbn 

cno 

hipk 

iPLA2-VIA 

Ir92a 

lds (lodestar)
†
 

Mpc1 

mTerf5 

Muc68Ca 

Obp73a 

Prp3 

ptip 

Ptp69D 

Rint1 

side 

sle 

sls 

Sox100B 
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Chapter 4: Conclusions 

Conclusions and future directions 
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The work discussed here addresses two distinct questions about pathways 

for DNA repair and genomic integrity. In both contexts, many interactions, 

mechanisms, and methods of control still require further elucidation. We 

attempted to address some of these less-well understood aspects of DNA damage 

response, first by studying the mechanisms of repair and stability achieved by 

helicases DmBlm and DmHelQ, and second, in the context of DNA damage 

tolerance by DmRev1. In attempting to answer questions like these through model 

systems research, scientists encounter significant challenges in trying to isolate 

and study specific pieces of this very large molecular puzzle. These challenges are 

a testament to the complex, yet ever well-provisioned network of interactions that 

stock the toolbox of the DNA damage response. Like so many DNA repair genes, 

BLM, HELQ, and REV1 are all implicated in the development and progression of 

various cancers. Enhancements in our understanding of the hierarchies and 

interconnections of the pathways in which these genes act could allow for the 

development of more effective and specific cancer therapeutics. On a broader 

scale, novel discoveries about these highly conserved genes will clarify their roles 

in ensuring the faithful replication and repair of genomes.  

One technology that has expedited such discoveries within the field of 

DNA repair, and in the field of biological research in general, is DNA sequencing. 

Specifically, NGS and WGS were revolutionary developments that provided 

major improvements in both the depth and efficiency of studies in forward and 

reverse genetics. These were discussed in Chapter 1. The application of WGS and 

a downstream framework for bioinformatics data analysis to two different 
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questions in forward genetics was the underlying endeavor that made the work 

discussed in both Chapters 2 and Chapter 3 possible (Figure 1-2). As discussed in 

Chapter 1, one of the most exciting components of forward genetics studies in D. 

melanogaster and many other model systems—the discovery and confirmation of 

a causative mutation—was also, traditionally, the most frustrating and labor-

intensive. The time and resources necessary to conduct back-crosses to wild-type 

stocks in order to obtain recombinants for traditional meiotic mapping, or to cross 

mutants to marker or deletion library stocks, was near prohibitive. For decades, 

variant discovery was a substantial barrier in the ability of these studies to 

produce important, meaningful results in a reasonable amount of time. Now, 

WGS had broken down that barrier, and model system research has already begun 

to reap the benefits (Table 1-1). In particular, the search for spontaneous 

mutations, which do not provide the predetermined mutational signature 

characteristic of certain mutagens, is now faster and more realistic than ever with 

the application of WGS. By carefully choosing experimental designs and 

bioinformatics tools for data analysis, WGS can be applied in a productive 

manner to both the challenging search for spontaneous causative variants, as well 

as to the more traditional search for causative variants generated in mutagenesis 

screens. 

 In Chapter 2, I used WGS to identify candidates for a synthetic lethality 

phenotype that we identified in blm (DmBlm) mus301 (DmHelQ) double mutants 

in D. melanogaster. I used two well-characterized null alleles of these third 

chromosome helicase genes to generate double mutants: blm
N1 

and mus301
288A

. 
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However, the synthetic lethality was not present in all blm
N1 

mus301
288A

 double 

mutants. Most double mutant strains were synthetically homozygous lethal at the 

third instar larval stage, but a few double mutant strains produced viable 

homozygous adults. Therefore, I hypothesized that this phenotype did not, in fact, 

represent a synthetic lethality between these two genes alone, but was actually 

caused by another mutation in a third gene, which had crossed over with the blm
N1 

allele and caused larval lethality. My evidence for this specific interaction was 

gathered by using a visual method of recombination mapping which is referred to 

here as VCF recombination mapping, or VRM (Figure 1-3, Figure 2-5a). I 

achieved this by using the Integrative Genomics Viewer (IGV) program for direct 

visualization of VCF data, and to my knowledge, this particular method for 

simultaneous mapping and visualization of crossovers represents a novel 

approach. VRM initially supplied a defined 20 Mbp region of interest (ROI) 

containing candidates for causative events, which was later refined by a crossover 

in a newer double mutant strain (bm-2-119) which moved the left arm ROI 

boundary from 70B2 to 78C9 (Figure 2-5b). By combining VRM with our 

bioinformatics pipeline, I was able to produce a relatively manageable list of 

candidate variants from a total of just 11 recombinant strains. Considering the 

small number of recombinants, this represents a positive step toward a powerful, 

adjustable, and broadly applicable method of causative variant identification in a 

forward genetics context.  

With a narrowed list of genes, validation efforts can begin (Table 2-2, 

Table A-2-1). Genes containing candidate causative variants can be validated as 
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causative in a number of ways. A transgenic copy of the gene could be expressed 

in lethal double mutant strains to see if larval lethality is rescued. Alternatively, if 

larval lethality is induced by knocking out the gene in a viable double strain using 

CRISPR-Cas9 genome editing, this would also provide evidence for the gene’s 

causality in the phenotype. If stocks are available with deletions of the candidate 

gene, or inserted transposable elements, these can be crossed with viable double 

mutants and screen for restoration of larval lethality. If these validation techniques 

are successful for a given candidate, the interaction can be tested further by 

repeating the latter two validation approaches in a mus301
288A 

single mutant 

background. This will answer whether the relationship observed here is a function 

of the interaction of this gene with blm and mus301, or an interaction with 

mus301 alone. Both possibilities hold the potential to uncover novel interactions 

of DmHelQ in DNA repair. It would also be worthwhile to dissect imaginal wing 

discs from third instar larvae and screen for γH2AV foci in the lethal and viable 

double mutants, and compare this to the level in single mutant stocks. This would 

indicate the level of DNA breakage in the various mutants, and would help in 

further characterization of the larval lethality phenotype. 

 I took the same WGS and bioinformatics data analysis pipeline that was 

built for the work in Chapter 2 and adjusted it so that it could be applied to 

another project in our lab. In Chapter 3, I discussed the background that prompted 

this project on DmRev1 and the template switching (TS) pathway of DNA 

damage tolerance (DDT), and how my framework was able to effectively produce 

causative variants in this new context. Our lab had previously conducted an EMS 

Comment [SBT13]: Added 
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mutagenesis screen in a Rev1-ΔCTD background, and obtained mutant strains 

from this screen that demonstrated hypersensitivity to MMS. Rev1-ΔCTD mutants 

are unable to recruit trans-lesion synthesis (TLS) polymerases to achieve bypass 

at the site of DNA lesions, effectively eliminating this pathway of DDT. Because 

the screen was conducted in a trans-lesion synthesis deficient background, we 

hypothesized that some MMS hypersensitive mutants would represent mutational 

events in which a gene involved in TS was compromised, thereby completely 

eliminating DDT. In order to efficiently screen through these mutants for 

causative variants fitting this description, we decided to use WGS. In doing so, we 

were able to optimize a part of the traditional genetic screen that—before WGS 

became accessible to research labs—presented a serious barrier in the discovery 

of causative variants. The WGS framework from the BLM HELQ project proved 

to be just as robust in this system, if not more so. The improved resolution 

attainable in this second application of the framework may be due to the 

availability of a single, isogenized background stock from which all tested 

mutants originated, and, potentially, to less overall sequence divergence between 

the genomes in question. Even in this context, there were still many variants that 

arose in the mutant stocks that were not present in the original, isogenized Rev1-

ΔCTD. These variants could represent a number of things. First, if genomic DNA 

for the homozygotes from the Rev1-ΔCTD contained potential heterozygote DNA 

contamination, this may have resulted in a high level of discerned variation 

between the stock and the mutants. This can be overcome by a new, careful 

selection of homozygous Rev1-ΔCTD males, followed by re-sequencing, and a 
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new attempt at the data analysis. Second, genome evolution between the time of 

sequencing the stock and the time of sequencing the mutants will lead to 

unavoidable variation. However, in this study, we also had the advantage of the 

ability to group or subtract non-complementing or complementing mutant strains, 

respectively. The bioinformatics pipeline output provided manageable candidate 

lists in two different contexts within this project. First, I identified a strong gene 

candidate, polybromo, which had unique high impact variants in two non-

complementing mutant strains (Table 3-2, 3-3). Evidence in humans supports a 

role for a role for the chromatin remodeler Polybromo-1 in the ubiquitination of 

PCNA, and this made it a strong candidate for a gene that may be involved in 

DDT, and even TS. I also applied the pipeline to a single mutant (Table 3-2, 3-4). 

This gave a larger list of candidate genes for consideration, but from the list 

lodestar was identified as a high priority candidate for validation (Figure 3-3), as 

it may represent the D. melanogaster ortholog of the human HLTF ubiquitin 

ligase, and thereby would be implicated in error-free lesion bypass in DDT 

(Gramates et al., 2017; Unk et al., 2008). These candidates, which represent 

results from only the first few of the EMS-generated mutants from this screen, 

have the potential to provide significant contributions to our understanding of 

DDT pathway choice and protein interactions in TS. Moving forward, validating 

these candidates, and sequencing the other screen-generated mutants, should 

allow for further contributions to be made. Now that the framework has been 

streamlined by application in the BLM HELQ project and in this new context, the 
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identification of candidate variants in all other mutant strains from our EMS-

mutagenesis screen should be even more efficient. 

In the two projects discussed here, I took a single process and applied it to 

two unique biological questions. From the bench to the downstream data analysis, 

much of the framework remained the same, yet it was able to consistently provide 

valuable, high-resolution information about individual D. melanogaster strains. 

From the WGS data, I was able to both map crossover events and generate mutant 

lists. In both projects, traditional mapping methods were unnecessary. This was 

because the subtraction of variant background based on phenotype or 

complementation data precluded the need for multiple generations of crosses 

before submitting samples for WGS. In presenting the results of applying these 

methods to two different studies, I have demonstrated the value of implementing 

and maintaining a single consistent yet malleable sequencing and data analysis 

framework for applications in forward genetics research.  
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