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Abstract

Essential genes are deemed crucial for survival and/or reproductive success, hence, their
loss of function leads to lethality. However, gene essentiality is not static, but dependent on
multiple factors, including the genetic background. The genetic background affects gene
essentiality through genetic modifiers, second-site variants capable of interacting with the primary
variant and altering phenotype. Genetic modifiers can act as suppressors, alleviating the
phenotype, or enhancers, exacerbating the phenotype. The plasticity (modification) of gene
essentiality caused by genetic modifiers has been shown in multiple species. In Caenorhabditis
elegans, recent evidence shows phenotypic variability for knock-down of essential genes in two
natural isolates: N2 and CB4856. N2 represents the laboratory-cultivated strain, while CB4856 is
one of the strains with most diverse genome in comparison to N2. Much has been explored for
these two genetic backgrounds, but little is known about the plasticity of gene essentiality in other
C. elegans wild isolates. Thus, | here explore the effect of the genetic background on the plasticity
of two genes, known as essential in the N2 background, but potentially dispensable in CB4856:
the Metaphase-to-Anaphase Transition Defect gene (mat-1), and the Conserved Germline Helicase
(cgh-1). These are involved in cell division and posttranscriptional regulation, respectively. Here,
| further investigate the plasticity of mat-1 and cgh-1 in N2 and CB4856 backgrounds, and also
include four other wild isolate backgrounds from diverse geographical locations (GXW1, KR314,
JU1400, and AB1).

Using hatch rate and propagation assays, | explored the phenotype of mat-1 and cgh-1
knockdowns across the six natural isolates using temperature-sensitive alleles and uncovered
phenotypic variability for the embryonic lethal phenotype, suggestively due to influence of each

genetic background. Next, bioinformatics and genomics tools were utilized for identification of



candidate genetic modifiers for mat-1 and cgh-1 and led to prioritization of eight extragenic
variants. Out of these, none showed notable modifying activity when studied in isolation.
Importantly, this work shows the challenges associated with identifying true genetic modifiers in
genomes with substantial variation. Undeniably, understanding more about a gene and its
phenotype under different conditions and genetic backgrounds may be fundamental for elucidating

fixed and plastic genetic interactions.
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Chapter 1: Introduction

1.1 Gene Essentiality

The essential genes in a genome are those in which a loss-of-function leads to a lethal
phenotype or an impairment of reproductive success (Jordan et al. 2002). Essential genes can be
sub-classified into four categories, from genes that are only essential under specific conditions, to
the ones that are indispensable for minimal cellular life (Zhang and Ren 2015). Meanwhile, “non-
essential” genes are the ones that may still encode a crucial function in the organism but are
dispensable for survival or reproduction. The collection of the minimal number of genes essential
for an organism’s survival and fitness is known as “essentialome”. For instance, in vertebrates
such as Zebrafish (Danio rerio), the number of essential genes responsible for embryonic
development is approximately 1,400 (Amsterdam et al. 2004). Others, such as mice (Mus
musculus), carry an essentialome of roughly 1,302 genes, identified using the Mouse Genome
Informatics (MGI) resource (Kabir et al. 2017). In general, essential genes encode proteins related
to fundamental biological processes important for the existence of the cell itself; therefore,
essentialomes are enriched in genes required for DNA, RNA and protein synthesis (Kim et al.
2010; Zhan and Boutros 2015).

The gene essentiality concept was first proposed by Gluecksohn-Waelsch (1963) and
prokaryotes were the first organisms in which studies with essential genes and lethal variants were
conducted. Since then, researchers tried to identify the minimal number of genes indispensable for
regular cellular function and survival in microorganisms such as bacteria and yeast. However, the
methods selected and score thresholds may diverge from study to study (Cacheiro et al. 2020). In
microorganisms, 80% of Mycoplasma genitalium genes, (Martinez-Carranza et al. 2018) and 20%

of Saccharomyces cerevisiae genome are found to be indispensable for survival (Zhang and Ren



2015). In Haemophilus influenzae, ~22% of its ~1,600 genes are considered essential (Gawronski
et al. 2009), while only ~7% are essential in the Escherichia coli (E. coli) genome (Baba et al.
2006; Mori et al. 2015). In E. coli, however, the set of genes common to all strains within this
species (called core genome) represents at most half the number of genes in any of these strains.
This highlights how bacteria from the same species can differ widely in their gene content, and
consequently in their phenotype (Rousset et al. 2021). Bacteria such as Bacillus subtilis, for
example, clearly show evidence of variable gene essentiality. In this species, FtsZ is a tubulin-like
gene essential for cell division in the naturally prevalent (wild type - WT) bacteria. However, a
single amino acid change in yqiD gene can modify this essentiality, turning FtsZ into a non-
essential gene in L-form B. subtilis (Leaver et al. 2009).

S. cerevisiae was also one of the first organisms where the concept of gene essentiality was
studied (Winzeler et al. 1999). Under laboratory conditions, it has been reported that over 80% of
its genes are essential in this species (Papp et al. 2004). Zhang & Ren (2015) classified yeast gene
essentiality in 4 distinct groups: conditional essential (i.e., only essential under specific
conditions), essential (i.e., required for survival under optimal conditions), redundant essential
(i.e., synthetic lethal/redundant pathways) and absolute essential (extremely important for minimal
cellular life). As an example, the double knock-out of CEP1 and CEP3 leads to a lethal phenotype
in yeast (synthetic lethality) (Baker et al. 1998).

Studies in Drosophila melanogaster also provided relevant insights to this matter. Initial
identification of fruit fly’s essential genes for adult viability was done using P element transposon
mutagenesis screens by the Berkeley Drosophila Genome Project. Later on, a study from 2004
revealed that only 2% of D. melanogaster genes are essential (Boutros et al. 2004). The method

used, RNA interference (RNAI), is far less effective in comparison to complete knockouts and



could lead to merely hypomorphic phenotypes, which might explain the low percentage of
essential genes identified (Boutros et al. 2004). Nevertheless, this study represents another
example of a genome in which only a small portion of genes may be indispensable for survival.
More specifically, ~2,000 out of the ~16,000 genes in the fruit fly genome are suggestively
essential (St. Pierre et al. 2014), and about 30% of the 195 young genes (genes arisen 3 to 35
million years ago) are considered essential in this species. Even though essential genes are often
portrayed as conserved and ancient, newly-arisen genes can also perform relatively indispensable
organismal functions (Chen et al. 2010).

In the nematode Caenorhabditis elegans (C. elegans), as in other species, the road to
discovery of its essentialome has been continuous. An early ethyl methanesulfonate (EMS)
mutagenesis screen identified at least 2,850 essential genes in this species, a small portion of its
genome which contains 20,000 genes (Johnsen and Baillie 1991; Hodgkin 2001). The development
of RNAI in this species facilitated gene manipulation and gene knockdown, resulting in initial
confirmation of over 1,000 essential genes (Fire et al. 1998; Kamath et al. 2003), which rapidly
increased to almost 4,000 genes linked to essential phenotypes (WormBase WS275). However,
this collection continues to change as more work towards gene essentiality remains to be
elucidated. A considerable piece of essentialome is conserved between species (Zhan and Boutros
2015). A comparative study showed that over 50% of essential genes in worms are orthologous to
genes also considered essential in S. cerevisiae, highlighting the conservation of essential
processes in eukaryotes (Fraser 2015).

Accordingly, many studies have been performed regarding the human essentialome. For
instance, about ~10% of human genes were reported to be essential in cultured human cells

(Blomen et al. 2015). Although this might not fully correspond to gene essentiality in vivo, the



study of this concept is relevant for scrutinizing Mendelian diseases, since these usually involve
severe impairment of human fitness due to disruption of crucial processes in the human organism
(Bartha et al. 2018). In 2006, it was estimated that 7.9 million children worldwide are born with a
serious birth defect of genetic or partially genetic origin, and that 3.3 million of them under the
age of 5 died each year (Zarocostas 2006).

Systematic genetic screens in humans are often impractical, and mammalian cells have
shown to be less amenable to RNAI screens than invertebrate models. This challenge was
overcame with the advent of CRISPR/Cas9 technology, which allowed for precise gene disruption
and further experimenting in human cell lines (Fraser 2015). Investigation of the mice essential
genes has also been impactful for understanding human essentialome and gene-disease
associations: a study conducted with 400 human cancer cell lines revealed that 35% of orthologous
genes lethal in mice were also indispensable for cell fitness in these human cell populations.
Additionally, a combination study on human cancer cell lines and yeast model revealed differences
in essential genes specific to each cell line and cancer type due to developmental origin, oncogenic
drivers, paralogous gene expression pattern, and chromosomal structure, which may be a crucial
factor for potential treatments (Wang et al. 2015). Overall, essential genes in humans were found
to be very similar to essential genes in other species such as yeasts and worms, being mostly
involved in core cellular functions such as transcription, translation, and metabolism. They also
are highly expressed and suffer from increased selective pressure, noted by both the lower variation
rates within species and cross-species conservation (Fraser 2015).

Gene essentiality has had an increasing interest as a topic of research for the past decades.
Its massive investigation led to the assortment of the Database of Essential Genes (DEG), which

carries essentialome information for both prokaryote and eukaryote organisms (Zhang et al. 2004;



Luo et al. 2021). Much has been discovered towards similarities and divergencies between species,
however, the variation of the essentialome within species still lacks elucidation. Additionally,
identification of genes essential for cell or organism viability not only collaborates to the
understanding of human genetic disorders, but also allows novel drug development approaches to
target parasites, pathogens, and cancer cells, through impairment of genes specifically crucial for

survival of these (Doyle et al. 2010; Shi et al. 2015; Zhang et al. 2018).

1.1.1 Plasticity of Essentiality

Although at first gene essentiality was viewed as immutable within a species, much has been
considered around the concept of this static essentiality. Nowadays, it is believed that the
essentiality of genes is a variable condition and depends on both environmental and genetic
contexts (Figure 1), as well as subjected to evolutionary change. This flexibility in essential genes
is what we call “plasticity of essentiality”. Regarding environmental influence, the auxotrophy
phenomenon is a clear example of this. In this concept, genes encoding basic molecules for
metabolism are essential only if the same molecule is absent from the growth medium or natural
environment (Rancati et al. 2017). As another example, 37-68% genes considered dispensable for
survival in a rich media were found to be essential for fitness in other growth conditions in yeast
(Papp et al., 2004). Additionally, deletions in non-essential genes, might be beneficial for survival
in a determined environment, while detrimental in others (Qian et al. 2012). Nevertheless, gene
essentiality may also be influenced by evolution, as probed in bacteria and yeast (Baba et al.,
20064a; Kim et al., 2010). During evolution, genes or functions could arise separately, be lost, or
replaced by others, and some pathways and fundamental processes might become redundant (Koo

etal. 2017).



Proofs of plasticity of essentiality in human cells have also been observed when comparing
multiple cell lines. Three recent studies have, in conjunction, disrupted every human gene in a
variety of cell lines, and determined a range of ~2,000 essential genes (Blomen et al. 2015; Wang
et al. 2015; Hart et al. 2015). However, as seen in model organisms, essentiality in human cells
also seems to act in a context-dependent manner. A small set of these genes were only essential in
specific cell lines, which might shed light into cancer cells and their unique essential genes set
(Wang et al. 2015; Hart et al. 2015; Fraser 2015).

Gene essentiality is also influenced by the genetic background - defined as “the genotype of
all other related genes that may interact with the gene of interest, and therefore potentially
influence the specific phenotype” (Yoshiki and Moriwaki 2006). The genetic context might
influence essentiality in multiple ways, for example, a gene that becomes essential for survival
only if another gene performing the same or similar function is also lost, leading to synthetic
lethality (Nijman 2011), as seen in the iron transporter genes AFT1, FET3 and FET4 in yeast.
Deletion of FET3 dysregulates the function of high-affinity iron transport complex, while loss of
AFT1 also affects the mobilization of iron stores inside the cell. FET4, involved in low-affinity
Fe(I1) transporter of the plasma membrane, displayed synthetic lethality in association to deletion
of either of the other two genes (Berthelet et al. 2010; Chowdhury et al. 2015). It is also possible
that an essential gene becomes “dispensable” when differences between individuals of the same
species within the genetic background are considered.

In two strains of S. cerevisiae, for example, 44 genes are uniquely essential in the
Sigmal278b strain, whereas 13 others are essential in the S288c strain, and other 894 were
unconditionally essential in both backgrounds (Dowell et al. 2010). Additionally, comparison of

essential genes in yeast under three distinct conditions uncovered two sets of genes — core essential



genes (i.e., indispensable in all tested conditions), and context-dependent genes, in which the effect
of the genetic background in gene essentiality can be observed (Bosch-Guiteras and van Leeuwen
2022). Variation within species exemplifies how the assessment of phenotypic variability requires
not only the use of lab-conditioned strains, but also incorporation of wild isolates (and
consequently their natural variation in the genetic background) (Gasch et al. 2016).

Evidence of conditional essentiality and the influence of genetic background in C. elegans
have been observed, in a comparative study of ~1,500 genes knockdowns between reference strain
N2 and Hawaiian strain CB4856. The phenotypic variability observed for multiple essential genes
in their dataset was suggestively linked to differences in the genetic backgrounds of these two wild
isolates. Natural variations in the genomic background of different natural isolates have been the
topic of multiple studies and may strongly influence phenotypic variability. A study conducted in
2014 identified several single nucleotide variants (SNVs) and insertion type variants in the
CB4856 strain when compared to N2 (Vergara et al. 2014), and evidence of variable phenotype
among these strains has been reported using RNAI knockdown (Vu et al. 2015). Moreover, the
investigation of gene expression of 207 C. elegans wild isolates traced back the transcriptomics
variability to corresponding genetic differences. Using genome-wide association mapping, Zhang
et al (2022) linked phenotypic variation of complex traits to the differential gene expression among
these strains, which was then explained by natural genetic variation among them (Zhang et al.
2022). Another study between reference strain N2 and Hawaiian strain (CB4856) has previously
indicated the presence of extremely high divergent regions in CB4856 genome (Thompson et al.
2015). It also seems like genes related to substantial functions such as sensory perception and
pathogen response lie on those regions and might enable this species to survive in perturbing

environmental conditions (Lee et al. 2021). Additionally, such delicate regions might represent



evolution’s way to maintain genetic diversity in a species that is 99% self-crossing (Barriére and

Félix 2005b).
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Figure 1. Schematic representation of how gene essentiality might be modified through the effect of the genetic
background. Image designed using BioRender [https://www.biorender.com/].

1.1.2 Genetic Modifiers

The effect of the genetic background in a certain phenotype is known as genetic
modification and is due to genetic interactions. Genetic modifiers, second-site variants that
influence the phenotype of a primary variant, can lead to the suppression or exacerbation of that
phenotype (Figure 1). Although modifying variants do not always have phenotypes of their own,
they can have significant effects on phenotypic outcome of other variants in the genome. Their
influence can result from direct interaction with the primary variant, acting within similar
biological processes or even compensation through alternative pathways, in a subtle or significant
manner (Prior et al., 2009). The first comprehensive genetic network for any model organism
conducted by Costanzo et al. (2016) in yeast shows that genetic interactions are more likely to
occur among genes with related function. They analyzed thousands of genetic interactions and
classified them into two main groups: negative genetic interactions (enhancers), including

synthetic lethality, in which combined variants lead to a lethal phenotype, and positive interactions



(suppressors) in which genetic suppression alleviate the phenotype of primary variant. Overall,
~500,000 negative genetic interactions and ~350,000 positive ones were catalogued in this study.

Modifiers can alter penetrance, expressivity, pleiotropy, and dominance. Although these
represent distinct biological concepts, their effects can often be found to overlap. The effect of
modifiers on penetrance can be observed when individuals carrying a disease-causing variant are
asymptomatic, and the proportion of affected individuals with the expected phenotype is not 100%
(Riordan and Nadeau 2017). Incomplete penetrance can be observed in both dominant and
recessive conditions, and its effect on genotype—phenotype correlations can be difficult to
elucidate, even when identical environment and genetic background is considered (Dickinson et
al. 2016; Kingdom and Wright 2022). On the other hand, modifiers can also contribute to variable
expressivity among affected individuals, when the severity of a genetic trait is not consistent
between them, even in individuals of the same family (Riordan and Nadeau 2017). Pleiotropy is
influenced when a novel phenotype is observed only in the presence of a genetic modifier, and
lastly, partial dominance can be observed in a genetic background containing dominant modifiers.
This way, a single copy of a target allele is sufficient to induce the phenotype in those backgrounds,
but not in others (Riordan and Nadeau 2017).

The simplest type of genetic modification is the one where there is one modifier to one
variant, identified by examining a single second-site variant and its influence on the primary
phenotype (enhancement or suppression) (Zhou et al. 2003). However, this does not completely
depict the reality of genetic modifiers, and phenotypic variability is often caused by a complex
modifier network (Hou et al. 2019). In that case, it should be considered if modifiers work
individually with additive effects on the primary phenotype, or if they have synergistic or

antagonistic effects that could “balance out” to provide the final phenotype (Riordan & Nadeau,



2017). For instance, either duplication of cyb-3, or its combination with a missense variant in dhc-
1 compensates for impairment of mdf-1 (Tarailo-Graovac et al. 2010, 2014).

Throughout the last decades, genetic modifiers have been identified in a variety of model
organisms. In mice, for example, Nrd1d1l was discovered as a suppressor of another nuclear
hormone receptor, Nr2e3, in which variants cause eyesight impairment due to photoreceptor
degeneration (Meyer and Anderson 2017). Additionally, mouse models of hearing loss showed a
Atp2b29"-2_Cdh2375°~C jnteraction in age-related hearing loss which also translated to
observations in human patients (Johnson et al. 2006).

The identification of genetic modifiers and the discovery of genetic interactions have
always overlapped and helped with deciphering complex pathways. In C. elegans, examples of
genetic modifiers as positive genetic interactions include sup-11 as a suppressor of the unc-
93(e1500) and such-1 as a suppressor of mdf-1(gk2) (Greenwald and Horvitz 1982; Tarailo et al.
2007a). Suppression of the unc-93(e1500) by sup-11 was identified by missense mutations that
induce a novel activity to SUP-11 (neomorph), suggesting that altered sup-11 is a modified product
of a gene that is a member of an unc-93 gene family (Greenwald and Horvitz 1982). On the other
hand, suppression of mdf-1(gk2) was performed by such-1(h1960), a point mutation that induces
a G27D alteration in the amino acid sequence in the semiconserved region, and results in delayed
mitosis and consequent suppression of mdf-1(gk2) (Tarailo et al. 2007a). A more extensive study
conducted in 2006 systematically tested ~65,000 pairs of genes in C. elegans to their ability to
interact with each other, leading to the identification of 350 genetic interactions relevant to
signaling pathways that are mutated in human diseases (Lehner et al. 2006).

In humans, comparative expression, genome-wide association studies or family-based

analysis have helped to drive attention to the effects of genetic background in inherited conditions
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(Chen et al. 2016; Rahit and Tarailo-Graovac 2020). The Resilience Project, for example, is a great
achievement in that matter, in which the search for healthy carriers of variant related to severe
genetic disorders have been conducted (Chen et al. 2016). The conducted analysis of patients’
genomes allowed the identification of 13 individuals with variants for 8 severe Mendelian
disorders who did not present any clinical manifestation (Chen et al. 2016). In addition,
investigation of the Exome Aggregation Consortium (ExXAC) dataset analysed over 60,000 exomes
from unrelated individuals and pointed out several variants implicated in Mendelian disorders with
suggestive phenotypic variability, ranging from mild to severe (Tarailo-Graovac et al. 2017).
Primary observations of variable age of onset and phenotype of inherited diseases dates
back to the 1940s (Haldane 1941). However, discovery of modifiers for human genetic diseases is
difficult due to low population frequency of rare trait, and lack of pedigree data (Chen et al. 2016).
In contrast, model organisms such as nematodes are genetically tractable and offer a plethora of
experimental tools to start addressing the modifiers relevant to human rare diseases (Hou et al.
2018). Therefore, the identification of genetic modifiers using model organisms could clarify why
patients with the same genetic disease have variable clinical presentations and potentially lead to

improved prognosis and novel therapeutics.

1.1.2.1 Genetic Nature of Modifiers

Despite the challenges in identification of genetic modifiers, several SNVs have been
characterized as the source of genetic modification in multiple organisms and human disorders
(Prior et al. 2009; Paaby et al. 2015; Tamura et al. 2017). Discovery of variants may be facilitated
with the use of Whole Genome Sequencing (WGS) thorough bioinformatics analysis (Jean et al.
2021). However, SNVs are not uniquely responsible for genetic modification, although being more

commonly observed in literature. In fact, structural variants (SVs), which includes copy number
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variants (CNVs), may also contribute to phenotypic variability. A deletion of Thra locus in mice
was able to compensate for Thrb deficiency and restore hearing loss in these animals (Ng et al.
2001). In another study, SVs were identified as modifiers for the variegating variant brown(®°minan
(bw®)) of Drosophila melanogaster (Talbert et al. 1994). SVs such as duplications were shown to
act as modifiers of essential genes in addition to SNVs, as discovered in a yeast study (Van
Leeuwen et al. 2020), and were also found to modify human genetic disorders, such as
Hirschsprung disease (Jiang et al. 2011). Their extensive analysis identified 188/380 strains
carrying aneuploidy or duplications with potential suppressor effect. As another example, a
duplication of cyb-3 gene in C. elegans is capable of suppressing MDF-1/MAD-1 Spindle
Assembly Checkpoint (SAC) sterile phenotype, and in addition to a missense variant in dhc-1
gene, was capable to make up for MDF-1 impairment (Tarailo-Graovac et al. 2010, 2014).
Duplication of cyb-3 seems to result in a less error-prone spindle formation that lowers the
requirement for a functional SAC, while its association with reduction of DHC-1 through missense
allele dhc-1(dot168) also compensates for mdf-1 loss, without causing a constant anaphase onset

delay (Tarailo-Graovac et al. 2010, 2014).

1.1.2.2 Genetic Modifier Screens

Several approaches for studying genetic modifiers and genetic interaction networks have
been developed, each carrying its own advantages and challenges. For instance, the use of
mutagenesis screens and backcrossing strategies can filter out unrelated variants in an isogenic
background. Mutagenesis screens in C. elegans have been conducted for decades and are often
applied to study gene functions, genetic interactions and genetic diseases due to both cost and
efficiency (Brenner 1974; Sin et al. 2014). Additionally, RNAI has been developed and widely

applied to investigate genetic interactions in C. elegans, and provide a targeted impairment of a
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gene, which cannot be reached with mutagenesis-screens, that instead, induce random mutations.

Both these techniques have been extensively used for genetic interaction studies in C. elegans.

1.1.2.2.1 EMS Mutagenesis Screen

The most common method for genome perturbation in C. elegans is treatment with EMS
that induces SNVs in the background of interest (Brenner 1974). In this method, the parental strain
(P0), usually in the larval stage 4 (L4) or older, is exposed to the chemical, and the F1 generation,
(heterozygous for the induced variants) is allowed to self to produce F2 homozygous animals, that
are then screened for the phenotype of interest (Jorgensen and Mango 2002). EMS mutagen
typically induces guanine/cytosine and adenine/thymine modifications causing missense, splice
site, or nonsense variants throughout the genome, and it is widely used due to its relatively low
toxicity and good efficiency (Jorgensen and Mango 2002; Flibotte et al. 2010; Kutscher and
Shaham 2014). It also induces larger variants: roughly 13% of EMS effects are deletions or other
chromosomal rearrangements (Kutscher and Shaham 2014).

Mutagenesis screens can be used not only for identifying new gene functions, but also to
screen different variants responsible for the same phenotype and unravel genetic interactions
(epistasis — genetic modifiers) (Brenner 1974; Sulston and Horvitz 1981; Stuart 2022). Typical
EMS mutagenesis induces ~400 variants per genome in C. elegans, in both coding and non-coding
regions (Thompson et al. 2013). In the search for genetic modifiers, not all the variants modify the
primary phenotype, but the phenotypic readout can be used to determine which genomes contain
the modifying variant (showing either enhancement or suppression of the phenotype). Further, the
specific variants responsible for such modifications are typically identified through extensive
rounds of backcrossing to the parental strain under detrimental/selection conditions. Backcrossing

involves repeatedly crossing the mutagenized worms back with the parental strain, which allows
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for the selection of variants related to the primary phenotype: each round of crosses reduces the
number of variants from the mutagenized strain in half, and populations carrying the potential
modifier can be selected using specific conditions, until a final strain with a minimal number of
variants is achieved (Zuryn et al. 2010).

Mutagenesis studies have been useful for deciphering multiple gene functions in C.
elegans, and also unraveling genetic modifiers for human diseases (Sin et al. 2014). The first EMS
screen identified 619 mutants in C. elegans (Brenner 1974). Although effective, when we consider
the initial pool of variants induced by mutagenesis, these genetic screens become often slow and
laborious and may be delayed if fitness of the studied strains is affected (Sega 1984). Additionally,
although identification of a suppressor is quite efficient, there is no guarantee that other
suppressors or variants of interest might not be missed using this method. The inability of
observing the entirety of a genetic network might preclude our understanding of complex traits in
the genome. This influenced the development of new techniques for phenotypic studies and genetic
modifiers identification.

A significant improvement in identification of modifiers in mutagenesis screens was the
combination with next-generation sequencing, which allowed for faster mapping of the EMS-
induced variants (Doitsidou et al. 2010; Lehrbach et al. 2017). The use of WGS facilitates the
prioritization of candidate modifiers, which can then be tested using approaches such as
CRISPR/Cas9 (Jean et al. 2021). This strategy was successfully applied in the identification of
intragenic and extragenic variants for zyg-1, a gene involved in centriole function (Jean et al. 2021;
Stuart 2022). Application of WGS and bioinformatics analyses was able to replace the
backcrossing steps, and selected candidate modifiers were experimentally validated using

CRISPR/Cas9. Additionally, this strategy identified that ~20% of mutagenized strains had more
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than one modifier, exemplifying the power of WGS in facilitating the identification of true

interaction networks (Stuart 2022).

1.1.2.2.2 RNA interference (RNAI)

Reverse genetics techniques such as RNAI have been widely applied for the analysis of
loss-of-function phenotypes. The effects of double-stranded RNA for genetic interference were in
fact discovered in C. elegans and revolutionized genetic studies in worms (Fire et al. 1998). RNAI
acts by introduction of double-stranded RNA (dsRNA) which targets a specific mMRNA and induces
its degradation in the organism. C. elegans has a comprehensive RNA. library that is commercially
available and carries over 16,000 bacterial clones, targeting almost its entire genome (Kamath et
al. 2003). An advantage of using RNAI in C. elegans is that it has a systemic effect in this species,
meaning that introduction of dsSRNA in one tissue is capable of silencing RNA throughout the
whole organism, which is credited to a process called transitive RNAi (Timmons et al. 2003).
Another advantage is its easy introduction in C. elegans: RNAI can be delivered by microinjection,
soaking worms in dsRNA solution, or by simply feeding worms with dsSRNA-producing bacteria
(Fireetal. 1998; Tabaraet al. 1998; Timmons et al. 2001). It is also amenable to studies throughout
different developmental stages, and its genome perturbation is targeted and specific to a gene of
interest, which is not possible with EMS screens (Maine 2008; Sin et al. 2014).

During the past decades, RNAIi has been widely used for identification of new gene
functions in C. elegans and genetic interactions in the worm. A study utilizing RNAI for testing
over 65,000 gene pairs in C. elegans was able to identify ~350 genetic interactions in genes
associated with pathways involved in human disease (Lehner et al. 2006). In addition, RNAI in C.
elegans models of neurodegenerative disorders led to the identification of genetic modifiers for

Parkinson’s disease, Alzheimer’s disease and polyglutamine aggregation in Huntington’s disease
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(Morley et al. 2002; Kraemer et al. 2006; Van Ham et al. 2008).

On the other hand, RNAI also presents some disadvantages and can lead to variable results
(Kamath and Ahringer 2003). Firstly, it is only capable of reducing gene activity, but does not
provide a full knock-out. A gene-phenotype association might be biased when using RNA\, as less-
effective knockdowns may lead to false negative interpretations. Additionally, the nature of its
effect (knockdown) does not suffice to investigate the whole spectrum of variants and gene
perturbations, such as missense SNVs, and SVs. Moreover, RNAI interferes in the messenger RNA
(mRNA) level, influencing the expression of a protein. However, if a protein is highly stable and
already produced in the cell, RNAiI may fail in impairing its function and also influence result
interpretation. Another obstacle for results interpretation is the natural variation in the response to
RNAI, which was observed in a study comparing differential gene expression of multiple C.
elegans wild isolates after germline gene knockdown (Bell et al. 2023). Finally, other aspects,
such as freshness of bacteria (feeding dsSRNA method) and quality of reagents (antibiotics,
Isopropyl-B-D-thiogalactopyranoside - IPTG, etc) may also impact the given results (Sin et al.

2014).

1.2 Contemporary Techniques for Studying Gene Essentiality

The advancement of genetic techniques allowed for the optimized identification of
genotype-phenotype associations in multicellular organisms and more complex systems. Further
development of gene editing tools, for example CRISPR/Cas9, enabled faster and more cost-
effective methods for reverse genetics studies and the identification of essential components and
genetic modifiers (Jean et al. 2021). CRISPR enables a precise gene editing with minimal off-
target effects and can be applied to a number of species (Luo et al. 2014). Throughout the past

decade, CRISPR/Cas9 has been successfully established in multiple species: bacteria, yeast,
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zebrafish, mice, worms, and human cells (Cong et al. 2013; Cho et al. 2013; Hwang et al. 2013;
Jiang et al. 2013; Dicarlo et al. 2013; Wang et al. 2013; Tzur et al. 2013). It represents the greatest
revolution in gene editing to date and allows for precise study of disease-causing variants in model
organisms (Kim et al. 2022). For instance, CRISPR/Cas9 was used to model retinitis pigmentosa
in C. elegans, allowing investigation of disease mechanism, novel drug targets, and genetic
modifiers (Kukhtar Kukhtar 2021). It was also applied for large-scale loss-of-function knockout
screens, study of synthetic lethality and virus-host interactions in worms (Liu and Li 2019).
Additionally, next-generation sequencing also plays an extremely helpful role for the study
of variations in the genetic background and identification of genetic modifiers (Jean et al. 2021).
Currently, genetic modifier screens can be aided by modern bioinformatics analysis that facilitate
the prioritization of candidate variants, which can then be molecularly confirmed as modifiers
using CRISPR/Cas9. The application of WGS in modifier search optimizes high-throughput
analysis while reducing research time and labor. This was observed in studies in C. elegans
including genes associated with human conditions (Jean et al. 2021). Altogether, these modern
methodologies are helping scientists to unveil some mechanisms, including genetic modifiers,

responsible for such phenotypic variability.

1.3 C. elegans as a Model for Plasticity of Essentiality

C. elegans is a free-living worm belonging to the phylum Nematoda that is approximately
1 millimetre long (adults) and is well understood in both cellular and molecular levels. It was the
first multicellular organism to have the genome completely sequenced and it has an immutable
number of somatic cells (959) that were thoroughly mapped in the hermaphrodite worm (The C.
elegans Sequencing Consortium*, 1998; Sulston & Horvitz, 1977). Additionally, approximately

~52% of human genes have orthologues in C. elegans, allowing modelling of human conditions
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for genetic research with this model organism (Kuwabara and O’Neil 2001; Harris et al. 2004;
Kaletta and Hengartner 2006; Kim et al. 2018). C. elegans is found globally in the wild, offers
easy maintenance, and it is amenable to genetic manipulation, which makes it an outstanding
model for genomic studies (Brenner 1974). Nowadays, C. elegans strains can be readily obtained
from the Caenorhabditis Genetics Center (CGC), that offers hundreds of strains and genotypes for
worms' scientific research (https://cgc.umn.edu/).

C. elegans genome consists of 5 pairs of autosomes (often referred to as LG I, I, 111, IV,
V) plus 1 pair of sex chromosomes (XX = hermaphrodites) (Coulson et al. 1991). Males can also
be present in the population, but only in rare cases of chromosomal non-disjunction (<0.2%), in
which they would carry only one copy of the X chromosome (XO) (Kaletta and Hengartner 2006).
Males and hermaphrodites have different anatomical features that are very easy to distinguish,
such as their size, tail, and specific internal structures. The species is self-fertilizing, meaning that
hermaphrodites produce their own oocytes and sperm. Hermaphrodites have a limited capacity to
produce sperm and usually generate around 300 eggs but are also able to mate with males and
produce viable progeny, laying up to 1000 eggs instead. In fact, when males mate with
hermaphrodites, male sperm is preferentially used, and the offspring has a ratio of 50% males
(Corsi et al. 2015; Albert Hubbard and Schedl 2019).

A strain isolated in Bristol, England in 1951 has been widely used for C. elegans
experiments: the N2 wild isolate was initially kept and propagated in the laboratory for almost two
decades, which collaborated to its “domestication”. Several variants arose and remained in the N2
background, which is partially associated with the agar plate environment (Frézal and Félix 2015).
It was only many years later that its use as a model organism became widespread, and at that point,

it had been already modified by domestication (Frézal and Félix 2015). It is currently used as a
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wild-type control for most of the studies on this species and it has not developed many variations
in its genome in comparison to other wild isolates due to its strict laboratory development over the
past five decades.

Although C. elegans is considered to present low molecular diversity within a population
due to its self-reproduction (Barriére and Felix 2005a), there is great genetic variability found in
the genome of strains isolated in different parts of the world. Therefore, it is a great ally for
understanding phenotypic variability, as each strain presents diverse genomic features (Crombie
et al. 2019). A great resource for this purpose is CeNDR, the Caenorhabditis elegans Natural
Diversity Resource (https://www.elegansvariation.org/). This platform gathers information from
over 1,500 wild strains, which contributes to a better understanding of natural diversity and
underlying phenotypic variability (Cook et al. 2017). CeNDR provides extensive data on SNVs
across diverse natural isolates. However, it lacks information on larger SVs that could also play a
role in genetic modification.

Most of the discoveries using C. elegans were made using the reference strain N2.
However, much more can be discovered when analysing natural variations in the genetic
background of other wild isolates (Kamkina et al. 2016; Andersen and Rockman 2022). The use
of isogenic lab strains for most interaction studies, albeit useful, can hide how more natural
complex interactions may arise, highlighting the importance of studies in natural isolates. For
example, a study performed by Vu et al. (2015) examined phenotypic variability of RNAI
knockdown in both N2 and CB4856 C. elegans backgrounds for over 1400 genes and observed
extensive phenotypic variability in these strains. About 20% of these genes presented different
phenotypes in the backgrounds of N2 and CB4856. CB4856 has distinct levels of genetic variants

in its background and represents one of the most variable genomes, and may be closer to the origin
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of C. elegans in comparison with N2 (Crombie et al. 2019). Additionally, these two wild isolates
also differ in behavioral responses, including the responses to simultaneous changes in
environmental O, and CO2 (McGrath et al. 2009).

Two genes shown by Vu et al. (2015) to display phenotypic variability in N2 and CB4856
were selected to be studied further as part of my thesis: the Metaphase-To-Anaphase Transition
Defect gene (mat-1) and the Conserved Germline Helicase gene (cgh-1). Both mat-1 and cgh-1 are
known for being involved in essential biological processes in C. elegans and the loss of either of
these genes results in lethality in the N2 background, yet reduced level of lethality was observed
in the CB4856 background. In Vu et al. (2015), by using RNAI to knock-down these genes, the
two natural isolates showed variable phenotypes: while N2 background showed lower embryonic
survival, since the eggs failed to hatch, most CB4856 eggs were able to hatch, suggesting the
suppression of the lethal phenotype to some degree in this strain. In addition to the RNAI screens,
Vu et al. (2015) also analyzed the embryonic lethal phenotype of cgh-1 with the use of the
temperature-sensitive allele tn691: hypomorphic temperature-sensitive variants in this gene allow
propagation at a permissive temperature (15°C), while causing embryonic arrest in the N2, but not
the CB4856 background, at a restrictive temperature of 22°C. The tn691 allele is a point mutation
that induces protein instability due to structure alteration when placed under higher temperatures.
The phenotypic variability in the lethal phenotype proven by the aforementioned work not only
suggests the presence of genetic modifiers, but further shows that gene essentiality can vary with

genomic context, i.e., the genetic background can in fact influence the phenotype.

1.3.1 The Metaphase-to-Anaphase Transition Defect Gene — mat-1
mat-1 is the C. elegans ortholog of human CDC27 and is involved in an essential process:

the cell cycle and asymmetric cell division. It is a component of the Anaphase-Promoting
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Complex/Cyclosome (APC/C) (Golden et al. 2000) and its impairment leads to mitotic arrest (Juo
and Kaplan 2004). The APC, also known as cyclosome, is a multi-subunit E3 ubiquitin ligase that
promotes mitosis exit and acts in two important steps during that process (Peters 2002; Wade
Harper et al. 2002). First, APC drives cells from metaphase to anaphase by poly-ubiquitinating
securin, the inhibitory binding protein of separase (Cohen-Fix et al. 1996; Funabiki et al. 1996).
Free-form separase can then cleave cohesion proteins present between the sister chromatids,
allowing the microtubules to pull them towards opposing poles (Uhlmann et al. 1999, 2000). It is
responsible for separating paired homologs in meiosis I, and sister chromatids in meiosis II.
Second, APC/C is responsible for ubiquitinating M-phase cyclins, also forcing mitotic exit
(Golden et al. 2000; Peter et al. 2001; Taieb et al. 2001). In C. elegans, exit from meiosis Il is
complex and involves the direct M to S transition and the conversion of fertilized oocyte into a
zygote, which also seems affected in APC mutants (Shakes et al. 2003).

Shakes et al (2003) studied seven alleles of mat-1 mutants that displayed temperature
sensitivity and conditional phenotype at semi-permissive temperatures and confirmed meiotic
arrest associated with mat-1 defects, in addition to defective embryo eggshells and asymmetries.
This was fundamental for the association of mat-1 as the ortholog of CDC27 and its role as part of
APC/C. Impairment of mat-1 resulted in defects in both meiosis and mitosis, including altered
pronuclear migration, defective polarization and altered timing and orientation of embryo’s mitotic
cell divisions. Additionally, the lack of proper cell division in mat-1(ax144) and mat-1(ax212)
temperature-sensitive alleles was shown to cause male tail abnormalities, such as missing or
complete absence of rays (Shakes et al. 2003). The multicellular embryonic lethality in mat-1
mutants is also observed in RNAI experiments, in which the mRNA expression is knocked down.

The treated worms initially produce viable offspring, but once the RNAI takes effect, these animals
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start to produce multicellular dead embryos in the first 20-24 hours, and later generate only one-
cell arrested embryos (Shakes et al. 2003). Phenotype of mat-1 RNAI reflected the absence of
APC/C function itself, and it replicated the phenotype of knockdown of seven different APC/C
subunits (Davis et al. 2002; Shakes et al. 2003).

Developmental roles for APC/C during embryonic axis formation and anterior/posterior
(A-P) polarity during oocyte fertilization have also been identified in C. elegans (Rappleye et al.
2002). A-P polarization is important to promote asymmetric first mitotic cell division in the one-
cell embryo, resulting in formation of sister blastomeres (Shakes et al. 2003). APC activity in the
A-P formation, induced by CDC-20, promotes restriction of PAR-3 in the anterior pole, allowing
PAR-2 to act in posterior end. APC impairment leads to defective association between paternal
pronucleus and centrosome with the cortex, which is deemed essential for the restriction of PAR-
3 to the anterior pole and successful formation of A-P axis. The role of APC in such association is
influenced by separin, and lack of this protein also resulted in defects corresponding to A-P polarity
loss (Rappleye et al. 2002). mat-1 mutants show disrupted cytoplasm segregation towards the
sperm pronucleus. Since fertilization occurs opposite the oocyte nucleus, these mutant embryos
arrest with the oocyte chromatin in meiosis at one end of the embryo and condensed sperm
chromatin at the other end (Wallenfang and Seydoux 2000). Oocytes lacking mat-1 activity can
still be fertilized, but their division is arrested in metaphase of meiosis | and they are blocked from
further growth (Golden et al. 2000). This embryonic arrest is apparently variable: while some
mutants can complete meiosis | and still show an abnormal chromosome separation, others skip
meiosis Il completely and fail to produce normal eggshells.

For analyzing the mat-1 phenotype, | make use of the temperature-sensitive allele yel21, a

missense variant at the position 1:5,125,258. This allele impacts protein folding, and high
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temperatures can destabilize an intermediate in the folding pathway. The yel2l1 variant is
immediately adjacent to highly conserved regions, and it was isolated in a screen for osmotically
sensitive mutants in a study of defects in axis formation (Rappleye et al. 2002). In the uterus of
matl(yel21) animals, there is a significant increase in the number of embryos that undergo meiotic
arrest. At restrictive temperatures (25°C), these mutants can only generate embryos that are
arrested at the one-cell stage, and hatch rate is close to 0% in the N2 background. Under permissive
temperatures (15°C), these worms have mild complications and carry only 1-2 embryos arrested
in meiosis, while still being able to produce viable eggs and having hatch rates close to 100%

(Shakes et al. 2003).

1.3.2 The Conserved Germline Helicase Gene — cgh-1

cgh-1 is the C. elegans ortholog of the human gene DDX6, and it is expressed specifically
in the germline and early embryo. It enables RNA helicase activity, another essential process, and
mMRNA binding, and it is relevant for both oocyte and sperm function. Also, it is highly conserved,
with about 70% homology to its yeast, human, and Drosophila orthologs within the helicase region
(Navarro et al. 2001). During normal oocyte formation in C. elegans, up to half of the developing
cells undergo apoptosis, to maintain oocyte homeostasis. This apoptotic process is different from
any other in somatic cells and maintains the cytoplasm to be used by the survivor cells (Gumienny
et al. 1999). However, loss of function of cgh-1 seems to induce the apoptosis of all these
developing oocytes instead and results in non-functional sperm (Navarro et al. 2001). With the
inhibition of apoptosis, cgh-1(RNAI) oocytes can still develop and proliferate normally, however,
they cannot be fertilized (Navarro et al. 2001). Although cgh-1(RNAI) still produce a normal
number of germline cells and gonad chromosome morphologies appear normal, these oocytes

usually die at high rates (Navarro et al. 2001).
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Additionally, CGH-1 is localized in the P-granules, germline-specific MRNA
compartments, and its inactivation in the germline leads to transformation of P-granules into a
rigid matrix (Boag et al. 2005; Hubstenberger et al. 2013). Its function in the germline relates to
sequestering and stabilization of maternally transcribed mRNAs, which is potentially associated
with other RNA-binding proteins (Boag et al. 2005). Besides, CGH-1 also plays a role in
promoting miRISC-target interactions (Hammell et al. 2009) and regulation of the endoplasmic
reticulum in the germline (Langerak et al. 2019). Knock-out of cgh-1 results in sterility during
adulthood, due to abnormal production of oocytes and sperm (Navarro et al. 2001; Boag et al.
2005). Impairment of cgh-1 function also strongly enhances the delayed larval development in
mir-48; mir-84 mutants, all being suppressed by hbl-1 RNAIi (Hammell et al. 2009).

RNAI experiments targeting cgh-1 conducted by Vu et al (2015) in the N2 reference strain
showed embryonic arrest and lower hatching rates in comparison with the CB4856 genetic
background. Here, we make use of temperature-sensitive allele to decipher the phenotype of cgh-
1. The tn691 temperature-sensitive allele is a missense variant present in cgh-1 in the position
111:7,497,545. It presents a hypomorphic phenotype in the N2 background: under restrictive
temperatures, these worms result in embryonic arrest and eggs fail to hatch properly, while
hatching rates can be considered normal when observed under permissive conditions (15°C) (Vu

et al. 2015).

1.3.3 Diverse Genetic Backgrounds for Investigation of Plasticity of Essentiality

Considering that the majority of C. elegans essential genes have only been probed in the
N2 strain, which is not representative of the broad diversity of C. elegans strains, we here expand
the study performed by Vu et al (2015) and the investigation of phenotypic variability of mat-1

and cgh-1 with the use of six natural isolates (Figure 2). The use of six divergent genetic
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backgrounds provides wider scope of natural variations to help with investigation of the plasticity
of essentiality, in this case, for mat-1 and cgh-1, potentially explained by the influence of genetic
modifiers in these phenotypes. The natural isolates present in this study were chosen based on
geographical location, aiming on including the broadest genetic backgrounds as possible: N2
(England), CB4856 (Hawaii), GXW1 (China), AB1 (Australia), JU1400 (Spain), and KR314
(Canada). Hereby, I hope to enlighten the influence of each of these genetic backgrounds in the

“essential” function of our two target genes, mat-1 and cgh-1.

A mat-1 and cgh-1 gene essentiality B Natural |sola'§es chosen for this study and
their original locations
Proved in N2 Uncertain in other
background natural isolates ®

O N2

Q
Y

Figure 2. A. gene essentiality of mat-1 and cgh-1 in different C. elegans genetic backgrounds. B. Original location
of the six natural isolates used in this study. We focused on a broad variety of strains to prioritize the diversity of
their genetic backgrounds. Image designed using BioRender [https://www.biorender.com/].

AB1

1.3.3.1 The Reference Strain, N2

The N2 strain is broadly used as a wild-type control for most studies in C. elegans. Its strict
laboratory development over the past five decades resulted in a stable strain that has not developed
many variations in its genome in comparison with other wild isolates. C. elegans N2 was the first
multicellular organism with a fully-sequenced genome, and this data still remains as the reference

genome for this species (The C. elegans sequencing consortium, 1998).
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1.3.3.2 The Hawaiian Strain, CB4856

The C. elegans strain CB4856 (originally called HA8) was isolated from a pineapple tree
in Hawaii in 1972 and contains one of the most diverse genomes in comparison with the reference
N2 (Stewart et al. 2005). CB4856 and N2 differ by one polymorphism per 840 bp (Wicks et al.
2001; Swan et al. 2002). Based on this high genetic diversity, it is hypothesized that Hawaii may
actually be the origin of the C. elegans species (Crombie et al. 2019). This higher genetic diversity
can be explained by remaining ancestral diversity present since the transition of the species to self
crossing, abundant supply of habitats — i.e. allowing a more stable population - and stable
temperatures throughout the year (Frézal and Félix 2015; Richaud et al. 2018).

Additionally, gene flow to other global isolates of C. elegans suggests emigration of alleles
from specific Hawaiian populations to other regions of the world (Crombie et al. 2019). This could
be influenced by human activity and recent production and export of sugarcane and tropical fruits
initiated in the nineteenth century (Bartholomew et al. 2012). In comparison to other genetic
backgrounds selected for this project, CB4856 carries 12,285 unique SNVs and 341 unique SVs
(Chida 2023). Some interesting phenotypes associated with this wild isolate include its cryophilic
behaviour. CB4856 tends to migrate towards the cold area of a temperature gradient, and tendency
was higher than N2 and CB4658 strains (Jurado et al. 2010). Its survival rates are also higher when
compared with N2, AB1 and KR314 wild isolates during cold tolerance experiments (Okahata et

al. 2016).

1.3.3.3 The Chinese Strain, GXW1
The GXW1 wild isolate was sampled from soil under a kiwi fruit tree in Wuhan City, China
in 2010. Its original isolation is credited to A Cutter & E Dolgin, and it represents one of the few

Asian wild isolates identified so far. This strain was whole-genome sequenced as part of the
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Million Mutation Project (MMP) (https://cgc.umn.edu/strain/GXW1). GXW1 srWGS analysis

identified 2,139 unique SNVs and 97 unique SVs, when aligned to N2 reference genome and in
comparison to the other five natural isolates used in this study (CB4856, N2, AB1, KR314 and

JU1400) (Chida 2023).

1.3.3.4 The Australian Strain, AB1

The ABL1 strain was isolated in Adelaide, Australia, ABL1. Its phylogenetic study suggests
its genome is the result of recombination of two diverse genotypes (Barriere and Félix 2005a), and
it differs even from other strains that are geographically close, such as AB4 (Koch et al. 2000).
This is the only wild isolate from south hemisphere included in this study and differs from N2 at
a molecular level of 0.4 x 10 SNVs per nucleotide. When compared to the other strains in this

project, AB1 carries 1,821 unique SNVs and 62 unique SVs (Chida 2023).

1.3.3.5 The Spanish Strain, JU1400
JU1400 was isolated from rotting orange fruits in Sevilla, Spain, in 2008. Its isolation is
attributed to Marie-Anne Felix. Its genome contains 6,709 unique SNVs and 144 unigque SVs in

comparison with the other strains in our study (Chida 2023).

1.3.3.6 The Canadian Strain, KR314

The Canadian wild isolate KR314 was originally harvested in Vancouver (Kitsilano) from
rotting avocados in 1987. Its isolation is attributed to Ann Rose. It is known for producing males
with abnormal, swollen tails, that still carry all other male-specific structures (e.g. fan, rays, and
spicules). This characteristic is associated with a natural variant in the gene mab-23(e2518),
suggestively resulting in male mating inability. This represents the capacity of this wild isolate
surviving in its natural habitat reproducing entirely by self-fertilization (Hodgkin and Doniach

1997). Its genome contains 4,139 unique SNVs and 97 unique SVs when compared to the other
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isolates from my project (Chida 2023).

1.4 Hypothesis and Aims

Hereby, | aim to study the concept of plasticity of essentiality using two essential genes in
C. elegans important for two unrelated processes: mat-1 and cgh-1. My research goal is to test
their essentiality in genetic backgrounds not yet explored and investigate the consistency of such
essentiality under the influence of natural genetic variation. Currently, these genes have been
extensively studied in the N2 laboratory cultivated background but not in many others natural
isolate C. elegans backgrounds (with the exception of CB4856). It is my hypothesis that the
requirement for these essential processes may be different in diverse genetic backgrounds
presumably due to the presence of genetic modifiers. This hypothesis will be addressed via three
main aims. Firstly, my objective is to study the phenotype of the mat-1(ye121) and cgh-1(tn691)
in six different genetic backgrounds (Chapter 3). Secondly, | will make use of multi-omics dataset
to thoroughly investigate each genetic background in an attempt to identify the potential variants
responsible for any given phenotypic variability observed in the first part of this project (Chapter
4). Finally, I will apply CRISPR/Cas9 methods to probe the modifying effect of selected variants
identified in the genomes of the natural isolates as potential candidate modifiers (Chapter 5).
Altogether, the assessment of the phenotype of mat-1 and cgh-1 and its modification may
collaborate to the interpretation of plasticity of essentiality in C. elegans, as well as assist with

tailoring the identification of genetic modifiers.
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Chapter 2: Materials and Methods

2.1 C. elegans Culture and Maintenance

C. elegans strains were maintained following standard laboratorial conditions and kept at
15°C unless noted otherwise (Brenner 1974). Nematode Growth Media (NGM) spread with a lawn
of OP50 Escherichia coli was used for routine worm growth. For maintaining worm populations,
around five young adults were placed onto fresh plates every seven days. Strains carrying
temperature-sensitive alleles were periodically unfrozen fresh from stocks every three months for
minimizing the appearance of spontaneous de novo variants. All strains were genotyped frequently
to assure the quality of produced data using a Polymerase Chain Reaction (PCR) strategy. The
markers for genotyping were based on SVs unique to each background and identified after
thorough investigation by Afiya Chida (Chida 2023). Genotyping information and PCR details can

be found in Table 1.

Table 1. PCR-based genotyping strategy for natural isolates. For primer sequences, please refer to Table 4.

Strain SV Position Forward Reverse Size | Tm
AB1 Inversion V/:16025076-16122556 | oMTG1178 | oMTG1179 | 693bp | 62
CB4856 Deletion 1V:10207379-10208603 | oMTG1154 | oMTG1155 | 981bp | 62
GXW1 | Tandem Duplication 1:6123787-6128960 oMTG1291 | oMTG1292 | 866bp | 62
JU1400 | Tandem Duplication 11:8243775-8249999 | oMTG1287 | oMTG1288 | 451bp | 62
KR314 | Tandem Duplication | 1V:17044133-17049698 | oMTG1168 | oMTG1169 | 853bp | 62
N2 Deletion V:1645712-1647498 | oMTG1331 | oMTG1332 | 432bp | 62

2.2 CRISPR/Cas9 Design and Microinjection

For CRISPR design, guide RNAs (gRNAs) were selected based on proximity with the

target site and predicted efficiency given by the UCSC genome browser [genome.ucsc.edu].
Selected sequences were ordered from IDT as Alt-R CRISPR-Cas9 gRNA. For repair template,

single stranded oligo donor nucleotides (ssODNs) were designed using Horizon Discoveries tool
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[https://horizondiscovery.com/en/products/tools/Edit-R-HDR-Donor-Designeroligo] and ordered
as a 4 nM Ultramer DNA Oligo from IDT. For CRISPR/Cas9 transfection, a well-established
microinjection approach was used. L4 larvae were plated a day before and let for growth at 20°C
until young adulthood was reached. Young adults were injected targeting the rachis, which
contains premature germline cells. The system would take effect and show phenotype in the F1
generation, in a heterozygote setup. CRISPR injection mix contained 0.5 uL of Cas9 (Integrated
DNA Technologies; ID: 1081058), 1.25 uL of each 10 uM pre-annealed gRNA and tracrRNA, and

1 uL of each ssODN, all eluted into duplex buffer and RNase-free water. CRISPR constructs and

targets used here can be found on Table 2.

Table 2. CRISPR/Cas9 targets and components for homology directed repair. Underlined sequence refers to gRNA

site. Blue nucleotides represent synonymous variants induced to avoid CRISPR/Cas9 secondary activity. Red
represents variant of interest (mutant).

Candidate o
) Position gRNA (3’-5°) Repair template (3°-5”)
Variant
AGACTACGAACTACACGCTTTTTTGGTGTCAATGTC
such-1 111:11517531 | ACTGTGTATTCAGGATATGA CAAGTTTTTACTGTGTATCCAAGACATGATGGATGG
GAAATTCTTCAAgtaggcagccaa
such-1 GCTGCGTGAACCGAATTCTGCTGGACACGACGCTCC
(Hawaiian) 111:11517714 | CAAAAAAGAAGAGGAATCGG | TTTTCTACTGATTCCTCTTCTTTTTTGCCTGAAATTAT

TATCAT

TGCATTCTCCATTCGACTGCTTTTCAGGTGACGGCAT
GTCTCCCITAATAGCGTTTGAAACAACTCCTAATGCG
GAAGCCAA

hbl-1 X:5824753 | GTTGTTTCAAACGCTATCAA

TCGAAGAGGCGCGAATCCGTCAAGAGTCTAACATTG

nhl-2 [11:4897421 | CTTCGTTAACTTGTGATTTA | ATGACATGTACAGAAAATCACAAGTTAACGAAGCAC
GAGTACATGATGCCATCAAC
GGGCGGTGCAGTTCTTTCCGACTGGCGAAGCGTTTGT

bub-3 11:13728035 | GTTTGTGGTGTCGTCGATCG | cCTGTCTTCTATCGAGGGAAGAGTCGCTGTAGAGTAT
GTAGATCAG
TTATTATTATATTGAACTGGGGAAGCAACAATTTTAC

ddx-15 [11:5591654 | GCGGACGCGGAGACAGAAGA | TTACCTTGTTCTGTCTCCGCGTCCGCTGCCATCTAAAT
CCAAT

glp-1 GTGCGAACGTCTCAGATTGAAAGTCAAAGTTCAATGC

. [11:9097961 | TTCAATTCGTTGTAATCACC | ATTATAGTCACCGGGATATCCATTTGCGAGAGTTTGTG
(Hawaiian) GATA
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A co-CRISPR technique was used to help with the identification of the worms that were
successfully transfected, using dpy-10(cn64) as the secondary target. This affects the organismal
morphology and creates a visible phenotype to screen for potential heterozygotes for the gene of
interest. This additional variant is dominant and presents as “dumpy’ phenotype in homozygous
worms and a “roller” phenotype in heterozygous worms. Successful CRISPR worms were
identified in the F1 generation having the roller phenotype. Rollers were then plated individually
and genotyped for the variant of interest with PCR and Sanger sequencing. When a heterozygous
worm for the target gene was identified, its F2 generation is also genotyped to isolate the ones
homozygous for the variant of interest and wild type for the dpy-10 phenotype.

Genotyping PCR was performed using NEB OneTaq (New England BioLabs, ID: M0480).
Sanger sequencing was performed by the CHGI (The Centre for Health Genomics and Informatics)
at the University of Calgary, using the forward flanking primer for each variant. F2 generation was
also genotyped to isolate the ones homozygous for the variant of interest and wild type for the
Dpy-10 phenotype. Finally, the new, confirmed strain was assigned a strain name and frozen to
ensure maintenance of stocks for future experiments. Strains in the Tarailo-Graovac lab are given
a strain name beginning with “MTG” (i.e., MTGxxx) and alleles isolated in the lab are denoted

with mod (i.e., bub-3(mod495)). Details for genotyping can be found on Table 3.

Table 3. PCR genotyping strategy and primer sequences for CRISPR-created strains.

Strain Gene Pl\[l‘i"trrnneer Primer Sequence (3’-5°) (ii;:) Twm
MTG649 | 2 IGirdioe | CAGCTCOTOGTTOAGAACETOE | 107 |
MTG685 hbl-1 oMTG1252 | ATGCTGTCTCTTCCACCTCTACAAC 472 | 60
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oMTG1253 | CACTGAAATGGCTTGCTCCCTATG

oMTG1528 | GTTACAACAAAGTAGCGTTCGGAGG

MTG728 bub-3 oMTG1529 | TCAGCTCAGTTCCATCAGTATCCTTC | 20 | ©0
OMTG1531 | TCCGACAAGAGTGATGCACTGG

MTG729 ddx-15 oMTG1532 | GGCGAGTCTGAGAGCCATTC 868 | 59
) OMTG1541 | GGAACTGTTGTCGCTGGTGTTATC

MTG730 | glp-1 (Hawaiian)  + \ 167 | GCCTTCAAGCATCGAATTGCCTC 571 | 60

MTG756 73B6AL OMTG1580 TGAGAAGTCTTACGCGGAAATGG | oo | o

oMTG1581 | AATGGATTCTCTTGCTGCTGGTG

2.3 Hatch Rate Assays

Experiments were conducted at either permissive or restrictive temperatures. For each
hatching rate trial, five L4 worms per strain were plated onto individual seeded NGM plates. L4s
were selected for being the last stage before adulthood. This guarantees the observance of the entire
fertile stage of each worm and its entire brood. Every 24 hours, the parental worm was moved into
a fresh plate and the number of F1 eggs and larvae was assessed. This was followed until the end
of reproduction stage (usually after 4-5 days) and three trials per strain at each temperature were
conducted. Hatch rate was calculated for each worm (n=5) as the ratio of the total number of
hatched embryos to the total number of progeny (eggs and larvae). Experiments were conducted
in a range between 15°C and 25.3°C, depicting the phenotype under both permissive and restrictive
conditions. To ratify that the phenotype observed under restrictive conditions was uniquely due to
presence of temperature-sensitive alleles, experiments with the wild type natural isolate strains

were performed under the same restrictive conditions (23°C, 24°C, 25°C, and 25.3°C).

2.4 Titration/Propagation Assay

Titration assays were performed to test a gradient of temperatures and identifying the
temperature at which one strain could be long-term propagated while other(s) cannot. For each

assay, five L4 worms per strain were plated onto individual NGM plates. Plates were incubated
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for two weeks, which was a sufficient time to discern ability of the strain to propagate next
generations. After that period, plates were scored for propagation and classified into three
categories: “No0” propagation was considered if only presence of parental worm and unhatched
eggs was observed. “Mild” propagation was considered if <10 F1 generation worms were present,
and most progeny consisted of unhatched eggs. True propagation (“Yes) was considered if there
was the presence of several worms, multiple generations, and little or no unhatched eggs were
observed. Considering the use of temperature-sensitive alleles in this project, propagation assays
were performed at different temperatures in a range from 15°C to 25.3°C, to expand the phenotype

inquiry.

2.5 RNAI Treatment

RNAI by feeding was performed using Y110A7A.d (mat-1) and CO7H6.5 (cgh-1) clones
provided by Dr. David Hansen’s lab and using clones carrying the empty L4440 plasmid as
controls. For validation of clones, DNA was purified using the Sigma GenElute Plasmid Miniprep
Kit (ID: PLN350) and confirmed through Sanger sequencing before the start of the experiment.
RNAI bacteria was grown with selection media using ampicillin (100 mg/mL) and tetracycline
(2.5mg/mL) until log phase was reached and spread onto NGM plates. NGM media contained 1
M IPTG and 100 mg/mL ampicillin and were kept away from ultraviolet (UV) light. Seeded RNAI
plates were stored at 4°C for up to one week. L4 worms were used for the hatch rate assay
conducted at 20°C. L4s were kept on plate for 72 hours for RNAI induction, then moved onto a
fresh plate for another 24 hours. Parental worm was then removed from replica and progeny was

scored for phenotype.

2.6 DNA Extraction and WGS Long-Reads Preparation

Genomic DNA for long-reads WGS was extracted using Wizard® HMW DNA Extraction
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Kit (ID: A2920) following standard protocol. DNA was eluted in DNA Rehydration Solution
provided in the kit and its concentration measured. Samples with a minimum A260/280 ratio of
1.8 were submitted for sequencing at Sick Kids in Toronto (PacBio - Single-molecule real-time
(SMRT) developed Pacific BioSciences) [http://tcag.ca/facilities/dnaSequencingSynthesis.html].
Obtained data was analyzed by Afiya Chida. Using Integrative Genomes Viewer (IGV), the
screening considered if the SV is affecting protein-coding regions of genes that have similar
function to mat-1 or cgh-1 or that are known to interact with them. Variants that affect protein
production potentially have a stronger modifier effect. PCR reactions were used to confirm the
presence of the candidate SVs, and Sanger sequencing was applied for further confirmation, as

described below.

2.7 Structural Variants VValidation

Breakpoints of SVs and complex rearrangements were confirmed by PCR and Sanger
Sequencing. Primers were designed with PrimerQuest IDT tool

(https://www.idtdna.com/PrimerQuest) by Afiya Chida, an MSc graduate from our lab. Sanger

sequencing was performed by the CHGI at the University of Calgary. Primer sequences and PCR

conditions are listed on Table 4.

Table 4. Primers utilized for SV validation in different C. elegans natural isolate strains.

Strain Size

Location Primer IDs Primer Sequence (5'-3")
Name (bps)
oMTG1148 | TCGTTCTCTACTCGTCTCTCTC
CB4856 11:10006742-10016704 897 62
oMTG1149 | GGCACAGATCTCGAACCTAAA

O0MTG1150 | CGAGTAGCAGCATTTGGTAGAG
CB4856 11:14034295-14034709 938 | 62.5
O0MTG1151 | GCGATACGTGTACTGTGTAACC

O0MTG1154 | CAATATGGGTCCGCAGGTATTA
CB4856 1V:10207379-10208603 981 62
oMTG1155 | TGCTTTGTCAGCCGTACTT

oMTG1156 | GCTTCCGCGCTACTTAGAAA
CB4856 V:15452708-15457000 451 62
oMTG1157 | GGCGGGACTCTATCTAGTCATA
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oMTG1158 | CCCAATCATGCTCTCAATCCT
CB4856 V:10380363-10384404 807 62
oMTG1159 | CTGGACTGAATGGATTGTCTCTC

oMTG1160 | CCCGAATCCTGTGAAATGAAATG
CB4856 1:13012535-13023893 375 62
oMTG1161 | CGGTAGCTGTTGTCATAGTTGT

oMTG1162 | GAAACAAAGCTTCAGGCACAA
CB4856 V:15862955-15867242 650 62
o0MTG1163 | AACTGCGCAGAGAGAATCAA

o0MTG1164 | CCCTTGCGAACTGAACATTAAC
CB4856 V:16679981-16684986 872 62
OoMTG1165 | AGTTTCCTGCGAATGAGAGATAG

oMTG1166 | AACACTCTCTCCCTATCCCTTC
CB4856 11:14938828-14939477 662 | 62.5
oMTG1167 | CCCGGAAGTCCTATTCATTTCC

oMTG1168 | CATAGCCCTGGTACCCAATAAA
KR314 1V:17044133-17049698 853 62
oMTG1169 | GAGTGGCGTGCGGATATAAA

oMTG1176 | CACCTCCACAACAAGCAAAC
AB1 V:17172415-17175843 447 62
oMTG1177 | GCTCATATCTAAGCAGCCGATAG

oMTG1178 | TCAGTCAATCCAAGACCATCAC
AB1 V:16025076-16122556 693 62
OMTG1179 | GCGAGTCGCAAAGCATTATC

O0MTG1180 | GGAAACTGGCAATGCTGTTATAG
AB1 V:1085800-1088470 799 62
0MTG1181 | CCTGAAGATCCATCGGAACAA

oMTG1285 | GTTCCAAAGCTCTGCAAGAAAT
JU1400 111:13333471-13339461 732 62
oMTG1286 | CTGGTAGGCACGTCTATGTTT

oMTG1289 | AAAGGGAGCGAAGCAGAAA
GXW1 11:9404532-9410508 817 62
oMTG1290 | CCTGACCACAGTTCATTGGATA

oMTG1291 | AGGAGAAACTGGAACGAGAATG
GXW1 1:6123787-6128960 866 62
oMTG1292 | GCGTGAAGTGAGAGTGTGAA

oMTG1293 | GGAGGAGGAGGTTATGGAAATG
GXWwW1 1V:1124616-1130844 501 62
oMTG1294 | CCAACTGAGTGTTGCTCAGA

2.8 DNA Extraction and WGS Short-Reads Preparation

Genomic DNA for short-reads WGS (srWGS) was extracted using Qiagen Blood and
Tissue kit (ID: 13323) following standard procedure. DNA was suspended in 10 mM Tris-HCI
(pH 8.0), and its concentration measured. Samples with a minimum A260/280 ratio of 1.8 were
submitted for sequencing at Sick Kids in  Toronto (lllumina NovaSeq 6000)

[http://tcag.ca/facilities/dnaSequencingSynthesis.html].

2.9 srWGS Analysis and Search for CRISPR Off-Target Activity

WGS data was analyzed using an in-house developed pipeline (Maroilley et al. 2023).

35




Quality control was done with FASTQC v0.11.9 (S. 2010). Read sequences were trimmed with
Trimmomatic v0.38 (Bolger et al. 2014a) and were aligned with BWA-MEM v0.7.17 (Li and
Durbin 2009) using the Wormbase C. elegans genome version WS265 as the reference (Li and
Durbin 2009; Bolger et al. 2014b; Maroilley et al. 2021). FreeBayes v1.3.1 (Garrison and Marth
2012), and SNPeff v4.3.1 (Cingolani et al. 2012) were used for variant calling and annotation,
respectively, and Bcftools v1.10 (Danecek et al. 2021) was used to manipulate variant calls in the
Variant Call Format (VCF).

The output Candidate Variant Lists (CVLs) were manually curated for confirmation of
presence of the temperature-sensitive alleles mat-1(ye121) and cgh-1(tn691) and searched for
potential CRISPR off-target effects. Final CVLs contained variants with high confidence that were
prioritized based on its in silico predicted type (e.g., missense, splice-region variant, stop/start,

gain/loss variant) and its gene function and correlation with genes of interest in this study.

2.10 Variant Curation Using Machine Learning

An in-house Machine Learning (ML) approach developed by a current PhD student at the
Tarailo-Graovac lab, Tahsin Rahit, was used for prioritizing the variants. The ML, named
ModSpy, was used to analyse genome data, identify variants unique to each background, and rank
the variants according to a final “probability score” (y-score) of its modifying activity for the target
gene. The parameters considered for variant prioritizations by the ML model include protein
interaction data from STRING database, gene ontology, and phenotype ontology, which is based
on experimentally validated genetic modifiers data used for model training.

After final CVL was obtained, | performed manual curation for further evaluation of the
best candidates, focusing on the strains in which phenotypic experiments described in Chapter 3

indicated presence of modifiers. Initial CVL lists contained hundreds of variants for each
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background. To minimize the list, I first filtered out any variants that were not truly unique to each
background through comparison of CVLs and visual confirmation in IGV. Variants not supported
by >90% of reads may end up absent in some CVLs and therefore be considered unique to a
specific strain, which can be ruled out after the visualization step. Next, | initially searched for
variants that could be acting as suppressors in the KR314, and enhancers in the CB4856 and AB1,
based on phenotype presented for mat-1(yel121) or cgh-1(tn691) alleles (Chapter 3). Backgrounds
containing each of the candidate modifiers studied here can be found in Table 11. Selection criteria
included association with target gene (gene function and gene ontology listed on WormBase),

impact of variant (Grantham score), and y-probability score given by the ML model.

2.11 RNA Extraction and Sequencing

Worm strains were cultured on NGM plates spread with OP50 E. coli, at permissive
temperature (15°C). Strains were synchronized using a hypochlorite + NaOH solution in a 1:1
ratio. Plates were fed with additional OP50 culture until crowded with adult worms. Synchronized
plates were collected into pellets using M9 solution and kept at -80°C for later RNA extraction.
For this step, a Trizol-chloroform based RNA extraction protocol was applied. In-column DNAse
treatment was also performed using ZYMO Research RNA Clean & Concentrator kit. (ID: R1013).
Purified RNA was eluted in DNAse-RNAse free water provided in the kit and concentration was
measured using NanoDrop. For facilitating the extraction step, samples were split into three
batches (see Table 5), and one N2 WT control was included in each batch. Samples were sent for
total mRNA-sequencing at Sick Kids in Toronto (lllumina NovaSeq 6000)

[http://tcag.ca/facilities/dnaSequencingSynthesis.html].
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Table 5. MRNA-sequencing samples concentration and ratios. Samples were split into three batches for facilitating
RNA extraction.

Batch# Strain MTG# ng/ul A260/280 | A260/230
N2; mat-1(ye121) MTG561 1046.4 2.20 2.53
AB1; mat-1(ye121) MTG562 671.0 2.17 2.47
CB4856; mat-1(ye121) | MTG563 843.0 2.18 2.53
1 GXW1; mat-1(ye121) MTG564 973.7 2.19 2.49
JU1400; mat-1(ye121) | MTG565 420.7 2.14 2.42
KR314; mat-1(ye121) | MTG566 1009.9 2.21 2.53
N2 MTG7-M 696.6 2.17 2.4
N2; cgh-1(tn691) MTG558 825.2 2.18 2.52
AB1; cgh-1(tn691) MTG567 555.6 2.19 2.47
CB4856; cgh-1(tn691) | MTG568 896.3 2.17 2.48
2 GXW1; cgh-1(tn691) MTG569 690.6 2.15 2.45
JU1400; cgh-1(tn691) | MTG559 100.1 2.10 251
KR314; cgh-1(tn691) MTG570 976.3 2.18 2.52
N2 MTG7-C 533.3 2.21 2.52
AB1 MTG23 176.1 2.11 2.36
CB4856 MTG8 1077.2 2.15 2.43
3 GXW1 MTG24 1044.5 2.17 2.42
JU1400 MTGA472 673.7 2.17 2.43
KR314 MTG25 971.6 2.16 238
N2 MTG7 1346.2 2.17 245

2.12 RNA-Seq Data Analysis

Processing of RNA-seq data was performed by Dr. Tatiana Maroilley, a current post-

doctoral fellow in the Tarailo-Graovac lab, on Galaxy (https://usegalaxy.eu/ - (Afgan et al. 2022)),

using the guidelines previously described by Batut et al, (2021) to execute the quality control,
genome alignment and read counts, as Quality control was done with FastQC (Galaxy Version
0.74+galaxy0) (S. 2010). MultiQC was also used to aggregate the FastQC reports (Ewels et al.
2016). Low quality sequences and adaptors were trimmed using Trimmomatic (Galaxy Version

0.39+galaxy0) (Bolger et al. 2014a). Alignment to reference C. elegans genome (WS286) and read
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counts was performed with RNA STAR (Galaxy Version 2.7.10b+galaxy4) (Dobin et al. 2013).
Final .bam files were visualized using IGV for pictured assessment of RNA expression.
Significance (p-value) of potential different gene expression was assessed using limma (Galaxy
Version 3.50.1+galaxy0), available on Galaxy platform (Liu et al. 2015). This was performed by
comparing each natural isolate against N2 control. limma converts read counts into log-2-counts-
per-million (logCPM) and models the mean-variance relationship between samples. Output
contains adjusted p-values using Benjamini and Hochberg’s false discovery rate control at a
threshold value of 0.05 (BH 1995) (Benjamini and Hochberg 1995). All three replicates of each

background (WT, mat-1(yel121) and cgh-1(tn691)) were grouped for increasing statistical power.

2.13 Grantham Scores

For assessing the impact of missense variants and the amino acid changes, specifically, I
also made use of Grantham Scores. Grantham scores evaluate the chemical properties of each
amino acid, including its polarity and molecular volume, and attributes a score for every specific
change. The higher the score, the more “damaging” the substitution. Lowest score involves
isoleucine/leucine substitutions (score = 5), while highest involves a cysteine/tryptophan
substitution (score = 215). Table for score verification can be found in the original source

(Grantham 1974).
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Chapter 3: mat-1 and cgh-1 Display Phenotypic Variability In

Different Natural Isolate Backgrounds

As previously reported in literature, essentiality of mat-1 and cgh-1 does not seem to be
static. Instead, RNAI showed that depletion of gene products for both of these genes resulted in
lower embryonic lethality in the CB4856 (Hawaiian) strain when compared to the lab cultivated
N2 strain (Vu et al. 2015). These two “essential” genes, initially considered of outmost importance
for survival, have shown to be partially dispensable in one background (CB4856), while crucial in
the other (N2) (Vu et al. 2015). To understand this better, | decided to expand on this study by
using temperature sensitive alleles of the mat-1 and cgh-1 and six strains of different genetic

backgrounds.

3.1 RNA interference for mat-1 and cgh-1

To confirm the previous findings, | first used the RNAI with clones for both target genes
in the N2 and CB4856 backgrounds. RNAI by feeding was performed using Y110A7A.d (mat-1)
and CO7H6.5 (cgh-1) clones provided by Dr. David Hansen’s lab and using clones carrying the
empty L4440 plasmid as controls. L4 worms were used for the hatch rate assay conducted at 20°C.
In accordance with the earlier report presented by Vu et al (2015), N2 showed reduced embryonic
survival for both cgh-1 and mat-1 clones, while CB4856 presented viable development. Hatch
rates for CB4856 strain was close to 100% and recapitulated the WT results; meanwhile, N2
presented a hatch rate of less than 2% for mat-1, and close to 78% for cgh-1 (Figure 3). The results
also shed light on the phenotype of mat-1 and cgh-1 knockdown in the other wild isolates, for
which literature lacked information. Interesting enough, knockdown of cgh-1 with RNAIi shows
variable phenotype among the six natural isolates. Even though RNAI can be biased for not

offering a complete gene impairment, these results could indicate a potential effect of genetic
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background on both essential genes. On the other hand, divergent response to RNAI in different
genetic backgrounds has already been observed in studies comparing N2 and CB4856 strains. It is
known that penetrance of RNA. relies strongly on the target gene, however, the exact mechanisms
behind such changes remain unclear (Bell et al. 2023). Further in this project, the phenotypic
variability of mat-1 and cgh-1 was studied using temperature sensitive alleles, which allowed for

thorough investigation of the lethal phenotypes associated with the deficiency of these genes.

ns ns

ns ns
- —
A ns B - C 1 ns I
ok I |
100 @, Le 1M pie S 1009 ~ o 100
M * M
__ 80+ 80— 80 .
60+ & 60 = 60 !
2 2 ® 2 T[T
= = =
L 404 C 40 L2 40
© = = (]
I T T
20+ 20 ; 20 &l

¢ T T T T T T 0——fp— | e —ap— 0 T T :

1 T T 1
R R & & > S U RS AN
%) a3 ) >
FE ST FEF T FEFE T
RNAi L4440 (control) RNAi mat-1 RNAI cgh-1
20°C 20°C 20°C

Figure 3. RNAI results for comparison of knockdown of mat-1 (B) or cgh-1 (C). For control, the L4440 empty
vector was used, and all strains showed good viability, as expected (A). Statistical significance was calculated using
unpaired t-tests with Welch’s correction. p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001 to
0.01 — Very significant), “***” (0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely
significant). Non-significant results are represented by “ns”.

3.2 The Use of Temperature-Sensitive Alleles for Phenotype Investigation

Considering that the target genes of this work have been deemed crucial for survival, | here
use temperature-sensitive alleles, which provide a conditional phenotype. Traditional approaches
used to study gene function often involve the creation of loss-of-function alleles. However, these
methods may prohibit the identification of subtle differences in the phenotype not observable under
such extreme perturbations. In contrast to a complete loss of function, temperature-sensitive alleles
allow the observation of a wider phenotypic spectrum, which may point to mild modifiers that

might not be identified otherwise. Temperature-sensitive alleles were first identified in bacteria,
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and usually contain missense point variants (Edgar et al. 1964). At a lower, permissive
temperature, protein would still be functional, however, once put into restrictive conditions, the
higher temperatures are capable of impairing protein function, often by disrupting folding and 3D
structure. In other words, the protein produced under restrictive conditions is mostly inactive
(Edgar et al. 1964). To examine the differences in essentiality of mat-1 and cgh-1 across various
genetic backgrounds, | employed mat-1(ye121) and cgh-1(tn691) temperature-sensitive alleles in
six diverse C. elegans backgrounds and tested their viability at both permissive (15°C) and

restrictive (>22°C) conditions.

3.2.1 Knock-in of Temperature-Sensitive Alleles in the Six Natural Isolates

An initial step of this project was performed by Dr. Xiao Li, a postdoctoral fellow in the
Tarailo-Graovac Lab, who prepared the strains carrying the temperature-sensitive alleles for mat-
1 and cgh-1, mat-1(ye121) and cgh-1(tn691), respectively. Using CRISPR/Cas9, Dr. Li performed
the initial knock-in of the temperature-sensitive alleles in the reference strain N2 along with 5 other
natural isolates for comparison of their phenotypes across these different genetic backgrounds. The
N2 background is consistently used as a reference genome in C. elegans experiments and is applied
as control due to its minimal genetic variation. Using CRISPR/Cas9, Dr. Li was able to recreate

the temperature-sensitive hypomorphic variants in all six geographically diverse strains (Table 6).

Table 6. Strains carrying temperature-sensitive alleles for mat-1 and cgh-1 created by Dr. Xiao Li using
CRISPR/Cas9. Strains received a unique MTG# ID for in-house reference upon its creation but will be referred to in
this document by their wild isolate name and genotype, to facilitate reading.

mat-1 (yel2l1) cgh-1 (tn691)

N2 MTG561 - N2; mat-1(yel21) MTG558 - N2; cgh-1(tn691)
AB1 MTG562 - AB1; mat-1(yel21) MTGb567 - AB1,; cgh-1(tn691)
CB4856 | MTG563 - CB4856; mat-1(yel21) | MTG568 - CB4856; cgh-1(tn691)
GXW1 MTG564 - GXW1; mat-1(yel21) MTG569 - GXW1; cgh-1(tn691)
JU1400 MTG565 - JU1400; mat-1(yel21) MTG559 - JU1400; cgh-1(tn691)
KR314 MTG566 - KR314; mat-1(yel121) MTG570 - KR314; cgh-1(tn691)




3.3 Analyzing the Phenotype of mat-1(ye121) and cgh-1(tn691) across different genetic
backgrounds

3.3.1 Hatch Rate Assays

After the knock-in of the temperature-sensitive alleles in the six natural isolates, the
viability of these strains at restrictive and permissive temperatures was assessed by primarily
analyzing their hatch rates and embryonic arrest, in the so-called Hatch Rate Assays: five worms
per strain were individually placed onto NGM plates and checked daily for quantification of
progeny; finally, hatch rate per worm was calculated (n=5) and average hatch rate per strain was
assessed. Full description of the experiment can be found in the Materials and Methods Chapter 2.
When comparing the different natural isolates, divergencies in these ratios are a strong indicative
of plasticity of essentiality possibly due to variants in their genetic background. To confirm that
any given phenotypic variability was due to each genetic background, and little influenced by
external factors, it must be considered that strains were analysed simultaneously and under the
exact same conditions (incubation temperature and time, agar plates' batch, food nutrition, etc).
Additionally, to ratify that the phenotype observed under restrictive conditions was uniquely due
to presence of temperature-sensitive alleles, experiments with the WT natural isolate strains were
performed under the same restrictive conditions (23°C, 24°C, 25°C, and 25.3°C) and showed no
significant decrease in hatch rates (Figure 4). Therefore, any reduction in fitness observed in the
knock-in strains for mat-1(yel121) or cgh-1(tn691) is likely explained by the decrease in function
of the genes induced by temperature rising. Additionally, any variation in the lethal phenotype

across the strains is likely attributed to their unique genetic background.
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Figure 4. Hatch rates for WT isolates under restrictive conditions (23°C, 24°C, 25°C, and 25.3°C, respectively),
showing no significant (ns) impairment of survival. Non-significant results are represented by “ns”.

3.3.1.1 Hatch rates at restrictive temperatures reveal phenotypic variability for mat-1(ye121)

At lower temperatures, it is expected that protein is functional and little to no impairment
on survival is observed. This was noted for hatch rate assays performed for mat-1(yel21) strains
at 15°C. When grown at this permissive condition, all six strains showed little or no embryonic
lethality and hatch rates were close to 100% (Figure 5). However, once temperature is increased,
| observed considerable phenotypic variability for mat-1(yel21) strains. Experiments were
performed at restrictive conditions ranging from 22.4°C to 24°C.

Findings at 22.4°C confirmed phenotypic variability for mat-1(yel121) strains (Figure 5).

At this condition, GXW1; mat-1(yel121) and JU1400; mat-1(ye1l21) have moderate reduction in
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hatch rates, presenting 85% and 65% hatch rates, respectively. This effect was shown to be stronger
for CB4856; mat-1(yel21) and AB1; mat-1(yel21) strains, both depicting 41% and 21% hatch
rates, respectively. KR314; mat-1(yel121) strain was the one with best hatch rate, close to 100%,
however, this was followed by N2; mat-1(yel21) (96%), showing no significant difference
between these two backgrounds. The significant impairment of CB4856; mat-1(ye121) and AB1;
mat-1(yel121) in comparison with control N2; mat-1(ye121) could suggest presence of enhancers
in those genetic backgrounds, that may or may not be a common variant.

Slightly increasing temperature to 23°C recapitulated most of those results (Figure 5). As
expected, all hatch rates were reduced, in accordance with the effects of temperature in the
knocked-in allele. This time, GXW1; mat-1(ye121) and JU1400; mat-1(yel21) had even more
severe phenotype, with average hatch rates of 8% and 4%, respectively. Again, CB4856; mat-
1(yel21) (1.8%) and AB1; mat-1(yel121) (0.44%) presented the lower hatch rates, corroborating
the idea of a common enhancer present in both backgrounds. N2; mat-1(ye121) and KR314; mat-
1(yel21) also presented reduced hatch rate, however milder than the other strains (Figure 5).
However, this specific temperature revealed significant difference between these two strains.
When compared to N2 background, KR314; mat-1(ye121) had a much better hatch rate, which
could indicate the presence of a unique modifier (potentially a suppressor) in this strain (Figure 5).

Finally, at 24°C, hatch rates also strongly suggest the presence of genetic modifiers in these
backgrounds (Figure 5). Interestingly, GXW1; mat-1(yel21) and AB1; mat-1(yel21) showed no
survival, while CB4856; mat-1(yel21) and JU1400; mat-1(yel21) presented less than 6% of
hatching. The strain with the best hatch rate was KR314; mat-1(yel21), followed by N2; mat-
1(yel121). Given that hatch rates for N2; mat-1(ye121) and KR314; mat-1(yel21) are significantly

different, this could indicate the presence of a suppressor of mat-1 in the KR314 background.
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Additionally, KR314; mat-1(ye121) strain was the only one of the six strains which showed

propagation abilities at this same restrictive condition, meaning it was able to reach adulthood and

reproduce into further generations (as described in the section 3.3.2.1 of this chapter). On the other

hand, the strong lethality observed in the other backgrounds might be an indicator of presence of

enhancers in those strains, producing a more severe phenotype.
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Figure 5. Hatch rates for mat-1(ye121) strains depict phenotypic variability for embryonic lethality. Phenotype is not
observed under permissive conditions (15°C, left), in which egg hatching is close to 100%. As temperature is risen,
lethal phenotype becomes more evident and is greatly variable according to each genetic background. Statistical
significance was calculated using unpaired t-tests with Welch’s correction. p-values are shown using “*” (0.01 to
0.05 - Significant), “**” (0.001 to 0.01 — Very significant), “***” (0.0001 to 0.001 — Extremely significant), or
“xE** (<0.0001 — Extremely significant). Non-significant results are represented by “ns”.

Impairment of survival of CB4856; mat-1(ye121) was a surprising result considering RNAI

targeting the same gene and background showed opposite phenotype. The idea that an off-target

effect of CRISPR/Cas9 could have caused the divergent phenotype in the CB4856; mat-1(yel121)

strain was first considered, but then disregarded after thorough investigation (detailed description

on Chapter 4). Simply, the nature of each genetic impairment (RNAi knockdown versus missense

point variant) might be the potential cause for such discrepancy. Natural genetic variation is found
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for nearly any measurable trait in C. elegans, including when using RNAI. Response to RNA. is
known to vary according to the genetic background it acts on. In CB4856, specifically, RNAI
seems strongly ineffective in targeting germline genes: loss of function of ppw-1 was deemed
responsible for blocking (or at least delaying) that response (Tijsterman et al. 2002). A recent study
compared differential gene expression after knockdown of two germline-essential genes (par-1
and pos-1) across strains with variable RNAI sensitivity, including CB4856, and observed strong
strain-specific phenotypes (Bell et al. 2023). Additionally, wild isolates appear to vary in efficacy
of germline RNAI depending on the target gene, but the detailed mechanisms remain to be

elucidated.

3.3.1.2 Hatch rates at restrictive temperatures reveal phenotypic variability for cgh-1(tn691)

To start with, phenotype of cgh-1(tn691) strains was assessed at both permissive and
restrictive conditions. Once placed at permissive condition of 15°C, all six strains showed little or
no impairment of survival with hatch rates of over 90% (Figure 6). From there, lethal phenotype
was assessed in a range of different restrictive conditions from 23°C to 25.3°C (Figure 6).
Phenotypes observed at 23°C showed severe reduction of hatch rate for most strains, due to
perturbation of cgh-1 at this condition: phenotypic variability was noted, and all strains but KR314;
cgh-1(tn691) presented less than 16% of average hatch rate. KR314; cgh-1(tn691), having a hatch
rate of 45%, showed significant difference in comparison to N2; cgh-1(tn691) (9.8%), a potential
sign of presence of suppressors in the first background.

A similar trend was observed when increasing temperature to a more restrictive condition
of 25°C. AB1; cgh-1(tn691), CB4856; cgh-1(tn691), and JU1400; cgh-1(tn691) had hatch rates
of less than 6%, while GXW1; cgh-1(tn691) showed no hatch rate. N2; cgh-1(tn691) presented

average 1.2% of hatch rate, while KR314; cgh-1(tn691) was the strain with the best performance,
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even if mildly reaching 7%.

Finally, a slightly higher temperature of 25.3°C also recapitulated the phenotype observed
at other restrictive conditions: all strains showed severe impairment of hatch rate, being best hatch
rate still attributed to KR314; cgh-1(tn691) (9%). All other strains presented less than 6% of hatch
rate, and CB4856; cgh-1(tn691) specifically, showed a very similar hatch rate in comparison with
N2; cgh-1(tn691) (3.8% and 3.5%, respectively). Altogether, results obtained here confirmed the
phenotypic variability of cgh-1 across the six natural isolates and could also suggest the presence
of suppressors in the KR314 background, or even intricate interaction networks of both
suppressors and enhancers present in these strains. Further fitness of the strains was assessed using

propagation assays and brood size analysis, as described later in this chapter.

ns ns
bl el ns
100+ m, o Fs 1007 —— 100- 100 x
7]
] e e -
—_— 80+ O —_ 80 ns 80 * 807 hi
o 60 @ o 60 : o 60
£ £ 2 £ -
§ 40 2 S a0 ... S a0
T 2 * £ = £
- 204 — o 20 4
0 T T T T T T U"V"M 0__';F<_+_rrl_~_$_$_
EAJPAPRFORPAgI D D D D P O B B D P R B D N D N P
A W o @“ \~° Q“ N .&“ & .&“ .&“ ,&° N S \\ﬂ“ &“ &“ \\@ W
¢°§a°§u°&‘x"&\n°§\“§ qf’&\b('&\ 0&‘ & Q"Q‘ \g‘b Gq c,g c,q“ & (,q c,q & FFE S S
S Q:‘;\ '\:‘\ P ‘\ "’ q-'\ “\ P \ «-F‘\ °‘Q Q’ ‘{L@"b %NB'F‘\N \"S}Q ?9'\
FETS & FES S E g
cgh-1(tn691) 15°C cgh-f(tn691) 23°C cgh-1(tn691) 25°C Cgh-"(fﬂﬁg'f) 25.3°C

Figure 6. Hatch rates for cgh-1(tn691) strains depict phenotypic variability for embryonic lethality. Phenotype is not
observed under permissive conditions (15°C, left), in which egg hatching is close to 100%. As temperature is risen,
lethal phenotype becomes more evident and is greatly variable according to each genetic background. Statistical
significance was calculated using unpaired t-tests with Welch’s correction. p-values are shown using “*” (0.01 to
0.05 - Significant), “**” (0.001 to 0.01 — Very significant), “***” (0.0001 to 0.001 — Extremely significant), or
crEkE (20,0001 — Extremely significant). Non-significant results are represented by “ns”.
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3.3.2 Long-Term Propagation Assays

Considering that gene essentiality not only refers to genes indispensable for survival, but
also to ones that when disturbed may cause impairment in reproduction, a second approach was
used to further study the phenotype of mat-1(yel21) and cgh-1(tn691). The plasticity of
essentiality, in this case, can be further investigated by performing propagation assays: long-term
observance of population growth and survival. In this experiment, worms are incubated for a two-
weeks period, without disturbance, which is enough time to assess presence versus absence of
propagation. After that period, plates are scored for its capacity to propagate into further
generations and classified into three categories: “No” (only presence of parental worm and
unhatched eggs observed). “Mild” (<10 F1 generation worms) “Yes” (presence of several worms,
multiple generations, and little or no unhatched eggs observed) (Figure 7). Considering the use of
temperature-sensitive alleles in this project, propagation assays were performed at different
temperatures in a range from 15°C to 25.3°C, to expand the phenotype inquiry. Full description of
experiment can be found in the Materials and Methods Section 2.4.

After 2 weeks

No (-): only parental Mild (0): less than 10 Yes (e): crowded plates,
worm present (orange); adult F1 worms, no clear propagation and
no propagation observed further propagation multiple stages present

Figure 7. Propagation assay. After final observation, plates are classified into three categories according to the level
of propagation present.
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To serve as a control and certify that phenotype for propagation assays was a product of
the hypomorphic variants in mat-1 and cgh-1 here being studied, the same conditions were applied
to the wild-type natural isolates. Overall, as depicted in Table 7, all six wild isolates showed

propagation abilities in every temperature that they were tested under.

Table 7. Propagation of wild-type strains at restrictive temperature. Propagation observed after two weeks of
uninterrupted incubation at correspondent temperature. Results were classified accordingly as “No propagation” (-),
“Mild propagation” (0), and “True propagation” (e). Notably, the higher the temperature, the lower the fitness and
propagation rate of each strain.

Temperature
15°C | 20°C | 21.7°C | 23°C | 24°C | 25°C | 25.3°C
AB1 ) ° ° ° ° ° °
- CB4856 ° ° ° ° ° ° °
© S [ GXWL | o | o | e « | o . .
% E» JU1400 ° ° ° ° ° ° °
O g KR314 . . . . . . .
0 N2 ° ° ° ° ° ° °

3.3.2.1 Propagation of mat-1(yel121)

The long-term propagation of mat-1 was tested in a range of temperatures varying from
20°C to 25.3°C. At the lowest end, at 20°C, all mat-1(ye121) strains presented crowded plates and
were able to propagate. Once temperature was slightly risen to 21.7°C, however, impairment of
hatch rate and propagation could be observed for AB1; mat-1(yel21), while others remained
viable. In accordance with hatch rate assays, KR314; mat-1(yel21) was the strain that
predominantly had the best propagation observed throughout different restrictive temperatures,
also overcoming propagation of N2; mat-1(yel21). Both KR314; mat-1(yel21) and N2; mat-
1(yel21) were able to propagate at 23.2°C, with the presence of crowded plates after a two-week
period, while other backgrounds failed to expand. Once the temperature was slightly increased to

23.7°C, N2; mat-1(yel21) seemed to lose its propagation capacity, and only KR314; mat-1(yel21)
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presented propagation, even if mild. At this temperature, KR314; mat-1(yel121) plates presented
few F1 adult worms, but no further growth, while all remaining strains did not show any signs of
propagation. A similar result was observed at the slightly higher condition of 24°C: KR314; mat-
1(yel121) showed mild propagation, while most other backgrounds were completely impaired.
However, KR314; mat-1(yel21) was still considered as the best performance, since all the plates
for this background showed consistent results. Finally, a higher temperature of either 25°C or
25.3°C seemed to severely impact all mat-1(ye121) strains, and no growth was observed in any of
the six backgrounds. This was taken as the absolute restrictive temperature, in which mat-1
function was fully hindered, or at the minimum, not functional enough to allow survival of these

organisms (Table 8).

Table 8. Propagation of mat-1(ye121) strains at restrictive temperature. Propagation observed after two weeks of
uninterrupted incubation at correspondent temperature. Results were classified accordingly as “No propagation” (-),
“Mild propagation” (0), and “True propagation” (®). Notably, the higher the temperature, the lower the fitness and
propagation rate of each strain. N/A represents strains not tested at the specific condition noted.

Temperature
20°C | 21.7°C | 23°C | 23.2°C | 23.7°C | 24°C | 25°C | 25.3°C
ABlmat-1(yel21) ° - . - - - - N/A
U'g CB4856;mat-1(yel21) ) ° o - - - - N/A
2 S | GXWI1;mat-1(yel21) ° ° ° - - - - N/A
gg’ JU1400;mat-1(yel21) | e . . . - . _ N/A
B | KR314;mat-1(ye121) o o o o o o - -
N2;mat-1(yel21) ° ° ° - - - -

3.3.2.2 Propagation of cgh-1(tn691)

For cgh-1, propagation was tested in a variety of restrictive temperatures ranging from

20°C to 25.3°C. Primarily, at temperatures equal or under 23.7°C, all cgh-1(tn691) strains were
deemed capable of propagating after observation of crowded plates after the two-week period. This

includes 20°C and 21.7°C experiments, as depicted in Table 9. Once the temperature was raised
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to 24°C, KR314; cgh-1(tn691) was able to propagate, while others only retained mild propagation
capacity. At 25°C, AB1; cgh-1(tn691, N2; cgh-1(tn691), JU1400; cgh-1(tn691), GXW1; cgh-
1(tn691), and CB4856; cgh-1(tn691) did not present any propagation, while KR314; cgh-1(tn691)
still showed mild propagation. Similarly, at the final temperature of 25.3°C, only KR314; cgh-
1(tn691) strain was able to propagate into a mild stage, while all others remained fully
compromised (Table 9).

In sum, the analysis of both hatch rates and propagation of mat-1(ye121) and cgh-1(tn691)
phenotypes here shown confirm the phenotypic variability of these conditional alleles in different
genetic backgrounds. The presence of natural and unique variations in each of these backgrounds
may be the key to understanding such phenotypic divergence and is the topic of discussion in the
next chapters of this thesis. With the use of bioinformatics tools and multi-omics datasets, | have
investigated these six wild isolates and attempted to identify potential modifiers responsible for

enhancing — or suppressing — the phenotypes here discussed.

Table 9. Propagation of cgh-1(tn691) strains at restrictive temperature. Propagation observed after two weeks of
uninterrupted incubation at correspondent temperature. Results were classified accordingly as “No propagation” (-),
“Mild propagation” (o), and “True propagation” (e). Notably, the higher the temperature, the lower the fitness and
propagation rate of each strain.

Temperature
20°C [21.7°C [ 23°C [23.7°C| 24°C [ 25°C [ 25.3°C

AB1;cgh-1(tn691) ° ° ° ° o - -

o | CB4856;cgh-1(tn691) ° ° ° ° o - -

S 5[ GXWiL;cgh-1(tn691) | e . . . o 3 -
< S| JU1400;cgh-1(in691) | e . . . o - -
O Z| KR314;cgh-1(tn691) . . . . . o o
" T N2;cgh-1(n691) . . . . 5 N »
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Chapter 4: Genomics Analyses Identify Candidate Modifier

Variants

4.1 Whole Genome Sequencing Analysis for CRISPR/Cas9 Off-Target Effects

CRISPR/Cas9 tends to be extremely precise due to the use of specific guide RNAs; little
or no off-target effect is usually observed for gene editing in C. elegans (lyer et al. 2015; Au et al.
2019). However, our hatching rates obtained for CB4856; mat-1(yel21) under restrictive
conditions did not match the RNAI data described in the literature (Vu et al. 2015). Even
considering that our RNAI experiment followed the previously reported results, the possibility that
CRISPR/Cas9 caused off-target editing during the knock-in of the temperature-sensitive allele was
considered as a possible explanation for the observed divergence. To investigate this issue, we
submitted the mat-1 and cgh-1 CRISPRed strains for WGS Illumina srWGS. Sample preparation
was performed with the Qiagen Blood & Cell Culture DNA Mini Kit for DNA extraction. An in-
house user-friendly Galaxy-based pipeline was used for the analyses of the WGS data (Maroilley
et al. 2023). Detailed methods description is found in Chapter 2 of this thesis. Off-target CRISPR
effect could be identified by comparing the WGS data from CRISPRed strains to the ones obtained
for wild-type natural isolate strains.

The variants were filtered focusing on the ones present in protein-coding regions. Finally,
comparing the filtered variants to the CRISPR construct design allowed the discerning between
the ones that could have been caused by off-target editing and the others that are product of
spontaneous events. The variants initially cured from this analysis were not further investigated as
potential off-target effects, either for being in a gene with no known relation to mat-1 or cgh-1, or
for being present in hypervariable regions (HVRs) of the genome (Chida 2023). A search for these

variants in the WT background of each strain helped with filtering the ones that are simply natural
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variations or potential effect of spontaneous variants. A search for variants affecting genes known
to interact with mat-1 and cgh-1 also did not lead to any major candidates. Additionally, any variant
present in other backgrounds or strains treated with a different CRISPR construct were also
disregarded as potential sequencing errors. Finally, variants present in HVRs was disregarded as
these regions are difficult to map and lead to low-quality reads. No variant that could potentially
be attributed to an off-target CRISPR/Cas9 effect was identified. Therefore, the differential
phenotype of CB4856; mat-1(yel121) in comparison to RNAI experiments for mat-1 is more likely
explained by the divergent molecular effects caused by these two methods. Considering that the
use of temperature-sensitive alleles for mat-1 was not explored by Vu et al (2015), the phenotype
here observed for mat-1(yel21) allele in the CB4856 background could not be compared to
previous literature.

Even though no clear off-target effect for mat-1(yel21) could be detected, a different
outcome was seen for cgh-1(tn691) strains. Initially, three missense SNVs in N2; cgh-1(tn691)
were identified and further investigated. These are the variants present in genes zip-6, ZK546.5,
and soap-1. The first one, zip-6 (IV:11,215,167G > T) caused an amino acid change from
glutamine to lysine, having a Grantham score of 53 (conservative). This gene has a regulatory
interaction with hsp-3, hbl-1 and five other genes that physically interact with cgh-1. The second
variant, in ZK546.5 (11:4,937,417 C > A), also caused an amino acid change from glutamine to
lysine, having the same Grantham score of 53 points. This is an essential gene involved in
transcription. However, this variant was present in both N2; cgh-1(tn691) and mat-1(yel21)
backgrounds, therefore likely due to spontaneous event rather than CRISPR off-target effect,
considering that both strains were edited using different constructs/targets. No direct interaction

of ZK546.5 with mat-1 or cgh-1 was therefore found. The third SNV, however, was concerning,
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considering that soap-1 is an essential gene with common interactions with cgh-1 (Figure 8B).
This missense variant was present on chromosome V (V:7,207,103 A > G), causing a leucine to
serine amino acid change with Grantham score of 145 (radical), and it was present exclusively in
the N2; cgh-1(tn691) background (Figure 8A). The nature of this variant does not correspond to
potential CRISPR/Cas9 off-target effects, considering that small insertions and deletions are
usually the hallmark of endonuclease-induced (double-strand break) damage (lyer et al. 2015). A
similar approach using WGS for identifying off-target effects was applied to mice and human stem
cell clones and found a very low incidence of true off-target editing, insufficient to create any

concerns (Veres et al. 2014; lyer et al. 2015).

A .u-m .

N2; cgh-1{tnEss)

N2; mat-2{ye121)

N2ZWT

B et | C . 301 c52B0.4
ptp-2 e " — F2709.2 . T28D9.1
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Figure 8. soap-1 (V:7207103 A > G) information. (A) depicts IGV screenshot confirming presence of this variant
exclusively in the N2; cgh-1(tn691) background. (B) depicts summarized interactions of soap-1 and its indirect
linkage to cgh-1. (C) STRING soap-1 protein interactions search (https:/string-db.org/ Accessed on September 5%,
2023).

However, this missense variant in soap-1 became of interest due to its gene essentiality and
potential impact on the phenotype that was studied in this project. To rule out the possibility of its

influence in the cgh-1(tn691) phenotype, a new N2 strain, not containing the soap-1 variant, was
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CRISPRed for the cgh-1 allele. After careful analysis using hatch rate assays at both permissive
and restrictive temperatures (15°C, 23°C, 25°C, and 25.3°C) (Figure 9), no significant difference
was detected between the N2; cgh-1(tn691) either carrying the variant in soap-1 (MTG558) or not
(MTG709). Therefore, no phenotypic association between soap-1 (V:7,207,103 A > G) and cgh-
1(tn691) was confirmed. More likely, the SNVs present in zip-6, ZK546.5, and soap-1 are due to

spontaneous events.
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Figure 9. Investigation of soap-1 as a potential interaction with cgh-1 and influence on the cgh-1(tn691) phenotype.
Little or no significance difference was observed between the N2; cgh-1(tn691) strain carrying the soap-1 variant
(MTG558) or the newly created N2; cgh-1(tn691) strain without the presence of soap-1 variant (MTG709). This
confirmed the lack of association between this specific SNV in soap-1 and the phenotype observed in N2; cgh-
1(tn691). Statistical significance was calculated using unpaired t-tests with Welch’s correction. Non-significant
results are represented by “ns”.

4.2 \WGS Investigation of Genetic Modifiers for mat-1 and cgh-1

The data here presented supports our hypothesis that detrimental variants in mat-1 and cgh-
1 result in variable outcomes in different genetic backgrounds (Chapter 3). By comparing the
hatching rates from the assays outlined in Chapter 3, | noted that there is a clear difference in
survival between these natural isolates, supporting the presence of genetic modifiers. Based on the

phenotypes observed, candidate modifiers were searched for using WGS data from the six natural
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isolates, considering primarily variants that could act as a suppressor based on similar function or
direct interaction with our target genes. Then, these candidate modifiers were investigated using
CRISPR/Cas9 to test their capacity to alter the phenotype of mat-1(yel21) and cgh-1(tn691)
(Figure 10). Importantly, part of my project also involved identifying and testing structural variants
(SVs) as possible modifiers for the two target genes. The identification of these variants and
analysis of WGS data was performed by Afiya Chida, an MSc graduate from our lab, who had a

key role in this project (Chida 2023).

Candidate CRISPR/Cas9
modifier

= = 8

Sample Whole-genome Variant calling Testing the
preparation sequencing pipeline candidate modifiers

Figure 10. Genetic modifiers identification workflow.

4.2.1 Prioritization of SNVs as Candidate Modifiers for mat-1 and cgh-1
4.2.1.1 Initial Bioinformatics Analysis

Afiya Chida applied computational methods to better understand the natural isolate
genomes and identify variants in genes that may be functionally associated with mat-1 and cgh-1.
srWGS was performed for all six natural isolate strains, and initial analysis was focused on SNVs
(Chida 2023). Back in 2009, Dixon et al underlined how more complex variants (such as deletions
or overexpression of genes) are perhaps an uncommon form of genetic modifiers, and that the
study of simpler genetic interactions between single nucleotide polymorphisms (SNPs) could
provide a more true-like view of genetic networks (Dixon et al. 2009). Here, the variants were

prioritized based on their association with our target genes, similar function, and their location,
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focusing on non-synonymous variants within the protein coding region predicted to result in
“moderate” to “high”effects - a classification based on the “physical” impact of each variant in the
final protein.

Afiya Chida’s analysis led to an extensive list of variants (Chida 2023). For instance, an
initial analysis of the CB4856 strain resulted in over 22,000 variants. Targeted analysis, based on
known/previously reported genetic interactions (WormBase) for mat-1 or cgh-1 led to the
identification of four variants in genes related to mat-1 or cgh-1 (Table 10) that we decided to
investigate further. All the candidate variants are missense. To test whether these variants have
any effect on the mat-1(ye121) and cgh-1(tn691) phenotypes, | made use of CRISPR/Cas9 in the
N2 background containing the corresponding temperature-sensitive allele (for mat-1 or cgh-1) and
assessed any changes to the phenotypes at both the permissive and restrictive temperatures. To do
S0, a new hatching rate assay was performed, and its results compared to the original background
and the other natural isolates that originally carried the variant at hand. If the candidate modifier
acts as a suppressor, the new phenotype should present an increase in hatch rate and propagation.
Conversely, an enhancing activity should show the opposite phenotype — an increase in the
embryonic lethality. If no differences in the phenotype are observed, then the candidate gene can

be considered as a non-modifier of the primary variant.

Table 10. Variants of interest, related to mat-1 and cgh-1, identified in initial WGS and bioinformatics analysis.

GOl | Candidate Genetic Modifier | Allele ID | Type of Variant | Amino acid change

such-1 (111:11517531 C>G) | mod476 | Missense Variant Cys > Ser

mat-1 M_oderate Impact
such-1 (111:11517714 G>C) | mod4g3 | Missense Variant Asn > Lys

Moderate Impact
hbl-1 (X:5824753 C>T) mod4g2 | Missense Variant Thr > Met

cgh-1 M_oderate Impact
nhl-2 (111:4897421 T>G) mod473 | Missense Variant Glu> Asp

Moderate Impact
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4.2.1.2 Machine Learning Application for Prioritization of Candidate Modifiers

Subsequently, in addition to the initial bioinformatics analysis performed by Afiya Chida,
the search for modifiers was expanded with the use of machine learning (ML). For facilitating the
search for potential candidate modifiers, an in-house ML model developed by a PhD student at
Tarailo-Graovac lab, Tahsin Rahit, was used. The model, named as ModSpy (Rahit et al.,
manuscript in preparation), analyses gene ontology and genetic interactions according to a target
gene and results in a list of prioritized variants. The final list of variants contained a probability
score of each variant being a modifier for the target gene. Candidate variants were selected based
on both the ML predictions and position in the ranking, and further information gathered in
WormBase. Detailed analysis can be found in Chapter 2.10. I initially searched for variants that
could be acting as suppressors in the KR314, and enhancers in the CB4856 and AB1, based on
phenotype presented for mat-1(yel21) or cgh-1(tn691) alleles (Chapter 3). Selection criteria
included association with target gene (gene function and gene ontology listed on WormBase),
impact of variant (Grantham score), and y-probability score given by the ML model. This led to
prioritization of one candidate enhancer and one candidate suppressor for each target gene, as
depicted in Table 11. Backgrounds containing each of the candidate modifiers studied here can be

found in Table 12.

Table 11. Candidate modifiers for mat-1 and cgh-1 identified using machine learning approach.

GOl | Candidate Genetic Modifier | Allele ID | Type of Variant | Amino acid change
bub-3 (11:13728035 G>C) | mod49s | Missense Variant Val > Leu
mat-1 M_oderate Impact
Y73B6A.1 (IV: 6663170 C>T) | modsie | Missense Variant Ala> Thr
Moderate Impact
ddx-15 (111:5591654 C>G) | mod4ge | Missense Variant Arg > Thr
cgh-1 Moderate Impact
- . dag7 | Missense Variant Glu> Al
glp-1 (111:9097961 A>C) | mo Moderse laact u> Ala
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After careful selection, the variants were tested with the use of CRISPR/Cas9 (further
discussed in Chapter 5), followed by phenotype assessment using the same methodology as given
for mat-1 and cgh-1 phenotype investigation (Chapter 3). If the candidate variant is influencing
the phenotype of target gene, an increase (suppression) or decrease (enhancement) of the lethal
phenotype would be observed. Therefore, if double mutant carrying target allele and candidate
modifier simply replays the phenotype of the single mutant, the secondary variant would be

disregarded as a modifier for the primary one.

Table 12. Candidate modifier prioritized in this study and their presence or absence in each of the six natural
isolates’ backgrounds AB1, CB4856, GXW1, JU1400, KR314 and N2. “m” represents the backgrounds originally
carrying the correspondent variant.

Natural Isolate Background
AB1 | CB4856 | GXW1 | JU1400 | KR314 | N2
such-1(mod476) [ [ [ [ [
| -
g | matl) £ S;;:-;((nr?;;:s:)) -
5 S -
= € | Y73B6A.1(mod516) | m n
E § hbl-1(mod482) -
S cah-1 -g nhl-2(mod473) u
O g IS ddx-15(mod496)
glp-1(mod497) [

4.3 SVs as Potential Candidate Modifiers for mat-1 and cgh-1

Given the origin of the natural isolate strains, | considered the possibility that modification
of mat-1 and cgh-1 phenotypes might not only be caused by SNVs, but also by SVs, variants in
the genome of at least 50 nucleotides (Feuk et al. 2006). It is known that these larger variants, such
as insertions, deletions, duplications, inversions and translocations, may also play a role as genetic
modifiers, even though these are less represented in literature (Wright et al. 2018; Rylaarsdam and

Guemez-Gamboa 2019). That being said, our bioinformatics team aimed on analysing the genomic
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data obtained through srWGS, and long-reads WGS (IrWGS) (PacBio ~SMRT developed Pacific
BioSciences) to define the SVs in these natural isolate strains. When searching for larger variants
using srWGS, although task was mostly successful, some regions that displayed substantial
hypervariability were encountered, intervening with the confident identification of SVs as
described by Lee et al., (2021). Although CeNDR provides WGS data (aligned reads in .bam files)
for this species, those can lack information on more complex variants (SVs), due to manipulation
of reads in the .bam files. Therefore, we applied Ir'WGS for a deeper investigation on these
genomes as an experimental validation strategy for whatever was detected with srwWGS, and to
increase chances to explore HVRs.

Samples were prepared for long read sequencing using the Promega Wizard® HWM DNA
extraction kit and following the protocol suggested by the manufacturer. Ir'WGS was performed
for all the WT natural isolates used in this study (detailed information listed on Chapter 2.6). Afiya
Chida performed variant analysis to prioritize the ones that affect the genes that could act as
modifiers, considering if the SV is affecting protein-coding regions of genes that have similar
function to mat-1 or cgh-1 or that are known to interact with them. Variants that affect protein
production potentially have a stronger modifier effect. PCR reactions were used to confirm the
presence of the candidate SVs, and Sanger sequencing was applied for further confirmation
Altogether, this work helped identifying SVs unique to each of these wild isolates and further
enriched the understanding of the species and its natural variation (Chida 2023). Overall, analyses
of the SVs have not identified any variants that affect genes that could be deemed as genetic
modifiers of mat-1; however, a complex genomic rearrangement (CGR) in alg-2 present in
CB4856 strain, may be of interest as a potential modifier for cgh-1. This gene, alg-2, is involved

in miRISC complex and interacts with cgh-1, nhl-2 and hbl-1 (Hammell et al. 2009). Exploration
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of this SV present in alg-2 was initially considered to be investigated using RNAIi. However, RNA-
seq data analysis still showed regular gene expression of alg-2 in CB4856 and no significant
difference in comparison with expression in N2, making its exploration impracticable. p-values
for alg-2 and IGV visualization of gene expression can be found in Table 13 and Figure 11,
respectively.

Table 13. p-values for alg-2 expression from AB1, CB4856, KR314, GXW1 and JU1400 in comparison with N2
control. Values are not significant and suggest no relevant differential gene expression for these genes in the
aforementioned genetic backgrounds.

p-value against N2 Control
AB1 CB4856 | KR314 | GXW1 | JU1400

WT strains cgh-1(tn691) strains
Lo @ 4 > @M XA [ KR | NN R— o B4 r GO R E | i
JU1400 AUL400 cgh-Itmh91) g
MTG4T72 1TGSS9 _
AB1 . - ABI cgh-1(m691)
MTG23 NTGS6T
CB4856 - 1 CB4856 ch-1(tu691) - 1 (=
MTGS - B MTGA6S
p— =
KR314 WA oslimd e, FO— YRTTYYRW T S
MTCLS | ————— MTGET0
= e e — —_——
exwi | X1 bz
MTG24 MTGS6
N2 N2 cgh-1(n691)
MTG7 — MTGSSH
= — | — —
o g —— 1/ | ]

Figure 11. IGV visualization of gene expression of alg-2 in JU1400, AB1, CB4856, KR314, GXW1 and N2 WT
strains (left) and cgh-1(tn691) strains (right). Peaks (gray) represent reads coverage within exon and reflect the
MRNA expression in each region. Absence of peaks represent lack of reads coverage. Variants are colorful and
color-coded according to the type of variant or nucleotide change. No significant difference in gene expression was
observed in IGV, either comparing the natural isolates against each other, or comparing each natural isolate before
and after CRISPR knock-in of cgh-1(tn691).

4.4 Total mMRNA-sequencing and Transcriptomics Analysis

It is known that the genetic background influences gene expression at both mRNA and
protein levels in C. elegans (Kamkina et al. 2016). Whether cgh-1 and mat-1 expression levels

differ between all six strains involved in this study could further explain the phenotypic variability
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observed in the aforementioned experiments. It is not new that expression levels might differ
across different genetic backgrounds. In fact, varying gene expression across different C. elegans
natural isolates has already been reported for many of its 20,000 genes (Kamkina et al. 2016;
Zhang et al. 2022). Natural genetic variation between N2 and CB4856 for example have shown
1,532 genes to have divergent expression at the mRNA level, 712 of these having higher
expression in CB4856, and other 820 having higher expression in N2. Additionally, 129 proteins
were also found to be differently expressed between these two strains, most being related to
insulin-signaling and stress-response pathways (Kamkina et al. 2016). Other differences for these
two wild isolates at the translation level have been described using recombinant inbred lines and
quantitative traits locus (QTL) mapping. Out of the 44 genes tested by Singh et al. (2016) through
this method, half of them showed a significant difference in protein abundance. More specifically,
a QTL on chromosome Il was shown to influence protein levels of the phosphatidylserine receptor
protein PSR-1.

In another study, both N2 and CB4856 and inbred lines were used for insights into cryptic
genetic variation and regulatory variation in gene expression: according to their response to heat
stress. Snoek et al., (2017) identified 3305 genes in which transcription was affected. Furthermore,
more modern technologies such as ultralong-read direct RNA sequencing have been applied to
analyse the complexity of C. elegans transcriptome, allowing the identification of novel splicing
isoforms (Li et al. 2020). Here, transcriptomics was applied for scrutinizing mat-1 and cgh-1
phenotypes and comparing their expression across the natural isolates. Worms were synchronized
and collected aiming at 70% of an adult population, a stage in which their development is complete,
and mRNA abundance is higher, taking into consideration cgh-1 and mat-1 highest expression in

the germline. RNA was extracted using a Trizol-chloroform protocol followed by in-column

63



DNAse treatment (ZYMO Research RNA Clean & Concentrator kit). Whole transcriptomics
sequencing was performed by Sick Kids in Toronto (Illumina NovaSeq 6000). Detailed protocol
can be found in the Materials & Methods section in this document (Chapter 2.11).
4.4.1 RNA-Seq Analysis Reveals No Differential mat-1 and cgh-1 Expression Across All Six
Natural Isolates

Processing of RNA-seq data was performed by Dr. Tatiana Maroilley, a current post-
doctoral fellow in the Tarailo-Graovac lab on Galaxy (usegalaxy.eu/ - (Afgan et al. 2022)), using
the guidelines previously described by Batut et al, (2021) to execute the quality control, genome
alignment, and read counts. Detailed data processing can be found on Chapter 2. This final step
generated .bam files that | visually assessed for the gene expression of mat-1 and cgh-1. As
depicted in Figure 12 (left) and Figure 13 (left), no initial difference can be observed in gene
expression for either mat-1 or cgh-1 between all six natural isolates in the WT background. The
same can be seen in the strains with CRISPR knock-in of cgh-1(tn691) and mat-1(ye121) alleles,

as depicted in Figure 12 (right) and Figure 13 (right), respectively.
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Figure 12. IGV visualization of gene expression of cgh-1 in JU1400, AB1, CB4856, KR314, GXW1 and N2 WT
strains (left) and cgh-1(tn691) strains (right). Peaks (gray) represent reads coverage within exon and reflect the
mMRNA expression in each region. Absence of peaks represent lack of reads coverage. Variants are colorful and
color-coded according to the type of variant or nucleotide change. No visual difference in gene expression was
observed in IGV, either comparing the natural isolates against each other, or comparing each natural isolate before
and after CRISPR knock-in of cgh-1(tn691).
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Figure 13. IGV visualization of gene expression of mat-1 in JU1400, AB1, CB4856, KR314, GXW1 and N2 WT
strains (left) and mat-1(ye121) strains (right). Peaks (gray) represent reads coverage within exon and reflect the
MRNA expression in each region. Absence of peaks represent lack of reads coverage. Variants are colorful and
color-coded according to the type of variant or nucleotide change. No visual difference in gene expression was
observed in IGV, either comparing the natural isolates against each other, or comparing each natural isolate before
and after CRISPR knock-in of mat-1(ye121).

The p-values for gene expression of mat-1 and cgh-1 were also calculated using limma, as
explained in the next section (Liu et al. 2015). Those did not offer any significant difference in
comparison with the control N2 (Table 14). This corroborates the IGV analysis that no differential
gene expression for these genes is present in these natural isolate backgrounds, which suggests

that modifier effect cannot be explained by variability in mat-1 and cgh-1 expression.

4.4.2 Natural Isolates Differ in Universal Gene Expression

Significance (p-value) of potential different gene expression between the natural isolates
was assessed using limma (Galaxy Version 3.50.1+galaxy0), also available on Galaxy platform,
by comparing each natural isolate against N2 control (Liu et al. 2015). limma converts read counts
into log-2-counts-per-million (logCPM) and models the mean-variance relationship between
samples. Output contains adjusted p-values using Benjamini and Hochberg’s false discovery rate

control at a threshold value of 0.05 (BH 1995) (Benjamini and Hochberg 1995). For increasing
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statistical power in this step, all three replicates of each background (WT, mat-1(ye121) and cgh-
1(tn691)) were grouped, considering no differences in mMRNA expression should be expected
within the group (no significant differential gene expression for mat-1 and cgh-1 was observed,

and all strains were cultured under the same permissive conditions).

Table 14. p-values for mat-1 and cgh-1 expression from AB1, CB4856, KR314, GXW1 and JU1400 in comparison
with N2 control. Values are not significant (p-value < 0.05) and suggest no relevant differential gene expression for
these genes in the aforementioned genetic backgrounds.

p-value against N2 Control
AB1 CB4856 | KR314 | GXW1 | JU1400
o mat-1 0.65 0.19 0.57 0.41 0.96
c
& cgh-1 0.30 0.26 0.89 0.70 0.16

This analysis also revealed unique differential gene expression patterns for each of the
natural isolates (Figure 14). Even though most of the genes were equally expressed in N2 and other
isolates, a significant number had either reduced or increased expression in the other strains (Figure
14). Specifically, most of the genes that were differentially expressed were downregulated in
comparison with N2. The strain with closest expression pattern to N2 was GXW1, having the
lowest number of both upregulated and downregulated genes. GXW1 presented strong lethal
phenotype for both mat-1 and cgh-1 tests (Chapter 3), which could be a reflection of its less
variable genome. Next, KR314 was the second lowest differential expression numbers, and AB1,

the third. Strains with highest number of differentially expressed genes were JU1400 and CB4856.
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Figure 14. MD plots of each natural isolate against N2 control strain depicting differential expression for both over-
(red) or under-expression (blue). Genes with little or no significant differential expression can be seen in black (flat).

Table on bottom right translates data from MD plots into differential expression.

Additionally, a brief analysis of the candidate modifiers investigated in this project

revealed no significant differential expression for most genes and strains (Table 15), with the

exception of hbl-1 in the AB1 background, in which WT strain seem to have reduced expression

of this gene (Figure 15). The lack of differential expression in the candidate modifier genes in any

particular background neither confirms nor disregards their activity as modifiers for mat-1 and

cgh-1, making the phenotypic experimental validation (Chapter 5) more reliable for such

conclusions.
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Table 15. p-values for candidate modifier genes investigated in this study as potential modifiers of mat-1 and cgh-1.

Only differences with a p-value < 0.05 are considered statistically significant.

p-value against N2 Control
AB1 CB4856 KR314 GXW1 JU1400
such-1 0.82 0.08 0.65 0.33 0.53
bub-3 0.82 0.16 0.91 0.99 0.58
o | Y73B6A.1 0.19 0.08 0.30 0.57 0.12
g hbl-1 0.01 0.06 0.75 0.93 0.24
nhl-2 0.31 0.21 0.43 0.47 0.35
glp-1 0.29 0.63 0.77 0.57 0.16
ddx-15 0.35 0.44 0.88 0.43 0.63
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Figure 15. AB1 strains and IGV visualization of hbl-1 gene expression, showing reduced expression in the WT
background. Peaks (gray) represent reads coverage within exon and reflect the mRNA expression in each region.
Absence of peaks represent lack of reads coverage. Variants are colorful and color-coded according to the type of

variant or nucleotide change.
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Chapter 5: Investigation of Candidate Genetic Modifiers for mat-1

and cgh-1

5.1 Knock-in of Candidate Modifiers With CRISPR/Cas9

The selected candidate modifiers were primarily tested in the N2 background carrying the
gene of interest (mat-1 or cgh-1). N2 is the reference genome and offers a genetic background with
little variation, due to its lab-conditioned domestication (Brenner 1974). The CRISPR/Cas9
incorporation was performed by microinjection targeting a specific structure in the hermaphrodite
worm’s gonads, the rachis (Figure 16), which contains premature germline cells (Pazdernik and
Schedl 2013). This way, we optimize the transfection and the incorporation of the new variant in
the next generation. To help with the identification of the worms that were successfully transfected,
we make use of the co-CRISPR technique. Our injection mix also contains CRISPR constructs
targeting dpy-10, which affects the organismal morphology and creates a visible phenotype to
screen for potential heterozygotes. This additional variant is dominant and presents as “dumpy”
phenotype in homozygous worms and a “roller” phenotype in heterozygous worms. Usually,
successful CRISPR worms will be identified in the F1 generation having the roller phenotype.
Rollers are then plated individually and genotyped for the variant of interest with the use of PCR
and Sanger sequencing. When a heterozygous worm for the target gene is identified, the F2
generation is also genotyped to isolate the ones homozygous for the variant of interest and wild
type for the dpy-10 phenotype. CRISPR/Cas9 was shown to be prompt and effective for validating
genetic modifier SNVs in C. elegans (Jean et al. 2021; Stuart 2022). Detailed CRISPR/Cas9
approach, gRNA sequences and genotyping strategy can be found in the Materials & Methods

section of this thesis.
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Figure 16. C. elegans target region for CRISPR/Cas9 microinjection highlighted in orange (rachis). The rachis is
rich in germline nuclei that will later become oocytes.

5.2 Candidate modifiers for mat-1

5.2.1 The SUppressor of spindle CHeckpoint defect gene, such-1

such-1, an APC5-like gene, is a component of the APC complex and acts as a positive
regulator of mitotic metaphase/anaphase transition. SUCH-1 is a paralog of GFI-3, both being
similar to yeast Apc5p and to human APC5 (Tarailo et al. 2007a). Both such-1 and gfi-3 are co-
expressed in the germline, but do not have overlapping expression in other tissues. Impairment of
either such-1 or gfi-3 alone does not result in a notable phenotype, but lack of both components at
the same time leads to mitotic arrest (Stein et al. 2010).

A specific such-1 variant, h1960, was shown to delay anaphase onset in germline and early
embryo and to suppress the impairment of mdf-1, a component of the SAC. This variant induces
alternative splicing and removal of 32 amino acids from the final protein, and delays mitosis in
two-fold, allowing for proper progression of cell division even with disrupted SAC function
(Tarailo et al. 2007a). Additionally, a gain-of-function variant in such-1, (av9gf), was shown to
suppress mat-3(or180ts) embryonic lethality, another APC component and ortholog of APCS8, in a
study of mat-3 temperature-sensitive alleles (Stein et al. 2010). In fact, this same gain-of-function
variant, such-1(av9gf) was also found to weakly suppress other three APC/C alleles in addition to
mat-3(or180ts): emb-30(or420ts), mat-1(ax212ts), and emb-1(hc62ts). However, even though the

one-cell mitotic arrest was successfully bypassed, only a small percentage of embryos were
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capable of hatching (Stein et al. 2010). The study of another such-1 allele, (t1668), also helped
revealing a potential antagonism between APC/C and SAC, in which APC negatively regulates
SAC to promote mitotic exit (Bezler and Gonczy 2010).

The evidence of such-1 suppression of other genes involved in the mitotic cell cycle, and
its confirmed interaction with mat-1 (due to presence in the same complex), were crucial for
selecting this gene for modifier investigation. In the genetic backgrounds present in this study, two
variants were identified in the such-1 gene: 111:11,517,531 C>G (such-1(mod476)), and
111:11,517,714 G>C (such-1(mod483)). The first one, was present in five of the six natural isolates
(AB1, CB4856, GXW1, JU1400, and KR314), while the second allele was unique to Hawaiian
strain CB4856. Both variants were tested in the N2; mat-1(ye121) background, but no significant
increase in hatch rate was observed for either of them. Additionally, no difference in propagation
was noted for either mod476 or mod483 alleles, disregarding these variants as suppressors of mat-

1(yel21) (Figure 17).

100 100 100

80 - a0 80

60 —

B0 60

40 ns

Hatching (%)

40

Hatching (%)
Hatching (%)
Hatching (%)

[} 0 'Tv\—+—
G\,L\\ ‘\@ u@ Q,‘,\,‘;\\ a\.@ ob“\a ) B\.;\\ aﬂ’\\ 6&\6\ @n:\ a(,:\\ G\.\,\ 6‘\6\ el 0,\.;\\ N,.;\\ cbs\e
o o o N § o o ¢ ¢
SR ‘o@"'\\ A @»"N\ & A S PG &
& & F &,\u L q.\‘l v 0 o® ) 5 B &“‘ &
&“ @'s““\ € é‘q’“ &'N N S o B o
’b\:\(‘ 9‘-"&‘ »\@ \3&\ a‘!\\ ’b‘»\\ \Q\e \Q‘e vﬂ\\‘l@
L ¢ o
EO & ¢ R N &
such-115°C such-123°C such-123.7°C such-124.3°C such-125°C

Figure 17. Hatch rate assays for investigation of such-1 as a modifier for mat-1. No significant difference in hatch
rate was seen when comparing N2; mat-1(ye121) with double mutants for such-1 variants at either permissive
(15°C) or restrictive conditions. Statistical significance was calculated using unpaired t-tests with Welch’s
correction. p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001 to 0.01 — Very significant), “***”

(0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely significant). Non-significant results are
represented by “ns”.
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5.2.2 The yeast BUB homolog gene, bub-3

The gene BUB3 was initially identified in yeast, in a screen for genes involved in mitotic
arrest after exposure to microtubule depolymerizing drugs, and it is an important component of
the SAC, together with MAD1, MAD2, MAD3, and BUB1 (Hoyt et al. 1991; Li and Murray 1991;
Weiss and Winey 1996). The SAC is essential for monitoring proper chromosome segregation and
allowing for cell division continuity (Cleveland et al. 2003). It temporarily delays metaphase-to-
anaphase transition until proper alignment of chromosomes and their attachment to mitotic
spindles is reached, avoiding chromosome instability. This is achieved by the temporary inhibition
of APC/C for prevention of anaphase onset, which is done by inhibition of the APC/C activator,
Cdc20 (Musacchio and Salmon 2007). The SAC genes are highly conserved in the eukaryotic
kingdoms and have orthologs in C. elegans named mdf-1, mdf-2, san-1, bub-1, and bub-3,
respectively (Kitagawa and Rose 1999; Oegema et al. 2001; Nystul et al. 2003; Stein et al. 2007;
Tarailo et al. 2007a). Other higher eukaryotes contain additional elements in the SAC complex,
including Rod (ROugh-Deal), Zw10 (Zeste-White 10) and CENP-F (Chan et al. 2000; Yang et al.
2005; Kops et al. 2005). In C. elegans, SAC also includes hcp-1, hcp-2, and rod-1 (Moore et al.
1999; Desai et al. 2003; Tarailo et al. 2007b).

Studies for knockdown of SAC elements using RNAI identified that, although depletion
of bub-3 on its own does not show a phenotype, the combination of bub-3(RNAI) with mdf-
1(RNAI), mdf-2(RNAI) or san-1(RNAI) seem to show a modification of the primary phenotype,
leading to decreased viability (Tarailo et al. 2007b). The same is not observed in yeast, and no
synthetic lethality of BUB3 with any of the other SAC components had been observed (Tarailo et
al. 2007b). During SAC signaling, Bub3 is involved in another important activity: the mitotic

checkpoint complex (MCC), together with Bubl, BubR1, Mad2 and Cdc20. Bub3 contributes to
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the binding of MCC to APC/C. This is responsible for the direct inhibition of APC/C, preventing
premature exit from mitosis (Overlack et al. 2017).

The variant identified in bub-3 was unique to KR314 strain and located at 11:13,728,035.
This missense variant causes a G>C nucleotide change, which leads to substitution from a valine
to a leucine (Grantham score = 32). By being present in the background with the best hatch and
propagation results, this variant was primarily considered as a potential suppressor for mat-1.
However, there was no significant difference observed for either hatch rate or propagation for this
variant, when knocked-into the N2; mat-1(yel21) background. Hatch rate experiments were
performed at three conditions (22.4°C, 23°C and 24°C, Figure 18), and propagation was tested in
a range from 20°C to 25.3°C, only showing propagation up to 23°C (Table 16). Altogether, the
results suggest that this specific variant in bub-3 is not suppressing mat-1(ye121) phenotype, or its

effect may be masked by the presence of another, unknown, variant.
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Figure 18. Hatch rate assays for investigation of bub-3 as a modifier for mat-1. No significant difference in hatch
rate was seen when comparing N2; mat-1(ye121) with N2; mat-1(ye121); bub-3(mod495) at either temperature
tested (22.4°C, 23°C, and 24°C). No difference was observed in propagation assays when comparing those two
genotypes, disregarding this variant as a suppressor for mat-1. Statistical significance was calculated using unpaired
t-tests with Welch’s correction. p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001 to 0.01 — Very
significant), “***” (0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely significant). Non-
significant results are represented by “ns”.
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5.2.3 Y73B6A.1

Y73B6A.1 is a mitotic kinase predicted to be involved in mitotic cell cycle and to enable
histone H3T3 activity by phosphorylation of H3. Its homology is compared to haspin, a group of
proteins required for metaphase chromosome cohesion and alignment during mitosis (Manning
2005; Moura et al. 2018). During cell division, accumulation of the chromosomal passenger
complex (CPC) at the centromeric region involves two pathways that rely on either H3 histone
(regulated by haspin), and H2A histone (regulated by BUB1) (Barbosa et al. 2022). Impairment
of haspin disrupts cohesion binding and sister chromatid association, blocking normal
chromosomal alignment and activating SAC, leading to prometaphase mitotic arrest (Dai and
Higgins 2005; Dai et al. 2006).

In this project, the variant present in Y73B6A.1 and prioritized as a potential enhancer of
mat-1 is common between CB4856 and AB1 backgrounds, located at 1V:6,663,170, and causing a
C>T nucleotide change, leading to an amino acid substitution from alanine to threonine (Grantham
score = 58). Its prioritization as a potential enhancer was according to results obtained by mat-
1(yel21) investigation listed in Chapter 3, in which CB4856 and AB1 backgrounds presented
lower hatch rates than the control N2 at semi-restrictive conditions (such as 23°C), suggesting the
presence of an enhancer in these backgrounds. Therefore, Y73B6A.1 was selected due to presence
of a common variant in these two natural isolates.

The variant was studied in the N2; mat-1(ye121) background. No significant difference
was observed for hatch rates in comparison with the original background at either the permissive
condition of 15°C or the restrictive conditions of 23°C and 24°C (Figure 19). Additionally, no
significant difference was observed for long-term propagation at either 20°C, 23°C, 24°C or 25°C
(Table 16). Altogether, there is no evidence of interaction between the studied Y73B6A.1

(1V:6,663,170 C>T) variant and mat-1.
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Figure 19. Hatch rate assays for investigation of Y73B6A.1 as a modifier for mat-1. No significant difference in
hatch rate was seen when comparing N2; mat-1(ye121) with N2; mat-1(ye121); Y73B6A.1(mod516) at 15°C, 23°C,
and 24°C. Statistical significance was calculated using unpaired t-tests with Welch’s correction. p-values are shown
using “*” (0.01 to 0.05 - Significant), “**” (0.001 to 0.01 — Very significant), “***” (0.0001 to 0.001 — Extremely
significant), or “****” (<0.0001 — Extremely significant). Non-significant results are represented by “ns”.

5.3 Candidate modifiers for cgh-1

5.3.1 The HunchBack Like (fly gap gene related) gene, hbl-1

The gene hbl-1, previously referred as lin-57, is involved in negative regulation of
transcription by RNA polymerase 11, larval development, and oviposition. Its protein is located in
the nucleus and expressed in multiple tissues including muscle, germline, and neurons. Its 982-
amino-acid protein is a homologue of the Drosophila hunchback gene (Fay et al. 1999). It encodes
a zinc finger transcription factor member of the worm’s heterochronic gene pathway, which is
responsible for properly timing postembryonic development (Abrahante et al. 2003). Therefore,
impairment of hbl-1 leads to locomotion, egg laying and morphogenesis issues. More specifically,
loss of function of hbl-1 results in premature differentiation of hypodermis, seam cell fusion, and
adult alae synthesis (Abrahante et al. 2003). RNAI knockdown of hbl-1 also revealed severe

progeny arrest, and the few worms that reached adulthood showed defects in vulva morphology,
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as long as egg-laying defective phenotypes. These development issues were primarily associated
with the abnormal organization of hypodermal cells (Fay et al. 1999).

HBL-1 expression is negatively regulated during larval development by mir-48, mir-241,
and mir-84, genes part of the let-7 family of micro RNAs (miRNASs). This specifically occurs
during L2-L3 transition of larval stage, by binding complementary elements in the 3'UTR of hbl-
1 transcripts (Abbott et al. 2005). hbl-1 seems to act downstream of let-7 miRNAs. However, let-
7 family miRNAs are also regulated by HBL-1, representing a negative feedback loop.
Additionally, hbl-1 presents interactions with other genes mentioned in this work, such as cgh-1
and nhl-2. The impairment of cgh-1 in mir-48; mir-84 loss-of-function mutants increases
developmental delay, but is suppressed by hbl-1 RNAI, suggesting that CGH-1 acts along with
mir-48 and mir-84 to downregulate HBL-1 (Hammell et al. 2009). Overall expression of hbl-1
seems to be highest at embryogenesis, and decreased after (Fay et al. 1999).

Here, | investigated the missense variant in hbl-1 (X:5,824,753 C>T) present uniquely in
the CB4856 background. This variant was knocked-into the N2; cgh-1(tn691) background for
phenotype investigation and assessment of its potential interaction with cgh-1. As depicted in
Figure 20, no significant difference was seen in hatching rates when comparing single versus
double mutants (N2; cgh-1(tn691); hbl-1(mod482)), at either the permissive temperature of 15°C,
or at restrictive conditions of 23°C, 25°C, and 25.3°C. Further phenotype investigation with
propagation assays also did not result in any improvement in strain hatch rate and propagation

(Table 17). Altogether, this suggests no interaction of hbl-1 (X:5,824,753 C>T) with cgh-1.
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Figure 20. Hatch rate assays for investigation of hbl-1 as a modifier for cgh-1. No significant difference in hatch rate
was seen when comparing N2; cgh-1(tn691) with N2; cgh-1(tn691); hbl-1(mod482) at either permissive (15°C) or
restrictive (23°C, 25°C, and 25.3°C) conditions. Statistical significance was calculated using unpaired t-tests with
Welch’s correction. p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001 to 0.01 — Very
significant), “***” (0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely significant). Non-
significant results are represented by “ns”.
5.3.2 The NHL (ring finger b-box coiled coil) domain containing gene, nhl-2

The gene nhl-2 enables DEAD/H-box RNA helicase binding activity, establishment of cell
polarity, and it is also a positive regulator of development. It is expressed in several structures,
including germline, and it is an ortholog of human TRIM45. It is known to physically interact with
cgh-1, and also presents genetic interactions with hbl-1 (Zhong and Sternberg 2006; Hammell et
al. 2009). Knock-out of nhl-2 in combination with cgh-1 was also shown to be more detrimental
than single mutants and showed embryonic and larval death, suggesting their combined
requirement for organism viability (Hammell et al. 2009). NHL-2 is localized in P-bodies in
cytoplasm, acts as a cofactor for miRISC and functions in association with CGH-1 in somatic cells
during larval development. Together, they promote the post-transcriptional regulation of some

MIRNA targets, including hbl-1 (Hammell et al. 2009). NHL-2 protein contains multiple domains,

including B-box domains, known for RNA-binding and protein:protein interactions (Matthews and
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Sunde 2002; Hall 2005). The loss of NHL-2 does not impair CGH-1-miRISC binding, but NHL-2
could potentially facilitate this association (Hammell et al. 2009).

The suppression effect of nhl-2 in impaired development has been reported through a loss-
of-function variant in nhl-2 deemed capable of suppressing a hypomorphic variant in lin-
41(mal04). On the other hand, null nhl-2 alleles were shown to enhance the phenotype of single
mutants for let-7 family miRNAs (mir-48, mir-241, or mir-84). This effect, however, was
completely bypassed by RNAI depletion of hbl-1, suggesting that nhl-2 functions in association
with let-7 family miRNAs to inhibit HBL-1 (Hammell et al. 2009).

Among the natural isolates studied in this project, two of them, KR314 and JU1400, shared
a common missense SNV in nhl-2 (111:4,897,421 T>G). This variant was tested as a potential
modifier for cgh-1 by being knocked-in in the N2; cgh-1(tn691) background. No significant
difference was observed for hatch rates at 15°C, 23°C, or 25°C as depicted in Figure 21. Some
mild significance was observed for 25.3°C, but this became irrelevant when no improvement in
propagation was detected at restrictive-condition propagation assays. Therefore, nhl-2
(111:4,897,421 T>G) was disregarded as a modifier for cgh-1.
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Figure 21. Hatch rate assays for investigation of nhl-2 as a modifier for cgh-1. No significant difference in hatch rate
was seen when comparing N2; cgh-1(tn691) with N2; nhl-2(mod473) cgh-1(tn691) at either permissive (15°C) or
restrictive (23°C, 25°C, and 25.3°C) conditions. Statistical significance was calculated using unpaired t-tests with
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Welch’s correction. p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001 to 0.01 — Very
significant), “***” (0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely significant). Non-
significant results are represented by “ns”.

5.3.3 The DEAD boX helicase homolog gene, ddx-15

The ddx-15 gene is predicted to enable RNA activity and RNA helicase activity. It is
present in the nuclear foci and involved in alternative splicing (Tariq et al. 2013; Pollo et al. 2023).
ddx-15 represses RNA editing at the 3’ UTR end, therefore, its impairment leads to severe increase
in editing. At the protein level, worm DDX-15 has almost 75% similarity in comparison with
human protein (Tariq et al. 2013). In mice, it has a role in antimicrobial response and intestinal
inflammation due to regulation of a-defensins, and in humans, reduced protein levels of Dhx15 is
associated with ulcerative colitis (UC) (Wang et al. 2021). It functions as an RNA virus sensor
and influences the production of immune system cytokines in dendritic cells (Lu et al. 2014; Xing
etal. 2021).

The SNV identified in ddx-15 is a missense variant causing a G>C substitution, which
results in arginine to threonine amino acid change. This variant is unique to the KR314
background, and it is located at 111:5,591,654 (Grantham score = 71). It was the top candidate for
modification of cgh-1 in the list of variants unique to KR314 background given by the machine
learning model (details for candidate variant selection are explained in Chapter 4). However, hatch
rate and propagation assays were not suggestive of interaction between ddx-15 and cgh-1, given
that there was no significant difference for hatch rates between N2; cgh-1(tn691) and N2; cgh-
1(tn691); ddx-15(m0d496), as shown in Figure 22. Additionally, no difference in propagation was
observed (Table 17), making an interaction between ddx-15 (111:5,591,654 G>C) and cgh-1

unlikely.
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Figure 22. Hatch rate assays for investigation of ddx-15 as a modifier for cgh-1. No significant difference in hatch
rate was seen when comparing N2; cgh-1(tn691) with N2; ddx-15(mod496) cgh-1(tn691) at either of the tested
conditions (22.4°C, 23°C, 25°C, and 25.3°C). p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001
to 0.01 — Very significant), “***” (0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely
significant), according to the significance degree (from least to most significant, respectively). Non-significant
results are represented by “ns”.

5.3.4 The abnormal Germ Line Proliferation gene, glp-1

The glp-1 gene is involved in RNA polymerase II DNA binding activity and is a regulator
of gene expression. Its transcription factor activity is important in the germline for control of cell
division and decision between mitosis or meiosis fate. Variants in glp-1 cause germline cells that
would naturally divide through mitosis to undergo meiosis instead (Austin and Kimble 1987). glp-
1 is a transmembrane protein that allow the cell-cell interactions and cell fate control in the
germline. It is essential for distal tip cell (DTC) control in the germline, and a lack of glp-1 has the
same effect of killing DTC: germline polarity is lost, and all cells enter meiosis instead (Crittenden
et al. 1994). GLP-1 controls stem cell population through spatial regulation of gld-1 and gld-2.
Consecutive expression of glp-1 or impairment of both gld-1 and gld-2 result in tumorous germline
and general, instead of selected, cell proliferation (Hansen et al. 2004a; b).

glp-1 is also important for early embryogenesis and specification of certain cell fates and
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cell proliferation through a maternal effect. Therefore, disruption of glp-1 can cause embryonic
lethality. Additionally, it is suggested to act in cell-cell interactions between descendants of AB
and Py that normally produce pharyngeal cells, meaning its impairment leads to pharynx location
and size defects (Priess et al. 1987). glp-1 seems to be temporally and spatially restricted to anterior
descendants of 2- to 28-cell embryos (Evans et al. 1994). Only the AB descendant cells require
GLP-1 function, which seems to act as a receptor for P> and MS cells (Shelton and Bowerman
1996).

Two variants of interest were identified in glp-1, one unique to KR314 background, and
other unique to CB4856. Both were missense SNVs. Based on previous literature and potential
synthetic lethality of glp-1 and cgh-1 double mutants (identified in RNAI study), | focused on
testing the variant in CB4856 as a potential enhancer of cgh-1(tn691) (Byrne et al. 2007). This
variant, located at 111:9,097,961, causes a substitution of A>C, resulting in amino acid change from
glutamine to alanine (Grantham score = 107 — “moderately radical”, high impact amino acid
change). The variant was knocked-in in the N2; cgh-1(tn691) background for assessing its
modifying potential. However, no significant difference in hatch rates for this strain was observed
in comparison with the original N2; cgh-1(tn691) background, at neither of the conditions tested
(21.7 °C, 23°C, and 25 °C) (Figure 23). Additionally, no divergence in propagation was noted for
the N2; cgh-1(tn691); glp-1(mod497) in comparison with N2; cgh-1(tn691). Together, the results
suggest that the presence of this missense variant in hbl-1 is not capable of altering the phenotype

of cgh-1.
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Figure 23. Hatch rate assays for investigation of glp-1 as a modifier for cgh-1. No significant difference in hatch rate
was seen when comparing N2; cgh-1(tn691) with N2; cgh-1(tn691); glp-1(mod497) at either of the tested conditions
(21.7°C, 23°C, and 25°C). p-values are shown using “*” (0.01 to 0.05 - Significant), “**” (0.001 to 0.01 — Very
significant), “***” (0.0001 to 0.001 — Extremely significant), or “****” (<0.0001 — Extremely significant),
according to the significance degree (from least to most significant, respectively). Non-significant results are
represented by “ns”.

5.4 Propagation assays for candidate modifier strains

Table 16. Propagation of mat-1(ye121) candidate modifier strains at restrictive temperature. Propagation observed
after two weeks of uninterrupted incubation at correspondent temperature. Results were classified between “No
propagation” (-), “Mild propagation” (©), and “True propagation” (®). Notably, the higher the temperature, the
lower the fitness and propagation rate of each strain. N/A represents strains not tested at the specific condition noted.

Temperature
20°C | 23°C | 23.2°C | 23.7°C | 24°C | 25°C | 25.3°C
AB1; mat-1(yel21) ° o - - - - N/A
CB4856; mat-1(yel21) ° ° - - - - N/A
2 GXW1; mat-1(yel21) ) ° - - - - N/A
S JUL400; mat-1(ye121) .« | o § § 1 - | NA
2 KR314; mat-1(yel121) e | o 5 5 - -
o N2; mat-1(yel21) ° ° - - - -
S | N2; mat-1(ye121); such-1(mod476) . . : ] _ N/A
S N2; mat-1(yel21); such-1(mod483) ° ° N/A N/A - - N/A
© |7 N2 mat-1(ye121); bub-3(mod495) | e | e | NA | NA | - i i
N2; mat-1(ye121); Y73B6A 1(mod516) | o | e | NA | NA | - | - | NA
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All candidate modifiers were tested not only for alterations in hatch rate, but also for

improvement or worsening of long-term propagation. Strains were tested in a range of restrictive

conditions varying from 20°C to 25.3°C. None of the variants tested for suppression or

enhancement of mat-1 or cgh-1 showed differences in propagation in comparison with control, at

any of the given conditions. Together with hatch rate assays described above, these results were

fundamental for ruling out the studied variants as modifiers for the target genes in this study, mat-

1 and cgh-1.

Table 17. Propagation of cgh-1(tn691) candidate modifier strains at restrictive temperature. Propagation observed
after two weeks of uninterrupted incubation at correspondent temperature. Results were classified between “No
propagation” (-), “Mild propagation” (©), and “True propagation” (®). Notably, the higher the temperature, the
lower the fitness and propagation rate of each strain. N/A represents strains not tested at the specific condition noted.

Temperature

20°C | 23°C | 23.7°C | 24°C | 25°C | 25.3°C
AB1; cgh-1(tn691) ° ° ° o - -
CB4856; cgh-1(tn691) ° ° ° o - -
2 GXW1; cgh-1(tn691) o o . o - -
S JU1400; cgh-1(tn691) . . . 5 - -
g KR314; cgh-1(tn691) . . . . 5 o
o N2; cgh-1(tn691) ° ° ° o - -
S | N2; cgh-1(tn691); hbl-1(mod482) o o o o - -
5 N2; nhl-2(mod473) cgh-1(tn691) ° ° ° o - -
© 7N2; ddx-15(mod496) cgh-1(tn691) | e . N/A 5 i -
N2; cgh-1(tn691) glp-1(mod497) ° ° N/A o - -
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Chapter 6: Discussion

6.1 Phenotypic Variability of mat-1 and cgh-1 is Affected by Different Genetic Backgrounds

Whether gene essentiality is immutable, or variable, has been a recurrent topic in latest
decades of scientific research. In C. elegans, most of essential genes were only probed in N2
reference genetic background. More recently, a growing evidence of phenotypic variability in
different natural isolates have been discovered (Vu et al. 2015; Zhang et al. 2022). In my thesis
project, | studied the phenotype of two essential genes, mat-1 and cgh-1. These two genes were
specifically picked for investigating gene essentiality in C. elegans as: 1) they were already shown
to be essential for survival in the N2 background; and 2) both have available temperature-sensitive
alleles, a characteristic that provides a conditional phenotype and therefore allows the thorough
investigation of requirement of these gene products in different genetic backgrounds. Evidence of
phenotypic variability for mat-1 and cgh-1 knockdown had been reported by Vu et al (2015), who
compared the RNAIi knockdown phenotype of over 1,400 genes between the reference genome N2
and the widely diverse strain CB4856. For both genes, the phenotype observed was more severe
in N2 background, and suppressed in the CB4856 background. This is suggestive of putative
genetic factors in each background that influence the phenotypic outcomes. These genetic
modifiers could be enhancing the phenotype in the first background (N2) or suppressing it in the
second (CB4856).

With that in mind, | here expanded the investigation of plasticity of essentiality by studying
the phenotype of mat-1 and cgh-1 in N2 and CB4856 backgrounds, in addition to another four
diverse wild isolates (AB1, Australia; GXW1, China; KR314, Canada; JU1400, Spain). The
prioritization of each background was based on their geographical location, aiming on having the

most diverse genetic repertoire. For this investigation, temperature-sensitive alleles for mat-1 and
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cgh-1 were knocked-in using CRISPR/Cas9 in all six natural isolate backgrounds. Using a
temperature-sensitive allele allows the study of lethal variants once conditions are shifted to
restrictive temperature, but still provides an easy maintenance of stocks and long-term worm
culture when placed at lower, permissive conditions. The temperature-sensitive alleles investigated
in this project are mat-1(ye121) and cgh-1(tn691), two missense SNVs that lead to amino acid
change and protein instability only at higher temperatures (Rappleye et al. 2002).

The use of a stable, inherited variant in place of RNAi was decided upon, based on
achieving a more reliable/heritable perturbation of these target genes. RNAI is more unstable and
may lead to false negative results if knock-down is not properly achieved (Tischler et al. 2008). It
is only capable of impairing mMRNA products, but not any protein that is produced before the
organism’s exposing to RNAI treatment (Bell et al. 2023). Secondly, it can also result in false-
positive conclusions due to siRNAs ability to bind to non-complementary sequences (it allows a
few base mismatches) (Echeverri et al. 2006). Finally, dsSRNA introduction in specific mammalian
cell types was shown to induce immune response, which probably interferes with the observation
of phenotypes (Bridge et al. 2003; Robbins et al. 2006). Additionally, some C. elegans wild
isolates are naturally less sensitive to RNAI in the germline due to unique polymorphisms
(Tijsterman et al. 2002).

In fact, a divergent phenotype was observed for CB4856 background when comparing
RNAI and temperature-sensitive allele experiments in this project (Chapter 3). Impairment of
survival of CB4856; mat-1(yel21) was a surprising result considering RNA.I targeting the same
gene and background showed opposite feature, (shown in section 3.1 and previous literature) (Vu
et al. 2015). While for RNAI, the Hawaiian background is still capable of surviving, the same is

not observed with the knock-in of mat-1(ye121) or cgh-1(tn691). Instead, the impairment of mat-
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1 or cgh-1 using the temperature-sensitive alleles led to a strong lethal phenotype that could not
be noted for RNAI. The idea that an off-target effect of CRISPR/Cas9 could have caused the
divergent phenotype in the CB4856; mat-1(ye121) strain was first considered, but then disregarded
after thorough investigation (detailed description on Chapter 4).

Natural genetic variation is found for nearly any measurable trait in C. elegans, including
when using RNAI (Paaby et al. 2015; Andersen and Rockman 2022). Response to RNAI is known
to vary according to the genetic background it acts on (Bell et al. 2023). In CB4856, specifically,
RNAI seems strongly ineffective in targeting germline genes: loss of function of ppw-1 was
deemed responsible for blocking (or at least delaying) that response (Tijsterman et al. 2002; Chou
et al. 2023). A recent study compared differential gene expression after knockdown of two
germline-essential genes (par-1 and pos-1) across strains with variable RNA. sensitivity, including
CB4856, and observed strong strain-specific phenotypes (Bell et al. 2023). Additionally, wild
isolates appear to vary in efficacy of germline RNAI depending on the target gene, but the detailed
mechanisms remain to be elucidated (Paaby et al. 2015).

For the comparison of phenotype of mat-1 and cgh-1 using the temperature-sensitive
alleles, | performed two key experiments: hatch rate assays and propagation assays. The first
consists in observing and quantifying the total progeny of each worm and the number of eggs that
hatched. The final hatch rate is obtained by dividing the number of hatched eggs over the total
number of progenies. The second consists in observing long-term propagation of worms and
assessing if strains are able to achieve adulthood and reproduce into multiple generations. The
combination of both assays is necessary for full understanding of the phenotype of mat-1 and cgh-
1, given that essential genes are not only the ones necessary for hatching, but also ones required

for development and reproduction success (Jordan et al. 2002). Each assay was performed at a
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range of different temperatures from 15°C to 25.3°C. Lower temperatures offer a permissive
condition, in which MAT-1 and CGH-1 are still functioning. With temperature increase, proteins
become unstable and non-functional, allowing for the investigation of the effect of each genetic
background in the presence of each perturbation.

Both hatch rate and propagation assays uncovered great phenotypic variability for mat-1
and cgh-1. To begin with, hatch rate assays were performed at the permissive temperature of 15°C.
At that condition, no impairment in protein is expected, and indeed, there was no reduction in
hatch rate for any of the natural isolates, containing either mat-1 or cgh-1 alleles. However, when
temperature was raised to more restrictive conditions, what was observed was a variable
expressivity of the lethal phenotype. Some backgrounds, such as AB1 and GXW1, were severely
impacted and had lower hatch rates. On the other hand, KR314 background presented the highest
hatch rate for both mat-1 and cgh-1 experiments in any given restrictive condition (>20°C).

A similar trend was observed for propagation assays, also performed at both permissive
and restrictive conditions. For mat-1(yel21) strains, temperatures as low as 21.7°C were already
restrictive enough to impair propagation of AB1. At a higher condition of 23.2°C, almost all the
strains had inhibited propagation, with the exception of KR314 and N2 backgrounds. However,
once temperature was increased, only KR314 was able to survive, even if mildly. For cgh-1(tn691)
strains, impairment of propagation initiated at 24°C, in which KR314 background was still able to
propagate, while others only presented mild population growth. At any temperature higher than
that, KR314 remained with the best performance, showing mild propagation, while other wild
isolates failed to grow in population size.

Taken together, both hatch rate assays and propagation assays have a common result: the

presence of phenotypic variability, and the finding that the KR314 background was the most
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“resistant” to the lethal phenotype of mat-1 and cgh-1. This is a suggestive of the presence of
unique variants acting as suppressors in this specific background. In addition, some other isolates,
such as AB1, CB4856 and GXW1, showed worst performance in comparison with reference N2,
also raising the possibility of presence of enhancers in these backgrounds. To confirm that any
phenotypic variability here observed was solely caused by differences in each genetic background,
and not the effect of natural sensitivity to temperature or other environmental factors, the same
experiments and conditions were replicated using all six WT strains as controls. No lethal
phenotype was observed in any of the temperatures tested for hatch rates or propagation assays.
Additionally, during each experiment and stock maintenance, worms were rigorously cultured
using similar conditions, environment, and food, to avoid any external influence in the phenotype
of the target genes. Therefore, any variable expressivity observed here, most likely is due to

differences in the genetic background of each wild isolate.

6.2 Natural Genetic Variation and its Influence on Gene Expression

Natural genetic variation in gene expression influences the phenotypes and it is an
important factor for evolutionary processes (Oleksiak et al. 2002). Variation can be extensive
among organisms with diverse genotypes, and in C. elegans, it is estimated that variation in gene
expression can be up to 70% (Vifiuela et al. 2012; Volkers et al. 2013). The question of whether
gene expression variation is translated into proteome variation is less understood, but was assessed
by Kamkina et al (2016) by comparing the N2 and CB4856 backgrounds. They identified a list of
over 1,500 genes differentially expressed between N2 and CB4856, which were enriched for
genetic variations and Expression Quantitative Trait Loci (eQTLs), directly linking the gene
expression divergencies to the presence of genetic variants. Additionally, they observed that the

strongest mMRNA expression divergence was during L4 stage (Kamkina et al. 2016). Using stable
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isotope labeling by amino acids in cell culture (SILAC) and mass spectrometry, they investigated
if gene expression variation would result in protein abundance variation. Out of the ~3,000 proteins
measured, they identified 129 proteins with significantly different expression at both protein and
gene levels, being most related to insulin-signaling and stress-response pathways. Most of them
were instead found to be differentially expressed only at the protein level. They also observed an
association between presence of eQTLs and differential mMRNA and protein levels expression: the
majority of genes changed in both levels were enriched for eQTLSs, while genes with no differential
expression had little presence of these elements. eQTLs are genomic loci, or SNPs, that explain
variation in expression levels of mRNAs (Nica and Dermitzakis 2013). Finally, they concluded
that the functional implication of the differentially expressed proteins may be related to aging, and
therefore influence N2 and CB4856 lifespan (Kamkina et al. 2016).

Here, comparison of RNA-Seq data from each wild isolate with reference N2 also showed
differential gene expression and unique expression patterns for each background (Chapter 4).
Another explanation for the phenotypic variability observed for mat-1 and cgh-1 (Chapter 3) could
be the natural differential gene expression of the given natural isolates. Additionally, potential
genetic modifiers could be acting by altering expression of the target genes. To investigate that,
all six WT wild isolates were sent for whole RNA-Seq. Data analysis revealed a substantial natural
differential gene expression for the wild isolates in comparison with the reference N2. However,
no significant difference was observed for either the expression of mat-1 or cgh-1, among all of
the natural isolates. That, in accordance with the aforementioned experiments, reinforces the
hypothesis of presence of genetic modifiers in these isolates that do not necessarily modulate the
expression of these genes, yet are responsible for the plasticity in gene essentiality for mat-1 and

cgh-1.
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6.3 ldentifying Genetic Modifiers — An Ongoing Challenge

Based on the phenotypic investigation of mat-1 and cgh-1, there could be the presence of
enhancers or suppressors in each genetic background, or even the combination of both suppressors
and enhancers in the same background, creating a unique and intricate network. In this project, an
attempt to identify the potential modifiers for mat-1 and cgh-1 was made, combining modern
bioinformatics analysis (in collaboration with colleagues from bioinformatics team in the Tarailo-
Graovac lab), and reverse genetic techniques (CRISPR/Cas9). Investigation of candidate variants
was conducted by combining multiple strategies (Chapter 4) and led to prioritization of eight
candidates: four for mat-1, and four for cgh-1. The genes were selected based on known
interactions with mat-1 or cgh-1, presence in the same biological process/pathway, or functional
and biological relevancy. The selected candidate modifiers for mat-1 were in such-1 (two variants),
bub-3, and Y73B6A.1, while candidate modifiers for cgh-1 were in hbl-1, nhl-2, ddx-15, and glp-
1.

All variants were initially tested in the N2 background carrying the primary variant of
interest (mat-1(ye121) or cgh-1(tn691)) and compared to the single mutant N2 background. The
minimal number of variants present in N2 background facilitates the investigation of the candidate
modifier without influence of other variants. All candidate modifiers were analysed by replicating
the hatch rate and propagation assays, at same restrictive and permissive conditions utilized for
studying mat-1 and cgh-1 phenotypes. If a variant is found to be a suppressor, it would lead to
increase in hatch rate and amelioration of propagation. On the other hand, variants acting as
enhancers will lead to reduction of hatch rate and propagation abilities. If no significant difference
is observed between single and double mutants, the variant would then be disregarded as a genetic

modifier for mat-1 and cgh-1.
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Of all variants tested for potential modification of mat-1 and cgh-1 phenotypes, none have
shown a significant difference in comparison with respective controls. Some of these variants were
present in genes that are already known to interact with mat-1 or cgh-1, such as hbl-2 and nhl-2.
Still, the specific SNVs here studied were not sufficient to induce a phenotype modification on
their own. One hypothesis is that the effect of these variants may be masked by presence of other
modifiers in each background, or need to act in conjunction with other modifiers to produce a
significant phenotype. Therefore, the conclusion is that none of the variants investigated in this
project were modifying mat-1 or cgh-1, or alternatively, could not produce significant results on
its own, but may be able to modify the phenotypes when in a modifier network. In fact, the
presence of intricate genetic interactions networks is an important factor to consider. Previously
literature has shown that some genes may be modified by more than one variant, leading to
extensive and complex interactions (Riordan and Nadeau 2017; Stuart 2022).

Mapping genetic interactions in outbred populations is a challenging task, which is
facilitated by the use of inbred organisms such as worms and yeast (Dixon et al. 2009). Genetic
interactions may be classified into “negative” and “positive” interactions. The first, often refers to
enhancement of the primary phenotype, and even synthetic lethality, in which no phenotype is
observed in single mutants that operate in parallel biological processes, whereas impairment of
both elements blocks viability. The second group are positive interactions that manifest as
suppressors that have ability to alleviate certain traits (Dixon et al. 2009).

Genetic modifiers, in general, may represent interaction networks that evolved to
coordinate gene function during development and adulthood. This effective coordination is not a
fixed feature, but rather a mutable activity according to genetic background and environmental

exposures, which turns each background into a beautifully intricate interaction network (Riordan
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and Nadeau 2017). Interestingly, no specific mechanism is associated with the appearance of
modifiers. In fact, any sequence change capable of altering a gene’s function may be considered
as a modifier, which is dependant on genetic background and environmental contexts (Riordan
and Nadeau 2017). These usually represent variants affecting protein coding regions, but can also
extend to UTRs, promoter regions, introns and other regulatory regions (Rodriguez et al. 2013).

The size of genetic interaction networks is astonishing. In yeast, it is assumed that complete
network may contain over ~100,000 interactions (Tong et al. 2004). Essential genes can exhibit
five times more genetic interactions than nonessential genes, and may act as hubs for intricate
networks (Davierwala et al. 2005). Additionally, synthetic lethal genetic interactions are more
common in genes from different pathways, while physical interactions are more common between
genes from a shared pathway (Dixon et al. 2009). However, the presence of at least one essential
gene in a pathway can increase the event of synthetic lethal genetic interactions (Boone et al. 2007;
Bandyopadhyay et al. 2008).

To date, most large-scale studies investigated genetic interactions between two alleles. In
reality, many relevant interactions are likely to involve more complex interactions of three or more
genes. Additionally, modifiers can also influence the phenotype of multigenic traits, in which they
are predicted to modify a least one, and perhaps more genes involved in that characteristic (Riordan
and Nadeau 2017). The improvement in reverse genetic techniques and computational tools may
facilitate the examination of such issue (Dixon et al. 2009). Taken together, all these factors
explain the challenges of understanding genetic interactions and identifying genetic modifiers,
which would be fundamental for assertive prediction of genetic modifiers or the specific conditions

(genetic and environmental) that could induce their modifying effect (Riordan and Nadeau 2017).
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6.4 The Use of WGS and Reverse Genetics

The adoption of WGS in this project was an important strategy for the candidate genetic
modifiers identification, as its efficiency had been proved in mutagenesis screens, but not yet
established for natural isolates investigation. More traditional methods such as mapping loci and
targeted genomic sequencing are usually more time consuming and have been slowly replaced by
WGS in modifier screens, due to its increasing affordability. However, despite its efficiency, most
researchers are still resistant to using WGS and rely on more conventional strategies, most likely
due to its high cost and necessary bioinformatics training.

More recently, the use of WGS for modifier identification was exemplified by Jean et al
(2021), who identified intragenic modifiers for the temperature-sensitive allele zyg-1(it25). The
use of WGS, in that case, was crucial for identifying a reversion of the zyg-1(it25) allele in one of
the EMS-created strains, and also allowed for pinpointing the contribution of each variant placed
in different genetic backgrounds. In their work, they have also demonstrated that WGS is more
cost and time effective than Sanger sequencing, and allows for a more thorough investigation of
extragenic variants, as it provides a complete picture of the genomic context (Jean et al. 2021).
Combination of WGS with CRISPR/Cas9 for modifier identification has been proven useful for
both intragenic and extragenic variant search in mutagenesis strains in a faster and more efficient
manner. However, given the complexity of natural isolates’ genomes, this strategy requires further
analytical and experimental development for use in this specific scenario: while typical EMS
screens will induce the appearance of ~400 variants per genome, natural isolates backgrounds carry
instead thousands of variants, which severely increases the challenge in identifying a genetic
modifier.

Here, the use of WGS allied to reverse genetics was applied for investigation of natural

isolates and the effect of each genetic background in the plasticity of essentiality of mat-1 and cgh-
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1 and allowed for a broader interpretation of each wild isolates’ background. Once phenotypic
experiments for mat-1 and cgh-1 were performed, the resulting data served as a direction for the
WGS analysis and candidate modifier prioritization, taking into consideration variants unique to
the strains with the most outstanding phenotypes. CRISPR/Cas9, then, allowed for a precise and
rapid testing of each candidate variant. Initial testing was performed with variants present in genes
that where already known to modify mat-1 or cgh-1. These novel variants could also be acting as
modifiers, or have no effect (as shown), which could have only been discovered through
experimental analysis.

Even though the identification of a true modifier was not achieved in this project, the
application of such modern strategy has proved useful for obtaining a collection of variants that
could be further investigated in the future for their potential modifying effect. This also highlights
the importance of developing more efficient strategies for modifier identification in natural
isolates, since they offer a much larger number of variants to start from, and one only knows the
effect of each one after experimental validation. Even if efficient for identification of genetic
modifiers in mutagenesis-derived lab strains, the use of WGS alone has been proved to be more
challenging in wild isolates. Most models for bioinformatics studies were developed or trained
using laboratory strains dataset, therefore indicating that new tools are necessary to assertively
predict modifiers in natural isolates, a current work-in-progress in this scientific field. Riordan and
Nadeau (2017) highlight how there is still a vast knowledge about genetic network biology that
remains to be elucidated, which hampers the accurate prediction of genes with modifying potential
and the conditions under their which activities rise.

Finally, WGS analysis for all six natural isolates in this project proved useful for

identification (performed by Afiya Chida) and validation of previously unappreciated SNVs and
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SVs (Chida, 2023). Most of the identified SVs were not prioritized as candidate modifiers, as no
linkage to mat-1 and cgh-1 was noted. One variant in particular, in alg-2, was considered as a
potential modifier for cgh-1, but not further investigated as no significant differential gene

expression was observed in RNA-Seq data analysis (Chapter 4.3).

6.5 Future Directions

In continuity to this project, the exploration of RNA-seq data might be useful for potential
modifier indicator, as differential gene expression may be a clue on the phenotype explanation for
each wild isolate. Integration of WGS and RNA-Seq data may be useful since genetic variation is
closely linked to differential gene expression, and these six natural isolates have shown unique
expression patterns that could be further explored (Chapter 5) (Kamkina et al. 2016). Additionally,
exploration of modifiers may be continued with remaining variants curated from WGS and ML
analysis, focusing on variants that were not explored here yet, but show potential for modification
of mat-1 or cgh-1. Besides, the investigation of variants present in non-coding regions was not
explored in this project, but could offer a new range of possibilities for investigation of phenotypic
variability (e.g. intronic variants capable of altering protein splicing). Modifier variants, other
more common in coding regions, may also affect UTRs and promoter regions (Rodriguez et al.
2013; Jean et al. 2021).

Another strategy for modifier identification could be outcrossing the strains with best hatch
rate with the reference genome N2. This could be achieved, in this case, by crossing KR314 and
N2, using a restrictive condition to select progeny carrying the potential modifier. Each new
generation would be backcrossed to parental N2, until the remaining offspring carries a minimal
number of variants that includes potential suppressors. Outcrossing, even though time-consuming,

provides a final population with reduced number of variants that facilitates the curation of genetic
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modifiers. These populations could be sent for WGS and variants be prioritized using the same

strategy applied here to create a final — and shorter — candidate variant list.

6.6 Final Considerations — The Relevance of Investigating Genetic Modifiers of Gene

Essentiality

Dixon et al (Dixon et al. 2009) reviewed the systematic mapping of genetic interactions at
the time and concluded that the effects of different environmental and genetic background
conditions in genetic interactions still remained to be better understood. Indeed, studying the same
gene and phenotype under different conditions and genetic backgrounds may be fundamental for
elucidating stable and plastic genetic interactions. For that purpose, C. elegans represents a great
model organism, due to its easy manipulation, diverse natural genetic backgrounds, and inbred
population.

C. elegans possesses a substantial diversity among its wild isolates and each of those
genetic backgrounds might be used to probe conditional essentiality of the genes. The work here
presented was of relevance for a better understanding of gene essentiality and genetic modification
of that process. The advance of gene editing tools, (e.g. CRISPR/Cas9), allowed us to easily study
this issue and prove the concept of plasticity of essentiality caused solely due to the influence of
the genetic background. Digging into this helps with elucidating fundamental processes, genetic
interactions, and demystify the concept of a static essentiality. Also, the work here presented can
open new directions for genotype-phenotype studies and enlighten the possible consequences of
disruption of the essential regulatory machinery of genes.

Above all, this project may cooperate to answer the question raised by Hodgkin (2001) a
few years after C. elegans genome was sequenced for the very first time: “What are all these genes

doing?”. Even after their functions were discovered, there is still much left to be elucidated about
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their interactions. Besides assisting to the knowledge on mat-1 and cgh-1 phenotypes, | hope my
work here will also provide grounds for new and intriguing discoveries on C. elegans natural
phenotypic variability and genetic modification.

Additionally, the nematode C. elegans contains many orthologous genes to those
considered important or involved in human disorders. In fact, cgh-1 is an ortholog of human DDX6
which was recently associated with a rare condition causing intellectual disability and dysmorphic
features (Balak et al. 2019). C. elegans easy manipulation makes them the perfect tool for
developing and tailoring a method for identification of genetic modifiers that might be translated
into an efficient tool for genetic diseases prognosis in the long run. Genetic modifiers were already
reported for human conditions such as in cystic fibrosis and spinal muscular dystrophy, and may
represent a great ally in fighting these conditions and promoting health (Oprea et al. 2008; Emond

et al. 2012).
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