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Abstract 

Although the inheritance of genetic information has long been established, it is now 

apparent that epigenetic information can also be transmitted through the 

generations. This phenomenon is referred to as transgenerational epigenetic 

inheritance (TEI) and refers to the inheritance of gene regulatory information without 

altering the DNA code itself. TEI has been observed in a range of model species, 

including Mus musculus, Drosophila melanogaster, and Caenorhabditis elegans and 

has implications for viral defence, germline mortality, and natural selection, with the 

possibility of adding to the complexity of phenotypic traits outside of only genomic 

variation. 

The work presented in this thesis utilizes C. elegans as a model and primarily 

focusses on the highly homologous predicted histone methyltransferases set-9 and 

set-26 and their paralog Y73B3A.1, examining their phylogenetic history and their 

role in TEI and germline mortality. Comparisons with other Caenorhabditis species 

revealed that set-26 is the ancestral gene that gave rise to set-9 and Y73B3A.1 in 

the C. elegans lineage. The predicted protein domains encoded in these genes 

display functions in TEI and germline mortality, confirming that their predicted 

inactive SET domains do indeed have biological function. This thesis also examines 

a range of other factors previously implicated in TEI, further elucidating their 

generational requirements. Understanding both TEI and germline mortality in 

C. elegans provides a framework to better study these processes in other species. 
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1.1 Epigenetics 
Epigenetics refers to the mechanisms by which an organism regulates gene 

expression without altering its genetic code. The majority of cells within multicellular 

organisms have the same genome, yet each cell type utilizes different components 

of the genome in different ways in order to achieve varying functions. Many 

organisms also alter the expression of genes in response to external stimuli, 

achieving different epigenetic states to better adapt to or overcome changing 

environmental situations. In this way, some genes can be repressed in certain 

tissues or under certain circumstances and be activated transiently or in specific cell 

types. There are many different epigenetic mechanisms through which gene 

expression is regulated, including histone modifications [1], non-coding RNAs [2], 

and DNA methylation [3]. 

The DNA within the nucleus of a cell is wrapped around histone proteins and the 

conformations of these histones can alter the availability of gene sequences for 

transcription. Histone proteins associate together in quaternary structures called 

histone octamers and are referred to as nucleosomes when DNA is wrapped around 

them. Histone octamers are largely globular, but also have peptide tails that protrude 

out from the main structure. These tails have a variety of residues that can be 

post-translationally modified (PTM) through the addition of smaller chemical groups, 

altering how close the histones are to one another and thereby forming different 

chromatin states. Chromatin in an open conformation allows transcriptional factors to 

access the associated DNA and is referred to as euchromatin, while chromatin in a 

closed conformation blocks transcription and is referred to as heterochromatin [1]. 
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There are numerous histone PTMs which can be made, including methylation, 

acetylation, and phosphorylation, amongst others [1], and many of these PTMs on 

specific histone peptides are associated with different chromatin states. Histone 3 

Lysine 4 tri-methylation (H3K4me3) is associated with gene activation and Histone 3 

Lysine 9 tri-methylation (H3K9me3) is associated with gene repression [1]. Histone 

modifications are catalysed by a number of different proteins, such as the histone 

methyltransferase SETDB1/MET-2 [4], [5] or the histone acetyltransferase p300 [1]. 

They can also be removed by histone demethylases, such as lysine-specific 

demethylase 1 (LSD1), and deacetylases, such as histone deacetylase 1 (HDAC1) 

[1]. These histone marks can also be recognised by a series of proteins which can 

recruit other factors or act to open or close chromatin themselves. 

DNA methylation is a widespread epigenetic mechanism that involves the 

methylation of cytosine nucleotides in 5ʹ-Cytosine-Guanine-3ʹ (5ʹ-CpG-3ʹ) sequences 

[6]. DNA methyltransferases, such as DNA methyltransferase 1 (DNMT1), methylate 

cytosine nucleotides [7], [8] and DNA demethylases can remove these methyl 

groups from CpG sites [9]. Historically, DNA methylation near the promoter of a gene 

has been associated with gene repression (Figure 1.1) due to its ability to repel 

transcription factors [10] and recruit factors which induce heterochromatin formation 

[11], [12]. There are more recent cases, however, of transcription factors that are 

unaffected by or have an affinity for methylated DNA [13], [14]. This has left the 

function of DNA methylation in a more controversial state and it seems as if there are 

at least some situations where DNA methylation could promote gene expression 

instead of repress it. The extent of DNA methylation as an epigenetic regulator 

varies between species, with some, such as Procambarus virginalis (Crayfish) and 

Crassostrea gigas (Oyster) having relatively unmethylated genomes, others, such as 
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Figure 1.1: Representation of DNA methylation, different histone 
modifications, and chromatin states that are associated with gene 
expression and repression. Blue and red lines at the top represent the two 
DNA strands forming a double helix structure and blue lines at the bottom 
represent the DNA strand at the bottom. The large blue cylinders represent 
histone octamers, with protruding lines showing histone tail lysine residues with 
numbers indicating the position of the lysine in the histone tail sequence. 
Methyl groups are shown with a number 3 indicating trimethylation. Gene 
repression is associated with DNA methylation, the histone modifications 
H3K9me3 and H3K27me3, and compact nucleosomes forming closed 
chromatin. Gene expression is associated with unmethylated DNA, the histone 
modification H3K4me3, and spread apart nucleosomes forming open chromatin 
that transcription machinery, including RNA Polymerase II, can access. There 
are numerous other histone marks that facilitate chromatin conformation that 
are not shown here. This figure was constructed using graphics from 
BioRender [186]. 



 
5 

 

Danio rerio (Zebrafish) and Xenopus tropicalis (Frog) having more densely 

methylated genomes, and still others, such Drosophila melanogaster (Fruit Fly) and 

Caenorhabditis elegans (Nematode) having no CpG methylation at all [15]. 

Numerous diseases and development issues are associated with altered DNA 

methylation patterns [16]–[18]. Human tumour cells often exhibit a loss of DNA 

methylation relative to their normal counterparts, such as with male germline-specific 

genes, which are methylated and repressed in most tissues but are unmethylated 

and expressed in many tumours [19]. DNA methylation patterns are highly altered in 

foetal alcohol spectrum disorder, with DNA methylation accumulating in many genes 

associated with neural development in comparison to healthy individuals [20]. 

Recent research shows that adenine nucleotides can also be methylated in 

numerous species. In Chlamydomonas reinhardtii (Green Algae) adenine 

methylation appears to be associated with transcription start sites for active genes 

and is implicated in nucleosome positioning [21]. There is evidence that adenine 

methylation in D. melanogaster is involved with embryogenesis [22] and it is has also 

been found in C. elegans [23]. The lack of cytosine methylation in D. melanogaster 

and C. elegans made the discovery of adenine methylation particularly noteworthy. 

The scarcity of adenosine methylation in the genomes of higher eukaryotes means 

that current sequencing techniques are prone to false positives when identifying its 

presence [24]. There are several eukaryotes with proteins that are homologous to 

prokaryotic enzymes which regulate adenosine methylation, including the predicted 

adenosine methyltransferase DAMT-1 in C. elegans [23] and the adenosine 

demethylase DMAD in D. melanogaster [22]. This would suggest that adenosine 

methylation is utilized in eukaryotic epigenetic regulation, however the counterpoint 
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is that these proteins have retained ancestral homology and function but that 

adenosine methylation may no longer be biologically relevant in eukaryotes [24]. 

Nevertheless, it remains an area of active interest and could potentially explain 

certain epigenetic phenomena. 

Non-coding RNAs (Figure 1.2), including P-Element induced wimpy testes (Piwi) 

interacting RNAs (piRNAs), microRNAs (miRNAs), short interfering RNAs (siRNAs), 

and long non-coding RNAs (lncRNAs) also influence gene regulation. These kinds of 

RNAs do not encode proteins but often have sequences corresponding or 

complementary to other areas of the genome and usually function to silence these 

sequences [2]. piRNAs target and repress transposon activity in animal germ cells to 

preserve the integrity of germline DNA [25], [26]. miRNAs can help regulate mRNAs 

in the cytoplasm by inhibiting their translation and facilitating their degradation [27]–

[29]. siRNA functions are more diverse and they can target a wide range of 

sequences, including endogenous genes, transgenes, transposons, and foreign 

nucleotide sequences [2], [27]. lncRNAs can facilitate the repression and the 

activation of genes, influencing chromatin via interactions with histone modifiers and 

directly influencing DNA conformations by forming triplex RNA-DNA-DNA structures 

that inhibit transcription [30], [31]. 

There are numerous types of siRNAs, usually defined by their length, such as the 

nematode 22G-RNAs, which are 22 nucleotides in length and have a 5ʹ guanine that 

is triphosphorylated [32], and 26G-RNAs that are 26 nucleotides in length [33]. 

siRNAs are processed from dsRNAs by Dicer before being loaded into Argonaute 

proteins, which are a clade of proteins capable of binding small RNAs. These  
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proteins can then target complementary mRNA and DNA sequences and facilitate a 

range of downstream processes, such as recruiting nucleases to degrade transcripts 

and histone modifiers to alter chromatin landscapes [27]–[29]. The number of 

Argonaute proteins varies between species; Schizosaccharomyces pombe (Fission 

 

Figure 1.2: Diagram of non-coding RNA Pathways. lncRNAs are encoded in 
genes and form into large strands with secondary structures. They have a range of 
functions, including interactions with proteins and DNA and the inhibition of miRNAs. 
miRNA precursors are produced from DNA sequences and processed into miRNAs 
by Drosha in the nucleus (not shown here) and Dicer in the cytoplasm. These then 
associate with Argonaute proteins to target mRNAs. siRNAs are generally produced 
by Dicer from dsRNA and associate with Argonautes or RISC to target mRNAs for 
degradation. siRNAs associated with Argonautes can also interact with nascent 
transcripts and chromatin in the nucleus. piRNAs are encoded in the genome and 
associate with PIWI Argonautes to regulate germ cells and development. There are 
numerous other steps in these pathways not shown here, including processing of 
RNA precursors and transportation into different areas of the cell, and these different 
RNAs can often work together with other epigenetic processes to achieve many 
outcomes. This figure was constructed using graphics from BioRender [186]. 
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Yeast) only have one, humans have 4, and C.elegans have 26 [34], [35]. In RNA 

interference (RNAi), they act as part of the RNA induced silencing complex (RISC) to 

facilitate the silencing of target transcripts and genes [36]–[38]. Argonautes interact 

with miRNAs as well to achieve similar gene silencing outcomes, with human AGO2 

and AGO3 being able to cleave their targets [39]–[41]. piRNAs are produced from 

endogenous loci and also loaded into PIWI-associated Argonautes, which use them 

to silence target genes in germline cells, acting as a guardian of germline genome 

stability. 

 

1.2 Transgenerational Epigenetic Inheritance 

Most epigenetic marks are lost or reset when the next generation is produced. This 

allows the progenitor cell to divide and diversify into all the different cell types without 

being locked into a specific epigenetic path [42]. It also means that epigenetic states 

generated transiently to overcome certain environmental conditions do not interfere 

with the ability of the next generation to do the same. In recent years, however, it has 

been discovered that there are a few epigenetic states that can be passed on to the 

next generation. This phenomenon is termed epigenetic inheritance and refers to the 

inheritance of epigenetic states without changes to the DNA sequence [43]. 

Intergenerational epigenetic inheritance refers to a phenomenon where the 

epigenetic state of the parents is passed on to the next generation of offspring. This 

is believed to occur because the gametes or embryo that beget the next generation 

were present in the parents and were thus also exposed to the environmental 

conditions which produced this epigenetic state. Transgenerational epigenetic 

inheritance (TEI) refers to inherited epigenetic traits that pass on through multiple 
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generations which were never exposed to the environmental trigger even as 

gametes or embryos. In the latter case, there needs to be some mechanism for 

epigenetic memory that is passed on to the succeeding generations in the absence 

of the original environmental trigger [44]. 

TEI has been observed in a number of species, including C. elegans, 

D. melanogaster, Mus musculus, and H. sapiens. It is difficult to conduct TEI studies 

in humans, but a few studies do exist. One study suggests that a drastic change in 

food availability in the early life of women increases the risk of cardiovascular 

mortality in their granddaughters’ [45]. In mice, the Agouti and the Axin genes exhibit 

TEI caused by variable DNA methylation patterns. Several different methylation 

patterns in a cryptic promoter near Agouti due to the insertion of a retrotransposon 

results in a spectrum of coat colour and obesity phenotypes that are passed on [46]. 

Similarly, variations in the methylation pattern within Axin alongside a cryptic 

promoter in a nearby retrotransposon result in a heritable spectrum of kinky tails [47]. 

Feeding geldanamycin to fruit flies heterozygous for the KrIf-1 mutation induces 

ectopic large bristle outgrowths from their eyes. Despite never being fed 

geldanamycin, succeeding generations inherit this phenotype [48]–[50]. There are 

several examples of TEI in C. elegans, some of which are discussed below. 

 

1.3 C. elegans as a model for TEI 

C. elegans has several characteristics which make it ideal for TEI studies. The 

species has a short generational time of 3-5 days, depending on the temperature at 

which they are grown [51]. The species is mostly hermaphroditic and self-fertilizes to 

produce the next generation [51]. This means that any multi-generational epigenetic 
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study can be assured of the genetic identity between individuals, focussing solely on 

the differences in epigenetic traits. They possess almost all the epigenetic processes 

found in more complex animals, such as histone modifications and small RNA 

pathways [52]. TEI has been studied in C. elegans in a variety of paradigms, 

including RNAi inheritance, pathogen avoidance, diet, and stress. 

RNAi was first discovered in C. elegans [53] and some time after it was shown that 

RNAi targeted to certain genes could be inherited through multiple generations [54]. 

In C. elegans, RNAi can be induced by ingestion or direct injection of dsRNA into the 

gut [54]. The proteins SID-1 and SID-2 facilitate the transfer of this dsRNA into the 

germline [55]–[57], where it is processed by Dicer into 21-22 nucleotide siRNAs [58], 

which are then used by Argonautes to target complementary mRNAs for degradation 

and genomic sequences to silence transcription [27], as noted earlier. The initial 

signal can be amplified by RNA Dependent RNA Polymerases, which use the 

primary siRNAs produced by Dicer to produce secondary siRNAs [59]. This type of 

RNAi can be used to silence both endogenous loci and transgenes, with the most 

well studied examples being oma-1, a gene essential for oocyte development [60], 

and gfp, a well-known fluorescent protein originating in the jellyfish 

Aequorea victoria. Silencing for both oma-1 and gfp can be inherited for several 

generations in the absence of the initial RNAi trigger [54]. This inheritance requires 

small RNA pathways, Argonautes, and histone modifiers and while many of these 

factors are involved in both endogenous and exogenous RNAi inheritance, some are 

unique to one or the other [61]–[67]. 

Inherited pathogen avoidance is an important example of TEI that confers a survival 

benefit in response to a dangerous environment. C. elegans subsist on bacteria and 
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their natural diets include a variety of bacterial species [68]. Under laboratory 

conditions they are fed Escherichia coli, which keeps them in a healthy state [51]. 

When consumed, Pseudomonas aeruginosa can colonise and proliferate in their 

intestines leading to adverse health and eventually death [69]. Numerous studies 

have shown that, despite being initially attracted to P. aeruginosa, C. elegans will 

learn to avoid this pathogen after exposure [70] and will pass on this avoidance 

behaviour to their offspring for four generations [71]. The avoidance behaviour 

involves the recognition of ingested bacterial non-coding RNAs [72] and its 

inheritance requires cross-talk between neurons and the germline, siRNA 

biogenesis, the Argonaute PRG-1, and several histone methyltransferases [71], [73]. 

Changes in diet induce a range of epigenetic shifts in most animals, including in 

C. elegans, and many of these changes are inherited for multiple generations [74], 

[75]. Starvation of newly hatched L1 worms results in developmental arrest and, 

when these worms encounter food again, they grow and develop at a rate faster than 

normal [76]. This initial starvation results in widespread gene expression changes 

throughout larval development [77] and an increase in small RNAs targeting genes 

involved in nutrient reservoir activity [75]. These small RNA changes are inherited for 

multiple generations, even when succeeding generations experience adequate food 

availability, alongside phenotypic traits such as an extended lifespan [75] and heat 

resistance [74]. In a recent study, exposure of individuals to a high fat diet leads to 

increased lipid accumulation and, despite following generations being fed on normal 

food they also exhibit increased lipid accumulation. The heritability of this alteration 

to lipid metabolism is thus far only associated with histone modifications, specifically 

tri-methylated Histone 3 Lysine 4 (H3K4me3) [78]. 
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Aside from starvation and pathogen exposure, there are numerous other stressors 

that can induce heritable epigenetic states. Hormesis, a phenomenon where 

exposure to a minimal stress trigger induces resistance to future higher stress 

triggers, is observed in C. elegans in response to heat, oxidative, and high oxygen 

stress [79]. This increased resistance is passed on for several generations, even 

when the descendants are naïve to the stress condition, and is reliant on the histone 

methyltransferase set-2 and the histone demethylases utx-1 [80]. Although TEI in 

this context does also increase the viability of the lineage, heritable stress resistance 

does not persist as long as the other examples discussed earlier. 

 

1.4 TEI in the Ashe Laboratory 

The Ashe Laboratory has studied TEI using an RNAi inheritance assay termed the 

‘TEI Assay’. This assay utilizes the TEI sensor strain, which carries a Green 

Fluorescence Protein (gfp) transgene under the control of a germline specific 

promoter and is wild-type at all other loci [64]. The parental generation, termed P0, is 

fed bacteria which produce dsRNA that is complementary to the gfp mRNA. Once 

ingested, this triggers the exogenous RNAi system within C. elegans where it can 

process this dsRNA and use it to silence the transgene [54]. The offspring of these 

silenced worms, termed F1, are then grown on normal bacteria and, despite never 

being exposed to the RNAi stimulus themselves, a large proportion will also silence 

gfp expression. This inheritance of silencing is also observed in following 

generations. Crucially, at every generation the TEI Assay selects only silenced 

individuals to propagate the next generation, distinguishing it from other similar 

experiments which either are only carried out till the F1 generation or do not sort 
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between silenced and de-silenced individuals when producing the next generation 

[66], [67], [81], [82]. By performing the TEI Assay on mutant strains within the TEI 

sensor background, genes which are involved in TEI can be identified. 

Due to the selection of only silenced individuals to produce the next generation, 

previous research identified three distinct phases within the TEI process [62], [64]. 

The first of these phases is the initiation of gene silencing, which utilizes known RNAi 

pathways, the second is the establishment of a heritable silencing signal, and the 

final phase is the maintenance of this signal through later generations (Figure 1.3A). 

Genes involved in initiation are characterised by mutant strains that fail to silence 

GFP expression after exposure to the RNAi stimulus. Mutants in genes involved in 

establishment are characterised by having a lower proportion of silenced individuals 

in the F1 generation. If such a gene is not involved in maintenance, these few 

silenced F1 individuals will produce an F2 generation which inherits silencing at a 

high level, showing that although the mutant P0 struggles to pass silencing to their 

F1 offspring, the silenced F1 offspring are still capable of passing it on to later 

generations effectively. Strains with mutations in genes that are involved in 

maintenance will reduce the proportion of silenced individuals in later generations 

(Figure 1.3B). Thus far, although there are numerous genes identified as solely 

involved in the establishment phase, there are no genes involved in maintenance 

that do not also impact establishment. One reason for this is that genes with a strong 

establishment defect have a low percentage of silenced F1 individuals, which can 

lead to accidently selecting a de-silenced F1 to propagate the next generation. In 

such a case, the F2 will display defective inheritance as well and thereby the gene 

could be mistakenly identified as a maintenance factor as well. 
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The genes identified as having roles in one or more of these phases of TEI include 

histone modifiers, such as set-25 and set-32, Argonaute proteins, such as wago-1 

 

Figure 1.3: Diagram showing the three phases of TEI and example outputs 
from the TEI Assay for mutans defective in different phases. The first phase of 
TEI is the Initiation of gene silencing, the second phase is the Establishment of a 
heritable silencing signal, and this is followed by Maintenance of this heritable signal 
through successive generations. The names of each phase are shown, alongside 
the generation they are thought to occur in and a few of the genes implicated in 
establishment and maintenance (A). The P0 generation of every strain was 
subjected to gfp RNAi and only silenced individuals were selected to propagate the 
next generation. A mutant strain defective in Initiation will not respond to RNAi and 
retain gfp expression. Mutants defective in establishment will have an F1 that 
inherits silencing at low levels, but these few silencing F1 individuals will pass on 
silencing at levels comparable to wild-type. As every Maintenance defective mutant 
identified thus far also shows defective Establishment, these mutants have 
decreased silencing in all generations following the P0. This figure (B) was adapted 
from previous work ([62], Woodhouse et al. unpublished). 
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and wago-9/hrde-1, granule associated proteins, such as znfx-1, and as yet 

undefined factors, such as hrde-4 and nrde-2. Many of these genes have a variety of 

functions related to histone regulation, gene expression, and small RNA interactions. 

 

1.5 Germline Mortality 

The germline refers to the subset of cells that produce gametes through meiosis and 

are derived from primordial germ cells very early in embryogenesis. As this cell 

lineage produces the next generation and are almost immediately derived after 

embryogenesis [83], they are considered immortal. This is distinct from somatic cells 

which divide from the early embryo and eventually cease producing daughter cells 

during development or at the end of the animal’s life [83]. To maintain immortality, 

germ cells are protected not only anatomically but also by a range of cellular 

processes which carefully regulate gene expression and safeguard the genomes of 

germ cells from mutation [84], [85]. These processes include many of the epigenetic 

regulators that were mentioned earlier, including small RNA pathways, Argonaute 

proteins, histone readers and modifiers, and transcription factors. 

The majority of C. elegans are hermaphroditic, producing spermatocytes and 

oocytes from separate male and female germlines. Spermatocytes are produced at 

the L4 larval stage just before becoming an adult and oocytes are produced for the 

duration of adulthood. During adulthood, the oocytes are fertilized and eggs are laid, 

however, due to the finite number of sperm, fertilization ceases before the production 

of oocytes and the last few eggs laid are unfertilized. Males occur in the species at a 

rate of 0.2% and continue to produce sperm throughout adulthood [86], [87]. Issues 

in oogenesis or spermatogenesis leads to decreased fertility or sterility. 
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Considering the DNA from these germ cells will be inherited by the next generation, 

it is crucial to maintain the integrity of both the female and male germline genomes. 

Germ cells generally silence most of the genome to maintain plasticity and prevent 

differentiation. The genes which are active within the germline are usually essential 

for proper gamete development [88]. Transposable elements are present throughout 

the genomes of most animals, including C. elegans, and if de-silenced can insert 

themselves within other genes and cause widespread deleterious mutations [89]. 

Incorrect regulation of genes in the germline can also lead to numerous other issues, 

including forcing the cells to differentiate into a somatic cell lineage  or simply 

terminate [90]. If the capacity to properly regulate the germline genome is lost it can 

lead to a mortal germline. In such cases, the germline becomes progressively 

inviable with each generation, leaving the lineage completely sterile [85], [91], [92]. 

 

1.6 Germline Mortality in relation to TEI 

Many of the factors implicated in TEI also have functions in maintaining germline 

immortality [65]. MORC-1 is known to silence transposons [93] and prevent 

heterochromatin from being opened by other factors [94]. MET-2 is a histone 

methyltransferase responsible for the majority of H3K9me2 in the germline [95]. The 

Argonaute WAGO-9/HRDE-1 binds siRNAs in the germline and targets numerous 

loci for silencing, including transposable elements [96]. Each of these factors, 

alongside many others, impact TEI [63], [64], [66] and also exhibit reduced fertility or 

complete sterility within a few generations [95]–[97]. The connection between TEI 

and germline immortality remains unclear. It is speculated that the two processes are 

linked and that TEI contributes to germline health in some manner, framing germline 
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immortality as an epigenetically inherited trait [65]. Alternatively, it could simply be 

that these factors influence both TEI and germline immortality due to their nature as 

epigenetic regulators. 

 

1.7 set-9 and set-26 

The genes set-9 and set-26 are approximately 97% identical and are shown to work 

redundantly in certain biological processes [98], [99]. Past research in the Ashe 

Laboratory shows that both are required in TEI, but that their roles are not identical, 

with set-9 being solely involved in the establishment phase and set-26 being 

involved in both the establishment and maintenance phases [63]. Both genes 

encode a protein with a plant homeodomain (PHD) Finger and a Su(var)3-9, 

Enhancer-of-zeste, Trithorax (SET) domain (Figure 1.4A), with the majority of the 

amino acid sequence outside these regions predicted as disordered (Figure 1.4B-D). 

A third highly homologous gene has also been identified, termed Y73B3A.1, 

encoding a protein comprised of these disordered regions (Figure 1.4A and B). 

The PHD Fingers of SET-9 and SET-26 are identical and have many similarities to 

PHD Fingers in other proteins, such as human PHF13 [100] and SET3 [101] (Figure 

1.5A and B). PHD Fingers are known as histone readers and can bind methylated 

histone lysine residues. They do this via an aromatic cage that forms a binding 

pocket (Figure 1.5C), with some of these cage residues conferring specificity to 

particular histone lysine residues and particular methylation states [101]–[103]. The 

SET-9/26 PHD Finger has been shown to bind H3K4me3, a histone mark associated 

with open chromatin and gene expression, when neighbouring histone lysine 

residues are acetylated [98]. 
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Figure 1.4: SET-9, SET-26, and Y73B3A.1 protein diagram and disordered 
regions. All three proteins are represented in grey (A) with blue regions indicating 
the predicted PHD Finger, yellow regions indicating the predicted SET domain, 
green regions indicating areas of SET-9 and SET-26 that correspond to areas of 
Y73B3A.1, and residue numbers labelled. The disordered regions within SET-9, 
SET-26, and Y73B3A.1 were predicted using PONDR [114]. A VL-XT score of 1 
indicates a high confidence disorder prediction and a VL-XT score of 0 indicates a 
high confidence order prediction. In these graphs (B), the VL-XT score for each 
protein is shown in relation to their primary sequence. The AlphaFold [115] structure 
predictions are shown for SET-9 (C) and SET-26 (D), with blue indicating high 
confidence and red indicating low confidence. 
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SET domains facilitate the methylation of histone lysine residues and are found in a 

wide variety of proteins which influence chromatin states [104]. The SET domain 

possesses a catalytic site resembling a tunnel, with the histone peptide entering 

 

 

 

Figure 1.5: SET-9/SET-26 predicted PHD Finger binding pocket. All images were 
generated in PyMol [187]. The H3 peptide is shown in blue with the H3K4me3 
residue highlighted in cyan. The PHD Finger peptide is shown in green with residues 
involved in the binding pocket highlighted in magenta. The PHF13 binding pocket 
(A) and human Set3 binding pocket (B) is shown interacting with H3K4me3. The 
structure of the predicted SET-9/SET-26 binding pocket (C) was constructed with 
iTASSER [135]. Binding pocket residues are labelled in white. 
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through one end of the tunnel and the other end recruiting the 

S-adenosyl-L-methionine (AdoMet) methyl donor molecule. A tyrosine residue within 

the catalytic site is believed to facilitate the transfer of the methyl group from the 

AdoMet molecule onto the lysine residue [105], after which the methyl donor 

molecule disassociates from the SET domain. The histone peptide remains 

associated with the SET domain, allowing di-methylation or tri-methylation to occur 

as the other end of the tunnel structure recruits additional AdoMet molecules. This is 

controlled by a phenylalanine/tyrosine switch that determines how many more 

 
Figure 1.6: SET-9/SET-26 predicted SET domain catalytic site. All images were 
generated in PyMol [187]. The NSD1 (A) and ASH1L (B) catalytic site is shown with 
the catalytic tyrosine residue highlighted in red. The structure of the predicted SET 
domain of SET-9 was constructed using iTASSER [135] and is shown with the 
phenylalanine substitution highlighted in red (C). These residues are labelled in 
white. 
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AdoMet molecules can be recruited after the first methylation step [106]. Many SET 

domain proteins also have other sections near the catalytic core, such as the 

N-terminal Associated with SET (AWS) domain and the C-terminal Post-SET 

domain, which inhibit the catalytic core under certain conditions. These areas confer 

the specificity of the SET domain to certain histone lysine residues and biochemical 

conditions [101], [107]. 

The SET domains of SET-9 and SET-26 lack the residues needed to recruit AdoMet 

and the catalytic tyrosine residue that facilitates methyltransferase activity [105], 

containing a phenylalanine substitution instead (Figure 1.6). The catalytic tyrosine 

residue in other proteins with SET domains, such as NSD1 [107] and ASH1L [108], 

is believed to facilitate methyltransferase activity via its OH- group [105] and, since 

phenylalanine lacks such a group, it has been concluded that the SET-9 and SET-26 

SET domain is inactive. There are cases where proteins with histone modifying 

domains that lack catalytic activity can still strongly bind histones [109]. Despite 

lacking the necessary residues, the SET domain of SET-26 has been shown to have 

methyltransferase activity in vitro [110]. The function of this domain is therefore still 

dubious, as any methyltransferase activity it has would need to be achieved in some 

non-canonical manner. 

Aside from TEI related work carried out in the Ashe Laboratory, set-9 and set-26 

have been relatively understudied, with past research focussing mainly on longevity, 

stress resistance, and germline mortality. set-9 and set-26 act redundantly to 

maintain brood size and germline immortality, with double, but not single mutants, 

having a drastically lower brood size and becoming completely sterile within a few 

generations [98]. Both SET-9 and SET-26 bind H3K4me3 near transcriptional start 

sites and in double mutants this histone mark increases in magnitude and spreads 
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towards the 3’ prime end of genes. Loss of either also leads to the mis-regulation of 

numerous other genes, particularly those related to lifespan and germline 

development. set-26 appears to have several additional functions, including 

suppressing longevity and heat stress resistance. SET-9 is expressed in the 

germline, whereas SET-26 is also expressed in a variety of somatic tissues and it 

theorised the additional roles of set-26 in longevity and stress resistance are due to 

its expression in the soma [98], [99]. 

 

1.8 Thesis Overview 

This thesis primarily focusses on set-9 and set-26, but also has a chapter on other 

genes related to TEI. Chapter 2 details the materials and methods used throughout 

the thesis and is referenced where appropriate in following chapters. Chapter 3 

examines the roles of a range of genes previously implicated in TEI, attempting to 

clarify if there are any unique generational requirements between those factors 

involved in establishment or factors involved in maintenance. In Chapter 4, the 

phylogenetic history of set-9, set-26, and Y73B3A.1 is examined, utilizing 

comparisons with orthologues in other nematode species. Chapter 5 focusses on the 

roles of set-9, set-26, and Y73B3A.1 in TEI to decipher which parts of their encoded 

proteins are required for their function. In Chapter 6, the impact of set-9, set-26, and 

Y73B3A.1 on germline immortality is explored, examining which sections of their 

encoded proteins are needed for proper germline function. Chapter 7 contains a 

discussion relating the results from every Chapter and their implications. 
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Chapter 2 
Materials and Methods 
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2.1 Materials 
2.1.1 Chemicals and reagents 

- Agarose (Bioline (Aust) Pty. Ltd., Alexandria, NSW, Australia) 

- Ampicillin sodium salt (Amresco, Solon, OH, USA) 

- Bacteriological agar (Affymetrix, Cleveland, OH, USA) 

- Bacteriological agar (Sigma-Aldrich Pty. Ltd., Darmstadt, Germany) 

- Calcium chloride (Ajax Finechem Pty. Ltd.) 

- Carbenicillin disodium salt (Sigma-Aldrich Pty. Ltd., Darmstadt, Germany) 

- Cholesterol (Sigma-Aldrich Pty. Ltd., Darmstadt, Germany) 

- Ethidium Bromide (Roche Molecular Biochemicals, Indianapolis, In, USA) 

- GenerulerTM DNA ladder mix (Progen Industries, Darra, QLD, Australia) 

- HydraGreen™ Safe DNA Dye (ACTGene, Inc., Piscataway, NJ, USA) 

- Magnesium chloride (Bioline (Aust) Pty. Ltd., Alexandria, NSW, Australia) 

- Potassium chloride (BDH Chemicals, Port Fairy, VIC, Australia) 

- Sodium chloride (Ajax Finechem Pty. Ltd.) 

- Tris-hydroxymethyl-methylamine (Tris) (Ajax Finechem Pty. Ltd.) 

- Yeast extract powder (Affymetrix, Cleveland, OH, USA) 

2.1.2 Enzymes 

- MyTaqTM Red DNA Polymerase (DNA directed DNA polymerase, EC 2.7.7.7) 

(Bioline (Aus) Pty. Ltd) 

- NheI-HF Restriction Enzyme (New England Biolabs) 

- MboI Restriction Enzyme (New England Biolabs) 

- TseI Restriction Enzyme (New England Biolabs) 

- Tsp45I Restriction Enzyme (New England Biolabs) 
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2.1.3 Equipment 

- Bio-Rad Molecular Imager® Gel DocTM XR System (Bio-Rad Laboratories, 

Inc., Hercules, CA, USA) 

- Bio-Rad ChemiDoc™ MP Imaging System (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) 

- Bio-Rad MyCyclerTM thermal cycler (Bio-Rad Laboratories, Inc.) 

- CuberScan510 pH meter (Eutech Instruments Pty. Ltd., Singapore 

- Eppendorf Mastercycler Nexus Gradient thermal cycler (Eppendorf South 

Pacific Pty. Ltd., Sydney, NSW, Australia) 

- Lumencor SOLA Light Engine (Coherent Scientific Pty. Ltd., Thebarton, SA, 

Australia) 

- Nikon SMZ18 Microscope with Nikon Intensilight C-HGF1 Lamp (Nikon 

Instruments Inc. Melville, NY, USA) 

2.1.4 Plasmids 

- The L4440 (empty vector) and L4440-gfp plasmids utilized for RNAi were 

supplied by Addgene (Addgene plasmids 1654 and 11335) 

2.1.5 Bacterial strains 

- OP50 Escherichia coli (E. coli) 

- HT115(DE3) E. coli [F-, mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10(DE3 

lysogen;lavUV5 promoter – T7 polymerase] 

2.1.6 External procedures 

- All oligonucleotides used for genotyping are detailed in the Appendix and 

were supplied by Integrated DNA Technologies 
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- All gRNA and repair template sequences used for CRISPR-Cas9 are detailed 

in the Appendix and were supplied by Integrated DNA Technologies 

- All CRISPR-Cas9 generated strains were sent to the Australian Genome 

Research Facility (AGRF) for Sanger Sequencing 

2.1.7 C. elegans strains 

Nematode genes are expressed in lower-case italics, with the mutation in brackets, 

and roman numerals indicating on which chromosome the gene is located. pxxx::yyy 

indicates gene yyy is controlled by the gene xxx promoter. 

Table 2.1: Strains used in this study. 

Strain Referred to as Genotype Source 

SX461 wild-type mjls31[ppie-1::gfp::h2b] 
II 

Ashe et al. 
2012 [64] 

SX1442 nrde-2 mjls31[ppie-1::gfp::h2b] 
II;nrde-2(mj168) II 

Ashe et al. 
2012 [64] 

AKA112 morc-1 
mjls31[ppie-1::gfp::h2b] 
II;morc-1(6099) III 

Dhruv Monteiro 
[63] 

AKA122 emb-4 mjls31[ppie-1::gfp::h2b] 
II;emb-4(sa44) V 

Dhruv Monteiro 
[63] 

AKA196 set-9(red8) 
mjls31[ppie-1::gfp::h2b] 
II;set-9(red8) IV 

This study. 
Outcrossed 6x 
from AKA124 
[63] 

AKA197 set-26(tm3526) mjls31[ppie-1::gfp::h2b] 
II;set-26(tm3526) IV 

This study. 
Outcrossed 6x 
from AKA125 
[63] 

AKA198 set-9(red8);set-26(tm3526) 
mjls31[ppie-1::gfp::h2b] 
II;set-9(red8) 
IV;set-26(tm2536) IV 

This study. 
Outcrossed 6x 
from AKA126 
[63] 

AKA210 pup-1 mjls31[ppie-1::gfp::h2b] 
II;pup-1(rf34) III 

Rachel 
Woodhouse 

AKA220 hrde-4 mjls31[ppie-1::gfp::h2b] 
II;hrde-4(smb66) II 

Rachel 
Woodhouse, 
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Azelle Hawdon, 
and Carissa 
Chen 

AKA241 set-32 mjls31[ppie-1::gfp::h2b] 
II;set-32(smb11) II 

Owen Watson 

AKA250 Y73B3A.1(smb76) mjls31[ppie-1::gfp::h2b] 
II;Y73B3A.1(smb76) X 

This study. 
Outcrossed 2x 
following 
generation by 
CRISPR-Cas9 

AKA251 set-9PHD mjls31[ppie-1::gfp::h2b] 
II;set-9(smb72) IV 

This study. 
Outcrossed 2x 
following 
generation by 
CRISPR-Cas9 

AKA252 set-9SET mjls31[ppie-1::gfp::h2b] 
II;set-9(smb73) IV 

This study. 
Outcrossed 2x 
following 
generation by 
CRISPR-Cas9 

AKA253 set-26PHD 
mjls31[ppie-1::gfp::h2b] 
II;set-26(smb74) IV 

This study. 
Outcrossed 2x 
following 
generation by 
CRISPR-Cas9 

AKA254 set-26SET mjls31[ppie-1::gfp::h2b] 
II;set-26(smb75) IV 

This study. 
Outcrossed 2x 
following 
generation by 
CRISPR-Cas9 

AKA306 set-25 mjls31[ppie-1::gfp::h2b] 
II;set-25(n5021) III 

Rachel 
Woodhouse 

AKA308 znfx-1 
mjls31[ppie-1::gfp::h2b] 
II;znfx-1(smb69) II 

Rachel 
Woodhouse 

AKA310 wago-1 mjls31[ppie-1::gfp::h2b] 
II;wago-1(ok1074) II 

Rachel 
Woodhouse 

AKA311 Pharyngeal gfp 
mjls31[pmyo-2::gfp] 
II;him-8(e1489) 
IV;mjls17 IV 

Rachel 
Woodhouse 
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2.2 Methods 

2.2.1 Gene and protein diagrams 

All information regarding the gene, transcript, and protein sequences was taken from 

WormBase [111]; an online database for Caenorhabditis elegans genomic 

information and numerous other nematodes species. The genomic sequence, 

exon-intron structure, translated protein sequence, predicted functional domains, and 

information on homologous genes for set-9 and set-26 were taken from this site. 

Diagrams showing gene structure were constructed using Exon-Intron Graphic 

Maker [112], an online software tool that generates a gene diagram based on input 

information. Diagrams of proteins were constructed using Adobe Illustrator. 

 

2.2.2 DNA and amino acid sequence alignment and identity matrices 

All sequence alignments in this study were conducted using the Clustal Omega 

Multiple Sequence Alignment software, available online. The software aligns amino 

acid residues based on their Gonnet Point Accepted Mutation (PAM) matrix score, 

indicating identical residues with an asterisk, residues with a PAM score higher than 

0.5 with a colon, and residues with a PAM score lower than 0.5 with a full stop [113]. 

DNA sequences are aligned in a similar manner but only indicate identical 

nucleotides with an asterisk. The program can also construct a percentage identity 

matrix for each alignment. 

 

2.2.3 Prediction of disorder 

All predictions of order and disorder were done using the Prediction of Natural 

Disordered Regions (PONDR) online software tool. This tool predicts shorts sections 
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of order using three neural networks and assigns a VLXT score for each residue in 

the uploaded sequence, where 1 indicates a high confidence prediction of disorder 

and 0 indicates a high confidence prediction of order. This type of analysis is known 

to underestimate larger sections of disorder [114], meaning any small ordered 

regions surrounded by disordered regions are likely disordered as well. 

 

2.2.4 3D Protein Structure Modelling 

All 3D structure predictions produced in this study were constructed using AlphaFold, 

an open source program and database which contains the predicted structures for 

most proteins in model organism species and has the capacity to predict input 

sequences of interest. AlphaFold uses the input sequence to query several 

databases and construct a multiple sequence alignment. Several neuron networks 

are utilized to match residues in the input sequence with the aligned sequences and 

produce a protein structure. This initial structure is then processes by a series of 

more neural networks to interrogate the best orientation for each residue and form 

several possible 3D structures with varying degrees of confidence [115]. 

 

2.2.5 Genomic loci analysis 

All information regarding the location of genomic sequences was taken from the 

WormBase JBrowser [111], an online resource which displays annotated genome 

sequences constructed from sequencing data for a range of nematode species. 

Some genomes are not as well annotated as others and gene locations are 

displayed on contigs rather than chromosomes. In this study, the orthologs of set-9 

and set-26 were identified by the WormBase database and their loci were linked in 
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JBrowser. The relevant genomic sequences were downloaded from JBrowser and 

uploaded to SnapGene Viewer; a software designed for the visualisation and 

annotation of DNA sequences [116]. All visualisations of genomic loci shown in this 

Chapter were constructed using SnapGene Viewer. 

 

2.2.6 Maintenance of C. elegans strains 

All C. elegans strains were maintained as previously described [51]. Strains were 

cultivated on Nematode Growth Media (NGM) [2%(w/v) agar, 50mM NaCl, 

0.25%(w/v) peptone, 1mM CaCl2, 5µg mL-1 cholesterol, 25mM K3PO4, 1mM MgSO4, 

in H2O] plates at 20ºC. and fed on OP50 E. coli. The SX461 strain, used as the 

wild-type control in these experiments, is the N2 strain isolated in Bristol [51] with an 

integrated gfp transgene regulated by the germline-specific promoter ppie-1 [64]. 

 

2.2.7 Outcrossing of mutant strains 

For each strain, homozygous mutant hermaphrodites were crossed with SX461 

males to generate heterozygous progeny. These heterozygous individuals were 

allowed to self-fertilize and produce another generation consisting of variable 

genotypes. Individuals from this generation were separated and also allowed to 

self-fertilize and produce offspring, before being genotyped to identify which were 

homozygous mutants. 
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2.2.8 Transgenerational Epigenetic Inheritance (TEI) Assay 

HT115(DE3) E. coli carrying either L4440 (empty vector) or L4440-gfp plasmids were 

grown in Luria-Bertani (LB) broth [10g L-1 bacteriological peptone, 5g L-1 yeast 

extract, 10g L-1 NaCl, pH 7.0] with 100µg mL-1 ampicillin at 37°C for 8 hours. The 

bacteria was then seeded onto NGM plates, containing 25 µg mL-1 carbenicillin to 

ensure continued plasmid selection and 1mM IPTG to induce expression of gfp 

dsRNA, and grown at room temperature overnight. Plates containing IPTG were 

shielded from light exposure to minimise IPTG degradation. 

Young adult C. elegans were placed on these plates the following day and allowed to 

self-fertilize. The offspring the produced became the P0 generation for the TEI assay 

and consume the HT115(DE3) E. coli, thereby ingesting the gfp dsRNA to stimulate 

an RNAi response (Figure 2.1). Following incubation at 20°C for 4 days and growing 

into young adults, the P0 generation was scored for germline GFP expression 

through fluorescence microscopy. Silenced individuals were selected and moved to 

new NGM plates seeded with regulate OP50 E. coli, making sure not to transfer any 

HT115(DE3) E. coli in the process, where they were allowed to self-fertilize and 

produce the F1 generation. The scoring process and selection of silenced adults was 

repeated to produce all following generations. For each strain, 5 plates were scored 

per day for 3 days and 2-3 individuals per plate were selected to produce the next 

generation. Approximately 20 individuals were scored from each plate, leading to an 

n of 15, representing approximately 300 for each generation. 

 

2.2.9 TEI Assay with Heterozygous P0 

To assess whether establishment factors are required within the P0 generation to  
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send a heritable silencing signal to the F1 or within the F1 generation to receive such 

a signal, a modified version of the TEI Assay was developed [62]. In this version of 

the assay, the P0 generation exposed to RNAi are progeny resultant from a cross 

between homozygous mutant hermaphrodites and homozygous wild-type males. 

A single homozygous mutant L4 hermaphrodite was placed onto one NGM plate 

seeded with OP50 alongside 4-5 homozygous wild-type L4 males, with a total of 6 

plates per day for 3 days. These were incubated at 20°C overnight to allow them to 

cross. The now adult homozygous mutant hermaphrodites were placed onto NGM 

plates seeded with Ht115(DE3) E. coli as described earlier and incubated at 20°C for 

4 days to produce the heterozygous P0 generation for this assay. The remainder of 

the assay is conducted in the same manner as the original TEI assay until the 

 

Figure 2.1: TEI Assay schematic. The P0 generation is grown on bacteria that 
produces dsRNA complementary to the gfp transgene, which acts as a stimulus for 
RNAi. All subsequent generations are fed on regular OP50 E. coli. Once silenced, 
the P0 individuals are moved to new plates where they produce the F1 generation. 
Fluorescence microscopy is used to score for GFP expression and only silenced 
individuals are selected to propagate the next generation. This process is repeated 
for the desired number of generations. Parts of this figure were constructed using 
graphics from BioRender [186]. 
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scoring of the F1 generation. As the F1 generation was scored for GFP expression, 

they were sorted into silenced and de-silenced groups, before being genotyped 

(Figure 2.2). Chi-squared analysis was used to determine if the genotypes observed 

in each group differed from those expected by Mendelian ratios. If any plate did not 

contain a mix of genotypes, indicating that the P0 individual was not heterozygous, 

the genotypes and the scoring for that plate were discarded. 

The controls in this assay included uncrossed wild-type worms, uncrossed mutant 

worms, and a cross control, where wild-type hermaphrodites were crossed to 

wild-type males. For crossed strains, a single P0 individual was selected from each 

plate to produce the F1 generation. For uncrossed strains, 2 P0 individuals were 

selected from each plate to produce the F1 generation. For each strain, 

approximately 20-25 individuals were scored from each of 6 plates per day for 3 

days, leading to an n of 18, representing 300-400 worms for each generation. 

 

2.2.10 TEI Assay with Heterozygous F1 

This version of the TEI assay was carried out in the same manner as the original 

assay detailed above (Figure 2.1) until the scoring of the P0 generation. One P0 

homozygous mutant hermaphrodite was selected from each plate and placed on 

separate NGM plates seeded with OP50 alongside 4-5 males. These males were 

wild-type for all loci and had a gfp transgene inserted stability into the genome under 

the control of a pharynx-specific promoter. The plates incubated at 20°C overnight, 

allowing the males to cross with the hermaphrodites. The following day the mutant 

hermaphrodites were moved to new NGM plates with OP50 and incubated at 20°C.  
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As crossing was conducted when the P0 hermaphrodites were young adults, the first 

few eggs laid would be the result of self-fertilization. This means the F1 progeny 

produced on that day would consist of a mix of self-progeny and cross-progeny. 

These self-progeny were scored alongside their cross-progeny counterparts as a 

control. The progeny produced by the crossed P0 hermaphrodites on the second 

 
Figure 2.2: TEI Assay with heterozygous P0 schematic. This version of the TEI 
Assay is conducted in a similar manner to that described above (Figure 3.2) with 
several differences. The P0 generation in this assay is the product of a cross 
between mutant hermaphrodites and wild-type males and is thereby heterozygous 
for the mutation of interest. These heterozygous individuals are fed on bacteria that 
produces dsRNA complementary to the gfp transgene in order to trigger RNAi. 
Silenced individuals are selected and allowed to self-fertilize to produce the F1 
generation, which consists of various genotypes and is fed on regular OP50 E. coli. 
These are scored for GFP expression using fluorescence microscopy and sorted 
into silenced and de-silenced groups before being genotyped. 
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day, when they are transferred to a new plate, will be comprised entirely of 

cross-progeny (Figure 2.3). These were scored for germline GFP expression on 

consecutive days, 4 days after they were laid, sorting into self-progeny or 

cross-progeny based on the presence of pharyngeal GFP. 

 

Figure 2.3: TEI Assay with heterozygous F1 schematic. This version of the TEI 
begins in a similar manner to the original TEI assay (Figure 2.1) with the P0 growing 
on RNAi food and silencing GFP expression. These P0 hermaphrodites are 
transferred to a new plate with normal OP50 E. coli and crossed to the pharyngeal 
GFP strain. After 1 day, the hermaphrodites are transferred to a new plate. The 
progeny produced on the plate on which the cross took place will be comprised of 
both self-progeny and cross progeny. The progeny produced on the second transfer 
plate will consist of cross progeny. The uncrossed controls (not shown here) are 
transferred in a similar manner to ensure they are age-matched to both days of the 
cross progeny. Parts of this figure were constructed using graphics from BioRender 
[186]. 
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The controls used in this assay included wild-type P0 hermaphrodites crossed to 

pharyngeal gfp males, and uncrossed mutant and wild-type strains. The uncrossed 

P0 were transferred to new NGM plates on the day of scoring and again the next day 

to ensure there were age matched uncrossed F1s to compare to the second day of 

crossed F1s. For each strain, approximately 25 individuals were scored per plate, 

with 5 plates per day for 2 days, leading to an n of 10, representing approximately 

250 worms for each generation. 

 

2.2.11 Brood size and sterility assays 

All strains were first outcrossed before all brood size assays commenced. Each 

mutant strain was outcrossed to the SX461 strain separately and the wild-type 

control was selected from one of these outcrosses. 

For each strain, 10 L4s were placed onto separate NGM plates with OP50 and 

grown at 20ºC for 48 hours before being transferred to a new NGM plate. These 

were again transferred to new plates daily for 2 more days. The plates from which 

these individuals were transferred were incubated at 20ºC for 48 hours before the 

number of living progeny and unhatched eggs was scored. Normal oval shaped eggs 

which failed to hatch after 24 hours were identified as unviable embryos, whereas 

flat and deflated eggs (empty eggshell) were identified as unfertilized. From the first 

plate of each of these 10 lines, a single L4 progeny was selected and the process 

repeated (Figure 2.4A). When a sterile line arose, it was counted as having 0 

progeny for all subsequent generations. 
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Figure 2.4: Brood size assays. Following outcrossing for each strain, L4 
hermaphrodites were selected and placed on separate NGM plates. These were 
allowed to produce progeny for 2 days, after which the now adult hermaphrodites 
were moved to a new plate daily. The number of live progeny and unfertilized eggs 
on each plate was counted. 2 days after the adult was moved from the first plate, 
one of its L4 progeny was selected to and the process repeated (A). For each strain, 
ten L4s were selected after outcrossing to form ten separate lines, which had their 
brood sizes counted each generation (B). A maintenance plate for each strain was 
also prepared after outcrossing and propagated alongside the other lines. Each time 
one of the original ten lines became sterile, a replacement line was selected from 
the maintenance plate to retain a sufficient n. Any sterile lines that arose were 
counted as producing 0 offspring for every successive generation and replacement 
lines were counted as new lines beginning at the generation in which they were 
introduced. 
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Following the initial outcross, alongside the 10 lines detailed above, a maintenance 

population was propagated (Figure 2.4B). To test whether this maintenance 

population biased towards fertile individuals, in the assay involving set-9(red8), 

set-26(tm3526), set-26(ΔPHD), and set-26(ΔSET), every generation an additional 10 

L4s were selected from the maintenance populations and placed onto individual 

NGM plates. These were incubated at 20ºC for 3 days before being scored for 

sterility. 

To test whether the set-9(red8) and set-26(tm3526) strains had the potential to 

recover wild-type brood size, homozygous mutant individuals were selected from the 

maintenance populations at the F4, F6, and F8 generations and crossed to SX461 

males. L4s were selected from the resultant heterozygous progeny and assayed for 

brood size in a manner described above. These individuals were then genotyped to 

ensure they were indeed heterozygous for the mutations of interest. 

 

2.2.12 CRISPR-Cas9 Mutagenesis 

Several strategies using the CRISPR-Cas9 system were used to generate the 

mutants used in this study. SX461 young adult distal gonads were injected with a 

mix containing Cas9, crRNA, and tracrRNA as a ribonucleoprotein, alongside a 

repair template. The mix also contained a dpy-10 crRNA and repair template 

co-injection marker. Injected individuals were incubated at 25°C (optimal 

temperature for recovery) on separate NGM plates. The offspring they produced 

were screened for roller and dumpy phenotypes. These individuals were collected 

and placed on separate NGM plates and incubated at 20°C for 3 days, allowing them 

to produce offspring, before being genotyped for the mutation of interest. The 
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offspring of any individuals carrying the desired mutation were propagated until a 

homozygous mutant individual was identified. DNA from those individuals suspected 

of carrying the desired mutations were sent for Sanger sequencing at the Australian 

Genome Research Facility (AGRF). Following this, mutant lines were outcrossed 

several times to SX461 to remove any background mutations that might have arisen 

during the process. 

The Y73B3A.1(smb76) premature stop codon mutant was generated using one 

sgRNA and a ssDNA repair template with 35 base-pair homology arms. The repair 

template was designed to introduce a stop codon within the first exon of the gene 

and a restriction digest cut site for MboI for genotyping purposes (Figure 2.5). 

The PHD Finger mutants of set-9 and set-26 were generated using two sgRNAs and 

a double-stranded DNA repair template with approximately 500 base-pair homology 

arms. A quick heating and cooling protocol was applied to the repair template to 

increase mutagenesis efficiency, as previously described [117], before being added 

to the injection mix at 0.15µM. The repair template was designed to substitute a TGG 

codon for GCG to induce a tryptophan to alanine substitution in the binding pocket of 

the PHD finger and a restriction digest cut site for TseI for genotyping purposes 

(Figure 2.6). 

The set-9 and set-26 SET domain mutants were generated using one sgRNA and a 

ssDNA repair template with 40 base-pair homology arms, included in the injection 

mix at 20µM. The repair template was designed to substitute a TTC codon for GCT 

to induce a phenylalanine to alanine substitution in the predicted catalytic site of the 

SET domain and remove a Tsp45I restriction digest cut site for genotyping purposes 

(Figure 2.7).  
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Figure 2.5: CRISPR strategy for generating the Y73B3A.1(smb76) mutant 
strain. The Y73B3A.1 locus was mutated using the CRISPR-Cas9 system. A single 
sgRNA matching the bottom strand was used with a bottom strand ssDNA repair 
template with 35bp homology arms. The repair template introduced a premature stop 
codon and a restriction digest cut site for MboI. The DNA strands are represented by 
black lines, the stop codon mutation being introduced is shown in orange, the 
sgRNA target is shown in cyan, and the PAM site is shown in red. Cas-9 initiates a 
double strand break at the PAM site and the cell uses the repair template while 
reannealing the strands, resulting in desired mutations being incorporated into the 
genome. The orientation of the sgRNA and repair template were designed using 
insights from past research [188] to ensure high efficiency. 
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B 

A 

Figure 2.6: CRISPR strategy for generating the set-9PHD and set-26PHD mutant 
strain. The set-9 (A) and set-26 (B) loci were mutated using the CRISPR-Cas9 
system. Two sgRNAs were used with a dsDNA repair template with approximately 
500bp homology arms. The repair template introduced a T to G substation and a 
new restriction digest cut site for TseI. The DNA strands are represented by black 
lines, the mutation being introduced that causes the amino acid change is shown in 
orange, the sgRNA target is shown in cyan, and the PAM site is shown in red. The 
sgRNAs were selected so that the PAM sites were orientated towards the outside of 
the internal section of DNA. Cas-9 will initiate a double strand break at both PAM 
sites, resulting in the internal section being lost. The cell uses the repair template 
while reannealing the strands, resulting in desired mutations being incorporated into 
the genome. The resultant sequence has three TseI cut sites for set-9 and two TseI 
cut sites for set-26. The orientation of the sgRNAs and size of the repair template 
were designed using insights from past research [188] to ensure high efficiency. 
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Figure 2.7: CRISPR strategy for generating the set-9SET and set-26SET mutant 
strain. The set-9 (A) and set-26 (B) loci were mutated using the CRISPR-Cas9 
system. A single sgRNA matching the top strand was used with a top strand ssDNA 
repair template with 35bp homology arms. The repair template introduced a T to G 
substation and a new restriction digest cut site for Tsp45I. The DNA strands are 
represented by black lines, the mutation being introduced that causes the amino acid 
change is shown in orange, the sgRNA target is shown in cyan, and the PAM site is 
shown in red. Cas-9 initiates a double strand break at the PAM site and the cell uses 
the repair template while reannealing the strands, resulting in desired mutations 
being incorporated into the genome. The orientation of the sgRNA and repair 
template were designed using insights from past research [188] to ensure high 
efficiency. 
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The injection mix contained 14.2µM target crRNA, 1.3µM dpy-10 crRNA, 15.5µM 

tracrRNA, 5000µg-1 µL Cas9, 6.7µM target repair template, and 1.5uM dpy-10 repair 

template in a total volume of 20µL. The crRNAs and tracrRNA were added first and 

incubated at 95°C for 5 minutes followed by incubation at 20°C for 5 minutes. Next, 

Cas9 was added, and the mix was incubated at 37°C for 10-15 minutes. The repair 

templates for the target and the dpy-10 marker were added last alongside ddH2O toa 

total of 20µL and kept at 20°C or on ice until ready to be injected. The mix was then 

centrifuged at 13 000RPM for 10 minutes and loaded into the injection needle. The 

concentrations of reagents used here were based of previous work (Dernburg) and 

optimization in the Ashe Laboratory. 

The injection mix prepared to generate the PHD Finger mutants was prepared with 

different concentrations. This mix contained 2.38µM of each target crRNA, 0.24µM 

dpy-10 crRNA, 5µM tracrRNA, 0.25µg-1 µL Cas9, 25ng/µL target repair template, 

and 0.5µM dpy-10 repair template. The mix was prepared using the same protocol 

as above, differing in the addition of the dsDNA repair template. The dsDNA repair 

template was incubated at 95ºC for 2 minutes, followed by a slow cooling to 4C, 

reducing the temperature by 1°C per second. The dsDNA repair was then added to 

the injection mix alongside the ssDNA dpy-10 repair template as described above. 

The concentrations of reagents and melting of the dsDNA repair template were 

based on previous work [118] to ensure high efficiency editing for the dsDNA repair 

system. 

Information on sgRNA and repair template sequences is located in the Appendix. 
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2.2.13 Genotyping of strains 

To genotype a strain or individual they were placed into 10µL of Worm Lysis solution 

[50mM KCl, 10mM Tris pH 8.3, 2.5mM MgCl2, 0.45% NP-40, 0.45$ Tween 20, 

0.01% gelatine, and 0.5mg mL-1 Proteinase K] in a polymerase chain reaction (PCR) 

tube and frozen at -80°C for 15-20 minutes. Each sample was then incubated at 

65°C for 1 hour, followed by denaturation of Proteinase K by incubation at 95°C for 

15 minutes. The resulting solution contains freed dissolved DNA and was used to 

provide the template for the relevant genotyping PCR. Each PCR contained 1µL of 

the above DNA sample from the appropriate sample, 0.4µM of each primer used, 

0.5U of MyTaqTM Red DNA Polymerase (produced by Bioline), and an appropriate 

amount of MyTaqTM Reaction Buffer in MilliQ H2O at a total volume of 10µL. 

To genotype for the set-9(red8) allele, two primers were used that flanked the site of 

the mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, 

followed by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 55°C for 

15 seconds, and extension at 72°C for 20 seconds, with a final extension at 72°C for 

1 minute. The samples were then digested with NheI at 37°C for 12 hours. For the 

wild-type the expected product was a 632bp fragment and for the mutant the 

expected products were 531bp and 100bp fragments. 

To genotype for the set-9PHD allele, two primers were used that flanked the site of the 

mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, followed 

by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 15 

seconds, and extension at 72°C for 20 seconds, with a final extension at 72°C for 1 

minute. The samples were then digested with TseI at 65°C for 1 hour. For the 

wild-type the expected products were 210bp, 167bp, and 41bp fragments and for the 

mutant the expected products were 167bp, 121bp, 89bp and 41bp fragments. 
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To genotype for the set-9SET allele, two primers were used that flanked the site of the 

mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, followed 

by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 63°C for 20 

seconds, and extension at 72°C for 30 seconds, with a final extension at 72°C for 1 

minute. The samples were then digested with Tsp45I at 65°C overnight. For the 

wild-type the expected products were 546bp, 221bp, 167bp, and 151bp fragments 

and for the mutant the expected products were 713bp, 221bp, and 151bp fragments. 

To genotype for the set-26(tm3526) allele, two primers were used that flanked the 

site of the mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, 

followed by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 55°C for 

15 seconds, and extension at 72°C for 20 seconds, with a final extension at 72°C for 

1 minute. For the wild-type the expected product was an 831bp fragment and for the 

mutant the expected product was a 472bp fragment. 

To genotype for the set-26PHD allele, two primers were used that flanked the site of 

the mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, 

followed by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 

15 seconds, and extension at 72°C for 20 seconds, with a final extension at 72°C for 

1 minute. The samples were then digested with TseI at 65°C for 1 hour. For the 

wild-type the expected products were 380bp, and 46bp fragments and for the mutant 

the expected products were 291bp, 89bp, and 46bp fragments. 

To genotype for the set-26SET allele, two primers were used that flanked the site of 

the mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, 

followed by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 56°C for 

20 seconds, and extension at 72°C for 30 seconds, with a final extension at 72°C for 
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1 minute. The samples were then digested with Tsp45I at 65°C overnight. For the 

wild-type the expected products were 322bp, 318bp, 214bp, and 7bp fragments and 

for the mutant the expected products were 640bp, 214bp, and 7bp fragments. 

To genotype for the Y73B3A.1(smb76) allele, two primers were used that flanked the 

site of the mutation. Samples in PCR solutions were incubated at 95°C for 1 minute, 

followed by 30 cycles of denaturation at 95°C for 15 seconds, annealing at 59°C for 

20 seconds, and extension at 72°C for 1.5 minutes, with a final extension at 72°C for 

1 minute. The samples were then digested with MboI at 37°C for 2 hours. For the 

wild-type the expected products were 661bp, 269bp, and 52bp, fragments and for 

the mutant the expected products were 661bp and 321bp fragments. 

Information on primer sequences is located in the Appendix. 
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Chapter 3 
Generational requirements for 

various TEI factors 
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3.1 Introduction 

Previous work in the Ashe Laboratory has characterised morc-1, emb-4, pup-1, 

hrde-4, set-32, set-25, znfx-1, wago-1, and nrde-2 as involved in one or more phases 

of TEI (Table 3.1). All of these genes are known to interact with RNA or chromatin in 

some manner and can thereby influence and regulate epigenetic states. Previous 

work in the Ashe Laboratory shows that they each impact TEI either in the 

establishment phase or both the establishment and maintenance phases based on 

their phenotype in a standard TEI Assay (Figure 3.1). 

In this type of assay, it can be difficult to tell whether a gene is required for 

establishment and maintenance or just maintenance alone. This is particularly 

difficult for genes that display an extremely strong phenotype, such as wago-1. Such 

a gene may only be required for establishment, with the defect being so strong in the 

F1 generation that it is difficult to select truly GFP-silenced individuals to propagate 

the next generation. Thus de-silenced individuals are mistakenly selected, and the 

strain displays a maintenance phenotype as well. Establishment factors could 

function to send a heritable silencing signal from the parental generation to their 

offspring or could be required in offspring to receive such a signal. By definition, 

maintenance factors contribute to the propagation of silencing in the F1 but would 

not be required in the P0 generation. In this Chapter, the genes mentioned above 

are examined further to determine in which generation they function and if there are 

distinct generational requirements between genes involved exclusively in 

establishment and genes involved in both establishment and maintenance.
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Gene Protein Biological Role(s) Role in TEI Identified By 

morc-1 
GHKL ATPase 
[189] 

Represses transposon activity [93], [124], chromatin 
compaction [94], mortal germline, prevents silencing 
endogenous loci [97] 

Establishment 
and Maintenance 

Dhruv Monteiro 
[63] 

emb-4 
AAA ATPase [190] Contains RNA helicase domain [190], maternal 

effect, slow growth, embryo and larval lethality [155], 
[191], highly conserved is eykaryotes 

Establishment Dhruv Monteiro 
[63] 

pup-1 Poly(U)polymerase Adds uracil nucleotides to 3′ end of RNAs [178], 
mortal germline [65] 

Establishment 
and Maintenance 

Rachel 
Woodhouse 

hrde-4 Unknown nuclear 
factor 

Impacts RNAi inheritance and germline mortality [65] Establishment 
and Maintenance 

Rachel 
Woodhouse 

set-32 Methyltransferase H3K23 methyltransferase [162], impacts germline 
mortality and lifespan [62], [65] Establishment Woodhouse et al. 

2018 [62] 

set-25 
Methyltransferase H3K9 methyltransferase, localizes to nuclear 

periphery and heterochromatin [4], [192] Establishment 
Ashe et al. 2012 
[64], Woodhouse 
et al. 2018 [62] 

znfx-1 
NFX-1 SF1 RNA 
helicase 

Localizes to RNA/protein condensates termed P 
granules, forms Z granule in later development [180], 
highly conserved in eukaryotes [122] 

Establishment 
and Maintenance 

Rachel 
Woodhouse 

wago-1 Argonaute Localizes to P granules, binds 22G-RNAs [121], 
regulates germline genes, silences transposons [32] 

Establishment 
and Maintenance 

Rachel 
Woodhouse 

nrde-2 
Unknown nuclear 
factor 

Interacts with Argonaute nrde-3, regulate gene 
expression by interacting with pre-mRNA and 
chromatin [81], [126] 

Establishment 
and Maintenance 

Rachel 
Woodhouse 

 

Table3.1: Genes examined in this Chapter. The protein encoded, biological roles, identified role in TEI, and the source of 
this identification for all genes examined in this Chapter are shown. 
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3.2 Results 

3.2.1 emb-4 is required in the P0 for proper TEI 

Previous work on emb-4 showed that it has a role in the establishment of TEI [63]. 

This could be because it is involved in the P0 generation to send a heritable 

silencing signal to the F1 or in the F1 generation to receive such a signal. To 

 

Figure 3.1: TEI assays for genes examined in this study. Data from past TEI 
assays testing morc-1, emb-4, pup-1, hrde-4, set-32, set-25, znfx-1, wago-1, and 
nrde-2 mutant strains is shown. Several genes were identified as involved in TEI 
establishment only (A) and others were identified as involved in both the 
establishment and maintenance phase of TEI (B). This data was pooled from past 
research [62] and unpublished data (Woodhouse et al.). 
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decipher this, a modified version of the TEI Assay described earlier (Figure 2.2) was 

performed. In short, the P0 generation of this assay is heterozygous for the 

emb-4(sa44) allele and produced an F1 generation of mixed genotypes. If a working 

copy of emb-4 is required in the P0, the F1 generation will inherit silencing at 

wild-type levels (Figure 3.2A) and neither the silenced or de-silenced groups will be 

biased towards any of the genotypes. If emb-4 is required in the F1 generation, the 

homozygous mutant F1 individuals will be overrepresented in the de-silenced group 

due to their inability to receive the silencing signal (Figure 3.2B). The results from 

this assay showed that no genotype was overrepresented in either silenced or 

de-silenced groups (Figure 3.3A and B), showing that if the P0 generation has a 

working copy of emb-4, the F1 offspring properly inherit silencing regardless of 

genotype. This does not rule out maternal deposition of emb-4 into F1 embryos, 

although such a process would still need a working copy of emb-4 in the P0 genome. 

 

3.2.2 A working copy of emb-4, hrde-4, set-32, set-25, znfx-1, and wago-1 is 

required in the P0 for proper TEI 

A second version of the TEI assay was performed with a heterozygous F1 

generation (Figure 2.3), focussing on several genes previously identified as having a 

role in TEI (Figure 3.1). The aim of this assay was to explore whether the genes that 

impact establishment are required in the P0 or the F1 generation. If the gene of 

interest performs its function in the P0 generation or is a maternal effect gene, the 

expectation is that the heterozygous F1 population, which are the offspring of the 

homozygous P0, will exhibit a failure to inherit silencing at similar levels to their 

homozygous mutant F1 counterparts. In contrast, if the primary role of the gene is in 

the F1 generation, the homozygous mutant nature of the P0 generation will not 
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 Figure 3.2: Possible results for the TEI assay with heterozygous P0. If the 
mutated gene functions in the P0 and is not needed in the F1, the homozygous 
mutant F1 will inherit silencing at wild-type levels and will be mostly silenced (A). If 
the mutated gene is required in the F1 generation, the homozygous mutant F1 will 
show defective silencing inheritance and be predominantly de-silenced (B). 
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Figure 3.3: emb-4(sa44) TEI Assay with heterozygous P0. A TEI Assay with 
emb-4 +/- P0 was performed. The percentage of silenced individuals was averaged 
and is shown here (A), with error bars indicating ± SEM. Solid bars indicate 
uncrossed wild-type and mutant controls and striped bars indicate populations where 
the P0 was crossed to wild-type males. For each strain, 15 plates were scored over 
3 days for each generation, with 25 individuals scored per plate (N ≈ 300 per 
generation per strain). Control populations of the same strains were fed bacteria with 
an empty RNAi vector and did not silence GFP expression (data not shown). The 
‘set-9(red8) crossed’ F1 generation was sorted into silenced and de-silenced groups. 
A Chi-squared analysis was used to compare the number of individuals for each 
genotype within these groups to that expected by Mendelian ratios (B). 
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matter and the heterozygous F1 population is expected to display silencing at levels 

comparable to wild-type. Another possibility is that the gene could have a function in 

both the P0 and F1 generations and therefore the heterozygous F1 generation could 

inherit silencing at an intermediary level (Figure 3.4). 

For emb-4, hrde-4, set-32, set-25, znfx-1, and wago-1, the heterozygous F1 

generation inherited silencing at levels comparable to their homozygous mutant 

counterparts and far lower than wild-type cross progeny levels (Figure 3.5). This 

suggests that without a working copy of these genes in the P0 generation, the F1 

cannot properly inherit silencing regardless of whether they have a working copy of 

the gene or not. The results for here align with past research for set-32 and set-25 

[62] and the previously described assay for emb-4 (Figure 3.3) showing that the P0 

generation requires a working copy of these genes for proper inheritance of silencing 

in the F1 generation. 

 

3.2.3 morc-1, pup-1, and nrde-2 likely have roles in both the P0 and F1 

generations 

The percentage of silenced individuals in the heterozygous F1 populations for 

morc-1, pup-1, and nrde-2 is dissimilar to both their wild-type and their homozygous 

mutant counterparts (Figure 3.6). This indicates that the gene is required in both the 

P0 and F1 generations to inherit silencing. Previous work showed that morc-1 was 

involved in both establishment and maintenance of TEI. The results here suggest 

that it could be involved in the F1 generation to receive a silencing signal from the P0 

generation during establishment. Its role in maintenance might mean it has a similar 

role in every subsequent generation as well. 
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Figure 3.4: Possible results for the TEI assay with heterozygous F1. There are 
several possible outcomes for the TEI assay with heterozygous F1 (Figure 2.3) that 
are shown here. The P0 hermaphrodites (black), exposed to RNAi, were crossed to 
unexposed wild-type males to produce heterozygous F1 progeny (light blue). These 
are compared to homozygous mutants (bright blue). ‘Mutant 1’, ‘Mutant 2’, and 
Mutant 3’ are representative mutant lines for genes required in the P0, F1, or both. 
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Figure 3.5: emb-4, hrde-4, set-32, set-25, znfx-1, and wago-1 TEI assay with 
heterozygous F1. This assay was conducted as described earlier (Figure 2.3), 
where the RNAi exposed P0 was crossed to unexposed wild-type males to produce 
a heterozygous F1. The F1 data points from Day 1 and Day 2 are combined. For 
each strain, 10 plates were scored over 2 days for each generation, with 20 
individuals scored per plate (N ≈ 200 per generation per strain). The percentage of 
silenced individuals was averaged, with error bars indicating ± SEM. Control 
populations of the same strains were fed bacteria with an empty RNAi vector and did 
not silence GFP expression (data not shown). Data was pooled from multiple 
independent experiments, some of which were conducted by Rachel Woodhouse. 
Statistics was conducted on all data from multiple independent experiments for all 
strains in this Chapter and are split into different graphs for ease of viewing. Two-
way ANOVA with a post-hoc Tukey’s test was used to determine statistical 
significance when compared to wild-type (one asterisk = P ≤ 0.05, two asterisks P ≤ 
0.01, three asterisks = P ≤ 0.001, etc.). The lines above the graph indicate 
comparisons between the mutant and heterozygous F1 (ns = no significance). 
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3.3 Discussion 

3.3.1 Establishment factors can function exclusively in the P0 or in both the 

P0 and F1 generations 

Previous work has identified that emb-4 (Figure 3.3), set-32, and set-25 [62] have a 

role in the establishment of a heritable silencing signal and that working copies of 

 

Figure 3.6: morc-1, pup-1, and nrde-2 TEI assay with heterozygous F1. This 
assay was conducted as described earlier (Figure 2.3), where the RNAi exposed P0 
was crossed to unexposed wild-type males to produce a heterozygous F1. The F1 
data points from Day 1 and Day 2 are combined. For each strain, 10 plates were 
scored over 2 days for each generation, with 20 individuals scored per plate (N ≈ 
200 per generation per strain). The percentage of silenced individuals was averaged, 
with error bars indicating ± SEM. Control populations of the same strains were fed 
bacteria with an empty RNAi vector and did not silence GFP expression (data not 
shown). Data was pooled from multiple independent experiments, some of which 
were conducted by Rachel Woodhouse. Statistics was conducted on all data from 
multiple independent experiments for all strains in this Chapter and are split into 
different graphs for ease of viewing. Two-way ANOVA with a post-hoc Tukey’s test 
was used to determine statistical significance when compared to wild-type (one 
asterisk = P ≤ 0.05, two asterisks P ≤ 0.01, three asterisks = P ≤ 0.001, etc.). The 
lines above the graph indicate comparisons between the mutant and heterozygous 
F1 (ns = no significance). 
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these genes in the P0 generation are sufficient for proper TEI. These results confirm 

those findings by showing they are dispensable in the F1 generation for proper TEI 

(Figure 3.5). Taken together, it can be concluded that the establishment phase of 

TEI necessitates a working copy of emb-4, set-32, and set-25 in the P0 genome. 

The results shown here do not rule out maternal deposition of these factors into the 

F1 embryo. emb-4 is known to be maternal-effect [119] and therefore could act in the 

F1 embryo during the TEI establishment phase. If this was the case, the 

homozygous mutant F1 in the TEI assay with a heterozygous P0 (Figure 3.3) could 

have working EMB-4 produced by maternally deposited emb-4 transcripts and 

thereby still inherit silencing at wild-type levels. This could also be the case for set-32 

and set-25, however, there is no evidence to suggest that they are maternally 

deposited. The auxin-inducible degradation (AID) system can be used to test this. 

This system utilizes the Arabidopsis thaliana protein TIR1, which targets proteins 

containing a 44 amino acid length degron sequence for degradation in the presence 

of auxin [120]. Such an approach would require a C. elegans strain containing the 

TIR1 transgene controlled by an early embryo-specific promoter. Although it is 

known that emb-4 is maternal effect, it is unclear whether the transcripts or the 

protein is deposited into the early embryo. Tagging EMB-4 in this background and 

exposing the strain to auxin would result in the EMB-4 protein being specifically 

degraded in the early embryo regardless of whether it was produced by maternally 

deposited mRNAs or not. If the F1 inherited silencing at wild-type levels, this would 

suggest that EMB-4 functioned in the F1 to receive the heritable silencing signal from 

the P0 generation, but acquired the protein by maternally deposition or produced it 

from maternally deposited mRNAs. 
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Past work shows that morc-1, pup-1, hrde-4, znfx-1, wago-1, and nrde-2 all impact 

the establishment phase as well. From the results shown above it is clear that 

hrde-4, znfx-1, and wago-1 are dispensable in the F1 generation to properly inherit 

silencing (Figure 3.5), suggesting their role in the establishment phase takes place in 

the P0 generation. The role of morc-1, pup-1, and nrde-2 in the establishment phase 

likely means they are needed in both the P0 and F1 generations (Figure 3.6), 

possibly to both transmit a heritable silencing signal from the P0 generation and to 

receive this signal in the F1 generation. It is possible that morc-1, pup-1, and nrde-2 

only function in the F1 generation and that maternal deposition plays a role for them 

as well. Under normal circumstances, maternal mRNA would be deposited into the 

F1 embryos and functional protein produced from these transcripts. When the 

offspring are homozygous mutants, they still receive transcripts from their parents 

and produce functional proteins. When the parents are mutants, they cannot deposit 

these transcripts into the F1, but their heterozygous progeny can still produce their 

own functional proteins to compensate (Figure 3.7). The F1 progeny would only be 

able to produce their own transcripts after the zygotic genome activates and 

therefore may only be able to partially compensate for the lack of maternally 

deposited transcripts earlier in development. If this was the case for morc-1, pup-1, 

and nrde-2, the heterozygous F1 would appear to inherit silencing at an intermediate 

level due to this partial compensation, but still require parental transcripts in their 

earliest developmental stages to inherit silencing at wild-type levels. As with emb-4, 

the AID system could be used to test this by specifically degrading the proteins in the 

P0 germline but leaving the maternal mRNA intact in the F1 embryos. 

The variance in generational requirements cannot be easily explained by the known 

functions of these factors. PUP-1, WAGO-1, and ZNFX-1 localize to P granules, with  
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ZNFX-1 later going on to form its own condensate [121], [122]. These perinuclear 

condensates are located outside the nucleus, associated with the nuclear membrane 

 

Figure 3.7: Model for maternal deposition in F1 required TEI factors. In 
wild-type, the P0 generation deposits mRNA into the F1 and the F1 is capable of 
producing its own transcripts (A). When the P0 is heterozygous it can still deposit 
transcripts to its mutant offspring, which then produce functional proteins to perform 
their role in the F1 (B). P0 mutants cannot deposit functional transcripts to their 
heterozygous offspring, but these offspring can produce their own transcripts to 
partially compensate (C). 
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[122], [123]. All are needed in the P0 generation, but PUP-1 is likely also required in 

the F1 generation. Thus far, MORC-1, HRDE-4, and NRDE-2 appear to have roles 

restricted to the interior of the nucleus [65], [81], [97], [124]–[126], yet are required in 

different generations. Taken together, this suggests that establishment of TEI is a 

complicated phenomenon that involves both intranuclear and extranuclear factors, 

chromatin interacting proteins, granule associated proteins, and RNA interacting 

factors in multiple generations. 

 

3.3.2 Maintenance factors influence establishment and have varying 

generational requirements 

Previous work has implicated morc-1, pup-1, hrde-4, znfx-1, wago-1, and nrde-2 as 

involved in the maintenance phase of TEI as well (Figure 3.1). It is difficult to select 

silenced worms in the F1 generation of the TEI Assay (Figure 2.1) if there is a very 

strong establishment defect. morc-1, pup-1, wago-1, and nrde-2 have a strong 

impact on silencing inheritance in the F1 and thus may have been identified as 

maintenance factors because the F2 came from mistakenly selected de-silenced 

parents. wago-1 is not required in the F1 generation, suggesting its identification as 

a maintenance factor is the result of this error and that it only truly impacts 

establishment. morc-1, pup-1, and nrde-2 are all needed in both the P0 and F1 

generations, suggesting that they are indeed maintenance factors. hrde-4 and znfx-1 

do not have as strong an impact on establishment as the others and their 

identification as maintenance factors was likely correct. As such, their role in 

establishment being restricted to the P0 may be indicative of their role in 

maintenance as well. It is possible that they are required in the parents to transmit 
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heritability to the offspring in every generation. A version of the TEI assay where a 

wild-type allele is crossed into the F2 generation might reveal if this is the case. 

 

3.4 Conclusion 

The genes which influence the establishment phase do not do so in a uniform way, 

with some required in the P0 generation and others required in both the P0 and F1 

generations. Previously identified maintenance factors appeared to have varying 

generational requirements as well. Overall, the establishment and maintenance 

phases of TEI are not facilitated solely in one generation or the other and require 

factors in both the P0 and the F1 generations. 
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Chapter 4 
Examining the phylogenetic history 

of set-9 and set-26 
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4.1 Introduction 

The genes of interest in the remaining Chapters, set-9 and set-26, have a high 

degree of identity. As stated in the Introduction, both genes encode a PHD Finger 

shown to bind H3K4me3 [98] and a SET domain lacking the residues for 

conventional methyltransferase activity [106]. The majority of the amino acid 

sequences outside these domains are predicted to be highly disordered. A third 

gene, Y73B3A.1, was found to have high homology to regions of set-9 and set-26, 

predicted to encode a protein comprised entirely of disordered residues. The high 

sequence homology between these three genes suggests that they are all the result 

of gene duplication events, although it is unclear which of these is more closely 

related to the ancestral gene. 

In this Chapter, the phylogenetic history of set-9, set-26, and Y73B3A.1 are 

examined. Several software tools are used to compare the gene and protein 

sequences found in C. elegans to several related Caenorhabditis species. The 

species examined in this Chapter include Caenorhabditis inopinata, 

Caenorhabditis remanei, Caenorhabditis briggsae, Caenorhabditis brenneri, and 

Caenorhabditis japonica. Of these, C. inopinata is the most closely related to 

C. elegans (Figure 4.1), Caenorhabditis remanei, Caenorhadbitis briggsae, and 

Caenorhabditis brenneri are a similar degree of relatedness to C. elegans, and 

Caenorhabditis japonica is the least closely related to all the others [127]. Other 

Caenorhabditis species have been identified, including Caenorhabditis angaria and 

Caenorhabditis sinica, however, their genomes have not been as robustly 

sequenced as the others mentioned. Although these species are all within the same 

genus, comparisons between the Caenorhabditis species is akin to comparisons 

across relatively divergent mammal species (humans vs mice) [127]. The aim of this  
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study was to see whether the evolutionary history of these species shows how these 

three genes came about and to what degree they are conserved. 

 

 
Figure 4.1: Phylogenetic of Caenorhabditis species. This tree was constructed 
using information from past research [128]. Each branch point represents a split 
within the ancestral species and extant species are shown at the ends of branches. 
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4.2 Results 

4.2.1 There is only one ortholog of set-9 and set-26 in other Caenorhabditis 

species 

set-9 and set-26 are >97% identical at both the transcript and amino acid level, 

leading to the conclusion that they are the result of a gene duplication event [98]. To 

determine when the duplication event that produced these two genes occurred, the 

genomes of several Caenorhabditis species were examined. These sequences are 

available on the online database WormBase [111]. C. inopinata, C. remanei, 

C. briggsae, C. brenneri, and C. japonica, all only have one ortholog of set-9 and 

set-26 (Figure 4.2A), indicating that the gene duplication event that produced the 

paralogs in C. elegans occurred after the split between C. elegans and C. inopinata. 

The set-9/set-26 orthologs in these species vary in genetic structure, with the 

C. remanei ortholog containing 9 exons, the C. inopinata, C. briggsae, and C. 

brenneri orthologs containing 10 exons, and the C. japonica ortholog containing only 

6 exons. The predicted transcripts and proteins produced by these genes also vary 

in size, with the C. brenneri ortholog being the largest at 5700 nucletides and 1899 

amino acids and the C. japonica ortholog being the smallest at 4338 nucletodes and 

1445 amino acids (Figure 4.2B). 

The PHD Finger and SET domain of set-9 and set-26 are encoded entirely within 

their fifth exon (Figure 4.2A). All their orthologs are also predicted to encode a PHD 

Finger and SET domain. While the C. briggsae, C. brenneri, and C. japonica 

orthologs encode the PHD Finger in the fifth exon, the PHD Fingers of the 

C. inopinata and C. remanei orthologs are encoded in the sixth exon and the fourth 

exon. Except for the C. japonica ortholog, they all encode their SET domains over 
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two exons instead of entirely in the same exon as their PHD Finger. This indicates 

that over evolutionary time, the splice sites for the genes have altered. 

 

4.2.2 set-9 is a recent duplication of set-26 

In C. elegans, set-26 is located downstream of Y51H4A.13 and upstream of 

Y51H4A.15 and sta-1 (Figure 4.3). The orthologs present in the other species are 

located within the vicinity of genes orthologous to sta-1, Y51H4A.13 and Y51H4A.15. 

C. brenneri has some additional genes located in between its Y51H4A.15 and sta-1 

orthologs. C. briggsae has no ortholog of Y51H4A.13 nearby and C. japonica 

appears to have flipped the direction of its orthologs of Y51H4A.15 and set-9/set-26. 

This points towards several chromosome rearrangements in this vicinity over the 

evolutionary history of all these species. 

In C. elegans, set-9 is located downstream of F15E6.9 and lgc-22 and upstream of 

Y24D9B.1 and trpl-2 (Figure 4.4). Y24D9B.1 is a paralog of Y51H4A.15, suggesting 

it was duplicated alongside set-9/set-26, as previously stated [98]. The orthologs of 

F15E6.9, lgc-22, and trpl-2 in the other nematode species are all located in the same 

vicinity, with the exception of C. japonica that does not have an ortholog of F15E6.9 

near the others. Interestingly, there is no ortholog of set-9/set-26 or 

Y24D9B.1/Y51H4A.1 in this genomic vicinity. Taken together, the evidence suggests 

that the original genes were set-26 and Y51H4A.1 and that these were duplicated 

and subsequently inserted between lgc-22 and trpl-2 to become set-9 and 

Y24D9B.1. 
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Figure 4.2: Diagrams of set-9 and set-26 alongside ortholog genes and 
ortholog proteins. The set-9 and set-26 transcript is shown alongside all ortholog 
transcripts from related Caenorhabditis species (A), constructed using Exon-Intron 
Graphic Maker [112]. Exons are indicated as black bars, introns are indicated as 
black lines, the section encoding the PHD Finger is highlighted in blue, and the 
section encoding the SET domain is highlighted in orange. The lengths for each 
ortholog transcript is shown in nucleotides and their corresponding protein in amino 
acid residues (B). 
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Figure 4.3: set-26 and orthologs genomic loci. All information regarding genomic 
loci was taken from WormBase [111] and all diagrams were constructed using 
SnapGene Viewer [116]. The genomic sequence is represented by black 
double-lines and the chromosomal or contig location is labelled at either end. All 
genes are indicated with arrows where the direction of the arrow shows the direction 
of the transcript. Blue arrows indicate set-26 and its orthologs, green arrows indicate 
Y51H4A.13 and its orthologs, and yellow arrows indicate sta-1 and its orthologs. 
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Figure 4.4: set-9 genomic locus and corresponding genomic loci in related 
Caenorhabditis species. All information regarding genomic loci was taken from 
WormBase [111] and all diagrams were constructed using SnapGene Viewer [116]. 
The genomic sequence is represented by black double-lines and the chromosomal 
or contig location is labelled at either end. All genes are indicated with arrows where 
the direction of the arrow shows the direction of the transcript. Blue arrow indicates 
set-9, green arrow indicates Y24D9B.1, purple arrows indicate F15E6.9 and its 
orthologs, orange arrows indicate lgc-22 and its orthologs, and red arrows indicate 
trpl-2 and its orthologs. The broken square shows the sequence which was 
duplicated from the C. elegans set-26 locus. 
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4.2.3 Y73B3A.1 likely arose from set-26 

Considering the similarity of Y73B3A.1 to set-9 and set-26, it is likely to also be the 

result of a gene duplication event. The gene is located on the X chromosome, 

downstream of the pseudogene Y73B3A.21 and upstream of the small nucleolar 

RNA (snoRNA) Y73B3A.30 and uncharacterized gene Y73B3A.20 (Figure 4.5A). 

There are no orthologs of Y73B3A.1 or these other sequences identified in related 

Caenorabditis species, suggesting that Y73B3A.1 arose in C. elegans after the split 

from C. inopinata. 

Transcript (Figure 4.5B) and amino acid (Figure 4.5C) sequence alignments show 

that Y73B3A.1 is marginally more similar to set-26 than it is to set-9. Many of the 

differences between set-9 and set-26 are single nucleotide substitutions. Y73B3A.1 

shares some of these substitutions with set-9 and others with set-26. The nucleotide 

59 in the transcripts is a cytosine in set-9 and Y73B3A.1 and a thymine in set-26. 

The nucleotide 78 in the transcripts is an adenosine in set-9 and a guanine in set-26 

and Y73B3A.1. Other substitutions are unique to Y73B3A.1, such as the nucleotide 

253, which is a cytosine in set-9 and set-26 and a thymine in Y73B3A.1 (Figure 4.6). 

Examining the different sections of Y73B3A.1 that correspond to sections of set-9 

and set-26, the first two sections are slightly more similar to set-26 and the third 

section is slightly more similar to set-9 (Figure 4.5B). This is reflected in the amino 

acid sequences as well (Figure 4.5C). Overall, set-9 and set-26 are more similar to 

each other in these disordered sections than either are to Y73B3A.1. This suggests 

that the duplication event that produced Y73B3A.1 occurred before the duplication 

that produced set-9 and it thereby must have arisen from set-26. It is also possible 

that the function of Y73B3A.1 is less important or more amenable to mutations and it 

has thereby accumulated more mutations over time. 
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Figure 4.5: Y73B3A.1 genomic locus and alignments with identity matrices for 
all three C. elegans gene/protein paralogs. All information regarding genomic loci 
was taken from WormBase [111] and all diagrams were constructed using 
SnapGene Viewer [116]. The genomic sequence is represented by black 
double-lines and the chromosomal or contig location is labelled at either end (A). All 
genes are indicated with arrows where the direction of the arrow shows the direction 
of the transcript. The blue arrow indicates Y73B3A.1. Spliced transcript and amino 
acid sequences were aligned using Clustal Omega [113]. The beginning sections for 
all three genes are shown with asterisks indicating mismatches. Percentage identity 
matrices are shown for the full-length transcripts and genomic sections of Y73B3A.1 
corresponding to set-9 and set-26 (B). Percentage identity matrices are shown for 
the full-length proteins and sections of Y73B3A.1 corresponding to SET-9 and 
SET-26 (C). 
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4.2.4 The C. remanei ortholog of SET-9/SET-26 has a truncated paralog 

Y73B3A.1 is comprised of smaller sections of the disordered regions of SET-9 and 

SET-26. C. remanei appears to also have another gene comprised of a smaller 

section of the SET-9/SET-26 ortholog. The predicted protein produced by the 

truncated paralog contains PHD Finger but no SET domain (Figure 4.7A) and is 

highly identical to the C. remanei ortholog of SET-9/SET-26 (Figure 4.7B). The 

gene/protein appears to be a truncated version of the C. remanei ortholog that has 

almost all of the N-terminal region but cuts off near the start of the predicted SET 

domain. This is dissimilar to Y73B3A.1, which is comprised of sections from both the 

N-terminal and C-terminal regions of SET-9 and SET-26. Although this shows that 

 

Figure 4.6: set-9, set-26, and Y73B3A.1 sequence alignments. Transcript 
sequences were aligned using Clustal Omega [113]. The spliced transcripts from 
set-9, set-26, and Y73B3A.1 were aligned and the first 399 nucleotides are shown. 
An asterisk underneath the alignment indicates identical nucleotides. 
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duplication events have occurred for this SET-9/SET-26 ortholog, the truncated 

paralog appears to be the result of a separate duplication event that is unrelated to 

SET-9 or Y73B3A.1. 

 

4.2.5 The orthologs of set-9 and set-26 are highly disordered and have low 

sequence similarity 

The degree of homology between the orthologs was assessed at the transcript and 

amino acid level (Figure 4.8A and 4.9A). Aside from set-9 and set-26, the highest 

percentage identity when comparing their transcripts is between the C. remanei and 

C. briggsae orthologs at 57.24% (Figure 4.8A). When comparing their amino acid 

sequences, the highest similarity is between SET-26 and the C.inopinata ortholog at 

54.48% (Figure 4.9A). This is far lower than the overall similarity between C. elegans 

 

Figure 4.7: CRE31573 alongside its paralog. The C. remanei SET-9/SET-26 
ortholog and its paralog are shown in grey (A), with blue regions indicating the 
predicted PHD Fingers, yellow regions indicating the predicted SET domains, and 
residue numbers indicated. Amino acid sequences for both proteins were aligned 
using Clustal Omega [113] and percentage identity is shown (B). 
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Figure 4.8: set-9, set-26, and orthologs transcript sequence identity matrices. 
Spliced transcript sequences were aligned using Clustal Omega [113] and 
percentage identity matrices produced for the full-length transcripts (A) and sections 
corresponding to the N-terminal disordered regions (B), C-terminal disordered 
regions (C), PHD Fingers (D), and SET domains (E). All percentages are colour 
coded on a gradient with blue indicating 0% identity, white indicating 50%, and red 
indicating 100% identity. 



 
76 

 

 

and C. inopinata, which is estimated at approximately 80% [128], showing that none 

of these orthologs are highly conserved. 

Figure 4.9: SET-9, SET-26, and orthologs amino acid sequence identity 
matrices. Amino acid sequences were aligned using Clustal Omega [113] and 
percentage identity matrices produced for the full-length proteins (A), N-terminal 
disordered regions (B), C-terminal disordered regions (C), PHD Fingers (D), and 
SET domains (E). All percentages are colour coded on a gradient with blue 
indicating 0% identity, white indicating 50%, and red indicating 100% identity. 
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As previously shown [63], the regions of SET-9 and SET-26 outside the PHD Finger 

and SET domain are predicted to be highly disordered. PONDR also predicts this to 

be the case for the ortholog proteins, with their PHD Finger and SET domain being 

among the few regions of order (Figure 4.10). When focussing on different sections 

of the sequences, it becomes apparent that a large degree of the dissimilarity 

between the orthologs can be attributed to the disordered N-terminal and C-terminal 

regions. At the transcript level, the highest percentage identity is between set-26 and 

C. remanei, with 54.15% at the N-terminal disordered region (Figure 4.8B) and 

55.94% at the C-terminal disordered region (Figure 4.8C). At the amino acid level, 

the highest percentage identity is with C. inopinata, at 49.93% identity to the SET-26 

N-terminal disordered region (Figure 4.9B) and 50.00% to the SET-9 C-terminal 

disordered region (Figure 4.9C). The lower sequence identity in the disordered 

regions suggests either that their function is not as highly conserved or that their 

function is not highly dependent on a specific amino acid sequence. The main 

defined amino acid sequences within disordered regions are short linear motifs 

(SLiMs) associated with substrate binding or protein-protein interactions that are 

difficult to identify [129], [130]. MLL5 is the human ortholog of SET-9 and SET-26 

and contains one such binding motif which is recognized by HCF-1; (D/E)HXY. In 

MLL5 this tetrapeptide sequence is DHNY [131]. In C. elegans, HCF-1 is involved in 

transcription regulation and impacts numerous processes, including lifespan [132]. 

stress response [133], and the cell cycle [134]. This motif was found in the first 200 

amino acids of both SET-9 and SET-26 as well as their orthologs in other 
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Caenorhabditis species (Figure 4.11). While the disordered regions of these proteins 

have diverged considerably, this small motif has been conserved, suggesting they  

  

 Figure 4.10: SET-9/SET-26 ortholog disorder predictions. The disordered 
regions of the SET-9/SET-26 orthologs were predicted using PONDR [114]. A 
VL-XT score of 1 indicates a high confidence disorder prediction and a VL-XT score 
of 0 indicates a high confidence order prediction. The VL-XT scores for the 
C. inopinata ortholog (A), CRE31573 (B), CBG13669 (C), CBN14115 (D), and 
CJA10247 (E) are shown in relation to their primary sequence. 
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can bind HCF-1. Protein binding assays will need to be conducted to confirm this, 

including the use of set-9 and set-26 mutant strains lacking these four residues. 

 

 

 

 

Figure 4.11: SET-9, SET-26 and orthologs HCF-1 binding motif. The first 264 
amino acids in SET-9, SET-26, and their orthologs are shown, with the DHNY motif 
coloured red. This binding motif is present in human MLL5 and is recognised by 
HCF-1. 
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4.2.6 The set-9 and set-26 orthologs are more highly conserved in the PHD 

Finger and SET domain 

In contrast to the disordered regions, the PHD Finger and the SET domain are more 

highly conserved. For the PHD Finger, the highest percentage identity with 

C. elegans is C. briggsae, with a transcript identity to set-9 of 83.70% (Figure 4.8D) 

and an amino acid sequence identity of 82.22% (Figure 4.9D). For the SET domain, 

the highest percentage identity is between set-26 and the C. inopinata ortholog, with 

a transcript identity of 73.48% (Figure 4.8E) and an amino acid sequence identity of 

82.17% (Figure 4.9F). The higher sequence identity between the PHD Fingers and 

SET domains between the orthologs suggests their function is conserved. 

It is interesting to note that the C. inopinata ortholog transcript consistently has a 

higher percentage identity when compared to set-26 than to set-9 (Figure 4.8). This 

similarity is only higher by a very small margin, however, often by less than a 

percentage point. When examining the C. inopinata ortholog amino acid sequence it 

has a higher percentage identity to SET-9 in the C-terminal disordered region (Figure 

4.9C). Overall, both genes/proteins are comparatively similar to the C. inopinata 

ortholog, reiterating that the duplication event which produced set-9 was likely very 

recent in evolutionary history. 

 

4.2.7 The PHD Finger binding pocket is conserved 

Previous work predicted that the PHD Finger of SET-9/SET-26 had three important 

residues that formed a binding pocket [63]. These residues included a histidine, a 

threonine, and a tryptophan that likely formed an aromatic cage. All three of these 

residues are present in the amino acid sequences of the ortholog proteins (Figure 
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4.12A). Past structural predictions of the SET-9/SET-26 PHD Finger were made 

using I-TASSER [135]. The structures shown here (Figure 4.12B) were constructed 

by AlphaFold, which is a more recently developed program that is considered more 

reliable [115]. AlphaFold was also used to construct structure predictions for the 

Caenorhabditis orthologs (Figure 4.12B) and showed that these three residues are 

found in the same position, forming an aromatic cage similar to SET-9/SET-26. This 

suggests that the function of the PHD Finger is conserved across these species, as 

any alterations to these residues are predicted to alter the specificity of the binding 

pocket [101], [136], diminish the affinity for its target, or abolish its function altogether 

[103]. 

 

4.2.8 The SET domain catalytic site mutation is conserved 

As mentioned earlier, the SET domain of SET-9 and SET-26 do not have the 

tyrosine residue in their predicted catalytic site which is thought to facilitate the 

transfer of the methyl group from the SAM donor molecule onto the histone lysine 

residue [105]. The current understanding of SET domain function is that the OH- 

group in the tyrosine residue is required to perform methyltransferase activity [105]. 

Both SET-9 and SET-26 have a phenylalanine residue substituted in its place, which 

does not have an OH- and thus cannot facilitate methyltransferase activity in the 

same manner. Interestingly, all of the ortholog proteins also have a phenylalanine 

substitution in their predicted catalytic site (Figure 4.13A), which suggests that none 

of them are capable of methyltransferase activity either. AlphaFold structure 

predictions for the Caenorhabditis ortholog SET domains (Figure 4.13B) showed a 

similar structure and position for the catalytic site substitution as seen in 

SET-9/SET-26. Although these species are all Caenorhabditis, they are relatively 
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distantly related evolutionarily [127], [137], [138]. If this phenylalanine substitution 

abolishes the function of this domain, retaining its primary sequence becomes less 

important and it becomes more likely to accumulate additional mutations over time. 

Considering the amino acid sequence of the SET domain is more highly conserved  

 
Figure 4.12: SET-9, SET-26, and orthologs AlphaFold predicted PHD Finger 
binding pocket. The amino acid sequences for the PHD Fingers of each ortholog 
are shown with binding pocket residues highlighted in magenta (A). The structure of 
the PHD Finger binding pocket for SET-9/SET-26, the C. inopinata, and the 
C. japonica ortholog are shown in green with binding pocket residues highlighted in 
magenta (B). Residues are labelled in white. The structures for SET-9 and SET-26 
were taken from the AlphaFold database and ortholog structures were constructed 
using the AlphaFold software [115]. 
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 Figure 4.13: SET-9, SET-26, and orthologs AlphaFold predicted SET domain 
catalytic site. The amino acid sequences for the SET domains of each ortholog are 
shown with the catalytic site phenylalanine substitution highlighted in cyan (A). The 
structure of the SET domain catalytic site for SET-9/SET-26, the C. inopinata, and 
the C. japonica ortholog are shown in green with binding pocket residues highlighted 
in cyan (B). The phenylalanine residue is labelled in white. The structures for SET-9 
and SET-26 were taken from the AlphaFold database and ortholog structures were 
constructed using the AlphaFold software [115]. 
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relative to other regions of these proteins, it suggests that it has retained some form 

of functionality. It is possible that the SET domain may still have methyltransferase 

activity, but that it achieves this in an unconventional manner, or that it has acquired 

a novel function that is important enough to drive conservation of its amino acid 

sequence. 

 

4.3 Discussion 

4.3.1 SET-9 and SET-26 disordered regions are highly divergent 

The disordered regions of SET-9 and SET-26 have a low percentage identity across 

the Caenorhabditis species examined here and are responsible for the low sequence 

homology for the full-length genes/proteins (Figure 4.8A and 4.9A). The highest 

percentage identity between the disordered regions of the ortholog genes/proteins 

(Figure 2.5 and 2.6) is far lower than the overall homology between the C. elegans 

and C. inopinata genomes (80%) [127], [128], suggesting that these regions are 

more tolerant of or likely to accumulate mutations than other genes across these 

species. 

Large disordered regions are often associated with proteins that promote liquid-liquid 

phase transitions [139]. These proteins often have a highly variable 

three-dimensional structure [140] that can congregate in the cell to form assemblies 

akin to droplets, termed membrane-less organelles [139]. The primary sequence in 

disordered regions is consistently enriched in certain residues but inconsistent in 

order of residues between different proteins [141]. It is possible that the disordered 

regions of SET-9, SET-26 and their orthologs have a function and, as long as they 

remain disordered, can tolerate a large degree of variation without losing their 
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functionality. The only SLiM identified in SET-9 and SET-26 thus far is the DHNY 

HCF-1 binding motif, which is conserved amongst the Caenorhabditis orthologs 

(Figure 4.11). Like HCF-1 [132], [133], SET-9 and SET-26 impact longevity and 

stress responses and it is possible that their role in these processes involves direct 

interactions with HCF-1. 

 

4.3.2 The SET-9 and SET-26 PHD Fingers and SET domains likely have a 

conserved function  

The most highly conserved regions of the SET-9/SET-26 and their orthologs across 

the species examined are the predicted PHD Finger and SET domain (Figure 4.8 

and 4.9). The percentage identity between these regions in C. elegans and the 

C. inopinata ortholog is similar to the identity between the species overall [128], 

suggesting they are no more or less conserved than any other genes in these 

species. As mentioned earlier, it is important to note that comparisons between the 

species in this study, despite all being part of the Caenorhabditis genus, is akin to 

comparisons across relatively divergent mammal species (humans vs mice) [127]. 

Considering these factors, the conservation of the PHD Finger binding pocket 

(Figure 2.8) and SET domain catalytic site (Figure 2.9) across all these species 

suggests that their function is highly conserved. Previous research has shown that 

the PHD Finger can bind H3K4me3 [98] and it is likely that this function has some 

level of importance for all its binding pocket residues to be preserved over 

evolutionary time. Similarly, the phenylalanine residue in the predicted SET domain 

catalytic site is also highly conserved (Figure 2.9). If such a mutation had abolished 

its function, the SET domain would likely have accumulated a higher degree of 
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mutations over time. This region, however, is far more conserved than the rest of the 

protein, particularly the disordered regions (Figure 2.5 and 2.6), suggesting 

functional relevance. This suggests the SET domains of all these proteins can either 

still function as methyltransferases in a non-canonical manner or that they have a 

different function altogether. Previous work has shown that the JmjC domain of 

JMJ24, an A. thaliana protein, lacks the residues necessary for demethylase activity 

and that these mutations are highly conserved among angiosperms. Despite this, the 

domain can still bind H3 peptides [109]. It is possible that the SET domain of SET-9, 

SET-26, and their orthologs have also retained the ability to bind histone peptides, 

however histone binding assays will need to be conducted to confirm this. 

 

4.3.3 Both set-9 and Y73B3A.1 are recent C. elegans genes 

All the Caenorhabditis species examined in this study have one ortholog of 

set-9/set-26 and no ortholog of Y73B3A.1, suggesting the duplications of these 

genes are a relatively recent occurrence within the C. elegans lineage. The loci of 

the set-9/set-26 ortholog across these species are surrounded by genes which are 

orthologous to Y51H4A.13, Y51H4A.15 and sta-1. These three genes are found near 

the set-26 locus in C. elegans (Figure 4.3). The genes surrounding the set-9 locus in 

C. elegans include Y24D9B.1, lgc-22 and trpl-2. The orthologs of lgc-22 and trpl-2 

are also located near one another in the other species, but not near the set-9/set-26 

or Y24D9B.1 orthologs (Figure 4.4). This strongly suggests that set-26 was the 

ancestral gene and that it was duplicated and inserted near lgc-22 and trpl-2 to form 

set-9 after the split between C. inopinata and C. elegans. 
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Y73B3A.1 is entirely comprised of sections from the disordered regions of SET-9 

and SET-26 and seems equally similar to both. set-9 and set-26 are more similar to 

each other than either are to Y73B3A.1, however, suggesting that Y73B3A.1 arose 

before the duplication that produced set-9. The overall identity between C. elegans 

and C. inopinata is approximately 80%. The percentage identity between Y73B3A.1 

and set-26 is above 90% (Figure 4.5B and B), further reinforcing the duplication 

event that produced Y73B3A.1 must have occurred recently in evolutionary history 

and only in the C. elegans lineage. 

An interesting avenue of future research would be to test mutants these orthologs in 

other Caenorhabditis species in TEI and germline mortality paradigms. There is 

some evidence of intergenerational inheritance in C. remanei [44], [142], but the 

related species are relatively understudied in this context compared to C. elegans. 

C. remanei, C. briggsae, C. brenneri, however, are known to have extensive RNAi 

pathways, including numerous small RNAs and Argonaute proteins [143]. Since the 

other species only have one ortholog of set-9 and set-26, it would be interesting to 

see if they encapsulate the functions of both or are more akin to one. 

 

4.3.4 Accuracy of PONDR and AlphaFold 

The software tools used in this chapter, including PONDR and AlphaFold, are 

predictive and thus not 100% accurate. PONDR is known to underestimate large 

regions of disorder [114], resulting in such regions having smaller areas within them 

which are predicted as ordered, as seen in the predictions for the nematode 

orthologs (Figure 4.10). As this method was used as a predictive tool only, it was 

deemed sufficiently accurate to classify regions of the proteins. The Database of 
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Disordered Protein Prediction (D2P2) collates several different disorder predictive 

methods [144] and may provide a better prediction of disorder. AlphaFold is the most 

accurate structural prediction model to date [115], but still struggled to predict 

structures for the regions of SET-9 and SET-26 with a high accuracy score (Figure 

1.4C and D). This suggests that these regions likely do have a variable and 

disordered structure. Other structure predictive tools do exist, such as I-TASSER 

[135], which was used in previous structure predictions of SET-9 and SET-26, and 

distance matrix alignment (Dali). The I-TASSER predictions for the ordered domains 

(Figure 1.5C, 1.6C) were comparable to those made by AlphaFold, particularly in the 

PHD Finger binding pocket and the SET domain catalytic site (Figure 4.12A, 4.13B), 

adding weight to the predictions made by both. Dali was developed many years ago 

[145] and has been continuously updated [146]. Using this software tool to predict 

the structures of SET-9 and SET-26 might provide an interesting point of comparison 

with AlphaFold and I-TASSER. Overall, the data gathered here provides a 

framework to study the function of SET-9 and SET-26, but any predictions of 

structure and function must still be verified by experimental evidence. 

 

4.4 Conclusion 

Analysis of the genomes of several nematode species related to C. elegans has 

revealed that, of the three genes examined here, set-26 is likely the ancestral gene 

and that both set-9 and Y73B3A.1 were likely produced by gene duplication events 

after the split with C. inopinata. The disordered regions of the orthologs are 

conserved at a much lower level than expected from the overall similarities between 

the species, suggesting they are more tolerant of mutations. The PHD Finger and 



 
89 

 

SET domain are more highly conserved, suggesting they are functionally relevant 

and that their functions have been preserved over evolutionary time. 
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Chapter 5 
set-9, set-26, and Y73B3A.1 impact 

transgenerational epigenetic 
inheritance in different ways 
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5.1 Introduction 

Several genes which encode proteins with SET domains have been implicated in 

TEI, including set-25 [64], set-32 [62], and met-2 [66]. Although studies have been 

performed on both set-9 and set-26 in the past, they focussed on longevity and 

germline health [98], [99] rather than on TEI. Additionally, the similarities between 

Y73B3A.1 and set-9 and set-26 have only recently been discovered and no 

experimental work has been done with this gene in any context, including TEI. 

Previous work that I performed during my Honours year on set-9 and set-26 in the 

context of TEI utilized the set-9(red8) and set-26(tm3526) null alleles and showed 

that, despite the high degree of identity between the two genes, they impact TEI in 

different ways [63]. The F1 generation of the set-9(red8) mutant strain inherited 

silencing at a lower degree when compared to wild-type, but those few silenced 

individuals passed on silencing at wild-type levels (Figure 3.1). This suggested that 

set-9 had a role in the establishment of a heritable silencing signal. The F1-F4 

generations of the set-26(tm3526) mutant strain inherited silencing at a lower degree 

compared to wild-type (Figure 5.1), suggesting that set-26 impacts the establishment 

of a heritable silencing signal and its maintenance over successive generations. 

Additionally, the set-9(red8);set-26(tm3526) double mutant strain showed that loss of 

both genes had an additive impact on TEI (Figure 5.1), with a greater impact on 

establishment than either single mutant separately and an impact on maintenance 

comparable to set-26 alone [63]. 

Considering its similarities to set-9 and set-26, Y73B3A.1 is examined in this Chapter 

to determine if it also has a role in TEI and whether this role is in the establishment 

or maintenance phases. Both set-9 and set-26 were also further examined, using  
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Figure 5.1: TEI Assay with set-9, set-26, and set-9(red8);set-26(tm3526) 
mutants. This data was obtained from past research [63]. The P0 generation was 
fed on bacteria producing an RNAi trigger in the form of dsRNA complementary to 
the gfp transgene. GFP expression was scored with fluorescence microscopy and 
only individuals with silenced GFP expression were selected to produce each 
successive generation. Generations including the F1 and onwards were fed on 
regular OP50 E. coli. For each strain, 15 plates were scored over 3 days for each 
generation, with 25 individuals scored per plate (N ≈ 300 per generation per strain). 
The percentage of silenced individuals was averaged and is shown here, with error 
bars indicating ± SEM. Control populations of the same strains were fed bacteria 
with an empty RNAi vector and did not silence GFP expression (data not shown). 
Two-way ANOVA with a post-hoc Tukey’s test was used to determine statistical 
significance (one asterisk = P ≤ 0.05, two asterisks P ≤ 0.01, three asterisks = P ≤ 
0.001, etc.). The lines above the graph indicate that the difference between the F2-
F4 generations of the set-26(tm3526) and set-9(red8);set-26(tm3526) mutants is not 
significant (NS = no significance). 
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domain specific mutant strains to determine if the predicted PHD Finger and SET 

domain (discussed in more detail in the preceding Chapter) are responsible for their 

roles in TEI. This was done through a series of TEI Assays, some of which are 

similar to those conducted in previous work [62]–[64]. A different version of the TEI 

assay are also performed, which included a heterozygous P0 generation, to 

determine if the roles of these genes in TEI are performed in a specific generation. 

 

5.2 Results 

5.2.1 Y73B3A.1 has a similar impact on TEI to set-9 

My previous research showed that set-9 is required for the establishment of TEI and 

set-26 is required for both establishment and maintenance [63]. Given the high 

homology between these genes and Y73B3A.1, this study tested whether it was also 

required for TEI. A mutant strain was generated that contained a premature stop 

codon in the first exon of Y73B3A.1 which therefore reduced the size of the protein 

produced by the gene to only a few amino acids and was predicted to completely 

knock-out the gene. When tested in the TEI assay (Figure 2.1), the 

Y73B3A.1(smb76) mutant strain had a much lower percentage of gfp silenced 

individuals in the F1 generation than wild-type. These few silenced F1 adults 

produced an F2 generation with a percentage of silenced individuals comparable to 

the wild-type strain (Figure 5.2). This impact was similar to that observed in the 

set-9(red8) mutant strain. Y73B3A.1 does not contain the predicted PHD Finger or 

SET domain found in SET-9 and SET-26, suggesting that the disordered regions of 

all three proteins may have a function in TEI. The similarity between the percentage  
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of silenced individuals in the F1 generations of the set-9(red8) and the 

Y73B3A.1(smb76) mutant strains could mean that the role of both genes is 

dependent upon the other. A set-9(red8);Y73B3A.1(smb76) double mutant would 

need to be generated and tested to confirm this. 

 

 
Figure 5.2: TEI Assay with Y73B3A.1(smb76) mutants. The percentage of 
silenced individuals was averaged for each generation and is shown here, with error 
bars indicating ± SEM. For each strain, 15 plates were scored over 3 days for each 
generation, with 25 individuals scored per plate (N ≈ 300 per generation per strain). 
Control populations of the same strains were fed bacteria with an empty RNAi vector 
and did not silence GFP expression (data not shown). Two-way ANOVA with a 
post-hoc Tukey’s test was used to determine statistical significance compared to the 
wild-type control (one asterisk = P ≤ 0.05, two asterisks P ≤ 0.01, three asterisks = P 
≤ 0.001, etc.). The lines above the graph indicate that the difference between the F1 
generations of the set-9(red8) and Y73B3A.1(smb76) mutants is not significant (ns = 
no significance). 



 
95 

 

5.2.2 Both set-9 and Y73B3A.1 are required in the P0 for proper TEI 

As both set-9 and Y73B3A.1 impact the establishment phase of TEI, it is possible 

that these genes are required within the P0 generation to transmit a heritable 

silencing signal to the F1, within the F1 generation to receive such a signal, or both. 

To assess this requirement, a modified version of the TEI assay (Figure 2.2) was 

conducted where the P0 generation exposed to the RNAi trigger was heterozygous 

for the mutation of interest. Their progeny, consisting of a range of genotypes, were 

scored for GFP expression and then genotyped. As described in Chapter 3, if the 

mutated gene was required in the F1 generation, then there would be a larger than 

expected proportion of homozygous mutants within the de-silenced group (Figure 

3.1A). On the contrary, if the mutated gene was not required within the F1 

generation, the proportions of the various genotypes would be similar to the ratios 

expected by Mendelian inheritance within both the silenced and de-silenced groups 

(Figure 3.1B). 

The results of this assay showed no difference in the average percentage of silenced 

individuals between the F1 generation produced by parents heterozygous for the 

set-9(red8) mutant allele and the control experiment (Figure 5.3A). Additionally, the 

distribution of genotypes was similar to that expected by Mendelian ratios, with 

homozygous mutants neither underrepresented in the silenced group nor 

overrepresented in the de-silenced group (Figure 5.3B). This suggests that set-9 is 

sufficient within the P0 generation for proper TEI and that the genotype of the F1 

does not matter. This could be because it is required to transmit a silencing signal to 

the F1, but it does not rule out the possibility that set-9 is maternally deposited into 

the F1 embryos to receive such a signal. 
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Similarly, the assay concerning the Y73B3A.1(smb76) mutant strain showed that the 

F1 generation produced by heterozygous parents had a similar average percentage 

 

Figure 5.3: set-9(red8) TEI Assay with heterozygous P0. A TEI Assay with set-9 
+/- P0 was performed. The percentage of silenced individuals was averaged and is 
shown here (A), with error bars indicating ± SEM. Solid bars indicate uncrossed 
wild-type and mutant controls and striped bars indicate populations where the P0 
was crossed to wild-type males. For each strain, 15 plates were scored over 3 days 
for each generation, with 25 individuals scored per plate (N ≈ 300 per generation per 
strain). Control populations of the same strains were fed bacteria with an empty 
RNAi vector and did not silence GFP expression (data not shown). The ‘set-9(red8) 
crossed’ F1 generation was sorted into silenced and de-silenced groups. A 
Chi-squared analysis was used to compare the number of individuals for each 
genotype within these groups to that expected by Mendelian ratios (B). 
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of silenced individuals to the control experiment (Figure 5.4A). There was also no 

underrepresentation of homozygous mutants in the silenced group or 

overrepresentation of homozygous mutants in the de-silenced group (Figure 5.4B). 

As with set-9, this suggests that the gene is required in the P0 generation for proper 

establishment of TEI but does not rule out maternal deposition into F1 embryos. 

 

5.2.3 The PHD Finger and SET domain of set-9 and set-26 impact TEI in 

different ways 

The next aim was to determine whether the observed TEI defects in the set-9(red8) 

and set-26(tm3526) mutants were due to the action of their PHD Fingers or SET 

domains. The set-9(red8) mutant only retains the beginning of the encoded protein. 

The set-26(tm3526) mutant lacks the PHD Finger and part of the SET domain, 

predicted as enough to knock out the rest of the domain’s activity, but retains the 

N-terminal and C-terminal disordered regions. The PHD Fingers of both proteins are 

shown to bind H3K4me3 [98], which is a histone mark associated with active gene 

expression and open chromatin. The SET domain of SET-26 has been shown to 

have methyltransferase activity [110], despite lacking the residues required to 

perform this function [105]. It was therefore predicted that the PHD Finger would 

impact TEI, but that the SET domain might not. 

Using CRISPR-Cas9, mutant strains of both genes were generated that were 

predicted to specifically disrupt either the PHD Finger or SET domain function but 

keep the structure of the entire protein intact. The PHD Finger was mutated to 

substitute the tryptophan residue within its predicted binding pocket with an alanine 

residue. This type of mutation was used in previous work to completely remove the  
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Figure 5.4: Y73B3A.1(smb76) TEI Assay with heterozygous P0. A TEI Assay with 
Y73B3A.1 +/- P0 was performed. The percentage of silenced individuals was 
averaged and is shown here (A), with error bars indicating ± SEM. Solid bars 
indicate uncrossed wild-type and mutant controls and striped bars indicate 
populations where the P0 was crossed to wild-type males. For each strain, 15 plates 
were scored over 3 days for each generation, with 25 individuals scored per plate (N 
≈ 300 per generation per strain). Control populations of the same strains were fed 
bacteria with an empty RNAi vector and did not silence GFP expression (data not 
shown). The ‘Y73B3A.1(smb76) crossed’ F1 generation was sorted into silenced and 
de-silenced groups and genotyped. A Chi-squared analysis was used to compare 
the number of individuals for each genotype within these groups to that expected by 
Mendelian ratios (B). 
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binding function of PHD Fingers [103]. The SET domain mutants generated 

substitute a phenylalanine residue in the catalytic site with an alanine residue. It is 

believed that SET domains require the OH- group of their catalytic tyrosine for 

methyltransferase activity [105]. Phenylalanine lacks a OH- group, however, like 

tyrosine, does possess an aromatic ring. It was predicted that substituting this 

residue for an alanine, which is a residue without an aromatic ring or OH- group, 

would remove any functionality that the phenylalanine residue might confer and that 

its small size and lack of charge would minimise any interference with the rest of the 

domain. Details regarding the production of these mutant strains is shown in Chapter 

2 and both domains are discussed in Chapter 4. 

Once the mutant strains were generated, a TEI assay (Figure 2.1) was performed to 

determine if the PHD Finger or SET domain of set-9 and set-26 were responsible for 

their roles in TEI. The set-9PHD and set-9SET mutant strains behaved in a similar 

manner to the set-9(red8) null mutant (Figure 5.5). Both the set-9PHD and set-9SET 

mutant strains had a lower percentage of silenced individuals in the F1 generation 

compared to wild-type. The percentage of silenced individuals for the set-9(red8) 

mutants was comparable to the set-9SET strain, showing that the loss of the SET 

domain can recapture the impact of the null. This suggests that, while SET-9 

requires its PHD Finger to function in TEI establishment, the SET domain is likely 

essential for its role here. The set-26SET mutants had a lower percentage of silenced 

individuals in the F1 generation than the wild-type, comparable to the set-26(tm3526) 

null strain (Figure 5.5). Unlike the set-26(tm3526) null strain, the set-26SET mutant 

strain had a percentage of silenced individuals in the F2 and F3 generations that was 

similar to wild-type, suggesting that the SET domain of set-26 only impacts the 

establishment of TEI. By contrast, the set-26PHD mutants had a lower percentage of 
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silenced individuals in the F1-F3 generations. This suggests that the PHD Finger and 

SET domain of set-26 both contribute to its role in the establishment of TEI, but that 

only the PHD Finger of set-26 has a role in the maintenance of a heritable silencing 

signal over subsequent generations. 

 

 

Figure 5.5: TEI Assay with set-9 and set-26 PHD Finger and SET domain 
mutants. The percentage of silenced individuals was averaged and is shown here, 
with error bars indicating ± SEM. For each strain, 15 plates were scored over 3 days 
for each generation, with 25 individuals scored per plate (N ≈ 300 per generation per 
strain). Control populations of the same strains were fed bacteria with an empty 
RNAi vector and did not silence GFP expression (data not shown). Two-way ANOVA 
with a post-hoc Tukey’s test was used to determine statistical significance compared 
to the wild-type control (one asterisk = P ≤ 0.05, two asterisks P ≤ 0.01, three 
asterisks = P ≤ 0.001, etc.). The lines above the graph indicate the difference 
between various generations of mutant strains (ns = no significance). 
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5.3 Discussion 

5.3.1 set-9 and Y73B3A.1 impact TEI in similar ways 

The roles of set-9 and Y73B3A.1 in TEI are similar, with both genes involved in the 

establishment of TEI (Figure 5.2) and acting in the P0 generation to ensure a 

heritable silencing signal is established (Figure 5.3 and 5.4). The loss of either gene 

leads to a comparable decrease in the inheritance of silencing for the F1 generation 

(Figure 5.2). One explanation for this is that both genes are uninfluenced by each 

other and act separately in TEI, simply contributing to a similar degree. Another 

possibility is that the role of both genes is dependent on the other and thereby the 

loss of either one leads to a similar perturbation of TEI. This could be tested by 

performing a TEI Assay on a set-9(red8);Y73B3A.1(smb76) double mutant and 

including both set-9(red8) and Y73B3A.1(smb76) single mutants as comparisons. If 

the genes act in separate pathways, the impact of the double mutant will likely be 

additive. If the genes function in the same pathway, the impact of the double mutant 

could be no greater than either single mutant. Alternatively, if the genes act 

synergistically together, the impact of the double mutant would be greater than their 

expected additive effect. In this case, TEI can still be partially achieved if one factor 

remains functional, but the loss of both leads to a complete perturbation of TEI. 

Y73B3A.1 is predicted to have no ordered functional domains and is comprised 

entirely of sections of SET-9 and SET-26 that are predicted to be disordered [63]. Its 

impact on TEI suggests these disordered regions have functional relevance, which 

also suggests that the corresponding regions of SET-9 and SET-26 have some 

function. Testing this would require the generation of mutant strains with deletions in 

these disordered sections. As stated in Chapter 4, proteins with large disordered 

regions are often associated with membrane-less organelles [139]. There are 
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numerous examples of such structures within C. elegans [122], [147]–[150] and 

several of the proteins previously implicated in TEI either interact with or form parts 

of such droplets [65], [151], [152]. It is possible that Y73B3A.1 forms or is part of a 

liquid protein structure and that both SET-9 and SET-26 function similarly. This could 

be tested by isolating the proteins in vitro and observing whether they phase 

separate in solution [153]. Such an approach may prove difficult due to the 

disordered nature of the proteins making it difficult to purify them from whole protein 

solutions. Another confounding effect would be if SET-9, SET-26, and Y73B3A.1 

required one or more as yet unidentified factors to properly phase separate. Another 

approach would be imaging fluorescently-tagged versions of these proteins in vivo 

and observing whether or not they formed granule structures within the nucleus. 

Tagging each protein with a different fluorophore would also reveal whether they 

co-localized within the same granule. 

 

5.3.2 The SET domains of set-9 and set-26 only impact the establishment of 

TEI 

Despite SET-26 having a role in both the establishment of TEI and its maintenance 

over successive generations, mutating its SET domain only impacted the 

establishment phase (Figure 5.5). This aligns strongly not only with the SET domain 

of set-9, but also with other SET domain genes tested in previous work, including 

set-25 and set-32 [62], [64], which all only impact the establishment of TEI. It is 

interesting to note that both the set-9SET and set-26SET mutant strain impacts TEI to a 

comparable degree as their null mutants (Figure 5.5). This suggests that the SET 

domains of SET-9 and SET-26 are essential for their roles in TEI establishment. 
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The SET domain of SET-9 and SET-26 does not have the residues believed to be 

necessary for methyltransferase activity [110], lacking both the ability to bind the 

methyl donor molecule and the catalytic tyrosine that facilitates the transfer of the 

methyl group to the histone lysine [105]. Despite these issues, mutating the 

phenylalanine substitution within the catalytic site of the SET-9 and SET-26 SET 

domain does have an impact on TEI (Figure 5.5), suggesting that both SET domains 

have a function and that this function influences TEI. It is possible that this SET 

domain is capable of methyltransferase activity in a manner markedly different from 

other such domains or that it has another function altogether, such as the binding of 

histone marks in a similar manner to JMJ24 [109]. 

 

5.3.3 Only the PHD Finger of set-26 has a role in maintenance 

The PHD Fingers of SET-9 and SET-26 are identical, but their roles in TEI differ in 

some areas. The set-9PHD mutant strain impacted the establishment of TEI, but to a 

lower degree than the set-9(red8) null mutant (Figure 5.5). This was also true for the 

set-26PHD mutant strain, showing that both PHD Fingers have a function in the 

establishment of TEI, but do not account for the entirety of their respective protein’s 

role in this phase. Interestingly, despite these similarities in the establishment phase, 

only the PHD Finger of SET-26 appears to influence the maintenance of TEI over 

later generations (Figure 5.5). Furthermore, the set-26PHD mutant strain recaptures 

the impact of the set-26(tm3526) in these later generations, suggesting that the role 

of SET-26 in the maintenance phase of TEI is dependent on its PHD Finger. 

Previous work has shown that the PHD Finger of SET-9/SET-26 can bind H3K4me3 

in vitro if nearby histone lysine residues have been acetylated [98]. Past research 
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shows that the expression of SET-9 is restricted to the germline, but that SET-26 is 

also expressed in various somatic tissues [98], [99]. Considering the PHD Fingers of 

both proteins are identical in primary sequence and predicted structure and there is 

no in vitro biochemical distinction between the two, the differences in their role in TEI 

is likely due to their expression pattern. It is possible that they influence the 

establishment of TEI by binding histone marks specifically in the germline and that 

the reason the PHD Finger of SET-26 also impacts the maintenance of TEI is 

because it can do this in somatic tissues as well. 

 

5.4 Conclusion 

Y73B3A.1 impacts TEI establishment to a similar degree as set-9 and both genes 

are required in the P0 generation to achieve this outcome. Both the PHD Finger and 

SET domain of SET-9 are needed for its function in the establishment phase. The 

SET domain of SET-26 only impacts its role in establishment, while its PHD Finger is 

involved in both the establishment and maintenance phases of TEI (Figure 5.6). 
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Figure 5.6: Working model of TEI with SET-9, SET-26, and Y73B3A.1. In the 
establishment phase, SET-9 and SET-26 require their PHD Finger, which binds 
H3K4me3, and SET domain, which could potentially bind other histone marks. 
Y73B3A.1 is also active here. In the maintenance phase, only the SET-26 PHD 
Finger is needed. This figure was constructed using graphics from BioRender [186]. 
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Chapter 6 
set-9 and set-26 single mutants 
impact brood size and germline 

mortality 
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6.1 Introduction 

Many of the genes previously shown to impact RNAi and TEI also have an impact on 

brood size and germline mortality [62], [64], [65], [96], [97]. These factors have roles 

in chromatin remodelling  and small RNA pathways with further reaching epigenetic 

consequences than TEI alone [62], [64], [159], [65], [66], [97], [154]–[158]. It is 

currently unknown whether TEI and germline health are directly related or whether it 

is simply that many of the TEI contributing genes also have additional roles 

influencing germline immortality. 

In the case of set-9 and set-26, previous work has shown that a set-9;set-26 double 

mutant has a brood size that decreases rapidly over a few generations and has a 

high number of sterile individuals, with the line effectively dying out by the F6 

generation [98]. Neither single mutant showed these issues and it was thereby 

concluded that set-9 and set-26 acted redundantly in the germline to maintain 

germline immortality [98]. RNA-seq of the single mutants and the double mutant 

showed altered expression patterns for multiple germline specific genes and 

ChIP-seq showed a strong correlation between H3K4me3 and SET-9 and SET-26 

binding sites [98]. In the mutant strains, these H3K4me3 peaks began to spread in 

the germline and correlated with the upregulation of germline specific genes [98]. It 

was also noted that sterile individuals in the set-9;set-26 double mutant had severely 

perturbed oocyte and sperm development [98]. 

In this Chapter, the impact of set-9, set-26, and Y73B3A.1 on brood size and 

germline immortality is examined. While performing the assays discussed in the 

previous chapter, it became apparent that many individuals within the set-9(red8) 

single mutant produced lower than expected brood sizes or were sterile. Considering 
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this contradicted previous work [98], it was decided to further investigate this 

phenomenon. Since Y73B3A.1 was identified as a homologue of set-9 and set-26, 

this gene was also investigated to decipher if it impacted brood size or germline 

immortality. This was done through a series of brood size assays over the course of 

many generations, where null mutants of each of the three genes were tested, 

followed by domain specific mutants for set-9 and set-26. 

 

6.2 Results 

6.2.1 set-9 and set-26, but not Y73B3A.1, impact germline mortality and brood 

size 

The fertility of set-9(red8), set-26(tm3526), and Y73B3A.1(smb76) mutant strains 

was tested by measuring the brood size of ten independent lines started directly after 

outcrossing, noting the number of live progeny and unfertilized eggs (Figure 2.4). 

Both the set-9(red8) and set-26(tm3526) mutant strains showed a decrease in fertile 

lines over the 10 generations assayed (Figure 6.1). The average number of live 

progeny produced by set-9(red8) and set-26(tm3526) mutants also decreased with 

successive generations (Figure 6.2A and B), The decrease in brood size was not 

uniform among the different lines. Some lines had a lower brood size than wild-type, 

some lines retained a brood size comparable to wild-type, and some lines became 

completely sterile. Overall, this shows that, although both mutants trend toward a 

decreasing brood, there is a high degree of variability in the severity of the 

phenotype. Unlike the set-9(red8) and set-26(tm3526) strains, Y73B3A.1(smb76) 

showed no decrease in brood size (Figure 6.3A) or fertility (Figure 6.3B). 
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Figure 6.1: Percentage fertile lines for set-9(red8) and set-26(tm3526). 
Wild-type, set-9(red8), and set-26(tm3526) were assayed for sterility as described in 
Chapter 2 (Figure 2.4) and the percentage of these lines that are fertile for each 
generation is shown. Data from two independent assays was pooled for an n of 20. 
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Figure 6.2: Average brood size of set-9(red8) and set-26(tm3526). Total living 
progeny produced by wild-type, set-9 (red8) (A), and set-26(tm3526) (B) lines, 
assayed as described in Chapter 2 (Figure 2.4). Data from three independent assays 
was pooled for an n of 30. The number of living progeny for each strain was 
averaged, with error bars representing ±SEM. Two-way ANOVA with a post-hoc 
Tukey’s test was used to determine statistical significance compared to wild-type 
(one asterisk = P≤0.05, two asterisks = P ≤ 0.01, three asterisks = P ≤ 0.001, etc). 
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6.2.2 Maintaining set-9 and set-26 likely biases towards fertility 

The impacts on brood size and fertility by set-9 and set-26 single mutants contradicts 

previous work showing that only set-9;set-26 double mutants have germline health 

 Figure 6.3: Average brood size and percentage fertile lines for 
Y73B3A.1(smb76). Total living progeny produced by wild-type and 
Y73B3A.1(smb76) (A) lines, assayed as described in Chapter 2 (Figure 2.4), with an 
n of 10. The number of living progeny for each strain was averaged, with error bars 
representing ±SEM. Two-way ANOVA with a post-hoc Tukey’s test was used to 
determine statistical significance compared to wild-type (ns = no significance). The 
percentage of these lines that are fertile for each generation is shown (B). 



 
112 

 

issues [98]. The assay used in earlier research did not follow individual lines, instead 

utilizing a maintenance population from which several individuals were selected at 

each generation and assessed for fertility. In the assay used in this thesis, the 

set-9(red8) and set-26(tm3526) mutants were maintained as a population alongside 

the ten lines derived directly after outcrossing (Chapter 2.4B). Each generation, ten 

individuals from this maintenance population were selected and assayed for sterility 

in a manner similar to previous work [98]. The lines assayed in this way showed 

almost 100% fertility over 12 generations, only dropping to 90% in the F11 

generation for set-9(red8) and F5, F9, and F11 generations for set-26(tm3526) 

(Figure 6.4). This decrease is far less severe than observed when tracking the 

sterility of individual lines, where both set-9(red8) and set-26(tm3526) mutants 

dropped to 40% or lower by the F10 generation (Figure 6.1), suggesting that 

maintaining the mutants as a population biases towards individuals that are not 

sterile. 

 

6.2.3 set-9;set-26(tm3526) double mutants drastically impact germline health 

Testing the set-9(red8);set-26(tm3526) double mutant in a manner described above 

showed that the double mutant also had a lower brood size than wild-type (Figure 

6.5A). The decrease in brood size was far more drastic than in either single mutant. 

Eight out of the ten lines selected following outcrossing were sterile in the F1 

generation and all ten lines died out by the F5 generation. The remaining fertile 

replacement lines selected from the maintenance population were all sterile by the 

F5 generation (Figure 6.5B). This drastic reduction in brood size and high incidence 

of sterility is in line with previous work [98]. 
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Figure 6.4: Percentage fertile lines for set-9(red8) and set-26(tm3526) 
maintained as a population. Wild-type, set-9(red8), and set-26(tm3526) were 
maintained as a population immediately after outcrossing (Figure 2.4B). At each 
generation, ten individuals were selected and assayed for sterility in a manner 
similar to past research (Wang et al,). 
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6.2.4 Decreases in brood size caused by set-9 and set-26 can be recovered 

To test whether there were any intergeneration impacts on brood size due to 

mutations in set-9 and set-26, individuals were selected at the F4, F6, and F8   

 
Figure 6.5: Average brood size and percentage fertile lines of 
set-9(red8);set-26(tm3526). Total living progeny produced by wild-type, set-9 
(red8), set-26(tm3526), and set-9(red8);set-26(tm3526 (A) lines, assayed as 
described in Chapter 2 (Figure 2.4). At the beginning of each assay, n = 10, but, due 
to replacement of sterile lines, later set-9(red8);set-26(tm3526) generations have a 
higher n value. The number of living progeny for each strain was averaged, with 
error bars representing ±SEM. Two-way ANOVA with a post-hoc Tukey’s test was 
used to determine statistical significance compared to wild-type (one asterisk = 
p≤0.05, two asterisks = p≤0.05). For each generation, the percentage of the first ten 
lines selected after outcrossing that are still fertile is graphed (B). 
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generations from their maintenance populations and crossed to SX461 males. The 

resultant heterozygous cross progeny were assayed for brood size. The progeny 

from the F4 cross were compared to the corresponding F5 generation of the 

uncrossed lines, the progeny from the F6 cross to the F7 uncrossed lines, and the 

progeny from the F8 cross to the F9 uncrossed lines. The lines heterozygous for the 

set-9(red8) allele had an average brood size comparable to wild-type for all three 

generations and was higher than the average brood size for the corresponding 

homozygous set-9(red8) lines (Figure 6.6A). This was also the case for the lines 

heterozygous for the set-26(tm3526) allele (Figure 6.6B). There were, however, 

some individuals in both heterozygous groups that were sterile or had a lower brood 

size than the wild-type. This suggests that having a mutation in either set-9 or set-26 

has a partial impact on the fertility of the following generation, but also shows that 

most of these influences can be recovered by having a working copy of the gene. 

 

6.2.5 set-9 and set-26 are required for oocyte development 

When conducting the crosses for the experiment shown above, it became apparent 

that some of the crosses were producing no offspring (Figure 6.6C). When crossing 

the F6 generation of both set-9 and set-26 mutant strains to SX461 males, for 

set-9(red8) only 50% of crosses produced offspring and for set-26(tm3526) only 75% 

of crosses produced offspring. This decreased in the F8 crosses to 25% for 

set-9(red8) and 50% for set-26(tm3526). In C. elegans, hermaphrodites produce 

oocytes in excess and male sperm generally outcompetes hermaphroditic sperm, 

thus crosses generally produce more offspring than self-fertilization [160]. The lack 

of any offspring produced first shows that the mutant hermaphrodites selected for 

these crosses were sterile, but also suggests that the introduction of wild-type male 
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Figure 6.6: set-9(red8) and set-26(tm3526) mutants were crossed to wild-type 
following generations of declining fertility. Individuals from the F4, F6, and F8 
generations of set-9(red8) and set-26(tm3526) were crossed to SX461 males to 
produce a heterozygous F5, F7, and F9 population. These were assayed for brood 
size in a manner described above (Figure 4.1A) and compared to the corresponding 
homozygous mutant lines for set-9(red8) in (A) and set-26(tm3526) in (B). The 
percentage of crosses that produced offspring are graphed with n values indicated 
(C). 
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sperm is not sufficient for these sterile individuals to produce offspring. 

In the assays measuring brood size for set-9(red8) and set-26(tm3526), the number 

of unfertilized eggs was also scored. These were distinguished from unviable 

embryos by their shape. Unviable embryos are identified as normal oval shaped 

eggs which fail to hatch after 24 hours, whereas unfertilized eggs appear flat and 

deflated due to the eggshell being empty. Both strains had an average number of 

unfertilized eggs that was comparable to wild-type over successive generations, only 

decreasing in some of the later generations (Figure 6.7A and B). If the declining 

brood in the mutant hermaphrodites was solely due to defective sperm, the number 

of unfertilized eggs would rise as the number of living progeny decreased [161]. 

Taken together with the percentage of failed crosses, this likely means that the 

sterility caused by set-9(red8) and set-26(tm3526) mutants is due to an issue in 

oocyte development. This corresponds with previous findings, showing there were 

issues with oocyte development in set-9;set-26 double mutants [98]. It does not rule 

out that set-9(red8) and set-26(tm3526) mutant also have an issue in sperm 

development. 

 

6.2.6 The PHD fingers of SET-9 and SET-26 do not impact brood size or 

germline mortality 

To test whether the PHD finger of either set-9 and set-26 were responsible for their 

role in brood size, mutant strains were generated using CRISPR-Cas9 that perturbed 

the binding pocket by substituting the tryptophan residue for an alanine. This 

mutation is predicted to disrupt the activity of the binding pocket such that it is no  
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Figure 6.7: Average unhatched eggs produced by set-9(red8) and 
set-26(tm3526). Total unfertilized produced by wild-type, set-9(red8) (A), 
set-26(tm3526) (B) lines, assayed as described in Chapter 2 (Figure 2.4), with an n 
of 10. The number of living progeny for each strain was averaged, with error bars 
representing ±SEM. Two-way ANOVA with a post-hoc Tukey’s test was used to 
determine statistical significance compared to wild-type (one asterisk = P≤0.05, two 
asterisks = P ≤ 0.01, three asterisks = P ≤ 0.001, etc). 
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longer able to bind its target residues. Details regarding the generation of these 

mutant strains are in Chapter 2 and the binding pocket is discussed in Chapter 4. 

The difference in the average brood size compared to wild-type in the set-9PHD 

mutant strain was only statistically significant in the F10 generation and this was 

likely because the wild-type in that generation had an unusually low brood size. 

There were a few individuals in the F6 generation that had a low brood size, but 

overall the set-9PHD strain had a much higher brood size than the set-9(red8) mutants 

(Figure 6.8A). The set-26PHD strain behaved in a similar manner, maintaining an 

average brood size that was comparable to wild-type and higher than the 

set-26(tm3526) mutant lines (Figure 6.8B). No sterile lines emerged in the set-9PHD 

(Figure 6.8C) or the set-26PHD (Figure 6.8D) mutant lines. This suggests that the 

PHD finger of SET-9 and SET-26 is not responsible for their role in brood size or 

germline mortality. 

 

6.2.7 The SET domain of SET-26, but not SET-9 impacts brood size and 

germline mortality 

To test whether the SET domain of either of SET-9 and SET-26 were involved in 

brood size or germline mortality, mutant strains were generated that substituted the 

phenylalanine in the catalytic site of the SET domain with an alanine. Chapter 2 

discusses the SET domain in more detail and details regarding the generation of the 

relevant mutant strains are located in Chapter 2. Although this phenylalanine is not 

considered capable of facilitating methyltransferase activity [98], [99], [110], it is 

located in the correct position and mutating it was considered sufficient to test the 

functionality of the SET domain. 
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Much like the PHD finger mutants of both genes, the set-9SET strain had an average 

brood size comparable to wild-type (Figure 6.9A) and no sterile lines (Figure 6.9C). 

Interestingly, the set-26SET mutant strain had an average brood size that decreased 

with successive generations (Figure 6.9B). Like the set-26(tm3526) lines, the 

individual lines varied considerably, consisting of individuals with low brood sizes, 

Figure 6.8: Average brood size and percentage fertile lines for PHD finger 
mutants. Total living progeny produced by wild-type, set-9PHD (A), set-26PHD (B) 
lines, assayed as described in Chapter 2 (Figure 2.4), with an n of 10. The number 
of living progeny for each strain was averaged, with error bars representing ±SEM. 
Two-way ANOVA with a post-hoc Tukey’s test was used to determine statistical 
significance compared to wild-type (one asterisk = P≤0.05, two asterisks = P ≤ 0.01, 
three asterisks = P ≤ 0.001, etc). The percentage of these lines that are fertile for 
each generation is shown for set-9PHD (C) and set-26PHD (D). 
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wild-type level brood sizes, and complete sterility. The difference in average brood 

size compared to the wild-type was statistically significant in the F3, F7 and F9-F13 

generations, but not in the F8. Due to the high variation in both strains, it is difficult to 

tell if the set-26SET strain has a comparable impact on brood size to the 

set-26(tm3526) strain, although their average broods from the F9 onwards are 

similar. The ten lines selected after outcrossing for the set-26(tm3526) strain 

completely died out by the F13, but, at this generation, five of the ten lines for 

set-26SET strain were still fertile (Figure 6.9D), suggesting that the SET domain is 

only partially responsible for the impact of set-26 on germline mortality. 

 

6.3 Discussion 

6.3.1 Brood size and germline immortality are impacted by set-9 and set-26 

single mutants 

Previous work on set-9 and set-26 showed that these genes act redundantly to 

promote germline immortality and maintain brood size and that neither single mutant 

had any impact on these phenotypes [98]. The findings in this study show that the 

single mutants also impact brood size and germline mortality, but to a lesser degree 

than the double mutant. The impacts of both single mutants are highly variable, with 

some individuals becoming sterile in early generations, some having a low brood 

size, and others retaining a wild-type brood size for many generations. The 

set-9(red8);set-26(tm3526) double mutant showed a drastic decrease in brood size, 

similar to the set-9(rw5);set-26(tm2467) double mutant in previous work [98]. The 

double mutant has issues that appear to be greater than a cumulative impact from  
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both single mutants. At the F1, 10% of the single mutant lines are sterile, whereas 

80% of the double mutant lines are sterile (Figure 6.6B). This suggests that, while 

both single mutants do impact germline health, there may indeed be some 

 
Figure 6.9: Average brood size and percentage fertile lines for SET domain 
mutants. Total living progeny produced by wild-type, set-9SET (A), set-26SET (B) 
lines, assayed as described in Chapter 2 (Figure 2.4), with an n of 10. The number 
of living progeny for each strain was averaged, with error bars representing ±SEM. 
Two-way ANOVA with a post-hoc Tukey’s test was used to determine statistical 
significance compared to wild-type (one asterisk = P≤0.05, two asterisks = P ≤ 0.01, 
three asterisks = P ≤ 0.001, etc). The percentage of these lines that are fertile for 
each generation is shown for set-9SET (C) and set-26SET (D). 
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redundancy in their function when related to germline immortality, meaning one can 

partially compensate for the loss of the other. 

The experimental protocol utilized in previous work [98] possibly biased the 

individuals assayed towards those with higher brood sizes and thereby masked the 

impact the single mutants had on sterility. This would likely be exacerbated by the 

high variability in the phenotype, including the ability of the single mutants to retain a 

wild-type brood for many generations. Our partial replication of this with the 

set-9(red8) and set-26(tm3526) single mutants, where ten individuals were selected 

from a maintenance population and scored as sterile or fertile, showed a percentage 

fertility more akin to previous work [98]. In the experiments done here, the difference 

between the brood size of the set-26(tm3526) mutants when compared to wild-type 

was only significant or noticeable in the F6 generation onwards. Previous work only 

continued their assessment of the single mutants till the F6 generation, when the 

double mutants died out [98]. Since the set-26(tm3526) and set-26(2467) mutant 

alleles are quite similar, both perturbing the PHD Finger and SET domain (Figure 

6.10), this is likely the reason no defect was seen [98]. 

It is also possible that the mutant alleles used, including set-9(rw5), and 

set-26(tm2467) do not influence germline health in the same manner as set-9(red8) 

and set-26(tm3526). This is unlikely to be the case for set-26 as the set-26(tm2467) 

and set-26(tm3526) alleles retain similar amounts of the protein and, although the 

set-26(tm3526) allele retains most of the SET domain, the domain is unlikely to fold 

properly without the first section (Figure 6.10). set-9(red8) contains a premature stop 

codon that retains only a few residues at the start of the protein, whereas set-9(rw5) 

retains nearly the entire N-terminal region of the protein until the PHD finger [98]. 
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6.3.2 set-9 and set-26 single mutants impact oocyte development to a lower 

degree than the double mutant 

The set-9;set-26 double mutant in previous work was shown to have a highly 

disrupted germline, with sterile worms having either underdeveloped oocytes, a lack 

of sperm, no differentiated cells within the mitotic region, or some combination of all 

three issues [98]. The findings in this study indicate that the set-9 and set-26 single 

mutants may have a less severe version of these issues, as a lack of differentiating 

 
Figure 6.10: SET-9 and SET-26 encoded by the alleles used in this study and 
in previous germline health research. The proteins encoded by the set-9(red8) 
and set-26(tm3526) mutant alleles used in this thesis are shown alongside the 
set-9(rw5) and set-26(tm2467) mutant alleles used in past research by Wang 
et al., compared to the wild-type proteins. The PHD Finger is indicated in blue and 
SET domain is indicated in yellow, with the rest of the protein shown in grey. 
Amino acid numbers are indicated. 
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cells and oocytes would explain the lack of an increase in unfertilized eggs and 

failure of wild-type male sperm in recovering the brood of sterile mutants (Figure 

6.6C and 6.7). It is possible that the single mutants also have some of the sperm 

development issues previously seen in the double mutant [98], but the experiments 

performed in this study cannot be used to conclude this. 

 

6.3.3 The defined domains of SET-9 and SET-26 do not fully account for their 

impact on germline health 

SET-9 and SET-26 have two predicted domains, including a PHD finger and a SET 

domain, surrounded by largely disordered regions (Figure 1.1). The PHD finger of 

SET-9 and SET-26 is identical and can bind H3K4me3 [98], which is an activating 

histone mark. The SET domains of both proteins, however, do not appear to possess 

any of the residues believed to be crucial for methyltransferase activity, including the 

catalytic tyrosine residue which facilitates transfer of the methyl group onto a 

recipient lysine residue [105]. Instead of this tyrosine, the domain of both proteins 

has a phenylalanine substitution that is incapable of catalysing the methyltransferase 

reaction in the way previously predicted [105]. Interestingly, previous work has 

shown that the SET domain of SET-26 has methyltransferase activity in vitro [110], 

leaving the functionality of this domain in a perplexing state. 

Our findings show that the PHD fingers of SET-9 and SET-26 likely have no impact 

on brood size and germline immortality (Figure 6.8A and 6.8B). A mutation of this 

kind, which disrupts the binding pocket aromatic cage, is predicted to abolish binding 

almost completely, as shown in previous work [103]. This is curious considering that 

previous findings showed that the loss of set-9 and set-26 led to the spreading of 
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H3K4me3 within the germline that was correlated with the upregulation of germline 

specific genes [98]. This could suggest that the spreading of H3K4me3 is not related 

to the upregulation of germline specific genes or that neither of these phenomena 

are related to the brood size and sterility issues seen in the mutants. It could also 

mean that the spreading of H3K4me3 is not caused by the loss of the SET-9/26 PHD 

Finger, which aligns with the loss of both proteins leading to no spreading in somatic 

cells [98], where SET-26 is also expressed. This might suggest that SET-9 and 

SET-26 interact with other germline specific factors to prevent H3K4me3 spreading. 

It is also possible that the tryptophan to alanine substation in the set-9PHD mutant is 

insufficient to remove the activity of the PHD Finger, although this is unlikely due to 

other PHD Fingers being knocked-out with similar mutations in past research [103]. 

The SET domain of SET-9 also appears to have no impact on these phenotypes 

(Figure 6.9A), but the SET domain of SET-26 does (Figure 6.9B). Given the 

predicted lack of methyltransferase functionality for this domain, it is interesting that it 

has an impact of any kind, especially considering the mutated residue is the 

phenylalanine substitution that is predicted to remove methyltransferase function. 

This suggests that either the SET domain of these proteins is indeed capable of 

methyltransferase activity, but in a manner not akin to other SET domain containing 

proteins, or that the domain has some other function that requires this phenylalanine 

residue. As noted in Chapter 4, the JMJ24 JmjC domain can bind H3 peptides 

although it lacks the residues necessary for histone demethylase activity [109]. It is 

possible that the SET domain of SET-26 impacts germline health through a similar 

binding function, but histone binding assays will need to be conducted to confirm 

this. 
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Despite being the only domain specific mutant that impacted brood size and sterility, 

the set-26SET mutant did not fully recapture the impact of the set-26(tm3526) null 

mutant. It is possible that the phenylalanine to alanine substitution is not sufficient to 

totally remove the function of the domain and that additional mutations would need to 

be made to recapture the impact of the null allele. Functional SET domains contain 

motifs required to bind the SAM methyl donor molecule and these would also be 

good candidates for mutation, however, these residues are not present in SET-9 and 

SET-26 [99], [106]. Alternatively, the lower impact of the set-26SET mutant combined 

with the null result for the set-9PHD and set-26PHD mutants suggests that the large 

disordered regions of both proteins are likely involved in maintaining germline health. 

This is unusual considering the Y73B3A.1(smb76) mutant strain had no impact on 

brood size or sterility (Figure 6.3), as Y73B3A.1 is entirely comprised of disordered 

regions homologous to large sections of SET-9 and SET-26. There are smaller 

sections within the disordered regions of SET-9 and SET-26 that are not found in 

Y73B3A.1, which might be important for their function in maintaining germline health. 

 

6.4 Conclusion 

In this chapter the role of set-9 and set-26 in brood size and germline mortality was 

assessed, showing that both single mutants are involved in maintaining germline 

health. Their homologue, Y73B3A.1, however, does not appear to impact brood size 

or sterility. Further work is required to determine how the SET domain of SET-26 is 

involved in these processes and how the disordered regions of SET-9 and SET-26 

contribute to their role. 
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Chapter 7 
Discussion 
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7.1 Thesis Summary 

This thesis primarily focusses on set-9 and set-26, but also examines some other 

genes related to TEI. In Chapter 3, several TEI factors are tested in a version of the 

TEI assay to elucidate their role in the establishment phase, concluding that pup-1, 

hrde-4, set-25, and wago-1 are required in the P0 generation, morc-1 is required in 

the F1 generation, and emb-4, set-32, znfx-1, and nrde-2 are required in both. 

Chapter 4 explored the phylogenetic history of set-9, set-26, and Y73B3A.1, 

concluding that the ancestral gene was set-26 and that duplication events produced 

set-9 and Y73B3A.1 in the C. elegans lineage after the split from C. inopinata. The 

binding pocket of the PHD Finger (Figure 4.12) and the phenylalanine substitution in 

the catalytic site of the SET domain (Figure 4.13) of SET-9 and SET-26 are highly 

conserved across the Caenorhabditis genus. Chapter 5 builds on previous work to 

further elucidate the roles of set-9, set-26, and Y73B3A.1 in TEI. Both set-9 and 

Y73B3A.1 are required in the P0 generation to establish a heritable silencing signal 

(Figure 5.3 and 5.4). SET-9 needs both its PHD Finger and SET domain to achieve 

its function in TEI establishment, whereas SET-26 only needs its SET domain in this 

phase of TEI. The SET-26 PHD Finger, however, is required for both the 

establishment and maintenance of TEI. Chapter 6 examines the roles of set-9, 

set-26, and Y73B3A.1 in germline health, showing that set-9 and set-26 single 

mutants impact brood size and germline mortality and that the SET-26 SET domain 

is required for its function in germline health. 
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7.2 The PHD Fingers of SET-9 and SET-26 impact TEI but not 

germline health 

The PHD Fingers of SET-9 and SET-26 are both involved in TEI, with the PHD 

Finger of SET-9 impacting the establishment phase of TEI and the PHD Finger of 

SET-26 impacting both the establishment and maintenance phases (Figure 5.5). 

Despite being the only components to have confirmed biochemical function in past 

research [98], neither PHD Finger impacts germline mortality (Figure 6.8 and 6.9). 

This suggests that while some of the underlying biochemical mechanisms behind 

TEI and germline mortality rely on the same genes, the two processes are not 

completely linked. 

Previous work shows that SET-9 is expressed only in the germline and that SET-26 

is expressed in both the germline and a range of somatic cells [98], [99]. Since the 

PHD Finger of SET-9 and SET-26 are identical, it is possible that their differential 

impact on TEI is due to this difference in expression pattern. This also suggests that 

the maintenance phase of TEI is at least partially undertaken in somatic cells. This 

aligns with past research on the epigenetic inheritance of pathogen avoidance, which 

requires interplay between the germline and neurons [72]. Alternatively, there could 

be a difference in expression patterns related to developmental stages. Imaging of 

SET-9 and SET-26 has thus far only been conducted in young adults [98], [99] and 

thus data on their expression in the early embryo and larval stages is not yet 

available, but could be an interesting avenue for further research. 

Past research shows the SET-9/SET-26 PHD Finger binds H3K4me3 and that loss 

of both proteins results in the spreading of H3K4me3 in the germline but not in 

somatic tissues. This conclusion was drawn through comparisons with glp-1 
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mutants, which lack a germline and do not show evidence of H3K4me3 spreading 

when losing set-9 and set-26 function [98]. Performing chromatin 

immunoprecipitation on dissected germlines could confirm this finding and would 

also benefit from no longer having background signal from somatic tissues. If the TEI 

establishment function of the SET-9 and SET-26 PHD Fingers is restricted to the 

germline, it is possible that this spreading of H3K4me3 is also involved. H3K4me3 is 

an active gene expression mark, suggesting that SET-9 and SET-26 act to prevent 

its spread into genes that are normally silenced [98]. In the context of TEI, the loss of 

SET-9 and SET-26 H3K4me3 could lead to the encroachment of H3K4me3 into the 

silenced gfp locus, thereby de-silencing it. 

 

7.3 The SET domains of SET-9 and SET-26 have functions in TEI 

and germline mortality 

The tyrosine to phenylalanine substitution within the catalytic site of the SET-9 and 

SET-26 SET domains should remove its methyltransferase activity and yet mutating 

this phenylalanine residue leads to defective TEI (Figure 5.5). Previous work in the 

Ashe Laboratory has shown that SET-25 and SET-32 impact the establishment of 

TEI, but not its maintenance over multiple generations [62], [64]. Other research 

shows evidence that the SET domains of both proteins are functional, with SET-25 

responsible for H3K9me3 [4] and SET-32 implicated in H3K23me3 [162]. MET-2, 

another protein with a functional SET domain, represses TEI maintenance [66]. 

MET-2 is responsible for H3K9me1 a mark associated with gene expression, and 

H3K9me2, a mark associated with gene repression [4]. Taken together, this 

suggests that SET domains which facilitate both active and repressive histone marks 
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repress TEI maintenance, whereas SET domains which facilitate only repressive 

marks promote TEI establishment. This could mean that the SET domains of SET-9 

and SET-26 promote repressive histone marks, aligning with SET-25 and SET-32. 

As mentioned earlier, the JmjC domain of A. thaliana JMJ24 has no demethylase 

activity, but can bind H3 peptides [109]. At the least, the SET domains of SET-9 and 

SET-26 have a function and it is possible that although they have likely lost 

methyltransferase activity, they may, like JMJ24, have the ability to bind histone 

residues. This would provide a reason for why the domain (Figure 4.8E and 4.9E) 

and its catalytic site phenylalanine substitution (Figure 4.13) is conserved across 

other Caenorhabditis species. Alongside the H3K4me3 binding activity via their PHD 

Fingers [98], this suggests that SET-9 and SET-26 may bind a variety of histone 

modifications via their predicted domains and potentially interact with other proteins, 

such as HCF-1 via their conserved DHNY motif (Figure 4.11), to facilitate 

downstream affects. 

As with their PHD finger’s interaction with H3K4me3, the SET domain could also 

bind other active histone marks to prevent their spread. If, like SET-25 and SET-32, 

the SET domains of SET-9 and SET-26 promote repressive histone marks in TEI 

establishment, they could potentially bind repressive histone marks and prevent 

these from being removed. Interestingly, if SET-9 and SET-26 can bind both active 

and repressive histone marks, it would suggest they localize to euchromatin and 

heterochromatin boundaries. Such boundaries are referred to as either fixed borders, 

characterised by certain genomic sequences that prevent chromatin states from 

spreading, or negotiable borders, characterised by shifting boundaries between 

euchromatin and heterochromatin [163]. The regulation of these borders is highly 
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variable between genomic loci and species but has a broad theme of competition 

between factors that spread chromatin states and factors that inhibit this spreading 

[164]–[168]. For example, in S. cerevisiae, the Sir complex deacetylates H4 peptides 

and promotes methylation to spread heterochromatin, but Bdf1 counteracts this by 

binding acetylated H4 peptides and preventing Sir2 from deacetylating them [169]. It 

is possible that SET-9 and SET-26 have a similar role and can shield methylated 

histone peptides from demethylases or from factors that spread methylation marks. 

By binding both active and repressive histone marks, they could prevent chromatin 

borders from being shifted in either direction. 

Although the SET domain of SET-26 impacts germline health (Figure 6.9), the SET 

domain of SET-9 does not (Figure 6.8) [98], [99]. It is possible that the function of 

SET-26 in a broader number of processes than SET-9 is due to its expression in a 

wider range of tissues. As speculated above with the TEI maintenance phase activity 

of the SET-26 PHD Finger, the role of the SET-26 SET domain in germline mortality 

may take place in somatic cells. Germline cells require somatic cells to properly 

function, including cells that form the structures of the gonad and cells that send 

signals to coordinate their proliferation and development [170]–[172]. It is possible 

that SET-26 is necessary for the health of the somatic cells which influence germline 

health or facilitates the signals sent by these cells into the germline. As mentioned 

earlier, a possible avenue for further study could be examining the expression 

patterns of SET-9 and SET-26 during other developmental stages, which might also 

explain the differential roles of their SET domains in germline health. 

The human ortholog of SET-9 and SET-26 is MLL5, a protein that also contains a 

PHD finger that binds H3K4me3 [173] and a SET domain that lacks the canonical 

residues for methyltransferase activity [174]. MLL5 is involved in a range of 
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processes, including cell cycle progression [131], development [175], and 

spermatogenesis [176]. It can bind to HCF-1 and recruit other methyltransferases, 

such as Set1, and recent research has implicated it as a drug target for cancer 

treatment [177]. It is possible that, like the SET domain of SET-9 and SET-26, the 

SET domain of MLL5 also has biological consequences. Further study of the SET-9 

and SET-26 SET domain might provide a framework to study and better understand 

MLL5. 

 

7.4 Y73B3A.1 and the disordered regions of SET-9 and SET-26 

The PHD Fingers and SET domains of SET-9 and SET-26 do not fully account for 

their roles in germline mortality (Figure 6.8 and 6.9), indicating that their disordered 

regions have a function in this process. This is curious considering that the 

set-26(tm3526) allele retains these disordered regions and that, although Y73B3A.1 

is homologous to large parts of the disordered regions of SET-9 and SET-26 (Figure 

1.4), it does not influence germline health (Figure 6.3). Mutants of set-9 and set-26 

lacking only these regions would need to be tested to further decipher their role. It 

might also be elucidating to test whether set-9;Y73B3A.1 and set-26;Y73B3A.1 

double mutants or a set-9;set-26;Y73B3A.1 triple mutant have a more severe 

phenotype than the set-9 and set-26 single and double mutants. 

As mentioned earlier, disordered proteins are often associated with liquid-liquid 

phase transition and protein granules, also termed membrane-less organelles, such 

as P granules, P bodies, and mutator foci. These structures have previously been 

shown to be vital components in gene regulatory processes, including TEI and 

germline health. It is possible that the disordered regions of SET-9, SET-26, and 
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Y73B3A.1 could form or interact with such structures. Past research has primarily 

identified and studied such structures through fluorescently tagging and imaging the 

proteins that form them. GFP-tagged SET-9 and SET-26 have been previously 

imaged to ascertain their broad expression pattern [98], [99], but these images 

lacked the resolution needed to determine if they formed granule structures. The 

work in this thesis originally planned to include higher quality images of GFP-tagged 

SET-9 and SET-26 alongside wrmScarlet-tagged Y73B3A.1, but due to limited time 

and restricted access to advanced microscopy facilities caused by pandemic related 

lockdowns, this work could not be completed. 

 

7.5 Establishment and Maintenance of TEI 

The establishment of TEI is defined as the P0 generation sending a heritable 

silencing signal to the F1 generation and maintenance of TEI is defined as the 

propagation of this signal through successive generations. Establishment requires 

many factors, including morc-1, emb-4, pup-1, hrde-4, Y73B3A.1, set-9, set-26, 

set-32, set-25, znfx-1, wago-1, nrde-2 and others not examined in this thesis. The 

results in previous Chapters suggests that certain establishment factors, such as 

emb-4, hrde-4, Y73B3A.1, set-9, set-32, set-25, znfx-1, and wago-1 are only needed 

in the P0 generation and are dispensable in the F1 generation (Figure 3.3, 3.5, 5.3, 

5.4), presumably meaning they are required to generate the heritable silencing 

signal. Some, such as morc-1, pup-1, and nrde-2, are needed in both the P0 and F1 

generations (Figure 3.6), possibly to both generate and receive the heritable 

silencing signal. 
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In past work morc-1, pup-1, set-26, hrde-4, znfx-1, wago-1, and nrde-2 have been 

implicated in the maintenance phase as well (Figure 3.1 and 5.1). The TEI assay 

relies on selecting silenced worms to propagate the next generation (Figure 2.1). De-

silenced worms do not always express GFP at the levels that worms unexposed to 

RNAi do, resulting in a spectrum of expression where some worms appear brighter 

than others. When there is a strong establishment defect, it can be difficult to 

distinguish a truly silenced individual from one which is expressing GFP at very low 

levels, which can result in mistakenly selecting a worm that is de-silenced at very low 

levels and thus the next generation is de-silenced as well. This has the capacity to 

make it appear as if mutants that have a strong establishment defect also impact 

maintenance. In particular, morc-1, pup-1, wago-1, and nrde-2 have strong 

establishment defects (Figure 3.1). wago-1 is not required in the F1 generation, 

suggesting its past identification as a maintenance factor might only be the result of 

this issue. morc-1, pup-1, and nrde-2, however, are required in both the P0 and F1 

generations and so their identification as maintenance factors is likely still valid. It is 

possible that they are required to propagate the silencing signal in the F1 generation 

and transmit it into the following generations. hrde-4 and znfx-1 were shown as 

required in the P0 generation, suggesting that their role in the maintenance phase 

(Figure 3.1) is to produce and transmit the heritable silencing signal to the next 

generation in every successive generation. 

From the information gathered here a working model is presented (Figure 7.1), 

noting areas that remain unknown. Initiation occurs in the P0 generation and 

involves canonical RNAi mechanisms. Without the ability to respond to initiate gene 

silencing due to RNAi, there are no epigenetic changes to inherit. Establishment 

occurs in both the P0 and F1 with factors involved in one or both generations. The 
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Figure 7.1: Working model of TEI including factors explored in this thesis. 
Each phase of TEI is labelled on the right with the generations they occur 
represented by square boundaries. The proteins involved in each phase and 
generation are shown alongside the histone marks they facilitate or bind to. The 
nuclear periphery is represented by a curved line with extranuclear elements such 
as protein granules shown outside and intranuclear factors within. A nucleosome is 
depicted with the dark blue line representing a DNA strand, the light blue cylinder 
representing a histone octamer. 
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P granule has a role, with PUP-1 and WAGO-1 likely involved in the generation and 

binding of siRNAs [32], [178], [179]. ZNFX-1 also functions near the nuclear 

periphery, possibly interacting with ncRNAs in its Z granule [122], [180]. Within the 

nucleus, H3K9me3 is deposited onto histone tails by SET-25 [4], H3K23me3 is 

deposited by SET-32 [162], and H3K4me3 is bound by the SET-9 and SET-26 PHD 

Fingers. The SET-9 and SET-26 SET domains potentially bind other histone marks 

and interact with other proteins. MORC-1 aids with the regulation of chromatin states 

[93], [97] and EMB-4 interacts with genomic loci and nascent transcripts [156], 

alongside the as yet undefined functions of HRDE-4, NRDE-2, and Y73B3A.1. This 

leads to the production of a heritable silencing that is sent to the F1 generation, 

where a subset of these factors is needed to receive it, including MORC-1, PUP-1, 

and NRDE-2. SET-26 could be required in the F1 generation to receive the silencing 

signal from the P0. Whether or not some of the factors required in the F1 are at least 

partially obtained through maternal deposition is unknown. In the maintenance 

phase, many of these factors are required again to propagate this heritability through 

multiple successive generations, involving MORC-1, PUP-1, NRDE-2, and SET-26. 

Since the SET-26 SET domain is not needed here, it may no longer need to bind 

other histone marks, if it indeed has such a function, in the maintenance phase. It is 

possible that HRDE-4 and ZNFX-1 are also needed in this phase to aid in 

propagating the heritable silencing signal through the generations. 

Recent work suggested that poly-UG tailed RNAs (pUG RNAs) are the molecule 

responsible for transferring silencing inheritance between generations [181], [182]. 

These pUG RNAs can be used to produce siRNAs that silence complementary 

transcripts and genes through downstream processes [181]. pUG RNAs localize to P 

granules [181], where PUP-1 and WAGO-1 also localize [32], [65], [82], [179], 
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suggesting that these factors interact with them in the P granule, with WAGO-1 

potentially binding the siRNAs produced from pUG RNA templates. Alternatively, 

there could be a number of different heritable silencing signals that act together to 

achieve full TEI, with a perturbation of any of these signals could leading to defective 

TEI. 

 

7.6 The links between TEI and germline mortality 

Much of past research has speculated a direct link between germline mortality and 

other processes, such as lifespan and epigenetic inheritance. Many of the other 

factors influencing TEI are implicated in a wide range of gene regulatory processes 

and thus do influence germline mortality as well. Y73B3A.1 and the PHD Fingers of 

SET-9 and SET-26 impact TEI (Figure 5.2 and 5.5) but do not perturb germline 

health (Figure 6.3, 6.8, and 6.9), suggesting that the two processes are not entirely 

dependent on each other. This indicates that at some point gene regulatory 

mechanisms split into niche groups of factors that influence either germline mortality 

or TEI but not both. Past research decoupled germline mortality from lifespan by 

showing that a set-26(tm2467) mutant impacted lifespan but not germline mortality 

[98], while the data presented in Chapter 6 shows set-26(tm3526) impacts both. The 

set-26(tm2467) allele lacks the SET-26 SET domain (Figure 6.10), which is shown 

as required for germline health in Chapter 6. Testing the set-26(tm2467) in the more 

rigorous brood size assay shown in this Thesis may reveal it also has an impact on 

germline health. 
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7.7 Future Directions 

There are several avenues for further study of set-9, set-26, and Y73B3A.1 and their 

impact on TEI. As seen in Chapter 3, establishment factors previously thought to be 

only needed in the P0 generation might also function in the F1 generation through 

maternal deposition and factors that influence both the establishment and 

maintenance phases can be required in one or more generations. Testing set-9, 

set-26, and Y73B3A.1 in the TEI Assay with a heterozygous F1 may reveal more 

about their generational requirements in a similar manner. The set-9(red8) and 

Y73B3A.1(smb76) mutants had a comparable impact on TEI establishment (Figure 

5.2), meaning they could potentially act redundantly in this process. As mentioned 

earlier, testing a double mutant can confirm whether this is the case. If the double 

mutant has a more severe TEI defect than either single mutant, this would indicate 

that SET-9 and Y73B3A.1 act separately. If it is comparable to both single mutants, 

this would suggest that both proteins function in the same pathway. The AID system 

[120], mentioned in Chapter 3, could also be used to distinguish the role of SET-26 

in somatic and germline cells. Tagging SET-26 with a degron sequence within a 

germline-expressed TIR1 background and exposing the strain to auxin would 

specifically degrade the protein in the germline while leaving it intact in somatic 

tissues. Additionally, it would be interesting to test all three factors in other 

C. elegans TEI paradigms, such as the inheritance of oma-1 RNAi, lipid metabolism, 

and pathogen avoidance, to see if they are involved in multiple TEI contexts or are 

niche to exogenous RNAi inheritance. Past research has shown the involvement of 

H3K4me3 in inherited lipid metabolism [78], meaning that SET-9 and SET-26 are 

candidates for having roles in this context. 
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The disordered regions of SET-9, SET-26, and Y73B3A.1 remain largely mysterious, 

although the results in this thesis suggest that they do have functions. Testing 

mutants that lack these regions in both TEI assays and brood size assays would 

elucidate their activity. Due to their high homology in these regions, generating such 

mutants will likely be challenging, particularly in the design of CRISPR-Cas9 

components that target one gene and not the others and in distinguishing between 

mutant strains through genotyping. Higher resolution microscopy of fluorescently 

tagged SET-9, SET-26, and Y73B3A.1 strains could also be performed to reveal 

whether they form granule structures. If they do indeed form such structures, 

mutants lacking various components of the proteins could also be imaged to 

decipher which regions are needed for this function. 

Generating mutations within the regions of set-9 and set-26 encoding the disordered 

sections of the proteins poses certain challenges. The first is that the genes are very 

similar to each other and to Y73B3A.1, meaning it is more difficult to design 

CRISPR-Cas9 gRNAs and genotyping primers that are specific to one gene and not 

to the others. One way to avoid such problems would be to generate mutants of one 

gene within a strain that already has a mutation in the others. The advantage here is 

that genotyping methods for the existing mutant alleles already exist. Once the 

desired mutation has been generated, the other mutant genes can be crossed out of 

the strain in case they were also mutated. The second challenge regards the type of 

mutations being generated. Large deletions of the disordered regions may require 

several CRISPR-Cas9 rounds. Mutating specific amino acid sequences will likely 

require the use of software tools, including SLiMFinder, PhosphoSitePlus, and others 

[183], to identify likely targets that will impact the function of the disordered regions. 

The challenge here is that disordered regions can tolerate a large degree of mutation 
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and still retain their function [183]. Tools that identify sites for post-translational 

modifications, SLiMs, and molecular recognition sites could help narrow the scope. If 

such sequences prove difficult to identify in SET-9, SET-26, and Y73B3A.1, another 

approach could be to specifically target the sequences that have been retained 

within the orthologs in other nematode species, as these might be more important for 

the function of these regions. 

It is possible that SET-9, SET-26, and Y73B3A.1 directly interact with each other and 

a range of other factors, including both proteins and RNAs. Protein pulldown and 

binding assays can confirm whether they do indeed bind HCF-1, as their conserved 

DHNY motif suggests, and potentially reveal other binding partners as well. HCF-1 is 

a transcription factor implicated in a range of processes, including longevity [132], 

stress responses [133], and the cell cycle [131], and is shown as a likely binding 

partner of SET-2 and SET-26 [184]. Its human ortholog binds the human ortholog of 

SET-9 and SET-26, MLL5, and promotes H3K4me3 deposition [185]. As mentioned 

in Chapter 5, the fact that SET-9, SET-26, and Y73B3A.1 are largely disordered 

might lead to issues, specifically in purifying them from whole protein solutions. 

Another way to reveal if HCF-1 interacts with these proteins would be testing hcf-1 

mutants, within set-9, set-26, and Y73B3A.1 mutant backgrounds, in TEI and brood 

size assays. 

 

7.8 Conclusions 

TEI is a complex process that involves a suite of factors, including transcription 

factors, Argonaute proteins, histone modifiers, and other undefined proteins. The 

work in this thesis adds the histone readers SET-9 and SET-26 to the list alongside 
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the predicted entirely disordered protein Y73B3A.1. The results here show that the 

SET-9/SET-26 PHD Fingers are needed in TEI but not germline mortality and that, 

despite lacking the residues required for methyltransferase activity, the SET domains 

of SET-9 and SET-26 do have functions in both TEI and germline mortality. Factors 

which influence TEI have varying generational requirements and both the 

establishment and maintenance phases have components that function in multiple 

generations. Although many TEI factors influence germline health, it is possible to 

decouple these processes. A better understanding both phenomena in C. elegans 

can help provide a framework to understand them in other species. 
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Table 1: gRNA and repair template sequences for CRISPR/Cas9 mutagenesis 

Target 
Gene 

Allele 
Generated 

Strain 
Generated 

gRNA(s) PAM 
in brackets 

Repair Template 

dpy-10 cn64 
(arribere 
2014) 

N/A GCTACCATA
GGCACCACG
AG(CGG) 

CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAAACCGTAC
CGCATGCGGTGCCTATGGTAGCGGAGCTTCACATGGCTTCAGACC
AACAGCCTAT (ssDNA) 

set-9 smb72 AKA251 CATCGTCCA
GCTCTCCTC
GG(CGG) 

TCTGGGAGCTCTGCTGCTGCTCGGCAGAGAACTGTCAGTGGAAGT
GCCGCACGAGCTCAGACTTATCAGATGCATCATCAGCAGCAGCAG
CATCATCATCAAATGCCGATGGATCAGAGAAAACGACCAAGTTCTG
GAAGATATGATGCTCTGATGGGAGCGATGCCACTTCAGCAACAGC
CTCCACCACCACCATCACAATTTCAGCACACTGATTCGATTGCTCA
TCGTCCACGTGGAAGGCCGAAGGGAACGAGGCATCCTTCAGTTG
CAGTGCAGCCTCAAAGATCTGGAGGAGCTCGAACCCTACCGCCAC
GAGCACAGACTGTCGCAATGTCGGCTCGAAATGGAGCAAACGCGA
AGAATTCGGATTCCGAATCCGAGGGAATCGATGAAGCTGCCGAGG
AGAGCTGGACGATGCGATGCCACTGTGGTATGGATCATGGTGATG
GGGATACGATCGAGTGTGAGGGATGCAAGACGGCGCAGCATATG
GCTTGTATGGGTCTGACGCTGAAGAGCAACACGTCAAAGTACAAA
TGCGAGATGTGCTTGCCGAGGCGGCTTCCCGTGTCGAAGGCGGA
AGCGGCTCGAGAGCAGGAGCGGATTTTGAATCGGCTTCGAGCGG
CGGCCAGGAAGCAAAAGAGGAAGAGTGAGCCGGTGGAGCAGAAG
CAGAAGTCATCACAGCCATCAACATCGCGAAAATCGGCGCCAATG
GCTCTCCAACAACCGGCAGAACCCCGTGTCGCTCAGCTCAATGAC
TACTCGAAGCAGGCGTCGGCTCTGCTGTTTGGAATGGAGCAGACC
GCAGGTGCGGACACGCTGCTCGCCGAGTCGCGTCTCCACAAAAA

AATGGCTCT
CCAACAACC
GG(CGG) 
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GGCTCGTCGAATGTTTGTGGAGGAAGCCGTTGAGGCTCTGGTCAC
GACGGATCTTGTGCAGATTCGGCAGGTGATTCTCGAAGTGAATGG
ACACGTCTCGATGTCGAGTGAGGTGAAACGGCAGCCTGGCGGAG
GAAATTGCATTTTTATGTACGATGGATTGATGAAAGGAACCGCCGG
CGAGGATATGGGTGACGGGCAGGAGCTGGTTTGTATCGATACGAA
GCGGAAAGGAAATGATACGAAGTTTACGCGGAGATCGTGTGTTCC
CAACTGTGTTCT (dsDNA) 

set-9 smb73 AKA252 AGTCACACTT
CCATTCGAT
G(CGG) 

TATGATTGTCGCGACGAAGGATATCACGAGAAACACGGAAGTTAC
ACTTCCAGCTGATGCAGATTGGCGAGAATCAGAGGTTGAGCTCGA
GTGTGCTGAGC (ssDNA) 

set-26 smb74 AKA253 CATCGTCCA
GCTCTCCTC
GG(CGG) 

AGCTCTGCTGCTGCTCGGCAAAGAACTGTCAGTGGAAGTGCCGCA
CGAGCTCAGACTTATCAGATGCATCATCAGCAGCAGCAGCAGCAT
CATCATCAAATGCCGATGGATCAGAGAAAACGACATAGTTCTGGAA
GATATGATGCTCTGATGGGAGCGATGCCACTTCAGCAACAGCCTC
CACCACCACCACCATCACAATTTCAGCACACTGATTCGATTGCTCA
TCGTCCACGTGGAAGGCCGAAGGGAACGAGGCATCCTTCAGTTG
CAGTGCAACCTCAAAGATCTGGAGGAGCTCGAACCCTACCGCCAC
GAGCACAGACTGTCGCAATGTCGGCTCGAAATGGAGCAAACGCGA
AGAATTCGGATTCCGAATCCGAGGGAATCGATGAAGCTGCCGAGG
AGAGCTGGACGATGCGATGCCACTGTGGTATGGATCATGGTGATG
GGGATACGATCGAGTGTGAGGGATGCAAGACGGCGCAGCATATG
GCTTGTATGGGTCTGACACTGAAGAGCAACACGTCAAAGTACAAAT
GCGAGATGTGCTTGCCGAGGCGGCTTCCCGTGTCGAAGGCTGAA
GCGGCTCGAGAGCAGGAGCGGATTTTGAATCGACTTCGAGCGGC
GGCCAAGAAGCAAAAGAGGAAGAGTGAGCCGGTGGAGCAGAAGC
AGAAGTCACAGCCATCAACATCGCGAAAATCGGCGCCAATGGCTC
TCCAACAACAACCGGCAGAACCCCGTGTCGCTCAGCTCAATGACT
ACTCGAAGCAGGCGTCGGCTCTGCTGTTTGGAATGGAGCAGACC

GGCTCTCCA
ACAACAACC
GG(CGG) 
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GCTGGTGCGGACACGCTGCTCGCCGAGTCGCGTCTCCACAAAAA
GGCTCGTCGAATGTTTGTGGAGGAAGCCGTTGAGGCTCTGGTCAC
GACGGATCTTGTGCAGATTCGGCAGGTGATTCTCGAGGTGAATGG
ACACGTCTCGATGTCGAATGAGGTGAAACGACAGCCTGGAGGTGG
AAATTGCATTTTTATGTACGATGGATTGATGAAAGGAACCGCCGGC
GAGGATATGGGCGACGGGCAGGAGCTGGTTTGTATCGATACGAA
GCGGAAAGGAAATGATACGAAGTTTACGCGGAGATCG (dsDNA) 

set-26 smb75 AKA254 AGTCACACTT
CCATTCGAT
G(CGG) 

TATGATTGTCGCGACGAAGGATATCACGAGAAACACGGAAGTTAC
ACTTCCAGCTGATGCAGATTGGCGAGAATCGGAGGTTGAGCTCGA
GTGTGCCGAGC (ssDNA) 

Y73B3A.1 smb71 AKA250 ATCTCTGGTT
GTTGTTGCT
G(TGG) 

ATACGCTTCCAGCCGACGAGGAGCTCTTCGAGCAACCACCACCAC
AACAATAACAGCCAGAAATCGCCGAGCCAATTGTTATGGCTCAAG
GTAGGATTTTGCT (ssDNA) 
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Table 2: Primer sequences and expected band sizes for genotyping PCRs 

Strain Genotype Primer Sequence Wild-type or Mutant Fragment Size(s) (bp) 

emb-4(sa44) 

TCCTAAGCTCTCCAGGTGCGGTACGC Wild-type 
286 

GTCTCCAACGCCTCTTCTCCGTGGCT 

CGTTGACGAACGTCACTTGTTACGTAGGG Mutant 
429 

GTTGTTTTTGGGCGCCTTTTTCCATTTTT 

Y73B3A.1(smb76) 
 Wild-type 661, 269, 52 
 Mutant 661, 321 

set-9(red8) 
CGCAATTTTTCCGTCATTTT Wild-type 631 
GACTCCTTGAATGGGCTCTG Mutant 531, 100 

set-9(smb72) 
TGGATCAGAGAAAACGACCA Wild-type 210, 167, 41 
GTGTTGCTCTTCAGCGTCAG Mutant 167, 121, 89, 41 

set-9(smb73) 
AGCAGAAGTCATCACAGCCA Wild-type 546, 221, 167, 151 

ATTTGGAAAAACCCTGCCGC Mutant 713, 221, 151 

set-26(tm3526) 
ACCACCACCACCACCACTTG Wild-type 831 

CTCTTCCTCTTTTGCTTCTTGGC Mutant 472 

set-26(smb74) 
TGGATCAGAGAAAACGACAT Wild-type 380, 46 

TTGACGTGTTGCTCTTCAGTG Mutant 291, 89, 46 
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set-26(smb75) 
AGCAGAAGTCACAGCCATCA Wild-type 661, 269. 52 

CCTTCGCCTCCTCCCTCT Mutant 661, 321 
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