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DNA methylation and DNA methyltransferase enzymes (DNMTs) are ubiquitous and predate the
origin of eukaryotes. In animals, DNA methylation primarily is carried out by DNMT1, which
targets hemi — methylated DNA and maintains methylation patterns through cycles of cell
replication, and DNMT3, the de novo methyltransferase. These genes are essential to mammalian
development, and mutations lead to embryonic (DNMT1 and DNMT3Db) or post —natal (DNMT3a)
lethality. Studies of DNA methylation and DNMTs in invertebrates have been limited to non —
traditional model organisms because Caenorhabditis elegans and Drosophila melanogaster lack
the DNMT enzymes, and their DNA has no detectable methylation. In other invertebrates, global
DNA methylation levels are generally much lower than those of mammals and largely
concentrated in exons of protein coding genes. In social insects, some studies have argued that
DNA methylation regulates social behavior or caste differentiation, but others have challenges this

idea and it remains controversial.

To further understand the DNMT enzymes, we used the clonal raider ant, Ooceraea biroi, a
tractable model organism with robust DNA methylation. We utilized CRISPR/Cas9 to mutate the
DNMT genes (DNMT1 and DNMT3) and generate four unique mutants (two targeting different
regions of DNMT1, one targeting DNMT3 and a DNMT1/DNMT3 double mutant). In the DNMT1
catalytic domain mutant we observed a drastic drop in global levels of DNA methylation as well
as reproductive sterility and increased mortality. We did not observe any reproductive or DNA

methylation phenotypes in the other DNMT1 mutant or the DNMT3 mutant. Furthermore, in both



of these mutants, we observed faithful transcription of the frameshift mutations in aligned mRNA
reads, but did not observe any differential gene expression compared to wildtypes. Recently,
studies have come to light regarding CRISPR/Cas9 mutagenesis inducing mechanisms of genomic
plasticity, such as alternative splicing or translation reinitiating, which ultimately can rescue gene
function. It is possible that we did not detect any phenotypes in these DNMT1 and DNMT3

mutants due to such a mechanism, leading to normal gene function despite successful mutagenesis.

The sterility we observed as a result of DNMT]1 catalytic domain mutagenesis is consistent with
growing work demonstrating that DNMT 1 plays an essential, possibly methylation — independent,
role during oogenesis in insects. To further evaluate this phenomenon, we characterized DNMT1
mRNA and protein in the ant ovary using fluorescence in sifu hybridization and
immunohistochemistry. We found DNMT]1 present in somatic cells within the ovary, in addition
to being maternally provisioned into oocytes early in development. Furthermore, we observed
developing oocytes in the ovaries of DNMTT catalytic domain mutants, indicating that this gene

is not essential for the initiation or early stages of oogenesis.

Our findings demonstrate that unlike in mammals, normal development after DNMT]1 inhibition
is possible in insects. However, DNMT1 is essential for longevity and progression of insect
oogenesis. Further work to understand the precise mechanism of DNMTI1 involvement in
oogenesis, and potentially meiosis, may shed light on its evolutionary role and why it has been

conserved across so many forms of life.
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CHAPTER 1. INTRODUCTION

1.1 DNA (CYTOSINE - 5) METHYLATION

DNA (cytosine — 5) methylation, the addition of a methyl group to the 5" carbon of cytosine to
form C5 — methylcytosine, is catalyzed by DNA methyltransferase enzymes (DNMTs). This
epigenetic modification can be found across prokaryotic and eukaryotic organisms including fungi,
plants and animals (Chen and Li, 2004). Most cytosine methylation is found in a CpG genetic
context and CpG methylation patterns are replicated from parent onto daughter DNA strands
during replication, allowing for methylation patterns to be inherited across generations (Chen and

Li, 2004).

In prokaryotes, DNA methylation is part of the restriction — modification system and is involved
in various processes, including gene regulation and host defense (Seong et al., 2021). Meanwhile,
in eukaryotes, the role of this epigenetic modification has diverged across different organisms, and
it is associated with processes such as transposon silencing and genomic imprinting, including X
chromosome inactivation in mammals (Chen and Li, 2004; Feng et al., 2010). DNA methylation
of protein coding genes, particularly within exons, is believed to be an ancestral form of
methylation, and is highly conserved across plant and animal species (Feng et al., 2010). Some
studies have argued that gene body methylation may be involved in genome stability or regulation
of alternative splicing (Lev Maor et al., 2015; Li-Byarlay et al., 2013; Lorincz et al., 2004;

Maunakea et al., 2013).



One limitation in studying DNA methylation and the DNA methyltransferase enzymes has
stemmed from the fact that traditional model organisms, namely Drosophila melanogaster and
Caenorhabditis elegans lack detectable levels of DNA methylation and have evolutionarily lost
the DNMT enzymes (Chen and Li, 2004; Colot and Rossignol, 1999; Simpson et al., 1986; Urieli-
Shoval et al., 1982). As a result, the majority of research on these enzymes has been conducted in
mammals, where 70% — 80% of all CpG sites are methylated across somatic tissues (Li and Zhang,
2014). Mammalian DNMT genes include DNMT1, DNMT2 and two DNMT3 genes — DNMT3a
and DNMT3b (Li and Zhang, 2014). These genes are essential, and mutagenesis of DNMT]1 or
DNMT3b results in embryonic lethality (Li et al., 1992; Li and Zhang, 2014; Okano et al., 1999;

Unterberger et al., 2006).

1.2 DNA METHYLATION IN INSECTS

DNA methylation levels in insects are far less pronounced than in mammalian genomes, highly
variable, ranging from 0% in Diptera to ~10 — 14% in some Blattella species, and largely
concentrated in coding regions, particularly within the exons of genes (Bewick et al., 2016).
Among insects that methylate their DNA, Hymenoptera species have some of the lowest rates of

genome wide methylation (Bewick et al., 2016).

Overexpression of mouse DNMTs in Drosophila melanogaster, a species without native DNA
methylation or DNMTs, resulted in ~ 1 — 4% genome wide CpG methylation (Lyko et al., 1999;
Mund et al., 2004). Although these DNMTs were of mammalian origin, the observed methylation

pattern was more similar to that of insects, implying that the differences in methylation observed



between species may be context dependent, and differences in DNA methylation is determined by

the genomic context rather than being a result of evolutionary divergence in the DNMT genes.

Since the discovery of DNMTs in Apis mellifera (Wang et al., 2006), DNA methylation has been
proposed as the underlying epigenetic mechanism regulating caste differentiation (Alvarado et al.,
2015; Bonasio et al., 2012; Elango et al., 2009; Kucharski et al., 2008), social behavior (Herb et
al., 2018, 2012) and learning in social insects (Biergans et al., 2017, 2016), including ants.
However, results have not always been consistent, and these hypotheses have remained
controversial (Cardoso-Junior et al., 2021; Herb et al., 2012; Libbrecht et al., 2016; Patalano et al.,

2015).

Furthermore, since the majority of DNA methylation in insects is concentrated in gene bodies, this
form of methylation has been proposed to directly regulate gene expression (Elango et al., 2009;
Foret et al., 2012). However, evidence for this link has not been consistent across species and
others have disputed this idea (Cardoso-Junior et al., 2021; Libbrecht et al., 2016; Patalano et al.,
2015). Finally, some studies have argued for an association between DNA methylation and
alternative splicing (Foret et al., 2012; Herb et al., 2012; Lev Maor et al., 2015; Li-Byarlay et al.,

2013).

1.3 DNA METHYLTRANSFERASES (DNMTy)

In animals, DNA methylation is primarily carried out by two enzymes, DNMT1 and DNMT3.
DNMT1 prefers hemi — methylated DNA as a substrate, and functions to maintain methylation

patterns through replication cycles (Bashtrykov et al., 2012; Fatemi et al., 2001; Gowher and



Jeltsch, 2001). DNMT3, which primarily targets unmethylated DNA, is categorized as the “de
novo” methyltransferase, although it may have the ability to methylate hemi — methylated DNA
as well (Chen and Li, 2004; Gowher and Jeltsch, 2001). In experiments where mammalian DNMTs
are expressed in Drosophila melanogaster, de novo methylation activity was observed after

transgenic expression of the DNMT3 genes but not DNMT 1 (Lyko et al., 1999; Mund et al., 2004).

1.3.1 DNMT1

The DNMTTI protein demonstrates a high preference for hemi — methylated CpG sites, and plays
a central role in copying CpG methylation patterns from parent onto daughter strands during
replication, thereby acting as a maintenance methyltransferase (Chen and Li, 2004). In
Hymenoptera, there has been a duplication of the DNMTI1 gene, resulting in DNMTla and
DNMT1b among Apoidea (bees) (Bewick et al., 2016). However, after an evolutionary loss of

DNMT1b in Formicidae, ants carry only a single copy of DNMT1, DNMT1a (Bewick et al., 2016).

Furthermore, studies in various organisms, from mammals to insects, have shown that DNMT]1
plays an essential role in oogenesis and spermatogenesis. Yet, questions remain regarding the
underlying mechanism, and whether it is conserved across eukaryotes. Interestingly, some studies
in insects and Xenopus laevis (the African Clawed Frog) have demonstrated that this function of
DNMT1 may be methylation independent (Amukamara et al., 2020; Bewick et al., 2019; Dunican
et al., 2008; Schulz et al., 2018; Washington et al., 2020). The results of these studies are

summarized in Figure 1.1 and discussed below.



In mice, DNMT1 knockout leads to replication arrest in embryonic stem cells (ESCs) and
embryonic lethality (Brown and Robertson, 2007; Li et al., 1992; Li and Zhang, 2014; Unterberger
et al., 2006). In this species, a splice variant of DNMT1 which lacks the first 118 N — terminal
amino acids, DNMT 1o, has been associated with oogenesis (Chen and Li, 2004; Ratnam et al.,
2002; Smith and Meissner, 2013). While DNMT]1 is expressed in virtually all tissues, including
post — mitotic neurons, DNMT1o appears limited to ovaries and is the predominant form of
DNMTT in embryos until the 4 — cell stage (Ratnam et al., 2002). Maternal DNMT 10 knockout
leads to placental abnormalities which appear more severe in female embryos (McGraw et al.,
2013, p. 1). Finally, this gene is important during pairing of homologous chromosomes early in
meiotic prophase (Takada et al., 2021), and DNMT1 inhibition during spermatogenesis is

associated with germline stem cell apoptosis (Takashima et al., 2009).

Likewise, in insects, DNMT1 has been associated with development and gametogenesis across
multiple species. Studies in Nasonia (wasp) and Blattella germanica (cockroach) have shown that
maternally provisioned DNMT1 is essential for various aspects of embryonic development
including the maternal to zygotic transition (Arsala et al., 2021), gastrulation (Zwier et al., 2012),
and blastoderm formation (Ventés-Alfonso et al., 2020). Furthermore, knockdown of DNMT1
during larval and pupal development led to reproductive defects in both male and female milkweed
bugs, Oncopeltus fasciatus (Amukamara et al., 2020; Bewick et al., 2019; Washington et al., 2020)
and in the cotton mealybug, Phenacoccus solenopsis (Omar et al., 2020). Decreased fecundity and
longevity was also observed with knockdown of DNMT associated protein 1 (DMAPI1), a key

activator of DNMT1, in the ladybeetle, Harmonia axyridis (Gegner et al., 2020).



Interestingly, sterility as a result of DNMT1 knockdown has also been observed in Tribolium
castaneum, the red flour beetle, a species carrying the conserved DNMTT1 gene, despite having no
detectable levels of methylation (Schulz et al., 2018). Together, this work suggests that maternally
provisioned DNMT1 is essential for both oogenesis and early embryogenesis, where it may serve
a methylation independent role. Indeed, in Xenopus laevis (African Clawed Frog) embryos, one
study found that DNMT1 plays an essential role in suppressing premature gene activation, and

demonstrated that this mechanism is independent of DNA methylation (Dunican et al., 2008).
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Figure 1.1. Review of Current Research in DNMT1.

7

DNA Methylation and known DNMT1 function across animal species along with phylogeny
shown. Notably, the DNMTT1 gene has been lost in Caenorhabditis elegans (Nematode) (Simpson
et al., 1986) and Drosophila melanogaster (Fruit Fly) (Urieli-Shoval et al., 1982). The phylogeny
demonstrates that these are evolutionarily independent losses of the ancestral DNMT1 gene.

Evidence for a methylation — independent function of DNMT1 is found in Xenopus laevis (Frog)




(Dunican et al., 2008), Oncopeltus fasciatus (Milkweed Bug) (Amukamara et al., 2020; Bewick et
al., 2019; Washington et al., 2020) and Tribolium castaneum (Red Flour Beetle) (Schulz et al.,
2018), which notably has no evidence of genome wide methylation despite carrying a copy of the
DNMTI1 gene which is essential for gametogenesis. Finally, studies in Blattella germanica
(Cockroach) (Ventés-Alfonso et al., 2020), Nasonia (Wasp) (Arsala et al., 2021), Harmonia
axyridis (Ladybeetle) (Gegner et al., 2020) and Phenacoccus solenopsis (Cotton Mealybug) (Omar
et al., 2020) have also shown an association between DNMT1 and development. Red color
represents evidence of no relationship, dark green represents strong evidence, light green

represents weaker evidence.

1.3.2 DNMT3

While DNMT]1 has a strong preference for hemi — methylated DNA over unmethylated DNA as a
substrate, DNMT3 has no such preference, and is known as the “de novo” methyltransferase
(Gowher and Jeltsch, 2001; Hsieh, 1999). In mice, the DNMT3 genes are highly expressed during
development (Okano et al., 1999), and mutations in DNMT3b are lethal, leading to arrest in
development at the E9.5 stage (Okano et al., 1999). Furthermore, exogenous expression of mouse
DNMT3b in Drosophila melanogaster leads to increased developmental mortality (Lyko et al.,
1999). In this species, mouse DNMT3 genes, DNMT3a and DNMT3b, exhibit robust de novo CpG

methylation activity, in addition to non — CpG methylation (Mund et al., 2004).

In social insects, DNMT3 expression appears to be highest in the embryo, and decreases through
stages of larval development (Kay et al., 2018). In honeybees, inhibition of DNMT3 by RNAi

leads to a ~ 21% methylation decrease (Li-Byarlay et al., 2013), and may be associated with caste



differentiation by leading to more “queen — like” development (Kucharski et al., 2008).
Additionally, this inhibition results in alternative splicing including exon skipping and intron
retention (Li-Byarlay et al., 2013). Finally, studies using pharmacological manipulations of
DNMT3 in honeybees have proposed that it may be involved in olfaction and learning (Biergans

etal., 2017, 2016).

1.4 DNMTs AND DNA METHYLATION IN O. BIROI

The clonal raider ant, Ooceraea biroi is a queenless species which reproduces asexually through
parthenogenesis (Kronauer et al., 2012; Ravary and Jaisson, 2002). In this species, previous work
revealed robust DNA methylation (2.1% of cytosines methylated), which is largely concentrated
within genes (~82.5%), and often increased in constitutively active genes (Libbrecht et al., 2016).
The life cycle of an O. biroi colony is composed of two distinct phases, a reproductive phase during
which the colony is stationary and a brood care phase, which is characterized by increased activity
and foraging behavior (Ravary et al., 2006; Ravary and Jaisson, 2002; Teseo et al., 2013; Ulrich
et al., 2016). Furthermore, this reproductive cycle, and the division of labor that emerges during

the brood care phase, are not driven by DNA methylation changes (Libbrecht et al., 2016).

This robust DNA methylation, along with a previously established CRISPR/Cas9 protocol in this
species present a unique opportunity to study the function of DNMT1 and DNMT3 genes in
insects. Specifically, using CRISPR/Cas9, we aimed to inactivate each of these genes, and evaluate
the impact of such mutations on genome wide methylation, development, adult morphology and

reproduction.



CHAPTER 2. CRISPR/CAS9 AND THE DNMT1 GENE IN O. BIROI

To further understand the role of DNMT]1 in social insects, we used a previously established
protocol for CRISPR/Cas9 mutagenesis in O. biroi (Trible et al., 2017) to generate DNMTI
mutants. We first identified conserved protein domains, essential residues and possible splice
variants in the O. biroi DNMT1 gene. We then selected two unique target sites, which are
ubiquitous among all splice variants, for mutagenesis. One of these targets was in the second exon
of the gene, with the idea that a frameshift mutation here will have the highest impact in disrupting
the reading frame, and subsequently protein function. Results from these experiments are
discussed in Chapter 3. We additionally selected a second target site in the catalytic domain of

DNMTT1, the results of which are discussed further in Chapter 4.

2.1 O. BIROI LIFE CYCLE AND CRISPR/CAS9 MUTAGENESIS

The CRISPR/Cas9 mutagenesis protocol for O. biroi was previously developed for a study of
odorant receptor coreceptor (ORCO), where CRISPR/Cas9 was used to introduce a single double
stranded break into the ORCO gene, which generated a small insertion or deletion and resulted in
a knockout — like phenotype. This protocol requires for special considerations to be taken into
account in order to generate and rear O. biroi mutants that may not be necessary for other model
organisms. Specifically, O. biroi larvae are unable to develop to adulthood in isolation and must
be fostered into a colony of adults upon hatching. Furthermore, colonies are only receptive to
young larvae at specific stages of their reproductive cycle, which must be carefully synchronized
to successfully accomplish this “fostering”. If a colony is not in a reproductive state which is

receptive to brood, or becomes stressed, all fostered larvae may be cannibalized by the adults.
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The O. biroi reproductive cycle is composed of two alternating phases, which are marked by
changes in colony activity (Ravary et al., 2006; Ravary and Jaisson, 2002). During the brood care
phase, which can last between 2 — 4 weeks, larvae are present in the colony, the adults are highly
active and ants are observed foraging outside the nest. During this phase, the presence of larvae in
the colony suppresses reproduction in the adult workers and no eggs are laid. This reproductive
synchrony is additionally enforced by “reproductive policing” where any ants with active ovaries
in the colony are identified and removed by the workers (Teseo et al., 2013). The brood care phase
ends when larvae pupate, the colony activity decreases and ants will rarely be found outside of the
nest. A few days after the onset of this reproductive phase, eggs can be observed in the colony.
After ~3 weeks, the pupae complete metamorphosis and callows (young adult workers) eclose.
Shortly before callow emergence, the next cohort of larvae hatches from the eggs, and the colony

enters a new brood care phase.

Unlike many other social insects, there are no distinct reproductive castes in O. biroi, and all
workers are capable of reproduction through parthenogenesis during the reproductive phase of
their cycle (Kronauer et al., 2013, 2012; Ravary et al., 2006; Tsuji and Yamauchi, 1995). O. biroi
colonies are composed of all female workers and, in this species, males are produced very rarely
and perish shortly after eclosion. It is not yet known if the female workers are capable of sexual
reproduction. In this species, meiosis begins in the ovary, and completes post — partum. Prophase
I can be observed shortly after oviposition, and upon completion of reductional division, the zygote

is formed by central fusion of the meiotic products (Oxley et al., 2014).

Although the unique reproductive properties in this species present additional barriers in
generating and rearing mutants, their clonal nature also allows for a single mutation, when
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introduced shortly after oviposition, to penetrate all cell lineages including the germline and be
propagated for many generations. Furthermore, colonies or mutants can be raised from a single

individual without the need for genetic crosses.

The time point after oviposition at which the CRISPR/Cas9 reagents need to be injected to
successfully accomplish this was previously identified at 5 hours post — partum (Trible et al.,
2017). After testing our reagents, we manually collected, aligned and injected eggs, originating
from the O. biroi “B” genetic line, at < 5 hours old with a CRISPR mix containing the selected
guide RNA (gRNA) and Cas9 enzyme. Eggs are reared on slides and regularly cleaned and
checked. Additionally, we recorded which ones reached the “transition” checkpoint, where the
color of the eggs will change from opaque to clear, and distinct structures begin to appear. Eggs

which do not transition, are arrested to development and will not hatch.

After hatching, the larvae are harvested and placed into a “rearing” colony of chaperones,
originating from the O. biroi “A” genetic line, whose reproductive cycle had been synchronized
to accept larvae. Notably, high egg mortality (~98%) is observed in attempts of CRISPR/Cas9
mutagenesis, therefore large numbers of eggs (~2,000 — 5,000) must be injected to successfully
generate and rear mutants to adulthood. The reason for this high mortality is unknown but it may
be related to off target mutagenesis or DNA stability in this species. After these larvae pupate and
the callows eclose, they are considered GO adults. These GO adults had been mutagenized as eggs
and could potentially be mosaic (Figure 2.1). However, we rarely see evidence of mosaicism when

sequencing in these animals.
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Upon eclosion, the GO animals are removed from their rearing colony and pooled with all GOs
across all “rearing” units to create a GO egg “laying” unit. All eggs from this GO egg laying unit
are removed 1 — 2 times weekly, until the ants stop laying eggs at 6 — 7 months of age. These eggs
are fostered in batches of 20 — 60 eggs with 20 chaperone ants and reared to adulthood, resulting
in G1 adults (Figure 2.1). This process continues until enough adults are generated to create pure
genetic lines. For genotyping, adults of G1 — Gn are individually painted and placed into colonies.
A single leg is removed for DNA extraction and PCR amplification, and the resulting genotypes
can be associated with the correct ant using the unique paint identifier. An enzyme digest of the
mitochondrial CO1 gene is used to distinguish line “B” ants originating from GOs and the line “A”
chaperones. Sanger sequencing traces of line “B” ants are manually scored to identify mutant

individuals.

The average generation time from egg to egg in this species is ~ 9 weeks with most variability in
the brood care phase, during which larval development takes place, rather than the reproductive
phase, which encompasses metamorphosis. On average, ~ 30% of eggs which are laid make it to
adulthood. O. biroi females will generally begin laying eggs ~1 — 2 weeks after eclosion and, if
the colony is artificially maintained in the reproductive phase of the cycle, by regular removal of
all eggs, can continue to lay eggs for ~ 6 months. Despite this, a single ant will ultimately give rise
to < 10 offspring that reach adulthood. This is largely due to low egg laying rate and high

developmental mortality.

Further work is needed to understand if these numbers are representative of the natural
reproductive fecundity of O. biroi workers within a colony outside of the lab. These animals may
behave differently in a more heterogeneous colony, which is able to undergo the natural
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reproductive cycle. Additionally, although there are no distinct reproductive castes in this species,
O. biroi workers exhibit a range of reproductive traits, including the number of ovarioles, which
may vary from two to six. It is not yet known how this variability in ovariole number tracks with
reproductive output in this species. It is plausible that workers with fewer ovarioles give rise to

fewer offspring in their lifetime. However, further studies are necessary to evaluate this

relationship.
B Mutant o
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Figure 2.1. CRISPR/Cas9 Mutagenesis in O. biroi.

Diagram demonstrating the CRISPR/Cas9 protocol. GO eggs are injected with a mix of Cas9 and
gRNAs and reared to larvae in special incubation boxes. The larvae are then transferred to rearing
units and raised to adulthood by chaperone ants until eclosion. It is possible that these GO adults
are mosaics and only carry the induced mutation(s) in some cell lineages. The eclosing GO callows

are then separated, set as egg laying units, and G1 eggs are collected. The G1 eggs are reared by
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chaperone ants to adulthood and can give rise to mutant or wildtype offspring (heterozygous

wildtype/mutant; not shown). The generation time from egg to egg is ~9 weeks.

2.2 0. BIROI DNMT1 GENE STRUCTURE AND MUTATION TARGET SELECTION

The DNMTI1 gene is composed of multiple evolutionarily conserved domains, including the
replication focus targeting sequence (RFTS), CXXC domain, the bromo — adjacent homology
domain (BAH) and the DNA — cytosine methylase catalytic domain (Chen and Li, 2004). The
catalytic domain is found at the N — terminus of the DNMT1 protein, and is responsible for
enzymatically attaching a methyl group to the 5 carbon of a cytosine residue (Svedruzi¢, 2011).
The catalytic domain likely requires allosteric activation by the remainder of the protein, as it is
enzymatically inactive in isolation (Fatemi et al., 2001). The RFTS and BAH domains are essential
for targeting DNMTI to replication foci during the synthesis phase of cellular replication

(Rountree et al., 2000; Yarychkivska et al., 2018).

The O. biroi DNMT1 gene (NCBI GenBank, Gene ID: 105286975) is found on Chromosome 14,
and is composed of 16 exons. At ~ 1,450 amino acids (aa), the O. biroi DNMT]1 protein is slightly
smaller than the ~ 1,620 aa mammalian DNMT1 (Zhang et al., 2015). We identified the location
of the conserved DNMT1 domains including the RFTS, BAH and the catalytic domain, which
appeared heavily conserved (Figure 2.2). Additionally, previous work in mice demonstrated that a
single residue within the catalytic domain of DNMTI1, Cysl1229, is essential for its
methyltransferase function (essential residue, ER) (Damelin and Bestor, 2007). We identified this

conserved amino acid in the catalytic domain of the O. biroi DNMTT protein (Figure 2.2) and used

15



this information in selecting one of the mutagenesis target locations as described in more detail in

Chapter 4.

Furthermore, various other mutations in the human DNMT1 protein, near the RFTS, have been
linked to hereditary genetic diseases (Norvil et al., 2019), including autosomal dominant cerebellar
ataxia, deafness and narcolepsy (ADCA — DN) (Winkelmann et al., 2012) and hereditary sensory
and autonomic neuropathy (HSAN) type IE (Klein et al., 2011; Yuan et al., 2013). We have also

annotated the locations of the loci associated with these mutations within the O. biroi DNMT1

gene (Figure 2.2).
DNMT1g1 DNMT1g2 T
1,452 aa g
RFTS BAH BAH CATALYTIC DOMAIN

Figure 2.2. O. biroi DNMT1 Gene Structure.

Structure of conserved domains in the DNMT1 gene including Replication Focus Targeting
Sequence (RFTS), Bromo — Adjacent Homology Domain (BAH) and the Catalytic DNA
Methyltransferase Domain (Catalytic Domain). Black square signifies conserved cytosine residue
essential for methyltransferase function in mammals. Grey squares indicate conserved amino acid
changes due to mutations associated with genetic diseases in humans. Mutagenesis target sites
indicated at the second (DNMT1g1) and eleventh (DNMT1g2) exons and discussed in more detail

in Chapters 3 and 4, respectively.
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In O. biroi, two splice variants of the DNMT1 mRNA, XM 011352333.3 and XM _011352329.2
(NCBI GenBank ID), have been observed. Evaluation of all possible splice variants is an essential
first step to selecting a mutagenesis target in order to ensure that a frameshift mutation would be
transcribed for all splice variants and lead to a nonsense protein in all instances. Therefore,
mutagenesis targets for DNMT1 were selected such that the guide RNA binding sequence would
be present on all transcript variants (Figure 2.3). The DNMTI1gl and DNMT1g2 guide RNAs can
be observed overlapping both variants in the second and eleventh exons, respectively (Figure 2.3).
Results of using CRISPR/Cas9 to mutagenize the O. biroi DNMT1 gene at each of these locations

are further discussed in Chapters 3 and 4, respectively.
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XM_011352329.2
DNMT1g1
DNMT1g2

XM_011352333.3
XM_011352329.2
DNMT1g1
DNMT1g2

Sequences.

CCCTCCATCGCTGAGAACATTGGCGGGAATGGACTAATGGGGCAGTATAGAGCGTTCGGC
CTCTGCTTCAC-GAGGATACC

ATCACGGCGTCTCATCGATCGCGAGCGCATCTGCGAAAATTATGCCACCTACTGTACCAA
GGAATTATGCCACCTACTGTACCAA

GCGAACCﬂGACTCCAGTAGCAGAAGGATGTCCCGTAGTCGGAAGCATGCCAGCATGGAGG
GCGAACCAGACTCCAGTAGCAGAAGGATGTCCCGTAGTCGGAAGCATGCCAGCATGGAGG
———————— ‘GACTCCAGTAGCAGAAGGAT

................................................

CGGACGACAGTGGACAGAAACTTCCCCAGAAGGGAGAAGTCGAGCTCCTGTGLGGTGGGC
CGGACGACAGTGGACAGAAACTTCCCCAGAAGGGAGAAGTCGAGCTCCTGTGLGGTGGGC

GAGAAGTCGAGCTCCTGTGr—————-

CACCGTGTCAAGGTTTTAGCGGCATGAATCGTTTTAATTTTCGGCAGTACTCGTTGTTCA
CACCGTGTCAAGGTTTTAGCGGCATGAATCGTTTTAATTTTCGGCAGTACTCGTTGTTCA

------------------------------------------------

TAATCGCAGATTTTACATGTAAAAATGTTGAAATAGATTTACAATTGTAACAAGA

Figure 2.3. DNMT1 Splice Variants and DNMT1g1/DNMT1g2 Guide RNA Binding

Aligned mRNA splice variants of DNMT1 (NCBI: XM 011352333.3 and XM 011352329.2)
with gRNA targets for DNMT1gl (blue) and DNMT1g2 (red) mutants shown in the second and

eleventh exon, respectively. Although alternative splicing occurs of the first and last exons of the
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gene, the gRNAs align with both detected splice variants. The gRNAs displayed for each gene
represent the ones which were selected from in vitro and in vivo testing of four guides per target
region (Chapters 3 and 4). Dots (...) indicate suppressed mRNA sequence which is not shown but

can be accessed on GenBank with the NCBI 1Ds.
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CHAPTER 3. DNMT1 GENE EARLY EXON MUTAGENESIS

To further understand the function of DNMTT1 in social insects, we aimed to inactivate this gene
in O. biroi. To accomplish this, we used CRISPR/Cas9 (Jinek et al., 2012) with the goal of creating
a double stranded break in the second exon of DNMT1 (Figure 2.2). Repair of this double stranded
break by the error prone non —homologous end joining mechanism (Ran et al., 2013) often results
in small insertions or deletions. Such frameshift mutations in an “early” exon can lead to gene
inactivation through mRNA transcript degradation via nonsense mediated decay, or translation to
a nonsense protein due to reading frame disruption (Popp and Maquat, 2016; Ran et al., 2015;

Rubio et al., 2016; Trible et al., 2017).

We were able to successfully generate double stranded breaks in vivo and in vitro within the second
exon of the DNMT1 gene by using a previously established CRISPR/Cas9 protocol in this species
(Trible et al., 2017). Furthermore, we were able to penetrate the germline and generate multiple
unique genetic lines of frameshift mutants with mutations in both alleles of the DNMT1 gene
(Section 3.1). We did not see any phenotypic effects as a result of these mutations including
changes in methylation levels or in survival or fecundity (Sections 3.1, 3.2). This is despite the fact
that these mutations were faithfully transcribed, and observed in aligned mRNA reads, without
introducing any major alternative splicing (Section 3.3). Questions remain about whether DNMT1
gene inactivation was achieved in these mutants, and the potential mechanism of gene rescue

despite successful mutagenesis.
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3.1 REAGENT VALIDATION AND MUTANT GENERATION

After identifying the target region for mutagenesis within the second exon of the DNMT1 gene,
we used Synthego’s gRNA design tool to design four unique synthetic sgRNAs. To amplify the
DNA segment of interest, we designed and tested three sets of primers (forward and reverse) of
which one was selected (see Chapter 8 — Materials and Methods). We then amplified the genomic
region of interest and tested all gRNAs for their ability to associate with the Cas9 enzyme and
generate double stranded breaks in vitro. We were able to observe double stranded breaks on gel
electrophoresis as smaller, digested DNA fragments when compared to the DNMT1 PCR product
for all gRNAs tested (Figure 3.1). As expected, the sizes of DNA fragments generated in the
digestion differ between the tested guide RNAs (Figure 3.1). This is because each one targets a
different sequence in the second exon of the DNMT1 gene, and as a result, digests the amplified

PCR product into unique segments.

Additionally, in some instances (DNMT1gl 1 here), we observed bands which were substantially
larger than the original DNMT1 PCR product. While this could be indication of contamination,
we regularly observe such bands of increased molecular weight in this digest assay, and attribute
this increase in weight to PCR product that is still bound to the Cas9/gRNA complex. We have
anecdotally observed a decrease in such bands if an additional heating step is added, which

denatures the Cas9 enzyme at the end of the DNA digestion.
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Figure 3.1. DNMT1gl1 Guide RNA in vitro Verification.

The region of the DNMT1 gene containing the target cut site for DNMT1gl is shown on gel
electrophoresis after amplification, purification and dilution to 100 ng/ul (DNMTI1 amp.).
Degraded PCR product shown after incubation with Cas9 enzyme and four different gRNAs
(DNMTlgl 1 —4) demonstrating cutting activity of all four potential gRNAs. Two replicates are
shown for each reaction. Control Odorant Receptor Coreceptor (ORCO) amplified DNA (OCRO
amp.) digestion using previously verified gRNA (Trible et al., 2017) shown on right (ORCO+)
under the same conditions. Band of increased molecular weight observed in one replicate for

DNMTI1gl gRNAT1. Molecular weight ladder on both sides and annotated as shown.

From the in vitro digest experiment, all guides appeared to associate with Cas9 and produce double
stranded breaks successfully. DNMT1gl guide number 4 was selected for further in vitro testing.

After injection of 2,222 eggs, 60 larvae hatched (hatch rate = 2.7%) of which 45 were sequenced.
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The high mortality rate observed in the injected eggs is likely due either to physical damage from
injection of fluids, or molecular damage from the Cas9/gRNA mix. High mortality in the context
of CRISPR/Cas9 mutagenesis is expected and has previously been observed when targeting
multiple other genes in O. biroi (Trible et al., 2017). Of the sequenced larvae, 8 were mutant, of
which 7 mutants contained in — frame mutations and 1 contained only frameshift mutations. An in
— frame mutation would not lead to reading frame disruption and instead may only result in the
loss of a single amino acid without inactivating the gene. As a result, an alternate guide, guide
number 3 was selected for further in vivo testing and ultimately generation of the DNMTlgl

mutant.

To test DNMT1 guide number 3 in vivo, we injected a mix of Cas9 enzyme and DNMT gl guide
RNA 3 into 617 young eggs (< 5 hours) of which 10 transitioned and 5 ultimately hatched (hatch
rate = 8.1%). Additionally, to control for rearing environment, 117 control eggs were not injected
but reared in parallel, of which 57 hatched (hatch rate 48.7%), again, demonstrating a high
mortality in eggs injected with Cas9/gRNA mix. Out of the injected eggs, we observed
mutagenesis in 70% of immature eggs (n =20), 60% of transitioned eggs (n = 5) and 20% of larvae
(n=15). This decrease in mutagenesis rate across later developmental stages could be attributed to
early death of highly mutagenized eggs. One explanation for this phenomenon is that in these
instances, there was more efficient delivery of the Cas9 and guide RNA to the nucleus. This would
lead to increased rates of double stranded breaks including potential off — target activity, increasing

both mutagenesis rates and mortality as observed.

Importantly, we did not observe the same high rate of in — frame mutations as with DNMT1 guide
number 4, and the presence of frameshifted mutagenized larvae indicated that type of mutagenesis
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in the second exon of the DNMT]1 gene does not lead to embryonic lethality. This result indicated
that generating a DNMT1 mutant may be possible in O. biroi, even though all previous attempts
at mutating DNMT 1 have resulted in developmental arrest (Brown and Robertson, 2007; Li et al.,
1992; Li and Zhang, 2014; Unterberger et al., 2006). The next step in assessing the effect of this
mutation on DNMTT1 function was to generate and propagate colonies of mutant adults. Across
five experiments, we injected 5,152 line B eggs of which 140 transitioned and 76 hatched (hatch
rate = 1.5%). Of the larvae, we were able to foster 65 with line A O. biroi chaperones to be reared
to adulthood. Additionally, we sequenced 8 larvae, of which 2 were mutant (mutagenesis rate =
25%). Similar to the pilot experiment, mutagenesis was substantially lower in larvae than in eggs

arrested during early development (67%) and those which transitioned (30%).

These fostered GO larvae were reared to adulthood, and all eclosing GO callows were collected and
pooled. When the GO adult colony began laying eggs, all G1 eggs were collected, DNA extracted
and the amplified DNMT1 mutation target locus was Sanger sequenced to evaluate whether the
mutation had penetrated the germline. Once a mutant egg was found, we began to foster all G1
eggs with line A O. biroi chaperones to propagate these mutants for multiple generations.
Ultimately, we successfully generated two unique mutant lines with frameshift mutations in both

alleles (Figure 3.2).
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A PAM

s CCAAGCGAACCAGACTCCAGTAGCAGAAGGATGT
gRNA
B “canccen TCCAGTAGCAGAAGGATGT
DCCAAGC AA CCAGACGCAGAAGGATGT
l—
= CCAAGCGAACCAG TAGCAGAAGGATGT
O CCAAGCGAACCAGAC GCAGAAGGATGT

Figure 3.2. DNMT1g1 Mutant Genotypes Observed in The First Generation (G1) Adults.

(A) Wildtype sequence at the second exon of the O. biroi DNMT1 gene. Guide RNA (gRNA)
target shown for DNMT1g1 gRNA3 in blue, next to the protospacer adjacent motifin black (PAM)
with predicted Cas9 cut site shown as red arrowhead. DNA shown on the positive strand in the 5°
to 3’ direction. (B) Two unique genotypes observed using Sanger sequencing for DNMTl1gl
mutants with frameshift mutations in both alleles (-7bp / -7bp and -7bp / -8bp). Of note, exact
nucleotide resolution between strands is the best estimate based on Sanger sequencing traces and

may not be the precise sequence.

3.2 MUTANT VALIDATION AND PHENOTYPING

To gain insight into the impact of the DNMT1g1 mutation, we looked at changes in genome wide
methylation to evaluate changes in DNMT1 function in DNMT1g1 mutants. We expected that the
frameshift mutation in the second exon of DNMT1 would be transcribed into all RNA splice
variants, and disrupt the mRNA reading frame, resulting in a nonsense protein product, thereby

inactivating DNMT]1, and creating a knockout — like phenotype. Because DNMTT is responsible
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for maintaining methylation in cells across cycles of replication, successful inactivation of this
gene in the embryo should result in drastic decreases in genome wide methylation levels across all

adult tissues (Li et al., 2015).

We used low coverage Whole Genome Bisulfite Sequencing (WGBS) to evaluate global
methylation levels in mutant and wildtype ants. For this experiment, a colony of callows of mixed
generations (G1 — Gn) was isolated and aged to 1 month. All ants were genotyped using the DNA
extracted from a single leg, and the remaining ant tissue frozen. Four wildtype and mutant ants
were selected, and DNA was extracted from the remainder of the body for methylation analysis.
Surprisingly, we did not observe any differences in methylation levels when comparing either
genotype of DNMT1gl mutants to wildtype ants (p = 0.4092, Figure 3.3). This finding indicates
either that the mutation did not have the expected impact on DNMT1 function, or that the DNMT1

gene is not essential for maintenance of methylation in this species.
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Figure 3.3. Genome — Wide DNA Methylation in DNMT1g1 Mutants.

Genome — wide methylation analysis using low coverage Whole Genome Bisulfite Sequencing.
Data shown is corrected for bisulfite non — conversion estimates. Each datapoint represents DNA
extracted from a single ant. For the mutant samples, two replicates of each genotype (-7bp/-7bp
and -7bp/-8bp) were evaluated. In this sequencing experiment, four wildtype animals, four
DNMTI1gl mutants and six DNMT3 mutants (see below) were evaluated, therefore all analysis
requires multiple comparison testing instead of a simple t — test. No significant difference in
genome wide methylation levels was observed with p = 0.4092 (Dunnett’s multiple comparison

test).

Additionally, we evaluated the impact of the DNMT1gl mutation on survival and reproductive
fecundity. For analysis of survival, G1 adults were individually painted and placed into small
colonies of 16 ants. Throughout the experiment, all carcasses were removed regularly and frozen
for genotyping until no ants remained in the colony. Because ants often dismember deceased nest

mates, not all carcasses could be collected for each colony, but those that were successfully

27



retrieved and genotyped serve as a representative sample. The mutants lived to a median of 264
days, meanwhile the wildtype controls had a median survival of 258 days with a maximum
longevity observed just short of 1 year at 347 days (Figure 3.4). No statistically significant
difference was found in ant survival between wildtype and DNMT1g1 mutant ants (Log rank test,

p = 0.6624).

For analysis of reproduction, eggs were collected from three colonies of painted G1 ants and
sequenced. The frequency of mutant genotypes was then compared between the first 25 eggs
successfully genotyped from each colony (75 total eggs) to the frequency of mutant genotypes in
the G1 adults (genotypes for 32 out of 48 animals recovered successfully) among these colonies.
Of the 75 eggs, 20% were mutant (of either genotype, -7bp / -7bp or -8bp / -8bp) and 80% were
wildtype (of either line A or B). Among the 32 sequenced adults, 15.6% were mutant (of either
genotype) and 84.4% were wildtype (of either genetic line). No statistically significant difference
was observed when comparing the frequency of mutants in the adult G1 population to the G2 eggs
laid by these adults (Fisher’s exact test, p = 0.7876), implying that the DNMT1gl frameshift

mutations did not lead to any observable changes in fecundity in these animals (Figure 3.4).
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Figure 3.4. DNMT1g1 Mutant Reproductive and Survival.

(Left) Survival data for generation 1 (G1) DNMTlgl mutants (of -7bp/-8bp or -7bp/-7bp
genotype, Line B) compared to wildtype survival as well as wildtype survival of another genetic
line (Line A). The median survival was 264 days for mutants, 258 days for wildtype controls (B)
and 258 days for line A wildtype controls. No significant difference was observed between the
three groups, with p = 0.6624 (Log — rank test). (Right) Sequencing of the first 25 G2 eggs
collected from G1 colonies containing both wildtypes (either line A or line B) and DNMTl1gl
mutants. No significant difference is observed when comparing the frequency of mutant G1 adults
to the frequency of G2 eggs laid by these mutant and wildtype animals, with p = 0.7876 (Fisher’s

exact test).

Overall, we did not observe any obvious phenotypes in the DNMT1g1 mutants including changes
in survival, reproduction and, most surprisingly, genome — wide methylation levels. We were able
to successfully generate multiple unique mutant lines and propagate them for multiple generations.
One possible explanation for these findings would be if DNMT1 did not play an essential function

in development, reproduction or survival. This would not be implausible as some insects such as
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D. melanogaster have lost DNMTs altogether and do not methylate their DNA (Urieli-Shoval et
al., 1982). However, previous studies have demonstrated that DNMT1 knockdown in insects leads
to decreased genome wide methylation levels (Amukamara et al., 2020; Bewick et al., 2019;
Ventos-Alfonso et al., 2020). Together, these findings imply that while we successfully introduced
frameshift mutations into the second exon of DNMT1, these mutations likely did not lead to the
intended consequence of disrupting the mRNA reading frame and inactivating the DNMT1

protein, which appears to have retained its methylation function.

3.3 RNA SEQUENCING AND TRANSCRIPTION

Despite the introduction of frameshift mutations into the second exon of the DNMT1 gene, we did
not observe any changes in the global DNA methylation levels, implying that DNMT1 function
had not been affected. Indeed, recent studies have found that frameshift mutations using
CRISPR/Cas9 in early exons do not always result in gene inactivation, and may even induce exon

skipping or alternative splicing (Mou et al., 2017; Smits et al., 2019; Zhang et al., 2020).

We used RNA sequencing to further investigate this phenomenon in the context of DNMT1 second
exon mutagenesis. Specifically, we wanted to understand the implication of these frameshift
mutations on gene transcription, including that of DNMTI1. We sequenced mRNA of three
DNMT1gl mutants (-8bp / -7bp genotype) and three wildtype nestmates (of the same genetic line).
We first verified that the genomic DNMT1gl mutations that we had observed using Sanger
sequencing of amplified DNA were transcribed to mRNA successfully. We evaluated this by
manually examining aligned mRNA reads to the second exon of the DNMTI1 gene. For this

genotype, we observed both the expected frameshift mutations (-8bp and -7bp) in mRNA at the
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predicted mutagenesis location and did not see any anomalies at this location in the wildtype
animals (Figure 3.5). This provided concrete evidence that these frameshift mutations are

successfully transcribed into mRNA.
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Figure 3.5. DNMT1g1 Mutation in mRNA Reads Aligned to the DNMT1 Second Exon.

mRNA sequences aligned to the DNMT1g1 mutation target region. Each box encompasses mRNA
sequences from a single replicate. Frameshift mutations observed in three DNMT1gl mutants (A)
of a single genotype (-7bp / -8bp) but not in mRNA sequences of wildtype animals (B) at the same
locus. The mutation in the genome of these animals is transcribed and correctly spliced into the

second exon for DNMT1.

After observing faithful transcription of the DNMTIgl frameshift mutations, we explored if
alternative splicing or exon skipping could explain the lack of DNMT1 gene inhibition in these

animals. All reads aligned to the DNMT1 gene were plotted as sashimi plots, allowing for
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visualization of splice junctions. As expected, we were able to observe both native splice variants
of DNMT1 (XM 011352333.3 and XM 011352329.2) in the wildtype animals, with
XM _011352333.3 appearing to be the major isoform and only a small fraction of the reads aligning
to the alternative first exon of XM 011352329.2 (Figure 3.6). This minor isoform,
XM 011352329.2, was only observed in two of the three wildtype replicates (Figure 3.6). In the
mutants, only the major, XM _011352333.3, isoform was observed, but it is possible that both
splice variants would have been observed with increased coverage. While a few splicing anomalies
were present in the first DNMT1gl replicate, no major alternative splicing events were observed
consistently across mutant replicates (Figure 3.6). This result implies that there must be an
alternate explanation for the lack of observable phenotypes including changes in methylation, as

the frameshift mutations are faithfully transcribed and not spliced out of the mRNA.
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Figure 3.6. Splicing in the DNMT1 Gene in DNMT1g1 Mutants.

(A —B) Three mutants (A, blue) of a single genotype (-7bp/-8bp) and wildtype (B, grey) replicates
shown on sashimi plots with read depth represented as graph height, and the number of reads
spanning each splice junction indicated. (C) Two splice variants of DNMT1 (XM 011352333.3
(1) and XM 011352329.2 (2)) shown. XM _011352333.3 appears to be the major splice variant
across all replicates. XM _011352329.2 detected only in two of the three wildtype replicates. No
major novel splice variants observed across mutant replicates. In the first DNMT2g1 mutant, a
single read is seen skipping exon 4 and two reads indicate possible alternative splicing of exon 7.

Neither of these anomalies were observed in either of the remaining two mutant replicates.
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Finally, we used the RNA sequencing data to evaluate differential gene expression between
DNMTI1gl mutant and wildtype animals. We found that a majority of genes, including DNMT]1
(LOC 10528975), did not appear to be differentially expressed (Figure 3.7). Out of 13,123 genes
with aligned mRNA reads, only 4 (0.03%) were differentially expressed at an adjusted p — value
cutoff of 0.01 and none at 0.005. None of these genes appeared associated with DNA methylation
or methyltransferases and included flocculation protein FLO11 (LOC105284632, padj. = 0.0069),
general odorant — binding protein 72 (LOC105287745, padj. = 0.0069), an uncharacterized protein
(LOC105279809, padj. = 0.0070), and alpha — tocopherol transfer protein — like (LOC105284890,
padj. = 0.007). It is possible that these four “differentially expressed” genes are false positives.
Finally, the lack of decrease in DNMT1 expression in DNMT1g1 mutants provided evidence that
the early frameshift mutation in this instance likely did not lead to nonsense mediated decay of the

mRNA transcript (Figure 3.7).
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Figure 3.7. Analysis of Differential Gene Expression Resulting from DNMT1g1 Mutagenesis.
(Left) Frequency distribution of adjusted p — values resulting from differential gene expression
analysis between wildtype and DNMTIgl mutant animals of the -7bp / -8bp genotype. No
significant difference is seen in the vast majority of all genes between the genotypes. (Right)
Normalized counts of reads for wildtype compared to DNMTIgl transcripts aligning to
LOC105286975 (O. biroi DNMT]1 gene locus). No significant difference is observed (adjusted p.

value = 0.9997).

3.4 DISCUSSION AND FUTURE DIRECTIONS

Since its discovery, CRISPR/Cas9 has been widely used as a tool for gene deletion and gene
inactivation (Jinek et al., 2012; Ran et al., 2013). Introduction of a single double stranded break,
early in the coding region of the gene, can lead to small insertions and deletions at the cut site, due

to the error prone non-homology end joining repair mechanism (Ran et al., 2013). This will often
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generate a frameshift mutation resulting in gene inactivation by RNA degradation via nonsense
mediated decay (Popp and Maquat, 2016; Rubio et al., 2016) or reading frame disruption and
translation disruption due to an early stop codon. However, recent studies have demonstrated that
successful frameshifting of a gene does not always result in gene inactivation (Mou et al., 2017;
Smits et al., 2019; Sui et al., 2018; Zhang et al., 2020). Interestingly, small insertions and deletions
generated by CRISPR/Cas9 have been shown to induce splicing, which can ultimately rescue gene
function (Mou et al., 2017; Zhang et al., 2020). In one study, researchers demonstrated that an
early termination codon as a result of the frameshift mutation can, itself, induce nonsense mediated

splicing and rescue gene function (Sui et al., 2018).

In these experiments, we were able to successfully generate multiple DNMT1 mutants, by
introducing frameshift mutations into the second exon, penetrate the germline and propagate these
mutations across multiple generations. We did not observe a decrease in methylation levels as
expected, or any abnormalities in development, reproduction or survival. Upon RNA sequencing,
we were able to confirm faithful transcription of the genomic frameshift mutations into mRNA
and did not observe any major alternative splicing or exon skipping. Ultimately, the means of gene

“rescue” in this instance remain unknown.

There are many possible explanations for remaining DNMT1 function despite these findings. For
instance, it is possible that a minor splice variant exists in the mutants, which is able to rescue the
reading frame, but was not detected in the RNA sequencing due to limitations in read coverage.
Other explanations for this phenomenon could include mechanisms such as an alternate translation
start site, translation reinitiating or ribosomal skipping during translation. Future work to
understand the mechanism of gene rescue would require assessment of the resulting DNMT]1
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protein. For instance, methods such as Western blot could be used to detect changes in protein size
and Mass Spectrometry could be used to evaluate possible missing peptides. These experiments
would shed light on exactly which components of the DNMTI1 protein are retained in the
DNMTIgl mutants. If these experiments demonstrate that DNMTI1gl mutants contain an
incomplete DNMTT1 protein, additional studies may lead to novel insight into the structure and
function of this protein in insects. Moreover, understanding the mechanisms of biological plasticity
available for gene rescue after mutagenesis may lead to discoveries with valuable biomedical

applications.

Finally, this study provides a valuable example of the importance of phenotype validation in the
context of CRISPR/Cas9 mutagenesis. As this technique becomes more popular and widely used,
researchers should be aware of its drawbacks and unexpected results, despite successful
mutagenesis. It is crucial that all mutants generated using CRISPR/Cas9, particularly by means of
introducing frameshift mutations, are validated using an assay of protein detection (including
methods such as immunohistochemistry), or protein function (in this instance WGBS). Without
validation that the mutation induced the expected effect on the target gene, any phenotypes

observed cannot be conclusively attributed to the expected protein inhibition.
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CHAPTER 4. DNMT1 CATALYTIC DOMAIN MUTAGENESIS LEADS TO DNMT1

INHIBITION

After additional evaluation of the O. biroi DNMT1 gene, we selected a new mutagenesis target in
the catalytic domain at exon 11 (Figure 2.2). Importantly, all DNMTs including DNMTI1 and
DNMT3 carry a conserved cysteine residue in their catalytic domain, which in DNMTI, is
essential for methyltransferase activity but not DNA binding (Hsieh, 1999; Poésfai et al., 1989).
Point mutations at this residue in DNMT1 have resulted in loss of genome wide DNA methylation

and a knockout — like phenotype in mouse embryonic stem cells (Damelin and Bestor, 2007).

We aligned the O. biroi DNMT]1 protein to the mammalian DNMT]1 and identified this cysteine
residue within the O. biroi DNMT]1 protein as Cys1020 (isoform 1, NCBI Reference Sequence:
XP 011350631.1) or Cys1014 (isoform 2, NCBI Reference Sequence: XP 011350635.1). We
designed gRNAs to target just upstream of this residue in order to ensure that any exon skipping
or alternative splicing that may ensue would also lead to a loss of this residue and render the protein
inactive. After careful selection and testing of our reagents, we were able to successfully generate
frameshift mutations at this target site in eggs and rear the animals to adulthood (see below).
However, although female and male mutants were able to undergo normal development, we were
not able to propagate these animals beyond the GO generation, because the mutation resulted in
female sterility and early mortality. Furthermore, we observed a drastic decrease in genome wide
DNA methylation levels. Finally, the mutation did not lead to more “queen — like” traits, and

instead gave rise to sterile, and possibly smaller, more “worker — like” ants.
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4.1 REAGENT VALIDATION AND MUTANT GENERATION

Using similar methods to those described in Chapter 3, Section 1 for in vitro testing of DNMT1g1
reagents, we designed and tested four unique synthetic guide RNAs for DNMT1g2. We also
developed and tested new DNMT1 primers to amplify the DNMT1g?2 target site (see Chapter 8 —
Materials and Methods). All guide RNAs exhibited enzymatic activity, in conjunction with Cas9,
when incubated with amplified PCR product of the DNMTT catalytic domain target site (Figure
4.1). As previously noted in Chapter 3 (Figure 3.1), we again observed DNA of higher molecular
weight in multiple samples when compared to the control amplified PCR product (DNMT1 amp.).
It is possible that this is due to contamination, or again, likely evidence of incomplete DNA

digestion with the Cas9 / gRNA complex still bound (Figure 4.1).
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Figure 4.1. DNMT1g2 Guide RNA in vitro Verification.

The genomic coding region for a segment of the DNMT]1 catalytic domain, which includes the
target sites for all four DNMT1g2 guides, amplified by PCR and purified (DNMT1 amp.). This
purified PCR product was then diluted to 100 ng/ul and incubated with Cas9 enzyme and each
tested guide RNA (1 —4), respectively. Results shown on gel electrophoresis. Intact DNA fragment
without fragmentation seen in the control sample (DNMT1 amp., left), which was incubated with
Cas9 without gRNA. Fragmentation of DNA observed on incubation with Cas9 and any of the
four potential gRNAs. Remaining DNMT1 amplicon seen in all digested samples, implying partial

digestion. Molecular weight ladder shown and annotated on left.

After validating activity of all synthetic guide RNAs in vitro, we selected gRNA 3 for in vivo

testing and generation of mutants. For this experiment, 812 eggs were injected with the CRISPR
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reagents (100ng/ul Cas 9 and 100 ng/ul DNMT1g2 gRNA3), of which 14 transitioned and 8 larvae
hatched (hatch rate 0.985%). As with previous experiments, high mortality was observed among
injected eggs when compared to 188 control eggs reared in parallel of which 127 hatched (hatch
rate 67.6%). Unlike guides tested for DNMTl1gl, the DNMT1g2 gRNA3 was highly effective,
with mutagenesis observed in all recovered Sanger sequences of arrested eggs (n = 12),
transitioned eggs (n = 2) and larvae (n = 7). Importantly, observation of mutagenized larvae,
particularly larvae with no wildtype DNMT1 sequences, demonstrated that disruption of the
DNMTI1 gene near the essential cysteine residue, in the catalytic domain, does not lead to

embryonic lethality.

After we validated the CRISPR/Cas9 reagents, as well as embryonic viability after mutagenesis,
we attempted to generate and rear GO DNMT1g2 adults across two separate experiments. In the
first experiment, 3,227 line B eggs were injected, of which 167 transitioned and 109 larvae hatched
(hatch rate 3.4%). Meanwhile, 287 out of 617 control eggs, which were not injected, hatched (hatch
rate 46.5%). Of the hatched larvae, 92 were fostered across four rearing units with line A
chaperones. Of these rearing units, one was excluded form analysis because all six GO animals,
which reached adulthood, carried wildtype alleles. The remaining three units, which produced
mutants, generated 18 GO adults, of which four were mutant and 14 were wildtype. Finally,
uninjected eggs were reared to adulthood, in parallel, to be used as matched controls. Animals
from this experiment were used for morphometric studies (Section 4.2), evaluation of genome

wide methylation (Section 4.2), and immunohistochemistry (Chapter 5).

In the second experiment, high egg mortality was again observed when 2,416 line B eggs were
injected of which 72 transitioned and 45 hatched (hatch rate 1.9%). Meanwhile, 230 out of the 378

41



control eggs hatched (hatch rate 60.8%). Of the hatched GO larvae, 39 were fostered into rearing
units with line A chaperones, and ultimately 9 female GOs and 1 male GO eclosed. Of these 9
females, one died within 24 hours of eclosion and was excluded from analysis. Mortality
immediately after eclosion is often observed in wildtype colonies and may be an indication of
developmental abnormality independent of mutagenesis. The remaining 8 GO females were used

to evaluate survival and reproduction phenotypes.

Across these two experiments, we were able to generate multiple unique alleles, which included
both insertions and deletions, at the target mutation locus (Figure 4.2). Because we are unable to
propagate these mutants beyond the GO generation (see below), all phenotyping experiments were
carried out on the GO animals. Because of the possibility of mosaicism in the GO generation (Figure
2.1), only a subset of alleles generated are shown and individual alleles cannot be resolved with
certainty for each animal, unlike those of G1 DNMT gl adults discussed in Chapter 3. Although
mosaicism is possible in the GO adults (Figure 2.1), we did not find evidence of mosaicism in this
experiment; for each wildtype and mutant animal only wildtype or mutant alleles were observed

using Sanger sequencing respectively.
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A PAM ER

GAAGGGAGAAGTCGAGCTCCf&TGCGG GGGCCACCGiGT
gRNA

B GAAGGGAGAAGTCGAGCTCCTGCTCGGTGCGGTGGGCCACCGTGT
S GAAGGGAGAAGTCGAGCTCC- - TGCGGTGGGCCACCGTGT
GAAGGGAGAAGTCGAGCTCNTGAGTGCGGTGGGCCACCGTGT
GAAGGGAGAAGTCGAGCTCCTTCTGGGGCGGTGGGCCACCGTGT
GAAGGGAGAAGTCGAGCTCCTCGTGCGGTGGGCCACCGTGT

WT

DNMT1

Figure 4.2. DNMT1g2 Mutant Genotypes Observed in G0 Adults.

(A) Wildtype allele at the DNMT1g2 mutagenesis target site, with guide RNA sequence (blue),
PAM sequence, expected cut site (red arrowhead) and codon for essential cysteine residue (ER)
noted. (B) A subset of recovered DNMT 1g2 mutant alleles from Sanger sequencing of GO animals.
All sequences were scored and aligned manually. Insertions denoted in green and deletions
indicated with grey dashes, base changes shown in purple, unresolved bases noted (“N”). Because
it is possible for these animals to be mosaic, exact allele genotypes cannot be conclusively resolved

per animal, and therefore, only a subset of alleles generated is shown.

4.2 MUTANT VALIDATION AND PHENOTYPING

All GO animals from the first experiment were female and underwent normal development,
including metamorphosis, and developed grossly normal features. Mutant animals were not
visually distinguishable from wildtype (Figure 4.3) and could only be separated using DNA

amplification and Sanger sequencing.
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Figure 4.3. DNMT1g2 Mutant Female Gross Morphology.
Gross morphology of O. biroi wildtype animals (top) compared to a GO DNMT1gl mutant
(bottom). DNMT1g2 mutant females develop grossly normal morphology and are able to undergo

largely normal developmental program from egg to adulthood including metamorphosis.

While wildtype O. biroi colonies are entirely made of female workers, short lived males can be
observed at a low frequency. Although they are usually haploid, diploid males have been observed

occasionally. In our second experiment, one of the GO animals was male, and appeared to develop
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grossly normal features (Figure 4.4). Upon repeated genotyping, with Sanger sequencing, only a
single allele with a five base pair insertion (+ “CGAGC”) was recovered. It is possible that only
one allele was amplified by PCR in a heterozygous animal, if, for instance, there is a large size
disparity between allele sizes, or if both alleles carry the same mutation. However, because
haploidy is common among males, and the same single allele was recovered from multiple
independent rounds of Sanger sequencing, this male was likely a haploid mutant. In this animal, it

should be noted that the wings did not fully eclose, however, this may be independent from

DNMT]1 mutagenesis.

Figure 4.4. DNMT1g2 Mutant Male Gross Morphology.
DNMTI1g2 mutant GO male with a 5 base pair insertion in the DNMTI1 catalytic domain

(“+CGAGC”) is able to successfully complete normal development.

To evaluate the impact of the DNMT1g2 mutation on DNMT1 gene function, we measured

methylation levels using whole genome bisulfite sequencing (WGBS). We extracted DNA from
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the remaining tissue of four mutant and four wildtype DNMT1g2 GO animals, after the ovaries
and head had been removed. Global DNA methylation and any changes in this tissue are assumed
to be representative of all tissues in the GO animal, including the removed brain and ovary tissue,
because work in other insects demonstrated that there are no tissue specific differences in global

DNA methylation levels (Amukamara et al., 2020).

The bisulfite conversion rate was ~ 99.4% for all samples, with no significant differences in
bisulfite non — conversion across genotypes. When correcting for cytosine bisulfite non —
conversion, 1.02% of the genome was methylated in the wildtype ant tissue (95% CI, 0.90%,
1.24%) compared to 0.26% in the DNMT1g2 GO mutant tissue (95% CI, 0.21%, 0.31%),
demonstrating a fourfold decrease in global methylation in the mutants (Figure 4.5). This result
provided direct evidence of DNMTI1 inactivation as a result of the DNMTI1g2 mutation.
Furthermore, this is consistent with other insect studies, where decreased methylation levels are
observed as a consequence of DNMT 1 depletion by RNA interference (Amukamara et al., 2020;
Bewick et al., 2019; Ventds-Alfonso et al., 2020). The remaining detected global methylation in
the mutants can be attributed to a number of potential factors including undetected mosaicism,
maternal provisions of wildtype DNMT]1 protein, and methylation carried out by DNMT3 or

another uncharacterized protein.
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Figure 4.5. Genome — Wide DNA Methylation in DNMT1g2 Mutants.

Genome — wide methylation analysis using low coverage Whole Genome Bisulfite Sequencing.
Data shown is corrected for bisulfite non — conversion estimates. Each data point represents DNA
extracted from the body of a single ant after the head and ovaries had been removed. Drastic

decrease in methylation observed in DNMT1g2 mutants compared to wildtype animals (Unpaired

t— test, p < 0.0001).

After validating the impact of the DNMT1g2 mutation on DNMT1 function, as observed by
decreased methylation, we wanted to characterize the impact of DNMT1 inhibition on caste and
morphology. In social insects, more reproductive, or “queen — like” individuals, tend to be larger
in body size (Trible and Kronauer, 2021). Furthermore, previous studies in social insects, including
ants, have argued that DNMTs and DNA methylation suppress “queen — like”” development, and
that decreased levels of methylation are associated with larger, more “queen — like” individuals

(Alvarado et al., 2015; Kucharski et al., 2008). To evaluate the possibility of such morphological
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changes, GO ants were restrained, photographed under a microscope, and different body segments
were measured. Recorded measurements included head length and width, thorax length and width,

petiole length, post petiole length and gaster length (Figure 4.6).

Head Width Thorax Width

Thorax Length  Petiole Length B
Gaster Length

Head Length Post Petiole Length

Figure 4.6. Diagram of Female O. biroi Morphological Measurements.

Diagram showing morphometric traits which were measured and compared between wildtype and
mutant DNMT1g2 GO animals. Importantly, all segments were measured in a consistent manner,
independent of slight variation in positioning of the ant. Together, “Head Length”, “Thorax
Length”, “Petiole Length”, “Post Petiole Length” and “Gaster Length” provide a proxy

measurement for total body size which can be measured consistently across ants.

All measurements were compared for three groups — GO mutant (Inj. (Mut.)) and wildtype (Inj.
(WT)) nestmates, as well as a control group of ants (Control). This second control group stemmed
from eggs which were collected simultaneously as the GO eggs, but were not injected with

CRISPR/Cas9 reagents, and reared in parallel. To account for minor variation in ant orientation, a
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sum of the cuticle lengths was used as a proxy for total body size (Figure 4.6). Overall, the GO
mutants appeared slightly smaller when compared to either GO wildtypes (Tukey’s multiple
comparisons test, p = 0.050) or the uninjected control group (Tukey’s multiple comparisons test,
p = 0.019) (Figure 4.7). Specifically, a significant difference was observed in post petiole length
(one —way ANOVA, p =0.0460) and gaster length (one — way ANOVA, p =0.0022) between the

three groups. No other measured features differed at a statistically significant level (Figure 4.7).

While differences in morphology were observed, and DNMT1g2 mutants may appear slightly
smaller than their wildtype nestmates, further studies would be necessary to provide concrete proof
of an association between this mutation and “worker — like” body size. However, when taken
together with the observed decreased methylation levels in these mutants (Figure 4.5), this result
provides compelling evidence against the idea that DNA methylation suppresses “queen — like”

traits, including body size, in social insects (Alvarado et al., 2015; Maleszka, 2008).
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Figure 4.7. DNMT1g2 Mutant Morphological Feature Measurements.
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Morphology measurements compared across two groups of samples — eggs which were injected
(Inj.) with Cas9 and gRNA targeting DNMT1g2 or not injected and reared in parallel (Control).
Injected eggs were reared to adulthood, and adults genotyped to evaluate which animals carried
mutations at the target site in the DNMTT catalytic domain (Mut.), and which did not (WT). (A)
Body Size, as measured by the summation of head length, thorax length, petiole length, post petiole
length and gaster length (Figure 4.6). Mutants appear slightly smaller compared to wildtype
animals (one — way ANOVA, p = 0.0248). (B — F) No significant difference is observed in Head
Width (one — way ANOVA, p =0.2178), Head Length (one — way ANOVA, p = 0.5659), Thorax
Width (one — way ANOVA, p = 0.9883), Thorax Length (one — way ANOVA, p = 0.1018), or
Petiole Length (one — way ANOVA, p = 0.1390). (G) Significant difference observed in Post —
Petiole Length (one — way ANOVA, p = 0.0460) between the three groups. (H) Significant
difference observed in Gaster Length (one — way ANOVA, p = 0.0022) between the three groups.
Multiple comparisons (Tukey’s multiple comparisons test) p — values indicated where significant

differences are observed on each graph. Lines indicate mean and standard deviation.

Finally, we aimed to evaluate the impact of DNMT]1 inhibition observed in these DNMT1g2
mutants on fecundity and survival. For these experiments, eight GO ants were placed in a colony
with painted line A chaperones. Carcasses of any perished GO ants were removed and frozen, at
regular intervals. After 61 days, only two GOs remained in the colony, and were sacrificed. Six of
the eight original GOs could be successfully genotyped, of which four were mutant. There was a
drastic increase in mortality among the GO mutants when compared to their GO wildtype nestmates

(log — rank test, p = 0.049) (Figure 4.8).
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All eggs were removed from the colony and genotyped, to reveal 19 eggs stemming from the GOs
(line B), which were successfully genotyped, and revealed to all be wildtype. This differed
significantly from the frequency of mutants observed in the colony (four out of six genotyped)
(Fisher exact test, p = 0.0012) (Figure 4.8). These data provide compelling evidence that DNMT1

inactivation as a result of the DNMT1g2 mutation leads to sterility.

These results are consistent with previous studies in insects, which have shown DNMT1 to play
an important, potentially methylation independent, role in oogenesis and spermatogenesis
(Amukamara et al., 2020; Bewick et al., 2019; Schulz et al., 2018; Ventos-Alfonso et al., 2020;
Washington et al., 2020). However, the mechanism of this function of DNMT 1, and its relationship
to DNA methylation, remains unknown. Furthermore, it is possible that the increased mortality
observed in these mutants may not be a direct consequence of decreased DNA methylation. Rather,
this could be an indirect result of the observed abnormalities in oogenesis and reproductive system

function.
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Figure 4.8. DNMT1g2 Reproduction and Survival.

(Left) Survival of DNMT1g2 GO mutants compared to wildtype animals. Of the six animals for
which genotypes could be recovered, all mutants died in the first two months, meanwhile at 61
days, the two wildtypes within the colony remained alive, demonstrating a drastic survival deficit
as a result of mutation in the DNMT]1 catalytic domain (Log — rank test, p = 0.0494). (Right) Out
of the six GO animals retrieved, four were mutant and two were wildtype, but all 19 sequenced
eggs were wildtype, indicating a decrease in fertility or complete reproductive sterility as a result

of mutagenesis in the DNMT]1 catalytic domain (Fisher exact test, p = 0.0012).

4.3 DISCUSSION AND FUTURE DIRECTIONS

We successfully generated and reared DNMT 1 catalytic domain mutants. The DNMT1g2 mutation
led to DNMTT inhibition, which we were able to observe as a drastic decrease in genome wide
CpG methylation levels. Despite this inhibition and drastic in DNA methylation, both male and
female GO mutants were able to largely develop normally, including undergoing metamorphosis.
The only developmental abnormality observed was the incomplete eclosion of the GO mutant

male’s wings. However, this phenotype may not be associated with DNMT1 mutagenesis, because
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it has previously been observed in wildtype males within stock colonies. Yet, it should be noted
that abnormal male wing development, in the context of DNMTI impairment, is not
unprecedented, and has previously been observed in Phenacoccus solenopsis, the cotton mealybug
(Omar et al., 2020). Therefore, further investigation is warranted to understand if this phenotype

1s associated with DNMT1 inhibition in O. biroi.

In these DNMT1 mutants, normal development is a notable finding, as all previous attempts at
DNMT1 mutagenesis have resulted in embryonic lethality (Brown and Robertson, 2007; Damelin
and Bestor, 2007; Li et al., 1993, 1992). However, all of these previous experiments were
conducted in mammals, where DNMTs and DNA methylation may play a different role, including
in genomic imprinting and X chromosome inactivation. Additionally, DNMTs may not be
essential to insect development as some insect species, such as D. melanogaster, have lost DNMTs

altogether, and do not need to methylate their DNA (Urieli-Shoval et al., 1982).

Most methylation in insects that methylate their DNA, including O. biroi, appears to be
concentrated in the gene bodies, and is pronounced at constitutively expressed, housekeeping,
genes (Libbrecht et al., 2016). As a result, if DNA methylation were a major transcriptional
regulator, global disruptions in methylation would have led to dysregulation of housekeeping
genes. Dysregulation of these genes can be expected to trigger replication checkpoints or lead to
embryonic lethality. The fact that normal development was observed, despite vast decreases in
methylation, argues against the proposition that DNA methylation plays a direct role in
transcriptional regulation, consistent with recent work in the field, which has further disputed this

relationship (Bewick et al., 2019; Cardoso-Junior et al., 2021; Patalano et al., 2015).
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Nonetheless, future work to understand DNMT1 in this species would benefit from RNA
sequencing to evaluate the impacts of DNMTT1 inhibition on gene transcription. Because these
animals have abnormal reproduction and longevity, it should be expected that differential gene
expression will be observed. However, the genes which are differentially expressed (DEGs) in
DNMT1g2 mutants will likely be a combination of those responsible for the observed phenotypes
and those whose expression may change as a result of these phenotypes. Among all differentially
expressed genes, these two groups of DEGs may be difficult to disentangle. However, RNA
sequencing may give us concrete evidence regarding the direct relationship between gene body
DNA methylation and transcription. In principle, if DNA methylation were to suppress gene
expression, all genes where methylation is decreased in the mutants should also be upregulated in
expression. However, it is likely that this relationship does not exist or is indirect. For instance,
only changes in methylation of certain transcription factors may directly regulate their expression,

which in turn could regulate the expression of many other genes.

Despite normal development, the animals carrying the DNMT1g2 catalytic domain mutation in
DNMT1 were sterile. This is consistent with other research in insects, where inhibition of DNMT 1
during development by RNA interference leads to sterility in adults, demonstrating the importance
of DNMTT1 in oogenesis and spermatogenesis (Amukamara et al., 2020; Arsala et al., 2021;
Bewick et al., 2019; Schulz et al., 2018; Ventos-Alfonso et al., 2020; Washington et al., 2020).
Further studies of the ovarian structure are an essential first step in further evaluating this
phenotype (discussed in Chapter 5), as in some of these studies, DNMT1 inhibition led to abnormal
ovarian somatic tissue (Amukamara et al., 2020). Furthermore, questions remain about whether

the role of DNMTT1 in the ovaries and oocytes is methylation independent. This is because sterility
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is observed after inhibition of DNMT1 in Tribolium castaneum, a species which carries a copy of

the DNMT1 gene, but has no discernable levels of DNA methylation (Schulz et al., 2018).

Additionally, it is not clear whether the mortality observed is a direct consequence of decreased
DNA methylation or a byproduct of the reproductive sterility. In social insects, less reproductive
individuals tend to have a drastically decreased life span (Keller, 1998). However, it is also
important to note that this mutation may not mimic physiological sterility of worker ants, and while
mortality may result from this sterility, the underlying mechanism may be different. Furthermore,
it is possible that neither the sterility nor mortality observed are a direct consequence of DNMT1
inhibition. This would be the case if, for instance, inhibition of DNMT1 and/or DNA methylation

leads to endocrine dysfunction, which could ultimately result in both phenotypes.

Interestingly, we did not observe an association between decreased methylation levels and larger,
more “queen — like” individuals (Bonasio et al., 2012; Maleszka, 2008). The DNMT1g2 mutants
had decreased genome wide methylation levels, and simultaneously, appeared smaller and were
sterile. Our results argue against the idea that DNA methylation is an inhibitory mechanism to
“queen — like” development in social insects. However, because O. biroi is a queenless species, it
is possible that reproductive caste regulation in this species is not representative of caste regulation
in social insects. Nonetheless, further studies on DNMT1 inhibition by means of mutagenesis or
RNAI in social insects with distinct reproductive castes are warranted to investigate this

relationship.
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CHAPTER 5. DNMT1 mRNA AND PROTEIN LOCALIZATION PATTERNS IN O.

BIROI

To understand the basis of the phenotypes observed in DNMTT1 catalytic domain mutants, we
aimed to characterize the DNMT1 protein and localize DNMT1 gene expression. In previous
studies on ants, DNMT1 expression seemed particularly high in ovaries (Arsala et al., 2021; Zwier
et al., 2012). In the cotton mealybug, researchers found a 30 fold increase in DNMTT transcription
among gravid females when compared to virgins (Omar et al., 2020). Furthermore, previous work
in various insect species identified DNMTT1 to play an essential function in oogenesis, while
inhibition of DNMT 1 resulted in abnormal ovary phenotypes (Bewick et al., 2019; Washington et
al., 2020). We used fluorescence in situ hybridization to localize DNMT1 mRNA transcripts
within the ant ovary. Furthermore, we used immunohistochemistry to visualize the DNMT]1
protein in the same cells. Importantly, we observed large amounts of maternal DNMT1 transcript
and protein, provisioned into oocytes from an early stage, potentially weeks before the completion

of meiosis and initiation of mitosis.

5.1 O. BIROI OVARY ANATOMY

Female O. biroi reproductive anatomy is similar to that of other social insects, including A.
mellifera (Dearden, 2006). Workers have two polytrophic meroistic ovaries, each composed of
one to three ovarioles. Each ovariole is composed of the vitellarium, germarium and terminal
filament (Figure 5.1). Unlike the reproductive castes observed in other social insects, with a highly
fertile “queen” caste and a sterile “worker” caste, in this queenless species, all female workers are

able to activate their ovaries and reproduce during the reproductive phase of their reproductive
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cycle (Ravary et al., 2006; Ravary and Jaisson, 2002). In each ovariole, stem cells within the
germarium enter meiosis and the young oocyte travels to the vitellarium. Here the developing
follicle is surrounded by follicular cells and receives nourishment from an adjacent bundle of nurse
cells (Figure 5.1). Unless reproduction is inhibited by brood signaling during the brood care phase

of the reproductive cycle, (Ravary et al., 2006), the follicle will continue to grow until oviposition.

Often, multiple highly developed oocytes can be observed simultaneously in O. biroi ovaries
(Figure 5.1), but it is not yet known how many eggs a single individual can lay per reproductive
cycle, and how this number changes with variation in ovariole number. The mitosis to meiosis
transition occurs in the O. biroi ovariole, and meiosis progresses through prophase I, the
completion of which can be observed immediately post — partum. This is followed by reductional
division and central fusion to create genetically clonal offspring (Oxley et al., 2014). Because
DNMT1 is known to copy methylation patterns during replication, we expected to see increased
signal in the germarium, where both the embryonic and somatic stem cells can be found (Kirilly

and Xie, 2007).
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Figure 5.1. O. biroi Ovary Anatomy.
Fluorescent image showing two O. biroi ovaries, composed of five total ovarioles. DAPI used to
visualize DNA (black). Each ovariole is made of the terminal filament, germarium and vitellarium.

Ovaries appear very “active”, with large oocytes (right bottom), as well as oocytes in various
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earlier stages of development, observed in each of the ovarioles. The oocyte is surrounded by
follicular cells and connected to an adjacent bundle of nurse cells which provide nutrients through

early oogenesis.

5.2 DNMT1 mRNA AND PROTEIN IN THE O. BIROI OVARY

To visualize DNMT1 transcription in the O. biroi ovary, we used a previously established mRNA
fluorescence in situ hybridization (FISH) protocol in the species (Fetter-Pruneda et al., 2021). We
were able to observe fluorescence signal, representing DNMTT transcription, in the cytoplasm of
oocytes, nurse cells and some cells in the germarium (Figure 5.2). This signal is specific to
DNMTI1 transcripts, rather than autofluorescence, because we did not observe the same
fluorescence pattern in the negative controls, which were processed in parallel, but without the

DNMT1 mRNA detection probes (Figure 5.2).
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Figure 5.2. DNMT1 mRNA Fluorescence in situ Hybridization in Ovaries.
(Top) Negative control ovaries were incubated and processed using a previously established
protocol for FISH in O. biroi (Fetter-Pruneda et al., 2021), in parallel, without the addition of

probes targeting DNMTI1 mRNA. Diffuse observed fluorescence seen throughout the ovary
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corresponds to signal from autofluorescence (Right, Red Channel). DNA labeled with DAPI in
grey. (Bottom) Addition of probes designed to target DNMT1 mRNA results in increased
fluorescence specific to cells in the germarium, as well as cytoplasm of nurse cells and some
oocytes within the vitellarium. Fluorescence signal corresponds to presence of active DNMT1

transcription in these cells. DNMT1 mRNA labeled in red, DNA labeled with DAPI in grey.

Next, we aimed to visualize the DNMTI protein within the same tissue using protein
immunohistochemistry. A commercial antibody, designed to target the conserved mammalian
DNMTI1 catalytic domain, was obtained. We observed protein signal in cells within the
germarium, nurse cells, follicular cells. Additionally, DNMT1 protein appeared to be maternally
provisioned into oocytes (Figure 5.3). Unlike the mRNA FISH, this signal was nuclear and co —
localized with the DAPI stained DNA, consistent with the previous understanding of DNMT1’s

main function in methylating DNA within the nucleus.
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Figure 5.3. DNMT1 Protein Immunohistochemistry in Ovaries.

(Top) Ovary immunohistochemistry of O. biroi ovary, which was not incubated with primary
antibody against DNMT1, but processed in parallel. DNA shown in grey labeled with DAPI.
Diffuse signal seen in the DNMTT1 channel represents autofluorescence or nonspecific secondary
antibody binding, serving as a negative control. (Bottom) O. biroi ovary tissue incubated with
DNMT1 antibody shows signal specific for DNMT1 protein. Increased signal observed in the
germarium, nurse cells, follicular cells as well as within the oocyte. DNMT1 signal co — localizes

with the DAPI stain, implying nuclear localization.
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After observing DNMT1 protein and mRNA being maternally provisioned into oocytes, we
wanted to further investigate this phenomenon, and how the pattern may change through the oocyte
development. In O. biroi, developing oocytes can usually be observed in all ovarioles (Figure 5.1).
Furthermore, within each ovariole, oocytes originate in the germarium and travel to the vitellarium
as they mature and as a result, multiple oocytes, of various developmental stages can be observed
in a single ovariole. This allowed us to visualize DNMT]1 in the oocytes during early and late
developmental stages using protein immunohistochemistry. In very young oocytes, which may be
weeks from oviposition, we observed DNMTT1 signal to overlap in its entirety with the DNA signal
(visualized by DAPI), indicating that at this stage, the protein is confined to the nucleus (Figure
5.4). As the oocyte matures, this pattern changes to appear less smooth and extends beyond the
nucleus, although still surrounding the nuclear material. Additionally, foci of DNMT1 signal

appear around the perimeter of the oocyte (Figure 5.4).
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Figure 5.4. DNMT1 Protein Immunohistochemistry in Oocytes Pre — Oviposition.

(Top) DNMTT (red) signal using immunohistochemistry co — localizes with DNA, as visualized
by DAPI (grey), demonstrating confinement to the nucleus in young oocytes. (Middle) As the
oocyte matures, the nuclear material moves toward one pole and DNMT1 appears to expand
beyond the condensed nuclear material and change shape. (Bottom) In more mature oocytes, the

DNMT1 pattern expands well beyond the localization of the nucleus and foci of increased intensity
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can be observed around the edges of the oocyte as well. Arrowheads indicate location of nucleus

and loci of increased DNMT 1 protein in each oocyte.

Next, we wanted to learn more about this unique pattern of DNMT1 protein localization in
developing oocytes as they near oviposition. To evaluate the timing of this phenomenon relative
to other events during oogenesis, we used the formation of the Balbiani body as a landmark. Also
called the mitochondrial cloud, or yolk nucleus, this structure has been identified in multiple
species during oogenesis including D. melanogaster (Cox and Spradling, 2003; de Smedt et al.,
2000). This structure is composed of various organelles including mitochondria and mRNA and
its function remains unknown, although it may be involved in establishing oocyte asymmetry, or

mitochondrial proliferation (de Smedt et al., 2000).

We used an antibody against the conserved mammalian mitochondrial ATP synthase alpha subunit
(ATPSS5A) to visualize mitochondria in O. biroi ovaries. It can be expected that transcriptionally
active cells, such as the nurse cells, may require lots of energy and thereby have a high number of
mitochondria. We observed increased fluorescence in the germarium, nurse cells and oocytes
(Figure 5.5) as predicted. We did not observe this staining pattern in the negative control which
only showed diffuse nonspecific signal from autofluorescence and possible secondary antibody
binding (Figure 5.5). Finally, the mitochondrial staining signal observed was extra — nuclear as

expected, compared to the nuclear DNMT]1 staining.
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Figure 5.5. Protein Immunohistochemistry Detecting Mitochondria in O. biroi Ovaries.

(Top) Ovary fixed in paraformaldehyde and incubated with primary antibody (+ 1o Antibody)
against mitochondrial ATPS5A (Middle) and antibody against DNMT1 (Right) compared with
ovary which was only treated with DAPI and secondary antibody (-1o Antibody). (Left) DNA
labeled with DAPI in both samples. (Middle, Top) Treatment with antibody against mitochondrial
marker ATPS5A results in strong extra — nuclear signal in the nurse cells, cells in the germarium
and oocytes. (Right, Top) DNMT1 protein immunohistochemistry consistent with previous
experiments (Figure 5.3). (Bottom, Middle / Right). Diffuse brightness in ovaries not treated with
primary antibody (-1o Antibody) shows signal due to nonspecific secondary antibody binding and
autofluorescence, confirming the specificity of mitochondrial and DNMT 1 antibody signal to the

respective target.
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When looking closer at oocytes nearing oviposition, we again observed a focus of DNMT1 density
at the pole proximal to the nurse cells (Figure 5.6). Furthermore, we were able to capture a locus
of increased mitochondrial density adjacent to this DNMT1 condensation (Figure 5.6). This
condensation of mitochondria might be indicative of Balbiani body formation in these oocytes,

which may be associated with the observed DNMT1 pattern.

DNA (DAPI) Mitochondria DNMT1

Figure 5.6. Mitochondria and DNMTT1 in O. biroi Oocytes Pre — Oviposition.

Immunohistochemistry for mitochondrial marker ATPS5A and DNMT1 in large developing
oocytes within the ovary. (Left) DAPI used to visualize DNA and structure of oocyte as well as
surrounding follicular cells and adjacent nurse cell bundle. (Middle) Mitochondria visualized with
antibody against ATPS5A shows increased signal by the oocyte pole adjacent to the nurse cells.
(Right) Increased foci of DNMT1 intensity observed adjacent to the mitochondrial locus in a
similar location within the oocyte. Signals of increased DNMT1 and mitochondrial densities

appear adjacent but not overlapping.
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5.3 DNMT1 BRAIN IMMUNOHISTOCHEMISTRY

Additionally, we wanted to evaluate the presence of DNMT1 protein in the O. biroi brain using
protein immunofluorescence. However, previous studies in Solenopsis invicta have shown that
DNMT1 expression is significantly lower in the heads of ants compared to their ovaries (Kay et
al., 2018). While we observed some signal in the brain tissue including the mushroom body (Figure
5.7), this was likely due to tissue autofluorescence or nonspecific binding of the secondary
antibody, because a similar pattern could be observed in the negative control tissue, which was not
incubated with primary antibody against DNMTI1. The mushroom body antibody staining is

representative of what was observed in other brain regions.
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Figure 5.7. DNMT1 Protein Immunohistochemistry in the Brain.

(Top) O. biroi mushroom body, stained with DAPI, labelling DNA (grey) and antibody labeling
DNMT]1 (red). Diffuse signal and some punctate foci of increased fluorescence can be seen in the
DNMT1 channel. (Bottom) O. biroi mushroom body, which was processed in parallel, but without
DNMT1 antibody, shows a similar diffuse fluorescence pattern with speckled foci, likely

corresponding to signal from nonspecific secondary antibody binding or autofluorescence.
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5.4 DNMT1 PROTEIN IN DNMTI1gl AND DNMTI1g2 MUTANTS USING

IMMUNOHISTOCHEMISTRY

After localizing the DNMT1 protein using immunohistochemistry in the ovaries of O. biroi
animals, we wanted to evaluate the effects of mutating DNMT1 using both DNMTl1gl and
DNMT1g2 mutants. Because we did not observe any abnormal phenotypes or changes in
methylation in the DNMTIgl mutants, we did not expect to see any changes in protein
immunohistochemistry. Additionally, because we saw a drastic decrease in genome wide DNA
methylation, indicating DNMT]1 inhibition, in the DNMT1g2 mutants, we expected to see a
decrease or loss of DNMT]1 in protein using immunofluorescence. Furthermore, after observing
sterility in DNMT1g2 mutants, we aimed to evaluate the source of this phenotype including
possible abnormal development of the ovarian somatic tissue, or deficits impacting oogenesis

Initiation.

Morphologically, ovaries of DNMT1gl mutants appeared normal and active (with large oocytes
nearing oviposition) at a similar level as wildtype samples. As predicted, we did not observe any
differences in protein localization or quantity, in these mutants (Figure 5.8). Despite mutagenesis
of the DNMT1 gene, we observed DNMTT1 protein in the germarium, follicular cells, nurse cells
and oocytes for both genotypes of DNMTI1gl mutants (-7bp / -7bp and -8bp / -7bp), a pattern
resembling DNMT1 immunohistochemistry in wildtype animals. Additionally, the DNMT1 signal
was nuclear as previously observed in wildtype animals, implying that the DNMTI1 protein
transport into the nucleus from the cytoplasm after translation of DNMTI mRNA remained

unaffected.
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Figure 5.8. DNMT1 Protein Immunohistochemistry in DNMT1g1 Mutant Ovaries.
(Top) Reference image of DNMT1 protein immunohistochemistry in a wildtype animal (also
shown in Figure 5.3) with three ovarioles. Increased signal intensity observed in the germarium,

the nurse cells and follicular cells as previously described in Section 5.2. (Bottom) DNMTl1gl
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mutants with frameshift mutations in the second exon of the DNMT 1gene. Similar to the wildtype,
increased signal intensity seen in the germarium, nurse cells and follicular cells in mutant animals
of both genotypes (-7bp / -8bp and -7bp/ -7bp). No discernable difference in DNMT]1 protein
localization or intensity noted using immunohistochemistry when compared to wildtype ovaries,
or between the two genetic lines of DNMT1gl mutants. Highly active, developed ovaries with
large oocytes observed both in the wildtype and mutant samples. All samples were processed and

imaged in parallel.

When looking more closely at the DNMT1g1 mutant oocytes (Figure 5.9), we again observed the
same pattern of DNMT1 expression as previously observed in wildtypes (Figure 5.3). As
previously observed in wildtype animals, this pattern of DNMT1 expression again appeared to co
— stain with the nuclear DNA in young oocytes and changed as the oocyte matured in both

DNMT1gl mutant genotypes (-7bp / -8bp and -7bp / -7bp).
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Figure 5.9. DNMT1 Protein Immunohistochemistry in DNMT1g1 Mutant Oocytes.
Images showing DNMT 1 protein inside of oocytes of DNMT1gl mutants, across both genotypes
-7bp / -7bp and -7bp / -8bp, similar to signal observed in wildtype oocytes (Figure 5.4). DNMT1

appears more confined to the nucleus in younger, less developed, oocytes. This pattern changes to
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a more diffuse locus around the base of the oocyte as it matures (arrowhead). DNA shown in gray

and labeled with DAPI, DNMT1 shown in red.

Next, we aimed to evaluate the impact of the catalytic domain mutation (DNMT1g2) on ovarian
morphology and DNMT1 protein localization. In these mutants we observed decreases in
methylation levels, reproductive sterility and survival deficits. Because of the high mortality that
resulted from the mutation, ants were dissected at ~1 week of age to evaluate ovary morphology
and characterize the DNMT1 protein using immunohistochemistry. It is important to note that ants
this young may not have fully activated their ovaries yet and can be expected to have significantly
smaller oocytes which are not yet nearing oviposition. For comparison, we evaluated age matched
control ants which were reared in parallel, as well as injected GO wildtype ants, where mutagenesis
was unsuccessful. We did not observe any obvious differences in ovary morphology or antibody
staining pattern in GO wildtype animals compared to uninjected, age matched wildtypes which

were reared in parallel (not shown).

Three DNMT1g2 mutant ovaries were recovered. Of these, all ants had two ovarioles, and
appeared grossly normal, containing a terminal filament, germarium and vitellarium (Figure 5.1,
Figure 5.10). Furthermore, we observed developing oocytes in each of these mutant ovaries
(Figure 5.10). However, the DNMT1 signal appeared diffuse and not localized to the regions
observed in the wildtype ovaries. This indicates that the DNMT1 catalytic domain, which contains
the antibody target site, is absent in the DNMT1g2 mutants. The remaining diffuse signal in this

case likely is indicative of autofluorescence or nonspecific secondary antibody binding.
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Figure 5.10. DNMT1 Protein Immunohistochemistry in DNMT1g2 Mutant Ovaries.
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(Top) Protein immunohistochemistry shows DNMT]1 in ovaries of a wildtype animal. Signal can
be observed in cells within the germarium, nurse cells and oocytes (DNA labeled with DAPI in
grey). (Bottom) DNMT1 protein immunohistochemistry in ovaries of three DNMT1g2 mutants,
which carry mutations in the catalytic domain of DNMT1. Ovaries appear grossly normal and
include developing oocytes. Nonspecific, diffuse signal is observed throughout the in the DNMT1
channel, likely due to nonspecific binding of the secondary antibody or autofluorescence. No
relative increased in fluorescence signal is observed in the germarium, nurse cells, follicular cells

or the oocytes.

Next we asked whether the DNMT1g2 mutation impaired fertility by limiting the number of
ovarioles. In all three mutants, only one ovariole was observed in each ovary. We compared the
number of ovarioles in DNMT1g2 GO mutants (Inj. (Mut.)) to wildtype animals (Inj. (WT)) as
well as controls which were uninjected but reared in parallel. We observed a significant difference
in number of ovarioles (one — way ANOVA, p = 0.0262), but this difference was only significant
when comparing the mutants to the uninjected controls (Tuckey’s multiple comparisons test, p =

0.0291) and did not differ between the injected GO mutants and wildtypes (Figure 5.11).

Furthermore, we wanted to evaluate whether oocytes were able to reach the same stage of
development in DNMT1g2 mutants as in the wildtypes. This was measured by calculating the
cross — sectional surface area of the largest oocyte and comparing across DNMT1g2 mutants, GO
wildtypes as well as uninjected controls. We did not observe any significant difference in the size

of the largest oocyte as a result of DNMT1 inhibition in DNMT1g2 mutants (Figure 5.11).
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Figure 5.11. Ovariole Number and Oocyte Size in DNMT1g2 Mutants.

(Left) For each of the animals that were dissected, the minimum number of ovarioles was counted
across the two ovaries. If there was an unequal number of ovarioles between the two ovaries, the
lower number was used. For two out of seven control, two out of ten Inj. (WT) and one out of three
Inj. (Mut), an accurate count of ovarioles could only be obtained for one of the ovaries. There was
a statistically significant difference in ovariole number across the three groups (one — way
ANOVA, p = 0.0262). Significant p — values Tukey’s multiple comparisons test displayed on
graph. (Right) Surface area of the largest oocyte observed for each animal shown on graph. No
significant difference was observed across the three groups (one — way ANOVA, p = 0.6316). Of

note, one animal in the Inj. (WT) group had a particularly large oocyte.

Finally, we were interested in evaluating brain development in the DNMT1g2 mutant animals,
because abnormal neurological function has been associated with mutations in DNMT1 in

mammals (Klein et al., 2011; Winkelmann et al., 2012, p. 1). By calculating the widest cross —
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sectional area of the brain z projection on the axial plane, we estimated the size of the whole brain,
mushroom body and antennal lobe for GO mutants and uninjected controls. We did not observe
any statistically significant differences in the size of the whole brain or either of these structures

based on genotype (Figure 5.12).
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Figure 5.12. Brain Morphology in DNMT1g2 Mutants.

Mutant and wildtype brains were fixed, and nuclei visualized using DAPI. Brains were oriented
similarly on a slide and cross — sectional area (brain size) was measured from a maximum z
projection. No statistically significant difference was observed between mutant and wildtype brain
size (unpaired t — test, p = 0.1568), the size of a mushroom body (unpaired t — test, p = 0.1673) or
antennal lobe (unpaired t — test, p = 0.2200). In the event of tissue damage, the more intact
mushroom body or antennal lobe was used for measurement. Otherwise, one was chosen at random

for each animal.
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5.5 DISCUSSION AND FUTURE DIRECTIONS

We were able to localize DNMT1 mRNA and protein successfully in the O. biroi ovary using
fluorescence in situ hybridization and immunohistochemistry, respectively. DNMT1 mRNA is
shuttled from the nucleus into the cytoplasm, where we observed it in cells within the germarium,
nurse cells and follicular cells (Figure 5.2). After translation, the DNMT]1 protein is shuttled back
into the nucleus, where it can be detected via immunohistochemistry in these same cells (Figure
5.3). Additionally, both maternal DNMT1 mRNA and DNMT]1 protein are provisioned into

oocytes from an early stage, prior to oviposition.

In oocytes, we observed the DNMT1 protein pattern change from co — localizing with DNA, in
young oocyte, to a cloud of protein surrounding the nuclear material in later stages of development
(Figure 5.4). Furthermore, we discovered this to coincide with a mitochondrial condensation
(Figure 5.6), likely a marker of Balbiani body formation. Further work to evaluate the role of
DNMTT in the later stages of oogenesis, prior to oviposition, is warranted to understand whether
it plays a role in oocyte polarization along with the Balbiani body, or if it has an entirely different

role during this stage of oocyte development.

In both DNMT1gl and DNMT1g2 mutants, we observed grossly normal ovary development.
While the DNMT1g1 mutants were indistinguishable from wildtypes using immunohistochemistry
(Figure 5.8, Figure 5.9), the DNMT1g2 mutants appeared to lack the DNMTI1 catalytic domain
and no DNMTI1 antibody binding was observed. These results simultaneously validate the
specificity of the antibody to bind DNMTT, as well as the mutagenesis phenotypes. Because we

did not observe any DNMT1 inhibition in DNMT1gl mutants, we did not expect to observe
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antibody changes. On the contrary, the DNMT1g2 mutants exhibited drastic decreases in DNA
methylation and other phenotypes, and as expected, appeared to have a “knockout — like”

phenotype using immunohistochemistry (Figure 5.10).

It is possible that DNMT1g2 mutants may develop fewer ovarioles (Figure 5.11), but these results
are inconclusive and additional experiments, by either increasing the mutant sample size or,
alternatively, using RNAi for DNMT1 inhibition, are warranted to evaluate this possibility.
Although the DNMT 1g2 mutants were sterile, developing oocytes could be observed in the ovaries
of these animals, which were indistinguishable in size from those of age matched wildtype animals
(Figure 5.11). These results indicate that DNMT1 is not essential for the initiation of meiosis or
the early stages of oogenesis. Therefore, DNMT1 must be, in the very least, necessary for a portion
of oogenesis after initiation, but before the end of prophase I, which occurs post — partum in this

species.

Interestingly, the DNMT1g2 mutants were able to develop normally without a functioning
DNMT]1 protein. These animals were mutagenized as early zygotes, and because little evidence of
mosaicism is observed, this mutagenesis likely took place when only one or two nuclei were
present. This means that any DNMTT protein in these animals likely stemmed from the maternal
provisions, which were sufficient for completing normal development. Questions remain about
how long these provisions last in the oocyte after oviposition, and how quickly they are diluted as
cells inside the embryo begins dividing. Further work to evaluate the exact stages of oogenesis
where DNMT1 plays an essential role, as well as the mechanism of this function can provide novel

insight into the evolutionary role of this protein. Such future experiments may also shed light on
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why this gene has been so widely conserved across eukaryotes, including species that do not

methylate their DNA (Schulz et al., 2018).
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CHAPTER 6. DNMT3

To further understand the role of DNA methylation and the DNA methyltransferases at the
organismal level, we aimed to characterize and mutagenize DNMT3. DNMT3 is generally
involved in de movo methylation and, unlike DNMT]I, it does not have a preference for
hemimethylated DNA over unmethylated DNA. Furthermore, mammalian DNMT3a appears to
have non — CpG methylation activity (Gowher and Jeltsch, 2001). Unlike mammals, insects carry
only a single copy of DNMT3 (Bewick et al., 2016). Additionally, DNMT3 is of particular interest,
as DNA methylation studies in social insects have largely focused on inhibition of DNMT3 by

RNAI or other pharmacological means (Kucharski et al., 2008; Li-Byarlay et al., 2013).

6.1 O. BIROI DNMT3 GENE STRUCTURE

The O. biroi DNMT3 gene resides on chromosome 4 (NCBI LOC105285577), and codes for a
1654 amino acid protein product (NCBI XP 011348142). This is substantially larger than the
murine DNMT3a, which has two isoforms at 908 and 689 amino acids (Chen and Li, 2004). The
eukaryotic DNMT3 gene contains multiple conserved domains including the PWWP domain,
ADD domain and DNA methyltransferase catalytic domain (Chen and Li, 2004). The PWWP
domain contains a conserved “proline — tryptophan — tryptophan — proline” motif, as well as a
positively charged region, which has been predicted to bind DNA (Qiu et al., 2002). The ADD
domain (also known as ATRX — DNMT3 — DNMT3L), is believed to play a function in DNMT3
recruitment to unmethylated DNA by recognizing the methylation state of lysine 4 on histone H3

(Otani et al., 2009).
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These domains were identified in the O. biroi DNMT3 gene (Figure 6.1). Unlike DNMT]1, only a
single splice variant has been observed in O. biroi DNMT3. Therefore, we selected to target the
first exon in an effort to disrupt the reading frame of the whole protein and ultimately inhibit

DNMT?3 function.

__DNMT3

1,654 aa

PWWP ADD DCM

Figure 6.1. O. biroi DNMT3 Gene Diagram.

Structure of the conserved domains mapped to the O. biroi DNMT3 protein, including the PWWP
domain (amino acids 1050 to 1106) in blue, ADD domain (amino acids 1220 to 1327) in orange
and the Catalytic DNA Methyltransferase Domain (DCM, amino acids 1390 to 1529) in yellow.
Custom antibody target site shown in purple (amino acids 1406 to 1425). CRISPR/Cas9

mutagenesis target site shown in red. Exon boundaries shown as vertical bars.

6.2 CRISPR/CAS9 DNMT3 MUTAGENESIS

We designed and tested three sets of primers (forward and reverse) as well as four guide RNAs to
target the first exon of DNMT1. All four gRNAs showed in vitro cutting activity, when incubated
with Cas9 enzyme and amplified PCR product of the target region (Figure 6.2). DNMT3 guide 4

was selected.
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Figure 6.2. DNMT3 Guide RNA in vitro Verification.

The target region of the DNMT3 gene containing the target cut site is shown using gel
electrophoresis after amplification. Degraded PCR product shown after incubation with Cas9
enzyme and four different gRNAs (DNMT3 1—4). Digested DNA in both replicates of each gRNA
demonstrates cutting activity of all four potential gRNAs. Control Odorant Receptor Coreceptor
(ORCO) amplified DNA (OCRO amp.) digestion using previously verified gRNA shown on right

(ORCO+) under the same conditions. No bands of increased molecular weight observed.

Next, we injected the CRISPR/Cas9 mix containing DNMT3 guide RNA 4 (100 ng/ul) and Cas 9
enzyme (100 ng/ul) into 1,513 line B eggs of which 70 hatched (hatch rate 4.62%). 316 control
eggs were reared in parallel of which 158 hatched (hatch rate 50%). Similar to mutagenesis

experiments for DNMT1 (1.9% — 3.4%), an increased mortality was observed in injected eggs, but
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in this instance, it appeared slightly less pronounced. However, variation is common between
experiments and in this instance, hatch rate data for DNMT3 stems from a single experiment. Of

the 70 hatched larvae which were injected, 44 were fostered.

The fostered larvae were reared to adulthood and generated 18 GO adults. All eggs were collected
and sequenced until the presence of a mutant egg verified germline penetration of the mutation.
All subsequent eggs were fostered with line A chaperones to generate G1 adults. Among these
adults, three unique mutant genotypes were observed, of which two included frameshift mutations
in both alleles (-7bp / -4bp and -5bp / +5bp), and one included a single frameshifted allele and one

allele with an in — frame deletion (-4bp / -3bp) (Figure 6.3).
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Figure 6.3. DNMT3 Mutant Genotypes.

(A) Wildtype DNMT3 genomic sequence shown at target site. gRNA target sequence shown in
blue with protospacer adjacent motif (PAM) marked, as well as expected cut site (red arrowhead).
(B) Multiple unique genetic lines of DNMT3 mutants established as a result of small insertions or

deletions observed: -3bp/-4bp, -7bp/-4bp and -5bp/+5bp.

The DNMT3 mutants were propagated for generations, and ultimately sorted into pure colonies
for each genotype. The next step was assessment of the impact of these mutations on the DNMT3
gene, DNA methylation and any other phenotypes. We evaluated whole genome DNA methylation
levels using low coverage Whole Genome Bisulfite Sequencing (Figure 6.4) and did not see any
difference in global methylation levels between mutant (of either the -7bp / -4bp or the -Sbp / +5bp
genotype) and wildtype animals (Dunnett’s multiple comparisons test, p = 0.9656). Of note, this
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experiment was run in parallel with the methylation analysis for DNMT1gl with a single set of
wildtype controls, therefore a one — way ANOV A with multiple comparisons is used for statistical

analysis rather than a t — test.

1.5-

o

@ . (@

§ K 1

£ 1.0

(O}

E -

(]

=

2 0.51

3

2 . [-7bp/-4bp]
0.0 T I

Wildtype DNMT3 Mut.

Figure 6.4. Genome — Wide DNA Methylation in DNMT3 Mutants.

Genome — wide methylation analysis using low coverage Whole Genome Bisulfite Sequencing.
Data shown is corrected for bisulfite non — conversion estimates. Each data point represents DNA
extracted from a single whole ant. Two genotypes, with frameshift mutations in both alleles, were
tested out of the DNMT3 mutants (-7bp/-4bp and -5bp/+5bp) and marked on the graph. Whole
genome bisulfite sequencing was done simultaneously on DNMT3 mutants, DNMT1glmutants
and wildtype controls. Therefore, ANOVA and Dunnett’s multiple comparisons tests were used
for statistical analysis instead of unpaired t — tests. No significant difference was observed between
genome wide methylation levels of wildtype animals compared to DNMT3 mutants (Dunnett’s

multiple comparisons test, p = 0.9656).
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Next, we set up egg laying units of 16 painted G1s. All eggs were removed weekly or bi — weekly,
until the colonies stopped laying eggs. Eggs collected in the first 2 — 3 weeks were frozen for
sequencing. All remaining eggs were fostered with line A chaperones and reared to adulthood for
propagating the mutant lines. Carcasses of Gl adults were collected upon death, and a
representative subset were successfully be sequenced. When comparing the frequency of mutants
in the G1 adults to the G2 eggs that they laid, we did not see a significant difference in genotype
frequency (Chi — square test, p = 0.3116) (Figure 6.5). Additionally, we did not observe a
difference in survival between the mutants (of either -5bp / +5bp genotype or -7bp / -4bp genotype)

and wildtypes (Log — rank test, p = 0.1132) (Figure 6.5).
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Figure 6.5. DNMT3 Reproduction and Survival.

(Left) Animals from the first generation (G1) were individually painted and placed in units of 16
ants (n = 5). All eggs were collected and frozen for the first 2-3 weeks of egg laying, the first 35
eggs were sequenced for each colony. All GI ant carcasses were collected and sequenced,
genotypes were collected from 49 out of 80 total ants. No difference was observed in the ratio

genotype ratios between the G1 adults and eggs laid by them (G2 eggs) (Chi — square, p = 0.3116).

&9



(Right) No significant difference was observed in survival between the DNMT3 frameshift
mutants (either -7bp/-4bp or -Sbp/+5bp genotype) and wildtypes (Log — rank test, p=0.1132). A
median survival of 269.5 days was observed for DNMT3 frameshift mutants (of either genotype)

vs. 261 days for wildtypes.

6.3 DNMT3 MUTANT RNA SEQUENCING

To evaluate the impact of the DNMT3 mutation on transcription, we used bulk RNA sequencing
to compare wildtype animals to frameshifted DNMT3 mutants (of the -7bp / -4bp genotype and -
Sbp / +5bp) (Figure 6.6). Prior to RNA sequencing, DNMT3 mutant genotypes were evaluated
using Sanger sequencing using DNA extracted from a single leg. RNA was extracted and
sequenced using the rest of the tissue for each animal. We were able to observe the predicted
frameshift mutations in RNA reads aligned to the first exon of DNMT3. However, for replicates
of the -7bp / -4bp genotype, we were only able to observe the -4bp allele. Additionally, only the

“-5” allele was observed for one of the -5bp / +5bp replicates (Figure 6.6).
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Figure 6.6. DNMT3 Mutation in mRNA Reads Aligned to the DNMT3 First Exon.

RNA reads aligned at DNMT3 mutation target site for four wildtype and four DNMT3 mutant
replicates. The indicated DNMT3 genotype was determined from DNA extracted from a single
leg, using Sanger sequencing. For -7bp / -4bp mutants, only mRNA reads of the -4bp allele were
observed. For one of the -Sbp / +5bp mutants, only -5bp reads were observed in one of the

replicates.

Next, we visualized DNMT3 splicing using Sashimi plots. We did not observe any major splice

variants in mutants of either genotype when compared to wildtypes (Figure 6.7).
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Figure 6.7. DNMT3 RNA Splicing in DNMT3 Mutants.

Reference (REF.) showing exons for DNMT3, starting at exon 2. Exon 1 is not shown due to the
large distance in the genome between exons 1 and 2. Sashimi plots for four wildtype and four
DNMT3 mutant replicates shown with mutant genotype indicated on graph. No major alternative

splicing variants are observed in DNMT3 mutants.

When evaluating differentially expressed genes (DEGs), we did not find any genes to be

differentially expressed in DNMT3 mutants, including DNMT3. The lowest recorded adjusted
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p — value for any gene was 0.23 (Figure 6.8). While there is no statistically significant difference
in DNMT3 expression, it is notable that reads could have been undercounted for the -7bp / -4bp
genotype. This is due to the fact that the -7bp mutation might have caused reads from this allele to
be discarded, without proper alignment, because they exceeded the mismatch threshold. Further
analysis is necessary to assess this as a possibility. However, if we assume that the number of reads
of the -7bp allele that were excluded is equal to those detected for the -4bp allele in these animals,

this would only be a minor change and unlikely to change the results significantly.
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Figure 6.8. Analysis of Differential Gene Expression Resulting from DNMT3 Mutagenesis.

(Left) Frequency distribution of adjusted p — values resulting from DEG analysis of DNMT3
mutants. Lowest p — value recorded was 0.23 (Right). LOC105285577 (O. biroi DNMT3 locus) is
not differentially expressed in DNMT3 mutants. Each data point represents RNA extracted from
a single ant, -7bp / -4bp and -5bp / +5bp genotypes are represented in DNMT3 mutant samples as

noted.
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6.4 DISCUSSION AND FUTURE DIRECTIONS

We were able to successfully generate frameshift mutations in the O. biroi DNMT3 gene, penetrate
the germline, and propagate mutants for multiple generations. However, we did not observe any
phenotype, including changes in reproduction, survival, or global DNA methylation levels.
Furthermore, we observed transcription of the DNMT3 frameshift mutations using RNA
sequencing but did not observe any major alternative splicing or differential gene expression as a
result of these mutations. Questions remain about whether the frameshift mutation in the first exon

of the DNMT3 gene resulted in any inhibition of DNMT3 function.

It is possible that DNMT3 is not essential for reproduction or survival in this species, as in previous
studies of DNMT3 inhibition in social insects. However, previous work on DNMT3 inhibition in
A. mellifera observed a ~21% decrease in genome wide methylation (Li-Byarlay et al., 2013).
Based on this this data, we predicted that successful inhibition of DNMT3 function should result

in detectable genome — wide methylation changes.

To further characterize the DNMT3 protein, and evaluate the effect of our mutations, we designed
two custom antibodies. However, we did not see consistent results when using these antibodies to
stain O. biroi ovaries or brains. It is possible that the immunohistochemistry conditions were not
optimal for these specific antibodies or that the antibody binding site was not accessible on the
mature protein. Alternatively, another explanation is that the DNMT3 gene is only expressed at
high levels during a particular phase of development, and not easily detectable in ovaries or brains

of mature adults. Indeed, studies of DNMT3 expression in Solenopsis invicta, have shown this
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gene to be most highly expressed in the embryo when compared to various stages of larval

development, pupae or adult heads (Kay et al., 2018).

Further attempts at characterizing DNMT3 in O. biroi should apply the established protocol for in
situ hybridization to O. biroi eggs (Khila and Abouheif, 2009). This may allow for better
visualization and localization of DNMT3 mRNA with fluorescence in situ hybridization, which

could be followed by detecting DNMT3 protein with immunohistochemistry.

Thorough characterization of the DNMT3 protein localization is important for evaluating the
impact of the DNMT3 frameshift mutations. It is possible that the DNMT3 mutants indeed have
inhibited DNMT3 function, but this does not necessarily impact global methylation levels, which
could be largely regulated by DNMTT in this species. Furthermore, inhibition of DNMT3 has not
previously been demonstrated to result in decreased reproductive fecundity or early mortality in
other social insects and may appear normal in a knockout mutant. After this thorough
characterization of DNMT3 in wildtype animals, it can be used to validate DNMT3 inhibition in
mutants generated using CRISPR/Cas9. It is only after this validation of successful DNMT3
inactivation as a result of mutagenesis that such mutants can be used to assess the role of DNMT3

on an organismal level in social insects.
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CHAPTER 7. DNMT1gl AND DNMT3 DOUBLE MUTANT

To explore the relationship between the DNMT genes in O. biroi, DNMT1 and DNMT3, we
modified the CRISPR/Cas9 protocol to simultaneously mutate both genes. As previously
discussed, O. biroi is a queenless social insect, and all females are able to reproduce asexually
through parthenogenesis. This allows for a mutation which penetrates the germline to be passed
on to all offspring. While this unique reproductive system allows for genetic manipulation in this
species, the lack of sexual reproduction also creates a unique challenge in establishing double
mutant lines. In model organisms such as D. melanogaster, a double mutant would traditionally
be generated by genetic crosses of two mutant lines, each of which carries one of the desired
mutations. We tackled this challenge by multiplexing the CRISPR/Cas9 protocol to mutate both
genes of interest simultaneously in a single egg. Specifically, we were able to make a double
mutant, carrying both the DNMTIgl and DNMT3 mutations, and penetrate the germline,

demonstrating the versatility of this species in genomic engineering.

7.1 DNMT1g1/DNMT3 DOUBLE MUTANT GENERATION

To generate the double mutant, we made a new CRISPR injection mix, which contained the
selected gRNAs for both genes, as well as Cas9 enzyme. For this experiment, we targeted the
second exon of DNMTT, and the first exon of DNMT3. Each of the selected guide RNAs were
successful in generating single mutants when injected at a concentration of 100 ng/ul. The guide
RNA targeting the second exon of DNMT1 was used to generate the DNMT1g1 mutants described

in Chapter 3, and the guide targeting the first exon of DNMT3 was previously used to generate the
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DNMT?3 mutants described in Chapter 6. The new CRISPR mix included Cas9 enzyme at 100

ng/ul as before in addition to both gRNAs at 100 ng/ul.

Across two batches of experiments, we injected 2,507 eggs, of which 48 transitioned and 36
hatched (hatch rate 1.44%). Additionally, 441 control eggs were reared in parallel, of which 225
hatched (hatch rate 51.02%). The increased mortality observed in injected eggs is comparable to
what was observed when using each of the guides individually as described in Chapters 3 and 6,
as well as in mutagenesis of the DNMT1 catalytic domain described in Chapter 4 (Figure 7.1).
Because all DNMT3 mutants were generated as a result of a single experiment, all statistical
analyses comparing hatch rates only included data for DNMT1gl, DNMTI1g2 and the double
mutant. Across these treatments, no statistically significant difference was observed (one — way

ANOVA, p = 0.1447).
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Figure 7.1. Comparing O. biroi Egg Hatch Rates Across Different CRISPR/Cas9
Experiments.

The mix for generating DNMT1gl and DNMT1g2 mutants included Cas9 at 100 ng/ul, and each
respective gRNA at 100 ng/ul. The mix for generating the DNMT1g1/DNMT3 double mutant
included Cas9 at 100 ng/ul, DNMT1gl gRNA at 100 ng/ul and DNMT3 gRNA at 100 ng/ul. Each
data point represents hatch rate from a single experiment where > 600 eggs were injected. No
statistically significant difference in hatch rate is observed across these treatments (one — way
ANOVA, p value = 0.1447). DNMT3 data is excluded from analysis, because only a single

experiment was conducted to generate all mutants. In this experiment, the hatch rate was 0.0463.

All G1 eggs were collected from the unit of pooled GO adults, and sequenced until a mutant egg
was observed. Of the 22 collected eggs, amplification and sequencing of both genes was successful
for 16, of which one egg carried mutations only in the DNMT1 gene, and one had two mutant
alleles in both genes (Figure 7.2).The remainder were wildtype. Additional independent rounds of

amplification and sequencing confirmed the mutant egg genotype.
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Figure 7.2. Sanger Sequences for DNMT1 and DNMT3 Genes Recovered from a
Mutagenized G1 Egg.

Sanger sequences of a G1 egg for mutagenesis target regions of DNMT1 (in exon 2) and DNMT3
(in exon 1). Divergence in sequences observed is indicative of the different sizes of
insertion/deletions in each of the two alleles at the mutagenesis site. The DNMT1 sequence here
is the reverse of the same sequenced described in Chapter 3. The reverse primer was used for

sequencing because it was further from the mutation and allowed for cleaner base resolution.
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7.2 FUTURE DIRECTIONS

We successfully multiplexed the CRISPR/Cas9 protocol to introduce frameshift mutations into
multiple genes, and successfully penetrate the germline, thereby creating a double mutant in this
asexual species. We observed germline penetration of both mutations using Sanger sequencing of
a single G1 egg, which was laid by one of the injected GO adults. Immediately after this
observation, all eggs ceased to be sequenced and were fostered with chaperones in an attempt to

preserve and propagate the potential mutant genetic line.

For this experiment, we selected to target the second exon of DNMT]I, and the first exon of
DNMT3. The decision to target the second exon of DNMT1 (DNMTI1gl, Chapter 3), as opposed
to the catalytic domain (DNMT1g2, Chapter 4), was largely due to timing of these experiments
relative to one another. Namely, the DNMT1g1 mutants were generated first and the double mutant
protocol was prior to the DNMT1g2 mutants and phenotyping of DNMT1g1 and DNMT3 mutants.
Future work will require repeating this multiplexing experiment with different target loci, targeting
the catalytic domains of both genes. However, in this case, it should be expected that the sterility
observed with the single DNMT1g2 mutant will also be observed. Moreover, it is possible that

additional developmental defects will also result from mutating both genes.

Although, in this species, there is a high mortality in eggs associated with CRISPR/Cas9
mutagenesis, we did not observe any difference when targeting multiple genes compared to a
single gene. Anecdotally, we have observed an association of increased mortality with increased
mutagenesis efficiency. It is possible that the mortality observed is a direct result of the double

stranded breaks introduced by the Cas9 enzyme, both on and off target, leading to DNA instability.
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The hatch rate appeared slightly higher when generating the DNMT3 single mutants, than for the
double mutant or individual DNMT1gl or DNMT1g2 experiments. However, this hatch rate data
is based on a single experiment, and variability in hatch rates should be expected across

experiments.

For our CRISPR/Cas9 reagent mix in generating the double mutants, we maintained the same
concentration for each guide RNA (DNMT1gl and DNMT3) as well as Cas9, that was used when
generating each single mutant. However, it is important to note, that the total gRNA concentration
was, in essence, doubled at 200 ng/ul. Future experiments may benefit from testing changes in
Cas9 concentration, and an increase of the Cas9 to 200 ng/ul may produce more desirable results
in generating double mutants. On the other hand, this also could come at the cost of egg mortality.
However, in order to successfully mutate multiple genes, high mutagenesis is necessary and may

outweigh the cost of decreased survival.

Additionally, in the context of mutagenizing a single egg, we must ask whether mutagenesis of
multiple genes can be treated independently. It is possible that the success of mutagenesis in target
gene A is predictive of mutagenesis in target gene B within the same sample. For instance, since
there is variation of egg age at the time of injection, some eggs may simply be more receptive to

mutagenesis.

Finally, for future work in multiplexing CRISPR/Cas9, a few additional factors must be
considered. First, the genes targeted should not be overlapping or near each other in the genome,
and or be located on different chromosomes to avoid unexpected results. For instance, generating

multiple double stranded close to one another in proximity may lead to unwanted deletions of
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genes spanning the region. Additionally, the gRNA sequences for all genes targeted should not

have complementary regions, as this could lead to possible dimerization.

Overall, despite their asexual nature, it is possible to simultaneously disrupt multiple genes in O.
biroi by multiplexing the CRISPR/Cas9 protocol. However, the behavior of all reagents can be
unpredictable, and it is important to test and optimize reagents for each planned multiplexed

mutant carefully, including independent validation of each mutant.
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CHAPTER 8. MATERIALS AND METHODS

8.1 SELECTION OF GENE TARGETS AND AMPLIFICATION

DNMT1 (LOC105286975) and DNMT3 (LOC105285577) gene loci were located in the published
O. biroi genome (GenBank assembly accession: GCA 003672135.1) (Oxley et al., 2014). For
DNMTI, two alternate splice variants (X1: XM 011352329 , X2: XM 011352333) were
identified, and aligned with MAFFT (Katoh et al., 2019), verifying gRNA sequence presence in

both splice variants. For DNMTS3, the first exon was selected as a target.

For DNMTT1, 6 sets of forward and reverse primers (custom DNA oligos from Integrated DNA
Technologies) were tested, with three sets overlapping each gene region of interest (at DNMT1g1
and DNMT1g2) (Table 8.1). For DNMT3, five sets of primers were tested. All primers for both

genes were selected to have similar melting points to allow for PCR multiplexing.
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Table 8.1. Primers Targeting DNMT1gl, DNMT1g2 and DNMT3.

Forward (F) and Reverse (R) primer pairs used for amplifying each gene region of interest.
DNMTT1 primer sets 1 — 3 target the second exon, including the DNMT1gl mutagenesis site, and
sets 4 — 6 target the catalytic domain, including the DNMT1g2 cut site. All primer pairs were tested

and those shown in bold selected for each respective target region.

FI | CGTTCGCCTCGGTATTCATC
F2 | TGTGTCCGCTGTTAGATCACC
DNMTIgl | F3 | CGGAGTTGTGTCCGCTGTTAG
Rl | AATAAGAGACTGGTGGCACG
R2 | AACGGACAGCGCATACGATC
R3 | TTTGATAACGGACAGCGCATAC
F4 | ATTAGGGTGATCGCACGGAC
F5 | TCCATTAGGGTGATCGCACG
DNMTIg2 ['rg | GGACGACAGTGGACAGAAAC
R4 | ATCGCAGTAAGACAAACACGAG
R5 | GGCCTGGACAATACCAAACG
R6 | ACGTACACTGGTAACCCATTC
FI | CGAAGGGGTCCACATAGCTT
F2 | GAAGGGGTCCACATAGCTTTC
F3 | AGGGGTCCACATAGCTTTCG
F4 | CCTTTAGGAACGAGTGCGGT
DNMT3  I'Rs | CGAGATTTACGAGACGAACAAG
Rl | ATTCTTTCCATCGCGACACT
R2 | TGTTAATCGCCATTCTTTCCA
R3 | CCCGTAATCGTCTTCGTAGG
R4 | GTCGCTCATCTCGGTAGGTG
R5 | CCCTGCCGAAAGCTATGTGG

104



8.2 gRNA DESIGN

All synthetic guide RNAs were designed using the Knockout Guide Design (Synthego) and for

each gene target, four possible gRNAs were synthetized (Synthego) (Table 8.2).

Table 8.2 gRNAs Targeting DNMTI1gl, DNMTI1g2 and DNMT3 for CRISPR/Cas9
Mutagenesis.

For each target site, four guide RNAs were synthetized and tested in vitro. All guides led to DNA
digestion of amplified PCR product, containing each respective target region, when incubated with
the Cas9 enzyme. For each target, DNMTI1gl, DNMT1g2 and DNMT3, a single gRNA was

selected (bold) from the in vitro tests to be used for in vivo testing and eventual mutant generation.

1 UUCAACGGAUUCCUCCAUGC
GCUGGCAUGCUUCCGACUAC
AUCCUUCUGCUACUGGAGUC
GGUUCGCUUGGUACAGUAGG
CCGCUAAAACCUUGACACGG
GGAGAAGUCGAGCUCCUGUG
AGCUCGACUUCUCCCUUCUG
UGGACAGAAACUUCCCCAGA
1 UCGACCGCACUCGUUCCUAA
CGAGUGCGGUCGAAUCAAGU
GCCAUGCGUACACUCGACGC
GGCCGAUCACUCACGCAUCG

DNMTlgl

A WD

—

DNMT1g2

| W N

DNMT3

A WD
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8.3 CRISPR/CAS9 REAGENTS IN VITRO VALIDATION

To extract DNA for reagent validation and genotyping, the sample tissue (eggs, larvae, legs or
whole adults) was incubated with Proteinase K in 1xPCR Buffer at 56 °C overnight, followed by
a 15 minute incubation at 99 °C. For each anticipated mutant, the target region was amplified with
the selected primer set (Table 8.1) and purified using the AMPure bead protocol (AMPure XP
A63881). To test the guide RNAs, the purified PCR product (100ng/ul) was incubated with the
respective gRNA (20 ng/ul, Synthego), Cas9 (0.1M, NE Biolabs, Catalog # M0386S) in NEB

buffer 3 (1x) for 3 to 4 hours. Digestion success was evaluated using gel electrophoresis.

8.4 EGG INJECTIONS AND REARING

Egg harvesting, injections and rearing followed the previously established protocol for O. biroi
(Trible et al., 2017). Briefly, an injection mix containing 100 ng/ul Cas9 enzyme and 100ng/ul
respective gRNA was prepared. For the DNMT1/DNMT3 double mutant, 100ng/ul of each gRNA
(DNMTl1gl 3 and DNMT3 3) was used. Eggs were collected from egg laying units of line B ants
in intervals of 3 to 4 hours, aligned on glass slides using double sided tape, and injected using a

pulled capillary needle with the CRISPR mix using positive pressure.

Matched control eggs were simultaneously collected and aligned on the slides but not injected. All
slides were placed inside a sealed container with a plaster of Paris floor, and maintained at 20%
humidity at 25 °C or 30% humidity at 30 °C according to a previously published protocol (Trible
et al., 2017). During a week of injection, eggs were collected and injected Monday to Wednesday.

Those injected on Monday were reared at 25 °C for 9 to 11 days, eggs injected on Tuesday were
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reared at 25 °C for 4 days and at 30 °C for 4 to 6 days, and eggs injected on Wednesday were
reared at 30 °C for 7 to 9 days until hatching. Rearing the eggs using this method allowed for

synchronization of egg hatching from different experimental days across each week.

8.5 CRISPR/CASY IN VIVO REAGENT TESTING AND MUTAGENESIS

Mutagenesis efficiency and embryonic lethality for each selected gRNA was evaluated with a pilot
study. The slides were cleaned daily and monitored until some eggs transitioned from a uniform
opaque color to appear more transparent and heterogeneous, and ultimately hatched. Once all
larvae hatched, at 8 to 11 days, the larvae locations were noted and slides frozen at — 80 °C. Eggs
arrested during development, as well as all larvae were collected, DNA extracted, amplified with
PCR, and sequenced using Sanger sequencing. All Sanger sequences were manually scored against

the wildtype genome.

Successful in vivo mutagenesis was confirmed in eggs, and additional injections were carried out
to retrieve mutant larvae if necessary. The presence of mutant larvae provided evidence of
embryonic viability for each attempted mutation. Finally, a large round of injections (~2,000 -
5,000 eggs) was carried out using line B eggs to generate each mutant. Most hatched larvae from
this experiment were fostered in colonies of line A chaperones and reared to adulthood. When

these GO adults eclosed, they were separated and all eggs collected.

Where mutant lines could be propagated (DNMT1gl and DNMT?3), eggs continued to be collected
from these GO units and fostered with line A chaperones. Eclosing animals of the next generation

(G1) were individually tagged and placed into colonies of 16 G1 ants. These animals were used to
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assess reproductive output and survival for each respective mutant. Eggs from these units
continued to be fostered with line A chaperones and used to propagate the genetic lines for each

mutant genotype.

8.6 DNMT1gl AND DNMT3 REPRODUCTION AND SURVIVAL

Sets if 16 G1 ants were individually painted and placed into hydrated plaster petri dishes, eggs
were collected biweekly for 2.5 weeks and incubated for 48 hours on slides before freezing and
genotyping. The remainder of the eggs produced by the units continued to be removed weekly and
cross — fostered with chaperones to propagate the mutant genotype and produce G1 — Gn. Eggs
continued to be removed until the units stopped producing eggs, after which units continued to be
fed until the last ant perished, in some cases at ~ 1 year. The carcasses of all ants which died were
removed regularly and frozen for genotyping. Some carcasses could not be found or recovered,
potentially as a result of dismemberment by nestmates. The ants for which carcasses were retrieved

and successfully sequenced can be assumed to be representative of the G1 population.

DNA extraction from eggs, or adult carcasses, was done by overnight incubation with proteinase
K in 1x PCR Buffer as described in Section 8.3. This was followed by PCR amplification, Sanger

sequencing and manual genotype scoring.

8.7 DNMT1g2 REPRODUCTION, SURVIVAL AND MORPHOMETRICS

For DNMT1g2, mutants were generated across two experiments. All GO animals in one experiment

were used for studies of reproduction and survival. Meanwhile, GOs from the second experiment
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were used for morphometrics, methylation analysis, ovarian morphology and

immunohistochemistry.

8.7.1 DNMT1g2 REPRODUCTION AND SURVIVAL EXPERIMENT

Because these animals were sterile, reproductive experiments could not be conducted on G1 adults,
and instead GO animals were used. All DNMT1g2 GO animals were placed in a single unit with
painted line A chaperone ants to ensure colony stability. All eggs and corpses were removed from
the colony 1 — 2x/week and frozen. The tissue was then genotyped using a mitochondrial CO1
digestion protocol (Trible et al., 2017) to distinguish the line B eggs, laid by GO adults, from the
line A eggs, which were laid by the line A chaperones. All line B eggs were then sequenced at the
DNMT1g2 locus. Over the course of 2 months, 24 eggs were collected, of which 19 were line B,

4 were line A, and 1 did not amplify. Of the line B eggs, all were wildtype.

For evaluation of survival, the death date was recorded for each GO corpse. At 61 days, two GOs
remained in the colony and were sacrificed. Sanger sequencing of all corpses that were retrieved
(four collected out of six ants) revealed only mutant reads, while sequencing of the two surviving

ants revealed only wildtype reads.

8.7.2 DNMT1g2 MORPHOMETRICS AND SAMPLE COLLECTION FOR

METHYLATION AND IMMUNOHISTOCHEMISTRY ANALYSIS

Eggs were injected and reared to adulthood as previously described. At ~1 week of age, all GO

adults (injected and uninjected) were photographed under a microscope for morphometrics
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assessment. Animals were sacrificed, ovaries and brains were dissected and fixed for
immunohistochemistry, a single leg was removed for genotyping and the remainder of the tissue

frozen for WGBS. Morphometrics measurements were taken using the Fiji Image J package.

8.8 RNA SEQUENCING

8.8.1 RNA EXTRACTION, LIBRARY PREPARATION AND SEQUENCING

RNA was extracted from frozen whole ants using the RNeasy Mini Kit (QIAGEN Cat. No. 74104)
and eluted in 30ul RNAse free water. 1 ng of total RNA was used to generate full length cDNA
using Clontech's SMART — Seq v4 Ultra Low Input RNA Kit (Cat # 634888). 1 ng of cDNA was
then used to prepare libraries using the Illumina Nextera XT DNA sample preparation kit (Cat #
FC—131 -1024). Libraries with unique barcodes were pooled at equal molar ratios and sequenced
on [llumina NextSeq 500 sequencer to generate 150 bp paired — end reads, following the

manufacture’s protocol (Cat# 15048776 Rev.E).

8.8.2 DATA PROCESSING AND ANALYSIS

Sequencing reads were trimmed using Trimmomatic (Bolger et al., 2014) with Nextera PE adapters
and a minimum length of 40bp. About ~50% of reads were retained for each library. Trimmed
read quality was verified using FastQC, and aligned using STAR (Dobin et al., 2013) to O. biroi
v5.4 genome. Aligned BAM files were converted to SAM files and sorted by gene name using
Samtools (Li et al., 2009). BAM files were loaded into Integrative Genomics Viewer (Robinson

et al., 2011) to visualized read alignments at the mutation site and alternative splicing of the
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DNMT1 and DNMT3 genes, respectively. SAM files were used to determined gene counts via
HTseq (Anders et al., 2015). Normalization, differential gene expression and visualizations were

carried out in R using DEseq?2 (Love et al., 2014).

8.9 WHOLE GENOME BISULFITE SEQUENCING

8.9.1 LIBRARY CONSTRUCTION

Genomic DNA was extracted from a single whole ant (DNMT1gl and DNMT3) or the remaining
tissue of a single ant after brain and ovary dissection (DNMT1g2) using the QIAamp DNA Micro
Kit (QIAGEN). MethylC — seq libraries were constructed using the MethylC — seq protocol (Urich
et al., 2015). Briefly, genomic DNA was sonicated to around 200 bp using a Covaris S — series
focused ultrasonicator, and end — repaired with an End — It DNA end — repair kit (Epicentre). The
end — repaired DNA was subjected to A — tailing using Klenow 3’ — 5’ exo— (NEB) and ligated to
methylated adapters using T4 DNA ligase (NEB). The ligated DNA was treated with sodium
bisulfite reagent using the EZ DNA methylation — Gold kit and amplified using KAPA HiFi
uracil + Readymix Polymerase. Sequencing was performed on an Illumina NextSeq500

instrument.

8.9.2 METHYLOME MAPPING

The MethylC — seq data from GGBC were processed by “paired — end — pipeline” function of
Methylpy (Schultz et al., 2015).The qualified reads were aligned to the O. biroi v5.4 reference

genome (McKenzie and Kronauer, 2018) using bowtie 2.2.4 (Langmead et al., 2009), and the
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uniquely aligned and nonclonal reads were retained. The unmethylated lambda phage DNA was
used as a control to calculate the sodium bisulfite conversion rate of unmethylated cytosines. A
binomial test was used to determine the methylation status of cytosines with a minimum coverage

of five reads.

8.10 FLUORESCENCE IN SITU HYBRIDIZATION

A set of 30 custom probes were designed for DNMT1 and purchased from Molecular Instruments
Inc. The probes used a B2 HCR amplifier and were labeled with Alexa Fluor 546. Tissue was
dissected in cold 1x PBS, fixed in 4% PFA, prepared and processed according to a previously
established protocol for mRNA — FISH in O. biroi (Fetter-Pruneda et al., 2021). The probe

detection stage was extended to 48 hours, and probe solution concentration increased to 2 pmol.

8.11 IMMUNOHISTOCHEMISTRY

Tissue was dissected in cold 1xPBS and fixed in 4%PFA for 2 hours. Following washes in 1xPBS,
samples were blocked using 5% normal goat serum in PBSTx. The blocking solution was replaced
with a primary antibody solution containing 1:100 DNMT1 (Abcam ab188453) and/or 1:100 the
alpha 1 subunit for Mitochondrial ATP Synthase (ATP5A1, Thermo Fisher Scientific Cat# 43 —
9800) and incubated overnight at room temperature. Negative controls were incubated overnight
at room temperature in the blocking solution. All samples were washed and incubated in the
secondary antibody solution including 1:500 secondary antibody and 1:500 DAPI for 2 hours, after

which they were washed and mounted on slides in DAKO fluorescence mounting medium. Slides
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were imaged with an Inverted LSM 780 laser scanning confocal microscope (Zeiss). Images were

processed in parallel using ImageJ and shown as maximum projection z — stacks.
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