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Abstract

Epigenetic reprogramming is an essential part of reproduction across both animal and
plant kingdoms. Although the two kingdoms have diverged more than 1.5 billion
years ago, they both have convergently evolved systems that protect the integrity
of the genome throughout generations. This is in part due to the threat of mobile
transposable elements, which when uncontrolled can lead to genomic instability through
insertions and rearrangements. Whilst animals reset DNA methylation during germline
development, plants largely maintain symmetric CG and CHG DNA methylation.
However, asymmetric CHH methylation undergoes tightly regulated reprogramming

during male sexual lineage development in plants.

This thesis investigates the dynamics of epigenetic regulation during plant reproduc-
tion in two distinct systems: Arabidopsis thaliana and Marchantia polymorpha. In
Arabidopsis, the expression patterns of key RNA-directed DNA methylation (RdADM)
components was examined, alongside exploring the small RNA (sRNA) profiles post-
meiosis during the development of the male sexual lineage. The results reveal a complex
spatiotemporal regulation of RADM factors and a shift away from CLSY-dependent
sRNA biogenesis after meiosis, potentially involving non-canonical RADM pathways.

In the basal land plant Marchantia polymorpha, recent studies have revealed the presence
of N4-methylcytosine (4mC) in the male germline, an epigenetic modification previously
thought to exist only in prokaryotes. During spermiogenesis, 4mC is deposited globally
at CG sites, yet after fertilisation, the mature embryo loses this mark, and the knockout
of 4mC leads to accelerated embryonic development. This study further explores the
fate of paternal 4mC in early Marchantia embryos and provides evidence that 4mC is
actively removed before pronuclear fusion. Further investigation reveals that the loss
of 4mC accelerates the onset of the first nuclear division and imposes a partial fertility
cost, ultimately impacting long-term embryonic development.
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Chapter 1

Introduction

1.1 Introduction to epigenetics in prokaryotes, animals, and plants

Epigenetics refers to a “stably heritable phenotype resulting from changes in a chro-
mosome without alterations in the DNA sequence” [1]. In eukaryotic organisms,
chromatin organisation plays a critical role in various cellular processes, including
differentiation, development, response to environmental stimuli, and the maintenance
of genome integrity. Chromatin consists of DNA and specialised proteins called his-
tones, which together form nucleosomes. Histones exist in multiple variants and can
undergo various modifications that influence chromatin structure, accessibility, and
gene expression [2, 3]. The addition of a methyl group to the 5th carbon of cytosine
results 5-methylcytosine (SmC) which is an example of DNA methylation - another
epigenetic modification. In prokaryotic organisms, DNA methylation was originally
identified as a component in the restriction-modification pathway wherein methylated
sequences are recognised as self, and unmethylated sequences are targeted for cleavage
by restriction enzymes, thus safeguarding the genome against invading unmethylated
phage DNA [4, 5].

In eukaryotic systems, including plants and animals, DNA methylation functions op-
positely: invading transposable elements (TEs) are silenced by DNA methylation. In
plants, SmC is the most prevalent form of DNA methylation, primarily occurring in
heterochromatic regions, though methylated loci can also be found in genic regions
[6, 7]. DNA methylation can directly suppress transcription and gene expression by
hindering the binding of transcription factors [8]. One of the earliest evidences for
epigenetic modifications in plants was discovered in the Arabidopsis thaliana gene
SUPERMAN (SUP). Mutations in SUPERMAN affect normal floral development. In-
terestingly, some alleles exhibited the mutant phenotype without any alterations in the
DNA sequence. The clark kent epialleles were uncovered when it was discovered that

the promoter sequence of SUP was methylated. In addition, SUP expression correlates
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with the extent of SUP promoter methylation [9]. This discovery was among the first
to highlight the role of DNA methylation in controlling transcriptional expression in
plants. Since then, the field of plant epigenetics has significantly expanded, uncovering
a myriad of complex mechanisms by which DNA methylation and other epigenetic
modifications regulate gene expression, development and protect genome integrity

throughout generations.

1.2 Transposable elements

The size of different plant genomes is highly variable and not necessarily related to their
complexity. Among eukaryotes, flowering plants display the most extreme genome size
variation, with differences of up to 2400-fold; for instance, the genome of Genlisea
aurea is just 63.6 megabases (Mb), while that of Paris japonica reaches a staggering 150
gigabases (Gb) [10, 11]. TEs, which are selfish and repetitive DNA sequences, persist
in genomes by copying and inserting themselves into various genomic locations [12].
TEs are also essential for driving genome evolution: they can regulate gene expression,
unequal crossover, recombination rate and in general contribute to genomic variation
[13]. TEs have had some prominent stabilising impacts on chromosomes, playing a
vital role in the evolution of repetitive structures including the centromere and telomeres
[14].

However, the majority of TE activity tends to be harmful, posing risks to genome
integrity and often being disadvantageous to the organism [13]. Transposable elements
can cause heritable disruption to a vast range of cellular functions by insertion into
promoter, regulatory or genic regions. For example, the mobilisation of the CACI TE
results in the disruption of the DWARF+4 gene and severe growth defects in Arabidopsis
[15].

TEs are categorized into two classes: Class I (retrotransposons) and Class II (DNA
transposons) TEs. Class I TEs are transcribed via an RNA intermediate, which then
undergoes reverse transcription before insertion at another site in the genome. The
reverse transcriptase required for this process is usually encoded within the transposable
element itself. One of the largest families of Class I TEs are long-terminal-repeat (LTR)
retrotransposons. Some of these LTRs (flanking the TE) have acquired transfer-RNA
(tRNA) fragments, which can be used as binding sites for host tRNAs. Subsequently,
the clover leaf structure of the tRNA can be recognised as a primer to initiate reverse
transcription and transposition. To combat this, some hosts cleave tRNAs into tRNA
fragments (tRFs) that compete for these LTR binding sites, thereby silencing these
retrotransposons [16—18].

Conversely, Class II TEs encode transposase enzymes that excise the DNA segments

and insert them elsewhere in the genome. Both Class I and Class II TEs can be
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further classified as either autonomous or non-autonomous elements. Autonomous
elements encode all the necessary machinery for their own mobilisation, whereas
non-autonomous elements lack some or all of these factors and rely on trans-acting

transposases to facilitate their transposition [19, 20].

In addition to disrupting the function of individual genes, the excision and insertion
of TEs can destabilise genome structure [13]. The repetitive nature of TEs can cause
non-allelic homologous recombination during meiosis, leading to reproductive defects

and the formation of dicentric or acentric chromosomes [21].

The contribution of TEs to genome size varies massively: while they comprise only
around 21% of the Arabidopsis genome [22], crops with larger genomes have gone
through significant TE amplification typically dominated by a few TE families [23, 24],
resulting in an 82% and 85% genomic TE content of wheat and maize respectively
[23, 25]. The importance of TEs in genome regulation is further exemplified in maize,
where disruption of DDMI1, a key chromatin remodeler required for the genome-
wide maintenance of DNA methylation, results in embryo lethality [26]. Thus, whilst
mutations of the components of the pathway for establishment and maintenance of DNA
methylation have no apparent phenotypic effects in Arabidopsis, it offers an important
model system for exploring the underlying mechanisms of genome-wide epigenetic

regulation.

1.3 Chromatin Structure

The regulation of gene and TE transcription is essential for both prokaryotic and
eukaryotic organisms. In eukaryotes, DNA is organised into chromatin, with the
nucleosome serving as the basic unit. In a nucleosome, DNA is wrapped around histone
octamers, which consist of two H2A-H2B heterodimers and one H3-H4 heterotetramer,
along with the linker histone H1, altogether encompassing 147 base pairs of DNA [27].
Nucleosomes are further organised into dynamic higher-order chromatin structures,
which mediate chromatin accessibility and arrange the genome into more open, gene-
rich euchromatic regions and more condensed heterochromatic regions, typically located

around chromosome ends or pericentromeric regions in Arabidopsis [28].

Chromatin structure is regulated through histone modifications, such as acetylation,
methylation, phosphorylation, or ubiquitination, which convey chromatin states and
interact with various pathways that promote or repress chromatin accessibility and
condensation. For instance, trimethylation of lysine 27 of histone H3 (H3K27me3)
and di- or trimethylation of lysine 9 on histone H3 (H3K9me2 or H3K9me3) are
associated with repressed chromatin states. In contrast, H3K27 acetylation (H3K27ac)

is associated with active promoters, as is histone H3 lysine 4 trimethylation (H3K4me3).
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Additionally, trimethylation of lysine 36 on histone H3 (H3K36me3) is correlated with
active transcription in gene bodies [29, 30].

There are also specific histone variants that are either highly conserved across eukaryotes
or unique to particular systems. For instance, H2A.Z is conserved across eukaryotes
and is enriched in euchromatic regions, where it facilitates the recruitment of RNA
Polymerase II in yeast, plants, and animals [31, 32]. In contrast, H2B.8 is specific
to the sperm cells of Arabidopsis and plays a key role in mediating sperm chromatin

condensation [33].

1.4 DNA methylation maintenance and the RADM pathway

The existence of epigenetic marks implies that there are mechanisms to read, write
and erase them. Cytosine methylation exists in one of three sequence contexts: the
symmetric CG and CHG and the asymmetric CHH (where H = A, T or C). This contrasts
with mammals, in which most methylation is directed to CG sites and is not inherited

by the next generation [6].

RdDM
pathway
MET1 CMT3
l CMT2
CG methylation CHG methylation CHH methylation
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Fig. 1.1 DNA methylation sequence contexts and their associated DNA methyltrans-
ferases (Figure from [34])

RNA-directed DNA methylation (RdADM) is a pathway that can methylate cytosine in
any sequence context [35]. In plants, it is also the only pathway responsible for the de
novo methylation of previously unmethylated regions. During DNA replication, modifi-
cations at symmetric CG and CHG sites result in a hemimethylated state, where only
one strand of the daughter DNA retains methylation. Full methylation can be restored
by the highly conserved maintenance methyltransferases METHYLTRANSFERASE
1 (MET1, a homolog of DNMT1) and CHROMOMETHYLASE 3 (CMT3) (Figure
1.1) [34]. CHH sites are maintained by CMT2, however, due to the asymmetry of CHH
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methylation, methylation information may be lost during replication, necessitating the
recruitment of RADM for both de novo methylation and maintenance. Therefore, to
sustainably combat the detrimental effects of TE mobilisation, plants have evolved
ways to keep transposon activity tightly controlled through RdADM. Additionally, the
robustness of the system is enhanced by the fact that CMT2/3 and SET domain histone
methyltransferases (KYP, SUVHS5/6) maintain non-CG methylation and H3K9me2
in an interdependent manner. Specifically, the chromo and BAH domains of CMT3
interact directly with H3K9me?2, allowing it to recognise other heterochromatic marks

and establish a positive feedback loop [35].

Following the sequencing of the Arabidopsis genome, two unexpected variants of RNA
Polymerase II were discovered: RNA Polymerase IV (Pol IV) and RNA Polymerase V
(Pol V) [36]. Through these two variants, the RADM pathway generates small RNAs (sR-
NAs) in heterochromatic regions and is able to target de novo DNA methylation to these
regions. The Pol I'V-associated pathway initiates through recruitment via H3K9me?2 as-
sociated chromatin remodeller SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1)
[37-40]. Pol IV works in concert with chromatin remodellers CLASSY 1-4 (CLSY 1-4)
to transcribe a short single-stranded RNA precursor [41], which is then extended into
double-stranded RNA by RNA-dependent RNA polymerase 2 or 6 (RDR2 or RDR6)
[34, 35]. This double-stranded RNA is processed by DICER-LIKE 3 (DCL3) into
24-nucleotide small interfering RNAs (24nt siRNAs), which are subsequently loaded
onto specific ARGONAUTE proteins (AGO4/5/6/9) [35] (Figure 1.2). This complex
interplay between DNA methylation and histone modifications ensures that patterns
of DNA methylation are stably inherited through mitosis, maintaining consistent gene

expression and genome stability across cell divisions.
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Fig. 1.2 An overview of the canonical RdADM pathway (Figure from [35])
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Independently, Pol V is recruited by the DDR complex composed of chromatin re-
modellers DEFECTIVE IN MERISTEM SILENCING 3 (DMS3), DEFECTIVE IN
RNA-DIRECTED DNA METHYLATION 1 (DRD1) and RNA-DIRECTED DNA
METHYLATION (RDM1), along with SUPPRESSOR OF VARIEGATION 3-9 HO-
MOLOG 4/5/6 (SUVH4/5/6) methyl-DNA-binding proteins. The Pol V complex tran-
scribes a single stranded RNA scaffold [35]. The siRNA-AGO complex binds to this
complementary scaffold RNA, and the AGO hook motif of the Pol V-associated SPT5-
LIKE/KOW DOMAIN-CONTAINING TRANSCRIPTION FACTOR 1 (SPT5L/KTF1)
protein subsequently binds to AGO4. NUCLEAR RNA POLYMERASE E 1 (NRPE1),
the largest subunit of Pol V, and the de novo methyltransferase DOMAINS REAR-
RANGED METHYLTRANSFERASE 2 (DRM2) then associate with AGO4, catalysing
DNA methylation (Figure 1.2) [6, 42, 43]. As discussed earlier, the maintenance of
CHH sites depends on continuous de novo methylation mediated by DRM?2.

Recent studies have shown that the CLASSY (CLSY) family of chromatin remodelling
factors regulates tissue-specific DNA methylation in Arabidopsis thaliana, chiefly
through the RADM pathway. SmC sequencing and sSRNA sequencing across various
somatic and germline tissues revealed distinct profiles of SRNAs and DNA methylation,
driven by the tissue-specific expression of CLSY proteins. This provides a model where
the unique expression profiles of chromatin remodellers shape tissue-specific DNA
methylation [44].

1.5 Epigenetic reprogramming in plant sexual reproduction

In mammals, primordial germ cells are sequestered early in development and go through
genome-wide demethylation during development and following fertilisation. This
results in the resetting of global epigenetic marks as well as restoring pluripotency
[45]. Subsequent de novo re-methylation is mediated by methyltransferase Dnmt3 as
well as germline specific PIWI-interacting small RNAs (piRNAs). The loss of the
piRNA pathway results in transposon mobilisation, erroneous transcription regulation
and reduction of fertility [46—48].

In the male lineage of angiosperms, the germline initiates from totipotent cells in the
shoot apical meristem, giving rise to a diploid meiocyte. The meiocyte, surrounded by
a layer of somatic nurse cells (the tapetum), undergoes meiosis, giving rise to a tetrad
of microspores. The four microspores subsequently undergo mitotic division, to each
make a vegetative cell (the somatic companion) and a generative cell, which divides
further to make two sperm cells (Figure 1.3) [49, 50] which forms the mature pollen

grain.

AGO proteins play crucial roles in SRNA pathways during reproduction. Recent
findings have shown that during male meiosis, AGO1, AGO2, and AGOS5 — proteins
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Fig. 1.3 An overview of the development of the male sexual lineage in Arabidopsis.
Figure adapted from [50]

[50]

involved in post-transcriptional gene silencing (PTGS) — are localised in either the
nucleus or cytoplasm, whereas AGO4 and AGO9 — associated with transcriptional gene
silencing (TGS) — are found exclusively in the nucleus. [51]. This study also provided
an overview of the expression and localisation of several AGOs throughout meiosis,
underscoring their dynamic expression and critical roles in germline development.
Additionally, the presence of AGO1 and AGOS5-bound micro RNAs (miRNAs) in
meiocytes suggests that the miRNA pathway may be involved during meiosis [51].
Furthermore, AGOS5 and AGO9 have recently been shown to mark reproductive cells,

similar to the early segregation of germline cells in animals [52].

The RADM pathway and sSRNAs play crucial roles not only in germline development in
Arabidopsis, but also in other plant species. In maize, 21- and 24-nucleotide phased
small interfering RNAs (phasiRNAs) are produced in the anthers and are essential
for proper anther development [53, 54]. In sorghum, miRNAs were found to be
differentially expressed before and after meiosis [55]. In Arabidopsis, cacumber, and
soybean, several miRNAs are conserved and preferentially expressed in meiocytes,
though their overall abundance is lower compared to somatic tissues [56]. In rice,
the ARGONAUTE protein OsAGO18 is specifically expressed in meiocytes, where
it facilitates the accumulation of miRNA-triggered secondary siRNAs and regulates
genes involved in pollen grain development [57]. Additionally, the maintenance of
CHH methylation through the RADM pathway—particularly via RDR2, a critical
component of RADM—is necessary for both male and female sexual development in
rice [58]. Moreover, rice sporogenesis depends on the degradation of the germline-
specific ARGONAUTE protein MEL1, which prevents off-target effects from rogue

phasiRNAs; disruption of this process results in a semi-sterile phenotype [59].

Recent work identified male sexual lineage specific DNA methylation reprogramming
in the Arabidopsis germline, which will be discussed in detail in Chapter 2. Briefly,
male meiocytes maintain high levels of CG and CHG methylation when compared

25



to somatic canonical RADM (cRdDM) loci levels, and a relatively low level of CHH
methylation. However, in the CHH context, there is distinct hypermethylation at
selected, sexual lineage specific loci (HyperTEs), including novel targets of RADM
activity. Additionally, de novo gene-associated methylated loci (MetGenes) were also
identified, including a meiosis-specific gene that was mis-spliced when methylation
was disrupted [50]. Recent evidence suggests that the biogenesis of these 24-nt SRNAs
occurs in the somatic nurse cell layer surrounding the meiocytes, known as the tapetum
[60].

Similarly, in the female germline, the surrounding somatic tissue synthesises RNA
polymerase IV-dependent 24-nt SRNAs from siren (siRNA in the endosperm) loci
[61, 62, 44]. Like the tapetal nurse cell-derived sRNAs that catalyse DNA methylation
in male meiocytes, these siren loci-derived sSRNAs are also dependent on CLSY3 and
CLSY4 [44]. However, there is little overlap between the loci targeted by these two
sets of SRNAs, and even less between siren loci across different species [62]. Despite
their distinct origins, siren loci-derived sSRNAs in Brassica rapa similarly catalyse DNA
methylation, predominantly at protein-coding genes, thereby regulating gene expression
in the ovule [63]. Furthermore, it has been recently shown that 24nt SRNAs accumulate
in rice zygotes, which overlap gene rich, distinct loci from paternally derived sRNA loci
[64], highlighting the conserved nature of 24 nucleotide SRNA driven DNA methylation
reprogramming in both the male and female sexual lineage. The importance of RADM in
embryonic development is further underpinned by a recent study that showed embryos
resulting from a maternal RADM mutant cross result in incorrect gene expression in the

endosperm and a reduction in seed viability [65].

1.5.1 Illumina library preparation and sequencing by synthesis

Over the past two decades, next-generation sequencing (NGS) technologies have trans-
formed biological sequencing by dramatically improving speed, accuracy, and data
output. These advancements enable both high-throughput and low-input sequencing

while maintaining exceptional fidelity.

[llumina sequencing technology requires constructing a sequencing library tailored to
the specific sample, by either converting genomic DNA (gDNA) or complementary
DNA (cDNA) into a fragmented library for sequencing. Various workflows are available
to accommodate different throughput requirements and starting materials. These include
on-bead tagmentation [66], which reduces preparation time, AmpliSeq amplicon library
preparation [67], and the widely used adapter ligation workflow [68].

The construction of an Illumina sequencing library using adapter ligation typically
involves several key steps (an overview is presented in Figure 1.4 [69]). For DNA

sequencing, the process begins with DNA extraction. In the case of plant material, this
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may involve a CTAB extraction [70] using chloroform to obtain ultra-pure DNA, free
of secondary metabolites and proteins, though various other DNA extraction methods
and kits can also be used. For RNA sequencing, an additional step is required after
extraction, namely reverse transcription to convert RNA into complementary DNA
(cDNA) [69, 71].

e

w — | = 7

Fig. 1.4 An overview of the steps involved in library preparation for Illumina sequencing
[69]

Once extracted, gDNA must be fragmented, as Illumina sequencing is optimised for
relatively short sequences, typically in the 300—600 bp range. This fragmentation
can be achieved through either mechanical shearing or enzymatic digestion. Mechan-
ical shearing, often performed using high-frequency acoustic sonication, breaks the
DNA’s phosphodiester backbone. The optimal force and duration of sonication vary
depending on the instrument and experimental needs and should ideally be determined
experimentally [69].

Following an end repair step, where the sheared DNA fragments are repaired (poly-
merase activity) or blunted (exonuclease activity) and the ends phosphorylated, adapters
are ligated to the ends of the fragments. Adapters are a pair of oligonucleotides which
facilitate the clonal amplification step used during Illumina sequencing. The adapters
are normally made up of 3 sections. Firstly, a complementary end which forms the
adapter duplex, this is annealed to the ends of the insert. Secondly, the adapters contain
unique index sequences which can be used to demultiplex several samples that were
sequenced together on the same flow cell. Finally, the adapter sequences contain a
non-complementary P5 and P7 end (so-called due to their binding site to the flow cell),
which prevents self-ligation [69, 71].

After the adapter ligation step, PCR amplification may follow, which allows for a lower
sample input, however it can introduce GC bias, polymerase errors, chimeric sequences
or amplification bias, which might hinder SNP discovery and de novo genome assembly.
Therefore, given an amount of starting material, the lowest possible cycles of PCR must
be performed to prevent these effects [69, 71].

After fragmentation, adapter ligation and PCR amplification, a size- selection and

clean-up step is usually performed, to ensure uniform library fragment size and remove
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excess unligated adapters or adapter dimers. The clean-up step may be performed using
agarose or sometimes polyacrylamide gels, or more commonly using magnetic beads
which can bind and elute DNA in a size-specific manner depending on the bead to
sample DNA ratio. These steps help to increase data output, reduce noise and ensure
the quality of the data output (as Illumina sequencing has an optimal insert length at

which the sequencing is most accurate) [69, 71].
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Fig. 1.5 An overview of sequencing by synthesis [72]

Following an accurate library quantification step, the Illumina libraries are ready to
be sequenced. Briefly, the adapter ligated DNA fragments are flushed across the flow
cell where they hybridise to immobilised complementary primer sequences on the
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flow cell. The fragments are clonally amplified using bridge amplification to form
clusters of identical reads across the flow cell. The forward reads are sequenced by
priming and extending the first read using fluorescently tagged dNTPs, which compete
to be incorporated into the growing chain. After each cycle of the incorporation of the
fluorescently tagged base, the clusters are excited by a light source and the fluorescent
signal is recorded (an overview of how bases are sequenced is shown in Figure 1.5
[72]). In paired-end sequencing, following the sequencing of the forward read, the read
product is washed away, the fragments are extended once again and the original forward
read is cleaved off, followed by sequencing of the reverse read in a similar manner as
before [72].

1.5.2 Detecting methylated cytosines in NGS sequencing

To characterise the methylation profile of a sample, various treatment protocols can be
applied prior to Illumina library preparation to facilitate sequencing-based methylation
analysis. These use specific chemistries or enzymatic activities to selectively alter or

protect methylated bases.
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Fig. 1.6 An overview of the chemistries of modified base sequencing: BS-seq, EM-seq
and AMD-seq.

The most widespread sequencing method utilised to sequence methylated DNA is bisul-
fite sequencing. The DNA fragments are treated with sodium bisulfite, which (through a
series of intermediate steps) selectively deaminates unmethylated cytosines, resulting in
uracil. At the same time, due to the structural changes introduced by the methyl group
in 5-methylcytosine and N4-methylcytosine, these modified bases are protected from
deamination (first panel, Figure 1.6). Consequently during sequencing, the unmethy-
lated cytosines that were converted to uracils are read as thymines. In contrast, the
methylated bases remain as cytosines, thereby enabling their identification by aligning

bisulfite sequencing data to reference genomes using specialised bioinformatics tools,
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such as Bismark [73]. Bisulfite sequencing methods are robust and have also been
developed for single-cell or very low input sequencing [74]. The downsides of bisulfite
sequencing are that they do not distinguish between the methylated bases (4mC or SmC)
[75] and that bisulfite sequencing itself can introduce DNA damage due to the protocol

requiring extremes of pH and temperature, resulting in depyrimidination of DNA [76].

Alternative enzymatic methods have been developed to combat some of the challenges
of bisulfite sequencing, namely APOBEC3A-mediated deamination sequencing (AMD-
seq) [77], which allows for reading 4mC as Cs specifically, as well as enzymatic
methylation sequencing [78] (EM-seq) which is a direct alternative to bisulfite sequenc-
ing, reading both SmC and 4mC as Cs during sequencing, but without significant DNA
damage.

Both EM-seq and AMD-seq rely on the ability of APOBEC3A, which is an enzyme
originally described in primates [79], to deaminate a variety of cytosine forms to uracil.
Namely, APOBEC3A can deaminate both unmodified cytosines and SmC. However,
4mC is protected from deamination by APOBEC3A, so following enzymatic treatment,
an Illumina sequencing library is constructed and all unmethylated cytosines as well as
SmC will be read as Ts during sequencing, and only 4mC will be read as Cs [77] (Figure
1.6 third panel). EM-seq introduces an additional step, whereby prior to ABOBEC3A
treatment, the Tet methylcytosine dioxygenase 2 (TET2) enzyme specifically converts
SmC sites to alternative cytosine forms which are not substrates of APOBEC3A. As a
result, similar to traditional bisulfite sequencing, in EM-seq, both SmC and 4mC are be

read as Cs while unmethylated cytosines are be read as Ts (Figure 1.6 second panel).

1.6 Thesis outline

This thesis explores the dynamics of RADM and DNA methylation after meiosis in the
male sexual lineage of Arabidopsis and in the embryo of Marchantia.

In Chapter 2, the expression of CLSY chromatin remodellers, Pol IV, and Pol V in post-
meiotic anthers of Arabidopsis is investigated. This is followed by the sequencing and
comparison of SRNA profiles from microspores, sperm cells, and sperm nuclei with other
published germline and somatic datasets. Potential reactivation of SRNA biogenesis at
cRdDM loci is revealed, and non-canonical RADM pathways are implicated in SRNA
biogenesis post-meiosis. Additionally, SRNA clusters derived from MetGenes and
ATGP2N TEs in sperm cells are identified, along with a cluster of sperm-specific
heterochromatic loci.

In Chapter 3, the SRNA and DNA methylation profiles of Marchantia embryos are
examined. MetGenes are defined in the sporophyte, and their connections to TE loci
are identified. A method for isolating, imaging, and sequencing early embryos is
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tested, developed, and presented. Nuclear reporter lines are constructed to observe the
phenotypic effects of knocking out paternal 4mC methylation in the embryo.

Each chapter contains a detailed materials and methods section, as well as appendices
with supplemental information. In Chapter 4, the results are summarised in a broader
context, and potential future directions, reflections, and limitations of the work are
discussed.
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Chapter 2

The spatiotemporal expression of RADM components and

SRNA landscapes in the germline of Arabidopsis thaliana

2.1 Abstract

This chapter explores the spatiotemporal expression of RADM components and the
sRNA landscapes in the male germline of Arabidopsis thaliana. By employing a
combination of imaging fluorescent reporter lines, SRNA sequencing, and bioinformatics
analysis, the dynamics of RdDM-associated factors during different stages of pollen
development were investigated. It was demonstrated that the expression of key RADM
components such as NRPD1 and NRPEI1 is tightly regulated, with NRPD1 showing
tapetum-specific expression and NRPEI being active in both germline and somatic
tissues. Furthermore, CLSY3 expression was found to be confined to the tapetum and
no other CLSY chromatin remodeller expression was detected after meiosis. Further
analysis of the SRNA profiles reveals that the sperm cell harbours a distinct SRNA profile,
uncoupled from known CLSY-dependent loci, suggesting a shift towards non-canonical

RdDM pathways post-meiosis.

2.2 Introduction

It was previously thought that DNA methylation largely remained stable across repro-
ductive cells in plants, due to its close association with the regulation of transposon
activity [80] and therefore genome integrity. However, global demethylation does occur
in companion cells of the germline, via passive or active demethylation. The former is
due to decreased expression of MET1, leading to a lack of maintenance of methylation
during DNA replication in the central cell. The latter is due to active demethylation by
DEMETER (DME), which demethylates CG sites in the vegetative nucleus [81, 82].
This leads to the synthesis of 21nt epigenetically active small interfering RNAs (easiR-
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NAs) in the vegetative cell from typically silenced TEs. As the vegetative cell is a
terminal tissue rather than part of the germline, the destabilising effects to the genome
are not of evolutionary concern. The easiRNAs produced from the vegetative cells
are hypothesised to move into the sperm cells, where they accumulate and silence
complementary target DNA sites through RdDM [49, 83].

The RdADM pathway provides some of the essential communication between different
cell types in reproductive tissue. AGO6 and AGO9 are a close paralog of AGO4
expressed in reproductive cells, which binds to 24nt RNA to direct RADM. AGO®6 is
expressed in the shoot apical meristem, and there is increasing evidence that 21-22
nt secondary siRNAs (deriving from the miRNA pathway) can associate with AGO6
and participate in RADM [84, 34, 35]. Arabidopsis ago9 produces multiple megaspore
mother cells (MMCs) in the female germline. Here, AGO9 is in the surrounding somatic
nucellar cells, suggesting that SRNAs and corresponding essential RADM machinery
are transferred between cells. TEs that are constitutively silenced in wildtype plants
were reactivated in ago9 embryo sacs, suggesting a pathway similar to the mammalian
piRNA pathway previously discussed [49].

Recent work identified male sexual lineage specific DNA methylation reprogramming
in the Arabidopsis germline. In general, male meiocytes maintain high levels of CG
and CHG methylation when compared to somatic canonical RdADM locti levels, and a
relatively low level of CHH methylation. However, in the CHH context, there is distinct
hypermethylation at selected, sexual lineage specific loci (HyperTEs), including novel
targets of RADM activity. Further, de novo gene associated methylated loci were also

identified (MetGenes), including a meiosis specific gene (Figure 2.1) [50].
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Fig. 2.1 Hypermethylated and de novo gene-associated methylated loci are identified in
the germline of Arabidopsis (Figure from [50])

Further, it was discovered that meiocytes themselves are quiescent in SRNA biogenesis.
The biogenesis of these germline specific siRNAs is in the somatic tapetal tissue and is
associated with the chromatin remodeler CLASSY3. Nurse cell-derived siRNAs are

then transported into the meiocyte from the tapetum, inducing DNA methylation at
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HyperTE loci. MetGene loci can be uniquely targeted for methylation in the meiocyte
by imperfectly matching siRNA derived from HyperTEs. These nurse-cell derived
siRNAs inform the entire male sexual lineage specific methylation reprogramming,
from meiocyte to sperm (Figure 2.2) [60].
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Fig. 2.2 Tapetum-derived sSRNAs shape methylation in the germline of Arabidopsis

Tapetal sSRNAs direct DNA methylation at HyperTEs and MetGenes in the meiocyte (Figure
from [60])

The mechanism of movement of SRNA between companion and germline cells needs
more evidence, however there is extensive evidence of cross-cellular RNA movement.
Plasmodesmata provide a cytoplasmic network between cells (such as the tapetum and
meiocyte) which allows nutrient transport but have also been shown to allow RNA
movement between cells [85-87].

The aim of this chapter is to shed light on how this germline-specific SRNA and DNA
methylation profile changes after meiosis. Namely, to investigate the SRNA profiles of
the microspore and sperm cells, and to examine the expression of RADM associated key

factors involved during the development of male-sexual lineage.
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2.3 NRPDI1 is expressed in the tapetum, microspores but not in meio-
cytes

Since RNA polymerase IV and V preferentially associate with methylated DNA, RADM
is thought of as a self-reinforcing pathway. Therefore, the observation that there
are few perfect matching 24nt SRNAs in MetGenes in Arabidopsis meiocytes, it was
hypothesised that the Pol IV-dependent pathway is quiescent and that the SRNAs
directing DNA methylation at MetGenes are produced from HyperTE loci in the tapetum
that target HyperTE and MetGene methylation in the meiocyte [50, 60]. To confirm this
expression pattern, pPNRPD1::NRPD1-eGFP and pNRPE1::NRPE1-eGFP fluorescent
reporter lines (of the largest subunits of RNA Polymerase IV and V respectively[35])
were constructed by dr Jincheng Long. Since the columella in the root tip of Arabidopsis
is hypermethylated in the CHH context [88], the root tip was imaged to screen and

select the best lines selected for further imaging (FigureA3).

Widefield Autofluorescence eGFP Merged

Meiocyte

Microspore

Gynoecium
(meiocyte stage)

Fig. 2.3 NRPDI1 is expressed in the tapetum, microspore and gynoecium.

NRPD1 expression in meiocyte stage anthers in the tapetum and surrounding somatic cells(first
row, third column (GFP, green, white arrows), and expression in microspores (second row third
column, white arrows). NRPD1 is also expressed in both the germ and somatic cells of the
meiocyte stage gynoecium (third row (GFP, green)). Scale bar 10 um. Reporter line constructed
by dr Jincheng Long.

Meiocytes are surrounded by the tapetum - a somatic tissue layer of nurse cells with
cytoplasmic connections to meiocytes through plasmodesmata. As expected, NRDP1
expression was confined to the tapetal layer and surrounding somatic anther tissue in
meiocyte stage anthers (Figure 2.3). Once meiocytes undergo meiosis, the plasmodes-

matal connection to the tapetum ceases and the meiocytes are surrounded by callose cell
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walls. At the microspore stage, the germline cells express NRPD1 (Figure 2.3 second
row, 2.4 first and second rows). NRPD1 was also expected to be expressed strongly
in the maternal reproductive tissue [63] which was confirmed in several independent
reporter lines (Figure 2.3, row three).

Following a further two cell divisions, the bicellular and tricellular pollen grains are
produced, neither of which express NRPD1 (Figure 2.4, rows 3 and 4). However, it
must be added that the expression levels of the best NRPD1 reporter lines were a lot
lower and more diffuse than the expression of NRPE1 or CLSY3 reporter lines (Figures
2.6, A3). Further, expression in germline tissues was not consistent even in lines that
exhibited strong root signal (Figure 2.4, Figure A4). As these results are from screening
37 independent transformants from the same transformation event, it would be worth
constructing new transformants perhaps with a stronger fluorescent reporter (such as
tdTomato) to corroborate these results, and confidently confirm whether NRPD1 is

expressed in the pollen.

DAPI (blue)
Widefield Autofluorescence (red) GFP (green) Merged

Early
microspore

Late
microspore

Bicellular pollen

Tricellular pollen

Fig. 2.4 NRPDI is expressed in microspores, but its expression is absent in pollen

NRPDI1 expression early and late microsproes (first and second rows, third column (GFP, green,
white arrows), and expression in microspores (second row third column, white arrows). NRPD1
however us not expressed in bicellular or tricellular pollen (third and fourth rows (DAPI, blue
GFP, green). Scale bar 10 um. Reporter line constructed by dr Jincheng Long.
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2.4 NRPE1 is expressed in both somatic and germline tissues in Ara-
bidopsis anthers

According to methylation and 24nt sSRNA datasets, the Pol V-dependent pathway of
RdDM be active in the somatic tapetal layer and meiocytes, but it was not clear what
happens after meiosis in microspores and pollen. As before, strong nuclear signal
was confirmed in the root tip (Figure A3). NRPEI is strongly expressed in meiocytes,
tapetum and in the surrounding somatic tissues of the meiocyte stage anther (Figure
2.5, first row). This expression also persists into both soma and germline of microspore
stage anthers and the female meiocyte stage gynoecium (Figure 2.5 second and third
rows respectively), indicating that the Pol V-dependent pathway of RADM is active in
both somatic and germline cells of the anther. As we know RdADM is highly active in
maternal reproductive tissue [62, 63], the expression of NRPE1 was confirmed in this

tissue as well (Figure 2.5, third row).
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Fig. 2.5 NRPEI is expressed in the tapetum, meiocyte, microspores and gynoecium

NRPEI expression in meiocyte stage anthers in the tapetum, meiocyte and surrounding somatic
cells(first row, third column (GFP, green, white arrows), and expression in microspores (second
row third column, white arrows). NRPE] is also expressed in both the germ and somatic cells
of the meiocyte stage gynoecium (third row (GFP, green)). Scale bar 10 um. Reporter line
constructed by dr Jincheng Long.
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2.5 CLSY3is expressed in the tapetum of meiocyte stage anthers and
in the gynoecium

The CLSY3 chromatin remodeler drives SRNA production in the tapetum [60] by
recruiting Pol IV to discrete loci (including HyperTEs)[89]. In accordance with this,
the expression of CLSY3 in meiocyte stage anthers is largely restricted to the tapetum
(Figure 2.6 first row), with diminished expression in the tapetum after meiosis (Figure
2.6 second row). CLSY3 is also required for expression of abundant 24nt SRNA in the
ovules, and therefore it is strongly expressed in the gynoecium and surrounding somatic
tissues (Figure 2.6, third row. Reporter line constructed by dr James Walker/Sam
Deans).

Widefield Autofluorescence (red) Venus (yellow)

Meiocyte

Microspore

Gynoecium
(meiocyte stage)

Fig. 2.6 CLSY3 is expressed in the tapetum of meiocyte stage anthers and in the
gynoecium

CLSY3 is strongly expressed in the nucleus of meiocyte stage tapetal cells (first row (Venus,
yellow)), which then diminishes in the senescing tapetum after meiosis in the microspore
stage(second row, Venus (yellow)). CLSY3 is also expressed in both the germ and somatic cells
of the meiocyte stage gynoecium (third row (Venus, yellow)). Scale bar 10 um. Reporter line
constructed by dr James Walker/Sam Deans.

However, following meiosis, CLSY3 is not expressed in microspore, bicellular or tricel-
lular pollen stages (Figure 2.7) highlighting the restricted spatiotemporal expression of
CLSY3 to produce 24nt sSRNAs at HyperTEs and drive methylation of these loci, as
well as MetGene loci in the meiocyte. Although endogenous sRNA production is active
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in the microspore (Figure 2.4), and potentially in pollen, CLSY3 does not seem to play
a significant role in shaping the 24nt SRNA profiles after meiosis.

Widefield DAPI (blue) Venus (yellow) Merged

Microspore

Bicellular pollen

Tricellular pollen

Fig. 2.7 CLSY3 is not expressed in the male germline cells

DAPI stained microspore, bicellular or tricellular pollen (second column (DAPI, blue). CLSY3
signal not detected in any germline cells (third row (Venus, yellow). Scale bar 10 ym. Reporter
line constructed by dr James Walker/Sam Deans.

2.6 HyperTE sRNAs decline proportionally post-meiosis, despite ele-
vated proportional dominance of 24nt sSRNAs in sperm cells

To dissect the dynamics of the SRNA landscape in the germline, SRNA sequencing
libraries were constructed for microspores, sperm cells, and sperm nuclei (2 replicates
each). These were then compared to meiocyte and tapetum sRNA libraries [60], as well

as to somatic SRNA sequencing libraries from the leaf, root and seedling [90-92].

All three somatic tissues had a strong 21nt and 24nt peak (Figure 2.8A). However, in
the germline, except for microspores, the dominant SRNA length was 24nt, with sperm
cells and sperm nuclei exhibiting the highest proportional levels of 24nt SRNA (Figure
2.8B).

When examining genomic features to capture a snapshot of 24nt sSRNA distribution in
germline tissues, it has been previously shown that HyperTEs dominate the 24nt SRNA
landscape in meiocytes [60]. However, the proportion of 24nt SRNAs within HyperTE
regions gradually declines through cell divisions following meiosis, from meiocytes to
sperm cells, suggesting that endogenous HyperTE sRNA production does not continue
or ceases in the germline cells after meiosis and the closure of the plasmodesmatal

connections to microspores. (Figure 2.9A).
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Fig. 2.8 In germline tissues, the dominant SRNA length is 24nt

(A) The size distribution of SRNAs in leaf, root and seedling. X axis: sSRNA lengths, Y axis:
reads per million (RPM) (B) The size distribution of SRNAs in meiocyte, microspore, sperm
cell, sperm nucleus and tapetum. X axis: SRNA lengths, Y axis: reads per million (RPM)
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In sperm cells, TE regions become the dominant source of 24nt SRNAs, mirroring the
pattern observed in somatic tissues (Figure 2.9B). In somatic tissues, a large portion of
these canonical RADM loci are known to be associated with CLSY 1 and CLSY?2 [89].
However, in the pollen, neither CLSY 1 nor CLSY?2 were strongly expressed (Figure
A2 suggesting (provided there is endogenous sRNA production in the pollen), these
clusters are not strongly associated with the expression of any protein from the CLSY
family (the CLSY 1 and CLSY2 reporter lines were obtained from dr Jincheng Long).

A ‘.
Meiocyte Microspore Sperm cell Sperm nucleus Hyper TEs
M TEs
M Genes
B I I | H Intergenic
Seedling Root Leaf

Fig. 2.9 HyperTE derived 24nt sSRNAs decline in proportional abundance after meiosis
and throughout pollen development

Pie chart showing the proportional mapping of 24nt SRNAs to genomic features of interest:
HyperTEs, TEs, Genes, MetGenes and intergenic regions in (A) germline tissue (meiocyte,
microspore, sperm cell and sperm nucleus) and (B) somatic tissue (seedling, root and leaf).

2.7 Sperm cell SRNA clusters are uncoupled from CLSY-dependent
loci

Examining the expression levels of germline-associated CLSY3-dependent loci, Hy-
perTEs, and somatic tissue-associated CLSY 1/2-dependent loci, along with canonical
RdDM (cRdDM) loci, we can first conclude that, as expected, CLSY 1/2-dependent and
cRdDM loci exhibit the highest overall abundance of sSRNAs in somatic tissues (leaf,
seedling, and root). In contrast, most cRdDM loci do not generate abundant SRNAs in
the meiocyte, tapetum, or microspore. Interestingly, the sperm cell and sperm nucleus
appear to represent an intermediate stage, where SRNA production at cRdDM loci is

reactivated though not to the same extent as in somatic tissues (Figures 2.10B,D, A6).
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CLSY1-2 dependent

CLSY3 dependent

Sex cells Soma Sex cells Soma
HyperTEs cRdDM

Sex cells Soma Sex cells Soma

Fig. 2.10 CLSY3-dependent loci and HyperTEs generate abundant SRNAs in meiocytes
and tapetum, as well as in microspores and sperm cells, though to a lesser degree.
CLSY 1&2-dependent loci and canonical RADM loci primarily produce abundant SRNAs
in somatic tissues, with intermediate levels in sperm cells.

Heatmaps showing the 24nt SRNA RPKM levels of (A) CLSY3 dependent, (B) CLSY1&2
dependent, (C) HyperTEs and (D) cRdDM loci in different germline (meiocyte, tapetum, sperm
cell, sperm nucleus, pollen) and somatic tissues (leaf, seedling, root). Scale bar shows logRPKM
values.
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Conversely, in CLSY3-dependent and HyperTE loci, we observe an opposite pattern:
24nt sSRNA abundance is highest in the meiocyte, tapetum, and microspore (though
somewhat reduced in the microspore at certain loci), while somatic tissues exhibit
lower sRNA levels. The sperm cell and sperm nucleus again show intermediate SRNA
abundance. Pollen, in particular, displays higher overall levels of 24nt SRNAs from
these loci, suggesting they are primarily produced in the vegetative cell. Notably, a
subset of HyperTE loci continues to produce sSRNAs even in somatic tissues (Figures
2.10A-C, A6).

Since the heatmaps show normalised levels of SRNA against total SRNA levels in each
tissue, it must be ensured that these patterns are comparable. To achieve this, 24nt SRNA
levels in the cRdADM loci were also normalized against 21nt miRNA levels, as these are
assumed to remain constant across cell types. This approach yielded comparable SRNA
levels across the tested tissues, validating the observed relative differences in SRNA

patterns (Figure AS).

To further understand the SRNA landscape in sperm and microspore, the SRNA profiles
were compared pairwise to somatic tissues as well as other germline tissues, namely
the meiocyte. Genome wide, 24nt sSRNA abundance in 24nt SRNA clusters correlate
weakly between the meiocyte and microspore (Figure A7A), but less so than between
tapetum and meiocyte (Figure 2.13A). This correlation is then further reduced between
the meiocyte and sperm, indicating that global 24nt SRNA profiles are indeed vastly
different between these cell types (Figure A7B).

Additionally, when comparing sperm cell-specific SRNA clusters between the meiocyte
and sperm, and highlighting key genomic features, we clearly see that a significant
subset of sperm-specific clusters producing sSRNAs overlap with HyperTEs. These
clusters have correspondingly high SRNA abundance in the meiocyte, with relatively
lower abundance in the sperm cell (Figure A7B). In contrast, loci with low RPKM
values in the meiocyte but high in sperm include a mixture of canonical RADM loci and
other sperm-specific loci that do not overlap with either HyperTEs or cRdDMs.

Similarly, highlighting CLSY-dependent loci in the same dataset yields results consistent
with those in Figure A7B. In Figure 2.11, loci with abundant SRNAs in the meiocyte
overlap CLSY3-dependent loci and some CLSY4 and CLSY?2 dependent loci (Figure
2.11B, C, D). Surprisingly, loci that produce abundant SRNAs in sperm distinctly from
the meiocyte do not exclusively overlap CLSY1 and CLSY2 dependent loci as would
be expected in somatic tissues (Figure 2.11A,B). Instead, many of these loci do not

overlap with any CLSY-dependent loci at all (Figure 2.11E).
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Fig. 2.11 The distribution of the abundance of 24nt sSRNAs at CLSY associated loci
compared between the meiocyte and sperm cell

Scatterplot shows the log(RPKM+1) values of 24nt sSRNAs at sperm-specific clusters, split by
CLSY-dependent loci A) CLSY 1 B) CLSY2 C) CLSY3 D) CLSY4 E) Loci that do not overlap

any CLSY dependent loci. R = Spearman’s rank



2.8 Sperm-cell specific loci do not completely share SRNA profiles
with pollen

As illustrated in Figure 2.10 there is not a complete overlap in SRNA production between
sperm and pollen. The expression of sperm-cell-specific clusters was compared with
several published pollen datasets, as well as libraries derived from sperm cell and sperm
nucleus tissues. While the SRNA profiles of the sperm cell and sperm nucleus are highly
correlated (Figure A8) there are distinct SRNA expression patterns between pollen and
sperm cells, despite their overall correlation (Figure A8) indicating the contribution of

the vegetative cell.

Dissecting this further, we discovered that HyperTEs which continue to produce abun-
dant sSRNAs in the sperm cell, also do so in the entire pollen. This suggests that these
sRNAs are either expressed in both the vegetative and sperm cells, or are able to cross
into the sperm cell from the vegetative cell. Furthermore, cRADM loci appear to fall
into two categories: one group produces abundant SRNAs in both pollen and sperm,
while another exhibits high SRNA levels in pollen but lower levels in sperm, indicating
the presence of a vegetative cell-specific SRNA population. A similar pattern can be
seen in the SRNA clusters that do not overlap these genomic features at all. Interestingly,
the group of MetGenes that produce SRNAs in the sperm cell seem to be largely specific
to this tissue (this is discussed later in the chapter). As the pollen encompasses both
sperm cell and vegetative cell SRNA production, these results describe the contribution
of the vegetative cell to overall SRNA production in the pollen (Figure 2.12).

2.9 Distinct Chromatin and DNA Methylation Patterns in Sperm-
Specific SRNA Loci

As expected, loci with abundant SRNAs in the meiocyte and the tapetum are primarily
HyperTEs (Figure 2.13A), which decline in abundance in the sperm cell (Figure 2.13B).
Next, examining whether loci that produce abundant sSRNAs in sperm compared to
the seedling have different chromatin states, (based on H3K9me?2 as an indicator of
euchromatin or heterochromatin), we find that a subset of loci (n = 568) generating more
sRNAs in sperm than in the seedling are predominantly heterochromatic (Figure 2.13C,
red box). As expected, sperm cell-specific clusters show a strong correlation between
the sperm cell and sperm nucleus (Figure 2.13D). Furthermore, loci synthesising the

most abundant SRNA in both sperm cell and sperm nucleus tend to be heterochromatic.

It is crucial to investigate whether the heterochromatic sperm-specific n568 subcluster
has a specific methylation pattern distinct from the whole set. We can conclude that
generally, methylation in the sperm-specific SRNA clusters is consistently high, inter-
mediate, and low in the CG CHG and CHH context throughout germline development
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Fig. 2.12 The distribution of the abundance of 24nt SRNAs overlapping genomic features
of interest, compared between the pollen and sperm cell

Scatterplot shows the log(RPKM+1) values of 24nt sSRNAs at sperm-specific clusters, split
by cRdDM (green), HyperTE (yellow), MetGene (blue) and non-overlapping (red) loci. R =
Spearman’s rank
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Fig. 2.13 HyperTEs produce highly abundant 24nt sSRNAs specifically in the meiocyte
and tapetum, which tapers off in the sperm cell. Loci with highly abundant 24nt SRNAs
specifically in the sperm cell tend to be more heterochromatic.

Correlations between 24nt sSRNA abundance and the indicated cell types, highlighting (A-B)
genomic features of interest and (C-D) chromatin structure. (C) Sperm cell specific heterochro-
matic cluster highlighed with red box.
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respectively (Figure 2.14, dark green bars). In contrast, the n568 subcluster exhibits
generally lower methylation levels compared to the full set (Figure 2.14, light green
bars). However, when examining methylation patterns in other tissues, it becomes clear

that this pattern is not exclusive to the sperm cell.

2.10 A subset of MetGenes produce 24nt sRNAs and gain CHH
methylation specifically in the sperm cell

In contrast to other sex cells, about 20% of MetGenes generate 24nt SRNAs in the sperm
cell, with a subset producing sSRNAs exclusively in sperm (Figure 2.15, clusters 1 and
2, Figure A9B). Since previous work has identified that MetGenes produce no perfect
matching sSRNAs in the meiocyte and tapetum[60], it is likely that the clusters which
produce sRNAs in meiocyte and tapetum are either at HyperTE/MetGenes boundaries,
or are HyperTE derived. However, the majority of SRNA producing MetGenes in the
sperm cell and sperm nucleus do not overlap the same loci (Figure 2.15, clusters 1
and 2: sperm specific reactivation, cluster 3: HyperTE/boundary derived meiocyte and

tapetum specific clusters).

Next, it was important to determine whether the increased sRNA production actually
leads to increased DNA methylation in the sperm cell. Overall, the sperm cell-specific
MetGenes exhibited higher CG and CHG methylation compared to the full set in
meiocytes and microspores (Figure 2.16A,B,D,E), and higher methylation in the CHG
context in sperm. Interestingly, the only tissue where this subset showed higher CHH
methylation was in the sperm cell, suggesting that renewed sSRNA production at these
loci also drives methylation in the sperm cell (Figure 2.16C,F).

2.11 ATGP2N TEs produce highly abundant 24nt SRNAs in sperm
cells, the sperm nucleus, and pollen.

As previously mentioned, after meiosis, HyperTE-derived sRNAs cease to be the
dominant source of 24nt SRNAs in the sperm cell. Therefore, it is important to analyse
the landscape of 24nt sSRNAs from sperm clusters overlapping TEs (Figure 2.17A). This
revealed a cluster of TE families conserved across pollen, sperm cells, and sperm nuclei,
which produce uniquely abundant SRNAs (Figure 2.17A, cluster 8, n=24). Within this
subset, approximately 90% of transposons belong to the LTR/Gypsy superfamily, and
about 70% are from the ATGP2 and ATGP2N families. Of these, about 40% overlap
CLSY?3/4 dependent loci specifically.
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Fig. 2.14 Sperm-specific heterochromatic loci exhibit significantly lower overall methy-
lation levels compared to the entire sperm dataset

CG, CHG and CHH methylation levels of all sperm clusters (dark green) and the heterochromatic
568 loci subset (light green). ***: p-value < 0.001, **: p-value < 0.01,*: p-value < 0.05



Fig. 2.15 Approximately 20% of MetGenes produce sRNAs in the sperm

Clusters 1,2: sperm specific SRNA production. Cluster 3: HyperTE/MetGene boundary derived
meiocyte and tapetum specific clusters. Scale bar shows logRPKM values.

Notably, another LTR/Gypsy transposon ATGP1 has been reported to be a direct target
of RADM in meiocytes, targeted by sSRNAs produced in the tapetum, and gaining release
from repression in RADM defective mutants [60], specifically in the male germline.

When comparing ATGP2N methylation between the soma and germline, both showed
consistently high methylation in the CG and CHG contexts (Figure 2.18A), with gener-
ally low methylation in the CHH context. However, compared to other TE loci in the
genome, ATGP2N retained higher methylation levels in the germline than in the soma
in the CG and CHG contexts. Additionally, ATGP2N exhibited low CHH methylation
in meiocytes and sperm cells compared to other TE loci but gained CHH methylation in

vegetative cells, mirroring the pattern observed in seedlings (Figure 2.18B).
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Fig. 2.16 The reactivated MetGenes gain CHH methylation in the sperm cell.

(Box plots of CG (A), CHG (B) and CHH (C) methylation of all MetGenes compared to the
reactivated subset, in germline and somatic tissues. Heatmaps of the CG (D) CHG (E) and CHH
(F) methylation MetGenes that produce sRNAs in the sperm cell. ***: p-value < 0.001, **:
p-value < 0.01,*: p-value < 0.05.
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Fig. 2.17 ATGP2N TEs produce highly abundant 24nt sSRNAs in the sperm cell, sperm
nucleus and pollen

(A) Heatmap showing the 24nt SRNA production of TE families in germline and somatic tissues.
Cluster 9 contains the ATGP2N families. Scale bar shows logRPKM values.
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Fig. 2.18 ATGP2N TEs produce highly abundant 24nt sSRNAs in the sperm cell, sperm
nucleus and pollen

(A) Snapshot CHH methylation levels of three ATGP2N TEs which produces abundant SRNAs
in the sperm. (A) Boxplots of CG, CHG and CHH methylation levels of the ATGP2 subset
compared to all TEs in germline and somatic tissues. ***: p-value < 0.001, **: p-value < 0.01,*:
p-value < 0.05
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2.12 Discussion

The NRPDI1 reporter line confirms the expected expression of RNA Polymerase IV
in meiocyte stage anthers, namely that RNA Polymerase IV expression is restricted
to the somatic tissue surrounding the sex cells and therefore 24nt SRNA production is
quiescent in meiocytes (Figure 2.3). At the same time, the NRPEI reporter line also
confirms the expected expression; RNA Polymerase V is expressed throughout the
somatic and germline tissue, facilitating DNA methylation. This pattern aligns with the
data showing similar sSRNA and DNA methylation profiles in the tapetum and meiocyte,
including strong germline specific methylation at 797 HyperTE loci. At the same time,
specifically in the Pol IV quiescent meiocytes, HyperTE-derived 24nt sSRNAs from the
tapetum can target HyperTEs for methylation in the meiocytes as well as 435 de novo

genic targets (MetGenes) for methylation [60, 50].

As mentioned earlier, pNRPD1::NRPD1-eGFP expression was inconsistent in the
germline of several independently transformed lines (Figures 2.4 and A4). This could
be due to a variety of factors.

First, we need to consider the site of integration of the transgene during T-DNA inser-
tion mediated by Agrobacterium-mediated transformation. If the T-DNA inserts into
heterochromatic regions, which are typically transcriptionally inactive, or into dynamic
chromatin regions that undergo changes during development, it can lead to variable
expression patterns of the reporter gene [93]. Second, gene silencing mechanisms may
also play a crucial role in transgene expression patterns. High transgene copy numbers
can trigger RNA interference pathways, leading to PTGS and eventually may trigger
TGS via RADM, a phenomenon observed in de novo silencing of TEs [94]. Third, the
choice of promoter driving the reporter gene is another critical factor. Promoters lacking
necessary cis-regulatory elements or not interacting effectively with trans-acting factors
may fail to achieve desired expression levels in specific tissues or developmental stages
[95]. As the lines in question were constructed with native promoters, this effect could
explain their inconsistent expression patterns. Finally, the use of fluorescent tags such
as eGFP, fused to large proteins like NRPD1 (the largest subunit of RNA polymerase
IV) can impede proper protein folding, localisation, or function due to the tag’s size,

leading to aberrant expression patterns.

Though generally DNA methylation levels in all sequence contexts declines through
germline development overall, HyperTEs and MetGenes stay highly methylated from
meiocyte to sperm [96, 50]. After meiosis, these results suggest that the Pol IV pathway
becomes active in the germline once more, through endogenous sRNA production
and DNA methylation. The unreliable expression observed by the several NRPD1
expression lines would need further validation. This could be achieved by constructing
NRPDI1/NRPEI reporter lines using a stronger fluorophore, such as tdTomato, or by
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confirming that the RNA levels of the reporter constructs align with the expected
transcript levels of the endogenous NRPD1/NRPE], as tissue-specific silencing may

affect the transgenic reporter lines.

CLSY chromatin remodelers recruit RNA polymerase IV in a locus-specific manner
to drive 24nt SRNA production in both somatic and germline tissues. CLSY1 and
CLSY?2 are required for the association of SHH1 with the RNA polymerase IV complex,
which recognises H3K9me?2 histone modifications, linking CLSY 1/2-dependent loci
to this histone modification [89]. In contrast, CLSY3 and CLSY4 can recognise CG
methylation to drive SRNA production at specific loci, independently of H3K9me?2
[89]. CLSY1 and CLSY?2 are specifically required to produce sRNAs at cRdDM loci
in leaf tissue, while CLSY3 crucial for SRNA production at siren loci in ovules and
HyperTE loci in the tapetum [44, 89, 60]. This tapetum-driven SRNA production also
induces CHH methylation at HyperTE and MetGene loci in meiocytes, which persists
throughout the germline. In fact, the production of SRNAs in the tapetum alone is
sufficient to maintain HyperTE methylation in all germline tissues [60]. In accordance
with this, CLSY3 is not expressed in the meiocytes or any of the later stage sex cells.

The CLSY1 and CLSY2 reporter lines indicate that these CLSY chromatin remodellers
are not strongly expressed in maturing pollen either (Figure A2). This raises the question
of how endogenous 24nt sSRNA production is regulated in these germline cells. One
possibility is that the reporter lines may be silenced or inaccurately expressed. To verify
this, CLSY-eGFP transcript levels should be compared to RNA-seq data. RNA-seq
data from our lab indicates that CLSY2 may be expressed in the vegetative cell and
CLSY4 in the sperm cell (Table A2), though these findings need further confirmation,
including checks on corresponding protein expression. Additionally, some CLSY 1- and
CLSY4-dependent loci still appear to produce sSRNAs in the sperm cell (Figure 2.11).
To conclusively determine whether any CLSY chromatin remodellers are important
for sSRNA production and CHH methylation in the pollen, clsy mutant SRNA data and

methylation sequencing should be generated and compared with wild-type data.

In line with these findings, data analysis from the sSRNA datasets seem to suggest that
after meiosis, endogenous 24nt SRNA production shifts away from CLSY-mediated loci.
Two hypotheses could explain this shift. First, DME-mediated hypomethylation in the
vegetative cell leads to upregulated SRNA biogenesis from reactivated TEs, which in
turn directs DNA methylation in the sperm cell [82, 97] via 21 and 22nt epigenetically
active small interfering RNAs (easiRNAs). These easiRNAs are produced either by
RNA polymerases II or IV and processed RDR2 or RDR6 and by DCL2/4 [98]. Though
easiRNAs are primarily 21 and 22nt in length, the discovery that RNA polymerase IV
can also generate them hints at the complexity of the interplay between various RADM
variant pathways. In fact, it is already known that several other non-canonical RdADM
pathways can produce and direct 24nt sSRNAs into the canonical RADM pathway. One
such pathway bypasses Pol IV-RDRs entirely, where double-stranded Pol II-derived
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transcripts (such as inverted repeats or microRNA precursors) are directly cleaved by
DCL proteins to produce sRNAs [99]. The DCLs compete for these transcripts and
produce 21-24nt SRNAs [100]), and the 24nt SRNAs can feed into the Pol V pathway
via AGO4 either in cis or at other similar loci in frans [101, 99]. Alternatively, post-
transcriptional gene silencing (PTGS) has also been linked to the RADM pathway. In
this pathway, dsRNA is first produced by PTGS via Pol II and RDR6 which is then
cleaved by either DCL2/4, or DCL3 to produce 21,22 or 24nt sSRNAs respectively, in a
hierarchical manner [94], which can be loaded onto AGO proteins and feed into the Pol

V pathway this way [84].

Several accessory proteins are involved in the RADM pathway [35], many of which have
paralogs in Arabidopsis. While some of these proteins may have redundant functions,
RNA-seq data generated by members of our lab shows that specific Pol IV and Pol V
accessory proteins are expressed at specific developmental stages in the male sexual

lineage. I would like to highlight three specific examples and discuss their roles.

First, a paralog of SPT5L/KTF1, which recruits AGO proteins through an AGO hook
motif [42, 102] and interacts with NRPE1 [103, 104], is notably upregulated in meio-
cytes and pollen. Second, RNA polymerase V transcription is facilitated by the DDR
complex, a key component of which, a DRD1 homolog, is specifically upregulated
in the meiocyte (Table A2). Finally, the MORC protein family, which consists of AT-
Pases involved in chromatin compaction and transcriptional gene silencing in mammals,
also plays a crucial role in the canonical RADM pathway in plants. MORC proteins
co-localise to sites of RADM and are important for the establishment of RADM. One
paralog, MORCS is specifically upregulated in the meiocyte (Table A2) and has been
previously shown to be specifically expressed in the pollen [105], while MORC4 is also
upregulated in the meiocyte, pollen and embryo (Tables A2 and A3). These observations
hint at possible candidates that could contribute to tissue-specific non-canonical RADM

pathways in the male sexual lineage.

Given the critical importance of genome integrity in reproductive cells, the precise
regulation and silencing of TEs are essential. In accordance with this, 568 loci with
abundant 24nt SRNAs also have high H3K9me?2 methylation, which is associated with
heterochromatic regions, however, these loci are not associated with increased CG,
CHG or CHH methylation levels when compared to the whole set (Figures 2.13 2.14.
This may suggest that this subset represent TEs that are activated in the vegetative cell,
which are situated in pericentromeric regions, enriched in H3K9me?2, and produce 24nt
sRNAs that target DNA methylation in sperm cells [106]. Nevertheless, further careful
study is necessary to determine the specific significance of this group of TEs and to
clarify whether they overlap with the heterochromatic TEs activated in the vegetative
cell.
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The LTR/Gypsy TE family ATGP1 has previously been shown to be specifically active in
reproductive cells of RADM mutants [60]. Investigating the 24nt SRNA landscape at TE
loci identified another LTR/Gypsy TE family, ATGP2N, which produce abundant SRNAs
specifically in the sperm cell (Figure 2.17). ATGP2N has previously been reported to
gain chromatin accessibility and be transcriptionally upregulated in met/ mutants. In
this study, ATGP2N was part of a subset of TEs that gained chromatin accessibility
and increased in transcription as well as an increase in the production of 21nt sSRNAs
in the inflorescences of met/ mutants. The other examined groups of TEs gained
accessibility but had no change in transcription or SRNA production, one already being
highly expressed in wild type plants, and the other remaining repressed with respect to
transcription and sRNA production even with increased chromatin accessibility[107].
Although CHH methylation levels of TEs both germline and somatic tissues were
generally low, the ATGP2N family had slightly increased CHH methylation in all
tissues, most notably in the vegetative cell (Figure 2.18B and C). Several explanations
could account for these findings.

Firstly, as around 40% of these ATGP2N loci overlap CLSY3/4 dependent loci, it is
possible that these chromatin remodellers are responsible for the cell-specific silencing
of these TEs in the sperm cell. An important question to address empirically is whether,
in addition to the 21 and 22nt easiRNAs, 24nt sSRNAs produced in the hypomethylated
vegetative cells can direct methylation in the sperm cells, similar to how tapetal cells
mediate methylation at specific loci. Secondly, another potential explanation for this
sRNA and methylation pattern is related to the general observation that most TEs are
more hypomethylated in the vegetative cell compared to the sperm cell, which leads
to the production of abundant easiRNAs that direct RADM in sperm. However, since
ATGP2N exhibits increased CHH methylation in the vegetative cell compared to the
sperm cell, it is plausible that the abundant 24nt SRNAs detected in the sperm cell are
produced through the non-canonical PollI-RDR6 or Polll-DCL3 RdDM pathways, due
to ATGP2N reactivation specifically in the sperm cell. To verify these hypotheses, it
will be necessary to examine ATGP2N expression levels in the germline of wild-type
and RdDM mutants, as well as analyse 24nt sSRNA production and CHH methylation in
clsy3/4 double mutants.

Notably, around 20% of MetGenes produce perfect-matching 24nt SRNAs uniquely in
the sperm cell (Figures 2.12, 2.15) and these genes specifically gain CHH methylation
in the sperm cell (Figure 2.16C). This could be an off-target effect of SRNAs produced
in the vegetative cell due to hypomethylation of TEs, a relationship that warrants
further investigation. Alternatively, this CHH methylation gain may have biological
significance. While CHH methylation is often linked to transcriptional repression,
this is not always the case. For example, gene body methylation near transposon-gene
boundaries is associated with transcriptionally active genes in maize [108]. Additionally,
the loss of RADM-directed gene body methylation of MetGene MPS1 has been proven
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to cause mis-splicing and disrupt meiosis [50].Among the MetGenes producing 24nt
sRNAs in the sperm cell are VIM2 and VIM4. The VIM proteins are required for
maintaining CG methylation by recruiting MET1 to hemimethylated CG sites [109]. In
addition, VIMS was identified as one of few paternally imprinted genes in Arabidopsis
and is involved in mediating CG methylation in the endosperm [110]. RNA-seq data
provides evidence that VIM proteins are specifically upregulated in the sperm cell and
VIMI specifically upregulated in the vegetative cell (Table A4), suggesting a potential
connection between tissue-specific gene body CHH methylation and transcriptional
regulation. This differential expression may play a crucial role in maintaining epigenetic

control and ensuring correct gene expression and TE silencing in these important tissues.

Together, these observations highlight that, in addition to producing 24nt SRNAs from
cRdDM loci, sperm cells display a unique sSRNA profile distinct not only from earlier
germline cells and somatic tissues but also, to some extent, from vegetative cells. This
difference may be driven by non-canonical RADM pathways and may shift away from
CLSY chromatin remodellers regulating RADM after meiosis. The tissue-specific ex-
pression of several key RADM components in the male sexual lineage suggests potential
mechanisms that could allow mismatch-targeted DNA methylation in meiocytes and
underscores the significance and complexity of non-canonical RADM pathways active

during post-meiotic male sexual development.
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2.13 Materials and Methods

2.13.1 Plant materials, plasmid construction and growth conditions

Arabidopsis thaliana plants were grown in 16h light/8h dark conditions, in 21°C,
70% humidity in a controlled environment chamber on germination medium (GM)
without glucose supplementation. The following lines have been grown: Col-0 wild
type plant for the microspore and pollen SRNA sequencing libraries. For the anther
imaging experiments, the transgenic reporter lines pCLSY 1::CLSY 1-eGFP (clsy1),
pCLSY2::CLSY2-eGFP (WT), pCLSY3::-CLSY3-Venus (clsy3), pNRPD1::NRPDI1-
eGFP (WT) and pNRPE1::NRPE1-eGFP (WT) were used with pAGO4:: AGO4-Venus
or pCLSY3::-CLSY3-Venus (clsy3) for a positive control.

Plants transformed with pCLSY3::-CLSY3-Venus (clsy3) and pAGO4::AGO4-Venus
(WT) vectors were obtained from dr James Walker and Sam Deans (Feng lab) who
constructed the plasmids and reporter lines. The plasmids for the CLSY1 and CLSY?2
reporter lines as well as the NRPD1 and NRPEI reporter lines were designed by and
the transformation performed by dr Jincheng Long (Feng Lab). The plasmids were con-
structed using restriction cloning using pCambial300 as a backbone. The Arabidopsis
thaliana plants transformed with pPNRPD1::NRPD1-eGFP and pNRPE1::NRPE1-eGFP
were genotyped and selected (both based on antibiotic resistance and fluorescence), as
referenced in 2.3 and Figure A3. Please find a summary of all the plant materials and
where they were obtained in Table Al.

2.13.2 Microscopy

Meiocyte and microspore stage anthers were dissected using a Leica dissecting micro-
scope on 0.8% agar and vacuum infiltrated in DAPI buffer (Galbraith’s buffer (45 mM
MgCl,-6H,0, 30 mM trisodium citrate, 20 mM MOPS, pH 7.0), 1 pg/mL DAPI, and
0.01% [v/v] Triton X-100) briefly, then imaged using imaging spacers (SecureSealTM
Grace BioLabs). Individual microspores and pollen were imaged after isolation from
unopened flower buds and opened flowers respectively, by collecting 500 pL. of flower
buds into DAPI buffer, briefly vortexing and pelleting cells. All samples were imaged

using Leica Stellaris 8 and Leica SP8X confocal microscopes.

2.13.3 Isolation of microspores and pollen using fluorescence activated cell sorting

Arabidopsis thaliana microspores were isolated by manually collecting microspore
stage flower buds, using the morphology described previously [111]. The buds were
collected into 1.5mL microcentrifuge tubes and suspended in PEB (10 mM CaCl,, 2
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mM MES, 1 mM KCl, 1% H3BO3, 10% Sucrose, pH 7.5) buffer. The microspore cells
were isolated as described previously [112]. Briefly, the buds were gently ground in a
clean pestle and mortar in PEB buffer and filtered through Miracloth (Merck-Millipore
475855) into a 1.5mL Eppendorf tube. This crude fraction was centrifuged for 5 minutes
at 800g to gently pellet the microspore cells. The pellet was resuspended in 500uL. PEB
and sequentially filtered through 30pum and 20um mesh filters (CellTrics®).

The microspores were isolated using fluorescence-activated cell sorting (FACS) on a
BD FACSMelody cell sorter (Beckton Dickinson) into TRI reagent (Zymo Research).
The purity of the sorted cells was inspected using a widefield microscope, and FACS
purification was performed for the whole fraction when the purity of the cell extract
was above approximately 80% (judged visually). The quality of the cell extract was
further confirmed by the presence of a microspore cell specific population cluster by
the cell sorter as described in Figure 4 of [112]

Sperm cells were isolated as previously described [112, 113] except the sperm cell
release step was repeated 4 times to maximise sperm cell release from pollen grain.
Sperm cells were stained using SYBR green and SITOX orange and sperm cells and
nuclei were sorted into TRI reagent (Zymo Research). The quality of the cell extract
was confirmed according to the protocol described in [112, 113] and the sperm cells
were isolated using a FACS cell sorter according to the gating parameters described in
Figure 2 of [112].

2.13.4 sRNA sequencing

RNA was released from isolated microspores by vortexing the samples with RNase free
glass beads (Sigma-Aldrich) for 4 minutes before proceeding with RNA isolation. RNA
was isolated from all samples using the Direct-zol™ RNA kit (Zymo Research, CN:
R2061).

2 replicates of SRNA sequencing libraries were constructed per cell type (microspore,
sperm cell, sperm nuclei) using the RealSeq®-biofluids NGS Library Preparation Kit
for miRNAs and sRNAs. For the three library types, the number of cells used for each
replicate were as follows: 300 000 cells for microspore, 600 000 cells for sperm cells,
and 1 500 000 cells for sperm nuclei.

Briefly, the RealSeq® adapters were ligated and blocked, then the sample was circu-
larised, and the adapter dimers were removed. Then reverse transcription was performed

as well as PCR amplification and size selection to end up with the final library.

Further, gel separation and purification was performed to enrich the SRNA libraries for

the desired fragment lengths (20-30 nucleotides long) as described previously [60]. The
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libraries were run on Novex TBE 6% gels (Invitrogen, CN: EC6265BOX) along with a
custom RNA ladder consisting of bands that were 146bp and 161bp in length.

The gel was run for 45 mins with 120V and then stained using ethidium bromide. The
gel was illuminated with UV light and the area between the two bands were then cut out
using a clean razor blade and the gel slice was weighed. 2 volumes of elution buffer (0.5
M ammonium acetate, 10 mM magnesium sulfate, 1 mM EDTA (pH 8.0), 0.1% SDS)
were added to the gel slice. The sample was incubated at 37°C on a rotary platform
(1000 RPM) for 4 hours.

The sample was then centrifuged at 12000g for 1 minute at 4°C in a microcentrifuge.
The supernatant was transferred into a fresh 1.5mL Eppendorf tube. An additional
200uL of elution buffer was added to the polyacrilamide gel fragment, vortexed, re-
centrifuged and the two supernatants were combined. Any remaining fragments of
polyacrilamide were removed by passing the supernatant through a plastic column
containng cellulose acetate filters. Two volumes of cold absolute ethanol were added,
and the solution was incubated on ice for 30 minutes. The DNA was recovered by
centrifugation at 12000g got 10 minutes at 4°C. The pellet was dried and resuspended
in 200uL. TE buffer (10mM Tris-HCI, ImM EDTA, pH 7.6) and 25uL of 3M sodium
acetate (pH 5.2) was added. The precipitation step was repeated, the pellet was rinsed
with 70% ethanol and thoroughly dried before resuspending in TE buffer to a final
volume of 30uL. The sample was incubated at 4°C overnight to redissolve the DNA.

The concentration and size distribution of purified sRNA libraries were determined
using High Sensitivity DNA Chips (Agilent Technologies, CN: 5067-5594).

The sRNA libraries were sequenced using a NextSeq 500 (Illumina).

2.13.5 Bioinformatics and data analysis

Adaptor trimming and filtering of reads that are 18nt to 28nt in length was performed on
the raw sequencing data using Cutadapt [114] v1.9.1). These reads were mapped to the
Arabidopsis thaliana reference genome TAIR10 using Bowtie [115]. 24nt clusters were
extracted and loci were kept that overlapped previously determined non-overlapping
genomic features of interest such as canocical RADM loci (9629 loci), HyperTEs (797
loci), MetGenes (435 loci), transposons (TEs), genes17,20, and H3K9me?2 enriched loci.
These overlapping feature files were produced using BEDtools (v2.27.0) [116]. 24nt
sRNA clusters were extracted using ShortStack [117] (n = 45639). To firstly identify
true 24 nucleotide clusters, the ShortStack clusters from the two replicates were filtered
to keep clusters where the predominant read length was 24 nucleotides long, where
log2(RPKM+1) 24nt SRNA > log2(RPKM+1) 25nt sSRNA +2 and that were >99bp (n =
34032).
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Following this general filtering step, sperm cell specific clusters were identified where:
log2(RPKM+1) 24nt sperm cell SRNA > 0 & where: log2(RPKM+1) 24nt sperm
cell SRNA - 1og2(RPKM+1) 24nt (other tissues: tapetum, meiocyte, microspore, root
seedling and leaf) SRNA > 3 which resulted in 513 loci.

The euchromatic/heterochromatic annotation was allocated based on data from reference
[118] and classified into 5 chromatin states based on H3K9me2/H3: euchromatic (less
than 0.6), intermediate euchromatic (bw. 0.6 and 0.9), intermediate (bw 0.9 and 1.4),

intermediate heterochromatic (bw. 1.4 and 2.6), heterochromatic (above 2.6).

Figures were plot using ggplot2 and pheatmap packages in R (v4.0.3). Please find all

scripts used on my personal GitHub page.
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Chapter 3

The dynamic SRNA profile and inheritance of paternal
epigenetic modifications post-fertilisation in the embryo

of Marchantia polymorpha

3.1 Abstract

Global cytosine methylation reprogramming has recently been reported in the male
sexual lineage of Marchantia polymorpha. During spermiogenesis, global SmC expan-
sion occurs, followed by the expansion of 4mC onto CG sites. Following fertilisation,
the mature embryo loses this epigenetic mark. Therefore, the fate of paternal N4-
methylcytosine methylation is explored in early Marchantia embryos. The results
suggest that 4mC is actively removed prior to pronuclear fusion. This is further cor-
roborated by exploring the phenotype of embryos fertilised by 4mC knockout sperm
using fluorescent reporter lines, which exhibit accelerated embryonic development and

a partial fertility cost.

3.2 Introduction

As discussed in Chapter 1, DNA methylation is an important epigenetic modification in
both prokaryotes and eukaryotes. In eukaryotes the most prevalent DNA modification
1s SmC, important in gene regulation, imprinting, silencing TEs and responding to
environmental stimuli. In prokaryotes, in addition to SmC, additional base modifications,
such as N6-methyladenine (6mA) and 4mC are also present and play key roles in
restriction-modification systems and in marking self DNA to distinguish it from foreign
DNA (Figure 3.1) [119].

DNA methylation reprogramming during sexual development is a common feature

in eukaryotes. As discussed in previous chapters, the epigenetic reprogramming in
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Fig. 3.1 The structure of eukaryotic and prokaryotic base modifications N6-
methyladenine, N4-methylcytosine and 6-methyladenine.

the male sexual lineage of Arabidopsis is extensive and is a characteristic shared by
other flowering plants. However, given that male sexual lineage development and
meiosis in Arabidopsis occur within a few cell divisions (Figure 1.3), our group aimed
to investigate whether gene-targeted methylation is specifically associated with meiosis

or spermiogenesis.

The lifecycle of the basal land plant Marchantia polymorpha alternates between haploid
and diploid phases. In the haploid vegetative phase (thallus), they can reproduce asexu-
ally or be induced by far-red light to produce gametophytes. These gametophytes form
antheridiophores (which produce antheridia and sperm in males) and archegoniophores
(which produce archegonia and egg cells in females). Once the egg cell is fertilised by
sperm, Marchantia proceeds to go through a rapid diploid sporophytic phase, which
culminates in meiosis and the dispersal of haploid spores (Figure 3.2) [120].

Recently, our group demonstrated that during spermiogenesis in Marchantia, there is
extensive DNA methylation reprogramming. In addition to the deposition of 5SmC, a
second wave of DNA methylation reprogramming occurs, involving the deposition of
N4-methylcytosine (4mC) — an epigenetic modification previously thought to exist
only in prokaryotes — at the majority of CG sites across the genome (Figure 3.3). A
4mC methyltransferase, MpDN4MT 1, was identified as the enzyme catalysing genome-
wide 4mC methylation. Knockout of the dn4mtl gene results in the loss of 4mC, partial
fertility defects, and impaired sperm motility [121].

Paternal 4mC methylation is absent in the mature embryo (which contains over 1000
cells). The exact timing of when 4mC methylation is lost post-fertilisation remains
unknown, as does whether the paternal genome retains any 4mC marks during the early
stages of zygotic development. In Marchantia, the first division of the zygote occurs
approximately 3—4 days after fertilisation (DAF) [122], suggesting that 4mC may need
to be actively removed for pronuclear fusion to take place. This hypothesis aligns with
the observed phenotype where embryos fertilised by dn4mtl sperm exhibit accelerated
development (Figure 3.4, data collected by dr Yalin Liu), though this phenomenon still
requires confirmation during early embryonic stages. Alternatively, 4mC methylation

could be lost passively following fertilisation through dilution by cell division, or
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Fig. 3.2 The lifecycle of Marchantia polymorpha
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Fertilisation and embryo development

Antheridium Mature sperm Mature embryo
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Fig. 3.3 The landscape of DNA methylation during the spermiogenesis and embryogen-
esis of Marchantia

In the liverwort Marchantia polymorpha it was recently reported [121] that during spermiogen-
esis, two waves of DNA methylation reprogramming occur. First SmC is deposited (brown)
facilitated by DNA methyltransferases DNMT3b and CMTa followed by a dramatic second
wave, wereby 4mC expands to genic regions to cover the majority of CG sites in sperm (green),
catalysed by a novel methyltransferase MpDN4MT1. Following fertilisation, 4mC methylation
is lost in the embryo. Figure adapted from [121].
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actively removed post-fertilisation for DNA replication or cell division to function
normally. Additionally, 4mC may play a role in ensuring correct genome dosage and

transcriptional activity during early embryonic development.
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Fig. 3.4 Embryos fertilised by dn4mtl knockout sperm develop more rapidly than WT

Total percentage of burst sporophytes every day since first mature sporophyte, fertilised with
wild type sperm (blue), two independent lines of dn4mtl knockout sperm (#6 dark green, #21
light green) or 5SmC (cmta (dark brown) or dnmt3B) knockout sperm (light brown). Data
collected by dr Yalin Liu.

In Arabidopsis, SmC methylation is actively removed to maintain homeostasis through
the action of several DNA glycosylases. Arabidopsis encodes four DNA demethylases:
DEMETER (DME), REPRESSOR OF SILENCING 1 (ROS1), and the DEMETER-
LIKE proteins DML2 and DML3. While DME is involved in vegetative cell demethy-
lation in pollen [82] (as discussed in Chapter 2), it also plays a critical role in the
allele-specific expression of maternally imprinted genes in the central cell and en-
dosperm [81]. The remaining DNA glycosylases appear to be functionally redundant,
primarily preventing the spread of transposon-derived SmC methylation into genic
regions[123], including ROS1 [124]. Therefore, the orthologs of ROS1 in Marchantia,
MpROS1a and MpROS1x (located on the female sex chromosome) offer possible can-
didates for erasing paternal 4mC methylation as they are expressed in the sperm [125]
and mature eggs/embryos [126] respectively [127, 126, 121].

Recent findings have shown that the heterochromatic histone modification H3K27me3 is
exclusively deposited on the paternal genome during the pronuclear stage of the embryo-

genesis of Marchantia, leading to the repression of the paternal genome, which persists
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throughout embryogenesis [128]. In contrast, in mammalian germlines, H3K27me3-
mediated imprinting is limited to a few loci within the female gamete [129]. 4mC
therefore offers a possible mechanism through which the paternal genome could be

marked during early development.

Hence, investigating the methylation profiles of early Marchantia embryos during the
first zygotic divisions and examining the early developmental phenotype of dn4mtl
mutants complement our previous work, expanding our understanding of how paternal

DNA methylation affects early embryonic development.
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3.3 Paternal 4mC is lost in the early embryo of Marchantia

To establish an effective method for staging early Marchantia embryos and identify
the earliest feasible window for embryo extraction for AMD sequencing (AMD-seq),
several approaches were explored. Despite incorporating detergents, vacuum-assisted
staining, and testing various stains (DAPI, Hoechst 33342, and ethidium bromide),
live-cell staining of developing embryos within the archegonium remained inconsistent.
This inconsistency likely arises from the embryo’s position within a cavity (the venter)
surrounded by somatic cells and cell walls (Figure 3.5 rows one and two). Moreover,
variations in environmental conditions during embryo development significantly im-
pacted growth, as illustrated in Figure B1 which shows the same genotype embryos 10
days post-fertilisation under different growth conditions. To ensure consistency and
reproducibility, a controlled crossing method was adopted, wherein archegoniophores
were exposed to sperm in a tube for an hour, ensuring synchronised fertilisation and
uniform embryo development. This approach is particularly suited for studying early
embryo development, as embryos can be cultured under these conditions for up to
two weeks [122]. Under these conditions, the earliest developing embryos could be

manually dissected was around 7-8 days after fertilisation (Figure 3.5).

As previously established, 4mC methylation is deposited in the CG context over gene
bodies and outside TEs during spermiogenesis by MpDN4MT1 (Figure 3.6A)[121].
Although 5SmC methylation across all sequence contexts over TEs increases during
germline development, non-CG methylation is specifically deposited during spermio-
genesis by MpCMTa and MpDNMT?3B (Figure 3.6B,D and F)[121]. Additionally,
this methylation pattern is deposited and maintained over gene bodies (excluding the
transcription start site, TSS), with 4mC serving as the primary methylation mark at the
TSS.

As early embryos are difficult to harvest, first AMD-seq (sequencing specifically 4mC)
and EM-seq (sequencing of 5SmC and 4mC) was tested on wild type sperm and compared
to data previously collected from wild type sperm and dn4mtl sperm (Figure 3.6 WT
sperm rep2 AMD-seq (light green) and dn4mtl sperm AMD-seq (grey)). The expected
methylation patterns over genes and TEs in the 4mC and SmC contexts were confirmed
by the sperm AMD-seq and EM-seq libraries (Figure 3.6 wild type sperm rep2 AMD-seq
(light green), wild type sperm EM-seq (dark brown).)

Thereafter, pre-meiotic embryos were dissected and sequenced using AMD-seq to
establish a baseline for comparing early embryonic methylation patterns (Figure 3.6,
14 DAF embryos (orange)). The results confirmed the absence of 4mC methylation
over genes or outside TEs (Table 3.1). Subsequently, 300 embryos at 7-8 DAF were
collected, with 200 used for AMD-seq library construction and the remaining 100
embryos used for bisulfite sequencing libraries, pre-treated with APOBEC3A for an
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Fig. 3.5 Live cell imaging of the developmental stages of M. polymorpha embryos

Unstained egg cell (first row), DAPI stained egg cell (second row), and embryos 8 days (third
row), and 10 days (fourth row) after fertilisation. Scale bar 10um
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Fig. 3.6 4mC methylation occurs in the CG context and is enriched in genic regions and
outside TEs, while SmC methylation is largely confined to TEs

Panel showing 4mC and 5SmC methylation across TEs (A) and Genes (B) in CG (first row),
CHG (second row) and CHH (third row) sequence contexts in wild type sperm dndmtl sperm,
the embryo 7-8 and 14 days after fertilisation.
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alternative 4mC sequencing method. Although AMD-seq is theoretically capable of
handling low DNA input down to picogram levels [130], this was not tested prior to
sequencing the early embryos. The bisulfite sequencing protocol, on the other hand,
was developed for low-input or single-cell sequencing and this has been robustly tested

in our lab. Due to conversion issues, the AMD-seq library was not usable in this study.
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Fig. 3.7 H3K27me3 levels are elevated in the paternal genome and correlate with the
presence of SmC over genes

Heatmaps showing the relative H3K27me3 levels in Marchantia embryos over the genes and
TEs in the paternal and maternal genomes. Data presented is from [128]

At a surface level, the early embryo AMD-seq data indicated marginally higher 4mC
methylation across genes compared to the mature AMD-seq library (Table 3.1). How-
ever, this increase fell within the error range of the experimental limitations (Table 3.1,
"CHG and CHH levels of 4mC"). Moreover, the low levels of residual 4mC methylation

did not display the expected distribution over genes and TEs, with no relative increase
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outside TEs or over genes. This suggests that the removal of paternal 4mC methylation
may be essential for embryo development. However, starting with a methylation level
of around 20% in the zygote (based on the sperm AMD-seq levels), passive loss of 4mC
by the 16-32 cell stage (78 days after fertilisation in our conditions) would result in
very low residual 4mC methylation levels (Table 3.1).

It has been previously demonstrated that during embryonic development the paternal
genome is transcriptionally silenced and is marked with the repressive chromatin mark
H3K27me3 mediated by maternally expressed Polycomb Repressive Complex 2 (PRC2)
in the male pronucleus before the first zygotic division, approximately 3 days after
fertilisation [128]. This suggests the existence of a mechanism for paternal genome
recognition, with blanket 4mC methylation being a potential candidate. To this end,
visualizing H3K27me3 data across genes and TEs from this study confirms a paternal
bias in the deposition of H3K27me3 (Figure 3.7 right side). However, the pattern of
H3K27me3 occupancy around gene and transposon transcription start sites does not
align with the distribution of 4mC (Figure 3.7 left side).

Methylation context Overall Genes

CG | CHG | CHH || CG | CHG | CHH
WT sperm AMD seq repl 0.467 | 0.071 | 0.075 || 0.559 | 0.071 | 0.072
WT sperm AMD seq rep2 0.341 | 0.050 | 0.051 || 0.404 | 0.051 | 0.049
dn4mtl ko sperm 0.031 | 0.035 | 0.033 || 0.029 | 0.034 | 0.033
14 DAF embryo 0.011 | 0.009 | 0.009 || 0.009 | 0.008 | 0.008
7-8 DAF embryo 0.027 | 0.021 | 0.019 || 0.025 | 0.020 | 0.020
Theoretical methylation levels
Zygote 0.202 | 0.030 | 0.031 || 0.241 | 0.030 | 0.030
16 cell embryo 0.013 | 0.016 | 0.015 || 0.015 | 0.015 | 0.015
32 cell embryo 0.006 | 0.007 | 0.007 || 0.008 | 0.007 | 0.007

Table 3.1 Methylation levels across WT sperm, dn4mtl sperm and the early embryo

3.4 De novo methylation is deposited in genic regions specifically
in the sporophyte of Marchantia, targeted for methylation 24nt
SRNAs through mismatches

As described previously, de novo methylation of genes in Arabidopsis male meiocytes
is mediated by 24nt sSRNAs produced by HyperTE loci in the tapetum, the biogenesis of
which is mediated by CLSY3 chromatin remodeler. Gene body methylation also exists
specifically in the embryo and sporophyte of Marchantia (Figure 3.8, data from Dr.
James Walker). Sporophytic non-CG DMRs were determined as described before[131]
and filtered to yield 221 methylated genic loci (MetGenes).

With access to SRNA sequencing libraries from thallus, embryo, and sporophyte, the

next step was to determine whether MetGenes could be targeted for methylation through
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Fig. 3.8 Sporophyte specific methylation exists in the embryos of Marchantia

CH, CHG and CHH methylation levels of genes which gain de novo methylation specifically
in the embryo and sporophyte of Marchantia. Thallus (black), embryo (blue) and sporophyte
(green)
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mismatch targeting. To investigate this, the SRNA libraries were mapped to the reference
genome, allowing for O and 3 mismatches. The sSRNAs from the 3 mismatch dataset
were then remapped onto the 0 mismatch dataset to identify identical SRNA sequences
capable of targeting both TEs and genes with up to 3 mismatches. Reads overlapping
MetGenes with 3 mismatches and TEs with 0 mismatches were then extracted. The
resulting TE-MetGene pairs are visualised in Figure 3.9A. It must be noted that one
limitation of this method is the challenge of obtaining a comprehensive TE annotation
for the gene model used in the study, as not all MetGenes could be paired with annotated
TEs.

Indeed, when aligning the sequence of a source TE to its corresponding MetGene, an
almost perfectly matching ~160bp sequence was found (Figure 3.9B). Notably, this
alignment corresponds to the exact location where sporophyte-specific methylation is
deposited within the MetGene (Figure 3.10 red bar).

3.5 Investigating the parental bias of SRNA production in Marchantia
embryos, sporophyte and thallus

In the developing embryo, the paternal genome is deposited with H3K27me3, resulting
in tight heterochromatic foci and transcriptional silencing [128]. This raises the question
whether SRNA production in the embryo and sporophyte is biased toward the maternal
genome. To explore this, single nucleotide polymorphisms (SNPs) between Tak-1 (male)
and Tak-2 (female) were analysed to calculate a SNP ratio. The sRNA sequencing
libraries utilised were from the thallus, archegoniophore, and antheridiophore [132] in
addition to the libraries previously mentioned (Table B2).

The sRNA sequencing libraries were mapped to the reference genome with both no
mismatches, and allowing one mismatch. Reads with mismatches at SNP positions
were retained, as well as perfect matching SRNAs at SNP positions. A SNP ratio was
calculated between the alternative and reference alleles for further analysis. Although
several thousand SNP regions were initially covered, only those with at least 5 reads
were retained to ensure robust results, which substantially reduced the number of SNP

locations.

Reads from archegoniophores displayed a SNP ratio near 1, as expected (Figure 3.11A,B
archegoniophore). Interestingly, in the early embryo, the data suggest a paternal
bias in SRNA production, which shifts to a maternal bias in the sporophyte (Figure
2.8A,B embryo and sporophyte). As expected, the SNP ratio distribution in the embryo
and sporophyte was less bimodal than in other tissues, indicating concurrent SRNA

production from both genomes at multiple loci in the diploid phase. The thallus data
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A)Locations of TE source loci (left, green) connected to genic target loci (right, brown) B)
Alignment showing the sequence similarity between a TE-MetGene pair.
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seemed unreliable, with a surprising maternal bias despite originating from Tak-1 males
[132].
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Fig. 3.11 The association of SRNA sequences with parental genomes in different tissues

A) Ridge plot to show the SNP ratio of sSRNAs in archegoniophores, thallus, embryo and
sporophyte. Since the reference genome is Tak-1 a ratio close to O signifies a paternal bias,
whilst a ratio close to 1 signifies a maternal bias. B) A density plot showing the SNP ratios at
remaining SNP positions after stringent filtering conditions.
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3.6 Developing an effective method for visualising early embryonic
development in Marchantia

The next objective was to determine whether the observed phenotype - where embryos
fertilised with 4mC methylation mutants reach maturity earlier than wild type (Figure
3.4) - was due to accelerated pronuclear fusion in the zygote, potentially caused by the
absence of paternal 4mC. This led to the hypothesis that paternal 4mC may need to be

actively removed before pronuclear fusion can occur.

As described earlier, staining live Marchantia embryos proved challenging. A variety
of fixing and staining methods were also trialled, including DAPI, Hoechst 33342
and ethidium bromide as staining dyes (the latter was used due to its small molecule
size, which was expected to penetrate the fixed embryo), as well as different triton
and formaldehyde concentrations and fixation times. Additionally, an egg cell reporter
line was also tested (ECpro:MpSUN-GFP [122]) showing strong expression; this faded
after the first zygotic division, making it insufficient for visualizing early embryonic

development (Figure B2).

Next, cell wall digestion enzymes such as cellulase and pectinase were trialled to
improve dye penetration. While these enzymes increased dye uptake, they also compro-
mised cell ultrastructure, hindering proper imaging of early embryonic development and
cellular ultrastructure (Figure B3). As a result, four constructs were designed to create
constitutively expressing nuclear reporter lines. These constructs were driven by either
the constitutive 35S promoter or the native elongation factor 1o (EFIo) promoter,
fused with citrine or tdTomato, and tagged with a nuclear localisation signal (NLS)
(Figures B10, B11, B12, B13).

The constructs were initially transformed into Tak-1 thalli and selected in gemmae to
avoid chimeric expression, resulting in the recovery of several independent lines from
three of the four constructs (Figure 3.12). The constructs were then also transformed into
sporelings from WTxWT, WTxdn4mtl #6 knockout and WTxdn4mtl #21 knockout
crosses. Transformants were successfully recovered and screened for fluorescence
expression in gemmae and antheridia (Figure 3.13). Interestingly, while citrine reporter
lines showed strong expression in gemmae, the strongest and most consistent expression
was observed in transformants with the 35S::tdTomato-NLS and EF/ o:::tdTomato-NLS
constructs. These lines were selected for crosses with wild-type female archegonia.

Unfortunately, despite strong expression in the antheridia, no nuclear reporter expression
was detected in the developing zygote or embryo. This may be attributed to the
previously mentioned shutdown of the paternal genome (Figure 3.14, first and second
rows). In response to this, wild-type female plants were recovered from the WTxWT
358::tdTomato-NLS and EF [ ¢::tdTomato-NLS sporeling crosses (Figure 3.14, rows
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tdTomato (red)
Widefield citrine (yellow) Merged

35S:tdTomato-NLS

EFa::citrine-NLS

EFa::tdTomato-NLS

Fig. 3.12 Gemmae screening of constitutively expressed nuclear reporter lines

Nuclear signal of tdTomato or citrine (second column, red or yellow respectively, white arrows)
in gemmae, driven by either 35S constitutive promoter (first row) native constitutive promoter
EF1a (second and third rows). Scale bar 10um.
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citrine (green)
Widefield tdTomato (red) Merged

355-tdTomato  gm

EFalpha-citrine

EFalpha-tdTomato

Fig. 3.13 The tdTomato based nuclear reporter lines are expressed in the antheridia

Nuclear signal of tdTomato or citrine (second column, red or green respectively) in the an-
theridiophore, driven by either 35S constitutive promoter (first row) native constitutive promoter
EF1a (second and third rows). Scale bar 10um.

3 and 4) with strong expression of their respective nuclear reporter lines. To improve
clarity and fluorescence signal, a different clearing and staining method was employed,
namely iTOMEI [133]. In this protocol, the fixing component caprylyl sulfobetaine is
able to clear chlorophyll without significantly quenching GFP (or other) fluorophores.
After testing several environmental conditions, the best images were collected from
1% FA fixation in PBS (pH 7.4) buffer for an hour, followed by clearing with caprylyl
sulfobetaine for 24 hours (please see Materials and Methods for further details).

3.7 Embryos crossed with 4mC methylation mutant sperm develop
more rapidly than wild type during the first 7 days post-fertilisation

Once mature archegoniophore-producing female plants were available from the selected
358::tdTomato-NLS and EFIo::tdTomato-NLS lines, they were crossed with WT,
dn4mtl #6 and dn4dmtl #21 sperm. As before, the sperm was co-cultured with the
archegoniophores for an hour, after which the developing embryos were dissected
carefully, fixed and cleared daily, 1 to 7 days post-fertilisation. Due to the use of
immature archegoniophores, embryos at 3 DAF were unfortunately unsuitable for
imaging. In total, 338 embryos were imaged during the 7 days post-fertilisation and the

developmental stages manually determined.
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Widefield tdTomato (red) Merged

EFa::tdTomato-NLS male
(Tak1)

X

WT female (Tak2)

(3DAF)

EFa::tdTomato-NLS male
(Tak1)

X

WT female (Tak2)

(16 DAF)

EFa::tdTomato-NLS
female thallus (WT)

35S::tdTomato-NLS
female thallus (WT)

Fig. 3.14 Tak1l male nuclear reporter lines crossed to Tak2 females have no nuclear
expression in the embryo

Nuclear signal of tdTomato (second column, red, white arrows) in embryos crossing
EFIa::tdTomato-NLS Tak1 male to WT Tak?2 female, 3 days (first row) and 16 days (second
row) after fertilisation. Expression of EFo::tdTomato-NLS (third row) and 35S::tdTomato-
NLS (fourth row) in WT female thallus. Scale bar 10y m.
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Fig. 3.15 Developmental stages of the early embryo (Tak1 male x EF]o::tdTomato-NLS
WT female)

(A) Zygote (stage 1) (B) Zygote dividing (stage 2) (C) Two-cell stage (stage 3) (D) Two-cell
embryo dividing (stage 4) (E) Four-cell stage (stage 5). Scale bar 10um.
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The developing embryo initially elongates through a transverse division, perpendicular
to the archegonial axis, followed by a second vertical division to form four cells. The
third division occurs at right angles to the previous ones, creating an octant of equal cells
[120, 134]. Subsequent cell divisions progressively alter the embryo’s initially circular
shape. To further assess early cellular development, in addition to counting the nuclei,
the transverse diameter of the embryonic venter cavity was measured. Interestingly, the
mean transverse diameter of the embryos remained consistent and increased at a similar
rate across all lines all until day 6, and between WT and dn4mtl k.o. #6 between days
6 and 7 (Figure B7).

During the first two zygotic divisions, cells were frequently observed with multiple nu-
clei that had not yet undergone cytokinesis (Figure 3.15 B and D). To facilitate tracking
of cell development, these different stages were classified into distinct developmental
phases:1. 1 nucleus 2. 2 nuclei, 1 cell, 3. 2 nuclei, 2 cells 4. 4 nuclei, 2 cells, 5. 4
nuclei, 4 cells, 6. 8 nuclei, 4 cells, 7. 8 nuclei, 8 cells, 8. 9-16 nuclei, 9. 16-25 nuclei,
10. 26-35 nuclei, 11. 36-45 nuclei, 12. 4655 nuclei, 13. more than 55 nuclei.

Between days 1 and 5 post-fertilisation, embryos fertilised by either of the independent
dn4mtl knockout lines appeared to initiate division earlier than those fertilised by
wild-type sperm. For example, by day 2, nearly all imaged cells in the dn4mtl knockout
lines had 2 nuclei, compared to fewer than a quarter in the wild type (Figure 3.16 B,C).

This trend persisted through day 4, where approximately a quarter of cells in the dn4mtl
knockout line #6 had reached stage 4, while none of the wild-type cells had progressed
that far. By day 5, the proportion of cells in various developmental stages became more

synchronized across the genotypes.

After day 5, the developmental differences between the wild type and the dn4mtl
knockout line #6 were slight, but present: Some embryos from a dn4mt1 #6 background
reached stage 12 by day 7, whereas the most developed wild type embryos were slightly
behind, at stage 11. It is also noteworthy that embryos from a dn4mtl #6 knockout
background displayed a proportion of cells arrested in stage 1 or 2, even at day 6 and
day 7 (3.16 B,C). In contrast, embryos from the dn4mtl knockout line #21 continued to
develop more rapidly than the wild type, the most advanced embryos reaching stage 13

by day 6 compared to stage 10 in wild-type (Figure 3.16 B,C).

Together, this data provides strong support that 4mC delays the onset of the first nuclear

division, impacting long term developmental duration.
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Fig. 3.16 Embryos fertilised by dn4mtl knockout sperm develop more rapidly than WT
See next page for full caption.
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Full caption for Figure 3.16:

A) Mean nucleus number of embryos from 1 to 7 days after fertilisation, fertilised by
wild type (blue), dn4mtl knockout #6 (dark green), or dn4mtl knockout #21 (light
green) sperm. B) Distribution of imaged embryos in different developmental stages
from 1 to 7 days after fertilisation, categorised into distinct stages based on nuclei and
cell numbers. Developmental stages: 1. 1 nucleus 2. 2 nuclei, 1 cell, 3. 2 nuclei, 2 cells
4. 4 nuclei, 2 cells, 5. 4 nuclei, 4 cells, 6. 8 nuclei, 4 cells, 7. 8 nuclei, 8 cells, 8. 9-16
nuclei, 9. 16-25 nuclei, 10. 26-35 nuclei, 11. 3645 nuclei, 12. 46-55 nuclei, 13. 55<
nuclei. C) Proportion of embryos in developmental stages 1-7 days after fertilisation
fertilised by wild type, dn4mtl knockout #6, or dn4mtl knockout #21 sperm.
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3.8 Discussion

In angiosperms and other land plants, spermiogenesis involves chromatin compaction
through the replacement of histones with sperm-specific histone variants [135, 3, 33].
However, in Marchantia, this process differs, as nucleosomes are replaced by protamines
rather than histone variants. Consequently, DNA methylation becomes the primary
heritable epigenetic mark in the paternal genome. This resembles the process in
mammalian sperm, where the majority of histones are replaced by protamines, although
some nucleosomes are retained [136]. Following fertilisation, mammalian zygotes
undergo global DNA demethylation, driven by Ten-eleven translocation (TET) enzymes.
This demethylation is crucial for transcriptional regulation, imprinting, and maintaining

pluripotency in the early stages of development [137, 138].

In Marchantia, following fertilisation, protamines in the paternal pronucleus are re-
placed by histones, and H3K27me3 is deposited by a maternally expressed PRC2
complex [128] specifically on paternal chromatin. This suggests a potential mechanism
for paternal genome recognition, with paternal N4-methylcytosine blanket methylation

emerging as a potential candidate.

However, when examining the distribution of H3K27me3 marks over genes and trans-
posons, there is no clear alignment with 4mC occupancy (Figure 3.7). Furthermore,
results from single cell bisulfite sequencing of early Marchantia embryos revealed
no evidence of paternal 4mC (Figure 3.6), Table 3.1). Additionally, Dr. Shujuan Xu
confirmed that paternal H3K27me3 foci still form in embryos fertilised by dn4mtl
knockout sperm, 13 days after fertilisation (Figure B9). These findings suggest that
paternal genome recognition is not directly linked to blanket genome-wide 4mC methy-
lation. However, it is important to consider that theoretical paternal 4mC trace levels in
the embryo would likely be very low by 7-8 days post-fertilisation, assuming passive
loss through cell division (Table 3.1). Further work is needed to optimise the protocol
for low-input AMD-sequencing of Marchantia embryos, as previous attempts were
unsuccessful despite prior high-quality control datasets. To obtain a definitive answer,
developing reliable 4mC immunostaining and/or single-cell AMD-seq methods for
zygotes or embryos at the 2-4 cell stage is essential, provided successful dissection at

this early developmental stage can be achieved.

Considering the shut-down of the paternal genome in the sporophyte, the possibility
of sSRNA production from the paternal genome became an intriguing question. Inves-
tigating whether there is a difference in SRNA production between the two parental
genomes in the sporophyte, particularly in light of this potential suppression, revealed
intriguing results. Initially, the SRNA data suggested a paternal bias in the embryo,
which appeared to shift toward a maternal bias in the sporophyte, though substantial
sRNA production was observed from both parental genomes (Figure 3.11A,B).
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Despite these findings, it is essential to acknowledge the limitations of this analysis. The
male and female accessions used as the parental lines (Tak-1 and Tak-2) are asexually
maintained in lab conditions, which means accumulated point mutations over time may
significantly alter their genomic sequences. Indeed, at several SNP positions, bases
other than the reference or alternative were observed across all datasets. Additionally,
if Tak-1 had been crossed with other lines at any point, the resulting hybrid would
exhibit a different SNP distribution from either parent.The unequal SNP distribution
along different chromosomes further complicates the analysis, making these cultivars
less suitable for complete genome coverage (Figure B4). Moreover, the filtering steps
applied to the sSRNA data resulted in a limited number of data points, which restricts
the ability to draw definitive conclusions. Ensuring the precise genetic background of
the parental lines is therefore essential for accurate results, as is obtaining sufficient
sequencing depths to definitively answer whether 24nt SRNAs are produced from both

parental genomes in Marchantia embryos.

Furthermore, exploring the distribution of H3K9me1 histone modifications on TEs in the
mature embryo (as a proxy for locations that may be active in RADM, as H3K9me?2 has
a direct interaction with SHH1, which recruits the Pol IV complex in Arabidopsis [40])
does not reveal a strong parental bias (Figure B8) [128]. Nevertheless, addressing the
limitations of the current dataset and producing a high-confidence, genetically distinct
parental cross would provide valuable insights into the SRNA landscape of Marchantia
embryos. These results could then be cross-referenced with bisulfite sequencing data to

draw more robust conclusions.

It has been previously noted that similar to genes hypermethylated in the male germline
of Arabidopsis (MetGenes), de novo methylated genes are also present in the sporophyte
of Marchantia (Figure 3.8 [131]). In Arabidopsis, few perfectly matching SRNAs map
directly to methylated MetGene regions. This observation led to the discovery that
HyperTE-derived sRNAs target MetGene locations in meiocytes for methylation with
up to three mismatches [60] (Figure BS).

Building on this, once MetGene loci were identified in Marchantia sporophytes, it
was explored whether CHH methylation at these genes could be targeted by sRNAs
produced by TEs with high sequence homology. Although sequence homology between
TE sources and target MetGenes was identified (Figure 3.10), a clear relationship
between sSRNA mismatch targeting and CHH methylation was not established. Mapping
sRNAs to MetGene locations with up to 3 mismatches did not significantly increase the
abundance of sSRNAs at these locations (Figure B6).

Nevertheless, a mechanism must allow either the production of 24nt sRNAs and/or
the targeting of TE-derived sRNAs for methylation at MetGenes specifically during
the sporophyte stage. Further investigation is needed to verify this hypothetical causal

relationship, including examining RdDM-associated protein variants uniquely expressed
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in the sporophyte and/or creating CRISPR/Cas9 knockout lines to mutate homologous
sequences from the putative TE source to determine whether CHH methylation is
abolished at the corresponding MetGene.

Previous studies have shown that the mature pre-meiotic embryo loses all traces of
paternal 4mC methylation [121]. The removal of 4mC may be necessary for embryo
development, as there is evidence that 4mC suppresses chromatin accessibility and
transcription [121]. There are two possible pathways through which paternal blanket
4mC methylation could be absent in the mature embryo or sporophyte. One possibility is
that after fertilisation, MpDN4MTT is not expressed, or 4mC methylation is not actively
maintained, leading to its gradual dilution through cell division. Alternatively, we can
hypothesise that paternal 4mC methylation needs to be removed to allow pronuclear
fusion. This hypothesis could explain the unusually long period required for Marchantia
embryos to undergo pronuclear fusion and complete the first zygotic division (up to
3—4 days after fertilisation) [122]. Additionally, the accelerated sporophyte maturation
observed in embryos fertilised by dn4mtl mutant sperm, maturing up to 4 days earlier
than wild-type embryos (Figure 3.4), could support this explanation. In this scenario,
MpROS1X (a DNA glycosylase encoded on the female chromosome) emerges as a
potential candidate that could facilitate the removal of paternal blanket 4mC prior to

pronuclear fusion.

When comparing early embryonic development between the two 4mC mutants and wild
type, it is evident that zygotic divisions began earlier in both 4mC mutants than in the
wild type (Figure 3.16B,C). Following this initial difference, all genotypes developed
at a similar rate until day 5, with comparable nucleus numbers. However, after day
5, the 4mC mutants exhibited a sharp exponential increase in cell numbers over the
next two days, while wild type embryos also underwent rapid cell division, but with a
more gradual increase (Figure 3.16). Interestingly, despite the expectation that the wild
type embryo’s delayed early embryonic development would lead to a delayed entry into
exponential growth compared to the 4mC mutants, both genotypes entered this phase
simultaneously. The primary difference lay in the rate of cell proliferation, rather than
the timing of its onset.

These findings suggest that 4mC removal may be required prior to pronuclear fusion.
However, more detailed immunostaining or single-cell AMD-seq in the zygote is
necessary, along with an investigation into the phenotypic effects of knocking out DNA
demethylases, particularly MpROS1x. Additionally, it would be important to explore
whether ROS1x possesses N4-methylcytosine glycosylase activity. Furthermore, despite
accelerated embryonic development, the knockout of paternal 4mC appears to have a
partial fertility cost, as some embryos in these knockouts exhibit delayed development

or arrest (Figure 3.16B,C), a phenomenon observed in previous studies [121].
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3.9 Materials and Methods

3.9.1 Plant materials and growth conditions

Male and female Marchantia polymorpha, L. subsp. rudealis accessions Takaragaike-1
(Tak-1, male) Takaragaike-2 (Tak-2, female) and Cam-2 (female) was used. The plants
were grown on 1% agar (Sigma-Aldrich), supplemented with %2 strength Gamborg’s
B5 medium. They were grown in a controlled environment chamber (Conviron) at
21°C with 70% humidity under constant light with far-red light for induction of sexual
reproduction, as described previously [125, 139].

3.9.2 Plasmid construction

Four constructs were generated in total using a Gateway®cloning system with either
constitutive promoter 355 or the endogenous promoter EF/ ¢, driving either citrine or

tdTomato fluorophores with a nuclear localisation signal (NLS).

The insert for the BP reaction was amplified from plasmids pMpGWB115 (plasmid
#68569, Addgene) and pMpGWB116 (plasmid #68570, Addgene) [140] to get the
citrine-NLS and tdTomato-NLS fragments respectively. The BP reactions were per-
formed using the donor plasmid pDONR™221 (Thermo Fisher (Invitrogen)). The LR
reactions were performed using plasmids pMpGWB102 (plasmid #68556, Addgene)
and pMpGWB103 (plasmid #68557, Addgene)[140] as the backbones for the 355 and
EF 1o promoter driven expression clones respectively. These constructs yielded the final
4 expression clones: MpGWB102(p35S)-citrine-NLS, MpGWB102(p35S5)-tdTomato-
NLS, MpGWBI103(pEFI o)-citrine-NLS, MpGWB103(pEF 1 o)-tdTomato-NLS. The
constructs were transformed into Escherichia coli, purified and the sequence confirmed,

followed by transformation into Agrobacterium tumefaciens strain MP90.

The primers used and plasmid maps are available in Appendix B Table B1 and Figures
B10, B11, B12 and B13.

3.9.3 Thallus and sporeling transformation

For thallus transformation, Tak-1 gemmae were grown for 18-20 days in a controlled
environment chamber (Conviron) at 21°C with 70% humidity under constant light on
1.2% agar (Sigma-Aldrich), supplemented with ¥2 strength Gamborg’s B5 medium.
Following 18-20 days, thalli were cut and the basal fragments regenerated on plates
supplemented with 1% sucrose for 3 days. The thalli were then co-cultured with

Agrobacteria (strain MP90) in OMS51C liquid media for 3 days and transformants
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selected on 1% agar (Sigma-Aldrich) supplemented with 10 pg/mL hygromycin and
120 pg/mL cefotaxime for several weeks. Fluorescent gemmae were selected from

transformant thalli and regenerated again to avoid chimeric plants[141].

For sporeling transformation, sporangia of backgrounds WT x WT, WT x Mpdn4mtl
#6 and T x Mpdn4mtl #21 were sterilised in 1mL of Milton’s sterilising solution on a
rotating shaker for 20 minutes. The spores were pelleted and washed with sterile water
twice. The sterilised spore suspension was added into 25mL OMS51C liquid medium
and the flasks were incubated in a growth chamber with constant light at 1500-2000
lux, 23 °C for 5-7 days. Induced Agrobacterial cultures (strain MP90) containing each
vector was co-cultivated with the sporelings for 2 days on a rotating shaker. the spore
culture was strained and washed with sterile water and transformants were selected on
1% agar (Sigma-Aldrich) supplemented with 10 pg/mL hygromycin and 120 pg/mL

cefotaxime for several weeks[142].

3.9.4 Semi in vitro culture and crossing

Semi in vitro culture and crossing was performed as described previously[122]. Briefly,
mature female archegonia were collected into SmL tubes containing 3mL water and
co-cultured with male antheridia for 1 hour under white light at 22°C. The fertilised
archegonia were then washed and incubated in SmL tubes containing 3mL of fresh

water under white light at 22°C until observation.

3.9.5 Microscopy

The archegoniophores were collected for dissection and imaging and were either ob-
served live or were fixed for imaging. For live cell imaging, rows of archegonia were
manually dissected from the base of digitate rays and the embryo dissected out using
micro knives or double lancet sapphire surgical knives (Fine Science Tools, World
Precision Instruments) collected on cavity slides (BRAND®) and washed twice with
1x PBS to remove any maternal tissue. They were then stained with DAPI for 5 mins
and briefly vacuum infiltrated and observed using slides with imaging spacers (Thermo
Scientific™ Gene Frame) or on cavity slides [122].

For observing developmental synchronicity and the Mpdn4mtl early developmental
phenotype, rows of archegonia were manually dissected from the base of digitate
rays removing involucres. The fluorescent samples were fixed and stained using the
1TOMEI protocol [143] using 1% FA fixation for an hour in 1X PBS (pH 7.4) followed
by clearning (20% caprylyl sulfobetaine for 24 hours) and mounted in iohexol with
imaging spacers (Thermo Scientific™ Gene Frame). The embryo/egg cells were imaged

using a Leica SP8X confocal microscope.
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3.9.6 AMD-sequencing and bisulfite-sequencing library construction

Dissected Tak-1 x Cam-2 embryos were used to construct 4mC AMD-seq libraries
using the xGen™ Methyl-Sequencing DNA Library Preparation Kit (IDT, 10009860)
after treatment of sheared DNA with APOBEC3A (NEB #E7120S), following manu-
facturer’s instructions. In parallel, a bisulfite sequencing library was also contructed
after APOBEC3A treatment using the Imprint® DNA Modification Kit (Sigma-Aldrich,
MOD50)

3.9.7 Imaging analysis

The collected images were analysed in Fiji (ImageJ) [144]. The macro was created to
automate the image analysis steps, whereby a maximum Z projection was applied to the
3D image stack and a Gaussian blur was applied. The selected region on interest (the
embryo) was then masked and a local contrast was then enhanced using the CLAHE
plugin, and nuclei were counted manually in the resulting images using the ROI Manager.
The resulting data was visualised in R using the ggplot2 package.

3.9.8 Determination of MetGenes

MetGene locations were defined using parameters previously described [131]. Briefly,
bisulfite sequencing reads were mapped using a custom mapping script based on
Bismark [73], and fractional methylation (50bp windows) was determined for each
sample in the CG, CHG and CHH contexts using MethylDackel v0.4.0 and custom
scripts. Windows were selected where C-methylation was greater than 0.05 and adjacent
windows merged if they occured within 200bp. The methylation difference in each
context was determined between the sporophyte and thallus, and retained according
to these filtering criteria: Islands greater than 99bp; significantly different non-CG
metylation between sporophyte and thallus (Fisher’s exact test p<0.001); CG, CHG,
CHH and non-CG difference between sporophyte and thallus bigger than 0, 0.05, 0.1
and 0.3 respectively. The final filtering step kept islands that had less than 0.1 CG
methylation in the thallus and overlapped genic regions. The final list yielded 221
DMRs.

3.9.9 Histone analysis

CUT&RUN reads were were processed using SAMtools v1.9 [145], BEDtools v2.27.1
[116] and Picard v2.18.27 [146] then mapped to the Takv6.1 genome [147] using bwa

v0.7.17 [148]. To distinguish between maternal and paternal sequencing reads, a SNP

95



analysis was conducted. SNPs were called using gatk v4.0.1.2 [149] wherein the SNPs
between the parental Tak-1 and Cam-2 were replaced with Ns. The parental reads
were assigned using SNPSplit v0.3.4 [150] and counts for each parental genome were
calculated using SAMtools v1.9 and BEDTools v2.27.1. Please see reference [128] for

a detailed description of the pipeline.

3.9.10 sRNA analysis

The sRNA reads were processed using Trim Galore! v0.4.2 [151], and mapped using
bowtie v1.0.1 [115] allowing for O or up to 3 mismatches with the -v option. For
the TE-MetGene matching analysis, the resulting BAM files were converted to fasta
files using custom awk scripts. The reads were once again mapped using bowtie, with
no mismatches. Finally the resulting reads in the BAM files were queried against
original genome locations using custom awk scripts, and the resulting file was filtered
by MetGene locations with BEDtools v2.27.0.

For the SRNA SNP analysis, a SNP file was created using the method described above
but this time using Tak-1 and Tak-2 as the parental genomes. 24nt reads overlapping
MetGene locations with O or 1 mismatches were filtered using BEDtools v2.27.0 and
were kept if they overlapped SNP positions. From the 1 mismatches dataset, only reads
that mismatched exactly at the SNP positions were kept to prevent reads that mismatch
elsewhere but also covering SNP positions from biasing the data. The perfect matching
dataset was downsampled to prevent this much larger dataset from biasing the data. The
reference, alternative or other bases were counted at each SNP position using SAMtools
mpileup and this dataset was imported to R for visualisation in R using the ggplot,

ggpubr and ggridges packages. Please find all scripts used at my personal GitHub page.
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Chapter 4

Main Discussion

This thesis aimed to investigate the epigenetic mechanisms regulating gene expression
and genome stability during plant reproduction, focusing on two plant systems: Ara-
bidopsis thaliana and Marchantia polymorpha. Specifically, I examined the expression
patterns of key RNA-directed DNA methylation (RADM) components in Arabidopsis
in the development of the male sexual lineage, described the 24nt sSRNA profiles after
meiosis in microspores and sperm. I also explored the dynamics of DNA methylation,
particularly the inheritance of the paternal epigenetic mark N4-methylcytosine (4mC),
during early embryo development in Marchantia. To address these aims, I employed
a combination of SRNA sequencing, bisulfite and APOBEC3A-mediated methylation
sequencing, fluorescent reporter line construction and imaging and developing bioinfor-
matics pipelines and data analysis of novel and existing data. The findings reveal novel
insights into the epigenetic regulation of plant reproduction and highlight the diverse
mechanisms employed by different plant lineages.

4.1 Tissue-Specific Regulation of RdADM

The analysis of NRPD1 and NRPEI expression patterns in Arabidopsis revealed a dy-
namic regulation of these key RADM components during pollen development. NRPD1,
the largest subunit of RNA Polymerase IV, showed confined expression in the tapetal
layer and surrounding somatic anther tissue during the meiocyte stage, with subsequent
expression in microspores but absence in mature pollen. In contrast, NRPEI1, the
largest subunit of RNA Polymerase V, exhibited broader expression in both somatic and
germline tissues throughout anther development.

Investigation of CLSY chromatin remodeller expression in anthers provided further
insights into RADM regulation. CLSY3 expression was confirmed to be confined to the
tapetum and absent in later developmental stages. Similarly, CLSY1 and CLSY2 were

not detected in maturing pollen. However, some discrepancies were noted when these
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findings were cross-referenced with RNA-sequencing data. Despite these ambiguities,
the SRNA profiles largely corroborated the observed expression patterns of CLSY pro-
teins. This suggests a potential shift in the regulation of SRNA production after meiosis,
possibly involving alternative mechanisms for SRNA biogenesis, and highlighting the

importance of non-canonical RADM pathways in the male sexual lineage.

These findings collectively indicate a complex temporal and spatial regulation of the
RdDM pathway during the development of the male sexual lineage, with potential
implications for the establishment and maintenance of DNA methylation patterns. The
observed changes in CLSY expression patterns may reflect the dynamic nature of
epigenetic regulation during pollen development and highlight the need for further

investigation into the mechanisms governing SRNA production in mature pollen.

4.2 Sperm cell-specific SRNA clusters are uncoupled from CLSY-
dependent loci

The analysis of SRNA profiles in Arabidopsis sperm cells revealed a unique landscape
distinct from both earlier germline stages and somatic tissues. Firstly, a family of
LTR/Gypsy TEs was identified as producing sperm-specific 24nt SRNAs which may
hint at ATGP2N reactivation in the sperm cell, or the 24nt SRNAs may originate from
the vegetative cell based on CHH profiles. Secondly, around 20% of MetGenes produce
24nt sSRNAs specifically in the sperm cell, including genes important in mediating
CG methylation. Finally, while CLSY'1 and CLSY?2-dependent loci produce abundant
sRNAs in somatic tissues, sperm cells exhibit a different pattern. Many sperm-specific
sRNA clusters do not overlap with known CLSY-dependent loci, further hinting at
the involvement of non-canonical RADM pathways in the biogenesis or SRNAs in this
tissue. These findings indicate a shift in the regulation of epigenetic pathways during
the final stages of the development of the male sexual lineage, which may be crucial for

genome integrity.

4.3 A novel dissection and sequencing protocol showed that paternal
4mC is lost in early Marchantia embryos and that the knockout of
paternal 4mC results in accelerated early embryonic development

A novel method of dissecting early Marchantia embryos was trialled and perfected,
allowing the successful trial of low input AMD and bisulfite sequencing protocols.
Furthermore, a fixing and clearing protocol was optimised to explore early embryonic

development in Marchantia. Nuclear reporter lines of wild type male, female and

98



dn4mtl male Marchantia plants were constructed screened and used to study the effect
of 4mC knockouts in early embryonic development.

I presented evidence that paternal 4mC methylation, which is deposited during spermio-
genesis, is lost in the early embryo. Our analysis of early embryos (7-8 days after
fertilisation) showed no detectable levels of 4mC methylation. This, together with the
accelerated developmental phenotype of embryos fertilised by dn4mt] mutant sperm,

hints at the requirement of 4mC removal prior to pronuclear fusion.

Our live cell imaging experiments revealed that embryos fertilised by sperm lacking
4mC methylation (dn4mtl mutants) initiate cell division earlier and develop more
rapidly during the first 7 days post-fertilization compared to wild-type embryos. This
finding provides insight into the functional significance of 4mC in regulating the timing

of early embryonic events in Marchantia.

4.4 Sporophyte-specific genic methylation is likely targeted by RADM
and a novel method for assigning reads from parental origins for
sRNA data is developed

Regions with de novo genic methylation in the sporophyte of Marchantia were identified
and their relationship with TE-derived sRNA clusters was explored. While sequence
homology between TEs and MetGenes was identified, no clear relationship was estab-
lished between SRNA mismatch targeting and increased CHH methylation at MetGenes.
Mapping sRNAs with up to three mismatches did not result in a significant increase in
sRNA abundance at these MetGene loci.

The study also explored the potential differences in SRNA production between the
paternal and maternal genomes in the sporophyte, especially given the shutdown of the
paternal genome. Initial data suggested a paternal bias in SRNA production during the
embryo stage, which shifted towards a maternal bias in the sporophyte, although both
parental genomes continued to produce substantial amounts of SRNAs.

4.5 Future Directions

4.5.1 Understanding cross-cellular transport of SRNAs

This thesis raises important questions about the mechanisms underlying cross-cellular
sRNA movement in reproductive tissues. It seems that the production of SRNAs in
somatic tissues adjacent to germline cells with plasmodesmatal or other cytoplasmic

connections seems to be a common feature in several plant sexual developmental
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pathways [60, 54, 82, 81]. While it is clear that plasmodesmata facilitate the transfer of
sRNAs between the tapetum and meiocytes in Arabidopsis, the exact molecular players
involved in this process are still poorly understood. Future studies should focus on

elucidating the pathways that regulate SRNA movement during germline development.

4.5.2 Investigating non-canonical RADM pathways post-meiosis

Our discovery of unique SRNA clusters in Arabidopsis sperm cells that are uncoupled
from known CLSY-dependent loci opens up new avenues for research. Future studies
should aim to identify the mechanisms responsible for generating these sperm-specific
sRNAs and their potential targets. Investigating the functional significance of these
sRNAs in sperm cell development, fertilisation, and early embryogenesis would provide

valuable insights into male sexual lineage-specific epigenetic regulation.

4.5.3 Investigating the mechanisms of paternal 4mC removal in Marchantia and
the embryonic epigenetic landscape

While we have observed the rapid loss of paternal 4mC in early Marchantia embryos, the
exact mechanism remains unclear. Future research should focus on determining whether
this loss occurs through passive dilution or active removal. Developing single-cell AMD
sequencing methods for zygotes or 2-4 cell stage embryos would provide valuable
insights into the dynamics of 4mC loss. Additionally, investigating the potential role of
DNA demethylases, particularly MpROSI1x, in active 4mC removal would be crucial.
Functional studies of MpROSI1x, including its potential N4-methylcytosine glycosylase
activity, could shed light on the mechanisms of epigenetic reprogramming in early

Marchantia embryos.

The accelerated development observed in embryos fertilised by 4mC-deficient sperm
suggests a regulatory role for this epigenetic mark in early embryogenesis. Future
research should focus on elucidating the molecular mechanisms by which 4mC in-
fluences cell cycle progression and gene expression in early embryos. This could
involve transcriptome analysis of wild-type and dn4mtl mutant embryos at various
early developmental stages, as well as identifying potential 4mC readers that may
influence its effects on embryonic development. Additionally, investigating the long-
term consequences of accelerated early development on sporophyte growth and fitness
would provide insights into the evolutionary significance of 4mC-mediated embryonic

development.

Further work should be done investigating both the significance of and the mechanism
by which sporophytic de novo methylation is established in Marchantia. This could

include examining RdDM-associated protein variants specific to the sporophyte and
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employing CRISPR/Cas9 to mutate homologous sequences from potential TE SRNA
sources, which would help determine whether CHH methylation at the corresponding
MetGenes is abolished.

4.6 Concluding remarks

To conclude, this thesis has uncovered novel aspects of epigenetic regulation during
plant reproduction in both Arabidopsis and Marchantia. It highlights the increasing
complexity and dynamic nature of epigenetic reprogramming during germline and
embryonic development, conserved across basal land plants and flowering plants. These
findings offer new insight into our understanding of plant reproductive epigenetics and

hope that it will form the foundation of further studies.
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Appendix A - Chapter 2

Widefield Venus Merged

Fig. A1 pCLSY3::CLSY3-Venus is not expressed in the root tip

Scale bar 10 um.

Widefield DAPI (blue) GFP (green)

CLSY1

CLSY2

Fig. A2 CLSY1 and CLSY?2 are not specifically expressed in the pollen

DAPI (blue, second row) staining of pCLSY 1::CLY 1-eGFP (first row) and pCLSY2::CLY?2-
eGFP (second row) showing no expression of CLSYs (third column, GFP, green) in mature
pollen. Scale bar 10 tum. Reporter lines constructed by dr Jincheng Long.
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Widefield GFP (green) Merged

pNRPD1:NRPD1-eGFP

pNRPE1:NRPE1-eGFP

Fig. A3 pNRPDI1::NRPD1-eGFP and pNRPE1::NRPE1-eGFP are strongly expressed
in the root

eGFP (green, white arrows) nuclear signal of NRPD1 (first row) and NRPE1 (second row) in
the root tip of Arabidopsis. Scale bar 10 um. Reporter lines constructed by dr Jincheng Long.

) DAPI (blue)
Widefield Autofluorescence (red) GFP (green) Merged

Microspore

Fig. A4 pNRPD1 is not consistently expressed in germline tissues

NRPD1 expression in microspores. eGFP (green) DAPI (blue). Scale bar 10 um. Reporter lines
constructed by dr Jincheng Long.
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Line name Background Source
pCLSY1::CLSY1-eGFP clsyl dr Jincheng Long (Feng Lab)
pCLSY2::CLSY2-eGFP clsy2 dr Jincheng Long (Feng Lab)
pCLSY::CLSY3-Venus clsy3 dr James Walker (Feng Lab)
pNRPDI1::NRPD1-eGFP WT dr Jincheng Long (Feng Lab)
pNRPE1::NRPE1-eGFP WT dr Jincheng Long (Feng Lab)
Library name Library type Source

Seedling sRNA [152]

Root sSRNA [153]

Leaf sRNA [154]

Tapetum sRNA Feng Lab

Meiocyte sRNA Feng Lab

Microspore sRNA Feng Lab (constructed by JT)
Sperm cell sRNA Feng Lab (constructed by JT)
Sperm nucleus sRNA Feng Lab (constructed by JT)
Pollen rep1 sRNA [155]

Pollen rep2 sRNA [156]

Pollen rep3 sRNA [157]

Meiocyte BS-seq Feng Lab

Microspore BS-seq [158]

Sperm cell BS-seq Feng Lab

Vegetative cell BS-seq Feng Lab

Seedling BS-seq [159]

Table A1 Table depicting the line names, library types, and sources of the data presented
in this chapter.
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Fig. AS Violin/box plots depicting 24nt SRNA abundance normalised against total 21nt
miRNAs in different somatic and germline tissues

106



24nt sRNA normalised to total sSRNA (log2(RPKM+1)
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Fig. A6 Violin/box plots depicting 24nt sSRNA abundance normalised against total SRNA
of cRdDM, genic, HyperTE and MetGene loci in the leaf, meiocyte and microspore
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Appendix B - Chapter 3

Widefield DAPI (blue) Merged

10 DAF

12 DAF

12 DAF

Fig. B1 Marchantia embryos develop at different rates in different environmental
conditions

DAPI stained Marchantia embryos at 10 days after fertilisation (first row), and 12 days after
fertilisation (second and third rows) showing different developmental stages. Scale bar 10 um.

121



DAPI/
Widefield Hoechst 33342 (blue) Merged GFP (green)

Tak1xCam2
embryo

Gemma

ECPro:MpSUN-GFP
embryo

Fig. B2 Fixing and staining results of wild type (first row) ECPro::MpSUN-GFP
embryos (third row) and gemmae (second row). Scale bar 10 um.
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Widefield DAPI (blue) Merged

Triton

Pectinase

Cellulase

Cellulase and
pectinase

Fig. B3 Fixing and staining results of embryos after treatment with cell wall digesting
enzymes

Scale bar 10 ym.
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Seedling Meiocyte Microspore

Il 1ol

o

IS

N

=
+
z’ -
& SpermCell SpermNucleus Pollen 0
& 8
[2]
o6

2 A

0

Mismatch

Fig. BS Violin/box plots of the abundance of 24nt SRNAs in seedling, meiocyte, sperm
cell, sperm nucleus and pollen in Arabidopsis mapped with O (dark green) and 3 (light
green) mismatches

Log2 RPKM of 0 Mismatch vs 3 Mismatch sSRNA

Embryo | Sporophyte | | Thallus

10
E Mismatch
o ! =
o 0
(817 3
9o 5 ” i g

0
Mismatch

Fig. B6 Violin/box plots of the abundance of 24nt SRNAs in the thallus, embryo and
sporophyte in Marchantia mapped with O (dark green) and 3 (light green) mismatches
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55 1

50 1

45 1

Mean Transverse Diameter (um)

351

1 2 3 4 5 6 7
Days After Fertilization (DAF)

B wild type B dn4mt #6 k.o. B dndmt #21 ko.

Fig. B7 Line graph that shows the transverse diameter of embryos fertilised by wild
type (blue) or 2 independent 4mC mutant (green) sperm.
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H3K9me1 mature embryo

Genes TEs
paternal maternal paternal maternal
0.20 0.20
o2 - - M
0.15 0.15 M 0.15
0.10 0.10 0.10
0.05 0.05 0.05
0.00 0.00
0.00 0.00
10 sS TES 1.0Ko 10 Ss TES 1.0kb 10 Ss TES 1.0kb
10 1.0
0t 0.8
Lo Lo.6
8
SE
3
&
Fo.c o4
0. 0.2
B T o 0.0
1.0 TSS  TES 1.0Kb 1.0 TSS  TES 1.0Kb 210 TSS  TES 1.0kb 1.0 TSS  TES 1.0Kb
gene distance (bp) gene distance (bp) gene distance (bp) gene distance (bp)

Fig. B8 H3K9mel over genes and TEs is not associated with the paternal genome

Heatmap showing the relative distribution of H3K9mel over genes and TEs associated with
paternal or maternal genomes. Data presented is from [128]
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H3K27me3 DAPI merged

WT .-.

Fig. B9 Immunostaining of H3K27me3 in 13 DAF embryos fertilised by wild type and
dnd4mtl #21 knockout sperm

dndmt #21
knockout

102(355)

PMp!
11,156 bp

Bstz171

Fig. B10 Plasmid map of pMpGWB102(35S)-citrine-NLS
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Table B1 Primers used for nuclear reporter line cloning

Construct Target Name Sequence Purpose
pMpGWB115 or attB1-fluo-NLS-attB2-f1 ~ GGGGACAAGTTTGTACAAAAAAG citrine/tdTom
pMpGWB116 CAGGCTTAATGGTGAGCAAGGGCG insert + attB

pMpGWB115 or
pMpGWB117

attB1-fluo-NLS-attB2-r1

AG
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCTATCCTCCAACCTTTCTC
TTCTTCTTAGG

sites
citrine/tdTom
insert + attB
sites

pMpGWB102-Citrine-NLS &  citrine-ent-seq-f1 TTAATGGTGAGCAAGGGC Entry clone
pMpGWB103-Citrine-NLS sequencing
entry clones (pDONR221)
citrine-ent-seq-r1 TGGGTTCTATCCTCCAACC Entry clone
sequencing
pMpGWB102-tdTom-NLS &  tdTom-ent-seq-fl AGGCTTAATGGTGAGCAAG Entry clone
pMpGWB103-tdTom-NLS sequencing
entry clones (pDONR221)
tdTom-ent-seq-r1 GGGTTCTATCCTCCAACC Entry clone
sequencing
pMpGWB102-Citrine-NLS 102-citrine-exp-seq-f1 TTGGAGAGAACACGGG Expression clone
sequencing
102-citrine-exp-seq-rl CTGGGTTCTATCCTCCAAC Expression clone
sequencing
pMpGWB102-tdTom-NLS 102-tdTom-exp-seq-f1 AGAGAACACGGGGGACTC Expression clone
sequencing
102-tdTom-exp-seq-12 TCGGAGGAGGCGGTG Expression clone
sequencing
102-tdTom-exp-seq-r1 ACAAGAAAGCTGGGTTCTATCCTC Expression clone
sequencing

pMpGWB103-Citrine-NLS

pMpGWB103-tdTom-NLS

103-citrine-exp-seq-f1
103-citrine-exp-seq-rl
103-tdTom-exp-seq-f1
103-tdTom-exp-seq-12

103-tdTom-exp-seq-r1

CCTCGAGCGAGTGATTTTTTAGG

GGGTTCTATCCTCCAACCTTTC

ATTTCGCTAATCATTCCCTAATTTC

CGGCCATGTTGTTGTC

AAGAAAGCTGGGTTCTATCC

Expression clone
sequencing
Expression clone
sequencing
Expression clone
sequencing
Expression clone
sequencing
Expression clone
sequencing
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(92) Pmel Pyull (210)
HindIII (301)

Mfel (308)

1167)

2-expression-seq-1-f
Xbal (1166)

(10,497) Past e TONATEPERt Mi3hyy

2-expression-seq-rev-2 (1922 .. 1936)

(9904) Acll

2-expression-seq-rev1 (2662 .. 2685)

Eco53KI (2713)
~— Sacl (2715)
AfIII (2756)

“[NOS terminator,
~MauBI (2051)

/ac operaton

Ascl (3139)
Asel (3201)

02(355)
11,867 bp

WS
Jasowoud o2 SO

(8830) Bmtl
(8826) Nhel
(8748) BspDI* - Clal* ——

(8516) EcoNI T PspXI (3387)

Gy
v
Polyay s’Cg’;’; binding site

RsrII (4040)

(8041) KasI
ASiST (4089)

(7846) BStZ171

Zral (4426)
AatII (4428)

|
(6241) BIpI

Fig. B11 Plasmid map of pMpGWB102(35S)-tdTomato-NLS

(92) Pmel Pyull (210)
HindIII (301)

Psil (1439)
AvrII (1453)

(10,664) PasT
B T-ONA repeat M13 7y

Eco01091 (1778)
3-expression-seq-for (1781 .. 1803)

PStI (2034)

(10,071) AclI

3-expression-seq-rev (2820 .. 2841)

g z
g
B g
(9109) BSIWI ——— 2 3 Eco53kI (2880)
(8997) BmtI — e 3-expression-clone-pGWB103(EFalpha)+citrine L3 - Sacl (2882)
(8993) Nhel — 12,034 bp 2§
=
5—
8 =

nal

Ascl (3306)

(8683) EcoNI
Asel (3368)

(8212) PIUTI
(8211) Mrel - SgrAI
(8210) Sfol

(8209) NarI

(8208) KasI

(8013) Bstz171
RsrII (4207)

AsiSI (4256)

ECoRV (4783)

BSEXI (5433)

(6408) BIpI
(6259) BStEIL

Fig. B12 Plasmid map of pMpGWBI103(EF I o)-citrine-NLS
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Line name Source
Tak-1 Feng Lab
Tak-2 Feng Lab
Cam-2 Feng Lab
35s::tdTomato-NLS (Tak-1 male, Feng Lab (constructed
WT female backgrounds) by JT)
EFlo::citrine-NLS (Tak-1 male, Feng Lab (constructed
WT female backgrounds) by JT)
EFIo::tdTomato-NLS (Ta-k1 male, Feng Lab (constructed
WT female backgrounds) by JT)
dndmtl k.o. #6 Feng Lab [121]
dn4mtl k.o. #21 Feng Lab [121]
dnmit3b k.o. Feng Lab [121]
cmta k.o. Feng Lab [121]
Library name Library type Source
WT sperm EM-seq Feng Lab (constructed
by JT)
WT sperm AMD-seq Feng Lab (constructed
by JT)
WT sperm AMD-seq Feng Lab
dn4mtl k.o. sperm AMD-seq Feng Lab
14 DAF embryo AMD-seq Feng Lab (constructed
by JT)
7-8 DAF embryo A3A-sc-BS-seq Feng Lab (constructed
by JT)
Archegoniophore sRNA [160]
Embryo sRNA Feng Lab
Sporophyte sRNA Feng Lab
Thallus sRNA Feng Lab
Embryo BS-seq Feng Lab
Sporophyte BS-seq Feng Lab
Thallus BS-seq Feng Lab
Embryo H3K27me3 [128]
CUT&RUN
Embryo H3K9mel [128]
CUT&RUN

Table B2 Table depicting the line names, library types, and sources of the data presented
in this chapter.
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(92) Pmel

Pvull (210)
HindIII (301)
TspMI - Xmal (309)

_———Hpal (494)

Bpu10I (1168)
(11,375) Pask

Psil (1439)
@B T-DNA repeat M13'f, Avr(u (1)4537

(10,782) Aclt

(9708) BmtI
(9704) Nhel

/

4-expression-rev-2 (2816

EFalpha);

12,745 bp
(9394) EcoNI

4-expression-rev-1 (3542
EcoS53kI (3591)
SacI (3593)
AFIII (3634)
NOS terminator
MauBI (3829)
(©919) KasI
(8724) BstZ171
AscI (4017)
Asel (4079)

RsrII (4918)

AsiSI (4967)
LB T-DNA repeat (1067

1) Bip ECORV (5494)
P}

Fig. B13 Plasmid map of pMpGWBI102(EF I o)-tdTomato-NLS

132

2831)

3561)



Glossary

4mC
S5SmC
AGO
AMD-seq
BS-seq
CLSY
CMT
cRdDM
DAF
DME
DML
DMS
DNA
DNMT
DRD
DRM
easiRNA
EFo
EM-seq
FPKM

Gb

N4-methylcytosine

S-methylcytosine

ARGONAUTE

APOBEC3A-mediated deamination sequencing

bisulfite sequencing

CLASSY

CHROMOMETHYLASE

canonical RdADM

days after fertilisation

DEMETER

DEMETER-LIKE

DEFECTIVE IN MERISTEM SILENCING
deoxyribonucleic acid

DECREASED DNA METHYLATION

DEFECTIVE IN RNA-DIRECTED DNA METHYLATION
DOMAINS REARRANGED METHYLTRANSFERASE
epigenetically active small interfering RNA

elongation factor 1o

Enzymatic methylation sequencing

fragments per kilobase of transcript per million mapped reads

gigabases
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gDNA genomic DNA

KTF KOW DOMAIN-CONTAINING TRANSCRIPTION FACTOR
LTR long-terminal-repeat

Mb megabases

MET1 METHYLTRANSFERASE 1

miRNA micro RNA

MORC MICRORCHIDIA

NERD NEEDED FOR RDR2-INDEPENDENT DNA METHYLATION
NRPD NUCLEAR RNA POLYMERASE D

NRPE NUCLEAR RNA POLYMERASE E

nt nucleotide

PGTS post-transcriptional gene silencing

piRNA PIWI-interacting small RNA

Pol IV RNA Polymerase IV

Pol V RNA Polymerase V

PTGS post-transcriptional gene silencing

RdDM RNA-directed DNA methylation

RDM1 RNA-DIRECTED DNA METHYLATION1
RDR RNA-DEPENDENT RNA POLYMERASE
RNA ribonucleic acid

ROS REPRESSOR OF SILENCING

RPKM reads per kilobase per million mapped reads
RPM reads per million

SHH SAWADEE HOMEODOMAIN HOMOLOGUE
SPTSL SUPPRESSOR OF TY INSERTION 5 LIKE
sRNA small RNA

siRNA small interfering RNA
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