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Abstract

DNA methylation is one of a variety of epigenetic modifications that occurs in plant and
animal genomes. It consists of a methyl group added to a cytosine base within the DNA.
The established main effect of DNA methylation is to affect the expression of genes and
other genetic elements by influencing the likelihood of transcription, although it may
also have other effects for example by affecting splicing in maize. The removal of
methylation, DNA demethylation, is carried out differently in plants and animals. In this
project, the catalytic domain of the mammalian demethylase enzyme TET3, which
removes methylation, has been transformed into plants both to investigate the
mechanism of TET3-mediated demethylation and identify genes in plants which are
sensitive to methylation changes. It is shown that this can result in both hypo- and
hypermethylation in plants and in the production of oxidative derivatives of TET3-
mediated demethylation. Methylation changes caused by TET3 in plants could be
inherited in the absence of the transgene. In tomato, TET3 produces a heritable
phenotypic change in shoot architecture, resulting from the demethylation and
activation of a tomato gene which has not previously been functionally characterised.
Transformation of TET3 into tomato also resulted in defects in shoot apical meristem
maintenance allowing investigation of the causes of this phenotype, which can cause
production losses for the tomato industry. TET3 was silenced in tobacco and lettuce,

suggesting that expression of this gene may have detrimental effects in some species.
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1. Introduction

1.1. General Introduction to Epigenetics

The term “epigenetics” was first developed by Charles Waddington in 1942 to
describe the study of the network of processes that occurs between the genotype
and the phenotype (Waddington, 1942). Modern definitions of epigenetics have
since evolved, and are contentious and often debated, but attempts at agreeing a
consensus definition have been made including “The study of mitotically and/or
meiotically heritable changes in gene function that cannot be explained by changes
in DNA sequence” (Riggs et al., 1996). Epigenetic changes are known to underlie a
variety of phenomena including transgene silencing (Meyer and Heidmann, 1994),
imprinting (DeChiara et al., 1991), and position effect variegation (Spofford, 1967)

and are likely to be involved in more.

Several different types of epigenetic modification exist, including changes at the
RNA, DNA and chromatin level. Non-coding RNAs (ncRNAs) can cause post-
transcriptional gene silencing (PTGS) (Meister and Tuschl, 2004) and RNA
modifications (such as RNA methylation) affect gene expression by altering RNA
stability (Motorin et al., 2010). RNA methylation and ncRNAs can act at the RNA
level without interaction with DNA but RNA is also intimately linked to the
establishment and targeting of epigenetic modifications at the DNA and chromatin
level, for example through RNA-direction DNA methylation in plants
(RADM)(Wassenegger et al., 1994) or dosage compensation in Drosophila (Smith et
al., 2000).

Epigenetic modifications to DNA and chromatin can alter the likelihood of
transcription by influencing chromatin organisation and structure and thus the
compaction and accessibility of DNA within chromatin (Bannister and Kouzarides,
2011; Klose and Bird, 2006), as well as affecting long-range interactions between
different regions of DNA (Bartkuhn and Renkawitz, 2008). The packaging of DNA

into chromatin allows compaction of DNA into the nucleus and contains a
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fundamental repeating subunit, the nucleosome, constructed from eight histone
proteins (Kornberg, 1977). Covalent modifications to histone proteins (such as
acetylation)(Bannister and Kouzarides, 2011) or the incorporation of alternate
histone proteins into the nucleosome (Bonisch and Hake, 2012) affect how
chromatin is packaged by influencing the relationship of one nucleosome to
another, recruiting remodelling enzymes and binding proteins, or altering the
structure of the nucleosome itself. Epigenetic chromatin modifications have
predominantly been identified on the N-terminal tails of histone proteins (which
are exposed on the surface of the nucleosome) although modifications have also
been found throughout histone proteins, both within the core and on C-terminal
tails (Zhang et al., 2003). Epigenetic changes to the chromatin are interlinked with
epigenetic modification of DNA, namely DNA methylation (Cedar and Bergman,

2009) on which the focus of this project will be.

1.2. DNA Methylation

DNA methylation is an evolutionarily ancient, widespread epigenetic modification
which consists of the addition of a methyl (-CHs) group to a DNA base. It is found in
both prokaryotic and eukaryotic species but there are key differences in the role it
plays in different organisms (Piccolo and Fisher, 2014). In bacteria, DNA methylation
acts to protect DNA from the bacterium's own restriction enzymes, which act to

digest invading viruses (Wilson and Murray, 1991).

In eukaryotes, DNA methylation is currently best understood in plants, animals and
fungi, where it is most often associated with gene silencing. Many species of these
kingdoms possess DNA methylation, although not all (Piccolo and Fisher, 2014) and
DNA methylation can also be found elsewhere, for example the marine diatom,
Phaeodactylum tricornutum, has 6% total methylation (Veluchamy et al., 2013).
Similarities in the methods of establishing and maintaining DNA methylation
suggest that there were ancestral processes which were subsequently lost in many
species, including Saccharomyces cerevisiae, Drosophila melanogaster and

Caenorhabditis elegans. DNA methylation can occur in adenine and/or cytosine
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DNA bases in different species (Ratel et al., 2006) and differences in the patterns
and roles of DNA methylation are found across eukaryotes (Feng et al., 2010;
Zemach et al., 2010). In plants and animals, although adenine DNA methylation has
been reported in mouse embryonic stem cells (Wu et al., 2016), cytosine DNA
methylation is the most prevalent and best understood, and is the focus of this

project.

1.2.1. Patterns of DNA methylation differ in different species

As mentioned above, the level and distribution of cytosine DNA methylation varies
in different species. While methylation across the genome is largely continuous in
mammals, methylation patterns in invertebrates and some plant species such as the
model plant Arabidopsis thaliana are mosaic, with densely methylated regions
interspersed with regions of very little methylation (Suzuki and Bird, 2008; Zhang et
al., 2010)(Figure 1.1a). Other plant species such as maize have a higher and more
continuous distribution of methylation (Gouil and Baulcombe, 2016) which may be
the result of a high density of transposons (SanMiguel et al., 1996). Methylation of
transposons and repetitive sequences is usually enriched in plant species compared
to the rest of the genome (Feng et al., 2010) and is present in a large number of
species including many fungal and vertebrate species as well as plants (Zemach et

al., 2010)(Figure 1.1a).

DNA methylation at different types of loci can have different functions. Methylation
of promoter regions is found in most plants, vertebrates and fungi where it usually
results in gene silencing. Gene body methylation is evolutionarily ancient and has
been observed in several species of plants and animals, including Arabidopsis,
mouse and honeybee but is absent in some early diverging land plants such as
Selaginella moellendorffii (Zemach et al., 2010) and appears to be absent in most
fungi, although not all (Jeon et al.,, 2015; Mishra et al.,, 2011; Zemach et al.,
2010)(Figure 1.1a). The function of gene body methylation has not been fully
established. In maize, methylation in the gene body at intron-exon boundaries is

correlated with a reduced splicing efficiency at these sites while gene body
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methylation within exons may deter insertion of transposons (Regulski et al., 2013).
In Arabidopsis, approximately 20% of genes contain gene body methylation. These
genes are most likely to be moderately expressed and it has been suggested that
the purpose of gene body methylation here is to prevent initiation of transcription
from cryptic sites (Zilberman et al., 2007). Gene body methylation appears to be
associated with evolutionarily conserved genes, which suggests that it is functional
(Takuno and Gaut, 2012) although levels of gene body methylation vary greatly

between species (Takuno et al., 2016).

On a sequence level, cytosine DNA methylation can occur in different contexts: CG,
CHG or CHH, where H can be adenine (A), cytosine (C) or thymine (T) but not
guanine (G). In mammals, methylation occurs mainly in the CG context where 70-
80% of cytosines can be methylated (Feng et al., 2010; Lister et al., 2009). Recent
studies have identified that non-CG methylation, while rare, does occur in mice
(Ramsahoye et al., 2000) and is consistently present across a variety of human
tissues (Ziller et al., 2011) where it can be functional in the regulation of reporter
gene expression (Inoue and Qishi, 2005) and protein binding (Chen et al., 2015). In
plants, the distribution of methylation across the three contexts is more balanced,
although CG remains the most highly methylated cytosine context (Niederhuth et
al., 2016). In Arabidopsis, 22-30% of cytosines in the CG context are methylated, in
comparison to 6-9% of CHG and 1.5-4% of CHH sites, giving an overall methylation
level of 5% (Cokus et al., 2008; Feng et al., 2010; Niederhuth et al., 2016)(Figure
1.1b). Other plant species contain higher levels of methylation, for example rice,
where 14-18% of cytosines are methylated (Feng et al., 2010; Zemach et al., 2010),
or tomato, where 22-24% of cytosines are methylated (Zhong et al., 2013). This
increase occurs across all contexts, with 73-85% of CG sites, 52-56% of CHG sites
and 8-14% of CHH sites being methylated in tomato (Zhong et al., 2013)(Figure
1.1b). Some species of plants do lack methylation in non-CG contexts such as the
green algae Volvox carteri, but these appear to be the exception (Feng et al., 2010;
Zemach et al., 2010)(Figure 1.1). Some common fungi, such as S. cerevisiae, contain

no DNA methylation, but a diverse range of other fungi do, suggesting that these

Page 18 of 205



species may have lost DNA methylation independently (Zemach et al.,, 2010).

Methylation in fungi appears to be mostly in the CG and CHH contexts, although

small levels of methylation in the CHG context have been detected (Jeon et al.,

2015). Overall methylation levels are so far lower than those discovered in plants

(Jeon et al., 2015; Mishra et al., 2011), with Laccaria bicolor, a mycorrhizal fungus,

having the highest methylation levels observed in fungi at this point: 5% of all

cytosines methylated and 20% of cytosines in the CG context methylated (Zemach

et al,, 2010).

a T = =
Methylation Location Distribution
CG | CHG | CHH Promoter Gene body Transposon
~ methylation | methylation ‘methylation
Arabidopsis thaliana v v v v v v Mosaic
Zea mays (maize) 4 v v v v v Continuous
Volvox carteri (green v X X v v v Mosaic
algae)
Mus musculus v v v v v v Continuous
(mouse)
Danio rerio v v v v v v Continuous
(zebrafish)
Apis mellifera v X X X v X Mosaic
(honeybee)
Drosophila X X X X X X -
melanogaster
Fungi
Saccharomyces X X X X X X -
cerevisiae
Laccaria bicolor v v v v X v Mosaic
b
100
90

80

70

60

50

40

30

20

% of cytosines methylated within this context

10

CHH

CHG
Methylation Context

CG

H Arabidopsis thaliana

B Zea mays (maize)
Solanum lycopersicum (tomato)

H Volvox carteri (green algae)

B Mus musculus (mouse)
Danio rerio (zebrafish)

W Apis mellifera (honeybee)

Page 19 of 205



Figure 1.1. Location, level and distribution of methylation varies between species

(a) Chart indicating the presence or absence of methylation in different contexts and
at different sites across different species. A tick for methylation indicates the
presence of methylation at this context (CG, CHG or CHH). Location indicates
whether methylation of the promoter region, methylation of gene bodies or
methylation of transposons and other repetitive elements occurs. Distribution
refers to whether methylation occurs globally as it does in mouse (continuous) or
if densely methylated regions are interspersed with sparsely methylated ones, as
they are in Arabidopsis (mosaic). A dash indicates that no methylation is present
in this species.

(b) A graph showing the methylation levels at the three different contexts in a variety

of species.

The context of DNA methylation can also be subdivided beyond the traditional three
contexts. Methylation patterns vary in subcontexts of CG, CHG and CHH
methylation sites, for example CGT methylation levels are lower than other CG
subcontexts in Arabidopsis and tomato, but higher than other CG subcontexts in
rice (Gouil and Baulcombe, 2016). Within the CHG context, CCG sites are less
methylated compared to CAT/CTG sites in Arabidopsis, tomato, maize and rice
while in the CHH context, levels were frequently higher in CAA, CAT or CTA contexts
compared to CCA, CCC and CCT sites, although this varied across the genome (Gouil
and Baulcombe, 2016). It has been hypothesised that these differences reflect
differences in the enzymes responsible for methylation of these sites. Methylation
levels at different subcontexts of non-CG methylation in humans also vary, being

consistently higher at CA sites across the different tissues (Ziller et al., 2011).
1.2.2. Establishment and maintenance of DNA methylation

Most of the enzymes responsible for the establishment and maintenance of DNA
methylation are conserved between plants, animals and fungi. De novo methylation
is carried out by DNA methyltransferase 3A/3B/3L (DNMT3A/DNMT3B/DNMT3L) in
animals and by a homolog of DNMT3, DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2), in plants (Okano et al., 1999). Different families of
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enzymes are thought to be responsible for the maintenance of DNA methylation in
the three different contexts (Law and Jacobsen, 2010). CG methylation is
maintained by DNA methyltransferase 1 (DNMT1) restoring methylation at
hemimethylated sites in animals (Bestor, 1992). Homologues of DNMT1 exist in
plants where they again maintain CG methylation (METHYLTRANSFERASE 1
genes)(Saze et al., 2003)(Figure 1.2) and in fungi, where the DNMT1 family has split
into three subfamilies (Masc2, Dim-2, and Mascl genes) (Huang et al., 2016). A
family of enzymes unique to plants, the CHROMOMETHYLTRANSFERASEs (CMTs),
maintains CHG methylation (Lindroth et al., 2001), supported by a feedback loop
involving lysine methylation of histone 3 (Lindroth et al., 2004)(Figure 1.2). Non-CG
methylation in mammals has recently been shown to be dependent on the DNMT3
enzymes (Shirane et al., 2013; Ziller et al., 2011), and CHH methylation in plants is
similarly established by the DNMT3 homolog, DRM2, which acts through the RNA-
directed DNA methylation (RADM) pathway to establish de novo DNA methylation
in all contexts (Chan et al., 2005)(Figure 1.2). This process is especially important to

maintain silencing of transposable elements.

An increasing amount of evidence suggests that the roles of the DNA
methyltransferases are not as strictly divided as previously thought. MET1 can be
responsible for methylation of non-CG sites, both in conjunction with CMTs within
the context of CCG sites (Yaari et al., 2015) and in the context of MET1-dependent
dense methylation, high levels of methylation in all three contexts that is lost in
metl mutants (Watson et al., 2014). CMT3 is known to methylate CHH sites at some
loci as well as carrying out CHG methylation (Bartee et al., 2001), as does CMT2
(Stroud et al., 2014; Zemach et al., 2013) which may lead to the differences in CHH
subcontext methylation discussed earlier (Gouil and Baulcombe, 2016). CMT3 also
appears to be required for the establishment of CG gene body methylation in
angiosperms (Bewick et al., 2016). Activity of all three methyltransferase families is
required to maintain methylation in any context at the RPS transgene in Arabidopsis

(Singh et al., 2008) and multiple sites in the Arabidopsis genome require interplay
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between different methyltransferase pathways for maintenance of methylation
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Figure 1.2. Multiple processes contribute to DNA methylation at different contexts in
plants

MET1 maintains methylation at CG sites by binding to hemimethylated CG regions when
the cell divides. CMT (chromomethyltransferase) enzymes can cause methylation at CHG
and CHH sites, and can act in a positive feedback loop with histone modification H3K9me2
(demethylation of lysine 9 of histone 3), where the CMT binds this modification, causing
methylation at nearby cytosines. CMT mediated methylation requires the DDM 1
(DECREASE IN DNA METHYLATION 1) chromatin remodeler. Methylation at CHG sites
recruits KRYPTONITE (KYP), the histone methyltransferase and thus this maintains the loop.
Methylation at CHH sites can occur due to CMT enzymes independently of small RNAs or
can be small RNA dependent through the RNA-directed DNA methylation pathway. In the
RNA-directed DNA methylation pathway, double stranded RNA is produced by RNA
POLYMERASE 1V (Pol IV) and RNA DEPENDENT RNA POLYMERASE Il (RDR2) and cut into
small RNAs by DICER LIKE 3 (DCL3). These target the DRM2 methyltransferase, which
requires the chromatin remodeler (DRD1) and RNA POLYMERASE V (Pol V)(Matzke et al.,
2015). This process is especially important to maintain silencing of transposable elements.
Arrows indicating methylation are coloured. Black arrows indicate a feedback loop which
causes methylation. Filled circles are methyltransferases, open circles are other proteins or

epigenetic modifications involved in the process.
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1.3.DNA Demethylation

DNA methylation patterns are highly dynamic (Yamagata et al., 2012), with patterns
of DNA methylation constantly changing as the cell divides and genes are
transcribed. The process of the removal of DNA methylation (DNA demethylation)
is as important as its addition. Cytosine DNA demethylation can occur passively or
actively in both plants and animals (Gehring et al., 2009) and also plays an important
role in a variety of processes such as plant development, acquisition of pluripotency
and cancer. Downregulation of the DNA methyltransferases that maintain DNA
methylation can lead to passive demethylation as cells divide and DNA methylation
is not restored (Rougier et al., 1998), or passive DNA demethylation may be caused
by shortages of enzymes and other components of the methylation process such as
S-adenosyl methionine, preventing restoration of DNA methylation on
hemimethylated DNA (the donor of the methyl group)(Chiang et al., 1996). During
the plant life cycle, downregulation of the RNA-directed DNA methylation
machinery causes passive loss of methylation during seed germination (Kawakatsu

et al.,, 2017).

The active removal of DNA methylation occurs through the action of enzymes in
both plants and animals. Active DNA demethylation is important for maintaining
normal methylation patterns throughout the life cycle of an organism and is also a
crucial element in reproduction for both plants and animals as well as in many other
processes (Gehring et al., 2009). Active DNA demethylation is independent of DNA
replication and occurs more rapidly than passive DNA demethylation (Mayer et al.,

2000).

1.3.1. Active DNA demethylation in plants occurs through the base

excision repair pathway

In plants, active DNA methylation acts through the base excision repair pathway
and requires the ROS/DME family of DNA glycosylases which in Arabidopsis consists
of REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME), DEMETER-LIKE 2 (DML2)
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and DEMETER-LIKE 3 (DML3) (Gehring et al., 2009)(Figure 1.3). These remove 5-
methylcytosine by excising it (Agius et al., 2006), leaving a cleaved ribose sugar
which is removed by an endonuclease (Li et al., 2015b), and then subsequently
replaced by an unmethylated cytosine base (Li et al., 2015c). They can also remove
thymine in the case of a thymine-guanine mismatch, but show greater affinity for
5-methylcytosine when both bases are located in a CG-dense context (Morales-Ruiz
et al., 2006). This process is essential for many processes in Arabidopsis; for example
DME, which is expressed in the female gametes, is required for the imprinting of
genes such as MEDEA (Choi et al., 2002), FWA (Kinoshita et al., 2004) and FIS2
(Jullien et al., 2006) in the endosperm (Figure 1.4). This process involves
demethylation in the companion cells (the vegetative nucleus and the central cell)
and results in methylation of the gametes (lbarra et al., 2012)(Figure 1.4). ROS1,
DML2 and DML3 are expressed in vegetative tissues where they demethylate the 5’
and 3’ ends of genes (Penterman et al., 2007a)(correlating with the characteristic
reduction in methylation at these sites (Feng et al., 2010)), while ROS1 is also known
to target transposons and intergenic regions (Tang et al., 2016) where it can prevent
spreading of DNA methylation beyond the edge of these regions (Yamamuro et al.,

2014)(Figure 1.4).
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Figure 1.3. Enzymes carrying out DNA methylation and demethylation in plants and

mammals

Homologous methyltransferase enzymes add DNA methylation in both plants and

mammals. DNA demethylation in plants is carried out by DNA glycosylases through the

base excision repair pathway. In mammals, TET enzymes can remove methylation by

oxidation of 5-methylcytosine, which leads to demethylation in a variety of ways.

Deaminases AID and APOBEC1 can convert 5-methylcytosine to thymine, allowing its

removal by the base excision repair pathway.

Enzymes which carry out methylation and demethylation in plants are indicated in

green, and in red for mammals. Dotted lines indicate that it is unknown if this

mechanism contributes to demethylation in vivo.
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Figure 1.4. DNA methylation changes during the Arabidopsis thaliana lifecycle

During gametogenesis, demethylation of companion cells (the vegetative nucleus and
the central cell) by the DNA glycosylase DME causes targeting of methylation in the
gametes (sperm and egg cells). One sperm cell fuses with the diploid central cell to
produce the triploid endosperm, while the other fuses with the egg cell to produce the
embryo. Embryogenesis then occur, and genes such as MEDEA and FIS2 are expressed
from maternal but not paternal alleles. Methylation levels increase during
embryogenesis, rising to their highest point in mature embryos. Methylation levels
remain constant during seed desiccation. Global DNA demethylation then occurs upon
germination by passive loss during cell division and low activity of the CMT2 and RdDM
pathways. DNA glycosylases and methyltransferases act during vegetative growth to
ensure DNA methylation levels are maintained. Widespread gene expression changes
occur during the transition to flowering, and the time at which this occurs can be affected
by methylation changes e.g. hypomethylation of the FWA gene. Methylation levels
increase during organogenesis and are followed by demethylation in late flower

development. These changes largely correlate with gene expression levels (Yang et al.,

2015).
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It is known that some loci in Arabidopsis are targeted by only a single DNA
glycosylase while others are targeted by several in combination, and that the 5" and
3’ ends of genes are specifically demethylated by DML enzymes (Penterman et al.,
2007a). How DNA glycosylases are targeted towards the regions where they act has
not been fully established, but some pathways have been elucidated. Several pieces
of evidence demonstrate that ROS1 can interact with the RADM pathway, removing
methylation originating from RdDM (Penterman et al., 2007b). These include the
fact that expression of the ROS1 gene is promoted by methylation caused by RADM
(Williams et al., 2015) and that an RNA binding protein, ROS3, functions in the ROS1
demethylation pathway (Zheng et al., 2008). Loci targeted by ROS1 can also be
RdDM-independent (Penterman et al., 2007b; Tang et al., 2016). ROS1 expression
is reduced in a metl mutant through a different mechanism to in mutants of the
RdDM pathway (Rigal et al., 2012; Williams et al., 2015) and ROS1 can be recruited
to methylated DNA by a protein complex containing a methyl-binding protein
METHYL-CPG-DNA BINDING DOMAIN PROTEIN 7 (MBD7)(Li et al., 2015a; Wang et
al., 2015), the histone acetyltransferase INCREASED DNA METHYLATION 1 (IDM1)
(Qian et al.,, 2012) and an alpha-crystallin domain protein INCREASED DNA
METHYLATION 2 (IDM2) (Zhao et al., 2014).

1.3.2. Active DNA demethylation in animals occurs differently to active

DNA demethylation in plants

Animals also possess DNA glycosylases capable of excising 5-methylcytosine in vitro
such as methyl-CpG-binding domain protein 4 (MBD4)(Zhu et al., 2000a) and
thymine-DNA glycosylase (TDG)(Zhu et al., 2000b). Similarly to the plant DNA
glycosylases, these two DNA glycosylases can also excise thymine when it occurs in
a thymine-guanine mismatch. Unlike the plant DNA glycosylases, TDG and MBD4
have only weak activity when excising 5-methylcytosine and do not seem to carry
out this role in vivo (Gehring et al., 2009). Active DNA demethylation must therefore

occur in a different manner in animals compared to in plants.
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One mechanism for DNA demethylation in animals is deamination of the modified
cytosine. Two enzymes known to have cytosine deaminase activity (which converts
cytosine to uracil) were found to also act on 5-methylcytosine (5mC), converting
this to thymine (Morgan et al., 2004)(Figure 1.3). The new thymine base is still
paired with a guanine, resulting in a mismatch that can be excised by TDG or MBD4.
The genes for these two deaminase enzymes, AID (activation-induced deaminase)
and APOBECI (apolipoprotein B RNA editing catalytic component 1) are expressed
in oocytes and primordial germ cells (where large amounts of active DNA
demethylation occur) along with a nearby cluster of pluripotency genes (Morgan et
al., 2004). Demethylation in mouse primordial germ cells is greatly reduced in aid

mutant cells but substantial demethylation does still occur (Popp et al., 2010).

The family of enzymes primarily responsible for DNA demethylation in mammals is
known as the TET (Ten-Eleven-Translocation) family, and has three members
(Schuermann et al., 2016). All three contain a catalytic domain capable of oxidising
5-methylcytosine, while only TET1 and TET3 contain the DNA-binding CXXC domain
(Tan and Shi, 2012)(Figure 1.5). TET enzymes actively demethylate DNA by oxidising
5mC to 5-hydroxymethylcytosine (5ShmC)(Ito et al., 2010; Tahiliani et al., 2009) and
then further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in a stepwise
manner (Ito et al., 2011)(Figure 1.3). The TET enzymes are expressed differently in
various tissues, where they are likely to have distinct roles (Figure 1.6). For example,
TET1 and TET2 (but not TET3) are expressed in embryonic stem cells (ESCs) where
they have a role in determining cell fate (Koh et al., 2011) and act at distinct regions,
with TET1 targeted primarily to transcriptional start sites and TET2 to gene bodies
(Huang et al., 2014). A large variety of proteins are thought to interact with the TET
enzymes, affecting their genomic location (Delatte et al., 2014). These include OGT
(a glucosamine transferase important in embryogenesis), HDAC2 (a histone
deacetylase) and UHRF1 (a ubiquitin ligase which binds hemimethylated
DNA)(Delatte et al., 2014). In addition to targeting TET activity, these interacting
partners may alter the effect of TET enzymes, as discussed below (Zhang et al.,

2015).
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Figure 1.5. The TET gene family

There are three TET enzymes in mammals, TET1, TET2 and TET3. TET1 and TET3 contain
CXXC domains (orange), DNA binding domains which bind to unmethylated cytosines. All
three have a catalytic domain at the other end with methyldioxygenase activity (red).

TET3 also has a domain of unknown function between these two domains (green).

Mutation of TET1 and TET2 is not lethal. Homozygous tet1 mice are smaller, but are
viable and fertile (Dawlaty et al., 2011), as are homozygous tet2 mice, which also
show an increased propensity to develop myeloid malignancies with characteristics
resembling different leukaemia types (Li et al., 2011b). Double knockouts of TET1
and TET2 are more harmful than single mutants, with many mice dying shortly after
birth with severe abnormalities and growth defects. Those mice which survive to
adulthood are largely normal by 2 months of age, although they possess some
alterations in methylation at imprinted regions and reduced fertility (Dawlaty et al.,
2013). Homozygous mutation of TET3, unlike the other two, is lethal (Gu et al.,
2011). TET3 mRNA is not found in ESCs, but is present in the oocyte and zygote, and
may be involved in the global demethylation that occurs in the male pronucleus (Gu
etal., 2011)(Figure 1.6). Other reports suggest that TET3 is only required to maintain
an active demethylation wave which has already begun (Amouroux et al., 2016),
although no alternative explanation for this active demethylation wave has been
suggested. The TET enzymes may be able to compensate for each other, given that
triple TET knockout ESCs differentiated abnormally and were unable to support

development (Dawlaty et al., 2014).
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It is known that TET enzymes contribute to different processes, for example TET2
acts in the specification of hematopoietic cells, where it prevents differentiation
into the myeloid lineage over the lymphoid lineage (Delhommeau et al., 2009).
Hematopoietic stem cells with a mutated TET2 enzyme are therefore more likely to
differentiate into cells of the myeloid lineage (Delhommeau et al., 2009)(Figure 1.6).
TET enzymes also function in adult mammalian tissues, for example TET1 acts in the
mouse brain to regulate proliferation of neural progenitor cells, which give rise to
new neurons in adult brains (Zhang et al., 2013)(Figure 1.6). Mice in which TET1 is
knocked out have impaired hippocampal neurogenesis, accompanied by poor
learning and memory (Zhang et al., 2013). TET proteins also have functions
independent of their catalytic activity, for example in the inflammation response,
where TET2 causes repression of a key cytokine /L-6 by recruiting HDAC2 (Histone
Deacetylase 2). This results in the removal of histone acetylation and therefore
increased condensation of the heterochromatin (Zhang et al., 2015)(Figure 1.6).
Other established functions of TET proteins should be reinvestigated to determine
whether catalytic function is required (Lian et al., 2016), for example in neural
development, where a catalytically inactive version of TET3 is able to partially
restore some function in Xenopus as long as the DNA-binding CXXC domain is

present (Xu et al., 2012).
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Figure 1.6 TET enzymes have many different roles throughout the mammalian life cycle
Many methylation changes occur during embryogenesis. The involvement of TET begins
immediately post-fertilization in the pronuclei where TET3 is required to either carry out
or maintain demethylation in the paternal pronucleus. Methylation levels then begin to
increase in the blastocyst until they reach 70-80% in the epiblast. The primordial germ
cells, which will become the gametes, are then specified and demethylation occurs
passively at first to remove methylation globally, while active TET1 and TET2-mediated
demethylation is required to remove methylation specifically at imprinted regions. In
adult tissues, TET enzymes still have roles to play in processes including the proliferation
of neural progenitor cells, specification of cells in the hematopoietic cell lineage and,

independently of its catalytic ability, downregulating the immune response.

5mC oxidation carried out by TET enzymes can result in DNA demethylation in
multiple ways. Passive DNA demethylation can occur, as 5hmC is not a good
substrate for the maintenance methyltransferase DNMT1 (Valinluck and Sowers,
2007) and therefore methylation levels are not maintained as the cell divides (Inoue
and Zhang, 2011). 5hmC may be deaminated to 5-hydroxymethyluracil, which can
be removed by the base excision repair pathway (Cortellino et al., 2011), but it is
unclear if the mammalian deaminases have 5hmC deaminase activity in vivo (Guo
et al.,, 2011; Nabel et al., 2012)(Figure 1.3). Removal of 5hmC could also occur
through the de novo methyltransferases, DNMT3A/B, which have been shown to be
capable of converting 5hmC to C in vitro, although it is unknown if this takes place
in vivo (Chen et al., 2012)(Figure 1.3). Further oxidation of 5hmC to 5fC and 5caC
allows active demethylation through the base excision repair pathway, as the DNA
glycosylase TDG is able to remove these intermediates (He et al., 2011; Maiti and
Drohat, 2011)(Figure 1.3). An involvement for TDG is supported by the facts that
TET1 has been found to physically and functionally interact with TDG in vivo (Miller
et al., 2014; Weber et al., 2016), and that targeting of TDG to DNA can result in
demethylation (Gregory et al., 2012). In addition, mouse ESC extracts have been
shown to be capable of decarboxylating 5caC to C, suggesting this could also be a

mechanism for removal of 5caC (Schiesser et al., 2012)(Figure 1.3).
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The discovery of the TET-mediated demethylation pathway led to increased
research into the derivatives of TET-mediated demethylation. This has resulted in
suggestions that these derivatives may be an epigenetic mark in their own right
(Bachman et al., 2014, 2015; lurlaro et al., 2016). Evidence for this includes the fact
that 5hmC (Bachman et al., 2014) and 5fC can be stable (Bachman et al., 2015) and
the identification of proteins which bind specifically to either 5hmC, 5fC or 5caC
including DNA helicases, p53 and chromatin remodelling proteins (Spruijt et al.,

2013).

1.4. Epigenetic Reprogramming

Removal of DNA methylation is particularly important in the process of epigenetic
reprogramming, a global change in epigenetic marks. This occurs twice in the
mammalian lifecycle (Messerschmidt et al., 2014), in primordial germ cells (PGCs)
during embryogenesis (Hajkova et al., 2002) and also in the zygote immediately
after fertilisation (Mayer et al., 2000)(Figure 1.6). Reprogramming in the zygote
removes all methylation except at imprinted regions (Reik and Walter, 2001;
Tremblay et al., 1997), while reprogramming in PGCs removes methylation both
globally and at imprint control regions to reach an eventual level of ~7%, compared
to 70-80% in the epiblast cells from which they are derived (Seisenberger et al.,
2012)(Figure 1.6). Methylation in the PGCs is then restored in a sex-specific manner,
including imprints (Davis et al., 2000; Messerschmidt et al., 2014). Imprinted regions
control the expression of genes from a single allele in a parent of origin specific
manner (Ferguson-Smith, 2011). In mammals, epigenetic marks at imprinted
regions are usually established in the germline (Davis et al., 2000) and imprinted
expression can persist in adult tissues (Ferguson-Smith, 2011; Rougeulle et al.,
1997). In comparison, imprinted genes in plants are almost exclusively found in the
endosperm (Gehring and Satyaki, 2017), although transient imprinted expression
from a small number of genes has also been described in the earliest stages of the
embryo (Raissig et al., 2013)(Figure 1.4). Given that epialleles have been observed

to be inherited in plants, it was originally suggested that plants did not undergo
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epigenetic reprogramming, but it is now known that considerable epigenetic
reprogramming does occur during plant sexual reproduction, although this must be
incomplete to allow occasional inheritance of parental epigenetic states
(Kawashima and Berger, 2014). Methylation changes during embryogenesis are
largely a result of the RNA-directed DNA methylation pathway, and cause global
increase of DNA methylation particularly at CHH contexts (Bouyer et al,,

2017)(Figure 1.4).

1.5. DNA Methylation Changes Can Affect Plant Phenotypes

In plants, natural variations in epigenetic patterns, or epialleles, occur between
different strains and ecotypes of a species, where they can result in differences in
phenotype. Epialleles often form as a result of nearby transposable elements
(Slotkin and Martienssen, 2007). One example of an epiallele occurs in Arabidopsis,
where hypomethylation upstream of the FWA gene results in activation of
transcription and late flowering (Soppe et al., 2000). These epigenetic changes can
also occur as the result of mutations in the genes involved in DNA methylation for
example loss of DDM1 (DECREASE IN DNA METHYLATION 1), a chromatin
remodelling protein, can cause the FWA hypomethylation described above (Soppe
et al., 2000). A different epiallele exists in tomato, where hypermethylation at the
Cnr (colourless non-ripening) locus results in tomato fruit which do not ripen (Zhong

et al,, 2013).

Epialleles can remain stable over multiple generations (Manning et al., 2006; Soppe
et al., 2000), demonstrating that, as discussed above, epigenetic reprogramming in
plants is not complete. However, many methylation changes produced by mutation
of the DNA methylation machinery are not stable, and can return to wild type levels
or vary stochastically over subsequent generations in different plants (Reinders et
al., 2009). Epigenetic changes often have this erratic nature, meaning that not all
plants altered in the same epigenetic pathway will show the same level of

phenotype.
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Changes in methylation as a result of mutation in the DNA methylation machinery
have been well studied in Arabidopsis, where mutants of maintenance methylation
(met1)(Kankel et al., 2003), triple mutants of the DNA glycosylases (ros1-3 dmi2-1
dmi3-1)(Penterman et al, 2007a) or triple mutants of three of the
methyltransferases (drmi-2, drm2-2, cmt3-11)(Cao and Jacobsen, 2002a) are
viable, although plants display pleiotropic phenotypes including delayed flowering,
sterility and reduced plant size. These phenotypes can become more severe over
subsequent generations (Kakutani et al., 1996). In other species, phenotypes from
mutations in the DNA methylation machinery are often more severe. As discussed
earlier, loss of the TET3 demethylase enzyme in mice is lethal (Gu et al., 2011), as is
mutation of the MET1 homologue DNMT1 in mice embryos or human ESCs (Li et al.,
1992; Liao et al.,, 2015). Some plant species can also react more severely to
alterations in the DNA methylation machinery than Arabidopsis does. For example,
met1 mutants in rice display seedling lethality (Hu et al., 2014), cmt3 mutants have
developmental abnormalities such as reduced fertility and dwarf phenotypes
(Cheng et al., 2015), and drm2 mutants have growth defects, delayed heading and
sterility (Moritoh et al., 2012) which contrasts with the lack of phenotypes in single
cmt3 (Lindroth et al.,, 2001) or drm2 (Cao and Jacobsen, 2002b) mutants of
Arabidopsis. In tomato, mutation of one of the components of the RdADM pathway,
RNA Polymerase V, appears to be lethal (Gouil and Baulcombe, 2016) and tomato
transformants containing a RNAi construct directed against the MET1 gene could

not be regenerated (Watson, 2013).

In addition to mutations in the enzymes of methylation, DNA methylation levels can
vary as a result of other causes. In mammals, DNA methylation can show circadian
variation (Lim et al., 2014), which could also be the case in plants. DNA methylation
levels in plants can also be altered by biotic and abiotic stresses including bacterial
infection (Dowen et al., 2012), osmotic stress (Kovarik et al., 1997) and cold stress
(Steward et al., 2002). These changes can correlate with the activation of stress-
inducible genes, for example osmotic stress in tomato roots correlates with

hypomethylation and increased expression of ABSCISIC ACID STRESS RIPENING 2
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(ASR2) (Gonzalez et al., 2013), a member of the ASR gene family which is known to
be important in osmotic stress responses (Golan et al., 2014). These changes may
result in an increase in stress tolerance. Some stress-induced changes in DNA
methylation have been demonstrated to be heritable, for example when rice plants
are subjected to nitrogen-deficiency, many regions become differentially
methylated, and some of these novel epigenetic states can be inherited (Kou et al.,
2011). The progeny of plants which have inherited epigenetic modifications grow
better in nitrogen-deficient conditions than progeny of plants which have not,
suggesting that epigenetic changes in a stressed plant may function to increase the
tolerance of their progeny to stress (Kou et al., 2011). However, characterisation of
loci at which heritable epigenetic changes have resulted in increased stress

tolerance has not yet occurred (Meyer, 2015).
1.6.Thesis Objective

As described above, plants demethylate DNA using a different mechanism to
mammals. Demethylation mediated by plant DNA glycosylases has been shown to
function in mammalian cells (Parrilla-Doblas et al.,, 2017) but the reverse,
demethylation mediated by the TET mammalian demethylase enzymes in plants,
has not been demonstrated. By transforming the mammalian demethylase TET3
into plants, two research questions can be investigated. Firstly, more can be learned
about how TET enzymes act in isolation. By analysing levels of 5-methylcytosine,
and the oxidised derivatives produced by TET3, it can be seen whether the catalytic
domain of TET3 (TET3c) can carry out demethylation at sites within plant DNA and
how far along the oxidative pathway it will proceed. Secondly, TET3c can be
transformed into plants where altering the endogenous methylation systems has
proved severe. As TET3 has no essential function in these species, plants with
altered methylation patterns may be more likely to survive, allowing us to identify
genes and processes where methylation plays an important role. In addition, TET3c
will act outside of the usual systems for maintenance of normal methylation

patterns. This may allow TET3c to generate novel epigenetic changes which are not
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reversed and therefore remain as heritable epialleles. The aims of this project are
to investigate whether the mammalian demethylase TET3 can carry out
demethylation in plants, using Arabidopsis thaliana as a proof of concept system,
and then expand this work into crop species such as tomato in order to identify
phenotypes linked to methylation changes. This will allow us to compare the
epigenetic changes and phenotypes observed as a result of TET3 expression in

Arabidopsis and tomato.
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2. Expressing a Mammalian Demethylase in
Arabidopsis thaliana Induces Heritable Changes in
DNA Methylation

2.1. Introduction

Active DNA demethylation occurs very differently in mammals compared to plants,
as discussed in the introduction. In plants, active demethylation is carried out
through the base excision repair pathway (Gehring et al., 2009). In the model plant
Arabidopsis thaliana, this involves one of four different DNA glycosylases:
REPRESSOR OF SILENCING 1(ROS1), DEMETER (DME) (Morales-Ruiz et al., 2006)
DEMETER-LIKE 2 (DML2) and DEMETER-LIKE 3 (DML3) (Ortega-Galisteo et al., 2008),
which make up the DME family. These remove 5-methylcytosine (5mC) by excising
the methylated base and the gap is then filled by an unmethylated cytosine.

In mammals, active DNA demethylation can be carried out through the activity of
the TET (Ten-Eleven-Translocation) family of enzymes (lto et al.,, 2010, 2011;
Tahiliani et al., 2009)(as discussed in the Introduction, pages 29-33). The family
consists of three enzymes, TET1, TET2 and TET3. These enzymes can convert 5-
methylcytosine to 5-hydroxymethylcytosine (5hmC) (Ito et al., 2010) and can also
oxidise 5-hydroxymethylcytosine further to 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) (Ito et al., 2011). Thymine-DNA glycosylase (TDG) can then
excise 5fC and 5caC (He et al., 2011; Maiti and Drohat, 2011).

No homologues of the TET enzymes have been found in plants (lyer et al., 2009),
and there is no conclusive evidence for the presence of 5ShmC in plants (Erdmann et
al., 2014), suggesting that in plants this pathway for active DNA demethylation does
not exist. This difference provides an opportunity to use plants for the study of
mammalian demethylases, and to use the mammalian demethylases to induce
novel changes in plant DNA methylation. In order to investigate if mammalian DNA

demethylases could cause demethylation in plants, the catalytic domain of TET3
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(TET3c) had previously been cloned behind the constitutive 35S promoter and
transformed into Arabidopsis (Hollwey et al., 2016; Watson, 2013)(Figure 2.1).
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Figure 2.1. 355::TET3c was transformed into Arabidopsis by floral dip

(a) Map of the plant expression vector pGreen 0029 35S containing the genomic DNA of the
catalytic domain of the mouse TET3 gene.

(b) Arabidopsis were transformed by floral dip by inverting 4 week old plants with open
flowers into an Agrobacterium solution. These plants constitute the T0O, and the seeds
which are collected are the T1. T1 seeds were grown on media containing antibiotic.
Approximately 1 in 1000 seeds contained the transgene and were therefore resistant to

the antibiotic and grew.

Using both bisulfite sequencing and methylation sensitive Southern blot analysis,
35S5::TET3c has been shown by Dr Michael Watson to cause changes in methylation
in the gene body of the ribosomal DNA encoding the 18S subunit (Hollwey et al.,
2016; Watson, 2013). Two lines (Line A and Line B) showed large, antagonistic
changes with methylation levels appearing to decrease in Line A, and to increase in

Line B.

In this chapter, TET3c plants of both Line A and Line B were analysed further in order

to obtain a better understanding of the methylation changes occurring.

2.2. Results

2.2.1. TET3 causes epigenetic changes at the rDNA locus in TET3c+
Arabidopsis

Demethylation by TET enzymes involves the production of oxidative intermediates
(5hmC, 5fC and 5caC)(Figure 2.2a). An analysis of methylation using bisulfite
sequencing will result in 5hmC being classified as 5mC, while 5fC and 5caC will
appear as unmethylated cytosines (Figure 2.2b). Oxidative bisulfite sequencing
allows the separation of 5mC and 5hmC by oxidising 5hmC to 5fC (Booth et al.,
2012). Bisulfite sequencing can therefore be used in combination with oxidative
bisulfite sequencing to quantify levels of 5mC and 5hmC individually (Figure 2.2c).
This was done for a 311bp section of the 18S rDNA (Figure 2.3, Figure 9.1). 10 clones
were sequenced for each plant and three plants were analysed per line. Overall

levels of 5mC have reduced in Line A plants containing the transgene (Line A
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TET3c+), as had previously been seen by Dr Michael Watson, but remained
unchanged in transgenic Line B plants (Line B TET3c+)(Figure 2.3a, Figure 9.1a).
Significant levels of 5hmC were not present in wild type Arabidopsis, as expected,
but were present in TET3c+ plants of both Line A and Line B (Figure 2.3b, Figure
9.1b). Cumulative changes are shown in Figure 2.3; Figure 9.1 shows the same data

in more detail.
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Figure 2.2. TET-mediated demethylation produces intermediates which can be
distinguished by oxidative and reduced bisulfite sequencing

(a) TET demethylates DNA by progressively oxidising 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) and further to 5-formylcytosine (5fC).

(b) Bisulfite sequencing is used to analyse levels of 5mC, which is read as cytosine
after bisulfite treatment. Unmethylated cytosine is deaminated to uracil and
read as thymine. 5hmC, like 5mC, is not converted to uracil and is therefore read
as cytosine while 5fC and 5caC are deaminated and appear as thymine.

(c) Oxidation converts 5hmC to 5fC. Subsequent bisulfite sequencing results in this
being read as thymine. Subtraction of the oxidative bisulfite sequencing
methylation levels from standard bisulfite sequencing methylation levels
calculates levels of 5hmC. Similarly, reduction converts 5fC to 5hmC, subsequent
bisulfite sequencing of which results in it being read as cytosine. Subtraction of
the standard bisulfite sequencing methylation levels from reduced bisulfite

sequencing methylation levels calculates levels of 5fC.
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Figure 2.3. Methylation levels in a region of the 18S rDNA of Arabidopsis were altered
in TET3c plants

(a) Levels of 5-methylcytosine were reduced in Arabidopsis plants containing TET3c
in Line A (Line A TET3c+) but did not change in Line B (Line A TET3c+). The % of
5-methylcytosine was calculated as the number of methylated cytosine bases
divided by the total number of cytosine bases in the region. Total levels of 5-
methylcytosine across all contexts are indicated in black.

(b) 5-hydroxymethylcytosine could be detected in Line A and Line B plants
containing TET3c. Total levels of 5-hydroxymethylcytosine across all contexts are
indicated in black.

Three biological replicates were analysed by bisulfite sequencing for each sample and 10
clones for each replicate. DNA was taken from the rosette leaves of 5 week old plants.
Graphs show averages with error bars representing standard error. The significance of a
change from WT is indicated by asterisks: ns= not significant, ***=P<0.005, calculated

using Student’s two-tailed t-test.
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2.2.2. Epigenetic changes caused by TET3 in Arabidopsis can be retained

in the absence of the transgene

In order to analyse if the changes in DNA methylation caused by TET3c were
heritable, heterozygous T1 plants were selfed and plants from which the TET3c
transgene had been segregated away were selected using PCR. Levels of 5mC and
5hmC were analysed, again by using a combination of bisulfite sequencing and
oxidative bisulfite sequencing. Demethylation caused by TET3c in Line A was shown
to be heritable, while in Line B a significant increase in methylation was observed
(Figure 2.4a, Figure 9.2a). 5hmC was no longer present in TET3c- plants of either line
(Figure 2.4b, Figure 9.2b), indicating that the TET3c transgene was responsible for
its production. Cumulative changes are shown in Figure 2.4; Figure 9.2 shows the

same data in more detail.
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Figure 2.4. Methylation changes observed in Line A TET3c+ were heritable
(a) The reduction in methylation seen in Line A TET3c+ was still present after the
transgene had been segregated away (Line A TET3c-). In Line B, an increase of
methylation was seen after the TET3c transgene was no longer present (Line B
TET3c-). Total levels of 5-methylcytosine across all contexts are indicated in black.
(b) 5-hydroxymethylcytosine was not present in Line A and Line B plants after the TET3c
transgene had been segregated away (Line A TET3c- and Line B TET3c-). Total levels
of 5-hydroxymethylcytosine across all contexts are indicated in black.
Three biological replicates were analysed by bisulfite sequencing for each sample and 10
clones for each replicate. Graphs show averages with error bars representing standard error.
The significance of a change from WT is indicated by asterisks: ns= not significant, * = P

<0.05, ***=P<0.005, calculated using Student’s two-tailed t-test.

Page 46 of 205



2.2.3. 5fC is produced at the rDNA locus in TET3c+ Arabidopsis rdd

glycosylase mutants

Mammalian DNA glycosylases are known to have strong activity for the excision of
5fC and 5caC (He et al., 2011; lurlaro et al., 2013; Maiti and Drohat, 2011), but not
5hmC (He et al.,, 2011; Maiti and Drohat, 2011). Three of the four plant DNA
glycosylases (DME, DML3 and ROS1) have been shown in vitro to excise 5hmC, but
not 5fC (Brooks et al., 2014; Jang et al., 2014). To investigate their behaviour in vivo,
triple glycosylase mutants (ros1-3; dmi2-1; dmi3-1) had been transformed with
TET3c by Dr Michael Watson. These were examined using oxidative bisulfite
sequencing to investigate levels of 5mC and 5hmC. Methylation levels at the
analysed region of the 18S rDNA were similar in the triple glycosylase mutants (rdd)
in comparison to wild type Col-0 Arabidopsis (Figure 2.5a, Figure 9.3a). In rdd
TET3c+ plants, methylation levels at this region were reduced, similarly to the
hypomethylation observed in the Line A TET3c+ plants (Figure 2.5a, Figure 9.3a),
demonstrating that TET3c-mediated demethylation at this locus does not require
these three plant DNA glycosylases. 5hmC was absent in rdd plants without the
TET3c transgene, and present in rdd TET3c+ plants, again at similar levels to that
seen in Line A plants (Figure 2.5b, Figure 9.3b), suggesting that these three DNA

glycosylases do not have strong 5hmC excision activity in vivo.

In mammals, TET-mediated demethylation oxidises 5mC to 5hmC and then
continues to oxidise 5hmC to 5fC and from 5fC to 5caC (Ito et al., 2011). 5fC and
5caC appear as unmethylated cytosines in both bisulfite sequencing and oxidative
bisulfite sequencing. However, levels of 5fC can be analysed at a single-base
resolution using reduced bisulfite sequencing (Booth et al., 2014). This reduces 5fC
to 5hmC which appears as a methylated base in bisulfite sequencing. 5fC therefore
also appears as a methylated base using reduced bisulfite sequencing, and a
combination of reduced bisulfite sequencing and bisulfite sequencing can be used
to calculate levels of 5fC (Figure 2.2c). This was done for the TET3c+ plants, as well

as wild type and rdd plants (Figure 2.5c, Figure 9.3c). Significant levels of 5fC were
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not found in any plants except rdd TET3c+ plants, where 5fC was found only in the
CG context (shown in red). Cumulative changes are shown in Figure 2.5; Figure 9.3

shows the same data in more detail.

a 70%

60%

ns
ns
e ok ok * %k
il I
0% ES 4 & = i.T.

Wildtype Line ATET3c+ Line B TET3c+ rdd rdd TET3c+

wn
=]
X

N
=]
X

N W
R 8
X X

% 5-methylcytosine

% 5-hydroxymethylcytosine
3
X

TR Ii i b_i

Wildtype Line ATET3c+ Line B TET3c+ rdd rdd TET3c+

50% mCG

(&)

&

wv

S

iy

g 40% B CHG
S 30%

& W CHH
X

mAll C

10% i
* ok %k
- m. NS -~ ns T+ NS -~ i

Wildtype Line A Line B rdd rdd TET3c+
TET3c+ TET3c+

Page 48 of 205



Figure 2.5. Triple glycosylase mutants (ros1-3;dmi2-1;dmi3-1) with TET3c (rdd TET3c)
and without (rdd) could still be demethylated by TET3c and showed increased levels of
5-fc

(a) TET3c caused demethylation in rdd plants, to similar levels as that seen in Line A
TET3c+. Total levels of 5-methylcytosine across all contexts are indicated in black.

(b) Levels of 5-hydroxymethylcytosine were not increased in rdd plants in comparison
to TET3c+ plants in the wild type background, suggesting that these glycosylases
do not excise 5-hydroxymethylcytosine. Total levels of 5-hydroxymethylcytosine
across all contexts are indicated in black.

(c) 5-formylcytosine was absent in all plants except rdd TET3c+ plants, where it was
present only in the CG context. Total levels of 5-formylcytosine across all contexts
are indicated in black.

Three biological replicates were analysed by bisulfite sequencing for each sample and 10
clones for each replicate. Graphs show averages with error bars representing standard

error. The significance of a change from WT is indicated by asterisks: ns= not significant,

** = P<0.01, ***=P<0.005, calculated using Student’s two-tailed t-test.

2.2.4. Investigating the phenotypic behaviour of TET3c and TET1 lines

TET3c+ plants were phenotypically normal except a slight delay in flowering time
which was observed (Figure 2.6a). This is shown as the age and number of leaves at
bolting (i.e. when the transition from vegetative growth to flowering occurs). As
discussed in the introduction, this can be a result of hypomethylation and increased
expression of FWA (Soppe et al., 2000). Expression levels of FWA were analysed but
could not be detected in TET3c+ lines at 30 cycles (Figure 2.6b). Another flowering
gene, TFL1 (a homologue of the CEN1.1 gene analysed in Chapter Three) causes
delayed flowering when ectopically expressed (Ratcliffe et al., 1998) and is indicated
to have dense methylation upstream of the promoter according to the epigenome
browser (http://neomorph.salk.edu/epigenome/epigenome.html). TFL1
expression levels were also analysed (Figure 2.6b) but again could not be detected.
Delayed flowering would be expected to result from increased expression of these

genes, but neither was expressed at levels high enough for detection. A more

Page 49 of 205



sensitive analysis could be done using quantitative RT-PCR, but expression levels

above 30 cycles are unlikely to be biologically significant.
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Figure 2.6. Bolting was delayed in TET3c Arabidopsis

(a) Age and number of leaves at bolting of Arabidopsis plants containing TET3c
(n=20) was recorded, and delayed bolting in comparison to wild type Arabidopsis
was observed.

(b) Plants which contain the TET3c transgene were analysed for FWA (267bp) and
TFL1 (181bp) expression using semi-quantitative RT-PCR of cDNA pools (n=10).
No expression was detected. 2 technical replicates of each pool were done. cDNA
levels were normalised using the constitutively expressed elongation factor 1a
(556bp). —ve indicates a negative H,O control, +ve indicates a positive DNA
control. WT indicates a Col-O wild type control. Lines on the left indicate the size
of bands in base pairs (bp) from the 1kb+ ladder (Invitrogen).

Graphs show averages with error bars representing standard error. The significance of a
change from wild type is indicated by asterisks: ns= not significant, * = P <0.05,

**%*=P<0.005, calculated by Student’s two-tailed t-test.
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TET1 and TET2 have been found to have greater oxidative activity in comparison to
TET3 in vitro (Ito et al., 2011) and therefore a construct containing the full length
TET1 cDNA (including both the catalytic and the CXXC domain) under the
constitutive 35S promoter was made and transformed into Arabidopsis (Figure 2.7a)
to investigate if more severe phenotypes could be produced. Expression of TET1
was analysed using semi-quantitative RT-PCR and three lines which express TET1
were chosen for further analysis (Figure 2.7b). Expression of TET3c had previously
been confirmed to be strong in both Line A and Line B of TET3c Arabidopsis (Figure
2.7b). 355::TET1 plants were grown under long day conditions alongside wild type
Arabidopsis and analysed for any abnormal phenotypes. However, the only
phenotype observed was again a slight delay in flowering time (Figure 2.7c),
demonstrating that neither the TET3 nor the TET1 mammalian demethylase has a

strong phenotypic effect on Arabidopsis thaliana.
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Figure 2.7. Transformants were generated which expressed TET1 but they did not
show a more severe phenotype than TET3c Arabidopsis

(a) Map of the plant expression vector pGreen 0029 35S containing the cDNA
encoding the full length TET1 protein.

(b) Plants which contain the TET1 cDNA were shown to express it using semi-
quantitative RT-PCR of cDNA pools (n=10, 468bp) at 25 cycles. Expression
levels were similar to those seen in TET3c lines (330bp). 2 technical
replicates of each pool were done. cDNA levels were normalised using the
constitutively expressed elongation factor 1a (556bp). —ve indicates a
negative H;O control. Lines on the left indicate the size of bands in base
pairs (bp) from the 1kb+ ladder (Invitrogen).

(c) Both Arabidopsis plants containing TET1 and those containing TET3c showed
delayed flowering in comparison to wild type Arabidopsis, but TET1 plants did
not show a more extreme phenotype than TET3c. The age and number of leaves
at bolting was recorded. Graphs show averages (n=11-26) with error bars
representing standard error. The significance of a change from wild type is
indicated by asterisks: ns= not significant, * = P <0.05, ** = P<0.01 ***=P<0.005,

calculated by Student’s two-tailed t-test.
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2.3. Discussion

Both hypo- and hypermethylation were caused by TET3c at the same locus in
Arabidopsis. TET3c achieves this by oxidising 5-methylcytosine in Arabidopsis as it
does in mammals, shown by the presence of 5hmC at the rDNA locus in TET3c+
Arabidopsis. The hypomethylation observed in Line A was heritable, appearing
when the transgene is present and remaining after it has been lost. In Line B, the
hypermethylation was not present in transgenic plants, and only appeared when
the transgene had been lost. However, the total amount of methylation and
demethylation intermediates (5mC+5hmC) was increased in Line B TET3c+ plants,
as was previously observed by Dr Michael Watson using a methylation sensitive
Southern blot which does not discriminate between 5mC and 5hmC (Hollwey et al.,
2016; Watson, 2013). Methylation levels therefore have increased in Line B TET3c+
plants in comparison to wild type, but as the 5mC is constantly being oxidised to
5hmC by TET3c, overall 5mC levels are unchanged as long as the TET3c transgene is
present. Once the transgene is lost, both 5mC and 5hmC appear to be retained as

5mC, leading to a hypermethylated state.

Both the new hypomethylated and the new hypermethylated state were
maintained across all biological replicates in the two lines, and regardless of the
presence of the TET3c transgene. This suggests that the presence of TET3c initially
destabilised the equilibrium level of methylation at this locus, and a new, different
equilibrium has been reached. In Line A, the new equilibrium point is
hypomethylated; in Line B, the new equilibrium point is hypermethylated. Despite
the oxidising action of TET3c, complete demethylation did not occur and these new
levels of methylation were maintained, and remained after transgene loss. Further
work would need to be done to investigate how stable these new equilibria are, and
if specific conditions are required to change the equilibrium. Whether the
equilibrium changes to a hypo- or hypermethylated state may depend on a variety
of factors during the initial event which are likely to vary stochastically. These

include the rate at which methylation is restored by MET1 when the cell divides, or
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the rate at which TET3 or the glycosylases remove methylation. ROS1, DML2 and
DML3 were not required to reach a hypomethylated state, as hypomethylation was
observed in the rdd TET3c+ line. The fourth plant DNA glycosylase, DME, is thought
to act mainly during gametogenesis, where it is required for endosperm gene
imprinting (Choi et al.,, 2002), but may be capable of contributing to the

demethylation that occurs here, as we do not know at which stage this occurs.

5hmC was present in all TET3c+ plants analysed. While much higher levels of 5hmC
were observed in Line B TET3c+ plants in comparison to Line A or rdd plants, this
reflected a higher overall level of methylation. The amount of 5hmC as a percentage
of 5mC remained largely consistent: 33% in Line A TET3c+, 43% in Line B TET3c+,
46% in rdd TET3c+. The proportion of 5ShmC to 5mC was slightly higher in rdd TET3c+
plants. This would be expected if the glycosylases were excising 5hmC in Line A and
Line B TET3c+ plants in vivo as they have been shown to do in vitro. However, more
lines would need to be investigated to determine if this is significant. If the
glycosylases are excising 5hmC, it must be being produced by TET3c more quickly
than it is excised, suggesting that plant DNA glycosylases do not have a high activity

for excising 5hmC in vivo.

5fC was detected only in the rdd TET3c+ line. This suggests that in vivo, 5fC s excised
by one of the three glycosylases mutated in this line (DML2, DML3 and ROS1). It has
been shown that ROS1 and DML3 do not excise 5fC in vitro (Brooks et al., 2014; Jang
et al., 2014) and it is currently unknown if DML2 can excise 5fC in vitro. DML2 may
therefore be responsible for 5fC excision in TET3c+ plants, or DML3 and ROS1 may
behave differently in vivo. 5fC was observed in cytosines of the CG context alone.
This may mean that TET3c only produces 5fC in the CG context or that 5fC is oxidised
more quickly to 5caC in the CHG and CHH contexts. However, given the lower levels
of methylation in the CHG and CHH contexts in comparison to the CG context, it is
also possible that levels of 5fC in the CHG and CHH contexts were too low to be

detected using reduced bisulfite sequencing.
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TET3c expression and TET1 expression was strong in all lines analysed. Despite the
higher levels of oxidative activity observed for TET1 in vitro compared to TET3 (lto
et al., 2011), phenotypes in TET1+ Arabidopsis were not more severe than those
seen in the TET3c+ Arabidopsis. There are several possible reasons for this. The full
length TET1 cDNA was used, in comparison to the TET3c transformants which
contained only the catalytic domain of TET3. It is possible that expressing the full
length version of TET1 may reduce the processivity of TET1 in plants. The full length
version of TET1 will contain the CXXC domain, which is also present in DNMT1 and
TET3. In the DNMT1 protein, the CXXC domain binds to unmethylated DNA and has
an inhibitory effect (Song et al., 2011), while in the TET3 protein, the CXXC domain
binds to 5caC and unmethylated cytosines, restricting its activity to particular
regions (Jin et al., 2016). If the CXXC domain of TET1 also has a negative role on its
activity, the TET1 cDNA might be expected to be less effective than the catalytic
domain of TET3. Alternatively, although TET1 has a greater oxidative activity in vitro,
this may not translate to a greater oxidative activity in vivo and in a plant model.
Finally, it may be that TET1 has a greater oxidative activity than TET3c in plants, but
this does not translate to more severe phenotypic changes in Arabidopsis.
Methylation levels at the ribosomal DNA in TET1 Arabidopsis were not analysed, as
it had already been shown that methylation changes could occur, but TETI may
cause more severe changes than were observed in TET3c lines. In order to
distinguish between these possibilities, it would be useful to express the catalytic
domain of TET1 alone in Arabidopsis, or to investigate the expression of TET1 and

TET3c in plants that are more sensitive to changes in DNA methylation.

During the writing of this thesis, data on the transformation of the catalytic domain
of TET1 was made available online (Ji et al., 2017). The work largely agreed with our
data, showing significant demethylation in the CG context and to a lesser extent in
the CHG and CHH context. 35S::TET1cd Arabidopsis also showed a delay in
flowering, but in these lines this could be attributed to a change in the expression
of FWA. Ji et al did not find evidence for 5-hydroxymethylcytosine in their

355::TET1cd Arabidopsis. However, this difference may be due to a difference in
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methods, as we used oxidative bisulfite sequencing, while Ji and colleagues used
TAB (TET-assisted bisulfite) sequencing. If 5-hydroxymethylcytosine occurs at low
levels or has a variable location between biological replicates, then this method may

not detect it.

The data in this chapter demonstrates that the catalytic domain of the mammalian
DNA demethylase TET3 can be active in plant species, and can cause heritable
changes in DNA methylation. Changes in methylation were observed only at a
region of the ribosomal DNA, not a protein-coding gene and only minor phenotypes
were observed. This may be due to the resilience of Arabidopsis when it comes to
changes in methylation, as discussed in the introduction. To investigate the utility
of TET3c as a tool for generating epigenetic diversity in plants it is important to find
TET3c mediated changes in methylation at protein-coding genes, which can be
linked to changes in gene expression. In order to do this, transformation of TET3c

into other plant species can be carried out, which is discussed in later chapters.
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3. TET3c Expression in Tomato Identifies a New Gene
Promoting Vegetative Growth Whose Expression
Correlates with Methylation Changes

3.1. Introduction

The role of DNA methylation is likely to vary in different species, even within the
plant kingdom. Methylation levels are low in Arabidopsis thaliana (~5% total
methylation)(Cokus et al., 2008; Feng et al., 2010) in comparison to rice
(~15%)(Feng et al., 2010) or tomato (~25%) (Messeguer et al., 1991; Zhong et al.,
2013). Homozygous mutation of MET1 in rice results in seedling lethality (Hu et al.,
2014) while Arabidopsis plants containing an RNAi construct against MET1
(Finnegan et al., 1996) or a mutated MET1 gene (Kankel et al., 2003) are viable,
although later generations show more severe phenotypes (Finnegan et al., 1996;
Mathieu et al., 2007). Tomato transformants containing an antisense construct

against tomato MET1, meanwhile, cannot be regenerated (Watson, 2013).

The catalytic domain of TET3, a mammalian DNA demethylase, can heritably alter
DNA methylation in Arabidopsis (Hollwey et al., 2016). The only phenotypic effect
of this in Arabidopsis is a mild delay in flowering, as discussed in Chapter Two of this
thesis. However, Arabidopsis may not be the best model plant in which to analyse
the effects of the TET3c construct. As discussed above, mutation of the main
methyltransferase is less harmful in Arabidopsis than in other plant species and
levels of methylation are lower. Dense methylation (methylation in all three
cytosine contexts (Watson et al., 2014)) may be more common in tomato in
comparison to in Arabidopsis, as 13.2% of tomato genes containing introns are
densely methylated specifically in the intron (i.e. not in the exon), a huge increase
on the 0.7% of Arabidopsis introns with intron-specific dense methylation (M.

Wilson, personal communication, 2016).

Tomato is also an extremely important crop plant in which inhibition of DNA

methylation is known to induce premature ripening (Zhong et al., 2013). Naturally
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occurring epialleles such as Cnr and sulfurea result in defects in ripening (Manning
et al., 2006) and pigment production respectively (Gouil et al., 2016). Mutants of
the main methyltransferases do not yet exist in tomato, but a RNAi knockdown of
SIDML2, a tomato orthologue of the Arabidopsis DNA glycosylase ROS1 which
carries out active DNA demethylation, has been analysed (Liu et al., 2015). Four DNA
glycosylases exist in both Arabidopsis and tomato that can carry out active DNA
demethylation. In Arabidopsis, triple mutants of three of the four of these show
little change in phenotype or gene expression (Penterman et al., 2007a). In tomato,
transgenic tomato lines containing an RNAi construct against SIDML2 exhibit
ripening inhibition, showing that active DNA demethylation controls fruit ripening
in tomato (Liu et al., 2015). Null mutants of SINRPEI, a component of the RdADM
pathway, are lethal in tomato (Gouil and Baulcombe, 2016) while in Arabidopsis
these mutants are fully viable and lack obvious morphological defects (Kanno et al.,
2005). This, and the fact that MET1 RNAi tomato transformants cannot be
produced, suggests that altering the methylation systems of tomato produces a
stronger phenotype than in Arabidopsis. These facts make tomato a good candidate
for transformation with the TET3c construct, which produces changes in
methylation at certain loci but milder phenotypes in comparison with mutation of
a methyltransferase. TET3c was therefore transformed into tomato and the effects

were analysed on a phenotypic and molecular level.

3.2. Results

3.2.1. The catalytic domain of TET3 was expressed at a high level in

tomato

The 355::TET3c construct was transformed into tomato by Dr Michael Watson with
the assistance of Dr Iris Heidmann and Suzan Out at Enza Zaden. 1220 explants were
generated, resulting in the production of six independent transformant lines.
Expression levels of the TET3c cDNA were investigated using semi-quantitative RT-
PCR (Figure 3.1). TET3c was expressed at a high level in all six TET3c tomato lines in

the T1 generation.
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Figure 3.1. TET3c was transformed into tomato where TET3 expression was high

(a) Tomato were transformed with the 35S::TET3c construct. Cotyledons of 10 day
old seedlings were dissected into small squares and cultured on Agrobacterium
plates containing the construct. These were then placed on medium first to
induce callus formation, then to induce shoot formation and finally to induce
root growth. This process took a minimum of 3 months.

(b) Tomato containing the TET3c transgene were shown to express it using semi-
quantitative RT-PCR at 25 cycles of cDNA pools (n>8). TET3c (330bp) was
expressed more strongly than the constitutively expressed eukaryotic initiation
factor 3E (150bp), used for normalisation of cDNA levels. Lines on the left

indicate the size of bands in base pairs (bp) from the 1kb+ ladder (Invitrogen).
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3.2.2. Expressing TET3c in tomato caused multiple phenotypic effects

TET3c tomato displayed multiple phenotypes (Figure 3.2). The abnormalities with
the shoot apical meristem (Figure 3.2b) are discussed further in Chapter Four.
Changes in shoot architecture were observed in adult TET3c tomato plantsincluding
determinate growth (plants terminating with a flower) and high variability in the
distance between leaves (Figure 3.2c). In order to investigate these phenotypes in
more detail, 18 week old tomato plants of three TET3c lines (Line A, Line D and Line

F) were analysed.

et ™ Tic =

54 d 2 weeks old
2 0 10 weeks old

355::TET3¢

Figure 3.2. TET3c tomato had multiple phenotypes
(a) The tomato life cycle takes 4-6 months to complete, depending on season.
Seedlings germinate and cotyledons expand, followed by the development of
true leaves. The first inflorescence starts to develop between 8-10 weeks and

the first fruit will be ripe at approximately 16 weeks.
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(b) Five week old TET3c tomato seedlings showed abnormalities with shoot
meristem maintenance. The white circle indicates the abnormal meristem.

(c) Adult TET3c tomato showed altered shoot architecture including terminal

flowers and variation in the distance between leaves. The white circle indicates

abnormalities, either the flower in the terminal position or variable lengths of the

stem between leaves.

Tomato shows a sympodial growth pattern (Figure 3.3a) meaning that it is
composed of a series of determinate units. Each unit comprises a period of
vegetative growth, terminating in an inflorescence (McGarry and Ayre, 2012).
Vegetative growth of the tomato then continues from the uppermost axillary
meristem (Lifschitz et al., 2006). The initial growth of the tomato, known as the
primary shoot, grows for 8-12 leaves before terminating (Lifschitz et al., 2006).
Subsequent growth occurs in sympodial units, each of which contains three leaves
on average and again terminates in an inflorescence (Lifschitz et al., 2006).
Mutations in different tomato genes can result in changes in the number of leaves
in both the primary stem and in sympodial units, for example mutations in SELF
PRUNING (SP) decrease the number of leaves before the inflorescence (Shalit et al.,
2009), whilst mutations in SINGLE FLOWER TRUSS (SFT) increase the number of

leaves between each inflorescence (Lifschitz et al., 2006).

In the TET3c tomato plants, the number of leaves before the inflorescence in the
primary stem and each sympodial unit was counted, as was the length of each unit.
The distance between each individual leaf was also counted (internode length). A
significant increase in both the length of and the number of leaves in the primary
shoot was observed in TET3c tomato in comparison to control tomato plants
containing only the kanamycin resistance gene (Figure 3.3b,d). Internode length
also increased significantly in TET3c lines (Figure 3.3). TET3c tomato were obtained
from the selfing of a heterozygous T1 TET3c tomato plant and therefore represent
a population in which the transgene is segregating at a 3:1 ratio, with three-quarters

of plants containing the transgene and one-quarter having lost it. TET3c were
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genotyped for the presence of the transgene. Tomato which retained the transgene

were denoted as TET3c+ and tomato from which the transgene had been

segregated were denoted as TET3c-. The number of leaves and length of the primary

stem and subsequent sympodial units in TET3c+ plants was compared to TET3c-

tomato to investigate the heritability of the phenotype (Figure 3.3e). No significant

change was observed,
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Figure 3.3. TET3c tomato had heritably increased length of and number of leaves in
the primary shoot
(a) Tomato plants show a sympodial structure, made up of multiple units consisting
of a period of vegetative growth terminating with a flower. Growth of the next
sympodial unit begins from the axillary meristem of the uppermost leaf of the
previous sympodial unit. Different colours of green have been used to indicate
different sympodial units. Colour of fruits indicates ripeness.
(b) The length of shoot (black) and number of leaves (green) in the primary shoot
increased in TET3c tomato (n=33) compared to the control (n=24).
(c) The distance between each leaf (internode length) was significantly increased in
TET3c tomato in early sympodial units.
(d) The pattern of growth in a TET3 transformant was altered in comparison to the
wild type tomato, as shown above.
(e) 35S::TET3c tomato were genotyped and the growth of plants with (TET3c+, n=5)
and without (TET3c-, n=5) the transgene was compared. No significant

difference in the length of shoot (black) and number of leaves (green) between

inflorescences was observed between TET3c+ and TET3c- tomato and therefore
these phenotypes in the TET3c tomato are heritable.
Plants were measured at 18 weeks old. Graphs show averages with error bars
representing standard error. The significance of a change from the control is indicated
by asterisks: ns= not significant, **=P<0.01, ***=P<0.005, calculated using Student’s

two-tailed t-test.
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3.2.3. A new homologue of the CETS gene family was ectopically

expressed in TET3c tomato

As discussed earlier, sft tomato mutants also show an increase in the size of the
primary shoot. This phenotype is also observed when SP is constitutively expressed
behind the 35S promoter (Pnueli et al., 1998). Based on gene sequence, SP and SFT
both belong to the same family of flowering genes known as the CETS
(CENTRORADIALIS/TERMINAL FLOWER 1/SELF-PRUNING) family which also
contains the Arabidopsis thaliana flowering genes FT and TFL1 (Carmel-Goren et al.,
2003; Lifschitz et al., 2006; Pnueli et al., 1998)(Figure 3.4b). This family contains
thirteen genes in tomato (Cao et al.,, 2016; Carmel-Goren et al., 2003), the
expression patterns of five of which were investigated in TET3c tomato using semi-
quantitative RT-PCR (Figure 3.4a). Expression of SP was not detected in TET3c or
wild type tomato at 30 cycles, and therefore alterations in its expression pattern
could not be analysed. Expression of two other genes was observed in these plants
and was increased in TET3 tomato lines. SP9D (Solyc09g009560.1.1) and CEN1.1
(Solyc03g026050.2.1) have 69.1% and 69.3% identity (based on amino acid
sequence) to SP respectively and are both TFL1-like members of the CETS family
based on amino acid prediction (Cao et al., 2016)(Figure 3.4b). Expression of SP9D
and CEN1.1 was activated in leaves of TET3c tomato of all lines analysed in

comparison to wild type leaves, where they were not expressed.

3.2.4. Hypomethylation and 5-hydroxymethylcytosine at the promoter

of TET3c plants correlated with ectopic CEN1.1 expression

According to the tomato methylation database (Zhong et al., 2013), high levels of
methylation can be observed in the 3kb upstream of the CEN1.1 transcriptional start
site (Figure 3.4c). Across all contexts, 37% of cytosines are methylated, and 31% of
all cytosines in the CHH context are methylated. This is an unexpectedly high
number, as levels of methylation in the CHH context are the lowest of the three
contexts in plants. In comparison, SP9D contained only 13% total methylation, and

only 6% CHH methylation. Further work was therefore focused on CEN1.1, which in
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addition to overall high levels of methylation contained a region of densely

methylated DNA whose DNA sequence had high homology to the tomato RKO1

TRIM retrotransposon (Figure 3.4d)(Witte et al., 2001).
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Figure 3.4. CEN1.1 showed ectopic expression in TET3c tomato leaves and was highly
methylated in a repetitive region of the promoter

(a) TET3c tomato were analysed using semi-quantitative RT-PCR at 30 cycles of

cDNA pools (n>8). CEN1.1 (301bp) and SP9D (194bp) were ectopically expressed

in TET3c leaves. cDNA levels were normalised using the constitutively expressed

eukaryotic initiation factor 3E (150bp). —ve indicates a negative H,O control and

+ve indicates a positive DNA control. Lines on the left indicate the size of bands
in base pairs (bp) from the 1kb+ ladder (Invitrogen).

(b) A phylogeny of a selection of tomato and Arabidopsis CETS family members,
based on their protein sequence. Tomato genes are in red and Arabidopsis genes
are in green.

(c) Methylation levels upstream of the CEN1.1 transcriptional start site are high
according to the tomato epigenome database. The region in the box indicates
the sequence analysed in (c).

(d) A sequence with high homology to the RKO1 TRIM retrotransposon can be
observed upstream of the CEN1.1 transcriptional start site. The homologous
sequence is highlighted in a box in Figure 3.4c (-2089 to -1737) and its alignment

to the RKO1 TRIM retrotransposon is shown below. Base number 1 in the

Using primers for this region, quantitative PCR was carried out on DNA
immunoprecipitated with an antibody directed against hydroxymethylcytosine. A
5hmC signal can also be observed in the wild type at an increase over the negative
IgG control, indicating that either 5hmC is present in tomato, unlike in Arabidopsis,
or that specificity of the 5hmC antibody is reduced in plant tissue in comparison to
mammalian tissue where it has been tested. However, significant enrichment over
the wild type was seen in the TET3c+ samples in comparison to the wild type (Figure
3.5a) indicating an increase in 5-hydroxymethylcytosine levels and therefore
potential TET3c activity. Bisulfite sequencing was used to analyse whether levels of
methylation had changed in this region in leaves of TET3c lines where CEN1.1 was
being ectopically expressed in comparison to leaf tissue where CEN1.1 was silenced

(Figure 3.5b, Figure 9.4). Rather than using oxidative bisulfite sequencing, tissue
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from TET3c- plants which ectopically expressed CEN1.1 was used to ensure the
absence of 5-hydroxymethylcytosine, which could otherwise conceal a reduction in
methylation levels. Hypomethylation in this region was found, correlating with the
activation of CEN1.1 expression in TET3c plants (Figure 3.5b, Figure 9.4a).
Cumulative changes are shown in Figure 3.5b; Figure 9.4a shows the same data in

more detail.

3.2.5. CEN1.1 showed a restricted expression pattern across tomato

tissues, which correlated with upstream methylation

Expression analysis of CEN1.1 was done in five week old wild type tomato in order
to see where CEN1.1 was naturally expressed (Figure 3.5c). CEN1.1 expression was
analysed in leaves, roots and shoot apices using semi-quantitative RT-PCR. CEN1.1
was found to be expressed at high levels in the shoot apex, and also expressed at
lower levels in root tissue. In order to see whether expression correlated with
hypomethylation in wild type tissues as well as in TET3c plants, bisulfite sequencing
was carried out on wild type leaf tissue and root tissue. DNA was extracted from
shoot apical meristem (SAM) cells within the shoot apex using a dissection
microscope and bisulfite sequencing was also carried out on these samples. DNA
was shown to be hypomethylated at the CEN1.1 promoter in DNA from roots and
the SAM in comparison to DNA from leaves, where CEN1.1 is silenced (Figure 3.5d,
Figure 9.4b). CHH methylation in the SAM was also significantly reduced compared
to the roots (p=0.038) in addition to the more significant reduction compared to
leaves (p=0.00023). Demethylation was specifically found in both tissues for
cytosines in the CHH context, a phenomenon which has also been observed in
cucumber in response to low temperature conditions (Lai et al., 2017). Cumulative

changes are shown in Figure 3.5d; Figure 9.4b shows the same data in more detail.
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Figure 3.5. Expression of CEN1.1 correlated with hypomethylation in the promoter in wild
type and TET3c tissues

(a) Quantitative PCR was carried out on DNA immunoprecipitated with an antibody
against 5-hydroxymethylcytosine. Significantly greater amplification of a 206bp
region within the repetitive sequence upstream of the CEN1.1 transcriptional start
site was seen, indicating the presence of 5hmC in this region. Three biological
replicates were carried out for each sample. Fold enrichment was calculated by
dividing the quantity of DNA in the immunoprecipitated DNA sample (calculated
using a standard curve of input DNA) by the quantity of DNA in the negative rabbit
IgG control.

(b) Levels of 5-methylcytosine were reduced in the same 206bp region upstream of the
CEN1.1 transcriptional start site in TET3c tomato leaves compared to wild type
tomato leaves. Three biological replicates were analysed for each tissue and 10
clones for each replicate. The % of 5-methylcytosine is calculated as the number of
methylated cytosine bases divided by the total number of cytosine bases in the
region.

(c) Expression of CEN1.1 (301bp) in leaf, root and shoot apex tissues from wild type
tomato was analysed using semi-quantitative RT-PCR of cDNA pools (n>3) at 30
cycles. CEN1.1 was silenced in the leaf, weakly expressed in the root and strongly
expressed in the shoot apex. cDNA levels were normalised using the constitutively
expressed eukaryotic initiation factor 3E (150bp). Three technical replicates were
done for each tissue. Lines on the left indicate the size of bands in base pairs (bp)
from the 1kb+ ladder (Invitrogen).

(d) Levels of 5-methylcytosine were reduced in the same 206bp region upstream of the
CEN1.1 transcriptional start site in both of the wild type tomato tissues which
express the CEN1.1 gene. Three biological replicates were analysed for each tissue
and 10 clones for each replicate. The % of 5-methylcytosine is calculated as the
number of methylated cytosine bases divided by the total number of cytosine bases
in the region.

Graphs show averages with error bars representing standard error. The significance of a
change from the control is indicated by asterisks: ns= not significant, *=P<0.05, **=P<0.01,

**%¥=Pp<0.005, calculated using Student’s two-tailed t-test.
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3.2.6. Expressing CEN1.1 behind a constitutive promoter in tomato

resulted in increased vegetative growth and delayed flowering

The CEN1.1 gene is 1074 base pairs long and contains 4 exons. It forms a protein of
175 amino acids containing one predicted domain, the PBP domain (Figure 3.6a).
This domain is a phosphatidylethanolamine binding protein domain, present in all
members of the CETS gene family where it has been theorised to play a role in
kinase-signalling inhibition (Banfield and Brady, 2000). CEN1.1 is predicted to be a
floral repressor according to the predicted structure of the binding pocket (Cao et
al., 2016) To investigate the effects of ectopically expressing CEN1.1, a construct
containing the CEN1.1 genomic DNA behind the constitutive 35S promoter was
made (Figure 3.6b). The 355::CEN1.1 construct was transformed into tomato with
the assistance of Dr Iris Heidmann and Suzan Out at Enza Zaden. Successful
transformants were selected by growth on antibiotic selection and genotyping by
PCR, using primers which would amplify only the transgenic copy of CEN1.1, not the
endogenous copy. These were designed so that the reverse primer would anneal to
the nos terminator (Ter on the map, Figure 3.6b), while the forward primer was
within the CEN1.1 gene. The nos terminator is not found downstream of the
endogenous CEN1.1 gene and therefore amplification would only occur from DNA
containing the transgenic CEN1.1 copy. Expression levels were confirmed using
semi-quantitative RT-PCR on true leaves. As the wild type leaf does not express
CEN1.1, transgene-specific primers were not required to discriminate between the
expression of the endogenous or transgenic copy. Independent lines which

expressed the CEN1.1 gene at high level were generated (Figure 3.6c).
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Figure 3.6. Transformants were generated which express CEN1.1

(a) The predicted structure of the CEN1.1 protein, which is 175 amino acids in length
and contains one domain, the PBP/PEBP domain.

(b) Map of the plant expression vector pGreen 0029 35S containing the genomic DNA
of the full length CEN1.1 gene.

(c) Plants which contain the CEN1.1 transgene were shown to express it (301bp)
using semi-quantitative RT-PCR of cDNA from the TO tomato at 25 cycles. 3
technical replicates of each pool were done. cDNA levels were normalised using
the constitutively expressed eukaryotic initiation factor 3E (150bp). —ve indicates

a negative H,0 control. Lines on the left indicate the size of bands in base pairs

(bp) from the 1kb+ ladder (Invitrogen).

18 week old plants from two of these lines (Lines | and IlI) were analysed. CEN1.1
tomato again showed an increase in the length of and number of leaves in the
primary shoot (Figure 3.7a), as the TET3c plants had. The increase in the number of
leaves persisted across later sympodial units in CEN1.1 tomato than TET3c tomato.
This was to be expected given the on average lower expression of CEN1.1 in TET3c
plants in comparison to CEN1.1 transformants (Figure 3.7b). No significant

difference was observed between the two transformant lines (Figure 3.7c).
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Figure 3.7. CEN1.1 tomato had an increased length of and number of leaves in the
primary shoot

(a) The length of shoot (black, above) and number of leaves (green, below) between
inflorescences increased in CEN1.1 tomato (n=44) compared to the control
(n=24). The increase persisted into later inflorescences than in TET3c tomato
(n=33).

(b) Quantitative RT-PCR was used to analyse expression of CEN1.1 in TET3c tomato
and CEN1.1 tomato, and expression of CEN1.1 was on average higher in CEN1.1
tomato, correlating with the increase in phenotypes.

(c) Length of shoot (black) and number of leaves (green) between inflorescences did
not change significantly between CEN1.1 Line | (n=17) and Line Il (n=27).

Plants were measured at 18 weeks old. Graphs show averages with error bars
representing standard error. The significance of a change from the control is indicated by
asterisks: ns= not significant, *=P<0.05, **=P<0.01, ***=P<0.005, calculated using

Student’s two-tailed t-test.
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As well as length and number of leaves per unit, plants were also analysed for

several other characteristics including:

a) Internode length (distance between leaves)
b) Stem width

c) Average leaf length

d) Number of fruit per inflorescence

e) Ripeness of fruit

f) Weight of fruit

This revealed a number of other phenotypes in the CEN1.1 plants that had not been
observed in the TET3c tomato. Internode length was significantly decreased in
CEN1.1 tomato, while it had significantly increased in TET3c tomato, indicating the
involvement of additional genes in TET3c phenotypes (Figure 3.8a). Stem
circumference was increased due to the large amount of fasciation seen in stems of
CEN1.1 tomato (Figure 3.8b). Leaf length was reduced in CEN1.1 plants (Figure 3.8c)
and ectopic meristems could be observed on the leaf rachis on 42% of CEN1.1 leaves
(n=196) compared to 0% of control leaves (n=33)(Figure 3.8d). Ectopic meristems
also developed elsewhere on the plant, most notably on a small number of CEN1.1
fruit (4.6%, n=608) where they could continue to grow and produced flowers of
their own (Figure 3.8e). Ectopic meristems were not present on any control fruit

(n=576).
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Figure 3.8. CEN1.1 tomato had multiple additional phenotypes

(a) The distance between leaves (internode length) decreased in CEN1.1 tomato
(n=44) compared to the control (n=24). This contrasts to the increase observed
in TET3c tomato (n=33).

(b) Stem circumference was increased in CEN1.1 tomato (n=44). 3 measurements
were taken for each sympodial unit in each plant.

(c) Average leaf size was reduced in CEN1.1 plants (n=44) in comparison to the
control (n=24), although leaf shape remains normal. Three leaves were
measured for each sympodial unit in each plant.

(d) Vegetative meristems could grow from the rachis of leaves in CEN1.1 tomato.

(e) Vegetative meristems could grow from between the sepal and the fruit in
CEN1.1 tomato.

Plants were measured at 18 weeks old. Graphs show averages with error bars
representing standard error. The significance of a change from the control is indicated
by asterisks: ns= not significant, *=P<0.05, **=P<0.01, ***=P<0.005, calculated using

Student’s two-tailed t-test.
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3.2.7. Inflorescences of 355::CEN1.1 tomato were large and leafy

85% of the inflorescences of CEN1.1 tomato were abnormal in structure, with large
guantities of vegetative material (Figure 3.9a). These leafy inflorescences did not
commit to a floral identity but instead repeatedly switched between vegetative and
inflorescent growth. The inflorescence resembled those which occur when SP is
overexpressed (Pnueli et al., 1998), in sft or jointless mutants (Quinet et al., 2006),
or macrocalyx mutants (Vrebalov et al.,, 2002). Quantitative RT-PCR was used to
analyse the expression of these and other flowering or CETS genes in 355::CEN1.1
plants (Figure 3.9b,c) but no change was observed, suggesting that if CEN1.1 acts in
the same pathway, it must either interact with these genes on a post-transcriptional
level or act downstream of these genes. This reflects what is seen for other tomato
CETS genes such as SP and SFT, where despite the role of SP in counteracting the
effects of SFT, altered expression levels of SFT are not seen in sp mutants nor vice

versa (Shalit et al., 2009).

35S::CEN1.1
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Figure 3.9. CEN1.1 tomato had abnormal branched inflorescences but did not show
altered expression of other CETS or flowering genes

(a) Leafy abnormal inflorescences could develop on 35S::CEN1.1 tomato. Control
inflorescences (above) did not contain leaf material while abnormal leafy
inflorescences (below) produced large quantities of leaf material.

(b) Quantitative RT-PCR was used to analyse expression of CETS genes in control
(n=10) and CEN1.1 tomato (n=28). No significant change was observed in any
gene except CEN1.1.

(c) Quantitative RT-PCR was used to analyse expression of flowering genes in
control (n=10) and CEN1.1 tomato (n=28). No significant change was observed
in any gene.

cDNA was extracted from leaves at 18 weeks old. Graphs show averages with error bars
representing standard error. The significance of a change from the control is indicated
by asterisks: ns= not significant, ***=P<0.005, calculated using Student’s two-tailed t-

test.
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One result of the leafy phenotype was that leafy inflorescences contain more
flowers in comparison to a normal inflorescence (Figure 3.10a). 35S5::CEN1.1 plants
also developed more slowly than the control. Control plants contained more
inflorescences and were taller than CEN1.1 plants of an equivalent age (Figure
3.10b) Despite this, due to the high percentage of leafy inflorescences, CEN1.1
plants on average produced more flowers in comparison to the control tomato
plants (64 on the average CEN1.1 plant, n=44, compared to 49 on the average
control plant, n=23). However, the tomato fruit on the CEN1.1 plant were at an
earlier stage of ripening, presumably due to the slower development of CEN1.1
plants (Figure 3.10c). On the first inflorescence of a control plant, the median fruit
was fully ripe and ready to be removed from the plant (45 days post anthesis (DPA)),
while the median fruit on the first inflorescence of a CEN1.1 plant was still at the
early stage of fruit growth, approximately 12 days post anthesis (DPA). Days post
anthesis indicates the likely length of time since the first opening of the flower
(anthesis). CEN1.1 fruit ripened at the same rate as control tomato fruit, and these
fruit were fully ripe within four weeks. Other than this, CEN1.1 fruit were

phenotypically normal in appearance and weight (Figure 3.10d).
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Figure 3.10. CEN1.1 plants produced an increased quantity of fruit but were
developmentally delayed

(a) Inflorescences on CEN1.1 plants (n=44) produced an increased number of fruit
compared to the control (n=24).

(b) CEN1.1 tomato (n=44) contained fewer inflorescences and were shorter at 18
weeks of age than control tomato (n=24).

(c) Fruits on the first inflorescence of CEN1.1 (n=831) and control tomato (n=187)
were grouped according to ripeness. Fruits of the control tomato were on
average more ripe than CEN1.1 fruits. Fruits were classified according to the
DPA stage they resembled (days post anthesis, the first opening of the flower).

(d) Fruits of CEN1.1 tomato (n=20) were not significantly different in weight and
did not appear obviously different to control tomato fruits (n=10).

Plants were measured at 18 weeks old. Graphs show averages with error bars
representing standard error. The significance of a change from the control is indicated
by asterisks: ns= not significant, ***=P<0.005, calculated using Student’s two-tailed t-

test.
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3.2.8. CEN1.1 expression correlated with the observed phenotypes of

increased vegetative growth

Transgenes which have successfully transformed into plants can subsequently
become silenced (Meyer and Heidmann, 1994). Three of the 355::CEN1.1 tomato
plants had a silenced copy of the CEN1.1 transgene, and did not show ectopic
expression of CEN1.1. These plants were also phenotypically normal, showing no
significant change in the length or number of leaves between inflorescences (Figure
3.11). This demonstrates that the increased vegetative growth observed in

35S::TET3c and 35S::CEN1.1 tomato was a result of increased CEN1.1 expression.
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Figure 3.11. 355::CEN1.1 tomato did not show abnormal phenotypes when CEN1.1
was not expressed

The length of shoot (black, above) and number of leaves (green, below) between
inflorescences was not increased compared to the control (n=24) in tomato with a
silenced copy of the CEN1.1 transgene (n=3), demonstrating that phenotypes are
caused by ectopic expression of CEN1.1. Plants were measured at 18 weeks old. Graphs
show averages with error bars representing standard error. The significance of a
change from the control is indicated by asterisks: ns= not significant, *=P<0.05,

**=p<0.01, ***=P<0.005, calculated using Student’s two-tailed t-test.

3.2.9. Constitutive expression of CEN1.1 in Arabidopsis also resulted in

increased vegetative growth and delayed flowering

In order to investigate if CEN1.1 would also have the same effect in a different
species, the 355::CEN1.1 construct was transformed into Arabidopsis. Successful
transformants were identified and grown under long day conditions. When able to

flower, 355::CEN1.1 Arabidopsis were delayed in the floral transition in comparison
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to wild type, bolting after 63 days and 58 leaves (Figure 3.12a,b). 40% of
35S::CEN1.1 Arabidopsis (n=15) did not bolt at all, reaching an age of 12 weeks
before dying without having bolted. CEN1.1 Arabidopsis plants which did bolt had
fewer, thicker shoots and produced abnormal flowering structures without petals,
stigma or stamen (Figure 3.12c). These were unable to produce seed and resembled
structures which can be produced when the Arabidopsis CETS genes TFL1 or BFT are

overexpressed (Yoo et al., 2010).
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Figure 3.12. 355::CEN1.1 Arabidopsis also had an increased amount of vegetative
growth and delayed floral transition

(a) Nine week old 35S::CEN1.1 Arabidopsis had not bolted and produced an
increased number of rosette leaves compared to wild type.

(b) Age and number of rosette leaves at bolting was counted for wild type (Col-
0)(n=12) and 35S::CEN1.1 Arabidopsis (n=9). 355::CEN1.1 Arabidopsis were
delayed in the floral transition compared to the wild type.

(c) Flowering structures on 355::CEN1.1 Arabidopsis were abnormal.

Graphs show averages with error bars representing standard error. The significance
of a change from the wild type is indicated by asterisks: ***=P<0.005, calculated

using Student’s two-tailed t-test.

3.2.10. Knockdown of the CEN1.1 tomato gene using an inverted repeat

cassette

The function of CEN1.1 in tomato is unknown. To analyse this, a 313bp region of

exon 4 of the CEN1.1 gene was amplified and cloned into a vector containing two
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cloning sites separated by an intron to generate an inverted repeat cassette. This
was cloned behind the constitutive 35S promoter to create a 355::CEN1.1ir
construct (Figure 3.13) which would cause RNAi (RNA interference) based silencing
of the CEN1.1 gene (Watanabe, 2011). Tomato transformations of this construct
were carried out. 1129 explants were cultured with the 355::CEN1.1ir construct
but no successful transformants were regenerated. In comparison, six
transformant lines were produced using 1065 explants when cultured with the
35S::CEN1.1 construct. This indicates that CEN1.1ir may interfere with the
regeneration of tomato transformants. An inducible version of CEN1.1ir would be

required to confirm this.
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Figure 3.13. A construct containing an inverted repeat of part of the CEN1.1 gene was
made

A map of the plant expression vector pGreen 0029 35S with an inverted repeat cassette
containing 313bp region of the CEN1.1 gene. When expressed, the inverted repeat will
anneal to form a stem loop which will then be processed by the plant’s endogenous
silencing systems into small RNAs (sRNAs). These result in the destruction of
complementary mRNA sequences and therefore knockdown of CEN1.1 expression would

occur.
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3.2.11.TET3c tomato also possessed phenotypes which were not a result

of ectopic CEN1.1 expression

While constitutive expression of CEN1.1 reconstituted several of the phenotypes
observed in TET3c tomato, some phenotypes were not observed. These included
the defects in shoot meristem maintenance (Figure 3.2b), the determinate growth
(terminal flower phenotype) of tomato plants (Figure 3.2c) and an increase in
internode length (the distance between leaves)(Figure 3.3c). The defects in shoot
meristem maintenance will be discussed in more detail in Chapter Four.
Determinate growth (Shalit et al., 2009) and internode length changes (Lifschitz et
al., 2006) can also be a result of expression changes of the CETS genes and therefore
the ectopic expression of SP9D observed in TET3c lines (Figure 3.4a) is a possible
candidate to explain these phenotypes. As discussed above, methylation levels
upstream of the transcriptional start site are not as high as they are in the CEN1.1
gene (13% compared with 37%) but there are still regions with levels of CHH
methylation that exceed 50% (Zhong et al., 2013). In addition, the second intron of
SP9D contains dense methylation and may be a target of TET3c. A 355::SP9D
construct was therefore made containing the cDNA of SP9D behind the 35S
promoter (Figure 9.5a) and transformed into tomato. An additional construct
containing the genomic DNA of SP9D behind the 35S promoter (Figure 9.5b) was
made by Abirah Zulkifli and also transformed into tomato. Two lines containing
35S::5P9Dgenomic and one line containing 355::SP9DcDNA were generated, all of
which showed strong expression of the SP9D gene (Figure 9.5c). Phenotypic analysis

of these lines was not possible within the time frame of the project.

3.3.Discussion

The use of TET3c in tomato has resulted in the characterisation of the CEN1.1 gene
as a member of the tomato CETS gene family whose expression correlates with DNA

methylation levels. Ectopic expression of CEN1.1 affected the floral transition in
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tomato, a process controlled by many genes, including JOINTLESS, SFT and SP.
jointless and sft mutants are similar to each other in several respects, including a
delay in flowering and the presence of leafy inflorescences (Quinet et al., 2006).
While JOINTLESS and SFT act to maintain the floral meristem identity and prevent a
reversion to vegetative meristem activity (Quinet et al., 2006), CEN1.1 had the
opposite role, acting to stimulate vegetative meristem identity. As a result,
inflorescences overexpressing CEN1.1 were phenotypically similar to jointless and
sft mutants, including the increase in the number of flowers. A similar, although less
severe phenotype is also seen when SP is overexpressed (Pnueli et al., 1998)
suggesting that SP has a role more similar to CEN1.1 and antagonistic to SFT and
JOINTLESS. Interactions between these genes are likely to be complex. sp is epistatic
to jointless for the leafy inflorescence phenotype (Quinet et al., 2011; Szymkowiak
and lIrish, 2006) while jointless is epistatic to sp for the phenotype of delayed
flowering (Quinet et al., 2011), as is sft (Molinero-Rosales et al., 2003). Expression
levels of SP, SFT and JOINTLESS did not change in 355::CEN1.1 plants (Figure 3.9),
suggesting that they may have the same downstream result rather than affecting
each other directly, or that if they do interact it is on a post-transcriptional level. In
order to better understand the interaction of CEN1.1 with SFT, SP and JOINTLESS,
tomato plants containing the 355::CEN1.1 construct could be crossed with sft, sp

and jointless mutants.

Unlike JOINTLESS, which is a member of the MADS-box gene family (Mao et al.,
2000), CEN1.1 is not a transcription factor but instead contains a
phosphatidylethanolamine binding domain, like SFT, SP and CEN (another founding
member of the CETS gene family, which controls inflorescence architecture in
Antirrhinum (Bradley et al.,, 1996)). Phosphatidylethanolamine-binding proteins
(PEBPs) exist in many different organisms including bacteria, yeast, nematodes,
insects, mammals, and plants, where they have been shown to play a role in diverse
functions including serine protease activity (Hengst et al., 2001) and several
signalling pathways such as the MAP kinase pathway in mammals (Corbit et al.,

2003). This PEBP gene family in plants controls flowering in a large variety of species,
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and can be divided into different branches based on their structure which largely
also correlate with their activity either as floral repressors (TFL1-like, such as SP and
CEN1.1) or floral activators (FT-like, such as SFT)(Cao et al., 2016; Chardon and
Damerval, 2005). It has been theorised that PEBP proteins such as CEN and SP may
also act through inhibition of kinase signalling pathway like their mammalian
relatives (Banfield and Brady, 2000) but the target of their action is currently

unknown.

Expression of CEN1.1 correlated with upstream hypomethylation in wild type
tissues, which has not been observed for any other tomato CETS genes. SFT and SP
both have lower levels of methylation upstream in comparison to CEN1.1 (12% and
28% respectively in comparison to 37%)(Zhong et al., 2013). SP expression did not
change in TET3c tomato leaves, but increased expression of SFT was seen in one
tomato line (Figure 3.4). This does not exclude the possibility of SP expression being
controlled by methylation, as the TET3c construct does not carry out genome-wide
demethylation. Screening the tomato epigenome database (Zhong et al., 2013) for
methylation levels of SP, SFT and CENI1.1 in ripe fruit reveals that methylation
upstream of SP and SFT is similar in leaves and fruit, as is the overall genome
methylation level (Zhong et al., 2013), despite the fact that SP and SFT are expected
to be expressed in leaves and silenced in fruit (Carmel-Goren et al., 2003).
Conversely, methylation levels upstream of CEN1.1 increase in fruit tissues, with
overall levels of methylation increasing from 37% to 50%, largely driven by an
increase in CHH methylation from 31% to 47% (Zhong et al., 2013). This corresponds
with the role proposed here for CEN1.1 in stimulating vegetative meristematic
growth, repression of which in the fruit is vital, and suggests that SP and SFT may
not be regulated by DNA methylation. Further work could be done to investigate
this, for example by carrying out targeted demethylation of SP or SFT upstream

regions using a TET3c domain fused with a targeting domain.

CEN1.1 had the same effect when ectopically expressed in a heterologous system,

as do other members of the CETS gene family, (Amaya et al., 1999; Mimida et al.,
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2001). Ectopic expression of CEN1.1 in Arabidopsis resulted in increased vegetative
growth and delayed flowering. 355::CEN1.1 flowered after 58 leaves on average.
This phenotype was more severe than has previously been described when
Arabidopsis CETS genes are constitutively expressed behind the 35S promoter in
Arabidopsis (12.9 leaves for 35S::TFL1, 12.6 leaves for 355::ATC, 20.9 leaves for
35S::BFT)(Mimida et al., 2001; Yoo et al., 2010) or when the Antirrhinum gene CEN
is overexpressed (13.6 leaves)(Mimida et al., 2001). Phenotypes observed in
35S::CEN1.1 Arabidopsis otherwise resembled phenotypes seen when TFL1-like

genes are constitutively expressed (Yoo et al., 2010).

In addition to delaying the floral transition, the increase in vegetative growth seen
in 355::CEN1.1 tomato resulted in ectopic vegetative meristems developing from
differentiated tissues such as leaves and fruit. These could continue to grow and
produce flowers of their own. CETS genes are known to have a role in meristem
maintenance during the floral transition. Overexpression of SP results in larger,
more domed meristems (Tal et al., 2017) while overexpression of SFT in tomato leaf
primordia results in arrest of the primary shoot apical meristem (Lifschitz et al.,
2006). Part of the function of SP is to prevent termination of the meristem as a
result of florigen signals which would terminate it (Tal et al., 2017) and CEN1.1 may
play a similar role, promoting meristematic growth and resulting in the presence of
ectopic meristems in 35S::CEN1.1 tomato. Tomato containing the 35S::CEN1.1ir
construct could not be regenerated, but an inducible CEN1.1ir construct or a
CRISPR-Cas9 construct targeted to the CEN1.1 gene could be used to analyse the

function of CEN1.1 in wild type tomato.

An increased fruit yield of 30% was seen in 355::CEN1.1 tomato, but there was also
an 21% increase in the time needed to achieve ripe fruit and therefore whether this
would be of use is debatable. Despite this, my results emphasise the importance of
fully understanding the CETS gene family in tomato. Tomato sp mutants make up
the majority of varieties used for mechanical harvesting (Jiang et al., 2013) and

double sp sp5g mutants have been generated which also can improve harvest index
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(total yield per plant weight) by decreasing the time needed to achieve ripe fruit
(Soyk et al., 2017). Multiple patents exist for introgression lines altering the
expression levels of SFT. In other species such as potato, CETS genes are involved in
equally important transitions such as the transition to tuber formation (Navarro et
al., 2011), and the role of DNA methylation in CETS genes of these species has yet

to be analysed.

| have shown in this chapter that transformation of TET3c into tomato resulted in
phenotypic changes including a delay in the floral transition. TET3c transformation
also resulted in the hypomethylation and ectopic expression of a previously
uncharacterised CETS gene, allowing us to identify and characterise this gene as a
promoter of vegetative growth whose expression in different tissues correlates with
DNA methylation levels upstream of the transcriptional start site. Additional
phenotypes were observed in the TET3c tomato including a significant increase in
internode length. This may be a result of ectopic expression of SP9D in TET3c lines
or expression of another, unknown gene. Analysis of tomato lines constitutively
expressing SP9D will allow investigation of this. TET3c tomato also had
abnormalities with the shoot apical meristem which will be discussed in Chapter

Four.
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4. Transformation Can Increase the Incidence of the

Blind Phenotype in Tomato

4.1. Introduction

The development of plants is highly plastic, allowing them to respond and acclimate
to their surroundings. Growth of the plant continues throughout its lifecycle, which
in the case of trees can be hundreds or thousands of years, and the majority of post-
embryonic tissues in a plant are generated from either shoot or root meristems
(Clark et al., 1995). The shoot apical meristem (SAM) is located at the centre of the
growing tip and contains a pool of stem cells which are used for development of
new tissues (Clark et al., 1995). Maintenance of the SAM is therefore extremely
important to sustain continued growth and development, and a robust regulatory
network is required to balance the differentiation of cells with the proliferation of

stem cells and preserve the SAM at a constant size.

Many genes have been implicated in maintenance of the SAM, including a family of
homeobox transcription factors called the KNOX genes (Byrne et al., 2002), the
cytokinin signalling pathway (Werner et al., 2003) and the auxin response pathway
(Zhao et al., 2010) but the central regulatory pathway that maintains stem cell size
is the CLAVATA3 (CLV3)-WUSCHEL (WUS) feedback loop (Somssich et al., 2016). The
CLV3-WUS pathway is best understood in Arabidopsis, but is also conserved in other
plant species including rice (Chu et al., 2006) and tomato (Xu et al., 2015).
Expression of WUS, a homeobox transcription factor, occurs in the organising centre
(OC) of the SAM. This small group of cells is situated just below the central zone (CZ)
of the SAM, which contains the pool of slowly dividing stem cells which maintain
the SAM. Surrounding the CZ are the peripheral zones (PZ), in which cells divide
rapidly and give rise to new organ primordia and below it is the rib zone (RZ) from

which the stem tissue originates (Mayer et al., 1998).

The OC is defined by its expression of WUS (Mayer et al., 1998) which promotes

stem cell identity and results in transcription of the CLV3 gene (Schoof et al., 2000).
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The CLV3 peptide is processed and secreted from the OC into the CZ (Kondo et al.,
2006; Rojo et al., 2002), where it is detected by receptor-like kinases including
homodimers of CLAVATA1 (CLV1)(Ogawa et al., 2008) or RECEPTOR-LIKE PROTEIN
KINASE 2 (RPK2)(Kinoshita et al., 2010), or heterodimers of CLAVATA2 (CLV2), a
receptor-like protein, and CORYNE (CRN), a receptor-like kinase (Mdller et al.,
2008). Perception of the CLV3 ligand activates a signalling pathway involving kinases
and phosphatases (Betsuyaku et al., 2011; Song et al., 2006; Williams et al., 1997),
resulting in repression of WUS transcription (Brand et al., 2000; Schoof et al., 2000),
restricting it to the OC. This negative feedback loop ensures a balance between
expression levels of WUS, which promotes cell proliferation and stem cell identity,
and CLV genes, which reduce WUS transcription, and therefore a constant SAM size
results (Brand et al., 2000; Schoof et al., 2000). wus mutants are unable to maintain
shoot meristems (Mayer et al., 1998) while mutants of CLV3, CLV1 and CLV2 have
enlarged meristems (Clark et al., 1993, 1995; Kayes and Clark, 1998) and an
expanded zone of WUS activity (Schoof et al., 2000).

The CLV3-WUS system is robust, and has been shown to be able to buffer variations
in CLV3 levels over a 10-fold range and adapt to increased CLV3 levels over time
(Muller et al., 2006). Despite this, defects in meristem development have been
observed in a wide variety of species (Hicklenton et al., 1993; de Jonge et al., 2016;
Salter, 1957; Wetzstein and Vavrina, 2002). Spontaneous arrest of meristem growth
has been called by many different names including blindness, apical meristem
decline (AMD), toplessness and SAM arrest, among others (de Jonge, 2013;
Wetzstein and Vavrina, 2002). Tomato seedlings with arrested meristems occur
naturally at varying levels in different varieties and batches of seeds (Wetzstein and
Vavrina, 2002). This is commonly called blindness by plant breeders, and can result
in production losses as, even if the SAM arrest is temporary, growth of blind
tomatoes will be delayed. Some varieties are particularly prone to blindness and the
frequency of the blind phenotype can also be affected by environmental conditions

such as nutrient supply (Wetzstein and Vavrina, 2002), high light intensity, and
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growth temperature (de Jonge, 2013), suggesting that this may be an epigenetic

phenomenon occurring as a result of stress.

As discussed in Chapter Three, the 35S::TET3c construct was transformed into
tomato plants to investigate its effects on genes sensitive to DNA methylation
changes. TET3c tomato were abnormal in multiple respects including the shoot
architecture alterations discussed in Chapter Three. TET3c tomato also showed an
increased percentage of plants with the blind phenotype. Using blind TET3c tomato

and wild type tomato, the cause of the blind phenotype in tomato was investigated.

4.2. Results

4.2.1. TET3ctomatoes had a high frequency of the blind phenotype

Four independent TET3c transformant lines were generated (Lines A-D) and the
progeny were grown on kanamycin to select for the presence of the TET3c
transgene. T1 tomato plants containing the TET3c construct were examined at five
weeks old, and abnormalities with the shoot apical meristem were observed (Figure
4.1a). The shoot apical meristem of many TET3c tomato seedlings was not
maintained but instead differentiated into leaf tissue or became callus (Figure 4.1b)
and this phenotype was termed the “blind” phenotype. New meristems could
develop to continue the growth of the plant, otherwise the growth of the plant was
arrested. Meristematic growth could occur from the axil of leaves which have
developed, centrally between the cotyledons or even out of otherwise
differentiated rachis tissue (Figure 4.1c). Some plants were extremely bushy,
possessing multiple leaves with very short internodes. These were classified as
"compressed" (Figure 4.1d). The compressed phenotype observed at five weeks old
only occurred in plants that had previously been classified as blind at three weeks
old, indicating that this was a later manifestation of the blind phenotype.

Compressed plants were therefore classified as blind in future experiments.
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Figure 4.1. TET3c tomato often displayed blindness, or SAM arrest
(a) Blindness is a loss of the shoot apical meristem (SAM). The shoot apical meristem
was present in control seedlings (left) and absent in blind TET3c seedlings (right).
(b) In blind TET3c tomato, the SAM could differentiate into leaf or become callus.
(c) Meristems could subsequently develop on either side of the leaf, in the centre of
the cotyledons or out of differentiated leaf tissue.
(d) “Compressed” TET3c plants produced many leaves, growing close together. The

compressed phenotype developed from blind plants.

The cellular structure of blind meristems was investigated using tissue sections from
tomato seedlings. Sections were mounted, stained with toluidine blue and
examined using a light microscope (Figure 4.2). It could be seen from these sections
that, in blind TET3c plants, the organisation of cells within the meristem had been
disrupted (Figure 4.2c). The shoot apex was enlarged in comparison to the wild type
but the precise cell layers and zones which normally exist within the shoot apical
meristem were absent, including both the dense clusters of cells in the central and
peripheral zones and the cells of the rib zone (RZ), usually identifiable by the parallel
columns of cells (de Jonge, 2013). Blind TET3c plants were also delayed in
comparison to the control. Despite being five weeks old, the apex of the TET3c
seedling was still between the cotyledons, while control seedlings had produced 2-
3true leaves. As discussed above, blind TET3c plants could recover and develop new
meristems which behaved and appeared normal, other than their unusual

placement (Figure 4.2d).
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Figure 4.2. SAMs of blind TET3c seedlings were disorganised and enlarged.

(a) SAM of a 2 week old control seedling. Labels indicate the different zones of the
meristem. PZ = peripheral zones, CZ = central zone, both identifiable by the dense
clusters of cells and separable by their location within the meristem, RZ =rib zone,
identifiable by the parallel columns of cells. The image to the left is to scale with
the others (scale bar in bottom right), while the image to the right is enlarged for
clarity.

(b) SAM of a 5 week old control seedling. Distinct zones are more difficult to identify
but the central zone can still be recognized by the reduction in cell size at the top
of the meristem. The image to the left is to scale with the others (scale bar in
bottom right), while the image to the right is enlarged for clarity.

(c) SAM of a 5 week old blind TET3c seedling. The meristem was disorganized and its
separate zones were not identifiable. Cell size did not decrease towards the
surface of the meristem. The image is to scale with the others (scale bar in the
top left), but the meristem was much larger.

(d) SAM of a 5 week old blind TET3c seedling which had simultaneously developed 2
axillary meristems. These have grown out into shoots and therefore no longer
have meristematic structure but instead the vascular structure can begin to be
observed.

(e) SAM of a 5 week old blind TET3c seedling which had developed 2 leaves and a
meristem in the centre of the cotyledons. Within the meristem that can be
observed, the central zone can be identified by the dense clusters of cells, as in
(b).

All plants are to scale (scale bar reads 100um).

In order to investigate the frequency and heritability of the blind phenotype, T2
seeds of the transgenic T1 tomato plants were grown off selection and genotyped
for the presence of the transgene. These plants were phenotyped at five weeks old
(Figure 4.3b). The phenotype was followed through a further generation to
investigate if the high levels of the blind phenotype remained stable in the T3
generation (Figure 4.3c). High levels were stable when the transgene has been lost,

and increased when the transgene was still present. The increase in the levels of the

Page 98 of 205



blind phenotype remained even when only offspring of plants which had a normal
phenotype in the previous generation were considered (Figure 4.3d), indicating that
TET3c continued to increase the frequency of the blind phenotype in successive

generations.
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Figure 4.3. Likelihood of the blind phenotype was increased in TET3c tomato and this

was heritable over two generations

(a)

(b)

(c)

(d)

Different generations of the TET3c tomato were analysed. T1 plants containing
the transgene were selfed. Seeds were grown off selection and genotyped to
allow selection of T2 plants with the transgene (+T T2) and T2 plants which no
longer contained the transgene (-T T2). Both +T T2 and —T T2 plants were selfed
to obtain two sets of T3 plants, including those whose parents had contained
the transgene (T3 +T T2) and those whose parents had not been transgenic (T3
-TT12).

High levels of the blind phenotype occurred in the TET3c tomato, and this was
not affected by the presence or absence of the transgene in the T2 generation.

High levels of the blind phenotype were maintained into the T3 generation when
the transgene was absent, and increased when the transgene was present.

The increase in the blind phenotype in the T3 generation when the transgene
was present still occurred when only the offspring of plants which were normal

in the T2 generation (T3 +T T2 (N)) were considered.
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4.2.2. The frequency of the blind phenotype was higher in tetraploid
TET3c tomato than diploid TET3c tomato

As well as the blind phenotype, TET3c tomatoes displayed other phenotypes. The
plants possessed unusually thick leaves and could not be crossed with the wild type
tomato. Dr Iris Heidmann carried out an analysis of the pollen, and found it to be
diploid. This suggested that the TET3c tomato plants were tetraploid. Plants were
analysed by cell flow cytometry, and this was confirmed (Figure 4.4a). It was
possible that this was a result of the TET3c transgene, but tetraploidy is known to
occur by chance during the tomato transformation process (Ellul et al., 2003). To
investigate this, and the possibility that phenotypes observed in the TET3c tomato
may be a result of the tetraploidy, two new TET3c transformant lines were

generated (Lines E and F). The ploidy of these lines was confirmed to be diploid
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Figure 4.4. Ploidy was analysed using flow cytometry and the original TET3c lines

were shown to be tetraploid

(a)

(b)

Leaf samples from control and TET3c lines were analysed using flow
cytometry. The majority of nuclei in the control (above) were diploid (a black
peak) while most nuclei in the samples from TET3c lines A-D were tetraploid (a
gold peak). Example graphs from lines A and B are shown (below). The
boundaries of size for diploid (2n) lines is shown by dotted black lines, and the
boundaries of size for tetraploid (4n) nuclei is shown by dotted gold lines. The
majority of nuclei being within one of these boundaries classifies the tissue as
diploid or tetraploid.

Ploidy of plants from the new TET3c lines (E and F) were analysed by flow
cytometry and were shown to be diploid. An example graph from line E is
shown. The boundaries of size for diploid (2n) lines is shown by dotted black
lines, and the boundaries of size for tetraploid (4n) nuclei is shown by dotted
gold lines. The majority of nuclei being within one of these boundaries

classifies the tissue as diploid or tetraploid.
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Diploid TET3c plants were phenotyped for the presence of the blind phenotype.
These lines also showed the blind phenotype at a higher frequency than the control,

but not to the same extent as the tetraploid TET3c tomato (Figure 4.5).
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Figure 4.5. Diploid TET3c tomato were more likely to be blind than wild type tomato

The likelihood of blind plants was increased in diploid TET3c tomato lines (n=112) but to
a lesser extent compared to tetraploid TET3c tomato lines (n=299). Graphs show
averages of different independent transformant lines with error bars indicating standard
error. The significance of a change in the number of blind plants is indicated by asterisks:

ns= not significant, ***=P<0.005, calculated by Student’s two-tailed t-test.

4.2.3. Tomato transformant lines containing 355::CEN1.1 or HI::GUS also

showed an increase in incidence of the blind phenotype

TET3c tomato were more likely to have the blind phenotype than the control, and
this was increased if the TET3c tomato were tetraploid. There were therefore two
separate effects to consider: the effect of TET3c on the frequency of the blind

phenotype, and the effect of ploidy. Blindness is not reported to be a natural result
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of tetraploidy in tomato (Nilsson, 1950), suggesting that tetraploidy alone was not

the explanation for the increase in the blind phenotype.

TET3c may be causing the increase in blind phenotype incidence, and tetraploidy
boosts this effect. This could be a result of more initial copies of TET3c¢ during the
transformation process, or epigenetic changes between the diploid and tetraploid
tomato, which can occur between diploids and tetraploids (Réis et al., 2013).
Alternatively, the two effects could be unrelated. In order to investigate this, the

incidence of the blind phenotype in a variety of other transformants was analysed.

The frequency of the blind phenotype in the diploid TET3c tomato was compared
to its frequency in three independent diploid transformants of an HI::GUS construct
and three diploid CEN1.1 transformant lines (discussed in Chapter Three) as well as
the control (Figure 4.6a). The HI::GUS construct allowed us to determine if the
increase in blind phenotype frequency which occurred in TET3c diploid tomato was
a result of TET3c and the genes it activated (which includes CEN1.1) or a result of
stress caused by transformation. Diploid HI::GUS tomato showed the blind
phenotype at the same frequency as diploid TET3c and CEN1.1 tomato. An increase
in the frequency of the blind phenotype in this tomato variety can therefore be

caused by the transformation of a transgene.

Whilst generating the 355::CEN1.1 plants analysed previously in Chapter Three of
this thesis, three tetraploid 35S5::CEN1.1 lines were also generated. The frequency
of the blind phenotype was analysed in these lines (Figure 4.6b). It was again
increased in these tetraploid lines compared to the diploid CEN1.1 tomato, but was
significantly less than the frequency of the blind phenotype in tetraploid TET3c
tomato. This indicates that although TET3c is not necessary for an increase in the
likelihood of the blind phenotype in tetraploid lines, it is able to contribute to

increasing the severity of this phenomenon.
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Figure 4.6. The frequency of the blind phenotype was increased in transformant lines
and increased further in tetraploid lines

(a) The frequency of the blind phenotype was analysed in diploid transformants
containing either the 355::TET3c (n=112), 355::CEN1.1 (n=41) or HI::GUS (n=34)
construct. No significant difference between TET3c tomato and the other diploid
transformants was observed, calculated using Student’s two-tailed t-test.

(b) The frequency of the blind phenotype was analysed in diploid and tetraploid
35S::CEN1.1 (n=34) transformants. A significant increase in the blind phenotype
was seen in tetraploid CEN1.1 tomato compared to diploid, but this was
significantly less than the frequency of the blind phenotype in tetraploid TET3c
tomato (n=299). The significance of a change in the number of blind plants is
indicated by asterisks: ns= not significant, * = P <0.05, ***=P<0.005, calculated
by Student’s two-tailed t-test.

Graphs show averages of different independent transformant lines with error bars

indicating standard error.
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4.2.4. Ectopic expression of WUS correlated with the blind phenotype in

diploids and tetraploids

Methylation changes caused by TET3c were not necessary to cause the blind
phenotype in these tomato transformants. Despite this, the TET3c tomato lines with
increased incidence of the blind phenotype are an excellent tool to investigate the

cause of this phenotype, which can be highly problematic for tomato breeders.

RNA was collected from tomato containing either the 355::TET3c, 35S5::CEN1.1 or
HI::GUS construct in order to investigate which genes could be causing the blind
phenotype. An initial analysis was done using semi-quantitative RT-PCR to check
levels of CEN1.1 expression. As the presence of the blind phenotype did not
correlate with the presence of the transgene, it was not expected that expression
of these genes would correlate with the blind phenotype. However, it was possible
that endogenous CEN1.1 expression had been activated in the CEN1.1 tomato lines
and was therefore causing the blind phenotype. Expression of CEN1.1 did not
correlate with the presence of the blind phenotype in 35S::TET3c, 35S5::CEN1.1 or
HI::GUS tomato (Figure 4.7), and is therefore unlikely to be the cause of the blind
phenotype. Expression of CEN1.1 was also not restricted to transgenic CEN1.1 lines,

suggesting that expression of this gene may be activated by transformation stress.
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Figure 4.7. CEN1.1 expression did not correlate with the presence of the blind
phenotype in tomato

Diploid tomato seedlings from the 35S::CEN1.1, 355::TET3c and HI::GUS transformant
lines were analysed for their expression of CEN1.1 (301bp) using semi-quantitative RT-
PCR of cDNA. CEN1.1 could be ectopically expressed in tomato with the transgene (+T)
and without (-T), although expression levels were highest when the 35S::CEN1.1
construct was present. The blind phenotype did not correlate with the presence or
absence of CEN1.1 expression. 2 technical replicates of each sample were done. cDNA
levels were normalised using the constitutively expressed eukaryotic initiation factor 3E

(150bp). —ve indicates a negative H,O control. Lines on the left indicate the size of bands

in base pairs (bp) from the 1kb+ ladder (Invitrogen).

An important regulatory pathway for control of SAM maintenance is the CLAVATA-
WUSCHEL feedback loop, as discussed in the introduction (Somssich et al., 2016).
The tomato homolog of WUSCHEL, Solyc02g083950, has been characterised by
expression in Arabidopsis (Wang et al.,, 2012) and by laser ablation of the CZ
(Reinhardt et al., 2003). Several potential tomato CLV family members have been
identified (Zhang et al., 2014), but Solyc11g071380 is most likely to be the functional
homolog of CLV3 and requires arabinosylation to function completely (Xu et al.,
2015). Expression of three tomato CLV family members (SICLV3, SLCLE9 (which is
able to rescue enlarged meristems lacking functional SICLV3 (Xu et al., 2015)) and
SICLE13, which is specifically expressed in the tomato shoot apex (Zhang et al.,
2014)) and of the tomato homolog of WUSCHEL was therefore analysed using
quantitative RT-PCR (Figure 4.8). Expression of SICLE3, which is broadly expressed
across tomato tissues (Xu et al., 2015) was also analysed for comparison (Figure

4.8). 35S5::TET3c tomato lines were used to analyse gene expression as they showed
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the blind phenotype at the highest frequency and may therefore be expected to
have the greatest changes in gene expression. Leaf material was used for the
expression analysis to see if ectopic expression of these genes had occurred, as
expression of CLV3, CLE9, CLE13 and WUS is not found in the leaf in normal tomato
(Wangetal., 2012; Xu et al., 2015; Zhang et al., 2014). One wild type blind plant was

also observed at this time, and was used for this analysis (Figure 4.8).
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Figure 4.8. Expression levels of CLE9, CLV3 and WUS were raised in wild type blind
tomato

Expression levels of 4 CLAVATA tomato homologs, and a WUSCHEL tomato homolog
were analysed in the leaves of normal and blind 5 week old tomato plants using
quantitative RT-PCR. Samples were normalized to a single wild type normal seedling.
Except WT blind, which was a single plant, graphs show averages of biological replicates
(n=6-35) with error bars indicating standard error for all samples. The significance of a
change in expression from WT normal is indicated by asterisks: ns= not significant, ** =
P<0.01, calculated by Student’s two-tailed t-test. Fold changes in expression were

calculated using ACt method as described in the methods.

Expression levels of CLE9, CLV3 and WUS were all raised in the wild type blind plant
(Figure 4.8). The significance of this could not be calculated due to the existence of
only a single sample. Where significance could be calculated, only WUS expression
had changed significantly, increasing in TET3c blind plants compared to wild type

tomato (Figure 4.8). This is surprising given that the established effect of WUS is
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maintenance of the shoot meristem, and therefore increased WUS expression
would be expected to enlarge the shoot apical meristem, not result in its loss as is
observed in the blind phenotype. Ectopic WUS expression in the leaves of tomato
plants may indicate wider abnormalities in the expression of shoot meristem genes

elsewhere in the shoot meristem maintenance pathway.

4.2.5. Expression of WUS, CLV3 and CLE9 was elevated prior to

development of the blind phenotype in TET3c plants

Gene expression was analysed at five weeks old, at the same time as plants were
phenotyped for the blind phenotype. Given that blind plants were frequently able
to recover and continue to grow, the expression changes causing the blind
phenotype are likely to be transitory. Therefore, expression analysis must be done
in plants prior to the development of the blind phenotype. The earliest age at which
plants could be classified as blind was 18 days after sowing and therefore RNA was
collected from plants at 14 days old and quantitative RT-PCR was carried out (Figure
4.9). Expression of WUS, CLV3 and CLE9 was analysed, as these had increased in the
wild type blind plant. An increase in the expression of WUS, CLV3 and CLE9 was
observed in eight of the nine tomato seedlings. Due to the young age at which they
were sampled, only three plants survived sampling (T1, T2 and T6). All three had
shown ectopic expression of WUS, CLV3 and CLE9, and did develop the blind
phenotype on maturity. However, these sample sizes are too small to say
conclusively that the ectopic expression of these genes causes the blind phenotype

in these tomato lines.
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Figure 4.9. Expression levels of CLV3, CLE9 and WUS were raised in the majority of
TET3c tomato seedlings prior to the development of the blind phenotype

Expression levels of CLV3, CLE9 and WUS were analysed in the leaves of 2 week old
tomato plants using quantitative RT-PCR. Samples were normalized to a single wild type
seedling and the constitutively expressed eukaryotic initiation factor 3E. Samples 2T.1,
2T.2 and 2T.6 were the only 2T seedlings to survive sampling and went on to develop the
blind phenotype. Samples 2W.1, 2W.3, 2W. 4, 2W.5 and 2W.6 also survived sampling

and did not develop the blind phenotype.

Three constructs were generated which contained either the CLV3, CLE9 or WUS
gene behind the constitutive 35S promoter (Figure 9.6a). An inducible construct was
also made containing WUS fused to a glucocorticoid tag (Figure 9.6b), resulting in
the production of WUS-GR fusion proteins. This allows induction of WUS effects, as
the WUS-GR protein is sequestered in the cytoplasm, and only upon treatment of
plants with dexamethasone is WUS transported to the nucleus and able to activate
gene expression (Gallois et al., 2002). CLV3 and CLE9 constructs were not generated
using the same induction system, as they are not transcription factors. Alternative
induction systems such as the heat-inducible or ethanol-inducible system were
considered, but have previously been shown to be problematic in tomato. High
temperature conditions required for sustained induction of the HI promoter are

lethal to tomato (Watson, 2013) and treatment of tomato plants with ethanol to
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activate expression of an ethanol-inducible gene resulted in high levels of the blind
phenotype in the offspring of ethanol-exposed control tomato which did not
contain a transgene (Figure 9.6c). These constructs are currently being transformed

into tomato.

4.2.6. The blind phenotype in natural tomato varieties also correlated

with ectopic expression of WUS, CLV3 and CLE9

All transformations were carried out in the EZCBT1 tomato variety, in which the
blind phenotype occurs at a frequency of 1%. Other varieties of tomato where the
blind phenotype is more common also exist, such as Naraam, where growth at high
temperatures (25-26°C) results in an increased likelihood of the blind phenotype,
with incidents of up to 20% of plants being blind reported (I. Heidmann, personal
correspondence). In order to investigate if the molecular causes of the blind
phenotype in these varieties could be similar to the causes in the transformant
tomato lines, Naraam plants were grown under high temperature induction
conditions in growth chambers and phenotyped (Figure 4.10). An increase in the

percentage of blind plants was seen under high temperature conditions.
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Figure 4.10. Tomatoes of the Naraam variety showed an increased likelihood of the
blind phenotype under high temperature inductive conditions

(a) The blind phenotype was observed in Naraam tomato (right). It again appeared
as a lack of shoot apical meristem, which is present in control plants (left).
Images show the apex of 10 day old Naraam tomato seedlings.

(b) An increased percentage of Naraam plants were blind when grown under
inductive conditions of high temperature (25-26°C). Graphs show averages of 6
different seed batches, each containing 100 seeds with error bars indicating
standard error. The significance of an increase from uninduced Naraam is

indicated by asterisks: * = P <0.05, calculated using Student’s one-tailed t-test.

RNA was collected from both blind and normal plants grown at high temperatures
(25-26°C). RNA was also collected from uninduced Naraam which was grown at 20-
23°C, the same temperature used for growth of the other tomato plants. Using
guantitative RT-PCR, expression levels of CLV3, CLE3, CLE9, CLE15 and WUS were
investigated (Figure 4.11). Significant upregulation of WUS, CLE9 and CLV3 was
observed in blind Naraam plants. WUS expression was also significantly increased
in plants which were grown at high temperatures compared to tomato plants grown
at lower temperatures. This indicates that overexpression of WUS alone is not
sufficient to cause the blind phenotype, as would be expected from its known
biological role, but that ectopic WUS expression may be correlated to an increase

in the likelihood of the blind phenotype.
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Figure 4.11. Expression levels of WUS, CLV3 and CLE9 were significantly raised in blind
Naraam tomato

Expression levels of 4 CLAVATA tomato homologs, and a WUSCHEL tomato homolog were
analysed in the leaves of non-blind Naraam tomato grown at normal temperatures
(Naraam Uninduced, n=3) and high temperatures (Naraam Induced, n=29), as well as the
leaves of blind Naraam (Naraam Blind, n=3) using quantitative RT-PCR. Samples were
normalized to a single Naraam seedling grown at normal temperatures. Graphs show
averages of biological replicates with error bars indicating standard error for all samples.
The significance of a change in expression from Naraam Uninduced is indicated by
asterisks: ns= not significant, * = P <0.05, ** = P<0.01, calculated by Student’s two-tailed

t-test.

4.2.7. Ectopic WUS expression did not correlate with significant

methylation changes upstream of the promoter

The blind phenotype increased in frequency in tomato transformant lines, and this
increase was independent of the presence of the transgene (Figure 4.3). Epigenetic
changes are therefore likely to be the cause of the increase in the frequency of blind
tomato. If CLV3, CLE9 or WUS are causing the blind phenotype, their activation is
likely to be linked to alterations in the epigenetic modifications surrounding these
genes. Levels of DNA methylation upstream of CLV3, CLE9 and WUS were
investigated using the tomato epigenome database (Zhong et al., 2013)(Figure
4.12a). Upstream methylation levels were high for all three genes, supporting the
possibility that they may be activated by epigenetic changes. WUS was the only
gene significantly upregulated in five week old blind TET3c tomato (Figure 4.8) and
WUS expression in Arabidopsis has been shown to be linked to methylation during
shoot regeneration (Li et al.,, 2011a; Shemer et al., 2015). In addition, WUS
expression was also significantly upregulated in Naraam tomato grown at
temperatures known to induce the blind phenotype. This evidence suggests that
WUS expression may be an earlier step in the induction of the blind phenotype,
which can subsequently have the effect of activating CLV3 and CLE9 expression.

Methylation levels upstream of the WUS gene were therefore analysed in wild type
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and WUS-expressing TET3c tomato. As TET3c expression has been shown to cause
changes specifically in CHH methylation in tomato (Chapter 3, Figure 3.5),
methylation was analysed at two regions which contained 76% of the CHH
methylation within the first 3kb upstream of the WUS transcriptional start sites.
Although CHH methylation was slightly reduced, no significant changes in

methylation were observed in any context (Figure 4.12b,c).
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Figure 4.12 Methylation levels upstream of WUS were high but did not change in
TET3c plants which express WUS

(a) Database methylation upstream of CLV3, CLES, and WUS according to Zhong
et al., 2013. Boxes indicate the region analysed in (b) and (c) (Region 1: -2735
to -2497 and Region 2: -2019 to -1814).

(b) Levels of 5-methylicytosine upstream of the WUS transcriptional start site
were not significantly changed in TET3c tomato compared to the control. The
% of 5-methylcytosine is calculated as the number of methylated cytosine
bases divided by the total number of cytosine bases in the two regions. Three
biological replicates were analysed by bisulfite sequencing for each sample
and 10 clones for each replicate. Graphs show averages with error bars
representing standard error. The significance of a change from WT is
indicated by asterisks: ns= not significant, calculated using Student’s two-
tailed t-test.

(c) Levels of 5-methylcytosine upstream of the WUS transcriptional start site
were not significantly changed in TET3c tomato compared to the control,
shown on a site by site basis as it is in (a). The % of 5-methylcytosine was
calculated as the number of methylated clones divided by the total number of

clones at each site.

4.3. Discussion

Diploid tomato plants of the EZCBT1 variety showed an increase in the incidence of
the blind phenotype after transformation to 12.2% of plants on average. Tetraploid
transformant lines, which can occasionally occur during leaf disc transformation,
had a greater increase in the frequency of blind plants, with 71.8% of plants
displaying the blind phenotype. Which genes cause the increase in the frequency of
blind plants remains uncertain. Ectopic expression of WUS occurred in TET3c lines
and in the Naraam tomato variety which is prone to the blind phenotype. Expression
of CLV3 and CLE9 was also raised in blind Naraam tomato, as well as the single blind
tomato of the EZCBT1 variety and in young blind TET3c tomato. This suggests that

these genes, which are essential to maintain the shoot apical meristem at its normal
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size, have defects in their regulation in plants with the blind phenotype. Ectopic
expression of WUS was seen both in tomato with and without the blind phenotype
in these lines, indicating that it is not sufficient to cause the blind phenotype. In the
normal SAM, WUS induces expression of CLV genes. The same process may be
occurring in the blind plants, with an initial activation of WUS expression resulting
in the ectopic expression of CLV3 and CLE9. Expression levels of CLV3 and CLE9 were
very similar, showing a Pearson correlation of 0.96 and may be controlled by the
same factors. Control of SAM maintenance is complex, involving many genes and
the combined expression of WUS plus CLV3 and/or CLE9 could be required to cause
the blind phenotype. Meristem size can remain stable even with large increases in
CLV3 expression (Mller et al., 2006), suggesting that even if WUS, CLV3 and CLE9
have a role in causing the blind phenotype, further feedback mechanisms are likely
to be involved. Similarly, tomato plants containing an RNAi construct against the
WUSCHEL gene are still able to form a functional meristem (Li et al., 2017). Changes
in the expression of more than one gene are likely to be necessary to cause the blind

phenotype.

Further investigation of this can be done using the four constructs described in
Figure 4.10. 35S::WUS transformant lines would allow analysis of whether
constitutive expression of WUS behind the 35S promoter alone is sufficient to give
an increase in the proportion of blind plants by activating expression of CLV3 and
CLE9. Alternatively, crosses of lines containing the WUS and CLV constructs may be
required to generate an increase in the incidence of the blind phenotype (above the
levels usually seen in transformant lines). The inducible WUS::GR construct may be
especially useful if expression of WUS is preventing the formation of early
meristems by activating CLV3 and CLE9 as this would be detrimental to
transformation efficiency. However, increased WUS expression in Arabidopsis
increases the rate of shoot regeneration (Li et al., 2011a) and therefore increased
WUS expression in tomato may not be detrimental to transformation efficiency. The

correct time point for induction of WUS movement in WUS::GR lines would also
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have to be established, as it is unknown at which point the blind phenotype is

caused in early seedling development.

Analysis of transformant lines containing alternative constructs demonstrated that
transformation stress, not TET3c, was the cause of the increased incidence of the
blind phenotype in diploid transformants. Tetraploidy could also increase the
incidence of the blind phenotype in transformant lines of TET3c and CEN1.1.
However, a significantly greater percentage of tetraploid TET3c plants were blind in
comparison to tetraploid CEN1.1 plants. In addition, in Figure 4.3c it was observed
that the incidence of the blind phenotype increases in the T3 generation in
comparison to the T2 generation, but only when the TET3c transgene is present.
This may indicate a possible role for TET3c in amplifying the epigenetic changes
caused by transformation stress and tetraploidy which have led to the blind
phenotype. Subsequent generations of tetraploid CEN1.1 plants should be analysed

to investigate if the blind phenotype also increases in frequency in these lines.

Significant hypomethylation was not observed upstream of the WUS transcriptional
start site in TET3c tomato, and therefore the ectopic expression of WUS was not a
result of demethylation in this region. An increase in WUS expression may be caused
by alternative epigenetic changes, on the RNA or chromatin level, or methylation
changes outside of the analysed region. Alternatively, a different gene may cause
ectopic expression of WUS. Hormones including auxin and cytokinin are known to
affect the expression of WUS (Zhao et al., 2010), and therefore genes involved in
the synthesis, response to, or degradation of these hormones could be candidates
for the cause of the blind phenotype. Changes in auxin or cytokinin levels would be
expected to produce more global changes in addition to the blind phenotype, such
as alterations in root length or structure. These were not observed, indicating that
if a change in hormone levels or response causes the blind phenotype, it must be
extremely localised. Simultaneous upregulation of WUS, CLV3 and CLE9 has
previously been observed in tomato when enzymes responsible for processing of

the CLV3 gene are mutated (Xu et al., 2015). These may therefore be important

Page 119 of 205



candidates for investigation although mutants of these enzymes have enlarged

meristems (Xu et al., 2015), suggesting that alternative mechanisms are involved.

In addition to being localised to the aerial tissue, the causes of the blind phenotype
must be temporally localised. Blind 35S::TET3c tomatoes were usually able to
recover and continue growth, with meristems developing in a variety of locations
where they would not usually be seen (Figure 4.1c,d). Other blind tomatoes,
including Naraam tomatoes, were also able to recover, indicating that this is not
unique to the TET3c blind tomato. Despite this, the increased level of vegetative
meristematic behaviour seen in the 35S::CEN1.1 tomato could suggest that the
ectopic activation of CEN1.1 that is known to occur in TET3c tomato was enabling
improved recovery of the blind plants. The recovery of plants ectopically expressing
CEN1.1 (100%, n=4) was compared to the recovery of plants which did not express
CEN1.1 (88%, n=8) but was not greatly increased. Blind tomato may alternatively be
able to recover due to the downregulation of ectopically expressed genes or due to
developmental stage specificity of the causes of the phenotype. In crop species such
as rice, different CLV3 homologs regulate different meristem types (Suzaki et al.,
2008) and there is no evidence that methylation control of WUS affects its role in

floral meristem regulation in Arabidopsis (Cao et al., 2015).

Much is still unknown about the maintenance of SAM function in plant species,
including how environmental stresses are integrated with the CLV3-WUS pathway
(Somssich et al., 2016). Our work has shown that the blind phenotype in tomato can
be caused not only by abiotic stresses such as high temperature, but also by the
process of transformation and by the formation of tetraploids. Ectopic expression
of tomato homologues of WUSCHEL and CLAVATA occurs in blind plants, indicating
an involvement of this pathway in the blind phenotype. Further work is still required
to investigate whether transformation induces the blind phenotype due to T-DNA
integration or the process of leaf disc transformation and shoot regeneration, both
processes which could be expected to disturb the epigenome of the tomato.

Tetraploids formed by alternative processes such as colchicine treatment (Praca et
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al., 2009) rather than leaf disc transformation must also be investigated to see if
this can also result in an increased likelihood of the blind phenotype. As discussed
above, ectopic expression of WUS may be part of the cause of the blind phenotype
but more investigation of this would have to be done using constructs which

overexpress WUS.

Page 121 of 205



5. Expressing a Mammalian Demethylase in Different
Plant Species

5.1. Introduction

Work in Arabidopsis thaliana has shown that the mammalian enzyme TET3 can
cause changes in DNA methylation in plants (Hollwey et al., 2016), as discussed in
Chapter Two. In Chapters Three and Four, the effects of expressing the catalytic
domain of TET3 (TET3c) in tomato were analysed and appeared to be more
widespread than in Arabidopsis, suggesting a greater sensitivity to methylation
changes which correlates with the increased methylation levels in tomato. The
possible applications of TET3c are not limited to tomato. As discussed previously,
different plant species contain different levels of DNA methylation (Feng et al.,
2010; Zemach et al., 2010) and may rely on DNA methylation to different extents.
The result of disturbing the main methyltransferases have been analysed in other
crop species, including in rice, where homozygous metl mutants have a severe
delay in growth that is ultimately lethal (Hu et al., 2014), and in tobacco, where
plants containing an antisense construct against tobacco MET1 are reduced in
methylation and display phenotypes including reduced leaf size and smaller

internodes (Nakano et al., 2000).

Tobacco (Nicotiana tabacum) contains approximately 30% methylation (Kovarik et
al., 2000; Messeguer et al., 1991), a higher methylation percentage than in tomato
(~25%) (Messeguer et al., 1991; Zhong et al., 2013) or rice (~15%) (Feng et al., 2010).
Tomato plants containing a MET1 RNAI construct cannot be regenerated (Watson,
2013). This is a more severe phenotype than observed in tobacco MET1 RNAi lines
despite the lower levels of methylation in tomato, suggesting that the impact of
disturbing the methylation systems of a plant is not always correlated to the levels
of methylation in that species. This is also demonstrated by the severity of
phenotypes for methylation mutants in mammals despite the comparatively low
levels of total methylation in mammals (less than 5% of all cytosines are methylated

in mouse, as methylation exists mainly in the CG context (Feng et al., 2010)). Rice,
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too, has a lower level of total methylation than tobacco and, as described above,
reacts very severely to mutation of MET1 (Hu et al., 2014). This could be due to a
metl mutation being more severe than an RNAi knockout of metl, which may
reduce levels of the MET1 protein less effectively. The behaviour of tobacco MET1
RNAI lines suggests that transformation of TET3c into tobacco may have only mild

effects.

Lettuce (Lactuca sativa) is known to express transgenes poorly and at variable levels
(McCabe et al., 1999a). Transgenes are also unstable over the generations, with
unusually high levels of transgene inactivation occurring from one generation to the
next (McCabe et al.,, 1999b). A combination of factors can affect this in plants,
including position of integration into the genome (Prdls and Meyer, 1992),
environmental conditions (Meyer et al., 1992) and methylation of transgenes
(Meyer and Heidmann, 1994). Treatment with the methylation inhibitor 5-
azacytidine improves transgene expression for some lettuce lines but not others,
suggesting that transgene methylation is responsible for silencing in some lettuce
lines (McCabe et al, 1999a). Given the demethylation activity of TET3c,
transformation with the TET3c construct may result in more stable expression of

the transgene.

The effects of TET3c were analysed in plants of both lettuce and tobacco. Tobacco
was chosen due to the ease of transformation and culture of this species, as well as
the large quantity of literature available on methylation in tobacco. Lettuce was
chosen due to the usually poor expression of transgenes in this species, in order to
investigate whether transformation with TET3c would result in stronger

maintenance of transgene expression.

5.2. Results

5.2.1. The catalytic domain of TET3 was not expressed highly in lettuce

Lettuce (Lactuca sativa var. Pinokkio) was transformed with the 35S::TET3c

construct by Dr Iris Heidmann and Suzan Out at Enza Zaden. Twenty independent
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transformant lines were generated. T1 seeds of these lines were grown on
kanamycin selection. DNA was extracted and plants were genotyped using PCR to
confirm the presence of the transgene. RNA was extracted from plants which
contained the transgene and converted to cDNA. Semi-quantitative RT-PCR on
pools of cDNA from three plants was carried out to analyse the expression of TET3c
in the lettuce plants (Figure 5.1a). TET3c expression was present in only three of the

twenty lines: Lines 1, 12 and 18.

A germination assay on kanamycin selection was done to see if expression of TET3c
correlated with reduced silencing of the NPTII gene in the T-DNA (for kanamycin
resistance) and therefore possibly reduced methylation of the transgene. If no
silencing had occurred, then 75% of plants should be resistant to kanamycin in the
T1 generation. However, due to the high level of transgene silencing in lettuce, a
lower percentage of kanamycin-resistant plants is expected. Two control lines
containing a D1::luciferase construct (Line A and Line B) were used to calculate
whether the percentage of kanamycin-resistant plants had increased in the
35S::TET3c lines (Figure 5.1b). Six TET3c lettuce lines were analysed, including the
three lines which expressed TET3c. The significance of any difference, either an
increase or a decrease, from the control Line A was calculated, and only Line 1 and
Line 18 showed a significant change. Line 1 showed an increase in the percentage
of wild type plants, suggesting increased silencing of the NPTII transgene. Line 18
showed an increase in the percentage of kanamycin resistant plants, reaching the
expected transgenic:wild type ratio of 3:1. This suggested reduced silencing of the

NPTII transgene.

Five week old lettuce plants of Line 18 were examined but the plants were not
phenotypically different from control lettuce (Figure 5.1c). RNA was collected from
more plants of Line 18 to investigate whether TET3c expression was stable. TET3c
expression was not seen in these plants (Figure 5.1d), suggesting that expression of

TET3c in lettuce is no more stable than the expression seen for other transgenes.
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These experiments demonstrated that TET3c did not improve the instability in

transgene expression normally observed in lettuce.
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Figure 5.1. TET3c expression in lettuce was rare and unstable

(a) Expression levels of TET3c were analysed using semi-quantitative RT-PCR on
cDNA pools from each line of lettuce leaves. TET3c was not expressed in all but
three lines of TET3c transgenic lettuce. cDNA levels were confirmed with the
housekeeping gene EIF2-y at 25 cycles, while TET3c expression was checked at
30 cycles.

(b) Lettuce seeds (n>19) of control (D1::luciferase) and TET3c lines were sown on
kanamycin-containing media. The number of plants which germinated were
recorded as kanamycin resistant, while seeds which did not germinate were
assumed to be kanamycin sensitive. The percentage of plants which were
kanamycin resistant is displayed in red. Line 18 showed a significant increase in
the percentage of kanamycin resistant plants, indicating reduced silencing of
the NPTII transgene. The significance of a change from control Line A is indicated
by asterisks: ns= not significant, **=P<0.01, *** =P<0.005 calculated using the
chi-squared test.

(c) Lettuce from Line 18 where TET3c was expressed showed no obvious
morphological difference at the age of five weeks.

(d) Expression of TET3c in Line 18 was analysed using semi-quantitative RT-PCR in
new plants of Line 18 but was no longer expressed. cDNA levels were confirmed
with the housekeeping gene EIF2-y at 25 cycles, while TET3c expression was

checked at 30 cycles.
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5.2.2. Expression of TET3c did not have a phenotypic effect on tobacco

The 35S::TET3c construct was transformed into tobacco by Dr Iris Heidmann and
Suzan Out at Enza Zaden. Seven independent transformant lines were produced. T1
seeds were grown on kanamycin selection. DNA and RNA was extracted from plants
of four weeks old. Plants were genotyped and RNA from plants which contained the
transgene was combined to generate cDNA. Semi-quantitative RT-PCR was done to
analyse expression levels of TET3c in the tobacco lines (Figure 5.2a). Expression
levels were extremely low in all but two lines, which did not appear phenotypically

different (Figure 5.2b).

As discussed in Chapter Three, expression levels of TET3c in tomato were much
higher than those seen in lettuce or tobacco as they were expressed more strongly
than the housekeeping gene used for normalisation (Figure 5.2c) and TET3c tomato

also displayed phenotypes.
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Figure 5.2. 35S5::TET3c tobacco expressed TET3c at low levels

(a) Expression of TET3c (330bp) in the seven tobacco lines was checked using semi-
quantitative RT-PCR on cDNA pools (n=3). TET3c expression was low in all
samples. cDNA levels were normalised using EF1-a (200bp) at 25 cycles and
TET3c expression was checked at 30 cycles. Lines on the left indicate the size of
bands in base pairs (bp) from the 1kb+ ladder (Invitrogen).

(b) Tobacco expressing TET3c showed no obvious morphological differences.

(c) Tomato expressed TET3c (330bp) more strongly than tobacco, as TET3c was
expressed more strongly than the constitutively expressed eukaryotic initiation
factor 3E (150bp), used for normalisation of cDNA levels. Tomato containing the
TET3c transgene were shown to express it using semi-quantitative RT-PCR at 25
cycles of cDNA pools (n>8). Lines on the left indicate the size of bands in base

pairs (bp) from the 1kb+ ladder (Invitrogen).

It is possible that TET3c was silenced in tobacco due to negative phenotypic effects
and therefore a construct containing TET3c behind a heat inducible promoter

(HI::TET3c) was made by Dr Michael Watson and transformed into tobacco by Dr
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Iris Heidmann and Suzan Out at Enza Zaden, the Netherlands. This promoter is
activated in Arabidopsis thaliana at 38°C (Gallois et al., 2002) and in tomato at 40°C
(Watson, 2013). Three independent transformant lines containing HI::TET3c (Figure

5.3a) were generated.

Plants were grown for six weeks and then induced by incubation at 40°C for ten
hours. RNA was collected immediately after incubation to analyse initial TET3c
expression as well as 24 hours after the induction had ended to investigate whether
TET3c expression was maintained (Figure 5.3b). TET3c expression was activated by
the ten-hour induction, but was no longer being expressed after 24 hours (Figure
5.3b). The induction was carried out for 24 hours in order to investigate whether

this resulted in TET3c being expressed for longer (Figure 5.3c).
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Figure 5.3. TET3c expression could be induced using a heat-sensitive promoter and
incubation at 40°C

(a) TET3c was cloned under a heat inducible promoter and transformed into
tobacco.

(b) Expression of TET3c (330bp) was checked in the three HI::TET3c tobacco lines
using semi-quantitative RT-PCR both immediately after a ten hour induction
and 24 hours later. TET3c expression was activated by ten-hour induction but
was no longer present 24 hours after induction. cDNA levels were normalised
using EF1-a (200bp) at 25 cycles and TET3c expression was checked at 30 cycles.
+ve indicates a positive DNA control. Lines on the left indicate the size of bands
in base pairs (bp) from the 1kb+ ladder (Invitrogen).

(c) Expression of TET3c (330bp) was present after a longer incubation of 24 hours
using semi-quantitative RT-PCR and was maintained for at least 24 hours after
induction. cDNA from induced tobacco from Line C (C1.1-C.3) was compared to
cDNA of uninduced tobacco from Line C (U.1). Lines on the left indicate the size

of bands in base pairs (bp) from the 1kb+ ladder (Invitrogen).

Although faint, TET3c cDNA was still detectable 24 hours after a longer 24 hour
induction had ended. Over the next month, tobacco plants were analysed for any
phenotypes such as the reduced leaf size seen in antisense MET1 tobacco plants,

but no change was observed (Figure 5.4a).

Repeated inductions were carried out (24 hour inductions, once a week), in order
to maintain the TET3c expression. However, the stress of this treatment resulted in

bleaching of leaves in both wild type and transgenic tobacco after three weeks
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(Figure 5.4b) and the eventual death of the plants. No phenotypic difference

between wild type and transgenic tobacco was observed.

a Wild Type

HI::TET3c

=
P

Hi:TEI3c

Figure 5.4. TET3c expression did not result in tobacco phenotypes but repeated heat
induction was lethal to plants

(a) Induced HI::TET3c tobacco plants showed no phenotypes one month later.

(b) Repeated heat induction caused bleaching of tobacco leaves and eventual plant

death.
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5.3. Discussion

Expression of TET3c in Arabidopsis thaliana caused a slight delay in flowering, but
no other change in phenotype while the effects of TET3c in tomato appear to be
more diverse. The results of expressing TET3c in lettuce and tobacco were
investigated, but no strong phenotypic changes were observed and expression of
the 35S::TET3c construct was low in both species. Low levels of expression in lettuce
may be expected due to the fact that transgenes are commonly silenced in this
species (McCabe et al., 1999a). In Line 18, the silencing of the transgene appeared
to have been reduced while in Line 1 it has increased. The high level of kanamycin-
sensitive plants in Line 1 could be a result of one of several possibilities. These
include a truncated T-DNA insertion (Gheysen et al., 1990), silencing of the T-DNA
due to insertion into a highly repetitive region (Prols and Meyer, 1992) or a higher
level of wild type plants due to the T-DNA inserting into a crucial region and

therefore homozygous TET3c plants not surviving (Chen et al., 2001).

In Line 18 of the TET3c lettuce, 74% of plants germinated on kanamycin-containing
media and therefore expressed the NPTII transgene, a 20% increase on the control.
This suggests that TET3c may be able to relieve the silencing of the transgene,
although more control lines would need to be investigated to be certain. Despite
this, expression of TET3c was still not stable within this line, as other T1 plants of
the same line did not show any expression of the TET3c transgene. Therefore even
if TET3c can improve the level of transgene silencing seen in lettuce, this effect is
both rare and inconsistent, even when a line which shows it has been found. This
may be because the 35S5::TET3c construct contains only the catalytic domain of TET3
without any targeting domain, and therefore hypomethylation at the T-DNA may
be unlikely to occur. To investigate this, a TET3c construct with a binding domain
fused to the catalytic domain could be used to target TET3c-mediated

demethylation activity to specific regions, including the T-DNA itself.

TET3c expression in 35S::TET3c tobacco was silenced across multiple lines. This

could suggest that the phenotypic effect of TET3c expression is strongly deleterious
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to tobacco and therefore only transformants where the transgene is silenced
survive. Despite this, expression of the TET3c construct behind an inducible
promoter in tobacco did not result in phenotypic changes. It is possible that
sustained expression of TET3c would have resulted in phenotypes, while the
variable expression produced by the heat induction did not. It is also possible that
the deleterious effect of TET3c expression only occurs at certain developmental
stages. An induction of the TET3c construct at different stages of tobacco growth

would allow investigation of this hypothesis.
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6. General Discussion

The objective of this project was to investigate the effects of transforming the
catalytic domain of TET3, a mammalian DNA demethylase, into plant species. Doing
so has allowed us to demonstrate that TET3c can cause heritable methylation
changes in plants which can lead to changes in gene expression and phenotype.
From our data, we can learn more about the characteristics of TET3c-mediated
demethylation in plants and about the processes controlled by DNA methylation in

tomato.

6.1. TET3c-mediated Methylation Changes in Plants

The ease of transformation, rapid life cycle and wealth of epigenetic information
available on Arabidopsis thaliana make it an ideal plant for the initial analysis of
TET3c and its ability to demethylate DNA in plant species. Methylation changes had
previously been observed in the ribosomal DNA using Southern blot (Hollwey et al.,
2016; Watson, 2013) and this was confirmed using bisulfite sequencing. When
TET3c was transformed into tomato, methylation changes were again observed.
Unlike in Arabidopsis, in tomato hypomethylation was observed upstream of a

protein-coding gene and correlated with the ectopic expression of that gene.

6.1.1. Oxidised derivatives of 5-methylcytosine were produced in TET3c+

plants

Using oxidative bisulfite sequencing and hydroxymethylcytosine DNA
immunoprecipitation (hMeDIP), the presence of 5-hydroxymethylcytosine was
demonstrated at regions where methylation changes occur in both Arabidopsis and
tomato. TET3c can therefore oxidise 5-methylcytosine in plants as it does in
mammals (Figure 6.1a). Previous reports have suggested that the plant DNA
glycosylases DME, ROS1 and DML3 can excise 5-hydroxymethylcytosine in vitro
(Brooks et al., 2014; Jang et al., 2014). The ratio of 5ShmC/5mC was slightly raised in
triple glycosylase mutants (ros1-3; dml2-1; dmli3-1) containing TET3c (rdd TET3c+),

but not in comparison to the variation seen between the two TET3c lines. This
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suggests either that ROS1 and DML3 do not remove significant amounts of 5-
hydroxymethylcytosine or that the production of 5hmCis regulated in response to
the amount being removed. This would be different to what is observed in
mammals, where mutation of TDG (which is capable of excising 5-formylcytosine)

results in an increase in 5-formylcytosine levels (lurlaro et al., 2016).

5-formylcytosine was observed only in the rdd TET3c+ Arabidopsis, further
demonstrating that TET3c can oxidise 5-methylcytosine in plants, and suggesting
that at least one of these three enzymes is capable of excising 5-formylcytosine in
vivo (Figure 6.1a). Despite contributing to TET3c-mediated demethylation by
removing 5fC, none of these three DNA glycosylases were essential for TET3c-
mediated demethylation in TET3c Arabidopsis at the analysed region of ribosomal

DNA.

6.1.2. Methylation changes in TET3c plants were heritable

Hypomethylation observed in TET3c Arabidopsis remained when the transgene was
no longer present. Similarly, expression of TET3c was not required for the ectopic
expression of CEN1.1 in TET3c tomato or for the resulting phenotypes. The
hypomethylation upstream of the CEN1.1 promoter was observed in plants which
no longer contained the TET3c transgene. Methylation changes caused by TET3c

were therefore heritable.

In contrast to the heritable decrease in methylation seen in Line A TET3c
Arabidopsis, Line B TET3c Arabidopsis showed an increase in methylation. The
changes in methylation caused by TET3c at the ribosomal DNA of Arabidopsis were
stable after the initial change despite the continued presence of TET3c. This
indicates that TET3c-mediated demethylation in plants occurs at a particular stage
during transformation or development, at which point either an increase or a

decrease may occur.
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Figure 6.1. TET3 is able to oxidise 5-methylcytosine in plants to 5-hydroxymethylicytosine,
which can result in either an increase or a decrease in DNA methylation
(a) Adiagram explaining what we have learned about the functionality of TET3 in plants,
and the involvement of other plant enzymes. Black lines indicate what was already
known, solid coloured lines indicated what we have learned from this project and
dotted lines represent unanswered questions. We have learned that TET3 can oxidise
5mC to 5hmC and 5fC, and that according to the rdd TET3c+ mutants, a plant
glycosylase is capable of excising 5fC. The lack of complete demethylation indicates
that a methyltransferase is still able to replace methylation at these sites despite the
action of TET3. METHYL indicates a methyltransferase and GLY indicates a DNA
glycosylase
(b) This schematic suggests how increases and decreases may occur stochastically. As
methylation changes occurred only at a certain focus point, after which they were
fixed, differences in methylation at these points would therefore be preserved. If plant
methyltransferases are able to read 5hmC and replace it with 5mC, this would explain
the increases in DNA methylation observed in Line B TET3c-. On the other hand, the
action of either TET3 or DNA glycosylases may remove 5hmC before this occurs,

resulting in a decrease in DNA methylation.

6.1.3. Methylation changes could occur in all contexts

In Arabidopsis, methylation changes at the rDNA locus occur specifically in CG and
CHG contexts. CHH methylation levels, which were already low in this region (3%
methylation) remain low in Line A TET3c+ (3%) and Line B TET3c+ (5%). Interestingly,
Line B TET3c- Arabidopsis show an increase in CHH methylation (12%), suggesting
that TET3c does have an effect at CHH sites, and that perhaps CHH methylation at

this locus in Arabidopsis was too low to be able to evaluate this.

It might have been expected that TET3c would preferentially demethylate DNA in
the CG context, as this makes up the majority of the methylation in mammals. The
data from tomato suggests that this is not the case and demonstrates that TET3c

can demethylate CHH sites which are highly methylated. Demethylation in TET3c
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tomato upstream of the CEN1.1 gene occurred specifically in the CHH context. In
comparison to Arabidopsis, where CHH sites are either unmethylated or methylated
at ~10% (Cokus et al., 2008), tomato CHH methylation levels are much higher,
reaching 100% at some sites (Zhong et al., 2013). Therefore TET3c can demethylate
plant DNA in all cytosine contexts, provided that methylation levels are sufficiently

high.
6.2. TET3c-mediated Phenotypic Changes in Plants

6.2.1. TET3c Arabidopsis and tomato were delayed in flowering, in

addition to other phenotypes observed in TET3¢c tomato

In tomato, multiple phenotypic changes including a delayed floral transition,
vegetative growth on inflorescences, increased distance between leaves and a
terminal flower phenotype were observed. Some of these phenotypes such as the
delayed floral transition were a result of the ectopic expression of CEN1.1, but
others are likely due to changes in the expression of alternative genes. A delay in
flowering was also observed in Arabidopsis. The expression of FWA, a known cause
of delayed flowering in Arabidopsis, was not altered in TET3c Arabidopsis. TFL1, the
Arabidopsis homolog of CEN1.1 is, interestingly, also densely methylated upstream
of the transcriptional start site. However, no expression changes in TFL1 were seen
in TET3c Arabidopsis. The delay in flowering in TET3c transformants of the two

species may, therefore, occur through a different mechanism.

One particularly obvious phenotype in the TET3c tomato was the high frequency of
plants with the blind phenotype. This was demonstrated not to require the TET3c
transgene but instead to result from a combination of transformation and
tetraploidy in this tomato variety, although the presence of TET3c did increase the

incidence of the blind phenotype in tetraploids.
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6.2.2. No phenotypic changes were observed in tobacco and lettuce

Neither tobacco nor lettuce showed any obvious or consistent phenotypic changes
in response to TET3c transformation, although developmental stages such as
flowering were not examined in detail. Phenotypic changes at the cellular level,
which occur in methylation mutants of Arabidopsis (Vassileva et al., 2016), could
have occurred and gone unnoticed. Both also lacked strong and persistent
expression of the TET3c transgene, making it likely that there were no phenotypic

changes.

6.3. Outlook and Open Questions
6.3.1. Exploring the interactions of TET3c with DNA glycosylases

TET3c can oxidise 5-methylcytosine in plants and demethylate DNA. Although we
demonstrated that 5-hydroxymethylcytosine was produced, the stability of this
epigenetic mark in plants is unclear. 5ShmC has been described as a stable epigenetic
mark in mammals (Bachman et al., 2014), with proteins specifically capable of
binding this modification (Spruijt et al., 2013). Similar genome-wide experiments in
plants to identify plant proteins capable of binding 5hmC and 5fC have not been
carried out, but would be of interest to analyse the full potential effects of TET3c-
mediated demethylation in plants. Our results indicated that ROS1, DML2 and
DML3 did not excise significant quantities of 5hmC in vivo but a comparison of the
ratio of 5hmC/5mCin TET3c+ and rdd TET3c+ lines at more regions and in more lines

is necessary to confirm this.

Our results demonstrated that while at least one of the three plant DNA
glycosylases mutated in rdd lines could excise 5-formylcytosine in vivo, these
enzymes were not essential for demethylation at the ribosomal DNA locus. Other
loci may require this 5-formylcytosine excision activity. This could be investigated
using a whole genome analysis of 5-methylcytosine levels in TET3c+ and rdd TET3c+
lines. Methylation levels in TET3c+ lines would have to be analysed as a function of

the methylation levels in wild type and rdd lines without the TET3c transgene, as
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methylation levels are increased at multiple loci in rdd mutants (Penterman et al.,
2007a). If 5-formylcytosine excision is essential for demethylation at a locus, then
methylation levels would be expected to decrease at the locus between wild type

and TET3c+ lines but not between rdd and rdd TET3c+ lines.

The contribution of the final plant DNA glycosylase, DME, to TET3c-mediated
methylation changes is unknown. DME is expressed only in the female gametes
prior to fertilisation (Choi et al., 2002) and therefore is not contributing to somatic
demethylation but the developmental stage at which the initial TET3c-mediated
methylation changes occur is also unknown. The 35S promoter is expressed during
almost all plant developmental stages, other than early embryogenesis (Sunilkumar
et al., 2002). Therefore TET3c-mediated demethylation may be occurring in the
ovule and require DME. Tissue-specific versions of the TET3c construct could be
utilised to investigate at which stage TET3c expression is required to result in the
heritable methylation changes observed in Line A TET3c+ and rdd TET3c+ lines. If
expression during gametogenesis is required, then DME may contribute to TET3c-

mediated demethylation.

6.3.2. Understanding the stability and inheritance of TET3c-mediated

changes

Arabidopsis plants descended from the same transformation event showed the
same methylation phenotype, whether that was a decrease as seen in Line A or an
increase as seen in Line B. This phenotype was present in all plants of that line and
was heritable when the transgene was lost. This highlights the possibility of a focal
point at which heritable methylation changes could occur. This is likely to be during
the initial transformation rather than later in development; different methylation
patterns would be observed between siblings if the focal point occurred later, for
example during gametogenesis. The cause of this focal point could be stress, as
environmental stress, both biotic and abiotic, is known to cause epigenetic changes
(Meyer, 2015). Candidates for this stress include both the stress of T-DNA transfer

and the stress of the Agrobacterium infection which facilitates it. These cause

Page 140 of 205



significant changes in the expression of many genes (Jiang et al., 2003) and are likely
to be associated with many epigenetic changes. To investigate if either allows
heritable TET3c-mediated methylation changes to occur, Line B TET3c+ Arabidopsis
could be used. A comparison of rDNA methylation in Line B TET3c+ Arabidopsis
transformed with a new reporter construct and Line B TET3c+ Arabidopsis dipped
in Agrobacterium which did not contain a plant transformation vector could be
carried out. A change in the steady state of methylation from the hypermethylated
state to a hypomethylated state in some plants would be seen if this treatment gave

an opportunity for heritable methylation changes to occur.

TET3c continues to oxidise 5-methylcytosine to 5-hydroxymethylcytosine and 5-
formylcytosine during vegetative growth in Arabidopsis, and therefore the lack of
complete demethylation must reflect replacement of methylation by DNA
methyltransferases (Figure 6.1a). In addition, in Line B TET3c+ Arabidopsis, both
5mC and 5hmC were inherited as 5mC when the transgene was no longer present
(Figure 6.1b). This could either reflect a methyltransferase reading 5hmC (and
replacing it as 5mC), or increased targeting of a methyltransferase to regions with
large amounts of 5hmC (Figure 6.1b). The methyltransferases responsible for
methylation at this region may determine whether this occurs. Some components
of the methylation pathway such as VIM1, one of a family of proteins which can
recognise hemimethylated DNA and act in MET1-mediated methylation (Kim et al.,
2014), do not efficiently bind sites with 5hmC (Yao et al., 2012). Other components
such as SUVH5 (a histone methyltransferase which can facilitate recruitment of
CMT3 (Ebbs and Bender, 2006)) are capable of binding 5hmC at a similar affinity to
5mC (Rajakumara et al., 2016). A more complete analysis of the binding of different
plant proteins to 5hmC would be useful to investigate this. Crossing the TET3c lines
with mutants of methyltransferases or proteins which facilitate their recruitment
would also allow us to investigate the interaction of TET3c with the endogenous
methylation systems of plants. If the enzyme responsible for the replacement of
methylation is mutated, an enhanced loss of methylation at any site where TET3c

acts would be expected in plants which retain the transgene. If a protein is
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responsible for targeting of methyltransferases to 5hmC, then crosses of Line B
TET3c+ plants with mutants of this enzyme would not be expected to show an

increase in methylation when the transgene is lost.

6.3.3. Investigating at which loci TET3c-mediated demethylation occurs

in plants

TET3c-mediated demethylation in tomato was seen specifically at CHH sites. This
does not mean that TET3c can only achieve heritable demethylation in this context
in tomato. Methylation changes were examined only at two loci, and were first
discovered by identifying phenotypes and gene expression changes. At other loci,
methylation changes may occur in all contexts. A whole genome bisulphite analysis
of TET3c+ tomato would allow us to investigate whether, in tomato, TET3c does
specifically demethylate regions with high CHH methylation. If this is the case, it
could reflect that methylation at other contexts is more likely to be restored.
Combining this with an expression analysis would allow us to examine whether
demethylation of CHH is more likely to achieve gene expression changes than

demethylation at other sequence contexts in tomato.

As discussed above, the loci which are affected by TET3c may be altered in a
glycosylase mutant. The higher methylation levels seen at some loci in glycosylase
mutants could also change which loci are affected, as increased methylation at a
region may affect the action of TET3c regardless of the presence of the DNA
glycosylases. The analysed rDNA region of Arabidopsis shows either an increase or
a decrease in methylation but the factors affecting which occurs are unknown. A
global analysis of TET3c+ and TET3c- methylation would determine if regions with
higher levels of methylation are more likely to increase in methylation in comparison
to similar regions with lower levels of methylation, or vice versa. A global analysis
of methylation in TET3c- tomato could also identify if there are regions in tomato
which increase in methylation, similarly to in Arabidopsis. Alternatively, whether a

region increases or decreases in methylation may be a chance event depending on
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the precise levels of TET3, DNA glycosylases and methyltransferases at that region
during the focus point at which DNA methylation levels are destabilised (Figure

6.1b).

The methylation changes seen in both Arabidopsis and tomato are present at the
same loci between biological replicates and in different transformant lines. This
suggests that some loci are more susceptible to TET3c-mediated methylation
changes. These loci may have distinct DNA methylation or genomic markers. A
whole genome bisulfite analysis could be used to answer these questions.
Alternatively, it may suggest that targeting of the TET3c protein is occurring despite
the lack of a catalytic domain. This would suggest that proteins which target TET3 in
mammals are conserved in plants and can carry out the same function here. Plant
homologues of proteins known to interact with TET in mammals such as PRC2
(Polycomb Repressor Complex 2), HDAC2 (histone deacetylase 2) and LIN28A (Lin28
Homolog A)(Neri et al., 2013; Zeng et al.,, 2016, Zhang et al., 2015) could be
identified. Using protein-protein interaction studies such as yeast two-hybrid
analysis would allow us to discover whether TET3 can bind plant homologues of

these proteins and therefore if they may be interacting with TET3c in plants.

6.3.4. The role of methylation in tomato

While the molecular cause of some of the phenotypes seen in the TET3c tomato was
established in Chapter Three, others were not, including an increase in the distance
between leaves and an increase in the number of plants with determinate growth
(the terminal flower phenotype). In addition to analysis of constitutive SP9D
expression in tomato, further work investigating the changes in gene expression in

TET3c tomato may be required to investigate this.

The blind phenotype does not require TET3c but is epigenetic in nature. A
comprehensive analysis of gene expression changes in the blind tomato produced

using different methods could be used to identify which genes cause the blind
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phenotype. Analysis of gene expression changes in the shoot apical meristem, rather
than in leaf, may be required to identify these genes. The blind phenotype occurred
only in the initial SAM (shoot apical meristem) of the tomato located between the
cotyledons, and therefore an analysis of the differences in gene expression between
different meristem stages could enable identification of the potential causes of this

phenotype.

In addition, thorough analysis of all tissues of TET3c tomato at different
developmental stages and under different conditions is likely to reveal additional
phenotypes. This would give a greater understanding of the processes in tomato in

which DNA methylation is involved.

6.3.5. The use of TET3c as a tool for demethylation

In this thesis, the catalytic domain of the mammalian demethylase TET3 has been
used to cause methylation changes in Arabidopsis and tomato. This has
demonstrated its utility as a tool for investigating DNA methylation. Transformation
of TET3c into other crop species in which methylation is known to be important such
as rice and maize would allow us to learn more about methylation in these species,
in addition to being able to draw wider conclusions about how TET3c acts in plants.
Less well studied plant species have also displayed phenotypes which depend on
DNA methylation changes (Santo et al., 2017), illustrating the potential broad use of
this system. In human cells, TET1 has been used in association with both
transcription activator-like effector (TALE) repeat arrays (Maeder et al., 2013) and
bacterial clustered regularly interspaced short palindromic repeats (CRISPRs)(Xu et
al., 2016) to cause targeted changes in DNA methylation which result in changes in
gene expression in these cells. CRISPR dCas9-TET1 fusions have also been
demonstrated to function in vivo in mice embryos to increase gene expression
(Morita et al.,, 2016). The fact that, in plants, TET3c can cause heritable
demethylation opens up plants to targeted epigenome editing using these same

tools.
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7. Materials and Methods

7.1. Materials
7.1.1. Plant material

The Arabidopsis thaliana ros1-3; dmi2-1; dmi3-1 triple mutant was provided by
Robert Fischer, University of California, Berkeley.
All tomato, lettuce and tobacco material was provided by Enza Zaden, the

Netherlands.

7.1.2. Bacterial strains

Plasmid cloning was carried out using Escherichia coli DH5a (New England Biolabs).
Plant transformation was carried out using Agrobacterium tumefaciens

GV3101:PMP90 (Hellens et al., 2000a).

7.1.3. Donated plasmids and DNA sequences

The pGreen collection (Hellens et al., 2000a, 2000b) was provided by Mark Smedley
(John Innes Centre, Norwich Research Park, Colney, Norwich, NR4 7UH). pGreen
0029 containing the 355-nos cassette and the 355::MET1ir construct, containing the
35S promoter, MET1 sense and antisense regions separated by an intron and the
nos terminator, were provided by Dr Michael Watson (P. Meyer lab, Centre for Plant
Sciences, University of Leeds, LS2 9JT). The TET3 cDNA sequence was provided by
Professor Richard Meehan (MRC Human Genetics Unit, MRC IGMM, University of
Edinburgh Western General Hospital, Crewe Road, Edinburgh, EH4 2XU). The TET1
cDNA was purchased from Cambridge Bioscience Limited. The glucocorticoid tag
was amplified from a plasmid provided by Dr Barry Causier (B. Davies lab, Centre for

Plant Sciences, University of Leeds, LS2 9JT).
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7.1.4. Primer sequences

7.1.4.A.

Primer sequences used for plasmid construction

Construct and

Primer Name

Forward Primer

Reverse Primer

7.2.1.G.1: 355::TET1

TET1ATGinsert AAGGGCCGTCAAGGCCCA | GTTCACTTTTAATGGGATCCAGG
CCATGGCGTCTCGATCCC T

TET1Sfil AGCTTTCTAAAGGCCGTC | AATTCGAGTTTGGCCCATGAGG
AAGGCCATGCGTGCTAGG | CCTAGCACGCATGGCCTTGACG
CCTCATGGGCCAAACTCG | GCCTTTAGAA

7.2.1.G.2:

35S::CEN1.1

BF78genclon GGGAAGCTTGGCACGTTG | GGGAATTCACAAGCAAATGAGT
ATTGGTTTTTCG AGGACAAACA

7.2.1.G.3:

355::SP9DcDNA

SP9DcDclon GGGAAGCTTGGATGGCAA | GGGAATTCCGCAGCGGTTTCAC
GAAGTTTAGAGCC GTTG

7.2.1.G.4: 355::CLV3

SICLV3clon GGGAAGCTTACTTGCTTT | GGGAATTCTTGCATGATTATGGA
TTCATTTGCTTCTTGA GTTATGGAGT

7.2.1.G.5: 35S::CLE9

SICLE9clon GGGAAGCTTATCCCTGTTT | GGGAATTCGCTATGGCATTATAT
GATGTTAATGGCG TCCTGGGG

7.2.1.G.6: 355::WUS

SIWUSclon GGGAAGCTTATGGAACAT | GGGAATTCTTAGGGGAAAGAG
CAACACAACATAG TTGAGAGTA

7.2.1.G.7:

35S8::CEN1.1ir

BF78RNAiex4cl GGATCGATGACGCCAAAG | GGTCTAGAGCTTGAGAATGACA

CCGGTAATTG CTTAGAATCTC

BF78RNAiex4cl GGGGTACCGACGCCAAA | GGCTCGAGGCTTGAGAATGAC
GCCGGTAATTG ACTTAGAATCTC
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7.2.1.G.9:

355::WUS:GR

GRtagclon GGGGATCCGAAGCTCGAA | GGGGATCCTCATTTTTGATGAA
AAACAAAGAAAAAAATC ACAGAAGC

SIWUSclonDEX GGGAAGCTTATGGAACAT | GGGGATCCTATACTATATGTATAG
CAACACAACATAG AATAAAGGAAAATTTG

7.1.4.B. Primer sequences used for genotyping

Target Forward Primer Reverse Primer

35S::CEN1.1 GAGACGCCAAAGCCGGTAA | CAACACATGAGCGAAACCCTA
T T

355::5P9DcDNA CTATGAGACCCCAAGGCCA | CAACACATGAGCGAAACCCTA
AA T

7.1.4.C. Primer sequences used for expression analysis

Target Forward Primer Reverse Primer

Arabidopsis thaliana | GCGTGTCATTGAGAGGTTC | GTCAAGAGCCTCAAGGAGAG

EFla G

TET3c transgene CTCTACGGGAAGAAGCGCA | CTCAACACATGAGCGAAACCC

TET1 transgene CTGCCAACCTTAGGGAGTA | GGCAAGGTCTTGAGGAGAGG

Solanum GAGCGATGGATGGTGAATC | TTGTACGTGCGTCCAGAAAG

lycopersicum elF3-E | T

S. lycopersicum WUS | CCAGCAACTTACCCTTTTCT | TAAAGCAGAGTTACCCCTTTG
TG G

S. lycopersicum CLV3 | AAAGGAAGTTGCTCCTGTG | CCTCTTAGCTCCCAATCAGC
AA

S. lycopersicum CLE9 | CAATGCAAGCACAATCCTCT | CCTGCATCCTGGCTTATTCT
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S. lycopersicum CLE3 | CTGCTGAGATTTTAGTAAAG | GAATGCCTTTCTGTTTCTATTAT
CCTG cC

S. lycopersicum | GACCCTGATGCTCCAAGTCC | TGGCTGCAGTTTCTCTCTGG
CEN1.1
S. lycopersicum SFT | TTTGTTTATCGTCAACCATC | CTTGGCTGGTTAATAACTTGG
S. lycopersicum SP CGACAAATTAAAAGCA GATGATATTACATTACAT
S. lycopersicum | GGTGAGCTATGAGACCCCA | CAGCGGTTTCACGTTGTGC
SP9D AG
S. lycopersicum | CTTGAGGCCTTCACAAGTT | GAGTTCGAGAACGGATCGC
SP5G GTC
Nicotiana tabacum | CTCTCAGGCTCCCACTTCAG | AAGAGCTTCGTGGTGCATCT
EFl-a
Lactuca sativa EIF2- | GGTGCTTCCAAGACCTACC | TGGTAGTCAGTGCGGTTGAC
1% C

7.1.4.D. Primer sequences used for bisulfite sequencing
Target Forward Primer Reverse Primer
Arabidopsis GGGGAGGTAGTGAYAATAA | CACTCTAATTTCTTCAAARTAAC
thaliana rDNA ATAA A
-2800 to -2528 | GTTAAATGAAGGGTATATGT | AAAATTTTRTCCCRCCACA
from S. | GAGYYATTTTG
lycopersicum WUS
-1837 to -1651 | GTGAGGTGGGGTGTTAAAG | CACCRATRTAACACTCCACCT
from S. | AATGA
lycopersicum
CEN1.1
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7.2. Methods

7.2.1. DNA analysis and cloning techniques
7.2.1.A. Isolation of genomic DNA from plants

DNA extraction was done according to the method from (Vejlupkova and Fowler,
2003) with some modifications. 560uL of DNA Extraction Buffer (200mM NaCl;
200mM Tris HCl pH 8; 0.07M EDTA pH 8; 18mM NaHS03) and 180uL of 5% sarcosyl
were added to ground tissue. Two phenol:chloroform:IAA (24:24:1) extractions were
performed. Nucleic acids were precipitated with 325uL isopropanol and 325puL high
salt buffer (0.8M sodium citrate; 1.2M NaCl). The pellet was washed with 70% ethanol

and resuspended in dH20 + RNase (20mg/L).

7.2.1.B. Isolation of plasmid DNA from Escherichia coli

Mini-prep isolation of plasmid DNA was carried out using the alkaline lysis method
described in (Sambrook et al., 1989) with some modifications. Individual colonies
were grown overnight at 37°C in 3mL of LB broth (10g/L bactotryptone; 5g/L bacto-
yeast extract; 10g/L NaCl) with the appropriate antibiotics. ImL of this culture was
pelleted, and resuspended in 100uL of Solution | (50mM glucose; 25mM Tris HCI pH
8; 10mM EDTA pH 8). 200uL of fresh Solution Il (0.2M NaOH; 1% SDS) and 150uL of
Solution 11l (3M CH3COOK adjusted to pH 8 with glacial CH3COOH) were added prior
to incubation on ice for 10-30 minutes. Cell debris was removed by centrifugation and
plasmid DNA was precipitated with 450uL of isopropanol. The pellet was washed with
70% ethanol and resuspended in 50uL of dH20 + RNase (20mg/L).

7.2.1.C. Isolation of plasmid DNA from Agrobacterium tumefaciens

Miniprep of Agrobacterium tumefaciens cells was carried out using the method from
(Wang, 2006) with some modifications. Individual colonies were grown overnight at
28°Cin 3mL of LB broth (10g/L bactotryptone; 5g/L bacto-yeast extract; 10g/L NaCl)

with the appropriate antibiotics. ImL of this culture was pelleted, and resuspended
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in 100uL of Solution | (50mM glucose; 25mM Tris HCl pH 8; 10mM EDTA pH 8, 4mg/mL
lysozyme). 200uL of Solution II (0.2M NaOH, 1% SDS) and 150uL Solution 1l (3M
CH3COOK pH 8) were added. Phenol:chloroform extraction was carried out, and DNA
was precipitated using isopropanol. The pellet was washed with 70% ethanol and

resuspended in 50uL of dH20 + RNase (20mg/L).

7.2.1.D. Preparation and Transformation of Chemically Competent Escherichia

coli Cells

500uL of fresh stationary culture was transferred to 50mL of sterile LB broth (10g/L
bactotryptone; 5g/L bacto-yeast extract; 10g/L NaCl) and incubated at 37°C with
agitation at 200rpm until an ODggo of 0.3-0.4 was reached. The culture was chilled,
pelleted and resuspended in TSS buffer (100mM MgCI2; 10% PEG; 5% DMSO; LB broth
pH 6.5) to an ODesoo of 1.0 per 100uL. The resuspension was dispensed in 100uL
aliguots, snap-frozen in liquid nitrogen and stored at -80°C. 10-50ng of plasmid DNA
were added to 100uL of freshly thawed chemically competent E. coli cells and

transformation by heat shock was performed.

7.2.1.E. Preparation and Transformation of Electrocompetent Agrobacterium

tumefaciens cells

Preparation and transformation of electrocompetent Agrobacterium cells was carried
out according to (Mersereau et al., 1990; Shen and Forde, 1989). 500mL of sterile LB
broth (10g/L bactotryptone; 5g/L bacto-yeast extract; 10g/L NaCl) was inoculated
with 5mL of a fresh saturated culture of Agrobacterium and incubated at 28°C until
ODeoo 0.5-0.8 was reached. Cells were pelleted three times, and resuspended in ice-
cold sterile H>0. Cells were then pelleted for a fourth time and resuspended in 2.5mL
of 10% ice-cold sterile glycerol. This was aliquot in 50uL volumes. DNA for

transformation was added to aliquots and transformed by electroporation at 1.8V.
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7.2.1.F. Polymerase chain reaction (PCR)

PCR for genotyping and for expression analysis was carried out using MyTaq
polymerase (Bioline) according to the manufacturer's instructions. PCR for cloning
was carried out using Herculase Il Fusion DNA polymerase (Agilent) according to the

manufacturer's instructions.

7.2.1.G. Agarose gel electrophoresis of DNA

DNA was separated using agarose gels of 0.7-3% concentration, depending on the
desired DNA fragment size. Ethidium bromide was added to the liquid agarose gel at
a concentration of 1ug/ml prior to pouring. Electrophoresis was carried out in 1 x TAE
buffer and the DNA was visualised on a UV trans-illuminator. DNA size was

determined using a 1kb+ DNA ladder (Invitrogen).

7.2.1.H. Ploidy analysis using flow cytometry

Ploidy of tomato samples was analysed using the Cell Lab Quanta SC (Beckman
Coulter). Samples were chopped with a razor blade in LBO1 buffer (15mM Tris HCI,
2mM EDTA, 0.5mM spermine.4HCl, 80mM KCI, 20mM NacCl, 0.1% Triton X-100) to
release nuclei. DAPI (4'6-diamidino-2-phenylindole, 3uM) was added to the lysis
buffer to stain nuclei. Samples were loaded onto the Cell Lab Quanta SC flow

cytometer (Beckman Coulter) in a 96 well plate format using a multi-platform loader.

7.2.1.1. Construction of plasmids

Desired fragments were amplified using PCR and purified from an agarose gel. The
fragment was excised from the gel under long wave UV light. DNA was purified from
the fragment using the Q-spin gel extraction/PCR purification kit (Geneflow#0030)
following the manufacturer's instructions. DNA was eluted in dH20 with a final
volume of 10-50uL. Plasmids were digested with the appropriate restriction enzymes

according to the manufacturer’s instructions (New England Biolabs). Digested
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fragments were dephosphorylated in a 50uL volume using 1uL of calf intestinal
alkaline phosphatase (Promega), 1xCIAP reaction buffer and up to 300ng of DNA. The
reaction was incubated at 37°C for 60-90 minutes before purification with the Q-spin
purification kit. DNA ligation was carried out in a 10uL volume using 0.5uL DNA ligase
(Promega) following the manufacturer's instructions. Vector:insert ratios of 1:3, 1.7

and 3:1 were used and the ligation reaction was incubated overnight at 4°C.

7.2.1.1.1. 355::TET1

A GCG codon was added after the ATG start codon of TET1 to encourage translation
in plants using PCR. A primer containing the ATG start codon and a GCG codon as a
mismatch was used to amplify the first kilobase of the TET1 gene, and the altered
version was inserted into TET1 pENTR using BamH/ and Sfil. An Sfil restriction site was
then inserted into the multiple cloning site of the pGreen 0029 35S vector using two
complementary oligonucleotides. These contained an Sfil restriction site and were
designed to anneal in such a way as to leave sticky ends which could anneal into a
digested Hindlll site and EcoRl site. pGreen 0029 35S contains a Hindlll site and an
EcoRl site in the multiple cloning site between the promoter and the nos terminator.
The pGreen 0029 35S vector was digested with Hindlll and EcoRl and the Sfil site was
inserted in this manner. TET1 pENTR was then digested with Sfil and transferred into
pGreen 0029 35S.

7.2.1.1.2. 35S::CEN1.1

The CEN1.1 gene of Solanum lycopersicum (1066bp) was amplified from tomato DNA
using primers which added a Hindll/ site at the 5’ end and an EcoRI site to the 3’ end.
pGreen 0029 35S contains a Hindlll site and an EcoRl site in the multiple cloning site
between the promoter and the nos terminator. The CEN1.1 amplicon was transferred

into this vector using these enzymes.
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7.2.1.1.3. 355::SP9DcDNA

The cDNA of the SP9D gene of S. lycopersicum (509bp) was amplified from tomato
cDNA using primers which added a Hindlll site at the 5’ end and an EcoRl site to the
3’ end. The SP9D cDNA amplicon was transferred into pGreen 0029 35S using these

enzymes.

7.2.1.1.4. 35S5:CLV3

The CLV3 gene of S. lycopersicum (599bp) was amplified from tomato DNA using
primers which added a Hindlll site at the 5" end and an EcoRl/ site to the 3’ end. The

CLV3 amplicon was transferred into pGreen 0029 35S using these enzymes.

7.2.1.1.5. 35S5::CLE9

The CLE9 gene of S. lycopersicum (430bp) was amplified from tomato DNA using
primers which added a Hindlll site at the 5’ end and an EcoRlI site to the 3’ end. The

CLE9 amplicon was transferred into pGreen 0029 35S using these enzymes.

7.2.1.1.6. 355::WUS

The WUS gene of S. lycopersicum (1239bp) was amplified from tomato DNA using
primers which added a Hindlll site at the 5" end and an EcoRl/ site to the 3’ end. The

WUS amplicon was transferred into pGreen 0029 35S using these enzymes.

7.2.1.1.7. 35S::CEN1.1 inverted repeat

A 313bp region of the CEN1.1 gene of S. lycopersicum was amplified from tomato DNA
using two primer sets, one which added a Clal site at the 5’ end and an Xbal site to
the 3’ end and another set which added Kpn/ and Xhol sites. The 355::MET1ir plasmid
was digested to remove MET1 regions using Clal/Xbal and Kpnl/Xhol and the CEN1.1

sense and antisense regions were transferred in their place. The inverted repeat
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amplicon was cut out with Not/ and transferred into pGreen 0029 35S using this

enzyme.

7.2.1.1.8. 355::WUS:GR

The glucocorticoid tag was amplified from a plasmid provided by Dr Barry Causier (B.
Davies lab, Centre for Plant Sciences, University of Leeds, LS2 9JT), using primers
which added a BamHI site to either end. The WUS gene of S. lycopersicum was
amplified without the termination codon using primers which added a Hindlll site to
the 5’ end and a BamHI site to the 3’ end. The WUS amplicon was transformed into
pGreen 0029 35S using these enzymes. pGreen 0029 35S::WUS was then cut with

BamHlI and the glucocorticoid tag was transferred to the vector.

7.2.1.). DNA sequencing

The DNA sequence of plasmids was confirmed using sequencing by Beckman

Genomics using the appropriate primer.

7.2.1.K. Bisulfite sequencing

Bisulfite treatment was carried out on denatured DNA in dH,O using the EZ DNA
Methylation-Lightning Kit (Zymo Research) according to the manufacturer’s
instructions. DNA regions of interest were amplified from bisulfite-treated DNA using

PCR with MyTag DNA Polymerase (Bioline).

Amplicons were A-tailed by MyTag DNA polymerase (Bioline) and then ligated into
the pGEM T-easy vector system (Promega) following the manufacturer's instructions.
Clones containing the fragment of interest were identified and sequenced by
Beckman Genomics using the universal SP6 primer. Sequence reads were aligned
using the BioEdit program (T.Hall) and identification of methylated cytosines was
carried out using the online CYMATE tool (Hetzl et al., 2007). Data was analysed using

the program SequenceFileConverter (J. Royle).
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7.2.1.K.1. Oxidative Bisulfite Sequencing

Oxidation of DNA was carried out as described in (Booth et al., 2012). Genomic DNA
was denatured by incubation at 37°C for 30 minutes in 0.05M NaOH followed by snap
cooling on ice. The sample was oxidised by addition of 1uL of KRuO4, followed by
incubation on ice for 1 hour, with occasional vortexing. The reaction was purified
using an lllustra MicroSpin G-50 column (GE Healthcare). This was followed by

bisulfite treatment.

7.2.1.K.2. Reduced Bisulfite Sequencing

Reduction of DNA for reduced bisulfite sequencing was carried out as described in
(Booth et al., 2014). 5uL of an aqueous 1M NaBHasolution was added to 15uL of DNA
in water. The reaction was incubated in the dark at room temperature for 1 hour, with
frequent intervals to vortex the reaction and remove built up gas. CH3COONa
(750mM, pH 5) was added to quench the reaction. Once the reaction was quenched,

bisulfite treatment was carried out.

7.2.1.L. Isolation of SAM DNA for bisulfite sequencing

FFPE blocks of tomato shoot apices were made according to (Vitha et al., 2000). Three
week old tomato shoot apices were fixed in formalin for one hour before progressive
dehydration in ethanol, and infiltration with wax. Samples were sectioned using a
rotary microtome (Microm) and subsequently dewaxed and rehydrated using
decreasing ethanol concentrations. Sections were stained using 0.05% toluidine blue
and meristem cells were isolated using a dissection microscope (Leica). DNA from
meristem cells was recovered using overnight digestion with Proteinase K followed by

phenol-chloroform purification.
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7.2.1.M. Hydroxymethylcytosine DNA immunoprecipitation

3ug of starting DNA was fragmented to a size of 200-400bp using a sonicator
(Diogenode Bioruptor) and an aliquot was run on a gel to confirm. Samples were
immunoprecipitated using the hMeDIP Kit (Active Motif). The antibody was digested
with Proteinase K to release the DNA, which was then purified using the Chromatin
IP DNA Purification Kit (Active Motif). DNA was subsequently analysed using
guantitative RT-PCR. Enrichment of hmC-containing DNA was confirmed using the

provided control DNA and primers.

7.2.2. RNA analysis
7.2.2.A. Isolation of RNA from plants

RNA was isolated using the method described in (Stam et al., 2000). 750uL of RNA
Extraction Buffer (100mM Tris HCI pH8; 100mM NaCl; 20mM EDTA pH 8; 1% sarcosyl)
was added to ground tissue. Two phenol:chloroform:IAA (24:24:1) extractions were
performed. Nucleic acids were precipitated with 325uL isopropanol and 325uL high
salt buffer (0.8M sodium citrate; 1.2M NaCl). An overnight precipitation with 4M
lithium chloride was performed, followed by a final precipitation using 40uL 3M
NaOAc and 1mL 99% ethanol. DNA was removed using the TURBO DNase kit (Ambion

applied biosystems) following the manufacturer’s instructions.

7.2.2.B. cDNA synthesis

cDNA was synthesised using Superscriptll Reverse Transcriptase (Invitrogen),

following the manufacturer’s instructions and using random primers.

7.2.2.C. Quantitative PCR

Quantitative RT-PCR analysis was performed with the Biomark HD system (Fluidigm)

using SsoFast Eva Green Supermix (Bio-Rad) on a 96.96 dynamic array chip according
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to the manufacturer’s instructions. Data was analysed using the manufacturer’s

software (Fluidigm RT PCR Analysis) using the 2"22¢t method.

7.2.3. Microscopy
7.2.3.A. Tissue fixation and sectioning

Tissue was fixed using Technovit 7100 (Hereaus Kulzer, Germany). Tissue was fixed in
ethanol:acetic acid (3:1) overnight, before being dehydrated progressively using 70%
- 100% ethanol. Samples were infiltrated with Technovit 7100 using ethanol:Solution
A (Technovit 7100, Hardener |) with an increasing proportions of Solution A over 4
steps. Polymerisation was carried out using Solution B (Solution A, hardener II).
Sections 0.6uM thick were generated using a rotary microtome (Zeiss HM340E) and
stained using 0.05% toluidine blue (Merck, Germany). Sections were mounted in
Euparal (Roth, Germany).

Sections were visualised using an IX70 microscope (Olympus) and CellSense software

(Olympus).

7.2.4. Plant transformation and tissue culture
7.2.4.A. Transformation by floral dip of Arabidopsis thaliana

Floral dip transformation was carried out according to (Clough and Bent, 1998). Wild
type plants were grown for 4 weeks under long day conditions (16 hours of light/8
hours of dark, 25°C). 100mL of sterile LB broth (10g/L bactotryptone; 5g/L bacto-yeast
extract; 10g/L NaCl) was inoculated with 1mL of saturated Agrobacterium containing
the construct and grown to ODggo 0.8. Cells were pelleted and resuspended in an
aqueous solution of 5% sucrose and 0.05% Silwet L-77 to ODeoo 0.8. Plants were
inverted into the solution for one minute. Seeds were harvested and sterilised using
70% ethanol for 1 minute, followed by 30% bleach for 10 minutes and 3 washes in

sterile H,0. Successful transformants were identified by growth on MS20 medium
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(4.4g/L Murashige and Skoog salts + B5 vitamins, 20g/L sucrose, 0.8% agar, pH 5.8)

containing the appropriate antibiotic.
7.2.4.B. Leaf disc transformation of Solanum lycopersicum

Leaf disc transformation was carried out at the premises of Enza Zaden, Enkhuizen,
the Netherlands under the supervision of Iris Heidmann and Suzan Out according to
(Rai et al., 2012) with some modifications. Tomato seeds of the EZCBT1 variety were
sterilised using 100% ethanol for 1 minute, followed by 1% bleach for 10 minutes and
3 washes in sterile H,0. Seeds were sown onto MSB530 (4.4g/L Murashige and Skoog
salts + B5 vitamins, 30g/L sucrose, 0.8% agar, pH 5.8) and grown for 8-10 days.
Cotyledons were removed, cut into 0.5cm pieces and placed onto KMSC medium
(4.4g/L Murashige and Skoog salts + B5 vitamins, 30g/L sucrose, 0.8% agar, pH 5.8,
200mg/L KH2POs, 0.2mg/L 2,4-D, 0.1 mg/L kinetin, 0.1 mg/L IAA, 10mg/L
acetosyringone) overnight in dim light. Agrobacterium containing the construct was
grown overnight in YEB (5g/L yeast extract, 5g/L beef extract, 20g/L sucrose, pH 7.2)
with the appropriate antibiotics. The culture was washed and diluted to a density of
0.4 ODsoo and poured over the explants. This was incubated for two hours before
explants were removed to fresh KMSC plates and incubated for 72 hours in dim light.
Explants were then moved to selection medium | for regeneration (4.4g/L Murashige
and Skoog salts + B5 vitamins, 30g/L sucrose, 0.8% agar, pH 5.8, 2mg/L zeatin,
0.1mg/L IAA, 500mg/L cefotaxime, 100mg/L kanamycin). When calli were visible,
explants were transferred to selection medium Il (4.4g/L Murashige and Skoog salts
+ B5 vitamins, 30g/L sucrose, 0.8% agar, pH 5.8, 0.2mg/L zeatin, 500mg/L cefotaxime,
100mg/L kanamycin). Calli which regenerated shoot meristems were transferred to
rooting medium (4.4g/L Murashige and Skoog salts + B5 vitamins, 10g/L sucrose, 0.8%
agar, pH 5.8, 100mg/L cefotaxime, 50mg/L kanamycin).
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Figure 9.1. Methylation levels in a region of the 18S rDNA of Arabidopsis were altered in TET3c

plants — shown site by site

(a)

Levels of 5-methylcytosine were reduced in Arabidopsis plants containing TET3c in Line
A (Line A TET3c+) but did not change in Line B (Line A TET3c+). The % of 5-methylcytosine
was calculated as the number of methylated clones divided by the total number of clones
at each site. Methylation here has been shown on a site by site basis.

5-hydroxymethylcytosine could be detected in Line A and Line B plants containing TET3c.
These figures were calculated by subtracting the methylation level at each site in
oxidative bisulfite sequencing from the methylation level at each site in standard
bisulfite sequencing. This can result in negative values, which were used as an indication

of the level of technical error.
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Figure 9.2
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Figure 9.2. Methylation changes observed in Line A TET3c+ were heritable — shown on a
site by site basis
(a) The reduction in methylation seen in Line A TET3c+ was still present after the transgene
had been segregated away (Line A TET3c-). In Line B, an increase of methylation was
seen dfter the TET3c transgene was no longer present (Line B TET3c-). The % of 5-
methylcytosine was calculated as the number of methylated clones divided by the total

number of clones at each site. Methylation here has been shown on a site by site basis.
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Figure 9.2. Methylation changes observed in Line A TET3c+ were heritable — shown

on a site by site basis

(b) 5-hydroxymethylcytosine was not present in Line A and Line B plants after
the TET3c transgene had been segregated away (Line A TET3c- and Line B
TET3c-). These figures were calculated by subtracting the methylation
level at each site in oxidative bisulfite sequencing from the methylation
level at each site in standard bisulfite sequencing. This can result in

negative values, which were used as an indication of the level of technical

error. Page 196 of 205



Figure 9.3
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Figure 9.3. Triple glycosylase mutants (ros1-3;dmi2-1;,dmi3-1) with TET3c (rdd TET3c)
and without (rdd) could still be demethylated by TET3c and showed increased levels of
5-fC - shown on a site by site basis
TET3c caused demethylation in rdd plants, to similar levels as that seen in Line A
TET3c+. The % of 5-methylcytosine was calculated as the number of methylated
clones divided by the total number of clones at each site. Methylation here has

been shown on a site by site basis.
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Figure 9.3. Triple glycosylase mutants (ros1-3;dmi2-1,dmi3-1) with TET3c (rdd TET3c) and
without (rdd) could still be demethylated by TET3c and showed increased levels of 5-fC —
shown on a site by site basis
(b) Levels of 5-hydroxymethylcytosine were not increased in rdd plants in comparison to
TET3c+ plants in the wild type background, suggesting that these glycosylases do not
excise 5-hydroxymethylcytosine. These figures were calculated by subtracting the
methylation level at each site in oxidative bisulfite sequencing from the methylation level
at each site in standard bisulfite sequencing. This can result in negative values, which

were used as an indication of the level of technical error.
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Figure 9.3. Triple glycosylase mutants (ros1-3;dmi2-1,dmi3-1) with TET3c (rdd TET3c) and
without (rdd) could still be demethylated by TET3c and showed increased levels of 5-fC —
shown on a site by site basis
(c) 5-formylcytosine was absent in all plants except rdd TET3c+ plants, where it was present
only in the CG context. These figures were calculated by subtracting the methylation level
at each site in standard bisulfite sequencing from the methylation level at each site in
reduced bisulfite sequencing. This can result in negative values, which were used as an

indication of the level of technical error.
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Figure 9.4. CEN1.1 was hypomethylated in TET3c lines and in the root and shoot apex —
shown on a site by site basis
(a) Levels of 5-methylcytosine were reduced in a 206bp region upstream of the CEN1.1
transcriptional start site in TET3c tomato leaves compared to wild type tomato leaves.
(b) Levels of 5-methylcytosine were reduced in the same 206bp region upstream of the
CEN1.1 transcriptional start site in both of the wild type tomato tissues which express

the CEN1.1 gene (root and shoot apical meristem (SAM)).
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The % of 5-methylcytosine was calculated as the number of methylated clones divided by the
total number of clones at each site. Methylation here has been shown on a site by site basis.

The first CAA site corresponds to -1837 in Figure 3.4c and the final CG site to -1631.

Figure 9.5
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Figure 9.5. Additional constructs were made to investigate expression of the SP9D gene

and expression of the transgene was confirmed

(a) Map of the plant expression vector pGreen 0029 35S containing the cDNA

encoding the full length SP9D gene.
(b) Map of the plant expression vector pGreen 0029 35S containing the genomic DNA

of the full length SP9D gene.
(c) TO plants which contained the 35S::SP9Dgenomic or 35S::SP9DcDNA transgenes
were shown to express it more strongly than the constitutively expressed elF3-E

using quantitative RT-PCR of cDNA. -ACt is calculated by subtracting Ct from

elF3-E

Ct ,,, to control for sample concentration and calculate expression of a gene in

comparison to elF3-E.
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Figure 9.6
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Figure 9.6. Constructs were made to overexpress CLV3, CLE9 and WUS

(a) Maps of the plant expression vector pGreen 0029 35S containing the full length
genomic DNA of CLV3, CLE9 and WUS, respectively.

(b) Map of the plant expression vector pGreen 0029 35S containing the genomic DNA
of WUS fused to a glucocorticoid tag, allowing inducible control of the activity of
the WUS protein.

(c) Offspring of wild type tomato plants exposed to ethanol vapour (F1 WT EtOH)
showed an increased frequency of the blind phenotype in comparison to the

unexposed wild type plants.
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