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Abstract

Heritable changes in gene expression, which are not due to alterations in the
DNA sequence, are termed epigenetic modifications and they play an important
role in plant development (Pickaard and Scheid, 2014). These changes include
those in DNA methylation, chromatin remodelling and levels of small RNAs.
This project focuses on the effects of variations in DNA methylation on the
cultivated tomato (Solanum lycopersicum).

In Arabidopsis, the effects of DNA methylation on plant development have been
investigated using mutants in DNA methyltransferase genes. These mutants
have also been used to develop epigenetic recombinant inbred line (epiRIL)
populations where the genetic background of individuals in the population is
identical, but they show variation in genome wide DNA methylation. The aim of
this project was to generate and characterize a novel population of tomato
epiRILs and identify the effects of the epigenetic variation on the development
of tomato.

We have established an epiRIL population in a cherry tomato line (WVA 106)
where methyltransferase 1 (MET1) gene has been silenced. F2 seeds were
generated by colleagues at INRA, (France). Then the epiRIL population,
generations Fs-Fs, were propagated in Nottingham. The population was
screened for altered phenotypes. Morphological changes were observed
including twisted and fasciated stems, abnormal leaves, exerted style, twisted
stamens and low fruit weight. Targeted analysis of the expression of candidate
genes underlying the potential phenotypes focused on genes including FW2.2,
SIEZ1 and TM8. RNASeq analysis indicated significant changes in gene
expression across the genome of selected epiRILs including altered expression
of transposons. Analysis using the enzyme McrBC showed that the level of
methylation for target genes was lower in the epiRILs than wild type. Changes
in DNA methylation in epiRIL lines was also demonstrated using bisulfite
conversion and targeted Sanger sequencing and whole genome bisulfite
sequencing. The epiRIL population provides a unique resource for investigating
the epigenetic basis of trait variation in tomato which could also be applied in
other crop species.
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CHAPTER 1 INTRODUCTION

1.1 Tomato

1.1.1 Tomato Classification

The tomato (Solanum lycopersicum) is a member of the
Solanaceae family. This family comprises 3000—4000 species in
approximately 90 genera and includes perennial trees as well as
herbaceous annual species. Plants of this family occupy a wide range of
terrestrial habitats from deserts to rainforests. The Solanaceae contains
a number of species that are important to agriculture. These include
tomato, potato (Solanum tuberosum), pepper (Capsicum spp.) and
aubergine (Solanum melongena), which are major crops worldwide.
Other uses of plants from this family include members of the genus
Petunia which are used as ornamentals and tobacco (Nicotiana
tabacum) from which nicotine is extracted (Costa and Heuvelink, 2004;
Knapp et al. 2004; Gebhardt, 2016).

Members of the Solanaceae can contain a range of alkaloids and
these may have medicinal properties. For example, the active agents in
Atropa belladonna (deadly nightshade) are atropine, hyoscine
(scopolamine) and hyosymine that have anticholinergic properties and
are used for treating headaches, menstrual pain and peptic ulcers.
Solanum nigrum (black nightshade) is another example of a Solanaceae
plant that has medicinal properties. It is used as an antiseptic, anti-

inflammatory and antidysentry medicine (Shah et al., 2013).



The classification of tomato was changed recently with the
integration of the Lycopersicon into the Solanum genus. From the genus
Solanum, the domesticated tomato species was named Solanum
lycopersicum (Bai and Lindhout, 2007) and this is the name that is now
recognised and used in the 215t century. The change in the classification
of tomato started in the 18™ century where Phillip Miller, an English
botanist, used the term Lycopersicon (meaning wolf peach) for all
variants of the cultivated tomato, along with other multilocular fruits
described as ‘roundish, soft fleshy fruit divided into several cells and
contain many flat seeds’. When the system of giving plants a genus and
species name began in the first edition of Species Plantarum in 1753,
Carolus Linnaeus classified tomatoes in the genus Solanum. However,
Miller continued to use the generic name Lycopersicon and named the
tomato Lycopersicon esculentum Mill. (esculentum means “edible”). At
the time, many people thought that the tomato fruit was poisonous so
Miller may have wanted to emphasize that it was edible. He included
potato in this genus and stated that ‘Lycopersicon has been established
as a distinct Genus, on account of the fruit being divided into several
cells, by intermediate partitions’.

The most recent classification of tomato, which uses molecular
data recognizes the genus Solanum sect. Lycopersicon. It consists of
the cultivated tomato and its 12 wild relatives Solanum arcanum, S.
cheesmaniae, S. chilense, S. chmielewskii, S. corneliomulleri, S.
galapagense, S. habrochaites, S. huaylasense, S. neorickii, S. pennellii,

S. peruvianum and S. pimpinellifolium (Figure 1.1). Tomato-like



morphological characters which differentiate them from most of other
Solanum species include yellow corollas, pedicels articulated above the
base, pinnately segmented non-prickly leaves and lack of tubers. There
are also morphological differences between the domesticated tomato
and its wild relatives (Figure 1.2) such as leaf shape and fruit size

(Bergougnoux, 2014; Knapp and Peralta, 2016).



Genus: Solanum Lycopersicon synonyms

. esculentum Miller

. cheesmaniae Riley

. cheesmaniae, L. Riley (forma or var. minor)

. pimpinellifolium (B. Juss.) Miller

. chmielewski C. M. Rick, Kesicki, Foboes and M. Holl¢

S. lycopersicum L. L

S. cheesmaniae (Riley) Fosberg L

S. galapagense, S. Darwin and Peralta L

S. pimpinellifolium B. Juss. L

S. chmielewski® L

S. habrochaites S. Knapp and D. M. Spooner L. hirsutum

S. neorickii® L. parviflorum C. M. Rick, Kesicki, Foboes and M. Holle
S. pennellii Corell L. pennellii (Correll) D'Arcy

S. chilense (Dunal) Reiche L. chilense Dunal

S. corneliomuelleri J. . Machr. L
S. huaylasense Peralta {
S. peruvianum L. L
S. arcanum Peralta L

. peruvianum (L.) MillerL. glandulosum C. F. Mull.
. peruvianum (L.) Miller
. peruvianum (L.) Miller
. peruvianum (L.) Miller

Figure 1. 1 Classification of the tomato species.The new classification in the

genus Solanum and its Lycopersicon synonyms (Schwarz et al., 2014)



S. cheesmaniae S. galapagense S. lycopersicum

Figure 1. 2 Morphological differences between three species of Solanum.
Fruits of Solanum cheesmaniae,Solanum galapagense and Solanum

lycopersicum fruit (upper panel) and leaves (lower panel) (Pailles et al., 2017)



1.1.2 Tomato Domestication and Economic Importance

The tomato originated from South America but was introduced in
to Europe in the 16th century. It was distributed from Ecuador then to
Peru, Chile and the Galapagos Islands. The wide range of distribution
showed that early tomato species grew in a variety of habitats ranging
from sea level to the highlands and from arid to rainy climates. However,
the exact origin of the cultivated tomato and the events related to its early
domestication are still debated. Two hypotheses which have arisen
involve a Peruvian or Mexican origin. The cultivated tomato was thought
to have been the result of domestication from the cherry tomato, which
originated in the coastal part of Peru and that the domestication occurred
before the Europeans discovered America. The Mexican origin is based
on the name ‘tomatl’ which is the Mexican word used to refer to tomato.
There was also more evidence of tomato cultivation in Mexico compared
to South America. Tomato is widely adapted to a variety of habitats and
domestication likely occurred independently in several regions (Peralta
et al., 2005; Bergougnoux, 2014).

The wild cherry tomato Solanum lycopersicum var cerasiforme
was thought to be the most likely candidate as the ancestor of present
domesticated tomato due to its wide distribution in Central America.
However, recent molecular studies have shown ‘cerasiforme’ is not the
direct ancestor of the cultivated tomato, but is a mixture of wild species
S.pimpinellifolium and S.lycopersicum (Bergougnoux, 2014).

Tomato domestication had already been carried out by people in

its native region and it was accepted as a cultivated crop when it arrived



in Europe (Costa and Heuvelink, 2004). The earliest record of a
cultivated tomato appeared in Italy in 1544 describing a poisonous
distant relative of the tomato, the mandrake (Mandragora officinarum);
also from the Solanaceae family. The fruit was described as segmented
and yellow. In most of Europe, tomato was considered poisonous and
was used as an ornamental. It was not until the late 17™ or early 18"
century that tomato was used as vegetable. However, the real
domestication of tomato in Europe was not until the 19" century when it
was finally accepted as a nutritious food crop (Paran and Knaap, 2007;
Bergougnoux, 2014; Knapp and Peralta, 2016).

At the end of the 19th century many cultivars of tomato were
already available. These cultivars can be considered as landraces and
products of early breeding. They were open pollinated by farmers and
growers and because tomatoes did not out-cross naturally, seeds of
tomatoes produced plants resembling the parents. However, private
companies carried out commercial breeding by making hybrids. Crosses
from selected parents with good characters were used to produce hybrid
seeds (Bai and Lindhout, 2007).

Important traits selected in breeding programmes today are still
similar to early domestication of tomatoes. Fruit appearance and quality,
plant architecture, disease resistance and ease of mechanical harvest,
have all contributed to the development of tomato breeding. As a result,
many varieties of tomato can be found with a range of colours, shapes,
sizes and texture. Plant stature also changed from shrub to a more erect

and thick-stemmed plant (Paran and Knaap, 2007).



In the domestication of tomato there has been a focus on yield
traits and this has had a detrimental effect on other characteristics. An
example is the loss of flavour in modern commercial varieties. Whole-
genome sequencing and genome-wide association studies have
identified loci which have the potential to affect flavour chemicals. These
discoveries are likely to provide ways to recover favourable traits through
breeding that have been lost during domestication (Tieman et al., 2017).

In breeding for desirable traits, wild tomato species are being
used as a source of traits that are beneficial for human consumption or
agronomic practice. Solanum pimpinellifolium has been used as a
source to improve fruit colour and quality. It is autogamous and is closely
related to the domesticated tomato S. lycopersicum. Other wild relatives,
Solanum habrochaites (syn. L. hirsutum) and Solanum pennellii have
also been used in tomato breeding due to their tolerance to biotic and
abiotic stress. Each of these wild relatives have a different fruit
morphology to the domesticated tomato, including fruits that remain

green even when ripe (Figure 1.3) (Top et al., 2014; Bolger et al., 2014).



Figure 1. 3 Fruit morphology in domesticated tomato and its three
wild relatives. From left to right: Solanum lycopersicum, S.

pimpinellifolium, S.habrochaites and S.pennellii (University of California,

2014)



1.13

Today, tomato breeding objectives are to produce and distribute
new tomato cultivars with improved agronomical traits, depending on the
market (fresh or processed market). Even though breeding objectives
have changed over time, three main objectives remain the same: (1)
adaptability to the environment, (2) resistance to pests and diseases,
and (3) high fruit yield and good fruit quality (Bergougnoux, 2014).

Tomatoes are now grown world-wide, with high levels of
production and consumption in China, North America and Europe. In
2012, global production of tomatoes reached more than 161 million
metric ton with a value of over $59 billion (FAOSTAT, 2012). The tomato
provides high levels of minerals, vitamins and phytochemicals to the
human diet due to the amount eaten and is probably the most important

fruit in the human diet in this respect.

Tomato Biology

The morphological characteristics that differentiate tomato from
other Solanum sp include sympodial shoots, compound leaves, bright
yellow flowers and fleshy fruits with many flat white seeds (Figure 1.4).
The sympodial shoots grow from a primary shoot that after the
production of several leaves, is terminated by the initiation of the first
inflorescence. The growth of the bud at the axil of the last leaf will take
the place of the previous primary shoot. This bud continues to grow until
it is above the inflorescence when it then produces some leaves. A
second inflorescence will also grow and will again be replaced by the

growth of the next axillary bud. Depending on the growth of the main
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shoot, the tomato growth habit can be classified as indeterminate or
determinate. Indeterminate growth involves continuous growth following
the main shoot growth. In the varieties with a determinate structure,
growth of the leaves stops, but an inflorescence can form after the last
leaf on the primary shoot (Elkind et al., 1991; Quinet and Kinet 2007).

As described above, in tomato the vegetative and reproductive
phases alternate along the compound (sympodial) shoots. The number
of leaves before the first inflorescence depends on genetic background
and environmental cues. The transition time from initial vegetative stage
to the first inflorescence can be measured by counting the number of
leaves or nodes formed on the initial apical meristem before the first
inflorescence (Samach and Lotan, 2007).

Environmental factors such as daily light energy strongly affects
flowering time in tomato, along with the expression of several genes such
as SINGLE FLOWER TRUSS (SFT) and SELF PRUNING (SP). The
SFT gene encodes a protein that promotes flowering and is active in
initial sympodial segments while SP regulates the vegetative-

reproductive switch of the sympodial segments (Quinet and Kinet 2007).
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Figure 1. 4 Tomato plants and parts.(A) seedling; (B) 40-day-old plant;
(C) leaf; (D) flowers; (E) fruit; (F) seeds. Scale Bar = 2 cm (Kimura and
Sinha, 2008)
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The tomato flower consists of four whorls as described in the
ABC model of flower development (Bowman et al., 2012; Irish, 2017). In
the outer whorl is the calyx, then followed by the corolla, androecium and
in the centre is the gynoecium (Figure 1.5). The calyx is formed from
individual sepals. The corolla consists of petals which in tomatoes are
bright yellow and function to attract pollinators. The androecium or the
male reproductive organs are the stamens which produce pollen. In
tomato, the stamens are normally fused to form the stamen cone. The
female organ found inside the stamen cone is the carpel. The carpel is
made up of the ovary, stigma and ovule (Pesaresi et al., 2014;
http://www-plb.ucdavis.edu, 2018; Dreni and Zhang, 2016).

The tomato fruit is composed of a thick pericarp and placental
tissue surrounding the seeds. There are four stages in the fruit
development of tomato (Figure 1.5).The first stage is the flower
development which lasts 2-3 weeks. The fertilization process then
initiates fruit development. The second stage is approximately 2 weeks
of intensive mitotic division leading to an increase in pericarp cell
number. The third stage is the period of rapid cell expansion and there
is a significant increase in fruit weight. In the last phase, the fruit attains
its final size at the mature green stage. This is then followed by a ripening

or maturation phase (Bergougnoux, 2014; Pesaresi et al., 2014).
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Figure 1. 5 Diagram of tomato flower and fruit development.Longitudinal
section of a tomato flower is shown in (A) and the ABC model of flower
development (B). In (C) the development of tomato fruit is shown from closed
flower (CLF) stage until red ripe (RR). Early stages are mature green (MG),
breaker (B), turning (T). dpa = days post anthesis and scale bar = 1cm
(Pesaresi et al., 2014; http://www-plb.ucdavis.edu, 2018; Teyssier et al., 2008)
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Domestication of tomato resulted in larger fruit size which is more
beneficial for human diets. In addition, harvesting a given mass of fruit
would require less time if the size of the fruits were larger. Smaller fruit
size is more beneficial in nature because the plant relies on small
animals for seed dispersal so smaller size is easier for the fruits to be
carried and dispersed. Fruit size in tomato is also correlated to fruit
shape, where larger fruits show more extreme shapes than the smaller
size fruits (van der Knapp and Tanksley, 2003; Tanksley, 2004).

The increase tomato fruit size due to breeding has caused a
change in other traits that could be beneficial to human consumption,
such as fruit sugar content. Increase in tomato fruit size has been
associated with low sugar content (Prudent et al., 2009; Kanayama,
2017). Fruit weight and fruit composition such as sugar and acid
contents depend on the inward and outward fluxes into and from fruit.
These fluxes which comprise mainly of carbon and water involve many
processes such as transpiration, cell division and cell expansion. Leaf
size and shape can affect sugar production via photosynthesis and
changes in the environment and agricultural practices could also affect
carbon supply. The number of cells determine the fruit final size by
affecting the amount of structural dry matter and cell size affects the
capacity to store soluble dry matter (Prudent et al., 2009).

Other than environmental effects that can affect the fluxes of
carbon and water, genetic mapping studies showed that there are more
than 10 loci affecting tomato size and shape. Four loci (fwl.1, fw2.2,

fw3.1 and fw4.1) were identified as QTLS in crosses between small and
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large fruit varieties. Variation in these loci has a larger impact on fruit
mass than fruit shape, except for fw3.1 (Tanksley, 2004). The fw2.2 has
been cloned and studied at the molecular level and results showed that
it does not affect fertility and sink source relationship but acts is a
negative regulator of cell division in early fruit development (Cong et al.,

2002).

Tomato as a model plant

The model species for plant science research has been
Arabidopsis thaliana due to its small genome and wide range of genetic
resources (Koornneef and Meinke, 2009). However, Arabidopsis
produces fruits which are dry and inedible. It is therefore not a useful
model for understanding fleshy fruit development. Tomato has become
an especially tractable system for molecular genetic analysis of fleshy
fruit development and ripening due to decades of work on the
biochemistry and molecular biology of the fruit, simple diploid genetics
and an excellent genome sequence (The Tomato Genome Consortium,
2012). Tomato can also be used as a model for studying other aspects
of plant development and for research on the ripening of other fleshy fruit
species.

As a model plant, tomato was used to investigate the control of
flower architecture involving the tomato terminating flower (tmf) mutant.
This tmf mutant flowers early and converts the normal multi-flowered
inflorescence of tomato into a solitary flower. The TMF gene encodes a
member of the ALOG (Arabidopsis LIGHT-SENSITIVE HYPOCOTYL 1,

Oryza G1) family of proteins. The absence of this protein in the tmf
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mutant results in the expression of transcription factors that induce early
flowering altering the normal pattern of vegetative to reproductive
transition and inflorescence formation (MacAlister et al., 2012).

Tomato has also been used to investigate adaptation to abiotic
stress by investigating the response of wild tomato species germplasm
to low temperature stress (Nosenko et al., 2016) and in studying plant
leaf shape (Shani et al., 2009). However, tomato has been most useful
in understanding the biological basis of ripening. Indeed studies on
tomato fruit ripening have led to the discovery that this developmental
process is under epigenetic control.

Ripening in fleshy fruits involves substantial metabolic changes
that can include alterations in colour, carbohydrate metabolism and
texture (Seymour et al., 2013). Much work using tomato as a model
system has demonstrated that ripening is under tight genetic and
epigenetic control (Grierson, 2016).

In tomato, the initiation of the ripening process is characterized by
increased respiration and a burst of ethylene production. The change in
respiration is known as the climacteric rise. Fruits that show increased
respiration and ethylene production are known as climacteric and these
include tomato, apple, avocado and banana. In these climacteric fruits
ripening is initiated and coordinated by the phytohormone ethylene and
a range of developmental cues (Grierson, 2013).

Mutants have been used to study the regulation of ripening in
tomato. These include the Neverripe (nr) which abolishes normal

ripening and the mutation is a lesion in a gene encoding an ethylene
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receptor (Wilkinson et al., 1995). Other mutants that result in altered
ripening phenotypes include ripening inhibitor (rin), and non-ripening
(nor). The rin mutation is a lesion in a gene encoding a MADS-box
transcription factor and in nor the function of a gene encoding a
transcription-factor related to NAC-domain proteins is compromised
(Vrebalov et al., 2002; Giovannoni, 2004). These genes act up-stream
of the ethylene signalling and perception pathway and their expression
is dependent on developmental cues.

Another mutant showing altered ripening is the Colorless non-
ripening (Cnr) (Figure 1.6). Cnr fruits fail to ripen normally. Unlike the
other non-ripening tomato mutants, Cnr is the result, not of a DNA
sequence change, but of an epigenetic change resulting in
hypomethylation of the CNR gene promoter. The CNR gene encodes an
SBP-box transcription factor that is likely to influence the expression of
RIN and other ripening regulatory genes (Manning et al., 2006). The
discovery of an epigenetic mutation governing ripening indicated that
epigenetic processes may play a more important role in tomato
development than previously thought.

In this project we are focusing on tomato as a model crop to
understand epigenetic variation and its impact on phenotypes of

agronomic interest.
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(A)

(B)

Figure 1. 6 Fruits of the Colourless non-ripening tomato.(A) Cnr fruit
and its cross section and (B) revertant ‘ripening’ sectors on Cnr fruits
showing wild-type ripening phenotype (Manning et al., 2006)
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1.2 Epigenetics

1.2.1 Genetics and epigenetics

Genetics is the study of genes, how they are inherited and their
impact on phenotypes. DNA sequence variation between organisms of
the same species and between species can lead to differences in gene
function or expression and hence phenotypic variation. The term
epigenetics, was originally conceived by C.H.Waddington in 1956, to
describe the existence of mechanisms of inheritance in addition to (over
and above) standard genetics (Nobel, 2015). Today, epigenetics is
widely used to describe modifications that cause variation between
organisms of the same species or different species that are stably
inherited without changes in the DNA sequence (Weigel and Colot,
2012) (Figure 1.7). For instance, histone modifications, change in
chromatin structure, and the methylation of cytosine (Lauria and Rossi,
2011) can change the gene expression, producing differences in

phenotype without changes in the nucleotide sequence (Figure 1.8).
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Figure 1. 7 Diagram representation of the difference between
genetics and epigenetics (Yadav et al. 2015).
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Figure 1. 8 Epigenetic modifications. (A) Histones can undergo
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position 5 on cytosine bases, a reaction catalyzed by DNA
methyltransferase enzymes. (C) mRNA is translated into a protein
product, but this process can be repressed by microRNAs (miRNA)
(Relton and Smith 2010, Gomez-Diaz et al., 2012).
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1.2.2 Types of Epigenetic Modifications

Histone Modification

Chromatin is formed from nucleosomes in which DNA is wrapped
around an octamer of histone proteins. This structure acts as a barrier to
transcription, replication and repair of the DNA. It also acts as a regulator
for the production of proteins and enzymes necessary for the appropriate
cellular pathways. Histones can be modified by several processes such
as acetylation, methylation, phosphorylation and ubiquitinylation
(Margueron and Reinberg, 2013).

Histone acetylation results in transcriptionally active DNA
sequences. Acetylation is carried out by the histone acetyltransferase
enzyme (HAT), while deacetylation is caused by histone deacetylase
(HDAC) enzyme (Figure 1.9). This allows changes in epigenetic marks
as acetylation can be removed by HDAC. Methylation can occur in
histones due to the histone lysine methyltransferases (HKMT).
Depending on the histone that is methylated this mechanism can also
change gene expression by promoting or inhibiting transcription. Other
changes to histones such as phosphorylation are involved in DNA repair,
chromosome segregation and cell division. Epigenetic marks in histones
can influence the phosphorylation of adjacent histones. While histone
ubiquitination is involved in the regulatory functions and can influence
cell cycle, development and pathogen resistance (Pikaard and and
Scheid, 2014).

The roles of histone modification and DNA methylation are

interlinked in epigenetic regulation. Histone H3 lysine 9 dimethylation
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(H3K9me2) plays a role in histone modification of transcriptional gene
silencing. Investigations in Arabidopsis revealed that H3K9me2 is
catalysed by the histone methyltransferase SUVH4/KYP. Further results
revealed that histone methylation caused the recruitment of the

methyltransferase CMT3 to methylate DNA loci (He et al., 2011).
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Figure 1. 9 Diagram of chromatin remodelling.The process involves
histone acetylation, chromatin condensation and altered gene
expression. Acetylation targets Lys residues in the amino-terminal tails
of core histone proteins. A string of nucleosomes is shown with the tails
protruding when acetylated. Acetylation of the tail domains inhibits the
folding of nucleosome arrays into secondary and tertiary chromatin
structures. This results in chromatin decondensation, allowing access to
transcription factors and other transcription co-activators. Reader, writer
and eraser refers to the enzymes involved in the process and Ac is
acetylation (Verdin and Ott, 2015)
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RNA interference

Another type of epigenetic modification is carried out by small
RNAs. In general, the regulation of gene expression by small RNA is
also called RNA interference (RNAIi) or Post-Transcriptional Gene
Silencing (PTGS). The small RNAs target complementary mRNAs for
degradation or translational repression in the cytoplasm (Matzke and
Mosher, 2014).

The small RNAs are non-coding RNA, approximately 22
nucleotides long and act as a guide for post-transcriptional control of
protein coding genes (Mocellin and Provenzo, 2004; Mallory et al.,
2004). MicroRNAs (miRNAs) along with small interfering RNA (SiRNA)
are classes of non-coding RNA. They are RNAs that do not encode a
protein but play an important role in the development of an organism.
The siRNAs and miRNAs are both short duplex RNA the difference is
that siRNAs are transcribed from cellular genes or infecting pathogens,
or artificially introduced into the cells and miRNAs are transcribed from
micro-RNA (MIR) genes (Lam et al., 2015).

The process of gene silencing by PTGS occurs in the cytoplasm
and is caused by a short duplex RNA that can be double stranded or
hairpin shaped. In the case of miRNAs, they are then processed by the
RNase Il enzymes Dicer or Dicer-like (DCL) protein into small RNA
molecules with 20-24 nucleotides. The Dicer protein along with
Argonaute (AGO) are the two core proteins involved in the process. The
resulting small RNA (sRNA) molecules are formed into an RNA-induced

silencing complex (RISC). The sRNA molecule guides the RISC to a
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complementary single stranded RNA and the Argonaute cleaves the
RNA. If there is a mismatch between the small RNA molecule with the
MRNA, the mRNA is not cleaved but gene silencing still occurs (Figure
1.10) (Chuang and Jones, 2007; Matzke and Mosher, 2014; Guo et al.,
2016).

In the nucleus, small RNAs regulate gene expression by directing
epigenetic modifications such as methylation of cytosines and histone
methylation (Figure 1.11). The mechanism where RNA is involved in the
methylation of DNA is known as RdDM (RNA-directed DNA Methylation).
The proteins DICER-like3 (DCL3), Argonaute4 (AGO4), the DNA
dependent RNA polymerases (Pol IV and Pol V) and RNA-dependent
polymerase RDR2 are involved in RADM. In the process, the Domain
Rearranged Methyltransferase 2 (DRM2) protein is directed to add
methyl groups to cytosines within the target region (Lopez and

Wilkinson, 2015; Baulcombe, 2015)
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Figure 1. 11 Nuclear RNA silencing.Polymerase IV (Pol 1V) transcribes

)

a single-stranded RNA that is converted into a double-stranded form
(dsRNA) by RNA-dependent RNA polymerase (RDR2). Dicer (DCL3)
generates 24-nt siRNAs from this double-stranded RNA. The siRNAs are
then bound by Argonaute (AGO) proteins and they base-pair to a
transcript produced by polymerase V (Pol V). The AGO complex then
recruits DNA methyltransferase that methylates the adjacent DNA. SHH1,
RDM1, DRD1 and DMS3 are accessory factors causing the process to
operate as a positive-feedback system. RISC (RNA-induced silencing
complex); sRNA (short RNA); TE (transposable element) (Baulcombe,
2015).
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DNA Methylation

Methylation at the 5’ position of cytosine forms a part of epigenetic
regulation along with histone modification and non-coding RNA. In DNA
methylation, cytosine is changed to 5-methylcytosine (5mC). The
methylation of DNA occurs after DNA synthesis and is catalysed by the
methyltransferase enzymes. These enzymes transfer a methyl group
from S-adenosyl-L-methionine (S-AdoMet) to carbon 5 of cytosine
(Figure 1.12). There is strong evidence that this modified cytosine
inhibits gene expression and cell differentiation (Lauria and Rossi, 2011;
Moore et al., 2013; Pikaard and Scheid, 2015). Differences in DNA
methylation are transmitted across mitosis and meiosis in mammals and
plants and their pattern of inheritance can be similar to ‘conventional’
mutations caused by change in DNA sequence (Stokes et al., 2002;
Saze et al., 2003). In Arabidopsis, depletion of the MET1 enzyme (the
enzyme responsible for CG methylation in plants) during gametogenesis
caused a loss of DNA methylation and resulted in a variation of DNA
methylation patterns in the gametes.This was likely caused by random
chromosome segregation during postmeiotic cell divisions. The new
variation of methylation was then propagated through successive rounds
of DNA replication (Saze et al., 2003).

In mammals, most of DNA methylation occurs on cytosines
preceding a guanine nucleotide or CpG sites. DNA methylation plays an
important role in silencing retroviral elements, regulating gene

expression, genomic imprinting and X chromosome activation. In
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different genomic regions DNA methylation have different influence in

gene activities (Moore et al., 2012).
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DNA methylation in plants occurs not only in CG sites, but in
various other sequence contexts, CG, CHG and CHH (H = A, C, or T).
Using a methylcytosine immunoprecipitation method, it was found that
in Arabidopsis, methylation was found in all of the various C contexts in
the genome. A comprehensive DNA methylation map of the Arabidopsis
genome showed that repetitive sequences are heavily methylated and
that over 1/3 of expressed genes are methylated in its transcribed region
and 5% of genes are methylated in their promoter regions (Zhang et al.,
2006). Methylation in promoter regions represses the binding of
transacting factors and gene expression (Laird, 2010). The methyl
groups on methylated cytosines lie in the major groove of DNA and
interfere directly with protein binding required for transcription (Alberts et
al., 2015).

The role of DNA methylation in the regulation of gene expression
is also found to be correlated with the regulation of transposable
elements. Repetitive elements and centromeric and pericentromeric
regions are usually methylated (He et al., 2011). Studies in Arabidopsis
thaliana using a DECREASE IN DNA METHYLATION (DDM1) mutant
showed that hypomethylation not only reactivates silent repeat
seqguences but also causes the activation of transposons. The CAC1, an
endogenous CACTA family transposon, transposes and increases in
copy number at high frequency in the Arabidopsis mutant ddml
hypomethylated background (Miura et al., 2001). The mobility of
transposons has been examined in Arabidopsis using other

hypomethylated mutants. A higher frequency of transposon movement
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(the CACTA elements) was found in the cmt3-metl double mutants. This
indicates that both CG and non-CG methylation are needed for the

immobilization of transposons (Kato et al., 2003).

The Regulation of DNA Methylation in Plants

Cytosine methylation in the plant genome is modulated by the
coordination of several gene products and these include DNA
methyltransferases, DNA demethylases, histone-modifying or
remodelling enzymes and RNA interference (RNAIi) components
(Teixeira et al., 2009). In plants, there are three DNA methyltransferases
that have been identified. These are METHYLTRANSFERASE 1
(MET1), CHROMOMETHYLASE 3 (CMT 3) and DOMAINS
REARRANGED METHYLASE 2 (DRM2) (Figure 1.13) (He et al., 2011;
Zhang et al., 2018). METL1 is a homolog of the mammalian DNMT1 DNA
METHYLTRANSFERASE1 (DNMT1) which is responsible for the
maintenance of symmetric CG methylation. CMT3 is needed for the
maintenance of DNA methylation at CHG sites, while DRM2 is
responsible for de novo DNA methylation at all CHH sites (Chen et al.,
2015). There are other methyltransferases which still need to be
characterized and these include those encoded by the genes MET?2a,
MET2b and MET3, other CMT genes (CMT1 and CMT2) and genes from
the DRM class (DRM1 and DRM2) (Martienssen and Colot, 2001).

The first plant gene encoding cytosine methyltransferase was
isolated from Arabidopsis. The Arabidopsis MET1 gene is a member of

a small multigene family and MET1 is the predominant
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methyltransferase, being expressed in vegetative and floral tissues.
MET1 homologues have been identified in a wide variety of plant species
and the main role of MET1 is suggested to be in restoring parental
pattern of cytosine methylation to the newly replicated DNA daughter

strands (Finnegan and Kovac, 2000).
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Figure 1. 13 The regulation of DNA methylation in plants. De novo
DNA methylation can occur on all cytosine context: CG, CHG or CHH
sequence (where H represents A, T or C). De novo methylation is initiated
by the enzyme DRM2 through RNA-directed DNA Methylation (RdDM)
and demethylation by DNA demethylases or due to failure in methylation

maintenance following DNA replication (Zhang et al., 2018).
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DNA Methylation in Tomato

The discovery of the naturally occurring tomato epimutant Cnr
suggested that there was an important role of epigenetic regulation in
fruit ripening (Manning et al, 2006). More recent work has shown that
demethylation of ripening-related genes is important for tomato fruit
developmental processes (Zhong et al., 2013; Liu et al., 2015). The role
of methyltransferase in the methylation of the CNR promoter was
investigated using 5-azacytidine which is an inhibitor of
methyltransferase (Zhong et al., 2013). The inhibition caused premature
ripening of tomato fruit (Figure 1.16).

Additionally Zhong et al. (2013) also demonstrated that the
promoters of ripening-related genes were demethylated at the onset of
ripening in tomato. This study was supported by data from Liu et al.
(2015) who demonstrated that a DEMETER-like gene encoding a DNA
demethylase was necessary for normal ripening in this fruit. Recently it
has been shown that silencing of CHROMOMETHYLASES3 (SICMF3),
can reduce methylation in the LeSPL-CNR promoter region and trigger
normal fruit ripening (Chen et al., 2015).

The role of miRNAs in the regulation of tomato fruit ripening has
also been investigated. The 3’-UTR of LeSPL-CNR mRNA possesses a
potential target site for micro RNAs: miRNA156 and miRNA157. MiRNA-
based virus induced gene silencing (Mr VIGS) was used to express pre-
SylmiR157. SlymiR157 was found to regulate the LeSPL-CNR genein a
dose-dependent manner through miRNA-induced mRNA degradation

and translation repression. This caused a delayed ripening effect in
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tomato fruit. A related miRNA, SlymiR156, affects fruit softening after the

red ripe stage (Chen et al., 2015).
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Figure 1. 14 Methylation in tomato fruit (cultivar Ailsa Craig). Different
fruits showing (A) normal ripening (left) at 42d.p.a, in fruit treated with 5-
azacytidine at 17 d.p.a. showing premature ripening at 30 d.p.a. (centre),
and the control fruit (right) was treated with water (d.p.a = day post
anthesis). (B) Sanger bisulfite sequencing showing demethylation in Cnr
promoter region. The numbers indicate position of cytosine relative to the
start of Cnr open reading frame (black parts showing frequency of

methylated cytosine) (Zhong et al., 2013).
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Detection of DNA Methylation

Methods for the detection of DNA methylation can be divided into
two groups: bisulfite dependent methods and bisulfite independent
methods (Figure 1.14). Bisulfite treatment converts the unmethylated
cytosines to uracil, but leaves 5-methylcytosine residues unaffected. In
DNA, uracil is a demethylated form of thymine turning an epigenetic mark
into a genetic difference. Analysis such as methylated specific polymerase
chain reaction (MSP), combined bisulfite restriction analysis (COBRA)
and bisulfite genome sequencing (BGS) are used to determine the change
in methylation state of a specific sequence. Sequencing can then be
carried out after bisulfite treatment, either by the Sanger method, Next
Generation Sequencing (NGS) or pyrosequencing (Saze et al., 2003; Jin

et al., 2012; How-Kit et al., 2015; Zhong et al., 2013).

40



( bisulfite dependent methods ] [ bisulfite independent methods ]

initial sample ' ! |
methylation-sensitive
CpG mCpG (sMRT | [ others...... |

restrctionenzyme ] | Ui (s

[ bisulfite modification ] methylated DNA binding
protein or anti-5meC antibody

CpG ﬁ | ® mCpG

UpG "CpG

Cpﬁr"f mCpG P«,—

[ COBRA ] [ others...... ]

[ physical separation ]

[PCR ] [southern blot ] [ others... ... ]

Figure 1. 15 Various methods for methylation analyses. Bisulfite
dependent methods such as MSP, BGS and COBRA are based on
bisulfite-mediated conversion of unmethylated cytosines into uracils.
Bisulfite independent methods such as DNA digestion by some restriction
enzymes, making it possible to determine methylation status. DNA
fragments containing methylated CpG sites could be enriched by anti-
methylcytosine antibody or methylation binding proteins. Advances in next
generation genome sequencing technology have led to the development
of novel techniques such as SMRT (single molecule real time sequencing)
which can analyze 5-methylcytosines with genome wide coverage (Jin et
al., 2012).
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In non-bisulfite methods, restriction enzymes and antibodies
specific for methylated regions are used (Figure 1.15). Some restriction
enzymes are inhibited by methylated cytosines so the patterns of cutting
can provide a tool in detecting methylated sites. The most widely used
restriction enzymes for detection of methylation are Hpall and Mspl
(Vongs et al., 1993; Kankel et al., 2002; Saze et al., 2003; Reinders et al.,
2009). The enzyme Hpall cleaves only CCGG sites that are unmethylated
while Mspl cleaves DNA at CCGG sites irrespective of 5-methyl group at
the internal C residue (Waalwijk and Flavell, 1978).

Another restriction enzyme which can be used to analyse the
presence of methylation sites is McrBC. McrBC is a well characterized
methylation dependent restriction enzyme from Eschericia coli K12
(Panne et al., 2001). McrBC requires nucleoside triphosphates but does
not have an associated methyltransferase activity and its cofactor is GTP.
McrBC recognizes two methylated or hemimethylated cytosines at a
distance of approximately 30 to more than 2000 base pairs and cleaves
the DNA close to one of the methylated sites (Pieper et al., 2002).

Affinity enrichment of methylated regions using antibodies specific
for methylated cytosines or protocols using methyl-binding proteins have
also become useful methods for profiling of DNA methylation in complex
genomes (Yan et al., 2004; Mathieu et al., 2007; Zhong et al., 2013; Laird,

2010).
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Figure 1. 16 Methylation detection using restriction enzymes. (A)

Restriction enzymes Hpall and Mspl (left) and McrBC (right) can be used

to digest DNA before further analysis to detect differentially methylated

region. Detection can also be done using (B) affinity purification where

DNA is denatured and affinity purified using antibody (green) or methyl-

binding domain (MBD, red) protein which is then attached to a column

(Zilberman and Henikoff, 2007)
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1.3 Mapping Populations and their potential for studying epigenetic

variation

1.3.1 Types of Mapping Population

Studies on epigenetic variation and how it can be inherited have
been undertaken using similar methods to those used in studies of
genetic variation. In genetic studies, doubled haploids (DH), recombinant
inbred lines (RIL), and near isogenic lines (NIL) populations are used for
gene discovery and mapping (Figure 1.17). The differences between
each lines are from the different parental lines and the crosses involved
in generating the population. Doubled haploid populations are generated
from induced doubling of pollen microspore while NILs and RILs are
produced from parents that are both highly homozygous (inbred) but
show significant genetic variation. NILs are generated from backcrossing
to a recurrent parent and several generations of selfings, while RILs are
derived from selfing of F2 plants which are then propagated using the
single seed descent method (Collard et al., 2005; Xu, 2010; Sehgal et

al., 2016).
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Figure 1. 17 Three types of mapping populations for self-pollinating
species. Backcross lines, recombinant inbred lines and double haploid
population (Collard et al., 2005).
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Each mapping population has advantages and disadvantages. The
type of plant, length of time to produce the mapping population and the
type of marker that will be observed all must be considered when choosing
a mapping population, DH and RILs are two populations that are highly
homozygous and can be used easily by other researches once they have
been established. A DH population takes less time than RIL but is limited
to only plants that can be easily propagated by tissue culture. A RIL
population takes a longer time to produce, but represents a homozygous
population after 8-9 generations, while DH lines represents the
segregation of individual F1 progenies and a homozygous population in 2
generations (Sehgal et al., 2016).

RILs consist of a series of homozygous lines, each containing a
unique combination of chromosomal segments from the original parent
(Collard et al., 2005). This population of individuals with a mosaic of
parental genomes can be used to fine map quantitative trait loci. With
recent knowledge that epigenetic modifications can also be stable and
inherited, epigenetic RIL (epiRIL) populations have been generated and
used to observe transgenerational inheritance of those modifications in
the model plant Arabidopsis (Johannes et al., 2009; Reinders et al., 2009)

but none have been generated from crop species.
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1.3.2 Epigenetic Recombinant Inbred Lines (epiRILS)

Transgenerational epigenetic variation in plants has been studied
in Arabidopsis thaliana. Parental lines differing in DNA methylation
profiles, experimental populations such as backcrosses, F2 population
and RILs have been used in those studies (Kankel et al., 2003; Mathieu
et al., 2007; Reinders et al., 2009; Johannes et al., 2009).

In a recent investigation, an Arabidopsis epiRIL population was
produced from a cross between parents with different methylation levels
in two different investigations using two different hypomethylated mutants
(Figure 1.18 and Figure 1.19). The population was generated using
parents with different epigenetic marks and from the cross, progenies
were self-fertilized for seven generations before bulking for the final
generation. The parental lines used were a wild type and a mutant for a
gene involved in the maintenance of DNA methylation.

Johannes et al. (2009) used the Colombia (Col) accession with a
homozygous wild type with DDM1 allele (Col-wt) as one parent and the
other parent is homozygous for the ddm1-2 mutant allele (Col-ddm1, 4"
generation). The ddml mutant was isolated from an ethyl
methanesulfonate mutagenized populations. The level of 5-
methylcytosine was reduced over 70% in the ddm1 mutants (Vongs et al.,
1993). Successive selfings are shown in Figure 1.18 causing segregation
of the epialleles and becoming more homozygous in later generations.
The resulting epiRIL population showed variation and high heritability for

flowering time and plant height.

a7



A different epiRIL population was generated by Reinders et al.
(2009) using a wild type and a homozygous metl-3 mutant (both Col-0
ecotype) as parents of the epiRIL population. The metl mutant was
identified in a screen for insertion mutants impaired in transcriptional gene
silencing. The metl-3 mutant contained T-DNA integrated in the MET1
gene. The insert was 7.1 kb and disrupted the conserved motif region of
the gene (Saze et al., 2003). The mosaic of epialleles and increasing
homozygosity of the population is presented in Figure 1.19. Self-
fertilisation for several generations caused segregation of epialleles and
the percentage of homozygosity from each segregation locus (assuming
no epistasis) is Fn = 1-(1/2)"1, where n is the number of generation
(Snape and Riggs, 1975). In the resulting epiRIL populations there were
variation in flowering time and different resistance to some abiotic and
biotic stresses.

Investigation on the methylome of the Arabidopsis epiRILs has
identified hundreds of parental differentially methylated regions (DMRS)
showing Mendelian segregation patterns. Analysis showed that induced
DMRs were stably inherited independent of the DNA sequence and
functioned as epigenetic quantitative trait loci (epiQTL) (Cortijo et al.,

2014).
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1.3.3 Mapping epiQTL

The final generation of a RIL population consists of more than 99%
loci in a homozygous state (Snape and Riggs, 1978). In Arabidopsis, this
hypothesis was tested using generation Fg of the epiRILs from parents
with different methylation state of the DDM1 alelle (Johannes et al., 2009).
The methylation state of eleven target sequences were analysed in 22
Arabidopsis epiRILs. The results showed that five of the differentially
methylated sequence segregated in a Mendelian or near-Mendelian
manner. The percentage of homozygous state of methylation for the
flowering time distribution showed that it was as expected from a
segregating locus in a single seed descent population, with 99.6 % in
homozygous state.

A recombinant map was constructed using transgenerationally
differentially methylated region (DMR) of the Arabidopsis epiRILs
(Colomé-Tatché et al, 2012). Methylated DNA immunoprecipitation
followed by hybridization to a whole genome DNA tiling array (MeDIP-
chip) was undertaken using 123 epiRILs and the parental lines. Further
analysis was undertaken by utilizing the recombinant map with classical
linkage analysis to reveal epigenetic quantitative trait loci (epiQTL) of
complex traits in the Arabidopsis epiRIL population (Cortijo et al., 2014).
Interval mapping of two highly heritable and weakly correlated traits
(flowering time and primary root length) detected highly significant QTLs
in several chromosomes. The linkage mapping could also explain the
causal variants of the broad-sense heritability in the epiRILs were from the

original parents and not from later generations. The DMRs in the
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Arabidopsis epiRILs were shown to be stably inherited independently of
DNA sequence changes and can function as an epiQTL.

In Arabidopsis, differentially methylated regions (DMRs) were
found in the epiRILs showing randomization of methylation marks and
became fixed unique marks in different lines. The utilization of DMRs to
identify epiQTL for specific traits would be useful in an economically
important crop such as tomato.

In this project, a tomato epiRIL population was generated from
parental lines with the same/similar genetic variations and differences in
their epigenetic background. To obtain the epigenetic difference between
the parent lines, RNA interference (RNAi) was used to reduce the
expression of the MET1 gene (MET1 is responsible for the maintenance
of CG methylation in plants) in one of the parental line. For the RNAI, a
PMET1 construct was designed and used for the transformation of cherry
tomato variety WVA 106. The transgene was removed by successive
selfings after the initial cross of the parents. Only plants without the
transgene (azygous) was used to generate the tomato epiRIL
population.Changes in phenotype, gene expression, cytosine methylation
and transposons movements were investigated in different generations of

the tomato epiRILs.
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Figure 1. 18 Construction of an epiRIL population illustrated by
Johannes et al. (2009). The grey bars represent the genome of
Arabidopsis and triangles represent DNA methylation. Black and white
squares represent the DDM1 locus on chromosome 5. The parents were
isogenic but differ in DNA methylation levels. An F1 progeny was
backcrossed to the wild type parent and its progenies were selfed until
Fe. In F7 three independent sublines were established and the seeds

were bulked for Fs.
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Figure 1. 19 Construction of the epiRIL population, illustrated by
Reinders et al., (2009). Parental chromosomes and their segments are
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AIMS AND OBJECTIVES

The aim of this project was to generate and characterize a novel

population of tomato epiRILs and identify the effects of the epigenetic

variation on the development of tomato. This work was part of a

collaboration with Professor Philippe Gallusci at Bordeaux University,

France and INRA (The French National Institute for Agricultural

Research).

Specific Objectives:

1.

To use RNAiI MET1 tomato lines to generate a tomato
epiRIL population by single seed descent to Fs.

To determine stable phenotype generated in the epiRILs.
To determine the methylome of the epiRIL parents and
follow selected loci through epiRIL development.

To determine the effect of MET1 knockdown on gene
expression, level of methylation and transposon

movement in the epiRIL population
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CHAPTER 2 THE GENERATION AND PHENOTYPING OF THE epiRILs

2.1

Introduction

2.1.1 Epigenetics and natural variation

Phenotypic variation is difficult to explain adequately by taking into
account genetic variation alone. This is especially true when considering
diversity and the adaptability of plants in changing environments.
Evidence from a several species proved that there is a ‘missing’ cause
of variations. Some phenotypes such as adaptive responses are too
rapid to be explained by genetic mutations which are rare events and
require long periods of time to accumulate (Manolio et al., 2009; Thorson
et al., 2017). Epigenetic modifications such as DNA methylation,
chromatin remodelling, histone modification and non-coding RNAs can
all result in changes of gene expression without changing the sequence
of the DNA (Gallusci et al., 2017).

To explore the role of epigenetic variation in plant development,
Arabidopsis was used to build populations of epiRILs (epigenetic
Recombinant Inbred Lines) (Reinders et al.,, 2009; Johannes et al.,
2009). In these experimental populations, the genetic background of all
the lines is similar, but there is variation in the levels of cytosine
methylation across the genome. In the Arabidopsis epiRILs, the effects
on phenotype ranged from differences in plant height and flowering type
to changes in disease resistance (Kakutani et al., 1995, Reinders et al.,

2009, Johannes et al., 2009).
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In this investigation, RNAi was used to silence the tomato MET1 gene
to investigate the effects of reducing cytosine methylation across the
genome. The METL1 silenced lines were then used to generate the
tomato epiRIL population. This was a joint project between Bordeaux
University and INRA (The French National Institute for Agricultural
Research) with the University of Nottingham. The generation of the
MET1 RNAI lines and the initial crosses were undertaken by colleagues
at INRA.

Tomato has been used as a model plant to understand the control of
fruit ripening. It also has a large and complex genome in comparison to
Arabidopsis with many repetitive sequences. A major objective of the
current project was to generate a tomato epiRIL population that could be
used to study the effect of altered DNA methylation on plant phenotypes
including those in fleshy fruits. The hypothesis for this part of the project
is that changes in methylation from the reduced MET1 expression can
cause changes in the phenotype of the tomato epiRILs due to the role of

MET1 in the maintenance of CG methylation in the plant genome.
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2.2 Materials and Methods

2.2.1 Establishment of the epiRILs

The epiRIL population was generated from tomato (Solanum
lycopersicum) cv. Cherry WVA 106 (wild type). The parental lines were
genetically identical but one of the parents was a MET1 RNAI line in the
wild type background. The transgenic line was constructed by Philippe
Gallusci and colleagues at Bordeaux University, France.

In the initial MET1 transgenic experiments, three To transgenic
plants were obtained (Appendix 1) andthese To lines were then
backcrossed to wild type WVA106. T1 individuals were then selected that
had lost the transgene (azygous). These lines were then selfed to
produce the F2 generation. Unfortunately, a very low germination rate
was observed in the F2 seeds (Gallusci et al., unpublished data) and only
a small number of individuals could be recovered.

To produce further azygous lines, T1 lines containing the MET1
transgene (hemizygous) were backcrossed with wild type to obtain BC1
lines. Azygous F2 progenies from these BCllines were selected and
selfed to produce the BC1-S1 lines. There were 8 azygous lines from the
original F2 population and 109 lines from the BC1 used in the generation
of the tomato epiRILs. The lines planted in each generations of the
epiRILs consisted of lines from the two different parental cross (either
from F2 or BC1). Because of the space requirements, in each generation
there was a difference in the number of plants per line (table 2.1). In early
generations up to five plants per genotype (line)were grown but in later

generations, with more lines obtained from the backcross, a maximum
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of two plants were grown to fruiting from each line. All epiRILs were then
fixed by continuous rounds of selfing and single seed decent following
the scheme shown in Figure 2.1. The seeds from each individual line
were bulked at F7.

To simplify the description of the generation of the epiRIL
population, lines will be indicated as filial generations or F2, F3, etc. The
origin of the lines is presented in Table 2.1. The seasons varied between
each generations as seeds were collected from one generation and
planted in the next season for the next generation (Table 2.1).

From the 118 epiRILs, only several lines were chosen for further
detailed analysis. There were 10 lines selected consisting of eight lines
(line 2.2, 3.3, 3.4, 4.1, 4.15, 4.18, 4.23 and 4.5) from the first cross
between the parental lines (from F2) and two lines (2.1 and 3.2) from the
backcross (from BC1). These lines were selected because the data were
available from early generations and so they could be used to investigate
the changes in transgenerational inheritance until F7. The wild type was
also planted in each generation as a control.

The experimental design of the early generations (F2 and F3) used
a randomized complete block design and in later generations (F4- Fs) a
complete randomized design was used due to the limited space in the
glasshouse (Appendix 4-15). There were more plants per line in the first
two generations and only two plants per line from generation F4 until Fs
(Table 2.1). However, for the plant height measurements were taken
from three plants in the sowing trays so the number of plants was the

same for all of the epiRIs generations.
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Figure 2. 1 Diagram for the generation of the tomato epiRILs. On the
left side of the diagram are the lines (F2, Fs, etc) from the first cross
between transgenic line and wild type. On the right side of the diagram
are backcross lines (BC1-S1, BC1-S2, etc) from a cross between T1
hemizygous line and wild type. Progenies from both crossings were used

and the generations were labelled as F1, F2, etc. &Qrepresents selfings
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Table 2. 1 The number of lines and planting dates of each generation of

epiRILs
epiRIL Generation | Number and | Number Planting date
Generation | of thelines | generation of of
according | lines planted plants
to parental per line
Cross
F, F2 1WT, 8F2 3 February — June 2016
Fs F3 and 1WT, 8 F3, 5 October 2016 - February
BC1-S2 2 BC1-S2 2017
Fa F3 and 1WT, 8F4, 109 2 July — November 2017
BC1-S3 BC1-S3
Fs F4 and 1WT, 8F5, 106 2 December 2017 — April 2018
BC1-S4 BC1-S4
Fe F5 and 1IWT, 7F6, 107 2 May — September 2018
BC1-S5 BC1-S5
F; F6 and 1IWT, 7F7, 107 2 October 2018 - February
BC1-S6 BC1-S6 2019
Fs F7 and 1IWT, 7F8, 107 2 February — June 2019
BC1-S7 BC1-57
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2.2.2

2.2.3

Seed Sterilization

The seeds were sterilized to reduce infection from seed borne
virus. The tomato seeds processing protocol was adapted from the
protocol used by Cornell University (https://cuaes.cals.cornell.edu,
2019). The seeds were extracted from the pericarp and placed in 2 mL
microfuge tubes and soaked in 50% (v/v) HCI for 10 minutes. They were
then rinsed three times with sterile water. The seeds were then soaked
in 10% (w/v) TSP (tri sodium phosphate) for 15 minutes and again
washed with sterile water. After removing all the remaining water, the
seeds were soaked in 70% ethanol for 10 minutes and rinsed once with
sterile water. In the last step the seeds were soaked in 50% (v/v) sodium
hypochlorite for 20 minutes and rinsed three times with sterile water. The

seeds were then left in the opened tube to dry in a laminar flow hood.

Growing conditions and experimental design

Seeds were sown in nursery stock seed and modular compost
(Levington® F2+S) and transferred after 4-5 weeks to large pots (7.5 L)
in a potting compost (Levington CNSC). Watering and fertilizer were
provided by an automated watering system. The glasshouse
temperature was maintained at 24-26 °C during the day and 16 °C at
night. The biocontrols used were Amblyline Flo (Amblyscius cucumeris)
thrips predator and Oriline L (Orius laevigatus), both from Bioline

Agriscience (Essex, U.K.).
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2.2.4 Plant genotyping

To check the presence of the MET1 transgene in the lines, PCR
was undertaken using the METL1 primers. The forward primer (SIMetl1iF)
was CGACGACAAGACCCTCTGCTAA and the reverse primer
(SIMetliR) was GAGGAGAAGAGCCCTATTTGCC. The primer
sequences were designed by Philippe Gallusci at Bordeaux University,
France. The primers were designed based on the sequence of tomato
MRNA for DNA (cytosine-5)-methyltransferase 1 (LeMET1). The target
length of the amplicon was 250bp. The PCR reactions were undertaken
using Promega GoTaq® HotSTart Colorless MasterMix (Wisconsin,
USA) using the conditions shown in Table 2.1. The PCR products were
separated by electrophoresis on 1.5 % (w/v) agarose gels in 0.5X TAE

(Tris-acetate-EDTA) at 100 Volts for 30 minutes.
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Table 2. 2 PCR Reaction mixture and conditions for plant genotyping

PCR Reaction

Component Final Volume Final
(uL) Concentration

GoTag® HotStart Colorless Master Mix 12.5 1x

2X

Upstream primer 2.5 1.0uM

Downstream primer 2.5 1.0pM

template DNA X 50ng

Nuclease-Free Water Up to 25 UL

PCR Conditions

Step Temperature Time Cycles
Initial denaturation 95°C 5 min 1
Denaturation 95°C 30 sec 30
Annealing 58°C 30 sec 30
Extension 72°C 30 sec 30
Final extension 72°C 5 min 1

Hold 4°C
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2.2.5

2.2.6

2.2.7

Plant Height Measurement
Plant height was measured using a 30 cm ruler and determined
from the base of the plant on soil to the shoot tip four weeks after

germination.

Observation of floral abnormality using a light microscope

Flowers were harvested at around 10 am in the morning and were
placed on a black background and observed under a Zeiss light
microscope, using 0.8x and 1x zoom, 10x objective, 100.00ms exposure

and 100% intensity.

Pollen count

Pollen was taken from flowers at anthesis and the ‘iodine pollen
starch test’ was used to identify viable pollen. The method used was
adapted from Chang et al., (2014) and Abejide et al., (2014). Three
flowers were taken from each plant. The anther cones from the three
flowers were placed on a microscope slide and the pollen was extracted
from the anthers using a needle. The pollen was then stained using two
to three drops of iodine potassium iodide (IKI) solution. The IKI solution
was 0.2 % (w/v) potassium iodide and 1 % iodine crystals (Sigma,
St.Louis, USA) in distilled water. 0.2 g of potassium iodide was dissolved
in a small amount of distilled water. Then 1g of iodine crystals were
added with continuous stirring. Once dissolved, the solution was made
up to a final volume of 100mL with distilled water.

The pollen grains were observed under a Leica DMRB

fluorescence microscope. Pictures were taken from three randomly
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2.2.8

selected areas of the slide and used to calculate the percentage of viable

pollen grains.

Measurement of fruit weight, colour and total soluble solids (TSS).

Samples of fruits were taken from stage B+7 (breaker+7 days).
From each plant, three fruits were analysed. The fruits were weighed
using a digital balance CS series (OHAUS ©).

Fruit colour was measured using a Konica Minolta CR-400
handheld Chromameter. When using the Chromameter, it was first
calibrated using a white background. It was calibrated for the
measurements of a‘, b* and L". The letters a’, b" and L" are three
perpendicular axes in the colour sphere used by the CIELAB colour
space system (Lopez Camelo and Gomez, 2004). Each of the axes
corresponds to different colours: L* (from white to black), a* (green to
red) and b*(blue to yellow). The colour of the pericarp was measured in
three regions of the fruit and the measurements were undertaken on
three fruits per line. The total colour index (TCI) was calculated using the
formula:

TCI = 2000a*/L* (a*? + b*2) 05

An Atago digital pocket refractometer was used to measure total
soluble solids of the tomato fruits at ripe stage (Breaker+7). The
instrument was set to zero with a distilled water blank. To measure the
TSS of the samples, fruit of each line were cut in half and a drop of juice
squeezed onto the prism surface in the refractometer and the reading

was taken. The prism surface was then cleaned using a tissue.
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2.2.9 Statistical Analysis
Statistical analysis was undertaken using Genstat® software (19t

edition). The variation among plants was analysed using Analysis of
Variance (ANOVA). A post-hoc multiple comparison was undertaken to
test all possible pairs of means using the Duncan Multiple Range Test
(DMRT). Results of DMRT is presented in Appendix 3-6. Due to the
difference in experimental design and the number of plants per line, for
some traits only the standard error of difference (s.e.d) is available

(Appendix 17-20).

2.2.10 Environment data
Daily maximum, minimum and mean temperature and
photoperiod data were downloaded from metoffice.com for the year
2015 - 2019. Tinytag Data Loggers were used to record temperature and
humidity inside the glasshouse in generation F3 to observe flunctuations

in the two abiotic factors (Appendix 2 and 3).
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2.3 Results and Discussion

2.3.1 Genotyping for MET1 transgene

The RNAI knockdown of METL1 is likely to affect many aspects of
plant development due the changes in the genome methylation. In this
chapter, we focus on the phenotypic variation that was seen in several
generations of the epiRILs. Some phenotypes that were stable across
generations and these were further investigated using qPCR and
enzymatic analysis.

An important first step in the generation of the epiRIL population was
genotyping to determine whether the transgene was still present in any
of the individual lines. Primers were designed from the sequence of the
plasmid used for the transformation and also from a small part of the
MET1 sequence.

Genomic DNA from To and T1 plants were analysed to confirm the
loss of g the transgene (Figure 2.2). A band of size 250 bp was present
in the lane from the To lines as would be expected since these harboured
the MET1 transgene.

To confirm the amplification of the transgene, T1 lines that were
known to carry the transgene were also used in the genotyping. The 250
bp band was also present in a range of Tz lines. In contrast, there were
no amplicons visible in the wild type control line and azygous Tz lines. A
similar analysis of T2 azygous plants confirmed the absence of the

transgene in these lines (Figure 2.3).
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Figure 2. 2 Testing for the presence of MET 1 transgene in the To
and Ti generation. The MET1 transgene was detected by PCR and
generated an amplicon of 250 bp. Lanes 1-15 were (1) DNA Ladder, (2)
Wild Type, (3) To line 2, (4) To line 3, (5) T1 line 2.2A, (6) T1 3.1 line, (7)
T1 line 3.3A, (8) Tiline 3.4A, (9) DNA ladder, (10) T1 line 4.1A, (11) T
line 4.11, (12) T1 line 4.15A, (13) T1line 4.2, (14) T1 line 4.2, (15) T1 line
4.23A and (16) Ti1 line 4.5 A. The letters L = DNA ladder and A =

azygous.
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Figure 2. 3 Testing for the presence of MET 1 transgene in the F2
compared to the To and Ti1 generation. The MET1 transgene was
detected by PCR and generated an amplicon of 250 bp. Lanes 1-15 were
(1) DNA Ladder, (2) Wild Type, (3) T2line 4.18, (4) T2line 3.4, (5) T2 line
4.15, (6) T2 3.3 line, (7) T2 line 4.5, (8) Tz2line 4.1, (9) Tzline 4.23, (10)
DNA ladder, (11) To wild type, (12) Tz line 2.2A, (13) T1line 3.3A, (14) To
line 2, and (15) To line 3. The letters L = DNA ladder and A = azygous.
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2.3.2

The removal of the MET1 transgene by segregation is an important
step in the generation of the epiRILs. Methylation marks present after
transgene removal will be maintained during DNA replication by the
presence of working copies of the MET1 gene. The methylation levels in
the epiRILs will then be fixed’ in a homozygous condition going forward
by several rounds of selfing.

The selection for plants without the transgene (azygous plants) in
both the initial parental cross and the backcross means that the initial
lines were selected against genomes containing the transgene. Lines
resulting from segregation carrying the transgene were lost and are not

represented in the final tomato epiRIL population.

Phenotyping the vegetative development in the epiRILs

The phenotypes of the lines were assessed between the F2to F7
generations. In many cases phenotypes became more pronounced in
later generations presumably as epi-loci became fixed. In some cases
abnormal phenotypes were observed in a single generation and one
explanation is that these phenotypes were the result of transient
changes caused by environmental conditions. Only persistent and stable

phenotypic changes were characterised further.

Twisted and flat stems
Phenotypic changes were seen in stems and leaves in certain
lines. These included flattening and broadening of stems (Figure 2.4).

Fasciated stems have long been reported in tomato (Zielinski, 1948) and
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this phenotype was seen in several lines. For example, line 4.15 showed
twisted and / or fasciated stems in generations F2 until F4 (Table 2.2). In
other lines, such as 3.3, the altered stem phenotype became prominent

in the Fs generation and was maintained from that point through F~.
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Figure 2. 4 Changes in stem phenotypes in certain epiRILs. Abnormal twisted stems in lines 4.15 (A and B) and flat stem
in lines (C) 2.1 in the F4 generation are indicated by arrows. Scale bar =1 cm
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Table 2. 3 Lines showing abnormal stems in several generations of

epiRILs

Generation Lines showing twisted and / or fasciated stems
F2 4.1, 4.15
Fs 4.15,4.5
Fa 4.5,4.15, 4.35, 4.37, 2.123, 4.310,4.312, 4.1132, 2.1,329
Fs 33,2.1,2.18
Fe 33,2.1,2.18
F7 3.3,4.69,4.1012,2.18
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Fasciation is a phenomenon where a plant organ becomes flat or
ribbon-like, in contrast to the normal cylindrical shape. Fasciation in plants
has been found in several plant species and has been associated with
pathogen infection, mutations, wounding or hormone application
(Fambrini et al., 2006). In this study the phenotype in the epiRILs was
usually accompanied by twisted stems and the plants were often shorter
than wild type.

The change in the epiRILs stem shape suggests possible
changes in the expression of genes controlling shoot apical meristem
(SAM) formation. This meristem has several functions in plant
development, which includes initiation of tissues and organs. The SAM
has several zones, each with different roles in producing new organs with
cell layers undergoing growth different directions. Any changes in the
development and maintenance of zones and layers in SAM can cause
changes in the phenotype of a plant. For example, an increase in SAM
size can cause a loss of the normal arrangement of organ primordia and

flattening of organs (fasciation) can occur (Fambrini et al., 2006).
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Abnormal leaflets and leaf chimera

Changes in the SAM can affect the development of organs such
as the leaves, which develop from the flank of the SAM (Busch et al.,
2011). In the epiRILs, some leaves showed reduced numbers of leaflets
and curled margins. There were also changes in leaf colour and
variegation (Figure 2.5).

Leaves with abnormal leaflets were first observed in generation
Fa. In later generations, more lines showed this phenotype. The lines
showing abnormal leaves were often not consistent in each generation
(Table 2.3). However, line 3.3 showed abnormal leaves at Fs and in the
later generations.

Changes in the leaflet formation indicates alteration in the
expression of genes regulating leaf development. The KNOTTED1-LIKE
HOMEOBOX (KNOXI) gene encodes a transcription factor that is a
master regulator of leaf development. In tomato, the KNOXI genes are
called Tomato KNOTTED 1 (Tknl) and Tkn2. These genes are
expressed in the SAM and in young leaves. Overexpression of Tknl and
Tkn2 in young leaves can result in small, narrow and simple leaves

(Jasinski et al., 2007; Shani et al., 2009; Busch et al., 2011).
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Figure 2. 5 Abnormal leaflet shapes in the epiRILs. (A) wild type leaf, (B) leaf from line 4.1017 and (C) variation in leaf

colour of line 2.124. Pictures are from F4 plants. Scale bars =1 cm
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Table 2.4 Lines showing abnormal leaves

in several generations of epiRlls

epiRIL Lines showing abnormal Lines showing variation in
Generation leaflets leaf colour (chimera)
Fa 410.17,4.5 2.124,4.314
Fs 3.3,4.5 2.11,2.123
Fe 3.3,2.1,4.15,4.35 2.123
F7 41.11, 4.312, 4.1019, 3.2,4.33,4.612,4.1019

3.3,4.15,4.2,4.94,
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Plant Height

Plant height was lower in some epiRILs at 4-5 weeks after sowing.
This trait showed fluctuation between each generation (Figure 2.6a).
However, significant (P<0.05) differences were seen for some lines
compared to wild type. Combining data from five generations of epiRILs
indicated that mean plant height was significantly (P<0.05) reduced in
several epiRILs in comparison to the wild type by F7 (Figure 2.6b).

The shorter epiRILs often had abnormal twisted stems and
altered leaf shapes (Figure 2.7) including line 4.5 in generation Fs. This
line did not produce viable seeds in Fs so was not included in the later
generations. In generation F7, line 3.3 showed a significantly (P <0.05)
lower plant height compared to wild type and had abnormal stem, leaf
and flower features.

Differences in plant height can be caused by both genetic and
environmental factors. Environmental factors such as light, water and
nutrition can affect plant height. The role of genetics (and epigenetics) in
the growth of a plant could result from alterations in various genes and
pathways. The tomato procera (pro) mutant shows suppression of
axillary bud development and increased plant height compared to wild
type (Bassel et al., 2008). This phenotype is similar to a plant with
constitutive response to gibberellic acid (GA), a plant hormone that

stimulates cell elongation.
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Figure 2. 6 Plant height of selected epiRILs at 4 weeks after sowing.
(A) Average plant height for 10 epiRILs and wild type in generations F2
until F7. (B) Difference in plant height between generations F2 and F7.
Error bars = standard error. Asterisks (*) show significant difference
(P<0.05) to the wild type. Plant height value is the mean of three
plants/biological replicates.
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Figure 2. 7 Difference in plant height in epiRIL 4.5. (A) Comparison
of wild type (left) and line 4.5 (right) at 5 weeks after sowing and (B) plant
4.5 showing twisted stem and abnormal leaves. Pictures of plants taken

at generation Fs. Scale bar = 5cm
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2.3.3 Phenotyping reproductive development of the epiRILs
Abnormal flowers

Abnormal flowers were observed in the epiRILs in generations F2
until F7. Flowers with twisted stamens showed an open anther cone and
exerted style (Figure 2.8). The lines showing this abnormal trait mostly
originated from the Ti lines 4.5, 4.1, 4.23, 2.1, 2.2, 4.6 and 3.3 (Table
2.4).

Changes in the stamen and style of tomato flowers can result from
environmental factors such as temperature and heat stress (Giorno et
al., 2013; Muller et al., 2016). However, as this trait was seen in several
generations of the epiRILs, and in some cases maintained in certain
lines, it suggests that abnormal stamen phenotypes could be caused as
a result of reduced methylation across the genome due to silencing of
MET1. This trait was found consistently in lines 4.5 and 2.1 in
generations F3 until Fe. These two lines eventually produced no fruits or
seedless fruits. In line 4.69, abnormal stamens were seen from
generations F4 until F7, but this line still produced some fruits with viable

seeds.
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Figure 2. 8 Altered flower phenotypes. Flowers were from (A) wild
type, (B) 4.5, (C) 2.1 and (D) 4.69. Arrows point to a normal stamen cone
in wild type and exerted style in the other lines. Scale bar = 5mm
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Table 2. 5 Lines showing abnormal flowers

in several generations of epiRlls

Generation Lines showing twisted anther or exerted style
F2 4.5,4.15,4.23,2.2
Fs 4.5,4.15,4.23,2.2,2.1
Fa 2.18,4.5,4.15,4.35,4.69,2.17,4.37,2.117,4.611,2.1
Fs 2.2,3.3,3.4,4.1,4.23,4.5,2.17,2.18,2.117,2.123,2.127,4.69,2.1
Fe 2.2,3.3,41,2.17,2.18,2.117,2.1,4.69,4.33
F7 3.3,2.18, 4.69
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The abnormal stamen cone resembles the phenotype of the
SIEZ2 and SIEZ1 knockdown plants (How Kit et al., 2010). The SLEZ
genes encode the Enhancer of Zeste (E(z)) Polycomb group (PcG)
proteins which are involved in the regulation of tomato fruit and plant
development. Another gene TM8, which encodes a MADS-box
transcription factor and is expressed in tomato flowers can produce
abnormal flowers when mis-expressed (Daminato et al., 2014). Plants
overexpressing TM8 produced flowers with splayed stamens similar to
those observed in the epiRILs.

In many lines, not all of the flowers in one plant were abnormal.
For example, in generation Fs, most of the flowers from lines 4.15 and
4.5 were abnormal and in the case of line 4.15, produced less than ten
fruits and only two fruits having reached ripe stage at 4 months after
planting.

Most of the lines still produced fruits even though flowers often
showed a high abortion rate (Figure 2.9). Some lines were also lost
because no fruits were formed. The flowers of these lines showed
twisted stamens and even with manual pollination failed to produce any
fruits. In generation F7, the lines that failed to produce fruits or had fruits
with no seeds were: 4.918, 4.66, 4.615, 4.5, 2.1 and 2.123 while lines
3.3, 4.69, 2.17, 2.18 and 2.117 still produced fruits with viable seeds.
Thus only 111 lines were propagated further in Fs.

With some lines showing a higher flower abortion rate than others,
the number and viability of pollen was investigated to determine if pollen

viability was linked to flower abortion.
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Figure 2. 9 Percentage of flower abortion. (A) The percentage of
flowers failing to produce fruits in three generations and (B) is the
average percentage of flower abortion from the three generations. Error
bars indicate standard error. WT = wild type. Flower abortion was

calculated from the mean of two plants per line.
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Pollen viability

Pollen viability was investigated in lines showing abnormal
flowers and high percentage of fruit abortion. The pollen was taken from
generation Fs because the flower abortion rate was still higher in the
epiRILs. Additionally, in this generation, more than 90% of the population
was homozygous (Reinders et al., 2009), so the abnormality in the
reproductive organs was likely to be caused by epigenetic changes and
not as the result of the environment. The iodine potassium iodide (IKI)
method was used to evaluate pollen viability (Chang et al., 2014 and
Abejide et al., 2014). Lines with abnormal flowers still contained viable
pollen, shown by the dark staining with the iodide solution (Figure 2.10)
except for line 4.5 in generation Fs. In this line, most of the pollen grains
were only lightly stained compared to wild type indicating changes in
pollen viability. Also the amount of pollen per line showed was variable

(Table 2.5). Line 4.5 did not produce any seeds in generation Fs.

85



(A) (B)

Figure 2. 10 Pollen grains from flowers of wild type and epiRILs in
generation Fs. Pollen was extracted from (A) wild type, (B) Line 4.5 (C)
line 2.17 and (D) line 2.1. The flowers of line 2.17 showed twisted
stamens, but the pollen grains were viable and similar in number to wild
type. Scale bars = 200pum
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One cause of reduced pollen numbers could be differences in
stamen cone morphology, e.g. closed vs open allowing pollen to escape
more readily in the open form. However, observations on closed and
open flowers of lines 3.3 and 4.5 (Appendix 16) showed that the amount
of pollen obtained from closed flowers was not substantially higher than
that from opened flowers. Further study is needed to investigate the

cause of high flower abortion in some of the epiRILs.
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Table 2. 6 Numbers of viable pollen in wild type

and selected epiRILs in generation Fs

Lines Number of Number of Percentage
pollen viable pollen of viable
grains grains pollens (%)

WT 411 407 99
2.2 588 568 96.6
3.3 604 564 93.4
34 329 266 80.9
4.1 445 423 95.1

4.15 315 281 89.2

4.18 511 468 91.6

4.23 262 241 91.98

4.5 174 5 2.8
2.1 270 254 94.1
3.2 420 406 96.7

Note: Pollen numbers were taken from three randomly selected

areas of the microscope slide from four flowers per line.
WT = wild type.
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2.3.4 Phenotyping fruit traits
Total Soluble Solids (TSS)

Tomato flavour is determined by the level of sugar, acid and
volatile compounds in the fruits (Georgelis and Scott, 2004). Sugar
levels are generally determined as total soluble solids (TSS) (Magwaza
and Opara, 2015) and TSS is usually measured as degrees Brix (°Brix)
using a refractometer. Brix levels in tomato usually range from 4-6, but
can reach 12 or 16 in some varieties (Stommel and Haynes, 1993;
Harrill, 1998). The fruits from selected epiRILs and wild type showed
values in the range 4.67-6.24 °Brix in generations Fz, Fz and Fa (Figure
2.17).

In the F2 generation only line 4.23 showed a significant (P<0.05)
difference in the degree Brix compared to the wild type. The mean TSS
of the wild type was 6.22 while the mean for line 4.23 was 5.60. In
generation Fs, there were significant differences (P<0.05) between wild
type and lines 4.23, 4.15 and 3.4 while in F4 between wild type and lines
4.23 and 3.4. In both generations values were lower than wild type
(Figure 2.11).

The differences in TSS between wild type and line 4.2 was significant
(P < 0.05) across three generations (Appendix18). This suggests a
stable change in line 4.23 that was affecting the levels of TSS in the fruit.
However, as there was limited time to conduct the investigation, the
measurement of TSS was not undertaken after generation Fs and the
levels of TSS in fruits from 4.23 should be investigated again once the

lines are fixed and replicate samples are available.
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Figure 2. 11 Total soluble solids at fruit stage Breaker + 7 days. Data
from generations F2, Fs and Fa4. Error bars = standard error. Asterisks (*)
show significant difference (P<0.05) to the wild type. WT = wild type. In
the F2,n=3,inF3,n=5and in F4, n = 2. The s.e.d values are presented

in Appendix 22.
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Fruit Colour Index

Colour index (Cl) was measured in three fruits from each plant of
selected epiRILs and wild type. The CI was then determined according to
Camelo and Gomez (2004). The results indicated that ClI was generally
lower in the epiRILs than in the wild type (Figure 2.12). However, statistical
analysis showed that there were no significant (P<0.05) differences in the
fruit Cl between the epiRILs and the wild type and amongst the epiRILs at
the F2 generation.

At Fs, only line 4.1 showed a significantly (P<0.05) lower CI
compared to the wild type. In F4, there was a significant (p<0.05) difference
in fruit Cl between wild type and lines 4.15, 4.5, 4.1 and 2.2. However, we
must be cautious in concluding that this difference is due to any genetic or
epigenetic changes. Environmental factors such as temperature and light
during the ripening process can affect ClI (Camelo and Gomez 2004).
Further analysis is required when the epiRILs have been fixed and can be
grown as replicated lines. This should involve an assessment of the
metabolites that are involved in fruit pigmentation. This should include
determination of carotenoid and flavonoid levels (Arias et al., 2000; Adato

et al., 2009).
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Figure 2. 12. Fruit colour index at stage Breaker + 7 days. Data from
generations F2, Fz and Fa. Error bars = standard error. Asterisks (*) show
significant difference (P<0.05) to the wild type. WT = wild type. In the F2,
n=3,inF3 n=5andin Fs4, n = 2. The s.e.d values are presented in
Appendix 22.
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Fruit weight

Fruit weight was determined in several generations of selected
epiRILs. Variation in the fruit weight of ten lines was compared to the
wild type from F2 until Fe (Figure 2.19). There was a fluctuation in fruit
weight between each generation, which could be the result of
environmental factors including the season when the plants were grown.
The average weight of the ten lines from all the generations showed that
the epiRILs generally had lower fruit weight compared to wild type.

Due to the effect of environment on the epigenetic information
epigenome of an organism (Gallusci et al., 2017), we must consider that
the difference in fruit weight between generations could be caused by
environmental factors such as light and temperature. The different
generations were planted in different seasons (Table 2.1). Data from the
metoffice.com (Appendix 2) showed the difference in mean temperature
between each season in 2015-2019. However, it must also be taken into
account that the glasshouse temperature and light was also maintained
by artificial light and heating during winter (Appendix 3). Differences
between each generation such as a higher mean fruit weight in F4 could
therefore be caused by a difference in an environment factor compared
to other generations. However, statistical analysis of the fruit weight data
revealed significant differences (P<0.05) to wild type across several
generations which was planted in different seasons.

In lines 2.2 and 4.15 the fruit weight was always significantly
(P<0.05) lower than wild type in each generation. While for other lines

such as 4.18 and 4.23, the average fruit weight was only significantly
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(P<0.05) lower than wild type in some of the generations (Figure 2.13).
This suggests that even though there may be changes in fruit weight due
to alterations in DNA methylation and its impact on gene expression,
environmental factors are still having an effect. This is likely due to the
complex nature of fruit weight as a trait. It is known that there are at least
six loci that are involved in the regulation of tomato fruit size (Tanksley,
2004; Cong et al.,, 2002) which shows the complexity of fruit size
regulation. Images of typical fruits from the control and a range of epiRIL

lines are shown in Figure 2.14.
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Figure 2. 13 Fruit weight at breaker+7 of several epiRILs. (A) Fruit
weight of selected epiRILs and wild type fruits in generations F2 until Fs
(B) The average fruit weight from all five generations. Error bars =
standard error. Asterisks (*) show significant difference (P<0.05) to the
wild type. WT = wild type. Inthe F2, n =3, inFs,n=5and in F4, n = 2.

The s.e.d values are presented in Appendix 22.
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Line 4.5 Wild Type Line 4.1

Line 2.2 Wild Type Line 4.23

Line 4.15 Line 4.18

Figure 2. 14 Comparison of fruit size from selected Fs lines
compared to the wild type. The fruits from several epiRILs (lines 4.5,
4.1, 2.2, 4.23, 4.15 and 4.18) were smaller compared to the wild type.
This was confirmed using ANOVA and DMRT statistical tests (Appendix

17-20).
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Genetic studies have shown that fruit size is a quantitative
character and is regulated by several loci. Marker assisted QTL mapping
and cloning have demonstrated a range of loci are involved in the
regulation of fruit size in tomato. Six major QTLs fwl.1, fw2.1, fw2.2,
fw3.1, fw3.2, and fwl1.3 have been mapped in several studies. They are
referred as major QTL and account for a major portion of the fruit weight
variation in tomato (Grandillo and Tanksley, 1999).

One of the QTL, fw2.2, was found to be responsible for 30% and
47% of the total phenotypic variance in the L. pimpinellifolium and L.
pennellii populations, respectively, indicating that this is a major QTL
controlling fruit weight. This QTL also maps to the same position in
chromosome 2 in L. pimpinellifolium and L. pennellii (Alpert et al., 1995).

The gene at the fw2.2 locus has been cloned (Frary et al., 2000).
and shown to be a plant-specific protein and regulates cell division in the
fruit (Cong and Tanksley, 2006). The data indicated that there was a
negative correlation between the expression of the fw2.2 and fruit size
(Frary et al., 2000). Investigation on the fw2.2-like (PbFWL) genes in
pear also suggested that the genes might be negatively related to the
cell division in pear fruit (Jia et al., 2016).

The data from the studies of the epiRILs indicates that changes
in DNA methylation (hypomethylation) may be directly or indirectly
affecting (increasing) the expression of the gene at the fw2.2 locus. We
describe how we have tested this hypothesis in Chapters 3 and 4.

Chapter 3 presents the result from gene expression analysis and
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Chapter 4 discuss enzyme analysis which investigates methylation

status of selected genes.

Fruit trichomes

In generation Fs, fruit from some epiRILs showed a difference not
only on the size, but also an abnormal fruit surface. This trait was again
seen in generation Fe and could be seen as a fixed trait in the epiRIL
population. Two lines in the population showed trichomes on the fruit
epidermis which were not present in wild type. In the wild type, the fruit
surface is smooth, but in fruits from lines 2.1 and 4.69 the surface was
sticky and when observed by microscope, showed a higher density of
trichomes (Figure 2.15).

The lines with fruit trichomes also had smaller fruit, more locules
and produced fewer seeds (Figure 2.16). The lines showing this
abnormal trait were also lines showing abnormal flowers. Line 2.1
produced only two fruits in generation Fe, but unfortunately did not
produce seeds. Line 4.69 produced several fruits and some viable
seeds.

The trichome phenotype was similar to fruits found in plants with
reduced expression of the SIEZ2 gene (Boureau et al., 2016) The SLEZ2
gene is one of the genes involved in the production of the Enhancer of
Zeste (E(z)) Polycomb group (PcG) proteins which regulate tomato fruit
and plant development.The repression of this gene in genetically
modified plants has been shown not only change leaf and flower

phenotype, but also to produce fruits that were sticky due to a higher
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density of trichomes. Furthermore, changes in the phenotype of several
tomato epiRILs including subnormal anther cones were similar to those
in transgenic lines with abnormal expression of the SLEZ1 and SIEZ2

genes (How Kit et al., 2010; Boureau et al., 2016)
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Figure 2. 15 Tomato fruit surface showing difference in trichome
density. (A) Smooth fruit surface of wild type fruit. Trichomes on fruit
surface of lines 4.69 (B) and 2.1(C) in generation Fes. Scale bar =2mm
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Figure 2. 16 Altered fruit morphology. (A) Fruits of wild type and line
4.69. (B) Whole and cut fruits showing locule number and the seeds.
Scale bar = 1cm
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2.4 Conclusion

Differences in phenotype between the epiRILs and the wild type
indicated a range of effects of the MET1 knockdown on the growth and
development in tomato. Changes in the stem and leaf shape might result
from alterations in the KNOX1 gene expression or other genes involved
with the regulation of the stem apical meristem.

Changes in flower morphology also showed that a reduced in MET1
expression affected the plant phenotype in several generations of the
epiRILs. The abnormal flowers, fruits and some of the change in leaf
shape are similar to those of the EZ1 and EZ2 knockdown plants and TM8
mutants Effects on fruit weight in the epiRILs may be the result of
hypomethylation of genes such as FW2.2. The molecular basis of these
epiRIL phenotypes were investigated further by quantitative PCR and

RNA sequencing and this work is described in Chapter 3
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3.1

CHAPTER 3 INVESTIGATION ON THE GENE EXPRESSION OF THE

epiRILs

Introduction

Changes in DNA methylation are known to affect gene expression
(Zhang et al., 2018). In plants, DNA methylation can occur in promoter
regions or gene bodies (Zhang et al., 2006). The effects of DNA
methylation on transcription are mediated through a number of
mechanisms including inhibition of the binding of transcription activators
and indirectly by promoting repressive histone modifications (Zhang et al.,
2018).

In this Chapter the experiments undertaken explored the effects of
the MET1 silencing on gene expression in selected epiRILs. Candidate
genes likely to be involved in phenotypic changes in fruit and flower
characteristics were nominated and their expression in wild type and the
selected epiRILs was explored. There are reports on the epigenetic
effects in the regulation of the selected genes (Gallusci et al., unpublished
results; Liu et al., 2011) which makes them a good model in this study.
The genes selected were (1) FW2.2 (FRUIT WEIGHT 2.2) which is
involved in the regulation of tomato fruit weight, SIEZ1 and SIEZ2
(ENHANCER OF ZESTE) involved in tomato plant and flower
development and TM8 which is involved in the regulation of tomato flower
development. The expression of these genes was then investigated in

several epiRILs in different generations.
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Quantitative PCR (gPCR) was used to detect changes in the
expression of specific genes. RNA sequencing was used to detect
differentially expressed genes across the genome. RNA sequencing was
also used to detect changes in expression of transposable elements
(TEs). Movements of TEs have been found in Arabidopsis
hypomethylated mutants and are likely to be partly responsible for
changing plant phenotype (Mirouze and Vitte, 2014).

The hypothesis for this part of the project was that there would be
an increased gene expression in some lines due to methylation changes
in the promoter regions. Demethylation of TEs could cause their activation

and result in increased expressions.

3.2 Materials and Methods

3.2.1 RNA extraction

The Spectrum Plant Total RNA Kit (Sigma®) was used for RNA
extraction. The tissue samples (six week old leaves, flowers at anthesis
or fruit at breaker +7) were first ground to a powder in liquid nitrogen. A
maximum of 110mg sample was added to 2mL microtubes. Each sample
was then mixed with 600ul of the lysis solution and 6 pL of 2-
mercaptoethanol. The sample was vortexed immediately for at least 30
seconds and then incubated at 56 °C for 5 minutes before centrifuged at
13,000 g for 3 minutes. The supernatant was placed into a Filtration

column (blue coloured ring) in a 2 mL collection tube. The column
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containing the sample was centrifuged at 13,000 g for 1 minute and the
clarified flow-through lysate was saved for the next step.

Binding Solution (750 pL) was then added to the lysate and this
solution was mixed immediately by a brief vortex. From the mixture, 700
ML was placed into a binding Column (red coloured ring) seated in a 2mL
collection tube. The column and sample were then centrifuged at 13,000
g for 1 minute to bind the RNA. The flow-through liquid was disposed
and the collection tube tapped briefly on clean tissue to drain the residual
liquid. The column was then returned to the collection tube and the
remaining mixture (first lysate + Binding Solution) placed in the column
and centrifuged. The flow-through was again disposed of and the tube
dried briefly on tissue

Wash Solution | was then added to the Binding Column and
centrifuged at 13,000 rcf for 1 minute. For the removal of DNA, DNase |
and DNase digestion buffer were used (Sigma®, Product Code 2816 and
1566). For each sample, 10ul of Dnase | and 70 pL of Dnase digestion
buffer were needed. The solution was mixed by pipetting gently in a 2
mL microtube before dispensing into the centre of the filter in the Binding
Column. The sample was then incubated at room temperature for 15
minutes. After incubation, 500 puL of Wash Solution | was added to the
column and the sample was centrifuged at 13,000 rcf for 1 minute to
remove the digested DNA. The flow-through liquid was removed and the
tube dried briefly on clean tissue before placing it back into the same

collection tube.
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3.2.2

For the next step, it was ensured that the Wash Solution 2
concentrate had been diluted with ethanol before use. 500 pL of the
diluted Wash Solution 2 was added into the column and centrifuged at
13,000 g for 30 seconds. The flow-through liquid was discarded and the
tube dried briefly on clean tissue. This step was repeated and an
additional centrifugation at 13,000 g for 1 minute was added to dry the
column.

The column was removed and placed into a new collection tube
and 50uLof Elution Solution was placed onto the centre of the filter inside
the column. The tube was closed and left for 1 minute at room
temperature. The sample was then centrifuged at 13,000 g for 1 minute

to elute the RNA. The purified RNA sample was stored at -80 C.

cDNA Synthesis

Synthesis of cDNA was undertaken using the Protoscript Il first
Strand cDNA Synthesis Kit (New England Biolabs®). The RNA sample
was first denatured by adding 2uL of oligo-dT primer [d(T)23VN] to every
1ug of RNA and adding nuclease free water up to a total reaction volume
of 8uL. The sample was denatured at 65 °C for 5 minutes then
centrifuged briefly and promptly on ice.

The denatured samples were then added with 10uL of ProtoScript
Il Reaction Mix (2X) and 2uL of ProtoScript Il Enzyme Mix (10X). The
sample was then incubated at 42°C for 1 hour and inactivated by heating
to 80°C for 5 minutes. The cDNA can be directly used for analysis or

kept in -20 °C.
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3.2.3 Quantitative PCR Analysis

The samples used were from leaves, flowers and fruit tissues
taken from two plants per line. There were three leaves/flowers/fruit used
from each plant. Each plant represent segregating individuals in the early
generations of the epiRILs so was not an actual biological replicates of
each line. There were three technical replicates for each plant.

Quantitative PCR (QPCR) was undertaken to quantify single
gene transcripts. The relative value of the amplified product in the
epiRILs was compared to that of the wild type. The gPCR amplification
used Luna® universal qPCR master mix (New England Biolab®).The
reaction mix and PCR conditions are shown in Table 3.1. gPCR analysis
was undertaken using the 480 Il system lightcycler (Roche®).

Primers were designed using Primer3Plus software (Table 3.2).
Primer sequences for the detection of SIEZ1 and SIEZ2 transcripts were
from How-Kit et al. (2010). The ELONGATION FACTOR 1-ALPHA gene
(EF-1a) was used as an internal control (Wang et al., 2018)

To calculate the relative quantity (RQ) of the gene expression, the
‘delta-delta method’ was used (Pfaffl, 2001). The relative expression of

between each line with wild type was compared using the equation :

RQ = 2 -[ACtepiRIL — ACt wild type ] = 9 — AACt

Statistical analysis was not undertaken for the RQ data because
biological replicates were not sufficient in the data (only two plants used

as samples due to restricted glasshouse space). Regression analysis
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was undertaken between the Relative Quantification (RQ) value of each

gene from green fruit and flower tissues against fruit weight at B+7. A

linear regression model was applied using the Genstat® software (19t

edition).
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Table 3. 1 Components and program used in the gPCR reactions

Component Volume Final
concentration
Luna Universal gPCR Master Mix 5uL 1x
upstream primer 1L 0.25 uM
downstream primer 1L 0.25 uM
cDNA 1.5 uL 40ng
Nuclease-free PCR-grade water Up to 10uL
Program Name | Cycles Analysis Acquisition Mode | Ramp Hold Temp
Mode Rate Time (°C)
(°Cls)
Pre-incubation 1 None None 4.4 3 min 95
amplification 40 guantification none 4.4 5 sec 95
single 2.2 10 sec 60
Melting curve 1 Melting curves none 4.4 5 sec 95
none 2.2 1min 65
Continuous 0.11 - 97
(5 acquisition/sec)
Cooling 1 none none 2.2 30sec 40
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Table 3. 2 Primers for gPCR

Primer Name Gene Direction Sequence (5°-3’)
Target of
replication
ORFX1-F FW2.2 Forward ATGGGAATAGGGTGGCAAGC
ORFX1-R FW2.2 Reverse CCTGCATGATAAGGGGGCAT
EZ1-F SIEZ1 Forward CCAATAATCTCATTGAGACAG
(How-Kit et al., 2010)
EZ1-R SIEZ1 Reverse ACCAGACACCTTGTTCGGAC
(How-Kit et al., 2010)
EZ2-F SIEZ2 Forward CCGAGGCATCTGGTACTACGAA
(How-Kit et al., 2010)
EZ2-R SIEZ2 Reverse | CTGGTGGTCGTCAATGATGATGAGTTG
(How-Kit et al., 2010)
TM8-F TM8 Forward GAGAATCAAACAAATAGGCAAGT
TM8-R TM8 Reverse CTTCAGCACATAGAATAGAGA
GA200x2-F SIGA200x2 Forward TTTCCATATTCTACCCTACAAG
(Lietal., 2012)
GA200x2-R SIGA200x2 Reverse TCATCGCATTACAATACTCTT
(Li etal., 2012)
EF1-F EF1 Forward GACAAGAAGGACCCAACTGGTG
(Wang et al.,, 2018)
EF1-R EF1 Reverse CAGAGTCTAGATAGCACACTCGATG

(Wang et al., 2018)
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3.2.4 RNA sequencing

For RNA sequencing (RNA-Seq), the samples used were 6-week-
old leaves RNA from the lines of wild type and two lines from generation
Fz. Line 3.3 originated from the initial parental cross and line 4.69 from
the backcross. RNA was extracted as described in sub section 3.2.1.
Seven microgram of the RNA was sent to Polar Genomics (New York,
USA) for sequencing.

The RNA-seq workflow consisted of several steps. (1) RNA-seq
library construction; (2) sequencing and mapping; and (3) normalization
and (4) statistical modeling to identify the differentially expressed genes
(Li et al., 2017). Steps 1-3 were undertaken by Polar Genomics (New
York, USA) with the construction of strand specific cDNA libraries with
PolyA depletion of ribosomal RNA then pair end 150 bp sequencing on
lllumina HiSeq2500.

The last step was undertaken by Dr Michael Wilson a
Bioinformatician in the Future Food Beacon (University of Nottingham,
UK). In the statistical analysis, DESeq2 software was used to analyse
the FPKM (Fragment Per Kilobase per Million mapped fragment) of each
line and obtain the value of log2foldchange and adjusted P values
(Benjamini-Hochberg False Rate Discovery) for False Discovery Rate
(FDR). Genes and transposable elements (TEs) that were differentially
expressed with values at Padj<0.05 were used to indicate differences in

expression between the epiRILs and wild type.
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3.3 Results and Discussion
Investigations on gene expression in the tomato epiRILs were

undertaken based on abnormal plant morphology observed in some lines.

3.3.1 Relative expression of FW2.2 gene

One of the gquantitative trait loci (QTL) responsible for controlling
fruit size in tomato is the fw2.2 locus (Frary et al., 2000). In this
investigation, the expression of the FW2.2 gene was measured for three
different generations of tomato epiRILs. A variety of lines showing
smaller fruit were assessed for FW2.2 expression at F2, F4 and Fs using
tissue from flowers, green and ripe fruit (Figure 3.1A).

Differences were apparent in the expression of the FW2.2 in
flowers, green fruits (20dpa) and red ripe fruits (stage breaker+7days)
between wild type and the epiRIL lines. However, significant differences
were found in most of the lines in the green stage. A further more
detailed investigation was therefore undertaken using green fruits and
expression between wild type and a range of epiRILs was compared
across F2, F4 and Fs generations. (Figure 3.1B). The relative expression
of FW2.2 gene in green fruit tissue of the seven epiRILs samples was
higher than that of wild type in several lines, especially in generation F4
where all of the sample lines showed a significant (P<0.05) difference to
wild type.

In generation Fe, all of the sample lines showed the same or lower

FW2.2 expression than wild type except for line 3.3. Line 3.3 showed
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abnormal morphology such as more side shoots during its early
vegetative phase, abnormal flowers with twisted stamens and small
fruits with few or no seeds. These abnormal phenotypes were present in
Line 3.3 from generation F4. However, due to its high flower abortion rate,

this line did not produce seeds in generation Fe.
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Figure 3. 1 Relative expression of FW2.2 in epiRILs in comparison
to wild type. (A) Relative expression of FW2.2 in open flowers, green
and B+7 fruit in generation F4 and (B) relative expression of FW2.2 in
green fruits from generations F2, F4 and Fs. The data were analysed from
two plants per line with three technical replicates for each plant. WT=wild

type.
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The data on FW2.2 expression are consistent with the findings of
Cong et al. (2002) where the expression at green fruit stage was higher
than in red ripe fruit (Figure 3.1A). Cong et al. (2002) reported that the
FW?2.2 transcript levels were significantly higher in small fruit varieties at
12-30 days post anthesis.

Previous investigations on this gene indicated a negative
correlation between its expression and fruit weight (Frary et al., 2000;
Cong et al., 2002; Jia et al., 2016). The transcript levels were found to
be inversely correlated to the pericarp and placental cell mitotic activity
in early fruit development. To determine if FW2.2 expression and fruit
weight were related across the selected epiRILs, an analysis was
undertaken on the data from generations Fz, F4 and Fs. There was no
apparent correlation between the relative expression of FW2.2 from
green fruit stage and fruit weight at B+7 (Figure 3.2). The expression
data from green fruit was used against fruit weight at B+7 because of the
highest expression of the FW2.2 gene was found to be highest at this
stage (Figure 3.1A). The correlation was found not significant with
P>0.05 (P =0.053).

With only nine lines used in the analysis, it does not represent all
of the variation in the whole population of the epiRILs. However, it might
also reflect the non-linear relationship between the expressions of
FW2.2 with tomato fruit weight. We know that the FW2.2 locus is not the
only one controlling fruit weight in tomato. Other fruit weight loci have

also been described (Tanksley, 2004; Mu et al., 2017).
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Figure 3. 2 Relationship between FW2.2 expression and fruit
weight. The equation shows the regression line equation and the
correlation coefficient (R?). The regression analysis showed no

significant difference (P>0.05).
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3.3.2 Relative expression of the SLEZ1, SIEZ2, TM8 and SIGA200x2
genes
The analyses were undertaken on selected genes chosen for

their roles in the vegetative and generative plant development.

The relative expression of SLEZ1, SIEZ2 and TM8 in tomato flowers
and fruits

In several epiRILs, flowers showed abnormal phenotypes
including twisted stamens and high flower abortion rates (Chapter 2).
These traits are similar to transgenic tomato lines showing altered
expression of SIEZ1 and SIEZ2 reported previously by How-Kit et al.
(2010) and Boureau et al. (2016). Twisted stamens in tomato flowers
were also seen in lines with over-expression of the MADS-BOX gene
TM8, which is involved in the development of floral organs (Daminato et
al., 2014).

Differences were apparent in the expression of SIEZ1 and SIEZ2
between several epiRILs and these showed a statistically significant
(P<0.05) difference when compared to wild type (Figure 3.3) when
tissues were examined at Fa. In the leaves, the expression of SIEZ1 was
lower in the epiRILs compared to wild type. While in the flowers, its
expression increased up to 3.5 times compared to the wild type. The
opposite was found for SIEZ2, where its expression was higher in leaves
than in flowers.

SIEZ2 expression in the flowers was lower in the epiRlls

compared to wild type and this was the opposite of the expression

117



pattern for SIEZ1 and TM8. In the characterisation of SIEZ1 RNAI lines
by How-Kit et al. (2010), it was suggested that there might be some
functional redundancy between SIEZ1 and SIEZ2. Also that the SIEZ1
might play a more specific role in flower development. This could explain
the opposite level of expression between SLEZ1 and SIEZ2 in the

tomato epiRILs in different tissues.
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Figure 3. 3 Relative expression of SIEZ1 and SIEZ2 genes in
generation Fa4. The data were analysed from two plants per line with

three technical replicates for each plant. WT=wild type.
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Significant correlation was observed between each SIEZ1, SIEZ2
and TM8 expression and fruit weight (Figure 3.4). Inheritance of the
altered expression of SIEZ and TM8 genes was examined by
investigating their expression in the F4 and Fs epiRIL generations. The
data indicated that in Fa4 generation the expression of SIEZ1 in the
epiRILs was higher than in wild type (Figure 3.5A). However, by the Fe
generation the elevated levels of SIEZ1 expression had declined in the
majority of the lines (Figure 3.5A).

The opposite was found for the relative expression of SIEZ2 which
was lower in generation F4 (Figure 3.5B) and increased in generation Fe.
The relative expression of TM8 was similar to that of SIEZ1 with a higher
expression in the epiRILs in generation F4 (Figure 3.5C) and lower in
generation Fe.

The EZ genes and TM8 genes were found to have altered
expression in the epiRILs compared to wild type during anthesis. Their
role in altered flower development in the epiRILs is unclear, but EZ
genes are part of the Polycomb Repressive Complex 2 (PRC2) which
functions as a histone methyltransferase (Chanvivattana et al., 2004)

and this complex can also affect flower development.
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showing the regression line equation and the correlation coefficient (R?).

Regression analysis showed significant difference (P< 0.05).
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The relative expression of SLEZ1, SIEZ2 and TM8 in tomato stem
and leaf development

Some of the epiRILs also showed fasciated, twisted stems and
abnormal leaves (Chapter 2). Similar phenotypes were also observed in
SIEZ2 silenced transgenic plants by earlier authors (Boureau et al.,
2016). To investigate the expression of the EZ genes during the
vegetative stage, EZ gene expression in leaves was examined for
several epiRILs in two generations (Figure 3.6).

The expression of SIEZ1 was lower than wild type in both
generations with lower expression in generation Festhan F4 (Figure 3.6A).
The expression of SIEZ2 was also lower in the epiRILs. Some of the
lines showed lower expression in generation Fs (Figure 3.6B). A
consistent abnormal leaf phenotype was seen in line 3.3 which had a
higher level of SIEZ2 expression in Fs. However, it should be noted that
the leaves of lines 2.2 and 4.23 appeared normal but also showed higher

levels of SIEZ2 expression.
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Figure 3. 6 SIEZ1 and SLEZ2 gene expression in leaves from Fs4 and
Fe epiRIL generations. (A) SIEZ1 and (B) SIEZ2 expression expression
respectively. The data were analysed from two plants per line with three

technical replicates for each plant. WT=wild type.
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The relative expression of SIGA200x2 in tomato leaves and flowers

Plant hormones are known to be involved in plant growth and
development. There are five classical plant hormones: auxins,
cytokinins, gibberellins, abscisic acid and ethylene (Wang and Irving,
2011). A gene involved in the production of a gibberellin was investigated
because this hormone has been found to affect plant height and fruit
development such as found in the epiRIL population (Chapter 2). One
of the gene investigated in this project was SIGA200x2 which is involved
in the gibberellin biosynthetic pathway (Chen et al., 2016) and was
downregulated in a tomato dwarf phenotype GA200x2 is involved in the
production of the precursors of bioactive GA synthesis (Li et al., 2012).
The data showed that the relative expression of SIGA200x2 was lower
in the leaves of the epiRILs (Figure 3.7)

The level of SIGA200x2 expression was higher in the flowers of
the epiRILs than in the leaves, which has been reported previously in
tomatoes (Chen et al., 2016). However, the expression was also higher
in the epiRILs than the wild type. The expression in line 4.15 was more
than 5 times that of wild type. When compared to fruit weight in the same
generation, line 4.15 also showed lower fruit weight than wild type
(Chapter 2) but the value was not significantly different (P<0.05).

Overexpression of gibberellin can cause parthenocarpy, which is
the production of fruit without the process of fertilization and can produce
fruits without seeds (Joldersma and Liu, 2018). Some fruits from the
tomato epiRILs did not produce seeds such as line 4.5 in generation Fs.

Also in lines 4.918, 4.66, 4.615, 2.123, 2.1 and 3.3 no seeds were
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produced in some generations (Chapter 2). The differences in
SIGA200x2 expression in the epiRILs may indicate DNA methylation
changes in the SIGA200x2 gene and these could be affecting seed

number.
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Figure 3. 7 SIGA200x2 gene expression in leaves and flowers of F4
epiRILs. The data were analysed from two plants per line with three
technical replicates for each plant. WT=wild type.
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There are other genes which could be affecting the high abortion
rate and the formation of parthenocarpy fruits in some of the epiRlls.
Other than gibberellin, genes controlling auxin can also affect fruit
parthenocarpy in tomato (de Jong et al.,, 2009). The auxin response
factors are transcription factors that control auxin-dependent
developmental processes and genes that encode these include ARF7.
Plants with reduced levels of SIARF7 produced parthenocarpic fruits that
were heart-shaped and had thick pericarp (de Jong et al., 2009). These
features were, however, not seen in the epiRILs. Homeotic genes such
as SIAGI6 can also have an effect on fruit development and genes from
the AGAMOUS sub-clade of the MADS box genes are known to control
carpel identity in plants. A mutation in SIAGI6 caused parthenocarpic
fruits in tomato (Klap et al., 2017) but the fruit shape and weight were

unaffected unlike the epiRILs which showed changes in fruit weight
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3.3.3 Global transcriptome analysis by RNA Sequencing

RNA sequencing was undertaken on 6 week old leaves of two
epiRILs from generation F7. At this generation, the population should be
in an almost homozygous state (Reinders et al., 2009) and the majority
of the epigenotypes observed in the lines will be fixed. Lines 3.3 and
4.69 were chosen for RNA sequencing due to several abnormal
phenotypes that were observed during their development including
abnormal leaves, twisted stamens, high flower abortion rates and low

fruit weight (Chapter 2).

Differentially expressed genes and transposable elements (TESs)

The transcriptome between the epiRILs and wild type lines was
compared including the expression of various types of TEs. Changes in
gene expression were calculated from the FPKM values and a log2 fold
change was determined. (Dundar et al., 2018; Li et al., 2017). The values
were adjusted to detect false discovery rates in the data.

The data demonstrate that both genes and TEs were differentially
expressed in the epiRILs in comparison with wild type and that the
number of differentially expressed TEs was higher than the number of
genes (Figure 3.8). There was also a higher number of upregulated
genes and TEs compared to downregulated genes and TEs in both lines.

The total number of differentially expressed genes and TEs with
Padj value < 0.05 was higher in line 3.3. There were 260 differentially
expressed genes in line 3.3 with 182 that were upregulated and 78 that

were downregulated. The number of differentially expressed TEs in line
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3.3 were 356, with 310 that were differentially upregulated and 46
downregulated.

In line 4.69, there were 65 differentially expressed genes. From
that number, 55 genes were upregulated and 10 downregulated. The
number of differentially expressed TEs in line 4.69 was 223, with 216
that were differentially downregulated and 7 downregulated.

Changes in TEs mobility would be expected in the tomato epiRlls
and have been observed in the Arabidopsis epiRILs. There was an
increase of transposon reads in the metl Arabidopsis mutant with TEs
being 47% of the reads compared to 15 % in wild type (Lister et al.,
2008). In Arabidopsis epiRILs there was also evidence of movement for
the CACTA transposons (Reinders et al., 2009) and accumulation of the
TEs in several generations of the epiRILs in the metl-derived epiRIL. In
the ddml-derived epiRIL, TE movements were seen for CACTA and

MULE TE families (Johannes et al., 2009).
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Upregulated genes

In comparison to wild type, the number of genes with increased
expression in both epiRILs 3.3 and 4.69 was higher than the number of
downregulated genes. Applying a cut off Padj value of <0.05 and mean
FPKM value > 5 for the epiRIL, twenty genes with the highest value of
log2 fold change are presented in Tables 3.3 and 3.4.

The top three genes with highest fold change values in line 3.3
encoded for NAC domain containing protein 70, F-box family protein and
basic helix-loop-helix (bHLH) DNA-binding superfamily protein (Table
3.3). The NAC domain containing protein 70 is a transcription factor
involved in the regulation of root cap maturation in Arabidopsis
(www.ncbi.nlm.nih.gov/gene/826627, 2019). The second most highly
upregulated gene encoded an F-box family protein and these are known
to play a role in protein ubiquitination and degradation (Lechner et al.,
2006; Xu et al., 2008). The third most highly expressed gene encoded a
bHLH DNA-binding superfamily protein. These are transcription factors
with diverse functions ranging from light and hormone signalling to plant
defense response (Carretero-Paulet et al., 2010).

In epiRIL 4.69 the three genes with highest fold change values
were different from those of line 3.3. They encoded a Cytochrome b561
and DOMON domain-containing protein, a serine/threonine
phosphatase-like protein and a BED zinc finger, hAT family dimerization
domain containing protein (Table 3.4). The Cytochrome b561 protein is
a transmembrane protein involved in electron transport (Verelst and Han

Asard, 2003) and containing a DOMON (dopamine b-monooxygenase N
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terminus) domain. The serine/threonine phosphatase belongs to the
phosphoprotein phosphatase (PPP) family, which functions in auxin and
brassinosteroid signalling, phototropism, regulation in rapamycin
pathway and in cell stress responses (Uhrig et al., 2013). The zinc finger
encoding gene functions as a transcription factor, but the function of this
specific protein is unknown.

There were two genes that were found in the top twenty list in
both lines. They were the ATP-dependent helicase/deoxyribonuclease
subunit B and zinc-binding dehydrogenase family protein. Helicases are
enzymes that are involved in the unwinding of DNA, dissociating the
hydrogen bond between the nucleic acid duplex and other non-covalent
bonds between the base pairs (Tuteja, 2003). Zinc-binding
dehydrogenase family protein was also found highly expressed in both
lines. Zinc finger homeodomain genes were found to be involved in
tomato plant development and stress response (Khatun et al., 2017) ,
but further work will be needed to confirm the function of the encoded

protein
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Table 3. 3 List of 20 genes with highest increased expression in line epiRIL 3.3, generation F7

Mean Mean Fold Log2
NO. GenelD Anotation FPKM FPKM | change | FoldChange Pad]
WT 3.3 3.3 3.3
1 Solyc08g014355 | NAC domain containing protein 70 0.01 5.69 854.00 9.98 1.5E-13
2 | Solyc05g010367 |F-box family protein 0.01 8.40 630.25 9.35 1.2E-11
LOW QUALITY:basic helix-loop-helix (bHLH) DNA-binding
3 Solyc05g032640 |superfamily protein 0.06 30.29 504.83 8.99 2.5E-10
4 | Solyc00g147570 |villin 2 0.05 15.74 314.87 8.34 2.3E-39
5 Solyc02g021170 |LOW QUALITY:cyclic nucleotide gated channel © 0.12 25.07 214.89 7.93 5E-09
6 Solyc05g021167 |translocase of inner mitochondrial membrane 23 0.08 7.32 95.48 6.59 1.7E-06
7 Solyc10g045153 | ATP-dependent helicase/deoxyribonuclease subunit B 0.15 10.81 70.52 6.13 8.1E-07
8 | Solyc01g060020 |beta-1,3-glucanase TOMB13GLUB 0.69 48.96 71.30 6.09 0.00057
9 Solyc01g059965 |Beta-1,3-glucanase 0.56 39.54 70.18 6.08 0.00057
10 | Solyc01g059980 |Beta-1,3-glucanase 0.70 48.77 70.00 6.07 0.0006
LOW QUALITY:oxidoreductase, zinc-binding dehydrogenase
11 | Solyc10g045150 |family protein 0.21 13.85 64.92 5.98 2.1E-06
12 | Solyc07g006380 |Defensin-like protein 0.48 24.66 51.38 5.64 0.02846
13 | Solyc08g083500 |Cytochrome P450 family protein 0.17 8.63 50.76 5.53 3.7E-27
14 | Solyc02g063255 |Enolase 0.46 16.74 36.65 5.24 1.5E-25
Osmotin-like protein (Fragment) IPR017949 Thaumatin,
15 | Solyc08g080640 [conservedsite IPR001938 0.54 20.58 38.35 5.20 0.00425
Osmotin-like protein (Fragment) IPR001938 Thaumatin,
16 | Solyc08g080650 |pathogenesis-related 2.45 86.82 35.39 5.09 0.00175
2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase
17 | Solyc04g009860 |superfamily protein 0.39 5.65 14.50 3.83 0.00147
Bifunctional inhibitor/lipid-transfer protein/seed storage 2S
18 | Solyc08g079230 |albumin superfamily protein 0.44 6.42 14.58 3.81 0.04743
19 | Solyc01g106620 |Pathogenesis-related protein 1 2.74 36.51 13.31 3.68 0.00323
20 | Solyc01g106630 |CBL-interacting protein kinase 23 2.77 36.63 13.21 3.67 0.00332
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Table 3. 4 List of 20 genes with highest increased expression in epiRIL 4.69, generation F7

Mean Mean Fold Log2
NO. GenelD Anotation FPKM FPKM | change | FoldChange | Padj
WT 4.69 4.69 4.69
Cytochrome b561 and DOMON domain-
1 | Solyc12g035223 containing protein At5g35735 0.05 7.42 139.06 7.43 5.2E-08
2 | Solyc00g005092 Serine/threonine phosphatase-like protein 0.09 12.36 132.43 7.09 9.1E-06
BED zinc finger,hAT family dimerization
3 | Solyc12g035225 domain, putative 0.08 6.68 83.50 6.61 5E-15
ATP-dependenthelicase/deoxyribonuclease
4 | Solyc10g045153 subunit B 0.15 5.82 37.98 5.42 0.0001
5 | Solyc05g047680 Cytochrome P450 0.17 5.82 34.94 5.41 0.0483
LOW QUALITY:oxidoreductase, zinc-binding
6 | Solyc10g045150 dehydrogenase family protein 0.21 7.34 34.39 5.25 0.0003
7 | Solyc02g063255 Enolase 0.46 10.20 22.34 4.71 4.6E-20
P-loop containing nucleoside triphosphate
8 | Solyc03g033820 hydrolases superfamily protein 0.27 5.84 21.91 4.49 3.4E-14
Sec14p-like phosphatidylinositol transfer
9 | Solyc12g040685 family protein 2.63 26.80 10.18 3.46 1.2E-41
10 | Solyc12g040690 fatty acid hydroxylase 2 3.30 23.97 7.27 2.99 1.5E-11
11 | Solyc01g100490 chloronerva 1.60 9.96 6.21 2.86 0.0171
12 | Solyc12g049613 Glycosyltransferase 4.29 19.31 4.50 2.28 1.6E-09
Light-independent protochlorophyllide
13 | Solyc08g062290 reductase subunit B 1.47 5.86 3.98 2.15 0.0081
14 | Solyc07g009150 Protein kinase family protein 7.46 26.76 3.59 1.97 5.5E-07
Glucan endo-1,3-beta-glucosidase, basic
15 | Solyc00g011160 vacuolar isoform 4.20 12.01 2.86 1.59 0.0292
16 | Solyc04g051720 LOW QUALITY:transmembrane protein 3.39 9.18 2.71 1.57 0.0168
17 | Selyc01g017220 ATP synthase epsilon chain, chloroplastic 326.54 872.35 2.06 1.17 0.0171
18 | Solyc10g044543 ATP synthase subunit b, chloroplastic 10.20 20.69 2.03 1.13 0.0041
19 | Solyc08g076080 Serine/Threonine kinase family protein 8.94 16.02 1.79 0.93 0.0006
20 | Solyc03g033825 Ubiquitin-related modifier 1 homolog 3.72 6.41 1.72 0.88 0.0033
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Downregulated genes

The number of downregulated genes was less than the upregulated
genes in both lines. Using a cut off value of log2 fold change< -2, only ten genes
with adjusted Pvalue < 0.05 were downregulated in line 4.69 while in line 3.3
there was 78 genes that were downregulated. To compare the two lines, only
ten genes are listed from line 3.3 (Table 3.5) and compared to those in line 4.69
(Table 3.6).

In line 3.3, the gene that was most downregulated encoded for
cytochrome C oxidase subunit II-like, transmembrane domain-containing
protein. The cytochrome C oxidase is involved in the respiratory chain in plant
mitochondria (Schertl and Braun, 2014). Also a homeobox leucine zipper
protein, which is a transcription factor involved in the negative regulation of cell
elongation and specific cell proliferation processes (https://www.uniprot.org
/uniprot/Q05466, 2019). The third gene most highly downregulated in line 3.3
encoded for a prolyl oligopeptidase family protein which may be involved in
tolerance to abiotic factors (Tan et al., 2013).

In line 4.69 the top two genes most downregulated encodes for prolyl
oligopeptidase family protein which was also found in line 3.3. The third most
highly down regulated gene to be downregulated in line 4.69 encodes for
proline-rich receptor-like protein kinase (PERK) family which is involved in the

growth of stem and root (Borassi et al., 2016).

136



Table 3. 5 List of downregulated genes in line 3.3, generation Fr

Mean Mean Fold Log2
NO. GenelD Anotation FPKM FPKM change | FoldChange | Padj
WT 3.3 3.3 3.3
Cytochrome C oxidase subunit |1-like, transmembrane
1 Solyc10g038393 | domain-containing protein 7.80 0.07 0.01 -6.27 3.8E-24
2 Solyc06g035940 | Homeobox leucine zipper protein 41.73 2.30 0.06 -4.22 2.6E-59
3 Solyc02g050240 | Prolyl oligopeptidase family protein 15.52 1.63 0.10 -3.20 1.1E-08
4 Solyc02g050207 | Prolyl cligopeptidase family protein 5.92 0.76 0.13 -2.90 0.0074
5 Solyc08g067160 | Acyl-protein thicesterase 2 7.38 0.99 0.13 -2.93 6.7E-08
6 Solyc03g111970 | Cytochrome P450 6.65 1.06 0.16 -2.67 0.0059
7 Solyc07g007040 | G-patch domain-containing protein 12.77 2.33 0.18 -2.50 4E-118
8 Solyc08g066260 | Histidine decarboxylase 23.67 5.34 0.23 -2.20 0.0010
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Table 3. 6 List of downregulated genes in line 4.69, generation F7

Mean Mean Fold Log2
NO. GenelD Anotation FPKM FPKM change FoldChange Padj
WT 4.69 4.69 4.69
1 Solyc02g050240 | Prolyl oligopeptidase family protein 15.52 0.21 0.01 -6.18 3.7E-24
2 Solyc029050207 | Prolyl oligopeptidase family protein 5.92 0.11 0.02 -5.46 1.1E-08
LOW QUALITY:Proline-rich receptor-like protein
3 Solyc05g041750 | kinase PERK10 13.99 2.38 0.17 -2.56 3.3E-05
4 Solyc09g008840 | Pyruvate kinase family protein 18.65 522 0.28 -1.81 0.03098
5 Solyc12g035710 | DUF21 domain-containing protein 2.48 0.71 0.29 -1.83 0.00045
6 Solyc02g050205 | Prolyl oligopeptidase family protein 7.64 2.21 0.29 -1.75 2.7E-21
7 Solyc02g005115 | Glycosyltransferase 5.03 1.62 0.32 -1.58 0.03248
8 Salyc02g005110 | Homecboxleucine-zipper protein 2.71 0.88 0.33 -1.60 0.03098
9 Solyc03g062830 | Nudix hydrolase-like protein 35.58 18.08 0.51 -0.94 0.00092
10 | Solyc02g055467 | Disease resistance protein (CC-NBS-LRR class) family 23.95 12.74 0.53 -0.86 0.00087
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Differentially expressed transposable elements

There were 14 types of TEs that were differentially expressed in the
epiRILs. These differentially expressed TEs are presented as percentage of all
of the types of TEs found in each line (Figure 3.9). In both epiRILs, the highest
percentage was found to be the gypsy elements which reached more than 60%
of the total. In line 3.3, the second most differentially expressed TE was unable
to be identified (unknown) while the third belonged to the copia group. In line
4.69, the second most differentially expressed TE was copia while the third
group was unknown.

These data provide evidence that most of the differentially expressed
TEs in the tomato epiRILs were from the Class | elements or LTR (Long
Terminal Repeat) retrotransposons. Class | elements are normally found in
tomato (Jouffroy et al., 2016) whereas in Arabidopsis Class Il elements were
more abundant (Le et al., 2000). Class | TEs generateRNA intermediates for a
‘copy and paste’ mechanism while class Il TEs are known to transpose or move
via a ‘cut and paste’ mechanism (Dubin et al., 2018)

In Arabidopsis, transposon movements have been observed in
hypomethylated mutants. Both Class | and class Il elements have been shown
to remobilize in a metl Arabidopsis mutant (Mirouze et al., 2009; Mari-Ordonez
et al., 2013) and in Arabidopsis epiRILs (Johannes et al., 2009; Reinders et al.,
2009). Changes in TE movements were also linked to increased TE expression.
Changes in methylation levels and mobilization of TEs in the tomato epiRlls,

are investigated further in Chapter 4.
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Figure 3. 9 The proportion of differentially expressed TEs.
Data from epiRILs (A) line 3.3 and (B) line 4.69. Padj <0.05 as threshold of significance
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Downregulated TEs.

Using a cut off value of mean FPKM wild type > 5 to detect
changes in expression, there were 23 TEs downregulated in line 3.3
(Table 3.7). The log2 fold change <-2 was not used as cut off value as
not many of the downregulated TE had a lower value. Most of the TEs
that were downregulated in line 3.3 were unknown types and those that
belonged to the DNA transposons which are Class Il TEs and replicates
via a cut-and-paste mechanism (Feschotte and Pritham, 2007). Both the
unknown group and DNA transposons were in the top 4 groups that were
differentially expressed in the epiRILs.

Using the same cut off value in line 4.69 there were only 2 TEs
that were downregulated (Table 3.8). Both belonged to the unknown and
DNA transposon types. These results showed that the types of TEs
downregulated belonged to a different types of TEs to those that were
upregulated. The regulation of the different types of TEs could be
different according to the mechanism of transposition. Gypsy and copia
TEs are Class | elements while the DNA transposon is a Class Il
element. Further analysis is needed to investigate if differences in
cytosine methylation between the epiRILs could contribute to the

differences in the regulation of TEs.
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Table 3. 7 List of downregulated TEs in line 3.3 in generation F7

Mean Mean
No. Feature ID repeat class FPKM WT | FPKM 3.3 log2FoldChange Padj
1 SL3.0ch01.83093047 83093100 Unknown 42 93 11.79 -2.00 0.0008007
2 5L3.0ch06.42150234.42150340 Unknown 185.69 52.88 -1.98 0.0002345
3 SL3.0ch08.59754929 59755912 DNA/hAT-Ac 514 1.52 -1.96 0.0032257
4 5L3.0ch01.95903960.95904034 DNA 38.93 11.56 -1.91 0.0024532
5 SL3.0ch01.95903976.95904088 Unknown 21.22 6.64 -1.89 0.0106141
6 5L3.0ch06.42150262.42150674 Unknown 34.73 10.70 -1.87 0.0001965
7 SL3.0ch09.70335532.70335697 Unknown 16.01 5.41 -1.79 0.0016835
8 5L3.0ch08.59754527 59754887 DNA/hAT-Ac 20.50 6.83 -1.75 0.016252
9 5L3.0ch01.6238418 6239914 DNA/hAT-Ac 1.67 0.58 -1.75 0.002095
10 SL3.0ch12.1023554.1023846 DNA 8.38 2 66 -1.74 0.0508965
11 5L3.0ch02.26696468.26696525 DNA/TcMar-Stowaway 49 33 16.22 -1.64 0.0095725
12 S5L3.0ch05.59171675.59171757 DNA/TcMar-Stowaway 44 73 16.70 -1.59 0.0354423
13 5L3.0ch04.49001916.49002098 Unknown 2552 9.85 -1.57 0.0043391
14 SL3.0ch08.568069.568317 DNA/TcMar-Stowaway 8.49 3.46 -1.54 0.0082755
15 5L3.0ch08.26773064.26773109 DNA/MULE-MuDR 989 .48 400.12 -1.45 0.0034215
16 SL3.0ch05.59197623.59197863 LTR/Copia 27.82 11.65 -1.44 0.0346495
17 SL3.0ch05.1377485.1377576 Unknown 51.65 22 .44 -1.43 0.0299197
18 SL3.0ch06.37662393 37683177 DNA/hAT-Ac 3.58 1.43 -1.42 0.0221979
19 5L3.0ch08.59753182.59753396 DNA/hAT-Ac 22.82 9.63 -1.41 0.0422374
20 SL3.0ch06.46733441 46733583 Unknown 17.91 7.70 -1.32 0.0411509
21 5L3.0ch12.66970764.66970844 LINE/RTE-BovB 23.89 10.07 -1.29 0.0440374
22 5L3.0ch02.37015423 37015875 DNA 6.41 2.85 -1.28 0.0307387
23 S5L3.0ch01.89341905.89342064 Unknown 26.33 12.53 -1.17 0.0198855
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Table 3. 8 List of downregulated TEs in line 4.69 in generation F7

No. FeatureID Repeat class FPKMWT FPKM 4.69 log2FoldChange Padj

1 SL3.0ch05.21537916.21539495 LTR/Gypsy 0.3466667 0 -6.826865978 8.82E-05
2 SL3.0ch08.7788330.7789478 LTR/Gypsy 0.6633333 0.01333333 -5.461185516 0.001311
3 SL3.0ch08.7789491.7790692 LTR/Copia 0.79 0.03333333 -4.472601133 0.000114
4 SL3.0ch08.7792855.7795582 LTR/Gypsy 0.21 0.01666667 -3.499733441 0.036333
5 SL3.0ch08.7786759.7788347 LTR/Gypsy 1.1133333 0.11666667 -3.40008769 0.0006

8 SL3.0ch01.95903960.95904034 DNA 38.926667 13.7433333 -1.497599803 0.046792
7 SL3.0ch01.83093047.83093100 Unknown 42933333 14.7 -1.470127735 0.039816
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CHAPTER 4 DETECTION OF DNA METHYLATION AND TRANSPOSON

MOBILIZATION USING RESTRICTION ENZYMES

4.1 Introduction
The tomato epiRIL population would be expected to have reduced levels of
cytosine DNA methylation across the genomes of the various lines based on
down regulation of the MET1 gene in one of the initial parents. In this Chapter
the location of DNA methylation in the epiRILs is explored using a number of
approaches chosen to maximise the ability to characterise the population,
within the constraints of the funding available within this PhD project.

The three main objectives of the DNA methylation analysis described
in this and the following chapter were to identify differentially methylated
regions (DMRS) in:

(1) Targeted analysis of cytosine DNA methylation in specific genes of

interest based on phenotypic and gene expression changes.

(2) Investigate potential transposon mobilization as a result of genome-

wide hypomethylation.

(3) In a small number of epiRIL lines investigate the changes in

cytosine DNA methylation at single nucleotide resolution and on a

genome-wide scale (Chapter 5).
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This chapter addresses objective 1 and 2. In objective 1 the targeted
DNA methylation analysis is explored using the well-characterised McrBC
enzyme assay, while transposon mobilization has been investigated by
Southern blotting (objective 2).

McrBC recognizes two methylated or hemimethylated sites (RmC),
located on one and/or the other strand of the DNA about 30 - >2000 base
pairs apart. DNA digested with McRBC and PCR is used to amplify the region
of interest from digested and undigested DNA. The presence of methylation
within the target region results in its fragmentation by the McrBC enzyme and
inhibits PCR amplification (Stewart et al., 2000; Bai et al., 2016). .

Southern blotting has been used to detect transposition in studies of
epiRIL populations (Reinders et al., 2009; Johannes et al.,, 2009). The
transposition of the CACTA transposon was detected in Arabidopsis epiRILs
derived from a cross between metl mutant and wild type line (Reinders et
al., 2009). In the epiRILs derived from ddml mutant and wild type, two
transposons (CACTA and MULE) were found to be mobilized in plants
showing abnormal flowering (Johannes et al., 2009).

In the tomato epiRILs changes in DNA methylation in genes of interest
was undertaken using the MrcBC assay and transposition was investigated
using Southern blotting. The hypothesis for this part of the project was to
detect changes in CG methylation at selected promoter regions and

transposable elements using restriction enzymes.
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4.2

42.1

Materials and Methods

DNA extraction | for the McrBC assays

This method was selected for its DNA purity and delivery of between
1-5 pug of DNA / extraction. It followed the protocol of ISOLATE Il Plant DNA
Extraction Kit from Bioline® (London, UK). DNA was extracted from 0.1 g leaf
tissue from four week old plants. The leaf tissue was added to a 2 mL
microfuge tube and this was then placed in liquid nitrogen. After being snap
frozen, the leaf tissue was ground to a fine powder using a plastic grinding
stick. Then 400 pL of Lysis buffer PA1 was added to the tissue and the
mixture vortexed. The ISOLATE Il filter (violet colour) was placed in a new
Collection Tube and the lysate was added. The sample was centrifuged at
11,000 x g for 2 minutes. The Elution Buffer PG was prepared at this stage
by placing on a 65 °C heating block.

The filter was discarded and to the flow-through was added 450 uL
Binding Buffer and this mixture was then vortexed. The ISOLATE Il Plant
DNA Spin Column (green colour) was placed inside a new collection tube
and a maximum of 700 pL of the sample was loaded onto the column. The
sample was then centrifuged at 11,000 x g for 1 min. The step was repeated
until all of the lysate was used. To wash the DNA, 400 uL of Wash Buffer
PAW1 was added to the column and centrifuged at 11,000 x g for 1 minute.
The flow-through was discarded. For the next wash, 700 pL of Wash Buffer
PAW?2 was added and centrifuged at 11,000x g for 1 minute. After the flow-
through was discarded, 200 pL of Wash Buffer PAW2 was added and

centrifuged again at 11,000 x g for 2 minutes.
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4.2.2

The ISOLATE Il Plant DNA Spin Column was then placed in a new 1.5
mL microfuge tube and the DNA eluted by adding 50 uL of Elution Buffer PG
(which had been placed at 65 °C) and the sample incubated at 65 °C for 5

minutes. The sample was then centrifuged at 11,000 x g to elute the DNA.

DNA extraction Il for Southern blotting

The lllustra Nucleon PhytoPure Kit from GE Healthcare®
(Buckinghamshire, UK) was used to obtain at least 15 ug of pure DNA
needed for Southern Blotting . Leaf samples (100mg) were frozen and ground
to a fine powder. Reagent 1 (R1) was prepared by adding 0.7 pL of B-
mercaptoethanol for every 1mL of R1 solution. For every sample, 900 pL of
R1+mercaptoethanol solution was needed.

The 900uL of the R1 plus mercaptoetanol solution was added to the
frozen leaf powder and mixed with a small spatula. A volume of 300 pL
Reagent 2 (R2) was then added to the mixture and the tubes inverted 3-4
times until the mixture became homogenous and more viscous. The sample
was then incubated at 65 °C for 30 minutes then placed on ice for 20 minutes.

A volume of 600 pL of cold chloroform and 200 uL of resin was added
to the sample. The tube containing the sample was inverted several times at
room temperature for 10 minutes. The sample was then centrifuged at 1300
x g for 10 minutes. The supernatant was transferred to a new 2mL tube and
an equal volume of cold isopropanol was added. The tube was inverted again

several times.
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4.2.3

The sample was centrifuged at 4000 x g for 5 minutes and the
supernatant was discarded. The pellet was then washed by adding 100 pL
cold 70% ethanol and centrifuged at 4000 x g for 1 minute. The supernatant
was discarded. Washing with ethanol was repeated twice and then the
sample was dried at room temperature for a maximum of 5 min. The pellet
was then resuspended in100 pL nuclease free water.

To remove RNA, 20 uL /mL of RNAse (Qiagen) was added to the
sample and incubated at 37 °C for 30 min then the RNAse was inactivated at
65 °C for 10 min. The concentration of DNA was measured in

a NanoDrop1000 Spectrophotometer (Thermo Fisher Scientific Inc.) .

McrBC enzyme Digestion

For McrBC digestion the McrBC digestion kit from New England
Biolab® (Hertz, UK) was used. The digestion reaction mix consisted of 10 pL
NEB Buffer (1X), 0.5 L BSA (100ug/mL), 10uL GTP (ImM) and 2uL McrBC
Enzyme (50U/ug gDNA), 1 ug DNA and nuclease free water was added until
a total volume of 100 pL. The reaction mix was incubated at 37 °C for 5 hours
and inactivated at 65 °C for 20 minutes. The digested DNA was then stored
at -20 °C or could be used directly for downstream analysis. Two biological

samples were used for the McrBc digestion taken from each line.
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4.2.4 PCR of McrBC digested DNA

Polymerase chain reaction (PCR) was undertaken using the
Promega® Gotaq Colourless Master Mix (Wisconsin, USA). The PCR mixture
had a total volume of 12.5 pL. The reaction mix consisted of 6.25 puL Gotaq
Colourless Master Mix (2X), 1.25 pL of forward and reverse primers (1uM),
50 ng DNA and nuclease free water added until the total volume was 12.5 yL
. The PCR condition is presented in Table 4.1. The primers used in the
amplification of McrBC digested DNA are presented in Table 4.2 and its
position relative to the gene transcription start site is presented in Appendix

21.
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Table 4. 1 PCR Condition for amplification of McrBC digested DNA

Step Temperature Time Cycles
Initial denaturation 95°C 5 min 1
Denaturation 95°C 30 sec 30
Annealing 58°C 30 sec 30
Extension 72°C 30 sec 30
Final extension 72°C 5 min 1
Hold 4°C
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Table 4. 2 Primers used in amplification of McrBC digested DNA

Primer name Target gene Sequence
promoter (5°-3’)
region
FW 0-500-F Fw2.2 CCCTCACTCTCTTTTCTTGGCA
FW 0-500-R FW2.2 AAGCGCAAAAGGTTTAAATGGA
FW 500-1000-F FW2.2 TTGAAGTGTTGAATAAAGTT
FW 500-1000-R FW2.2 AAGAAATGTTGTAGTGTAAA
EZ1 0-500-F SIEZ1 TGACATAGCGGGATTCTA
EZ1 0-500-R SIEZ1 TAATGTGTGGGTATTGTG
EZ1 500-1000-F SIEZ1 CGAGGAGGCAAAAGGATA
EZ1 500-1000-R SIEZ1 ACATATAAGACTACAAAGTAACGA
EZ2 0-500-F SIEZ2 AAGAGTCGTGTGTAAATC
EZ2 0-500-R SIEZ2 CGTGTATTCAGATTCAAAGAT
EZ2 500-1000-F SIEZ2 CGTATGGAGATTCTACATTTGA
EZ2 500-1000-R SIEZ2 TTTGCTATTTATGACTGCTCTTT
TM8 0-500-F T™M8 GAATTATTGAGATTAAGTGAGT
TM8 0-500-R T™M8 AATAGATGGATTGAGTTGAA
TM8 500-1000-F T™M8 AACACAAATGAACGACCAAT
TM8 500-1000-R T™M8 AGAGATTGAATAAAAGCACCAT
CNR-F (Liu et al., 2015) CNR TGAGCATCAACCACTCCTAAT
CNR-R CNR CAGACTTAGTAATAACTCCGAT
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4.2.5

4.2.6

Quantitative (Q)-PCR of McrBC digested DNA

The method used for g°PCR was that described in Chapter 3. However, the
samples used were McrBC digested leaf DNA. The samples were taken from
two plants per line. The McrBC digested DNA was diluted to a 500ng solution
and 40 ng was used for the qPCR reaction. Three technical replicates was
used for each sample.

To calculate the relative quantity (RQ) of the gene expression, the
‘delta-delta method’ was used (Pfaffl, 2001). The Ct (Cycle threshold) value
of each McrBC sample was calculated relative to the Ct value of gDNA
(genomic DNA) sample to find ACt epiRIL. Then for each line, the ACt value
was calculated relative to ACt wild type. The relative expression of between
each line with wild type was compared using the equation :

RQ = 2 -{ACtepiRIL - ACt wild type ] = D - AACt

Percentage methylation was calculated using the formula: (1/RQ) x
100%. Regression analysis was undertaken between the McrBC-QPCR data
of 0-500 bp and 500-1000 bp upstream of TSS of FW2.2 gene with the cDNA-

QPCR data of green fruit in Chapter 3. A linear regression model was applied
using the Genstat® software (19" edition). Results from the regression

analysis are presented in Appendix 22.

Restriction Enzyme Digestion for Southern Blotting

The leaf DNA was digested with a range of restriction enzymes to
detect transposon methylation and movement. The enzymes were
purchased from New England Biolabs® (Hertz, UK). For the reaction, 10-15

g of DNA was needed. The reaction mix consisted of 10 pL buffer (10x), 5
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4.2.7

puL enzyme, DNA and nuclease free water up to a total volume of 60 pL. The
mixture of enzymes and DNA were incubated at 37 °C for 90 min. For EcoRI
the reaction was stopped by heat inactivation at 65 °C for 20 min, while Hindlll

was inactivated at 80 °C and 20 minutes.

DIG Southern Blot
Probe design

The presence and movement of two transposon types were
investigated in the epiRlIs: the copia and gypsy- retrotransposons. The copia
probe was designed from the complete sequence of the tomato
retrotransposon Kielia (GenBank: EU195798.2). The gypsy probe was
designed from the tomato mRNA for gypsy-like retrotransposon sequence
(GenBank: Z295351.1). The probes were designed using the Primer 3 Plus
software. The sequence of the copia probe sequences were: 5'-
GTAGACGGAGGCAGCATCTC-3 (forward) and 5'-
ATCTGCAGCCTCCCAAAGAC-3 (reverse). The gypsy probes sequences
were:  5-TCCTCTTTCTCGCATTGATGACT-3' (forward) and 5-
CACATGCCCCAAGAAGGACA-3’ (reverse). The product size were 568 bp

(copia) and 402 bp (gypsy).

Digoxigenin (DIG) Probe labelling

Probe labelling was carried out using the DIG Probe Synthesis Kit from
Roche® (Indianapolis, USA). The following components were added to a
microfuge tube: 5 uL PCR Buffer with MgCL2, 5 uL PCR DIG Mix, 0.75 pL

Enzyme Mix, forward and reverse primers, 10 ng of DNA, and nuclease
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free water up to a volume of 50 pL. The components were mixed and
centrifuged briefly. The tubes were placed in a thermalcycler and the program

used is presented in Table 4.3.

Gel electrophoresis and capillary transfer

For Southern blotting a 0.8% agarose gel was used. For this, 0.8g of
agarose (Sigma®) was dissolved in 100 mL of 0.5x TBE buffer (Sigma®). The
solution was cooled to 60 °C and 0.5 pug/mL of ethidium bromide was added
and mixed before pouring the agarose into a gel cast. 15 pL of 10 pg digested
DNA was mixed with 5 pL of blue dye (New England Biolab) and pipetted into
the well. For the molecular marker, 5 uL of DNA Molecular Weight Marker 111
(Roche®) was used.

The gel was depurinated in 0.25M of HCI by gentle shaking at room
temperature for 15 minutes. Then it was rinsed with sterile double distilled
water. The gels was denatured by submerging in a solution of 0.5 m NaOH
+1.5m NaCl and shaking gently for 2 x 15 minutes at room temperature. The
gel was rinsed again in sterile double distilled water. The gel was then
submerged in neutralization solution (0.5m Tris-HCI pH 7.5 and 1.5M NacCl)
for 2 x 15 minutes at room temperature and then 20 x SSC (Invitrogen®) for
10 minutes.

To blot the gel (Figure 4.1), a long piece of Whatman 2 mm paper was
soaked with 20 x SSC solution was placed on a ‘bridge’ that rested in a
container with a shallow reservoir of 20 x SSC solution. The gel was placed
face down on top of the soaked Whatman paper and any air bubbles were

removed by rolling a sterile tip over the gel. A positively charged Nylon
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membrane (Roche®) that was cut according to the size of the gel was placed
on top of the gel. Air bubbles were again removed by rolling a sterile tip over
the paper-gel sandwich.

Two pieces of Whatman paper cut into the size of the gel and placed
over the membrane. A stack of paper towels were placed above the
‘sandwich’ and a weight of 250 g was placed on top of the assembly (Figure
4.1). The transfer was left overnight at room temperature. The DNA was fixed
on the membrane the next day by placing the membrane face up on
Whatman paper that has been soaked in 2 x SSC. The membrane was then

exposed to UV light in a transilluminator (wavelength 302 nm) for 1 minute.
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Table 4. 3 PCR Condition for DIG probe labelling

Step Temperature Time Cycles
Initial denaturation 95°C 2 min 1
Denaturation 95°C 30 sec 30
Annealing 60°C 30 sec 30
Extension 72°C 40 sec 30
Final extension 72°C 7 min 1
Hold 4°C
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Weight

Paper Towel Stack
Whatman Paper Stack
Membrane

Gel

Whatman Paper
Saran wrap

Platform

Transfer buffer

Figure 4. 1 Southern Blot transfer assembly. The gel was placed face
down on the Whatman paper. Note: saran wrap was not used in the

experiment. (Figure adapted from http://orbitbiotech.com, 2018)
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Pre-hybridization and Hybridization of the DIG probe

After UV fixation, the membrane was placed in a plastic container with
25 mL of DIG Easy Hyb solution that had been warmed to 42 °C. The
membrane was incubated in the solution for 30 minutes with agitation at 42
9C in a shaking incubator.

The labelled probe (50uL) which had already been prepared was
placed in a microfuge tube with 50 pL of nuclease free water. The probe and
water mix was placed in a thermal cycler at 95 °C for 5 min then held at 4 °C
and placed in ice. The denatured probe was then placed in 25 mL of DIG
easy Hyb and mixed by inversion to form the hybridization solution.

The pre-hybridization solution was poured out and replaced with a pre-
warmed hybridization solution (containing the labelled probe). The plastic
container was sealed using parafilm and placed in a shaking incubator at 42

OC overnight.

Stringency Wash

A 200mL Low Stringency Buffer (2x SSC containing 0.1% SDS) was
prepared in a plastic container. The membrane from the hybridization
procedure was placed in the container with the Low Stringency Buffer and
shaken gently at room temperature for 5 minutes. The buffer was poured out
and filled with fresh buffer and shaken gently again for 5 minutes.

A high stringency buffer solution (0.5 x SSC with 0.1% SDS) was
prepared and placed in the wash temperature of 65 °C. The low stringency

buffer was poured off and replaced with the pre-heated high stringency
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buffer. The membrane was incubated in this buffer at 65 °C for 30 minutes

with gentle agitation.

Chromogenic Detection

For chromogenic detection, the DIG Wash and Block Buffer Set
(Roche) and the DIG-High Prime DNA Labelling and Detection Starter Kit
| (Roche) were used. The membrane from the previous step was transferred
to a plastic container with 100 mL of 1x Washing Buffer (DIG Wash and Block
Buffer Set). It was incubated at room temperature for 2 minutes with shaking.
The Wash Buffer was discarded and replaced by 100 mL of prepared
Blocking Solution (10mL Blocking Solution + 90 mL maleic acid buffer). The
membrane was shaken gently for 30 minutes. The Blocking Solution was
discarded and replaced by Antibody Solution (50mL prepared Blocking
solution + 10 pL antibody). The membrane was incubated for 30 minutes with
gentle shaking. After the antibody solution was discarded, the membrane was
washed twice (2 x 15 minutes) with 100 mL of 1x Washing Buffer. The
membrane was then placed in 20 mL of 1 x Detection Buffer for 3 minutes.

For visualizing the result, the membrane was placed in a plastic
container with 20 mL of the Colour Substrate (400 puL NBT/BCIP in 20mL of
Detection Buffer). The container was covered so that the reaction occurred
in the dark without shaking. The reaction was left overnight and the

membrane photographed to record the result.
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4.3

431

Results and Discussion

McrBC analysis

The detection of methylation changes was investigated in 1000 bp
region upstream of selected gene transcription start site. The primers were
in the regions 0-500 bp and 500-1000bp upstream of the coding sequences.
Using the McrBC-gPCR analysis, promoters of four genes were investigated,
these were FW2.2, SIEZ1, SIEZ2 and TM8. Analysis with the McrBC enzyme
was used to compare the percentage of methylation in generations F2 and
Fe.

To check the efficiency of the digestion with McrBC, the samples were
amplified using a primer for the CNR gene (Solyc02g077920) promoter
region which is known to be methylated in tomato leaf tissues and has been
used as a control in McrBC digestion (Manning et al., 2006; Liu et al., 2015).
The result showed that the enzyme was able to digest the methylated CNR

gene DNA (Figure 4.2).
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500bp

Figure 4. 2 Testing the digestion efficiency of McrBC restriction
enzyme. Amplification of the CNR (Solyc02g077920) gene promoter was
used as a control for enzyme efficiency. DNA samples not digested with
McrBC showed amplicon at 650 bp while no band showed for the digested
sample. (-) indicates amplified DNA not digested with McrBC and (+) are
amplified McrBC digested DNA.
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McrBC-qPCR analysis of FW2.2 promoter region

The McrBC-gPCR analysis was undertaken for a selection of eight
different epiRILs and wild type. The assay indicated that the epiRILs had a
lower percentage of methylation compared to wild type (Figure 4.3) in the
FW2.2 regulatory region. In region 0-500 bp upstream of the gene, the
percentage of methylation was lower in generation Fe compared to F2 except
for line 2.2, which showed higher methylation in generation Fs. The greatest
change was seen in line 4.15 with only 10.6 % of the levels of methylation of
wild type. Line 4.5 did not produce seeds in Fs so there was no data in
generation Fe.

In the region 500-1000 bp upstream of FW2.2, all eight lines showed
lower methylation than wild type in the F2 generation. In generation Fs, the
percentage of methylation changed. Some lines showed an increase while
others showed a decrease in methylation.

The lower percentage of methylation in the epiRILs at the FW2.2 locus
was likely to have resulted from reduced methylation of the MET1 parental
line. The recombination between the parental epialleles can be stably
inherited over several generations (Reinders et al., 2009). The level of

methylation across selected whole epiRIL genomes is reported in Chapter 5.
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Figure 4. 3 Percentage of methylation for upstream region of fw2.2
gene. The regions analysed were (A) 0-500 bp and (B) 500-1000 bp

upstream of the gene. Percentage of methylation in wild type was 100% for

the purpose of this calculation. Data was from generations F2 and Fe.

163



Frary et al. (2000) suggested that the lower fruit weight in tomato might
be due to changes in the coding and upstream region of the gene at that
locus based on sequence alignments of the S. pennellii and S. lycopersicum
fw2.2 regulatory regions. In the Frary et al. (2000) study, increased
expression of the FW2.2 gene was associated with smaller fruits. In the
epiRILs, hypomethylation of the FW2.2 regulatory region might result in

increased expression of the gene.
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McrBC-qPCR analysis of the Enhancer of Zeste promoter regions

The SIEZ promoter regions were also analysed with the analysis
covering a small region in 0-500 bp upstream and 500-1000 upstream of the
transcription start site of the SIEZ1 and SIEZ2 genes. These two genes have
been found to play an important role in tomato plant development (How-kit et
al., 2010; Boureau et al., 2016).

In the 0-500 bp upstream region of the SIEZ1 regulatory region, the
methylation ranged from 35 -90% in the epiRILs that were analysed (Figure
4.4). The percentage of methylation was compared in two generations: F2
and Fes with some differences in DNA methylation levels apparent in individual
lines across the generations. The methylation levels were lower than wild
type Fe for lines 2.2, 3.3, 4.1 and 4.18 (Figure 4.4).In most of the selected
epRILs the methylation levels were lower in the 500-1000 bp than in the O-

500 bp region.
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Figure 4. 4 Percentage of methylation for upstream region of SIEZ1
gene. The regions analysed were (A) 0-500 bp and (B) 500-1000 bp
upstream of the gene. Percentage of methylation in wild type was assumed

100%. Data was from generations F2 and Fe.
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In the regulatory region of the SIEZ2 gene, comparison of wild type
and epiRIL DNA methylation indicated reduced methylation levels in the 0--
500 bp region (Figure 4.5). In the 500-1000 bp upstream region the levels of
DNA methylation were lower than wild type in the Fs generation for most of
the lines except 2.2.

Alterations in the methylation in gene regulatory regions can result in
changes in gene expression (Zhang et al., 2018). The expression of the
SIEZ1 and SLEZ2 genes was altered in the epiRILs in comparison to wild
type (see Chapter 3). The genes encoded by SIEZ1 and SLEZ2 form the
Polycomb Repressive Complex (PRC) which is a histone modifier along with
histone acetyl transferase (HAT) and histone deacetylase (HDAC) (Gallusci

et al., 2017). These genes have a major role in plant development.
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Figure 4. 5 Percentage of methylation for upstream region of SIEZ2
gene. The regions analysed were (A) 0-500 bp and (B) 500-1000 bp
upstream of the coding sequence of the gene. Percentage of methylation in

wild type was assumed 100%. Data was from generations F2 and Fe.
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McrBC-qPCR analysis of the TM8 promoter regions

Transgenic plant experiments indicate that the TM8 gene is likely to
be involved in anther, ovary and fruit development (Daminato et al., 2014).
The TM8 gene regulatory region was investigated for alterations in DNA
methylation using the McrBC assay (Figure 4.6). Analysis of the 0-500 bp
region upstream of the coding sequence in the F2 generation showed
reduced levels of DNA methylation in all selected lines in comparison to wild
type (Figure 4.6A). However, these differences were less pronounced by Fe.
In the region 500-1000 bp upstream of the coding sequence many of the lines
showed evidence of reduced DNA methylation levels in both the F2 and Fe

generations (Figure 4.6B).
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Figure 4. 6 Percentage of methylation for upstream region of TM8 gene.
The regions analysed were (A) 0-500 bp and (B) 500-1000 bp upstream of
the gene. Percentage of methylation in wild type was assumed 100%. Data

was from generations F2 and Fe.
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4.3.2 Investigating transposon methylation and movement by Southern
analysis
The enzyme Hpall was used to investigate the methylation status of
tomato transposons. Hpall cuts the sequence —C'C?GG-. The Hpall enzyme
is blocked when a single C or both are methylated while Mspl is blocked when
C! is methylated (Teyssier et al., 2008). Southern analysis was used to
investigate the methylation of gypsy-like retrotransposons in selected
epiRILs in the F2 generation.
To detect unequal volume during loading, gel pictures were taken after
gel electrophoresis and before continuing the blotting process (Appendix 23).
Using the Hpall enzyme, the blots showed a strong band in the region of the
21226 bp marker, with evidence of smaller size bands in some of the epiRIL
lines in comparison with wild type. This was especially evident in line 4.5
(Figure 4.7A). This result was consistent with the low methylation levels
shown in the McrBC-gPCR analysis for candidate genes investigated in line
4.5. Enhanced digestion by Hpall indicates reduced CG methylation

(Teyssier et al., 2008).
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Figure 4. 7 DIG Southern Blot detection in generation F2. Genomic DNA
was digested with Hpall and probed for (A) gypsy- and (B) copia-like
retrotransposons. WT= wild type sample and the numbers above each lane

indicate the lines from the epiRILs.
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Probing the blot for copia-like retrotransposons (Figure 4.7B)
produced a result that was more difficult to interpret. Only one band was
apparent in wild type in the 21226 bp marker region although this was less
intense than the result for the gypsy-like transposon. However, the banding
pattern was weak and can be seen as a smear. The ability of Hpall to digest
the DNA seen in this result suggests reduced CG methylation in the CCGG
sequence context. The smear pattern for the copia probe suggests that there
is low copy number of the copia transposons or the probe design was not
specific to the target sequence. The brighter smear pattern in the epiRILs

could indicate a higher copia copy number compared to the wild type.

Detection of transposon movement using Southern analysis

Gypsy and copia elements are retrotransposons and replicate via an
RNA intermediate before reverse transcription to DNA and reintegration into
the genome. The copia and gypsy elements are the two main families of LTR
(Long Terminal Repeats) retrotransposon and the most abundant
transposons found in plants (Kumar and Benetzen,1999; Galindo-Gonzalez
et al.,, 2017). Hypomethylation in Arabidopsis is known to mobilize
transposable elements and the first reported mobile transposon was a
member of the CACTA family found in inbred ddml (Decrease in DNA
Methylation1) mutant (Ikeda and Nishimura, 2015).

For analysing transposon movement the wild type and epiRIL DNA
was cut with either Hindlll or EcoRI. Hindlll digests generated a single visible
band in the 21226 bp region when the blot was hybridised with the gypsy

transposon probe in both the wild type and epiRIL lanes, but the band was
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generally more intense in the epiRIL samples (Figure 4.8A). The HindlIl /
gypsy results indicated that only high molecular weight fragments of DNA
contained sequences that hybridised with the gypsy probe, although there
were more of these in the epiRILs

Using the copia probe, a smear was seen on the HindlIl digest from
approximately 5000 bp until 2000 bp (Figure 4.8B) and this was most
apparent in the epiRIL lanes. The additional banding pattern / smear in the
epiRIL lanes hybridised with the copia transposon probe could indicate a

higher copy number of the copia transposon in the epiRILS.
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Figure 4. 8 DIG Southern blot using Hindlll. The blots were probed for (A)
gypsy and (B) copia transposons. The samples were from generation Fa.
WT= wild type sample and the numbers above each lane indicate the lines
from the epiRILs. Non-digested DNA was used as a control in the last lane.
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Detection using EcoRI digested DNA samples was also used and
probed with the copia transposon. The analysis was done to investigate if the
EcoRI enzyme could produce bands with higher intensity and better digestion
than using Hindll. However the result showed only smears in two regions
(Figure 4.9). The first smear was in the region of approximately 5000 bp to
3000 bp. The second smear was in the region of approximately 2000 bp to
1500bp. The patterns in the epiRILs are more intense than in the wild type.
However, more investigation is needed using replicated samples to confirm
the effect of differences in the epigenome on transposons.

RNA analysis (Chapter 3) showed that the expression of transposable
elements was higher in the epiRILs especially the gypsy and copia type.
These two types of TEs are Class | TEs which use the ‘copy and paste’
mechanism. The increase in expression could indicate the hypomethylation
of TEs which caused their activation. Further investigations on the changes
in methylation of TEs and its effect on TE activation are needed for the tomato

epiRILs. More sample replication is needed to confirm the changes.
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Figure 4. 9 DIG Southern blot of EcoRI digested DNA. The blot was
hybridised with a copia transposon probe. Samples were from generation F2.

WT= wild type sample and the numbers above each lane indicate the lines

from the epiRILs.
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4.4 Conclusion

The McrBC assays provided evidence that the MET1 silencing in the
parental line of the tomato epiRILs had affected the levels of DNA methylation
in the regulatory elements of the genes investigated. Using the McrBC-gPCR
method, there was evidence of hypomethylation in at least five genes of the
epiRILs compared to wild type. The lower percentage of methylation was
found in two generations showing that the reduction of methylation was
inherited from generation F2to Fsin several of the epiRILs.

The transposon analysis indicated that DNA methylation of the
selected gypsy and copia transposons region was not significantly different
when analysed using Hpall restriction enzyme. The CG methylation in the
CCGG context (which is the Hpall target site) did not show significant
difference between some of the epiRILs and the wild type in the F2
generation. Analysis using EcoRI and Hindlll also did not show differences
in the banding patterns of the selected epiRILs. Limitations on which
transposons could be analysed in this project caused difficulty in choosing
the correct target site and probe design in the Southern blot experiment.
Further studies should be undertaken using mapping data from the generated
epiRIL population to detect transposons movements.

Epigenetic control of retrotransposons has been investigated using
epimutants of Arabidopsis. In the hybrid of metl and wild type plant, a copia-
type retrotransposon showed reinsertion in the genome. Transcriptional
suppression of the retrotransposon was due to CG methylation supported by

RNA-directed DNA methylation (Mirouze et al., 2009).
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In the Arabidopsis epiRIL population generated by wild type and metl
parental lines, transposition of a CACTA transposon was observed in 28% of
the epiRILs. There was also progressive accumulation of CACTA movements
across the generations (Reinders et al., 2009). Mobilization of transposons
has also been documented in ddm1 Arabidopsis mutants. In the Arabidopsis
epiRILs from ddml mutant and wild type parental lines, showed the
mobilization of CACTA and MULE transposons (Johannes et al., 2009).

The discovery of a copia-type transposon (named EVD/Evade) in
Arabidopsis showed that epigenetic control was individualized for a particular
type of transposon. Other transposons such as CACTA, non-LTR
retrotransposons and other families remain immobile in the metl Arabidopsis
mutant (Mirouze et al.,, 2009). In the tomato epiRILs, the change in
methylation seems to affect both gypsy and copia retrotransposon.

McrBC digestion is an economical and effective way to detect
methylated regions of DNA, but it cannot detect changes at single nucleotide
resolution and for this is whole genome or targeted bisulfite sequencing is
required. However, these experiments are very costly. We therefore,
undertook bisulfite sequencing on only a small number of samples and these

experiments are described in Chapter 5.
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5.1

CHAPTER 5 DETERMINATION OF DNA METHYLATION CHANGES IN

SELECTED epiRILS BY BISULFITE SEQUENCING

Introduction

In Chapter 4, analysis of the regulatory regions of selected genes
using the McrBC enzyme assay and Southern blotting indicated a change in
DNA methylation in the epiRILs. To confirm these results further work was
undertaken to establish the patterns of DNA methylation in selected epiRILs.
This involved two approaches, (1) targeted bisulfite sequencing and (2) whole
genome bisulfite sequencing (WGBS). The aim of the work described in this
Chapter was to link changes in the phenotype of the epiRILs with altered
gene expression and changes in DNA methylation.

Bisulfite sequencing can be used to detect methylation changes in
targeted regions of particular genes (Manning et al., 2006; Masser et al.,
2013) or across whole genomes (Clark et al., 1994; Suzuki et al., 2018).
Targeted sequencing was undertaken to detect methylation in the upstream
regions of FW2.2, SIEZ1, SIEZ2 and TM8 genes selected in Chapters 3 and
4. PCR products were generated and either sequenced directly or cloned and
then sequenced to detect changes in methylation (Figure 5.1).

In sequencing bisulfite treated DNA, the reverse strand of the original
DNA can sometimes be sequenced. Demethylated cytosines in the original
forward strand can then be detected by Adenine (A) showing in the aligned
sequencing result (Figure 5.2). Demethylated cytosines in the 3’ strand of the
original DNA convert to Uracil (U) after the bisulfite reaction. After PCR

amplification of both strands, the complementary strand of the demethylated
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cytosines (converted to U) will be adenine (A). The differences in the final
DNA strands are important in analysing sequencing results for bisulfite

treated DNA.
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(5') & ~~GAGTCAC= == === = CG===-Cl===mm=mm GCTTCAG=~~
(3')D ~~CTCAGTG = === == OC----GC,; ------- CGAAGTC= =~
Bi hi .

Sulphonation  (Step1)

(5') & ~~GAGTUAU-~====~ 00— 00— GUTTUAG= =~
{3')b ~~UTOAGTG=~ ===~~~ GU--==-GCz = ===~ UGAAGTU-~~
PCR amplification
both DNA strands
{5') & —~GAGTTAT-~= ===~ PG = == O e GTTTTAG---
(3*) @ --CTCAATA-== ===~ AC====GCw==m==== CARAATC-=~
(39) b --TTTAGTG==~==== GT====GC======== TGAAGTT---
ﬁ’))b-@@o«c ------- CA====CGmm=mmm== ACTTCAA-~~-
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Figure 5. 2 Procedure of bisulfite genomic sequencing. The two
complementary strands in the original DNA are labelled (a) and (b). Cytosine
residues and their corresponding uracil and thymine conversion products are
shown in bold type. After the bisulfite reaction, the two DNA strands (a) and
(b) are no longer complementary and therefore can be amplified
independently. The guanine base is circled red, which shows its conversion
to adenine after PCR amplification. The cytosine in the forward strand is
unmethylated, so changed to T after PCR (figure adapted from Clark et al.,
1994)
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WGBS is the gold standard for detecting changes in methylation at the
single nucleotide level and has been used to map the epigenome of both
Arabidopsis (Mathieu et al., 2007; Lister et al., 2008) and tomato (Zhong et
al., 2013). In the tomato, we wanted to use WGBS to map the mosaics of
DNA methylation in the epiRILs and the epigenetic changes that occurred
due to reduced MET1 expression in the initial transgenic lines. The financial
constraints in the current project have restricted the number of epiRILs that
could be subjected to WGBS to a very limited number. By using Sanger
sequencing and WGBS, in this part of the investigation, the hypothesis was
differentially methylated regions should be detected in selected promoter

regions and in the genomes of selected epiRILs.
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5.2 Materials and Methods

5.2.1

5.2.2

DNA extraction
DNA was extracted from leaf tissue of plants that were 6 weeks old
using the ISOLATE Il Plant DNA Kit (Bioline). A more detailed description of

the method can be found in Chapter 4.

Bisulfite Conversion

The EpiTect® Bisulfite Kit (Qiagen) was used for bisulfite conversion
following the manufacturer’s protocol. Information on the buffers used in this
protocol is presented in Appendix 24. The reactions were optimised for 1 ng
to 2 ug of total DNA and undertaken in a total volume of 140 pL (in a 200 pL
PCR tube). To each sample, 85 L of bisulphite mix and 35 uL of DNA protect
buffer were added and the total volume made to 140 yuL with RNase free
water.

The bisulfite thermal cycling program provides the incubation steps
necessary for thermal DNA denaturation and subsequent sulfonation and
cytosine deamination. The bisulfite conversion involved an initial
denaturation for 5 min at 95°C, incubation for 25 min at 60°C and
denaturation for 5 min at 95°C. There was then a further round of incubation
for 85 min at 60°C, denaturation for 5 min at 95°C and incubation for 175 min

at 60°C before returning to room temperature.
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After the bisulfite conversion, the PCR tubes were centrifuged briefly
and the reaction mix transferred to clean 1.5 mL microcentrifuge tube. Buffer
BL was prepared by adding 6.2 uL of carrier RNA solution for each 620 pL of
buffer BL. An amount of 560 L of freshly prepared Buffer BL was then added
to the bisulfite converted samples and these were vortexed and centrifuged
briefly. The samples were then loaded onto the EpiTect spin columns, which
were placed in new collection tubes.

The spin columns were then centrifuged at 13000 rcf or maximum
speed for 1 minute. The flow through was discarded and the spin columns
were placed back in the collection tubes. Then 500 uL Buffer BW was added
to each spin column and they were centrifuged at 13000 rcf for 1 minute. The
flow through was discarded and the spin columns placed back into the
collection tubes. Then 500 uL Buffer BD (contained sodium hydroxide) was
added to each spin column and the mixture incubated for 15 minutes at room
temperature (15-25 °C). The spin columns were then centrifuged at 13000 rcf
for 1 minute.

The flow through was discarded and the spin columns placed back
into the collection tubes. The columns were then washed with 500 pL Buffer
BW and centrifuged at 13000 rcf for 1 min. This step was repeated once. The
columns were then spun without any buffer to remove residual liquid. For the
final step, the spin columns were placed in clean 1.5 mL microcentrifuge
tubes and 100 pL Buffer EB was placed in the centre of each of the tubes.
The purified DNA was then eluted by centrifugation at 13000 rcf for 1 minute.

The eluted DNA was stored at -20 °C.
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5.2.3

5.24

Primer design

Primers used to amplify bisulfite treated DNA for target sequencing were
designed from the 1000 bp region upstream of the target genes. The
positions of the target regions were: >Solyc029g090730.2 SL2.50ch02:
52252557..52253347 (FW2.2), >SL2.50ch01: 78463681..78464680 (SIEZ1),
>SL2.50ch03:8958098..8959097(SIEZ2) and SL2.50ch03:61436784..61440
333 (TM8). Degenerate primers were designed by replacing cytosines with Y
(in the forward primers) and replacing guanine with R (in the reverse primers)
(How-Kit et al., 2010). This was done to reduce bias towards only methylated
cytosines being amplified (Candiloro et al., 2017). The primers used for the

amplification of bisulfite treated DNA are presented in Table 5.1.

PCR amplification of bisulfite treated DNA

PCR amplification was undertaken using the Gotaq Colorless
Reaction Mix (Promega). The reaction mix consisted of 6.25 uL Gotaq
Colourless Master Mix (2X), 1.25 yL of forward and reverse primers (1uM),
50 ng DNA and nuclease free water was added until the total volume was
12.5 pL. The PCR amplification involved one cycle of initial denaturation for
5 min at 95°C, 30 cycles of denaturation (95°C, 30 sec), annealing (58°C, 30
sec) and extension step (72°C, 30 sec). Then followed by a final extension of

72°C for 5 min and held at 4°C.
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Table 5. 1 Primers used in amplification of bisulfite treated DNA

Primers Direction Gene Sequence (5’-3’)

target
FW-F8 Forward FW2.2 YATTTAYYTYTTGAATAGGAYAGTAA
FW-RS8 Reverse FW2.2 CATTTTTTAACTTTATCAACACTTC
FW-F11 Forward FW2.2 GAAGAAAGTTTGATTAAATTG
FW-R11 Reverse FW2.2 TCAARAAATRTTRTARTRTAAAA
EZ1-F2 Forward SIEZ1 GGTTTAATTGGTTATTTTATA
EZ1-R2 Reverse SIEZ1 ATAAAAAAAATATCAACATCTAAAACAAT
EZ1-F3 Forward SIEZ1 ATTGTTTTAGATGTTGATATATTT
EZ1-R3 Reverse SIEZ1 CATCTTATCATTTATCCTTC
EZ2-F2 Forward SIEZ2 AGGTYGTATTAYTYATTTTTYTTGTATT
EZ2-R2 Reverse SIEZ2 CTCTTTTRTCACCATTACTTACTACCCA
EZ2-F3 Forward SIEZ2 TGGGTAGTAAGTAATGGTGAYAAAAGAC
EZ2-R3 Reverse SIEZ2 TTCCARCTATRTTCCATCAATACRA
TM8-F1 Forward TM8 YGATTTAAYTTATTTTAAGAGAATTTTA
TM8-R1 Reverse T™M8 TRARTTCTRATCTTTCCAARTTACTTT
TM8-F2 Forward TM8 YGTTATYTGTTTTTAGTGTATTGGAG
TM8-R2 Reverse TM8 TRATATTTTTAATTTCATTTARATTCR
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5.2.5

5.2.6

PCR purification

The QIAquick PCR Purification Kit (Qiagen) was used for PCR
product purification. Five volumes of Buffer PB was added to one volume of
each PCR sample and the solution was mixed by pipetting. To bind the DNA,
the mixed samples were placed in QIAquick spin columns within 2 mL
collection tubes. The columns were then centrifuged for 1 minute at 13,000
rcf. The flow through was discarded and the columns placed back in the same
collection tubes.

To wash the DNA, 0.75 mL Buffer PE was added to the columns and
centrifuged at 13,000 rcf for 1 minute. The flow through was discarded and
the columns placed back in the tubes. The centrifugation step was repeated
to completely dry the samples. To elute the DNA, 50 uL Buffer EB was
added to the centre of the column membrane and incubated at room
temperature for 1 minute. The columns were centrifuged at 13,000 rcf for 1
minute. The NanoDrop1000 Spectrophotometer (Thermo Fisher Scientific
Inc.) was used to measure the concentration of DNA. The purified PCR

product was stored at -20 °C.

Sanger sequencing of PCR product

For DNA sequencing, the purified PCR product was diluted to 5 ng/uL
and a volume of 15 pL was used for Sanger sequencing. This was
undertaken by Eurofins Genomics (Germany). The results were then
analysed using the Clustal Omega Multiple Sequence Alignment
(www.ebi.ac.uk) program by comparing the sequence to the original genomic

DNA sequence.
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5.2.7 Cloning

For cloning of PCR products, the pPGEM®-T Vector System (Promega)
was used. For the ligation step, 2 L of the purified PCR product (see section
5.2.5) was placed in a 200 pL tube with 5 pL of rapid ligation buffer, 1 yL of
the PGEM-T Vector, 1 uL of the T4 DNA Ligase (3 Weiss Units/ yL), and
nuclease free water to a final total volume of 10 uL. The reaction was mixed
by pipetting and incubated at 4 °C overnight.

For the transformation protocol, LB plates with ampicillin/IPTG/X-Gal
were prepared. A volume of 100 mL of LB media was added with 100 pL of
ampicillin, 500 pL IPTG and 100 pL X-Gal. The volume of media was adjusted
according to the number of plates needed. Three plates were needed for
each ligation reaction.

The tubes containing the ligation reactions were centrifuged to collect
the contents at the bottom of the tubes. A 1.5 mL microcentrifuge tube was
prepared for each ligation reaction. Frozen tubes of JM109 High Efficiency
Competent Cells (Promega) were placed in an ice bath until just thawed
(about 5 minutes). A volume of 2 pL of ligation reaction was added to the 1
mL tube and also 50 pL of the thawed JM109 High Efficiency Competent
Cells. The mixture was gently mixed by flicking the tube and then the mixture
was placed on ice for 20 minutes. The reaction mix was then placed at 42
9C in a heating block for 50 seconds and then placed immediately in ice for 2
minutes. A volume of 600 uL LB broth was added to the tubes and incubated
at 37 °C for 2 hours. From the reaction mix, 100 pL of each transformation
was spread onto the LB/ampicillin/IPTG/X-Gal plates. The plates were

incubated at 37 °C for 24 hours.
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5.2.8

White colonies that formed after overnight incubation were isolated
and placed on a new plate of LB/ampicillin/IPTG/X-Gal. Each selected colony
was then screened for an insert by PCR amplification using MangoMix
(Bioline) mastermix for the amplification. The PCR reaction mixture consisted
of 12.5 uL of MangoMix Buffer, 1 pL of forward and reverse primers (1uM)
and 9.5 uL nuclease free water.

The PCR amplification involved one cycle of initial denaturation for 10
min at 95°C, 40 cycles of denaturation ( 95°C, 40 sec), annealing (50°C, 40
sec) and extension (70°C, 60 sec). Then followed by a final extension of 72°C
for 10 min and held at 4°C. The amplified products were analysed on a 1%
(w/v) agarose gel run in 0.5X TAE buffer at 100 Volts for 60 minutes. Colonies
with inserts were detected by the presence of a band at 534bp (F11 primer)
and 526bp (EZ1-F2 primer). Five clones from each transformation were

picked for plasmid extraction.

Plasmid extraction

For plasmid extraction, the colonies with the insert were picked using
pipette tips and placed in 3 mL of LB Broth containing 3 pL ampicillin. The
reaction was then incubated at 37 °C for 24 hours. The cells were harvested
by pipetting 1 mL of the reaction into 1.5 mL microcentrifuge tube centrifuged
at 13.000 rcf for 1 minute and the supernatant was discarded. This step was
repeated until all of the LB Broth have been used from the incubation step.

The GenElute™ Plasmid Miniprep Kit (Sigma) was then used for the
plasmid extraction. The bacterial pellet was resuspended in 200 pL of

Resuspension Solution containing 1.3 pL of RNase-A. The pellets were

191



5.2.9

vortexed to thoroughly mix the samples. The cells were lysed by adding 200
pl of the Lysis Solution and the mixture was inverted gently (6—8 times) until
the solution became clear and viscous. Cell debris was then precipitated by
adding 350 pL of the Neutralization/Binding Solution. The tubes were again
gently inverted 4—6 times. The cell debris was then pelleted by centrifugation
at 212,000 rcf for 10 minutes. Cell debris, proteins, lipids, SDS, and
chromosomal DNA were pelleted from the solution as a cloudy, viscous
precipitate.

The GenElute Miniprep Binding Columns were placed in
microcentrifuge tubes. A volume of 500 uL Column Preparation Solution was
added to each miniprep column and centrifuged at 212,000 rcf for 1 minute.
The flow-through liquid was then discarded. The cleared lysate from the
previous step was then transferred to the column and centrifuged at 212,000
rcf for 1 minute. The flow-through liquid was discarded. A volume of 750 uL
Wash Solution (diluted with 96% ethanol according to the manufacturer’s
instruction) was added to the column and centrifuged at 212,000 rcf for 1
minute. The columns were transferred to fresh collection tubes and 100 uL of
nuclease free water pipetted into the centre of the column and centrifuged at

212,000 rcf for 1 minute. The eluted DNA was stored at —20 °C.

Sanger sequencing of clones

For the sequencing of the plasmid extract, 20 uL of the eluted DNA
containing 50-100 pL of plasmid was sent for sequencing. Sequencing
analysis was carried out by Eurofins Genomics (Germany). The universal

M13 forward primer was used in the sequencing. The result was then
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analysed using Clustal Omega Multiple Sequence Allignment
(www.ebi.ac.uk) program by comparing the sequence to the original genomic

DNA sequence.

5.2.10 Whole genome bisulfite sequencing

Whole genome bisulfite sequencing was undertaken working with
colleagues at INRA, France, using leaves tissues from To and Fs generations.
The samples were: wild type, lines 2.1 and 4.6. Samples from generation To
(wild type and RNAI lines) were provided by INRA and samples from Fswere
provided by Nottingham (wild type and epiRILs). Two biological replicates
were used for each line. Bisulfite treatment, library preparation, and whole-
genome sequencing were performed by BGI Genomics Company (Hong
Kong) and the bioinformatics analysis undertaken by Professor Nicolas
Bouché at Institut Jean-Pierre Bourgin, UMR1318 INRA-AgroParisTech-
ERL3559 CNRS, Versailles Cedex France, in collaboration with Professor

Philippe Gallusci, INRA, Bordeaux, France.
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5.3 Results and Discussion

5.3.1 DNA methylation of selected gene regulatory regions

Enzymatic analysis using McrBC (Chapter 4) indicated changes in
tmethylation in the promoter regions of FW2.2, SIEZ1, SIEZ2 and TM8. In the
next step, we focused in a region 1000 bp upstream of the transcription start
site (TSS) of the target genes. Preliminary analysis of the regions by
sequencing PCR products indicated changes in methylation in some target
regions (Appendix 10 and 11). For some genes, the methylation changes in
the promoter regions were confirmed by directly sequencing PCR products

and cloning before sequencing.

The fw2.2 Locus

For the upstream region of this locus (Solyc02g090730) several
rounds of primer optimisation were needed and only two sets of primers were
used for sequencing of this region. The two primers used in this investigation
covered the regions -233 until -547bp (primer F8) and -97 until -431bp (primer
F11) upstream of the fw2.2 TSS. The region covered by primer F11 overlaps
the region covered by primer F8 and the regions covered by the two sets of
primers shows elevated levels of DNA methylation in wild type tomato (Figure

5.2).
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Figure 5. 2 Region covered by primers in 1000 upstream region of fw2.2
(Solyc02g090730) locus. The yellow boxes represents the region covered
by the primers. The ratio indicated the methylation ratio of that region (ratio=
5mC/(5mC+C)). Methylation ratio data obtained from
http://ted.bti.cornell.edu/cgi-bin/epigenome for the wild type Ailsa Craig

genome. The data was taken from leaf tissue.
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Primer F8 yielded inserts that proved difficult to sequence due to the
presence of a long poly T region (Appendix 25). The targeted bisulphite
sequencing in the region covered by primers F11 was more successful.
Sequence of PCR products indicated changes in methylation for lines 3.3 and
4.2 (Appendix 26). To detect methylation at single cell level, cloning of the
PCR product was undertaken for lines 3.3 and 4.2 to confirm the change in
methylation.

Analysis of the sequence data indicated some demethylation in the
target region. This was demonstrated by a change in ‘G’ in the wild type
sequence to ‘A’ in the epiRILs. In bisulfite treated DNA, guanines are
sometimes read as adenine (Clark et al., 1994). This occurs when the reverse
strands is read during sequencing (Figure 5.2). The guanine which converts
to adenine after bisulfite treatment is from the reverse strand of an

unmethylated cytosine.
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There were 22 cytosine nucleotide positions which showed
demethylation of the FW2.2 regulatory region in line 3.3 (Figure 5.4) when
PCR products and clones were aligned to the coding strand of the genomic
DNA. The result indicated that the change in cytosine methylation was not in
the CG context as was expected due to the reduced MET1 expression in the
parental line.

Guanines in the wild type were detected as adenine in the clones,
indicating the sequenced strand was the new DNA strand complementary to
the original non-coding strand which was sequenced (Clark et al., 1994). The
sequence alignment showed that not all of the nucleotides were the same
sequence as the wild type. This might be caused by several limitations of the
Sanger sequencing such as the poor quality of the first 15-40 bases due to
the primer binding and some cloning vector sequence can find its way to the
final sequence (Shaffer, 2019). Cytosine methylation in plants can be found
in CG, CHG and CHH sequence context. In this result, the demethylation of
of the FW2.2 regulatory region in line 3.3 was shown to be mostly in CHH
context (Table 5.2).

Misalignment of clones 2, 3, 5 and 6 in Figure 5.4 suggests the
sequenced strand was the original non-coding strand. This was confirmed
when alligment was undertaken using the original non-coding strand

(Appendix 27).
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[s24320] [3m]

TTTGATT-T-ATTTTAGTTTATTTTTGT TGTT TTAGCTTTAAAACAAGTGTTTATAACAT
TTTGATT-T-ATTTTAGTTTATTTTTGT TGTT TTAGCTTTAAAACAAGTGTTTATAACAT
TTTGATT-T-ATTTTAGTTTATTTTTGT TGTT TTAGCTTTAAAACAAGTGTTTATAACAT
TTTGATT-T-ATTTTAGTTTATTTTTGT TGTT TTAGCTTTAAAACAAGTGTTTATAACAT
----------- TTTCATCGTAATACAAGTTAGTATCGTTTGGATTTACTTATTTTAGGTG
TTTGEACAAAAT TTOGT CGTAGTACAAGTTAGTATCGTTTGGATTAACTTATTTTAGGTG
TTTGGACAAAATTTCATCGTAATACAAGTTAGTATCGTTTGGATTTACTTATTTTAGGTG
TTTGGACAAAATT TCATCGTAATACAAGT TAGTATCGTTTGGATT TACTTATTTTAGGTG
TTTGGACAAAATTTCATCGTAATACAAGTTAGTATCGTTTGGATTTACTTATTTTAGGTG
TTTGGACAAAATTTCATCGTAATACAAGTTAGTATCGTTTGGATTTACTTATTTTAGGTG
TTTGGACAAAATT TCATCGTAATACAAATTAGTATCGTTTAGATT TACTTATTTTAGGTA
TTTGGACAAAATTTCATCGTAATACAAATTAGTATCGTTTAGATTTACTTATTTTAGGTA
TTGAGACAAAATT TCATCGTAATACAAATTAGTATCGTTTAGATT TACTTATTTTAGGTG
TTGAGACAAAATTTCATCGTAATACAAATTAATATCGTTTAGATTTACTTATTTTAGGTG

ok *k ok * * *kk ok * ok ok ok

TTTTTAACTTTATTCAACACTTCAAAACTGCTCAAARGCAATTTTAACTTARAAACACCT
TTTTTAACTTTATTCAACACTTCAAAACTGCTCAAAAGCAATT TTAACTTAAAAACACCT
TTTTTAACTTTATTCAACACTTCAAAACTGCTCAAARGCAATTTTAACTTAAARAACACCT
TTTTTAACTTTATTCAACACTTCAAAACTGCTCAAAAGCAATT TTAACTTAAAAACACCT
TTTTTAAGTTARAATTGCTTTTGAGCAGTT TTGAAGTGTTGAATARAGT TAAARAATGTT
TTTTTAAGTTAAAATTGCTTTTGAGCAGTTTTGAAGTGTTGAT-ARAGTTAAARAATGTT
TTTTTAAGTTAAAATTGCTTTTGAGCAGTT TTGAAGTGT TGAATARAGT TAAARAATGTT
TTTTTAAGTTARAATTGCTTTTGAGCAGTT TTGAAGTGTTGAATAAAGT TARAARATGTT
TTTTTAAGTTAAAATTGCTTTTGAGCAGTT TTGAAGTGT TGAATARAGT TAAARAATGTT
TTTTTAAGTTAAAATTGCTTTTGAGCAGTT TTGAAGTGTTGAATARAGT TAAAARAATGTT
TTTTTAAGTTARAATTGCTTTTGAGCAGTT TTGAAGTGTTGAATARAGT TAAAARATATT
TTTTTAAGTTAAAATTGCT TTTGAGCAGTT TTGAAGTGTTGAATAAAGT TAAAAAATATT
TTTTTAAGTTARAATTGCTTTTGAGCAGTT TTGAAGTGTTGAATARAGT TAAAARATATT
TTTTTAAGTTAAAATTGCT TTTGAGCAGTT TTGAAGTGTTGAATAAAGT TAAAARATGTT
dhkkkkk kk ok *  kk ok ok ok ok kR K ok ko *

[222] [214]

| -195 || -189 || -182, 178, -176, -175, -173

ARAATAAGTARAT--- —-CTAAACGATATTAATTTGTATTACGATGAAATTTTGT
~CTAAACGATATTAATTTGTATTACGATGAAATTTTGT
-CTAAACGATATTAATTTGTATTACGATGARATTTTGT

---------- CTAAACGATATTAATTTGTATTACGATGAAATTTTGT
ATAAACACTTGTTTTAAAGC TAAAACAACAARAATAAGCTARAGTARAATCGARAGAGGCE
ATAACACTTGTTTTAAAGCTARARCAACAAAAATAAGCTARAGTARATCGARAGAGGCE
ATAAACACTTGTTTTAAAGCTAAAACAACAAARATAAGCTARAGTARAATCGARAGAGGCE
ATAAACACTTGTTTTAAAGCTARARCAACAAARATAAGCTARAGTARAATCGARAGAGGCE
ATAAACACTTGTTTTAAAGCTAAAACAACAAARATAAGCTARAAGTAAATCGAAAGAGGCG
ATAAACACTTGTTTTAAAGCTAAAACAACAAARATAAGCTAAAGTAAATCGAAAGAGGCE
ATAAACACTTATTTTAAAACTAAAACAACAAAAATAAACTARARTARATCAARAAAAACA
ATAAACACTTATTTTAAAACTAAAACAACAAAAATAAACTAAAATAAATCAAAARARARACA
ATAAACACTTATTTTAAAACTAAAACAACAARAAATAAACTARAATARATCAARAAAARCA
ATAAACACTTGTTTTARAACTARAACAACAAAAATAAACTARARTAAATCAARANANACA

* kk * * * kkk k &k kkk * * ko *kk
[250 | [ 142,181 | [ 132 | [ 126,125,121

TTAAATTTAGATARAGAGATCACCAGTATAGTTTCTAA---CAATA---TCAGRATTTTA
TTAAATTTAGATAAAGAGATCACCAGTATAGTTTCTAA---CAATA---TCAGAATTTTA
TTAMATTTAGATARAGAGATCACCAGTATAGTTTCTAA--~-CAATA--~-TCAGRATTTTA
TTAAATTTAGATAAAGAGATCACCAGTATAGTTTCTAA---CAATA---TCAGRATTTTA
CTATTACCAGATTTCTTGGAAATGATGATTTAGGTACGTTTTTT
==CTATTACCAGATTTCTTGGAAATGATGATTTAGGTACGTTTTTT
CTATTACCAGATTTCTTGGARATGATGATTTAGGTACGTTTTTT
CTATTACCAGATTTCTTGGAAATGATGATTTAGGTACGTTTTTT
-=CTATTACCAGATTTCTTGGAAATGATGATTTAGGTACGTTTTTT
—-CTATTACCAGATTTCTTGGAAATGATGATTTAGGTACGTTTTTT
CTATTACCARATTTCTTAAAAATAATAATTTAAATACATTTTTT
CTATTACCARATTTCTTAAARATAATAATTTARATACATTTTTT
—-CTATTACCARATTTCTTAAAAATAATAATTTARATACATTTTTT
CTATTACCAAATTTCTTAAAAATAATAATTTAAATACATTTTTT
ek

wk ke * ok % * ok

Figure 5. 3 Location of demethylation based on sequence alignment of wild
type and clones of line 33-primer F11. The region covers -409 until -115 upstream
of fw2.2 transcription start site (TSS). The numbers in red box indicate the position
of demethylation upstream of the gene TSS. Guanines (G) coloured blue show
demethylation in both PCR product and clones. Green coloured G show
demethylation only in clones suggesting it is the sequence of the reverse DNA
strand. The rows show the sequence alignment of bases A (adenine), T (thymine),
G (guanine) and C (Cytosine). (*) indicate the same base aligned in that position for
all samples. WT= wild type
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Table 5.2 shows the demethylated positions were most of the CHH
context . This indicated that the changes due to MET1 knockdown in the
parental lines affected the methylation not only in CG sequence context. The
effect of reduced MET1 on the methylation levels of CHH was also observed
in Arabidopsis. However, investigations showed both increased and
decreased of non-CG methylation. Analysis on the metl Arabidopsis mutant
at the 5S rDNA showed an increased level of CHH methylation in the first
generation (Mathieu et al., 2007) while at some repetitive sequence there
was a lower methylation level for CHG sites (Kenkel et al., 2003).

Cloning of line 4.2 also showed demethylation in several sequence
positions (Figure 5.5). However, the changes in methylation were seen in less
than 5 clones which is the minimum number of clones for high confidence in
the result (Li and Tollefsbol, 2011). The difficulty in sequencing line 4.2 using
primer F11 was also indicated by the sequence of the wild type which showed

missing regions between the bases.
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Table 5. 2 The CG/CHG/CHH sequence context for the demethylation in the

fw2.2 upstream region in line 3.3

No. Position G position Sequence | CG/CHG/CHH
upstream of in the in the context
fw2.2 sequenced reverse (H=A,CorT)
transcription strand strand
start site
1 -324 GTA CAT CHH
2 -320 GTA CAT CHH
3 -311 GGA CCT CHH
4 -292 GTT CAA CHH
5 -232 GTT CAA CHH
6 -222 GTT CAA CHH
7 -214 GCT CGA CHH
8 -195 GCT CGA CHH
9 -189 GTA CAT CHH
10 -182 GAA CTT CHH
11 -178 GAG CTC CHH
12 -176 GGC CCG CHG
13 -175 GCG CGC CHH
14 -173 GTG CAC CHH
15 -171 GAA CTT CHH
16 -150 GAT CTA CHH
17 -142 GGA CCT CHH
18 -141 GAA CTT CHH
19 -132 GAT CTA CHH
20 -126 GGT CCA CHH
21 -125 GTA CAT CHH
22 -121 GTT CAA CHH
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gWTF1ll-pecrl
4.2F11-pecrl
4.2F1l1-pcr2
42F11-pcr3
gFl1l
gWTF1ll-pcr2
bisWTFll-pcr3
bisWTFll-pcrl
bisWTFll-pcr2
4.2Fl1l-clonel
4.2F11l-clone2
4.2F11-clone3

gWTF1ll-pcrl
4.2F11-pcrl
4.2F11-pcr2
42F11-pcr3
gF1ll
gWTF1l-pcr2
bisWTFll-pcr3
bisWTFll-pcrl
bisWTFll-pcr2
4.2F11-clonel
4.2F11l-clone2
4.2F1l-clone3

gWTF1ll-pcrl
4.2F1ll-pecrl
4.2F11-pcr2
42F11-pcx3
gFl1
gWTF1ll-pcr2
bisWTFll-pcr3
bisWTFll-pcrl
bisWTF1ll-pcr2
4.2Fll-clonel
4.2F1l-clone2
4.2Fl1l1l-clone3

-431 -347,-346

------------------------------------- TTTCATCGTAATACAAGTTAGTA
------------------------- ATTTAAACAAAATTTCATCGTAATACAAATTAGTA
---------------------------- TAAACAAAATTTCATCGTAATACAAATTAGTA
CTATACTGAGAATCTCTTTATCTAAATTTAAACAAAATTTCATCGTAATACAAATTAGTA
CTATACTAGTGATCTCTTTATCTAGATTTGGACAAAATTTCGTCGTAGTACAAGTTAGTA
CTATACTGGTGATCTCTTTATCTAGATTTGGACAAAATTTCATCGTAATACAAGTTAGTA
CTATACTGGTGATCTCTTTATCTAGATTTGGACAAAATTTCATCGTAATACAAGTTAGTA
CTATACTGGTGATCTCTTTATCTAGATTTGGACAAAATTTCATCGTAATACAAGTTAGTA
CTATACTGGTGATCTCTTTATCTAGATTTGGACAAAATTTCATCGTAATACAAGTTAGTA
CCGCCATGGCGGCCGCGGGAATTCGATTTCAAGAAATGTTGTAGTGTAAAAAATGTATTT
CCGCCATGGCGGCCGCGGGAATTCGATTATAARAAAAATATATCAACATCTAAAACAATA

TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTAACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
TC---GTTTGGATTTACTTATTTTAGGTGTTTTTAA--GTTAAAATTGCTTTTGAGCAGT
AAATTATTATTTTTAAGAAAT-TTGGTAATAGTTGARAATT ————————————————————
AAATAAAAAAAAAAAAAAAAAATTAAATCTACTTAATACACAGTGTCCCCTTAAGGAAAT

———————————— AAAAAAAAAATTAAATCTACTTAATACACAGTGTCCCCTTAAGGAAAT
* *  kk *  kk ok

TTTGAAGTGTTGAATAAAGTTAAAAAATGTTATAAACACTTGTTTTAAAGCTAAAACAAC
TTTGAAGTGGTGAATAAAATTAAAAAATGGTATAAACACTTATTTTAAAGCTAAAACAAC
TTTGAAGTGGTGAATAAAATTAAAAAATGGTATAAACACTTATTTTAAAACTAAAACAAC
TTTGAAGTGGTGAATAAAATTAAAAAATGGTATAAACACTTATTTTAAAACTAAAACAAC
TTTGAAGTGTTGAT-AAAGTTAAAAAATGTTATAAACACTTGTTTTAAAGCTAAAACAAC
TTTGAAGTGTTGAATAAAGTTAAAAAATGTTATAAACACTTGTTTTAAAGCTAAAACAAC
TTTGAAGTGTTGAATAAAGTTAAAAAATGTTATAAACACTTGTTTTAAAGCTAAAACAAC
TTTGAAGTGTTGAATAAAGTTAAAAAATGTTATAAACACTTGTTTTAAAGCTAAAACAAC
TTTGAAGTGTTGAATAAAGTTAAAAAATGTTATAAACACTTGTTTTAAAGCTAAAACAAC
TATTCCCTTAGTACCGAGATTTAATGAAATTATTTAGACGTGTATTCAGATTCAAAGATC
TATTCCCTTAGTACCGAGATTTAATGAAATTATTTAGACGTGTATTCAGATTCAAAGATC

Figure 5. 4 Location of demethylation in clones of line 4.2-primer F11.
The region covers -431 until -194 upstream of FW2.2 transcription start site
(TSS).The numbers in red box indicate the position of demethylation
upstream of the gene TSS. Guanines (G) coloured blue in the original DNA
sequence show demethylation in both PCR product and clones.The rows
show the sequence alignment of the bases A (adenine), T (thymine), G
(guanine) and C (Cytosine) for each sample. (*) indicate the same base

aligned in that position for all samples. WT= wild type.
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The EZ1 and EZ2 loci

Changes in DNA methylation were also investigated in the promoters
of the ENHANCER OF ZESTE genes SIEZ1 and SIEZ2. After primer
optimization only two primer sets (EZ1-F2 and EZ1-F3) were used for further
investigation (Figure 5.6).

Sequencing PCR products generated from both primer sets showed
demethylation in the target region of EZ1-F2 in lines 3.3 and 4.2 (Appendix
28 and 29). It was difficult to obtain clones containing the EZ1-F2 PCR
product. Six clones were obtained from the EZ1-F2 PCR product of line 3.3
while only three were obtained from line 4.2. Sequencing of line 3.3 indicated
four changes in cytosine methylation in the region -760 until -822 upstream
of the SIEZ1 TSS (Figure 5.7). However, the changes were apparent in less
than five clones at those sites (Figure 5.7). This could be due to lack of
efficient sequencing in these regions in several clones. Sanger sequencing
is limited in its quantitative accuracy, read length and sample throughput

(Masser et al., 2015).
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Figure 5. 5 Region covered by primers for bisulfite sequencing of SIEZ1
(Solyc01g079390) promoter. The region covered is in 1000 upstream of
SIEZ1 translation start site. The yellow box represents the region covered by
the primers. The ratio indicated the methylation ratio of that region (ratio=
5mC/(5mC+CQC)). Methylation ratio data obtained from
http://ted.bti.cornell.edu/cgi-bin/epigenome based on data from Ailsa Craig

The data was taken from leaf tissue.
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-822

WT TTATCCGCGAGTGTAATACACACGCATTGTATGTTTTTGTTTATATTTAAAAGGTTGTCA
clone2 TGGCG—————————— ===
cloneb TGGCG—————————— ===
clonel TTTAATTGTTTT----- AGATGTTGATATATTTTT-TTTATTATCACTAGTGAATT--CG
cloned TTTAATTGTTTT----- AGATGTTGATATATTTTT-TTTATTATCACTAGTGAATT--CG
clone3 TTTAATTGTTTT----- AGATGTTGAAGT TG === === === mm = mm =
clone6 TTTAATTGTTTT----- AGATGTTGAAGITG---————————————=—————————————
*
WT AAATGACATAGCGGGATTCTATATAAGTTATCTAAA-———————————— GTGAACATCGT
clone2 @  -----———-—-- GGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAG
clone5 @ —----—————-- G-
clonel CGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAG
cloned CGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAG
clone3 @ -
clone6 ~  ————————mmmmmmm e
-670
WT CCAATTAAAGTGTCTTAGACCTCATTTGTTTTTAT-——-———————————~ TAAGATTGCG
clone? TATTCTATAGTGTCCCCCAAATAAATTGGCAAAAAATGGAAATAACTGATAA-ATA----
cloned W @ —mmmmmm e e
clonel TATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTG
cloned TATTCTATAGTGTICACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTIGTGIG
clone3 = -
clone6 —-————---————-———————————————————

Figure 5. 6 Location of demethylation in clones of line 3.3-primer EZ1-
F2. The amplified region covers from -670 until -822 upstream of SIEZ1 TSS.
Guanines coloured blue show demethylation in less than 5 clones.The rows
show the sequence alignment of the bases A (adenine), T (thymine), G
(guanine) and C (Cytosine).(*) indicate the same base aligned in that position

for all samples. WT= wild type.
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The promoter of SIEZ2 was also investigated for methylation changes.
However, due to time constraints on the experimental work, the PCR
products were not cloned and were sequenced directly. As with other
genomic regions direct PCR sequencing gave results comparable with
cloning. After several primers were tested, only two were found able to
amplify the upstream region of SIEZ2 transcription start site. These primers
targeted the region +274 until -603 upstream of SIEZ2 transcription start site
(Figure 5.8A). Sequencing of EZ2-F2 PCR product showed no changes in
methylation between the samples (Appendix 30) and sequencing of EZ2-F3
PCR product only confirmed the unmethylated region found in that region

(Figure 5.8B).
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Figure 5. 7 Region covered by primers and demethylated cytosines in
upstream region of SIEZ2. (A) The region covered is in 1000 upstream of
SIEZ2 (Solyc03g044380) transcription start site and (B) Location of
demethylation in bisulfite treated wild type and several epiRILs using primer
EZ2-F3. The yellow boxes shows the region covered by the primers. The ratio
indicate the methylation ratio of that region (ratio= 5mC/(5mC+C)).
Methylation ratio data obtained from http://ted.bti.cornell.edu/cgi-
bin/epigenome. The data was taken from leaf tissue. Non-methylated
cytosines are coloured red in wild type sample. Thymine due to
demethylation are coloured yellow in bisulfite treated wild type.
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The TM8 locus

In this case again time constraints on the experimental work restricted
experiment to clone the converted fragments and so PCR products were
subject to direct sequencing. Primers used in the investigation of TM8
promoter region covered -456 to -869 bp (primer TM8-F2) and -796 to -1000
bp upstream (primer TM8-F1) of the TM8 transcription start site (Figure 5.9A).
Sequencing of PCR product from primer TM8-F1 showed demethylated
cytosines in lines 3.2, 2.1, 4.2 and 3.3 (Figure 5.9B).

The result from TM8-F2 primer showed no changes in DNA
methylation in the epiRILs (Appendix 31), but sequencing from these
amplicons was of poor quality which could be caused by the limitations of

Sanger sequencing method for bisulfite treated DNA (Masser et al., 2015).
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212 AAGTGAGTTTTGAGTGAATTAAAACGTTATCTGTTTTTAAGCGTATTGGAGTTCAAGTTC 125
4.2 AAGTGAGTTTTGAGTGAATTAAAACGTTATCTGTTTTTAAGCGTATTGGAGTTTAAGTTT 126
3.3-2 AAGTGAGTTTTGAGTGAATTAAAACGTTATCTGTTTTTAAGCGCATTGGAGTCCAAGTC- 126
= S et I e T e 29

Figure 5. 8 Region covered by primers and demethylated cytosines in
upstream region of TM8. (A)The region covered is in 1000 upstream of
SIEZ2 (Solyc03g019710) TSS and (B) Location of demethylation in bisulfite
treated wild type and several epiRILs. The yellow boxes shows the region
covered by the primers. The ratio indicate the methylation ratio of that region
(ratio= 5mC/(5mC+C)). Methylation ratio data obtained from
http://ted.bti.cornell.edu/cgi-bin/epigenome. The data was taken from leaf
tissue. Demethylated cytosines are coloured red in wild type sample.
Thymine due to demethylation are coloured yellow in bisulfite treated wild

type.

208


http://ted.bti.cornell.edu/cgi-bin/epigenome

5.3.2 Global patterns of DNA methylation

Global patterns of DNA methylation were investigated using WGBS.
Genomic DNA was extracted from the leaves of six week old wild type plants,
two epiRILs (from generation Fs) and MET1 RNAI transgenic lines. The
epiRILs used for the analysis were lines 2.1 and 4.6. Two sets of wild type
lines were used, one grown with the MET1 transgenics at INRA and the other
grown with the epiRILs at University of Nottingham. All lines were of an
identical genetic background. The DNA was subject to bisulfite conversion
and then sequenced. The WGBS reads were then aligned to the annotated
Solanum lycopersicum tomato genome vSL2.5 (www.solgenomics.net).

Comparison between the wild type, MET1 RNAIi and epiRILs revealed
differences in overall levels of DNA methylation (Figure 5.10A). Both RNAI
transgenic lines and the epiRILs showed evidence of global hypomethylation
in comparison to wild type especially in the CG context. RNAI lines showed
reduced CG methylation of 25% and 35 % respectively while in the epiRILs
there was only a 5 % of reduction.

The methylation levels in the CHG sequence context were lower
(Figure 5.10B) in both the RNAI lines and EpiRILs, but the effects were less
pronounced. However, the range of methylation level was wider in the CHG
sequence, ranging from 40 — 85 % for almost all of the samples. The
methylation levels in the CHH context were much lower than for CG or CHG,
ranging only from 5 to 12 % for all the samples with no apparent global
differences between treatments (Figure 5.10C).

The lower level of methylation in CG context compared to CHG and

CHH in the tomato epiRILs confirmed the importance of METL1 in tomato CG
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methylation. The difference in the range of methylation levels in the CHG
context showed that MET1 might have some indirect role in the methylation
of CHG such as found in Arabidopsis metl mutants (Kenkel et al., 2003;

Mathieu et al., 2007)
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Figure 5. 9 Box plots showing the mean levels of DNA methylation in
wild type, the RNAI lines and epiRILs. Methylation levels are shown for the
(A) CG, (B) CHG and (C) CHH contexts. The samples were: wild type grown
at INRA (WT_PG) and at Nottingham (WT_GS), MET1 RNAI transgenic lines
2.1 and 4.6 and epiRILs 2.1 and 4.6 from the Fs generation. The tomato

genome was partitioned into 0.5 kb bins for the methylation analysis.

211



The global changes in DNA methylation that were observed in our
MET1-RNA:I lines and epiRILs were similar to those reported in related
experiments undertaken in Arabidopsis and tomato. In metl Arabidopsis
mutant (from ethylmethanesulfonate mutagenized seeds), digestion using
the methylation sensitive enzyme Hpall showed loss of CG methylation and
CHG methylation (Kenkel et al., 2003). The reduction in methyl cytosines
were in both repetitive and single copy genes. Bisulfite sequencing of a metl
Arabidopsis mutant also confirmed the dramatic loss of CG methylation but
also changes in the methylation level of CHG and CHH sequences (Mathieu
et al., 2007, Lister et al., 2008).

Arabidopsis hypomethylated mutants were found at the DDM1
(DECREASE IN DNA METHYLATION) locus, designated the ddm1 mutants.
The ddml mutants differs in their effect on DNA methylation where it
cytosines in all contexts were effected, but mostly in repetitive sequences
(Kenkel et al., 2003; Catoni and Cortijo, 2018).

The construction of Arabidopsis epiRIL population used both metl
(Reinders et al., 2009) and ddm1 mutants (Johannes et al., 2009). The two
epiRIL populations showed differences in their phenotypes and patterns of
methylation. The level of 5-methyldeoxycytidine (mC) in several metl-
derived epiRILs were found to be similar to wild type, with levels up to 80%
of wild type. The mapping of DNA methylation also showed random
distribution of non-parental epialleles in the epiRILs. In the ddml-derived
epiRILs, the inheritance of hypomethylated epi-alleles were also seen in the
population with some remethylation of alleles after two to five generations in

some lines.
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5.3.3

In tomato, ddml mutants were obtained using the CRISPR/Cas9
technology using the tomato cultivar M82. A reduction in CG and non-CG
methylation was observed in the mutants (Corem et al., 2018). The levels of
methylation ranged from 85-95% for the Slddml1l mutant. This level was
higher than in our tomato met1-RNAi line with only 60-80% methylation.

In the tomato epiRILs, the DNA methylation levels were nearer to
those of wild type than in the RNAI lines. This likely reflects how the epiRILs
were constructed by backcrossing parental lines (RNAI lines) with wild type,
which introduced the wild type epigenome. Similar effects on epiRIL
hypomethylation were also seen in Arabidopsis (Johannes et al., 2009;
Reinders et al., 2009). The restoration of the MET1 expression in the early
generations of the epiRILs would maintain CG methylation in the genome
and also the RNA dependent DNA Methylation (RADM) pathway that is

involved in de novo methylation (Zhang et al., 2018).

Patterns of methylation in genes and transposable elements

Compared to wild type, the CG methylation in RNAI lines was 10 - 25
% lower in gene bodies and in the 2kb of the upstream and downstream
regions (Figure 5.11A). In the CHG context, the levels of methylation were
almost the same between all the samples with a range of only 5 — 10 %. In
the CHH context, the RNAI lines showed the highest methylation level while
the epiRILs showed the lowest in the upstream and downstream regions. In
gene coding regions the methylation levels were almost the same for all

treatments (Figure 5.11A).
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In transposable elements (TEs), the RNAI lines showed the lowest CG
methylation (Figure 5.11B) and these were 15 - 25 % lower than wild type. In
the CHG context, the methylation levels of TEs in the RNAI lines was also
the lowest. However, in the CHH context, the RNAI lines showed the highest
methylation level, while the epiRILs showed the lowest level (Figure 5.11B).

The higher methylation levels in the CG context indicated that
methylation in tomato mostly occurred in this sequence context. This concurs
with findings by Zhong et al. (2013) where CG methylation in tomato leaf can
reach 85.51 % compared to CHG and CHH methylation which only reached
56.15 and 8.63% respectively.

The lower levels of CG methylation in the RNAI lines showed that the
MET1 knockdown affected the CG methylation in gene bodies and
methylation associated with tomato TEs. Higher level of CHH methylation in
RNA. lines agrees with findings by Mathieu et al. (2007) in Arabidopsis where
reduced CG methylation was associated with an increase in CHH

methylation.
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Figure 5. 10 Patterns of methylation in genes and TEs. Wild type samples
are shown by a blue line, RNAI lines are indicated by a red line and epiRILs

as yellow line. Two biological replicates were analysed for each line. TE =

transposable elements, mCG
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5.3.4 Differentially Methylated Regions (DMRs) in RNAI Lines and epiRILs

The presence of differentially methylated regions (DMRs) was
analysed by comparing methylated regions of RNAI and epiRILs with wild
type.

DMRs in all CG sequence context

The number of DMRs was analysed for all the different methylation
contexts (CG, CHG and CHH) (Figure 5.12). In line 2.1, the number of DMRs
in the CG context was higher than the number of DMRs in the CHG or CHH
context. In comparison to wild type, the number of hypomethylated DMRSs in
CG context was 12268 in the RNAI line 2.1, while in the related epiRIL 2.1 it
was 3685. However, the number of hypomethylated DMRs in CHG and CHH
context was higher in the epiRIL 2.1, than in either the RNAiI or wild type lines
(Figure 5.12A).

Hypermethylated DMRs in CG and CHH context for line 2.1 were
higher in the epiRIL compared to the RNAI line. In the CHG context, the
number of hypermethylated DMR was almost the same in both lines. The
number of hypomethylated CG DMRs in the epiRIL suggests that some of
hypomethylated CG was transgenerationally inherited in the epiRIL. A higher
number of hypermethylated DMR in CG and CHH context in the epiRIL
indicated that there was an increase of CG and CHH methylation after
successive selfing in the population.

Analysis of CG methylation in line 4.6 showed that the RNAI 4.6 line
had a greater number of hypomethylated CG DMRs than WT (Figure 5.12B).
In comparison with WT there were 286,636 additional DMRs. In the epiRIL

4.6 there were only 3724 additional DMRs in comparison to WT. For line 4.6,
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hypomethylated CHG and CHH DMRs were found to be higher in the epiRIL
than in the RNAI line.

A higher number of hypomethylated CG DMRs in the RNAI lines of
both line 2.1 and 4.6 indicated that the initial MET1 knockdown caused a
significant loss of CG methylation. After successive rounds of selfing, the CG
methylation was restored and was seen in the reduced number of
hypomethylated CG DMR in the epiRILs. The higher number of
hypomethylated CHG and CHH DMR in the epiRIL indicated that loss of CG
methylation in the parental line indirectly affected CHG and CHH methylation

in successive generations.
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Figure 5. 11 Number of hypo-and hyper- methylated DMRs between RNAi and epiRILs with wild type.
(A) The number of DMRs in line 2.1 and (B) The number of DMR in line 4.6
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DMRs in CG sequence context

With the main role of MET1 in CG methylation, the analysis was
focused on the DMRs in the CG context on each of the 12 tomato
chromosomes. The results indicated that in comparison to wild type the
RNAI line 2.1 showed CG hypomethylation almost evenly in all of the 12
chromosomes (Figure 5.13). The DMR density showed an even
distribution in almost all of the chromosomes with some peaks of
hypomethylation on chromosomes 2 and 9.

In comparison to the parent RNAI line the epiRIL 2.1 showed less
hypomethylation, although clusters of of DMRs were more apparent on
chromosomes 2 and 3. However, in comparison to wild type and the RNAI
line, hypermethylation at CG sites was present in the epiRIL line as
indicated by the presence of blue dots on the circle plot (Figure 5.13)
showing differences in hypermethylated DMRs between the epiRIL vs wild
type. These mosaics of methylation in the tomato epiRILs are consistent
with those seen by other workers when epiRILs were generated in the
model plant Arabidopsis (Reinders et al., 2009; Johannes et al., 2009).

Changes seen in epiRIL line 4.6 were broadly similar to those seen
for epiRIL 2.1. Focusing on the DMR of the CG context, line 4.6 showed
a high density of hypomethylation in RNAI vs wild type (Figure 5.14). The
density of DMRs was almost evenly distributed in all of the chromosomes.
In the epiRIL 4.6 there were clusters of DMRs on chromosomes 3, 5 and
7. More hypermethylated CG DMRs were also found in the epiRIL 4.6 vs

wild type in comparison with the RNAI 4.6 line vs wild type (Figure 5.14).
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Figure 5. 12 Differentially Methylated Region (DMR) in the CG context compared between wild type with RNAi line 2.1
(left) and epiRIL 2.1 (right). (A)Transposable element density, (B) Gene density, (C) density of DMRs and (D) dots
representing DMRs where one dot = one DMR. Red dots represent hypo CG DMR and blue dots represent hyper CG DMR.

The numbers in the outer circles (1-12) represent the chromosome number.
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Figure 5. 13 Differentially Methylated Region (DMR) in the CG context compared between wild type with RNAI line
4.6 (left) and epiRIL 4.6 (right). (A)Transposable element density, (B) Gene density, (C) density of DMR and (D) dots
representing DMRs where one dot = one DMR. Blue dots represent hyper CG DMR and red dots represent hypo CG DMR.

The numbers in the outer circles (1-12) represent the chromosome numbe
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The change in hypomethylated regions suggests that new epi-alelles were
formed in the parental lines or in early generations and through successive
inbreeding became fixed differently across the chromosomes. The difference in
the pattern of DMRs between epiRILs 2.1 and 4.6 showed that active methylation
which occurred during each cycle of regeneration can create specific patterns of
methylation. Non-parental methylation polymorphism were also observed in
Arabidopsis epiRILs (Reinders et al., 2009).

From the results of both the target and whole genome bisulfite sequencing,
we have observed differences in methylation between the tomato epiRILs and wild
type and amongst individual epiRILs in the population. In this study it is difficult to
compare the data from the targeted bisulfite sequencing and WGBS because
different tissues were used for each study Also the DNA came from different plants
and different generations. However, the WGBS data does indicate major changes
in the epigenome in the epiRILs consistent with the results from the targeted
sequencing of individual genes. From the limited number samples analysed we
also see evidence of new methylation patterns that are specific to different epiRILs
from the difference in hypo- and hyper- methylated regions on different

chromosomes.
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5.4 Conclusion

In this chapter, bisulfite sequencing provided evidence that removal of
MET1 caused global methylation changes in the RNAI lines and epiRILs.
Sequencing specific target regions showed that hypomethylation was found in the
upstream region of the fw2.2 and SIEZ1 transcription start site in epiRILs 3.3 and
4.2 Demethylations were found in the CHH context in line 3.3.

Cloning the PCR product of primers for the SIEZ1 upstream region proved
to be difficult. Less than five clones were obtained for the sequencing, making the
result low in confidence level. For the SIEZ2 and TM8 genes, sequencing of the
upstream region was undertaken from PCR products due to the time restriction for
this project. Sequencing the upstream region of SIEZ2 proved the presence of the
unmethylated region that naturally exists in the wild type. While sequencing of TM8
upstream region showed some demethylation that corresponded to changes from
cytosines in the wild type to thymine in some of the epiRILs.

Whole genome sequencing of two epiRILs and RNAI lines showed a lower
CG methylation in RNAI lines globally and also in gene bodies and TEs. The
methylation levels in CHG and CHH context were not always lowest for RNAI lines.
However, the level of CHH methylation in genes and TEs was often lowest in the
epiRILs.

When methylation levels of RNAi and epiRILs were compared to wild type,
there were differences in demethylated regions. Changes in the density of DMR
were seen in both RNAI lines vs WT and epiRILs vs WT. Several chromosomes
showed more hypomethylated region in the epiRILs. In line 2.1, hypomethylated

DMR was found to be maintained in the epiRIL and can be seen by the number of
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hypomethylated DMR in chromosomes 2,3 and 7. While in line 4.6 this was found
in chromosomes 3, 5 and 7.

Reduced methylation in non-CG sequence context indicated reduced MET1
expression in parental lines could change methylation in other contexts than CG.
The effect of loss in CG methylation on CHG and CHH was also found in
Arabidopsis (Mathieu et al., 2007). Brocklehurst et al. (2018) also stated that the
effect of MET1 depletion in dense methylated region could cause both CG and
non-CG marks due to the involvement of MET1 in a multiprotein complex. The
complex which contains chromomethylases could lose function without MET1.
Another explanation is the indirect effect of MET1 on other epigenetic factors such
as histone regulators. This was seen in metl mutant where the loss of H3K9
methylation patterns resulted in the loss of CHG and CHH methylation.

The difference in hypomethylated DMR in the chromosomes of the two lines
(2.1 and 4.6) indicated that the methylation patterns between the two epiRILs were
unique. Irregular and stochastic inheritance of methylation was also observed in
early generations of inbreeding (Mathieu et al., 2007) and in the epiRIL population

of Arabidopsis (Reinders et al., 2009; Johannes et al., 2009).
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CHAPTER 6 GENERAL DISCUSSION AND FUTURE WORK

DNA methylation has been shown to be a stable and heritable
epigenetic mark in plants. Evidence from work on the model plant species,
Arabidopsis thaliana, has demonstrated that epigenetic variation can be stably
inherited across several generations (Johannes et al., 2009; Reinders et al.,
2009).

The stability of DNA methylation and its inheritance in plants has
been used to create novel populations with altered epigenomes. In
Arabidopsis, a population of epigenetic Recombinant Inbred Lines (epiRILS)
have been generated (Johannes et al., 2009) that combined phenotypic and
epigenomic data into a quantitative genetics framework (Reinders et al.,
2009). The development of epiRILs from a cross between a RNAI knockdown
line and wild type and the cycles of self-fertilization from each generations
stabilised the novel epigenomes in each line.

In this project, the reduced MET1 expression in transgenic tomato
parental lines was used as a starting point to generate a tomato epiRIL
population. Tomato was used for several reasons: (1) Its importance as a
model system for fleshy fruit, (2) epiRILs have so far only been generated in
the simple genome of Arabidopsis and tomato is a complex genome with many
repeat elements, (3) an epimutation has been shown to govern tomato
ripening (Manning et al., 2006) indicating this process can be under epigenetic

control.
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6.1

The aim of this project was to generate and characterize a novel
population of tomato epiRILs and identify the effects of the epigenetic

variation on tomato development and ripening.

Morphological changes of the tomato epiRILsS

In Arabidopsis epiRILs, transgenerational inheritance was apparent
for several phenotypic characters such as flowering time, stress response
and plant height. There were other phenotypes, but these appeared in only
one or two generations (Johannes et al., 2009; Reinders et al., 2009). The
unstable nature of new/abnormal phenotypes was also observed in our
tomato epiRILs (Chapter 2). Only stable phenotypes seen in several
generations were investigated using gene expression analysis, restriction
enzymes and sequencing.

Different methods have been used in generating the epimutant
parental lines. In Arabidopsis, EMS mutation and T-DNA have been used in
creating the demethylated parental line. In this project, RNAi knockdown was
used to reduce METL1 expression thus reducing CG methylation in the
genome. The effect of a reduced expression of MET1 which is an enzyme
involved in the maintenance of CG methylation showed that it is vital in the
embryo development of tomato. In the early generation, it was observed that
the germination rate of T1 seeds obtained from the cross between MET1
knockdown and wild type was very low. From 4000 seeds sown, only 21 of
seeds germinated (Gallusci et al., unpublished result). The effect of low
MET1 expression on the development of embryo have been observed in

other species. Frequent seed abortion, which might correspond to early
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embryonic lethality, was found in metl Arabidopsis (Saze et al., 2003) while
in mice, low levels of Dnmt3a (a methyltransferase found in mammals)
caused death at early age and embryonic lethality (Jin et al., 2011).

Once the epiRIL population had been established, a range of
phenotypes that were different from the wild type control became apparent.
These included twisted and flat stems, non-serrated and chimeric leaves,
flowers with twisted stamens, high flower abortion rate and low fruit weight.
Analogous developmental phenotypes were also seen in Arabidopsis
hypomethylated metl mutant (Kankel et al.,, 2003; Saze et al., 2003;
Reinders et al., 2009). Both vegetative and generative stage were affected
by loss of MET1 expression in Arabidopsis resulting in a delay in flowering
time, increase numbers of rosette leaves prior to flowering, increased
thickness of the inflorescence stem and shorter plants.

Recent work in Arabidopsis has indicated that these types of
developmental effects can result from both CG methylation and other
methylation changes. For example, in the Slddmla Slddm1b double mutant
generated from a knockout of the DECREASE IN DNA METHYLATION 1
(DDM 1) gene showed abnormal phenotypes in both vegetative and
generative development (Corem et al., 2018). The double mutant showed
hypomethylation in the CHG and CHH context, but showed abnormal
variegated leaves, abnormal flower and small fruits (which are similar to the
phenotypes found in the tomato epiRILS).

To analyse the effects of reduced MET1 expression in the RNAI
parental line on the epiRIL population, several approaches were taken. The

first was to detect changes in gene expression in selected lines in different
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6.2

generations and correlate the expression to an abnormal phenotype that was
stable in several generations of the epiRILs. The techniques used were
QPCR and RNA sequencing. Changes in methylation were detected using
restriction enzymes to detect changes in promoter regions and transposable
elements which can alter gene expression. Changes in methylation were also
analysed using bisulfite sequencing in selected promoter regions and whole
genome to detect hypomethylated cytosines. Lower level of CG methylation
was expected in the epiRILs but this was not always the case as discussed
in Chapter 5. The findings showed that the changes in the tomato epiRILs
phenotypes were not caused by direct control of methylation on one specific
gene. Reduced MET1 expression in the parent line was also found to affect

other than CG methylation in the epiRILs.

Changes in genes and TEs expression

Low fruit weights were seen in some of the tomato epiRILs and
although this trait is controlled by several genes (Tanksley, 2004; van der
Knapp, 2014), one gene was chosen for the investigation because it is well
characterised. The FW2.2 gene controls 30% of tomato fruit weight variance
(Frary et al., 2000) and acts as a negative regulator of cell division in tomato
and pear fruits (Jia et al., 2016). The findings in this investigation showed the
expression of FW2.2 was different between several epiRILs and wild type
and varied in different tissues and in different generations of epiRILs.
However, the correlation between FW2.2 expression with fruit weight was
not significant (Chapter 3). The results are consistent with findings which

showed that regulation of tomato fruit weight is not due to expression of a
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single gene and further investigation on FW2.2 promoter region is still
needed to discover how it is involved in the regulation of tomato fruit weight.

In the tomato epiRILs, the expression of the Two Enhancer of Zeste
(SIEZ1 and SIEZ2), TM8 and SIGA200x2 genes were different to that of wild
type. The difference in expression varied depending on the tissue and the
generation of the sample. The result confirmed that the expression of the EZ
genes was differentially regulated during plant development (How-Kit et al.,
2010) and that there might be functional redundancy between the two genes.

A number of genes selected in this study were analysed to observe
the correlation of their expressions with fruit weight in several lines. The
selected genes (FW2.2, SIEZ1, SIEZ2 and TM8) are known to either
indirectly affect fruit weight by regulating flower and carpel development or
by regulating flower morphology which can affect fruit development. The
results showed that the correlation between the genes expression at anthesis
or green fruit stage was not significant.

If changes in methylation in the epiRILs caused changes in gene
expression, it could be involved in a complex pathway such as shown in
Figure 6.1. Figure 6.1 shows an example of the master regulator KNOX
(KNOTTED1-LIKE HOMEOBOX) genes which involves the action of EZ and
GA200x2 (two of the genes investigated in this project). The EZ genes
encode proteins which form the POLYCOMB REPRESSIVE COMPLEX 2
(PRC2) which is involved in the regulation of KNOX genes and which in turn
regulates the expression of GA200x2. KNOX genes produce transcription
factors which are important in producing pluripotent cells in the shoot apical

meristems (Hay and Tsiantis, 2010). The target genes then regulate
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hormone homeostasis in the plant meristem, which in turn have an effect on
the development of plant morphology.

Using RNA sequencing, it was discovered that changes in gene and
TE expression were specific to the different epiRILs used in the analysis.
Both increased and reduced expression of genes and TEs were found in
lines 3.3 and 4.69 in generation F7 of the epiRILs. This findings concurs with
other species where both increased and reduced gene expressions were
also observed in metl mutant lines (Garg et al., 2015; Chen et al., 2008;
Brocklehurst et al., 2018).

Reduced MET1 expression in one parental line should increase gene
expression if the reduced MET1 only affected silencing of genes and TEs via
CG methylation of promoter regions. However, the reduced expression of
some genes and TEs in the epiRILs showed that there is a more complex
regulation of methylation by MET1.

Immobilization of transposable elements (TES) were expected in the
epiRILs due to changes in methylation. Loss of methylation have been
associated with immobilization and increase expression of TEs. Both Class |
and Class Il TEs were found to be differentially expressed in the tomato
epiRILs. The two classes were also found in the Arabidopsis epiRILs
(Johannes et al., 2009; Reinders et al., 2009; Mirouze et al., 2009) showing
that both classes of TEs are affected by reduced MET1 expression.

Investigation on gene expression did not show how methylation
could affect the differences in the morphological data of the epiRILs. To

further investigate the correlation between changes in methylation, gene
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expression and plant phenotype analysis using a restriction enzyme was

undertaken (Chapter 4).
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Figure 6. 1 KNOX gene regulatory network. Upstream regulators control the
expression of KNOTTED1-LIKE HOMEOBOX (KNOX) genes (Hay and Tsiantis,
2010). Abbreviations: AS1, ASYMMETRIC LEAVES1; BELL, BEL1-like
homeodomain family; BOP1, BLADE-ON-PETIOLEl; CUC, CUP-SHAPED
COTYLEDON; H3K27me3, trimethylation of histone H3 at lysine 27; HIRA, histone
regulatory protein A; JLO, JAGGED LATERAL ORGANS; PRC2, polycomb
repressive complex 2; SAW, SAWTOOTH; YAB, YABBY.
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6.3 DNA Methylation patterns of the epiRILs

The McrBC analysis of the tomato epiRILs showed changes in DNA
methylation in regions upstream of the coding sequences of the selected
genes. There were differences in methylation between epiRIls and wild type
and between different generations of epiRILs. The McrBC enzyme
recognizes two methylated or hemimethylated RC sites (R™C) at
approximately 30 to >2000 base pairs between the sites and cleaves the
DNA close to one of the site (Piper et al., 2002). Therefore the McrBC
analysis covered changes in methylation in CG as well as CHG and CHH
contexts. Changes in methylation could be caused by the activities of
different methyltransferases, chromatin remodellers and small interfering
RNAs (Zhang et al., 2018). The variation in methylation between generations
indicates that the epi-marks in the selected sites are actively changing across
generations.

To investigate the correlation between methylation marks, gene
expression and fruit weight in the epiRILs, data from three generations were
used. Correlation between McrBC-QPCR and cDNA-QPCR data was
analysed and showed no significance (Figure 6.2). These results suggests
that the McrBC-QPCR data could not explain the direct relationship between
difference in methylation of the target regulatory regions and the gene

expression.
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Figure 6.2 Relationship between the relative quantification of FW2.2
gene and McrBC target regions. The McrBC-QPCR analysis used leaves
tissue while cDNA-QPCR analysis used green fruits. The regression
equation and correlation coeffiecient (R?) of the line is shown. Statistical

analysis showed no significance in the correlation (P>0.05).
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Early analysis in Chapter 3 showed that the correlation between the
relative expression of FW2.2 with fruit weight was not significant. This could
be caused by the limited number of samples used in the analysis or due to
the difference in tissue samples used in the McrBC-QPCR and the cDNA-
QPCR analysis. However, all the correlation analysis that was undertaken
showed a negative trend for the relationship.

To further test the effect of methylation and gene expression on fruit
weight, a multiple linear regression model was used (Appendix 22). The
result showed the relationship between the three variables were : Y = 7.367
-1.105 cDNA-RQ - 0.173 McrBC-RQ (region 0-500 bp upstream of TSS) and
Y =7.221 -1.144 cDNA-RQ - 0.17 McrBC-RQ (region 500-1000 bp upstream
of TSS), where Y = fruit weight at B+7. Both equations showed that the
relationship between RQ values of gene expression and McrBC with fruit
weight is indirectly proportional which means that higher level of methylation
and higher expression of FW2.2 leads to lower fruit weight. This concurs with
results showing a negative correlation between FW2.2 and tomato fruit
weight (Cong et al., 2002) and that lower level of methylation will cause
higher gene expression (Zhang et al., 2018) and thus lower fruit weight.
Further investigation using more lines and replicates and using the same
tissue samples is needed to confirm this finding.

Another investigation on the changes in methylation was using the
Southern Blot method. The CG methylation of gypsy and copia transposons
were detected using the Hpall restriction enzyme. The results indicated slight

changes in methylation and were consistent with the WGBS data presented
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6.4

in Chapter 5 that showed relatively small changes in global CG methylation
between wild type and epiRILs. Limitations on the data were due to the
limited number of samples and time for the analysis. It is also important to
note that transposons are often regulated by changes in CHH and CHG
methylation (Corem et al., 2018; Gouil and Baulcombe, 2016) and this will
not be detected by the Hpall analysis. A more accurate method would be to
first map the population and identify possible insertions due to mobilization
of TEs. Once identified, the design of the probes will then be more accurate

to detect the change in methylation and movement of the TEs.

Differentially methylated regions of selected epiRILs

Higher levels of hypomethylation were found in the regions upstream
of the TSS of FW2.2, SIEZ1 and TM8 in line 3.3 compared to line 4.23 at Fe.
Line 3.3 exhibited several abnormal phenotypes and RNA sequencing in
generation F7 also showed hundreds of differentially expressed genes in this
line. Line 3.3 was generated from the F2 lines from the initial cross between
wild type with the RNAI knockdown line.

In the whole genome bisulfite sequencing (WGBS), two lines (line 2.1
and 4.61) from the BC1-F2 lines was used. WGBS showed a lower CG
methylation in RNAI lines and lower CHH/CHG methylation in the epiRILs in
comparison to wild type. The reduced methylation in non-CG sequence
context was a likely consequence of reduced MET1 expression in parental
lines and there was evidence that re-methylation in later epiRIL generations
involved CHG and CHH contexts. The effect of loss in CG methylation on

CHG and CHH was also found in Arabidopsis (Mathieu et al., 2007).
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Brocklehurst et al. (2018) also stated that the effect of MET1 depletion could
cause both changes in both CG and non-CG marks due to the involvement
of MET1 in a multi-protein complex; where a complex which contain
chromomethylases could lose full function without MET1. Another
explanation is the indirect effect of MET1 on other epigenetic factors such as
histone regulators. This was seen in metl mutant where the loss of H3K9
methylation patterns resulted in the loss of CHG and CHH methylation
(Stroud et al., 2013; Brocklehurst et al., 2018).

The WGBS result confirms that remethylation of CG sequence
occurred after several selfings. Low CG methylation in the RNAI parental line
was not seen in the Fs generation of epiRILs. The selection against the
transgene in the early generations could cause the normal function of MET1
causing methylation of CG.

Analysis on differentially methylated regions (DMRs) between the
epiRILs and wild type confirms that the remethylation of CG sequence did
not occur on all of the chromosomes. Some chromosomes showed specific
patterns of methylation in the two different epiRILs at generation Fs (Chapter
5). Inline 2.1, hypomethylated DMR was found to be maintained in the epiRIL
and can be seen by the number of hypomethylated DMRs on chromosomes
2,3 and 7. While in line 4.6 a different distribution of DMRs was observed
with clusters on chromosomes 3, 5 and 7. These different pattens of
methylation support the idea that mosaics of methylation in individual epiRILs
are unique. Irregular and stochastic inheritance of methylation were also

observed in early generations of inbreeding (Mathieu et al., 2007) and in the

237



6.5

epiRIL population of Arabidopsis (Reinders et al., 2009; Johannes et al.,

2009).

Future Work

The next step in the investigation of tomato epiRIL population will be
to undertake a full phenotypic analysis on a properly replicated population
under a range of environmental conditions. This will now be possible as all
lines are at Fs and essentially fixed and seed has been bulked for such an
analysis. The analysis should be performed at the level of visible phenotypes
as well as analysis of the transcriptome and metabolome. The epigenomes
of each of the epiRILs need to be analysed by WGBS. Replicated trials with
the lines would then indicate lines that could be followed in more detail to link
epigenetic changes with phenotypes.

In the ddm1l-derived Arabidopsis epiRILs, differentially methylated
regions (DMRs) were found to act as epigenetic quantitative loci (epiQTL)
and could account up to 60-90 % of the heritability of flowering time and
primary root length (Cortijo et al., 2014). Interval mapping was undertaken
for the two traits and linkage analysis detected highly significant epiQTL on
several chromosomes. A more recent study on the impact of epigenetic
variation on plant metabolic composition using the ddm1-derived Arabidopsis
epiRILs discovered epiQTLs linked to plant growth and morphology (Kooke
et al., 2019). The detection of epiQTL suggests that the metabolic variation

can partly be explained by the variation in DMRs.
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The tomato epiRIL population can also be used to find epiQTLs for
stable phenotypic variation discovered in this project. Further analysis of the
metabolome and transcriptome of the tomato epiRILs can be used to
advance our understanding of epigenetic control in plant primary and
secondary metabolism. The understanding of the nutritional quality in tomato
is important because it is one of the goals in tomato breeding besides
achieving higher vyield, longer shelf-life and better taste (Bai and Lindhout,
2007). A better understanding of both genetic and epigenetic control of plant
secondary metabolites could help to achieve the goal in producing a tomato
variety with better nutritional quality. The epiRIL population provides a unique
resource for investigating the epigenetic basis of trait variation in tomato

which could also be applied in other crop species.
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Appendices

Appendix 1. List of lines used in the epiRIL population

Generation Lines
TO 2 3 4
T1 2.1* 2.A2 | 3.1 | 3.2% 3.A3 | 3.4A | 4A1 | 4.2*% | 4.3* 4.4% | 4.A5 | 4.6* 4.7% | 4.8% | 4.9* 4.10* 4.11%* 4.A15 | 4.18*% | 4.A23

BC1-S1 2.11A 3.21A 4.32A 4.61A 4.94A 4.102A 4.111A
2.13A 3.22A 4.33A 4.62A 4.95A 4.103A 4.113A
2.17A 3.23A 4.34A 4.63A 4.96A 4.106A 4.114A
2.18A 3.24A 4.35A 4.64A 4.97A 4.107A 4.115A
2.19A 3.27A 4.36A 4.65A 4.98A 4.108A 4.116A
2.111A 3.28A 4.37A 4.66A 4.99A 4.109A 4.117A
2.113A 3.29A 4.38A 4.67A 4.910A 4.1011A | 4.118A
2.115A 3.210A 4.310A 4.69A 4.916A 4.1012A | 4.1113A
2.116A 3.213A 4.312A 4.610A 4.917A 4.1013A | 4.1114A
2.117A 4.314A 4.611A 4.918A 4,1015A | 4.1115A
2.118A 4.612A 4.919A 4,1017A | 4.1117A
2.119A 4.613A 4.923A 4,1019A | 4.1119A
2.120A 4.614A 4.924A 4,1024A | 4.1122A
2.121A 4.615A 4.925A 4.1025A | 4.1125A
2.122A 4.616A 4.926A 4.1026A | 4.1126A
2.123A 4.617A 4.928A 4.1031A | 4.1127A
2.124A 4.618A 4.931A 4.1128A
2.125A 4.932A 4.1130A
2.126A 4.934A 4.1132A
2.127A

T1 generated by crossing TO transgenic metl with WT. The azygous lines in T1 was planted to produce F2 which was used for the
generation of the epiRILs.
Transgenic T1 (*) were backcrossed to WT and produced BC1-S1. 109 lines from the backcross was also used for the generation of
the epiRILs. A= azygous
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Appendix 2. Climate data from https://www.metoffice.gov.uk for year 2015-2019

Allowances have been made for topographic, coastal and urban effects where relationships are found to exist.

Seasons: Winter=Dec-Feb, Spring=Mar-May, Summer=June-Aug, Autumn=Sept-Nov. (Winter: Year refers to Jan/Feb).

Monthly values are ranked and displayed to 1 dp and seasonal/annual values to 2 dp. Where values are equal, rankings are based in order of year
descending.

Data are provisional from January 2018 and Winter 2018. Last updated 01/10/2019.

England (the Midlands) Max Temperature (Degrees C)

Year JAN FEB MAR APR MAY JUN JUL AUG SEP OCT Nov DEC WIN SPR SUM AUT ANN
2015 7.2 6.8 10.0 14.3 14.8 19.2 20.5 20.3 17.1 14.3 12.0 12.1 7.29 13.01 19.97 14.45 14.07
2016 8.1 8.0 9.2 11.6 17.0 19.1 21.2 21.4 19.8 14.0 8.5 8.8 9.42 12.61 20.59 14.10 13.92
2017 6.5 8.3 12.1 13.5 17.7 20.3 21.3 19.8 17.3 15.2 9.8 7.3 7.89 14.45 20.47 14.13  14.14
2018 7.7 5.5 7.8 13.1 18.7 21.5 25.4 21.4 18.0 14.3 10.6 9.1 6.88 13.22 22.79 14.33 14.50
2019 6.6 11.0 11.3 13.9 16.1 18.4 22.3 21.7 18.5 8.82 13.75 20.81

England (the Midlands) Min Temperature (Degrees C)

Year JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC WIN SPR SUM AUT ANN
2015 1.0 0.6 2.3 3.7 6.5 8.7 10.9 11.4 7.7 6.9 6.0 6.5 1.16 4.15 10.35 6.86 6.05
2016 2.1 1.2 1.5 2.8 7.2 10.8 12.1 12.2 11.7 6.8 2.2 2.5 3.30  3.86 11.74  6.90 6.12
2017 0.7 3.1 4.4 4.0 8.2 11.5 11.9 11.1 9.3 8.9 3.1 1.6 2.07 5.55 11.50 7.14 6.52
2018 2.1  -0.5 1.1 5.8 7.5 10.5 12.7 12.0 9.0 6.2 4.7 3.8 1.13  4.79 11.72  6.66 6.29
2019 0.9 1.7 3.9 3.6 6.0 9.7 12.5 12.4 9.5 2.16 4.53 11.53

England (the Midlands) Mean Temperature (Degrees C)

Year JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC WIN SPR SUM AUT ANN
2015 4.1 3.7 6.1 9.0 10.6 13.9 15.7 15.8 12.4 10.6 9.0 9.3 4.22 8.58 15.16 10.66 10.06
2016 5.1 4.6 5.3 7.2 12.1 14.9 16.7 16.8 15.7 10.4 5.4 5.7 6.35 8.23 16.16 10.50 10.01
2017 3.6 5.7 8.3 8.7 12.9 15.9 16.6 15.5 13.3 12.1 6.5 4.5 4.97 10.00 15.99 10.64 10.33
2018 4.9 2.5 4.5 9.4 13.1 16.0 19.1 16.7 13.5 10.3 7.7 6.5 4.01 9.01 17.27 10.51  10.40
2019 3.9 6.3 7.6 8.7 11.0 14.0 17.4 17.0 14.0 5.52  9.14 16.17
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England (Midlands) Sunshine (Total hours)
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Appendix 3. Changes in temperature and humidity of the glasshouse during F3 generation (Sept 2016-January 2017)
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Artificial light and heating were turned on at the end of British Summer Time at the end of October. The glasshouse
temperature was maintained at 24-26 °C during the day and 18 °C at night.
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Appendix 4. Randomized Complete Block Design at Generation F2

Block I 11 I11
WT 4.15 4.1

L 4.18 3.3 4.23

I 3.4 4.5 2.2

N 4,15 4.1 WT
E 3.3 4,23 4.18
S 4.5 2.2 3.4
4.1 WT 4.15

4,23 4.18 3.3

2.2 3.4 4.5
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Appendix 5. Randomized Complete Block Design at Generation F3

Block I I 1] v \Y

2.2 4.1 BC2.1 3.3 BC1

4.23 4.15 4.5 3.4 2.2

L BC3.2 4.23 4.15 2.2 4.18
| 4.1 4.5 4.1 4.15 3.4
N 3.3 BC3.2 3.3 WT 4.15
E 4.5 3.4 2.2 BC2.1 4.23
S 4.15 WT 4.18 4.5 BC3.2
BC2.1 4.23 3.4 4.1 3.3

4.18 BC2.1 WT 4.18 4.5

3.4 4.18 BC3.2 4.23 4.1

WT 2.2 4.1 BC3.2 WT
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Appendix 6. Glasshouse layout in glasshouse A2 using complete randomized design for generation F4 (193 plants)

497 4932 | 4932 | 4931 | 497 4925 | 496 496 4923 | 4923 | 494 494 4612 | 2116 | 4610
321 2119
495 418 418 3.2 3.2 4126 | 34 WT 41 499 41017 | 41019 | 4611 4611
495 41024 | 4926 | 34 41026 | 41031 | WT 423 33 4916 | 498 4928 | 469 467
4618 2117
4113 | 4910 | 41127 | 41114 | 4114 | 41126 | 41122 | 4118 | 433 41017 | 499 2118 | 2125 419
434 4910 | 4102 | 41115 | 41113 | 41126 | 41122 | 4113 | 327 WT 498 4612 | 2123 467
4114 466
4111
4916 | 4917 | 4109 | 4919 | 4918 |41024 | 4106 | 41130 | 41025 | 33 4117 | 2123 | 2121 465
41019 | 4107 | 4107 | 4919 | 4917 |4918 |4116 | 41113 | 41115 | 4116 | 4117 | 2125 | 2126 464
436 463
4108 | 41136 | 4628 | 415 435 323 41119 | 218 41127 | 41128 | 4106 | 41125 | 2124 462
324 4102 | 41132 | 4109 | 22 437 4103 | 217 4103 | 41132 | 4108 | 41119 | 2122 415
423 2.1
328 3210 | 22 438 4312 | 329 4924 | 4925 | 4934 | 4931 | 41011 | 41012 | 2120 4617
324 432 45 4314 | 4310 | 2111 | 4928 | 4924 |4934 |4926 | 41011 | 41012 | 2115 4618
45 4617
41015 | 41015 | 2.1 41117 | 41117 | 2123 | 2123 | 218 217 321 4616
41025 | 41031 | 41 4118 | 41125 | 211 211 219 219 4111 41115
461
4614
2127

Note: empty columns represent pathways in the glasshouse. Lines 2.2, 3.3, 3.4, 4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2

lines. All other lines were from BC1-S1 lines.
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Appendix 7. Glasshouse layout in glasshouse F11 using complete randomized design for generation Fa4 (44 plants)

463 3210 432
464 465 435
461 466 434
462 2126 4610
4115 2127 433
2122 2124 329
4115 2121 2111
2118 4613 322
4615 4613 327
4615 4614 328
4616 438 437
323 323 436
2119 2120 4310
2115 2117 4314
2116 4312

Total number of plants in generation F4 = 193 + 44 = 237

Lines 2.2, 3.3,3.4,4.1,4.15, 418, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-S1 lines.
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Appendix 8. Glasshouse layout in glasshouse A2 using complete randomized design for generation

Fs (172 plants)

435 42 434 432 418 434 437 4118 499 495 4310 22 4103 | 465 | 2123
2124 41114
4312 41019 | 4924 | 41012 | 4916 4910 437 466 4312 497 4924 34 2126
494 41015 | 4925 | 4108 4916 495 497 4925 496 494 496 22 435
2118 438
4118 499 4917 | 41012 | 4919 4923 2.1 4931 4113 41125 | 41026 | 4611 33
41025 | 4917 498 4111 4919 498 41113 | 4117 41125 | 4115 4113 41130 WT
462 418
4106 461 4114 | 45 41011 | 4109 4103 41017 | 2121 433 2125 4613 4611
41017 | 4314 3210 | 41019 | 41011 | 41031 | 41015 | 2120 322 433 2124 4614 2116
4618 327
328 323 324 2126 321 463 4928 41115 | 4931 41114 | 41117 | 4618 4614
327 2125 321 323 329 461 4928 4932 4107 4102 41119 | 4616 4616
4926 4612
324 3210 2122 | 2127 219 2111 467 463 41128 | 41119 | 436 4102 4115
328 2121 2116 | 2119 2120 213 2122 41128 | 41132 | 41130 | 4926 41132 41122
2115 4109
4314 41117
415 213 34 4613 41126 | 41 211 3.2 41126 | 4612 2118 41024
462

Note: empty columns represent pathways in the glasshouse. . Lines 2.2, 3.3, 3.4, 4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2
lines. All other lines were from BC1-S1 lines.

265



Appendix 9. Glasshouse layout in glasshouse D9 using complete randomized design for generation Fs (62 plants)

4923 | 432 4114 | 4934 | 415F4 | 438
211 | 41031 3.2 4107 45 45 F4
219 | 41024 | 4934 | 4108 | 41113 | BC21
F4

465 | 4116 | 41122 | 41115 | 469 467
33 2111 322 4610 | 4111 | 4617
329 42 4117 2.1 41025

436 2117 | 4910 | 41026 | 217

41 2119 | 41127 | 469 | 41127

2127 | 2115 | 4617 | 4610 | 4106

WT 2117 | 4932 217 464

2123 415 218 4116 45

218

41025

Total number of plants = 172 + 62 = 234 plants.

Lines 2.2,3.3,3.4,4.1,4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-S1 lines.
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Appendix 10. Glasshouse layout in glasshouse A2 using complete
randomized design for generation Fs (118 plants)

41024 | 41019 | 324 | 42 | 4910 | 4116 | 41025 | 4117 | 41 | 4118 | 4917
2 3 2 2 2 2 2 2 2 2 2
41026 | 41114 | 3210 | 4925 | 329 42 | 4109 | WT | 217 |2111| 219
1 2 1 2 2 3 2 3 2 2 1
4919 | 41113 | 4926 | 321 | 322 | 328 | BC1 | 415 | BC2 | 22 | 2118
1 2 1 2 2 2 4 3 1 3 2
2314 | 418 | 323 | 4928 | 4106 | 4932 | 4102 | 4103 | 433 | 435 33
2 3 2 2 3 1 2 2 1 2 1
2119 | 327 | 2116 | 2117 | 4616 | 4614 | 415 | 4934 | 22 | 4115 | 33
1 1 2 2 2 2 2 2 1 1 3
34 438 WT | 469 | 467 | 4611 | 4115 | 498 | 495 | 4931 | 418
2 2 2 2 2 1 2 2 1 1 1
437 | 436 | 434 | 4610 | 41117 | 499 | 496 | 497 | 494 | 4923 | 4924
1 2 1 2 2 2 2 2 2 1 2
432 | 41031 | 41015 | 4916 | 41128 | 41130 | 462 | 213 | 4618 | 465 | 41012
1 2 2 1 2 2 2 1 2 1 2
4107 | 4613 | 41011 | 4113 | 4617 | 41132 | 41017 | 211 | 4114 | 4111 | 41119
2 1 2 2 1 2 1 1 2 2 2

2125 | 2123 | 2127 | 4310 | 41122 | 41125 | 41126 | 41127 | 461 | 218
1 1 2 2 2 2 1 2 3 2
463 | 2126 | 2115 | 4612 | 2120 | 2121 | 2124 | 2122 | 4612
2 2 1 1 1 2 2 2 1
DOOR

Note : The last digit represent the replicate number of each line (1 or 2). Lines 2.2, 3.3,
3.4,4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-

S1 lines.
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Appendix 11. Glasshouse layout in glasshouse A6 using complete
randomized design for generation Fs (117 plants)

34 33 4103 45 41 418 BC1 | 4934
1 2 1 F5 1 2 1 1
497 498 499 4917 | 4949 | 4923 | 4924 | 4928 | 4109 | 4107 45
1 1 1 1 2 2 1 1 1 1 FA
4101 | 4101 | 4101 | 4101 495 496 494 | 4910 | 4916 | 4925 | 4926
5 7 1 2 2 1 1 1 2 1 2
1 2 1 1
22 324 329 4111 | 4113 | 4102 | 4112 | 4111 | 4111 | 4115 | 4111
2 1 1 9 2 5 2 3 4 1 7
1 1 1 1 1 1 1
4115 327 328 3210 | 4113 | 4102 | 4101 | 4112 | 4112 | 4112 | 4112
2 2 1 2 0 4 9 3 6 7 5
1 1 1 1 2 1 1
2115 | 2124 321 4116 | 4114 | 4117 | 4111 | 4113 | 4102 | 4103
2 1 1 1 1 1 1 1 6 1
2 1
4314 | 2123 | 462 219 2111 217 218 4118 323 211 213
1 2 1 2 1 1 1 1 1 2 2
461 463 4616 | 436 4312 434 432 464 2127 | 469 4611 | 2121
2 1 1 1 2 2 2 1 1 1 2 1
2
461 | 4614 | 2119 | 4618 | 435 4613 | 4617 | 4310 BC2 WT 2120 | 2122
1 1 2 1 1 2 2 1 4 1 2 1
42 41 BC2 | 4931 | 4102 | 2116 | 2126 | 467 4610 | 2118
1 3 2 2 1 1 1 1 1 1
4106 34 415 4932 | 4108 | 438 465 2117 | 437 433
1 3 1 2 2 1 2 1 2 2
DOOR

Note : The last digit represent the replicate number of each line (1 or 2). Lines 2.2, 3.3,
3.4,4.1,4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-
S1lines.
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Appendix 12. Glasshouse layout

randomized design for generation Fr (112 plants)

in glasshouse A2 using complete

2125 | 2126
1 1
4118 | 41113 | 41114 | 41115 | 411117 | 41119 | 41122 | 41125 | 41126 | 41127 | 41128
1 2 2 1 1 1 2 1 2 1 1
2124 | 2122 2121 2120 2119 2118 2117 2116 2115 | 41132 | 41130
2 2 1 1 2 2 1 2 2 1 1
4612 | 4611 4610 469 467 465 464 463 462 461 2127
2 1 1 1 2 1 2 2 1 1 2
22 WT BC2.1 | 2123 45 4115 4618 | 4617 | 4616 | 4614 | 4613
1 1 F6 F6 F5 2 1 1 1 1 1
218 217 213 211 BC3.2 42 418 415 41 34 33
1 1 2 1 1 1 1 1 2 1 1
327 324 323 322 321 211 219 434 433 432 437
1 1 1 2 1 1 1 2 2 2 2
436 435 4312 | 4310 438 495 494 4314 498 497 496
1 2 1 1 2 1 2 1 2 1 2
4916 | 4910 499 4923 4919 4917 | 4926 | 4925 | 4924 | 4117 | 4116
2 2 2 2 2 1 2 2 2 2 2
4114 | 4113 4111 | 41031 | 41026 | 41025 | 41024 | 4109 | 41017 | 41015 | 41012
2 2 2 2 2 4 2 1 4 2 4
4928 | 4931 4932 4934 4102 4103 4106 | 4107 | 4108 | 4109 | 41011
2 2 2 1 2 2 1 2 1 2 1
door

Note : The last digit represent the replicate number of each line (1 or 2). Lines 2.2, 3.3,
3.4,4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-
S1 lines.
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Appendix 13. Glasshouse layout in glasshouse A6 using complete
randomized design for generation F7 (126 plants)

469 BC1 33 217 418 42 BC2 415
4 F6 3 4 4 3 4 3
41 3210 329 328 34 22 WT 33
4 2 2 2 4 4 3 4
217 218 2111 321 322 324 327 328 329 2123 | 3210
2 4 2 2 1 2 2 1 1 F6 1
BC1 WT 22 33 34 41 418 42 BC2 211 213
F6 2 2 2 2 1 2 2 2 2 1
4611 | 4612 | 4613 | 4614 | 4616 | 4617 | 4618 | 4115 45 2123 415
2 1 2 2 2 2 2 1 F5 F6 2
2125 | 2126 | 2127 461 462 463 464 465 467 469 4610
2 2 1 2 2 1 1 2 1 2 2
41119 | 41126 | 41127 | 41128 | 41130 | 2127 | 2118 | 2119 | 2120 | 2121 | 2122
4 1 2 2 2 2 1 1 2 2 1
4923 | 4924 | 4925 | 4926 | 4118 | 41113 | 41114 | 41115 | 41117 | 41122 | 41125
4 1 1 3 2 1 1 1 2 1 2
4310 494 495 496 497 498 499 4910 | 4916 | 4917 | 4919
3 1 4 1 2 4 1 3 4 2 1
4114 | 4117 432 433 344 435 436 437 438 4312 | 4314
3 4 1 1 4 1 2 1 1 4 2
41012 | 41015 | 41017 | 41019 | 41024 | 41025 | 41026 | 41031 | 4111 | 4113 | 4116
1 1 2 3 1 1 4 1 1 4 1
41011 | 4109 | 4108 | 4107 | 4106 | 4103 | 4102 | 4934 | 4932 | 4931 | 4928
2 1 2 1 2 1 3 2 4 3 1

door

Note : The last digit represent the replicate number of each line (1 or 2). Lines 2.2, 3.3,
3.4,4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-
S1 lines.
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Appendix 14. Glasshouse layout

randomized design for generation Fs (120 plants)

in glasshouse A2 using complete

41130- 497- 4910-2 | 4917-2 | 41019- 22- WT- 22- 415- 465- 438-
2 2 2 3 4 4 4 2 2
437- 495- | 41122- | 2116- | 3210- | 2121- | 4109- | 2111- 499- 462- | 41125-
2 2 2 2 2 2 2 2 2 2 2
41128- | 2118- 461- 498- 4103- | 2115- | 2126- | 4926- | 4916- | 2124- | 2117-
2 2 2 2 2 2 2 2 2 2 2
34- 4919- 494- 41024- | 41026- | 4118- 4924- 4102- 4923- 4113- | 41031-
3 2 2 2 2 2 2 2 2 2 2
4934- | 41119- | 41126- | 41117- | 4931- | 41017- | 496- 211- WT- | 41132- | 217-
2 2 2 2 2 2 2 2 3 2 2
34- 327- BC32- | BC32- | BC21- 434- 41- 418- 42- BC21- | 41025-
4 2 2 2 3F7 2 4 3 3 4F7 2
41115- 463- 4613- 2127- 2119- 323- 4932- 4117- | 41114- | 4108- 2120- 4106-
2 2 2 2 2 2 2 2 2 2 2 2
432- 321- 329- 433- 324- 328- 4107- | 4111- | 21125- | 2122- | 4115-
2 2 2 2 2 2 2 2 2 2 2
4925- 42- 41012- | 418- | 41011- | 4614- | 4610- 218- 4116- 219- 213-
2 4 2 4 2 2 2 2 2 2 2
41- 322- 33-3 4617- 4618- 45-3 41127- | 4612- 469- 4314- 4616-
3 2 F7 2 2 F6 2 2 2 2 2
4928- 415- 4312- 467-
2 3 2 2
4611- 436- | 41015- | 435- 4310-
2 2 2 2 2
door

Note : The last digit represent the replicate number of each line (1 or 2). Lines 2.2, 3.3,
3.4,4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from BC1-

S1 lines.
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Appendix 15. Glasshouse layout in glasshouse A6 using complete
randomized design for generation Fs (120 plants)

22- 327- 2111-

2 1 1

438- 469- WT-

1 1 2
467- 4613- | 41019- | 4111- 2121- 41- WT- 2118- 2122- 211- 2120-

1 1 1 1 1 1 1 1 1 1 1

462- 41127- | 4614- 4106- 435- 4117- 2117- 2116- 415- 34- 41-

1 1 1 1 1 1 1 1 1 1 2

495- 2126- 415- 4102- 22- 4116- 4118- 4314- BC32- 494- 418-

1 1 2 1 1 1 1 1 1 1 1

322- 2125- BC21- 42- 4312- 2124- 436- 437- BC32- 42- 434-

1 1 1F7 1 1 1 1 1 1 2 1
4115- | 3210- | 2119- 433- 2115- 4611- 4113- 41017- | 41024- 4916- 4934- | 41015- | 41012-

1 1 1 1 1 1 1 1 1 1 1 1 1
4926- 496- 498- 4919- 461- 41132- | 41026- 499- 41025- | 41031- | 4928- 4924- 4910-

1 1 1 1 1 1 1 1 1 1 1 1 1
4612- 33-1 4114- | 2123-1 | 41130- 4108- 4103- 213- 34- 4923- 4931-

1 F7 1 F7 1 1 1 1 2 1 1
464- 218- 321- 324- 323- 41126- 4107- 41115- 418- 328- 4109-

1 1 1 1 1 1 1 1 1 1 1

4932- 463- 2127- | 41125- | 41011- | 41119- | 41114- BC21- | 4917- 4925- 497-

1 1 1 1 1 1 1 2F7 1 1 1
329- 219- 41122- | 41128- | 4617- 4610- 465- 432- 217- 4618- 4616-

1 1 1 1 1 1 1 1 1 1 1

door

Note : The last digit represent the replicate number of each line (1, 2, 3 or 4). Lines 2.2,
3.3,3.4,4.1, 4.15, 4.18, 4.23 and 4.5 originate from F2 lines. All other lines were from
BC1-S1 lines.
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Appendix 16. Pollen grains extracted from closed and open flowers of line 4.5

(A) (B)

(A) Pollen from closed flowers (B) Pollen from open flowers. The

pollen were taken from generation Fs plants. Scale bars = 200 um
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Appendix 17. Duncan Multiple Range Test (DMRT) of plant height at 4 weeks

after planting at generations F2 until F7. Mean plant height with the same letter

(a,b,c,d) shows no significant difference (p<0.05). Standard error of difference

(s.e.d.) is presented for each ANOVA.

F2 Fa Fs Fs F7
Mean Mean Mean Mean Mean
i Plant ) Plant i Plant ) Plant ) Plant
Line Height Line Height Line Height Line Height Line Height
(cm) (cm) (cm) (cm) (cm)
4.5 20.33a 4.23 18.38a 4.5 6a 21 11.67a 3.3 13.23a
4.15 | 22.83ab 2.1 19.67ab | 2.2 13.6a 15332
4.18 b 4.15 15.5ab
4.23 24.67ab 4.15 20.88ab 4.15 14.33ab 3.3 17bc 2.2 17.25ab
3.3 24.83ab 2.2 21.17ab 21 17.43bc WT 21cd 4.2 19.25abc
2.2 26.33ab 4.18 21.88ab 3.3 17.73bc 3.4 22d 4.1 2labcd
3.4 27.83ab 4.5 22ab 4.1 17.73bc 3.2 22d WT 22.38bcd
4.1 27.83ab 3.3 22.88abc | 4.23 18.07bc 423 | 22.33d | 4.18 26.67cd
WT 28.33ab WT 24.25bc WT 18.93cd 415 | 22.67d 3.4 27.33d
4.18 30.17b 4.1 24.75bc 3.4 19.13cd 2.2 23.67d
34 27.88cd 4.18 20.23cd 41 | 23.67d
3.2 30.62d 3.2 22.07d
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Appendix 18. Duncan Multiple Range Test (DMRT) of the B+7 fruit soluble solids

from azygous lines and wild type at generations F2, Fz and F4. Degrees Brix with

the same letter (a,b,c,d) shows no significant difference (p<0.05). Standard error

of difference (s.e.d) for each generation was calculated.

F2 Fs3 Fa
Line Fruit soluble Line Fruit soluble Line | Fruit soluble
solids (°Brix) solids (°Brix) solids (°Brix)

4.23 5.60 a 4.2 4.67 a 4.2 4.8 a
4.18 5.89 ab 4.15 4.79 a 34 4.82 a
3.3 5.94 ab 3.4 4.95 abc 4.5 4.9 ab
3.4 6.08 b 2.2 4.98 abcd 3.3 4.95 abc
4.15 6.16 b 3.3 5.07 abcd 4.18 4.97 abc
4.1 6.20 b 4.1 5.10 abcd 2.2 5.12 abc
4.5 6.21b 4.5 5.22 bcd 4.1 5.22 bc
WT 6.22 b 4.18 5.33 cde WT 5.27 bc
2.2 6.24 b WT 5.51 def 4.15 5.30c
s.ed 0.1975 s.e.d 0.2317 s.e.d 0.1627
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Appendix 19. Duncan Multiple Range Test (DMRT) of the B+7 fruit colour index

from azygous lines and wild type at generations F2, F3 and F4. Mean fruit colour

index with the same letter (a,b,c,d) shows no significant difference (p<0.05).

Standard error of difference (s.e.d) for each generation was calculated.

F2 Fs Fa
Line | Mean Fruit | Line Mean Fruit Line | Mean Fruit
Colour Index Colour Index Colour Index

4.5 39.54 a 4.1 34.06 a 4.15 29.95 a
4.15 39.69 a 4.15 34.88 ab 4.5 30.06 a
4.18 39.81a 3.3 35.56 abc 4.1 31.67 ab
WT 3991 a 4.2 36.8 abcd 2.2 31.89 ab
4.1 40.12 a 4.5 37.78 bcd 3.4 34.31 bc
3.3 40.26 a WT 37.95 bcd 3.3 34.47 bc
4.23 40.77 a 4.18 38.92 cd WT 36.17 cd
3.4 40.96 a 3.4 39.1cd 4.2 37.8 cd
2.2 41.68 a 2.2 39.83d 4.18 41.35e
s.e.d 1.645 s.e.d 1.137 s.e.d 1.426
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Appendix 20. Duncan Multiple Range Test (DMRT) of the B+7 fruit weight from
azygous lines and wild type at generations F2, Fz and F4. Mean weight with the
same letter (a,b,c,d) shows no significant difference (p<0.05). Standard error of
difference (s.e.d) for each generation was calculated.

F, Fs Fa Fs Fs
Mean Mean Mean Mean Mean
Fruit Fruit Fruit Fruit Fruit
Line _ Line _ Line . Line . Line ]
Weight Weight Weight Weight Weight
(gram) (gram) (gram) (gram) (gram)

4.23 2.67a 4.23 247 a 4.15 4.73 a 4.5 2.336a 4.18 | 3.567a

4.15 4.35Db 2.2 252a 4.5 5.55a 4.1 3.86ab 4.23 | 3.667a

3.4 4.39b 4.5 3.00 a 4.1 58la 2.1 4.45bc 2.2 3.783a

4.5 4.62 b 4.1 3.18 ab 2.2 7.45 a 4.23 | 4.933bc 3.3 4.417a

3.3 5.00 b 415 |3.32ab 2.1 7.6a 3.2 5.583bcd 4.1 4.433ab

4.1 5.05b 3.4 485bc | 423 |845bc| 4.15 |5.617bcd 2.1 5.117ab

2.2 5.38b 4.18 | 4.90 bc 3.3 8.82bc | 4.18 |6.1lcde 4.15 | 5.583b

4.18 | 5.46 bc 3.3 533cd | 4.18 |8.96bc 2.2 6.817de 3.2 5.783b

WT 6.44 c 2.1 5.6cd 3.2 9.1bc 3.4 7.083de 3.4 6.083b

3.2 5.9cd 3.4 9.74c 3.3 7.55e WT 7.85C

WT 6.87d WT 9.92c WT 9.633f

s.e.d 0.438 s.ed 0.3841 s.ed 0.746 s.e.d | 0.827 s.e.d 0.771
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Appendix 21. Position of the primers for McrBC analysis. (A) primer for FW2.2,
(B) SIEZ1, (C) SIEZ2 and (D) TM8 analysis. The region is shown for 1000 bp
upstream of TSS of each gene. . The ratio is methylated cytosine. The methylation

ratio data is from the tomato epigenome data (http://ted.bti.cornell.edu/)
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Appendix 22. Regression analysis between gene expression, fruit weight and

methylation levels of FW2.2, SIEZ1, SIEZ2 and TM8 genes

A. Estimates of parameters for linear regression analysis between fruit weight

(B+7) and RQ of FW2.2 gene

Parameter estimate s.e. t(26) tpr.
Constant 6.886 0.618 11.15 <.001
RQ -1.082 0.534 -2.03 0.053

B. Estimates of parameters for linear regression analysis between RQ of

SIEZ1 gene with fruit weight

Parameter estimate s.e. t(16) t pr.
Constant 4.954 0.708 7 <.001
Ezl 0.95 0.38 2.5 0.024

C. Estimates of parameters for linear regression analysis between RQ of

SIEZ2 gene with fruit weight

Parameter estimate s.e. t(16) t pr.
Constant 7.865 0.789 9.97 <.001
EZ2 -2.177 0.915 -2.38 0.03

D. Estimates of parameters for linear regression analysis between RQ of TM8

gene with fruit weight

Parameter estimate s.e. t(16) tpr.
Constant 4.662 0.88 5.3 <.001
TM8 0.895 0.403 2.22 0.041

E. Estimates of parameters for linear regression analysis between McrBC-RQ

(0-500 bp upstream TSS of FW2.2) and cDNA-RQ FW2.2

Parameter estimate s.e. t(26) t pr.
Constant 0.999 0.206 4,84 <.001
mcrbc_A -0.0134  0.0621 -0.22 0.831
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F. Estimates of parameters for linear regression analysis between McrBC-RQ

(500-1000 bp upstream TSS of FW2.2) and cDNA-RQ FW2.2

Parameter estimate s.e. t(26) t pr.
Constant 1.223 0.237 5.15 <.001
mcrbc_B -0.161 0.127 -1.27 0.215

G. Multiple Regression between fruit weight, McrBC-RQ (0-500 bp upstream

TSS of FW2.2) and cDNA-RQ

Parameter estimate s.e. t(25) tpr.
Constant 7.367 0.775 9.5 <.001
MCRBC -0.173 0.169 -1.02 0.316
RQ -1.105 0.534 -2.07 0.049

H. Multiple Regression between fruit weight, McrBC-RQ (500-1000 bp

upstream TSS of FW2.2) and cDNA-RQ

Parameter estimate s.e. t(25) tpr.
Constant 7.221 0.963 7.5 <.001
RQ -1.144 0.559 -2.05 0.051
mcrbc -0.17 0.372 -0.46 0.651
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Appendix 23. Gel picture of restriction enzyme digested DNA for Southern

blotting.

DIG Marker WT 22 33 3.4 41 415 4.18 4.23 4.5 1kbDNAlLladder

21226 bp

Hpall digested DNA
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DIG Marker WT 2.2 33 45 2.2 4.5 1kbDNAlLadder

21226 bp S

EcoRlI digested

DIG Marker WT 2.2 3.3 3.4 4.1 415 4.18 4.23 4.5 WT 1kb DNA Ladder

&

Hind Il digested DNA
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Appendix 24. Buffers for bisulfite conversion from Epitect® Bisulfite Kit (Qiagen)

Buffer Name Content Function
Bisulfite Mix Sodium bisulfite Mediate the conversion of
unmethylated cytosines.
DNA protect buffer | Tetrahydrofurfuryl alcohol Prevent fragmentation
associated with bisulfite
treatment
Buffer BL Guanidine thiocyanate Promotes binding of the
converted single stranded
DNA to the epiTect spin
column
Buffer BW Ethanol 96 % Wash of membrane-bound
DNA
Buffer BD Sodium hydroxide Desulfonation
Buffer EB Information not available Elution of DNA from the
spin-column
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Appendix 25. Sequencing Result using Primer F8. The result was alligned to the

original sequence (ori.F8). The other samples were: genomic non-bisulfite treated
wild type DNA (gWT), bisulfite treated wild type DNA (bisWT) and epiRILs 2.1, 3.2,
and 3.3 from generation Fe. The poly-T region is shown in the red circle. The

original sequence is coloured yellow.The left column indicates the sample names,

the right column shows the position of the sequence. The rows show the sequence

alignment of the bases A (adenine), T (thymine), G (guanine) and C (Cytosine).

|
o
i
wn
=
‘H
=1
=]

Fii-bisWT 78

TAGTGATTGACGAATAAAATTARARRAACGTATGAATTTATATTTGACTGATCTCGTGAR
TAGTGATTGACGAATARAATTARARRAGACGTATGAATATATATTTGACTGATCTCGTGAA

AATAAGTTTGATTAAAATTGTTATAGCGGTAAAATTCTGATATTGT TGGAAACTATACGG
GA-AAGTTTGATTAARATTGTTATAGCGGTAAAATTCTGACATTGT TGGARACTATACTA

GTGATCCCTTTATCTARATTTGGACRRRATTTCATCGTAATACAAGTTATTATCTTTTGG
GTGATCTCTTTATCTARATTTGGACRRRATTTCATCGTAATACAATTTATTATCTTTTGG
GTGATCTCTTTATCTAGATTTGGRACRARATTTCGTCGTAGTACAAGTTAGTATCGTTTGG

———————————————————————————————————— TTTTGAGCAGTTTTGAAGGETT -
ATTTACTTATTTTAGGTGTTTT TAAT TTAAAATTGCTT TTGACCATTTTTGAAGTGTTGA
ATTTACTTATTTTAGGTGTTTT TAAT TTAAAATTGCTT TTGAGCAGTTTT GAAGTGTTGA
ATTAACTTATTTTAGGTGTTTT TAAGTTAARATTGCTT TTGAGCAGTTTT GAAGTGTTGA

120

15
13

136
179

24
13

65
196
239

24
13
22
125
256
299
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Appendix 26. Sequencing Result using Primer F11. The result was alligned to

the original sequence (ori.F8). The other samples were : genomic non-bisulfite
treated wild type DNA (gWT), bisulfite treated wild type DNA (bisWT) and epiRILs
2.1, 3.2, and 3.3 from generation Fs. The original sequence is coloured yellow and

the change in nucleotide is coloured blue. The left column indicate the sample

names, the right column shows the position of the sequence. The rows show the

sequence alignment of the bases A (adenine), T (thymine), G (guanine) and C

(Cytosine). (*) indicate the same base aligned in that position for all samples.

bisWTl F11
bisWT2 Fl11
gWT F11

3.2-2 Fl1

bisWTl F11
bisWT2 Fl11
gWT F11

3.2-2 Fl1

bisWT1 F11
bisWT2 F11
gWT F1l

3.2-2 Fll

777777777777777777777777777777777777777777777 TTGTTGGAACTATAC 15
——————————————————————————————————————— CTGATATTGTTGGAACTATAC 21
———————————————————————————————————— ACTCTGATATTGTTGGAACTATAC 24

————— TTCTTTTATCTAGATTTGAGACARAATTTCATCGTAATACAAATTAATATCGTTT 55
7777777777777777777 ATTTAAACAARATTTCATCGTAATACAAATTAGTATCGTTT 41
7777777777777777777777 TRARCAAAATTTCATCGTRAATACRAATTAGTATCGTTT 38
TAGTGATCTCTTTATCTAGATTTGGACAAAATTTCGTCGTAGTACAAGTTAGTATCGTTT 120

TGGTGATCTCTTTATCTAGATTTGGACAARATTTCATCGTAATACARAGTTAGTATCGTTT 74
TGGTGATCTCTTTATCTAGATTTGGACAAAATTTCATCGTARTACAAGTTAGTATCGTTT 75
TGGTGATCTCTTTATCTAGATTTGGACAAAATTTCATCGTAATACAAGTTAGTATCGTTT 81
TGGTGATCTCTTTATCTAGATTTGGACRAARATTTCATCGTAATACARAGTTAGTATCGTTT 84

dhkhkkkhkhkkhkk FhkEdkrkk Ahkkkx &

AGATTTACTTATTTTAGGTGTTTTTAAGT TAARATTGCTTTTGAGCAGTTTTGAAGTGTT 115
GGATTTACTTATTTTAGGTGTTTTTAAGT TAARATTGCTTTTGAGCAGTTTTGRAAGTGGT 101
GGATTTACTTATTTTAGGTGTTTTTAAGT TAARATTGCTTTTGAGCAGTTTTGAAGTGGT 98
GGATTAACTTATTTTAGGTGTTTTTAAGT TARAATTGCTTTTGAGCAGTTTTGAAGTGTT 180

GGATTTACTTATTTTAGGTGTTTTTAAGT TAARATTGCTTTTGAGCAGTTTTGAAGTGTT 134
GGATTTACTTATTTTAGGTGTTTTTAAGT TARAATTGCTTTTGAGCAGTTTTGAAGTGTT 135
GGATTTACTTATTTTAGGTGTTTTTAAGT TARAATTGCTTTTGAGCAGTTTTGAAGTGTT 141
GGATTTACTTATTTTAGGTGTTTTTAAGT TAARATTGCTTTTGAGCAGTTTTGAAGTGTT 144
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Appendix 27. Sequencing result of clones from PCR product of line 3.3, primer
F11. The result was alligned to the reverse complement of the target site coding
strand. The numbers in red box is the position of hypomethylated cytosines
(coloured green). The change in methylation is indicated by the red coloured
thymine. The left column indicate the sample names. The rows show the sequence
alignment of the bases A (adenine), T (thymine), G (guanine) and C (Cytosine).

(*) indicate the same base aligned in that position for all samples.

-147,-151, -152 H -158,161 || -166,-167 || 175 | -194,-196, 198, -199, -201
Rev.comp.gF11 AAAACGTACCTAAATCATCATTTCCAAGAAATCTGGTAATAGTTGAAATTTCACGCCTCT
3.3F11-clone2 AAAATGTATTTARATTATTATTTTTAAGARATTTGGTAATAGTTGARATT TTATGTTTTT
3.3F11-clone5 AAAATGTATTTAAATTATTATTTTTAAGARATTTGGTAATAGTTGARATT TTATGTTTTT
3.3F11-clone3 AAAATGTATTTAAATTATTATTTTTAAGAAATTTGGTAATAGTTGAAATT TTATGTTTTT
3.3F11-cloneé AAAATGTATTTAAATTATTATTTTTAAGAAATTTGGTAATAGTTGARATT TTATGTTTTT
* % * * * *k * * *%x * *
| 205 | | 212 | | 218 |
Rev.comp.gF11 TTCGATT --TACTTTAGCTTATTTTTGTTGTTTTAGCTTTAAAACAAGTGTTTATAACAT
3.3F11-clone2 TTTGATT - -TATTTTAGTTTATTTTTGTTGTTTTAGCTTTAAAACAAGTGTTTATAACAT
3.3F11-clone5 T GATT - ~TATTTTAGTTTATTTTT GTTGTTTTAGCTTTAAAACAAGTGTTTATAACAT
3.3F11-clone3 TTTGATT --TATTTTAGTTTATTTTTGTTGTTTTAGCTTTAAAACAAGTGTTTATAACAT
3.3F11-clone6 TTTGATT - -TATTTTAGTTTATTTTTGTTGTTTTAGCTTTAAAACAAGTGTTTATAACAT
* * k% % k% * * * *kkk * * * *k k%
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Appendix 28. Sequencing Result using (A) Primer EZ1-F2 and (B) EZ1-F3. The
result was alligned to the original sequence (ori.EZ1-F2 and ori.EZ1-F3). The other
samples were genomic non-bisulfite treated wild type DNA (gWT), bisulfite treated
wild type DNA (bisWT) and epiRILs 2.1, 3.2, 3.3 and 4.2 from generation Fe. The
original sequence is coloured yellow and the change in nucleotide is coloured blue.
The left column indicate the sample names, the right column shows the position of
the sequence. The rows show the sequence alignment of the bases A (adenine),
T (thymine), G (guanine) and C (Cytosine).

(A)

gWT EZ1F2-2 ATGAGGTCTAAGACACT TTAAT TGGACGATGTTCACTTTAGATAACT TATATA-—————— 165
42 EZIF2-2 ——————m— TATCTARAGTGAABAGGET-————————— e 19
DiSWT EZIF2 o mmmm e 0
gWT EZ1F2-1 ~—TCTATATAAGTTATCTARAGTGAACATCGTCCAATTAAAGTGTCTTAAACCTCATTTG 92
B8 Ez1F2-2 = e AGATTTCATTTG 12
42 EZIF2-1  — e AGATTTCATTTG 12
ori.EZ1F2 - - TCTATATAAGTTATCTARAGTGAACATCGTCCAATTARAGTGTCTTAGACCTCATTTG 158
33_EZIF2-1 e AGABCTCATTTG 12
gWT EZ1F2-2 ————————— GAATCCCGCTATGTCAT TTTGACGAC-CTTTTAAATATAAACAAAAA ———— 211
42 EZIF2-2  m e 19
DiSWT EZ1F2 —————————mmmmmmmm e ACACGTCTAAATAATTTCATTAAATCT 27
gWT EZ1F2-1 TTTTTATTAAAATTGCGATCTTTGAATCTGAATACACGTCTAAR ——————————————— 136
33 EZ1F2-2 TTTTTATTAAGATTGCGATCTTTGAATC TGAATACACCTCTAAATAR - ———————————— 59
42 Ez1F2-1 TTTTTATTAAGATTGCGATETTTGAATC TGAATACACGTCTAAATAATT TCAT TAAATET 72
ori.EZ1F2 TTTTTATTAAGATTGCGATCTTTGAATC TGAATACACGTCTAAATAATT TCAT TAAATCT 218
BSlEz1F2-1 TTTTTATTAAGATTGCGATCTTTGAATC TGAATACACGTCTAAATAAT T TCAT TAAATET 72

(B)

2.1 EZIF3 e 0

3.3 EZ1F3 TAAATGTTTGTTA-——————————————————————— ———————————————————— ———— 27
3.2 EZ1F3 TAAATGTTTGTTAATACGTATARATATTATTTATTTATTAGAAAATTTAATGTTTEATCT €8
bi SWT_EZ1F3 TAAATGTTTGTTAATACGTATARATATTATTTATTTATTAGARAATTTAATGTTTTATGT 127
gWT_EZ1F3 TARATGTTTGTTAATACGTATARATATTATTTATTTATTAGRRAATTTAATGTCTCATGT 132
ori.EZ1F3 TAAATGTTTGTTAATACGTATARATATTATTTATTTATTAGARAATTTAATGTCTCATGT 180
4.2 EZ1F3 TAAATGTTTGTTAATACGTATARA-———————————————————————————————————— 26
2.1 EZIF3 e 0

3.3 EZIF3 e 27
8.2 Ez1F73 TGATGTTTATETAATTT IETAAAAATAT TAAATAATAATATTAT TTCCAGGAGGTARRAG 128
biSWTiE Z1F3 TGATGTTTATITAATTT TTTARARATAT TARATAATAATATTAT TTCGAGGAGGTARRAG 187
gWT_EZ1F3 TGATGTTTATCTAATTT TCCAAAAATATCAAATAACAATACTACTTCCAGGAGGCARRAG 192
ori.EZ1F3 TGATGTTTATCTAATTT TCCAAAAATATCAAATAACAATACTACTTCGAGGAGGCAARAG 240
4.2 EZIF3 e 26
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Appendix 29. Sequencing result of PCR product and clones using primer EZ1-F2.

The result was alligned to the original sequence (ori.F11). The other samples were

genomic non-bisulfite treated wild type DNA (gWT), bisulfite treated wild type DNA

(bisWT) and lines 3.3 and 4.2 from generation Fs. The original sequence is

coloured yellow and the change in nucleotide is coloured blue. The numbers in red

box is the position of hypomethylation. The left column indicate the sample names,

the right column shows the position of the sequence. The rows show the sequence

alignment of the bases A (adenine), T (thymine), G (guanine) and C (Cytosine).

gWTEZlF2-pcrl

3.3EZ1F2-clone2
.3EZ1F2-clone5
.3EZ1FZ-clonel
.3EZ1F2-cloned
.3EEZ1F2-clone3
.3EZ1F2-cloneé

LW W W

gWTEZ1F2-pcré
3.3EZ1F2-pcr2
4,.2-EZ1F2-pcr2
4.2EZ21F2-pcrd

bisWTEZ1F2-pcr2

3.3EZ1F2-pcrl
gWTEZ1F2-pcr3
4.2EZ21F2-pcrl
3.3EZ1F2-pcr4d
4.2EZ21F2-pcr3
3.3EZ1F2-pcr3
gWTEZlF2-pcr2

ori.EZ1F2
bisWTEZ1F2-pcrl

gWTEEZ1F2-pcrl
.3EZ1F2-clone2
.3EZ1F2-clone5
.3EZ1F2-clonel
.3EZ1F2-cloned
.3EZ1F2-clone3
.3EZ1F2-cloneé6
qWTEZ1F2-pcrd
3.3EEZ1F2-pcr2
4.2-EZ1F2-pcr2
4.2EZ1F2-pcrd
bisWTEZ1F2-pcr2
3.3EZ1lF2-pcrl
gWTEEZ1F2-pcr3
4.2EZ1F2-pcrl
3.3EZ1F2-pcrd
4.2EZ1F2-pcr3
3.3EZ1F2-pcr3
gWTEZ1F2-pcr2
ori.EZlF2
bisWTEZlF2-pcrl

W W www

| 29 | | 36 || 42,44 |
TGGCG—————m
e et T
TTTAABTGTTT TAGATGTHGAT - —————————— ATATTTTTTT--—TATTATCACTAGTG
TTTAATTGTTTTAGATGTTCGAT———————————, ATATTTTTTT---TATTATCACTAGTG
TTTAATTGTTT TAGATGTTGAR- —————————— GTTG-——————————————————————
TTTAATTGTTT TAGATGTTCAR-—————————— GTTG-—————=————————————————

CTTGAGTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGT-——CATAGCTGTT
CTTGAGTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGT-——CATAGCTGTT

ATTGCACGATGTECACTT -——— - TAGATAACTTATAT - ——————————————~—, AGAATCC
—————————— CEEAATT - - -ARAGTGTATTA-—— - ——————————————————————
AGTGAATAGEGT —— ———— === ———— —— ==~ ——— o
AGTGAACATCGTCCAATT - ——— - ARAGTGTCTTAGACCTCATTTGTTTTTATTARGATTG
AGTGAACATCGTCCAATT - ——— - ARAGTGTCTTAAACCTCATTTGTTTTTATTARAATTG

RAAGTGTCTTAGACCTCATTTGTTTTTATTARGATTG
AGATTTCATTTGTTTTTATTARGATTG
AGATTTCATTTGT TTTTATTARGATTG
AGA igCATTTGTTTTTATTAAGATTG
AAAGTGTCTTAGA! CATTTGTTTTTATTAAGATTG
AAAGTGTCTTAGACCTCATTTGT TTTTATTAAGATTG
AGTGAACATCGTCCAATT ————-. AAAGTGTCTTAGACCTCATTTGTTTTTATTARAGATTG

R L el
(RN . =l ]
[ vy

%]

O-FEF OO0 ORFDOoOOoOo
[==RNT=Y

220
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Appendix 30. Sequencing Result using (A) Primer EZ2-F2 and (B) EZ2-F3.
The result was alligned to the original sequence (ori.EZ2-F2 and ori.EZ2-
F3). The other samples were genomic non-bisulfite treated wild type DNA
(gWT), bisulfite treated wild type DNA (bisWT) and epiRILs 2.1, 3.2, 3.3 and
4.2 from generation Fes. The original sequence is coloured yellow and the
change in nucleotide is coloured blue. The numbers in red box is the position
of hypomethylation.The left column indicate the sample names, the right
column shows the position of the sequence. The rows show the sequence
alignment of the bases A (adenine), T (thymine), G (guanine) and C

(Cytosine).

(A)

3.2-2 EZ2F2
3.2-1 EZ2F2
gWT1_EZ2F2
4.2 EZ2F2
OriEZ2F2
gWT2_EZ2F2
2.1 Ez2F2
3.3-1 EZ2F2
3.3-2 EZ2F2
bisWTl EZ2F2
DisSWT2 EZ2F2

3.2-2 EZ2F2
3.2-1_EZ2F2
gWT1 EZ2F2
4.2 EZ2F2
oriEzZ2F2
QWT2_EZ2F2
2.1 EZ2F2
3.3-1_EZ2F2
3.3-2 EZ2F2
PisWTl EZ2F2
bisWT2 EZ2F2

(B)

gWT1_EZ2-F3
oriEzZ2-F3
gWT2 EZ2-F3
bisWT1_EZ2-F3
3.2-1 EZ2-F3
3.3-1_EE2-F3
2.1-2 EZ2-F3
2.1-1 EZ2-F3
4.2-1 EZ2-F3
4.2-2 EZ2-F3
bisWT2_EZ2-F3
3.2-2 EZ2-F3
3.3-2_E22-F3

gWT1 EZ2-F3
OriEzZ2-F3
gWT2_EZ2-F3
bisWTl EZ2-F3
3.2-1 EZ2-F3
3.3-1 EZ2-F3
2.1-2 EZ2-F3
2.1-1 EZ2-F3
4.2-1 EZ2-F3
4.2-2 EZ2-F3
bisWT2 EZ2-F3
3.2-2 E22-F3
3.3-2 EZ2-F3

121,122, 125

CAARATTTTAGACTATAATATTTTTTATTTTATTTCTARRATGTTATGATCCTTTTGAAT
ARATTGTTAGACTAGTAATATTTTTTATTT TATTTCTARAATGTTAT GATCCTTTT GRAT
ACRAATTTTAGACTATAATATTTTTTATTTTATTTCTARAATGTTAT GATCCTTTTGRAT
CAARATTTTAGACTATRATATTTTTTATTT TATTTCTAARATGTTATGATCCTTT TGAAT
CAARATTTTAGACTATAATATTTTTTATTT TATTTCTAARATGTTATGATCCTTTTGAAT
CARRATTTTAGACTATAATATTTTTTATTTTATTTCTARRATGTTATGATCCTTTTGAAT
CAARATTTTAGACTATAATATTTTTTATTTCATTTCTARRATGTTATGATCCTTTTGAAT
CAARATTTTAGACTATRATATTTTTTATTTCATTTCTARRATGTTATGATCCTTTTGAAT

TTCARATATATGCTTCCTTTTAARGRARAACATTTTGTTCARARAATGTGACCATTCACA
TTCARATATATGCTTCCTTTTAAAGRAARACATTTTGTT TAAARAAT GTGACCATTCACA
TTCRRATATATGCTTCCTTTTAAAGRARAACATTTTGTT TRAAARARAT GTGACCATTCACA
TTCARATATATGCTTCCTTTTAAAGRAARACATTTTGTT TAAAAAAT GTGACCAT TCACA
TTCARATATATGCTTCCTTTTAAAGRAARACATTTTGTT TAAARAAT GTGACCATTCACA
TTCARATATATGCTTCCTTTTAARGRAARAACATTTTGTTTRARAARAATGTGACCATTCACA
TTCARATATATGCTTCCTTTTAAAGRAARACATTTTGTT TAAARAAT GTGACCATTCACA
TTCARATATATGCTTCCTTTTARAGRAAARACATTTTGTT TARAARARATGTGACCATTCACA
~TTARATATATGTTTTTTTTTARRARAARRAATTTTGTTT————————————————————
TTCARATATATGTTTTTTTTT. TTTTGTTT. TGTGATTATT--——

| 166, 167, 168 || 176, 178 |

ACCAACTGAAARAAGARRAGAAAAGAAARAAAAAAGGARARAATATACCCAATATTTCTCT
AﬁikﬁiTGAAAAAGAAAAGAAAAGAAAAAAAAAAGGAAGAGATATA AATATT;ﬁTET
Al TYT

TG, G. G G. GGAAGAGATATA TATT
TTAATTCGARAARAGARAAGARAAGARARRARAAAGGAAARGATATATTTAATATTTTITTT
TIAATICG. G. G. G. GGAAGAGATATATTTAATATTTITTT

TTAATTCGARAARAAGARAAGAAAAGARARRAARAAAGGAAGAGATATATTTAATATTTITTT
ATTAATTGAAAAAGAAAAGAARAGAAAAAAAAAAGGAAGAGATATATTTAATATTTTITTT
TIAATTCGARARAAGARAAGAAAAGARARAANANAAGGAAARGATATATTTAATATTTITIT
ATTAATTGAAAAAGAARAGAARAGAAARAAAAAAGGAAGAGATATATTTAATATTTITIT
ATTAATTG. G. G G, GGARGAGATATATTTAATATTTITTT
ATTAATTGAAAAAGARRAGAARAGAAARAAAAAAGGAAGAGATATATTTAATATTTTITTT
ATTAATTGAAARAAGAARAGAARAGARARAAAAAAGGAAGAGATATATTTAATATTTITIT

71
70

3
120
64
e3
e3
63

46

131
130

124
180
124
123
123
123
39

102

| 182 || 186,187,188,190,191,192 I 204,205,206,208 210,211 H 217,218,223,224 226

GTCGGCCCCTCCCAAACCTAGGGTTTTAACCCGCACCGTCARAATCCGATTCCTACTGGA
GTEGGC! iy ARAACCTAGGGT TTTAA GEACCGTCAARATCCGATTCCTACTGGA
GTEGGC@E%TE%EAAAEETAGGGTTTTAAS%EGEAE%GT AAAATEEGATT%;TAETGGA
GTIGGTTITTTTTTAAATTTAGGGT TTTAATTT GTATTGTTARAATITGATTTTTAT TGGA
GTEGGTITITITT TTTAGGGTTTTAATTTGTATTGTTAAAATTITGATTITTAT TGGA
GTEGGTITITITT TTTAGGGTTTTAATTTGTATTGTTAAAATTITGATTITTAT TGGA
GTEGGTTTTTTT TARAATTTAGGGT TTTAATTT GTATTGTTARAATITGATTTTTAT TGGA
GTHGGTITITITT ITTAGGGTTTTAATTTGIATTGTTAAAATTITGATTITTAT TGGA
**************************************************** TTATTGGA
GTEGGTITITITT TTTAGGGTTTTAATTTGTATTGTTAAAATTITGATTITTAT TGGA
GTEGGTTTTTTTTARATTTAGGGT TTTAATTT GTATTGTTAAAATITGATTTTTAT TGGA
GTEGGTTTTTTTTARATTTAGGGT TTTAATTT GTATTGTTAAAATITGATTTTTAT TGGA

GTHGGTITITITT ITTAGGGTTTTAATTTGIATTGTTAAAATTICGATTITTAT TGGA
XK OKEEX

130
239
199
172
13z
152
127
131

128
128
127
127
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Appendix 31. Sequencing Result using (A) Primer TM8-F1 and (B) TM8-
F2. The result was alligned to the original sequence (ori.TM8-F1 and
ori.TM8-F2). The other samples were genomic non-bisulfite treated wild
type DNA (gWT), bisulfite treated wild type DNA (bisWT) and epiRILs 2.1,
3.2, 3.3 and 4.2 from generation Fe. The original sequence is coloured
yellow and the change in nucleotide is coloured blue. The left column
indicate the sample names, the right column shows the position of the
sequence. The left column indicate the sample names, the right column
shows the position of the sequence. The rows show the sequence
alignment of the bases A (adenine), T (thymine), G (guanine) and C

(Cytosine).

(A)

gWT_TMEF1
3.3-1 TMBF1
2.1-1 TMBF1
bisWT TM3F1
oriTM8F1
3.2-2 TMBF1
.1-2 TMBF1
.2 TMBF1
.3-2_TMBF1
.2-1_TMEF1

[FERNTVIN N N

gWT_TMEF1
3.371_TMEF1L
2.1-1 TMBF1
bisWT TMEF1
oriTM8F1
3.2-2 TMEF1
2.1-2 TMBF1
.2 TMBF1
.3-2_TMBF1
.2-1 TM3F1

[ISN

(B)

2-2_TMB-F2
.2-1_TMB-F2
5

i

r

87
CTT-———————————————— TTGCTAATACCCGGAAGTGGATACCATGAT TCTT——————
TTTARATTTARATTCGCGGT —— ———— == == == == === — === —————————
TTTAAT TTARATTCGTC- ———— ———— [~ —————— ———————————— -

TTTCATTTAAATTCGTGGTTATAATAYTTAAATARATAATATATTAGAAT TATTGAGATT
TTTAAATTTARAATTGTGGTTATAATACTTAAATAAATAATATATTAGAAT TATTGAGATT
TTTAAATTTAAATTGTGGTTATAATATTTAAATARATAATATATTAGAAT TATTGAGATT
GTTTAATTTAAATTGTGGTTATAATATTTAAATARATAATATATTAGAAT TATTGAGATT
GTTTAATTTAAATTGTGGTTATAATATTTAAATARATAATATATTAGAAT TATTGAGATT
GTTTAATTTARATTGTGGTTATAATATTTAAATARATAATATATTAGRAT TATTGAGATT

140 180

RAGTGAGTTTTGAGTGRATTA
RAAGTGAGTTTTGAGTGRATCARAACGTTATCTGTTTTTAAGTGTATTGGAGTCCAAGTCC
RAAGTGAGTTTTGAGTGRAATTAAAACGTTATCTGTTTTTAAGCGTATTGGAGTTTAAGTTT
AAGTGAGTTTTGAGTGAATTAARAACGTTATCTGTTTTTAAGCGTATTGGAGTTCAAGTTC
AAGTGAGTTTTGAGTGAATTIAAAACGTTATCTGTTTTTAAGCGTATTGGAGTTTAAGTTT
RAAGTGAGTTTTGAGTGRAATTAARAACGTTATCTGTTTTTAAGCGCATTGGAGTCCAAGTC-

AAGTATATCTCTAATTTCRACTCAATCCATCTA
——————————————— AGTTATTTAACATATTATATCTCTAATTTCAACTCAATCCATCTA
—————————————————————————————————————— CTATTTCRACTCAATCCATCTA
77777777777777777777777777777 TRAAGATCTCTAATTTCAACTCAATCCATCTA
ACTCACCCAATTTTTATTTATTTAACATATTATATCTCTAATTTCAACTCAATCCATCTA
CTCAACCCAATTTTTATTTATTTAACATATTATATCTCTRAATTTCAACTCAATCCATCTA
CTCAACCCAATTTTTATTTATTTAACATATTATATCTCTAATTTCAACTCAATCCATCTA

TTTAACATCGCTATTTACARATAATCCGACCTARRACATCATTTTTTTTTATAATTTTAA
TTTAACATCGCTATTTACAAATAATCCGACCTAARACATCATTTTTTTTTATAATTTTAA
TTTAACATCGCTATTTACARATAATCCGACCTAAAACATCATTTTITTTTTATAATTTTAA
TTTAACATCGCTATTTACARATAATCCGACCTARAACATCATTTTTTTTTATAATTTTAA
TTTRAACATCGCTATTTACARATAATCCGACCTARRACATCATTTTTTTTTATGATTTTAA
TTTAACATCGCTATTTACARATAATCCGACCTAAAACATCATTTTITTTTTATGATTTTAA
TTTAACATCGCTATTTACAARATAATCCGACCTARRACATCATTTTTTTTTATGATTTTAA

201



