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Abstract 

DNA methylation marks regulate gene expression and genome structure. Stability and 

dynamics of DNA methylation patterns are influenced by four major factors including 

de novo methylation, maintenance methylation, passive loss of methylation and active 

demethylation. Maintenance methylation functions are still well conserved among 

plants and animals, which separated more than 1.5 billion years ago. In contrast, 

demethylation mechanisms differ considerably among plants and mammals. 

Interfering with DNA methylation and demethylation systems could be a source of 

heritable epigenetic variation if DNA methylation changes are introduced that 

transcend into stable heritable gene expression changes. The high tolerance of plants 

to DNA methylation changes makes them an ideal experimental system to exploit 

DNA methylation and demethylation systems. In this study, four strategies have been 

developed and tested for their capacity to induce heritable epigenetic variation by 

interfering with DNA methylation and demethylation systems. These strategies 

included a chemical treatment with a DNA methylation inhibitor, genetic 

demethylation using a mutant deficient in the maintenance methyltransferase MET1 

and transgenic approaches to over-express MET1 and to express the human TET3 

demethylase. While chemical demethylation only generated non-heritable changes, 

inactivating MET1 induced stable DNA methylation and expression changes at 

specific loci. Expression of the human TET3 protein also induced locus-specific loss 

of methylation but the efficiency of demethylation varied in individual transformants 

independent of TET3 level, which suggests that demethylation is locus-specific but 

stochastic. 
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1.0. General Introduction  

 

1.1. An Introduction to Epigenetics 

 

In 1942 Conrad Waddington coined the term epigenetics to describe how a genotype 

gives rise to a phenotype during development (Waddington, 1942). Waddington 

illustrated his understanding with a visual metaphor called the epigenetic landscape. 

In this model an undifferentiated totipotent cell is represented by a ball at the top of a 

hill. The ball will role down the hill following a specific pathway. This pathway is 

determined by the different peaks and troughs the ball encounters, which represent the 

developmental commitments of the cell. Over time the definition of epigenetics has 

broadened to encompass its roles in genome structure and regulation. In 2007 Adrian 

Bird defined epigenetics as ñthe structural adaptation of chromosomal regions so as to 

register, signal or perpetuate altered activity statesò (Bird, 2007). This proposal would 

include processes that are not mitotically or mieotically heritable and is therefore 

considered wide-ranging by some (Ledford, 2008). A year later, in 2008, a Cold 

Spring Harbor meeting was hosted to arrive at a consensus definition of epigenetics, 

where epigenetics was defined as reversible, heritable changes in gene expression 

without any changes to the underlying DNA sequence (Berger et al, 2009).  

 

Epigenetic gene expression changes have explained phenomena that deviate from 

ónormalô mendelian genetics and among others include imprinting (Dechiara et al, 

1991), position effect variegation (PEV) (Muller, 1930), transgene silencing (Meyer 

et al, 1992; Napoli et al, 1990) and paramutation (Brink, 1959). Epigenetic gene 

expression changes are regulated by post-transcriptional gene silencing (PTGS) and 

transcriptional gene silencing (TGS) mechanisms. PTGS occurs through degradation 

(Fire et al, 1998) of target mRNA, whereas TGS occurs through changes in chromatin 

conformation. The nucleosome represents the first level of chromatin, where 146 base 

pairs (bp) of DNA is wrapped around a histone octomer assembled from 2 copies of 

histone proteins 2A, 2B, 3 and 4 (Luger et al, 1997). The N-terminal tails of histone 

proteins can be modified to distinguish between transcriptionally active euchromatin 

and transcriptionally repressive heterochromatin (Figure 1.1) (Meyer, 2001). Among 

these modifications are histone methylation, acetylation and phosphorylation. In 

plants histone modifications often associated with transcriptionally repressive 
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heterochromatin include mono- and di-methylation of histone 3 lysine 9 (H3K9me1 

and H3K9me2), mono- and di-methylation of histone 3 lysine 27 (H3K27me1 and 

H3K27me2) and mono-methylation of histone 4 lysine 40 (H4K40me1) (Pfluger & 

Wagner, 2007). Among the histone modifications that correlate with active genes are 

acetylation of histone 3 lysine 9 (H3K9ac) and acetylation of histone 3 lysine 27 

(H3K27ac) (Lauria & Rossi, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Euchromatic and heterochromatic chromatin states. The figure shows two chromatin states 
and their associated modifications. On the left is transcriptionally active euchromatin and on the right is 
transcriptionally repressive heterochromatin. Histone octamers are represented as blue cylinders with 
protruding N-terminal tails of histones labelled with the letter óNô. DNA, which is rapped around the 
histone octamer, is represented by the thick black line. Modifications are illustrated as coloured shapes 
using a key in the top left of the image. Taken from Meyer, (2001). 
 

DNA methylation, a modification often associated with gene repression, offers 

another layer of epigenetic control. It involves the transfer of a methyl-group (-CH3) 

from S-adenosyl methionine (SAM) to a DNA base. Histone modifications and DNA 

methylation cross-talk to co-ordinate chromatin structure and regulate gene 

expression (Li, 2002). While histone modifications are readily reversible, DNA 

methylation patterns can vary and are often maintained over generations (Vaughn et 
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al, 2007). This project therefore focuses on the modification of DNA methylation 

marks to induce heritable epigenetic variation in plants.  

 

1.2. DNA methylation 

 

DNA methylation has been found in bacteria, fungi, plants and animals but the 

sequence contexts and epigenetic landscapes can vary among them.  

 

In bacteria, DNA methylation occurs at nitrogen 6 of adenine (
m6

A), carbon 5 of 

cytosine (
m5

C) and in some cases nitrogen 4 of adenine (
m4

A). In E. coli, 
m6

A is 

established by the DNA ADENINE METHYLTRANSFERASE (DAM) at the 

sequence GATC and 
m5

C is established by the DNA CYTOSINE 

METHYLTRANSFERASE (DCM) at the internal C of the two sequences CCWGG 

(where W is an A or a T) (Casadesus & Low, 2006). In bacteria, DNA methylation 

forms part of a restriction-modification system, which is used as a defence mechanism 

against foreign DNA. The system requires restriction endonucleases, which are 

bacterial enzymes that recognise palindromic DNA sequences. Methylated DNA 

cannot be cleaved by restriction endonucleases, unlike unmethylated invading phage 

genomes (Casadesus & Low, 2006).   

 

Many studies of DNA methylation in animals have been carried out in mammalian 

systems where DNA methylation is found exclusively at the carbon 5 of cytosines. 

Work on individual sequences and genomic DNA digests with methylation-sensitive 

restriction enzymes provided the first indications that mammalian genomes are 

globally methylated (Suzuki & Bird, 2008). Long contiguously methylated domains 

are occasionally interrupted by unmethylated regions called CpG islands (Suzuki & 

Bird, 2008), which have a higher CG content than the genome average and associate 

with gene promoters (Larsen et al, 1992) and origins of replication (Antequera & 

Bird, 1999). DNA methylation in mammals is found at cytosines in a CG sequence 

context with the exception of embryonic stem cells, where methylation has been 

found at cytosines in CA and CT sequence contexts (Ramsahoye, 2000). 

 

In comparison to mammals, DNA methylation in plants is also found exclusively at 

the carbon 5 of cytosines. In contrast, in plants DNA methylation is found at CG, 
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CHG and CHH (where H represents an A, T or G) sequence contexts. Shotgun 

bisulfite sequencing revealed that 24% of CG, 6.7% of CHG and 1.7% of CHH 

sequences are methylated in Arabidopsis (Cokus et al, 2008). At transposable 

elements (TEs) and repetitive sequences all three sequence types of methylation are 

highly correlated but when methylation is present within the body of protein coding 

genes it is almost entirely in a CG context (Cokus et al, 2008). The methylation 

patterns in Arabidopsis create a mosaic landscape, where DNA methylation is 

interspersed throughout the genome (Cokus et al, 2008; Zhang et al, 2006). 

 

1.3. Eukaryotic DNA methyltransferases 

 

1.3.1. Eukaryotic de novo DNA methyltransferases 

 

In mammals, reprogramming of DNA methylation patterns occurs at two stages of the 

life cycle (Monk et al, 1987) and requires de novo methyltransferases to establish 

DNA methylation. DNA METHYLTRANSFERASE 3 A (DNMT3A) and DNA 

METHYLTRANSFERASE 3 B (DNMT3B) restore DNA methylation lost in the cell 

cycles before blastulation (Law & Jacobsen, 2010). DNMT3A and DNA 

METHYLTRANSFERASE 3-LIKE (DNMT3L) establish DNA methylation at 

imprinted genes and TEs in primordial germ cells (PGCs), which give rise to the 

germline in mammals (Law & Jacobsen, 2010). DNA methylation is targeted to 

imprinted genes when DNMT3L associates with unmethylated histone 3 lysine 4 

(H3K4) and recruits DNMT3A (Ooi et al, 2007). DNA methylation is targeted to TEs 

via a class of small interfering (si) RNAs, called piwi-interacting (pi) RNAs, which 

target de novo methyltransferases to homologous sequences during male 

gametogenesis (Law & Jacobsen, 2010). In plants, DNA methylation patterns appear 

static across generations and there is no clear evidence for an extensive 

reprogramming of DNA methylation in the developing embryo. De novo methylation 

in plants is controlled by siRNA dependent (Figure 1.2) and independent pathways. 

 

RNA dependent de novo methylation is controlled by the mammalian DNMT3 

homologue DOMAINS RE-ARRANGED METHYLTRANSFERASE 2 (DRM2). De 

novo activity of DRM2 was identified when loss of function resulted in maintenance 

of pre-existing DNA methylation at an endogenous target gene but blockage of de 
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novo methylation at the same target when introduced as a transgene (Cao & Jacobsen, 

2002b). The identification of de novo methyltransferase activity in plants led to the 

characterisation of the targeting pathway, RNA-directed DNA methylation (RdDM) 

(Law & Jacobsen, 2010). In this pathway the chromatin binding protein SAWADEE 

HOMEODOMAIN HOMOLOG 1 (SHH1) enables the recruitment of RNA 

POLYMERASE IV (POLIV) to target loci (Law et al, 2013). Double-stranded (ds) 

RNA is produced by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) (Chan, 

2004), which synthesises the complementary strand of POLIV transcripts. dsRNA is 

cleaved into 24-nt siRNAs by the DICER-LIKE 3 (DCL3) (Chan, 2004) nuclease, 

which associates with ARGONAUTE 4 (AGO4) (Chan, 2004).  RNA 

POLYMERASE V (POLV) non-polyadenylated, uncapped transcripts act as scaffold 

to recruit the AGO4-siRNA complex (Wierzbicki et al, 2008), which is facilitated by 

SUPPRESSOR OF TY INSERTION 5-LIKE (SPT5-like)/KOW DOMAIN-

CONTAINING TRANSCRIPTION FACTOR 1 (KTF1) (He et al, 2009; Law & 

Jacobsen, 2010). The effector complex directs DRM2 to local DNA (Figure 1.2). 

Argonaute proteins also possess endoribonuclease activity, which can lead to cleavage 

of locus-specific POLV transcripts (Qi et al, 2006). dsRNA could be generated from 

these transcripts by RDR2, leading to the production of secondary siRNAs, resulting 

in a self-enforcement effect.  

 

Although RdDM influences de novo methylation at all three sequence types in plants, 

recent studies have shown that de novo methylation at CHH sites can be initiated 

independently of siRNAs. This requires CHROMOMETHYLTRANSFERASE 2 

(CMT2) (Zemach et al, 2013), which is a member of the 

CHROMOMETHYLTRANSFERASE family, a unique class of DNA 

methyltransferases found in plants. It has been hypothesised that targeting of CMT2 

occurs through an interaction with di-methylation at lysine 9 on histone 3 (H3K9me2) 

via its chromo-domain (Pikaard, 2013; Zemach et al, 2013). 
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Figure 1.2. RNA-directed DNA methylation in plants. The figure shows key steps in the targeting of DNA 
methylation via siRNAs in plants. DNA and RNA are illustrated by the brown double helix and blue wavy 
lines, respectively. Attached methyl groups are represented by the orange pins.  dsRNA is produced by 
RDR2 which synthesizes the complementary strand of POLIV transcripts. dsRNA is then cleaved by the 
nuclease DCL3 to generate 24-nt siRNAs that associate with AGO4. siRNA-AGO4 complexes are 
recruited by POLV transcripts, which signals de novo methylation by DRM2. Taken from Law & 
Jacobsen, (2010).  

 

1.3.2. Eukaryotic maintenance DNA methyltransferases  

 

Semi-conservative DNA replication results in each daughter cell inheriting hemi-

methylated DNA. To prevent loss of DNA methylation via semi-conservative 

replication, maintenance methyltransferases recognise hemi-methylated DNA and 

methylate the symmetrical cytosine. In mammals, DNA METHYLTRANSFERASE 1 

(DNMT1) (Crowson & Shull, 1992) maintains DNA methylation at CG sequence 

contexts. It associates at replication foci via interactions with components of the 

replication machinery, including PROLIFERATING CELL NUCLEAR ANTIGEN 

(PCNA) (Chuang et al, 1997). The chromatin remodelling factor LYMPHOID 

SPECIFIC HELICASE 1 (LSH1) is also required for DNMT1 function, but its exact 

role remains to be elucidated (Dennis et al, 2001).  

 

Maintenance of CG methylation in plants is catalysed by the DNMT1 homologue 

METHYLTRANSFERASE 1 (MET1) (Kankel et al, 2003). Like DNMT1, MET1 

maintenance activity requires a chromatin remodelling factor, DECREASE IN DNA 
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METHYLATION 1 (DDM1), a homologue of the mammalian LSH1 (Hirochika et al, 

2000). However, DNA methylation in a CHH sequence context cannot be maintained 

in this pathway because of its asymmetry. Instead, CHH methylation is maintained by 

constant de novo activity (Law & Jacobsen, 2010). CHG methylation is maintained by 

CHROMOMETHYLTRANSFERASE 3 (CMT3) (Lindroth et al, 2001) via a self-

enforcing loop between histone and DNA methylation. SUPPRESSOR OF 

VARIEGATION 3-9 HOMOLOGUE 4 (SUVH4), a H3K9 histone methyltransferase, 

contains a Set and Ring Associated (SRA) domain. Mutation studies and mobility 

shift assays show that the SRA domain of some histone methyltransferases 

specifically bind methylated DNA, and that the SRA domain of SUVH4 preferentially 

binds CHG and CHH sequence types (Johnson et al, 2007; Lindroth et al, 2004). 

Conversely, the chromodomain of CMT3 has the capacity to bind H3K9 methylated 

histones, suggesting that histone methylation by SUVH4 recruits CMT3 (Lindroth et 

al, 2004). 

 

1.3.3. MET1 effects 

 

Recent evidence suggests that the plant DNA methyltransferase MET1 may not be 

restricted to a CG maintenance function. For example, Zubko et al, (2012) found that 

methylation lost from the body of an endogenous target gene in a met1 Arabidopsis 

mutant, was partially restored at CG sites when MET1 was re-introduced. Re-

methylation did not require passage through the germline, which suggests MET1 may 

have de novo activity at CG sequence contexts (Zubko et al, 2012). MET1 may also 

influence non-CG methylation as Singh et al (2008) showed a reduction in both CG 

and non-CG methylation at a REPETITIVE PETUNIA SEQUENCE (RPS) when 

introduced into a met1 Arabidopsis mutant by a genetic cross. Similarly, both CG and 

non-CG methylation were eliminated at the RPS when transferred into a drm2/cmt3 

mutant. These observations lead to the hypothesis that MET1, DRM2 and CMT3 may 

establish methylation at the RPS by gaining access jointly or the two methylation 

systems may recruit each other (Singh et al, 2008). For example, CG methylation 

maintained by MET1 may be required for binding of DRM2 and CMT3 guiding 

factors (Singh et al, 2008).  
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The coupling of DNA methylation and histone methylation via the SRA domain of 

histone methyltransferases (Johnson et al, 2007) suggests that the effects of MET1 

maintained CG methylation may extend into the histone modification layer of 

epigenetic control. This was shown when H3K9 methylation, a mark associated with 

transcriptionally silent heterochromatin, is lost when CG methylation is completely 

removed in a met1 Arabidopsis mutant (Tariq et al, 2003). H3K9 methylation 

however, is unaffected when non-CG methylation is lost in a cmt3 mutant. (Tariq et 

al, 2003). Therefore, MET1-regulated CG methylation may function in 

heterochromatin formation by acting as a scaffold to direct H3K9 methylation (Tariq 

et al, 2003). Interestingly, in an Arabidopsis met1 mutant, H3K9 methylation appears 

to accumulate within genes, which has been assigned to down-regulation of the H3K9 

demethylase INCREASE IN BONSAI METHYLATION 1 (IBM1) (Rigal et al, 

2012). Conveniently down-regulation of IBM1 also provides an explanation for the 

unusual observation that CHG methylation accumulates within gene bodies in met1, 

as H3K9 methylation is a requisite for CMT3 targetted CHG methylation (Lindroth et 

al, 2004; Rigal et al, 2012). 

 

To ensure proper regulation of the genome and to defend against mobilisation of TEs, 

repressive heterochromatin states need to be maintained, which requires DNA 

methylation and histone modifiers. Liu et al, (2011) showed that the N-terminal 

domain of MET1 directly interacts with the C-terminal domain of HISTONE 

DEACETYLASE 6 (HDA6), which suggests MET1 and HDA6 may function co-

operatively to maintain heterochromatic gene silencing (Liu et al, 2011). 

 

1.4. DNA demethylation  

 

Establishment and removal of DNA methylation are required by eukaryotes to fine 

tune gene expression and respond to environmental and developmental signals. DNA 

demethylation describes the process of passive loss or active removal of DNA 

methylation. 

 

Passive loss of DNA methylation results from SAM shortages, DNA 

methyltransferase down-regulation or dysfunction. DNA methyltransferase 

dysfunction is promoted by conditions such as nucleoprotein blockage (Hsieh, 1999a), 
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where regulatory nucleoproteins occlude target sequences from methyltransferases 

and acetylated histone aversion (Wolffe et al, 1999), where acetylated histones repel 

methyltransferases. Active DNA demethylation describes an enzymatic action where 

a methylated cytosine is replaced with an unmethylated cytosine and occurs in both 

plants and animals.    

 

1.4.1. Active DNA demethylation in plants 

 

In Arabidopsis, there are four DNA glycosylases including REPRESSOR OF 

SILENCING 1 (ROS1), DEMETER (DME), DEMETER-LIKE 2 (DML2) and 

DEMETER-LIKE 3 (DML3). They excise methylated cytosines from DNA by 

hydrolysing the glycosidic bond between the cytosine and sugar-phosphate backbone. 

After base removal, DNA glycosylases use apurinic/apyrimidinic (AP) lyase activity 

to nick the DNA backbone, which induces base excision repair (BER) mechanisms to 

fill the gap with an unmethylated cytosine (Figure 1.3). 

 

ROS1, DML2 and DML3 are active in vegetative cells and function in sequence 

specific removal of DNA methylation at the 5ô and 3ô ends of genes (Penterman et al, 

2007). ROS1 counteracts RdDM, possibly to prevent hypermethylation and DNA 

methylation spreading by self-reinforcement mechanisms that could lead to 

detrimental gene silencing. The counteracting mechanism is at least partly reliant on a 

feedback mechanism involving DNA methylation and DNA methyltransferases. For 

example, when DNA methylation levels are reduced in a met1 mutant or by treatment 

with DNA methylation inhibitors, ROS1 levels are down-regulated (Mathieu et al, 

2007). It is still not clear how plant DNA glycosylases are targeted to specific 

sequences. ROS1 co-localises with REPRESSOR OF SILENCING 3 (ROS3), which 

possesses RNA binding capacity (Zheng et al, 2008), making an RNA-based targeting 

system appealing. 

 

DNA glycosylases likely contribute to the global hypomethylation in the Arabidopsis 

endosperm (Hsieh et al, 2009), a nutrient reservoir, which surrounds the embryo. In 

Arabidopsis, the endosperm and embryo are produced via double fertilisation (Figure 

1.4). Each pollen grain contains two sperm cells. These fertilize the egg and diploid 

central cell of the female gametophyte, giving rise to the embryo and triploid 
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endosperm, respectively. In the central cell during female gametogenesis MET1 levels 

are reduced (Jullien et al, 2008) and DME levels are increased (Choi et al, 2002), 

resulting in the loss of DNA methylation via both passive and active mechanisms. 

Therefore, global hypomethylation in the endosperm may be an extension of 

hypomethylation in the central cell.  

 

1.4.2. Active DNA demethylation in mammals 

 

Mammalian DNA glycosylases include METHYL-BINDING PROTEIN 4 (MBD4) 

and THYMINE DNA GLYCOSYLASE (TDG). Unlike plants, mammalian DNA 

glycosylases show weak activity against methylated cytosines compared to thymines 

in T/G mismatches (Zhu et al, 2000). For global epigenetic reprogramming during 

development and sequence specific demethylation in response to environmental 

signals in mammals, it is therefore required that cytosines are modified prior to 

glycosylase intervention. 

 

ACTIVATION -INDUCED DEAMINASE (AID) (Cortellino et al, 2011) and 

APOLIPOPROTEIN B RNA EDITING CATALYTIC COMPONENT 1 (APOBEC1) 

(Harris et al, 2003) deaminate methylated cytosine to thymine. This creates a T/G 

mismatch. The thymine is removed by TDG or MBD4 and replaced in the BER 

pathway (Figure 1.3). Alternatively, methylated cytosines can be oxidised to either 5-

hydroxy-methylcytosine (hmC), 5-formyl-cytosine (fC) or 5-carboxyl-cytosine (caC). 

This oxidation is catalysed by three TEN-ELEVEN TRANSLOCASE (TET1-3) 

proteins (Ito et al, 2011). Oxidised bases are removed by glycosylase activity and 

replaced in the BER pathway (Figure 1.3). TET3 has been found highly expressed 

(Gu et al, 2011) in the paternal pro-nucleus and therefore likely contributes to the 

global epigenetic reprogramming during early mammalian developmental stages. TET 

activity may also facilitate DNA demethylation passively as DNMT1 does not 

recognise hmC (Valinluck & Sowers, 2007).  

 

Interestingly, recent evidence has emerged from in vitro assays that the mammalian 

de novo methyltransferases, DNMT3A and DNMT3B may function as hmC 

dehydroxymethylases (Chen et al, 2012) (Figure 1.3). A dehydroxymethylation 

function of DNMT3 proteins would offer an alternative DNA demethylation pathway 
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and allow the reversion of hmC to mC (Chen et al, 2012). The latter would be useful 

to correct TET3 errors or hmC produced by natural oxidation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Active DNA demethylation pathways in plants and mammals. Green, Red and Black labels 
and arrows indicate proteins and cytosine modifications that occur in plants, mammals or both 

respectively. In plants the DNA glycosylases ROS1, DME, DML2 and DML3 excise methylated bases. 
Excised bases are replaced with an unmethylated cytosine by BER mechanisms. In mammals DNA 
demethylation can occur via at least three pathways. A methylated cytosine can be deaminated to 
thymine by the cytosine deaminases AID and APOBEC resulting in a T/G mismatch. Thymines in a T/G 
mismatch are excised by the glycosylases TDG and MBD4 and replaced with an unmethylated cytosine 
by BER mechanisms. In mammals methylated cytosines can also be oxidised by TET proteins. 
Oxidative products including 5hmC, 5fC and 5caC can be targeted by DNA glycosylases for excision. 
Alternatively the mammalian de novo methyltransferases DNMT3A and DNMT3B may serve as 

dehydroxymethylases converting hmC to C. Image modified from Ito et al, (2011).  

 

1.5. The biological roles of DNA methylation in plants 

 

DNA methylation within gene promoters is often associated with transcriptional 

repression, as it can directly obstruct transcription factors and recruit methyl-binding 

proteins that signal chromatin changes. Gene silencing is required to prevent the 

activation of TEs, which could threaten genome integrity by inserting into critical 

genes. The genomes of higher plants contain many TEs that could potentially disrupt 

genome integrity. In the Arabidopsis ddm1 mutant, TEs are activated but only 

mobilise after repeated self-pollinations, which can generate mutations. ddm1 induced 

mobilisation of the CAC1 transposon into the DWF4 locus produced the defective in 
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stem and leaf elongation mutant, clam (Miura et al, 2001). Similarly, the EVD 

retrotransposon is reverse transcribed in met1 epigenetic recombinant inbred lines 

(epiRILs) and inserts within unlinked loci (Mirouze et al, 2009). Despite the link 

between hypomethylation and TE activation it is also important to acknowledge that 

in some cases derepression of TEs can occur in the absence of DNA methylation 

changes. Arabidopsis MICRORCHIDIA (MORC) proteins belong to an ATPase 

family and likely play a role in chromatin superstructure (Moissiard et al, 2012). 

Arabidopsis morc mutants show derepression of methylated genes and TEs without 

any DNA methylation changes, highlighting a potential role for MORC proteins in 

DNA methylation-independent gene silencing (Moissiard et al, 2012). 

 

Silencing of repeats via DNA methylation is not restricted to foreign elements. 

Ribosomal DNA (rDNA) in Arabidopsis is arranged in tandem arrays at two Nucleolus 

Organiser Regions (NORs). Transcription of rDNA is a large energy consuming 

process due to the demand for rRNA in a cell and is therefore tightly regulated. Part 

of this regulation is the switching ñonò and ñoffò of rDNA repeats, which requires 

DNA methylation. Interestingly, a positive correlation has been reported between 

rDNA copy number and NOR DNA methylation levels among 41 Arabidopsis 

accessions (Woo & Richards, 2008). This correlation suggests that rDNA copy 

number itself is a determinant of NOR DNA methylation levels and provides insight 

into a possible mechanism by which Arabidopsis accessions silence excess rDNA 

repeats (Woo & Richards, 2008). In this study the inheritance of NOR methylation 

levels were also analysed in F1 lines derived from crossing accessions with low and 

high NOR methylation levels (Woo & Richards, 2008). F1 lines could be divided into 

three classes, including those with intermediate, low or high NOR methylation levels, 

suggesting that NOR methylation is regulated by faithful inheritance of parental NOR 

methylation patterns but also reconfiguration of NOR methylation in the hybrids 

(Woo & Richards, 2008).   

 

In plants, hypermethylated TEs and repeat regions show a low meiotic recombination 

rate compared to hypomethylated low-copy number genes, which indicates that DNA 

methylation may influence the rate of recombination (Melamed-Bessudo & Levy, 

2012). When recombination was analysed in the hypomethylated mutant ddm1 the 

rate of recombination between markers located in euchromatin increased, whereas 
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rates were unchanged between markers located in heterochromatin. This is surprising 

considering that heterochromatic regions are most affected by demethylation in the 

ddm1 mutant, and would suggest that DNA methylation only has a repressive function 

in meiotic recombination of euchromatin (Melamed-Bessudo & Levy, 2012).  

 

DNA methylation plays a central role in imprinting, a phenomenon by which genes 

are expressed in a parent-of-origin specific manner. Imprinting is widespread in plants 

and found in the endosperm during seed development (Jahnke & Scholten, 2009). 

Examples of imprinted genes in plants include the Arabidopsis MEDEA (MEA), 

FERTILIZATION-INDEPENDENT SEED 2 (FIS2), (Luo et al, 2000) and 

FLOWERING WAGENINGEN (FWA) (Kinoshita et al, 2004) genes, which are all 

expressed from the maternal alleles of the endosperm. This most likely originates 

from global demethylation in the central cell of the female gametophyte (Choi et al, 

2002; Jullien et al, 2008) (Figure 1.4), which gives rise to the endosperm after 

fertilisation. Global hypomethylation in the endosperm could facilitate silencing of 

repetitive sequences in the embryo, if siRNAs derived from active TEs in the 

endosperm migrated into the embryo. Migration of siRNAs has been observed in 

pollen grains (Slotkin et al, 2009), which are comprised of a vegetative cell nucleus 

(VCN) and two sperm cells. The genome of the VCN is demethylated due to DDM1 

and DME down and up-regulation, respectively (Figure 1.4). Consequently, TEs are 

activated in the VCN and siRNAs derived from these TEs have been found to silence 

target genes in sperm cells (Slotkin et al, 2009). 
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Figure 1.4. Double fertilisation in flowering plants. The figure shows some key epigenetic regulatory 
networks in plant gametophytes mediated by siRNAs. Two sperm cells fertilise the egg and central cell 
of the female gametophyte to give rise to the embryo and endosperm. siRNAs have been shown to 
migrate from the vegetative cell to silence target loci in sperm cells. This leads to the speculations that 
siRNAs may migrate between the central cell and egg cell of the female gametophyte and between the 
endosperm and embryo to silence target genes. Speculative pathways are marked with a ñ?ò. 

 

Correct DNA methylation patterns are required for regular development. FWA alleles, 

although active in the endosperm, are silent in all other tissues. Silencing of FWA 

relies on DNA methylation of two direct repeats within its 5ô coding region. In fwa 

epi-mutants the direct repeats are hypomethylated and FWA is expressed. As a 

consequence fwa epi-mutants display a delay in flowering time (Soppe et al, 2000), 

because FWA inhibits FLOWERING LOCUS T (FT), a protein that acts as a mobile 

floral signal (Ikeda et al, 2007). This partially explains the late flowering which is 

observed in the hypomethylated ddm1 (Kakutani et al, 1995) and met1 (Kankel et al, 

2003) Arabidopsis mutants. However, treatment of Arabidopsis with the DNA 

methylation inhibitor azacytidine results in early flowering (Burn et al, 1993). It is 

therefore likely that multiple genes regulated by DNA methylation are required for 

correct flowering time in Arabidopsis. 

 

The significance of DNA methylation within the body of protein coding genes is less 

well defined than TEs and gene promoters. Body methylation is predominantly 

located in exons and more likely to occur within genes that are longer than the 

average, which supports the hypotheses that body methylation may function in 

selecting splice regions and prevent aberrant transcription (Takuno & Gaut, 2011). 

Considering the repressive effects DNA methylation has on single copy genes and 
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TEs, a role of body methylation in silencing of cryptic promoters in central gene 

regions would also be an appealing speculation (Zilberman et al, 2007).   

 

1.6. Thesis objective 

 

The repressive functions of DNA methylation provide an opportunity to exploit this 

epigenetic mark to induce phenotypic variation in plants. This requires the 

development of a strategy that creates stable changes in DNA methylation that alter 

gene expression. In this study four strategies have been developed and tested for their 

capacity to induce DNA methylation changes. This included a chemical treatment to 

inhibit DNA methylation, which was applied directly to a commercial crop. Target 

loci were analysed in the treated lines by DNA methylation-sensitive detection 

techniques. Somatic and trans-generational stability of the chemically induced DNA 

methylation changes were analysed using the same detection techniques after 

treatment withdrawal and in subsequent generations, respectively. In parallel, genetic 

demethylation approaches were trialled in a model organism, including the 

inactivation of the epigenetic modifier MET1. DNA methylation and expression 

changes of target genes were predicted using an epigenome browser and analysed by 

methylation-sensitive and gene expression detection techniques. To analyse the 

stability of target gene expression changes in the epigenetic modifier mutant the wild-

type alleles were restored via a genetic cross. The target genes identified in the mutant 

were analysed in subsequent generations with the wild-type alleles restored. The third 

strategy interfered with DNA methylation pathways via over-expression of MET1 and 

a catalytically inactive MET1. Targets that altered their DNA methylation or 

expression profiles upon MET1 inactivation were analysed in the over-expression 

lines. Additional target genes were identified by screening an epigenome browser for 

loci that accumulate DNA methylation in a glycosylase mutant, since one possible 

result of MET1 over-expression is an increase in DNA methylation. Finally, a DNA 

demethylation strategy was tested expressing the mammalian demethylase TET3. 

Target genes for the mammalian demethylase in plants were selected based on their 

homology with TET3 targets in mammals. To analyse the stability of TET3-induced 

changes DNA methylation patterns at target genes were analysed over multiple 

generations. The most successful strategies were extended into commercially viable 

crops with the support of an industrial partner. 
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2.0. Inducing epigenetic variation in tomato using the DNA methylation inhibitor 

zebularine 

 

2.1. Introduction 

 

DNA methylation is an epigenetic mark and involves the transfer of a methyl-group (-

CH3) to the carbon 5 of cytosines within DNA. It is established and maintained by 

DNA methyltransferases (DNMTs) and actively removed by DNA glycosylases 

(Gehring & Henikoff, 2007). A core feature of DNA methylation is transcriptional 

repression, either by direct obstruction of transcriptional proteins or by serving as a 

target for specific proteins, which signal chromatin condensation (Klose & Bird, 

2006). Mammals, plants and fungi all have DNA methylation systems but the 

regulatory proteins, DNA methylation levels, locations and sequence types vary. In 

plants, DNA is methylated at three sequence types, CG, CHG and CHH (where H is 

A, T or G) (Law & Jacobsen, 2010). Interfering with such systems by either DNMT 

knockout (Kankel et al, 2003) or knockdown approaches (Kim et al, 2008) have 

shown that establishment and maintenance of DNA methylation are required for 

normal vigour, morphology and gene expression. 

 

DNA methylation inhibitors including 5-Azacytidine (azacytidine), 5-aza-2ǋ-

deoxycytidine (decitabine) (Baylin, 2005) and 1-ɓ-D-ribofuranosyl-1,2-

dihydropyrimidine-2-one (zebularine) (Baubec et al, 2009) (Figure 2.1 (Ewald et al, 

2008)) have been used to interfere with DNA methylation systems. These are cytosine 

analogues that undergo cellular uptake by nucleotide transporters and subsequent 

phosphorylation allows their incorporation at cytosine positions into replicating DNA. 

DNMTs are unable to methylate incorporated analogues due to their structural 

differences at the carbon 4 or 5 position (Galmarini et al, 2001). Indirect 

hypomethylation occurs because DNMTs have a reduced dissociation rate from these 

cytosine analogues compared to native cytosines, due to the formation of covalent 

adducts (Baubec et al, 2009; Santi et al, 1983). Their analogy with cytosines means 

that DNA methylation inhibitors can also be incorporated into RNA during 

transcription, which can lead to aberrant protein synthesis during translation (Baylin, 

2005).  
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Figure 2.1. Chemical Structures of cytosine, azacytidine, decitabine and zebularine. The figure shows 
the chemical structures for cytosine (top left), azacytidine (top right), decitabine (bottom left) and 
zebularine (bottom right). Red symbols indicate structural deviations from cytosine. Taken from Ewald et 
al, (2008). 

 

In mammals, DNA methylation inhibitors have shown both in vivo and in vitro to 

release silencing of some tumour suppressor genes, which occurs as a result of altered 

epigenetic modifier activity during malignancy. Therefore, azacytidine and decitabine 

are currently undergoing clinical trails in potential cancer therapies (Raj & Mufti, 

2006), (Das & Singal, 2004).  

 

In plants, DNA methylation inhibitors induce multiple phenotypes. Azacytidine 

transiently inhibits shoot induction in Petunia tissue culture (Prakash et al, 2003), 

causes segregating dwarfism in rice (Sano et al, 1990), increases total protein content 

in wheat seeds (Vanyushin et al, 1990) and reduces flower number in sugar beet 

(Iudanova et al, 2012). The direct mechanisms responsible for these phenotypes have 

not been identified and have been assigned to global hypomethylation and 
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transcriptional activation of silent genes. Azacytidine induces fruit ripening in the 

tomato colourless non ripening (cnr) epi-mutant (Manning et al, 2006; Martel et al, 

2011), as demethylation at the cnr gene promoter allows the binding of the 

transcription factor RIN (Ripening INhibitor) and subsequent gene expression. 

Interestingly, the offspring from azacytidine treated tomato plants do not germinate 

(Zhong et al, 2013). Such observations highlight the potential for DNA methylation 

inhibitors to induce variation but also raise questions about direct heritable changes 

and indirect cytotoxic effects in plants. 

 

If DNA methylation inhibitors can be used to induce trans-generational heritable 

changes, then they could become a fast, non-transgenic approach to induce variation. 

This hypothesis is investigated in this chapter by analysing DNA methylation changes 

and their heritability induced by zebularine in tomato. 

  

2.2. Results 

 

2.2.1. Zebularine induces transient growth inhibition of tomato 

 

It was first necessary to determine a concentration at which zebularine caused 

detectable DNA methylation changes in tomato. This was achieved by growing 

tomato on MS30 medium with increasing concentrations of zebularine. At 80 M, 

phenotypic changes were detected after 10 days that included inhibition of epicotyl 

and lateral root growth (Figure 2.2). To analyse if this observation was due to indirect 

cytotoxic effects, genomic DNA from treated and control plants was digested with the 

methylation-sensitive restriction isoschizomers MspI and HpaII. Both restriction 

enzymes cleave the sequence CCGG but HpaII only cuts the sequence when it is 

unmethylated and MspI cuts the sequence when it is unmethylated and when the 

internal C is methylated (C
m
CGG) (Waalwijk & Flavell, 1978). An 80 M zebularine 

treatment caused loss of DNA methylation in tomato, as some of the high-molecular-

weight DNA was digested in the HpaII lane of treated plants (white box, Figure 2.3) 

but not in the HpaII lane of untreated control plants (black box, Figure 2.3). To favour 

seed development, which would allow the analysis of subsequent generations, 
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zebularine treatment was withdrawn. 7 days after the treatment was withdrawn 

epicotyl and lateral root growth reverted (Figure 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2. Zebularine treatment of tomato. Epicotyl (top) and root growth (bottom) are shown for tomato 

grown for 10 days on MS30 medium, MS30 medium with 80 M zebularine and MS30 medium with 80 

M zebularine, which was then withdrawn by transplanting tomato onto MS30 medium for 7 days. The 
growth conditions used are as described in Section 8.2.3.3 of Materials and Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3. MspI and HpaII restriction enzyme digests of genomic DNA from zebularine treated tomato. 
The figure shows an ethidium bromide stained agarose gel of genomic DNA isolated from tomato grown 

on MS30 medium (left) and MS30 medium with 80 M zebularine (right) digested with restriction 
isoschizomers MspI and HpaII according to Sections 8.2.1.1 and 8.2.1.13 of Materials and Methods. 
MspI and HpaII recognise and cleave the sequence CCGG. HpaII will cleave the sequence when 
unmethylated and MspI will cleave the sequence when unmethylated and when the internal C is 

methylated (Waalwijk & Flavell, 1978). White and black boxes are used to highlight differences in the 
digestion pattern between zebularine treated and non-treated samples, respectively. 1kb (Bioline) was 
used as a DNA marker that was loaded on the far left and right of the gel, and the position of the 1kb 
band is indicated on the left of the image.  
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2.2.2. Zebularine induces somatic DNA methylation changes in tomato  

 

After confirming zebularine-induced hypomethylation in tomato it was necessary to 

determine if these changes were heritable. First, somatic heritability was analysed 

using methylation-sensitive amplified fragment length polymorphism (MS-AFLP) 

analysis. MS-AFLP is a standard AFLP analysis where adaptors are ligated to DNA 

digested with EcoRI (Vos et al, 1995) and either of the methylation-sensitive 

restriction isoschizomers MspI or HpaII. PCR amplification with adaptor specific 

primers yields a DNA fingerprint and differences between the fingerprint of controls 

and treated samples is evident of DNA methylation changes at both CG and CHG 

sequence types (Figure 2.4) (Paun et al, 2010; Portis et al, 2004).  
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Figure 2.4. Possible outcomes of a MS-AFLP analysis. The figure shows a schematic diagram of all the 
possible outcomes of a MS-AFLP analysis using the restriction enzymes EcoRI, MspI and HpaII. In the 

top panel DNA is represented by the horizontal thin black line with 5ô and 3ô labelled ends. Cleavage by 
restriction enzymes is indicated is by staggered arrows and methylation is represented by ñ5mò. 
Restriction enzyme cleavage products are provided below the DNA schematic. The bottom panel shows 
a schematic outcome of the restriction enzyme cleavage products in the top panel if they were analysed 
using a polyarcylamide gel stained with ethidium bromide after adaptor ligation and PCR amplification. 
Top panel, A. Methylation at both cytosines in a CCGG sequence prevents digestion by MspI and 
HpaII. As a consequence the next unmethylated CCGG site is cleaved. This creates a larger amplicon 
after adapter ligation and PCR amplification with adaptor specific primers (bottom panel, A). Top 
panel, B. Loss of methylation from the external cytosine in the sequence CCGG allows MspI digestion 
but not HpaII. EcoRI and MspI digests result in smaller amplicons after adaptor ligation and PCR 
amplification, while EcoRI and HpaII digests result in one larger amplicon (bottom panel, B). Top 
panel, C. Both MspI and HpaII cleave an unmethylated CCGG site, which results in smaller amplicons 
after adaptor ligation and PCR amplification (bottom panel, C). Modified from Portis et al, (2004). 
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For the MS-AFLP analysis genomic DNA was used in duplicate from three whole 

tomato seedlings grown for 17 days on MS30 medium, 17 days on MS30 medium 

with 80 M zebularine and 10 days on MS30 medium with 80 M zebularine, which 

was then withdrawn by transplanting tomato onto MS30 medium for 7 days. The 7 

day withdrawal period allowed the formation of the epicotyl to analyse somatic 

changes and only indisputable changes were selected for subsquence analysis.  

 

It is worth noticing the somatic change (Figure 2.5). An amplicon is visible when 

DNA from tomato grown on 80 M zebularine is analysed by the HpaII MS-AFLP. 

The signal presence and intensity are comparable when analysing DNA from tomato 

where treatment had been withdrawn. There is a weak detection of the target when 

analysing the DNA from tomato grown on MS30 medium using the MspI MS-AFLP, 

but the signal strength increases with treatment and when treatment is withdrawn. The 

occurrence of bands with treatment in the HpaII MS-AFLP and the increase in 

intensity of bands with treatment in the MspI MS-AFLP, which are maintained after 

treatment is withdrawn, is indicative of a somatically heritable DNA methylation 

change at both CG and CHG sequence types.  

 

Interestingly, very few regions responded to treatment. One locus, labelled unaffected 

(Figure 2.5), maintained internal methylation at a C
m
CGG site. This can be concluded 

when a signal is detected throughout the MspI MS-AFLP analysis, which is 

insensitive to internal C methylation, but not in the HpaII MS-AFLP analysis, which 

in sensitive to internal C methylation, and there is no change in signal presence or 

strength with treatment in either MS-AFLP analysis.   
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Figure 2.5. MS-AFLP screen to analyse somatic DNA methylation changes in zebularine treated tomato. 
The figure shows a MS-AFLP screen analysed using a polyacrylamide gel stained with ethidium 
bromide performed as described in Section 8.2.1.12 with primers from Section 8.1.4.5 of Materials and 
Methods. All samples were analysed in duplicate including, from left to right, a water only PCR negative 

control, DNA from tomato grown for 17 days on MS30 medium, 17 days on MS30 medium with 80 M 

zebularine and 10 days on MS30 medium with 80 M zebularine, which was then withdrawn by 
transplanting tomato onto MS30 medium for 7 days. The three DNA samples were analysed by a MS-
AFLP analysis using HpaII (left) and MspI (right). MspI and HpaII methylation sensitivities are as 

described in Figure 2.4. 1kb+ (Invitrogen) was used as a DNA marker with some sizes provided on the 
left of the figure. A somatic change is highlighted on the right (top). Methylation has been lost from both 
cytosines in the sequence CCGG with zebularine treatment, enabling both HpaII and MspI to cut the 

sequence, resulting in PCR amplification after adaptor ligation (zeb 80 M). The signal changes are 
detected using DNA from tomato where treatment was withdrawn for 7 days (zeb withdrawn). An 
unaffected locus is highlighted on the right (bottom). There is no change in signal detection with 

zebularine treatment (zeb 80 M).  

 

To test if the somatic DNA methylation changes caused by zebularine were 

genetically stable the analysis was extended into the next generation. DNA for both 

untreated and treated tomato was prepared again in parallel with the DNA from 

offspring of treated parental plants. The same regions responsive and unresponsive to 

treatment were identified (zeb 80 M, Figure 2.6). This indicates, for the highlighted 

loci, that the DNA methylation changes induced by zebularine that were identified in 

this study, are reproducible. The somatic change reverted in the offspring to that of 

untreated tomato grown on MS30 medium (mC reversion, offspring, Figure 2.6), 

suggesting that DNA methylation changes induced by zebularine at this locus are not 

stable across generations. The signal for the unaffected locus has been lost in the 
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offspring (unaffected*, offspring, Figure 2.6). This could be explained if the locus 

existed as an epi-allele in the parent plant, where only one allele is methylated at both 

cytosines and the other allele is methylated at the internal cytosine of the sequence 

CCGG. The offspring from this parent used in this analysis could inherit two fully 

methylated alleles preventing MspI digestion.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.6. MS-AFLP screen to analyse trans-generational DNA methylation changes in zebularine 
treated tomato. The figure shows a MS-AFLP screen performed as described in Figure 2.5, however, 
DNA isolated from offspring of zebularine treated parent plants was analysed to determine the trans-
generational stability of induced DNA methylation changes. The DNA methylation change that reverts in 
the offspring of treated parental plants is indicated on the right hand side of the image using the label 
ñmC reversionò. The locus that is unaffected by zebularine treatment and escapes detection in the 
offspring is indicated on the right hand side of the image using the label ñunaffected *ò.  

 

2.2.3. Zebularine causes DNA methylation changes at rDNA 

  

In order to elucidate the target specificity of zebularine the DNA sequences of both 

affected and unaffected loci were isolated, sequenced and the sequencing results were 

aligned with the tomato genome. To ensure the correct amplicons had been isolated 

they were analysed using a polyacrylamide gel after isolation in parallel with the MS-

AFLP analysis. The region that twice lost DNA methylation with treatment was 

located within rDNA and the region which was twice unaffected by treatment was 

located within the jinling2 retroelement (Figure 2.7, Appendix 10.1). 
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Figure 2.7. Identifying the target specificity of zebularine. The figure shows sequencing reads from 
targets identified using the MS-AFLP analysis (Figures 2.5 and 2.6) aligned against the tomato genome. 
Alignments were carried out using the NCBI basic nucleotide blast search tool 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The Query represents the DNA sequence of the target and the 
Subject (Sbjct) represents a region of the tomato genome with the highest homology to the Query. 
Nucleotide positions of the Query and Sbjct are provided on the left and right side of the DNA sequence. 
A. The somatic change is within rDNA. B.  The unaffected locus is within the jinling2 retroelement.   

 

 

 

 

 

 


