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ZUSAMMENFASSUNG

Pflanzen müssen sich trotz ihrer Unbeweglichkeit häufig an eine sich verändernde Umwelt

anpassen und verfügen daher über ein breites Spektrum an Regulierungsmechanismen, um

die Genexpression unter ungünstigen Bedingungen fein abzustimmen. Epigenetische

Veränderungen wie kovalente Modifikationen der DNA oder der mit ihr verbundenen

Histonproteine sowie die optimale Verpackung des Chromatins innerhalb der Zelle können

die Genexpression stark beeinflussen, ohne die zugrunde liegende genetische Sequenz zu

verändern. Die DNA-Cytosin-Methylierung, bei der ein Methylrest an das Cytosin-Nukleotid

angehängt wird, ist eine gut untersuchte epigenetische Markierung, die in mehreren

Blütenpflanzen vorkommt und dafür bekannt ist, dass sie Veränderungen der Genexpression

an vielen genomischen Loci hervorruft. In Pflanzen tritt die DNA-Methylierung in drei

verschiedenen Nukleotidkontexten auf - CG, CHG und CHH (wobei H = A, T, C) - und ist

vorwiegend in heterochromatischen Regionen mit sich wiederholende Sequenzen inaktiven

Transposons zu finden. In dieser Dissertation habe ich die Modellpflanze Arabidopsis

thaliana untersucht um herauszufinden, wie DNA-Methylierung die Genexpression direkt und

indirekt regulieren kann, wenn sie in cis zu Genen auftritt, und wie sie die Genom- und

Epigenomstabilität beeinflussen kann.

In meinem ersten Projekt führte ich künstlich eine unterschiedliche Methylierung in

verschiedenen Promotorregionen eines Gens ein, um zu untersuchen, ob die

nachgeschaltete Genexpression davon beeinflusst wird. Als Beispiel diente mir das

bekannte Epiallel des FWA Gens - ein Allel, bei dem die normalen

Methylierungsmarkierungen im Promotor fehlen und dadurch die Expression des Gens

aktivieren. Ich habe transgene Linien erzeugt, die das fwa Epiallel tragen, wobei die

Methylierung auf drei verschiedene Regionen des FWA Promotors zielte, und in diesen

Pflanzen die induzierte Methylierung, die veränderte Genexpression und den Blühzeitpunkt

gemessen. Ich fand heraus, dass die Methylierung an Tandem-Sequenzwiederholungen in

der Nähe des Gens die größten Auswirkung auf die nachgeschaltete Genexpression hatte,

während die Auswirkung minimal war, wenn die Methylierung weiter entfernt von dem Gen

stattfand.

Als nächstes untersuchte ich die Folgen einer genomweiten Hypomethylierung. Ich erzeugte

CRISPR-Cas9-Knockouts des MET1 Gens, das für eine DNA-Methyltransferase kodiert, die

die CG-Methylierung katalysiert, in 18 natürlichen Akzessionen von A. thaliana. Die

Mutanten wiesen starke phänotypische Defekte auf und wurden mit entsprechenden

Wildtyp-Linien verglichen, um die unterschiedliche Methylierung, Chromatin-Zugänglichkeit
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und Genexpression mittels Bisulfit-Sequenzierung, ATAC-Sequenzierung und

RNA-Sequenzierung zu untersuchen. Erstens stellte ich fest, dass alle met1 Mutanten sehr

wenige genomweite CG-Methylierung haben, wie von der Inaktivierung von MET1 zu

erwarten war. Darüber hinaus wiesen diese Mutanten große Veränderungen in der

Chromatinzugänglichkeit und in der Genexpression auf, die sich jedoch quantitativ zwischen

den verschiedenen Akzessionen unterschieden. Während viele Gene, die mit Transposons

assoziiert sind, in met1 Mutanten aktiviert wurden, traten die größten Unterschiede in der

Genexpression zwischen den Akzessionen bei Protein kodierenden Genen auf, von denen

viele bekannte Epiallele haben. Schließlich entdeckte ich mehrere epigenetische Zustände

derselben Gene in verschiedenen Akzessionen, was auf komplexe und einzigartige

Regulierungsmechanismen im Zusammenhang mit der DNA-Methylierung hinweist.

Zusammengenommen zeigen diese Ergebnisse, dass epigenetische Muster oft eng

miteinander verknüpft sind und dass eine Störung der Methylierung ausreicht, um mehrere

direkte und indirekte nachgeschaltete Effekte zu katalysieren, die den Phänotyp der Pflanze

bestimmen. Letztlich kann das Verständnis der epigenetischen Mechanismen, die für die

verschiedenen Akzessionen einzigartig sind, erklären, wie sich natürliche Populationen

unabhängig voneinander entwickelt haben, um eine optimale genetische und epigenetische

Stabilität in ihren verschiedenen natürlichen Lebensräumen zu erhalten.
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SUMMARY

Plants often need to adapt to changing environments despite their immobility, and employ a

wide range of regulatory controls to fine-tune gene expression under adverse conditions.

Epigenetic changes such as covalent modifications to DNA or their associated histone

proteins, and optimal packaging of chromatin within the cell can strongly influence gene

expression without changing the underlying genetic sequence. DNA cytosine methylation,

which refers to the addition of a methyl residue to cytosine nucleotide, is a well-studied

epigenetic mark that is prevalent in several flowering plants and is known to induce gene

expression changes at many genomic loci. In plants, DNA methylation occurs in three

different nucleotide contexts - CG, CHG and CHH (where H = A,T,C) and is predominantly

found at heterochromatic regions that carry repeat sequences and silenced transposable

elements. In this dissertation, I studied the model plant species Arabidopsis thaliana to

investigate how DNA methylation can directly and indirectly regulate gene expression when

it occurs in cis to genes, and how it can affect genome and epigenome stability.

In my first project, I artificially introduced differential methylation in various promoter regions

of a gene, to investigate whether downstream gene expression would be affected. I used the

well-known fwa epiallele as an example - a locus where methylation marks are absent in the

promoter, and thereby activate the expression of the FWA gene. I generated transgenic lines

carrying the fwa epiallele with methylation targeted at three different regions of the FWA

promoter and measured the induced methylation, altered gene expression and the flowering

phenotype associated with the gene. I found that methylation at tandem-repeats in proximity

to the gene exerted the greatest impact on downstream gene expression, as opposed to

minimal impact when methylation was targeted further upstream.

Next, I investigated the consequences of genome-wide hypomethylation. I generated

CRISPR-Cas9 knockouts of the MET1 gene (which encodes a DNA methyltransferase

catalyzing CG methylation) in 18 natural accessions of A. thaliana. These mutant lines

showed severe phenotypic defects and were compared with respective wild-type lines to

examine differential methylation, chromatin accessibility and gene expression using bisulfite

sequencing, ATAC sequencing and RNA sequencing. Firstly, I found that all met1 mutant

lines exhibited very low levels of genome-wide CG methylation resulting from the inactivation

of MET1. Furthermore, these mutants exhibited large changes in their chromatin

accessibility and gene expression profiles, which quantitatively varied across different

accessions. While many genes associated with transposable elements were activated in
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met1 mutants, the largest variation in gene expression between accessions occurred at

protein-coding genes, many of which included known epialleles. Finally, I uncovered multiple

epigenetic states of the same genes in different accessions, indicating complex and unique

regulatory mechanisms associated with DNA methylation.

Together, these results show that epigenetic patterns are often tightly linked to each other,

and that perturbation of methylation is sufficient to catalyse multiple direct and indirect

downstream effects which determine plant phenotype. Ultimately, understanding epigenetic

mechanisms unique to different accessions can explain how natural populations have

independently evolved to maintain optimal genetic and epigenetic stability in their diverse

natural habitats.
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INTRODUCTION

4.1. Epigenetic modifications in plants

While DNA encodes the primary genetic information in the cell, covalent modifications to

both DNA and the protein components that package DNA into chromatin can shape cell

identity. These modifications, referred to as 'epigenetic', play crucial roles in gene

transcription, independent of their underlying genetic sequences. The concept of epigenetics

goes back to Conrad Waddington [1].

Plants are masters of epigenetic regulation, as their genomes carry almost all of the

epigenetic machinery identified in eukaryotes. Being immobile unlike animals, and facing

therefore more adverse environmental changes than animals, they rely on complex gene

regulatory mechanisms for short-term acclimation and long-term adaptation, thereby

maximizing their reliance on epigenetic modifications. One notable example of an epigenetic

modification is DNA 5-methylcytosine (5mC) methylation, referring to the presence of a

methyl residue at the 5' C position in cytosine nucleotides. 5mC DNA methylation is

well-known to alter gene transcriptional activity in plants [2]. While 5mC methylation has been

widely studied in many eukaryotes, recent work has identified the presence of 4mC

(4'-N-methyl-cytosine) in the early land plant Marchantia polymorpha [3], a mark previously

found only in prokaryotes [4].

Within the cell, several layers of compaction are involved in chromatin formation. The

fundamental repeat unit of chromatin is the nucleosome, which consists of approximately

147 bp of DNA wrapped around a core of eight histone proteins, H2A, H2B, H3 and H4,

each occurring twice. Another histone protein, H1, functions as a linker histone and binds to

short stretches of linker DNA between nucleosomes [5]. Post-translational modifications of

histones, such as methylation, acetylation, phosphorylation, ubiquitination, biotinylation and

ADP-ribosylation occurring largely at lysine and arginine residues, are also notable

epigenetic modifications, each with a unique regulatory potential, as identified in Arabidopsis

thaliana [6,7]. The most well-studied histone epigenetic marks are histone H3K4 methylation

(H3K4me1, H3K4me2 and H3K4me3), histone H3K27 tri-methylation (H3K27me3) and

histone H3K9 dimethylation (H3K9me2) [8].

Furthermore, sequence divergent and structurally diverse histone proteins occur as natural

'histone variants' across eukaryotes, and these have evolved to co-occur with distinct
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chromatin states (histone modifications), thus determining heritability of epigenetic marks, or

assisting in cell differentiation [9]. The concerted effect of all these epigenetic marks can

impact chromatin compaction (demonstrated in studies such as [10,11]), and control which

regions of the DNA (euchromatin or heterochromatin) are more or less accessible to

transcription factors for activating genes (for example, results from [12–14]). Ultimately,

these modifications can have both a localised and a global effect on gene transcription, not

only during various stages of plant development, but also under stress, thereby facilitating

adaptive evolution.

4.2. DNA methylation and its establishment

The regulatory role of DNA methylation was first suggested by [15,16], upon observing DNA

methylation marks occurring largely at palindromic repeat sequences in inactive X

chromosomes of female mice. Subsequent studies in animal systems identified CpG

nucleotide motifs as principal sites carrying methylation [17], eventually leading to the

discovery of methylation being semi-conservatively transmitted during replication [18,19].

In plants, 5mC methylation patterns occur in three different contexts determined by the

underlying nucleotide sequence - CG, CHG and CHH (where H= A, T, C) . Although these

methylation marks are distributed along the chromosome arms, they are found primarily at

transposable elements, centromeric repeats or arrays of 5S or 45S rRNA gene repeats that

are largely found in centromeric or pericentromeric regions [20]. Heterochromatin regions in

A. thaliana are enriched with transposable elements, hence are generally characterized by

high levels of methylation. Cytosine methylation also accumulates at some

differentially-regulated promoters of protein-coding genes, and within the protein-coding

regions of highly expressed genes [21]. Recent studies have shown that methylation at

specific positions within transcription factor binding motifs in the A. thaliana genome may

directly affect the interaction between the transcription factor and genomic DNA in vitro [22].

C5 methyltransferases catalyse DNA methylation in plants. They are classified into four main

families on the basis of their linear protein domain arrangement: DRMs

(Domains-rearranged methyltransferases) are involved in the de novo methylation (RdDM)

pathway, while methyltransferases (METs) and chromomethyltransferases (CMTs) are

involved in maintenance of methylation, and DNMT2s (DNA methyltransferase

homologue-2) can methylate aspartic acid transfer RNA (tRNA Asp)[23]. Irrespective of the

family they belong to, all C5 Methyltransferases in plants carry out two roles - the first being

the recognition of a target DNA sequence and the second the transfer of a methyl group
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from the cofactor S-adenosyl-l-methionine to the fifth carbon (C5) of the pyrimidine ring of

the cytosine nucleotide. While the variable N-terminal domain of the protein carries out the

recognition function, the C-terminal domain catalyses the methyl transfer [24,25].

4.2.1. de novo methylation pathways

Cytosine methylation marks in the developing plant are established by small RNAs that

target DNA sequences that are homologous to them, a phenomenon known as

RNA-directed DNA methylation [26–28] (Figure 1). In the canonical RNA-directed DNA

methylation (RdDM) pathway [2,29–31], RNA POLYMERASE IV (Pol IV) initiates

transcription at the silenced locus and the transcript is copied by RDR2 (RNA-DEPENDENT

RNA POLYMERASE 2) to create double-stranded RNA (dsRNA). The dsRNAs are

subsequently cleaved into 24-nucleotide long short interfering RNAs (siRNAs) by

DICER-LIKE PROTEIN 3 (DCL3). These siRNAs are loaded onto ARGONAUTE (AGO)

proteins such as AGO4 and AGO6, and pair with complementary scaffold RNAs. Scaffold

RNAs are the nascent transcripts synthesised by RNA POLYMERASE V (Pol V) from the

locus which is targeted for silencing. The DOMAINS-REARRANGED

METHYLTRANSFERASE 2 (DRM2) protein interacts with AGO4, and catalyses de novo

DNA methylation in a sequence-independent manner, in cis to the scaffold RNA [32] .

RNA-DIRECTED DNA METHYLATION 1 (RDM1) may assist AGO4 and DRM2 in this

methylation, and may also bind to single stranded methylated DNA [33].

Non-coding RNAs (ncRNAs) transcribed by Pol V remain on the chromatin to serve as

scaffold RNAs. NRPE1 (the largest subunit of Pol V) and RDM3 (a Pol V-associated putative

transcription elongation factor), along with proteins including those of the INVOLVED IN DE

NOVO 2 (IDN2)–IDN2 PARALOGUE (IDP) complex, are also involved facilitating and

stabilizing the siRNA- scaffold RNA interaction in the RdDM pathway (as reviewed in [34]).

Pre-existing chromatin modifications also affect the recruitment of Pol IV and Pol V to the

RdDM target loci. The SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1), which binds

dimethylated histone H3 lysine 9 (H3K9me2) recruits Pol IV [35,36]. The SNF2

DOMAIN-CONTAINING PROTEIN CLASSY 1 (CLSY1), a chromatin-remodelling protein

associated with Pol IV, interacts with SHH1 [36,37]. In recent years, the study of other

members of the CLASSY family proteins has shown that CLSY1 and CLSY2 are both

required for the Pol IV-SHH1 interaction through H3K9me2, while CLSY3 and CLSY4 carry

out a similar role but through recognition of DNA methylation marks. Furthermore, differential

abundance of the CLSY1-4 proteins in various plant tissues can determine their methylation

levels at various loci [38,39].
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Figure 1: RdDM pathways in A. thaliana (Fig. 1 from [34]). (1) canonical RNA-directed

DNA methylation (RdDM) pathway (2) DCL-independent RdDM pathway which may be

mediated by DCL-independent siRNAs or directly by Pol IV -generated non-coding RNAs

(P4 RNAs) (3) POL II- mediated RdDM pathway which produces 24-nucleotide siRNAs and

scaffold RNAs (4) POL II - RDR6 RdDM pathway which produce precursors of 21-nucleotide

or 22-nucleotide siRNAs. AGO4 and AGO6 carry the siRNAs to complementary scaffold

RNAs produced by Pol V.  A cohort of proteins stabilize this interaction, in addition to

retaining the scaffold RNAs in the chromatin.

For the Pol V–chromatin association, the so-called DDR complex plays a crucial role. This

complex recruits two proteins that belong to the SU(VAR) 3-9 histone methyltransferase

family but lack the corresponding activity. These proteins are SUVH2 and SUVH9, and their

SRA (SET and RING finger-associated) domains are necessary for the recognition of

methylated cytosines. Thus, it has been proposed that these proteins recognize pre-existing

DNA methylation and recruit Pol V (as reviewed in [34]).

Apart from the canonical Pol IV and Pol V RdDM pathway, Pol II-mediated transcription can

also generate 24-nucleotide siRNAs in some loci through a non-canonical pathway. In

certain cases, Pol II can also recruit Pol IV and Pol V [40]. Pol II interacts with a different

cohort of AGO proteins compared to Pol V, and catalyses RdDM along with RDR6
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(RNA-DEPENDENT RNA POLYMERASE 6). RDR6 copies Pol II transcripts to make

dsRNAs, followed by DCL2/DCL4-mediated generation of 21- or 22-nucleotide siRNAs. The

Pol II - RDR6 pathway is preferred over the Pol IV - RDR2 pathway only in certain regions of

the genome such as trans-acting siRNA genes and transcriptionally active transposable

elements. However, 24-nucleotide siRNAs are the most abundant in the A. thaliana genome

(as reviewed in [34]). Although these siRNAs can be reduced to negligible levels in dcl

quadruple mutants, DNA methylation still remains in two-third of siRNA target sites [41,42],

suggesting the presence of DCL3-independent RdDM pathways.

4.2.2. Maintenance of methylation

DRM2 activity can catalyze methylation in all sequence contexts (CG,CHG,CHH) through

the de novo methylation pathways in the growing plant - yet, cells in each tissue could have

distinct methylation profiles. To ensure that these methylation marks, especially at key loci,

are faithfully transmitted to the progeny, plants employ various maintenance methylation

pathways.

The heritability of pre-exisiting methylation patterns from parent to progeny is facilitated

particularly at CG and CHG sites, which provide a symmetry for cytosine methylation on

mother strands to be copied to the complementary daughter strands. Methylation can also

be maintained after DNA repair by using the non-damaged strand as a template.

In plant genomes, the CG-context constituting the highest proportion of all cytosine

methylated sites [43] is maintained by the METHYLTRANSFERASE 1 (MET1) enzyme. The

A. thaliana MET1 enzyme is orthologous to DNA (cytosine-5)-methyltransferase 1 (DNMT1)

which maintains methylation in mammalian cells, despite varying from DNMT1 in its

N-terminal domain structure [44]. MET1 in A. thaliana is one among four genes in a

multigene family that may have arisen due to ancestral duplications - MET1, METIIa, METIIb

and METIII. While all these genes have conserved intron positions, METIII encodes a

truncated protein and METIIa and METIIb transcripts are expressed in levels 10,000 fold

lower than METI in vegetative tissue [45]. Hemi-methylated CG dinucleotides are recognized

by MET1 after DNA replication and copied in the cytosines of the daughter strand. The

VARIANT IN METHYLATION (VIM) proteins are proposed to play a role in the recruitment of

MET1 to DNA, similar to the recruitment of DNMT1 by the E3 ubiquitin-protein ligase UHRF1

[46,47].
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CHG methylation in A. thaliana is largely maintained by CMT3 (CHROMOMETHYLASE 3)

and by CMT2 (CHROMOMETHYLASE 2) in a few regions. The bromo-adjacent homology

(BAH) and chromo domains of the CMT3 homolog in maize were shown to bind to the

histone methylation mark H3K9me2. Loss of the SU(VAR)3–9 HOMOLOG 4 (SUVH4)/

KRYPTONITE (KYP) proteins which establish H3K9me2, or CMT3, dramatically reduces

CHG methylation genome-wide. KYP proteins additionally contain an SRA domain which

specifically recognizes CHG methylation. However, mechanisms of a possible crosstalk

between KYP and CMT3 in maintaining methylation is yet to be understood (as reviewed by

Law and Jacobsen, 2011).

The DRM2 and CMT2 proteins are involved in establishing CHH methylation, and the former

carries out its role through the RdDM pathway. The regions targeted by DRM2 are RdDM

target loci that include repeat sequences and short transposon elements. CMT2

preferentially targets histone H1-containing heterochromatin, where RdDM is inhibited.

DMR2 and CMT2 can also establish methylation in other sequence contexts (as reviewed by

Zhang et al. 2018).

4.3. DNA demethylation

Passive DNA demethylation can occur when methyltransferase activity is lost or when there

is a lack of methyl donors after DNA replication (as reviewed in [34]). Methylation can also

be actively removed, and this is catalysed by a group of enzymes, with the initiator referred

to as the DNA demethylase. The 5-mC DNA glycosylases- apurinic/apyrimidinic lyases in

plants employ a base-excision repair pathway for demethylation, by direct recognition and

removal of methylated cytosines [48–50].

In Arabidopsis, REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME),

DEMETER-LIKE PROTEIN 2 (DML2) and DML3 belong to the family of demethylases and

can excise 5-mC from all cytosine sequence contexts [49,51–53]. While DME is expressed

only in companion cells of the female and male gametes, the other enzymes are active in all

vegetative tissues [53,54]. In general, DME targets euchromatic, AT-rich transposable

elements, thereby affecting genes in their proximity [54–57]. DME is particularly involved in

the demethylation of imprinted genes during embryonic development [58] and demethylation

in male gamete companion cells [59–61].

ROS1 mainly functions in preventing the spreading of methylation from transposable

elements to nearby genes, and also targets many RdDM loci [62]. Targets of ROS1 are also

positively associated with the histone marks H3K18 and H3K27me3, but depleted of
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H3K27me and H3K9me2, suggesting a crosstalk between DNA demethylation and

chromatin modifications in regulating genes. Both met1 mutants and mutants defective in

RdDM pathway components show reduced expression of ROS1 [32,63–67], indicative of

tight coordination between DNA methylation and active DNA demethylation mechanisms.

Furthermore, the ROS1 gene carries a 39 bp sequence in its promoter which is methylated

in wild-type plants and functions as a 'methylstat' sequence which recognizes and maintains

methylation levels throughout the genome [67,68]. Active DNA demethylation is also critical

for fruit ripening in tomato (S. lycopersicum), where the DML2 glycosylase catalyses

demethylation of thousands of loci involved in fruit ripening [69,70].

4.4.  Gene expression regulation by DNA methylation

4.4.1.  Promoter methylation

In most promoter regions of plant genes, DNA methylation acts as an inhibitor of gene

transcription. Conversely, demethylation of certain promoters results in the activation of gene

expression. Studies on embryonic stem cells have found that promoter DNA methylation can

inhibit binding of transcriptional activators, promote binding of transcriptional repressors, or

differentially attract specific repressive or permissive histone modifications to repress gene

transcription [71,72]. In A. thaliana, in vitro studies using DNA affinity purification sequencing

(DAP-seq) have revealed that 72% of 327 transcription factors (TFs) tested were inhibited

from binding methylated sites, 24% of TFs showed weak sensitivity to methylation in their

binding affinity, while 4% preferentially bound to methylated motifs [22].

Approximately 5% of all genes in A. thaliana are methylated in their promoter regions [31,73]

and therefore the majority of genes is not dependent on methylation for their transcriptional

regulation. However, this can vary from species to species; crop plants with larger genomes

for example, are enriched for transposable elements interspersed between genes and

therefore a larger fraction of genes may have promoter methylation to silence these

elements. Consequently, the loss of methylation in such genomes may result in more severe

developmental defects than in A. thaliana. [69]

Although the exact mechanisms by which promoter methylation activates gene transcription

is still unclear, such methylation patterns are commonly observed over regions containing

transposable elements, repeat sequences or the binding sites of transcription machinery. In
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some genomic regions, transposon methylation can also spread to flanking regions over

time [74], thereby occurring at gene promoters.

4.4.2.  Gene-body methylation

Gene body methylation (gbM) refers to the exclusive presence of CG methylation within the

transcribed region of genes, and depletion of such methylation near transcriptional start and

stop sites [21,73,75]. It has been observed among angiosperm genomes that gbM genes are

generally constitutively expressed and are longer than unmethylated genes. Reduced gbM is

known to occur as a consequence of reduced levels of the histone variant H3.3, and is

associated to an increase in distribution of the linker histone H1 within the gene body, which

restricts access to DNA methyltransferases and therefore impacts transcriptional activity

[76]. gbM has also been observed in intron regions that contain repeats or transposon

sequences, such as in the IBM1 locus (Wang et al. 2013)

While gbM is completely absent in the angiosperms Eutrema salsugineum and Conringia

planisiliqua, this has been attributed to the absence of CMT3 in their respective genomes.

While CMT3 primarily methylates DNA substrates in the CHG context, it is proposed that

when the histone methylation mark H3K9me2 is not actively removed from gene bodies (by

histone demethylases such as IBM1), CMT3 is recruited thus depositing CHG methylation,

and enabling methylation of CG and CHH sites. Consequently, this CMT3-triggered

methylation can spread throughout the gene body [77]

The extent to which gbM can determine the transcription of genes is still debated. Some

studies suggest that gbM could occur as a byproduct of perturbations to chromatin

homeostasis near genes [78], due to several works demonstrating the absence of a

functional relationship between gbM and expression changes [43,77,79,80]. However,

another study has shown that natural gbM variation can influence drought and heat

tolerance and flowering time, demonstrating that gbM can potentially shape phenotypic

diversity in plants independent of genetic variation [81].

4.4.3.  Methylation at transposable elements

Transposons or “jumping genes” [82], today mostly called transposable elements (TEs), are

considered parasitic, selfish sequence elements that are capable of relocating across the

genome and often inserting new copies of themselves. In plants and most other eukaryotes,

17

https://paperpile.com/c/ybrcph/40qE
https://paperpile.com/c/ybrcph/dqjV+Y248+0Lhg
https://paperpile.com/c/ybrcph/ddmT
https://paperpile.com/c/ybrcph/jpVm
https://paperpile.com/c/ybrcph/Avqu
https://paperpile.com/c/ybrcph/em26+Fjhl+jpVm+vus3
https://paperpile.com/c/ybrcph/fBCY
https://paperpile.com/c/ybrcph/p39s


TEs are silenced epigenetically by the host to prevent the insertional disruption of

protein-coding genes and other functional sequences by these elements. Upon epigenetic

repression, inactivated TEs may retain their coding potential for mobilization, but cannot

produce the required proteins [83]. Based on whether the mobilization of TEs requires an

RNA or a DNA intermediate, they are classified as retrotransposons (Class I) and DNA

transposons (Class II) respectively [83].

TEs can cause gene-disruption not only by insertion of their copies, but also through

imprecise excision. However, they may also provide certain benefits to the genome, such as

the creation of new regulatory elements near promoters, or the building of regulatory

networks that have a concerted effect on the expression of several genes. Furthermore, the

presence of TEs or TE remnants may also serve as alternative transcription start sites or

transcript isoforms. Lastly, the methylation marks carried by these TEs can spread to

flanking regions, thereby generating new epigenetic regulatory mechanisms [84,85].

The pericentromeric heterochromatin and other repeat regions across the A. thaliana

genome show high levels of DNA methylation in all cytosine contexts [73,86]. Incidentally,

these regions also harbour a large number of TEs, where short transposons are primarily

methylated in the asymmetric CHH context by the components of the RdDM pathway, and

long transposon methylation is primarily catalyzed by CMT2 and also depends on the

remodeler DDM1 [87,88]. Arabidopsis thaliana is distinct from other plant species in its

mobilome landscape (collection of TE families with recent mobilization activities) due its

relatively compact genome size (125 Mb) and small number of TE families [89]. The maize

genome for example, is larger (2.3 Gb) and is densely populated by TEs. Islands of

methylated cytosines in the CHH context that often occur near euchromatic genes in the

maize genome can lose methylation, leading to CG and CHG hypomethylation and

transcriptional activation in proximal transposable elements, thereby determining the

boundaries between euchromatin and heterochromatin [90]. In tomato genomes, chromatin

is clearly separated into large repeat-rich pericentric domains, gene-rich domains and an

intermediate domain, with Class I TEs predominant in repeat-rich regions and Class II TEs in

repeat-poor regions [91,92].

When methylation is absent over TEs, they are de-repressed and thereby activated for

mobilization in the genome, transposing themselves and their copies to disrupt

protein-coding genes. High TE activity is often observed in mutant lines which have reduced

methylation, especially in the predominant CG context, and can have dramatic phenotypic

consequences. For example, A. thaliana plants lacking the SWI/SNF chromatin remodeler
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DDM1 (ddm1), exhibit genome-wide hypomethylation and consequently activate ATGP3 (a

GYSPY family retrotransposon) upon inbreeding [93]. Such hypomethylation mutant lines

can be crossed to wild-type plants, and their progeny that inherit the wild-type alleles are

inbred over several generations to generate epigenetic recombinant inbred lines (epiRILs).

ddm1-derived epiRILs in A. thaliana can widely vary between individuals in the locations of

their differentially methylated regions, resulting in spontaneous TE activation following

burst-like patterns [94]. Similarly, when mutants of the MET1 methyltransferase (met1) are

inbred for more than eight generations, the activation and re-insertion of the Evadé (EVD)

retrotransposon family into genes such as BRI1, LFY and VAR2 can result in developmental

defects [95].

TE mobilization can be initiated both by artificial means (using methylation mutant lines) as

well as natural environmental cues. One of the best examples of environmental

stress-induced TE transposition is demonstrated in the A. thaliana nrpd1 mutants, defective

in RdDM methylation. Seedlings of nrpd1 mutants exposed to heat stress release the

silencing of multiple ONSEN retrotransposon family elements that can make copies and

re-insert themselves, preferentially into genic regions to have a local effect on gene

regulation [96,97]. Overexpression of a ROS1 homolog (DNG701) in rice also leads to

hypomethylation (due to excess of active demethylation), resulting in the expression and

mobilization of the Tos17 retrotransposon [98].

Although TE mobilization can have a detrimental impact in the plant genome by inserting

near genes and promoter regions, there is increasing evidence to suggest that this

phenomenon can also drive evolutionary adaptation [99,100].

4.5.  Methylation patterns during developmental transitions

While DNA methylation patterns tightly regulate gene expression in several tissues and cell

types during a plant's life cycle, one of the most crucial roles occurs during embryogenesis.

In flowering plants, sexual reproduction processes begin with the differentiation of the

megaspore mother cell (MMC) and the microspore mother cells (MiMC) in the female and

male floral organs respectively. Both MMC and MiMC give rise to the haploid megaspore

and microspore through meiosis, during which they experience large scale chromatin

changes. Recent studies on resolving the epigenetic state of these progenitor cells has

shown that methylation levels in the CHH context fluctuate for the MMC, while the same

marks are very low for MiMC [101] .
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Subsequently, male microspores undergo gametogenesis to form male gametophytes

(pollen grains), which further differentiate into the sperm cell and the vegetative cell, each

with a distinct methylome (Figure 2). While the sperm cell forms pollen, the male gamete

companion cell (vegetative cell) eventually forms the pollen tube. The vegetative cell is

hypomethylated in the CG and CHG context at many loci, concurrent with the

downregulation of DDM1 activity [57,60]. As a consequence, heterochromatic TEs are

transcribed and activated in vegetative cells [102]. Not only are these TEs suspected to be

mobile, but there is accumulating evidence supporting the notion that RdDM-associated

siRNAs are able to target TE loci in the sperm cell by accumulating epigenetically-activated

or 'easiRNAs' derived from the vegetative cell [59–61].

Epigenetic changes during development also occur during female gametogenesis (Figure
2). The female haploid functional megaspore undergoes meiosis three times to form an

eight-celled female gametophyte surrounded by the maternal integument. On reaching

maturity the gametophyte contains two gametes, a diploid central cell and a haploid egg cell

that fuse with two sperm cells to develop into the endosperm and the embryo respectively.

Within the central cell, the demethylase DME (DEMETER GLYCOSYLASE) is highly active,

selectively removing methylation marks from certain loci, resulting in several downstream

consequences. A majority of DME targets belong to the group of genes that contain

TE-derived cis elements in proximity to their promoters. This hypomethylation also triggers

the production of small RNAs, which diffuse from the central cell to the egg cell to eventually

silence TEs in the developing embryo [55,57,103] .

20

https://paperpile.com/c/ybrcph/HAUC+Vvbr
https://paperpile.com/c/ybrcph/BJdOw
https://paperpile.com/c/ybrcph/vZGo+HAUC+ALty
https://paperpile.com/c/ybrcph/CFLm+Vvbr+R50P


Figure 2 : Epigenetic dynamics during flowering plant reproduction. Fig. 1 from [101].
Haploid megaspore and microspore cells are shown in dark blue arising from progenitor cells

MMC (megaspore mother cell) and MiMC (microspore mother cell) respectively.  The central

cell (CC),  egg cell (EC) , embryo (EMB) and endosperm (EN) are annotated.  mCG, mCHG

and mCHH refer to CG, CHG and CHH methylation respectively.

Recent work has shown that the CLASSY family of DNA-binding proteins (CLSY1, 2, 3 and

4), can determine methylome state in flower buds, ovules, young leaves and rosette tissue

[39]. Interestingly, CLSY3 along with CLSY4 is primarily required for ovule methylation, but

CLSY3 also aids in the production of nurse-cell induced small RNAs (niRNA) in tapetal cells

that surround the meiocyte, and are eventually transported to the male meiocyte for

TE-silencing [104].

Double fertilization of both the egg cell and the central cell with a sperm cell, gives rise to the

embryo (diploid) and the endosperm (triploid) of the seed respectively. Post fertilization, the

triploid endosperm carries two copies of the DME-demethylated maternal genome, thereby

activating the expression of certain genes sensitive to a change in methylation ('imprinted

epialleles') [105–108] (Figure 3A). The paternal allele counterparts of these genes are often

found to be marked with hypermethylation and H3K4me3 histone methylation, further
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supporting their repressed state. Paternal imprinting can also occur by the establishment of

methylation marks in the maternal allele of some genes, thereby inducing the expression of

paternal alleles. Notable examples of maternally expressed genes (MEGs) are FWA, MEA,

FIS2 [49,52,58,109], while HDG3 is a paternally expressed gene (PEG) [55]. The deposition

of repressive histone marks such as H3K27me3 by POLYCOMB REPRESSIVE COMPLEX

2 (PRC2) can suppress the paternal alleles of MEGs or maternal alleles of PEGs [110–113].

MET1 is suppressed in the central cell during female gametogenesis, which could

additionally contribute to hypomethylation of maternal alleles in MEGs [114,115]. It has been

found that imprinting is subject to a parent-of-origin effect, whereby the difference in

methylation levels of both parental alleles determines the direction of imprinting, i.e. whether

it will be a MEG  or a PEG [116].

4.6.  Plant epialleles and their formation

Plant phenotype and underlying gene expression profiles can be modulated through

dynamic changes in chromatin properties and DNA methylation. These changes can arise as

epialleles, epigenetic variations that are fixed at certain loci and inherited stably across

generations [117]. In plants, epialleles are often associated with regions of differential

methylation (called Differentially Methylated Regions or DMRs) [118]. Some DMRs are

known to affect the expression of overlapping, proximal, or distantly located genes, making

them an important source of variation and phenotypic plasticity, especially in the absence of

genetic variation [34]. However, most DMRs have not been assigned any biological function

despite their proximity to genes.

Imprinted epialleles, as previously discussed, can be generated during reproductive

development in plants, where parental allele-specific methylation marks are removed,

initiating gene transcription (Figure 3A). Heritable changes of methylation at single cytosine

positions can also arise spontaneously in plants (Figure 3B). A methylome analysis for A.

thaliana mutation accumulation lines grown for 30 generations revealed that epimutations

occur at a much higher rate compared to genetic mutations: ~10–4 bp-1 compared to ~10–9

bp-1 per sexual generation [119–122]. Such spontaneous methylation changes can lead to

the formation of stable and heritable epialleles, ("pure epialleles"), although occurring at a

very low frequency [123]. Many naturally occurring epialleles with diverse biological roles
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have been identified in A. thaliana, tomato (Solanum lycopersicum), melon (Cucumis melo),

Linaria vulgaris, rice (Oryza sativa) and maize (Zea mays) [124].

Figure 3 : The origins of natural epialleles [124]. (A) Imprinted epialleles can be
generated during the reproductive development in wild-type (WT) plants where parental
allele-specific methylation marks are removed, initiating gene transcription. (B) Spontaneous
methylation changes can occur independent of the underlying genetic variation (“pure
epialleles”) and may also be subjected to evolutionary fixation. (C) Mutations in
protein-coding genes, including genes involved in the maintenance of DNA methylation
(methyltransferases or “MTases”) and the mobilization of transposable elements (TEs), can
also recruit methylation marks, which result in the formation of epialleles, as they can
influence the proximal gene transcription. Together, these newly acquired genetic and
epigenetic changes may provide an adaptive advantage for the plant.

23

https://paperpile.com/c/ybrcph/pNNB
https://paperpile.com/c/ybrcph/pNNB


Single nucleotide polymorphisms, insertion and deletion mutations in protein-coding genes,

may affect the position of cytosines, thereby altering cytosine methylation patterns across

the genome. Natural A. thaliana accessions, which are characterized by ample genetic and

phenotypic variation, have highly variable methylation in 78% of the methylated sites, with

22,060 DMRs identified across 1,107 accessions, showing the abundance of naturally

occurring epialleles at the intraspecies level [79].

Epialleles can arise from mutations in methyltransferase genes ("MTases")(Figure 3C),
possibly altering their activity. Variation in non-CG methylation in natural A.thaliana

accessions is strongly associated with genetic variation of genes involved in the RdDM

pathway, such as CMT 2, AGO1 and AGO2, and NUCLEAR RNA POLYMERASE D1B

(NRPD1B) [79,125–127], while variation at CG gene body methylation is associated with

variation in MET1[79].

The presence or absence of TEs and repeat-rich sequences can also contribute to epiallele

formation over evolutionary time, by affecting the transcription of genes in their proximity

(Figure 3C). TE variants are strongly associated with methylation level of overlapping or

proximal regions, suggesting that TE insertions may exert a cis-regulatory effect on

methylation [128,129]. A recent study revealed that TE mobilization rates across different A.

thaliana accessions are associated with NUCLEAR RNA POLYMERASE E1 (NRPE1)

genetic variation. NRPE1 encodes the largest subunit of RNA Pol V, a main component of

RdDM and non-CG methylation. This suggests that non-CG methylation variation across

Arabidopsis accessions is strongly influenced by NRPE1 genetic variation and TE

transposition [99], and therefore can determine epiallele formation. Epialleles can also be

induced upon biotic and abiotic stresses, upon propagation of epigenetic recombinant inbred

lines (epiRILs), through clonal propagation and by transgenic approaches for targeted

epi-mutagenesis [124].

4.7. MET1-dependent epigenetic control in A. thaliana

Among the first studies to understand the function of the MET1 maintenance

methyltransferase in plants were those by Finnegan et. al [130] and Ronemus et al. [131],

who generated knockdowns of MET1 in A. thaliana accessions C24 and Col-0. In both

studies, met1 mutant lines displayed multiple phenotypic abnormalities (Figure 4A)
attributed to varying levels of reduced methylation (10% to 100% of wild-type parental

methylation levels), which were also meiotically inherited. Floral homeotic genes

SUPERMAN and AGAMOUS were ectopically hypermethylated (largely in the asymmetric

context) in met1 partial loss of function mutants and in MET1 antisense lines [130,132].
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Subsequently, met1-1 mutants generated by Kankel et al. [133], which exhibited 70%

reduction in CG methylation levels, were found to have phenotypes such as thick

inflorescence meristems, delayed juvenile to adult leaf transition, and delayed flowering. This

was among the first studies to link MET1-induced methylation changes to gene expression

changes, andit led to the discovery of the FWA epiallele which causes a late-flowering

phenotype due to its ectopic expression in met1 mutants.

It was known at the time that another demethylation mutant in A. thaliana, ddm1, harbored

highly reduced methylation levels at centromeric repeats and transposon-associated

sequences [134,135]. Therefore, when comparing met1 mutants to ddm1, Kankel et al.

(2003) found that the ability to restore methylation was greater in met1 lines, where

methylation was only knocked out in the CG context, than in ddm1 lines, where all three

contexts of methylation were wiped out.

The most severe knockout of MET1 so far has been observed in met1-3 mutant lines, where

the catalytic domain of the enzyme houses a 7.1 kb T-DNA insertion, thereby disrupting

gene function and resulting in a null allele [136]. Similar to what had been observed in ddm1

lines, 180-bp centromeric repeat sequences in these met1-3 mutants were completely

demethylated. Certain pericentromeric repeat sequences were also shown to be reactivated

in both heterozygous and homozygous individuals in this mutant lineage. This study also

showed that MET1 could catalyze passive demethylation already at the gametophytic stage

of cells, thereby impacting the epigenetic landscape of the progeny based on the parental

line carrying the loss of function MET1 allele.

The absence of CG methylation in the met1-3 strain is known to co-occur with the depletion

of H3K9me2 histone methylation in chromocenters of first generation nuclei [137], although

the signals reappear in subsequent generations [63]. Furthermore, such progressive

alterations in nuclear architecture were seen to be correlated with increased frequency of

phenotypic abnormalities with inbreeding (dwarfism, late-flowering, altered flower

morphology and reduced fertility) (Figure 4B, 4C). After the first generation of CG

hypomethylation, met1-3 plants also appeared to gain ectopic CHH methylation at

heterochromatic loci in successive generations, suggesting that MET1-induced CG

methylation may have an indirect effect on controlling levels of non-CG methylation [63].
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Figure 4:  Phenotypic consequences of MET1 inactivation. (A) Plant and flower
phenotypes in A. thaliana lines carrying an antisense cDNA construct for MET1 knockdown

(Fig. 3 from [130]). (B) Increased phenotypic abnormalities with inbreeding of met1-3
mutants (Fig. 2A from [63]). (C) Phenotypes of fourth generation homozygous met1-3

mutants derived from two phenotypically different siblings (Fig. 2B from [63]). Scale bars for
(B) and (C) represent 1.5 cm.

Subsequently, genome-wide analyses in met1-3 mutants corroborated the previous results

by examining genes that were marked with increased H3K9me2 [138]. Interestingly, several

genes targeted by Polycomb Group proteins (which are chromatin modifiers) in met1-3

showed a significant loss of H3K27me3, and replacement of this mark by H3K9me2. It was

concluded that both these histone methylation marks were redistributed in met1-3 mutants in

a mutually-exclusive manner, with the ability to replace one another.

Mutants in which MET1 is overexpressed also carry novel epialleles, and show various

phenotypic abnormalities such as reduction in primary root length, increase in secondary

roots and a delay in bolting. Interestingly, a subset of genes with altered expression in MET1

overexpression lines also overlap with differentially expressed genes in met1 mutants, while

other genes overlap with differentially expressed genes in ddm1 and hda6 mutants [139].
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4.8.  Chromatin accessibility landscape in plants

4.8.1. Interplay with DNA methylation and other epigenetic features

Within the cell, the organization of chromatin renders various genomic regions differentially

accessible to regulatory proteins and transcription factors, often influenced by local

epigenetic modifications such as histone modifications, the presence of histone variants, and

the alteration of nucleosomal positions by chromatin-remodelling complexes [140].

One of the techniques used for chromatin structure profiling is MNase-seq, where enzymatic

digestion of DNA by a micrococcal nuclease is combined with next generation sequencing

[141–143]. The endonuclease enzyme cleaves and digests nucleosome-free DNA in the

chromatin, and the remaining intact nucleosomal regions are amplified and sequenced,

thereby generating a map of nucleosomal positions in the genome. MNase-seq combined

with DNA methylation profiles in A. thaliana revealed that nucleosomal DNA exhibited higher

methylation levels than flanking DNA sequences [144]. While being relatively evenly

distributed across euchromatic chromosome arms, nucleosome content was significantly

enriched in pericentromeric heterochromatin, which is also rich in transposons and marked

by dense DNA methylation [86]. From the same nucleosome sequencing dataset, WW

dinucleotides (where W=A or T) and SS dinucleotides (where S=G or C) were found to

periodically occur at 10 bp intervals, with the SS dinucleotides being 5 bp out of phase with

WW. Interestingly, WW and SS dinucleotides are favoured at sites where the minor groove

of DNA faces towards and away from the histone core, respectively [144], suggesting that

these nucleotides determine how DNA can optimally bend [145,146]. Furthermore, DNA

methylation patterns in the CG, CHG and CHH context also show a 10 base pair periodicity

(which is also observed in human genomes), and is specifically enriched in

nucleosome-bound DNA, suggesting that nucleosomal DNA may act as a substrate for DNA

methyltransferases in vivo [144].

By integrating mononucleosome-sequencing data in Arabidopsis and rice with transcriptome

data, several authors have been able to conclude that promoters of highly expressed genes

are associated with a larger number of nucleosome-depleted regions than lowly expressed

genes [147–149].

DNase-seq is also used for assaying chromatin architecture, and is specifically used to

identify genomic regions of open chromatin [150]. This technique involves the digestion of
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intact nuclei with the non-specific endonuclease DNase I, that preferentially cleaves open

chromatin sites, followed by whole-genome sequencing of the digested ends to identify

DNase I hypersensitivity sites. In plants, this assay has enabled the identification of

transcription-factor binding footprints and cis regulatory elements [151–153]. Since the

nucleosome core may physically hinder access of DNaseI, the identification of DNaseI

hypersensitive sites using DNase-seq has been successful for locating open chromatin

regions in different tissues of rice and A. thaliana [151,153,154].

4.8.2. Identification of cis regulatory elements in accessible chromatin

ATAC-seq (Assay for Transposase-Accessible Chromatin) [155,156] is an efficient method

for assaying chromatin accessibility, being less labor intensive than MNase-seq and

DNase-seq. In ATAC-seq, nuclei are treated with an engineered transposase which can

simultaneously cleave DNA in open chromatin and insert sequencing adapters so that the

cleaved fragments can be amplified with PCR and sequenced to generate a whole-genome

library of accessible chromatin regions.

ATAC-seq analyses of DNA from root tip nuclei of Arabidopsis, the legume Medicago

truncatula, tomato (Solanum lycopersicum) and rice (Oryza sativa) show that the genomic

distribution of transposase hypersensitive sites is highly similar across all four species [157].

Although all four species vary in their genome size, >75% of their accessible sites

consistently occur outside transcribed regions and largely within 3kb upstream of

transcription start sites. The tomato genome in particular is known to have a high density of

transposase hypersensitive sites in a larger proportion of genes compared to other species,

possibly attributed to its density of gene-proximal long-terminal repeat retrotransposons, that

may have a gene-regulatory role [158]. Accessible regions may influence gene expression

for different cell types, as seen in tomato [159], and sperm cells [160] and root nuclei of A.

thaliana [161]

In maize, approximately 32.5% of all accessible chromatin regions (ACR) are distal to genes

(greater than 2 kb). These distal ACRs are GC rich, show low sequence diversity and

contain multiple TF binding sites. Many of these distal ACRs can form chromatin loops with

genes in cis, and ACRs that are flanked by histone acetylation marks are preferentially

looped three dimensionally to highly expressed genes. In addition to these characteristics,

ACR sequence elements can function as transcriptional enhancers, and overlap with

previously hypothesized fine-mapped cis regulatory elements, making such ACRs the

primary genomic regions for housing cis regulatory elements in the maize B73 genome [10].
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A deeper analysis of the ACRs in this study revealed that nearly 20% of all distal ACRs carry

348 non-redundant instances of TE insertions [162]. These ACR sequences harbor TE

insertions that show considerable variation across maize genotypes W22, Mo17 and PH207,

and the presence/absence of these TEs can determine their corresponding chromatin

accessibility state. When comparing the B73 and PH207 genomes, it was found that only

37% of TE insertions within ACRs exhibited a gain of DNA methylation in the haplotype with

the TE insertion, and some other TEs flanking ACRs exhibited methylation gains

preferentially on one side of the TE. Overall, only a subset of the TE insertions that lie within

or in proximity to ACRs carry DNA methylation gains may be linked to differential chromatin

accessibility.

ACRs have enabled the identification of tissue-specific developmental ontogenies in maize

using single-cell ATAC-seq experiments. Marand et al. [13] have described 92 distinct

chromatin accessibility states across 52 known cell types in Zea mays. Among the

gene-distal ACRs identified, 30% overlap with LTR transposons and were depleted of DNA

methylation. Together with data on their TF binding dynamics and co-accessible chromatin

interactions at single-cell resolution, these accessible regions have posed as sites of cis

regulatory elements, functioning as a robust substitute of gene expression analysis at the

single-cell level.

Chromatin architecture and 3D genome organization can be particularly crucial for polyploid

genome stability, tightly regulating transcription in the duplicated sub-genomes. This has

been demonstrated in hexaploid wheat (an allopolyploid evolved through two rounds of

genome doubling), where a comprehensive epigenetic map of three subgenomes shows that

intrachromosomal interactions (in topologically associated domains), chromatin accessibility

and histone methylation marks determine gene expression profiles [163]. These results

demonstrate how 'transcription factories' involving multiple genes can be regulated by the

presence of condensed chromatin in repetitive regions, which bring together distal genes in

physical proximity.

4.8.3.  Stress response facilitated by accessible chromatin

While accessible chromatin may regulate gene expression in wild plants, it may especially

be instrumental for facilitating response to stresses. In response to submergence (flooding)

stress, rice and Medicago truncatula show a preference for the opening of chromatin, in

comparison to three tomato species [12]. Genes that were highly up-regulated under

submergence were also marked with increased accessibility upstream and downstream of
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their transcripts. Upregulated genes were also enriched for four significant TF binding motifs

in their promoters and accessible regions, two of the motifs functioning in hypoxia response

[12].

Accessible chromatin regions affecting gene transcription have also been identified under

chilling stress in tea plants (Camellia sinensis ) [164], cold stress in Brachypodium

distachyon, foxtail millet (Setaria italica) and sorghum (Sorghum bicolor) [165], and in rice

cultivars exposed to high temperatures, water deficit and agricultural envrionments [166].

4.9. The model plant Arabidopsis thaliana and its natural genetic and epigenetic
diversity

4.9.1.  Genetic variation

Thale cress, Arabidopsis thaliana, belongs to the eudicotyledonous group of angiosperm

vascular plants, in the Brassicaceae family. Having a short generation time and the ability to

self-fertilize in addition to exhibiting large phenotypic diversity in wild strains, it has proven to

be an apt model organism for understanding plant physiology, development and adaptation

to natural habitats. A reference genome sequence for A. thaliana was the first nuclear

genome of a flowering plant to be published [167]. Although the evolutionary origins of A.

thaliana may be from Africa [168], many of its natural populations are currently found in

Eurasia [169] and North America [170,171]. Locally, A. thaliana populations are often found

in dry, rocky and shallow soil or in nutrient-poor meadow and forest habitats [172].

The collection and characterization of these intra-specific variants in A. thaliana prompted

several efforts to identify genome-wide polymorphisms. Over the years, genomic and

transcriptomic analyses of large collections of A. thaliana accessions have been carried out

[173–176], with the largest being the worldwide collection of 1,135 accessions [169]. The

1001 Genomes collection has provided an enormous resource of SNPs and polymorphisms

from short-read sequencing data, for linking genetic variation with phenotypic variation.

These genomes show an average of one genetic variant for every 10 bp of the single-copy

genome, thereby enabling genome-wide association studies (GWAS) for several phenotypic

traits (for example, flowering, response to bacterial elicitors, etc. [177]).

In examining the population structure of these accessions, it was found that the 1,135

accessions could be divided into a relict group (26 accessions with extreme pair-wise

divergences) and a 'non-relics' group (the remaining 1,109 accessions). Based on a model
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of isolation-by-distance, where genetic distance between accessions is largely explained by

geographical distance, relicts are relatively stationary compared to non-relicts that have

rapidly expanded and found often in both agricultural and urban areas [169].

Ancestral A. thaliana may have diverged from its outcrossing parent population, and in the

process, a subpopulation may have migrated into Africa by 1.2 - 0.8 Mya (million years ago).

These populations further split later, at 120 - 90 kya (thousands years ago), into the major

clades found in Africa today - Morocco, Levant and sub-Saharan Africa. Subsequently, at

around 40 kya, some of these populations migrated back into Eurasia [168]. Although not

native to the continent, A. thaliana populations are also found in North America and have

been recently shown to exhibit widespread genetic admixture with Eurasian and African

populations, suggesting multiple independent introductions associated with human

colonization patterns [170].

4.9.2.  Methylome variation

Increasing evidence suggests that the immobility of plants has especially favoured the

accumulation of epigenetic marks such as DNA methylation to survive and adapt under

changing environments. Apart from being induced by strong environmental stresses, DNA

methylation may also change spontaneously, or as a result of genetic variation in

transposable element architecture, chromosomal rearrangements, and mutations in

methyltransferase genes.

Analysis of the methylation landscape in 1,028 A. thaliana natural accessions revealed the

presence of 22,060 differentially methylated regions (DMRs) that represented 45 Mb (38%)

of the reference genome [79]. It was found that gbM genes (genes which have CG

methylation within gene-bodies, with a depletion of methylation at transcription start sites

and transcription termination sites) were highly variable across accessions. The methylation

state (hyper- or hypomethylation) at gbM sites roughly separates the accessions also based

on their geographic origins. For some accessions such as Cvi-0 and UKID116, gbM appears

to be dispensable for genome stability, as their hypomethylated state at gbM sites does not

affect their overall transcriptomes in comparison with other accessions such as Col-0 (which

is moderately methylated) and Bak-5 (which is hypermethylated).

Unlike genes marked with gbM, TE-like methylated (teM) genes that exhibit CHG or CHH

and/or CG methylation, show less variation in their methylation state across accessions (i.e.

were less poly-epiallelic), suggesting that teM epialleles may have been more recently
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established during evolution than gbM epialleles. The relict accessions were found to have a

large number of teM singletons, where methylation states differed only in one accession

compared to others. Poly-epiallelic genes also harbored a larger number of non-synonymous

genetic mutations compared to genes that did not vary in their methylation state.

Interestingly, TEs were enriched within 500bp in proximity to poly-epiallelic genes that were

teM in Col-0, suggesting that the methylation variation may have arisen from the spreading

of RdDM targeting the TEs [79].

CHH methylation at TEs was found to be positively correlated with temperature, based on

methylation data from accessions grown at two different temperatures [79,127]. GWAS on

TE methylation across accessions identified several peaks (genomic regions where

structural genetic variation is causal for methylation variation), overlapping/proximal to

candidate genes such as CMT2, AGO9 (involved in siRNA silencing), AGO1 and NRPD1B .

Additionally, GWAS with relaxed parameters could identify more candidate loci such as

MBD3 (METHYL-CPG-BINDING DOMAIN 3) for CMT2-dependent CHH methylation and a

strong association at MET1 for gbM signatures [79].

4.9.3. Transcriptome, transcription-factor binding and chromatin accessibility
variation

Transcriptomes from 727 natural accessions of A. thaliana have been analysed, and have

enabled the identification of differentially expressed genes among various admixture groups

separated by their genetic distances [79]. Genes that vary highly between these groups of

accessions were enriched for biotic and temperature responses, as expected from their

growth in diverse natural habitats. Furthermore, groups of differentially methylated genomic

bins also harbor binding sites for distinct TF families including the heat shock response

factor HSFA6B, the meristem formation TF CUC2, and MYB-related transcription factors.

Integrating methylome and transcriptome data along with in vitro methylation-binding data

obtained through DAP-seq [22], identified a general pattern in 352 TFs where the strength of

TF inhibition by methylation was tightly associated with the depletion of its binding sites in

differentially methylated loci across accessions. Recent studies have mined the above

transcriptome dataset more thoroughly, identifying large accession-specific variation in gene

expression associated with methylation marks in gene bodies, further emphasizing the

regulatory links between DNA methylation and gene expression [78,81].

Conserved non-regulatory sequences (CNSs) which are highly identical at the inter-species

level [178] are also known to contain transcription factor binding sites [178,179] and
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colocalize with accessible chromatin in plant genomes [10,180]. CNSs identified in 30

accessions of A. thaliana show considerable presence-absence variation and positional

genetic variation, harboring motifs of stress responsive transcription factor families [181].

Interestingly, in 18 such accessions, approximately 14% of CNSs overlap with ATAC-seq

peaks of chromatin accessibility, with positional variants being strongly associated with

accessible chromatin regions. Additionally, genes proximal to CNSs overlapping accessible

chromatin are enriched for gene ontology terms associated with response to abiotic stresses

and phytohormones. Furthermore, the number of CNSs associated with a gene in a given

accession appear to influence gene expression, with an increasing number of CNSs

correlated with gene upregulation and vice versa [181]. ATAC-seq has also been carried out

for A. thaliana accessions with high quality genome assemblies, identifying >50,000

accessible regions, of which 15% are differentially accessible between five accessions

(Bay-0, Bur-0, Col-0, Est-1 and Tsu-1) and largely occur independently of genetic and

epigenetic variation [182]. Most of these differentially accessible regions occur in proximity to

differentially expressed genes, which maintain their gene expression and accessibility state

even in the presence of cis structural variants.

4.9.4. Genetic basis of epigenetic variation

Although methylation diversity may arise from spontaneous methylation changes at several

loci for evolutionary adaptation [183,184], GWAS results have shown that such epigenetic

variation could also arise from genetic variation at key trans -acting loci. In A. thaliana

accessions, these include structural variants at CMT2 that are causal for genome-wide CHH

methylation variation and temperature adaptation [125–127]), while variants of CMT2,

NRPE1, AGO1 and AGO9 are causal for CHH methylation variation at TEs [79,126,127].

However, genetic variants may also include large insertions and deletions, especially of

transposable elements. In fact, such variation in mobilomes (transposable element

landscape) [128] is tightly linked to methylome variation. Indeed, analysis of differential

transposition activity in seven Class I and Class II TE families across 211 A. thaliana

accessions was found to arise from genetic variation at the MET2a locus that encodes the

MET2 methyltransferase. However, improved pipelines to detect TE insertion polymorphisms

in 1047 accessions have enabled the identification of NRPE1 as the genetic basis of TE

mobilization [99]. Additionally, modelling adaptive trajectories of transposon mobilization in

these accessions have helped identify bio-climatic variables such as seasonality of

precipitation and diurnal temperature range as determinants of differential transposition

activity. Presence-absence variants in the genome (including Non-TE genes) have also
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been identified in an extended collection of A. thaliana genomes, including African

accessions, demonstrating that such variants can be crucial for determining phenotypes

such as vernalization response for flowering, drought and heat tolerance [185].

34

https://paperpile.com/c/ybrcph/nXXf


PROJECT AIMS

DNA methylation as an epigenetic mark has been well-characterized as being causal for

gene expression changes in both plants and animals. However, it remains to be clearly

understood why methylation state can determine gene expression only at a subset of loci in

the genome, to what extent its effect is direct, and whether it involves an interplay with other

epigenetic factors.

For my PhD thesis, I chose to examine the epigenetic role of DNA methylation in the model

plant Arabidopsis thaliana. The availability of previously characterized epigenetic mutants,

and diverse natural accessions in the A. thaliana germplasm collection enabled me to ask

the following questions:

1) Does variation in methylation patterns have consequences on the expression of

adjacent genes?

2) Does the absence of methylation have similar effects on all genes?

3) Is methylation linked to chromatin accessibility, and can these two epigenetic factors

have a concerted effect on gene expression changes?

4) For each gene, is the relationship between methylation, chromatin accessibility and

gene expression conserved across different genetic backgrounds?

To answer the above questions, I carried out the following projects which are presented as

two chapters of this dissertation:

1. Re-introduction of methylation at various promoter regions in a hypomethylated

Arabidopsis thaliana FWA epiallele to examine its consequences on gene expression

(Chapter One)

2. Large-scale genome-wide hypomethylation in diverse natural accessions of

Arabidopsis thaliana using CRISPR mutagenesis, to study the consequences on

gene expression changes and chromatin accessibility (Chapter Two)
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CHAPTER ONE:
Position-dependent effects of cytosine methylation on FWA

expression in Arabidopsis thaliana

Citation: Srikant, T., Wibowo, A., Schwab, R. & Weigel, D. Position-dependent effects of
cytosine methylation on FWA expression in Arabidopsis thaliana. bioRxiv 774281 (2019)
doi:10.1101/774281.

Abstract :

Gene expression can be modulated by epigenetic modifications to chromatin, and variants of

the same locus distinguished by fixed, heritable epigenetic differences are known as

epialleles. DNA methylation at cytosines is a prominent epigenetic modification, particularly

in plant genomes, that can modulate gene expression. There are several examples where

epialleles are associated with differentially methylated regions that affect the expression of

overlapping or close-by genes. However, there are also many differentially methylated

regions that have not been assigned a biological function despite their proximity to genes.

We investigated the positional importance of DNA methylation at the FWA (FLOWERING

WAGENINGEN) locus in Arabidopsis thaliana, a paradigm for stable epialleles. We show

that cytosine methylation can be established not only over the well-characterized

SINE-derived repeat elements that overlap with the transcription start site, but also in more

distal promoter regions. FWA silencing, however, is most effective when methylation covers

the transcription start site.
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CHAPTER TWO:
Accession-specific and shared responses to genome-wide

hypomethylation in Arabidopsis thaliana

Abstract :

Epigenetic marks including cytosine DNA methylation are important drivers of gene

regulation and environmental adaptation in plants. In Arabidopsis thaliana, genome-wide

DNA methylation marks differ substantially between wild accessions, and some of these

differences have been linked to geographical origin. Genome-wide methylation in the CG

context is catalysed by the MET1 methyltransferase, often in proximity to genes and

transposable elements (TEs). We generated knockouts of MET1 in 18 early-flowering A.

thaliana accessions, to uncover how CG methylation interacts with genetic background in

regulating the epigenome, the transcriptome, and phenotypic diversity. Homozygous met1

mutants suffered from several developmental defects such as dwarfism and delayed

flowering compared to their wild-type parents, in addition to accession-specific abnormalities

in rosette leaf architecture, silique morphology and fertility. Inactivation of MET1 reduces CG

methylation to 0.1 - 0.5% in all accessions, and alters chromatin accessibility at several

thousands of loci. The epigenetic reprogramming leads to altered gene expression and the

activation of TEs that are unique to each accession. Taken together, the results underscore

how methylation and methylation-induced chromatin accessibility changes can be drivers of

transcriptional activity, and thus may facilitate adaptive diversification.
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DISCUSSION

When faced with challenges, living organisms can employ adaptive strategies by

manipulating a diverse network of genes in the cell. For plants, understanding how such

genes can be regulated to drive molecular and phenotypic changes is of prime importance in

engineering new varieties that can tolerate climate change, and sustain the growing

population. In this thesis, I focus on DNA methylation in plants and how its altered patterns in

the genome can have an impact on gene expression and ultimately, plant phenotype.

8.1. Fine-tuning of gene expression by methylation may not be
position-dependent

My first aim was to identify whether methylation changes can impact genes as a function of

their distance to genes. Many epialleles (loci where methylation changes can influence gene

expression levels) in A. thaliana exhibit methylation marks in their promoters, in close

proximity to their transcription start site, or within their gene bodies. In some cases, these

marks occur over repetitive sequences or remnants of transposable elements that have

been integrated into the genome over evolution.

I took the example of a well-known epiallele at the FWA locus to ask whether methylation

marks beyond known regulatory regions can affect its expression. I generated several

transgenic lines carrying methylation in three different regions of the FWA promoter, and

observed the extent to which downstream gene transcription could be silenced. I found that

the strongest effects on gene downregulation occurred when methylation was established in

repeat regions overlapping the transcription start site (TSS) of the gene. The effects of this

downregulation could also be observed phenotypically, by the rescue of delayed flowering

phenotype exhibited by the parental fwa-1 epimutant lines. However, methylation further

upstream of these repeat sequences could only minimally reduce gene expression, and this

appeared to be insufficient in magnitude to observe significant phenotypic changes. I learned

from these experiments that the relative position of methylation marks to genes may not

necessarily determine their control of gene regulation. The nature of the underlying

sequence (such as the presence of repeat sequences, transposable elements, transcription

factor binding motifs, high GC content, etc.) may be more important for attracting methylation

marks, which evolve as regulatory elements for genes lying in cis to their position [184].

Another possibility was that methylation in certain regions could be co-localized with other

epigenetic factors, thereby having a concerted effect on gene expression [10–12]. Since I did

not examine other chromatin marks (histone methylation, chromatin accessibility, etc.) in the
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parental lines used for my experiments (fwa-1 epimutants) at the time, the above hypotheses

could not be further investigated.

8.2. A large-scale approach: Which genes in the genome rely on methylation

for their regulation and what are the different ways they can be regulated?

The FWA epiallele was only used as an example locus for my experiments, but the above

results could certainly not be generalized for all other epialleles in the genome. For a better

understanding of how methylation could affect gene expression at a genome-wide level, I

aimed to generate mutant lines with highly reduced methylation throughout the genome.

Since a majority of methylation marks in A. thaliana occur in the CG context, I carried out

CRISPR/Cas9 mutagenesis to knockout the CG DNA methyltransferase gene MET1

(AT5G49160) in 18 accessions of A. thaliana which naturally grow in diverse geographical

habitats around the world (Figure 5).

Figure 5: Geographical diversity of the 18 accessions chosen to generate met1
knockouts. A majority of accessions are from Europe, and four accessions that are highly

geographically separated from others are labelled (accessions shown as black dots).

met1 knockout mutant lines have been previously generated in A. thaliana [63,133,136], but

their study has been limited to the reference accession Columbia (Col-0). The advantages of

creating such mutants in multiple accessions for my project were manifold: firstly, I could

examine how the same genes could be differently regulated by methylation under different

genetic backgrounds (since each accession has distinct genetic variants, including both

structural polymorphisms and transposable elements [89,99,169]). Extensive natural

diversity at the methylome and transcriptome level for more than 700 accessions has been

described in A. thaliana [79], but whether methylation is a cause or a co-occurrence for
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differential gene expression was yet unclear. By making hypomethylated mutants in a subset

of accessions, I could not only observe if the same genes are differently regulated in each

accession, but also whether methylation can regulate the expression of a distinct group of

genes in every accession. Secondly, I could also investigate whether natural variation at the

chromatin level co-occurs with variation observed in methylation and gene expression. There

was sufficient evidence to demonstrate that heterochromatic regions marked by dense

methylation in A. thaliana often co-occurred with chromatin marks that were characteristic of

gene-silencing, such as H3K9me2 and H3K27me3 [63,137,138], also suggesting that

methylation could be associated with inaccessibility of condensed chromatin. The CRISPR

met1 mutants generated as part of my project would help identify whether the absence of

methylation patterns are sufficient to drive changes in chromatin architecture (chromatin

accessibility in particular) and if the interplay between methylation, gene expression and

accessibility varied from accession to accession.

8.3. The challenges of propagating met1 mutants: similar but different
parent-origin effects?

While generating homozygous mutants of met1, I noticed striking phenotypic variation

between mutants in different accessions. Common phenotypes that were found for met1

homozygotes in all accessions were dwarfed stature, delayed flowering time and impaired

fertility. The differences between accession-specific phenotypes, on the other hand, largely

arose in the architecture of their rosette leaves (abnormal length, thickness, curling or size),

or the extent of their sterility (normal siliques, abnormal siliques with limited seeds or empty

siliques). It was interesting to note that many of these phenotypes were only observed upon

inbreeding in previous met1 mutants of the Col-0 reference accession [63], indicating that

my CRISPR knockouts were more severe, and non-reference accessions may vary in their

response to MET1 inactivation.

Homozygous met1 mutants, however, were rare in the segregating population of plants

derived from a heterozygous parental line. This rarity in identifying homozygotes was

surprisingly consistent in all 18 accessions, and often strongly deviated from Mendelian

segregation ratios (where one could expect to find at least one homozygous mutant among

four segregating lines). By carrying out amplicon-sequencing of segregating individual lines,

I found that segregation distortion was indeed prevalent across all the accessions in my

study, with homozygous mutants being as rare as 1-2% of the population in some

accessions, up to 15-18% in other accessions. Biologically, this segregation distortion
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against homozygous plants could arise because of pre-fertilization defects such as

non-viable gametes, non-random meiotic segregation of gametes, post-fertilization defects

or germination defects [186]. Previous work on met1-3 mutants (which carry a T-DNA

insertion disrupting the MET1 gene), identified frequent seed abortion in siliques of

heterozygous plants, which significantly varied in degree between individual mutant lines.

Consequently, it was observed in T2 segregating populations that the number of

heterozygotes was 32% lower than expected, and in homozygotes, 94% lower. From

reciprocal crosses, it was found that paternal transmission of the mutated allele was 20%

lower, suggesting that inactive MET1 may impact the paternal genome by impeding

successful male gametogenesis [136]. A similar observation was made by Mathieu et al.,

who reported that only 2% of expected numbers of homozygotes can be recovered from

self-fertilized heterozygous met1-3 parents [63].

Figure 6:  Ovule integument is impacted by maternal effect in met1/met1 homozygous
plants (Fig. 3 from [187]). (A) Mature wild-type ovule before fertilization exhibits a central

cell (cc) and integument (int) layers surrounding it. (B) Confocal section of a met1/met1
ovule before fertilization. (C) Siliques of WT and met1/met1 plants; met1/met1 elongate

without fertilization. (D) Unfertilized WT ovule after pollen emasculation shows a collapsed
central cell . (E) Unfertilized ovule in met1/met1 after pollen emasculation shows a seed-like

structure. Scale bars represent 20 µm (A, B, D and E) and 1.5 mm (C).

The parental inheritance of a fully functional MET1 can impact seed size in A. thaliana, as

demonstrated by initial observations in MET1 knockdown lines, where maternal inheritance

results in larger seed size and paternal inheritance results in smaller seeds [130,188,189].

When ovules of a wild-type plant are fertilized with pollen heterozygous for the met1-3 null
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mutant allele, the seeds generated are significantly smaller in size compared to seeds

obtained from wild-type crosses [187]. Furthermore, a similar experiment carried out by

crosses of wild-type pollen with ovules carrying heterozygous met1-3 mutant alleles revealed

that all seeds from this cross were larger in size than a wild-type cross, irrespective of

whether they carried a mutant or a wild-type met1 allele, suggesting that the uniform effects

may arise from maternal tissues that nourish the seeds or the maternal seed integument.

Microscopic observations in met1-3 homozygous seeds identified that these integument cells

indeed exhibited 50% more cell growth, resulting in elongated and non-viable seeds.

Together, these results show that MET1 may affect the integument, independently of female

gametogenesis, but also impact seed size through paternal gametogenesis. An increase in

seed size has also been observed during inbreeding of heterozygous met1-3 plants, further

suggesting that MET1-induced methylation may affect seeds before the onset of meiosis

[187]. Based on these studies, I suspect that the fertility and segregation defects in my met1

mutants may originate from the gametophytic level, which in future studies can be verified by

assaying pollen viability in heterozygous met1, genotyping and microscopy of mutant and

wild-type pollen, performing pollen competition assays, or by carrying out reciprocal crosses

between mutants and wild-types in various accessions for examining embryo and seed

morphology.

8.4. The molecular consequences of genome-wide hypomethylation:
epigenomic imbalance

Having identified homozygous mutants in all accessions, I next investigated the changes in

the methylome, gene expression and chromatin accessibility using whole-genome

sequencing techniques. I sampled adult rosette leaves to examine their methylome

(Bisulfite-sequencing), transcriptome (RNA-sequencing) and chromatin architecture

(ATAC-sequencing). These sequencing libraries were parallely generated for the

corresponding wild-type plants in all accessions. I found that met1 mutants were largely

hypomethylated in the CG- context, showing 0.1- 0.5% genome-wide CG methylation for all

accessions, confirming that the CRISPR mutagenesis had been successful in the knockout

of MET1. Genomic regions where methylation patterns differed in all or a subset of met1

mutants and wild-types were identified as differentially methylated regions ('DMR's). As

expected from the knockout of MET1 function, a majority of all DMRs (2388, 84%) were

CG-DMRs. The absence of MET1 is also known to indirectly affect non-CG methylation

[190], and hence I could also identify 350 CHG-DMRs and 1023 CHH DMRs in my dataset.
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Approximately half of all CG-DMRs overlapped in position with a transposable element,

while 60% occurred within protein coding genes, suggesting that CG-DMRs could also

overlap both TEs and genes in some cases. Next, I examined accessible chromatin regions

(ACRs) in all mutants and wild-types, and observed that met1 mutants exhibited an overall

increase in accessibility levels compared to wild-types, with large variations between

accessions in the degree of their accessibility. To interpret how such an epigenome

imbalance can impact gene expression in each accession and thereby result in phenotypic

variation between mutants, I identified differentially expressed genes (DEGs) between

mutants and wild-types for each accession. I observed that transposable-element genes

(TE-DEGs) were consistently upregulated and that the number and expression of other

protein-coding genes (Non-TE-DEGs) highly varied across accessions.

When comparing met1 mutants and their wild-type parents, TE sequences in all accessions

were marked by high chromatin accessibility and low methylation levels in met1 mutants, as

observed in previous studies [133,138,191]. However, when protein-coding genes were

examined, the most distinct increases in chromatin accessibility and reduction in methylation

was observed only among DEGs. Furthermore, these patterns not only varied between

TE-DEGs and Non-TE-DEGs, but also differed from accession to accession, which I further

investigated.

8.5. TEs are upregulated in met1 mutants and can mobilize over generations

TE-DEGs in met1 mutants of all 18 accessions were largely found near pericentromeric

regions, and highly upregulated. In numbers, TE-DEGs differed moderately across

accessions, with Bl-1 having the lowest number (648) and Tscha-1 having the highest

(1,030). Incidentally, Tscha-1 also exhibited the highest number of down-regulated TE-DEGs

(32). TE-DEGs were also more common between accessions than Non-TE-DEGs: of 291

DEGs that were universal to all 18 accessions, 276 (95%) were TE-DEGs. This is surprising,

since each accession is known to harbor different TE families over evolution [89,99], but it

appears that the loss of genome-wide methylation triggers many homologous genes across

different accessions, pointing to some conserved mechanisms that silence these genes.

When examining the distribution of TE superfamilies among TE-DEGs of all accessions, the

Class II DNA transposon superfamily En-Spm was found to be overrepresented in met1

mutants. The DNA transposon CACTA, a member of the En-Spm family, is known to

mobilize in several epigenetic mutants with unstable methylomes (ddm1, cmt3-7,
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cmt3-7/met1-1) [134,192,193]. These elements are also transcriptionally upregulated in

met1-1 mutants of Col-0, but do not mobilize [192,194]. In the collection of met1 mutants

generated for my thesis, I found that the gene associated with CACTA1, AT2G12210, was

differentially expressed in 12 out of 18 accessions studied, including Col-0, although I did not

examine their mobilization. In future work, it would be interesting to examine whether the

differential epigenetic landscape of CACTA in the first generation of homozygosity

determines its mobilization potential in successive generations.

Genomes of epigenetic recombinant inbred lines (epiRILs) derived from crosses between

met1-3 mutants and wild-type plants are also known to carry mobilized CACTA elements in a

substantial proportion (28%) of inbred lines [195]. Although this has so far not been linked to

altered transcription at other epigenetic regulators, it provides evidence to show that

epi-heterozygous states in parental lines can trigger stochastic alternative epigenetic

regulatory mechanisms.

Another TE that is known to mobilize in met1-3- derived epiRILs is Evadé (EVD), a Ty1/copia

long terminal repeat (LTR) retrotransposon encoded by the AT5G17125 locus and belonging

to the ATCOPIA93 family [95]. The mobilization of EVD was first discovered in plants lacking

male flower organs, a phenotypic defect arising from the disruption of the LEAFY (LFY) gene

by this element. Other inbred lines were also seen to have EVD insertions in the

BRASSINOSTEROID INSENSITIVE 1 (BRI1) and VARIEGATED 2 (VAR2) genes. EVD

(which occurs as two copies in WT Col-0 A. thaliana) is transcriptionally silenced by CG

methylation in WTs but lacks methylation in other contexts. However, phenotypically different

epiRIL lines containing mobilized EVD elements carry both EVD epialleles, suggesting that

methylation patterns for EVD silencing may vary from line to line even after its initial

mobilization.

Interestingly, EVD is transcribed in first generation met1-3 homozygous plants, but does not

mobilize until the second generation of inbreeding [95]. EVD can also be mobilized in epiRIL

lines without causing any obvious phenotypic defects, since its transcripts specifically

accumulate in the adaxial subepidermal (L2) layer of cotyledons, post the globular stage of

embryonic development and until seed dormancy [196]. On generating extensive genetic

diversity by transposition in each line, EVD can reach upto 40 copies per genome, beyond

which can be re-silenced by de novo methylation pathways.

EVD was also identified as a TE-DEG in my collection of met1 mutants, albeit only in 9

accessions of 18. Surprisingly, it was not found to be expressed in met1 mutants of the Col-0
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accession as previously identified, possibly due to differences in residual methylation arising

from varying degrees of MET1 inactivation in each mutant background. Other TEs known to

be mobilized resulting from hypomethylation in met1 mutants include the Hiun (Hi) element

from the VANDAL21 family of DNA transposons [197] and the ATCOPIA21 element

AT5TE65370 [198], both of which were identified as TE-DEGs among my met1 mutant

collection. Hi elements can also cause trans-demethylation of other TEs belonging to the

same family, both in met1 mutants and their F1 epi-hybrids with MET1 wild-type plants [198].

8.6. Epigenetic regulation at Non-TE genes is complex and distinct from
TE-genes

Non-TE-DEGs in my met1 mutant collection ranged in number from 278 in Com-1 up to

3,409 in Est. This substantial variation in the number of Non-TE-DEGs was striking, since it

points to different accessions varying in sensitivity to loss of genome-wide methylation. met1

mutants in Col-0, the reference accession used for most studies in A. thaliana, featured

1,044 Non-TE-DEGs, suggesting that previous work may have mostly overlooked the

majority of potentially epigenetically regulated genes.

Moreover, unlike TE-DEGs, Non-TE-DEGs were both up- or down-regulated in met1

mutants, consistent with several genes being positively regulated by DNA methylation

[66,67,81]. When Non-TE-DEGs from all accessions were examined together, they showed

a wide range of CG-methylation reduction (between 0% to -100%) in met1 mutants, both for

CG-DMRs occurring in the gene-body and in cis. Moreover, some genes that showed highly

reduced methylation in met1 mutants also increased in expression levels, suggesting that

these genes require methylation for their silencing in the wild-type state.

In most angiosperms, dense CG methylation can also be commonly observed in gene

bodies of constitutively expressed genes and is termed as gene-body methylation (gbM)[75].

Other genes can exhibit TE-like methylation (teM), being enriched in CHG and CHH

methylation, and can favour gene silencing when co-occurring with the histone methylation

mark H3K9me2. Among 725 natural accessions of A. thaliana, 9 - 20% (average about

17%) of all genes are characterized by gbM, and are often marked by distinct genic features

such as gene length, expression levels, and nucleotide sequence properties [78]. The

number of gbM genes in each accession has also been found to be negatively correlated

with CHG methylation levels in the genome, suggesting a trade-off between methylation at

genic loci and methylation at heterochromatin loci that are largely marked with CHG
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methylation. Several studies also propose that gbM genes in many accessions can exist as

teM genes in other accessions, resulting from a continuous spectrum of chromatin states at

these loci [78,79,199].

However, an alternate school of thought considers gbM and teM to be two independent

phenomena [81]. Shahzad et al. re-examined methylome and transcriptome data from 928

A. thaliana accessions [79] and found that gbM and teM methylation states often tend to

occur in different genes, and that the numbers of gbM and teM genes across accessions

show a weak negative correlation. Additionally, the authors found that gbM has a weak

positive effect on gene transcription, in contrast to teM which has a strong negative effect, as

also demonstrated from previous work [79]. These correlations remain even after eliminating

the effect of genetic variation in these loci, suggesting that intragenic methylation can indeed

affect transcription. Furthermore, variation in gbM at certain loci could also explain

phenotypic variation for flowering time and plant fitness under two different rainfall

conditions.

The collection of met1 mutants generated as part of my thesis opens the possibility to

examine the consequences of losing gbM and teM in different accessions. I examined

Non-TE-DEGs from all accessions, and found that genes which were highly expressed and

heavily CG-methylated in wild-type accessions ('gbM-like’ genes) were largely

downregulated in met1 mutants. Interestingly, not all of these gbM-like genes were shared

between the 18 accessions. Often, a gbM-like gene in one accession was marked by a

different methylation state in another accession (lower CG methylation level), and showed

minimal change in expression or downregulation. Yet, these genes were very rarely

up-regulated, indicating that they did not have any teM-like characteristics. Although I did not

examine non-CG methylation differences in my met1 mutants in detail, I looked for genes

that were highly CG-methylated, but lowly expressed in wild-type accessions ('CG-teM-like’

genes). Interestingly, CG teM-like genes among the Non-TE-DEGs were always upregulated

in met1 mutants, and showed a very similar trend compared to TE-DEGs. Although these

teM genes also differed across accessions, and were found to be upregulated to different

extents, there were some accessions such as Cvi-0 and Est where many CG-teM-like genes

were downregulated in met1 despite not changing their methylation state. These

observations point to accession-specific mechanisms that may rely on different epigenetic

factors apart from methylation for regulating gene expression. Most importantly, no gbM-like

genes (across all accessions) were common to CG-teM-like genes, suggesting that both

these phenomena may be independent of each other, at least in the CG context. However,

the presence of variable methylation and gene expression in orthologous genes across
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accessions shows that there may be other mechanisms that establish a gene-regulatory

gradient.

A large majority of Non-TE-DEGs exhibited accessible chromatin regions in cis, and

accessibility changes in these genes showed a weak positive association with expression

changes in met1 mutants. On evaluating methylation, gene expression and accessibility

together in met1 mutants, an important observation made was the role of the wild-type

epigenetic state in determining the degree of epigenetic change in the met1 mutant.

Wild-type methylation levels are strongly correlated with the methylation reduction level in

mutants, across all accessions. It appears that loss of MET1 erases methylation marks

completely and therefore proportionally to the level of methylation present in the wild-type

(for every accession). Wild-type expression and accessibility levels also showed a weak

negative correlation with expression change and accessibility change in met1 mutants,

respectively. This suggests a strong inter-dependence between methylation, gene

expression and accessibility, where the wild-type states are optimally suited for maintaining

epigenetic stability.

8.7. Investigating global and accession-specific gene-regulatory patterns in
Non-TE-DEGs

To investigate epigenetic regulatory patterns in my dataset, I focused on Non-TE-DEGs,

since they qualitatively (gene identity) and quantitatively (differential gene expression levels)

differed to a higher degree across accessions than TE-DEGs. I investigated 392

Non-TE-DEGs and and 951 Non-TE genes (that were not differentially expressed), for which

both CG-DMRs and ACRs were found in cis. In both groups of genes, methylation at

CG-DMRs was reduced, with a roughly equal tendency to increase or decrease in their

accessibility in met1 mutants. Genes where CG methylation levels were reduced by 75% or

more appeared to have a greater tendency to increase in accessibility in met1 mutants.

Additionally, I observed that genes did not separate into any distinct clusters (of methylation

and accessibility changes) based on their expression differences. In other words, differential

gene expression (low or high) could arise from multiple epigenetic states. Yet, a small group

of DEGs that showed high increase in gene expression in met1 mutants, were also marked

by high increases in accessibility and highly reduced methylation. These DEGs (collectively

the "High" cluster), when compared across accessions, were distributed in many other

epigenetic states. For example, a "High” cluster gene in one accession, could show reduced

accessibility, reduced expression and/or lower levels of CG methylation reduction in another
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accession. These results once again point to various other unknown epigenetic mechanisms

at play that can influence gene expression changes, in addition to CG methylation and

chromatin accessibility.

I combined 1,343 genes (392 Non-TE-DEGs and 951 Non-TE genes) and found that both

gene expression differences and accessibility differences exhibited a non-linear relationship

with methylation differences in this set. However, there was a weak positive correlation

between accessibility and gene expression. Interestingly, the relationship between

accessibility and expression also showed minor variations from accession-to-accession, with

genes in Bu-0, Aa-0 and Tsu-0 met1 mutants exhibiting larger reductions in accessibility

compared to other accessions. One interpretation of this observation is that methylation

changes may have indirect effects in influencing either chromatin architecture or gene

expression, which in turn can influence each other.

Next, I asked whether the observed epigenetic patterns were diverse due to variation in the

number of methylated or non-methylated genes in every accession. I discovered that Cvi-0

exhibited the highest fraction of hypomethylated genes in the wild-type state, and therefore

also the highest fraction with minimal reduction in methylation levels (since methylation

cannot be further reduced drastically if already hypomethylated). This observation was

consistent with previous findings that Cvi-0 has a lower genome-wide methylation level

compared to other accessions of A. thaliana [79], which may also influence its chromatin

properties [200].

In my dataset, Cvi-0 met1 mutants showed changes in accessibility and minor changes in

gene expression, even in genes that are hypomethylated in wild-type. Incidentally, genes

which are highly methylated in wild-type Cvi-0 also show minor changes in accessibility and

gene expression in met1 mutants. This is in contrast with other accessions that show more

drastic expression and accessibility changes for the same genes. Together, these results

indicate that the epigenome architecture of Cvi-0 may be more refractory to methylation

changes than other accessions, but nevertheless can still be perturbed by genome-wide

hypomethylation.
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8.8. Non-TE-DEGs comprise known epialleles which can affect mutant
phenotypes

Having identified many Non-TE-DEGs across accessions, I looked for genes among these

which were previously known to be regulated by DNA methylation, and could affect plant

phenotypes upon their mis-regulation. Among all Non-TE-DEGs, only 15 genes were

common to each of the 18 accession contrasts. Three of these genes (FWA, SDC,

AT1G59930) are maternally imprinted and are strongly expressed in siliques of wild-type

plants [201,202]. FWA and SDC were previously reported to be expressed in met1 mutants

in Col-0, but show striking gene expression changes in other accessions; for example, up to

almost 1,000-fold expression change of SDC in Nok-3 met1 mutants, compared to ~30-fold

change in Col-0. Ectopic expression (spatial/temporal expression that differs from native

state) of FWA and SDC can potentially explain some of the common phenotypes in my

collection of met1 mutants, such as delayed flowering, dwarfism and leaf curling

[203][204,205].

The appearance of an indeterminate floral phenotype in some second generation

homozygous met1 mutant lines of the Tscha-1, Tsu-0 and Com-1 prompted me to

investigate flower developmental genes that could be differentially regulated by methylation.

Indeed, when a Tscha-1 met1 second-generation mutant exhibiting such a phenotype was

subjected to bisulfite sequencing, I found that the AGAMOUS (AT4G18960) gene was

hypermethylated compared to the wild-type parents. This gene was also a Non-TE-DEG that

was only expressed in Tscha-1 and expressed up to ~15-fold fold higher in met1 mutants

compared to the wild-type parents, showing partial methylation and expression also in first

generation homozygous mutants. In line with these findings, AGAMOUS has been

previously found to be expressed in leaves of met1 knockdown lines in the accession C24

[130].

Some second generation met1 mutants of Tsu-0 produced flower-like structures composed

of leaf tissue, a phenotype similar to that of genetic knockout of several SEP genes,

encoding MADS-box TFs that control the identity of reproductive organs [206–209].

Although the genomes of mutant lines with this specific phenotype were not sequenced, I

found that all four known SEP genes (SEP1-4) were differentially expressed in some of my

met1 mutants, suggesting that these genes could be regulated by differential methylation in

certain accessions. The AGAMOUS and SEP gene, along with the Non-TE-DEGs

AT1G59930 and AT5G35120 (which are common to all accessions), all belong to the
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MADS-box family of TFs that control key reproductive developmental pathways. The

appearance of differential methylation at these loci, accompanied by differential gene

expression in met1 mutants, exemplifies the importance of MET1 in the tight regulation of

plant development.

The clark kent-3 hypermethylated epiallele of SUPERMAN (AT3G23130) gene is associated

with strongly reduced SUP expression, resulting in the formation of increased stamens[210].

However, the SUPERMAN gene is highly expressed only in the stamen primordia during

floral meristem development. Since I examined only rosette leaves in this work, I did not

detect SUPERMAN transcripts in any of my RNA-seq datasets. Yet, I found that

SUPERMAN was indeed hypermethylated in met1 mutants of many accessions. Both

AGAMOUS and SUPERMAN are known to be hypermethylated in previous met1 mutants

[132,138,210,211], and hypermethylated epialleles of SUPERMAN have also been found to

occur in 12 natural A. thaliana accessions [212]. Furthermore, phenotypes caused by these

natural epialleles of SUPERMAN such as curly and tetra-carpellary siliques, were also

observed in my collection of met1 mutants, and could possibly be identified by sequencing

floral tissues in the mutants.

Other Non-TE-DEGs in my met1 mutant collection that have been previously identified as

epialleles include PAI1 (AT1G07780) and PAI2 (AT5G05590), which are involved encoding

the tryptophan enzyme phosphoribosylanthranilate isomerase [213]; ATFOLT1

(AT5G66380), that can cause hybrid incompatibility between accessions [214]; IBM1

(AT3G07610), which encodes a histone H3K9 demethylase and is stably inherited in a

hypomethylated state in met1 epigenetic recombinant inbred lines (epiRILs) [215]; and the

ROS1 DNA demethylase (AT2G36490)[216], which can function as an epigenetic rheostat

[67].

Notably, I also identified the gene AT4G16890 among Non-TE-DEGs, which is regulated by

the bal epiallele and can induce the activation of several pathogen response genes. A.

thaliana plants homozygous for the bal epigenetic variant have been derived from another

epigenetic mutant, ddm1, and exhibit severe dwarfism arising from the hyper-immune

responses [217]. met1 mutants of the Nok-3 accession which exhibited the highest

differential expression of AT4G16890 and were also severely dwarfed and were

phenotypically similar to bal lines. In addition, gene ontology enrichment analyses of

Non-TE-DEGs identified several genes involved in pathogen response, including the

PATHOGENESIS-RELATED GENE 1 (PR1, AT2G14610) involved in systemic acquired

resistance [218].
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I compared the transcript accumulation (transformed read counts) of the above-mentioned

epialleles across all my RNA-seq libraries and observed that each epiallele was differentially

regulated in a different subset of accessions (Figure 7).

Figure 7: Variation in transcript counts across 158 RNA-seq samples for 11
Non-TE-DEGs that overlap known epialleles. The heatmap represents transformed read
counts of 11 genes (represented as rows), with columns representing samples colored by

accession-of-origin and genotype.

8.9. MET1 is required to maintain stable chromatin architecture

One of the major findings of this dissertation was how MET1 affects chromatin architecture

and the degree to which this can differ across accessions. In general, the loss of MET1 and

the CG methylation marks it establishes in the genome results in an overall increase in

genome-wide chromatin accessibility. Previous work on the reference accession Col-0 has

shown that euchromatic regions are enriched for accessibility compared to heterochromatic

regions where accessibility is reduced, both observations being negatively correlated with

the methylation levels in these regions [10,191]. Among 18 mutant lines carrying altered

genome-wide methylation in Col-0, the most drastic changes in chromatin accessibility are

observed in mutants that have reduced CG methylation, such as the met1, fwa-1 and ddm1

[191]. On the other hand, mutants with reduced de novo methylation marks (mostly CHH)
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are least impacted at the chromatin level. The gain of CHG methylation in gene bodies of

met1 mutants is also suspected to be a determinant of reduced chromatin accessibility in

these regions [191,219]. The redistribution of non-CG methylation marks in my met1 mutants

have currently not been explored in detail, but future work in this area may complement

analyses on CG methylation, chromatin architecture and gene expression generated from

this study.

In my collection of met1 mutants, I was able to examine the relationship between

methylation and chromatin accessibility in 17 accessions in addition to the reference

accession Col-0, observing that CG methylation reduction is not always associated with an

increase in chromatin accessibility. When all overlapping CG-DMRs and ACRs were

examined, I observed that a reduction in CG methylation can result in both an increase or a

decrease in accessibility, but the most dramatic increases in accessibility occured when CG

methylation is highly reduced. This suggests that most regions with moderate or minimal

methylation levels in wild-type genomes often go hand-in-hand with an optimal accessibility

state, therefore showing only minor accessibility changes when CG methylation is lost; while

highly methylated regions suffer the greatest impact on their accessibility since they may be

more dependent on the co-existence of both epigenetic factors.

For TE-genes alone, the epigenetic patterns appear more uniform, since most of these

genes showed similar heterochromatic silencing by methylation in the wild-type state.

Therefore, almost all of the differentially expressed TE-genes (TE-DEGs) showed increased

accessibility in met1 mutants. Similar to the observations made by Zhong et al. [191], I found

that there were also some TE genes that changed in accessibility, but did not exhibit

differential gene expression in the met1 mutant background, suggesting that a change in

accessibility does not always guarantee a change in gene expression.

Non-TE-DEGs on the other hand, which showed a larger spectrum of gene expression

changes than TE-DEGs, exhibited a stronger association with accessibility changes. In fact,

many such genes often had reduced accessibility despite having reduced CG methylation.

Considering two extreme ranges of methylation, accessibility and gene expression changes

and various combinations of their co-occurrence, I found that Non-TE genes across 17

accessions could be classified in 8 different epigenetic states. This suggests a complex

interplay between methylation, accessibility and gene expression that may vary in epigenetic

regulation for every gene, and also depend on other epigenetic factors. For example, highly

accessible heterochromatic regions in Col-0 met1 show increased long-range interactions
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than other regions, suggesting that loss of MET1 may directly and indirectly impact

three-dimensional chromatin organization [191].

An example of epigenetic regulatory complexity is the FWA locus, which I had initially

examined for the positional effects of DNA methylation on downstream gene expression

(Chapter One). Artificial restoration of methylation marks in the hypomethylated FWA locus

of met1 and fwa mutants in the Col-0 accession was previously known to silence the gene,

but has recently been shown to also reduce chromatin accessibility [191]. In my collection of

met1 mutants, I was able to examine the same locus not only in different accessions, but

also in their met1 mutant backgrounds. FWA expression changes and accessibility changes

higher in met1 mutants compared to wild-types for all accessions, yet showed variations that

did not indicate a clear association between expression and chromatin accessibility (Figure
8A). Methylation (all contexts), on the other hand, was consistently absent in all met1

mutants, although wild-type methylation patterns largely varied (Figure 8B). This example

once again suggests that the differences in methylation level and patterns from the wild-type

state may be the driving force behind differential chromatin accessibility and gene

expression. This hypothesis further supports my inferences from the first project (Chapter

One), where the nature of methylation and underlying sequence variation could be more

influential in altering gene expression than the positional occurence of methylation patterns.

Figure 8 : Epigenetic variation at the FWA locus across 17 accessions. (A) Scatter-plot
of accessibility differences vs expression differences of homozygous mutants in 17
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accessions. (B) Browser screenshot of methylated cytosines (all-contexts) in met1 mutants
and wild-type parents of seven accessions.

My project provides some of the first evidence of quantitative variation in chromatin

accessibility at the intra-species level in plants, in two different methylation backgrounds

(met1 and wild-type). Previously, the examination of leaf mesophyll nuclei from 21

accessions showed that chromatin compaction levels are associated with a latitudinal

gradient across accessions, with Cvi-0 and Ler having the most and least dispersed

chromocenters in their nuclei, respectively [200]. It was found that genetic variation at the

PHY-B and HDA6 genes was causal for the chromatin compaction differences, suggesting

that histone acetylation (HDA6) and light-response mechanisms (PHYB) could be strong

drivers of epigenetic adaptation in these accessions. Genetic variation could also occur as a

result of TE mobilization and variation in TE copy number [89], thereby impacting either local

or global epigenetic landscape. High-quality genome assemblies have enabled the

identification of presence/absence variants in each accession [99,182,185], which can be

important for accurately determining chromatin accessibility differences (therefore

distinguishing between inaccessible chromatin and natural deletions)[182]. TEs can also

mobilize in met1 mutants, and future studies integrating the results of this project with

structural variation, and intra-specific variation in other epigenetic marks can provide a better

understanding of genome-wide epigenetic mechanisms.

CONCLUSION AND PERSPECTIVE

DNA methylation, which is known for its potential to regulate gene expression, can occur in

diverse genome-wide patterns, even at the intra-species level, enabling adaptive responses

to the environment. The broad aim of this thesis was to investigate both the local and

genome-wide effects of DNA methylation in regulating gene expression in A. thaliana. My

first project involved the artificial introduction of methylation marks at the promoter of the

FWA gene, to ask whether proximity of methylation to the gene could impact gene

expression changes. I found that upstream methylation exerts only minimal effects on gene

expression, but genetic and epigenetic features of the promoter sequences carrying the

methylation marks may have a greater influence on gene expression, especially if they are

proximal to the gene body. My second and main project focused on the generation and

molecular analyses of met1 mutants in 18 diverse A. thaliana accessions, thereby

simultaneously creating epi-mutations at thousands of loci in the genome. I found that the

genome-wide loss of CG methylation, the most predominant context of methylation in plants,

results in epigenomic instability across accessions. Almost all met1 mutants had altered

56

https://paperpile.com/c/ybrcph/mtnO
https://paperpile.com/c/ybrcph/4WYz
https://paperpile.com/c/ybrcph/hTN6+nXXf+zg8R
https://paperpile.com/c/ybrcph/zg8R


chromatin accessibility at many loci and varying gene expression levels, including activated

TEs, which are usually silenced in wild-type plants. The intersection of differential

methylation, accessibility and gene expression brings to light multiple gene regulatory

epigenetic states that occur differently in each accession. The response to methylation loss

in each accession is highly dependent on its native epigenetic state in the wild-type

background, which has evolved to optimally control the expression of several genes. Finally,

the analysis of met1 mutants in non-reference accessions demonstrates that the epigenetic

flexibility of the genome is greater than previously thought, and helps uncover novel

methylation-sensitive genes, apart from novel epi-allelic variants that cause multiple

phenotypic defects.

The appearance of differentially methylated regions and associated epigenomic changes in

first generation met1 mutants is only an immediate response to the absence of MET1.

However, it would be interesting to identify methylation, accessibility and expression states

that are heritably transmitted over several generations, and examine revertant regions that

exhibit unstable epigenetic marks. Even during the life cycle of the plant, methylation can

vary in somatic cells of different tissues. Therefore, determining the factors that ensure

meiotic transmission of "beneficial” methylation states in gametophytic tissue is essential.

Moreover, these novel epialleles can be tested for their response to stress, and their

interaction with homologous genes upon hybridization of divergent accessions.

In aggregate, my work increases our knowledge of how methylation can tightly balance gene

regulation at the cell by intricate associations with chromatin architecture, and that

destabilization of methylation catalyzes a domino-effect by altering the epigenome and also

the gene expression of other epigenetic players. Studying the regulatory capacity of

methylation changes and its interplay with other chromatin features such as histone

methylation, histone variants, small RNAs and GC content, is essential for generating plants

that can withstand strong environmental pressures.

In carrying out the above experiments, I was able to uncover the profound diversity in

epigenetic and epigenomic regulatory landscapes for several accessions, extending our

knowledge beyond study of the reference accession Col-0. While genetic polymorphisms

have been identified for more than a thousand accessions, there remains to be complete

sequence information for each accession, limiting our research to the singular Col-0

reference genome. The availability of high quality reference genomes for individual

accessions will greatly improve the results from this dissertation, by enabling the

investigation of large-scale structural variants and their influence on the epigenetic
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landscape. Furthermore, such genomes would help disentangle the effects of genetic and

epigenetic variants on gene regulation, or even be pivotal for understanding how both factors

may have co-evolved.

Nevertheless, the availability of met1 mutants in different genetic backgrounds opens

possibilities for discovering novel genetic and epigenetic variants in natural populations and

examining their trans-generational stability. Ultimately, similar epigenetic variants in crop

species can be harnessed at a large scale for increasing plant fitness and yield under

changing climates (abiotic stresses) , pathogen infections or herbivory (biotic stresses).
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ABSTRACT 
 

Gene expression can be modulated by epigenetic modifications to chromatin, and variants of                         

the same locus distinguished by fixed, heritable epigenetic differences are known as epialleles.                         

DNA methylation at cytosines is a prominent epigenetic modification, particularly in plant                       

genomes, that can modulate gene expression. There are several examples where epialleles are                         

associated with differentially methylated regions that affect the expression of overlapping or                       

close-by genes. However, there are also many differentially methylated regions that have not                         

been assigned a biological function despite their proximity to genes. We investigated the                         

positional importance of DNA methylation at the ​FWA (FLOWERING WAGENINGEN) locus                     

in ​Arabidopsis thaliana​, a paradigm for stable epialleles. We show that cytosine methylation can                           

be established not only over the well-characterized ​SINE- ​derived repeat elements that overlap                       

with the transcription start site, but also in more distal promoter regions. ​FWA ​silencing,                           

however, is most effective when methylation covers the transcription start site.  
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INTRODUCTION 
 
Methylation of cytosine nucleotides in DNA is a prominent epigenetic mark in plant and animal                             

genomes ​(1) ​. It is found mostly over transposons and repeat elements, consistent with its                           

primary function in silencing their transcriptional activity in association with methylation at                       

lysine 9 of histone 3 (H3K9) ​(2) ​. Mutants with defects in ​METHYLTRANSFERASE 1 ( ​MET1​),                           

encoding the major methyltransferase maintaining cytosine methylation in ​Arabidopsis thaliana,                   

display various phenotypic abnormalities such as delayed flowering, dwarfism, and sterility, with                       

increasing severity during successive rounds of inbreeding ​(3, 4) ​. Genomes of ​met1 mutants are                           

largely hypomethylated at CG dinucleotides that usually inherit cytosine methylation faithfully                     

during DNA replication through MET1 activity ​(5) ​. Phenotypic abnormalities do, however, not                       

require whole-genome changes in cytosine methylation, as a recent study describes how                       

hypomethylation at a few select loci is sufficient to establish quantitative resistance to a                           

pathogenic oomycete, ​Hyaloperonospora arabidopsidis (Hpa)​ ​(6) ​. 

 

Transposable elements and repeats in the ​A. thaliana ​genome are mostly confined to                         

heterochromatic regions, such as pericentromeres and telomeres. Others are distributed in                     

euchromatic regions, and their proximity to protein-coding genes has been associated with                       

constitutive or induced silencing of these proximal genes upon changes in cytosine methylation                         

(7, 8) ​. There are several examples of loci with alternative states of cytosine methylation and                             

associated gene expression; the variants are known as epialleles. ​One example comes from the                           

SDC ​( ​SUPPRESSOR OF ​ddc​) ​locus with a direct tandem repeat in its promoter. When                           

methylation at the repeat is absent, ​SDC is expressed, resulting in a dwarfed phenotype ​(9) ​.                             

Epialleles can also form following stress exposure; treatment with the 22-amino-acid peptide                       

flg22, an immune-response inducing fragment of the bacterial flagellin protein, ​causes ​differential                       

methylation of helitron-derived repeats lying within a 3 kb promoter region of the defense gene                             

RESISTANCE METHYLATED GENE 1 ​( ​RMG1​), and ensuing activation of ​RMG1 expression                     

(10) ​. Furthermore, cytosine methylation has been shown to modify gene expression when                       

located farther away from the gene body, such as in the case of ​FLOWERING LOCUS T ​( ​FT ​),                                 

where methylation on two enhancers located 5 kb upstream and 1 kb downstream of the gene                               
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can repress transcriptional activity ​(11) ​. This was shown by experimentally targeting cytosine                       

methylation to these enhancers using Inverted Repeat-Hairpins (IR-Hairpins ​), which lead to the                       

downregulation of ​FT ​ expression and delayed flowering.   

 

While these examples provide substantial evidence for methylation-dependent transcriptional                 

changes, the requirements for cytosine methylation to exert this function is not well                         

understood, as not all cytosine methylation, even when densely focused in methylated regions,                         

triggers silencing of adjacent genes ​(12) ​.  

 

To address such functional differences, we investigated the promoter of the well-characterized                       

Arabidopsis thaliana fwa​-1 ​epiallele. The ​FWA ​( ​FLOWERING WAGENINGEN​) ​locus                 

(At4G25530) harbors two sets of tandem repeats originating from a ​SINE3 ​retrotransposon                       

(13) ​. These repeats overlap the promoter and the ​FWA ​transcribed sequence, and are covered                           

by dense CG methylation in wild-type plants. Throughout vegetative development, ​FWA ​is                       

transcriptionally inactive, and activated only in the female gametophyte and endosperm by                       

maternal imprinting, when DNA methylation is erased ​(14) ​. Methylation at the repeats is also                           

absent in ​fwa​-1 ​epimutants, where the gene is constitutively active, which results in late                           

flowering ​(15–18) ​.  

 

It is known that the presence of cytosine methylation at a specific position, the ​SINE​-derived                             

repeat elements, imposes transcriptional silencing on the entire locus. We made use of the                           

unmethylated promoter in the ​fwa​-1 ​epiallele and asked the reverse, whether ​FWA silencing                         

can be triggered only by cytosine methylation at these repeats, or whether it can be similarly                               

induced when cytosine methylation is artificially directed to other, non-repetitive, promoter                     

elements.  
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RESULTS 

  

Hairpins directing methylation to the ​FWA ​promoter 

 

We chose three regions of 100 or 200 basepairs (bp) in length, located approximately 100, 500                               

and 700 bp upstream of the ​FWA ​transcription start site (Table 1 and Figure 1), and generated                                 

inverted repeat (IR)-hairpins ​(19) ​, intended to introduce cytosine methylation at these regions                       

that are otherwise unmethylated in ​fwa-1 ​ mutants.  

 

For each region, we generated two IR-hairpins, differing in the orientation of sense and                           

antisense sequences within the hairpin (Table 1, Figure 1, Methods).  

 

Table 1 : IR-Hairpin constructs targeting the ​FWA ​promoter  
  
Construct   Length (bp)  Orientation of 5’ arm target sequence 

relative to ​FWA ​transcription 
Distance from ​FWA 
transcription start 
site  

1A  100  sense  -122 to -22 
(Overlap with short 
tandem repeats) 

1B  100  antisense  -122 to -22 
(Overlap with short 
tandem repeats) 

2A  100  sense  -659 to -559 

2B  100  antisense  -659 to -559 

3A  200  sense  -936 to -736 

3B  200  antisense  -936 to -736 
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Figure 1. Methylation tiling in the ​FWA​ promoter 

The diagram illustrates the ​FWA locus and the regions targeted for methylation tiling. (A) Late flowering                               

phenotype of ​fwa-1 ​(B) Release of methylation in the tandem repeats which overlap the TSS activates                               

the ​FWA ​transcript (C) Three Regions in the FWA ​promoter chosen for hairpin-induced targeted                           

methylation. Red line indicates the transcription start site (TSS) and the orange horizontal bars indicate                             

the tandem repeats.  

 

Region-specific methylation effects on ​FWA​ activity 

We transformed late-flowering ​fwa-1 ​mutants with IR-hairpin transgenes as described above                     

(Table 1), and identified ​homozygous insertion lines to monitor flowering time as a proxy for                             

FWA ​activity. Corroborating previous work ​(15–18 ​, ​20) ​, hairpins derived from sequences                     

overlapping the repeat elements surrounding the transcription start site of ​FWA ​(lines 1A and                           

1B) accelerated flowering. This was different for hairpins derived from more distal promoter                         
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sequences (lines 2A, 2B, 3A and 3B), where we did not observe obvious flowering differences                             

compared to parental ​fwa-1 ​ individuals (Figure 2 and Figure 3). 

 
Figure 2. Flowering time in various transgenic lines 

Box plots showing days to flowering in L ​er ​WT,  ​fwa-1 ​and various transgenic lines in the ​fwa​-1 

background (with 10 randomized replicates for each line). 
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Figure 3. Phenotypes of transgenic lines 

Transgenic lines and control plants at 28 days after germination.  

 

Consistent with these observations, ​FWA transcripts in lines 1A and 1B accumulated to levels                           

much lower than in parental ​fwa​-1, and more similar to those in early-flowering L ​er wild-type                             

plants, indicative of effective gene silencing (Figure 4). Similarly, lines in which flowering time                           

was unaltered showed less reduction (lines 2A, 2B, 3A) or no reduction (line 3B) of ​FWA                               

mRNA accumulation (Figure 4).  
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Figure 4. ​FWA ​mRNA accumulation in plants expressing IR-hairpins 

Expression of ​FWA ​in L ​er ​WT ,  ​fwa-1 ​and various transgenic lines carrying the hairpin-construct in 

sense and antisense orientations. Gene expression was measured by RT-qPCR. Bars show mean 

log​2​-fold change compared to ​fwa-1​, with black dots representing pooled biological replicates. The red 

asterisks represent statistical significance ( p<0.05 for a ​Student's t-test​).  
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Figure 5. Methylation profile of targeted regions in transgenic lines 

Hairpin-induced methylation for various transgenic lines. Each panel shows the methylation status of the 

targeted region in the L ​er ​WT, ​fwa-1 ​and transgenic lines carrying the hairpin-construct in sense and 

antisense orientations. Green dotted lines demarcate the positions of each region. The vertical lines 

represent percentage methylation at every cytosine in both strands.  

 

Establishment of cytosine methylation at distal promoter regions  

 

As IR-hairpins derived from more distal regions of the ​FWA ​promoter did not induce sufficient                             

FWA ​silencing to alter the timing of flowering, we asked whether cytosine methylation had                           

been effectively established at the targeted sequences using whole-genome bisulfite sequencing.                     

As shown in Figure 5, all six transgenes efficiently introduced methylation in the targeted                           

regions to comparable levels. The effect of the transgene on methylation was stable over at                             

least three generations, and indicates that cytosine methylation at this locus can be introduced                           
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not only at the ​SINE​-derived repeat elements. We further conclude that methylation at more                           

distal promoter elements was less effective in ​FWA ​silencing, which may be due to the distance                               

from​ ​the transcription start site.  

 

DISCUSSION 

 

Cytosine methylation can be altered at many genomic regions under environmental stress ​. ​For                         

example, phosphate starvation in rice and ​Arabidopsis thaliana results in the generation of                         

hypermethylated ​di ​fferentially methylated regions (DMRs), many of which are found over                     

transposable elements that are close to genes induced upon such nutrient starvation ​(21) ​. ​On                           

the contrary, some studies report that stress-induced methylation and gene expression are not                         

necessarily correlated with one another. In ​A. thaliana​, most genomic regions exhibiting                       

differential methylation under drought are not associated with expression changes of adjacent                       

genes, with only 2 of 468 drought-response genes being linked to drought DMRs ​(22) ​. These                             

studies support the observation that methylation changes often flank protein-coding genes, yet                       

only a few of them have been associated with a biological function. Several epialleles                           

characterized in ​A. thaliana ​are marked by differential cytosine methylation in                     

transposon-derived repetitive elements located proximal to the transcription start site (for                     

example, ​SDC ​, ​(9) ​; RMG1​, ​(10) ​; ​HDG3 ​, ​(23) ​). This pattern also holds true for the ​FWA ​locus,                                 

where ​SINE -derived tandem repeats that overlap with the transcription start site are heavily                           

methylated and silence the gene.  

 

Transcription is initiated in the proximity of DNA elements providing a platform for the                           

recruitment and assembly of polymerase II-containing complexes. Their binding is modulated by                       

enhancers and repressors, which themselves may recognize distal sequence elements. It is likely                         

that cytosine methylation over elements of polymerase docking may directly or indirectly                       

hinder effective protein recruitment. When located in regions distal to the transcription start                         

site, methylation-based silencing may be achieved by the inhibition of transcriptional enhancers                       

(24) ​, and by altering short or long-distance chromatin interactions ​(25) ​, thus affecting                       
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accessibility to the transcription machinery. Such a mechanism may possibly account for our                         

observations, that methylation targeted in Regions 2 and 3, located more than 500 bp upstream                             

of the transcription start site, only moderately impacts ​FWA ​transcript accumulation.  

 

On examining publicly available data from the PlantDHS Browser ​(26) ​, we observed that the                           

1-kb promoter region immediately upstream of the ​FWA transcription start, including all three                         

regions targeted for methylation, has a uniform state of chromatin accessibility (Figure 6), not                           

only when in the silent wild-type state, but also in the unsilenced state in ​ddm​-1 ​mutants, which                                 

express ​FWA ​due to hypomethylation of the tandem repeats ​(27) ​. Therefore, it may be                           

expected that one would see a similar transcriptional readout upon modulating different                       

regions within the same inaccessible sequence. At least in the ​FWA locus, this is not the case.                                 

Our results indicate that, while IR hairpin-induced methylation can be successfully introduced in                         

the distal ​FWA ​promoter, this methylation can induce only moderate downregulation of ​FWA                         

transcription, in contrast to very potent effects when methylating elements more proximal to                         

the transcription start site.  

 

 
Figure 6. Chromatin conformation at the ​FWA ​locus 

Screenshot from the PlantDHS browser ( ​http://plantdhs.org/​) showing the DNaseI-seq profile of the 

FWA ​locus in leaf tissue of Col-0 wild-type (top panel) and ​ddm-1 ​mutant (bottom panel) backgrounds. 

Grey bars below the ​FWA ​gene annotation indicate the tandem repeats; blue bars indicate the three 

regions targeted for methylation in this study. 
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It will be interesting to examine the chromatin state and conformation of the ​FWA ​promoter in                               

our transgenic lines, to understand whether they can explain the differential transcriptional                       

downregulation that we observed. 

 

This study was focused on the ​FWA ​locus; further investigation into differential promoter                         

methylation at other genomic loci is required to dissect the mechanism behind                       

methylation-dependent control on downstream transcription processes, and ultimately uncover                 

its adaptive and biological function. 
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METHODS 

  

Cloning of inverted-repeat hairpin (IR-Hairpin) constructs 

 

Three 100 bp - 200 bp regions in the ​FWA ​promoter were chosen for IR-hairpin construction                               

(Table 1 and Supplementary Table S1), and cloned in two ways: All 'A' constructs carry                             

sequences in sense orientation relative to the open-reading frame of the ​FWA ​locus in the                             

hairpin 5’ arm, while the 'B' constructs are reversed.  

 

Hairpins, including flanking attB gateway sites were synthesised (GeneArt), PCR- amplified and                       

transferred to pDONR207 (Invitrogen) using BP Clonase II . Recombinant entry clones were                         

subjected to LR Clonase II reaction with the pJawohl-ACT2 destination vector ​(28) and                         

introduced into ​E.coli DH5 ​α ​(Invitrogen) cells by heat-shock transformation. Colonies carrying                     

the hairpin construct in the correct orientation were verified by Sanger sequencing                       

(oligonucleotide sequence provided in Supplementary Table S1). 

 

Recombinant plasmids (listed in Supplementary Table S4) were introduced into ​Agrobacterium                     

tumefaciens strain GV3101(pMP90RK) ​(29) by electro-transformation and grown in selective LB                     

medium. ​Arabidopsis thaliana fwa-1 ​mutants ​(16) were transformed with a floral dip protocol                         

(30) ​. Transgenic seeds were selected with 1% BASTA (​Sigma-Aldrich). 

 

RT-qPCR 

Homozygous third-generation transformants (T ​3​) derived from three independent parent lines                   

were sown on half-strength MS (Duchefa Biochemie) plates with sucrose and grown under long                           

day (16h light/8h dark) conditions at 23 ˚C for 10 days in a Percival chamber (Model CU -36L5,                                   

CLF Plant Climatics GmbH, Germany). For each line, 3 biological replicates of 20 pooled                           

seedlings were subjected to RNA extraction (based on the LogSpin method, ​(31) ​). cDNA                         

synthesis was carried out with an equimolar concentration of an Oligo(dT)18 primer and an                           

FWA ​gene​- ​specific primer (Supplementary Table S2) using the RevertAid First Strand cDNA                       
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synthesis kit (Thermo Fisher Scientific), followed by qPCR of a 120bp region within the ​FWA                             

gene body (primer sequences provided in Supplementary Table S2). The housekeeping gene                       

ACTIN2 ​( ​At3G18780 ​) was used as a control gene for the experiment (primer sequences                         

provided in Supplementary Table S2). 

  

Plant growth and flowering time analyses 

Seeds were sterilised by treatment with chlorine gas for 4 hours, followed by stratification in                             

the dark at 4​° ​C for 2 days in 0.1% agar. All plants were grown in controlled growth chambers                                   

at 23 ​°​C, long day conditions (16h light/8h dark) with 65% relative humidity under ​110 to 140                                 

μmol m​−2 s​−1 light provided by Philips GreenPower TLED modules (Philips Lighting GmbH,                         

Hamburg, Germany) with a mixture of 2:1 DR/W LB (deep red/white mixture with ca. 15%                             

blue) and W HB (white with ca. 25% blue), respectively a​nd watered at 2-day intervals.  

 

Ten plants belonging to each transgene were grown on soil in a randomized–block design, to                             

reduce position effects in the growth chamber. Flowering time was recorded when the primary                           

inflorescence meristem was approximately 1cm in height.  

  

Bisulfite library preparation and sequencing 

Genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen) from pools of twenty                             

10-day old seedlings grown on the same MS- Agar plates as seedlings used for RT-qPCR. 100ng                               

of genomic DNA was used to prepare Bisulfite libraries with the TruSeq Nano kit (Illumina, San                               

Diego, CA, USA) according to the manufacturer’s instructions, with the modifications used in                         

(12) ​. The libraries were sequenced with a paired-end mode, at 125 million reads/library using an                             

Illumina HiSeq3000 instrument. 

  

Processing of sequenced bisulfite libraries 

Raw sequencing reads were aligned using Bismark (default parameters; ​(32) and mapped to the                           

A. thaliana (Landsberg ​erecta​) reference genome. Bam files generated after deduplication of                       

reads were processed for identifying methylated cytosines using pipelines as previously                     
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described in ​(33) ​. Methylated cytosines in the ​FWA ​locus were loaded onto the EPIC-CoGe                           

browser ​(34) ​ for visualisation. 
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SUPPLEMENTARY DATA 

 

Table S1. Primer sequences for IR-hairpin cloning (FP forward primer, RP reverse primer) 

Sequence (5’-->3’)  Purpose 

ATACGACTCACTATAGGGCGAA 
FP for amplification of attB-target sequence 

from GeneART plasmid 

ATGTTAATGCAGCTGGCACGAC 
RP for amplification of attB-target sequence 

from GeneART plasmid 

TTGATGCCTGGCAGTTCCCTA 
 FP for Colony PCR of entry clones in 

pDONR207 

CATCAGAGATTTTGAGACACGGG 
RP for Colony PCR of entry clones in 

pDONR207 

GACAATGGTACCGGTATGGT 
ACT2 promoter Sequencing primer 

(pJAW-ACT2 destination clones) 

TCGCGTTAACGCTAGCATGGATCTC  FP for pDONR207 entry clone sequencing 

 GTAACATCAGAGATTTTGAGACAC  RP for pDONR207 entry clone sequencing 

GGGGACAAGTTTGTACAAAAAAGCAGGCT  attBL 

ACCCAGCTTTCTTGTACAAAGTGGTCCCC  attBR  

 

Table S2. Primer sequence for RT-q-PCR analysis 

Sequence (5’-->3’)  Purpose 

CTTTGGTACCAGCGGAGA   cDNA synthesis primer for ​FWA 

TACATTGGGAGAAGTGGACTGT  FP for RT-qPCR ​FWA 

GGGAGGTTTTGTGACATTGTTG  RP for RT-qPCR​ FWA 

GCCATCCAAGCTGTTCTCTC  FP for RT-qPCR​ ACTIN2  

GCTCGTAGTCAACAGCAACAA  RP for RT-qPCR ​ACTIN2 
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Table S3. Regions targeted for methylation [Sequences in 5’-->3 orientation] 
 

Region 1A   GAGTTATGGGCCGAAGCCCATACATCTTTCCGTCGAGAATCTCAT
ATATTCTTTATCGAAGCCCATACATCTTTCCGTCGAGAATCTCATA
TATACCTTA 

Region 1B 
 
 

TAAGGTATATATGAGATTCTCGACGGAAAGATGTATGGGCTTCGA
TAAAGAATAATGAGATTCTCGACGGAAAGATGTATGGGCTTCGGC
CCATAACTC 

Region 2A  CCTCATCTGCGCTTATAAATAAGGCAAAGCAACTAGAAAAGATTA
AAACCAAAACCAAAACAAAAAACTAGTTAAGACCCTGATTTTGTTT
CATAGGTAC 

Region 2B  GTACCTATGAAACAAAATCAGGGTCTTAACTAGTTTTTTGTTTTGG
TTTTGGTTTTAATCTTTTCTAGTTGCTTTGCCTTATTTATAAGCGCA
GATGAGG 

Region 3A   ATTTTTTCTATCATTTCATATCATTGTAACTATAAATTTTCGTAAAT
AGACCTTTAGTGTTAATACAATAGATTTTTATTAATTTTATATCGGA
TTTTGTTTAAAAAAGAAAAACCATAGGATGGATGATGATTGGTACT
TATAAGATTGTAATTGGGTATTTTTGGATTGTTACCACCATTACAA
AGCTATTAACAGAG 

Region 3B   CTCTGTTAATAGCTTTGTAATGGTGGTAACAATCCAAAAATACCCA
ATTACAATCTTATAAGTACCAATCATCATCCATCCTATGGTTTTTC
TTTTTTAAACAAAATCCGATATAAAATTAATAAAAATCTATTGTATT
AACACTAAAGGTCTATTTACGAAAATTTATAGTTACAATGATATGA
AATGATAGAAAAAAT 
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Table S4. Recombinant plasmids generated for this study 
 

Plasmid  Purpose 

pTS001  pJAW-ACT2 Destination vector targeting methylation in Region 1A  

pTS002  pJAW-ACT2 Destination vector targeting methylation in Region 1B  

pTS003  pJAW-ACT2 Destination vector targeting methylation in Region 2A  

pTS004  pJAW-ACT2 Destination vector targeting methylation in Region 2B  

pTS005  pJAW-ACT2 Destination vector targeting methylation in Region 3A  

pTS006  pJAW-ACT2 Destination vector targeting methylation in Region 3B  
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ABSTRACT

Epigenetic marks including cytosine DNA methylation are important drivers of gene regulation
and environmental adaptation in plants. In Arabidopsis thaliana, genome-wide DNA methylation
marks differ substantially between wild accessions, and some of these differences have been
linked to geographical origin. Genome-wide methylation in the CG context is catalysed by the
MET1 methyltransferase, often in proximity to genes and transposable elements (TEs). We
generated knockouts of MET1 in 18 early-flowering A. thaliana accessions, to uncover how CG
methylation interacts with genetic background in regulating the epigenome, the transcriptome,
and phenotypic diversity. Homozygous met1 mutants suffered from several developmental
defects such as dwarfism and delayed flowering compared to their wild-type parents, in addition
to accession-specific abnormalities in rosette leaf architecture, silique morphology and fertility.
Inactivation of MET1 reduces CG methylation to 0.1 - 0.5% in all accessions, and alters
chromatin accessibility at several thousands of loci. The epigenetic reprogramming leads to
altered gene expression and the activation of TEs that are unique to each accession. Taken
together, the results underscore how methylation and methylation-induced chromatin
accessibility changes can be drivers of transcriptional activity, and thus may facilitate adaptive
diversification.
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INTRODUCTION

In eukaryotes, gene expression can be fine-tuned by epigenetic changes such as modifications to
the DNA, histone proteins, or changes in chromatin architecture. DNA methylation is established
and maintained by a cohort of methyltransferases, including MET1/DNMT1 (DNA
METHYLTRANSFERASE 1), which semi-conservatively copies methylation marks in the 'CG'
context from the template to the daughter strand. In plants, MET1 is the principal enzyme for
establishing methylation marks in newly replicating cells, especially during the various stages of
fertilization and embryogenesis1,2.

The very first studies of MET1 function in A. thaliana already showed that partially reduced
activity of MET1 can affect the genome-wide distribution of methylation, often causing
phenotypic abnormalities due to epialleles near developmental genes3,4. These effects are
amplified in the EMS-induced A. thaliana met1-1 mutant5 and the T-DNA insertion mutant
met1-36, where methylation is highly reduced genome-wide, particularly at pericentromeric
heterochromatin. This reduction in CG methylation can trigger ectopic methylation by de novo
pathways7,8, affect the distribution of histone methylation marks9–11 alter chromatin accessibility
and long-range chromatin interactions 12.

Naturally inbred lines (accessions) of A. thaliana that have grown under diverse ecological
conditions widely vary in their genetic composition, with an average of one single nucleotide
polymorphism (SNP) every 200 basepairs of the genome, when comparing pairs of accessions
from different parts of the range13. Furthemore, these accessions also vary substantially in their
methylome (DNA methylation landscape), transcriptome14 and mobilome (transposable element
landscape)15,16.

Large-scale structural variation and methylome variation at transposable elements (TEs) in A.
thaliana accessions are known to be influenced by genetic variation at methylation-associated
enzymes14,16–18, suggesting that methylation mechanisms may have co-evolved with TE
mobilization patterns. However, methylome variation is also highly prevalent in genic regions,
functioning as a storehouse of epialleles19,20, some of which can impact key developmental
processes and fitness under new environments 19. All of these findings suggest that methylome
variation may have evolved to maintain genome integrity, but it remains unexplored whether
such variation can also determine differential epigenome stability at the intra-species level.

In this work, we generated loss-of-function mutants of the MET1 gene in 18 accessions of A.
thaliana and studied how their transcriptome and chromatin architecture are differentially
altered upon genome-wide CG hypomethylation. This epigenetic perturbation results in the
differential transcription of many genes, with numbers ranging from hundreds to thousands
across accessions. Approximately 40% of all differentially expressed genes are associated with
TEs, but it is non-TE associated protein-coding genes that show the largest variation in number
and expression levels across accessions. The same genes can exist in different epigenetic states,
both in wild-type and in met1 mutant backgrounds. We show that the absence of MET1 may
affect key developmental abnormalities and also impede reproduction. Our results provide first
evidence of intra-species epigenetic complexity in A. thaliana and can help identify novel gene
regulatory mechanisms that shape adaptive phenotypes.
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RESULTS

met1 mutants in 18 natural A. thaliana accessions have distinct phenotypes and different
degrees of segregation distortion

We used CRISPR-Cas9 mutagenesis21 to target the MET1 gene(AT5G49160) of 18 early-flowering

accessions of A. thaliana, creating frameshift mutations in exon 7 (Supplementary tables
S1,S2,S4;, Supplementary Figure S4a), which encodes part of the cytosine binding domain. For
each accession, transgene-free T2 mutant lines were selected. After one or two rounds of
propagation of heterozygous individuals, the first generation of homozygous plants, either from
the T3 or T4 generation, was used for phenotyping and genotyping. Compared to wild-type
individuals from the respective parental accessions, mutants were dwarfed, flowered late and
had altered rosette leaf architecture, although to different extents in each accession (Figure 1a).
Homozygous mutants also suffered from a range of silique abnormalities (Figure 1b-d), in some
cases affecting their fertility, with greatly diminished seed set.

Consistent with reduced transmission of met1 alleles through the germline6,22, homozygous
mutants were underrepresented in the progeny of heterozygous parents. To accurately estimate
the extent of this segregation distortion, we grew a maximum of 96 segregating progeny each
from heterozygous parent lines (1-2 independently derived mutant lines per accession) and
genotyped them individually using high-throughput amplicon-sequencing of the MET1 locus. As
expected from visual examination, genotyping results showed that met1 mutants of all 18
accessions indeed exhibited segregation distortion, with homozygotes being represented below
the Mendelian proportion of recessive inheritance of 25% (Figure 2a). However, the extent of
proportion of homozygotes varied from accession to accession, with the lowest being in Aa-0
(2%; pChi.sq < 2e-05) and the highest being in Uk-1 (18%; pChi.sq <0.1). Incidentally, Aa-0
homozygotes were among the most dwarfed in stature, and often did not survive until the onset
of flowering.

While examining the MET1 locus in individual met1 mutant plants, we observed some
unexpected genotypes in individuals belonging to seven of the 32 lines analysed. In three met1
lines (Bs-1 Line 2, Bu-0 Line 2 and Ste-0 Line 2), we identified two mutant alleles. Bs-1 Line 2
progeny not only occurred in two homozygous states, but also in a bi-allelic state, suggesting
that they likely originated from a bi-allelic parent. One of the two homozygotes was apparently
more likely to survive, with both homozygotes also being phenotypically distinct from each
other (Figure 2b). For our downstream analyses, we examined homozygous individuals
carrying the rarer allele among the two. For met1 mutants of Bu-0 Line 2 (Figure 2e) and Ste-0
Line 2, the possibility of bi-allelic progenitors were ruled out due to the occurrence of
heterozygous and tri-allelic genotypes including the second mutant allele.

During genotyping-by-sequencing, we also noticed individuals carrying an unequal ratio of
reads representing the wild-type and mutant alleles of MET1. We assigned these individuals the
genotype of “skewed heterozygote", and discovered that they were substantially represented
(29% - 56%) in the segregants of four lines (Bu-0 met1 Line 1, Pi-0 met1 Line 1, Col-0 met1 Line
2, Bl-1 met1 Line 1). Since heterozygotes of these four lines also exhibited phenotypic variation
(Figure 2c, Supplementary Figure S4), we suspected that ploidy variation may be a likely
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explanation. We found that both Bu-0 met1 mutants (Line 1 and Line 2) and the wild-type Bu-0
plants used in this study were tetraploid (Figure 2d). However, other lines exhibiting skewed
heterozygosity were derived from diploid parents (Supplementary Figure S4), awaiting a
better explanation of phenotypic variation in these lines.

Figure 1: Rosette and silique phenotypes of met1 mutants in various accessions. (a)Representative images of

two independently derived mutant lines and a wild-type (WT) plant for six accessions at six weeks post germination;

scale bar denotes 1 cm. Silique phenotypes of WT, first generation and second generation mutants from (b) Bs-1, (c)

Tsu-0 and (d) MAR2-3 respectively. Scale bars for (b), (c) and (d) represent 1 mm.

Despite the distorted segregation for homozygous individuals, we were able to analyse
homozygous met1 mutants for almost all accessions, except Bl-1. Heterozygous Bl-1 met1
individuals also showed morphological defects, albeit not as extreme as Bl-1 met1 homozygotes.
Because homozygous individuals were also rare in Col-0, Ler-1 and Bu-0, we included in our
analyses a few heterozygous individuals from these three accessions as well.
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Figure 2: Segregation distortion in met1 mutants. (a) Barplot showing proportions of various genotypes in

progeny of 32 heterozygous lines. Horizontal bars indicate accessions, below which the line names are denoted. (b)

Bi-allelic phenotypes of met1 Bs-1 Line2 progeny. Bar = 1 cm. (c) Phenotypic diversity in Bu-0 polyploid met1

mutants, Bar =1 cm. (d) Endopolyploidy peak position ratios (from flow cytometry profiles) in Bu-0 and Col-0 lines

('Col-Tet' indicates a Col-0 tetraploid control line) relative to the tomato internal standard. (e) Proportion of various

segregating genotypes in met1 Bu-0 Line 2 progeny.

To study the effects of loss of MET1 activity on DNA methylation, chromatin accessibility and
gene expression, we sampled rosette leaves from 25-day old mutant and corresponding
wild-type plants. It is known that epigenetic states across the genome can diverge in different
lineages of met1 mutants over several generations5,7. We wanted to ensure that we could directly
link chromatin state and gene expression, and therefore produced paired BS-seq, ATAC-seq and
RNA-seq libraries from leaf tissue of the same plant rosettes. Three or four leaves were collected
and processed for preparation of an ATAC-seq library, and the remaining leaves were
homogenized and then split for preparation of BS-seq and RNA-seq libraries. All accessions were
represented by three wild-type individuals and three individuals from one mutant line. For 16
accessions, we additionally included three individuals from a second, independent mutant line.
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Finally, to obtain first insights into progressive changes at later generations of homozygosity, we
analyzed three Tsu-0 and Tscha-1 T4 individuals descended in both cases from the same T3

homozygous parent. Overall, we obtained 72 BS-seq, 158 ATAC-seq and 158 RNA-seq libraries
that passed quality control. The reads from all accessions were mapped against the TAIR10
reference genome, and we used TAIR10 annotations to compare genomic features.

Increased chromatin accessibility and reduced DNA methylation over TEs in met1
mutants

Genome-wide DNA methylation levels in the CG context were drastically reduced to 0.1 to 0.5%
for all homozygous met1 mutant lines, indicating that the mutations had rendered MET1 inactive
in all accessions (Supplementary Figure S7a). A major role of MET1 is in the transcriptional
silencing of TEs, by establishing and maintaining CG methylation23,24. A combined analysis of 73
methylomes of met1 mutants and their wild-type parents identified 2,388 differentially
methylated regions (DMRs) in the CG context, 350 in the CHG context and 1,023 in the CHH
context. As expected from the knockout of MET1, CG-DMRs showed the most striking differences
between met1 mutants and wild-type parents across all accessions, with met1 mutants being
highly hypomethylated (Figure 3a, 3b). Among all CG-DMRs, 50% directly overlapped in
position with a TE, while 60% overlapped protein-coding genes (including genes associated
with TEs). (Supplementary Figure S7). A majority of CHH-DMRs (70%) also occurred at TE
sequences, while >80% of CHG-DMRs occurred in protein-coding genes. Although all met1
mutants had negligible residual CG methylation at CG-DMRs, the extent to which methylation
was altered differed across accessions, consistent with accessions having unique methylomes in
the presence of functional MET114. Cvi-0 and Tscha-1 met1 mutants had the lowest and highest
CG methylation changes at DMRs, respectively, and only 20 CG-DMRs showed similar
methylation changes across all accessions.

Since the starting methylation landscape can differ substantially between accessions 14, we
asked whether this strong reduction in methylation in different accessions differentially impacts
chromatin architecture in each accession. To this end, we examined our ATAC-seq data in 158
samples from met1 mutants and wild-type plants to identify accessible chromatin regions
(ACRs) in the genome. Treating each biological replicate independently, we generated a
consensus set of 34,966 ACRs (Supplementary Figure S8a). UMAP visualization of scaled
accessibility in consensus ACRs revealed that wild-type plants as a group were distinct from
met1 mutants as a group (Figure 3c). Not only different wild-type, but also different met1
individuals from the same accession clustered close to each other, with wild-type plants from
different accessions being more similar to each other than met1 mutants from different
accessions. As a corollary, when comparing how much wild-type and met1 individuals of each
accession differed from each other, it was clear that the effects of met1 mutations varied across
accessions, with the smallest difference between wild-type plants and met1 mutants in Cvi-0.
This variation is not explained by met1 mutants having many more ACRs, and therefore being
more likely to vary between accessions.
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Figure 3: met1 mutants have reduced CG methylation and increased chromatin accessibility. (a) UMAP

visualization and (b) heatmap of CG methylation levels in 73 samples (18 wild-type plants and 55 mutants) across

749 CG-DMRs (from a total of 2,388 CG-DMRs). (c) Chromatin accessibility in log2(CPM) of 34,966 ACRs measured

across 158 samples (54 wild-type plants and 104 mutants) visualized by UMAP. (d) z-scaled values of 5,560

consensus ACRs from k-group 1 as a heatmap, with mean accessibility indicated on the right. Methylation levels in (b)

are represented as %CG methylation in CG-DMRs and accessibility levels in (d) are represented as TMM normalized

values in counts per million (CPM). Genotypes represented are wild-types ('WT'), heterozygous met1 mutants ('Mut

Het'), first generation homozygous met1 mutants ('Mut Homo G1') and second generation homozygous met1 mutants

('Mut Homo G2').

Similarities between the 34,966 ACRs clustered samples into 5 k-groups according to shared
variation across accessions. We next examined the variation in scaled accessibility levels across
each ACR. Mutant lines had generally higher accessibility than wild-type plants; this difference
was particularly stark in group k1 with 5,610 ACRs (Figure 3d).
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To evaluate if accessions had similar position-specific epigenetic profiles, we compared
metaplots of mean chromatin accessibility and methylation in all contexts for each sample. The
metaplots were generated by averaging over TEs (31,189) (Figure 4a) and protein-coding genes
that were not associated with TEs (27,206)(Figure 4b) annotated in the TAIR10 reference
genome in 10 bp non-overlapping bins and including 1 kb upstream and downstream
sequences.

In wild-type plants of all accessions, methylation over the body of TE sequences was higher than
in flanking regions, consistent with established knowledge of TEs being highly methylated 25,26.
In homozygous met1 mutants, methylation was overall reduced, but low levels remained over
both TEs and gene bodies (Figure 4a , 4b, right panels). As expected, most heterozygotes were
closer to wild-type plants than to homozygous mutants. In Col-0, heterozygotes were the least
different from wild-type plants.

We observed that chromatin accessibility patterns in met1 mutants mirrored cytosine
methylation levels, where increase in accessibility was often accompanied by decrease in
methylation. Mean accessibility in met1 mutants from all accessions was profoundly increased
across TEs (Figure 4a, left panel), while differences in accessibility over all genes (excluding
TE-associated genes) were small (Figure 4b, left panel). This is consistent with the notion that
TEs are primary targets of MET1 methyltransferase activity, with chromatin over all TEs being
more sensitive to methylation loss than the bodies of all Non-TE protein-coding genes. Increased
accessibility and reduced cytosine methylation in all met1 mutants often co-occur at TEs, but not
consistently in other protein-coding genes, as described by quantitative analyses in later
sections.

A large fraction of TE genes become expressed in met1 mutants

To investigate which met1-induced gene expression changes might cause the abnormal mutant
phenotypes, we examined the transcriptomes of 104 mutant and 54 wild-type samples from all
18 accessions. A UMAP visualization of RNA-seq read counts across 21,657 genes revealed two
distinct clusters representing mutant and wild-type plants (Figure 5a). Similar to chromatin
accessibility profiles, expression levels varied much more between accessions within the group
of mutant samples than among wild-type samples. For two accessions, Tscha-1 and Tsu-0, we
had also examined expression profiles of second-generation homozygous mutants, finding that
there were no obvious changes relative to the first generation. Mutants of the Cvi-0 accession
were notable, because they differed little in overall chromatin accessibility from their wild-type
parents (Figure 3a), but had very different expression profiles (Figure 5a). This indicates that
expression changes due to hypomethylation are not necessarily mediated by stark differences in
chromatin accessibility.
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Figure 4: met1 mutants have more accessible chromatin and are hypomethylated over TEs and genes.

Metaplots of mean chromatin accessibility across all (a) TAIR10 TEs and (b) Non-TE protein-coding genes in 18

accessions. Boxes are color-coded by accession, and data are colored by genotype. (c) Metaplots of accessibility and

methylation for Est-1 and Com-1, across Non-DEGs, DEGs, TE-DEGs and Non-TE-DEGs. TSS and TTS denote

transcription start site and transcription termination site respectively. Methylation levels are represented as %

cytosine methylation (all-contexts) and accessibility levels are represented as TMM normalized values in counts per

million (CPM).

From the 21,657 genes analysed, we were first interested in genes whose expression levels
changed across all mutant and wild-type plants. We identified 3,479 (p<=0.01, |log2 fold change|
>=1) differentially expressed genes (DEGs), when contrasting all mutants from the 18 accessions
with all wild-type samples from the 18 accessions. Given that a main role of MET1 is to prevent
inappropriate expression of TEs27, we first asked whether TE transcripts accumulated in our
met1 mutants. We therefore examined so-called TE-associated genes; these are genes encoding
products required for TE mobility such as helicases, integrases, or transposases28.
Approximately 42% (1,466) of all DEGs originated from TEs (TE-DEGs), and almost all of these
(except 5 genes) were upregulated in mutants compared to wild-type plants (Figure 5b). This
observation is consistent with previous findings that many TE-sequences that are marked by
methylation in wild-type plants can be activated upon hypomethylation in Col-0 met1 mutants
25,29,30 and in their inbred lineages 27,31. Among the 2,013 Non-TE-DEGs, only about two thirds
were upregulated in the mutants, with 728 genes being downregulated. TE-DEGs were enriched
in pericentromeric regions and were very highly expressed in mutants, often 1,000 fold higher
than in wild-type plants (Figure 5e). In contrast, Non-TE-DEGs were more evenly distributed
over chromosome arms, and their expression changes were more moderate. Among the 2,013
Non-TE-DEGs, a series of GO terms was enriched, many relating to abiotic and biotic stress and
stimulus response (Supplemental Fig. 13).

Accession-specific DEGs are distributed across the genome and show large variation in
gene expression changes

Although we were able to identify DEGs by contrasting all mutants with all wild-type samples,
not all DEGs were uniformly induced or repressed in different accessions upon inactivation of
MET1. An example of a random subset of 30 DEGs is shown in Supplemental Figure S9d.

Having noted that DEGs do not necessarily behave uniformly across accessions, we also
contrasted met1 mutants and wild-type samples for each of the 18 accessions. We first
investigated the chromosomal distribution of such DEGs in each accession with
accession-specific ideograms of all five chromosomes (Supplementary Figure S10). In
agreement with MET1 silencing of heterochromatic TEs, pericentromeric and centromeric
regions were consistently enriched for upregulated TE-DEGs in all accessions. Although the TE
superfamilies in closest proximity to TE-DEGs were similarly distributed for met1 mutants of all
accessions, the superfamily that was most likely to be activated in met1 mutants was the Class II
DNA transposon family En/Spm (Supplementary Figure S9e). CACTA elements of the En/Spm
superfamily are transcribed in Col-0 met1 mutants32,33, although transposition events are not
detectable32.
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Figure 5: Accession-specific DEGs in met1 mutants. (a) UMAP visualization of transformed RNA-seq counts from

158 samples (104 met1 mutants and 54 wild-type plants) across 21,657 genes. Colors indicate accessions, and shapes

indicate genotype. (b) Volcano plot of 3,479 DEGs identified in a contrast between all mutant samples (104) and all

wild-type samples (54). DEGs were defined as genes which showed log2 fold change >1 and p.adj <=0.01. Purple

colored dots represent DEGs that are TE-associated (TE-DEGs), and yellow colored dots are Non-TE-associated DEGs

(Non-TE-DEGs). (c) DEGs identified in 18 accession-specific contrasts, and an all-mutants-against-all-wild-type

contrast (denoted by 'A). (d) Correlation heatmap of 7,132 consensus DEGs from all accessions. (e) Karyogram

indicating DEGs (all-mutants-against-all-wild-type contrast) along five A. thaliana chromosomes, and their log2 fold

change (Mut/WT). Upregulated DEGs are colored orange and downregulated DEGs green. (f) Heatmap of log2 fold

changes (Mut/WT) in 15 universal Non-TE-DEGs across all contrasts; the FWA and SDC genes are highlighted with

black outlines. TAIR10 gene names, encoded proteins and the tissue they are known to be preferentially expressed in

wild type are denoted for every row. Genotypes represented are wild-types ('WT'), heterozygous met1 mutants ('Mut

Het'), first generation homozygous met1 mutants ('Mut Homo G1') and second generation homozygous met1 mutants

('Mut Homo G2').

Non-TE-DEGs, which were similarly likely to be up- or down-regulated (Supplementary Figure
S11b), were distributed throughout the chromosome arms. In contrast to TE-DEGs, the number
of Non-TE-DEGs varied substantially between accessions (Figure 5c), which in turn explained
why some accessions had many more downregulated DEGs than others (Supplementary
Figure S11a). The number of Non-TE-DEGs was as low as 278 in Com-1, and as high as 3,409 in
Est-1. Est-1 met1 mutants appeared to be particularly sensitive to hypomethylation in Non-TE
genes, which accounted for 77% of DEGs in this accession. The converse was true for Com-1,
where only 26% of DEGs were Non-TE genes. That there was much more variation in the
number of Non-TE-DEGs across accessions than in the number of TE-DEGs potentially points to
different mechanisms that cause changes in TE- and Non-TE genes in met1 mutants.

To begin to investigate what was behind the large variation in number of Non-TE-DEGs in the
different accessions, we first looked at the number of shared Non-TE-DEGs between different
groups of accessions (Supplementary Figure S11d). We found that Est-1 had the largest
number of Non-TE-DEGs, 983, not found in any other contrast. Com-1, which had the fewest
Non-TE-DEGs among all contrasts, also had the fewest genes, six, not observed in any other
contrast. In addition to these six accession-specific genes, there were 272 Non-TE-DEGs in
Com-1 that were found in at least one other contrast.

Next, we identified DEGs common to all 19 comparisons. i.e., found in all 18 accession-specific
contrasts and the contrast between all mutants and all wild-type plants, to study genes that
were universally altered in expression among met1 mutants of all accessions. We found 291
universal DEGs, all but 15 (5%) of which were TE-DEGs. There was a wide range in expression
profiles between accessions, suggesting that similar genes between accessions can be highly
variable in the absence of functional MET1 (Supplementary Figure S9b). For example, Ler-1
was among the accessions with the highest expression levels of universal DEGs in met1 mutants
(up to 5,500 fold), while universal DEGs showed the least change in Col-0 met1 mutants (up to
1,075 fold).

Among the remaining 15 universal Non-TE-DEGs (Figure 5f), three genes are known to be
strongly expressed in siliques and to be maternally imprinted (FWA, SDC, AT1G59930)34,35, in
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addition to five other genes that are also strongly expressed in wild-type siliques. Ectopic
expression of FWA associated with hypomethylated tandem repeats overlapping the
transcription start causes late flowering in met1 and fwa-1 mutants36,37. Indeed, all our met1
mutants were late flowering compared to their wild-type parents, likely due to the effect of the
hypomethylated FWA epiallele. SDC is another locus that becomes activated upon
hypomethylation of short tandem repeats in its promoter, in both met1 mutants and, even more
strongly, in drm1 drm2 cmt3 triple mutants. When SDC is activated, plants exhibit dwarfism and
leaf curling (Supplementary Figure S12)38,35,38.

To ask whether the large expression differences at DEGs could arise from epigenetic variation,
we first re-generated metaplots of chromatin accessibility and DNA methylation in two
accessions (Est-1 and Com-1) to separately examine Non-DEGs (genes that were not
differentially expressed), DEGs, TE-DEGs and Non-TE-DEGs (Figure 4c). In both accessions, we
found that DEGs were marked by increased chromatin accessibility and reduced DNA
methylation in met1 mutants. Yet, the accession-specific differences for both met1 mutants and
wild-type plants were highest at Non-TE-DEGs, especially in chromatin accessibility. This
variation in gene regulation between accessions is striking, and likely reflects variation in the
number of genes compared (278 Non-TE-DEGs in Com-1 and 3409 Non-TE-DEGs in Est). These
observations provide further evidence to support that gene regulatory patterns across
accessions may be more variable at Non-TE genes.

Non-TE-DEGs are marked by varied methylation levels in cis and reflect parental
epigenetic state

Having observed that differential gene expression could be accompanied by epigenetic changes,
we next examined DEGs across all accessions to quantitatively assess their DNA methylation and
gene expression levels. We generated a consensus set of 7,132 DEGs from all 18 accessions (see
Methods, Figure 5d), which we classified as TE-DEGs (1,401) and Non-TE-DEGs (5,731), and
identified the nearest CG-DMR to each DEG (Supplementary Figure S14). We chose to focus on
CG-DMRs, and therefore CG-methylation, to simplify our analyses, also because these regions
suffered the most direct consequences of MET1 inactivation.

Only a small fraction of DEGs (21% of TE-DEGs and 7% of Non-TE-DEGs) contained CG-DMRs in
close proximity (either overlapping gene body or within 1.5 kb of the gene). Conversely, most
CG-DMRs were distally positioned to DEGs, with only 28% and 21% of CG-DMRs found in
proximity to Non-TE-DEGs and TE-DEGs. respectively. For DEGs with proximal CG-DMRs, we
plotted methylation differences relative to wild-type against gene expression changes for met1
mutants across all 18 accessions.

Since TEs are generally known to be silenced in wild-type plants, we anticipated that the loss of
CG methylation would have similar effects in activating their expression. Indeed, most TE-DEGs
in met1 mutants were marked by substantial hypomethylation (difference in methylation <
-50%), both within their gene bodies (Supplementary Figure 19e) and in cis (Supplementary
Figure S20e). This methylation loss was accompanied by high increases in gene expression,
although not to the same extent in every accession.
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Fig 6: CG-DMRs in gene-bodies of Non-TE-DEGs (a-d) and TE-DEGs (e-h). Scatter plots showing differences in CG

methylation between met1 mutants and wildtype plants against differences in gene expression. Dots are colored by

wild-type expression quintiles (a,b,e,f) and wild-type methylation quintiles (c,d,g,h) with x- and y-axis density

distributions of each expression/methylation quintile. Expression levels are represented as transformed read counts

and methylation levels are represented as % CG methylation in CG-DMRs.
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Non-TE-DEGs, which varied greatly in number and expression levels across accessions, also
exhibited a wide gradient of methylation differences relative to wild-type (ranging from -100%
to 10%) both in gene bodies (Supplementary Figure 19a) and in cis (Supplementary Figure
S20a). A subset of genes that were highly upregulated among Non-TE-DEGs also exhibited
highly reduced CG methylation (differences in methylation < -75%) in met1 mutants. However,
there were also many genes that showed negligible methylation differences in met1 mutants.

Knowing that wild-type accessions can show substantial variation in their methylomes14, we
suspected that genes with minimal methylation differences were likely to exist in a
hypomethylated state in their wild-type parental lines. Therefore, we asked whether parental
methylation and expression state can determine the epigenetic and transcriptional plasticity of
genes in met1 mutants. We observed that wild-type methylation states of CG-DMRs near DEGs
were highly correlated with methylation differences in met1 mutants (up to Rsq=1 for
Non-TE-DEGs). This suggests that genes flanked by heavy methylation in wild-type plants are
more likely to show the largest reductions in methylation levels in the absence of MET1 (Figure
6c). In contrast, genes that were poorly expressed in wild-type plants were more prone to being
highly upregulated in met1 mutants (Figure 6a). For all of our analyses with DEGs, we also
carried out similar analyses with randomly sampled Non-DEGs (or genes that were not
differentially expressed) as a control (Figure 6b, 6d, 6f, 6h). We found that the correlation
between wild-type methylation state and methylation differences in the met1 mutants remained
(Figure 6d, 6h), suggesting that this effect was independent of gene expression changes.

In wild accessions, many constitutively active genes are marked by gene-body CG methylation
(gbM)39 and the methylation levels of these genes are known to vary in tandem with their
differential expression across A. thaliana accessions19,20 We also examined gbM-like genes
among Non-TE-DEGs (Methods) in our dataset to find that they were mostly downregulated in
met1 mutants, but were not shared across all accessions (Supplementary Figure S21).
Incidentally, genes that were highly methylated and lowly expressed in wild-types (exhibiting TE
methylation characteristics in the CG context, or 'CG teM-like' genes) were always upregulated in
met1 mutants and showed high similarities with TE-DEGs (Supplementary Figure S22).
Surprisingly, there were no genes common to both gbM-like and CG teM-like gene groups,
suggesting different epigenetic phenomena underlying their regulation.

Non-TE-DEGs can exhibit multiple chromatin accessibility states

There were many more ACRs than DMRs in a consensus set compared across all of our mutant
and wild-type samples. When we looked for positional overlaps of ACRs relative to DEGs, we
found that a majority of DEGs, over 90%, had ACRs in cis and/or within their gene body (which
we collectively refer to as 'cis ACRs').

TE-DEGs, which were almost always upregulated in met1 mutants, were marked by a roughly
proportional increase in chromatin accessibility overall (Figure 7e, 7g), as we had expected
from earlier results (Figure 4c). However, this pattern was not as straightforward for
Non-TE-DEGs, where an increase in accessibility could be associated with, but did not
necessitate an increase in gene expression. Similarly, some down-regulated genes showed an
increase in accessibility, and others a decrease. Although a common finding in many previous
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studies has been that accessible chromatin can favour gene transcription by facilitating
transcription-factor binding40,41, there has also been evidence that inaccessible regions can occur
in some long, highly transcribed genes42.

Non-TE-DEGs with low expression levels and low cis accessibility in wild type were more prone
to increased expression and accessibility in met1 mutants, compared to other genes (Figure 7c,
7g). Many genes with highly reduced accessibility in met1 mutants were also highly accessible in
the wild-type state. However, it appeared that hypomethylation in met1 mutants did not
consistently affect accessibility in all other genes. Together, these observations indicate that
perturbation of the methylation state can destabilize chromatin architecture, but chromatin
accessibility changes need not always be accompanied by proportional changes in gene
expression.

MET1 can have direct and indirect effects on transcription at Non-TE genes

Since Non-TE-DEGs appeared to be more variable across accessions in their differential gene
expression (Figure 8b), differential chromatin accessibility (Figure 6a,6c) and differential CG
methylation (Figure 7a,7c) in met1 mutants, we focused on these genes to better understand
epigenetic plasticity in our met1 mutants. Among a total of 5,731 consensus Non-TE-DEGs, a
majority (87%) carried accessible chromatin regions in cis, but lacked a cis CG-DMR ('cis' here
including the gene-body).

Some DEGs (361) exhibited neither an ACR nor a CG-DMR in their proximity, suggesting that
the loss of CG-methylation may have triggered other epigenetic mechanisms to indirectly affect
expression of these genes. Only 27 DEGs exhibited cis CG-DMRs without ACRs in their proximity.
We examined a few genes from each of these categories (Figure 8a) and found that the
relationship between gene expression changes, CG methylation changes and accessibility
changes could substantially vary across met1 mutants in different accessions.
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Fig 7: ACRs in cis to TE-DEGs (a-d) and Non-TE-DEGs (e-h). Scatter plots showing differences in chromatin

accessibility between met1 mutants and wild-type plants against differences in gene expression. Dots in the scatter

plot are colored by wild-type expression quintiles (a,b,e,f) and wild-type accessibility quintiles (c,d,g,h) with x- and

y-axis density distributions of each expression/accessibility quintile. Expression levels are represented as

transformed read counts and accessibility levels are represented as TMM normalized values in counts per million

(CPM).
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We were most interested in Non-TE genes that carried both cis ACRs and CG-DMRs (392 DEGs
and 951 Non-DEGs). In general, we found that genes with a high CG methylation reduction in
met1 mutants (ΔMethylation < -70%) had a tendency to show large increases or decreases in
chromatin accessibility. Yet, for both DEGs (Figure 8d) and Non-DEGs (Figure 8e), almost all
genes were distributed in several combinations of methylation and accessibility states, and did
not cluster by degree of expression change. This suggested not only the presence of multiple
epigenetic states for different genes, but also the possibility of similar genes with different
epigenetic states across accessions. However, one group of genes among DEGs stood out from
the rest: this group was highly expressed in met1 mutants, marked by high methylation
reduction and also by highly increased accessibility (Figure 8d).

We next examined all Non-TE genes together (1,343 genes comprising 392 DEGs and 951
Non-DEGs) for accession-specific epigenetic patterns. We first compared the methylation levels
of these genes in the wild-type and mutant genotypes, and found that the accession Cvi-0
exhibited the highest fraction of genes that showed minimal reduction in methylation in met1
mutants (Supplementary Figure S25). This was explained by Cvi-0 having a higher fraction of
lowly methylated genes in wild-type, compared to other accessions (Supplementary Figure
S25). However, both genes with low methylation changes (Figure 8f) and genes with high
methylation changes (Figure 8g) in Cvi-0 changed in accessibility and expression, although not
as largely as in other accessions. This suggests that genome-wide hypomethylation may alter
epigenetic stability indirectly even in genes that do not change their methylation levels.

met1 mutants exhibit phenotypes characteristic of known epialleles

Among our met1 mutants, we found well-known epialleles at loci as FWA36 (Supplementary
Figure S25) , SDC38 (Supplementary Figure S12) , the PAI genes43, IBM144, SNC1 (similar to the
bal variant)45, AG4 and SUP (similar to the clark-kent variant 46 (Supplementary Figure S26),
some of which have been observed in met1 mutants of the accessions Col-0 and C243,47. We
observed different methylation patterns at these loci depending on the accession of origin, with
considerable variation in chromatin accessibility and gene expression (Supplementary Figure
S25) across accessions. As seen before7, some epialleles arise in second-generation met1
mutants (Supplementary Figure S3), suggesting that epigenetic instability due to absence of
MET1 continues during inbreeding.

Another notable example of a Non-TE-DEG includes the ROS1 demethylase locus (AT2G36490)48.
In accordance with its function as a methylation sensor7,49,50, ROS1 was consistently
downregulated in all met1 mutants, with variation in the reduction of chromatin accessibility
and gene expression across accessions and Cvi-0 showing the smallest changes (Figure 8c).
While methylation in all-contexts at the 'methylstat’ sequence49,50 in the ROS1 promoter is absent
in our met1 mutants, mutants gain methylation further downstream in the gene body (Figure
8c). These results show that genome stability may require tight epigenetic and epigenomic
control even at master regulatory genes.
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Fig 8: Non-TE-DEGs in met1 mutants can exist in multiple epigenetic states across accessions. (a) Scatter plots

showing the relationship between changes in methylation and accessibility at a representative DMR, DMR 345. (b)

Heatmap of expression changes across 5,731 Non-TE-DEGs in 17 accessions, with an adjacent heatmap showing

variance expressed as standard deviation (SD) across accessions, and scatterplots of changes in expression and

accessibility in representative genes from two different DEG categories (based on overlap with cis CG-DMRs and

ACRs). (c) Genome-browser view of methylated cytosines in all contexts and scatterplot of changes in expression and

accessibility at ROS1 locus. (d) Scatterplot of changes in accessibility and methylation in Non-TE-DEGs across 17

accessions. Colors and density distributions represent quintiles of expression changes. (e) Scatterplots similar to (d)

for Non-TE genes. (f) Scatterplot of changes in accessibility and expression of lowly methylated genes in Cvi-0 (dark

green) compared across the same genes in 16 other accessions (dark grey). (g) Scatterplot similar to (f) for highly

methylated genes in Cvi-0. (h) Scatterplot of changes in methylation and expression in Non-TE-DEGs carrying

gene-body CG-DMRs, colored by DEGs specific to Col-0 (black) against DEGs in other accessions (yellow). (i)

Scatterplot of changes in accessibility and expression in Non-TE-DEGs carrying cis ACRs, colored by DEGs specific to
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Col-0 (black) against DEGs in other accessions (yellow). Expression levels are represented as transformed read

counts; accessibility levels as TMM values in counts per million (CPM), and methylation levels as % CG methylation.

DISCUSSION

Studying natural variation can be insightful for understanding the extent of genetic and
epigenetic flexibility required for population-specific adaptation, especially in plants. In A.
thaliana, there is plenty of evidence to demonstrate that the genome, methylome and
transcriptome can largely vary even at the intra-specific level 13,14. Furthermore, the intersection
of genetics and epigenetics in natural accessions is best studied at TEs, whose silencing is
determined by enzymes involved in DNA methylation15,18. Yet, DNA methylation marks are also
prevalent throughout euchromatin, especially in proximity of protein-coding genes that are not
associated with TEs. In our study, we show how the absence of methylation marks can
simultaneously disturb the regulatory balance of thousands of such genes, and that it does so to
remarkably different extent in accessions from geographically diverse origins. We generated
met1 mutants in 18 accessions of A. thaliana and found a wide range of phenotypic defects
arising from highly reduced CG methylation, accompanied by substantial changes in both
chromatin architecture and the transcriptome.

The absence of MET1 in A. thaliana has long been known to affect the chromatin landscape apart
as an apparent consequence of its effects on methylation 7,9,10. ATAC-seq analyses in met1
mutants have also highlighted the prevalence of increased chromatin accessibility at several
hypomethylated loci, which in turn can facilitate long-range chromatin interactions12. Previous
studies, however, have been largely restricted to the reference accession Col-0, which only
provides a singular view of the epigenetic landscape. In comparing two genotypes (wild-type
plants and homozygous met1 mutants) across 17 accessions, we show that CG methylation, gene
expression and chromatin accessibility can widely vary beyond Col-0 levels, especially at genes
that are not associated with TEs (Figure 8h, 8i).

Knowing that methylation changes are likely to activate the expression of TE-genes33, but may
not consistently affect the expression of Non-TE genes, we separated our analyses of DEGs into
two groups - TE-DEGs and Non-TE-DEGs. While the mobilization of TEs is known to disrupt
genes and cause phenotypic defects in Col-0 met1 mutants 27, this is often observed only upon
inbreeding, since activation of TEs does not necessarily guarantee their mobilization 32. Analyses
of our met1 mutants were largely restricted to first generation met1 homozygotes - and while
many TE-DEGs are upregulated in these mutants, the differential epigenetic regulation of highly
variable Non-TE-DEGs across accessions may be more causal for the plethora of observed
phenotypic defects.

When analysing a consensus set of DEGs from all accessions together, we always find that the
consequences of MET1 inactivation greatly depend on the initial epigenetic state of the
wild-type parent. Lowly expressed, inaccessible and highly CG methylated genes in wild-type
plants show a tendency to have high expression, high accessibility and CG hypomethylation in
their met1 mutant derivatives. This pattern is observed for most TE-DEGs, but only for a small
subset of Non-TE-DEGs.
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Non-TE-DEGs show more variability in their methylation and accessibility changes in met1
mutants, which is associated with more variation in gene expression changes, in either direction,
i.e., both up- and down-regulation in met1 mutants. Regions of increased accessibility in Col-0
met1 mutants have been previously associated with multiple gene groups, classified by their
expression changes12. In our study we find that this association can be multi-layered, varying by
gene, genetic background, and the epigenetic background. For example, the study by Zhong and
colleagues12 demonstrated local changes in methylation were sufficient to alter chromatin
accessibility at the FWA epiallele. Upon examining the same FWA locus in our homozygous met1
mutants of 17 accessions, we find that the increases in accessibility can highly vary even when
all met1 mutants are similarly hypomethylated, although parental methylation levels differ
(Supplementary Figure S25). Additionally, the relationship between accessibility changes and
expression changes is non-linear for this gene (Supplementary Figure S25), suggesting that
more complex processes may be involved in its regulation.

The FWA gene is only one example among a total of 11,675 unique DEGs in all of our met1
mutants across 18 accessions (compared to 1,759 DEGs in Col-0 alone). That only 291 DEGs
among these are universal across all accessions, shows the differential sensitivity of each genetic
background to methylation-triggered gene regulation. DEGs include developmental genes,
epigenetic regulatory genes such as ROS1, IBM1 and SUVH3, many of which are well-known
epialleles. Although we sampled rosette leaves for our analyses, many DEGs are natively
expressed in other tissues of wild-type plants. Additionally, we find that both methylation and
accessibility changes can also occur near genes that are not differentially expressed in rosette
leaf tissue. It is possible that these epigenetic states may be poised for altering gene expression
in other tissues51, or during inbreeding.

A wide-range of silique abnormalities and distorted segregation ratios in our met1 mutants
indicates that the absence of MET1 function may be detrimental for gametogenesis, fertilization
or post-zygotic development. Among the accessions used in our study, Ler-1 and Tsu-0 carry a
microRNA haplotype which is known to impair silencing of TEs in male gametes (Ler-0 MIR845
haplotype52). Furthermore, epigenetic variation across the accessions Col-0, Ler-1 and Cvi-0 can
impact seed development due to differential imprinting53,54. For example, the comparatively
higher fertility of our met1 mutants in Cvi-0 could possibly be due to natural hypomethylation of
the HDG3 (AT2G32370) locus in wild-type Cvi-0 plants (Supplementary Figure S26), thereby
not causing dramatic effects in seed size as observed in mutants of other accessions. Future
studies on the epigenetic and epigenomic landscape of gametophytic, embryonic and endosperm
tissue of our met1 mutants will shed light on how hypomethylation in somatic cells can impact
fertilization processes.

The high number of altered chromatin accessibility regions identified in our met1 mutants is in
agreement with observations in Col-0 met1, ddm-1 and fwa-1 mutants, in which accessibility
differences appear upon CG hypomethylation 12. Accessible chromatin regions in several
angiosperms are known to harbor conserved regulatory elements and transcription factor
binding sites 40,41,55–58, and they can also be marked by reduced cytosine methylation51,56,59–61. The
epigenetic profiles of our met1 mutant collection can help characterize the potential plasticity of
transcription factor binding62 to various genomic regions in natural accessions.

21

https://paperpile.com/c/ihtTss/YmNP
https://paperpile.com/c/ihtTss/YmNP
https://paperpile.com/c/ihtTss/B8Eh
https://paperpile.com/c/ihtTss/OKXF
https://paperpile.com/c/ihtTss/SY3f+VAlg
https://paperpile.com/c/ihtTss/YmNP
https://paperpile.com/c/ihtTss/vuqb+YeIH+uUWK+VOvo+NNDO+UXwD
https://paperpile.com/c/ihtTss/uUWK+sl9G+B8Eh+DPk3+tAob
https://paperpile.com/c/ihtTss/ocEI


Structural variation in the genome, especially over TEs and intergenic regions, has been
well-studied in A. thaliana accessions 16,57,63 and can be important for preventing a 'reference
bias’ when evaluating chromatin accessibility differences57,63. It will be interesting to further
investigate whether newly mobilized TEs in our met1 mutants or associated protein-coding
genes can 'carry’ similar epigenetic states in all insertion sites64, and if the excision sites retain
residual epigenetic states from these elements. The availability of high-quality genomes at the
accession-specific level, together with a large set of epigenetic mutants in the germplasm
collection would greatly improve our understanding of epigenetic and epigenomic regulatory
evolution.
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METHODS

CRISPR/Cas9 knockout of MET1 in 18 A. thaliana accessions

Using a plant molecular cloning toolbox21, a supermodule destination binary vector carrying a
plant-codon optimized Cas9 driven by a UBQ10 promoter was cloned with a single guide-RNA
(gRNA) targeting the A. thaliana MET1 (AT5G49160) gene. The gRNA was designed using the
CRISPR design tool in Benchling (www.benchling.com) targeting a 20 bp region in exon 7 of
MET1 (Supplementary table S1), which is the same exon where previously described met1-3
mutants are known to harbour a T-DNA insertion6. This exon is present in the catalytic domain
of the protein and harbors a motif that is a binding site for cytosine nucleotide substrates 65.
Eighteen early-flowering A. thaliana accessions were transformed with the above CRISPR
construct by Agrobacterium-mediated floral dipping66, carried out twice with a 7-10 day interval.
Seeds of primary transformants (T1) were screened for the presence of the transgene by
selecting for the mCherry fluorescence marker, and sown on soil. These T1 plants were subjected
to heat treatment cycles for enhancing Cas9 activity67. Genotyped lines carrying a mutation in
the gRNA-target region were propagated to the T2 generation after segregating the transgene (by
selecting for non-mCherry seeds), followed by identification of lines carrying heritable
heterozygous mutations. One to two heterozygous T2 lines per accession were further
propagated for another generation to identify homozygous plants in the segregating progeny.

Genotyping transformants and identification of homozygous mutants

First- and second-generation homozygous mutants were genotyped either using Sanger
sequencing of a 649 bp PCR-amplicon, or by amplicon-sequencing of a 152 bp PCR-amplicon
(Supplementary Table S3), both covering the CRISPR guide-RNA target region. Most of the
mutations identified in all mutants were single bp insertions or deletions that occurred within
the first four bp from the 5' end of the target region, and disrupted the open reading frame due
to frameshifting. Candidate homozygous mutants in segregating T3 populations were first
identified by visual phenotyping, followed by genotyping.

Plant growth conditions and tissue collection for large-scale sequencing

Seeds were sterilised by treatment with chlorine gas for 4 hours, followed by stratification in the
dark at 4°C for 4 days in 0.1% agar. All plants were grown in controlled growth chambers at 23
°C, long day conditions (16 h light/8 h dark) with 65% relative humidity under 110 to 140 μmol
m−2 s−1 light provided by Philips GreenPower TLED modules (Philips Lighting GmbH, Hamburg,
Germany) with a mixture of 2:1 DR/W LB (deep red/white mixture with ca. 15% blue light) and
W HB (white with ca. 25% blue light), respectively, and watered at 2-day intervals.

Since homozygous mutants from several accessions had reduced fertility and did not set
sufficient seeds for further propagation, sampling for all sequencing experiments was carried
out in the first homozygous generation. Segregating populations of T3 mutant plants were
grown from 1-2 lines per accession, and homozygous individuals were marked by their distinct
phenotype (as identified in previous growth experiments) and later confirmed by Sanger

23

https://paperpile.com/c/ihtTss/pcNk
http://www.benchling.com
https://paperpile.com/c/ihtTss/5m3k
https://paperpile.com/c/ihtTss/6eDw
https://paperpile.com/c/ihtTss/upuW
https://paperpile.com/c/ihtTss/wKKf


sequencing of DNA used for BS-seq libraries. Wild-type plants from the same accessions were
grown in parallel to all mutant lines.

At 25 days after germination, three homozygous individuals per T2 line per accession were
collected as separate biological replicates, along with three wild-type individuals. Sampling
involved the collection of three sets of rosette leaves from the same individual plant. One set of
leaves was immediately frozen in liquid nitrogen containers (and subsequently at -80°C) for
Bisulfite-sequencing analysis, and the second set similarly for RNA-sequencing. The third set of
leaves (for ATAC-sequencing analysis) were subjected to syringe-infiltration with 0.1%
formaldehyde in phosphate-buffer saline, followed by 0.125 M glycine in phosphate-buffer
saline, washed with autoclaved water and dried before storage at -80°C. All tissue sampling and
fixation was carried out within a 30 minute time window.

Bisulfite-seq library prep

Frozen leaf tissue from three biological replicates were mixed and grinded together. This
powder was used for isolating genomic DNA using the DNeasy Plant Mini Kit (Qiagen). 100 ng of
this genomic DNA was subsequently used to prepare Bisulfite libraries with the TruSeq Nano kit
(Illumina, San Diego, CA, USA) according to the manufacturer’s instructions, with the
modifications used in ref.68. The libraries were sequenced in paired-end mode, with
approximately 8.5 million 150 bp reads/library on an Illumina HiSeq3000 instrument.

Processing of BS-seq data and DMR calling

Raw BS-seq reads were aligned using Bismark with default parameters69 and mapped to the A.
thaliana (TAIR10) reference genome. The bisulfite conversion efficiency for each sample was
estimated by evaluating the fraction of positions correctly called as unmethylated in the
chloroplast genome. It was consistently above 99.6% in all samples. The mapping efficiency for
all samples varied between 40 and 65%, with an average of 49% (Supplemental Table S2).
Deduplicated bam files generated by Bismark were sorted and then processed using Methylscore
(https://github.com/Computomics/MethylScore) in the slurm CBE cluster of the Vienna
Biocenter (VBC), to identify DMRs (Differentially Methylated Regions) with the following
parameters: DMR_MIN_C=10 (minimum 10 cytosines in each DMR), DMR_MIN_COV=3X
(minimum 3X coverage in each cytosine), MR_FREQ_CHANGE=20 (at least 20% of samples
showing a change in MR frequency to be tested as a candidate DMR),
CLUSTER_MIN_METH_DIFF=20 (which sets a 20% cutoff for methylation difference between
clusters in the CG, CHG and CHH contexts). All other parameters were based on default settings.

DMR coordinates were intersected with individual genome-wide cytosine methylation levels
based on the genome_matrix file generated by Methylscore. A total of 2,836 AllC DMRs (in all 3
contexts), 2,388 CG DMRs, 350 CHG DMRs and 1,023 CHH DMRs were called across 73 samples
(55 mutants and 18 wildtypes). In some cases, a DMR was enriched for more than one context,
resulting in partial redundancies. Subsequently, the three context-specific DMRs (CG, CHG, CHH)
were evaluated for context-specific average methylation levels by intersecting with
sample-specific cytosine methylation data. This was achieved using the bedtools software
(v2.26.0) with the following command:
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bedtools map -a DMR_coordinates.bed -b methylated_cytosines_sampleX.bed -c 5 -o mean
-nonamecheck -null "NA" -g TAIR10genomesize > DMR_Methavg_sampleX.bed

Although the DMR calling was performed with a three-read cutoff for each cytosine in a DMR,
there remained some samples which did not have sufficient coverage. Therefore, we retained the
same DMRs, but calculated average methylation by lowering the cutoff to 2 reads per cytosine.
For downstream analysis, DMRs with a maximum of 7 NAs (insufficient coverage) out of 73
samples were retained. This resulted in 1,966 AllC DMRs, 1,569 CG DMRs, 207 CHG DMRs and
614 CHH DMRs which were used for intersecting with ACRs and DEGs.

Nuclei isolation for ATAC-seq

For ATAC-seq analyses, each biological replicates was processed individually. Fixed tissue was
chopped finely with 500 µl of General Purpose buffer (GPB; 0.5 mM spermine•4HCl, 30 mM
sodium citrate, 20 mM MOPS, 80 mM KCl, 20 mM NaCl, pH 7.0, and sterile filtered with 0.2 µm
filter, followed by the addition of 0.5% of Triton-X-100 before usage). The slurry was filtered
through one-layered Miracloth (pore size: 22-25 µm), followed by filtration through a
cell-strainer (pore size: 40 µm) to collect nuclei. Approximately 20,000 DAPI stained nuclei were
sorted using fluorescence-activated cell sorting (FACS) as two technical replicates. For samples
from dwarfed mutant lines where leaf tissue was scarce, approximately 8,000 nuclei were sorted
per technical replicate.

Fluorescence-activated nuclear sorting (FANS) for ATAC-seq

Liberated nuclei were sorted with a MoFlo XDP (Beckman Coulter) instrument outfitted with a
488 nm (elliptical focus, 100 mW) and a 375 nm (spherical focus, 35 mW) laser for scatter and
DAPI emission, respectively. Nuclei were sorted with a 70 µm cytonozzle, sheath PBS [pH 7.0] at
psi 30.5/30.0 sample/sheath, purify 1 drop, triggered off the DAPI emission (465/30nm). The
2C endoreduplicated population was identified as the first clear DAPI emitting population over
scatter debris. DAPI emission was utilized to reduce further contaminating debris, followed by a
clean-up utilizing 530/34 emission from the 488 nm laser. 488 nm channels: SSC (488/6), FL1
(520/34). 375 nm channels: FL8 (405/30), FL9 (465/30), FL10 (542/27). See Supplementary
Figure S5 for the gating scheme.

ATAC-seq library prep

Sorted nuclei were heated at 60°C for 5 minutes, followed by centrifugation at 4°C (1,000 g, 5
minutes). The supernatant was removed, and nuclei were resuspended with a transposition mix
(1 µl homemade Tn5 transposase, 4 µl of 5X-TAPS-DMF buffer and 15 µl autoclaved water)
followed by a 37°C treatment for 30 minutes. 200 µl SDS buffer and 8 µl 5 M NaCl were added to
the reaction mixture, followed by 65°C treatment overnight. Nuclear fragments were then
cleaned up using Zymo PCR column-purification (DNA Clean and Concentrator). 2 µl of eluted
DNA was subjected to 14 PCR cycles, incorporating Illumina indices, followed by a 1.8:1 ratio
clean-up using SPRI beads.
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Genomic DNA libraries (10 ng input from the DNA extracts used for BS-seq-library prep) were
prepared using a similar library prep protocol starting with Tn5 enzymatic digestion (0.5 µl
homemade Tn5 transposase, 4 µl of 5X-TAPS-DMF buffer and autoclaved water made up to a
final reaction volume of 20 µl including the DNA template). Digested gDNA was immediately
column-purified, followed by PCR (2 µl of eluted DNA was used as template for 11 PCR cycles)
incorporating Illumina indices, followed by a 1.6:1 ratio clean-up using SPRI beads.

Processing of ATAC-seq libraries and peak-calling

Libraries were sequenced on an Illumina HiSeq3000 instrument with 2 x 150bp paired-end
reads. Each technical replicate derived from nuclei sorting was sequenced at approximately 7
million paired-end reads per library. The reads were aligned as two single-end files to the
TAIR10 reference genome using bowtie2 [default options], filtered for the SAM flags 0 and 16
(only reads mapped uniquely to the forward and reverse strands), converted separately to bam
files. The bam files were then merged, sorted, and PCR duplicates were removed using
picardtools. The sorted bam files were then merged with the corresponding sorted bam file of a
second technical replicate (samtools merge --default options) to obtain a final average of 11
million mapped reads for each biological replicate.

Genomic DNA libraries were similarly aligned, with a final average depth of 4.5 million mapped
reads per library.

Peak calling was carried out for each biological replicate using MACS2 using the following
parameters:

macs2 callpeak -t [ATACseqlibrary].bam -f BAM --nomodel --extsize 147 --keep-dup=all -g 1.35e8 -n
[Output_Peaks] -B -q 0.01

After peak calling, every peakset was further filtered based on their respective q values in the
MACS2 peaks.xls files, retaining peaks with q <= 0.001, thereby reducing the false positives
when all 158 samples were subsequently tested together. This additional filtering step was
carried out separately after MACS2 calling to minimise the effect on peak size based on the
q-value.

Filtered peak files and .bam alignment files from a total of 158 samples (104 mutant samples
plus 54 wild-type samples) were processed with the R package DiffBind to identify consensus
peaks which overlapped in at least two out of three biological replicates per group, and
represented peaks unique to at least one group (FDR <0.01). To normalize peak accessibility
counts with the background probability of Tn5 integration biases in the genome, .bam files of
the control gDNA libraries were also provided in the DiffBind samplesheet (thereby ensuring
that peak counts were normalized to controls).

A total of 35,049 consensus peaks were identified, with accessibility scores in each peak per
sample evaluated in counts per million (CPM) after TMM (Trimmed Mean of M-values)
normalization. Except for three out of 158 ATAC-seq libraries, FRIP (Frequency of reads in
peaks) scores relative to the Consensus peakset was between 0.2 - 0.31 for all samples,
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reflecting the average representation of sample-specific peaks in the consensus dataset. After
removing peaks which occurred in Chloroplast and Mitochondrial genomes, 34,966 peaks
remained.

Metaplot generation

From 34,966 Consensus ATAC-peaks (pre-filtered), accessibility values were derived for each
sample, and converted into bigWig files using the bedGraphtobigWig command (UCSC software).
Similarly, cytosines in all-contexts and their corresponding methylation levels were derived for
each Bisulfite library, and converted to bigWig files. Metaplots were generated using the
deepTools (3.5.0) package (https://deeptools.readthedocs.io/en/develop/index.html), first with
the computeMatrix command to evaluate the mean of the epigenetic factor tested (methylation
in % or chromatin accessibility in CPM) within 1000bp upstream and downstream of a given set
of reference regions (TAIR10 Transposable elements/TAIR10 Non-TE protein coding genes). The
output bed file from this command was subsequently used to generate metaplots using the
plotProfile function.

RNA extraction and RNA-seq library prep

RNA from each biological replicate was extracted individually using a column-based protocol
adapted from ref.70. RNA quality was validated with the Nanodrop spectrophotometer, and
normalized to 500 ng in a 50 µl volume. Normalized RNA was subsequently used for mRNA
library prep using an in-house custom protocol adapted from Illumina's TruSeq library-prep,
with details provided in ref. 71.

Mapping and identification of DEGs

RNA-seq libraries were sequenced at an average coverage of 8 million 150 bp single-end reads
per library using HiSeq3000. Reads of the same sample from multiple sequencing lanes of the
same flow cell were merged together, and 9 samples with total reads > 12.5 M were subsampled
(using different seeds) to 80% using seqtk (v.2.0-r82-dirty, https://github.com/lh3/seqtk) with
the following command:

seqtk sample -sX <merged_fastq> 0.80 > subsampled_output.fastq

All samples were aligned using bowtie2 to the TAIR10 reference genome, prepared using the
rsem-prepare-reference function of the RSEM software. Aligned bam files were sorted and
indexed using samtools V1.9. Gene transcript counts for each sample were estimated using
rsem-calculate-expression. From each sample, chloroplast genes, mitochondrial genes, and rDNA
cluster genes were excluded from downstream analyses. Twelve genes with excessive read
counts across all samples were also excluded.

Transcript counts per sample and corresponding metadata were then imported using the R
packages "tximport" and "tximportData" for creating a DESeq object (R package "DESeq2"). The
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DESeq function was applied to the object under the two-factor interaction model ~genotype +

accession + genotype:accession (where genotype == wild-type or mutant) using default
parameters (nbinomWald test). To obtain DEGs between wild-type and mutant genotypes across
all accessions, a contrast was performed set to genotype, retaining only those genes with a p<
0.01 and |log2 FoldChange| >1. For identifying accession-specific DEGs, similar contrasts were
performed, nested within each accession.

A consensus set of 7,132 DEGs were derived from all 18 accession specific contrasts and the
all-mutants-against-all-wild-type contrast, retaining only DEGs that occurred in at least two of
all 19 contrasts. These were further classified as 1,401 TE-associated DEGs (TE-DEGs) and 5,731
Non-TE-DEGs based on the TAIR10 gene annotation (TE-genes defined as those with the term
"transposable-element-gene").

Generation of consensus datasets

To understand how differentially expressed genes could be epigenetically regulated and
simultaneously compare them across accessions, we generated consensus sets of DEGs, DMRs
and ACRs (Methods) that best represented gene expression, methylation and chromatin
accessibility variation across all genotypes and accessions.

Consensus DEGs were generated by including DEGs from a total of 19 contrasts - 18 pairwise
contrasts (met1 mutants vs wild-type plants) in each accession, and a contrast between all met1
mutants and all wild-type plants. This set of DEGs was filtered to retain only DEGs that occurred
in at least 2 out of the total 19 contrasts, to obtain a final set of 7,132 Consensus DEGs. These
were further classified as 1401 TE-associated DEGs (TE-DEGs) and 5,731 Non-TE-DEGs
(protein-coding). The metric for evaluating expression levels in DEGs was chosen as the variance
stabilized transformed read counts (vsd counts) generated by the DESeq2 package for each of
the 158 RNA-seq libraries. We refer to these as transformed read counts in all figures.

ATAC-peaks found across all samples (34,966) were also filtered in two steps. First, peaks that
showed similar accessibility between both mutant lines relative to the WT line in each accession
were retained. The second round of filtering retained peaks that showed an accessibility change
between mutants and wild-type plants in at least two out of 18 accessions. This resulted in
31,223 filtered consensus ATAC-peaks. Chromatin accessibility levels were measured in counts
per million (CPM) after TMM (trimmed mean of M-values) normalization generated by the
DiffBind package.

From the complete set of context-specific DMRs identified, DMRs with a maximum of 7 NA
values (insufficient coverage) out of 73 samples were retained. This resulted in 1,966
All-C-DMRs, 1,569 CG DMRs, 207 CHG DMRs and 614 CHH DMRs. Since we were primarily
interested in understanding the effects of MET1 on methylation, we considered only CG-DMRs
and All-C-DMRs for intersecting with other features. While both groups contained some
redundant DMRs, the methylation level evaluated for each DMR was evaluated differently (for
C-DMRs, methylation level evaluated only for CG context; for All-C-DMRs, methylation level
evaluated for all Cs in CG, CHG, CHH contexts). Methylation levels in DMRs were measured as
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mean methylation percentage of all context-specific and sample-specific cytosines within the
assigned chromosomal region.

Generation of feature intersections between DEGs, DMRs and ACRs

Next, we examined the co-occurrence of DMRs with DEG positions. DMRs occurring over the
gene-body of a DEG were called 'gene-body DMRs', while those that occurred within 1.5kb
upstream or downstream of the TSS/TTS respectively were called 'cis DMRs'. Several DEGs had
multiple DMRs associated with them, and therefore we retained only one DMR for each DEG,
which showed the largest difference in methylation level between mutant and WT for each
mutant genotype, thereby aiming to represent only the strongest methylation signals that could
explain gene expression differences. To find the extent to which MET1-induced CG methylation
could influence gene expression, and compare it with methylation in all contexts, we intersected
DEGs (TE-DEGs and Non-TE-DEGs separately) with both CG-DMRs and All-C DMRs.

For each DEG, we measured changes in gene expression levels between met1 mutants and
wild-type plants, and corresponding changes in methylation levels of their closest DMRs.

Similarly, we analysed the ACRs closest to each DEG. Since a large majority of ACRs occurred in
proximity to the transcription start site, we grouped all ACRs occurring either over the gene
body or within 1.5 kb upstream or downstream of the TSS/TTS respectively, under a single 'cis'
category. For each DEG, a single ACR which showed the largest difference in accessibility
between mutant and WT for each mutant genotype, was retained.

gbM-like and CG teM-like genes

To follow conventional definitions of gbM, only Non-TE-DEGs with CG-DMRs overlapping the
gene body were considered. This resulted in 196 DEGs across homozygous met1 mutants in 17
accessions (since one accession, Bl-1, did not have homozygotes). We identified 51 gbM-like
genes in this set, which had >80% methylation in the wild-type parent, and transformed
expression counts in wild type >=7.55, which represented genes in the highest quintile range of
the distribution of expression changes for all 196 genes.

Next, we identified 59 CG teM-like genes that exhibited >80% methylation in the wild-type state,
and transformed expression counts in wild-type state being <=4.42, which represented genes in
the lowest quintile range of the distribution of expression changes for all 196 genes).

Metadata (transformed expression counts and methylation levels in met1 and mutants wild-type
plants) for gbM-like and CG teM-like genes were then extracted from the total set of 196 genes
(thereby representing the same genes in all accessions, irrespective of whether they were called
gbM or CG teM) and used for visualisation.

Gene Ontology Enrichment and Visualisation

GO Enrichment was carried out using agriGO (http://bioinfo.cau.edu.cn/agriGO), with the
​​Singular Enrichment Analysis (SEA) analysis tool and Arabidopsis (TAIR10) genemodel as the
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reference. Graphical results of significant GO terms were generated in agriGO. The GO terms
were further visualised with ReviGO (http://revigo.irb.hr).

Segregation distortion analyses

Experimental design: To accurately estimate the extent of this segregation distortion in
mutants of various accessions, we grew a maximum of 96 segregating progeny from
heterozygous parent lines (2 mutant lines per accession) and genotyped them individually using
amplicon-sequencing of the MET1 locus, amplifying a 150 bp region around the
CRISPR/Cas9-induced frameshift mutations.

Amplicon-seq library prep, sequencing and genotyping: Amplicon-seq libraries were
prepared according to the CRISPR-finder system72, where amplicons from multiple 96-well
plates can be pooled together for high-throughput sequencing by incorporating frameshifted
primers and TruSeq adapters with 96 barcodes. The amplicons were designed as 152 bp
sequences spanning the gRNA target site in MET1 (Supplementary Table S3). A total of 3,119
individual samples were sequenced at an average coverage of 12,000 reads per sample on a
HiSeq3000 instrument with 2 x 150 bp paired-end reads.

Sequenced read pairs were first merged using FLASH - Fast Length Adjustment of Short reads
(https://ccb.jhu.edu/software/FLASH/), followed by demultiplexing based on their
plate-specific frameshifted primers (using the usearch10 fastx_truncate function).

Only samples that had >=80 reads were retained for downstream processing. For all samples
within a plate (i.e., segregating progeny), amplicon-reads per individual were counted for the
ratio of wild-type alleles to mutant alleles, to estimate whether the genotypes were Homozygous
for the mutant allele (wild-type reads <= 15%), heterozygous (wild-type reads >= 42% or <=
58%) or wild type (wild-type reads >= 90%). A fourth genotypic classification, "skewed
heterozygous” was made for individuals where the read ratio between the wild-type and mutant
alleles were either 0.15 - 0.42 or 0.58 - 0.90 (i.e., if either one of the alleles were more
represented than the other, but not approximately equal in counts).

For Bu-0 Line2, Ste-0 Line2 and Bs-1 Line 2 samples that had more than one mutant MET1 allele,
additional genotypic categories were specified: homozygous allele 2, heterozygous allele 2,
skewed heterozygous allele 2, bi-allelic, skewed bi-allelic and tri-allelic.

Cytometric ploidy analysis

Cytometric determination of generative ploidy levels was conducted on a CytoFlex
(BeckmanCoulter) outfitted with a 488 nm laser, 10 µL min-1 flow rate. Nuclei were freshly
liberated by chopping into cold General-purpose Buffer 73, filtered through 40 µm mesh, and
stained with 50 µg mL-1 propidium iodide and 50 µg mL-1 RNAse for 10 minutes at 20°C. The 2C
endoreduplication population was identified as the first clear PI emitting population over
scatter debris. The 2C nuclei of Solanum lycopersicum (var. Moneymaker) provided by the ZMBP
Cultivation Facility or Capsicum annuum provided by Annett Strauss (ZMBP) were used as
internal standards to determine the relative Arabidopsis generative ploidy levels.
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SUPPLEMENTARY FIGURES

Figure S1: Rosettes of met1 mutants in six accessions. Representative images of two
independently derived mutant lines and a wild-type plant at six weeks after germination; scale
bar denotes 1 cm. met1 mutants of the accession Bu-0 are marked by a * since they were
tetraploid and exhibited a wide range of phenotypes arising from different dosages of two
mutant alleles and a wild-type allele.
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Figure S2: Rosettes of met1 mutants in six accessions. Representative images of mutant and
WT plants at six weeks after germination; scale bar denotes 1 cm.
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Figure S3: Transgenerational ag-like phenotypes in met1 mutants of Com-1 and Tscha-1. A
few met1 mutant lines of the Tscha-1 and Com-1 accessions exhibited indeterminate flowers, a
phenotype known to arise from genetic74 and epigenetic inactivation4 of the AG gene. BS-seq of
one such line in Tscha-1 also showed an increase in methylation at this locus. (a) Flower
phenotypes of wild-type and homozygous met1 plants in two generations (Gen1 and Gen2).
Scale bar denotes 1 mm. (b) Genome browser screenshot of methylated cytosines (all-contexts)
and RNA-seq reads at the AG locus for various Tscha-1 lines.
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Figure S4: Segregation distortion in met1 mutants and the presence of skewed
heterozygous individuals. (a) Genotypes of segregating met1 mutants representing sampled
individuals and associated mutations for every line. (b) Scatter plot of endopolyploidy peak
position ratios (from flow cytometry profiles) in candidate mutant lines and wild-type plants
relative to the tomato internal standard. Col-0 and Ler-1 tetraploids ('Col-Tet' and 'Ler-Tet'
respectively) were used as references for validating ploidy variation in candidate lines. (c)
Phenotypic variation in heterozygous plants of Bl-1 Line 2, Col-0 Line 2, Pi-0 Line 1 and Ste-0
Line 2. Scale bar represents 1 cm.
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Figure S5: Reduced endoreduplication in met1 mutants. Fluorescence-activated nuclear
sorting and gating scheme of wild-type and met1 nuclei isolated from the Nok-3 accession.
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Figure S6: Differential methylation in non-CG contexts in met1 mutants and wild-type
individuals. (a) Heatmap and (b) UMAP visualization of CHG methylation levels in 73 samples
(55 mutants and 18 wild-type plants) across 114 CHG-DMRs (from a total of 350 CHG-DMRs).
(c) Heatmap and (d) UMAP visualization of CHH methylation levels in 73 samples (55 mutants
and 18 wild-type plants) across 334 CHG-DMRs (from a total of 1,023 CHG-DMRs).
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Figure S7: Altered genome-wide methylation levels in met1 mutants compared to
wild-type individuals. Genome-wide methylation levels of 73 samples (55 met1 mutants and
18 wild-type plants) in the (a) CG , (b) CHG and (c) CHH contexts. Histogram showing distance
of CG-DMRs to (d) nearest TE and (e) nearest Non-TE protein coding gene.

37



Figure S8: Altered genome-wide chromatin accessibility in met1 mutants compared to
wild-type individuals. (a) Heatmap of 35,049 z-scaled ACRs across 158 ATAC-seq libraries
(104 met1 mutant and 54 wild-type samples) and (b) histograms showing distance of ACRs to
nearest TE and (c)nearest Non-TE protein coding gene.
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Figure S9: Accession-specific variation of differentially expressed genes (DEGs) in met1
mutants. (a) Correlation between 291 universal DEGs across 158 RNA-seq libraries (104 met1
mutant and 54 wild-type samples). (b) Heatmap showing log2 fold change in expression
(Mut/WT) of 291 universal DEGs. (c) Volcano plot colored by standard error of log2 fold change
in all-mutants-against-all-wild-type DEGs. (d) Thirty random genes examined for
accession-specific variation in expression changes (measured as transformed read counts). (e)
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Distribution of TE superfamilies in TE-DEGs across 19 contrasts, and a null distribution of all
TE-genes (denoted by 'N'). Genotypes represented are wild-types ('WT'), heterozygous met1
mutants ('Mut Het'), first generation homozygous met1 mutants ('Mut Homo G1') and second
generation homozygous met1 mutants ('Mut Homo G2').

Figure S10: Accession-specific variation in the chromosomal distribution of up- and
down-regulated DEGs. Ideograms showing chromosomal distribution of DEGs in 18
within-accession contrasts. Colors distinguish up- and downregulated DEGs.
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Figure S11: Comparisons and intersections between accession-specific DEGs. Variation in
numbers of upregulated and downregulated (a) DEGs (b) Non-TE-DEGs (c) TE-DEGs across 19
accession-specific contrasts. (d) Upset plot of the top 50 intersections between Non-TE-DEGs in
19 accession-specific contrasts.
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Figure S12: Epigenetic landscape at the SDC locus. (a) Genome browser screenshot of
methylated cytosines, chromatin accessibility and RNA-seq read count in met1 mutants and
wild-types of three accessions, Col-0, Com-1 and Nok-3. (b) Rosettes of met1 mutants and
wild-type plants from five accessions ordered by  log2 fold change in SDC expression.
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Figure S13: Gene Ontology enrichment for 2,013 Non-TE-DEGs identified in a contrast
between all met1 mutants and all wild-type samples.
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Figure S14: Diagram of generating consensus DEGs from RNA-seq data.

Figure S15: Diagram of generating DMRs from BS-seq data and intersections with
consensus DEGs.
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Figure S16: CG-DMRs in cis to Non-TE-DEGs (a-d) and TE-DEGs (e-h). Scatter plots showing
differences in CG methylation between met1 mutants and wild-type plants against difference in
gene expression. Dots in the scatter plot are colored by wild-type expression quintiles (a,b,e,f)
and wild-type methylation quintiles (c,d,g,h) with x- and y-axis density distributions of each
expression/methylation quintile. Expression levels are represented as transformed read counts
and methylation levels are represented as %CG methylation in CG-DMRs.
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Figure S17: All-C-DMRs in gene-bodies of Non-TE-DEGs (a-d) and TE-DEGs (e-h). Scatter
plots showing differences in methylation (all contexts) between met1 mutants and wild-type
plants against differences in gene expression. Dots in the scatter plot are colored by wild-type
expression quintiles (a,b,e,f) and wild-type methylation quintiles (c,d,g,h) with x- and y-axis
density distributions of each expression/methylation quintile. Expression levels are
represented as transformed read counts and methylation levels are represented as %
methylation in All-C-DMRs (methylation in all contexts).
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Figure S18: All-C-DMRs in cis to Non-TE-DEGs (a-d) and TE-DEGs (e-h). Scatter plots
showing differences in methylation (all contexts) between met1 mutants and wild-type plants
against differences in gene expression. Dots in the scatter plot are colored by wild-type
expression quintiles (a,b,e,f) and wild-type methylation quintiles (c,d,g,h) with x- and y-axis
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density distributions of each expression/methylation quintile. Expression levels are
represented as transformed read counts and methylation levels are represented as %
methylation in All-C-DMRs (methylation in all contexts).

48



Figure S19: DMRs in gene-bodies of Non-TE-genes (a-d) and TE-genes (e-h). Scatter plots
showing differences in CG methylation between met1 mutants and wild-type plants against
differences in gene expression. Dots in the scatter plot are colored by genotype of met1 mutants;
wild-types ('WT'), heterozygous met1 mutants ('Mut Het'), first generation homozygous met1
mutants ('Mut Homo G1') and second generation homozygous met1 mutants ('Mut Homo G2')
with x- and y-axis density distributions of each genotype. Expression levels are represented as

49



transformed read counts (Methods) and methylation levels are represented as % methylation
(all-contexts for All-C-DMRs and CG for CG-DMRs).
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Figure S20: DMRs in cis to Non-TE-genes (a-d) and TE-genes (e-h). Scatter plots showing
differences in CG methylation between met1 mutants and wildtype plants against differences in
gene expression. Dots in the scatter plot are colored by genotype of met1 mutants ; wild-types
('WT'), heterozygous met1 mutants ('Mut Het'), first generation homozygous met1 mutants
('Mut Homo G1') and second generation homozygous met1 mutants ('Mut Homo G2') with x-
and y-axis density distributions of each genotype. Expression levels are represented as

51



transformed read counts and methylation levels are represented as % methylation (all contexts
for All-C-DMRs and CG for CG-DMRs).

Figure S21: Methylation changes and associated gene expression changes for 51 gbM-like
genes across 17 accessions. Orange colored dots represent gbM-like genes and black dots
represent the same genes which are not gbM-like in other accessions. ΔMethylation represents
met1 - wild-type methylation, measured in % CG methylation level. ΔExpression represents
met1 - wild-type gene expression levels, measured in transformed read counts.
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Figure S22: Methylation changes and associated gene expression changes for 59 CG
teM-like genes across 17 accessions. Green colored dots represent CG teM-like genes and
black dots represent the same genes which are not CG teM-like in other accessions.
ΔMethylation represents met1 - wild-type methylation, measured in % CG methylation level.
ΔExpression represents met1 - wild-type gene expression levels, measured in transformed read
counts.
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Figure S23: Diagram of ATAC-seq processing, generation of consensus peaks for ACRs and
intersections with DEGs.
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Figure S24: ACRs in cis to TE-genes (c,d) and Non-TE genes (a,b). Scatter plots showing
difference in Chromatin accessibility between met1 mutants and wild-type plants against
differences in gene expression. Dots in the scatter plot are colored by genotype of met1
mutants; wild-types ('WT'), heterozygous met1 mutants ('Mut Het'), first generation
homozygous met1 mutants ('Mut Homo G1') and second generation homozygous met1 mutants
('Mut Homo G2') with x- and y-axis density distributions of each genotype. Expression levels
are represented as transformed read counts and accessibility levels are represented as TMM
normalized values in counts per million (CPM).
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Figure S25: Variable epigenetic states of Non-TE genes across accessions. (a) Five panels
showing fraction of genes in 17 accessions with (i) high CG methylation in wild type, (ii) low CG
methylation in wild type, (iii) low CG methylation in met1, (iv) large methylation change in met1,
(v) limited methylation change in met1. Colors represent different accessions. Low methylation
is defined as CG methylation <= 10%, and high methylation is defined as CG methylation >=
90%. (b) Heatmap of transformed read counts at 11 epialleles across 158 RNA-seq libraries. The
libraries are colored by accession-of-origin and genotype. (c) Scatterplot showing relationship
between changes in accessibility and expression at the FWA locus. Accessibility is measured in
counts per million (CPM) and expression is measured by transformed read counts. (d) Genome
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browser screenshot of methylated cytosines (all contexts) at the FWA locus for met1 mutants
and wild-type plants of seven accessions.

Figure S26: Variation in methylation levels at two epialleles in met1 mutants and
wild-type plants across a subset of accessions. (a) Genome browser view of methylated
cytosines (all contexts) at the SUP (AT3G23130) locus. Gain of methylation in the gene body of

SUP silences the gene and results in the formation of additional stamens46. (b) representative

image of a Tsu-0 met1 mutant flower with nine stamens. (c) Genome browser view of
methylated cytosines (all contexts) at the HDG3 (AT2G32370) locus.
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SUPPLEMENTAL TABLES

S1 : MET1 (AT5G49160) CRISPR gRNA design

Target sequence TTGCTGACTATTTCCGGCCA

Coordinates Chr5: 19936752-19936771

Strand Negative (-)

PAM AGG

S2 : List of accessions used in this study

1001 ID
Accession
name Country Latitude Longitude Group

6909 Col-0 USA 38,3 -92,3 germany

6932 Ler-1 GER 47,984 10,8719 admixed

6911 Cvi-0 CPV 15,1111 -23,6167 relict

159 MAR2-3 FRA 47,35 3,93333 western_europe

6915 Ei-2 GER 50,3 6,3 germany

6945 Nok-3 NED 52,24 4,45 germany

7000 Aa-0 GER 50,9167 9,57073 germany

7002 Baa-1 NED 51,3333 6,1 germany

7003 Bs-1 SUI 47,5 7,5 admixed

7025 Bl-1 ITA 44,5041 11,3396 central_europe

7036 Bu-0 GER 50,5 9,5 germany

7092 Com-1 FRA 49,416 2,823 western_europe

7298 Pi-0 AUT 47,04 10,51 central_europe

7346 Ste-0 GER 52,6058 11,8558 south_sweden

7372 Tscha-1 AUT 47,0748 9,9042 central_europe

7373 Tsu-0 JPN 34,43 136,31 admixed

7378 Uk-1 GER 48,0333 7,7667 admixed

7127 Est-1 EST 58,6656 24,9871 admixed

58



S3 : PCR Oligonucleotides for Genotyping

Primer sequences (5'--> 3') Amplicon size Purpose

TGTTGTGATTAATTGCAGGGCT 649 bp
Genotyping by Sanger
sequencing

AGCCCAAATGAAAGCTCGT

TCTTGGAGTAAAGTTCAGTGTGA 152 bp
Genotyping by amplicon
sequencing

TCGAGAAGGGAAGCCAAAGT

S4 : List of frameshift mutations in each met1 mutant line

Frameshift mutation site (in met1 mutants) TTG[I]CTGACTATTTCCGGCCA  (5'--> 3')

[I] marks the preferred site of the mutations

Heterozygous
parental line Accession Genotyped Mutation

Homozygous
Generation Notes

Line 1 Tscha-1 A insertion first

Line 2 Tscha-1 A insertion first

Line 2 Tscha-1 A insertion second

Line 3 Tscha-1 A insertion second
mutant line with ag-like

phenotype

Line 1 Tsu-0 C insertion first

Line 2 Tsu-0 T insertion first

Line 2 Tsu-0 T insertion second

Line 1 Com-1 A insertion first

Line 2 Com-1 C insertion first

Line 1 Est A insertion first

Line 2 Est C insertion first
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Line 1 Bu-0 C insertion first
tetraploid, skewed

heterozygous plants

Line 2 Bu-0
T insertion / A insertion

(tri-allelic) first
tetraploid, skewed

heterozygous plants

Line 1 Col-0 A insertion first

Line 2 Col-0 A insertion first
skewed heterozygous

plants

Line 1 MAR2-3 A insertion first

Line 2 MAR2-3 C insertion first

Line 2 Cvi-0 T insertion first

Line 1 Ei-2 C insertion first

Line 2 Ei-2 C insertion first

Line 1 Aa-0 GCT deletion first

Line 2 Aa-0 T insertion first

Line 1 Bs-1 T insertion first

Line 2 Bs-1
C insertion / T

substitution (bi-allelic) first

Line 1 Pi-0
AA insertion, C-->A

subst first
skewed heterozygous

plants

Line 2 Pi-0 T insertion first

Line 1 Ste-0 A insertion first

Line 2 Ste-0
C insertion / A insertion

(tri-allelic) first
skewed heterozygous

plants

Line 1 Uk-1 C insertion first

Line 2 Uk-1 T insertion first
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Line 1 Nok-3 A insertion first

Line 2 Nok-3 A insertion first

Line 2 Baa-1 A insertion first

Line 3 Baa-1 C insertion first

Line 2 Ler-1 C deletion first

Line 3 Ler-1 A insertion first

Line 2 Bl-1 C insertion first
skewed heterozygous

plants

EXTENDED METHODS

Generation of consensus ATAC-seq peaks using DiffBind:

The following commands were used in R using the package "DiffBind" (where ‘dataset_Acc’
refers to the samplesheet containing details of MACS2-called peaks from individual libraries)

library(DiffBind)
dataset_Acc <- dba(sampleSheet="./samplesheet_forDiffBind.csv")
dataset_Acc_consensus <- dba.peakset(dataset_Acc, consensus=-DBA_REPLICATE)
dataset_Acc_consensus<- dba(dataset_Acc_consensus,
mask=dataset_Acc_consensus$masks$Consensus, minOverlap=1)
consensus_peaks <-  dba.peakset(dataset_Acc_consensus, bRetrieve=TRUE)
dataset_Acc<-  dba.count(dataset_Acc,peaks=consensus_peaks,
score=DBA_SCORE_TMM_MINUS_FULL_CPM)
normCounts<-  dba.peakset(dataset_Acc, bRetrieve=TRUE, DataType=DBA_DATA_FRAME)

Correlations between methylome, transcriptome and chromatin accessibility

To intersect positions of each consensus DEG set (TE-DEG/Non-TE-DEG) with DMRs, we
identified the five closest DMRs in each context (CG DMRs, All-C DMRs) to each DEG. Based on
their proximity to the DEG, each of these hits were classified as 'gene-body' (distances within
100bp upstream of the TSS and 100bp downstream of the TTS), 'cis upstream/downstream'
(within 1.5kb upstream/downstream of the gene body) and 'trans' if not falling within the above
classes. All DEGs with DMR hits under the 'trans’ category were filtered out. DEGs with unique
or multiple 'gene-body' DMRs were classified as 'GB' , while DEGs with unique/multiple DMRs
in gene-body and cis were classified as 'cis'. Subsequently, gene expression counts and
methylation counts for the corresponding DMRs were extracted for these DEGs. Since many
DEGs had multiple DMRs associated with them, we only retained DMRs which showed the
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highest difference in methylation level between mutant and WT for each mutant genotype,
thereby aiming to represent only the strongest methylation signals that could explain gene
expression differences.

For intersecting consensus DEGs with ACRs, we used a similar approach, where the closest five
ACRs to each DEG were identified. After filtering out DEGs with ACRs in 'trans', we retained all
remaining DEGs (even with multiple 'gene-body' and 'cis' ACRs) in a single category called 'cis'.
For each DEG, only ACRs with the highest difference in accessibility between mutant and WT for
each mutant genotype were retained.

Intersects between DEGs and DMRs:

Consensus DEGs (from all accessions) were first split as 5731 Non-TEDEGs and 1401 TEDEGs.
Next, each set was intersected with positions of consensus DMRs (generated from all samples)
in two contexts, CG-DMRs and All-C -DMRs, using bedtools closest, to find the top 5 closest DMRs
to each DEG. Based on their proximity to the DEG, each of these hits were classified as gene-body
(closest distance >=-100 bp and <=100 bp), cis_upstream (closest distance <=-100 bp and >-1.5
kb), cis downstream (closest distance >=100 bp and <=1.5 kb) and trans (beyond 1.5 kb
upstream or downstream).

#Example of command used  (to find 5 closest hits of DMRs to DEGs)
bedtools closest -a Consensus_NonTEDEGs_coord.tab -b CG_DMRs_coord.bed -D a -k 5 >
Consensus_NonTEDEGs_closestk5_CGDMRs.bed

All DMR hits under the 'trans’ category were filtered out. Next, the number of duplicate DMR
hits for each gene were counted. Each gene was further classified into the following categories:
GB_unique (single DMR hit in gene body), GB_multi (multiple DMR hits in gene body),
cis_upstream (single DMR hit in cis upstream), cis_downstream (single DMR hit in cis
downstream), cis_multi (multiple cis DMRs) , GBandcis (multiple DMRs in genebody and cis).

Genes classified as GB_unique and GB_multi were pooled together in a "GB_all" category. All
remaining categories were pooled as a "multiple_cis_regulatory” category. Gene expression
counts were obtained for genes in each category (for 158 samples and reduced to 73 samples to
match the BS-seq dataset. Similarly, methylation levels for the corresponding DMR hit in each
gene was also obtained for 73 samples.

Next, each gene was scanned to examine duplicate DMR hits and their methylation values. For
each of the 73 samples, the DMR carrying the highest difference between wild-type and mutant
methylation levels was retained. These genes were subsequently plotted based on these
methylation differences, gene expression differences.

Intersects between DEGs and ACRs :

Each set of consensus DEGs (TE-DEGs and Non-TE-DEGs) was intersected with positions of
Consensus ACRs (generated from all samples) using bedtools closest, to find the top 5 closest
ACRs to each DEG. Based on their proximity to the DEG, each of these hits were classified as
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gene-body (closest distance >=-100 bp and <=100 bp), cis_upstream (closest distance <=-100 bp
and >-1.5 kb), cis downstream (closest distance >=100 bp and <=1.5 kb) and trans (beyond 1.5
kb upstream or downstream).

#Example of command used  (to find 5 closest hits of ACRs to DEGs)
bedtools closest -a Consensus_NonTEDEGs_coord.tab -b ACRs_coord.bed -D a -k 5 >
Consensus_NonTEDEGs_closestk5_ACRs.bed

All ACR hits under the 'trans’ category were filtered out. All other genes and corresponding ACR
hits were pooled as a "multiple_cis_regulatory” category. Gene expression counts were obtained
for genes in each category (for 158 ATAC-seq samples and reduced to 73 samples to match the
Methylation dataset. Similarly, ATAC-seq accessibility levels (TMM) for the corresponding ACR
hit in each gene was also obtained for 158 samples and reduced to  73 samples.

Next, each gene was scanned to examine duplicate ACR hits and their accessibility values. For
each of the 73 samples, the ACR carrying the highest difference between wild-type and mutant
accessibility levels was retained. These genes were subsequently plotted based on these
accessibility differences, gene expression differences.
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