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Epigenetics in plants:

- DNA methylation and chromatin modifications

- Function of epigenetic gene regulation

- Induction of epigenetic changes

Epigenetics as a tool for plant breeding:

- RNA-directed DNA methylation

- Genome editing tools for induction of epigenetic modifications 

- Direct/indirect epigenetic gene regulations

- Mutagenesis by transposon activation

- A public view of the significance of epigenetics in plant breeding 
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DNA methylation and chromatin modifications
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In addition to 5mC, N6-adenine (6mA) methylation has been detected. In Arabidopsis, 6mA is a DNA mark associated with
actively expressed genes, suggesting that 6mA serves as a hitherto unknown epigenetic mark in land plants.
(Liang et al., Dev Cell, 2018)
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Significance of methylation patterns in view of inheritance

Only symmetric methylation is maintained!
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K = Lysine; S = Serine; R = Arginine; P = Proline Me = methylation; P = phosphorylation; Ac = acetylation; Iso = isomerization
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The most prominent positions of the 60 known residues on histones that are modified

Mono-, di- and tri-methylation of

lysines is possible

Mono- and di-methylation of

arginines is possible

Ub = ubiquitination

Histone modifications are highly dynamic. At the chromatin, acetylation, methylation, phosphorylation
and deimination can appear and disappear within minutes!
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Chromatin modifications and chromatin immunoprecipitation procedure 
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Is double stranded RNA a 3rd layer of epigenetic modification? 

Martínez de Alba et al., Biochim Biophys Acta 1829, 2013

miRNA = micro RNA

siRNA = small interfering RNA

ta-siRNA = trans-actin siRNA

nat-siRNA = natural antisense transcript-derived siRNAs

p4/p5-siRNA = DNA-Dependent RNA Polymerase lV (PollIV)/PolV siRNAs

DCL = Dicer-like

HEN1 = Hua Enhancer 1

AGO = Argonaute

RISC = RNA-induced silencing complex

RDR = RNA-directed RNA polymerase

SGS = suppressor of gene silencing

DRB = dsRNA-binding
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Function of epigenetic gene regulation

DNA methylation and histone modifications are epigenetic marks and

result in chromatin remodeling

Chromatin remodeling is associated with heritable processes, including:
- Imprinting

- Parental chromosome inactivation
- Heterochromatin formation

- Gene silencing (transposable elements)
- Environmentally induced gene regulation

Maintenance of genome integrity

DNA methylation is a key process to maintain the

epigenetic architecture of eukaryotic genomes

RNA can initiate DNA methylation

DNA methylation can initiate histone modifications and vice versa
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An expert group elaborated the following table of major epigenetic effects in plants
(Fachgespräch „Epigenetik in den Pflanzenwissenschaften“, BMBF, Sept. 2018)
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Induction of epigenetic changes

Environmental conditions

Vernalisation

Abiotic stress Biotic stress

Climate change
Long term

Short term

Annually (regular epigenetic gene regulation)

Epigenetic modifications are reversible (transient)

and most of them are not inherited
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Examples of natural induction of epigenetic modifications that are well known 

“Harden off” plants by a mild exposure to low temperature so that they are then protected against later freezing temperatures.

Deficit irrigation, in which long-term drought tolerance can be induced by transient or partial drying.

These processes need to be repeated in each generation (reversibility of epigenetics).
However, could be an useful procedure for vegetatively propagated plants.

In Melon, transition from male to female flowers results from epigenetic changes in the promoter of a transcription factor.
(Martin et al., Nature 461, 2009)

Less well known examples 

A naturally occurring epigenetic mutation in an SBP-box transcription factor gene inhibits tomato fruit ripening.
(Manning et al., Nat Genet 38, 2006)

Retrotransposons control fruit-specific, cold-dependent accumulation of anthocyanins in blood oranges.
(Butelli et al., Plant Cell 24, 2012)
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Matzke and Mosher, Nat Rev Genet 15, 2014.

De novo methylation is only WEAKLY reduced 

in dcl2/dcl3/dcl4 mutants!

Critical view on the current RdDM models

What signals Pol V to start 

and stop transcription?

Pol V preferentially  

transcribes methylated 

DNA!

SHH1 recruits Pol IV to H3K9m2, a chromatin mark 

that is established post DNA methylation indicating 

that DNA methylation proceeds Pol IV transcription. 

RNA-directed DNA methylation

Pols = RNA polymerases; SHH1 = SAWADEE HOMEODOMAIN HOMOLOGUE 1; RDRs = RNA-DIRECTED RNA POLYMERASES; CLSY1 = CLASSY 1; DCL3 = DICER-LIKE 3; HEN1 = HUA ENHANCER 1;AGO4 = ARGONAUTE 4; KTF1 = KOW DOMAIN-CONTAINING
TRANSCRIPTION FACTOR 1; RDM1 = RNA-DIRECTED DNA METHYLATION 1; DRM2 = DOMAINS REARRANGED METHYLTRANSFERASE 2; DRD1 = DEFECTIVE IN RNA-DIRECTED; DNA METHYLATION 1; DMS3 = DEFECTIVE IN MERISTEM SILENCING 3;
MORC6 = MICRORCHIDIA 6; IDN2  = INVOLVED IN DE NOVO 2; HDA6  = HISTONE DEACETYLASE 6; JMJ14 = JUMONJI 14; UBP26 = UBIQUITIN-SPECIFIC PROTEASE 26

RdDM and PTGS are both triggered by dsRNA. However, PTGS is not dependent on Pol IV 

and RDR2 (transient transgene expression and virus/viroid infections). Thus, primary 

dsRNA production does not necessarily involve Pol IV/RDR2. It is likely that PTGS-

derived components (siRNAs) activate Pol IV/RDR2-mediated dsRNA production.  
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Tools for induction of epigenetic modifications

1) Chemical compounds
Zebularine treatment affects plant growth and development.

14 days after sowing

0 µm

20 µm

40 µm

80 µm

AZA/ZEB treatments induce unspecific DNA demethylation!

Baubec et al., Plant J 57, 2009

Activation of gene transcription
upon ZEB treatment

Nonmethylable cytosine analogs

(AZA) (ZEB)
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2) RdDM

G ene pAPro

mRNA          splicing

I      N      T      R      O      N

Psense Pantisense

Gene mRNA
+

P-specific dsRNA

GFP expression De novo methylation
of Psense and Pantisense

Dalakouras et al., Plant J 60, 2009.

I Transgene-induced RdDM
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XbaI

BglII
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Methylation sensor
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P C  M  P  S rsGFP T NOS

LB RB

CMPS
hpRNA

Δ Δ Δ Δ Δ ΔΔ Δ ΔΔ ΔΔΔ ΔΔ Δ Δ Δ Δ Δ
□ □ □ □ □ □□ □ □□ □□□ □□ □ □ □ □ □
○ ○ ○ ○ ○ ○○ ○ ○○ ○○○ ○○ ○ ○ ○ ○ ○

GTGAAATAATGCGTCTGACAAAGGTTAGGTCGGCTGCCTTTAATCAATACCAAAGTGGTCCCTACCACGATGGAAAAACTGTGCAGTCGGTTTGGCT

Δ Δ Δ ▲ ▲▲ ▲ ▲▲ ▲▲ ▲ ▲ ▲ ▲▲ ▲ ▲
□ □ □ □ □□ □ □□ □□ □ □ □ □□ □ □
○ ○ ○ ○ ○○ ○ ○○ ○○ ○ ○ ○ ○○ ○ ○

TTTTCTGACGAACAAATAAGATTCGTGGCCGACAGGTGGGGGTCCACCATGTGAAGGCATCTTCAGACTCCAATAATGGAGCAATGACGTAAGGGCT

▲
□
○

TACGAAATAAGTAAGGGTAGTTTGGGAAATGT

CMPS226

▲/Δ: tobacco PCMPS-rsGFP X int-hpCMPS

■/□: tobacco PCMPS-rsGFP

●/○: plasmid PCMPS-rsGFP
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II Virus-induced RdDM

RdDM tools enable specific DNA methylation!

Baulcombe and Dean, Cold Spring Harb Perspect Biol 6, 2014.

Generally, plant viruses do not infect all cells!



3) Genome editing and transgenic tools
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Kim and Kim, Nat Rev Genet, 2014 

DRM genes          De novo DNA methylation

REPRESSOR OF SILENCING (ROS) genes          DNA demethylation

DECREASED DNA METHYLATION 1* (DDM1) genes          DNA methylation

Putative examples of knock-out/down applications and the functions of the targeted genes:

METHYLTRANSFERASE 1* (MET1) genes          Maintenance of DNA methylation

SUVH4 genes          DNA methylation

Pol VI/V genes          De novo DNA methylation

*KO mutants of these genes are not viable!

I. Knock-out/down of key enzymes of the DNA methylation and chromatin modification pathways
CRISPR/Cas9 may be replaced by alternative genome editing systems, e.g. Zinc finger nucleases (ZFN) or

Transcription activator-like effector nucleases (TALENs) 
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II. Overexpression of key enzymes of the DNA methylation and chromatin modification pathways

DRM genes          De novo DNA methylation

ROS genes          DNA demethylation

Putative examples of transgene-mediated overexpression and the functions of the corresponding genes:

MET1 genes          Maintenance of DNA methylation

KO mutants and overexpression may be combined, e.g. KO of DRM with overexpression of ROS and vice versa!

III. Genome editing tools to target key enzymes of the DNA methylation and chromatin modification pathways

Puchta, Curr Opin Plant Biol 36, 2017

dCas9 may be replaced by alternative genome editing systems, e.g. Zinc fingers (ZFNs) or
Transcription activator-like effectors (TALEs) 
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Direct/indirect epigenetic gene regulations

Epigenetic effectTransposon insertionEpigenetic effectTransposon insertion

Interference with epigenetic
mechanisms

Differential gene expression 
(transcriptome analysis)

Virus or transgene-
mediated DNA methylation

Knock-outs

Overexpression

Genome editing of key 
enzymes

Random or directed 
insertion/effect

Up-regulated genes Down-regulated genes

Decreased 5mC Increased 5mC

Up or down-regulation of 
transcription factors (TF)

Direct effects (reversible)

Up or down-regulation of 
non-TF genes

Random effects (irreversible)

Gain/los of function due to 
transposon insertion

Increased mutation rate
(5mC to T transition)

Chemical compounds

Not all epigenetic gene regulation mechanisms are associated with altered DNA methylation patterns!
However, DNA methylation analysis is more easy than chromatin analysis!
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Mutagenesis via transposon activation

Interference with epigenetic
mechanisms

Transposon activation

GMO-free mutagenesis

Genome editing of key 
enzymes

Chemical compounds

Gain-of-functionLoss-of-function

Screening for new traits

Next generation

Stable and inherited
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A public view of the significance of epigenetics in plant breeding
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