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The seed is the propagule of higher plants and allows its dissemination and the survival of the species. Seed dormancy

prevents premature germination under favourable conditions. Dormant seeds are only able to germinate in a narrow range

of conditions. During after-ripening (AR), a mechanism of dormancy release, seeds gradually lose dormancy through a

period of dry storage. Part of this review focuses on how the methylation of mRNA and genomic DNA affects gene

expression upon late stages of seed development, especially during dormancy. DNA methylation is a well-known

epigenetic mechanism of controlling gene expression. In Arabidopsis thaliana, while there is a global increase in CHH-

context methylation through embryogenesis, global DNA methylation levels remain stable during seed dormancy,

decreasing when germination occurs. The biological significance of nucleic acid methylation upon seed development is

discussed.
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1. The Seed Epitranscriptome

Non-classical chemical changes, apart from capping and polyadenylation modifications, alter the stability of mRNAs,.

More than 160 chemical modifications of mRNAs have been recently reported in A. thaliana, as a whole they are

considered the epitranscriptome . These alterations include the methylation of the adenosine and cytosine nucleotides:

N6-methyladenosine (m A) and 5-methylcytosine (m C) . These mRNA modifications modulate transcript stability, and

they have been found in transcripts that are being degraded, suggesting they are involved in mRNA turnover. However,

stable mRNAs contain chemical modifications related to the alternative splicing of introns. This fact indicates that these

modifications could also regulate the expression of different transcript variants . mRNA chemical modification has been

recently described as essential for plant development, and it is considered a new emerging level of controlling gene

expression . In A. thaliana, the first mRNA methylation map has revealed the presence of thousands of methylated

mRNAs . A new molecular system formed by RBPs has been involved in adding (writers), removing (erasers) and

recognizing (readers) chemical modifications present at the mRNA transcripts. The A. thaliana RNA Adenosine Methylase

MTA (writer) has been described to be essential for plant survival as null mta mutants are embryo-lethal . MTA is mainly

expressed in dividing tissues, such as seeds upon development. Moreover, the expression of MTA under the control of the

seed-specific ABI3 promoter rescues the lethality of null mta mutants, indicating its relevance during seed development .

2. Regulation of Seed Development through DNA Methylation

2.1. DNA Methylation Basis

The chemical modification of DNA by the addition of a methyl group at the fifth position on the pyrimidine ring of cytosines

is a stable and reversible epigenetic mark . Centromeres and repeated sequences are heterochromatic regions,

characterized by heavily methylated DNA . DNA methylation in euchromatic regions and within genes has different

effects on gene expression. While methylation within transcribed regions (the body of genes, mostly methyl-CG) is

associated with constitutive expression levels , DNA methylation within promoters is associated with repression, i.e.,

gene silencing  and tissue-specific expression . DNA methylation is a conserved epigenetic mechanism that, in

plants, occurs at three different sequence contexts: the symmetrical CG and CHG, and the asymmetrical CHH, where H

can be a cytosine, a thymidine or an adenine. Symmetrical methylation can be maintained during the cell cycle by DNA

METHYLTRANSFERASE 1 (MET1) and CHROMOMETHYLASE 3 (CMT3), which catalyse DNA methylation on hemi-

methylated DNA strands . Asymmetrical methylation requires re-establishment after each DNA replication round by

persistent de novo methylation by DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) at transposons and

other repeated sequences in euchromatic chromosome arms. In this case, small RNAs cause transcriptional gene

silencing by directing the addition of DNA methylation to specific DNA sequences by nucleotide homology mediated by

ARGONAUTE (AGO) proteins, in a pathway called RNA-directed DNA methylation (RdDM) . CHROMOMETHYLASE 2
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(CMT2) catalyses CHH methylation at histone H1-containing heterochromatin, where DRM2 is inhibited . Alternatively,

sequences that have been methylated can become demethylated either passively or actively. Passive demethylation is

due to subsequent rounds of DNA replication without the maintenance of the methylation pattern. Active demethylation is

catalysed by DNA glycosylases —DEMETER (DME), REPRESSOR OF SILENCING1/DEMETER-LIKE 1 (ROS1),

DEMETER-LIKE 2 (DML2) and DEMETER-LIKE 3 (DML3), in A. thaliana .

2.2. DNA-Methylation and Seed Development

The initial observations of cell nuclei, during A. thaliana seed maturation, have shown small size and very condensed

chromatin, while the contrary happens during seed germination, suggesting a change in the balance between

heterochromatin and euchromatin in the transition to germination . Recent whole-genome bisulfite sequencing analysis

supports these previous observations and shows that DNA methylation is dynamic during the process of seed

development  (Figure 1). DNA methylation is known to play a critical role in seed development since

mutations in MET1 and DME have been described to affect this developmental process . Now, we know that during

seed development there is a specific increase in global non-CG methylation, mainly due to changes in methyl-CHH and

especially at transposable elements (TEs), both in Glycine max and A. thaliana . This increase in global

non-CG methylation occurs simultaneously throughout the seed, while CG and CHG methylations do not change

significantly during seed development or in any specific part of it . In mature embryos, CHH hypermethylation

in TEs matches DNA hypomethylation in the endosperm. A role for RdDM in the establishment of this methylation is

supported by the fact that 24-nt siRNAs derived from these regions are most abundant during late embryogenesis,

coinciding with elevated expression of RdDM components . Analysis of drm1 drm2 cmt3 (ddc) and drm1 drm2 cmt3
cmt2 (ddcc) mutants shows that CMT2 is also involved in this TE hypermethylation by the identification of over 100 de-

repressed TEs which show different CHH methylation compared to that of randomly selected TEs  . This fact reinforces

the idea that non-CG methylation and, specifically, methyl-CHH, may be an important mechanism to avoid TE activity

during seed maturation . Regarding DNA methylation within genes, it has been found that those genes that are

transcribed are more likely to be differentially methylated during seed maturation than non-expressed genes . The

majority of these differentially methylated genes become transcriptionally down-regulated as seed maturation proceeds—

DNA methylation levels increase—pointing to a specific role of DNA methylation in the repression of specific genes .

Figure 1. Dynamics of CHH DNA methylation (orange line) during seed development, and epigenetic regulation of seed

dormancy. The DNA methylation process has been schematised with cytidine and 5-methylcytidine molecules designed

using Chimera 1.14 . Epigenetic regulation of seed dormancy has been schematised with arrows indicating a promotive

effect and bars indicating a repressive effect. Regulation through genomic imprinting is indicated within the blue box.

The expression levels of DOG1 are regulated by various molecular mechanisms like alternative splicing, selective

polyadenylation, and non-coding RNAs , but in this review we will highlight the consequences of DOG1 H3K9 and

DNA methylation in the regulation of seed dormancy. DNA methylation in the CHG context is perpetuated in A. thaliana by

the SUVH family of histone H3 lysine 9 N-methyltransferases. Their SRA domain binds to methylated CHG cytosines,

leading to H3K9me2 deposition. Conversely, sites of H3K9 methylation recruit DNA methyltransferases CMT3 and CMT2,

thus forming a self-reinforcing loop of repressive epigenetic marks. The seeds of SUVH4 mutants (also known as kyp)

show enhanced dormancy and up-regulation of DOG1 and ABI3 , supporting that histone H3K9me2 caused by

KYP/SUVH4 induces their silencing through DNA methylation, negatively affecting seed dormancy. A possible role of the

RdDM pathway in the silencing of seed dormancy genes has been suggested from studies in cereals. In barley, the

AGO4_9 gene AGO1003 is expressed differentially in the embryos of dormant and non-dormant grains . In wheat,

AGO802B, a wheat ortholog of an AGO4_9, is expressed during grain development and its expression is significantly
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lower in preharvest sprouting-resistant varieties than in susceptible ones; implying that DNA methylation levels could be

reduced in PHS susceptible varieties compared to resistant lines . This result indicates that AGO4 is a negative

regulator of dormancy, although it is not known whether specific coding genes are subjected to silencing through RdDM or

which ones are. Recently, it has been demonstrated that mutants with loss or reduced function of the chromatin-

remodelling factor PICKLE (PKL) show increased seed dormancy; PKL directly represses DOG1 expression .

Genomic imprinting is an epigenetic mechanism that alters gene expression in a parent-of-origin manner. As a

consequence, the expression of some genes depends on whether the allele was inherited from the maternal or the

paternal parent . Reciprocal crosses between A. thaliana accessions with increased seed dormancy—Cvi—and with

reduced seed dormancy—C24—have suggested a maternal inheritance of seed dormancy levels. Thus, the two

populations of F-1 hybrid seeds from these reciprocal crosses exhibit distinct levels of dormancy, which tend to

phenocopy the maternal traits. In parallel, 57 dormancy-specific maternally expressed genes have been analysed , but

the molecular mechanisms underpinning the regulation of these genes are yet to be elucidated. Recent studies have

shown the importance of genomic imprinting, through DNA-methylation, in regulating the expression in the endosperm of

two maternally expressed negative regulators of seed dormancy, DOG1-LIKE 4 (DOGL4) and ALLANTOINASE (ALN) 

. In A. thaliana, active DNA demethylation depends on the activity of ROS1, which directly excises methyl-C from DNA

. Interestingly, ros1 mutants are hypersensitive to ABA during early seedling development , showing that ROS1-

driven DNA demethylation regulates seed dormancy, and the response to ABA by controlling the expression of DOGL4, a

negative regulator of seed dormancy and the ABA response. ROS1 appears to antagonize the RdDM pathway, required

for the imprinting that underlies the suppression of the paternal allele, by reducing the high level of DNA methylation of the

paternal DOGL4 promoter, and consequently the gene repression. While both dogl4 and ros1 mutants show a decrease in

germination rates and an increase in the response to ABA, overexpression of DOGL4 in ros1 mutant background reverts

the enhanced seed dormancy and ABA hypersensitivity phenotype, which shows that ROS1 regulation of seed dormancy

is via DOGL4 .

DNA methylation also plays an important role in regulating the preferential maternal ALN expression in the seed

endosperm. Higher CHH methylation levels in a transposable element present in the 5′ region of ALN, targeted by RdDM,

correlate with lower expression of the gene. Paternal allele DNA methylation appears to be established during the

gametogenesis in sperm cells in this gene . During seed development, cold induces further CHH methylation in this

region. This mechanism might allow seeds to store information about cold temperatures and optimize the germination

timing. Upon germination, cold-induced DNA methylation is lost, allowing optimal gene expression in the next generation

[107]. Further studies are required to understand how the RdDM machinery can discriminate paternal from maternal

alleles and maintain the different levels of methylation after fertilization. It is suggested that the RdDM machinery might

act preferentially at methylated DNA or that secondary imprinting such as histone modification might direct RdDM to the

paternal allele .

During germination, although CG and CHG methylations remain stable, which indicates that MET1 and CMT3 are active

in maintenance, there is a drop in CHH methylation levels. There is, however, no decrease in siRNAs for these

hypomethylated loci nor in RdDM machinery components abundance, which points to demethylation causing the drop 

. DNA demethylases are weakly or not expressed during germination, and demethylases mutants show no significant

changes in DNA methylation when compared to wild type . This suggests that passive demethylation may be behind

the decrease in DNA methylation levels during the process of germination, although further studies are still needed to

support this assertion. More than 12,000 differential methylated regions have been found in analyses upon A. thaliana
seed germination, with a different degree of methylation in promoters of over 1800 differently expressed genes . This

implies that the dynamics of DNA methylation can regulate germination-related gene expression. Nevertheless, further

studies on the specific set of genes regulated by changes in DNA methylation levels are required to understand the

importance of this epigenetic regulation.
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