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ABSTRACT 

Small RNAs are found in eukaryotes and are responsible for regulation of chromatin structure, RNA processing and 
stability, translation and transcription. 24-nt small interfering RNA (siRNA) are known to mediate gene inactivation via 
the RNA-directed DNA methylation pathway (RdDM) and are important for natural heritable changes in plant species. 
DNA cytosine methylation can be maintained between generations and this may be important for accelerated adaption 
to stress conditions. Research is currently focused toward the epigenetic response to disease, the stability of DNA me- 
thylation over generations, the elucidation of newly discovered pathways for de novo DNA methylation, and the appli- 
cation of epigenetic variation to breeding programs. This review aims to give a brief but comprehensive examination on 
small RNAs and transgenerational epigenetic variation. 
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Methylation (RdDM) 

1. Introduction 

RNA directed gene silencing has been studied since the 
early 1990s and is quickly becoming the hot topic of the 
decade. With the multitude of papers being published and 
the numerous interests from epigenetic research groups 
around the world, it is no wonder that small non-coding 
RNA has been thrust into the spotlight. 

Epigenetics can be described as “control of gene ex- 
pression based on chromatin organization rather than on 
primary (genetic) DNA sequence information” [1]. Short 
and long noncoding RNAs are now known to be key 
regulators of chromatin structures. Small non-coding RNAs 
are important regulatory molecules in eukaryotes and, as 
a general rule, exert inhibitory regulation of gene expres-
sion. Small RNA regulation occurs in chromosome seg-
regation, chromatin structure, RNA processing and sta-
bility, translation and transcription. 

Understanding RNA-mediated regulatory pathways is 
therefore pivotal to understanding epigenetics. Environ- 
mental changes, such as those associated with global 
warming or disease, impart associated stress to flora and 
fauna. Evidence is building which suggests that epige- 
netic alterations, or epimutations, are occurring against 
protein-coding genes at high frequencies to enable rapid 
adaption of complex traits ultimately leading to genetic 
assimilation [2]. This rapid adaption to the environment 
via epigenetic alleles (epialleles) is not possible with 

classical genetics. 
Plants are the best system to study epigenetic mecha- 

nisms as, unlike mammals, they are capable of transfer- 
ring DNA methylation between generations and their 
cytosine methylation occurs at all sequence contexts [3]. 
This is important on the functional level because plant 
development, silencing of alien genes, reproductive tran- 
sition, preservation of chromatin structures and evasion 
of homologous recombination all rely on DNA methyla- 
tion. 

2. SiRNAs and De Novo DNA Methylation 

There are three major classes of small RNAs (sRNAs) in 
eukaryotes: piwi-interacting RNAs (piRNAs), small in- 
terfering RNAs (siRNAs) and microRNAs (miRNAs). 
Minor classes of small RNAs have been found in various 
organisms. Specific to animals, piRNAs are derived from 
single-stranded RNA and inactive transposons in the 
germ line. Functionally analogous to the piRNAs are the 
siRNAs, which are the most abundant small RNAs in 
plants. SiRNAs are generally derived from repetitive se- 
quences, viruses and transposon rich regions and are pro- 
cessed into 21 - 24 nucleotide (nt) from long double- 
stranded RNA (dsRNA) or long hairpin RNA (hpRNA). 
MiRNAs are processed from single-stranded transcripts 
derived from MIR genes which form double-stranded 
secondary structures that are cleaved to generate the ma-
ture miRNA usually 21 or 22 nt in size. MiRNAs and 
siRNAs act in both somatic and germ lines to regulate *Corresponding author. 
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endogenous genes involved in growth and development 
in addition to defending the genome from invasive nu-
cleic acids. The main difference between miRNA and 
siRNA is that siRNA, with the exception of trans-acting 
siRNA (tasiRNA), silences the same locus from which 
they were derived whereas the miRNA silences in trans 
[4]. TasiRNA is a class of plant endogenous siRNA that 
can silences genes in trans. 

The processing of siRNA from dsRNA is performed 
by a ribonuclease (RNase) III-like endonuclease termed 
Dicer [5]. Arabidopsis encodes four DICER-LIKE (DCL) 
proteins responsible for processing 21-nt (DCL4), 22-nt 
(DCL2) or 24-nt (DCL3) siRNAs and ~21-nt microRNA 
(DCL1). The 24-nt siRNAs, also known as heterochro- 
matic-siRNAs, are particularly important for heritable 
epialleles. This class of siRNA is processed from dsRNA 
generated by the plant-specific DNA-DEPENDENT RNA 
POLYMERASE IV (Pol IV) and RNA-DEPENDENT 
RNA POLYMERASE 2 (RDR2), and exclusively medi- 
ate gene inactivation via the RNA-directed DNA methy- 
lation (RdDM) pathway (Figure 1). Here, a single 24-nt 
siRNA strand in the ARGONAUTE (AGO) 4-POLY- 
MERASE V (AGO4-Pol V) complex directs de novo me- 
thylation of DNA homologous to the loaded siRNA via 
the action of DOMAINS REARRANGED METHYLASE 
2 (DRM2). The nomenclature for both polymerases in- 
volved in RdDM has changed over time, see Table 1 for 
nomenclature comparisons [6]. The main role of RdDM 
is to methylate DNA to silence transposable elements 
and repetitive sequences, RdDM has been shown to af-
fect leaf senescence and response to abiotic stress such as 
drought, cold, salt and hypoxia [7-10]. The RdDM re- 
sponse to stress is poorly understood, but this could be 
elucidated with the potential discovery of novel stress- 
induced proteins involved in RdDM. Likewise the in- 
volvement of RdDM in other traumatic situations may be 
determined in plants. 

Recently, it has been proposed that INVOLVED IN 
DE NOVO 2 (IDN2), an RNA-binding protein, is re- 
quired for DNA methylation establishment [11,12]. 
Known to bind to dsRNA, the IDN2 protein is thought to 
act downstream of initial siRNA biogenesis in the RdDM 
pathway. It was found that either IDN2-LIKE1 (IDNL 1)  
 
Table 1. Nomenclature for plants to describe the Polyme- 
rase promoter. 

Nomenclature Prior to 2009 Nomenclature Post 2009 

Pol IVa Pol IV 

Pol IVb Pol V 

Pol IV (Pol Iva)-specific subunit 
Nuclear RNA Polymerase D 

(NRPD) 

Pol V (Pol IVb)-specific subunit 
Nuclear RNA Polymerase E 

(NRPE) 

 

Figure 1. RdDM pathway—adapted from Eamens et al., 
2008; Methylated DNA acts as a template for single strand- 
ed RNA (ssRNA) to be transcribed by RNA polymerase IV 
(Pol IV). RNA is then converted to double stranded (dsRNA) 
by RNA-directed RNA polymerase 2 (RDR2). Additional 
RNA molecules can be formed by Pol IV in a self-perpetu- 
ating loop. The dsRNA is diced by DICER LIKE 3 (DCL3) 
into 24-nucleotide siRNA duplexes which are then methy- 
lated at the 3’ termini by HUA EN-HANCER 1 (HEN1) to 
protect them from degradation. ARGONAUTE 4 (AGO4) 
then bind to one strand of the siRNA duplexes and interacts 
with nascent RNA transcript synthesized by RNA poly- 
merase V (PolV) to direct cytosine methylation in the DNA 
by DOMAINS RE-ARRANGED METHYLASE2 (DRM2) 
and DEFECTIVE IN RNA-DI-RECTED DNA METHY- 
LATION1 (DRD1). The de novo methylation can be main- 
tained by METHYLTRANS-FERASE (MET1) and CHRO- 
MOMETHYLASE3 (CMT3). 
 
or IDN2-LIKE 2 (IDNL 2) is required in cooperation 
with IDN2 to complete DRM2-mediated genome methy- 
lation. Only minimal activity of DRM2 can occur with 
IDN2 complex mutants. Due to the complexity of the 
RdDM pathway it is likely that more proteins will be 
uncovered that help process DNA methylation. 

3. DNA Methylation in Plants 

DNA methylation is widespread in the Arabidopsis ge- 
nome; 24% of every CG dinucleotide, 6.7% of every 
CHG combination, and 1.7% of every cytosine in a 
CHH context is methylated [13]. DNA methylation is 
mainly in transposable elements and repetitive se- 
quences [14]. Methylation is common in endogenous 
gene promoters or within their transcribed regions in 
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Arabidopsis thaliana [8,13]. 
Repeat pericentromeric regions rich in siRNAs show 

high levels of CG, CHG and CHH methylation [13]. 
However, between 20% - 35% of genes contain signifi- 
cant levels of CG methylation within their transcribed 
regions, which is known as gene body methylation [13- 
15]. The exact cytosine methylation status can be deter-
mined by single-base resolution bisulfite sequencing [16]. 
Bisulfite treatment converts unmethylated cytosine resi-
dues to uracil but does not affect methylated cytosines. 
Bisulfite treated DNA sequences can be compared with 
published genome sequences to determine which cytosi-
nes are methylated. This procedure is simple and can be 
easily scaled to whole genome coverage, but relies on the 
availability of high-quality genome sequences. 

4. Methylation Maintenance 

In Arabidopsis thaliana at least three pathways exist to 
control maintenance of DNA cytosine methylation, but 
DRM2 is solely responsible for de novo cytosine methy- 
lation under the guidance of siRNA via the RdDM path- 
way [11]. De novo methylation at CG and CHG sites is 
maintained when DNA replicates, which is catalysed by 
the methyltransferases METHYLTRANSFERASE (MET1) 
and CHROMOMETHYLASE3 (CMT3), respectively [17, 
18]. MET1 methylates the nascent strand using hemi-
methylated DNA as a template [17]. CHG methylation 
via CMT3 is directed by histone modifications catalys- 
ed by the H3K9 methyltransferase KRYPTONITE/SUVH4 
(KYP) [19,20]. Methylated CHH residues are not main-
tained between generations or during DNA replication 
and must instead be re-established de novo by RdDM 
after every replication event. 

Arabidopsis methytransferase mutants were used in a 
study [13] to look at the genome wide effects of DNA 
methylation in plants. Using a variety of single, double 
and triple mutants they found that any line containing a 
MET1 mutation had completely lost CG methylation and 
greatly reduced CHH methylation throughout the ge- 
nome. This suggests that CHH methylation requires, to 
some extent, the presence of CG methylation to enable 
redundant behaviour from the various DNA methyltrans- 
ferases. Disrupting chromatin remodelling enzymes can 
significantly reduce all contexts of DNA methylation. 
For example, the ddm1 mutant lacks the function of an 
ATPase chromatin remodeller and as a result has global 
DNA methylation reduced by ~70% [2]. Gene body me- 
thylation, which usually occurs at the CG context, per- 
sists in RdDM mutants but is disrupted in met1 mutants 
[21]. Gene body CG methylation was rescued by trans- 
forming met1 mutant with a MET1 cDNA transgene. In 
these transformants, MET1 was able to remethylate DNA 
without a homologous hemimethylated DNA template, 

suggesting a role for MET1 in de novo CG methylation. 
This putative function provides an explanation for the 
reduced de novo CG methylation in met1 mutants previ- 
ously observed [22]. 

5. Alternative RdDM Pathways 

While most angiosperms rely on DCL3 to cleave double 
stranded RNA to produce 24-nt siRNA other plant fami- 
lies have developed their own RNA-mediated silencing 
pathway. The gymnosperm conifers, such as the Norway 
Spruce or the Western Red Cedar, are related to angio- 
sperms such as Arabidopsis thaliana but have no detect- 
able ability to produce 24-nt small RNA capable of di- 
recting chromatin modification [23,24]. This is believed 
to be due to the absence of DCL3. No DCL3-like ex- 
pressed sequence tags were found in conifers but a new 
DCL family was detected that is not known to exist in 
angiosperms. These conifers do however have abundant 
levels of diverse, rapidly evolving 21-nt miRNAs which 
are documented in angiosperms. This may mean a new 
RNA-mediated silencing pathway has evolved in coni- 
fers to allow the novel DCL family and diverse 21-nt 
RNA to regulate heterochromatin [23,24]. 

Another recent study has identified a potential de novo 
DNA methylation pathway which has a heritable effect 
known to accumulate in ddm1 methylation deficient mu- 
tants [25]. The locus for the BONSAI (BNS) gene was 
investigated, which, contrary to global methylation pat- 
terns, is locally hypermethylated in inbred homozygous 
ddm1 backgrounds. This hypermethylation is associated 
with siRNAs and is in CG and non-CG contexts. Double 
homozygote mutants for ddm1 and any one of the RdDM 
genes retain BNS hypermethylation. However, double 
mutants for ddm1 and cmt3 or kyp are hypomethylated at 
the BNS locus, suggesting that CMT3, directed by H3K9 
methylation, is necessary for de novo CG and non-CG 
DNA methylation at this locus. 

6. Remethylation 

Epialleles allow variation in traits beyond the genetic 
sequence alone and therefore are attractive targets for 
breeding new agriculturally favorable cultivars. Disrupt- 
ing methylation patterns by knocking-out essential genes, 
such as met1 or ddm1, and reintroducing WT methylation 
function through outcrossing is a simple method to in- 
troduce methylation diversity in plants with DNA se- 
quences near isogenic to WT. Two groups have recently 
used this method to generate epigenetic recombinant in- 
bred lines (epiRILS) [2,26]. Restoring WT MET1 func- 
tion to the progeny of met1 mutants does not completely 
recover WT methylation patterns [26]. Instead, remethy- 
lation is directed predominantly at centromeric regions 
and is a result of RdDM [27]. In ddm1-derived epiRILs it 
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was found that ~30% of variability in flowering time and 
plant height was due to heritable factors and not envi- 
ronmental conditions, which is comparable to values con- 
sidered in breeding programs [2]. Interestingly, continual 
selfing of ddm1 leads to a gradual reduction in DNA 
methylation over generations instead of the immediate 
loss of methylation observed in met1 plants [25]. This 
could be utilised to produce a severely hypomethylated 
progenitor that could potentially generate epiRILs with 
increasingly diverse patterns of methylation. These new 
hypomethylated cultivars could for example have a high- 
er level of gene expression in disease responsive genes 
ultimately leading to resistant cultivars to pathogens.  

7. Spontaneous Methylation (New Epialleles) 

The frequency and extent of spontaneous methylation 
variation across generations has been recently analyzed. 
DNA methylation is stable over numerous generations 
but the number of generations over which stability is 
maintained depends on the trait. For example, flowering 
time and plant height epialleles were stable when moni-
tored for eight generations [2]. In a more comprehensive, 
genome-wide study of both ancestral and descendant 
Arabidopsis lines using MethylC-Seq (genome-wide bi- 
sulphite sequencing), epialleles were stable for up to thir- 
ty generations [28]. The study of identical sequences 
with differentially methylated regions between the an- 
cestral state and descendant lines also found many new 
spontaneous epialleles. This work indicates that while 
DNA methylation can be stably inherited across genera- 
tions, new methylation epialleles are still able to form to 
enable continued rapid adaption beyond that allowed by 
genetic mutations. This is a great advantage for a plant 
under stress conditions. However, not all epialleles are 
stable; RdDM is a dynamic process where demethylation 
and remethylation continuously occur. For example, 
some of the ddm1 mutant induced hypomethylation 
variants regained wild type DNA methylation patterns 
conferred by RdDM after two to five generations [2]. 
It can be speculated that the varying stability of epial-
leles could help explain the disparity of disease-caus- 
ing allelic transcription responsible for heritable dis-
eases that develop in response to environmental cues. 

The classical definition of a complex heritable trait is a 
phenotype that is influenced by alleles of multiple genes 
and the environment [29]. The complex trait would be 
passed from parents to offspring in a stable and causative 
manner. It is becoming evident that a phenotype may 
change across generations without alteration of the DNA 
sequence in a manner that defies traditional Mendelian 
inheritance. Chromatin modification, such as through the 
loss or gain of DNA methylation, is one such epigenetic 
mechanism capable of exerting an influence on gene ex- 
pression transmitted between generations [2]. 

8. Effect of Stress on Methylation 

The ability to adapt to unfavorable conditions is a plants 
greatest asset. Epigenetic adjustments to metabolism, 
energy allocation and next generation growth grants an 
adaptive advantage to progeny growing in the same en- 
vironment as the parent [9]. A recent study has examined 
the methylation patterns of Arabidopsis thaliana progeny 
exposed to 25 and 75 mM sodium chloride [8]. Most 
gene promoters with changes in methylation were hy- 
permethylated and were enriched with regulators of chro- 
matin structure. The progeny were hypermethylated up-
stream and downstream of the gene and within exons. 
These findings supported the reduced gene expression, 
increased levels of H3K9me2 (dimethylated histone 3 
lysine 9) and diminished H3K9ac (histone 3 lysine 9 
acetylation) found in the methylated gene bodies of salt- 
stressed progeny. Unfortunately no information on the 
successive generations was given. 

The effect of temperature and UV-B stress on Arabi- 
dopsis also shows a temporary transgenerational influ- 
ence on epigenetic regulatory mechanisms [9]. Progeny 
to the third generation showed this result. No later gen- 
erations were examined. Transmission of stress effects to 
progeny in non-stressed environments occurred in a 
small number of cells but was reset during seed matura- 
tion. The plants did not show DNA methylation changes 
but instead showed strong increases in histone-acetyla- 
tion, causing an expansion of transcriptionally active 
chromatin. This histone modification is said to overcome 
the hypermethylated DNA loci and reduce silencing of 
stress-mediated genes. The increase in H3K9 acetylation 
was also observed in a similar study under drought [30] 
and UV-B [31]. The transient transmission of epigenetic 
control mechanisms is likely to protect genome integrity 
while allowing the plant to focus energy on other factors 
more important to the current generation. 

Evidence exists that plants can prime their immune 
system to provide faster and stronger defence mecha- 
nisms after a localized pathogen attack through the me- 
chanism of systemic acquired resistance (SAR) [32]. The 
role of epigenetics in SAR is an emerging area for study. 
It may help to answer questions such as; “What happens 
when a plant has a short generation with a limited ability 
to outlive disease outbreaks” and “can priming be inher-
ited epigenetically?” It has recently been shown that epi-
genetic variation can influence plant defence via hor-
mones such as salicylic acid (SA) which acts against 
fungal, bacterial and viral pathogen attack, and jasmonic 
acid (JA) which is responsible for defence against her- 
bivorous insects [33]. 

Chromatin immunoprecipitation demonstrated that the 
progeny of Arabidopsis plants infected with Pseudomo- 
nas syringae pv tomato DC3000 (PstDC3000) have in- 
creased H3K9 acetylation in the promoters of SA-in- 
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ducible genes, a histone mark that is associated with ac-
tive transcription of the genes resulting in resistance to 
the hemibiotrophic pathogen [34]. Conversely, these pro- 
geny plants show increased tri-methylation of H3K27 in 
the promoters of JA-responsive genes, which denotes a 
repressed state of transcription. SAR has been shown in 
Arabidopsis to be maintained epigenetically over one stress- 
free generation from plants originally exposed to the 
PstDC3000 bacterium [34]. The DNA hypomethylated 
loci induced by PstDC3000 are thought to direct priming 
of SA-dependent defenses in the SAR of subsequent ge- 
nerations via histone modification. This could possibly 
occur through siRNAs and the RdDM pathway response 
to pathogen infection. 

9. Future Directions in Breeding 

The importance of stable epialleles through generations 
becomes clear when traits, determined by methylation sta- 
tus, are selected during breeding. A study in Brassica 
napus (rapeseed) found an increase in yield potential 
from populations which were artificially selected for par- 
ticular epigenomic states [35]. They found not only could 
energy use efficiency be artificially selected epigenetic- 
cally but that DNA methylation patterns and the impor- 
tant agronomical and physiological characteristics were 
heritable. Epigenetic marker technology is a promising 
area of research which could greatly enhance breeding 
for complex traits such as disease resistance and flower- 
ing time. The mechanisms responsible for stable epige- 
netics are still unclear, and a better understanding of the 
function of DNA methylation, histone modification and 
siRNAs in transcription and translation processes would 
undoubtedly enhance our ability to use epigenetics in 
breeding programs [35]. 

10. Conclusion 

There are many pieces in the puzzle of small RNA and 
epigenetics. With the era of next-generation sequencing, 
bioinformatics and more technologies continually be- 
coming available and affordable, the rate at which we 
can accumulate knowledge is astounding. It is with this 
knowledge that the mechanics behind sRNA-mediated 
epigenetics in plants will be fully unravelled. An under- 
standing of transgenerational instability and the mecha- 
nisms associated with epiallelic states will lead the way 
for future studies in plant biotechnology. 
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