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Somatic embryogenesis (SE) is a powerful tool for plant genetic improvement when
used in combination with traditional agricultural techniques, and it is also an important
technique to understand the different processes that occur during the development of
plant embryogenesis. SE onset depends on a complex network of interactions among
plant growth regulators, mainly auxins and cytokinins, during the proembryogenic early
stages, and ethylene and gibberellic and abscisic acids later in the development of
the somatic embryos. These growth regulators control spatial and temporal regulation
of multiple genes in order to initiate change in the genetic program of somatic cells,
as well as moderating the transition between embryo developmental stages. In recent
years, epigenetic mechanisms have emerged as critical factors during SE. Some early
reports indicate that auxins and in vitro conditions modify the levels of DNA methylation
in embryogenic cells. The changes in DNA methylation patterns are associated with
the regulation of several genes involved in SE, such as WUS, BBM1, LEC, and several
others. In this review, we highlight the more recent discoveries in the understanding
of the role of epigenetic regulation of SE. In addition, we include a survey of different
approaches to the study of SE, and new opportunities to focus SE studies.
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Introduction

Somatic embryogenesis (SE) is a powerful tool for plant genetic improvement when it is used
in combination with traditional agricultural techniques (Loyola-Vargas et al., 2008). SE onset
depends on a complex network of interactions among plant growth regulators, mainly auxins
and cytokinins, during the proembryogenic early stages, and ethylene and gibberellic and abscisic
acids later in the development of somatic embryos. These growth regulators control the spatial and
temporal expression of multiple genes in order to initiate change in the genetic program of the
somatic cells, as well as the transition between embryo developmental stages (Fehér, 2015).

Plants as well as animals have sophisticated mechanisms to regulate cellular division,
development and growth (Albert and Peters, 2009; Gonzalo, 2010; Wollmann and Berger,
2012; Nic-Can et al., 2013). Chromatin organization allows the expression or repression of
genes depending on the degree of its compaction in a specific locus (Schones and Zhao,
2008; Tamaru, 2010). This chromatin compaction results from two main processes, histone
modification and DNA methylation. Both are present in plants and animals; however, DNA
methylation in plants is more complex than in animals. Other processes controlled by
DNA methylation are the transcription of invading and mobile DNA elements, such as
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viruses, transgenes, transposons, and retroelements (Law and
Jacobsen, 2010; Feng and Jacobsen, 2011).

DNA methylation is carried out by the addition of a methyl
group at the 5′position of the pyrimidine ring of cytosine
in the DNA (5mC). In animals, this methylation occurs in a
cytosine that is adjacent to a guanine (CpG) (Vanyushin, 1984).
However, methylation in plants is not always in the CpG islands
(Gruenbaum et al., 1981; Belanger and Hepburn, 1990); it can
also be done in CpHpG and CpHpHp (where H is any nucleotide
except G; Finnegan et al., 1998; Feng et al., 2010).

During early embryo development, DNA methylation is
continually changing in order to satisfy the cell requirements.
In animals, de novo methylation is necessary for embryo
implantation (Monk et al., 1987); if this methylation is not
achieved, the survival of the embryo could be compromised
(Okano et al., 1999). In plants, which form an embryo without
egg fertilization, the dynamic of the methylation depends on
embryo development (Nic-Can et al., 2013), as well as the species
(Nic-Can and De-la-Peña, 2014). Plants are able to survive larger
reductions in genomic 5mC than animals. This phenomenon is
very relevant, since DNA demethylation produces an important
increase in the rates of transposon insertion (Hirochika et al.,
2000; Singer et al., 2001; Kato et al., 2003; Tsukahara et al., 2009).
On the other hand, the exposure to in vitro culture conditions
produces epigenetic variation at several levels (Kaeppler and
Phillips, 1993; Smykal et al., 2007; Valledor et al., 2007; Miguel
and Marum, 2011; De-la-Peña et al., 2012; for a review see
Neelakandan andWang, 2012; Us-Camas et al., 2014).

Methyltransferases

Methylation of DNA is catalyzed by a set of enzymes named
DNA (cytosine-5-)-methyltransferase (DCMTases; EC 2.1.1.37).

With the exclusion of fungal enzymes, and based on the
sequence homology within their C-terminal catalytic domains,
most DCMTases can be grouped into four distinct families
(Grace Goll and Bestor, 2005). Plants have all four classes of
DCMTases, while other eukaryotic organisms have only two
or three classes. In plants, these groups of DCMTases are
named DNA methyltransferase1 (MET1), domains rearranged
methyltransferase (DRM), DNA nucleotide methyltransferase2
(DNMT2) and chromomethylase3 (CMT3).This last group
appears to be unique to plants. There is significant variability in
the types and numbers of DCMTases in plants (Table 1; Figure 1);
e.g., Arabidopsis thaliana has 11, Glycine max has nine, Coffea
canephora has eight, and Vitis vinifera and Theo broma cacao
have six.

Using sequence similarity to Dnmt1 [the plant homolog of
mammalian DNA (cytosine-5) methyltransferase 1], a DCMTase
named MET1 was identified and cloned in A. thaliana (Jean
Finnegan and Dennis, 1993). MET1 catalyzes the maintenance
methylation of the CG islands in the heterochromatin (Cao
and Jacobsen, 2002; Cokus et al., 2008; Lister et al., 2008),
but may also play a role in de novo methylation (Finnegan
and Kovac, 2000); DMR and CMT3 are in charge of the
maintenance methylation of CHG and CHH isles (Lindroth et al.,
2001; Law and Jacobsen, 2010; Du et al., 2012; Köhler et al.,
2012), and DMR also methylates de novo CG, CHG, and CHH.
It is dependent on RNAi-like machinery (Law and Jacobsen,
2010).

Methyltransferase enzymes have important motif
characteristics to facilitate their main functions. The
crystallization of the methyltransferase domain of NtDMR
from tobacco shows a classic class I methyltransferase fold.
The enzyme forms a homodimer with the dimer interface
mimicking the mammalian Dnmt3a-Dnmt3L heterodimer
interface (Zhong et al., 2014). This is very interesting because

TABLE 1 | Genes codifying for methyltransferases in some genome plants.

Species Family Methyltransferases

MET1 DNMT2 DRM CMT3

Substrate specificity

Maintenance CG&CHG Broader specificity De novo CG&CHG Maintenance CHH Maintenance CHG&CHH

A. thaliana Brassicaceae 4 1 3 3

B. rapa Brassicaceae 3 1 3 3

S. lycopersicum Solanaceae 1 1 3 2

V. vinifera Vitaceae 2 1 1 2

C. canephora Rubiaceae 2 1 3 2

G. max Leguminosae 2 1 3 3

T. cacao Malvaceae 1 1 2 2

O. sativa Poaceae 2 1 3 3

The analysis for the presence of MTases was carried out using the complete sequence for Coffea canephora from Coffee Genome Hub (http://coffee-genome.org/), for
Arabidopsis thaliana from TAIR10 (http://www.arabidopsis.org/) and for Solanum lycopersicum, Vitis vinífera, Theobroma cacao, Brassica rapa, Glycine max, and Oryza
sativa from PHYTOZOME v10.2 (http://phytozome.jgi.doe.gov/pz/portal.html). We took into account all of the sequences that proved to contain more than one of the
following functional annotations: PFAM/PF00145C-5/cytosine-specific DNA methylase, DNA (cytosine-5-)-methyltransferase [EC:2.1.1.37] and (GO:0008168) [QuickGo
from European Bioinformatics Institute].
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FIGURE 1 | Phylogenetic relationships of orthologous DNA
(cytosine-5-)-MTases among various plants. The evolutionary history was
inferred by using the maximum likelihood method based on the Tamura-Nei
model (Tamura and Nei, 1993). Bootstrap analyses consisted of 500

replicates. The analysis involved 66 nucleotide sequences. All positions with
less than 95% site coverage were eliminated. Evolutionary analyses were
conducted in MEGA6 (Tamura et al., 2013). Oryza sativa was used as the
outgroup.

this family of enzymes shows a strong conservation of the
catalytic motifs in their C-terminal domains with mammalian
Dnmt3A and Dnmt3B proteins (Figure 1) (Grace Goll and
Bestor, 2005).

Chromomethylases are unique to flowering plants, and were
identified by Henikoff and Comai (1998). These enzymes possess
a chromodomain between motifs II and IV (Henikoff and
Comai, 1998) and keep the eight conserved motifs characteristic
of eukaryote cytosine methyltransferases (Finnegan and Kovac,
2000).

The sequence alignments and comparison of DCMTases
present in the genome of eight plants, the genomes of which
have been sequenced, was carried out (Figure 1). The cladogram
reveals a clear division among the four groups of DCMTases
present in plants. The family DNMT1 shares 46–60% similarity
between A. thaliana and C. canephora. For the families DNMT2,
DNMT3 and chromomethylase, these values are 65, 36–52%, and
53–60%, respectively, for both species.

A number of chemical and enzymatic studies show that the
catalytic mechanism of DCMTases initiates with a nucleophilic
attack of a conserved cysteine-81 (Cys) from the active site of the
enzyme on carbon 6 (C6) of cytosine in DNA and generates a
covalent enzyme DNA intermediate (Figure 2).This nucleophilic
attack activates an original inert carbon 5 (C5), and the flow of
electrons to C5 produces a negative charge and leads to an attack
on the methyl group of S-adenosyl-L-methionine (electrophile).

The nucleophilic attack increases the pK of the N3 of the cytosine
and this nitrogen is protonated. This part of the reaction takes
place with the Glu119 of the enzyme active site. Abstraction of
the proton at the C5 position followed by β elimination allows
reformation of the C5–C6 double bond and releases the active
enzyme and DNA with a methylated cytosine (Figure 2) (Santi
et al., 1983, 1984; Wu and Santi, 1987; Klimasauskas et al., 1994;
Peräkylä, 1998; Liutkeviciute et al., 2011).

Inhibitors

Methyltransferases and their function in DNA methylation can
be modified by a set of compounds that interferes in different
steps of the methylation process (Goffin and Eisenhauer, 2002).
The pyrimidine analogs 5-azacytidine (azaC) and the 5-aza-2′-
deoxicytidine (decitabine) are cytosine analogs that, instead of
the carbon atom at position 5, have a nitrogen atom (Figure 3)
(Jones and Taylor, 1980). During the replication of DNA,
(Lübbert, 2000), these compounds can be incorporated into the
DNA, avoiding the methylation of DNA and resulting in a general
genome hypomethylation (Santi et al., 1983). The 2-amino5-
ethoxy-carbonyl-pyrimidine-4(3H)-one is a pyrimidine analog
that also inhibits the methylation of DNA (Figure 3) (Raugei
et al., 1981). Another compound employed in epigenetic studies is
ethionine (2-amino-4-ethylsulfanylbutyric acid) (Figure 3), used
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FIGURE 2 | Catalytic mechanism of DNA methyltransferases. The
reaction initiates with a nucleophilic attack on carbon 6 of cytosine in
DNA. This nucleophilic attack activates an original inert carbon 5.
Abstraction of the proton at the C5 position followed by β elimination

allows reformation of the C5–C6 double bond and releases the active
enzyme and DNA with a methylated cytosine (Santi et al., 1983, 1984;
Wu and Santi, 1987; Klimasauskas et al., 1994; Peräkylä, 1998;
Liutkeviciute et al., 2011).

FIGURE 3 | Structures of some inhibitors of the methylation of DNA.

by cells to produce S-adenosyl-L-methionine, which functions as
a competitive inhibitor of DNA methylation (Cox and Irving,
1977).

It has been suggested that the inhibitory mechanism of
DNA methylation by pyrimidine analogs could be through the
formation of a covalent bond between a catalytic nucleophile site
of the DCMTases and the reactive 6 position of azaC that has
replaced cytosine in DNA (Bouchard andMomparler, 1983; Santi
et al., 1983; Jüttermann et al., 1994). The substitution of carbon by
nitrogen at position 5 changes the reactivity of carbon at position
6, avoiding the reversibility of the bond between this carbon and
a cysteine at the active site of the enzyme (Figure 4) (Santi et al.,
1983, 1984). After repeated replication of cell cycles, the inhibitor
depletes the cell of DCMTases, resulting in the hypomethylation
of DNA (Santini et al., 2001). Another possible mechanism of
action of these inhibitors would be through the damage to the
structural stability of DNA (Lin et al., 1981; D’Incalci et al., 1985).

AzaC and decitabine can be also incorporated into DNA or
RNA (Santini et al., 2001). AzaC is incorporated preferentially
into RNA (Santini et al., 2001) and decitabine into DNA.
The incorporation of azaC into RNA produces a ribosome
malfunction and inhibits protein synthesis. All of these
mechanisms have been studied in animal cells, but at present
there has not been a study of plant cells in order to determine
whether the inhibition mechanism is the same as that in animals.

Techniques to Determine DNA
Methylation

DNA methylation is an important and widely used regulatory
process among higher organisms. This led to the development
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FIGURE 4 | Catalytic mechanism of the inhibition of DNA methylation by 5-azacytidine. After the formation of C6 and the enzyme, slow methyl transfer
takes place; however, the absence of hydrogen at C5 avoids the β elimination and the enzyme remains attached to the complex (Santi et al., 1983, 1984; Santini
et al., 2001).

of precise and efficient methods to determine the genomic DNA
methylation content, as well as the specific sites of methylation in
order to elucidate its role in biological processes such as SE.

The methods for the determination of methylation levels in
DNA can be divided into at least into six general groups: global
DNA methylation, regional DNA methylation, genome-wide
analysis, DNA methylation analysis by sequencing, detection
of specific methylation patterns, and individual CpG analysis
(Figure 5). Some of these have been applied to study the process
of both SE and zygotic embryogenesis (El-Tantawy et al., 2014;
Nic-Can and De-la-Peña, 2014; Wolny et al., 2014; Pérez et al.,
2015b); however, it is necessary to expand current strategies in
order to have a more precise understanding of these important
processes. For a complete analysis of all of the techniques used
to study chromatin modifications, see Tost (2009), Kovalchuk
and Zemp (2010), Tollefsbo (2011), and Spillane and McKeown
(2014).

Analysis of DNA Methylation by Bisulfite
Sequencing

The bisulfite genomic sequencing method (Frommer et al.,
1992) is both qualitative and quantitative. This method is based
on the conversion of cytosines in single-stranded DNA into
uracil by sodium bisulfite, which is recognized as thymine in
subsequent PCR amplification and sequencing. The 5mCs do
not react to this transformation and remain cytosines, allowing
5mCs to be distinguished from unmethylated cytosines. The
first step in this method is to denaturalize the double strand

of DNA; this is followed by the sulphonation of the cytosine
residues at the C-6 position, hydrolytic deamination at C-4 to
produce uracil-sulphonate, and desulphonation under alkaline
conditions (Figure 6) (Wang et al., 1980; Grigg, 1996; Rein et al.,
1998; Hajkova et al., 2002). The 5mC is unreactive due to the
inability of bisulfite to access the C-6 position. This method
has been used to determine the methylation status at a specific
locus of genes involved in the SE of Daucus carota (Shibukawa
et al., 2009) and C. arabica (Bobadilla Landey et al., 2013).
The bisulfite method has become the basis for other methods,
such as methylation-sensitive single nucleotide primer extension
(Ms-SNuPE), combined bisulfite restriction analysis (COBRA),
methylation-specific PCR (MSP), and others that would be
interesting to apply during the transition of somatic cells into
embryogenic ones.

Quantification of Global DNA Methylation

Global DNA methylation is frequently used to evaluate whether
DNA methylation changes exist on a large scale during
growth and development or if they are induced by different
environmental signals in plants and animals. Global 5mC levels
can be detected by several analytical techniques, such as reversed-
phase high performance liquid chromatography (RP-HPLC),
capillary electrophoresis, inductively mass coupled mass plasma
spectrometry (ICP-MS), coupling liquid chromatography or gas
chromatography, and electrospray ionization mass spectrometry
(ESI-MS; Magaña Alcázar et al., 2008; Wrobel et al., 2009; Lopez
Torres et al., 2011). Among these analytical techniques, RP-HPLC
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FIGURE 5 | Techniques to analyze DNA methylation. MS-AFLP,
methylation-sensitive amplified fragment length polymorphisms; MSAP,
methylation-sensitive amplification polymorphism; DMH, differential
methylation hybridization; MIAMI, microarray-based integrated analysis of
methylation by isochizomers; HPLC, high-performance liquid
chromatography; TLC, thin-layer chromatography; FCE, fluorescent capillary
electrophoresis; ERMA, enzymatic regional methylation assay; MS-SSCA,

methylation-sensitive-single strand conformation analysis; CE, capillary
electrophoresis; FMCA, fluorescence melting curve analysis; MALDI,
matrix-assisted laser desorption/ionization mass spectrometry; MS-PCR,
methylation-sensitive polymerase chain reaction; QAMA, quantitative
analysis of methylated alleles; COBRA, combined bisulfite restriction
analysis; MS-SNuPE, methylation-sensitive-single nucleotide primer
extension.

FIGURE 6 | Catalytic mechanism of the reaction of bisulfite with cytosine. The sulphonation is favored at low pH and low temperature. The hydrolytic
deamination of cytosin-6-sulphonate to uracil-6-sulphonate is irreversible. The desulphonation of uracil-6-sulphonate to uracil is reversible and is favored at high pH
(Wang et al., 1980; Frommer et al., 1992; Hajkova et al., 2002).

is the most common procedure. The level of 5mC is obtained
through enzymatic digestion of DNA (DNAse, nuclease P1 and
phosphatase alkaline) to obtain free deoxynucleosides, followed
by chromatographic separation, where the suitable separation
of deoxynucleosides must be ensured. The use of the HPLC
technique to analyze DNA methylation has been effective at
determining the methylation changes throughout the whole SE
process in C. canephora (Nic-Can et al., 2013) and during the SE
of Castanea sativa (Viejo et al., 2010).

Methylation-Sensitive Amplified
Polymorphism (MSAP)

Analysis of methylation-sensitive amplified polymorphism
(MSAP) has been applied to several plants in order to identify
genome-wide epigenetic variations. This technique is based on
the use of a pair of methylation-sensitive restriction enzymes,
HpaII and MspI, which are isoschizomers, as well as the use of
EcoRI. Both enzymes recognize the same sequence, 5′-CCGG-3′;
however, their action is affected by the methylation pattern at
the inner or outer cytosine (Reyna-López et al., 1997). MSAP

has proven to be an efficient method for detecting alterations
in cytosine methylation in fixed genotypes (Li et al., 2008); this
technique is relatively simple and has been often used to assess
different systems of plant tissue cultures with the purpose of
identifying genes under epigenetic control (Miguel and Marum,
2011). In addition, MSAP does not require a sequenced reference
genome, but the scoring of MSAP data should be made carefully
in order to determine the distribution of CpG methylation at
the 5′-CCGG-3′sites through the genome (Abid et al., 2011). Xu
et al. (2004) used this technique in Rosa hybrida cv. Carefree,
and found that the demethylation of outer cytosines occurred at
a high frequency during SE.

In Situ Analysis of DNA Methylation

As the realization of the importance of DNA methylation to
different biological processes is growing (Martienssen and Colot,
2001; Bruce et al., 2007; Amasino, 2010), the number and
sensitivity of techniques to measure 5mC is also receiving more
attention. Many techniques, such as MSAP (Baurens et al., 2008),
HPLC (De-la-Peña et al., 2012), high-performance capillary
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electrophoresis (HPCE; Fraga et al., 2000; Meijón et al., 2009)
and ELISA-based assays (Testillano et al., 2013) have been used
effectively to measure global DNA methylation levels. However,
some studies are applying a more sensitive spatial and temporal
analysis to localize the precise distribution of 5mC (Meijón et al.,
2009; Testillano et al., 2013).

In situ analysis using immunolocalization coupled to confocal
microscopy in order to localize 5mC to an exact moment and
cell have resolved many biological questions (Meijón et al., 2009;
Kathiria and Kovalchuk, 2010; Testillano et al., 2013; Pérez et al.,
2015b). This technique is designed to work with antibodies and a
confocal microscope, and it is possible to detect the fluorescence
signal with high sensitivity and good reproducibility (Kathiria
and Kovalchuk, 2010). This technique has not been applied to
the SE process, but it is clear that it would give interesting results
about specific methylation sites during the transition from the
globular to the heart stage.

Epigenetics of Somatic Embryogenesis

In recent years, epigenetic mechanisms have emerged as critical
factors during the induction of both somatic (Nic-Can and De-
la-Peña, 2014) and zygotic embryogenesis (Nodine and Bartel,

2010). The modifications present during the induction of SE and
development of somatic embryos include methylation of DNA, as
well as histone modifications (Table 2). The methylation of DNA
is essential in order for SE to succeed. This epigenetic mechanism
during the induction of SE has been documented in at least 18
species from 12 families (Table 2). However, in only four of these
species have the modifications in histones been determined (Nic-
Can et al., 2013; Rodríguez-Sanz et al., 2014b; Pérez et al., 2015a;
Wickramasuriya and Dunwell, 2015).

In general, the methylation of DNA is lower in the
embryogenic tissues than in the non-embryogenic tissues. For
instance, in Siberian ginseng (Eleutercoccus senticosus), the non-
embryogenic calli showed higher DNA methylation in the
sites 5′-CCGG-3′ (16.99%) than the embryogenic calli (11.20%)
(Chakrabarty et al., 2003). A similar pattern has been determined
in Pinus nigra Arn. ssp Austriaca, in which embryogenic lines
showed low methylation levels (Noceda et al., 2009). Since
the lowest level of DNA methylation is always found in the
embryogenic cells (Palmgren et al., 1991), it is possible that
DNA hypomethylation is involved in the signal that leads to
the induction of SE. The transient expression of a carrot DNA
methyltransferase gene, Met1-5, after the induction of SE by
2,4-dichlorophenoxiacetic acid (2,4-D) and before the formation
of embryogenic cell clumps (Yamamoto et al., 2005), seems to

TABLE 2 | DNA methylation and histone modifications during the induction of somatic embryogenesis and development of somatic embryos.

Family Species Epigenetic modifications through SE development Reference

DNA
methylation

H3K4me3 H3K9me2 H3K27me3 H3K36me3 H3,H4
acetylation

Apiaceae Daucus carota LoSchiavo et al. (1989),
Palmgren et al. (1991),
Shibukawa et al. (2009),
Yamamoto et al. (2005)

Araliaceae Eleuterococus
senticosus

Chakrabarty et al. (2003)

Arecaceae Elaeis guineensis Jaligot et al. (2000, 2002, 2004)

Brassicaceae Brassica napus Rodríguez-Sanz et al. (2014b),
Solís et al. (2015)

Arabidopsis
thaliana

Wickramasuriya and Dunwell
(2015)

Cucurbitaceae Cucurbita pepo Leljak-Levanic et al. (2004)

Fabaceae Medicago
truncatula

Santos and Fevereiro (2002)

Castanea sativa Viejo et al. (2010)

Fagaceae Quercus suber Rodríguez-Sanz et al. (2014a),
Pérez et al. (2015a)

Myrtaceae Acca sellowiana Fraga et al. (2012), Cristofolini
et al. (2014)

Pinaceae Picea abies Yakovlev et al. (2014)

Picea omorika Levanic et al. (2009)

Pinus pinaster Klimaszewska et al. (2009)

Pinus nigra Noceda et al. (2009).

Larix x eurolepis Teyssier et al. (2014)

Poaceae Hordeum vulgare El-Tantawy et al. (2014)

Rosaceae Rosa x hybrida Xu et al. (2004)

Rubiaceae Coffea canephora Nic-Can et al. (2013)
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support this theory. However, these studies are in contradiction
with the finding from P. pinaster, where there are no differences
in the amount of DNA methylation of embryogenic and non-
embryogenic lines. The DNAmethylation values are between 17.8
and 19.1%, with no significant difference (Klimaszewska et al.,
2009). Nevertheless, the determination of total 5mC can lead to
underestimating the methylation/demethylation of specific sites
of DNA. To avoid this problem, it is necessary to use more
reliable techniques, such as MSAP. Using a modification of this
technique, Xu et al. (2004) were able to show that in R. hybrida
cv. Carefree, the demethylation of outer cytosines occurred at
a high frequency during SE. This indicates that besides the
total 5mC quantification, it is necessary to evaluate specific
methylation sites in order to have more complete information
about DNA methylation not only for SE but also for other
systems.

The study of the epigenetic changes during the induction of
SE and the development of the somatic embryos is not an easy
task. Several factors can affect the changes in the methylation
pattern of DNA. Among these factors are the age of the cell
lines, the genetic background of the explant, the presence/absence
of growth regulators, the culture medium components, the
physiological conditions of the explant, the temperature of
incubation, molecules secreted by the explants and others. For
instance, it was found in D. carota that the presence of low levels
of 2,4-D (2.26µM) favored a low level of 5mC (i.e., 16%), whereas
a 10-fold increase in the concentration of 2,4-D increased the
methylation levels to 45%. A similar concentration of different
auxins, such as 1-naphthaleneacetic acid (NAA) and indole-3-
acetic acid (IAA), only increased the level of DNAmethylation to
23% (LoSchiavo et al., 1989). This suggests that DNAmethylation
is affected not only by the presence of auxins, but also by the
type of the auxin used. DNA methylation is also affected by the
nitrogen source (Leljak-Levanic et al., 2004). In Cucurbita pepo
embryogenic lines, it was found that a low amount of NH4Cl
present in the B5 medium is enough to produce the highest rate of
DNAmethylation in an auxin-free medium (Leljak-Levanic et al.,
2004).

Since the discovery of SE, it has been found that the stage
of development of some tissues is crucial for the production of
somatic embryos (Loyola-Vargas et al., 2008). Recently, Viejo
et al. (2010) found that the induction of SE from zygotic embryos
of C. sativa depends on a decrease in DNA methylation of
the original explant. It seems that the induction of SE occurs
when a decrease in DNAmethylation happens during the zygotic
embryo maturation. It is possible that the genotypic dependence
of the induction of SE is related to the epigenetic status of the
explant.

In general, it appears that the hypomethylation of the explant
is a prerequisite for a successful induction of SE. However,
the mechanism by which this hypomethylation affects the
induction of SE is unclear. Using the SE of carrot as a model,
two laboratories have reported contradictory results. Yamamoto
et al. (2005) showed that azaC down-regulated the expression
of the transcription factor CARROT-LEAFY COTYLEDON1
(DcLEC1) during morphogenesis of embryos from epidermal
carrot cells, while Shibukawa et al. (2009) showed that it is the

hypermethylation of a portion from −1,904 to −1,272 of the 5′-
upstream region of the promoter of DcLEC1 that actually down-
regulates its expression. However, in both cases it is suggested that
the expression of DcLEC1 during carrot SE could be regulated by
DNA methylation.

The use of pharmacological approaches in the study of
metabolic pathways and their regulation has been very useful.
The study of the epigenetic marks during the induction of SE and
development of the somatic embryos is not an exception. The
treatment of Medicago truncatula (Santos and Fevereiro, 2002)
and D. carota (Yamamoto et al., 2005) embryogenic lines with
azaC not only decreased the production of somatic embryos but
also caused the loss of the SE. In the case of M. truncatula, it
was found that the disruption of the SE response was due to
an increase of demethylated rDNA(Santos and Fevereiro, 2002).
However, in D. carota it was shown that the effects of azaC
on SE depend on the embryogenic stage at which it is applied.
Yamamoto et al. (2005) reported that this demethylating agent
suppresses the SE if it is applied between 3 and 7 days after
induction, but not if it is applied after day 7. These results suggest
that certain levels of DNA methylation have to be maintained
before the change from somatic cell to embryogenic cell. Similar
to D. carota, the presence of azaC during the induction of SE
in C. canephora decreased the DNA methylation and severely
inhibited the embryogenic response when it was applied at both
7 and 14 days (Nic-Can et al., 2013). It was observed that the
presence of azaC decreased the transcript levels of LEC1 and
BABY BOOM1 (BBM1), impairing the embryogenic program.
However, it was also observed that the SE response was improved
and synchronized, even at a concentration of 20 µM of azaC,
if it was added at 35 days after the embryogenic induction
(Nic-Can et al., 2013). A similar reduction in DNA methylation
has been observed in P. omorika after 1 week of exposure
to azaC in the presence of 2,4-D and BA, with no effect on
embryo development (Levanic et al., 2009). However, in C. pepo
the use of azaC did not inhibit either the induction of SE or
the amount of somatic embryos in the different developmental
stages, compared with the controls without azaC (Leljak-Levanic
et al., 2004). In Acca sellowiana, 200 µM of 2,4-D and 10 µM
of azaC increased the formation of somatic embryos by more
than 240% in accession 101 × 458, but not in accession 85.
The same experiment, but using 50 µM of azaC, increased the
formation of somatic embryos by more than 240% in accession
85 and decreased to 10% the formation of somatic embryos
in accession 101 × 458 (Fraga et al., 2012). Meanwhile, the
treatment of P. pinaster SE lines with 5 µM or greater of azaC
reduced the growth of the cultures. However, DNA methylation
remained around 18.7%. Furthermore, concentrations of 10 and
15 µM of azaC produced a slight increase in the number of
mature somatic embryos (Klimaszewska et al., 2009). In Brassica
napus and Hordeum vulgare, the incubation for 4 days with
2.5 µM of azaC increased embryo induction and modified
the heterochromatin patterns (Solís et al., 2015). However,
when the azaC treatment was longer, the number of embryos
diminished.

It is known that stress can be an inducer of SE and this
fact raises the question of whether/how both phenomena can
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share common signaling pathways (Yang and Zhang, 2010). The
change in the genetic program from microspore to SE could be
due to heat (B. napus, Nicotiana tabacum; Touraev et al., 1996;
Zhao et al., 1996; Solís et al., 2015) or cold (H. vulgare; El-
Tantawy et al., 2014). However, other stresses such as osmotic
shock (Kamada et al., 1993; Cabrera-Ponce et al., 2015), water
deficit (Patnaik et al., 2005; Meneses et al., 2010), temperature
(Decout et al., 1994; Kamada et al., 1994), heavy metals (Ikeda-
Iwai et al., 2003; Patnaik et al., 2005), wounding (Nolan et al.,
2006), nutrient starvation (Fuentes-Cerda et al., 2001; Mihaljevic
et al., 2011), culture medium dehydration (Jin et al., 2014),
ultraviolet radiation, and pH (Pasternak et al., 2002; Potters et al.,
2007) might also play a major role in somatic embryo induction.

The use of massive transcriptome sequence during the SE
induction in Zea mays (Salvo et al., 2014), Gossypium hirsutum
(Jin et al., 2014) and A. thaliana (Wickramasuriya and Dunwell,
2015) have revealed the close relationship between the signaling
pathways leading to stress and morphogenic responses. Both
processes share the expression of many stress-morphogenic-
related genes. These findings have led to the question of whether
SE is a stress response of plants in order to survive extreme
in vitro environmental conditions. An important addition to
the understanding of the SE-stress relationship has been done
recently. It is possible to hypothesize that the transition from
a vegetative to an embryogenic stage requires a change in
the genome organization and, therefore, an active role for
chromatin modifications. During the microspore SE in B. napus,
a decrease in DNA methylation occurs while during the embryo
differentiation the DNA methylation increases (Solís et al.,
2012). Besides DNA methylation, histone modifications play an
important role in the microspore embryogenesis of B. napus.
Rodríguez-Sanz et al. (2014b) suggest that the marks H3K9me2
and HKMT might participate in the embryo cell differentiation
and heterochromatinization and the marks H3Ac, H4Ac, and
HAT in events that take place during cell reprogramming and
embryo development.

The expression pattern of BnMET1a-like genes, which
codified for DNA methyltransferases, is highly correlated with
the variations in DNA methylation. A DNA hypomethylation
in Quercus suber has been also documented during the SE
from microspores and immature zygotic embryos (Rodríguez-
Sanz et al., 2014a). A similar decrease in DNA methylation has
been found during the H. vulgare microspore SE induction (El-
Tantawy et al., 2014). It is worth noting that the SE process
in H. vulgare is induced with a cold stress instead of a heat
stress as happens in B. napus, although the response is the
same. The transcriptome of Picea abies under two epitype-
inducing temperatures (18 vs. 30 ◦C) has also revealed that 35
expressed transcripts, orthologous to epigenetic-related genes,
are involved in epigenetic regulation (Yakovlev et al., 2014). These
data suggest that temperature-dependent gene expression during
the induction of SE could originate from modifications in the
chromatin structure.

On the other hand, it was found that explants under
embryogenic conditions release organic molecules that inhibit
the embryogenic response of somatic cells and also affect
DNA methylation levels. There are some reports indicating that

phenolic compounds interfere with the SE process (Kouakou
et al., 2007; Umehara et al., 2007; Nic-Can et al., 2015) and
also inhibit the activity of DNA methyltransferases (Causevic
et al., 2005). Recently, it has been shown that C. arabica leaves’
explants release several phenolic compounds into the media,
which seem to be directly related to the plant’s poor response
to direct SE (Nic-Can et al., 2015). Among these compounds,
caffeine and chlorogenic acid, which represent 98% of the
phenolic compounds, accumulate in the conditioned medium of
C. arabica. Moreover, the addition of the phenolic compounds,
either as conditioned medium or in a pure form, drastically
interfers with the SE process in two highly embryogenic species
(C. canephora and D. carota). Global DNA methylation analysis
showed that conditioned medium of C. arabica stimulates
the loss of DNA methylation even more than azaC does.
Therefore, the instability of DNA methylation levels because of
the accumulation of phenolic compounds could be one of the
major causes of the disturbance of cellular metabolism needed to
create embryonic complex structures from somatic cells.

Epigenetic Changes During the
Development of Somatic Embryos

In general, variation in DNA methylation is related to
developmental changes in response to growth regulator
treatments. This methylation is essential during the early
development of somatic embryos of C. pepo (Leljak-Levanic
et al., 2004). The DNA methylation level in Larix x eurolepis
differs at each step of the development of somatic embryos; it
goes from 45.8% in the original embryogenic line to 61.5% after
1 week of maturation. DNA methylation decreases to 53.4% after
8 weeks of maturation (Teyssier et al., 2014). In C. canephora,
it was also observed that DNA methylation levels increase as
the embryo develops; for instance, when the somatic cells of the
leaves’ explants begin the cellular dedifferentiation, the content
of methylated cytosines is about 23.7%, whereas during the later
developmental embryo stages high levels of DNA methylation
are established (Nic-Can et al., 2013). On the other hand, the
modification of the DNA methylation pattern with azaC or
hydroxyurea (hyper-methylating agent) significantly reduced
both the relative growth rate and the embryogenic potential
(Teyssier et al., 2014).

The treatment of embryogenic lines with a variety of
auxin/cytokinin ratios before placement onto a maturation
medium containing 40 µM ABA changes the methylation of
DNA in the original embryogenic line. The decrease of 2,4-
D concentration or its exclusion causes a reduction in the
methylation and improves the maturation of somatic embryos in
the presence of ABA (Levanic et al., 2009).

Since, in many cases, the elimination of the auxin from
the culture medium is necessary for SE to occur, it is possible
that the changes in the epigenetic marks form the initial step
in the development of somatic embryos. In general the lack
of quantitative differences in global cytosine methylation does
not necessarily mean that a locus-specific methylation has an
important effect on SE induction or development. Thus, more
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detailed studies are necessary for a deep comprehension of
the role of DNA methylation during the induction of SE and
the development and transition among the different stages of
development of the somatic embryos. One further step in the
study of the changes in the epigenetic mechanism is the study of
histone marks during the induction of SE.

Recently, a few groups have shown the dynamic activity in
the modification of histones that leads to the modulation of the
expression of genes that previously have been proposed to be
involved in the SE process. For instance, in C. canephora, it
was found that during the early events of SE the levels of the
histone repressive marks H3K9me2 and H3K27me3 decrease,
and these events were correlated with the beginning of the
expression of LEC1, BBM1 and WOX4 (Nic-Can et al., 2013).
Using chromatin immunoprecipitation (ChIP) assays, it has been
found that during the cellular dedifferentiation, the H3K27me3
is removed from LEC1 loci, allowing the expression of this
transcription factor, whereas the expression of BBM1 was related
to the increase of both histone marks H3K4me3 and H3K36me2.
In the case of WOX4, it was found that its transcriptional
repression, especially during the maturation phase of somatic
embryos, was correlated with the increase of H3K9me2. This
indicates that the chromatin is dynamically regulated to change
the transcriptional program of the somatic cells before and during
the development of somatic embryos (Nic-Can et al., 2013).

The H3K9me2 mark has also been involved in embryo
cell differentiation and heterochromatization events during the
microspore embryogenesis in B. napus (Rodríguez-Sanz et al.,
2014b). Using immunolocalization, it was observed that the levels
of H3K9me2 were low in microspores before the induction of
SE; however, an increase of more than two times occurs during
the late stages of embryogenesis, particularly in the differentiated
peripheral cells, indicating a high chromatin condensation.
In contrast to H3K9me2, it was observed that the levels of
acetylation of H3 and H4 (H3Ac and H4Ac) marks, which are
related to transcriptional activity, were more abundant in the
microspores before SE induction, especially the H4Ac, suggesting
that these modifications might be related to the totipotency
acquisition, cellular reprogramming and embryo development.
In addition, these patterns were related to changes in the
expression profiles of the histone methyltransferase and histone
acetyltransferase genes as well as embryogenic development
(Rodríguez-Sanz et al., 2014b).

The expression pattern of several genes related to chromatin
modification and remodeling [two histone deacetylases
(HDACs), HDA6 and HDA19, two histone monoubiquitinases
(HUB1 and HUB2), a histone H3 kinase (AUR3), PICKLE and
VP1/ABSCISIC ACID INSNSITIVE 3-LIKE 1 (VAL1)], have
been studied during the SE process of Q. suber (Pérez et al.,
2015a). It was found that QsHDA19 decreases its expression as
soon as the callus begins its differentiation, followed by a steady
increase from immature cotyledonary embryo to an embryo
with the cotyledons fully differentiated. On the other hand, a
transient decrease in QsHDA6, QsPICKLE, and QsVAL1 gene
expression was observed in the transition from callus to the
end of the mature embryo. QsHUB1 and QsHUB2 showed a
transient increase expression from white callogenic structures

and globular embryos to immature cotyledonary embryos. The
highest expression was observed in white opaque cotyledonary
embryos, while QsAUR3 was preferentially expressed in
immature cotyledonary embryos. According to previous reports,
histone deacetylases are related to transcriptional repression and
chromatin condensation, whereas the monoubiquitination has
been associated with transcriptional activation, and the histone
kinase is an important mitosis regulator (Turner, 1991; Houben
et al., 2005; Cao et al., 2008). In addition, VAL1 and PICKLE are
suggested to regulate the repression of the seed transcriptional
program (Zhang and Ogas, 2009). All of these results suggest
that these epigenetic components play a key role during the
development and maturation of Q. suber somatic embryos.

Recently, the high resolution of the transcriptome sequencing
in Arabidopsis has showed that there are important changes
in the expression of chromatin-associated genes, which could
help to understand the molecular mechanisms that lead to
the acquisition of cellular totipotency (Wickramasuriya and
Dunwell, 2015). For instance, Chupeau et al. (2013) reported
that during the early events of differentiation from protoplast
to plantlets a transient up-regulation of histone H3.3 variant
occurs due to the incorporation of distinct sets of histone variants
in the nucleosomes, particularly because of the enrichment of
transcriptional active regions. Moreover, different gene-encoded
proteins involved in histone modifications, DNA methylation
and demethylation, as well as chromatin remodeling, are also
up-regulated, indicating that they play an important role in the
overall reprograming of plant cells.

Lately, it has been found that HDACs are expressed
throughout the SE, whereas histone acetyltransferases
accumulate more in somatic embryos than in leaf tissues
(Wickramasuriya and Dunwell, 2015). The authors suggest
that some members of HDAC family are important for SE in
Arabidopsis, probably through the regulation of the histone
modifications in order to maintain a high methylation status
during SE.

Together all of these results suggest that plant chromatin is
dynamically regulated during SE, but how the somatic cells break
the epigenetic barrier to reach the totipotent status is still a matter
of study. It would be interesting to explore how the key genes
of the induction of SE are switched on throughout chromatin
remodeling in different species or induction conditions. Since
stress, like heat in B. napus and cold in H. vulgare, is one of
the inducers of SE, it would be very important to determine
whether/how the same epigenetic marks are responsible for both
cases.

Epigenetic Changes in Regenerated
Plants

Since the rise of commercial micropropagation, somaclonal
variation (SV) has been present as a serious problem, producing
many variants among the regenerate plants and, on the other
hand, creating a source of variation to achieve new agronomically
important cultivars. When the plants come from somatic
embryos, the variation can be high. It has been suggested that

Frontiers in Plant Science | www.frontiersin.org 10 August 2015 | Volume 6 | Article 635



De-la-Peña et al. Epigenetics and somatic embryogenesis

this variation is due, at least in part, to changes in the DNA
methylation pattern. These changes in the DNA methylation of
regenerate plants from somatic embryos have been documented
in several species. For instance, in maize, a high frequency
of DNA methylation variation among regenerates was found
(Kaeppler and Phillips, 1993) and, in Elaeis guineensis, DNA
methylation could be involved in the occurrence of 5% of
SV. The DNA methylation present in the leaves of somaclonal
regenerates is lower than in the non-variant plants (Jaligot
et al., 2000, 2002). Also, the “mantled” SV in somatic embryo-
derived oil palm plants (development of abnormal flowers) is
associated with a decrease in global DNA methylation (Matthes
et al., 2001; Jaligot et al., 2004).This mantle abnormality can
be heritable and with time can show reversion to the normal
phenotype. The uses of the restriction enzyme Hpall suggest
that the loss of methylation occurs most frequently at the
internal C (5′-CCGG-3′; Matthes et al., 2001). Regenerated plants
from embryogenic callus of Hordeum brevisubulatum present a
variation frequency of 9.3%. The degree of variation varies among
the plants and the variation is present in both protein coding
genes. Transposon/retrotransposons were found to underlie the
genetic and epigenetic variations (Li et al., 2007).

Furthermore, some factors, such as cryopreservation of the
embryogenic tissues, canmodify the level of methylation of DNA.
It has been determined that plant recovery from cryopreserved
somatic embryo clusters of peach palm (Bactris gasipaes) showed
an increased DNA methylation level when compared with non-
cryopreserved somatic embryo clusters. However, 24 weeks after

regrowth, the global methylation profile decreases to the initial
level (Heringer et al., 2013).

Conclusion

DNA methylation is an important epigenetic mechanism that
has been studied with different approaches. Some of the
most used techniques to study DNA methylation have been
qualitative and/or quantitative, and the information from each
has contributed to the understanding of many important
biological questions, such as the mechanisms of SE induction and
embryo development. However, it is necessary to explore the role
of the different methyltransferases during the SE process, because
so far it is poorly understood which of/how these enzymes
participate in SE. It is clear that pharmacological assays with
azaC have provided some of the answers about whether and how
DNA methylation is involved during SE and how it can affect
gene expression. The importance of revealing how epigenetics
function in SE could help to increase plant productivity and
improve agronomical breeding practices.
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