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Abstract Genes constitute only a small portion of the

total genome and precisely controlling their expression

represents a substantial problem for their regulation.

Furthermore, non-coding DNA, that contains introns

repetitive elements and active transposable elements,

demands effective mechanisms to silence it long-term.

Cell differentiation and development are controlled

through temporal and spatial activation and silencing

of specific genes. These patterns of gene expression

must remain stable for many cell generations and last

or change when inductive developmental signals have

disappeared or new ones induce new programmes.

What turns genes on and off? Among others, gene

regulation is controlled by epigenetic mechanisms,

defined as any gene-regulating activity that does not

also involve changes in the DNA code and is capable

of persisting. It has become apparent that epigenetic

control of transcription is mediated through specific

states of the chromatin structure. Associations of

specific chromosomal proteins, posttranslational his-

tone modifications and DNA methylation are some of

the epigenetic mechanisms that are involved in

controlling chromatin states. DNA methylation re-

search can be approached from several standpoints,

since there is a wide range of techniques available to

study the occurrence and localisation of methylde-

oxycytosine in the genome. Several studies dealing

with DNA methylation in relation to tree develop-

ment, microproprogation and somaclonal variation

will be presented, with the final aim of demonstrating

that DNA methylation levels are hallmarks for

growing seasonal periods and are related to open

windows of competence in plants.

Keywords Epigenetic � Somaclonal variation �
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Introduction

Unlike animals, plants cannot avoid unfavourable

situations, such as climate changes or environmental
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stress like freezing, drought, or pollutants by moving

over long distances to more suitable environments.

So if they want to survive, they have to be able to

adapt rapidly to new conditions.

Plant development is plastic and strongly influ-

enced by biotic and abiotic factors. Hence plants

require specific interaction between developmental

programmes and signaling pathways triggered from

external stimuli that must be coordinated at the level

of chromatin organization (Reyes-Rosa and Gruissem

2002). The ontogenic development in plants is an

ongoing process with unique characteristics: the

theoretical maintenance of cell totipotency indepen-

dently of age and organ differentiation status. If plant

biotechnology is a reality, it is because plant organ-

ogenesis is reversible. Among the possible mecha-

nisms involved in these unique cell properties, DNA

methylation, included in the so-called epigenetic

code, must be involved (Fraga et al. 2002a) (Fig. 1).

For many years gene activity control by DNA-

methylation seemed like a plausible possibility, but

lacked corroborative experimental data. In the last

decade, it has become a key mechanism in the

hierarchy of gene regulation and differential regula-

tory mechanisms (Finnegan et al. 1998). The capacity

of methylation/demethylation of DNA through exog-

enous and endogenous factors indicates that this

mechanism is involved in plant development by

controlling gene expression both in vivo and in vitro

(Finnegan et al. 2000).

Methylation of cytosine in the 50 position of the

pyrimidinic ring is the most important epigenetic

alteration in eukaryotes. In animals, methyldeoxycy-

tosine is mainly found in cytosine-guanine (CpG)

dinucleotides, whereas in plants it is more commonly

located in cytosine-any base-guanine (CpNpGp)

trinucleotide sequences. The presence of 5-methyl-

deoxycytosine (5-mdC) in the promoter of specific

genes alters the binding of transcriptional factors and

other proteins to DNA in plants and animals (Finn-

egan et al. 2000). Thus, methylation of dC residues in

genomic DNA plays a key role in gene expression

regulation (Tariq and Paszkowski 2004).

Differential DNA methylation is not static, rather

it affects meristematic cell populations and develop-

ing organs by means of stable, dynamic processes

that regulate gene expression associated with the 50-
upstream sequence methylation status in one or both

alleles. It is widely accepted that DNA methylation

controls differentiation by regulating tissue-specific

genes and maintaining cell status stability (Fraga

et al. 2002a). Nevertheless, only limited knowledge

about epigentic control during plant cell differentia-

tion or dedifferentiation and organogenesis is avail-

able (Goodrich and Tweedie 2002). Global

methylcytosine content in DNA varies widely across

species, organs, and developmental states. One of the

main questions regarding animal and plant develop-

ment is how cells with same DNA can acquire

different functions. But, how do the cells of an
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organism acquire their identity? If the organogenic

processes in plants are reversible, how do cells with

tissue, physiological, and ontogenic identity regain

their pluripotent meristematic character?

This brief review will present our experiences

dealing with DNA methylation in relation to tree

development and microproprogation, with the final

aim of underscoring the importance of DNA meth-

ylation plasticity in the acquisition and loss of

competence both in vivo and in vitro.

Functional role of DNA methylation

DNA methylation is a dynamic mechanism by means

of which plasticity is induced by environmental and/

or ontogenic signals, amongst others (Ramchandani

et al. 1999). Methylation plasticity is defined as the

methylation/demethylation changes which occur dur-

ing plant growth and development, both in vivo and

in vitro. Reductions in a given methylation level in a

specific cell population or organ, called demethyla-

tion, is always present prior to the beginning of any

differentiation programme, such as flowering (Zluv-

ova et al. 2001), active growing (Steimer et al. 2004),

or embryogenesis (Klimaszewska, personal commu-

nication). Differentiation implies an increase of DNA

methylation, called de novo methylation. This is seen

during ageing, for example along with the loss of

morphogenic competence that typically occurs after

long term in vitro culture (Klimaszewska, personal

communication). In spite of these dynamics, some

DNA methylation patterns are not erased during

gametogenesis and are therefore not re-established in

all generantions; hence, some kind of ‘‘epigenetic

memory’’ exists (Saze et al. 2003).

Methylation of CpG islands in promoter regions or

gene first exons alters the binding of transcriptional

factors and other proteins, preventing RNA-Polymer-

ase transcription of DNA and causing gene silencing.

Thus, we can consider DNA methylation of these

regions as an ON-OFF (unmethylated-methylated)

gene regulatory mechanism (Bender 2004). Changes

in gene expression caused by DNA methylation have

been related to normal ontogenic development and

loss-gain of morphogenic ability during ageing or

reinvigoration processes; however low methylation

levels cause severe phenotypic abnormalities during

ontogenic development (Ronemus et al. 1996).

Furthermore, DNA methylation plays its role not

only by preventing binding of transcription factors

and enzymes, but it is also related to chromatin

structure. DNA hypermethylation, the accumulation

of methylated histone H3 in K9, and deacetylated H4

histones are characteristic of constitutive heterochro-

matin; while DNA hypomethylation, accumulation of

methylated histone H3 in K4, and acetylation of

histone H4 are related to euchromatin (Richards and

Elgin 2002; Jenuwein and Allis 2001; Tariq and

Paszkowski 2004). Chromatin compaction keeps

transcriptional machinery from accessing DNA,

thereby affecting gene regulation and silencing the

genes in heterochromatic regions (Grant-Downtown

and Dickinson 2005, 2006).

In addiction, epigenetic modifications, and in

particular DNA hypomethylation, are suspected for

of being responsible in part for somaclonal variation

(Kaeppler et al. 2000). This variation may be seen as

a point of interaction between two different phenom-

ena: growth regulating treatments and environmental

stresses (Jaligot et al. 2000). Although genetic sta-

bility is certified by conventional DNA markers, no

uniform clone regenerants are often obtained. This

variation could be caused by different disturbances in

DNA methylation, among other mechanisms.

DNA methylation also has an important role in

genetic stability, since it controls transposon and

other mobile elements jumping. These elements are

characterized by presenting CpNpG islands through-

out their sequence and when unmethylated, they can

jump across the genome and interrupt gene sequences

rendering them silent and causing phenotypic vari-

ability (Kubis et al. 2003). It has been demonstrated

that transposable elements in maize undergo cycles of

activity followed by inactivity that correlate with

changes in cytosine methylation (Singer et al. 2001).

Biochemistry of DNA methylation

The term DNA methylation refers to the postsynthetic

methylation of deoxycytosines at the 50 position of

the pyrimidine ring of cytosine (the only base that can

be methylated in plants) to form methyldeoxycyto-

sine (Finnegan and Kovak 2000). Modification can

occur at virtually any base, but clonal transmission of

the methylation patterns only occurs at symmetrical

sequences CpG, CpNpG, or CpNpN where N can be
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any deoxynucleotide. Clusters of CpG dinucleotides,

called CpG islands, are often found in association

with genes, most often in the promoters and first

exons, but also in regions more toward the 30 end

(Zhang et al. 2006). In plants, DNA methylation is

more common in CpNpG islands, characteristic of

transposons, thus contributing further to the level of

cytosine methylation, particularly due to the high

presence of these elements in plant genomes (Kovarı̀c

et al. 1997; Rabinowicz et al. 2003).

Deoxycytosine methylation is catalyzed by a group

of enzymes called methyltransferases that transfer a

methyl group from S-adenosylmethionine (SAM) to

the 50 position of deoxycytosine. In Arabidopsis three

different groups of methyltransferases have been

defined: MET, responsible for maintaining methyla-

tion patterns along meiosis; CMT, unique to plants,

and involved in the maintenance of methylation at

CpNpG islands, and DRM, that participates in the

establishment of new methylation patterns (Finnegan

and Kovak 2000). Connections between RNA inter-

ference (RNAi) and DNA methylation (Mathieu and

Bender 2004) have been recently described; for

example, RNA-directed de novo methylation (RdDM)

leads to methylation in a region of sequence identity

between the triggering double-stranded RNA and the

target DNA. This methylation pattern is maintained

after elimination of trigger dsRNA in CpG but not in

CpNpG (Jones et al. 2001).

DNA demethylation can occur passively, by

replacing methylated with unmethylated cytosines

during replication, and/or actively, enzymatically

removing the methyl group by glycosylases. This

class of activity has recently been reported by

Morales-Ruiz et al. (2006) who have studied muta-

tions in Arabidopsis DME (DEMETER eliminates

5 mC, thereby reactivating the genes) that interfere

with maternal expression of imprinted genes FWA

(positive regulation of flowering) and MEA (ME-

DEA, negatively regulates seed germination in

absence of fertilization).

DNA methylation study methods

In this review, we briefly describe the methods that

have been used in our research. (See Fraga and

Esteller 2002, for a methodological review)

Global DNA methylation

Quantification of 5-methyldeoxycytosine genomic

DNA methylation establishes certain degrees of

global DNA methylation as markers for growth

and developmental processes. Furthermore, from a

molecular perspective, variations in global DNA

methylation may mean that the chromatin structure

has undergone changes during ageing.

The analysis of global DNA methylation, defined

as the relation between methylated deoxycytosines

and total deoxycytosines of the genome and ex-

pressed as a percentage, can be performed by HPCE

(Fraga et al. 2002b) consisting of enzymatic hydro-

lysis of the DNA strands and phosphatase alkaline

treatment, to free the deoxynucleosides, followed by

a run in a HPCE system. HPCE is used to quantify

and resolve peaks corresponding to each deoxynu-

cleoside. DNA methylation percentage is calculated

using the formula [%5-mdC = 5-mdC peak area/(5-

mdC + 5-dC peak areas)]. This method quantifies the

degree of methylation in samples starting at 2–3 mg

of DNA. Similar procedures can be carried out in

HPLC systems (Johnston et al. 2005), although larger

run times and greater amounts of DNA are required.

Sequence-specific DNA methylation

The study of DNA methylation can also be tackled

from a sequence-specific perspective. These methods

are based on bisulfite modification of the DNA

(Shapiro et al. 1970; Shiraishi and Hayatsu 2004),

which transforms deoxycytosines into uracyl bases,

while 5-methyldeoxycytosines remain unchanged.

The methylation status of a given genome sequence

can be analyzed by PCR amplification using specific

primers designed to amplify only if deoxycytosines

corresponding with primer sequences have changed

(Frommer et al. 1992). Modified DNA can also be

sequenced following a PCR amplification (bisulfite

sequencing) in order to identify what deoxycytosines

have changed (Warnecke et al. 2002). Bisulfite

sequencing uses primers with no or little dC and

makes it possible to analyze sequences of up to

400 bp. There are some other methods, like combined

restriction bisulphite analysis (COBRA), which con-

stitute a highly specific approach that lies in the

creation or modification of a target for restriction

endonuclease after bisulphite treatment (Xiong and
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Laird 1997) or a recently described method for rapid

quantification of methylation of a specific gene that

combines MS-PCR with HPCE instead of bisulphite

sequencing (Yang 2006).

Tissue spatial layout of 5-mdC

The methods described provide information about

methylated DNA and which genes are methylated or

not. It is also necessary to know which cells contain

methylated DNA, the number of cells, their location,

and the evolution of the DNA methylation pattern of

the tissue during ontogenic development. Histologi-

cal analyses, based in DAPI staining of cell nucleus

and fluorescent immunolocation of 5-mdC can be

used (Zluvova et al. 2001).

DNA methylation during tree development and

ageing

Plant ontogenetic development has been studied for a

long time, however very little is known about its

molecular basis (Fraga et al. 2002a). Developmental

transition from juvenile to either vegetative or adult

phases involve changes in the pattern of cellular

differentiation and organ formation.

In woody species, there is a decline in the

morphogenic ability across maturation which is often

a barrier for plant multiplication or regeneration

(Rodrı́guez et al. 1998; Bonga and Aderkas 1993).

Therefore, upgrading forestry programmes face the

problem of selecting interesting traits during the

mature stage, while vegetative propagation is only

possible during the juvenile phase of development.

New biotechnological alternatives are in progress to

overcome this problem, albeit greater effort is needed

to achieve the theoretical advantages of plant mor-

phogenesis. The physiological status of the source of

explants can have a dramatic effect on their behavior

in culture (Rey et al. 1994), ageing representing the

most striking.

Results obtained in our laboratory using radiata

pine as a model allow us to conclude that the basal

portion of the growing needles (<1 cm) of juvenile

individuals, without reproductive ability, were char-

acterised by a level of DNA methylation that was

42% less than the same portions of mature trees

showing reproductive ability (Fraga et al. 2002c).

Results obtained with a clone that acquired its

reproductive competence during the research period

confirm that the increase in DNA methylation levels

found among juvenile and mature states take place

just after the phase change (after 5–8 years of

growth) (Fraga et al. 2002a). Furthermore, in these

meristematic areas, there was a gradual decrease in

global DNA methylation due to repeated reinvigora-

tion steps by serial grafting or pruning; a reduction of

35% in 5-mdC content can be reached after fourth

serial graft. This decline in the percentage of 5-mdC

is directly related to the recovery of juvenile tissue

morphogenic competence (Fraga et al. 2002c). Con-

versely, when apical portions of needles are analyzed,

no differences were found on whole differentiated

organs independently of the age of the donor plant. In

this case, mature organs, no differences to age are

detected. These results reveal the relevance of the

organ to be analyzed.

Distribution patterns of 5-methylcytosine in apical

and basal portions validate former results that demon-

strate that the distribution of inmunofluorescence in the

basal zone is dependent of ontogenic development.

Results obtained by confocal immunofluorescence

revealed that all nuclei stained with 5-methylcytosine

antibodies were located in the peripheral cells of

needles from mature vegetative branches. However,

5-methylcytosines were also located in the central axis

of primordia coming from flowering branches; that is,

high 5-mdC contents were found both in meristematic

areas and in differentiated cells of the provascular

system of mature reproductive tissues. When juvenile-

like needles from epicormic shoots were analyzed,

images similar to those of mature vegetative needles

were obtained.

A gradual increase in DNA methylation through-

out ageing was reported for other forest trees; in

Castanea sativa juvenile-tree shoots have the lowest

level (13.7%), while mature-tree shoots have a DNA

methylation level of 15.0%. Shoots in dormancy

present the highest DNA methylation level (23.0%)

independently of the donor tree age (Hasbún et al.

2005). This tendency is consistent with the phase

change related to DNA methylation evolution previ-

ously reported in Pinus radiata (Fraga et al. 2002c).

It must be pointed out that the use of different

analytical techniques can lead to different results. In

Castanea sativa, species with high concentration of

polyphenols and other oxidant compounds, a new
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DNA purification method was set up to prevent these

interferences. Apart from the difference between

chestnut shoots and pine needles, the use of different

analytical procedures might account for such differ-

ent levels. It must be stated that total levels are

merely indicative. This comment aside, it is clear

from our results that in both angiosperms and

gymnosperms, ageing is accompanied by an increase

in DNA methylation and that dormancy buds contain

the largest amount of methylated tissues.

These differences are noticeable enough to use as a

molecular marker for ageing and chronological

status. Similar studies using methylation-sensitive

AFLPs instead of HPCE analysis have been con-

ducted in Arabidopsis, revealing the same tendency.

For instance, 74% of total methylation sensitive

AFLPs bands in cotyledons disappeared with devel-

opment (Ruı́z-Garcı́a et al. 2005). In summary, these

data indicate that DNA methylation is not static and

that it has unique dynamics during specific develop-

mental stages.

Studies of plant growth and shoot development

have identified many genes involved in meristem

initiation and organ formation, whose activity is

controlled by DNA methylation. Both signaling

pathways, hormonal-environmental and DNA meth-

ylation interplay and regulate phase change (Genger

et al. 2003; Horváth et al. 2003).

Epigenetic control of flowering and phase change

Significant progress has been made towards under-

standing the molecular basis of how multiple path-

ways regulating the floral transition are integrated.

First Arabidopsis studies validated the hypothesis

DNA methylation mediates the promotion of flower-

ing by prolonged exposure to low temperatures

(vernalization) (Burn et al. 1993) and described some

methylation mutants and phenotypes (Vongs et al.

1993). The DNA methylation-vernalization hypothe-

sis was tested in different vernalization-dependent

late-flowering ecotypes and mutants, showing that

adequate treatments with DNA demethylating agent

5-azacytidine induced flowering significantly sooner

than untreated controls (Burn et al. 1993). It was also

demonstrated in Arabidopsis that the expression of

MADS-box factors, e.g. flowering locus F (FLF)

(flowering inhibiting factor), was inhibited by the

effect of cold or by treatment with 5-azacytidine

(Sheldon et al. 1999). The regulation of the FLF

locus provides a plant model of how methylation

systems have emerged as important control compo-

nents in a major developmental change, the transition

to flowering. Recent studies (Finnegan et al. 2005) on

flowering locus C (FLC), another flowering inhibitor,

showed that its downregulation is associated both

with vernalization and low levels of DNA methyla-

tion; however this regulation occurs by means of

different mechanisms, thereby breaking with the

DNA methylation-vernalization hypothesis. In both

cases there is a reduction of histone H3 trimethylated

at lysine 4 and acetylation of both histones H3 and

H4 around the promoter-translation start of FLC.

These modifications in histone patterns were also

reported to be implied in activation/inactivation of

other Arabidopsis genes (Alvarez-Venegas and Av-

ramova 2005).

In Pinus radiata, a dioecious species, it has been

reported that the buds of trees that exhibit only one

sex have lower DNA methylation level than juvenile

buds, whereas trees that display both sexes have the

highest methylation levels (Valledor 2005). Floral

evocation implies epigenetic reprogramming that

shifts from a vegetative to a reproductive growth

pattern. Flowering genes, repressed during vegetative

growth, must be expressed; hence, prior general

demethylation is needed to activate some of these

genes. The decrease in methylation is related to gene

activation and changes in morphology pathways

(Fraga et al. 2002a), as well as being connected to

the process of floral induction (Burn et al. 1993;

Genger et al. 2003). However, when the meristem

begins to divide to form the primordia of future

flower organs, DNA methylation levels rise again to

permit cell differentiation and organ formation. These

results have been validated in Rhododendron sp. and

Castanea sativa (Meijón 2005; Hasbún et al. 2007)

and are consistent with previous studies performed by

Zluvova et al. (2001). In conclusion, epigenetic

control, and specifically DNA methylation, plays an

essential role in regulating the timing of flowering.

Epigenetic control of dormancy

Dormancy is an essential process to insure the

survival of both herbaceous and woody species that
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are exposed to low winter temperatures. Bud dor-

mancy in trees is initiated in mid-summer, long

before leaf fall in the autumn. The dormant bud is an

embryonic shoot consisting of a growing tip, nodes,

and internodes (not yet extended), and tiny, rudi-

mentary leaves with buds or bud primordia all

encased by the bud scales that prevent desiccation,

restrict the movement of oxygen, and insulate the bud

from heat loss and the impact of severe, low

temperatures. Growth inhibitors are known to accu-

mulate in bud scales as well as in the leaves within

the bud. Dormancy is modulated by changes in the

balance of both inhibiting and stimulating endoge-

nous substances, although the molecular basis and

regulatory pathways are not fully understood.

Seed and bud dormancy has been widely studied

and changes in specific gene expression have been

described. In dormancy induction, both hormonal and

environmental signals are the most important. These

signals exert their effect through activation/inactiva-

tion of gene expression programs that dictate para-

dormancy, endodormancy, and ecodormancy

(Anderson et al. 2001; Shimizu-Sato and Mori

2001; Rohde et al. 2002; Horvart et al. 2003; Sung

and Amasino 2004).

The analysis of 5-mdC percentage in genomic

DNA during chestnut seasonal development reveal

that the different growth stages progress with specific

variations in methylation levels (Fig. 2). Considering

the annual development of the individual as a cycle of

activity and dormancy, activity coincides with rela-

tively low methylation levels, while dormancy is

characterized by high levels of 5-mdC. This demon-

strates the importance of DNA methylation in the

developmental control of growth cycles in plants.

Dormancy was also related to a reduction in

transcriptome complexity in Populus tremula, as

well as dormancy-specific gene induction (Schrader

et al. 2004).

Seed germination requires gene expression activa-

tion. Portis et al. (2004) found that Capsicum annuum

seed germination occurs with DNA demethylation.

More in-depht transcriptomic studies in Arabidopsis

(Nakabayashi et al. 2005) demonstrated that DNA

demethylates during germination except in centro-

meric regions and some clusters of silences genes.

Micropropagation and somaclonal variation

Micropropagation is an important alternative to

assure present and future conservation and use of

valuable tree selections. However, culture conditions

and material handling can provoke genetic (Phillips

et al. 1994) and epigenetic (Smulders 1995; Brar and

Jain 1998) variation. Although genetic markers to

validate clonation are commonly used, the epigenetic

status is rarely determined. Morphological alterations

without genetic variations were found in both Pinus

sp. emblings (Fraga et al. 2002c) and chestnut

microplants (Hasbún et al. 2007), while 5-mdC varies

among regenerants.

We had quantified the percentage of 5-mdC in

microplants obtained via axillary bud stimulation

from several clones of different ages in chestnut.

Fraga et al. (2002c) demonstrated that after several

in vitro subcultures (normally three) and indepen-

dently of the former methylation level and age of the

Fig. 2 Methylation level in

relation to season

development stages
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donor plant, all Pinus microshoots reach a certain

specific level of methylation. Subsequently, when the

ex vitro rooting phase is over, the striking decline in

methylated cytosines highlights the elevated epige-

netic plasticity of the genome in response to changes

in environmental conditions, the rhizogenic process,

or both.

All together, an individual constitutes a mosaic of

methylation situations, and a global increase in

methylation is observed with in vitro culture, char-

acterized by parallel processes of hypomethylation,

preferred by single copy sequences related to gene

expression, and hypermethylation of repetitive se-

quences that could be related with chromosome

instability or endoparasitic sequence reactivation

(Kaeppler et al. 2000). In a cell and tissue culture

system, differentiation and de-differentiation pro-

cesses, as well as cell division are accompanied by

methylation and demethylation events of tissue-

specific genomic DNA (Arnholdt-Schmitt et al.

1995).

One phenomenon that has been observed by

researchers culturing embriogenic tissue is the loss

of the ability to produce mature somatic embryos

after the tissue has been cultured for several months

(Klimaszewska, personal communication; Salajova

et al. 1999). The eventual loss of this potential has

been associated with a change in the morphology of

early somatic embryos such as short suspensors or

cellular organization of the culture. Among other

functions, DNA methylation may cause epigenetic

changes leading to suppressed embryogenic potential.

Further evidence that gene expression is linked to

embryogenesis potential came from the work of

Charbit et al. (2004) who distinguished four of 28

cDNAs of Hevea brasiliensis that were differentially

expressed in embryogenic and regenerating cultures

versus non-embryogenic cultures. Preliminary re-

sults comparing different embryogenic and non-

embryogenic lines from pinus and angiosperms

consistently reveal high methylation levels for non

competent lines and decreased 5-mdC in the com-

petent ones. Hypermethylation of DNA was found

to be associated with a lack of organogenic potential

in radiata pine micrografts collected from mature

versus juvenile trees (Fraga et al. 2002c). Cultured

plant cells may undergo somaclonal variation, which

may manifest as a loss of differentiation/regeneration

ability.

Somaclonal variation is conceptually defined as

epigenetic change that alters gene expression patterns

without modifying changes in the DNA sequence

(Russo et al. 1996). Somaclonal variation can be

defined as the variation among clonally propagated

plants of a single donor clone. Somaclonal variation

can manifest as either somatically, phenotypically, or

mitotically stable events, which implies stable genetic

variation. Somatically stable variation includes par-

ticular phenotypes and physiologically induced var-

iation among primary regenerants and is not often

transmitted to progeny. This type of variation is

particularly important in situations where the primary

regenerant is the end product, as in micropropagation

of forest trees. Genetic variation, heritable through

meiosis, is important in situations where the end of

tissue culture propagation is sold as seeds (Kaeppler

et al. 2000).

Propagation-associated stress conditions often

result in instability of the plant genome and break-

down of normal controls as a result of epigenetic

effects due to (associated with) changes in DNA

methylation (Karp 1994; Jaligot et al. 2000; Kaeppler

et al. 2000). For instance, epigenetic changes in

poplar cultures have previously been found to express

as variable rhythms of shoot growth and dormancy,

and can either be avoided or stabilized, depending on

culture conditions and certain regulatory factors

(Altman and Loberant 2000). Indeed, it was sug-

gested that the plant genome is less stable than the

genome of animal cells and that epigenetic changes

and polysomatisms in plant tissues and organs are

much more common (Phillips et al. 1994; Walbot and

Cullis 1985). Moreover, and relevant to regeneration

processes during vegetative propagation, epigenetic

changes in plant cells are not limited to the germ line

cells, but can also occur and be stabilized via

meristems (Walbot and Cullis 1985). Previous studies

indicate that changes in DNA methylation can occur

when plants are exposed to tissue culture conditions

(Phillips et al. 1994) in response to osmotic stress

(Kovarik et al. 1997), and by wounding (Kaeppler

and Phillips 1993). Joyce and Cassells (2002) asso-

ciated different morphologies of potato microplants

cultured in heterotrophic and autotrophic media with

different DNA methylation levels by MSAPs analy-

sis. Acacia mangium microshoots micropropagated

in vitro with different leaf morphology, considered to

be a phase change indicator, are characterized as
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having different DNA methylation levels irrespective

of the age of the source material (Baurens et al.

2004).

Transposon activity within the genome is another

mechanism that can interfere with gene expression

and normal developmental control (Kaeppler et al.

2000; Miura et al. 2001; De Keukeleire et al. 2001).

Transposon and other mobile elements jumping is

repressed by the methylation of CpNpG islands

which are distributed across its sequence. It is known

that transposon expression is induced by biotical and

abiotical stresses as well as to several physiological

changes such as pathogen attack, environmental cues,

in vitro culture, germination, interspecies introgres-

sion, or tissue irradiation (Hirochika et al. 1996;

Grandbastien 1998; Kalendar et al. 2000; Maekawa

et al. 2003; Liu et al. 2004; de Diego et al. 2006).

Rabinowicz et al. (2003) have demonstrated that

transposons are methylated in normal conditions, but

a decrease in global methylation under tissue culture

conditions is closely related to the expression of

transposable elements, controlled by the methylation

degree of its sequence (Liu et al. 2004). In plants,

silent transposable elements like MULEs (Mutator

Like Element) or CACTA family are methylated and

can be reactivated in methylation defective mutants

DDM1 (Decrease in DNA Methylation) (Miura et al.

2001; Singer et al. 2001). When transposition occurs,

the inserted element can change the epigenetic status

of the flanking sequences, modifying their expression

or interrupting gene sequences thereby silencing them

(Whitelaw and Martin 2001; Kashkush et al. 2003)

which can lead to genotypic and phenotypic varia-

tion.

The application of different chemicals to growth

media may also lead to the loss of gene control

mechanisms, causing variation. It has been sug-

gested that both natural and synthetic plant growth

regulators control DNA methylation in the plant

nucleus, although the phytohormone effect may

be mediated by other proteins in nuclear extracts

(Vlasova 1995).

The auxin 2,4-dichlorophenoxyacetic acid (2,4-D)

has been proven to maintain undifferentiated state

and habituation to in vitro culture through DNA

hypermethylation (Von Aderkas and Bonga 2000;

Causevic et al. 2005). Removal of 2,4-D results in

reduced ethylene production, thereby increasing

SAM accumulation which, in turn, results in

increased DNA methylation. Therefore, at the time

of 2,4-D removal (studying globular somatic embryo

stage), methylation is low but increases dramatically

as torpedo embryos and plantlets develop (Von

Aderkas et al. 2000). On the other hand, ethylene

production leads to a rapid and temporary decrease of

cytosine methylation in DNA (Galaud et al. 1993a,

b). Other plant growth regulators such as giberellic

acid A3, 6-benzylaminopurine and fucsicoccin have

been reported to also influence DNA methylation

(Vlasova et al. 1995). See Table 1 for a summary of

different plant growth regulators and their effect on

DNA methylation.

Conclusions

DNA methylation plasticity is a major factor

involved on plant development and in vitro culture

response. Demethylation normally precedes the onset

of new differentiation programmes, such as sexual

and asexual embryogenesis, flowering initiation, and

reinvigoration. Methylation increases with age, phase

change, or culture period, and is normally associated

with a lack of organogenesis potential.

Methylation is stable, albeit not static, as demon-

strated in several experimental situations, being the

Table 1 Effect of phytohormones on the in vitro DNA methylation

Phytohormone Relative degree (%) of DNA methylation in the presence of phytohormone (M)

0 10�7 10�6 10�5 10�4

GA3
a 100 116 165 146 124

6-BAPa 100 106 134 130 124

Fusicoccina 100 126 133 120 103

2,4-Db 100 – – – 140

a Wheat seedlings (Vlasova et al. 1995) and bsugarbeet cell lines (Causevic et al. 2005)
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basis of cellular plasticity. Methylation/demethylation

control will enable us to manage cell growth and

functions, with the possibility of directing cell

mechanism to applied functionalities.

Acknowledgements The financial support needed to

guarantee our progress into the insight of ageing, phase-

change, and reinvigoration, as well as the progress being made

in the research for quality markers has come from EU Projects

FAIR3-CT96-1445, INCO 10063, and MCT-AGL2000-2126,

AGL 2004-00810 Spanish National Projects. The Spanish

M.E.C.D. supported fellowships of all young researchers. We

would also like to thank Ms. Priscilla Chase for her linguistic

revision of the text.

References

Altman A, Loberant B (2000) Micropropagation of plants:

principles and practices. In: Tj R (ed) Encyclopedia of

Cell Technology, vol 1. John Wiley & Sons, Inc., New

York, pp 916–929

Alvarez-Venegas R, Avramova Z (2005) Methylation patterns

of histone H3 Lys 4, Lys 9 and Lys 27 in transcriptionally

active and inactive Arabidopsis genes and in atx1 mutants.

NAR 33:5199–5207

Anderson J, Chao W, Horvath D. (2001) A current review on

the regulation of dormancy in vegetative buds. Weed Sci

49:581–589

Arnholdt-Schmitt B, Herterich S, Neumann K (1995) Physio-

logical aspects of genome variavility in tissue culture. I.

growth phase-dependent differential DNA methylation of

the carrot genome (Daucus carota L.) during primary

culture. TAG 91:809–815

Baurens FC, Nicolleau J, Legavre T, Verdeil JL, Monteuuis O

(2004) Genomic DNA methylation of juvenile and mature

Acacia mangium micropropagated in vitro with reference

to leaf morphology as a phase change marker. Tree

Physiol 24:401–407

Bender J (2004) DNA methylation and epigenetics. Ann Rev

Plant Biol 55:31–68

Bonga JM, von Aderkas P (1993) Rejuvenation of tissues from

mature conifers and its implications for propagation

in vitro. In: Ahuja MR, Libby WJ (eds) Clonal forestry I,

genetics and biotechnology. Springer-Verlag, Berlin,

Heidelberg, pp 182–199

Brar DS, Jain SM (1998) Somaclonal variation: mechanisms

and applications in crop improvement. In: Jain SM, Brar

DS, Ahloowalia BS (eds) Somaclonal variation and in-

duced mutations in crop improvement. Kluwer Academic

Publishers, Boston, USA, pp17–37

Burn JE, Bagnall DJ, Metzger JD, Dennis ES, Peacock WJ

(1993) DNA methylation, vernalization and the initiation

of flowering. PNAS 90(1):287–291

Causevic A, Delaunay A, Ounnar S, Righezza M, Delmotte F,
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