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Bud sporting is the consequence of sudden variations
in gene expression of somatic cells, leading to the
occurrence of phenotypically altered shoots on plants.
This phenomenon can be observed in most vegetative-
ly propagated plant species and finds its origin in genet-
ic as well as epigenetic events. In azalea the frequent
occurrence of flower colour sports is appreciated as a
valuable additional source of variation; more than half
of the commercial assortment consists of flower colour
bud sports. However, when clonal uniformity is desired
for registration (Distinctness Uniformity Stability, DUS)
and mass propagation, this somaclonal variation is per-

ceived as a hindrance. Insight into the molecular mech-
anism(s) underlying the induction of bud sporting might
improve breeding strategies, towards the appropriate
choice of cultivars in hybridisation experiments. The
complex beauty of sport phenotypes clearly indicates
interactions within and between genetic and epigenetic
mechanisms. Therefore, using azalea somaclonal varia-
tion as a model, a review of the literature on various
genetic and epigenetic phenomena that regulate or
influence gene expression, as well as on the links that
exist between them is presented.

Belgian pot azaleas (Rhododendron simsii hybrids) belong
to the Tsutsusi subgenus of Rhododendron within the family
Ericaceae (Chamberlain and Rae 1990, Cullen 1991). The
subgenus Tsutsusi comprises 66 species, with semi-ever-
green spring leaves and persistent summer leaves. Within
the Rhododendron genus, breeding barriers among species
limit the assessable gene pool. Fortunately, in the vegeta-
tively propagated azalea, the sporting phenomenon pro-
vides a useful additional source of variation (Heursel 1999,
De Schepper 2001).

Sport induction is the consequence of a sudden variation
in gene expression in somatic cells, and results in plants
having shoots with a different phenotype, e.g. leaf shape or
colour, growth habit, flower colour or form. Because of their
clonal origin, sports can also be referred to as somaclonal
variants. In azalea, the appearance of somaclonal variants
depends on the intensity of propagation of the parent plant
(De Schepper et al. 2001a). The frequency of sporting
increases in old varieties and after tissue culture (Samyn et
al. 2002). However, some cultivars never sport.

Our objective is to unravel the molecular background of

the sporting phenomenon (De Schepper 2001). The origin of
sports, however, is unclear. Not only somatic ‘mutations’
(Horn 1968, Bauer 1993), but also ‘transposition of mobile
genetic elements’ (Bino et al. 1984, Doodeman and Bianchi
1985, Phillips et al. 1994) as well as ‘epigenetic’ switches
(Grunewaldt and Duneman 1991, Coccilione and Cone
1993, Kaeppler et al. 2000) have been put forward as pos-
sible mechanisms behind sport phenotypes.

The qualitative and quantitative determination of
flavonoids in Rhododendron simsii flowers was investigated
by De Cooman et al. (1993) and De Loose (1969, 1979).
Azalea flower colour sports are characterised by variegated
corollas. Variegation types in general are categorised as
either cell lineage vs non-cell lineage and patterned vs non-
patterned (Marcotrigiano 1997). The azalea sport collection
harbours three different sport types (Figure 1) (De Schepper
2001, De Schepper et al. 2001a).

In the first category shoots sport to a different but uniform
flower colour, e.g. the switch from carmine red to brick red
(Figure 1A) and no flower colour variegation can be
observed. The second type of sports are characterised by a
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bicoloured corolla (Figure 1B). This phenotype has been
termed ‘picotee’ or ‘Cossack dancer’ (Jorgensen et al. 1996,
Marcotrigiano 1997). The key descriptive term for this pat-
terned, non-cell lineage, or non-cell autonomous, variega-
tion is petal border or margin. The third azalea sport pheno-
type shows very irregular flower coloration (Figure 1C).
Petals are marked by spots, stripes, flecks or sectors of one
colour on the background of another. Upon careful inspec-
tion these markings can be seen to follow cell lineage
(Martin and Gerats 1993).

According to the variegation category, the molecular
mechanism(s) behind the sport phenotype is more likely sit-
uated at a genetic or at an epigenetic level (Figure 2). The
‘genetic’ components of our model are flavonoid structural
and regulatory genes, mutation, chimerism, polyploidy and
transposition. Regulation of gene expression at the ‘epige-
netic’ level comprises phenomena such as DNA methylation
(DNA- as well as RNA-directed), chromatin remodelling and
RNA silencing. Aberrant nucleotide structures such as direct
and inverted repeat structures (DR, IR), aberrant RNA
(aRNA), double-stranded RNA (dsRNA), micro RNAs
(miRNAs), mediate interactions between the genetic and
epigenetic phenomena. Arrows in Figure 2, connecting
those components, point to the potential (mutual) relation-

ships between these factors, which will be discussed in the
final part of this review.

Genetic origins of sport induction

Mutations
Before considering ‘genetic’ origins of sport induction, the
heritability of sport phenotypes must be assessed. The gen-
eral rule for the inheritance of pigments in azalea is that the
presence of anthocyanins and flavonols is dominant to their
absence (Heursel and Horn 1977, Heursel 1999). The most
intense colour is purple, which is dominant over carmine red,
red, pink and white. However, this rule does not apply to
sports.

The general rule is that the colour and/or variegation of a
sport are not transmittable to progeny. Sports behave in
crosses as having the genotype of the parent plant. This
implies that the ‘sporting event’ does not affect their genera-
tive tissues (De Schepper 2001). The genetic information of
the germinal LII layer of sports remains identical, ‘mutation-
free’. Because picotee sports never yield a picotee offspring
a ‘picotee-sporting gene’ does not exist (De Schepper
2001). Picotee patterns in azalea sports always originate
somatically, and are lost after hybridisation. This is in con-

Figure 1: Azalea flower colour sport phenotypes: (A) uniform sport, (B) picotee sport, (C) flecked sport, (D) complex phenotype: superimpo-
sition of flecked and picotee coloration pattern, (E) complex phenotype: sectored picotee coloration
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trast with species expressing ‘pattern genes’ such as
described for snapdragon (Coen et al. 1988, Martin and
Gerats 1993).

There are a few exceptions to the general rule. The first is
the completely white sport, which passes on the genetic
information for lack of anthocyanins. The second exception
is the flecked sport. The majority of their progeny is flecked
as well.

However, while for most sport types ‘germinal’ mutations
are ruled out, ‘somatic’ mutations remain a possible mecha-
nism underlying sport induction. Although mitotically stable,
the altered DNA sequence is lost after (meiotic) gamete for-
mation. We do not rule out the possibility that some sports
indeed arose through somatic mutation, although a genetic
AFLP profile of the ‘Hellmut Vogel’ sport family did not reveal
any DNA polymorphisms (De Riek et al. 1999). This result
indicates that no gross structural DNA rearrangements
occurred. However, small changes, such as point mutations
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Figure 2: Theoretical model comprising genetic (in italics) and epigenetic phenomena potentially playing a role in somaclonal variation.
Numbered arrows point to the (mutual) relationships, which exist both within and between the genetic and epigenetic mechanism level (see
text)

Figure 3: Microscopic analysis of the distribution of flavonoid pig-
ments in azalea petals of the ‘Hellmut Vogel’ sports ‘Hector’ (A) and
‘Marcella’ (B). A: Predominant epidermal location of anthocyanins.
B: Transition from red to white occurs in the epidermal layer in
white-edged picotee sports
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or frameshifts, can remain undetected in this type of experi-
ment. As sports differ from their parental cultivar in only one
specific trait, we could imagine that a subtle change affect-
ing one target locus might be sufficient to cause the pheno-
typic switch. Although somatic mutations are often involved
in somaclonal variation (Kaeppler et al. 1998), the frequen-
cy of sporting to novel types as well as the reversion fre-
quency cannot be ascribed solely to these events.

Flecked azalea sports and the presence of transposable
elements
The somatic instability in flower colouration is a hallmark of
flavonoid genes fallen victim to transposable elements (TEs)
(Nevers et al. 1986). Barbara McClintock (1947) inspired by
the concept of ‘unstable’ or ‘mutable’ genes and ‘ever-sport-
ing’ varieties (De Vries 1905), discovered transposable ele-
ments more than 60 years ago in maize. Since then a wealth
of data has accumulated on the variety and distribution of
TEs in both animal and plant populations. The unpre-
dictable, somatic unstable but heritable nature of flecked
sports concurs well with transposable element behaviour.

Molecular analyses were carried out to investigate the
presence of TEs in azalea (De Keukeleire 2000, De
Schepper 2001). As no previous sequence information was
available, a homology-based isolation strategy was chosen.
Based on sequence similarities, several superfamilies of
evolutionary related transposable elements can be defined
(Capy et al. 1996). One such superfamily is the hAT-group,
named after its first isolated members: hobo of Drosophila
melanogaster (fruit fly), Ac of Zea mays (maize), and Tam3
of Antirrhinum majus (snapdragon) (Atkinson et al. 1993).
With representatives presently identified in over 30 species,
including fungi, algae, flies, moths, nematodes, fish, mam-
mals, monocots and dicots, the hAT superfamily appears to
be widely distributed in all eukaryotic kingdoms (for reviews,
see Kempken and Windhofer 2001, Rubin et al. 2001).
Because of the universal presence of those hAT-group-
members, homology-based isolation of hAT-group-related
sequences in azalea was attempted, using a polymerase
chain reaction (PCR) approach (De Keukeleire 2000).

Using degenerate primers, two major amplification prod-
ucts could be identified in all the sports analysed of a
Rhododendron simsii hybrid (De Schepper 2001). Three dif-
ferent sequences were cloned from this PCR mixture. The
amino acid sequences were 32% identical to the homolo-
gous region of the Z. mays Ac transposase, and 21% iden-
tical to the A. majus Tam3 transposase. This level of identi-
ty is comparable to the level (25%) that exists between the
Ac and Tam3 elements in this region (De Keukeleire 2000).
These findings indicate that the forward/reverse primer pair
amplifies hAT-group-related, transposase-like sequences
from genomic DNA of the R. simsii hybrids. However, in con-
trast to, for instance, transposons-trapping strategies, the
method provides no information on their functionality. To
associate the somatic instability in flower coloration in azal-
ea with the presence of the hAT-like elements, the location
and organisation of possible elements need to be deter-
mined. In future iPCR and anchored-PCR approaches will
be set up to thoroughly characterise the isolated fragments
and their surrounding sequences.

Picotee variegation: periclinal chimerism versus topographic
determination
Variegation patterns of picotee flowers have been attributed
to periclinal chimerism in different cases (Tilney-Bassett
1963, 1986). Chimerism in plants leads to the formation of
specific types of genetic mosaics, genotypically altered in a
specific histological layer. When the epidermal layer loses its
ability to synthesise pigment, petal margins, comprising only
lower- and upper-epidermis, become white (or palely pig-
mented). These periclinal chimeras never yield variegated
offspring, a feature that concurs well with the azalea picotee
behaviour. However, when investigating microscopically the
distribution of flavonoid pigments in azalea petals, we did not
recognise the white epidermis over a coloured core (De
Schepper et al. 2001b). First of all, pigments are located pre-
dominantly in the epidermal layer (Figure 3A). Second, pico-
tee petal margins comprise several cell layers. Finally, the
epidermal layer becomes pigmented at the transition from
white to red (Figure 3B). Picotee coloration therefore seems
to be positionally determined: petal margin vs mid-region. An
argument that supports the non-periclinal chimeric nature of
picotee sports is that their regeneration does not lead to a
strict chimeral separation (Mertens et al. 1996).

Picotee variegation: somatic polyploidy and topographic
determination
The importance of a positional determinant in picotee phe-
notypes was confirmed when we tackled the sport induction
phenomenon from a more cytological angle (De Schepper et
al. 2001b, 2001c)

Aside from the benefit of the obtained colour range, we
investigated whether ploidy changes within sport series are
not another valuable asset available for breeding purposes.
Flow cytometric analysis of leaf tissue proved that the entire
‘Hellmut Vogel’ family is diploid (De Schepper et al. 2001c).
However, when petals, the tissue where the sporting event
is phenotypically expressed, were analysed, surprising
results were obtained. Picotee petals exhibiting a broad
petal margin (width >7mm) appeared to be tetraploid in this
margin, while diploid in the remainder of the flower tissue.
Neither flower variegation, nor polyploidy were periclinal
chimeric in origin (De Schepper et al. 2001c). Furthermore,
the transition diploid/tetraploid corresponded exactly with
the crossing of the colour boundary. This again demon-
strates the importance of topographic determination in pico-
tee phenotypes: positional information clearly distinguishes
petal marginal versus central cells; both polyploidisation and
coloration is non-cell autonomously determined. Importantly,
this somatic polyploidy is only observed in broad-edged
picotees. Narrow-edged sports, which comprise the majority
of the picotees in our breeding collection, are completely
diploid. Molecular and cytological research is momentarily
conducted in our lab to investigate the mechanism of this
topographically determined polyploidisation.

Epigenetic origins of somaclonal variation

Epigenetic regulation of gene expression: DNA methylation,
chromatin remodelling and RNA silencing
None of the aforementioned ‘genetic’ mechanisms can fully
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account for the very frequent, mitotically more or less stable
(although reversion occurs), but meiotically non-heritable
sporting event. These remarkable features, however, are
marked characteristics of ‘epigenetic’ mechanisms (Holliday
1990). Epigenetic phenomena can add another level of vari-
ation in expression, distinct from the alteration of the actual
gene sequence, thereby contributing to the phenotypic
diversity (Holliday 1990). The non-chimeric, non-cell lineage
variegation observed in azalea picotees has been reported
as the most common form of variegation and can be attrib-
uted in many cases to differences in gene expression (epi-
genetic regulation) that are positionally rather than genotyp-
ically dependent (Marcotrigiano and Stewart 1984,
Marcotrigiano 1997).

Epigenetic aspects of somaclonal variation have been
reviewed by Kaeppler et al. (2000). DNA methylation, chro-
matin remodelling and RNA silencing are global mecha-
nisms that contribute to the regulation of gene expression
(Finnegan et al. 2000, Morel et al. 2000, Habu et al. 2001,
Plasterk 2002). They have been reported to be involved in
tissue- and stage-specific gene expression, (trans)gene
silencing, and paramutation. Epigenetic regulation of gene
expression can occur at the transcriptional or at the post-
transcriptional level (De Picker and Van Montagu 1997).

In eukaryotes the methylation of cytosines at position five
is the most common post-replicative DNA modification (Jost
and Saluz 1993). The widespread occurrence of cytosine
methylation in higher organisms indicates that this form of
DNA modification is ancestral. However, the biological sig-
nificance of DNA methylation remains elusive although
numerous reports have demonstrated the involvement of
cytosine methylation in different biological processes. Two
major roles are proposed for DNA methylation: 1) the regu-
lation of natural developmental processes (Richards 1997,
Colot and Rossignol 1999), 2) the inactivation of invasive
sequences, which can be subdivided in the protection
against parasitic mobile elements and viruses, and the epi-
genetic silencing of (trans)genes (Flavell 1994, Matzke et al.
2000). The importance of DNA methylation in normal plant
development (Richards 1997) has been demonstrated by
the serious developmental abnormalities associated with a
general diminishing of methylation (Finnegan et al. 1996,
Ronemus et al. 1996). Normal development requires stable
epigenetic repression of genes not required in specific cell
types (Wolffe and Matzke 1999). A large body of evidence
has accumulated in recent years that for animal, viral and
plant genes there is an inverse correlation between DNA
methylation and the expression of genes (Razin and Riggs
1980, Doerfler 1983, Paszkowski and Whitham 2001,
Attwood et al. 2002).

DNA methylation is rare or absent — probably lost — in
several fungal and animal cell lineages that include
Saccharomyces ceverisiae, Drosophila melanogaster and
Caenorhabditis elegans. In these organisms epigenetic con-
trol of gene expression is attributed to chromatin configura-
tion (Wolffe and Guschin 2000, Jenuwein and Allis 2001,
Meyer 2001). The ‘epigenome’ has been defined as the col-
lection of biochemical modifications to chromatin, such as
acetylation, phosphorylation, poly(ADP-ribosylation), ubiqui-
tination and methylation of the amino-terminal tails of his-

tones, that indexes genetic information (Wolffe and Hayes
1999, Jenuwein and Allis 2001, Rice and Allis 2001,
Jenuwein 2002). The pleiotropic effects of blocking histone
deacetylation on gene regulation and development illustrate
the essential roles played by histone acetylation and
deacetylation in eukaryotic gene regulation (Tian and Chen
2001). The neutralisation of positive lysine residues in the
histone tails of nucleosomes through acetylation decon-
denses the chromatin configuration and renders promoter
regions accessible to the transcriptional machinery.
Alternatively, heterochromatin, the inactive condensed form
of chromatin, is characterised by high-density methylation of
the histone H3 protein at amino acid lysine 9 (H3–K9) (Rea
et al. 2000, Nakayama et al. 2001, Noma et al. 2001).
Chromatin is also remodelled by ATP-dependent assemblies
typified by the yeast SWI/SNF complex, which is targeted to
promoters via direct interactions with transcription activators
and alters nucleosome structure (Peterson and Workman
2000, Sudarsanam and Winston 2000). Although recent
studies on plant gene regulation prove the importance of
chromatin remodelling (Chen and Pikaard 1997, Habu et al.
2001, Tian and Chen 2001), research on the histone code is
more advanced in the vertebrate kingdom because the (uni-
versal) presence of methylation in plants (Finnegan et al.
1998) is easier to monitor than changes in chromatin config-
uration (Matzke et al. 2000, Meyer 2001).

Aside from the mechanisms of DNA methylation and chro-
matin remodelling, an RNA silencing mechanism has
emerged in recent years, that is conserved among species
from different kingdoms (fungi, worms, flies, mammals and
plants) (Fire 1999, Bass 2000, Cogoni and Macino 2000,
Carthew 2001, Hammond et al. 2001, Sharp 2001, Plasterk
2002). RNA interference (RNAi), also termed quelling in
fungi and co-suppression or Post-Transcriptional Gene
Silencing (PTGS) in plants, is the process by which double
stranded RNA (dsRNA) silences gene expression. The
mechanism by which dsRNA silences gene activity is not
completely understood although it has been discovered to
involve cleavage of longer dsRNA molecules and the corre-
sponding mRNA into short interfering RNAs (siRNAs) by an
ATP-dependent ribonuclease called ‘Dicer’ (Bernstein et al.
2001, Nykänen et al. 2001). These siRNAs are then trans-
ferred to a second enzyme complex, the RNA-Induced
Silencing Complex (RISC), which contains an endoribonu-
clease that is distinct from Dicer (Hammond et al. 2000,
2001, Nykänen et al. 2001). This endoribonuclease uses the
sequence encoded by the antisense siRNA strand to find
and destroy mRNAs of complementary sequence (Zamore
2002). The siRNAs thus act as guide and sequence speci-
ficity is guaranteed. RNAi is believed to act as the ‘immune
system’ of the genome (Plasterk 2002).

Epigenetic regulation of azalea pigment gene expression
Our search for epigenetic aspects of sport induction required
the possession of azalea pigment gene sequences (De
Schepper et al. 2001a). We focussed on the flavonoid chal-
cone synthase (chs) and dihydroflavonol 4’-reductase (dfr)
genes, based on the numerous reports concerning epige-
netic silencing (and transposition) of these loci (Mol et al.
1983, Coen et al. 1986, Nevers et al. 1986, Napoli et al.
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1990, Bollmann et al. 1991). Both azalea cDNA clones were
isolated through heterologous cDNA screening (De
Schepper et al. 2001a).

Our first approach to find evidence for epigenetic gene
regulation was to visualise expression of the genes in differ-
ent sport phenotypes. After the identification of the optimal
flower bud stage for the detection of expression, both cDNA
clones were probed against RNA from different sports of the
‘Hellmut Vogel’ group (De Schepper 2001). Expression of
both genes was correlated with pigment intensity. With the
exception of high (colourless-) flavonol-related chs expres-
sion in the white sport, the quantitative colour differences
between the sports were correlated with differences in
mRNA levels of the two structural genes. This co-ordination
of expression indicates that, at least a part or maybe the
entire flavonoid pathway is under control of a common reg-
ulatory mechanism. There are many reports describing reg-
ulatory genes activating several or all the flavonoid biosyn-
thetic genes. It is possible that in azalea sports, such regu-
lation exists in different epigenetic states, which lead to vary-
ing degrees of gene (de)activation and subsequently result
in different shades and pigment intensities, i.e. the gradual
colour differences observed between sport flower colours. A
dynamic regulatory mechanism and metastable gene
expression states have been argued by Jorgensen (1995) to
account for the diversity and variability of petunia pigment
co-suppression patterns. Instead of the strict ‘on’ versus ‘off’
situation, multiple stable states of activator concentration
lead to corresponding states of transcript concentration.
Isolation and characterisation of other structural flavonoid
genes and regulatory loci in azalea sports should further
substantiate this assumption.

In the specific case of picotee sport induction we observed
a morphological determination: petal margin versus petal
mid-region. These features of petal morphology are believed
to reflect underlying pre-patterns of gene transcription
(Jorgensen 1995, Vaucheret et al. 1998). Many silencing
events are related to threshold induced transcript turnover. If
transcription reaches a threshold concentration, RNA mole-
cules are degraded. This could explain the white-edged
azalea picotees. Due to a gradient in expression, a tran-
scription factor increasingly activates a biosynthetic gene,
leading to its suppression towards the petal margin. In cells
located at the boundary from red to white petal tissue, the
threshold is reached. Depending on the start situation, the
reverse coloration pattern could be established. In these
petals transcript or transcription factor levels are perhaps not
abundant enough at the petal base, but increase toward the
petal margins.

To search for epigenetic silencing in picotee sports, we
analysed chs expression in differently coloured sectors of
picotee petals, because of the reported chs PTGS in petunia
picotees (Mol et al. 1983, Napoli et al. 1990, Jorgensen et al.
1996). In two azalea sports analysed, however, we did not
find evidence for absolute (100%) silencing of this flavonoid
gene in the white areas (De Schepper 2001). The high
colourless flavonol content in the ‘Hellmut Vogel’ sports
requires high chs expression. Therefore, the loss of pigment
(anthocyanins) in the petal margin must be due to a block in
flavonoid synthesis at a later, maybe anthocyanin-specific

step of the pathway.
As a second approach to identify epigenetic regulation in

azalea bud sports we chose to analyse the methylation state
of different sports of the ‘Hellmut Vogel’ family (De Schepper
2001). In general, techniques to analyse DNA methylation
can be divided into two categories. One leads to sequence-
unspecific results and quantifies the global amount of modi-
fied bases in an organism; the second allows the specific
location of methylated sites within a target sequence. Our
first priority was to search for evidence of epigenetic differ-
ences between sports. Hence, we chose to compare global
levels of DNA methylation of different ‘Hellmut Vogel’ sports
with their parental cultivar. The technique used is called the
‘SssI-methylase-accepting assay’ (SssI-MAA) (Schmitt et al.
1997, Jaligot et al. 2000), a reverse dosage method involv-
ing the in vitro-saturation of all unmethylated CpG-sites with
tritium labelled methyl residues using SssI methylase.
Through the measurement of incorporated methyl groups,
the proportion of sites that is methylated or unmethylated is
quantified in comparison with a reference sample. The par-
ent plant ‘Hellmut Vogel’ was chosen as standard, and
genomic leaf and flower DNA of 18 of its sports was used as
a template. Leaves are not the organs where the sporting
phenomenon is phenotypically expressed. However, regen-
eration of azalea from leaf explants enhances and fastens
the formation of sports (Mertens et al. 1996, Samyn et al.
2002), indicating that all the information required to sport
(the ‘sporting capacity signal’?) is present in leaves.

The equation used for the calculation of the Normalised
Methylation Index (NMI) is

NMI= (QMETH
sample/[DNA]sample)/(QMETH

standard/[DNA]standard)
where QMETH represents the amount of [3H]-methyl groups
incorporated in sample or in standard DNA and [DNA] the
corresponding concentration of DNA. According to this for-
mula, a NMI less than one corresponds to an increase of CG
methylation for the sample relative to the standard.

The results obtained from the analysis of leaf tissue reveal
a tendency towards hypermethylation of the colour sports
compared to their parent plant: only four of the 18 sports
analysed appeared to be hypomethylated (De Schepper
2001). When measuring methylation in flower DNA, the
majority of the sports again appeared hypermethylated.
However, some sports appeared hypermethylated in leaves
whereas hypomethylated in flowers, and vice versa. An
SssI-methylase-accepting assay proved the ‘Hellmut Vogel’
sports to be polymorph in their methylation state (De
Schepper 2001). Global values of DNA methylation, howev-
er, are not linked with specific sport phenotypes. A direct
cause-effect relationship could thus not be established
because of the variable intensity and direction (hypo- and
hypermethylation) of the NMI-values. This can be explained
by several of the restrictions inherent to the technique (Rival
A, France, pers. comm.).

To prove the connection between sport phenotypes and
epigenetic DNA modification, precise target sequences
should be subjected to methylation analysis (transposable
elements, flavonoid genes). The meiotic instability of sport
patterns suggests that methylation at non-conventional
asymmetric sites is probably involved (Diéguez et al. 1997).
Different studies have already proven the correlation
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between the extent of methylation and the level of pheno-
typic variation (Ronchi et al. 1995, Jacobsen and
Meyerowitz 1997, Jeddeloh and Richards 1998, Melquist et
al. 1999, Bartee and Bender 2001). We can imagine that the
differential methylation of a few sites in a limited number of
loci, leads to the above mentioned multiple stable states and
results in the subtle, quantitative colour differences between
some sports. Similarly, differential methylation of genes
responsible for pigment synthesis in defined areas of the
petal could lead to the appearance of variegation patterns.
These subtle methylation changes will go unnoticed in the
global approach described here.

Relations between the genetic and epigenetic aspects
of somaclonal variation: a working model

The genetic or epigenetic cause of certain sport types is very
straightforward, e.g. true flecked sports are clearly affected
by transposition in a flavonoid gene. The classification of
sports into sport categories (i.e. uniform, flecked and pico-
tee) is, however, not always so evident (Figure 1D–E).
Picotee and flecked patterns can be superimposed in one
flower (Figure 1D) and picotee coloration sometimes occurs
sectored (Figure 1E). In these cases, there is not just one
mechanism responsible for the coloration pattern. We have
therefore created a model theoretically linking both genetic
and epigenetic components, some already reported to be
involved spontaneous in somaclonal variation (Kaeppler et
al. 2000), others more belonging to the field of transgenetics
(Figure 2).

Interconnecting ‘genetic’ mechanisms
First of all, besides affecting structural (Figure 2: 1) and reg-
ulatory genes (Figure 2: 2) of the pathway, mutations can
alter transposon sequences rendering them ‘immobile’
(Figure 2: 3). Secondly, one can imagine that a ‘mutation’
specifically affecting cell cycle genes, could lead to (somat-
ic) polyploidy (Figure 2: 4). In particular cases the outcome
is the formation of a cytochimera (Satina et al. 1940),
explaining the connection between polyploidy and
chimerism (Figure 2: 5). Polyploidy in turn has been associ-
ated with buffering genomes leading to an enhanced toler-
ance to parasitic mobile elements (Vanderwiel et al. 1993,
Wessler 1998, Matzke et al. 2000), providing a link between
polyploidy and transposition (Figure 2: 6).

Any genetic change in one or more cells in a multicellular
shoot meristem can result in the generation of a chimera.
One possible mechanism inducing such a genetic alteration
is the activity of transposable elements (Marcotrigiano
1997). When a somatic transposition event occurs early in
development, it may give rise to a branch in which a whole
layer of the meristem is mutant, i.e. a periclinal chimera
(Figure 2: 7). Examples of chimeras, which arose by trans-
position, have been described in snapdragon, morning glory,
petunia and maize (Imai 1934, Doodeman and Bianchi
1985, Carpenter and Coen 1995).

A question that arises is whether TEs, apart from causing
‘flecked’, non-patterned phenotypes, also can be responsi-
ble for a ‘patterned’ form of colour variegation? Plant TEs
are well known for their ability to cause chromosomal

rearrangements, including deletions, inversions and duplica-
tions. In snapdragon, the nivea gene codes for the structur-
al flavonoid gene chs. Insertion of Tam3 in the chs gene
gives rise to ‘flecked’ flowers (Figure 2: 8) (Coen et al. 1986).
However, excision of Tam3 in one particular inversion allele,
nivrec:531, placed new sequences (derived from the inver-
sion) upstream of the niv TATA-box and coding region (Lister
et al. 1993). This resulted in a novel distribution of antho-
cyanin pigment in the flower tube, caused by the interaction
of new sequences with the remnant of the niv promoter. This
novel pattern of expression, responding to flower polarity,
appeared to be under the control of the gene cyclodea radi-
alis, which is required for bilateral symmetry of the flower.

Not only structural flavonoid genes can be affected by
transposition. One example concerns the regulatory, ‘pat-
tern’ locus R from maize (Figure 2: 9). Also, in this specific
case the rearrangement of sequences resulted in the acqui-
sition of new expression patterns. The net effect was a novel
distribution of anthocyanin pigments in the maize aleurone
(May and Dellaporta 1998). These examples illustrate the
power of transposons to mediate rearrangements of genes
(structural as well as ‘pattern’ genes) and confer new splic-
ing and expression patterns. This has led to a diversity of
new, ‘patterned’, pigmentation forms.

Interconnecting ‘epigenetic’ mechanisms
The identification of mutants in the DDM1 (DNA DEMETHY-
LATION 1) gene of Arabidopsis (Jeddeloh et al. 1999,
Kakutani et al. 1999) provided a first direct link between
DNA methylation and chromatin configuration (Figure 2: 10).
The gene encodes a plant homologue of the SWI2/SNF2
protein, a component of chromatin remodelling complexes.
Another recently isolated plant homeodomain (PHD)-like
protein, ATRX, provides a similar connection with the methy-
lation machinery (Gibbons et al. 2000). Another link is pro-
vided by the fact that heterochromatic H3-K9 histone methy-
lation directs DNA methylation in Arabidopsis thaliana
(Jackson et al. 2002) (Figure 2: 10). These findings suggest
that proteins involved in changing chromatin configuration
are required for the correct levels and allocation of methyla-
tion (Paszkowski and Whitham 2001).

On the other hand, DNA methylation is reported to play a
role in the pattern of chromatin modification (Ng and Bird
1999) (Figure 2: double arrow 10). MeCP2 is a chromoso-
mal protein that binds specifically to methylated DNA both in
vitro and in vivo, via its methyl-CpG binding domain (Nan et
al. 1998). In addition, MeCP2 can ‘invade’ chromatin in a
methylation-dependent manner. Its recent discovered inter-
action with the Sin3/histone deacetylase co-repressor com-
plex provides a mechanistic explanation for the relationship
between both processes (Ng and Bird 1999). Not only
methyl binding proteins such as MeCP2, MBD2 and MBD3,
but also the DNA methyltransferase Dnmt 1 is observed to
associate with histone acetylase, again connecting DNA
methylation and chromatin modifications (Dobosy and
Selker 2001, Urnov and Wolffe 2001, Wade 2001).

Another link lies in the discovery of a set of Arabidopsis
genes encoding a plant-specific group of methyltransferases
that contain a chromodomain motif, the chromomethylases
(Henikoff and Comai 1998). The recent finding that chro-
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modomains bind to RNA (Akhtar et al. 2000) presents the
interesting idea that chromomethylases are involved in
RNA-Directed DNA methylation (RdDM) (Figure 2: 11)
(Habu et al. 2001). The interacting RNA species in RdDM
could be either dsRNAs or siRNAs derived from the initiator
of silencing (Wassenegger 2000) (Figure 2: 12). Because of
this relationship, it is apparent that there are connections
between RNA silencing and DNA methylation, and RNA
silencing and chromatin remodelling (Figure 2: 13–14).

RNAi has been proposed to involve chromatin because
RNAi-like phenomena require proteins predicted to interact
with chromatin- a SWI2/SNF2 component, a DNA methyl-
transferase, and a DNA helicase-like protein (Fagard et al.
2000, Morel et al. 2000, Wu-Scharf et al. 2000, Dalmay et al.
2001, Dudley et al. 2002) — as well as proteins predicted to
interact with RNA (Fagard et al. 2000, Mourrain et al. 2000).
Volpe et al. (2002) also discovered a mechanistic link
between RNAi and chromatin configuration in
Schizosaccharomyces pombe. By deleting part of the RNAi
machinery they proved that it is necessary for the initiation,
but not the maintenance of heterochromatin formation
(Volpe et al. 2002). In plants, RNAi is thought to guide DNA
methylation, which then represses transcription (Hamilton
and Baulcombe 1999, Jones et al. 1999, Dalmay et al. 2000,
Mette et al. 2000, Matzke et al. 2001). Other researchers
proved that in plants spreading of RNA silencing is accom-
panied by DNA methylation (Vaistij et al. 2002).

Connecting ‘genetic’ and ‘epigenetic’ mechanisms
Despite the association between the advent of transgene
technology and the discovery of epigenetic phenomena, it is
unlikely that silencing mechanisms did only materialise
through the introduction of T-DNA constructs (Matzke et al.
2000, Urnov and Wolffe 2001). The unifying concept is that
epigenetic control mechanisms have arisen through the
recruitment of the genome defence system that targets inva-
sive sequences. It is the discovery of DNA methylation and
its dual role in normal gene regulation (Figure 2: 15–16) and
genome defence that provided a first link between ‘genetic’
and ‘epigenetic’ events. DNA methylation is involved in the
heritability, i.e. ‘epigenetic inheritance’ (Holliday 1990), and
flexibility of epigenetic states.

Studies concerning the distribution of DNA methylation in
eukaryotic genomes demonstrate that repeats are prime tar-
gets for methylation in many organisms (Yoder et al. 1997).
Examples of inter-species variation in the level of cytosine
methylation, e.g. Arabidopsis (4.6%) versus maize and rye
(33%), are correlated with differences in repeat content
(Bennetzen et al. 1994). This particular feature led to the
proposal that a primary role of DNA methylation might be to
reduce background transcriptional noise. The three different
targets for this repression of expression are polyploid
genomes (Figure 2: 17), repetitive DNA sequences (Figure
2: 18) and transgenes.

Considering our interest in somaclonal variation, let us
first consider endogenous, naturally occurring events.
During evolution, eukaryotic genomes expanded in size,
both through polyploidisation and the accumulation of repet-
itive DNA sequences (TEs and remnants of TEs) (Matzke et
al. 2000).

First of all, homology-based inactivation of duplicated loci
could have played a role in the genetic diploidisation of poly-
ploid genomes, contributing to their successful establish-
ment during plant and vertebrate evolution (Gastony 1991,
Bird 1995, Galitski et al. 1999, Matzke et al. 1999, Wolffe
and Matzke 1999). Considering the above, DNA methylation
provides the link between polyploidy and ‘epigenetic’ silenc-
ing (Figure 2: 17) (Mittelsten-Scheid et al. 1996). This con-
nection can be applied to the broad-edged picotees display-
ing somatic polyploidy. A change of ploidy is known to influ-
ence gene expression (Mittelsten-Scheid et al. 1996,
Galitski et al. 1999, Matzke et al. 1999), and this might pro-
vide the link between epigenetic regulation of pigment genes
and the somatic polyploidy. Threshold induced transcript
turnover might lead to the suppression of pigment gene
expression in the tetraploid petal margin. On the other hand,
the gene dosage effect could be operating in the true sense
of the concept in dark-edged picotees: transcript levels are
not abundant enough at the diploid level, but by doubling of
the genome, pigment production becomes visible. Whether
colour and ploidy are cause-effect related or determined
independently by some kind of superimposed spatial signal
remains to be elucidated. Secondly, taking the increasing
threat accumulating TEs exert on the plant genome into con-
sideration, the natural plant defence mechanism must have
assumed an increasingly prominent role. Yoder et al. (1997)
have even proposed that DNA methylation is restricted
almost entirely to TEs. The primary role of DNA methylation
might thus be to prevent transposition (Yoder et al. 1997),
which would otherwise be expected to ‘lacerate’ the
genome. A large number of studies implicate DNA methyla-
tion in the suppression of transposition (Figure 2: 18)
(Schwartz and Dennis 1986, Yoder et al. 1997, Martienssen
1998, Miura et al. 2001).

Finally, the prominent role of DNA methylation in the field
of silencing in transgenetics (TGS as well as PTGS)
(Jacobsen 1999, Paszkowski and Whitham 2001), provides
the third connection between genome defence and ‘epige-
netic’ regulation: transgenes become ‘epigenetically
silenced’ because they activate a genome defence system
that is normally triggered by TEs and other invasive
sequences (endogenous ‘genetic’ components) (Matzke et
al. 2000).

The proposed widespread role of transposons in provok-
ing epigenetic events extends from the legacy of McClintock
(1947) who discovered transposable elements, and detailed
their epigenetic behaviour in plants. TEs have been proven
to be implicated in different types of epigenetic silencing. An
example is the potential role of TEs in paramutation, an
important type of endogenous silencing (Patterson et al.
1995, Martienssen 1996, Matzke et al. 1996).

Transposition, generating Inverted Repeats (IRs) (Figure
2: 19) has been proposed to be involved in epigenetic silenc-
ing of the nivea and PAI loci (Bollmann et al. 1991, Jacobsen
1999, Luff et al. 1999, Muskens et al. 2000). IRs are prime
targets for de-novo methylation, methylation occurring via
DNA hairpin structures (Figure 2: 20) or mediated by aber-
rant or dsRNA transcripts derived from IR structures
(Wassenegger 2000) (Figure 2: 12, 18 and 21). The impor-
tant role of RNA in directing or mediating DNA methylation in
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TGS as well as PTGS is the subject of recent studies and
reviews (Wassenegger 2000, Paszkowski and Whitham
2001, Matzke et al. 2001, Zamore 2002).

Besides the ‘epigenetic’ regulation, DNA methylation can
induce direct ‘genetic’ changes. Despite the existence of an
active DNA repair pathway that corrects G/T-mismatches,
arising through the spontaneous hydrolytic deamination of 5-
methylcytosine back to G/C, the sites of cytosine methyla-
tion remain significantly mutagenic (Figure 2: 22) (Wiebauer
et al. 1993). Moreover, genome-wide demethylation has
been reported to lead to elevated mutation rates and is pro-
posed to be a step in carcinogenesis (Chen et al. 1998).

Because of the importance of the role of DNA methylation
in plants as an endogenous gene regulatory mechanism, the
focus of this final part of the review is mostly on the DNA
methylation machinery. However, relations exist between
DNA methylation, chromatin remodelling and RNA silencing
and the role of the latter two processes is as prominent in
defending the genome and in regulating gene expression
(Figure 2: 23). Whether the non-cell autonomous gene
expression in picotee sports is due to the action of the DNA
methylation machinery, chromatin-remodelling systems,
RNA silencing, or to a (sequential) co-occurrence of these
mechanisms, remains to be elucidated.

Chromatin remodelling has been suggested to be a cause
of cytological ploidy aberrations in somaclonal variants
obtained through tissue culture (Figure 2: 24) (Kaeppler et
al. 2000) and, as for DNA methylation, to establish ‘heritable’
imprints to epigenetically regulate gene expression (Figure
2: 25–26) (Meyer 2001, Selinger and Chandler 2001).
Enhanced TE mobilisation in RNAi deficient mutants has
also been reported (Ketting et al. 1999, Allshire 2002)
(Figure 2: 27). Furthermore, eukaryotic heterochromatin is
characterised by a high density of repeats and transposons
(Volpe et al. 2002). It is proven that H3–K9 is conserved in
plant heterochromatin and is preferentially associated with
transposable elements (Gendrel et al. 2002). These TEs can
regulate neighbouring genes by conferring the same
oppressed epigenetic expression state and it has been pro-
posed that many of the properties of heterochromatin stem
from these elements (Martienssen and Colot 2001) (Figure
2: 23).

Sport induction, and somaclonal variation in general, is a
complex event, in which many different phenomena can play
a role. Differences in sports’ phenotypes and behaviour con-
vinced us of a diverse mechanistic background. This phe-
nomenon needs to be approached in a multidisciplinary
fashion. Because of the visible complexity of this form of
somaclonal variation, we aimed at making an inventory of
genetic and epigenetic mechanisms that regulate gene
expression, not only restricted to somaclonal variation but in
the domain of virus-induced and transgene silencing as well.

In the future the well-characterised flavonoid pathway will
continue to prove an elegant and powerful tool in unravelling
these molecular interactions. Understanding the sporting
event in molecular terms might in turn lead to the identifica-
tion of ‘appropriate’ varieties (e.g. high or low TE-copy num-
ber lines) required for breeding purposes.
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