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Abstract We used amplified fragment length polymor-
phisms (AFLP) to analyze the stability of DNA meth-
ylation throughout Arabidopsis development. AFLP
can detect genome-wide changes in cytosine methylation
produced by DNA demethylation agents, such as 5-
azacytidine, or specific mutations at the DDM1 locus. In
both cases, cytosine demethylation is associated with a
general increase in the presence of amplified fragments.
Using this approach, we followed DNA methylation at
methylation sensitive restriction sites throughout Ara-
bidopsis development. The results show a progressive
DNA methylation trend from cotyledons to vegetative
organs to reproductive organs.

Keywords Arabidopsis Æ 5-azacytidine Æ ddm1 mutant Æ
DNA methylation pattern Æ Plant development

Abbreviations AFLP: Amplified fragment length
polymorphism Æ 5-azaC: 5-azacytidine Æ 5-mC:
5-methylcytosine

Introduction

DNA methylation is an important mechanism for
epigenetic control of gene expression in many eukary-
otes (Martienssen and Richards 1995). In mammals,

methylation plays a role in regulation of gene expres-
sion throughout development. Most epigenetic phe-
nomena in mammals are established in the early
embryo (Razin and Riggs 1980) and change through-
out development (Razin and Cedar 1994; Yoder et al.
1997). In contrast to the role of methylation in mam-
mals, genome methylation is restricted to the early
states of Drosophila melanogaster embryonic develop-
ment (Lyko et al. 2000), and zebrafish development
takes place without variation in DNA methylation
(Donald et al. 1999).

DNA methylation is very common in plant genomes.
It has frequently been associated with gene silencing,
specially in the case of transposable elements (for review
see Okamoto and Hirochika 2001). Epigenetic alleles,
resulting from DNA methylation at specific loci, have
also been described in different species. Hypermethy-
lated alleles of SUP, PAI and AG in Arabidopsis
(Bender and Fink 1995; Jacobsen and Meyerowitz 1997;
Melquist et al. 1999; Jacobsen et al. 2000) and LCYC in
Linaria (Cubas et al. 1999) result in silencing, while
hypomethylated alleles of AP3 or FWA in Arabidopsis
display ectopic expression (Finnegan et al. 1996; Soppe
et al. 2000).

Several reports suggest a role for DNA methylation
in the regulation of plant development, although evi-
dence is fragmentary. Significant differences in cytosine
methylation have been observed among different organs
in species such as tomato (Messeguer et al. 1991), rice
(Xiong et al. 1999) or Silene latifolia (Zluvova et al.
2001), and among different developmental phases in
Pinus (Fraga et al. 2002) and Prunus (Bitonti et al. 2002).
In Arabidopsis, young seedlings were reported to have
lower DNA methylation levels than mature leaves
(Finnegan et al. 1998a).

Genome-wide demethylation causes abnormal
development in Arabidopsis thaliana (Finnegan et al.
1998a, 2000). Depending on the genes affected, reduc-
tion in cytosine methylation can result in opposing ef-
fects on flowering time. Mutants at the DDM1
(Decrease in DNA Methylation) locus show up to a
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70% reduction in their total genomic 5-methylcytosine
level and exhibit a late-flowering phenotype after a
number of selfing generations (Vongs et al. 1993; Ka-
kutani et al. 1995). The hypomethylated dominant
epiallele of FWA is constitutively transcribed and
confers late flowering phenotype on plants of Ler and
Col ecotypes (Koornneef et al. 1991; Kakutani 1997;
Soppe et al. 2000) but not on C24 plants (Genger et al.
2003). Overexpression of antisense DNA methyltrans-
ferase MET1 in transgenic Arabidopsis plants causes
demethylation, which confers flowering delay in Col
transgenic plants (Ronemus et al. 1996) yet early
flowering in C24 transgenic plants (Finnegan et al.
1998b). Furthermore, demethylation agents such as 5-
azacytidine (5-azaC) as well as vernalization treatments
promote earlier flowering associated with reduced levels
of DNA methylation (Burn et al. 1993; Finnegan et al.
1998b).

The aim of this work was to analyze methylation
stability throughout plant development using an AFLP
approach. We showed that this technique is able to de-
tect the effect of demethylation agents or mutations on
genome methylation patterns. Using this approach we
have followed DNA methylation throughout Arabid-
opsis development and observed that different organs
show different methylation patterns with a trend to-
wards increasing DNA methylation during plant devel-
opment.

Materials and methods

Plant material and growth conditions

The ecotype Lansberg erecta (L er) and the fve-1 mutant
were provided by M. Koornneef (Wageningen, The
Netherlands), and the ddm1 mutant and its wild type
genetic background Columbia (Col) were provided by
Eric J. Richards (St Louis, Missouri) and Lehle’s Seed
(USA), respectively.

Plants were grown either aseptically in Petri dishes
containing solidified GM medium (MS, Murashige and
Skoog 1962, with 0.7% sucrose) or in pots containing
a mixture of peat and vermiculite (3:1, v/v), in a
growth chamber at 22�C and 16 h photoperiod con-
ditions.

For 5-azacytidine (5-azaC) treatments, sterile L er
seeds were imbibed on filter paper soaked with different
concentrations of fresh 5-azaC (5 lM, 50 lM and
500 lM) or sterile water for control plants. Seeds were
transferred daily to new filter paper containing the cor-
responding fresh 5-azaC solution or sterile water. After
5 days, germinating seeds were transferred to a GM
medium 10 days before analysis. For vernalization
treatments, fve-1 plants were vernalized by germinating
seeds in the dark for 4, 6 or 8 weeks at 4�C, and then
transferring the seedlings to long-day photoperiods at
22�C for 1 and 2 weeks. In all cases, total genomic DNA
was isolated using the DNeasy kit (QIAGEN).

AFLP analysis

Each sample was simultaneously analyzed using EcoRI
+2/HpaII +3 and EcoRI +2/MspI+3 reactions to
compare banding patterns, as described by Cervera et al.
(2002). The following primer selective nucleotide com-
binations AC/AAT, AA/AAT, AA/ATC, AT/ATC and
AT/ACT, were used to analyze ddm1, 5-azaC and ver-
nalization profiles, while AA/AAT, AA/ATC and AT/
ACT were used to study methylation patterns through-
out Arabidopsis development. In all experiments, we
detected fragments differing in intensity, probably due to
different degrees of cytosine methylation in different cells
and tissues contained in the analyzed samples. Only
clearly scorable fragments were considered and their
presence or absence was visually determined by two
independent observations. All experiments were re-
peated twice using different DNA extractions.

Fig. 1 Changes in methylation-sensitive polymorphisms associated
with ddm1 DNA demethylation. Arrows indicate polymorphic
methylation-sensitive fragments and the roman number corre-
sponds to pattern type. a Number and percentage of methylation-
sensitive fragments showing a specific pattern when comparing
ddm1 mutants and Col wild type plants. b Details of ddm1 and Col
AFLP fingerprints
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Results

AFLPs detect methylation changes in Arabidopsis
genomic DNA

AFLP analysis using double digestion with EcoRI and
either HpaII or MspI isoschizomers allowed
identification of methylation-sensitive CCGG polymor-
phisms in the Arabidopsis genome (Cervera et al. 2002).
MspI cleaves C5mCGG but not 5mCCGG sequences,
whereas HpaII is inactive if one or both cytosines are
fully methylated but cleaves the hemimethylated se-
quence (Korch and Hagblom 1986; McClelland et al.
1994). To test whether this technique can detect genome-
wide changes in cytosine methylation, two experiments
were performed. First, the total DNA of hypomethy-
lated ddm1 seedlings (Vongs et al. 1993) was compared
to the DNA of wild-type Col seedlings. A total of 470
scorable amplified fragments were detected using 5
AFLP primer combinations. Forty percent of them were
sensitive to methylation and therefore differentially di-
gested when comparing EcoRI/ HpaII and EcoRI/ MspI

patterns. Forty seven percent of the differentially
methylated fragments showed the same pattern in ddm1
and Col samples while 53% showed different patterns
(differentially methylated polymorphic fragments), as
shown in Fig. 1a,b (patterns I and II), confirming that
ddm1 mutations strongly affect the methylation state of
CCGG sites. Seventy percent of the differentially
methylated polymorphic fragments observed between
ddm1 and Col samples corresponded to new restriction
fragments in the ddm1 background (Fig. 1a,b, pattern I).
The other 30% corresponded to fragments present in
Col background that disappeared in the demethylated
mutant (Fig. 1a,b, pattern II).

Treatments with 5-azaC cause global demethylation
of DNA (Creusot et al. 1982; Jones et al. 1983). Using 5
AFLP primer combinations in L er plants treated with
increasing concentrations of 5-azaC (5 lM, 50 lM,
500 lM) we detected a total of 378 scorable amplified
fragments. Thirty eight percent of them were differen-
tially digested when comparing EcoRI/ HpaII and
EcoRI/ MspI patterns. Forty-five percent of the differ-
entially digested fragments showed the same patterns
among analyzed samples while 55% showed profiles
related to the 5-azaC treatment (Fig. 2a,b, patterns I,
II). We found a progressive increase of amplified frag-
ments on samples treated with 50 lM to 500 lM of
5-azaC (Fig. 2a,b, pattern I). In fact, 87% of the
differences found between control and treated samples
were due to the appearance of new amplified fragments
in the 5-azaC treated samples (Fig. 2a,b, pattern I). The
remaining 13% corresponded to fragments present in
L er wild-type samples that disappeared in the deme-
thylated samples (Fig. 2a,b, pattern II). AFLP profiles
resulting from ddm1 and 5-azaC experiments were not
comparable since they had been generated on different
genetic backgrounds.

Finally, a prolonged exposure to low non freezing
temperatures, also known as vernalization, has also been
proposed as a cause for genomic DNA demethylation
(Finnegan et al. 1998b). We compared the total DNA of
fve-1 seedlings vernalized for 4, 6 or 8 weeks, to DNA
from non-vernalized fve-1 plants showing the same
developmental stage as the previous ones, using 5 AFLP
primer combinations. The results did not show any
consistent DNA methylation changes either immedi-
ately,or after 4, 6 or 8 weeks of treatment or 1 or
2 weeks after resuming growth at room temperature.

DNA methylation changes throughout Arabidopsis
development

The sensitivity of AFLP in the analysis of the status of
DNA methylation at genome level was such that we
used this technique to study the existence of methyla-
tion changes associated with Arabidopsis development.
With this purpose we characterized the patterns of
DNA methylation in cotyledons (C), first pair of ro-
sette leaves (1L), mature rosette leaves (ML), cauline

Fig. 2 Changes in methylation-sensitive polymorphisms associated
with 5-azaC DNA demethylation. Arrows indicate polymorphic
methylation-sensitive fragments and the roman number corre-
sponds to pattern type. a Number and percentage of methylation-
sensitive fragments showing a specific pattern comparing L er
plants untreated or treated with different concentrations of 5-azaC.
b Details of AFLP profiles obtained for L er plants treated with 5-
azaC
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leaves (CL), flower buds (B) and open flowers (F) of L
er, using three AFLP primer combinations. A total of
257 scorable amplified fragments were detected, and
103 (40%) of these were differentially digested when
comparing EcoRI/ HpaII and EcoRI/ MspI patterns.
Thirty one of the differentially digested fragments
(30%) showed distinct organ-specific patterns (Fig. 3)
which could be grouped into five different classes (I-V).
Class I grouped 8 fragments (26%) specifically present
in cotyledons but absent in the rest of the analyzed
organs, while class II included 1 fragment (3%) with
the opposite pattern, absent in cotyledons, but present
in the rest of the organs. Class III included 15 frag-
ments (48%) present in cotyledons, and at least the first
pair of rosette leaves, but disappearing gradually in the
rest of the vegetative or reproductive organs. Class
IV grouped 3 fragments (10%) present only in repro-
ductive organs and class V, 4 fragments (13%) absent
in the embryonic and first vegetative organs, appearing
in later vegetative organs and disappearing in

reproductive organs. Therefore, out of 31 methylation-
sensitive organ-specific polymorphisms, 23 (74%) were
initially present in cotyledons and disappeared gradu-
ally during later development of the plant (pattern
types I and III of Fig. 3). Only 4 (13%) of the meth-
ylation-sensitive organ-specific polymorphisms were
restricted to vegetative or reproductive organs (pattern
types II and IV of Fig. 3), and 4 were found in vege-
tative organs but not in cotyledons and reproductive
organs (pattern type V of Fig. 3). Specific representa-
tive fragments of these patterns were cloned and se-
quenced previously (Cervera et al. 2002). None of them
showed internal HpaII/ MspI restriction sites.

Discussion

We previously used AFLP analysis combining double
digestion with EcoRI and either HpaII or MspI iso-
schizomers to identify anonymous CCGG sites in which
cytosines are differentially methylated (Cervera et al.
2002). This technique was applied here to follow gen-
ome-wide methylation changes in ddm1 seedlings and in
seedlings treated with 5-azaC. In both analyses, 60% of
the scorable amplified fragments showed similar digest-
ibility in HpaII and MspI assays, representing unme-
thylated CCGG restriction sites. The other 40%
corresponded to CCGG restriction sites in which dif-
ferential cytosine methylation resulted in differential
digestion by the two isoschizomers. In our experiments,
ddm1 mutations or 5-azaC treatments caused over 50%
of the differentially digested restriction fragments (dif-
ferentially methylated polymorphic fragments). Com-
parison of these differentially methylated polymorphic
fragments between ddm1 or 5-azaC samples and their
wild type genetic background Col or L er, respectively,
indicated that a reduction in DNA methylation in ddm1
samples and 5-azaC treated plants was associated with a
general increase in the number of amplified fragments. A
total of 70% of the differentially methylated polymor-
phic fragments were only observed in ddm1 plants,
which could be associated with the demethylation of
CCGG restriction sites in this mutant (Fig. 1a,b, pattern
I). This result is in agreement with the 5-methylcytosine
(5 mC) reduction observed in ddm1 mutants. Vongs
et al. (1993) reported that ddm1 affects global levels of
DNA methylation resulting in a 70% reduction of 5 mC
in TaqI sites (TCGA), measured by thin-layer chroma-
tography. Furthermore, using reversed-phase HPLC,
Ronemus et al. (1996) estimated that ddm1 mutation
caused a 75% reduction in 5 mC content. In the same
way, 5-azaC treatments also yielded a large proportion
of new restriction fragments (87%) among the differen-
tially methylated polymorphic fragments, which could
also be associated with demethylation of CCGG
restriction sites (Fig. 2a,b, pattern I). There are no data
for the effect of 5-azaC on Arabidopsis 5 mC content.
However, Nicotiana cells treated with 100 lM 5-azaC
showed a reduction in the total 5 mC content ranging

Fig. 3 Changes in methylation-sensitive polymorphisms through-
out Arabidopsis development. Arrows indicate polymorphic meth-
ylation-sensitive fragments and the roman number corresponds to
pattern type. a Number and percentage of methylation-sensitive
fragments showing specific patterns in different L er organs: C
(cotyledons), 1L (first pair of rosette leaves), ML (mature rosette
leaves), CL (cauline leaves), B (flower buds) and F (open flowers). b
Details of AFLP fingerprint in different L er organs
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from 37% to 55%, as determined by HPLC (Burn et al.
1993).

Vernalization treatments in Arabidopsis C24 ecotype
resulted in a 15% decrease in total DNA methylation in
TaqI sites, measured by thin-layer chromatography
(Finnegan et al. 1998b). We have not detected DNA
methylation changes related to vernalization, indicating
that this treatment does not cause such a general effect
on DNA methylation as 5-azaC treatments do. How-
ever, we cannot exclude the possibility that vernalization
results in DNA methylation changes at specific loci.
Nevertheless, the silencing of the flowering repressor
FLC caused by vernalization, has recently been shown to
be related to changes in histone methylation at the FLC
chromatin (Bastow et al. 2004) and not to involve DNA
methylation (Finnegan et al. 2004).

Aerial plant development takes place post-embryon-
ically as a result of cell proliferation and differentiation
at the apical meristem. Transitions between different
developmental phases involve changes in the pattern of
cellular differentiation and organ formation at the apical
meristem which are genetically regulated. DNA meth-
ylation could play a role in plant development as a
mechanism to epigenetically maintain developmental
decisions in proliferating cells. Our results concerning
methylation changes associated with plant development
showed that 40% of the scorable amplified fragments
corresponded to differentially methylated CCGG
restriction sites. Among them, 30% showed different
methylation pattern during Arabidopsis development.
Cotyledons showed the highest number of differentially
methylated HpaII/ MspI amplified fragments (74%,
pattern types I and III of Fig. 3), the intensity and
number of which decreased gradually along post-
embryonic differentiation of vegetative and reproductive
organs. Only 26% of differentially methylated HpaII/
MspI amplified fragments were restricted to vegetative
or reproductive organs (pattern types II, IV and V of
Fig. 3). Either new methylation events or demethylation
and digestion of internal restriction sites giving rise to
fragments of smaller size could be the origin of the dis-
appearance of amplified fragments along with develop-
ment. Given the association between cytosine
methylation and the number of amplified fragments, we
think methylation could be a major cause for the dis-
appearance of amplified fragments. Furthermore, most
amplified methylation-sensitive polymorphic fragments
lack internal 5¢-CCGG restriction sites (Cervera et al.
2002), which supports this hypothesis. Hence,
Arabidopsis cotyledons contain a higher number of
demethylated HpaII/ MspI restriction sites than
post-embrionically developed vegetative and reproduc-
tive organs.

These results are consistent with data from tomato
(Messeguer et al. 1991) and white campion (Silene
latifolia) (Zluvova et al. 2001). In both species, 5 mC
content was lower in cotyledons than in vegetative
organs. Similarly, Pinus radiata juvenile phase was
characterised by a lower content of 5 mC (30–35%)

than mature phase (60%). The same behaviour was
observed in Prunus persica, where adult meristems
showed a higher 5 mC content than juvenile ones
(Bitonti et al. 2002). Altogether, these results suggest
the existence of a progressive DNA methylation along
with plant development, in a similar way to what has
been described throughout the embryonic development
of mammals (Goto and Monk 1998; Hsieh 2000).
Whether these methylation changes have a role in
maintaining developmental states at the plant meri-
stem, or, as has been shown in maize (Lund et al.
1995), reflect the output of a genetic mechanism
silencing transposable elements and other repeated se-
quences, remains to be fully understood. The use of
AFLP in combination with other genome wide ana-
lytical tools such as DNA microarrays in fully se-
quenced genomes, will allow a complete
characterization of the developmental dynamics of
DNA methylation at sequence-specific sites.
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