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A considerable proportion of cytosine residues in plants
are methylated at carbon 5. According to a well-accepted
rule, cytosine methylation is confined to symmetrical
sequences such as CpG and CpNpG, which provide the
signal for faithful transmission of symmetrical
methylation patterns by maintenance methylase. Using
a genomic sequencing technique, we have analysed
cytosine methylation patterns within a hypermethylated
and a hypomethylated state of a transgene in Petunia
hybrida. Examination of a part of the transgene promoter
revealed that in both states m3C residues located within
non-symmetrical sequences could be detected. Non-
symmetrical C residues in the two states were methylated
at frequencies of 5.9 and 31.9%, respectively.
Methylation appeared to be distributed heterogeneously,
but some DNA regions were more intensively methylated
than others. Our results show that at least in a transgene,
a heterogeneous methylation pattern, which does not
depend on symmetry of target sequences, can be
established and conserved.
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Introduction

DNA methylation has been associated with several cellular
processes, including gene expression (Doerfler, 1983),
chromatin organization (Bird, 1986), transposition (Schwarz
and Dennis, 1986) and the inheritance of epigenetic states
(Holliday, 1987). It is still a matter of debate whether DNA
methylation is involved in these processes as a regulatory
or a responsive mechanism. The function and control of
DNA methylation in eukaryotes are still unclear. Animal,
plant and fungal genomes differ in m°C content and
distribution, which might indicate distinct or multiple
functions for DNA methylation in different eukaryotic
systems.

In mammals the importance of DNA methylation for
embryonic development has been convincingly demon-
strated. A mutation of the murine DNA methyltransferase
that led to a 3-fold reduction in levels of genomic m°C
residues caused abnormal development and lethality of
embryos (Li ez al., 1992). Further characterization of mutant
mice deficient in DNA methyltransferase activity showed
that a normal level of DNA methylation is required for
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controlling differential expression of the paternal and
maternal alleles of imprinted genes (Li ef al., 1993). In
contrast DNA methylation mutants in Arabidopsis thaliana
do not exhibit adverse effects on plant development or
viability. Although in the DDM1 mutant m°C levels are
reduced >70%, the mutant develops normally and exhibits
no striking morphological phenotype (Vongs et al., 1993).
A methylation-deficient mutant in the filamentous fungus
Neurospora crassa is also viable, but frequently creates
duplications of chromosomes or chromosomal parts (Foss
et al., 1993) suggesting a role for DNA methylation in the
control of chromosomal behaviour.

In animals, 2—8% of total cytosines are methylated with
CpG dinucleotides being the preferred targets for DNA
methylation (Doerfler, 1983). In plants, up to 30% of
cytosines are methylated (Adams and Burdon, 1985).
Methylated C residues are located within CpG or CpNpG
sequences, respectively (Gruenbaum et al., 1981). It has
been proposed that methylation of symmetrical sequences
provides a signal for a maintenance methylase that methylates
C residues in a newly synthesized strand, if the opposite
strand carries a m°C residue in the complementary
sequence. The suggestion that symmetrical methylation
patterns are transmitted in a semi-conservative fashion
(Holliday and Pugh, 1975; Riggs, 1975) has obtained
substantial support from the fact that hemimethylated DNA
is the preferred substrate for maintenance methylase
(Gruenbaum et al., 1982).

Filamentous fungi contain a very low content of ~1.5%
m3C residues (Russell et al., 1987). In N.crassa (Selker,
1990) and Ascobolus immersus (Rhounim et al., 1992),
however, methylation of C residues that do not belong to
symmetrical sequences has been observed. Genomic
sequencing revealed that non-symmetrical DNA methylation
in N.crassa was present in a gene exposed to repeat-induced
point mutation (Selker et al., 1993).

We analysed part of the promoter region in two epigenetic
variants of a transgenic Petunia line by genomic sequencing.
The two variants carry differentially methylated states of an
Al transgene that is expressed in one variant, but inactive
in the other. We observe non-symmetrical cytosine
methylation at different intensities in the two states. Our data
show that cytosine methylation of a plant transgene is not
confined to CpG and CpNpG sequences.

Results

Experimental design

For genomic sequence analysis, we used two lines that both
derived from the same transgenic petunia plant, R101—17
(Prols and Meyer, 1992). This transformant contains one
copy of the maize Al gene, encoding dihydroflavanol
reductase (DFR), an enzyme that induces a new pigmentation
pathway in Petunia hybrida (Meyer et al., 1987). Al activity
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Fig. 2. Distribution of methylated C residues in the —226 to —44
region of the 35S promoter in line ‘17 white’. Data from 12 clones,
representing individual cells have been compiled. The hatched box
refers to the 21 bp element that contains the two TGACG binding
motifs for the activation sequence factor. Methylated C residues are
labelled with filled symbols. Circles mark CpG residues, asterisks
indicate CpNpG residues. Other C residues are marked by boxes.

promoter frequently used for plant transgenes. For an

Fig. 1. Examples of sequences of the lower strand of the 35S
promoter region between positions —276 and —44, relative to the
transcription start site. For the bisulfite-treated DNA, the sequence of
the complementary strand is shown. ‘control’ shows the sequence of
unmethylated plasmid and plasmid that had been methylated in vitro
with Haelll methylase. The arrow indicates the G residue that marks
the methylated complementary C residue of the GGCC recognition
sequence of Haelll. All other C residues of the control DNA have
been converted into T residues due to bisulfite treatment and PCR
amplification, as indicated by the empty G lane between the two
internal primers. Clones A and B show the sequence of two clones
from bisulfite-treated DNA ‘17 white’. Methylated C residues are
represented by signals in the G lane that are indicated by dots. In the
‘control m’ lane the A block at the bottom of the gel lacks two
nucleotides, which is due to a difference in primer sequences (see
Materials and methods).

can be detected by a brick red pigmentation of the flower.
Line ‘17 red’ displays intensive pigmentation, while in line
‘17 white’, a heterozygous derivative of line 17-W (Meyer
et al., 1993), no pigmentation is observed, due to a lack of
Al transcription. The Al construct is driven by the 35S
promoter of cauliflower mosaic virus, a strong constitutive

analysis of DNA methylation we selected the region between
positions —226 and —44, relative to the transcription start
site. The —90 to —46 Al domain (Benfey et al., 1990),
which is required for maximal expression of the promoter,
harbours a 21 bp element containing two TGACG motifs
that bind the activation sequence factor (ASF-1) (Lam et al.,
1989). The —226 to —90 region contains domains B1, B2
and B3 with multiple cis-elements that confer synergistic
interactions (Benfey et al., 1990).

For analysis of DNA methylation patterns, we used a
genomic sequencing protocol that is based upon bisulfite
modification and subsequent PCR amplification of single-
stranded DNA (Frommer et al., 1992). Bisulfite treatment
converts unmethylated C residues into U residues that appear
as T residues in the PCR product. All m°C residues remain
unaltered. As a control for complete conversion of
unmethylated C residues into U residues DNA of plasmid
p35A1 containing the 35S promoter was used. Both
unmethylated plasmid DNA or DNA that had been
methylated in vitro by Haelll methylase were treated in a
slightly modified bisulfite reaction (see Materials and
methods for details). Representative sequences for the control
reactions are shown in Figure 1. For the unmethylated
control DNA (control) an empty G lane is detectable between
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the two primers, which indicates conversion of all
complementary C residues into T residues. For the in vitro-
methylated control DNA (control m) the only G residue that
is left marks the complementary methylated C residue within
the GG™CC Haelll sequence. We noticed that, probably
due to mistakes of Taq polymerase, some clones contained
mutations or deletions of individual nucleotides. On average
such errors occurred at a frequency of approximately one
in 200 nucleotides, which leaves a 0.5% probability that the
methylation of a particular cytosine residue is incorrectly
determined by this method. For the interpretation of the high
methylation frequencies observed in the transgene DNA (see
below) this level of inaccuracy is rather non-significant.
Clones A and B in Figure 1 show examples of the sequence
of clones obtained after PCR amplification of bisulfite-treated
DNA of line ‘17 white’.

Analysis of m®C distribution in the two variants

DNA from lines ‘17 white’ and ‘17 red’ was treated with
bisulfite. Separate PCR amplifications were performed for
upper and lower strands. PCR products were isolated after
restriction with EcoRI and HindIll and cloned into
pBlueScript I (Stratagene). The sequences of 12 clones from
each of the four PCR reactions are compiled in Figures 2
and 3. Each line represents the methylation pattern of DNA
from a different plant cell. Analysis of m*C distribution for
the transcriptionally inactive line ‘17 white’ is shown in
Figure 2, where methylated C residues are labelled with
filled symbols. C residues located within the symmetrical
sequences (circles and asterisks) are almost completely
methylated: 97.1% of all CpG dinucleotides and 90.5% of
all CpNpG trinucleotides contain a m3C residue. In
addition, C methylation in non-symmetrical sequences (filled
boxes) is also detectable. If we do not consider CpN
dinucleotides that are part of a symmetrical CpNpG
trinucleotide, m°C residues occur in 44.3, 38.7 and 17.3%
of the CpT, CpA and CpC dinucleotides, respectively.
Although certain nucleotide compositions are more
frequently methylated than others, we cannot detect a strict
sequence specificity for non-symmetrical methylation. The
lowest methylation frequency of 7.1% is observed in the first
C residue of CpCpC trinucleotides, while CpTpT
trinucleotides are methylated with the highest frequency of
56.1%. Nevertheless local frequencies for methylation of
individual CpTpT trinucleotides differ between 0% (lower
strand at position —109) and 100% (lower strand at position
—132) (Figure 2).

The highest density of m’C residues in non-symmetrical
sequences is observed in the lower strand of the —226 to
—177 region. Although the 12 different clones contain some
common, preferentially methylated sites, individual clones
vary in methylation patterns at certain sites. This implies
that m3C residues are not at exactly defined sequences, but
rather within a defined region. An example of this
heterogeneously clustered distribution of m°C residues is
the CTCC sequence in the lower strand at position — 149
(Figure 2). In 11 of the 12 clones analysed at least one C
residue within the CTCC sequence is methylated, but
methylation can occur in each of the three C residues.

When compared with the inactive 35S promoter in line
‘17 white’, cells of line ‘17 red’ contain a significantly lower
degree of cytosine methylation within the promoter region
(Figure 3). Methylation of CpG and CpNpG residues is
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Fig. 3. Distribution of methylated C residues in the —226 to —44
region of the 35S promoter in line ‘17 red’. C residues are marked as
described in Figure 2.

decreased to a total of 7.5 and 7.1%, respectively. Again
we observe m3C residues within non-symmetrical
sequences. If we do not consider CpN dinucleotides that are
part of a symmetrical CpNpG trinucleotide, m3C residues
occur in 6.3, 5.7 and 5.7% of the CpT, CpA and CpC
dinucleotides, respectively. Again distribution of the few
m°C residues seems to be more intensive in certain regions,
but not all clones carry methylated C residues at identical
positions.

In conclusion, our data show that both the hypermethylated
and the hypomethylated allele contain symmetrical as well
as non-symmetrical m3C residues within the 35S promoter
region.

Discussion

Detection of non-symmetrical m°C residues

Comparing a hypermethylated and a hypomethylated state
of a transgene, we detect a significant portion of methylated
cytosines within non-symmetrical sequences. This result is
contrary to the accepted mechanism of base modification that
confines cytosine methylation in plants to CpG dinucleotides
or CpNpG trinucleotides (Gruenbaum et al., 1981).

In the hypomethylated state of the Al transgene, both
symmetrical and non-symmetrical methylation occur at
comparably low levels, with 7.5% CpG dinucleotides, 7.1%
CpNpG trinucleotides and 5.9% C residues at non-
symmetrical positions methylated. In the hypermethylated
state of the Al transgene, symmetrical methylation is very
efficient with 97.1% methylated CpG dinucleotides and



90.5% methylated CpNpG trinucleotides. However, 31.9%
of non-symmetrical C residues are also methylated. Non-
symmetrical methylation does not exhibit a completely
random distribution. CpT and CpA dinucleotides are
methylated at a higher frequency than CpC dinucleotides and
methylation frequencies of different trinucleotides vary
between 7.1 and 56.1%. Non-symmetrical methylation is
clustered in certain regions, but individual clones do not
always carry m°C residues at identical positions.

Substrate specificities of DNA methyltransferases

It is unclear whether symmetrical and non-symmetrical
methylation patterns are established by the same
methyltransferase. While in mouse a single methyltransferase
gene has been identified, a small multigene family with
homology to cytosine-5 methylase has been detected in
A.thaliana (Finnegan and Dennis, 1993). As it has not been
shown that any of these methylase-like sequences actually
encode methyltransferases, it remains unclear whether plants
contain more than one methyltransferase or whether
methyltransferase has different substrate specificities. It is
interesting that the distribution frequencies of non-
symmetrical m°C residues in the hypermethylated Al
transgene match with data from a nearest-neighbour analysis
of plant DNA. This study had shown that 19% of m°C
residues were located in CpA and CpT dinucleotides,
respectively, but only 7% in CpC dinucleotides (Gruenbaum
et al., 1981). We observe a similar ratio with 39 and 44%
methylation in non-symmetrical CpA and CpT dinucleotides,
respectively, but only 17% in CpC dinucleotides. These data
could support the assumption that methyltransferase
recognizes CpT and CpA dinucleotides more efficiently than
CpC dinucleotides. Methylation of CpC dinucleotides in
plants suggests a different substrate specificity to that of
mammalian methyltransferase, which has been shown to
modify ~99% CpG, 14% CpA, 6% CpT, but 0% CpC
dinucleotides in vitro (Simon et al., 1983).

Conservation of non-symmetrical methylation patterns
The high level of cytosine methylation at symmetrical
sequences detectable in the hypermethylated variant supports
the model that symmetrical methylation patterns are
efficiently transmitted in a semi-conservative fashion
(Holliday and Pugh, 1975; Riggs, 1975). In contrast non-
symmetrical methylation is less efficient and its perpetuation
cannot be mediated by the methylation pattern of the non-
replicated DNA strand. We do not detect any defined patterns
within the DNA sequence that might mediate maintenance
of non-symmetrical methylation. The clustered arrangement
of m°C residues and higher methylation frequencies at
certain positions suggest that some regions are more
susceptible to methylation than others. The signal for
methylation might therefore be coded by structural elements
and not by sequence. In this context some common features
between non-symmetrical m’C patterns and methylation
products of RNA methyltransferases should be noticed. It
has been demonstrated that a tRNA cytosine-5
methyltransferase recognizes the secondary structure of
transcripts (Sakamoto and Okata, 1985) which results in
clustering of methylated residues. Clustering of m’A
residues was also observed at three positions of Rous
sarcoma virus RNA (Kane and Beemon, 1985).
Modifications were heterogeneous since different RNA

Non-symmetrical cytosine methylation

molecules appeared to be methylated differently. It may be
considered that methylation of non-symmetrical sites results
from an activity of methyltransferases that are guided by a
particular secondary structure or chromatin conformation.

Non-symmetrical DNA methylation in other genes

So far it is unclear whether non-symmetrical methylation
is confined to transgenes or whether it is also found in
endogenous plant genes. In the few cases where genomic
sequencing analysis has been performed, no non-symmetrical
methylation patterns could be detected. In a Haelll fragment
of a CG-rich satellite DNA from Scilla siberica methylation
was confined to CpG and CpNpG sequences only
(Deumling, 1981). In 1400 bp of 5'-flanking sequences of
the maize Adh gene methylation was detected at CpG,
CpApG and CpTpG sites (Nick ez al., 1986). Only one CpG
residue was found methylated in 150 bp of the subterminal
region of the maize Ac elements that had been transferred
into tobacco. Analysing 200 bp of the chromosomal
integration region into which the Al transgene of line 17
had been inserted, we could not detect any cytosine
methylation (data not shown). So far there is no indication
that non-symmetrical methylation patterns are present in
endogenous plant genes, but detection will be difficult, if
methylation occurs at low frequencies, in certain species or
in a limited number of DNA regions.

Non-symmetrical cytosine methylation has also been
observed in filamentous fungi. The repeat-induced point
mutation (RIP) mechanism in N.crassa mutates linked and
unlinked duplicated sequences, that also become methylated.
Genomic sequencing of a Neurospora gene exposed to RIP
revealed cytosine methylation of non-symmetrical sequences
at frequencies between 80 and 100%. Similar to our data
methylation patterns were variable and clustered in particular
regions. DNA methylation is accompanied with certain
homology-dependent gene silencing phenomena in plants,
such as frans-inactivation (Matzke et al., 1989) or
paramutation (Meyer et al., 1993). For future analysis it
should be interesting to examine whether non-symmetrical
methylation patterns have a specific function for gene
silencing effects in N.crassa and plants.

Materials and methods

Bisulfite treatment

Bisulfite treatment was performed as described by Frommer ez al. (1992)
with the following modifications: 2 ug of genomic DNA, restricted with
HindIll, was used for bisulfite treatment. An additional denaturation step
was performed, incubating DNA for 5 min at 95°C. The DNA was kept
under nitrogen in 1.5 M sodium bisulfite—0.5 mM hydrochinon, pH 5.5
for 20 h at 50°C. After dialysis the samples were incubated in 0.1 M
NH4OH for 30 min at 37°C (Wang et al., 1980). To avoid amplification
of incompletely denatured fragments, samples were treated with Mnll
(Biolabs) before PCR. In the two control reactions 20 pg of linearized plasmid
p35A1 were mixed with 2 ug salmon sperm DNA. Plasmid DNA was tested
either unmethylated or after in vitro methylation with Haelll methylase
(Biolabs).

PCR

PCR was performed in a volume of 50 pl Taq buffer (Perkin Elmer),
containing 50 ng bisulfite-treated DNA, 6.25 ul of primer mixture A, 2 ul
of a 2 mM dNTP solution, 2.5 mM MgCl, and 1 unit Ampli Taq (Perkin
Elmer). For each strand two external (primer mixture A) and two internal
primers (primer mixture B) were mixed at a concentration of 2 nmol/ml.For
the top strand a 28mer (5'-GGAAATTTTTTTGGATTTTATTGTTTAG)
and a 28mer (5'-AAAAATCCCCRRATACCCTRTCCTCTCC; R = G
or A) were used as external primers and a 41mer (5'-GGGAATTCTT-

2087



P.Meyer, 1.Niedenhof and M.ten Lohuis

ATTTTATTGTGAAGA TAGTGGAAAAGGAAGG) and a 39mer (5'-G-
GAAGCTTAAAATAAACTTCCTTATATAAAAAAAAAATC) as
internal primers. For the bottom strand a 34mer (5'-CTTTATTATAAA-
AATAATAAAAAAAAAAAATAAC) and a 30mer (5'-TTAAATGAA-
ATGAATTTTTTTATATAGAGG) were used as external primers and a
40mer (5'-AGTGAATTCAAAAAAAAAAATAACTCCTACAAATAC-
CATC) and a 38mer (5'-GCCAAGCTTGAATTTTTTTATATAGAGG-
AAGGGTTTTG) as internal primers. As documented in Figure 1 (control
m) we occasionally observe a lack of one or two A residues in the A-block
of the 40mer, which is probably due to a contamination of the primer
preparation. 33 cycles were performed with intervals of 1 min at 94°C,
2 min at 48°C and 2 min at 74°C. One microlitre of the first PCR was
used in a second reaction that contained 6.25 ul of primer mixture B. This
second PCR was performed under the same conditions as described above.
After restriction with EcoRI and HindIIl the amplified fragment was purified
from an agarose gel and cloned into pBlueScript I SK™ (Stratagene).
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