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The genomes of many higher plant species are the most
highly methylated among eukaryotes. We report here
that in spite of their heavy methylation, genomic DNAs
from four plant species contain a fraction that is very
rich in non-methylated sites. The fraction was charac-
terized in maize where it represents about 2.5% of the
total nuclear genome. In order to establish the genomic
origin of the fraction, three maize genes containing
clustered CpG were tested for methylation and were
found to be non-methylated in the CpG-rich regions. By
contrast, tested CpGs were methylated in a gene whose
sequence showed no clustering of CpG. These observa-
tions suggest that the CpG-rich fraction of plants is at
least partially derived from non-methylated regions that
are associated with genes. A similar phenomenon has
been described in vertebrate genomes. We discuss the
evolution of CpG islands in both groups of organisms,
and their possible uses in mapping and gene isolation in
plants.
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Introduction
The nuclear DNA of higher plants is heavily methylated at
cytosine residues (Shapiro, 1976). In some species the level
of 5-methyl cytosine (m5C) amounts to - 30% of total
cytosines, distributed between the sequences m5CpG and
m5CpXpG (Gruenbaum et al., 1981). In animal genomes
methylation appears to be confined to the sequence m5CpG,
and levels of DNA methylation are generally much lower
than in plants, ranging from indetectable amounts in some
insects to -8% of total cytosine in vertebrates (Shapiro,
1976). Although vertebrate genomes are relatively highly
methylated, they contain clusters of non-methylated CpG
known as 'CpG islands', many of which are associated with
genes (Bird, 1986; Bird et al., 1985; Gardiner-Garden and
Frommer, 1987). Most animal genomes, however, appear
to be only fractionally methylated and lack discrete CpG
islands (Bird, 1987).
As in animals, the level of modification at methylatable

sequences in plants is < 100%, and this raises the question
of the relative location of methylated and non-methylated
CpG and CpXpG in the genome. We were particularly
interested to know if the CpG island phenomenon was
present in plants, which are evolutionary distant from
vertebrates, but which have high levels of genomic methyla-

tion. In this study we have used methyl-sensitive restriction
endonucleases to look for genome-wide clustering of non-
methylated sites. We report the finding of a DNA fraction
in several plants that lacks methylation and contains closely
spaced sites for CpG enzymes. Analysis of four maize genes
shows that the fraction is derived, in part at least, from CpG
clusters that are associated with genes.

Results
An HTF fraction in plant DNA
The methylated sequences in plant DNA are m5CpG or
m5CpXpG, where X can be any nucleotide (Gruenbaum
et al., 1981). Thus when maize (Zea mays) DNA was
digested with the methyl sensitive restriction endonucleases
HpaH (CCGG), HinPI (GCGC) and EcoRfl (CCA/TGG)
very little cleavage was evident on ethidium bromide-stained
agarose gels (Figure la). The DNA was more extensively
hydrolized, however, by MspI (CCGG), which is insensitive
to m5CpG, and BstNI (CCA/TGG), which is insensitive to
m5CpXpG. Relatively weak cleavage by MspI is probably
due to methylation of the first C in its recognition sequence,
since this residue is part of a CpXpG motif (Gruenbaum
et al., 1981). Similar results to those of Figure la were
obtained with DNA from rye (Secale cereale), tobacco
(Nicotina tabacum), and wheat (Triticum aestivum) (data not
shown).

Staining with ethidium bromide visualizes the weight
distribution of DNA fragments on an agarose gel, whereas
end-labelling gives a number distribution. End-labelling has
been used previously to detect a non-methylated Hpal tiny
fragments (HTF) fraction of vertebrate DNA (Cooper et al.,
1983). When the HpaH and HinPI fragments of maize DNA
were end-labelled with 32p, the autoradiograph showed a
prominent low mol. wt fraction resembling the HTF frac-
tion seen in vertebrate genomes (Figure lb). More than half
of the labelled fragments were smaller than 0.5 kb, while
most of the remainder were too large to be resolved by the
1.2% agarose gel. This indicated that a fraction of maize
DNA is very rich in non-methylated HpaH and HinPI sites.
End-labelled digests of rye, tobacco and wheat DNA gave
the same pattern of non-methylated fragments with HpaH
(Figure Ic) and with HinPI (data not shown). The low mol.
wt fraction of maize DNA was more accurately sized in 12%
polyacrylamide gels. It ranged from 25 to 250 bp with an
average size of 120 bp and represented - 2.5 % of the total
nuclear maize DNA (not shown). When these end-labelling
experiments were repeated using EcoRH instead of HpaH
or HinPI, the non-methylated fraction in maize DNA was
much less prominent suggesting that non-methylated CpXpG
sites are less clustered than unmethylated CpG sites (not
shown).
CpG clusters at genes
Since the low mol. wt fragments of plant DNA closely
resemble the HTF fraction found previously in vertebrate
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Fig. 1. Restriction pattern of plant DNA with methyl sensitive and insensitive endonucleases. (a) Ethidium bromide pattern of maize DNA digested
with HinPI (Hi), EcoRl (E), BstNI (B), Hpall (H) and MspI (M). m, lambda DNA digested with HindIII. Numbers on the left indicate kilobase
pairs (kb). (b) Maize DNA undigested (C) and digested with Hpall (H), HinPI (Hi) or HpaII + HinPI and end-labelled with 32P before
electrophoresis. Size markers as in (a). (c) End-labelling of HpaII-digested DNA from wheat (W), tobacco (T) and rye (R).
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Fig. 2. CpG and GpC frequencies, and GC content across four maize gene sequences. (a) Anthocyanin 1 (aJ); (b) Alcohol dehydrogenase-I (Adhi);
(c) sucrose synthase (Shl); and (d) zein. The left hand ordinate refers to the number of CpGs (O) and GpCs (0) in 200 bp steps across the genes.
Each gene is shown diagrammatically above each panel. Open boxes represent exons. The right-hand ordinate denotes the percentage of GC in the
same 200 bp steps (A). The arrows on the left of each panel represent the average GC content of maize DNA (49%) (Shapiro, 1976). Vertical lines
above the genes represent a scale in kb.

animals, we wished to know whether they, like the vertebrate
fragments, were derived from CpG islands associated with
genes. One of the characteristics of vertebrate CpG islands
is that they show no CpG suppression, as CpG and GpC
frequencies are roughly equal and are approximately as
predicted by the base composition of the DNA. Bulk genomic
DNA of both vertebrates and higher plants, however, contains

significantly less CpG than would be expected from base
composition (Setlow, 1976). The distinctively high CpG
frequency ofCpG islands can be used to identify CpG islands
in regions of the genome whose sequence is known. In order
to look for potential islands at plant genes, we examined four
maize genes whose DNA sequences had been determined.
Three of the genes indeed showed obvious clusters of CpG
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Fig. 3. Methylation of three maize genes containing clustered CpG sites. (A) Maps of methylated and unmethylated restriction sites for the al (a);
Adhl (b); and Shl (c) genes. Methylated, unmethylated and partially methylated sites are represented by solid, open and partially solid circles,
respectively. The same scale in kb on the top of the figure applies to the three genes. Boxes represent exons. The broken line in (b) indicates the
region that was analysed by genomic sequencing (See Discussion) (Nick et al., 1986). (B) Examples of data used to construct maps above. Right
panel, maize DNA digested with HindU + EcoRI (A) and with these enzymes plus SrnaI (S), XrnaI (X), EcoRII (E), BstNI (B), Hpal (H) and
MspI (M). After blotting the filter was hybridized with the 4.3 kb HindIm-EcoRI genomic fragment including the al gene represented on the map

above. The methyl sensitive and insensitive isoschizomer pairs SnaI-XmaI, EcoRl-BstNI and Hpall-MspI show several identical bands indicating
lack of methylation in the region corresponding to the probe. The 4.3 kb band in right panel line M is due to contamination from adjacent line A in
this experiment due to a loading error. This band was not present when the blot was repeated. m, bacteriophage lambda DNA digested with HindIH
+ EcoRI. Numbers on the right indicate kb. These and other blots were used to generate the maps shown in (A). For example, to map flanking
sites outside the al cluster, the DNA was digested with MspI, Hpall, BstNI and EcoRlII. After blotting, the filter was probed with the 1.6 kb
fragment spanning from the Hindml site to the left-most HinPI site. After that, the filter was stripped and probed with the 1.2 kb fragment spanning
from the right-most HinPI site to the EcoRI site (see map). For the Adhl gene, the DNA was digested with the indicated enzymes. The Adhl cDNA
was used as a probe. For the Shl gene [map (c) and left autoradiograph], maize DNA digested with PstI (P) or with PstI + MspI (M), Hpall (H)
or HinPI (Hi) was probed with a 4.4 kb Pstl genomic fragment of the sucrose synthase gene (see map above). Sites in the sucrose synthase gene are

equally cut by MspI and HpaIH indicating lack of methylation at these sites. The region is also sensitive to HinPI, although a reproducible 2.7 kb
band shows the existence of a partially methylated site (see map). EcoRH, PstI and PvuIl are inhibited by 5mCp(A/T)pG within their recognition
sequence (Gruenbaum et al., 1981). NaeI, SacH, SmiaI and X/moI are blocked by m5CpG.

flanked by sequences in which CpG was suppressed (Figure
2). The anthocyanin 1 gene (al) is involved in anthocyanin
biosynthesis and it is thought to be expressed in every tissue
of maize (Schwarz-Sommer et al., 1987). The gene is within
a region of - 2 kb that is GC rich in base composition and
shows no CpG suppression (Figure 2a). The alcohol

dehydrogenase 1 (Adhl) is induced under anaerobic condi-
tions in several tissues (Dennis et al., 1984). A region of
several hundred base pairs at the 5' end of the gene is both
GC rich and shows no CpG suppression (Figure 2b). The
sucrose synthase gene (Shl) is involved in starch metabolism
in endosperm (Werr et al., 1985). The gene has GC-rich
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regions at both its 3' and 5' ends (Figure 2c). The CpG
frequency within the 5' GC rich region is on average about
half of the equivalent GpC frequency and less than predicted
from base composition. This cluster is therefore a less
obvious candidate for a CpG island than the others. A fourth
gene, that for the major seed protein zein, showed no
clustering of CpG (Figure 2d). The zein gene family is
expressed exclusively in endosperm and comprises multiple
gene copies with some sequence heterogeneity between them
(Pedersen et al., 1982). CpGs are significantly suppressed
across the entire gene copy shown in Figure 2d.

Lack of methylation at CpG clusters
The presence of clustered CpGs associated with genes al,
Shl and Adhl is reflected in an increased local frequency
of HpaH and HinPI sites (Figure 3). The close spacing of
the sites means that DNA fragments from these regions could
contribute to the HTF fraction of maize DNA, but only if
the sites for HpaH and HinPI are non-methylated in the
genome. We tested this by using restriction endonucleases
to determine the methylation status of the sites in DNA from
maize shoots. Gene-specific probes were used to detect the
relevant sequences in blots of total maize DNA. In the case
of the al gene, all 26 testable sites containing either CpGs
or CpXpGs across the coding region turned out to be non-
methylated, while the nearest Hpal and EcoRIl sites 5' and
3' were completely methylated (Figure 3). The 5' CpG-rich
regions of the Adhl and Shl genes were also non-methylated,
as were neighbouring sequences within the genes. One
partially methylated site was found between the two CpG
clusters of the Shl gene (Figure 3). In cases where restriction
sites are very close together (as for HpaH, HinPI or EcoRl)
it is not possible to resolve all the resulting restriction
fragments in agarose gels because of their tiny size. How-
ever, it is probable that they are unmethylated also because
the subset we have tested is unbiased and dependent only
on the chance of two sites being separated enough from
each other to produce an identifiable single band on the
autoradiograph. From these results we conclude that the HTF
fraction ofDNA from maize shoots (Figure 1) contains DNA
fragments derived from the CpG clusters at the al, Adhl
and Shl genes.
The zein gene, on the other hand, almost certainly does

not contribute fragments to the HTF fraction. This gene is
CpG-deficient (Figure 2d), with only one Hpal site and one
HinPI site present in a cloned representative gene (Pedersen
et al., 1982). Moreover no low mol. wt fragments were seen
when the zein gene family was probed in maize DNA that
had been digested with methyl-sensitive restriction enzymes
(Figure 4). The rarity of testable sites, and the sequence
heterogeneity map for the zein gene family, makes it imposs-
ible to deduce a methylation map for the zein locus. The
sequence data and the blots suggest, however, that most zein
genes are not associated with clusters of non-methylated CpG
sites.

Discussion
Our experiments have shown that four plant genomes contain
an HTF fraction in which sites for CpG enzymes are
non-methylated and closely spaced. Three maize genes,
Adhl, a] and Shl, possess CpG enzyme sites that are
sufficiently frequent to contribute to this fraction, and we
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Fig. 4. Presence of m5CpG and m5Cp(A/T)pG sites at the zein cluster.
Right panel, nuclear maize DNA was digested with EcoRI (RI) and
BamHI (HI). After blotting, the filter was probed with the zein cDNA.
Both enzymes cut outside the zein genes. The numerous bands give an
indication of the high number of copies per genome. Left panel, blot
of maize nuclear DNA after digestion with EcoRII (E), BstNI (B),
HpaIl (H) and MspI (M) and probed with zein cDNA. The zein
sequences are resistant to the m5C sensitive endonucleases EcoRII and
HpaII, but are more extensively cut by BstNI and MspI (see text).
Marker DNA as in Figure 3.

have found that these sites are indeed non-methylated in the
genome. The results are surprising as plant DNA is known
to be very highly methylated, and they recall parallel findings
in the genomes of vertebrate animals.
How close is the similarity between the non-methylated

CpG regions seen here and the CpG islands of vertebrates?
The CpG-rich region associated with the a] gene is indis-
tinguishable from a typical vertebrate island. It is almost 2
kb in length, and covers the entire transcribed region plus
a shorter sequence upstream of the 5' end of the gene (Figure
3A). Normally CpG islands are 1-2 kb long and cover only
part of the transcribed portion of a gene (Gardiner-Garden
and Frommer, 1987; Bird, 1987), but when the gene is short,
it may be entirely within the CpG island (for example the
alpha globin gene of man; see Bird et al., 1987). The CpG
clusters associated with Shl and Adhl cover only part of
the transcribed portion of the gene, although mapping with
methyl-sensitive endonucleases did not accurately define the
boundaries of the non-methylated region. A few non-methyl-
ated sites in DNA from maize shoots were found outside
the CpG-rich region (Figure 3A). It is clear, however, that
the CpG-rich regions at these genes are non-methylated in
shoot DNA.
Another diagnostic feature of CpG islands is that they lack

methylation in a wide range of tissues, whether or not the
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associated gene is expressed (Bird, 1987). We therefore
expect that the islands at the a], Adhl and Shl genes should
be methylation-free regardless of expression. Our experi-
ments did not address this question for the maize genes, as
we have analysed DNA from shoots which can express all
three (Schwarz-Sommer et al., 1987; Freeling and Bennett,
1985; Springer et al., 1986). However, Nick et al. (1986)
have examined in detail the methylation status of the CpG
cluster at the maize Adhl gene in leaf, a tissue in which the
gene is repressed. Using the technique of genomic sequenc-
ing, they analysed 61 CpG and CpXpG sites within a 1400
bp sequence at the 5' end of the gene. None of the sites within
900 bp upstream of the gene were methylated (see broken
line in Figure 3A(b)), indicating that methylation is absent
even when the gene is silent. This property, together with
its CpG-richness (Figure 2), confirms this region as a CpG
island. We propose that the CpG clusters associated with
the al and Shl genes are likewise non-methylated in a tissue-
independent manner, and therefore are also analogous to the
CpG islands in vertebrate genomes. Other plant genes that
could be associated with the unmethylated fraction are the
Waxy locus in maize (Klosgen et al., 1986) and the lectin
1 gene in soybean (Vodkin et al., 1983). Remarkably, both
show the same CpG clustering that is present in the al, Adhl
and Shl genes. Moreover, in the Waxy locus, at least 10
different CpG and CpXpG sites have been described as
unmethylated, suggesting that a CpG island exists at this gene
(Schwarz-Sommer et al., 1984; Wessler et al., 1986;
Chomet et al., 1987).

In mammals, the existence of islands has greatly facilitated
genome mapping and has helped in locating genes. The
reason for this is that CpG islands are preferentially cut by
enzymes containing CG rich recognition sequences that are
blocked by m5C (Brown and Bird, 1986). If many or all
CpG islands in plants turn out to be associated with genes
it should be possible to pinpoint genes or their 5' regions
by finding sequences sensitive to CpG enzymes. Further-
more, given the enormous genome size of many important
plants, non-methylated CpG islands might be used as
landmarks for long-range mapping of the chromosomal
DNA.
The presence of CpG islands in the genome of higher

plants is striking because among animals only vertebrates
have been found to exhibit this feature. This means that
>95% of the animal species may not have CpG islands.
Since there is no obvious common ancestor with CpG islands
linking plants and vertebrates, it is likely that this
phenomenon has arisen independently in each group. The
implication is that both types of organisms experienced a
similar selective pressure which led to the appearance of
islands. It is possible that the genome size was involved in
this. Vertebrates and higher plants are alike in having
comparatively large genomes most of which are never
transcribed. CpG islands may reduce the problems associated
with large genome size by highlighting genetically active
regions of the chromosomes.

DNA fragments were end-labelled with [32P]dCTP and the Klenow
fragment of DNA polymerase I before electrophoresis on 1.2% agarose
gels as in Cooper et al. (1983).

For Southern analysis, restriction fragments were separated in 1.2%
agarose gels and then alkaline blotted onto Zeta-probe membranes following
the suppliers indications (Bio-Rad). Appropriate probes (see legend for Figure
3) were oligo-labelled according to Feinberg and Vogelstein (1984).
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Materials and methods

DNAs were isolated from leaves of wheat, tobacco and rye as in Graham

(1978) and from 3 day old maize shoots as in Luthe and Quatrano (1980).
Restriction digests were performed according to the manufacturer's instruc-

tions. Complete digestion was monitored in all cases by addition of

bacteriophage lambda DNA to an aliquot of the digestion mixes.
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