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ARTICLES

Genome-wide analysis of Arabidopsis thaliana DNA
methylation uncovers an interdependence between
methylation and transcription
Daniel Zilberman1, Mary Gehring1,2, Robert K Tran1–3, Tracy Ballinger1,2 & Steven Henikoff1,2
Cytosine methylation, a common form of DNA modification that antagonizes transcription, is found at transposons and repeats
in vertebrates, plants and fungi. Here we have mapped DNA methylation in the entire Arabidopsis thaliana genome at high
resolution. DNA methylation covers transposons and is present within a large fraction of A. thaliana genes. Methylation within
genes is conspicuously biased away from gene ends, suggesting a dependence on RNA polymerase transit. Genic methylation is
strongly influenced by transcription: moderately transcribed genes are most likely to be methylated, whereas genes at either
extreme are least likely. In turn, transcription is influenced by methylation: short methylated genes are poorly expressed, and
loss of methylation in the body of a gene leads to enhanced transcription. Our results indicate that genic transcription and DNA
methylation are closely interwoven processes.

Methylation of cytosines within DNA is found in most eukaryotes,
including plants, animals and fungi1–4. In plants and animals, methylation is found primarily in the CG sequence context and is maintained by the Dnmt1 subfamily (known as MET1 in plants) of DNA
methyltransferases3. In plants, a large fraction of methylation is also
found in the CNG sequence context1. Both types of methylation can
repress transcription1,3,4. Transposons and other repeated sequences
are methylated in a wide range of species, and loss of methylation leads
to reactivation and transposition3,5–8. For these reasons, methylation is
commonly regarded as a defense mechanism against selfish DNA
elements3. In addition, much of the DNA methylation in vertebrates is
present within genes, although generally not in promoters3,4. This has
led to proposals that DNA methylation could have contributed to
vertebrate evolution by relaxing constraints on gene size9 and might
have a role in suppressing the initiation of aberrant transcription
within vertebrate genes10. Later studies have demonstrated that
methylation within genes is also found in insects, chordates and plants
and thus seems to be a common feature of eukaryotic genomes11–13.
Nonetheless, outside of vertebrates, where almost the entire genome is
methylated, only a few methylated genes have been described, and
the biological significance of genic DNA methylation remains
essentially unknown.
In order to investigate the role of genic methylation, we have
mapped DNA methylation in the entire A. thaliana genome using
high-density tiling microarrays. As expected, virtually all transposons
are methylated over their entire length. At least 20% of genes are also
methylated, and the methylation occurs as discrete islands, consistent

with our previous observations13. Methylation is strongly biased away
from the promoter and the 3¢ end in a pattern that is the inverse of
eukaryotic RNA polymerase II density, suggesting a link between the
patterns of DNA methylation and transcriptional elongation. Consistent with this suggestion, moderately transcribed genes are the most
likely to be methylated, whereas genes at either extreme are least likely,
and shorter methylated genes tend to be poorly transcribed. To further
test the significance of genic methylation, we compared transcript
levels in wild-type plants to levels in plants that carry a strong lossof-function mutation in MET1 (ref. 14). We found that transcripts
from genes normally methylated within the transcribed region are
upregulated by loss of methylation, indicating that DNA methylation
interferes with transcription of genes even though it is not found at
their promoters. Our results indicate that DNA methylation in
A. thaliana genes is shaped by transcription and vice versa and that
this might be a general property of eukaryotic genomes.
RESULTS
High-resolution mapping of DNA methylation in A. thaliana
We have previously identified the presence of clusters of CG methylation within several A. thaliana genes13. Our method relied on
methylation-sensitive restriction enzymes and was thus limited by
the distribution of restriction enzyme sites. In order to avoid this
limitation, we adopted the approach introduced in ref. 15. Using an
antibody that specifically recognizes 5-methylcytosine, we immunoprecipitated sheared genomic DNA from 25-d-old whole plants
obtained from two independent lines in the Columbia background.
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Figure 1 Genome-wide mapping of DNA methylation in A. thaliana. (a) DNA methylation profile of the A. thaliana genome. Each vertical blue bar represents
the log2 signal ratio of the immunoprecipitated DNA signal divided by the input control signal (log2 (IP/input)). The green circles denote the positions of
the centromeric sequence gaps. Note the dense DNA methylation in the transposon-rich pericentric heterochromatin. Arrows indicate regions expanded in
b and c. (b,c) Representative examples of DNA methylation within a gene-poor region of A. thaliana heterochromatin (positions 14885000–14950000 on
chromosome 3; b) and within a gene-rich region of euchromatin (positions 6443000–6508000 on chromosome 3; c). Profiles from two Columbia lines
are shown in blue, nonrepetitive genes in maroon and transposable elements in green. Genes and transposons oriented 5¢ to 3¢ on the top and the bottom
strands are shown above and below the line, respectively. Note the lack of DNA methylation over the genes relative to the transposons in b. (d) Scatter
plot showing the correlation between two microarray experiments assaying methylation in two distinct A. thaliana lines in the Columbia background.
(e) Distribution of signal scores of the wild-type antibody array, with log2 (IP/input) on the x axis and probe counts on the y axis. Red bars represent the
distribution of all 382,178 probes on the array. The vertical black lines indicate cutoffs for probes representing unmethylated (left) and methylated (right)
DNA. Blue bars represent the distribution of 59,914 probes that have log2 (met1-6/wild type) Z 1 on the met1-6 methylation array. Green bars represent
the distribution of 28,201 probes that have log2 (met1-6/wild type) Z 1.92 on the met1-6 methylation array.

We cohybridized each sample with an untreated sheared DNA control
on a high-density microarray consisting of 382,178 oligonucleotides
(45–85 bp each) tiled approximately every 220 bp over the entire
sequenced A. thaliana genome. We used an isothermal array design
that minimizes hybridization differences owing to variable GC content. As expected, methylation was conspicuously dense over the
transposon-rich pericentric regions of all five chromosomes
(Fig. 1a). Narrow peaks of methylation were also widely distributed
over all chromosome arms, consistent with our previous evidence
for short sporadic methylation clusters within A. thaliana genes13.
Methylation of transposons and genes was clearly very different:
transposons were methylated uniformly (Fig. 1b), whereas genes
had one or more discrete methylation peaks (Fig. 1c). We saw
essentially the same pattern in both Columbia lines (Fig. 1b,c),
indicating that A. thaliana DNA methylation patterns are very stable
and that our approach is highly reproducible (correlation coefficient
(Pearson’s r) ¼ 0.97; Fig. 1d). We examined DNA methylation of a
number of randomly selected loci by bisulfite sequencing, and the
results were fully consistent with our array data (Supplementary
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Fig. 1 and Supplementary Table 1 online). As in our previous study13,
we found only CG methylation within genes, further
differentiating them from transposons and repetitive sequences,
which generally have substantial methylation in the CNG and
asymmetric contexts.
A large fraction of A. thaliana genes is methylated
We extensively validated our methylation mapping approach by
comparison with two independent methylation mapping data
sets generated using methylation-sensitive restriction endonucleases
(Supplementary Note online). We created one of these data sets
by mapping DNA methylation in plants with a strong loss-offunction allele of the MET1 DNA methyltransferase (met1-6)14
(Supplementary Note). Based on our analysis of the distribution of
microarray probe values (Fig. 1e and Supplementary Note), we
identified the percentage of transposons, pseudogenes and genes
that are methylated in A. thaliana. As expected, the vast majority
(2,152/2,371 ¼ 91%) of transposons were methylated. A large
number of pseudogenes (1,263/2,192 ¼ 58%) were also methylated,
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as well as 20% (4,331/21,397) of bona fide genes (expressed,
nonoverlapping genes free of known transposable elements; Supplementary Note).
We examined whether methylated genes were distributed randomly
throughout the genome. Notably, genes near the centromeres were
much more likely to be methylated (Fig. 2a). In fact, the distribution
of methylated genes, when corrected for overall gene density, closely
paralleled that of transposable elements annotated in RepBase16
(correlation coefficient (Pearson’s r) ¼ 0.96, P o 0.0001, Fig. 2b).
However, proximity to a transposable element by itself does not seem
to be a significant determinant of genic methylation: genes close to a
transposon are as likely to be methylated as genes that are distant
(Fig. 2c). Recent evidence indicates that the distribution of transposons in A. thaliana is not governed by intrinsic integration preferences
but rather by purifying selection17. Similar proximal-to-distal changes
in density of methylated genes and transposable elements suggest
action of the same selective force.
We used the A. thaliana Gene Ontology resource18 to functionally
categorize methylated and unmethylated genes (Fig. 3 and Supplementary Fig. 2 online), and we observed significant differences in a
number of categories (P o 10–5, Fisher’s exact test). For instance,
1.8% of unmethylated genes were involved in ribosome biogenesis
compared with only 0.2% of methylated genes. Likewise, 7.4% of
unmethylated genes are predicted to code for transcription factors,
compared with 2.6% of methylated genes. In contrast, genes with
kinase or nucleotide-binding activities are disproportionately
methylated: 6.3% versus 3.1% and 9.6% versus 3.8%, respectively. In
general, a higher percentage of methylated genes have an assigned
molecular function (78% versus 69%).

Unmethylated (U)

c

Methylated genes / all genes

b
Transposon fraction

a

DNA methylation is depleted at gene ends
Methylation of transposable elements has been extensively studied in
A. thaliana1,19–21. Transposons tend to be heavily methylated, and loss
of methylation leads to increased transcription and, in some cases, to
transposition6,8. A small number of genes that are methylated in wildtype A. thaliana has also been described. Probably the best studied of
these is the FWA gene, which contains methylated direct repeats
within its promoter22. Removal of methylation is required for transcriptional activation of FWA in the endosperm23. Recently, a similar
mechanism has been suggested for the FIS2 gene24. Loss of methylation 5¢ and 3¢ of the MEDEA gene is also correlated with expression in
the endosperm25. All three genes are imprinted (expressed specifically
from the maternal genome), and the removal of DNA methylation
from the maternal copies of these genes is predicted to be necessary for
proper expression. However, it is unlikely that the 44,000 methylated
genes that we have identified fit this profile.
We previously described a number of A. thaliana genes that have
short, dense stretches of CG methylation within the gene body13.
Furthermore, unlike the methylation of FWA, FIS2 and MEDEA, this
methylation is distributed away from the 5¢ ends. Mapping DNA
methylation in the entire genome allowed us to detect trends in the
distribution of DNA methylation and to determine whether most of
the methylated A. thaliana genes are like the previously described
imprinted genes. To do this, we aligned all A. thaliana genes at either
the 5¢ or the 3¢ end and plotted average methylation enrichment along
gene length. We aligned all annotated transposable elements in the
same way (Fig. 4). Because such ‘ends analysis’ plots give the most
accurate representations near the point of alignment, we present them
as paired 5¢ and 3¢ graphs.

Methylated (M)
Molecular function unknown (U = 4406 (31%), M = 1254 (22%))
Other enzyme activity (U = 1399 (9.9%), M = 455 (8%))
Other binding (U = 1138 (8.1%), M = 372 (6.5%))
Transcription factor activity (U = 1049 (7.4%), M = 149 (2.6%))
Hydrolase activity (U = 1032 (7.3%), M = 567 (9.9%))
DNA or RNA binding (U = 881 (6.2%), M = 318 (5.6%))
Transferase activity (U = 831 (5.9%), M = 534 (9.3%))
Protein binding (U = 707 (5%), M = 396 (6.9%))
Nucleotide binding (U = 535 (3.8%), M = 550 (9.6%))
Other molecular functions (U = 532 (3.8%), M = 198 (3.5%))
Transporter activity (U = 510 (3.6%), M = 232 (4.1%))
Kinase activity (U = 440 (3.1%), M = 362 (6.3%))
Structural molecule activity (U = 294 (2.1%), M = 35 (0.6%))
Nucleic acid binding (U = 266 (1.9%), M = 253 (4.4%))
Receptor binding or activity (U = 108 (0.8%), M = 38 (0.7%))

Figure 3 Functional annotation of methylated (M) and unmethylated (U) genes. All methylated (4,331) and unmethylated (11,979) genes were grouped by
molecular function based on Arabidopsis Gene Ontology annotation18. Gene counts and percentages are listed for each category. Because a single gene may
have more than one functional annotation, the gene counts do not add up to the total number of analyzed genes.
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Figure 4 Analysis of the distribution of DNA methylation within the A. thaliana genome. (a) Ends analysis of transposable elements (black curve) and genes
(red and green curves). Annotated transposons and genes were aligned at the 5¢ end, and average methylation scores for each 100-bp interval are plotted
from 5 kb upstream (negative numbers) to 5 kb into the gene or transposon (positive numbers). The green line represents ends analysis of genes after the
average GC content of probes within each interval has been equalized. The dashed line represents the point of alignment. (b) Same as a, except aligned at
the 3¢ end. (c) Genes were divided into size classes: 1–2 kb (red), 2–3 kb (blue), 3–4 kb (green), 4–5 kb (black) and 5–6 kb (pink). We removed 1 kb from
the 3¢ end of each gene, and each subgroup was aligned at the 5¢ end. Average methylation scores for each 100-bp interval are plotted from 3 kb upstream
(negative numbers) to 5 kb into the gene (positive numbers). The dashed line represents the point of alignment. (d) Same as c, except that we removed 2 kb
from the 5¢ end of each gene (hence, only genes 42 kb are shown) and aligned genes at the 3¢ end.

Our analysis further accentuated the differences between genes and
transposons. To avoid any possible confounding influences of repeated
sequences, we used only clearly unique probes for ends analysis of
transposable elements. Transposons were heavily and evenly methylated along the entire length. Methylation of regions that flank
transposons was also high, because transposons tend to cluster around
centromeres and frequently insert into one another. In contrast,
methylation of regions that flank genes was low. Within gene bodies,
methylation was also low at the 5¢ and 3¢ ends and rose gradually
toward the middle (Fig. 4a,b and Supplementary Fig. 3 online).
Because all probes on our array were selected to have about the same
melting temperature, the pattern we observed within genes is unlikely
to be due to intrinsic differences in sequence composition at gene
ends. To rule out this possibility, we reanalyzed the DNA methylation
pattern within genes by first equalizing the GC content of probes
within each interval used for analysis (Fig. 4a,b). The results
were virtually indistinguishable, indicating that the pattern reflects
the distribution of DNA methylation and not any underlying
sequence biases.
We asked whether the distribution of DNA methylation within
genes depends on gene length. For example, it is possible that
methylation is distributed quite differently in short and long genes
and that the overall pattern we observed by ends analysis represents an
average of two or more distinct patterns. Therefore, we grouped all
genes by size into 1-kb intervals. To avoid the contribution of the 3¢
depletion on the 5¢ alignment and vice versa, we removed 1 kb of
sequence from the 3¢ end for 5¢ alignment and removed 2 kb of
sequence from the 5¢ end for 3¢ alignment. The resulting methylation
pattern was very consistent across every size interval: aggregate DNA
methylation was low in intergenic regions, dipped at the promoter,
rose roughly linearly over about 2 kb, stayed at a plateau until about
1 kb from the 3¢ end and then dipped sharply (Fig. 4c,d). All size
classes showed essentially superimposable profiles at both the 5¢ and 3¢
ends, indicating that the 5¢ and 3¢ features are consistent and
independent of gene length. Thus, although not all methylated
A. thaliana genes fit this profile, there is a strong overall trend for
methylation to be in the middle of a gene and not at the ends.
Relationship between DNA methylation and transcription
The markedly nonrandom distribution of DNA methylation within
A. thaliana genes strongly suggested that it is influenced by transcrip-
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tion. We therefore used available microarray-based data sets of
A. thaliana transcript levels from 21- to 23-d-old whole plants26 to
divide genes into ten groups based on expression levels, from the top
10% to the bottom 10%. Ends analysis of methylation enrichment
within these decile groups showed a clear relationship between
methylation and expression. Methylation levels peaked in the 7th
expression decile, and the highest- and lowest-expressed genes were
relatively undermethylated (Fig. 5a,b). We also examined the relationship between methylation and expression by further subdividing gene
expression levels into percentiles and plotting the average methylation
enrichment within each percentile (Fig. 5c), as well as the fraction of
genes within each percentile that were either methylated or unmethylated (Fig. 5d). These analyses confirmed the trend shown by ends
analysis: the probability of finding methylation in genes expressed
below the 35th percentile is low; it rises sharply until about the 65th
percentile and then falls sharply again, with the most highly expressed
and the most weakly expressed genes showing similarly low levels of
methylation. We used expression data sets from six different plant
tissues to confirm our findings, and the results for all six were similar
(Fig. 5e and Supplementary Fig. 4 online). We also obtained similar
results by analyzing methylation mapping data from a recent study27
(Supplementary Fig. 4). Some feature of moderately transcribed
genes thus makes them particularly susceptible to DNA methylation.
The underrepresentation of DNA methylation within the first 2 kb
and last 1 kb of genes suggests that methylation within these regions is
deleterious to transcription. As methylation of any gene shorter than
3 kb would necessarily entail methylation within one or both of these
regions, methylation may be more deleterious for shorter genes than
for longer ones. To investigate this possibility, we compared a set
of 2,400 methylated genes with a size-matched set of 2,400 unmethylated genes by plotting the average size of genes within each
expression percentile (Fig. 5f). For unmethylated genes, we observed
little relationship between size and expression. However, for methylated genes, a clear pattern emerged, with the least-expressed genes
also being the smallest. We therefore conclude that, on average,
DNA methylation is not well tolerated by smaller genes, just as
the distribution of aggregate DNA methylation within genes
would suggest.
In light of the relationship between gene expression, size and
methylation, we rank-ordered genes within each of the molecular
function categories shown in Figure 3, as well as ribosomal genes
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(Supplementary Fig. 2), by average expression level and size (Sup- methylation of gene ends. Instead, these patterns seem to reflect an
plementary Table 2 online). The three most undermethylated gene intrinsic property of eukaryotic transcription, with higher Pol II density
categories were ribosomal genes, structural genes and transcription at the 5¢ end likely reflecting the transition from initiation to elongafactors (Supplementary Table 2). Ribosomal genes had the highest tion, and higher Pol II density at the 3¢ end reflecting termination and
average expression level of any group and structural genes the second polyadenylation. Given the highly conserved nature of eukaryotic
highest, whereas transcription factors were the least expressed. All transcription, our results suggest that DNA methylation is, on average,
three gene classes were also relatively short (Supplementary Table 2). poorly compatible with regions of high Pol II density.
Of the three most methylated gene groups, genes with nucleotide and
nucleic acid binding activities were moderately transcribed (Supple- DNA methylation impedes transcriptional elongation
mentary Table 2). Kinases were transcribed at a relatively low level, Although DNA methylation of promoters is known to inhibit tranbut they are also among the longest genes, as are the other two groups. scriptional initiation, the effects of methylation within the gene body
This is fully consistent with our observation that moderately expressed have not been as thoroughly studied4. Methylation of the coding
genes are the most likely to be methylated (Fig. 5c–e) and that small region has been found to inhibit transcript elongation in filamentous
genes may not tolerate methylation well (Fig. 5f). Thus, the apparent fungi29,30. In plant protoplasts, methylation of the gene body can also
functional differences between methylated and unmethylated genes are interfere with elongation, particularly if the methylation is close to the
probably the product of differences in gene
size and expression level.
–0.5
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The vast majority of eukaryotic genes are
a 0.5
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transcribed by RNA polymerase II (Pol II).
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genes. Ends analysis of Pol II density within
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kb
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(Fig. 6). In fact, the pattern of Pol II density
within D. melanogaster genes was approxi- Figure 6 Correspondence between RNA polymerase II (Pol II) and DNA methylation. (a) Ends analysis
mately the inverse of the pattern of DNA of Pol II density in Drosophila melanogaster genes (black curve) compared with genic A. thaliana DNA
methylation from Fig. 4a (red curve). Genes were aligned at the 5¢ end, and average Pol II enrichment
methylation within A. thaliana genes, espe- or methylation enrichment for each 100-bp interval is plotted from 5 kb upstream (negative numbers)
cially at the 3¢ end (Fig. 6). D. melanogaster to 5 kb into the gene (positive numbers). The dashed line represents the point of alignment. The
has little, if any DNA methylation3, so the methylation scale is on the left side, and the Pol II scale is on the right side (note the inversion).
patterns of Pol II density are not a product of (b) Same as a, except aligned at the 3¢ end.
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Figure 7 Analysis of expression in met1-6 mutant plants. (a) Expression profile of met1-6 mutant plants compared with wild-type. Each bar represents
the log2 signal ratio of the met1-6 signal divided by the wild-type control signal (log2 (met1-6/wild-type)). Black circles denote positions of centromeric
sequence gaps; note the massive upregulation of expression in the transposon-rich pericentric heterochromatin. Arrows indicate regions expanded in b and c.
(b) A representative example of expression changes in met1-6 compared with wild-type within A. thaliana heterochromatin (positions 3944000–3994000 on
chromosome 4). DNA methylation is in blue, met1-6 expression in red (two biological replicates), nonrepetitive genes in maroon and transposable elements
in green. Genes and transposons oriented 5¢ to 3¢ on the top and the bottom strands are shown above and below the line, respectively. (c) Expression in
met1-6 in A. thaliana euchromatin around the FWA gene (positions 13024000–13048000 on chromosome 4). Colors are as in b. The methylation within
the FWA promoter is circled. (d) Ends analysis of relative expression enrichment in met1-6 mutant plants. Unmethylated genes (blue), methylated genes
(green) and genes methylated within the coding region but not the promoter (red) were aligned at the 5¢ end, and average transcription enrichment scores
for each 100-bp interval are plotted from 3 kb upstream (negative numbers) to 5 kb into the gene (positive numbers). Within the gene body, only probes
corresponding to exons were included in the analysis to avoid complications caused by unprocessed intronic RNA. Dashed line represents point of alignment.
(e) Same as d, except aligned at the 3¢ end.

5¢ end31. A recent report demonstrated that methylation within the
body of a mammalian transgene is associated with a more ‘closed’
chromatin state and reduces elongation efficiency32. To determine
whether genic DNA methylation affects transcription, we profiled
expression levels in plants with a strong loss-of-function allele of the
MET1 DNA methyltransferase (met1-6)14 relative to wild-type on the
same microarrays used for mapping methylation (Fig. 7a). MET1
maintains CG methylation in A. thaliana3 and is required for most
transposon and genic DNA methylation (Supplementary Note online
and ref. 27). As expected, transposons were massively overexpressed in
met1-6 (Fig. 7a,b). Also as expected, the FWA gene, which is repressed
in wild-type plants by methylation of its promoter and is overexpressed as a consequence of methylation loss22, was clearly upregulated in met1-6 (Fig. 7c). However, the vast majority of methylated
genes are unlike FWA in that methylation is not found in promoters
and thus probably does not prevent transcript initiation. Therefore, we
examined the changes in expression of the subset of methylated genes
that had clearly unmethylated promoters, as well as of all methylated
genes, using expression of unmethylated genes as a control. Ends
analysis of expression levels showed that, on average, both methylated
and unmethylated genes had a positive log signal ratio in met1-6,
indicating global upregulation (Fig. 7d,e). Notably, genes that
are normally methylated were overexpressed to a much greater extent
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than unmethylated genes (Fig. 7d,e), indicating that upregulation
is in part a direct consequence of methylation loss. To rule out any
confounding influences of gene length, we performed the same
analysis on size-matched sets of methylated and unmethylated
genes and obtained the same results (Supplementary Fig. 4). We
also obtained the same results using the methylated versus unmethylated gene designations from ref. 27 (Supplementary Fig. 4). Because
genes with methylation confined to the gene body were upregulated
to the same extent as all methylated genes, we conclude that
DNA methylation generally interferes with transcript elongation
in A. thaliana.
If DNA methylation interferes with elongation, then the extent of
DNA methylation should be important: heavily methylated genes
should, on average, be more affected. For each methylated gene, we
calculated a ‘methylation score’ by adding up all ‘methylated probes’
(probes with log signal ratios Z1.28) within the gene. We grouped all
methylated genes into percentiles, from the lowest methylation score
to the highest. For each percentile, we calculated an ‘expression score’
by averaging the log ratio values of exonic probes from the met1-6
expression arrays. Indeed, we observed a positive correlation (Spearman’s r ¼ 0.53, P o 0.0001; Supplementary Table 1) between
methylation and expression: genes with more methylation tended to
be more upregulated when methylation was lost. Our results indicate
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in moderately transcribed genes becoming the
most frequently methylated in A. thaliana,
siRNAs
PoIII
PoIII
PoIII
whereas the highest- and lowest-transcribed
X
CH3
genes are the least methylated, as we obPoIII
served (Fig. 5).
Methylation of genes triggered by aberrant
transcription is likely to be beneficial because
c
d
CH3
CH3
it should serve to prevent further initiation
PoIII
PoIII
PoIII
X
from cryptic sites. However, our results indiX
cate that methylation within genes also carries
a cost, because it reduces the efficiency of
Figure 8 Model for transcription-coupled DNA methylation. (a) A transiting RNA polymerase disrupts
elongation (Fig. 7d,e). Our results also sugnucleosomes at a moderately transcribed gene, exposing a cryptic initiation site. An RNA polymerase
initiates transcription from the cryptic promoter (in this case, in the antisense orientation), generating
gest that the cost imposed by methylation is
an aberrant transcript. The resulting aberrant transcripts are processed by Dicer into siRNAs, which
greatest around gene ends (Fig. 4). Therefore,
cause methylation of the gene. (b) Chromatin is disrupted at a highly transcribed gene, but closely
methylation within longer genes is likely to be
spaced RNA polymerases prevent aberrant initiation of transcription from within the gene body. (c) A
well tolerated, whereas methylation of shorter
nucleosome associated with methylated DNA is more difficult to remove, leading to polymerase stalling.
genes is, on average, deleterious, so small
(d) DNA methylation stalls polymerase progress in a region of high polymerase density, resulting in
genes that acquire methylation are unlikely
a collision.
to be highly transcribed. Over evolutionary
time, this process has had a profound effect
that methylation within the gene body quantitatively impedes on the A. thaliana genome, effectively imposing a nonrandom
transcript elongation in A. thaliana. Parallels to work in mammals relationship between gene expression and size (Fig. 5f).
The mechanisms by which DNA methylation interferes with tranand fungi29,30,32 suggest that such interference is a general feature of
script initiation and elongation remain unclear. Nucleosomes assoeukaryotic genes.
ciated with methylated DNA carry ‘repressive’ histone modifications,
such as hypoacetylation and methylation of Lys9 of histone H3
DISCUSSION
Eukaryotic transcription is a highly orchestrated process that has (refs. 4,19,37). Hypoacetylation in particular alters the properties of
evolved to initiate and terminate at well-defined positions. This is a chromatin by strengthening histone-DNA interactions, and chromatin
complex undertaking, especially in genomes that range into billions of in methylated regions has been shown to adopt a more ‘closed’
base pairs9,10. Recognition sites for transcription factors are typically conformation32. Because nucleosomes need to be either moved out
short sequences, such as TATA boxes, and thus occur by chance at of the way or disassembled for a PIC to form33, methylation might
great frequency. In order to prevent transcription from initiating from interfere with initiation by stabilizing nucleosomes around the procryptic sites, most of the genome must be kept in a repressive state. moter. Similarly, nucleosomes associated with methylated DNA might
Much of this is accomplished by packaging the genome in nucleo- be more difficult to displace by RNA polymerase, thus impeding
somes, which present a strong impediment to transcriptional initia- elongation. Because elongating Pol II is complexed with histone
tion33. However, during transcript elongation, the transiting acetyltransferases, it has been proposed that histone acetylation facilpolymerase disrupts chromatin, potentially exposing cryptic sites itates nucleosome disruption by the transiting polymerase38 and that
from which transcription can initiate. In yeast, several elongation DNA methylation may therefore stall Pol II progress (Fig. 8c) and
factors have been identified that are responsible for chromatin cause polymerase ‘pileups’32. The higher density of Pol II at the start
assembly after polymerase transit34–36. Mutations in these genes and end of a gene would make these regions particularly susceptible to
cause transcription-coupled disruption of chromatin structure and polymerase stalling and collisions (Fig. 8d), explaining the strong
tendency of DNA methylation to be away from gene ends.
lead to aberrant initiation of transcription.
The ancestral function of eukaryotic DNA methylation has been
In A. thaliana, aberrant transcripts can lead to methylation of
homologous DNA through the short interfering RNA (siRNA) path- controversial for many years. The debate has centered on the question
way1. We envision that as transiting polymerases disrupt chromatin of whether methylation serves primarily to silence genomic parasites
structure, they allow preinitiation complexes (PICs) to form in their like transposable elements or whether it has a more general function in
wake, leading to aberrant transcription within the gene body. The suppressing transcriptional noise within the genome. This question is
aberrant transcripts are processed into siRNAs, leading to methylation very difficult to resolve in mammals, where introns are usually littered
of the cognate DNA (Fig. 8a). This model is supported by a significant with transposons, thus blurring the distinction between transposon
enrichment of known small RNAs that correspond to methylated and gene. Nonetheless, a recent report has shown that gene-rich
regions of the human genome have a higher level of DNA methylation
genes (Supplementary Table 3 online).
The chance of a PIC forming and firing is likely to be directly than gene-poor regions15. In the tunicate Ciona intestinalis, a sigrelated to the rate of transcription. A large number of closely spaced nificant fraction of transposons is unmethylated, and many genes are
elongating polymerases should prevent the formation of a PIC within methylated12, suggesting DNA methylation has functions beyond
a highly transcribed gene, making aberrant transcription and DNA transposon silencing. Perhaps in no organism is the case for DNA
methylation unlikely (Fig. 8b). Likewise, genes transcribed at a low methylation controlling transposons stronger than in A. thaliana1,21.
level experience little chromatin disruption, thus preventing PIC Our findings now show that methylation also affects expression levels
formation. Between these extremes, moderately transcribed genes of a large fraction of A. thaliana genes. In A. thaliana, as in vertebrates,
benefit from neither case, having undergone sufficient chromatin promoters are on average unmethylated and genes frequently methydisruption to allow PIC formation but insufficient polymerase transit lated, and we show a direct relationship between gene methylation and
rate or density to prevent it (Fig. 8a). This process would result transcription. DNA methylation of genes thus seems to be as ancient a
Dicer

b
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phenomenon as transposon methylation, spanning over a billion
years since the divergence of plants and animals. Mapping of
DNA methylation in other species should help to further elucidate
the ancient and conserved functions of DNA methylation in
eukaryotic genomes.
METHODS

© 2006 Nature Publishing Group http://www.nature.com/naturegenetics

Array design. Our microarray consists of 382,178 45- to 85-bp probes that
are tiled across the entire sequenced A. thaliana genome, without
repeat masking. Each probe is selected to have a predicted melting temperature close to 76 1C. Details of array design and hybridization are described
in ref. 39.
Immunoprecipitation and microarray analysis of methylated DNA. Genomic
DNA from whole 25-d-old A. thaliana plants (without roots) was sheared by
sonication to 500- to 1,500-bp fragments, and methylated DNA was immunoprecipitated as described15. The entire immunoprecipitation reaction and
500 ng of control DNA were amplified using the T7 RNA polymerase linear
amplification protocol essentially as described40, except the nucleotide concentration was increased to 200 nM in the poly(T) tailing reaction. A 5 mg
aliquot of RNA from each reaction was converted into double-stranded DNA
using the SuperScript Double-Stranded cDNA Synthesis kit (Invitrogen) and
was labeled with Cy3 or Cy5 fluorescent dyes as described39. The labeled
samples were sent to NimbleGen Systems for hybridization.
DNA for methylation analysis of the met1-6 mutant was prepared
as described20. DNA samples were sent to NimbleGen for labeling
and hybridization.
Bisulfite sequencing. Bisulfite sequencing was performed as described41.
Sequenced regions and primer sequences are listed in Supplementary Table 1.
Expression analysis of met1-6 mutant plants. RNA was extracted from two
sets of met1-6 F3 adult mutant plants (without roots) in the Col-gl background
and corresponding wild-type Col-gl controls. We converted 50 mg of total RNA
from each sample into double-stranded cDNA using an oligo-d(T) primer
according to the instructions for the SuperScript Double-Stranded cDNA
Synthesis Kit (Invitrogen). The samples were labeled and hybridized as above.
The correlation coefficient (Pearson’s r) of the raw log2 signal ratios of the two
biological replicates is 0.92.
Affymetrix expression data. Expression data used for classification were
generated by AtGenExpress26 and were downloaded from the Arabidopsis
Information Resource (TAIR) website. For each expression data set, we
averaged the three biological replicates. We used the following data sets:
ATGE_22, ATGE_23 and ATGE_24 (21-, 22- and 23-d-old whole plants,
respectively), ATGE_1, ATGE_2 and ATGE_3 (cotyledons, hypocotyls and roots
from 7-d-old seedlings), ATGE_8 (shoot inflorescence from 14-d-old plants),
ATGE_14 (mature leaves from 17-d-old plant rosettes) and ATGE_29 (stage
1–6 flower inflorescence from 21-d-old plants). Data sets ATGE_22, 23 and
24 were averaged to obtain a ‘whole-plant’ expression data set used for
analyses (Fig. 5).
Computational analysis of microarray data. For antibody methylation profiling, array intensities are represented as log2 signal ratios of immunoprecipitated
DNA to input DNA; for met1-6 methylation mapping, as log2 signal ratios of
met1-6 DNA to wild-type DNA; and for expression analysis, as log2 signal ratios
of met1-6 cDNA to wild-type cDNA. All gene annotations are from TAIR
release 6 of the Arabidopsis thaliana genome. Because one of the two Columbia
lines we used for methylation mapping contained several chromosome regions
from the Ws ecotype, all of the analyses shown are for the other line. Log signal
ratios for methylation mapping showed a biphasic distribution, which we
modeled by two overlapping normal distributions. We chose thresholds for
probes considered ‘methylated’ (log2 (immunoprecipitated (IP) DNA/input
DNA) Z 1.28), ‘unmethylated’ (log2 (IP/input) r 0.34) and ‘ambiguous’
(0.34 o log2 (IP/input) o 1.28), such that a probe with a score at the cutoff
point was 50-fold more likely to belong to one distribution over the other. For
ends analysis, all genes were aligned at either the 5¢ or the 3¢ end, intragenic
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sequence on either side was included only up to the adjacent gene and all data
were plotted as averaged scores in each 100-bp interval. For analysis represented
by the green curves in Figure 4a,b, we equalized the average GC content of
probes within each interval to 0.41 by discarding probes from both sequence
composition extremes. For ends analysis of transposons, we only used probes
with BLASTN bit scores r 35 for the second-best hit against the A. thaliana
genome, representing clearly unique sequences. For met1-6 ends analysis, data
from two biological data sets were averaged, and probes with differences that
lay 43 s.d. from the mean were discarded. In Figure 1d, 35,000 (9%) randomly
chosen points are shown to avoid saturation artifacts. In Figure 5c–f and in
Supplementary Figure 4, values plotted on the y axis are averages obtained
using a three-point sliding window. This was done for presentation purposes
and did not alter the overall patterns presented.
Accession codes. Gene Expression Omnibus (GEO): microarray data
sets, GSE5974.
URLs. The Arabidopsis Information Resource Expression Database: http://
www.arabidopsis.org/info/expression/ATGenExpress.jsp.
Note: Supplementary information is available on the Nature Genetics website.
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