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Genome-wide analysis of DNA methylation patterns
Daniel Zilberman1 and Steven Henikoff 2,3

Introduction
DNA methylation is a unique and noteworthy process because it
involves the covalent modification of a cell’s genetic material (Chan
et al., 2005; Freitag and Selker, 2005; Gehring and Henikoff, 2007;
Goll and Bestor, 2005; Klose and Bird, 2006; Richards, 2006). At
gene promoters, methylation generally leads to transcriptional
silencing. Complex multicellular eukaryotes (plants and animals)
primarily methylate DNA at cytosines within CG dinucleotides.
Following each round of DNA replication, a DNA methyltransferase
[from the Dnmt1 family (Goll and Bestor, 2005)] fills in the missing
methylation on the newly synthesized strand, allowing faithful
maintenance of DNA methylation patterns through many rounds of
cell division and, at least in plants, through multiple generations
(Chan et al., 2005; Soppe et al., 2000). For this reason, differential
methylation is a process that most closely approximates genetic
differences between cell types (or organisms) with identical DNA
sequence.
There is abundant evidence that aberrant DNA methylation can
preclude normal development. Knockout mutations of any one of the
three mouse genes that encode DNA methyltransferases (Dnmt1,
Dnmt3a and Dnmt3b) are lethal (Goll and Bestor, 2005). Loss-offunction of MET1, the Arabidopsis thaliana ortholog of Dnmt1,
leads to developmental abnormalities such as delayed flowering and
reduced fertility, which become very severe when additional
methyltransferase genes (CMT3 and/or DRM2) are mutated (Xiao et
al., 2006; Zhang and Jacobsen, 2006). Depletion of Dnmt1 in
zebrafish embryos causes defects in terminal differentiation of the
intestine, exocrine pancreas and retina (Rai et al., 2006). Either the
loss or gain of methylation at specific genes (FWA, SUP) can lead to
developmental abnormalities in Arabidopsis (Gehring and Henikoff,
2007; Jacobsen et al., 2000; Soppe et al., 2000). In plants and
mammals, DNA methylation has a central role in genomic
imprinting, the monoallelic expression of a gene from either the
maternal or the paternal copy (Gehring and Henikoff, 2007; Goll and
Bestor, 2005). X-chromosome inactivation in female mammals is
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also dependent on DNA methylation (Heard and Disteche, 2006).
The high failure rate of cloning by somatic nuclear transfer has been
attributed to improper reprogramming of DNA methylation patterns
in the donor nucleus (Meissner and Jaenisch, 2006).
Despite the clear importance of DNA methylation, the extent to
which changes in somatic DNA methylation are involved in
mammalian gene regulation is unclear (Goll and Bestor, 2005;
Walsh and Bestor, 1999). This is largely owing to our limited
knowledge of DNA methylation patterns. A study published in early
2006 estimated that DNA methylation of less than 0.1% of the
human genome has been analyzed in detail (Schumacher et al.,
2006). A number of recent reports have considerably expanded our
knowledge of eukaryotic DNA methylation (Bibikova et al., 2006a;
Eckhardt et al., 2006; Hellman and Chess, 2007; Keshet et al., 2006;
Khulan et al., 2006; Rollins et al., 2006; Weber et al., 2007; Yuan et
al., 2006; Zhang et al., 2006; Zilberman et al., 2007). Nonetheless,
we are just beginning to unravel genomic methylation patterns,
particularly in the complex genomes of vertebrates. Fortunately,
technological advances in high-density microarray technology and
high-throughput DNA sequencing should allow the comprehensive
analysis of DNA methylation to become a routine technique. Here
we focus on the most promising new methodologies and their
suitability for addressing outstanding questions about the role of
DNA methylation in development and disease.
Methodologies for detection of DNA methylation
Many methods of DNA methylation analysis have been developed
over the years and are described in detail in a number of recent
reviews (Brena et al., 2006; Callinan and Feinberg, 2006; Laird,
2003; Lieb et al., 2006; Ushijima, 2005). All of these approaches are
based on one of three techniques: bisulfite conversion, digestion with
methylation-sensitive restriction enzymes, and affinity purification
of methylated DNA.
Bisulfite conversion

Methylated cytosine has roughly the same base-pairing
characteristics as unmethylated cytosine, and is thus
indistinguishable by standard sequencing approaches. To overcome
this, genomic DNA can be treated with sodium bisulfite (Clark et al.,
1994; Clark et al., 2006). Under appropriate conditions, this
treatment causes deamination of unmethylated cytosine to uracil,
while leaving methylated cytosine intact (Fig. 1). PCR amplification
of converted DNA replaces the uracil with thymine. Analysis of the
PCR product by Sanger sequencing (Eckhardt et al., 2006),
pyrosequencing (Tost and Gut, 2006), or mass spectrometry (Ehrich
et al., 2006; Ehrich et al., 2005; Schatz et al., 2004; Schatz et al.,
2006; Tost et al., 2003), can be used to quantify the extent of
methylation at each cytosine. A potential issue with bisulfite analysis
is that it depends on the complete conversion of unmethylated
cytosines. In animal DNA, a sure sign of incomplete conversion is
abundant methylation at cytosines that are not in CG dinucleotides.
In plant DNA, this problem can be more difficult to detect, but will
frequently manifest itself as continuous stretches of heavily
methylated cytosines in all sequence contexts. Spiking the reaction
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Cytosine methylation is the most common covalent
modification of DNA in eukaryotes. DNA methylation has an
important role in many aspects of biology, including
development and disease. Methylation can be detected using
bisulfite conversion, methylation-sensitive restriction enzymes,
methyl-binding proteins and anti-methylcytosine antibodies.
Combining these techniques with DNA microarrays and highthroughput sequencing has made the mapping of DNA
methylation feasible on a genome-wide scale. Here we discuss
recent developments and future directions for identifying and
mapping methylation, in an effort to help colleagues to identify
the approaches that best serve their research interests.
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Fig. 1. Bisulfite conversion. DNA is denatured and then treated with
sodium bisulfite to convert unmethylated cytosine to uracil, which is
converted to thymine by PCR. An important point is that following
bisulfite conversion, the DNA strands are no longer complementary,
and primers are designed to assay the methylation (m) status of a
specific strand.

with known unmethylated DNA, such as yeast genomic DNA, can
be used as a control. It is essential to ensure that bisulfite-treated
samples have been completely converted before utilizing them in
high-throughput applications.
Methylation-sensitive restriction enzymes

Methylation-sensitive restriction endonucleases are classic tools of
DNA methylation analysis (Bird et al., 1985; Bird and Southern,
1978; Lindsay and Bird, 1987). Most of these are inhibited by
methylation of their recognition site, whereas some, most notably
McrBC, specifically digest methylated DNA. Many variations of
restriction enzyme-based methods have been used in conjunction
with genomic analysis (Khulan et al., 2006; Lippman et al., 2005;
Rollins et al., 2006; Schumacher et al., 2006; Tompa et al., 2002;
Yuan et al., 2006). Here we briefly describe the general logic behind
all such approaches.
Restriction enzyme-based methods either enrich for methylated
DNA or unmethylated DNA (Fig. 2). Generally, comparisons are
made in one of three ways: between a sample treated with an enzyme
or a cocktail of enzymes and an untreated control; between a sample
treated with a methylation-sensitive enzyme compared with a
control treated with a methylation-insensitive isoschizomer (HpaII
and MspI, see below); or between two test samples, such as two
tissue types or mutant and wild-type samples, both treated with the
same enzyme. The ability to enrich unmethylated DNA, by digesting
away methylated DNA or by isolating smaller fragments generated
by methylation-inhibited enzymes, is particularly useful for
analyzing large, heavily methylated genomes (as discussed in more
detail below). In the human genome, over 60% of CG sites are
methylated (Goll and Bestor, 2005), so enriching unmethylated

DNA significantly reduces the complexity of the sample. An
important limitation is that all restriction enzyme-based techniques
are limited to analysis of methylation within recognition sites.
The most commonly used restriction enzymes are the
isoschizomers HpaII and MspI, which recognize the sequence
CCGG. HpaII is blocked by methylation of either cytosine, whereas
MspI is blocked only by methylation of the outer C (Korch and
Hagblom, 1986; Waalwijk and Flavell, 1978). In mammalian
genomes, where methylation is almost exclusively in CG sites (Goll
and Bestor, 2005), HpaII is inhibited and MspI is not. In plant
genomes, where methylation of cytosines in the CNG context is also
common, MspI can be used to detect CNG methylation. Another
useful enzyme employed in genomic studies is McrBC (Lippman et
al., 2004; Rollins et al., 2006; Schumacher et al., 2006). McrBC is
an E. coli endonuclease that cleaves between two methylated
cytosines in the context (G/A)metC (Sutherland et al., 1992). The two
sites can be separated by up to 3 kb, but the optimal separation is 55100 bp (Gowher et al., 2000; Zhou et al., 2002). For this reason,
McrBC is an excellent tool for the removal of densely methylated
DNA. Although less of an issue with McrBC, sequence
polymorphisms between samples can mimic methylation differences
if they affect the enzyme recognition site. Therefore, it is safest to
use restriction enzymes to compare samples that have no or little
polymorphism, such as different tissues from the same organism.
Alternatively, the MspI/HpaII isoschizomer pair can be used to
control for polymorphic sites (Khulan et al., 2006).
Affinity purification

The most recent and simplest way to enrich methylated DNA is by
affinity purification (Fig. 3). One approach is to take advantage of
the methyl-binding domain (MBD), which binds methylated CG
sites. A tagged MBD domain expressed in E. coli is affinity purified
and the MBD column is subsequently used to purify methylated
DNA (Cross et al., 1994; Selker et al., 2003; Zhang et al., 2006).
Alternatively, a commercially available monoclonal antibody that
specifically recognizes methylated cytosine can be used to
immunoprecipitate methylated DNA (Keshet et al., 2006; Reynaud
et al., 1992; Weber et al., 2005; Weber et al., 2007; Zhang et al.,
2006; Zilberman et al., 2007). For plant researchers, a potential
advantage is that the MBD method purifies only CG-methylated
DNA, whereas the antibody will work against DNA methylated in
any context. However, as almost all the methylated loci that have
been characterized in plants have CG methylation, the results
obtained with the two methods should be broadly similar. For most
researchers, the commercial availability of the antibody combined
with wide utilization of immunoprecipitation will make this the
method of choice for enriching methylated DNA.
An important point regarding all affinity-based techniques is that
they measure the density of methylation in a given region. Therefore,
a methylated stretch of DNA where methylation target sites (CG
sites in animals) are sparse might be difficult to differentiate from an
unmethylated region. This is particularly an issue with mammalian
genomes, where CG density is generally low and CG-dense
sequences are typically unmethylated (Weber et al., 2007).
A potential twist on the affinity-based approach is to enrich for
unmethylated DNA by isolating the unbound fraction from either
affinity method. The ratio of antibody (or MBD domain) to DNA
would have to be carefully optimized to ensure that essentially all
methylated DNA is removed. Alternatively, unmethylated DNA
prepared by McrBC digestion could be further enriched by the
removal of residual methylated DNA by affinity reagents. This
approach would be especially suitable for analyses of mammalian
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Fig. 2. Detecting DNA methylation
with methylation-sensitive
restriction enzymes. (A) A methylated
(m) region of genomic DNA digested
with HpaII (left) or MspI (right). Smaller
fragments are discarded (red X),
enriching for methylated DNA in the
HpaII-treated sample, relative to the
MspI-treated. (B) Genomic DNA is
treated with McrBC, which cuts
methylated (CH3) DNA. Smaller
fragments are discarded, enriching for
unmethylated DNA. There are many
variations on these techniques (see
Khulan et al., 2006; Lippman et al.,
2004; Schumacher et al., 2006; Tompa
et al., 2002).

and other heavily methylated genomes because it would
substantially reduce sample complexity and would overcome the
limitation imposed by restriction enzyme recognition sites.

by any laboratory to perform genome-wide DNA methylation
analyses: DNA microarrays and high-throughput DNA
sequencing.

Genome-wide analysis of DNA methylation
A number of approaches exist that enable the large-scale analysis
of DNA methylation. The Human Epigenome Project
(www.epigenome.org) has used standard sequencing approaches
to sequence a massive amount of bisulfite-converted DNA from
human tissues and primary cells, and has identified a substantial
number of tissue-specific differentially methylated regions
(DMRs) (Eckhardt et al., 2006). Another study used restriction
enzymes and standard cloning and sequencing to analyze almost
14 Mb of unmethylated human DNA and over 8 Mb of methylated
DNA (Rollins et al., 2006). These approaches, although highly
informative, are expensive and labor-intensive ventures that are
beyond the capabilities of most laboratories. Here, we discuss two
approaches that, either currently or in the near future, can be used
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Fig. 3. Affinity enrichment of methylated DNA. Genomic DNA is
denatured and then affinity purified with either an antibody (green) or
a methyl-binding domain (MBD, red) protein that can be attached to a
column (Cross et al., 1994; Weber et al., 2005).

Early microarray studies of DNA methylation utilized spotted arrays
made by individual laboratories or microarray facilities (Lippman et
al., 2004; Tompa et al., 2002). Fortunately, high-quality commercial
oligonucleotide arrays – bead arrays made by Illumina, lithographic
arrays made by Affymetrix, adaptive lithographic arrays made by
NimbleGen, and inkjet arrays manufactured by Agilent – are widely
available. Both the design and the technology behind an array
influence their utility in methylation analysis. For example, the
Illumina arrays are designed to analyze bisulfite-converted DNA,
whereas the other arrays are well suited for restriction enzyme- and
affinity-based assays (Fig. 4).
Bead arrays (Illumina)

The bead array-based analysis of DNA methylation developed by
Illumina is an outgrowth of their genotyping method (Bibikova et
al., 2006b; Fan et al., 2006), which is designed to provide singlebase resolution, although two or more closely spaced cytosines
may have to be analyzed together. Bisulfite-converted DNA is
assayed with two primers, each labeled with a different fluorescent
dye. One primer is designed to hybridize if the cytosine is
methylated (and unconverted), whereas the other will only
hybridize to a converted sequence. The two primers are used in a
PCR reaction with a locus-specific methylation-insensitive primer.
The ratio of the PCR products is ascertained using Illumina’s
Sentrix Array Matrix bead array platform, which can assay up to
1536 sites in 96 samples in one experiment. This approach
provides less coverage than other array-based methods, and
necessitates the development and evaluation of a large set of
selective primers, thus limiting its utility for de novo genome
analysis. The strength of the technique is that it provides
quantitative evaluation of specific cytosines and can process many
samples in parallel. Therefore, this method is well suited to
compare a set of known methylated loci among a large number of
cell lines or individuals to ascertain methylation polymorphisms
(Fig. 4). Using this approach, a set of methylation markers that
could distinguish lung carcinoma samples from normal tissue was
identified (Bibikova et al., 2006b). A subsequent study identified
diagnostic differences between human embryonic stem (ES) cell
lines and differentiated cells (Bibikova et al., 2006a).
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Short oligonucleotide arrays (Affymetrix)

Affymetrix GeneChip arrays are produced using photolithographic
technology to achieve very high feature density, with millions of
probes per chip (Dalma-Weiszhausz et al., 2006). Each feature
consists of 25-mer oligonucleotides. These short probes provide
good specificity, but suffer from decreased sensitivity and increased
random signal variation (noise) compared with longer probes (Kreil
et al., 2006). Each chip is designed for ‘single channel’ hybridization
– they are hybridized with one sample at a time. To compare
samples, such as two cell lines, each sample is hybridized to a
separate array and the resulting signals are compared. Generally,
each sample is hybridized at least three times to allow statistical
treatment of the data to identify significant differences. For
methylation analysis, a tiling design is most useful, with
equidistantly spaced probes across portions of a genome or an entire
genome. Tiling arrays are available for the human, mouse and
Arabidopsis genomes, as well as for human and mouse promoters
(Drosophila, C. elegans, S. cerevisiae and S. pombe arrays are also
available, but these organisms lack DNA methylation). Restriction
enzyme-enriched unmethylated DNA from human brain tissue has
been analyzed using Affymetrix tiling arrays covering chromosomes
21 and 22 (Schumacher et al., 2006). This study found that most of
the unmethylated sites were close to the 5⬘ end of genes, consistent
with the need to keep promoters free of methylation. The
Arabidopsis array has been successfully used to profile methylated
DNA enriched by MBD and antibody affinity purification to yield a
high-resolution methylation map of the entire Arabidopsis genome
(Zhang et al., 2006). Both purification methods produced
comparable results. Most academic microarray facilities are set up
to handle Affymetrix arrays, making them a convenient resource for
researchers. However, the lithographic mask technology makes
custom arrays prohibitively expensive, so that most researchers are
effectively limited to the standard array designs.
Long oligonucleotide arrays (NimbleGen and Agilent)

NimbleGen arrays are synthesized using an adaptive
photolithographic method (Nuwaysir et al., 2002). Tiling arrays for
chromatin immunoprecipitation and methylation analysis consist of

~380,000 (soon to be expanded to over 2 million) 60-mer
oligonucleotide probes. Agilent manufactures microarrays
consisting of ~240,000 60-mers using inkjet technology (Wolber et
al., 2006). Both arrays are dual channel – two samples are labeled
with different fluorescent dyes, such as immunoprecipitated test
DNA and control DNA, and are hybridized on a single chip.
Hybridizing the test and control samples on the same array controls
for between-array variation and thus reduces the need for replicates.
The major disadvantage of these arrays versus the Affymetrix array
is reduced oligonucleotide probe density. However, the longer
probes provide a better balance between specificity, sensitivity and
noise than the 25-mers on the Affymetrix array (Kreil et al., 2006).
This translates into array data that require less statistical
manipulation. We routinely use raw data from NimbleGen arrays
with good results (Mito et al., 2005; Mito et al., 2007; Penterman et
al., 2007; Zilberman et al., 2007). Both NimbleGen and Agilent
manufacturing methods also allow the production of custom arrays.
This allows for flexibility in experimental design, as well as in the
analysis of DNA methylation in organisms other than mammals and
Arabidopsis.
A restriction enzyme-based comparison of mouse
spermatogenic and brain cells on custom-designed NimbleGen
arrays identified over 200 DMRs in ~6.2 Mb of the mouse genome
(Khulan et al., 2006). Analysis of immunoprecipitated DNA using
customized NimbleGen tiling arrays produced genome-wide
Arabidopsis DNA methylation mapping data that were broadly
similar to the genome-wide DNA methylation profile generated
using the Affymetrix platform (Zilberman et al., 2007). In another
application of this approach with NimbleGen arrays, the wholegenome DNA methylation profile of wild-type Arabidopsis was
compared with that of plants with loss-of-function mutations in the
DNA demethylase genes ROS1, DML2 and DML3. This approach
accurately revealed nearly 200 small methylation differences
(Penterman et al., 2007). The profiling of immunoprecipitated
methylated DNA from human fibroblasts and sperm on
NimbleGen promoter arrays has also identified a number of
promoters that are methylated specifically in fibroblasts, including
many germline-specific promoters (Weber et al., 2007).
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Fig. 4. Genomic analysis of DNA methylation. The suitability of a given technique of DNA methylation analysis depends on the genome size of
the organism and the intended application. Bisulfite conversion coupled to Illumina bead arrays is well suited to the measurement of methylation
polymorphism between multiple samples. A comprehensive analysis of methylation in organisms with small genomes can be accomplished with any
one of a variety of techniques, whereas enrichment of unmethylated DNA is the preferred method when analyzing most vertebrate genomes.
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Table 1. Overview of available platforms for large-scale analysis of DNA methylation
Applications

Advantages

Limitations

References

Methylation
polymorphism
discovery and analysis

Quantitative
Rapid analysis of up to
96 samples

Requires design of a
primer library
Only 1536 sites can be
assayed
simultaneously

(Bibikova et al., 2006a;
Bibikova et al., 2006b;
Fan et al., 2006)

Affymetrix arrays

Whole-genome
methylation mapping

High feature density
Readily available
mouse, human and
Arabidopsis arrays
Accessible to
researchers with
access to a microarray
facility
Reasonable price

Short oligonucleotide
probes produce
noisier data
‘Single channel’
hybridization
Custom arrays
prohibitively
expensive

(Dalma-Weiszhausz et
al., 2006; Schumacher
et al., 2006; Zhang et
al., 2006)

NimbleGen arrays

Whole-genome
methylation mapping

Long oligonucleotide
probes produce
cleaner data
‘Dual channel’
hybridization
Inexpensive custom
arrays
Hybridization available
as a service at a
reasonable price

Lower feature density
than Affymetrix

(Khulan et al., 2006;
Nuwaysir et al., 2002;
Weber et al., 2007;
Zilberman et al., 2007)

Agilent arrays

Large-scale methylation
mapping

Long oligonucleotide
probes produce
cleaner data
‘Dual channel’
hybridization

Substantially lower
feature density than
Affymetrix and
NimbleGen

(Wolber et al., 2006)

Solexa sequencing

Whole-genome
methylation mapping
Analysis of imprinted
loci

Quantitative
Does not require
hybridization
Concurrent genotype
information

New technology
Requires purchase of an
expensive instrument

(Barski et al., 2007;
Bentley, 2006)

NimbleGen also offers dye-labeling and array hybridization as a
service, which could be useful to researchers who do not have
access to a microarray facility.
Single-nucleotide polymorphism arrays

Single-nucleotide polymorphism (SNP) arrays have probes that
selectively bind to specific polymorphic sequences, thus providing
genotype information based on relative hybridization to the
polymorphic probes. Using SNP arrays for DNA methylation
analysis allows the genotyping of methylated DNA that has been
isolated from polymorphic individuals (Hellman and Chess, 2007;
Yuan et al., 2006). A recent study used Affymetrix SNP arrays to
distinguish methylation of the active and inactive X chromosomes,
and found that transcribed regions of genes were preferentially
methylated on the active X (Hellman and Chess, 2007). This
approach should be generally useful for analyzing DNA methylation
that is associated with allele-specific processes, such as genomic
imprinting and X inactivation.
High-throughput sequencing

The newest and most promising methodology for genome-scale
analysis of DNA methylation is high-throughput sequencing. A
number of high-throughput sequencing technologies exist, most of
which are still in development (Bentley, 2006; Braslavsky et al.,
2003; Levene et al., 2003; Margulies et al., 2005; Meyers et al.,
2004; Shendure et al., 2005; Vercoutere et al., 2003). The aim of

each approach is to produce a very large amount of sequence
information, more rapidly and at a lower cost than conventional
Sanger sequencing, and without the need for cloning.
High-throughput sequencing can be employed as an alternative
to analyzing DNA methylation with oligonucleotide arrays.
Instead of labeling and hybridizing the test and control samples,
as in array experiments, they can be sequenced directly. The
frequency of a given sequence will be represented by its
abundance in the sample. With enough sequences, information
density comparable to microarray data can be achieved. Direct
sequencing offers a number of advantages. Counts of sequence
reads provide a quantitative measure of methylation abundance,
rather than the relative measure that array-based methods provide.
The sample does not need to be amplified, except as part of the
sequencing strategy. Single-molecule sequencing methods,
although still in development, would eliminate the need for
amplification entirely (Braslavsky et al., 2003; Levene et al.,
2003; Vercoutere et al., 2003). Biases that affect hybridization,
such as sequence composition, are generally not an issue in this
approach. There is also no need to represent the entire genome on
an array to identify the methylated fraction. As with SNP arrays,
sequencing provides allele-specific information in polymorphic
individuals, but the SNPs do not need to be known in advance – a
potentially major advantage. Finally, any microarray is only as
good as the quality of the genome sequence. Similarly, because
short reads produced by high-throughput sequencing are very
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Technology

Illumina bead arrays

challenging to assemble de novo, a high-quality reference
sequence is required. But one advantage of high-throughput
sequencing is that the data can be re-analyzed following
improvements in the reference sequence.
The methylation detection technique best suited to highthroughput sequencing depends on the genome to be analyzed. For
a smaller, less repetitive genome like Arabidopsis, the direct
sequencing of bisulfite-converted DNA is a good option. However,
the analysis of data generated by this approach presents a special
challenge because of C to T conversion. The benefit of this approach
is that it provides the best possible resolution: quantitative
information about the methylation status of every cytosine.
Restriction enzyme- and affinity-based methods are also suitable for
the analysis of smaller genomes (see Fig. 4). Such data are easier to
analyze, but do not provide the resolution of bisulfite analysis. For
larger genomes with a high repeat content, such as the human and
mouse genomes, direct bisulfite sequencing would be more
challenging, but has already been performed on a small scale
(Meissner et al., 2005). Affinity-based purification of methylated
DNA would also be challenging, because most of the genome is
methylated. The best approach might be to enrich unmethylated
DNA, either by affinity purification or by utilizing restriction
enzymes (Fig. 4).
Two high-throughput sequencing platforms are currently
commercially available: a high-throughput pyrosequencing
approach developed by 454 Life Sciences (Margulies et al., 2005),
and a fluorescent nucleotide-based system developed by Solexa
(now Illumina) (Bentley, 2006). The 454 system can produce
400,000 reads of over 100 bases per run. The Solexa system can
produce 40 million reads of about 25-35 bases. For DNA
methylation analysis, the number of reads is more important
than the length, because most ~30-mers can be unambiguously
aligned to a reference genome sequence (Bentley, 2006).
Therefore, the Solexa system is the best currently available
for this type of analysis, and has already been successfully
used to analyze the distribution of a number of posttranslational histone modifications in the human genome (Barski
et al., 2007).
Conclusions
After decades of work, DNA methylation research is entering a new
phase. The ability to analyze methylation patterns of whole
genomes will enable us, for the first time, to obtain the most basic
type of information about this modification – its location within the
genome. This, in turn, should enable the elucidation of how DNA
methylation influences chromatin function, and the role it plays in
development and disease. The choice of which approach is best to
analyze DNA methylation ultimately depends on one’s biological
question, model organism, budget, and to some extent
adventurousness (see Fig. 4, Table 1). Microarray technology is
transitioning from an esoteric tool used primarily to measure
mRNA levels to a general approach that might soon be as common
as Southern blotting and PCR. Exciting developments in highthroughput sequencing might make this the next technology of
choice, replacing microarrays within a few years. Further down the
road, single-molecule sequencing technologies promise to make a
reality the sensitive analysis of tiny quantities of a sample that is
free of amplification artifacts. The transition of genomics from the
province of highly specialized laboratories and consortia to a
standard tool of molecular biology promises to revolutionize every
field in which, as in DNA methylation research, genomic
information is of use.
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