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Next-Generation DNA Sequencing/Review

Finding the fifth base: Genome-wide sequencing
of cytosine methylation
Ryan Lister1,2 and Joseph R. Ecker1,2,3

1Genomic Analysis Laboratory, The Salk Institute for Biological Studies, La Jolla, California 92037, USA; 2Plant Biology Laboratory,

The Salk Institute for Biological Studies, La Jolla, California 92037, USA

Complete sequences of myriad eukaryotic genomes, including several human genomes, are now available, and recent
dramatic developments in DNA sequencing technology are opening the floodgates to vast volumes of sequence data. Yet,
despite knowing for several decades that a significant proportion of cytosines in the genomes of plants and animals are
present in the form of methylcytosine, until very recently the precise locations of these modified bases have never been
accurately mapped throughout a eukaryotic genome. Advanced ‘‘next-generation’’ DNA sequencing technologies are
now enabling the global mapping of this epigenetic modification at single-base resolution, providing new insights into the
regulation and dynamics of DNA methylation in genomes.

Published in February 2001, the rough draft version of the human

genome was widely heralded as the ‘‘book of life,’’ an ;3-billion-

letter code composed of just four letters within which is described

our cellular and physiological complexity, and our genetic heri-

tage (International Human Genome Sequencing Consortium

2001; Venter et al. 2001). Yet the book was missing proper for-

matting of some of the characters within its pages; omitted from

this landmark volume was the elusive and dynamic fifth letter of

the code: 5-methylcytosine. Accounting for ;1%–6% of the

nucleotides within mammalian and plant genomes (Montero et al.

1992), 5-methylcytosine, commonly referred to as DNA methyl-

ation, is a modified base that imparts an additional layer of heri-

table information upon the DNA code, which is important for

regulating the underlying genetic information. For instance, DNA

methylation is essential for viability and is involved in myriad

biological processes, including embryogenesis and development,

genomic imprinting, silencing of transposable elements, and

regulation of gene transcription (Li et al. 1992; Bestor 2000;

Lippman et al. 2004; Zhang et al. 2006; Reik 2007; Weber and

Schübeler 2007; Zilberman et al. 2007; Lister et al. 2008). However,

despite playing these critical roles in higher eukaryotes, identifi-

cation of sites of DNA methylation throughout a genome has not

been achieved until very recently. Consequently, the full extent to

which DNA methylation regulates gene expression, chromatin

structure, and yet-to-be-discovered processes has not been possible

to ascertain.

As with analysis of conventional nucleotide polymorphisms,

ultimately it will be important to understand the genome-wide

distribution of 5-methylcytosine at the single-base resolution. In

the past this has not been technically or economically feasible, but

with the dramatic advances being made in high-throughput DNA

sequencing it is now possible to map the sites of DNA methylation

at single-base resolution throughout an entire genome. Previous

investigations at a limited number of loci have reported significant

correlation between the methylation state of CpGs within 1000

bases (Eckhardt et al. 2006). This has prompted the question of

whether it was necessary to identify sites of DNA methylation at

the single-base level (Down et al. 2008). However, numerous

studies have demonstrated the critical importance of knowing the

methylation status of individual CpG sites, which can vary even

when in very close proximity to apparently invariable methyl-

cytosines (Prendergast and Ziff 1991; Weaver et al. 2004, 2007).

Inhibition of binding of the SP1 transcription factor and the in-

sulator protein CTCF by cytosine DNA methylation within their

binding elements has been extensively documented (Clark et al.

1997; Kitazawa et al. 1999; Mancini et al. 1999; Bell and Felsenfeld

2000; Hark et al. 2000; Inoue and Oishi 2005; Douet et al. 2007). It

was recently demonstrated that RNA-directed DNA methylation of

a single CpG located within a putative conserved intronic cis ele-

ment of the Petunia floral homeotic gene pMADS3 caused ectopic

expression of pMADS3 (Shibuya et al. 2009). Notably, both the

epiallele and ectopic expression could be inherited in subsequent

generation in the absence of the RNA trigger. Intriguingly, Weaver

and colleagues discovered that high levels of maternal licking and

grooming of rat pups are associated with lower cytosine methyl-

ation at a specific CpG in the promoter of the gene encoding

glucocorticoid receptor (GR) in the hippocampus, whereas low

levels of this maternal care are associated with high methylation

at this same CpG (Weaver et al. 2004). Notably, the methylation

status of another methylated cytosine only six bases downstream

was not found to change. Moreover, increased methylation at the 59

CpG, which is located within the binding site of the early growth

response 1 (EGR1; also known as nerve growth factor-inducible

protein A [NGFI-A]) transcription factor, results in a decrease in the

binding of EGR1, inhibition of GR promoter activity, and lower

EGR1-induced transcription of the GR gene (Weaver et al. 2007).

Clearly, global identification of sites of DNA methylation at single-

base resolution in combination with detailed maps of DNA–protein

interactions throughout development and under diverse conditions

will be critical to elucidating such complex processes.

In this review we discuss new approaches being used to

identify sites of cytosine methylation throughout genomes that

have been made possible by rapid advances in high-throughput

DNA sequencing and discuss some of the challenges encountered

and that lie ahead.

Initial studies of single-base detection of DNA
methylation
A number of methods have been developed for genome-wide de-

tection of sites of DNA methylation (for review, see Esteller 2007;
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Beck and Rakyan 2008). Widely used approaches include enzy-

matic digestion of methylated DNA followed by hybridization to

high-density oligonucleotide arrays (Lippman et al. 2005; Mar-

tienssen et al. 2005; Vaughn et al. 2007) or two-dimensional gel

electrophoresis (restriction landmark genomic scanning), and

capture of methylated fragments of genomic DNA with methyl-

binding domain proteins or antibodies specific to 5-methyl-

cytosine (methylated DNA immunoprecipitation, MeDIP), fol-

lowed by hybridization to arrays (Weber et al. 2005; Keshet et al.

2006; Zhang et al. 2006; Penterman et al. 2007; Zilberman et al.

2007). However, methods that rely on enzyme digestion are con-

fined to recognition elements and consequently can only in-

terrogate a very small subset of all sites of methylation or generate

DNA probe fragments that are of such length that the precise lo-

cation of the methylcytosine may not be identifiable. Further-

more, techniques such as MeDIP that rely on hybridization to

oligonucleotide arrays are subject to several limitations including

low resolution of detection, difficulty in discrimination of similar

sequences, inability to determine the sequence context of DNA

methylation sites, requirement for a dedicated array, and bias

toward enrichment of sites containing relatively high levels of

cytosine methylation.

Recently, the MeDIP approach has been coupled with new

sequencing technologies, providing sequence information on the

immunoprecipitated DNA fragments, dubbed MeDIP-seq (Down

et al. 2008). This technique has advantages over the use of arrays,

such as yielding sequence-level information that aids in dis-

tinguishing highly similar sequences. However, the method

largely remains susceptible to the same weaknesses mentioned

above that are inherent in the utilization of an antibody or protein

to capture large DNA molecules that contain methylation, for

example, the bias in MeDIP toward CpG-rich sequences and low

sensitivity for low CpG density regions, such as outside CpG is-

lands (Irizarry et al. 2008; Lister et al. 2008; Tomazou et al. 2008).

A breakthrough in the high-resolution detection of DNA

methylation was development of ‘‘bisulfite (BS) conversion’’

(Frommer et al. 1992), an experimental procedure in which

treatment of DNA with sodium bisulfite under denaturing con-

ditions converts cytosines, but not methylcytosines, into uracil via

a sulfonation, deamination, desulfonation reaction. Subsequent

synthesis of the complementary strand and sequencing allows

determination of the methylation status of cytosines on each

strand of the genomic DNA simply by observing whether the se-

quenced base at a cytosine position is a thymine (unmethylated)

or a cytosine (methylated). Thus, BS conversion translates an

epigenetic difference into a genetic one, offering an unparalleled

assay for studying an epigenetic modification, and it is regarded as

the gold-standard method of detecting cytosine methylation.

Furthermore, repeatedly sampling a locus by sequencing in-

dependent template molecules can provide a digital measurement

of the frequency that a cytosine is methylated.

BS sequencing has been extensively used for analysis of loci

of interest by PCR amplification, cloning, and Sanger sequenc-

ing. For example, in a brute-force application of this technique,

Eckhardt and colleagues analyzed up to 20 clones each of 2524

distinct regions of human chromosomes 6, 20, and 22 in 12 dif-

ferent tissues, assessing the methylation state of the CpG sites

within these regions and identifying tissue-specific patterns of

DNA methylation associated with differential transcript abun-

dance (Eckhardt et al. 2006). Yet, this large undertaking covered

only a tiny fraction of the human genome sequence. Clearly, re-

liance on locus-specific BS sequencing approaches to determine

the presence or frequency of methylation rapidly becomes tech-

nically and financially impractical as the number of genomic loci

being studied increases or presence of methylation at lower fre-

quency is sought. Indeed, any method that relies on locus-specific

amplification following BS treatment is impractical for scaling up

to analysis of the entire genome, requiring synthesis of vast num-

bers of oligonucleotide primers. Moreover, a priori knowledge or

assumption of the methylation state of the primer hybridization

sites is required for successful base-pairing to the BS-converted

sequences, or alternatively the use of degenerate primer sequences

with concomitant reduction in amplification specificity. Clearly,

dramatically higher sequencing throughput ultimately coupled

to unbiased selection of genomic regions is necessary to avoid

the limitations imposed by locus-specific cloning and Sanger se-

quencing in the detection of DNA methylation.

Single-base methylomes by genome-wide shotgun
sequencing
Dramatic developments in high-throughput sequencing technol-

ogies are driving a paradigm shift in global single-base resolution

DNA methylation analysis. Several ‘‘next-generation’’ DNA se-

quencing platforms are now available that, at the time of this

writing, can yield several gigabases (Gb) of high-quality aligned

sequence per 3- to 5-d run (for review, see Mardis 2008; Shendure

and Ji 2008). For example, a single Illumina Genome Analyzer run

currently produces over one hundred million distinct sequence

reads (up to 76 nucleotides), which has recently been utilized for

large-scale BS-sequencing studies to produce single-base resolution

maps of the sites of DNA methylation (the ‘‘methylome’’) for the

entire Arabidopsis thaliana genome (Cokus et al. 2008; Lister et al.

2008) and for a select subset of sites in the mouse genome

(Meissner et al. 2008). These experiments have provided the first

high-resolution characterizations of the DNA methylome within

the analyzed tissues and cell types, illuminating the genomic

distribution and patterns of DNA methylation and its relation-

ships with subsets of the transcriptome. Although each study

utilized BS conversion and the same sequencing platform, each

offers unique approaches to sequencing library production and

data analysis and will be discussed below.

The new sequencing technologies have been designed with

the general intention of sequencing a genome composed of four

bases present in roughly similar proportions. However, after BS

conversion, the DNA being sequenced is effectively composed of

just three bases. The Illumina Genome Analyzer, which was used

for all of the single-base resolution methylation studies mentioned

above, encounters a high error rate when base-calling is performed

on only BS-converted DNA. For this reason, it was necessary to

utilize a single lane of each sequencing flowcell to sequence a

control library, composed of all four bases. The Illumina analysis

pipeline uses the control lane for autocalibration of the base-calling

parameters to enable accurate base calling on the BS-converted

libraries (Cokus et al. 2008; Lister et al. 2008). Additionally, Cokus

et al. (2008) developed a multidimensional Gaussian mixture

model to optimize the base calling performance.

Both Cokus et al. (2008) and Lister et al. (2008) analyzed not

only wild-type A. thaliana but also a number of mutants deficient

in enzymes required for the establishment, maintenance, and re-

moval of DNA methylation. Cytosine methylation patterns are

initiated and perpetuated through cell division by DNA methyl-

transferases, which catalyze the transfer of a methyl group to
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cytosine to form 5-methylcytosine. DNA methylation in mam-

mals is thought to be predominantly in the CG sequence context;

however, in plants it is commonly found in all sequence contexts

(CG, CHG, CHH; where H = A, C, or T) (Bernstein et al. 2007;

Henderson and Jacobsen 2007). DNA methylation is established

by the de novo DNA methyltransferases DNMT3A and DNMT3B

in mammals (Okano et al. 1999) and the orthologous DOMAINS

REARRANGED METHYLTRANSFERASE 1/2 (DRM1/2) in plants

that are targeted to methylate-specific genomic loci by small RNA

molecules in the process of RNA-directed DNA methylation (Cao

and Jacobsen 2002; Cao et al. 2003). Post-replicative maintenance

of DNA methylation at CG sites is catalyzed by the DNA methyl-

transferase DNMT1 in mammals and its ortholog METHYL-

TRANSFERASE 1 (MET1) in plants, while the plant-specific DNA

methyltransferase CHROMOMETHYLASE 3 is required for main-

tenance of DNA methylation at CHG sites in plants (Finnegan

and Dennis 1993; Bartee et al. 2001; Bird 2002; Jackson et al.

2002; Kankel et al. 2003; Saze et al. 2003; Goll and Bestor 2005).

Furthermore, plants possess the demethylase enzymes ROS1,

DME, DML2, and DML3 that remove methylcytosines by a base-

excision-mediated repair process (Gong et al. 2002; Penterman

et al. 2007), and a recent study indicates that small RNA molecules

can target the ROS1 demethylase to specific genomic target

regions via the RNA-binding protein AT5G58130 (also known as

ROS3) (Zheng et al. 2008).

Cokus et al. (2008) generated a map of cytosine methylation

at single-base resolution of the aerial tissues of A. thaliana,

implementing a unique approach dubbed ‘‘BS-seq’’ to generate

complex libraries of short BS-converted fragments of genomic

DNA amenable to sequencing on the Illumina Genome Analyzer.

In this method, purified genomic DNA was first fragmented and

ligated to the first set of double-stranded adaptors that contained

methylated adenine bases within DpnI restriction sites close to the

site of ligation. After BS conversion, PCR was performed using

primers complementary to the converted adapter sequences,

yielding double-stranded DNA that was digested with DpnI to

remove only the first adapter set. Sequencing adapters were sub-

sequently ligated to the double-stranded BS-converted genomic

DNA fragments, and PCR with primers complementary to the

adapters was performed to yield a sequencing library (Fig. 1).

Several computational filters were applied to the reads after

sequencing, including removing sequences that likely mapped

to multiple positions and potentially unconverted reads that

contained at least three consecutive cytosines in the CHH

context. Although sequence complexity is reduced after BS con-

version, computational simulations indicated that sequence

reads of just 31 bases can be uniquely mapped to ;92% of the

cytosines in the A. thaliana genome, and experimental results

achieved very close to this theoretical maximum. Any genomic

sequence that is unique at the sequence read-length after BS

conversion can be interrogated for methylation status, over-

coming cross-hybridization issues that can affect microarray signal

specificity. Using reads of 31 bases, 2.6 Gb of sequence were

retained post-filtering, covering ;85% of the 43 million cytosines

in the 119-Mb genome with an average coverage of 203 (Cokus

et al. 2008).

With single-base identification of methylcytosines, it was

possible to categorize the amount and distribution of methylation

in each sequence context, over- and underrepresented local se-

quence motifs associated with DNA methylation, and characterize

the different methylation composition of diverse genomic envi-

ronments including euchromatin and pericentromeric hetero-

chromatin, gene bodies, telomeres, transposons, and various

classes of repeat. Furthermore, by analyzing the sequences flank-

ing sites of DNA methylation, it was evident that methylation in

CG, CHG, and CHH sequence contexts each displayed different

surrounding motifs that were enriched for methylation. Cokus

and colleagues also conducted detailed analysis of the spatial

patterning of sites of DNA methylation, identifying distinct cor-

relations between proximal methylation in different contexts that

suggest complex relationships between the various forms of

methylation (Cokus et al. 2008). Furthermore, a periodicity of 167

nucleotides (nt) was discovered between sites of methylation,

a spacing that is close to the internucleosome linker length in

plants, possibly indicating that the linker sequences are more ex-

posed to DNA methyltransferases or methylation is functionally

related to nucleosome positioning. Adjacent sites of CHH meth-

ylation, which are initiated and maintained by the de novo plant

DNA methyltransferase DRM2, frequently displayed a 10-base

periodicity, equating to one turn of the DNA double helix. In-

terestingly, recent crystallization of DNMT3A, the mammalian

ortholog of DRM2, with its regulatory factor DNA (cytosine-5-)-

methyltransferase 3-like protein (DNMT3L), resolved a tetrameric

complex with two active sites that could methylate CG sites sep-

arated by one helical turn of DNA (Jia et al. 2007). Thus, single-base

resolution DNA methylation maps are able to reveal such fine-scale

patterns indicative of conservation of the activity of these DNA

methyltransferases between plants and mammals. Cokus et al.

(2008) also performed limited BS-sequencing (90 megabases [Mb])

on a range of plants containing different combinations of genetic

lesions in the DNA methyltransferases MET1, DRM1, DRM2, and

CMT3, revealing the effect upon global DNA methylation patterns,

methylation of different genomic features, and relationships be-

tween methylation in different sequence contexts. Finally, the

authors also performed limited BS-sequencing (60 Mb) on genomic

DNA from mouse germ cell tissues, uniquely mapping ;66% of

reads to the mouse genome in a demonstration of the technique’s

applicability to larger mammalian genomes.

In our study, sequencing of the BS-converted genome of A.

thaliana isolated from flower buds was performed (Lister et al.

2008). We developed a method, dubbed ‘‘MethylC-seq,’’ in which

fragmented genomic DNA is ligated to sequencing adapters where

all cytosines are methylated. Subsequent BS conversion of the li-

gated genomic DNA does not convert the sequence of the meth-

ylated adapters, and amplification with primers complementary to

the adapters yields a library amenable to sequencing (Fig. 1). We

mapped reads of 49–56 bases to the A. thaliana genome, removing

potential clonal reads that shared the same start site and reads that

aligned to multiple positions in the genome, to retain over 39

million reads that yielded ;2.0 Gb of unique MethylC-seq se-

quence. Approximately 79% of all cytosines in the genome were

covered with at least two reads, with an average coverage of 163,

or 83 per strand of the genome. We identified over 2.2 million

methylcytosines in the A. thaliana flower bud nuclear genomes,

and, as also observed by Cokus et al. (2008), while the majority

was identified in the CG context (55%), significant proportions

were identified in the CHG and CHH contexts (23% and 22%,

respectively). A parallel analysis using the methylcytosine immu-

noprecipitation methodology (Zhang et al. 2006) and hybridiza-

tion to tiling microarrays with the same sample showed MethylC-

seq to be significantly more sensitive, identifying 48.3% of the

methylcytosines in regions not predicted as methylated by

microarray-based detection, including genic, promoter, telomeric,

and repetitive regions (Lister et al. 2008).

Next-generation sequencing of the DNA methylome
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BS-seq/MethylC-seq generally yields

many reads covering each cytosine, pro-

viding a digital read-out of the frequency

at which that cytosine was methylated in

the sample. Indeed, the frequency of

methylation was found to have a distinct

profile for each different context in A.

thaliana, with CG methylation most

commonly found at 80%–100%, while

CHG was methylated at a wide range of

frequencies and CHH methylated in-

frequently (;30%) (Cokus et al. 2008;

Lister et al. 2008). Similar principles ap-

ply to quantitation of DNA methylation

levels at any particular cytosine by shot-

gun sequencing as they do in classical BS

sequencing of cloned PCR products. Each

nonclonal read can be counted as a lo-

calized assessment of the methylation

state in one copy of the genome, and the

granularity of the measurement is thus

determined by sequence coverage. This

measurement of methylation level from

the shotgun BS sequencing agrees closely

with conventional BS sequencing (Cokus

et al. 2008). Of course, the cost to achieve

a given coverage, and thus resolution of

methylation level, depends on the size of

a genome. It should be noted that the

methylation state of a given stretch of

genomic DNA, and thus the base com-

position after BS conversion, may have

an impact upon the efficiency of PCR

amplification during the sequencing li-

brary preparative and cluster amplifica-

tion prior to sequencing. This may affect

the relative representation of sequences

that originate from the same genomic

region but that possess different methyl-

ation states, which may be problematic

for unbiased quantification of the level of

DNA methylation at any given locus.

However, quantitation of the methyla-

tion level in a tissue provides only the

overall sum methylation state of the

pooled genomes, yet in the context of

a single cell the methylation state of

a particular cytosine is binary. Advances

in cell sorting, tissue microdissection,

and sequencing from very low quantities

of biological material will hopefully en-

able the focus to be shifted away from

assessing average levels of methylation

within a tissue to interrogating the

changes that take place within few, or

even single, cells.

We also used MethylC-seq, at high

read coverage (average of ;63 for each

BS-converted strand of the genome), to

investigate and quantify the changes in

the DNA methylome in a range of DNA

methyltransferase mutants, identifying

Figure 1. Techniques for genome-wide sequencing of cytosine methylation sites. Three techniques
used recently to generate bisulfite (BS) sequencing libraries compatible with next-generation se-
quencing are depicted. (A) MethylC-seq (Lister et al. 2008). Double-stranded universal adapter
sequences in which all cytosines are methylated are ligated to fragmented genomic DNA. Sodium
bisulfite treatment converts unmethylated cytosines to thymine, after which library yield enrichment by
PCR with primers complementary to the universal adapter sequences produces the final library that can
be sequenced. (B) BS-seq (Cokus et al. 2008). Ligation of a first set of double-stranded adaptors that
contained methylated adenine bases within DpnI restriction sites close to the site of ligation with ge-
nomic DNA. After BS conversion, PCR is performed using primers complementary to the converted
adapter sequences, yielding double-stranded DNA that is digested with DpnI to remove only the first
adapter set. Sequencing adapters are subsequently ligated to the double-stranded BS-converted ge-
nomic DNA fragments, and PCR with primers complementary to the adapters performed to yield
a sequencing library. (C) Reduced representation BS sequencing (RRBS) (Meissner et al. 2008). Ge-
nomic DNA is first digested by the methylation-insensitive MspI restriction enzyme, which cleaves the
phosphodiester bond upstream of the CpG dinuclotide in its CCGG recognition element. Digested
DNA is then separated by gel electrophoresis, and one or more specific size fractions are selected. The
size-selected DNA is then end repaired, ligated to double-stranded methylated sequencing adapters (as
described above for MethylC-seq), BS converted, and amplified by PCR with primers complementary to
the adapter sequences.
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the subset of DNA methylation that required the activity of the

different enzymes. The met1 mutant lost nearly all methylation in

the CG context, but intriguingly new methylation in the CHG

context was observed in the euchromatic regions of the chromo-

some. Furthermore, while gene-body CG methylation was effec-

tively abolished, profiling of the distribution of DNA methylation

within gene bodies in met1 revealed that CHG methylation was

now distributed in a pattern very similar to wild-type CG gene

body methylation, indicating compensation for the loss of CG

methylation by the plant-specific CMT3 methyltransferase (Cokus

et al. 2008; Lister et al. 2008). Interestingly, residual CHH meth-

ylation was observed in the drm1 drm2 cmt3 mutant, indicating

that another methyltransferase may be present that can act in this

context (Cokus et al. 2008; Lister et al. 2008). Additionally, we

sequenced the methylome of a triple mutant defective in the DNA

demethylase enzymes ROS1, DML2, and DML3, finding hundreds

of discrete regions of hypermethylation throughout the genome

of the ros1 dml2 dml3 mutant relative to wild type. Indeed, these

hypermethylated regions were often located in gene promoters

and 39 UTRs, indicating that the demethylases actively protect

these regions from DNA methylation, potentially to prevent inter-

ference with DNA binding proteins or the processes of transcrip-

tional initiation and termination (Zhang et al. 2006; Penterman

et al. 2007; Lister et al. 2008).

Single-base resolution maps of DNA methylation can be in-

tegrated with other cellular data sets to provide a multifaceted

analysis of the cellular signals influencing DNA methylation pat-

terns and the downstream effects of this modification upon

transcription. As mentioned above, the process of RNA-directed

DNA methylation in plant cells utilizes diverse pools of small

RNAs (smRNAs) to target regions of the genome for methylation.

To explore this relationship on a genome-wide level, we sequenced

the cellular smRNA population from the same flower bud tissue

and analyzed the overlap between these short effector molecules

and DNA methylation (Lister et al. 2008). A high correlation be-

tween the presence of a smRNA and DNA methylation at the ge-

nomic locus was observed, and moreover it was found that the

precise site of homology between a smRNA and the genomic DNA

was specifically enriched for the presence of DNA methylation in

a strand-specific manner. Furthermore, alteration of DNA meth-

ylation levels in the mutant lines had a dramatic effect upon

proximal smRNA populations, with sites of hypomethylation

displaying less smRNAs while hypermethylated regions suddenly

showed a dramatic increase in small RNA density, likely indicating

the presence of positive feedback systems affecting the abundance

of smRNAs and DNA methylation.

Finally, to explore the relationship between changes in DNA

methylation and gene expression, we developed a method for

strand-specific RNA sequencing called mRNA-seq (Lister et al.

2008). The mRNA-seq method revealed that upon alteration of

DNA methylation patterns, the abundance of hundreds of genes,

transposons, and unannotated intergenic transcripts was altered

(Lister et al. 2008). Notably, only by generating this sequence-

based transcript information could the expression of distinct

subfamily members of highly repeated transposon families be

resolved, whereas cross-hybridization issues encountered with

microarrays typically preclude such analysis.

Clearly, with the current state of new sequencing technolo-

gies, characterization of the sites of DNA methylation throughout

a genome on the order of hundreds of megabases is practical.

Furthermore, the demonstration by Cokus et al. (2008) that 66%

of 31-base BS-seq reads mapped uniquely to the mouse genome

indicates that the approach can be scaled to larger mammalian

genomes. The projected significant increases in read length in the

near future and the availability of paired-end sequencing will

further increase the ability to uniquely map BS-converted se-

quence reads to large genomes. However, to achieve similar levels

of coverage for a much larger genome, for example, the ;3.2-Gb

human genome, ;25-fold more sequencing is required. Therefore,

to overcome the large amounts of sequence required to sequence

an entire mouse genome, Meissner et al. (2008) utilized an ap-

proach termed reduced representation BS sequencing (RRBS)

(Meissner et al. 2005, 2008). In this method genomic DNA is first

digested by the methylation-insensitive MspI restriction enzyme,

which cleaves the phosphodiester bond upstream of the CpG

dinuclotide in its CCGG recognition element. Digested DNA is

then separated by gel electrophoresis, and one or more specific size

fractions are selected. The size-selected DNA is then end repaired,

ligated to methylated sequencing adapters (as described above for

MethylC-seq), BS converted, and amplified by PCR with primers

complementary to the adapter sequences (Fig. 1). The MspI di-

gestion and size-selection yields a sequencing library that is

enriched for CpG sites (Meissner et al. 2005, 2008). Indeed, com-

putational analysis demonstrated that a selection of 40- to 220-bp

MspI digestion products of mouse genomic DNA would maxi-

mally cover ;1 million CpG sites at 36-base sequence read length,

;5% of all CpG sites in the mouse genome, or only 1% of the

entire genome (Jeddeloh et al. 2008; Meissner et al. 2008). Ap-

plying RRBS and mapping of the location of various histone

modifications to mouse embryonic stem (ES) cells, ES cell-derived

and primary neural progenitor cells (NPCs), and several other

primary cell lines, Meissner et al. found that patterns of DNA

methylation were more clearly reflected by the complement of

histone modifications than CpG density. Furthermore, extensive

changes in DNA methylation state in many regulatory regions

located in CpG-poor sequences were identified during in vitro

differentiation of the ES cells. Finally, the authors reported that

cultured NPCs progressively became hypermethylated at a distinct

set of high CpG density promoters as passage number increases,

suggesting that progressive culturing may induce changes in epi-

genetic marks (Meissner et al. 2008).

Another approach recently reported combines digestion of

genomic DNA with DNA methylation sensitive or insensitive re-

striction enzymes followed by high-throughput sequencing of the

digestion fragments (Brunner et al. 2009). In a method dubbed

Methyl-seq, these investigators digested genomic DNA from hu-

man ES cells, ES cell-derived cells, and fetal and adult liver cells

with MspI, which digests at any 59-CCGG-39 site, and HpaII,

which digests only at unmethylated 59-CCGG-39 sites. DNA frag-

ments from the MspI and HpaII digests were then sequenced with

an Illumina Genome Analyzer. Sequences in the MspI but not

HpaII samples were classified as methylated, while sequences in

the HpaII site only were from at least partially unmethylated

regions of the genome. With between 3 and 10 million mapped

reads for each digested sample, this approach assayed over 90,000

regions in the human genome, accounting for 65% of annotated

CpG islands in high-, intermediate- and low-CpG promoters. The

investigators identified changes in DNA methylation during cel-

lular differentiation that were localized to low-density CpG pro-

moters, H3K27me3-modified regions, and bivalent domains

(Brunner et al. 2009).

Sequence complexity-reduction approaches such as RRBS or

Methyl-seq clearly have the advantage that they enable many

samples to be analyzed with less sequencing required for each, by
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interrogating a select subset of the ge-

nome. However, the enzymatic cleavage

in the RRBS and Methyl-seq methods

results in a bias toward regions that have

a high CpG density such as CpG islands,

at the expense of covering low CpG

density regions. Combined with the re-

stricted coverage inherent in RRBS, this

bias potentially leads to selection against

genomic regions of biological impor-

tance that may be affected by DNA

methylation, such as enhancers.

Several other sequence selection

techniques that may be used prior to BS

sequencing (Fig. 2; Garber 2008) include

capture of specific sequences by hybrid-

ization to DNA molecules on arrays

(Albert et al. 2007; Hodges et al. 2007;

Okou et al. 2007) or bound to beads in

solution (Bashiardes et al. 2005), with

padlock or molecular inversion probes

(Nilsson et al. 1994; Absalan and Ronaghi

2007; Ball et al. 2009; Deng et al. 2009),

with proteins that bind to methylated

DNA (Zhang et al. 2006), or with an an-

tibody that binds to methylcytosines

(MeDIP/mCIP) (Weber et al. 2005; Keshet

et al. 2006; Zhang et al. 2006; Penterman

et al. 2007; Zilberman et al. 2007). Re-

cently, Down et al. (2008) performed

MeDIP with mammalian male gametes

followed by sequencing of the immuno-

precipitated DNA using the Illumina

Genome Analyzer, in a procedure called

MeDIP-seq. While this procedure was able

to generate a map of the likely methylated

regions of the genome for this cell type,

the lack of BS conversion meant that the

investigators were not able to identify the

sites of DNA methylation within the

immunoprecipitated regions.

While these approaches are cur-

rently pragmatic and offer clear cost

benefits for analysis of many samples and

large genomes, they obviously suffer

from the potential to miss important

changes in DNA methylation that occur

outside of the captured genomic regions.

Furthermore, they require significant

upfront costs and effort in development

of the dedicated sequence capture effec-

tors (e.g., molecular inversion probes or

microarrays), which once synthesized are

applicable to only a limited range of bi-

ological sources. Finally, techniques such

as MeDIP/mCIP display a bias toward

highly methylated regions and may miss

a significant proportion of the genomic

regions that contain DNA methylation

(Cokus et al. 2008; Lister et al. 2008).

Several companies are developing

new instruments that are claimed to de-

Figure 2. Techniques for enrichment of methylated or target regions prior to BS sequencing. Five
approaches that may be used to reduce the complexity of a sample before BS conversion and next-
generation sequencing are depicted, targeting methylated regions or select target sequences. (A)
MeDIP. Methylated fragments of genomic DNA are immunoprecipitated with an anti-5-methylcytosine
antibody. Purified, immunoprecipitated DNA is ligated to double-stranded universal adapter sequences
in which all cytosines are methylated. Sodium bisulfite treatment converts unmethylated cytosines to
thymine, after which library yield enrichment by PCR with primers complementary to the universal
adapter sequences produces the final library that can be sequenced. (B) MBD. Methylated fragments of
genomic DNA are isolated from a complex mix of fragmented genomic DNA with a methyl binding
domain protein, after which adapter ligation, BS conversion, and PCR enrichment are performed as in
A. (C) Microarray capture. Target sequences within a complex mix of fragmented genomic DNA are
captured by hybridization to specific oligonucleotides on the surface of a microarray. Following iso-
lation of the hybridized genomic DNA, adapter ligation, BS conversion, and PCR enrichment are per-
formed as in A. (D) Capture in solution. Specific target regions within a mix of fragmented genomic
DNA are captured by hybridization to specific oligonucleotides attached to beads in solution. Following
isolation of the hybridized genomic DNA, adapter ligation, BS conversion, and PCR enrichment are
performed as in A. (E) Molecular inversion probe capture. Fragmented genomic DNA is BS converted,
after which molecular inversion probes are added that are designed to hybridize to specific target
sequences after conversion. Polymerization primed by the 39 end of the molecular inversion probe
followed by ligation generates a circular molecule that contains the target sequence and is not digested
by subsequent exonuclease treatment. PCR using primers that hybridize to the ends of the molecular
inversion probes allows amplification of the target region, to which double-stranded universal adapter
sequences are ligated to produce a library that is sufficient for next-generation sequencing.
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liver extraordinary reductions in the cost and time per base of

sequence, with greatly increased read length and overall sequence

output (e.g., Pacific Biosciences, http://www.pacificbiosciences.

com; Complete Genomics, http://www.completegenomics.com;

Visigen Biotechnologies, http://visigenbio.com; Intelligent Bio-

systems, http://www.intelligentbiosystems.com) (Coombs 2008;

Shendure and Ji 2008). With such advances, BS sequencing of

many multi-gigabase-size genomes will very likely be economi-

cally feasible. Future development of sequence mapping algo-

rithms to enable faster and more accurate mapping of BS-

converted DNA to large and repetitive genomes will undoubtedly

benefit whole-genome BS sequencing studies, for example, in-

corporating tolerance of C-T mismatches in the alignment scoring

matrices. Increases in sequence read length will not only aid un-

ambiguous alignment of sequences but will dramatically improve

the ability to study allelic variation in DNA methylation through

colocalization of genetic and epigenetic polymorphisms within

a single read. Moreover, while cells within an organism possess the

same genome sequence, numerous studies have reported differ-

ential cytosine methylation in distinct cell types, indicating that

an organism’s cells may display high variability, akin to its diverse

transcriptomes (Futscher et al. 2002; Ching et al. 2005; Bibikova

et al. 2006; Feldman et al. 2006; Oda et al. 2006; Weber and

Schübeler 2007). Thus, with advances in sequencing technology it

will be possible to explore this concept of a dynamic cytosine

methylome via recording of this mark in each different cell type

within an organism throughout development, under normal and

disease states and in response to a variety of environmental

influences.

Concluding remarks
The dramatic increase in sequencing throughput recently has

ushered in a new era in the global detection of DNA methylation

sites, opening the door to a plethora of detailed experiments in-

vestigating DNA methylation marks in plant and animal genomes.

The frontier of high-throughput methylome sequencing will in-

evitably progress from only a small handful of studies to exami-

nation of the patterning and dynamics cytosine methylation in

diverse samples and states, including nutrition/diet, various abi-

otic and biotic stresses, distinct cell types, mutants or diseases, and

in large numbers of individuals from natural populations. Given

the numerous observations of the variation in cytosine methyla-

tion patterns, it is possible that our cells possess multifarious

temporal and spatial methylomes. Thus, it may eventuate that,

with regard to mapping this ‘‘fifth base’’ of the genomic code, we

are now not at the beginning of the end, but perhaps only at the

end of the beginning.
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