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a b s t r a c t
Cytosine methylation is the quintessential epigenetic mark. Two well-established methods, bisulfite sequencing and methyl-DNA immunoprecipitation (MeDIP) lend themselves to the genome-wide analysis of DNA
methylation by high throughput sequencing. Here we provide an overview and brief review of these methods.
We summarize our experience with MeDIP followed by high throughput Illumina/Solexa sequencing, exemplified by the analysis of the methylated fraction of the Neurospora crassa genome (“methylome”). We provide
detailed methods for DNA isolation, processing and the generation of in vitro libraries for Illumina/Solexa
sequencing. We discuss potential problems in the generation of sequencing libraries. Finally, we provide an
overview of software that is appropriate for the analysis of high throughput sequencing data generated by
Illumina/Solexa-type sequencing by synthesis, with a special emphasis on approaches and applications that
can generate more accurate depictions of sequence reads that fall in repeated regions of a chosen reference
genome.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction
Site-specific DNA methylation is an epigenetic mark found in
organisms across all domains of life. Archae and eubacteria have
a variety of methylated nucleotides including N4-methylcytosine
(4mC), 5-methylcytosine (5mC) and N6-methyladenine (6mA)
[1,2]. The 6mA found at GATC sites in *-proteobacteria is likely the
best studied DNA modification in single celled organisms and is
involved in genome defense, DNA mismatch repair, DNA replication
and control of gene expression [3]. While some eukaryotes (e.g. the
genus Tetrahymena) contain 6mA, 5mC is the most prevalent, most
studied and best understood DNA modification in eukaryotes [4].
Here we describe genome-wide approaches to study the distribution of 5mC in eukaryotes.
In many eukaryotes, DNA methylation is thought to control
gene expression by modulation of DNA–protein interactions [5–7].
Nevertheless, DNA methylation is not essential in all eukaryotes.
The yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe and the nematode Caenorhabditis elegans appear to have
lost the DNA methylation machinery as no DNA methyltransferase
genes are present in their genomes and no DNA methylation has
been detected by various methods [8–10]. Very low levels of DNA
methylation have been reported during development in Drosophila
melanogaster [11]. Within the filamentous fungi, DNA methylation
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has been detected in many species but it is not universally present,
e.g. Aspergillus nidulans has no detectable DNA methylation while
very low levels have been reported from the closely related A. flavus [12]. Two fungi that have been used extensively for DNA methylation research, Neurospora crassa and Ascobolus immersus, show
heterogeneous distribution of 5mC in all possible sequence contexts. In these species, DNA methylation is thought to be involved
in “genome defense”, e.g. by silencing invading transposable elements [13], but is not essential for survival. In plants, e.g. Arabidopsis thaliana, DNA methylation similarly silences the expression of
transposable elements. Upon loss of DNA methylation, transposons
reactivate and integrate in various regions of the genome, causing
pleiotropic effects on development as has been demonstrated by
use of ddm1 mutants [14]. Arabidopsis contains an abundance of
5mC sites [15] in symmetrical and non-symmetrical contexts at
CpG, CpHpG and CpHpH sites, where H represents A, C or T [16,17].
In vertebrates, where DNA methylation plays a role in chromatin
packaging [18,19] and transcription [20–24], 5mC occurs almost
exclusively in the CpG context [25].
Many methods have been used to assess DNA methylation [26].
HPLC is a conceptionally simple method to determine the overall
content of 5mC in genomic DNA [27], and has been used in combination with thin-layer chromatography to demonstrate very minor
amounts of DNA methylation in D. melanogaster and A. flavus [11,12].
Nevertheless, establishing absence or presence of DNA methylation
and determining the percentage of 5mC in a specific genome is only
the first step to elucidate methylation patterns that may control gene
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expression. Current methods are either used for “typing” a specific
known region that may or may not be methylated, or for “profiling”,
where parts or all of a given genome are investigated and no a priori
knowledge of methylation status and/or sequence is required [26].
One of the earliest typing approaches relies on the comparison
of digestion patterns caused by methylation-sensitive and methylation-insensitive isoschizomers of restriction endonucleases [28,29].
This approach has proven useful to establish methylation patterns
for many vertebrate, plant and fungal genes or intergenic regions.
In fungi, analysis with isoschizomers that require symmetrical recognition sites resulted in the underestimation of 5mC content [30];
later studies showed that 5mC can occur in non-symmetrical sites
in Neurospora [31]. Other methylation typing approaches involve
semi-quantitative and quantitative PCR methods that are useful
for detection and quantification of methylation at certain loci by
gene amplification after restriction digest [32,33]. In most cases,
bisulfite conversion of 5mC is the most informative way to analyze
gene- or region-specific DNA methylation patterns. Unmodified
cytosines are converted to uracil (U), while 5mC remains unconverted. The converted DNA is amplified by PCR, thus introducing C
to T changes in the PCR products, which are sequenced and compared to untreated DNA controls to yield the exact position of 5mC
within a sequence [34]. The most common pitfalls of this method
are related to incomplete C–U conversion and the inability to find
appropriate primer pair combinations in species where 5mC is not
found in symmetrical contexts. Many combinations of the techniques described above were applied before the widespread use of
microarrays and are reviewed elsewhere [35,36].
Restriction landmark genomic scanning (RLGS) was the first
truly genome-wide method available for analyzing methylation
by comparing restriction fragments after end-labeling of digested
DNA [37]. Another early genome-wide approach relied on purification of methylated DNA by column chromatography on resins
that were coupled to the methyl-binding domain (MBD) of MeCP2
[13,38,39]. More recently, microarray technology has been developed as a powerful tool to analyze the methylation state of an
organism [40–43]. Methylated DNA immunoprecipitation (MeDIP)
[44] is used in conjunction with tiling microarrays for the evaluation of specific genetic loci and disease states [41,45–48]. Many
microarray variants have also been used in conjunction with bisulfite conversion to analyze the methylation status of specific loci of
interest during disease [22,49–52] or whole genomes [53,54]. Currently, tiling array design and production are the main drawbacks
to this technique and are confounded by inaccurate hybridization
signals. Moreover, in most genomes relatively heavily methylated
regions of repeat DNA have not been sequenced or assembled and
are thus lacking from current microarray designs.
As a result, microarray technology is being replaced by high
throughput short read sequencing as the method of choice. Here we
describe two techniques as carried out with the filamentous fungus Neurospora crassa. MeDIP sequencing (MeDIP-Seq) combines
immunoprecipitation of 5mC residues with sequencing to create
moderate resolution methylation profiles, while traditional bisulfite conversion is used with high throughput sequencing (bisulfite sequencing, BS-Seq; formerly called “genomic sequencing”) to
generate single base resolution methylation profiles (Fig. 1). These
techniques can be used in tandem to provide independent methods for validation of whole genome methylation profiling.
2. DNA isolation and fragmentation
2.1. Introduction
Prior to methylation analysis genomic DNA must be purified
and processed. Isolation of genomic DNA and separation of the
methylated from the non-methylated component of the genome
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are the first critical steps in determining genome-wide methylation patterns. We found that commonly used methods for the
isolation of genomic DNA prove successful for subsequent MeDIP,
as well as validation by region-specific PCR or Southern blotting.
This includes many commercially available kits for the isolation
of plant DNA. Here we include a detailed description of a widely
used method for the preparation of genomic DNA from filamentous fungi.
2.2. DNA isolation from filamentous fungi
We grow Neurospora as shaking cultures in 10 ml of Vogel’s
minimal medium [55] with 1.5% sucrose at 32 °C for three days
in 125 ml Erlenmeyer flasks or 22 £ 150 mm culture tubes with
KimCaps. Tissue is harvested with wooden applicator sticks,
briefly dried on paper towels, transferred to 15 ml polypropylene
tubes and frozen at ¡20° C or ¡80 °C. Solid tissue is lyophilized
overnight and pulverized by vortexing with a metal spatula for
»30 s. Samples are suspended in salt–detergent solution: Dissolve

Fig. 1. Methods for whole genome methylation analysis. Genomic DNA is purified
and sheared. For BS-Seq, (left pathway) adaptors are ligated to the DNA prior to
treatment with bisulfite which converts unmethylated cytosines (C) into uracils
(U). Methylated cytosines (M) remain unmodified. The converted DNA is amplified
by PCR and digested. For MeDIP-Seq (right pathway), methylated DNA is immunoprecipitated with 5mC-specific antibodies. In both cases, the methylated fraction
of the genome is purified, assembled into in vitro libraries and sequenced on high
throughput sequencing machines. The resulting millions of short sequence “reads”
are aligned to a reference genome to map enrichment of methylated DNA in specific
chromosomal regions.
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2 g of Na–deoxycholate (Sigma, D6750), 5 g of Brij 58/polyoxyethylene20cetyl ether (Sigma, P5884), 58.44 g of NaCl in 350 ml sterile distilled water, adjust to 500 ml with water and store at 4 °C;a
precipitate may appear over time, but after re-mixing the solution
can be used without ill effects. We add sufficient salt–detergent
solution (usually »600 5l) to the pulverized tissue to make a thick
suspension after vortexing at high speed for 20 s. Samples are incubated at room temperature for »20 min and vortexed once or twice.
Tissues will become viscous over time. At this point samples can be
transferred to Eppendorf tubes for further processing. Samples
are centrifuged either in the large tube in a Sorvall SS-34 rotor at
8,000 rpm for 10 min, or at full speed in a 1.5 or 2 ml Eppendorf
tube in a benchtop microcentrifuge. This typically yields 400–
600 5l of supernatant, which is transferred to a fresh Eppendorf
tube. The tube is filled with 4.5 M TCA:EtOH (1:1 v/v) solution.
To make 4.5 M TCA:EtOH solution, dissolve 417 g Na-TCA salt (not
free acid; Crescent Chemical Co., #AV17004) in 200 ml of water,
use low heat to get the TCA salt into solution, adjust to 500 ml,
add 500 ml of 95% or 100% ethanol and store at 4 °C. A precipitate
will appear and settle, usually overnight—this precipitate should
be avoided. At least 3 volumes of TCA:EtOH solution should be
added for efficient precipitation. Samples are mixed by inversion
and nucleic acids and proteins precipitated at ¡20 °C for at least
2 h. Samples may be stored at this stage for up to two days—upon
further storage the resulting genomic DNA does not digest well
with most restriction endonucleases. Nucleic acids are pelleted
by centrifugation at full speed for 1 min in a microfuge and the
supernatant aspirated or poured off the pellets. The pellets are
resuspended in 200 5l of 10 mM NH4OAc + 0.3 5g/ml RNase A (a
pre-mixed solution that can be stored at 4 °C for several months),
detached from tube walls by striking several times across a plastic tube rack and vortexed briefly. RNA is digested at 50 °C for
40 min; we vortex briefly every 10 min to help resuspend the
pellet. We add 200 5l of chloroform, vortex briefly, centrifuge in
a microfuge for 5 min at full speed and transfer the now clear
supernatant to a fresh 1.5 ml tube. We add 900 5l of isopropanol/
NH4OAc (for a stock that can be kept at room temperature for
several weeks, mix 42.5 ml isopropanol + 7.5 ml of 5 M NH4OAc),
mix well by inversion, centrifuge immediately in a microfuge
for 1 min at full speed, aspirate the supernatant, wash the pellet
with 300 5l of 70% EtOH, aspirate the supernatant and air-dry for
15 min. The pellet is resuspended in 100 5l TE buffer overnight
at 4 °C, typically yielding »200 ng/5l or »25 5g of genomic DNA
per culture.
During purification we include an RNase step, which reduces the
size of contaminating RNA in the DNA preparation. An additional
gel purification step after sonication but before MeDIP removes
the remaining RNA and may be beneficial to increase recovery of
DNA from the MeDIP, because the 5-methyl cytidine antibody used
for MeDIP also recognizes methylated RNA.
2.3. DNA processing
Genomic DNA must be processed into small fragments prior
to MeDIP-Seq or BS-Seq. Fragment ends need to be repaired and
adaptors need to be ligated to the short fragments for both BS-Seq
(see Section 4.2.) and high throughput sequencing methods (see
Section 5.). Historically, cleavage into short fragments has been
achieved using either restriction endonucleases, which generate
non-random fragments based on DNA composition, or a variety
of mechanical shearing techniques. Like others [44,56,57] (Z.A.
Lewis, S. Honda, T. Khlafallah, J.K. Jeffress, M. Freitag, F. Mohn, D.
Schübeler and E.U. Selker, submitted), we found that sonication
is a relatively quick method to shear the DNA while avoiding the
bias of restriction enzymes. End-repair and adaptor ligation protocols resemble those that have been used to generate probes for

microarray analyses [56,58] For Neurospora, this MeDIP-Seq protocol works very well as there is sufficient time to allow reannealing of single stranded, immunoprecipitated DNA to generate double-stranded DNA, which serves as substrate for the polishing and
adaptor ligation reactions. Alternatively, the polishing and adaptor
ligation reactions are carried out prior to the immunoprecipitation
steps [16,17].
To shear DNA, we dilute 5–50 5g of genomic DNA into 400 5l
of TE buffer in a microcentrifuge tube. We have successfully used
5 5g of DNA to MeDIP the »42 Mb Neurospora genome, where
5 5g represent »100 million copies of the genome. For sonication
we use a Branson sonifier 450 equipped with a microtip, set to
a duty cycle of 80% and output control of 1.2 [59,60]. For other
models specific sonication conditions need to be established on a
case-by-case basis. We sonicate the DNA five times for 10 s each
with 30 s rest on ice between cycles and run »250 ng of sheared
DNA on a 1% agarose gel to verify the size distribution of the sonicated DNA. We typically aim for a smear of sheared DNA between
300 and 1000 bp in length. If the smear of DNA is too large one
can sonicate the remaining sample for additional cycles and
re-check the fragment size distribution. Prior to working with a
new organism we recommend running a standard from two to
twelve cycles of sonication to determine how many cycles are
necessary to achieve the desired result. With Neurospora DNA,
even just two cycles of sonication reduces the average size of the
genomic DNA to »1.2 kb.
The size of the sheared DNA directly affects the precision
achievable when mapping MeDIP-Seq reads. Because the
5-methyl cytidine antibody requires more than just a single 5mC
to efficiently bind [63], shorter DNA fragments will allow more
precise mapping to a reference genome but may not enrich for
regions that have only a few methylated cytosines. Conversely,
longer fragments will make mapping less precise but will increase
sensitivity for detection of regions with lower levels of 5mC. The
size of the sheared fragments will also affect PCR validation of
the results as small DNA fragments will require closely spaced
PCR primer pairs. Like others [44] and (Z.A. Lewis, S. Honda, T.
Khlafallah, J.K. Jeffress, M. Freitag, F. Mohn, D. Schübeler and E.U.
Selker, submitted), we found fragments sheared to »500 bp to be
the most useful. This allows us to design PCR primer pairs that
amplify control products of »400 bp along with test products of
»200 bp (see Section 7). One method to increase the accuracy
associated with read mapping from high throughput sequencing
is to decrease the size range of the input DNA by excising a narrow, well-defined band (450–550 bp), purifying the DNA with a
commercially available gel extraction kit and using this as the
input DNA for MeDIP.
3. MeDIP protocol
Our protocol is almost identical to the original MeDIP method
described by Weber et al. [44] and was first used with Neurospora by Selker and co-workers (Z.A. Lewis, S. Honda, T. Khlafallah,
J.K. Jeffress, M. Freitag, F. Mohn, D. Schübeler and E.U. Selker, submitted). We save a quarter of the sonicated input DNA as control
and use the rest for the MeDIP. At least 5 5g of sheared DNA is
diluted into 450 5l of TE buffer, denatured in a 100 °C heat block
for 10 min and snap-cooled on ice for 5 min. We add 50 5l of 10£
immunoprecipitation buffer [100 mM Na-Phosphate pH 7.0, 1.4 M
NaCl, 0.5% TritonX-100] and 1 5l of the 5mC antibody to the DNA
solution (Diagenode, #MAb-5MECYT-100, 1 5g/5l), and incubate
for 2 h on an orbital rotator at 4 °C. While the antibodies and DNA
are incubating, we pre-wash 40 5l of magnetic Dynabeads (Invitrogen, M-280 sheep anti-mouse IgG) with 1 ml of PBS + 0.1% BSA
for 5 min at room temperature with shaking. The beads are collected by use of a stick magnet attached to a pipet tip rack, and
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the wash is repeated once. Beads are resuspended in 40 5l of 1£
immunoprecipitation buffer, added to the DNA sample and incubated on an end-over-end rotator at 4 °C for 2–16 h. Dynabeads
are collected with a stick magnet as above and the supernatant
with unbound DNA is removed. Beads are washed three times
with 1 ml of 1£ immunoprecipitation buffer for 10 min at room
temperature with shaking, resuspended in 250 5l proteinase K
digestion buffer [5 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 0.05% SDS]
with 7 5l of 10 mg/ml proteinase K and incubated for 3 h on an
end-over-end rotator at 50 °C to digest the antibodies and release
the 5mC-containing DNA. DNA is extracted once with 250 5l
phenol, once with 250 5l chloroform and precipitated by adding
500 5l ethanol with 400 mM NaCl. To improve recovery, 1 5l glycogen (20 mg/ml) is added. DNA pellets are resuspended in 50 5l
TE buffer and stored at ¡20 °C.
A convenient alternative to precipitation with 5mC antibodies is the use of commercially available MeDIP kits that rely on
the interaction of the methyl-binding domain (MBD) of MBD2 or
MeCP2 with 5mC [61,62]. While MeCP2 has a natural histidine
(His) tag because its protein sequence in mice, rats and humans
contains seven consecutive histidine residues [62,63], the MBD of
MBD2 has been expressed with a His tag to allow purification with
magnetic nickel beads (ActiveMotif, Carlsbad, CA). These types of
methylated-CpG island recovery assays (“MIRA”) have been used
in several studies [64]. Different MBDs have slightly different affinities for the density and number of consecutive CpGs (i.e., for the
MBD2 interaction to be efficient, several CpGs need to be in close
proximity, whereas fewer, more widely spaced CpGs are sufficient
for interaction with MeCP2 [65].
4. Bisulfite sequencing
Bisulfite (or “genomic”) sequencing is useful to determine the
methylation status of cytosines at the single nucleotide level.
Briefly, single-stranded DNA is treated with bisulfite which sulfanates cytosine but leaves 5mC unaffected. The cytosine is then
deaminated and desulfanated to uracil [66]. Converted DNA is
amplified by PCR with convenient primer pairs and PCR products
are directly sequenced and aligned to unconverted DNA, thus
revealing exactly which cytosines were methylated. Two parameters affect the success of this technique: (1) complete conversion
of unmethylated cytosines to uracil and (2) potential degradation
of DNA during the conversion reaction by high temperature and
low pH. Incomplete conversion mainly occurs because bisulfite
only attacks cytosines in single-stranded DNA. In areas of the
genome with high GC content the DNA may not denature completely, which results in patches of unmodified cytosines [67].
If a reasonably complete genome sequence is available, these
false-positive regions can be screened for in an organism-specific manner. In a study to define the methylated fraction of the
Arabidopsis genome (the “methylome”), a high proportion of
false-positive sequences were removed from further analysis by
screening for reads with three methylated CpHpH sites in a row
[16].
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4.2. Design of PCR primers and adaptors for bisulfite conversion
A linker ligation step coupled to PCR after bisulfite treatment
selects for sequences that have undergone complete cytosine to
uracil conversion; because only 18 PCR cycles are used, this allows
for unbiased amplification [68]. Linker sequences that contain
unmethylated cytosines and a restriction site are annealed to template (Fig. 2). After bisulfite treatment, primers designed to amplify
only completely bisulfite-converted linker sequences are used for
PCR amplification. The restriction site (in Fig. 2 it is AluI) should
be as close to the template sequence as possible to minimize the
amount of linker sequenced. To ligate double-stranded bisulfite
sequencing adaptors, mix the adaptors and polished DNA (10:1
molar ratio), add 5 5l T4 DNA ligase (1 U/5l), 25 5l DNA ligase buffer
and water to bring the reaction volume to 50 5l. Different commercial DNA ligase preparations result in similar efficiencies. Incubate
the reaction at room temperature for 15 min. To remove unligated
adaptors, separate the ligated DNA on a 1% agarose gel, exise the
300–500 bp fraction and extract the DNA on commercially available PCR purification column (Qiagen; Valencia, CA; Epoch Biolabs.
Houston, TX); elute with 32 5l of elution buffer (10 mM Tris–HCl,
pH 8.5).
4.3. Bisulfite conversion of DNA
By now, a number of kits for bisulfite sequencing are commercially available, all of which promise to minimize degradation
while maximizing the C to U conversion rate. Recently, the “CpGenome DNA modification kit” (Chemicon; Temecula, CA) and the
“EpiTect kit” (Qiagen; Valencia, CA) were both shown to produce C
to U conversion levels of greater than 99% with only modest DNA
degradation [16,17]. Other techniques have been shown to achieve
even more complete conversion rates but at the expense of DNA
integrity [17,66]. After bisulfite conversion, bisulfite-converted
DNA is amplified by 18 PCR cycles with primers that are specific
for bisulfite sequencing adaptors (Fig. 2). The DNA is digested with
the restriction enzyme whose recognition site was included on the
adaptors, purified on commercially available PCR purification columns (Qiagen; Valencia, CA; Epoch Biolabs. Houston, TX) and used
to generate in vitro sequencing libraries.

4.1. End-repair of sheared DNA for bisulfite sequencing
Ligation of the sheared DNA to adaptors prior to bisulfite treatment should ensure unbiased PCR amplification of completely
bisulfite-converted DNA. The end-repair of sheared DNA follows
essentially the same protocol as used for the preparation of microarray probes [56] or Illumina/Solexa sequencing libraries (see
details in Section 5). Polished DNA is mixed with Klenow polymerase (exo¡) and dATP to generate a 3 A-overhang, purified on MinElute PCR purification columns (Qiagen, Valencia, CA) and eluted
with 10 5l of the supplied elution buffer.

Fig. 2. Preparation of sheared DNA for bisulfite sequencing. (a) Double-stranded
adaptor sequences (black) are ligated to sheared end-repaired DNA (red). The DNA is
treated with bisulfite, which converts unmethylated cytosine to uracil. (b) A linkerspecific PCR primer (blue) is used to selectively amplify top-strand sequences that
have undergone complete bisulfite conversion. (c) In the second round of PCR, a
second conversion-specific primer amplifies bottom-strand sequences. (d) After 18
rounds of PCR, the products will consist primarily of bisulfite-converted DNA in
which all U/G mismatches have been converted to T/A. The adaptors are removed at
the indicated sites by digestion with restriction endonucleases, e.g. AluI.
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Fig. 3. DNA methylation of linkage group (LG) VII in Neurospora crassa. (a) Unique (blue) and non-unique reads (red) were aligned to the current N. crassa reference sequence
for LG VII by BLAT. Methylation peaks were visualized in the Argo browser as histograms in 50 bp windows, generated by our “BLATmapper” script. Repetitive DNA (gold) was
mapped by counting how many times each possible 32-mer occurs in the Neurospora genome. This track provides a visual guide for repetitiveness of non-unique read mapping. Read map height was determined by counting the number of times a read was sequenced and dividing by the number of times that read occurs in the genome. (b) DNA
methylation peaks (red) in a syntenic region that flanks the LG VII centromeres of N. crassa (top) and the related species N. discreta (bottom). DNA methylation in both species
occurs almost exclusively in intergenic regions. The ORF for the heavily methylated “predicted protein” on the right of the N. crassa track appears to be a pseudogene.

5. Preparation of DNA libraries for Illumina/Solexa sequencing
A number of high throughput sequencing technologies are currently available, including pyrosequencing (Roche/454), sequencing by ligation (ABI SOLiD), and reversible terminator sequencing
(Illumina/Solexa). These technologies give the ability to quickly and
inexpensively sequence very large amounts of DNA but all have the
drawback of generating short (»400 nt) or very short (36–50 nt)
sequence reads. We make use of Solexa sequencing, which is currently able to generate »1.5 Gb of sequence data in »3 days from a
single flow cell with eight channels.
Prior to Solexa sequencing, DNA samples from MeDIP or bisulfite conversions must be processed to generate in vitro sequencing libraries. Illumina/Solexa recommends use of their genomic or
chromatin immunoprecipitation (ChIP) sample preparation kits.
Nevertheless, except for the adaptor and PCR primers the reagents
supplied with the kit are not in any way different from the typically
used enzymes available in most molecular biology labs. Illumina
supplies modified primers as separate “primer-only” kits (and the
type and extent of modification are considered proprietary information). We found that unmodified HPLC-purified or non-purified
primers can work as well as Illumina-supplied primer kits; this
reduces the sample preparation costs by about threefold.
5.1. End-repair of sheared DNA for Illumina/Solexa sequencing
When sequencing MeDIP samples, we typically start with 200–
400 ng of DNA. Sheared DNA fragments are repaired with T4 DNA
polymerase to fill in 5 overhangs, Klenow polymerase to remove

the 3 overhangs, and T4 polynucleotide kinase to phosphorylate
the 5-OH. As suggested in the Illumina sample preparation protocols, we mix 30 5l of the DNA to be sequenced with 45 5l H2O, 10 5l
of 10£ T4 DNA ligase buffer with 10 mM ATP, 2 5l dNTP mix (20 mM
of each dNTP), 5 5l T4 DNA polymerase (3 U/5l), 1 5l Klenow polymerase (5 U/5l) and 5 5l T4 polynucleotide kinase (10 U/5l). In lieu
of Ilumina sample preparation kits, enzymes from other manufacturers can be substituted with good success when used at the
concentrations given above. The polishing reaction proceeds at
20 °C for 30 min. Polished DNA is purified on commercially available purification columns (e.g. Qiagen, Valencia, CA; Epoch Biolabs,
Houston, TX), and eluted with 32 5l of 10 mM Tris–HCl (pH 8.5). To
allow ligation to the Illumina/Solexa adaptor primers, an adenine
needs to be added to the 3 ends of DNA fragments by using Klenow polymerase that lacks the 3 to 5 exonuclease activity. The
polished DNA (32 5l) is mixed with 5 5l of 10£ Klenow polymerase buffer, 10 5l of 1 mM ATP and 3 5l Klenow (exo¡) polymerase
(5 U/5l). The reaction is incubated at 37 °C for 30 min. We purify the
DNA on MinElute PCR purification columns (Qiagen, Valencia, CA)
and elute with 10 5l of 10 mM Tris–HCl (pH 8.5).
5.2. Adaptor ligation and PCR amplification for Illumina/Solexa
sequencing
The adaptor primers provided by Solexa are denatured by
heating to 98 °C for 5 min and cooled to room temperature. Alternatively, equal amounts of lab-designed primers (at 10 5M) are
mixed, denatured by heating to 98 °C for 5 min and cooled to room
temperature. Annealed adaptors are stable at ¡20 °C for at least
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Fig. 4. Analysis of reads from high throughput bisulfite sequencing. To map sequence
reads derived from BS-Seq, two additional reference genomes are prepared from a
current reference genome (0). The first (1) is the reference genome with all cytosines changed to thymines. The second (2) is the complement sequence to the
genome with all guanines changed to adenines. After bisulfite conversion the DNA
is subjected to PCR amplification resulting in two main products from any given
sequence. The products are sequenced and aligned to their best hits in either of
the two converted reference genomes. C/T mismatches (in the C to T converted reference sequence) and G/A mismatches (in the G to A converted complement reference sequence) indicate the position of a methylated cytosine. Methylated cytosines are red while uracils derived from converted unmethylated cytosines are
shown in green.

one year. Annealed adaptors are ligated to the DNA by mixing
them with polished DNA in a molar ratio of 10:1. Mix the adaptors, DNA, 5 5l T4 DNA ligase (1 U/5l), ligase buffer, and water (final
volume of 50 5l). Incubate at room temperature for 15 min. Separate ligated DNA from unligated adapters on a 2% NuSieve agarose gel and select a DNA size for Solexa sequencing. We typically
excise DNA between 200 and 500 bp. We purify this DNA with a
commercially available gel extraction kit (e.g. Qiagen or Epoch Biolabs). The in vitro library is amplified by PCR and thus enriched for
DNA fragments that are flanked by ligated adaptors. We use 1 5l
of the gel-purified DNA with 25 5l Phusion DNA polymerase Master Mix (Finnzymes, NEB), 1 5l PCR primer 1.1 (Illumina), 1 5l PCR
primer 2.1 (Illumina) and 22 5l of water. After initial denaturation
(30 s at 98 °C), only 18–24 cycles of PCR are used (10 s at 98 °C, 30 s
at 65 °C, 30 s at 72 °C) to avoid selective amplification of specific
regions. This is followed by a 5 min extension at 72 °C. Amplicons
are purified on PCR purification columns and eluted with 30–50 5l
of 10 mM Tris–HCl (pH 8.5). DNA concentration is measured by
absorbance at 260 nm (e.g. on a Nanodrop spectrophotometer) and
»10% of the reaction is separated on a 1–2% agarose gel to monitor
amplification.
Sequencing libraries are diluted to the specifications required
by the Illumina/Solexa sequencing machine in use. In most situations, cluster generation and the actual sequencing is handled
by personnel who are part of a core sequencing facility. As these
manipulations do not lend themselves to changes or specific adaptations by individual labs, these steps are not discussed here any
further. Manuals and protocols that describe these steps are available from Illumina/Solexa.
6. Data analysis and visualization
6.1. Introduction
High throughput sequencing, e.g. with the Illumina/Solexa 1G
genome analyzer, generates nearly a terabyte of image files during
a single run. Image files are analyzed and converted into sequence
reads. Prior to undertaking any high throughput sequencing project it is essential to design and test a data analysis pipeline. Dealing with the large amount of data that is generated from even a sin-
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gle run is not a trivial task and in most lab environments this will
require investment in additional computing resources. Additionally,
it is recommended that genome browsers (e.g. Gmod/GBrowse or
Argo) are installed and functional to allow visualization of mapped
sequence reads in a user-friendly manner.
Until recently, the read length of Illumina/Solexa sequencing
was 36 bp. Because of a drastic increase of sequencing errors at
the end of the reads, most mapping programs only consider the
first 32 bp; usable reads have been significantly increased with the
release of the new version of the Illumina/Solexa sequencer. After
a complete list of reads for all eight lanes or channels on a single
flowcell is compiled, individual reads are mapped onto the reference genome. For that purpose, Illumina provides the ELAND algorithm, which is able to efficiently map reads of 32 bp to a reference
genome. This program yields six datasets. The first three datasets
are comprised of reads that map to a unique location in the reference genome with zero, one, or two mismatches (U0, U1, U2,
respectively). The second three datasets contain reads that map to
more than one place in the reference genome with zero, one, or
two mismatches (R0, R1, R2, respectively). In many cases, unique
reads are used for most if not all of the data analyses, as ELAND
provides map coordinates for the unique data sets. A drawback to
the ELAND algorithm is that it does not give coordinates for nonunique reads. In order to overcome this, non-unique hits must be
mapped back to the genome using a program such as BLAT [69];
traditional BLAST algorithms are not recommended for the analysis of high throughput data.
Efficient alternative methods are now available to map nonunique reads. Two of these programs have been developed at Oregon
State University, CashX (J. Cumbie, C. Sullivan, K. Kasschau and J. Carrington, in preparation) and RGA (“reference-guided assembly”; R.
Shen and T. Mockler, in preparation). We use both programs, along
with BLAT, to map repetitive DNA sequences that are methylated.
CashX uses tabulated and tallied reads to map them precisely to the
reference genome while keeping track of read tally and all map positions in the genomes. Output data are transferred into files that can
be used as track input for commonly used genome browsers (e.g. in
GFF3 format). RGA uses a BLAT-type mapping approach, resulting in
a simple table or histogram format that can be plotted with several
programs, e.g. “R”. SOAP (“small oligo alignment program”) is another
useful mapping program for the visualization of Illumina/Solexa data
[70]. In all three applications, a variable number of mismatches and
gaps are allowed to facilitate mapping.
No matter how non-unique reads are mapped back to a reference
genome, it is critical to represent data in an unbiased manner and
validate calls for non-unique reads. Various normalization methods
have been proposed [71]. The problem lies in not knowing precisely
where a specific non-unique read originated. Several ways to solve
this conundrum can be imagined. Reads can be mapped to all possible locations and “normalized” by simply dividing by the number of
times a read hits to the genome. To make this approach more sophisticated, reads can be analyzed by nearest-neighbor approaches to
evaluate if one specific region in the genome is more likely than others to have produced a certain percentage of non-unique reads. For
example, if only one out of five potential regions shows unique reads
around a small number of non-unique reads, it is more plausible that
this single region originated non-unique reads. Dividing the number
of non-unique reads by the number of genomic locations would generate a read count for this special region that would be too low.
Other than already published normalization approaches, assignment of a confidence value to each hit provides one method for evaluating the mapping of non-unique sequences (Fig. 3a). This approach
can be used prior to validation of mapping data by other methods
(e.g. region-specific quantitative PCR). We assign a “read value” (i.e.,
number of times a particular oligonucleotide is sequenced divided
by the number of places it maps in the genome) and a “confidence
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in some regions, e.g. the segment of linkage group VII around the
single histone H2A and histone H2B genes (Fig. 3b).
6.3. Bisulfite sequencing

Fig. 5. Validation of DNA methylation by semi-quantitative region-specific PCR.
Primers were designed for two regions known to be methylated in Neurospora
(8:F10 and 1d21) and for an unmethylated control region, the histone H4 gene
(hH4). To quantify the amount of DNA methylation in these regions, the ratio of
the band intensities between the MeDIP and control samples are calculated. In the
wildtype (wt) MeDIP both methylated regions showed enrichment when compared
to the sonicated wt control. In contrast, a DNA methyltransferase mutant (dim-2)
that lacks all DNA methylation known in N. crassa showed no enrichment in the
MeDIP sample.

value” (i.e., 1/number of places a read maps to the genome). Thus, a
read that maps to a unique location in the genome will be given a
confidence value of 1, while a read that maps to 60 different places
will be given a confidence value of 1/60 ( = 0.0167). To further facilitate viewing, the read value can be used to assign the height in a histogram while the confidence value can be simultaneously mapped as
a heat map (e.g. a read with a high confidence value is mapped as red
while a low confidence value is mapped as blue on a spectrum).
All mapping approaches require the use of genome browsers to
efficiently view mapped reads in relation to other genome annotations. In most situations, this requires investment in computational
resources to allow the use of Gmod/Gbrowse, which needs to be
set up specifically for each organism that is to be analyzed [72].
The most current information on this open source tool is available
at http://gmod.org/wiki/index.php/Gbrowse. Other browsers can
fulfill useful roles for specific requirements. To view the relatively
small (4–11 Mb) chromosomes of filamentous fungi in combination with MeDIP-seq or ChIP-seq data tracks we frequently use
Argo (Available at http://www.broad.mit.edu/annotation/argo/)
because Gbrowse appears too cumbersome to display large segments of a genome in a single screenshot.
6.2. MeDIP sequencing
Currently, reads generated during a Illumina/Solexa sequencing
run are 36 bp in length but represent fragments of DNA that were
anywhere between 200 and 500 bp in length depending on the size
selected when gel purifying the adapter-ligated library. Each start
position of a read mapped to the genome represents the 5 end of
one of these sheared pieces. Therefore, each read that is aligned
to the genome comes with some amount of uncertainty as to the
exact location of the methylated cytosines. For example, if fragments of »200–500 bp were selected, in theory the methylated
cytosines are located anywhere within a 1000 bp window with
the read start position at the center. With good coverage, reads
will stack to yield a good prediction of the methylated regions as
shown in Fig. 3. Methylated regions from two closely related Neurospora species, N. crassa and N. discreta coincide almost perfectly

Aligning bisulfite-converted reads to a reference genome is
essentially the same as aligning non-converted reads with the
caveat of not knowing whether a thymine base call is actually a
thymine or a bisulfite-converted cytosine. However, if high conversion rates of umethylated cytosines were observed, >99% of the
remaining cytosines can be considered to be methylated. Additionally, since the complementary strand of the DNA will also be altered
during PCR amplification it is not known whether an adenine is
actually an adenine or whether it was the complement guanine to
a converted cytosine. A straight forward method to overcome this
problem was used by Lister and co-workers to map methylation in
the Arabidopsis genome [17] while a similar method is described
in detail by Cokus and co-workers [16].
Three reference genomes must be used for alignment of bisulfiteconverted reads (Fig. 4). The first is an unconverted genome. The second is a genome where all the cytosines are converted to thymines
to represent complete conversion of unmethylated cytosines and the
third is a complement genome where all the reference genome has
been complemented and the guanines are converted to adenines to
represent PCR conversion of the complementary DNA. Methylated
cytosines can be identified when a read aligns to a converted genome
with a mismatch. If the mismatched base is a cytosine aligning to a
thymine or a guanine aligning to an adenine and the position was
originally a cytosine or guanine in the unconverted genome then the
mismatch represents a methylated cytosine.
When mapping reads to the converted genomes it is important
to keep in mind that reads with higher concentrations of methylated cytosines will map poorly. For example, the ELAND mapping
program normally allows up to two mismatches during alignment,
which will occur when mapping a methylated cytosine onto the
converted genomes. However, if an area contains very high levels
of methylation (greater than two methylated cytosines in a 36 bp
read) it will not map to the converted genome but may map better
to the unconverted genome if there are fewer than two unmethylated cytosines in the bisulfite-converted read.
7. Validation of results
Validation of results is crucial for high throughput applications
and provides an estimate of the data’s accuracy. Quantitative and
semi-quantitative PCR are straightforward methods for validation
of methylation levels at specific loci. In either case, the level of a
genomic sequence of interest and a control sequence are compared between control and MeDIP samples with enrichment in
the MeDIP sample indicating cytosine methylation. Southern analysis may also be used to look for the presence of a specific DNA
fragment. We also have mapped 5mC in the related organisms N.
crassa and N. discreta (Fig. 3b) and compared similar regions of
their genomes to verify broad methylation patterns.
We use primarily semi-quantitative PCR with radioactive labeling for validation of MeDIP and ChIP-sequencing (Fig. 5). Real-time
PCR is a convenient alternative if available. We use primers for a
known euchromatic sequence without DNA methylation (e.g. part
of the Neurospora histone H4 gene, hH4) as a negative control. DNA
sequences known to be methylated serve as positive controls. Several primer sets for sequences of interest are designed. Typically
we design the negative and positive control product to be »400 bp
and the test product to be »200 bp. This allows co-amplification in
one PCR reaction and facilitates separation and quantification after
running PAGE gels and exposing phosphorimager cassettes or film
to the dried gels.
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For semi-quantitive PCR, mix 12.65 5l H2O, 0.5 5l polymerase
(2 U/5l), 0.25 5l dNTP mix (20 mM), 2.5 5l 10£ polymerase buffer,
0.1 5l *-32P labeled dCTP (20 mM), 0.5 5l template DNA, 2 5l control
primers (5 mM each), 2 5l test primers (5 mM each) and amplify
the DNA by PCR (90 s at 94 °C, 24 times 30 s at 94 °C, 30 s at 55 °C,
30 s at 72 °C, and 5 min at 72 °C)[60]. We separate 10 5l of each PCR
product by PAGE through a 5% gel, record the band intensities by
phosphorimaging and calculate the relative intensity of the test
band divided by the control band for each sample. The relative
intensities from the MeDIP and control samples are compared to
find enrichment in the MeDIP sample (Fig. 5).
8. Concluding remarks
High throughput sequencing has revolutionized the analysis of methylated DNA. In non-repeat regions, 5mC can now
be mapped with exquisite precision by genome-wide bisulfite sequencing. The relatively short read lengths generated by
most high throughput sequencing approaches continue to stifle
attempts to provide the complete “methylome” of most higher
eukaryotes, simply because much 5mC resides in regions that
consist of repeated DNA. Nevertheless, both MeDIP-Seq and
BS-Seq have now been used to map methylation patterns in the
non-repetitive regions of fungal, plant and animal genomes.
Genetic studies combined with high throughput sequencing are
carried out both in wildtype and mutant strains. In mutants the
capacity to methylate DNA can either be grossly or only slightly
altered, thus revealing differential methylation patterns that
help to uncover the mechanisms of DNA methylation. These and
future studies will provide valuable insights into how eukaryotic genomes are organized, how gene clusters or regulons are
coordinately regulated by epigenetic mechanisms, and how DNA
methylation affects the expression of specific genes.
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