EPIGENETICS
2022, VOL. 17, NO. 5, 518-530
https://doi.org/10.1080/15592294.2021.1924970

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

8 OPEN ACCESS W) Check for updates

Genome-wide CpG density and DNA methylation analysis method (MeDIP, RRBS,
and WGBS) comparisons

Daniel Beck, Millissia Ben Maamar, and Michael K. Skinner

Center for Reproductive Biology, School of Biological Sciences, Washington State University, Pullman, WA, USA

ABSTRACT

Genome-wide DNA methylation analysis is one of the most common epigenetic processes
analysed for genome characterization and differential DNA methylation assessment. Previous
genome-wide analysis has suggested an important variable in DNA methylation methods involves
CpG density. The current study was designed to investigate the CpG density in a variety of
different species genomes and correlate this to various DNA methylation analysis data sets. The
majority of all genomes had >90% of the genome in the low density 1-3 CpG/100 bp category,
while <10% of the genome was in the higher density >5 CpG/100 bp category. Similar observa-
tions with human, rat, bird, and fish genomes were observed. The methylated DNA immunopre-
cipitation (MeDIP) procedure uses the anti-5-methylcytosine antibody immunoprecipitation
followed by next-generation sequencing (MeDIP-Seq). The MeDIP procedure is biased to lower
CpG density of <5 CpG/100 bp, which corresponds to >95% of the genome. The reduced
representation bisulphite (RRBS) protocol generally identifies DMRs in higher CpG density regions
of >3 CpG/100 bp which corresponds to approximately 20% of the genome. The whole-genome
bisulphite (WGBS) analyses resulted in higher CpG densities, often greater than 10 CpG/100bp.
WGBS generally identifies =2 CpG/100bp, which corresponds to approximately 50% of the
genome. Limitations and potential optimization approaches for each method are discussed.
None of the procedures can provide complete genome-wide assessment of the genome, but
MeDIP-Seq provides coverage of the highest percentage. Observations demonstrate that CpG
density is a critical variable in DNA methylation analysis, and different molecular techniques focus
on distinct genomic regions.
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Introduction One of the initial DNA methylation analyses
developed was methylated DNA immunoprecipita-
tion (MeDIP) that involves immunoprecipitation
with a methylated cytosine antibody followed by
next-generation sequencing (MeDIP-Seq) [6-8].
Previous studies have demonstrated that this method
is biased to lower CpG density compared to
a procedure involving methylated DNA binding pro-
teins (MBP) that is biased to higher density CpG
regions [9]. A limitation with MeDIP-Seq is that it
is not as high-throughput, and also more technically
challenging than the chromosomal bisulphite based
protocols. The other DNA methylation methods are
based on bisulphite conversion of cytosine residues
to uracil/thymine residues followed by next-
generation sequencing [10-12]. The methylation of
the CpG site prevents the bisulphite conversion so it
can be used to distinguish DNA methylation after

Genome-wide analysis of DNA sequence and mole-
cular components is an essential aspect of systems
biology and wunderstanding genome activity.
Epigenetics is defined as ‘molecular factors and pro-
cesses around DNA that regulate genome activity,
independent of DNA sequencing, and are mitotically
stable’ [1,2]. One of the first epigenetic processes
identified [3] and investigated was DNA methylation
[4]. DNA methylation involves the enzymatic actions
of DNA methyltransferases to methylate a cytosine
residue when a CpG dinucleotide is present. Similar
DNA methylation processes occur in all organisms
from plants to humans [5]. Therefore, DNA methy-
lation analysis investigates CpG site methylation in
the genome, and needs to consider the CpG density
as a variable in DNA methylation analysis.
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DNA sequencing. A whole-genome bisulphite
(WGBS) sequencing procedure can be used [12], as
well as reduced representation bisulphite (RRBS)
[13]. RRBS uses an enzymatic digestion of the DNA
to reduce the targeted portion of the genome (i.e.,
high GC content) and allow greater read depth com-
pared to WGBS [14]. This restriction enzyme diges-
tion allows for an increased sequencing coverage of
high CpG density sites (CpG islands), but examines
areduced component of the genome. One limitation
with bisulphite procedures is that the genome
sequence conversion of C to T can create alignment
issues in the bioinformatics due to the increased
divergence in the sequenced reads from the reference
genome. This causes a reduction in sequence align-
ment [13-15], so regions of the genome with reduced
complexity resulting from the C to T conversion may
be missed by bisulphite-based analyses.

The current study was designed to compare the
genome characterization and different DNA
methylation protocols using existing data sets in
the context of CpG density bias and genome-wide
analysis. The various species genome CpG density
are determined such that the DNA methylation
protocols can be correlated to the genome content
assessed. The observations allow the different pro-
cedures to be correlated to the percent of the
genome. None of the procedures can identify gen-
ome-wide 100% of DNA methylation, so the pro-
cedure limitations are clarified. The highest
percentage of the genome can be assessed with
MeDIP-Seq followed by WGBS. RRBS, methyl-
binding protein (MBP), and array based methods
can only analyse a portion of the genome [16].
Future studies and method development are
needed to assess DNA methylation on a genome-
wide level. The current study clarifies the advan-
tages and limitations to the current DNA methyla-
tion procedures and puts this in the context of
genome-wide CpG density distributions.

Methods
Protocol summaries

Each technique starts with DNA extraction and
purification from the targeted cell type or tissue.
For methylated DNA immunoprecipitation fol-
lowed by next-generation sequencing (MeDIP-
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seq) the DNA is sonicated into short fragments
of a few hundred base pairs [8]. Single stranded
DNA is generated to enable efficient antibody
binding. A 5-methylcytosine antibody is then
used to bind fragments that include methylated
CpG sites. These fragments are generally isolated
with magnetic beads that bind the antibody and
the DNA amplified with PCR then sequenced [8].
The PCR involves a universal primer and an index
primer and bar code primers to amplify all DNA
fragments (Table 1).

Reduced representation bisulphite (RRBS) uses
a methylation sensitive restriction enzyme diges-
tion to cleave unmethylated DNA into fragments
at high GC density CpG sites [17]. These frag-
ments are further processed and size selected to
target promoters and CpG islands. The resulting
fragments then undergo bisulphite conversion
which converts unmethylated cytosines to uracil
while leaving methylated cytosines unconverted.
The fragments are then PCR amplified and
sequenced [17], Table 1.

Whole-genome bisulphite (WGBS) analysis per-
forms bisulphite treatment and analysis on the

Table 1. DNA methylation protocols, limitations and analysis
characteristics. The protocol limitations, characteristics and CpG
density characteristics are presented.

MeDIP-Seq RRBS WGBS
Protocol Protocol Protocol
- DNA extraction - DNA extraction and - DNA extraction
and sonication sonication and sonication
- Antibody - Enzymatic - Sequencing
incubation and methylation enzyme primers and PCR
Precipitation digestion - Sequencing

- Sequencing - Size selection - Bioinformatics
primers and PCR - Bisulphite conversion
- Sequencing - Sequencing primers
- Bioinformatics and PCR
- Sequencing
- Bioinformatics
Limitations Limitations Limitations
- Low density CpG - High density CpG bias - High density
bias - Low percentage CpG bias

- Batch effects genome assessed
MeDIP can occur - Reduced read
- Not possible to do alignment

- High sequencing
depth required
- Reduced read

base pair analysis alignment
% Sequence % Sequence % Sequence
Alignment Alignment Alignment
>95% ~75% ~75%
% Genome Assessed % Genome Assessed % Genome
>95% <20% Assessed
~50%
CpG/100 bp Density CpG/100 bp Density CpG/100 bp
<5 CpG/100 bp >3 CpG/100 bp Density

= 2 CpG/100 bp
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entire genome. No methylated fragment isolation
is performed prior to bisulphite conversion. The
entire bisulphite converted genome is sequenced
and various bioinformatics protocols used [14,18],
Table 1. This procedure is often used for genome
characterization [16].

Bioinformatics summaries

After sequencing quality control, which may
include removing low-quality bases and reads,
the informatics and data analysis is different for
each technology. For MeDIP-seq, the sequence
reads are mapped to the reference genome. The
number of reads mapping to each site in the gen-
ome is then used as a measure of the methylation
at that site. For MeDIP-seq, the mapping step is
straightforward and can be performed with stan-
dard mapping tools such as Bowtie [19] or BWA
[20] (http://bowtie-bio.sourceforge.net, http://bio-
bwa.sourceforge.net/). In contrast, the bisulphite
conversion step in RRBS and WGBS results in
reads that diverge from the reference genome at
each converted CpG site. The converted cytosine
residues appear as thymine residues. This reduced
complexity and increased dissimilarity from the
original sequence requires specialized mapping
tools such as Bismark [21] (https://www.bioinfor
matics.babraham.ac.uk/projects/bismark/) or BS-
Seeker2 [22] (https://github.com/BSSeeker/
BSseeker2). After mapping the alignment is
assessed and methylated CpG sites are identified
using the presence of an unconverted cytosine
residue.

Bioinformatics

The reference genomes used in this study were
generally obtained from NCBI or Ensembl
Where available (Supplemental Table S1), the
RefSeq assembly was used. The specific assembly
versions were Rnor_6.0 for rat, GRCz11 for zebra-
fish, GRCh38 for human, and GRCg6a for
chicken. For the steelhead, two reference genomes
were used. The MeDIP-seq study wused the
Omyk_1.0 reference, while the RRBS study used
a published [23] reference. The datasets used in
this study were obtained from publicly available
sources, predominantly the Gene Expression

Omnibus (GEO) data repository (Supplemental
Table S1). Due to variability in the analysis meth-
ods and data presentation for each study, some
further data processing was required. Some studies
identify DMR sites with single base pair resolution
(zebrafish.wgbs2). This is one of the advantages of
bisulphite conversion methods. For these DMRs,
the 1kb region centred at the differential CpG site
was used to calculate CpG density. The included
studies use several different reference genome ver-
sions. To increase consistency, the DMR genomic
coordinates were converted to a common version
prior to CpG density calculation. This conversion
was done using liftOver files obtained from UCSC
Genome Browser (https://genome.ucsc.edu/). This
applies to rat.wgbs2, zebrafish.wgbsl, zebrafish.
wgbs2, zebrafish.rrbsl, zebrafish.rrbs2, zebrafish.
medip2, and chicken.medipl (Supplemental Table
S1). There are no liftOver files available for con-
version between the steelhead reference genomes.
For these studies, no common reference genome
was used. The genomic position conversion pro-
cess can split DMR into multiple segments. These
split DMR were considered different DMR for the
purposes of CpG density calculations. DMR were
identified using different statistical cut-offs for
each study. We use the final set of DMRs identi-
fied in the original study, regardless of the p-value
used to determine statistical significance.

Results

The genome-wide CpG density distribution was
investigated in the human, rat, fish (zebrafish and
steelhead trout), and bird (chicken) genomes. The
reference genome sequences were generally
obtained from NCBI or Ensembl as described in
the Methods, Supplemental Table S1. The initial
analysis determined the genome-wide CpG density
across the genome using 1000 bp windows, Figure
1. The genomes are largely comprised of low CpG
density regions with <3 CpG per 100 bp. A smaller
fraction of the genomic sites have higher CpG
densities. Similar observations were observed for
all the different species genomes. All the different
genomes had predominantly <3 CpG/100 bp cor-
responding to 97% of the human, 98% in the rat,
88% in the zebrafish, 93% in the steelhead, and
94% in the chicken, Figure 1. Few 1 kb regions in
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Figure 1. Genome-wide CpG density. The number of total genome-wide 1 kb regions corresponding to CpG/100 bp. (a) human, (b)

rat, (c) steelhead, (d) zebrafish, and (e) chicken.

the genomes have >20 CpG/100 bp (1 human, 8
chicken, 0 others). Some regions of higher density
>10 CpG/100 bp (i.e., CpG islands) exist (~1%
genome), but the vast majority of the densities
are <5 CpG/100 bp. In the rat genome, 48% of

100 bp genomic windows have no CpG, but this
drops to 5% when a 1 kb window is used,
Supplemental Figure SI1. Observations demon-
strate the genomes are predominantly low CpG
density, and this needs to be taken into
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consideration in the methods used to investigate
genome-wide DNA methylation.

The initial DNA methylation method investi-
gated was methylated DNA immunoprecipitation
(MeDIP) followed by next-generation sequencing
for MeDIP-Seq [8]. Previously, the MeDIP analysis
has been shown to be biased to lower density CpG
regions of the genome [9,24]. The objective was to
obtain MeDIP-Seq data sets previously published
for each of the species genomes available on NCBI
GEO to determine the CpG density distribution of
the data obtained, Supplemental Table SI1.
Representative examples of MeDIP-Seq data are
presented for each species in Figure 2. The data
analysis focuses on the comparison of two differ-
ent sample groups to identify a differential DNA
methylated region (DMR) for data analysis. The
DMR CpG density for the data sets are presented,
and demonstrate most DMRs have a 0-3 CpG/100
bp CpG density. The predominant density is 1
CpG/100 bp, which correlates with the predomi-
nant densities in the representative genomes,
Figure 1. There is some variability observed
between the different organisms. Zebrafish DMR
in particular show a shift to slightly higher 1-4
CpG/100 bp density, but this appears to be in part
due to this being two different cell types of sperm
and red blood cells. Observations demonstrate the
MeDIP-Seq data correlations with the genome
CpG distribution effectively allow the predomi-
nant low (<3 CpG/100 bp) density to be assessed,
Figure 2, which accounts for approximately >90%
of the genome for the different species, Figure 1.

The reduced representation bisulphite (RRBS)
method for DNA methylation analysis was exam-
ined in several different species. The CpG/100 bp
density was determined for each data set and pre-
sented for each species in Figure 3. The data sets
observed show an interesting split in the typical
DMR CpG density distribution. Several datasets
show a shift towards higher CpG densities in
RRBS DMRs greater than 10 CpG/100 bp, while
others show a shift towards intermediate CpG
densities. This CpG density >10 CpG/100 bp in
Figures 2(a-c) and 3(c) are predominantly 10-12
CpG/100 bp, but if this is increased to 1 kb,
approximately two-thirds of the >10 CpG are
below 10 CpG/1 kb. Negligible detection of 1 or
2 CpG/100 bp densities were observed, except for

tish. Observations demonstrate the RRBS data is
biased to higher density CpG regions (e.g., >3
CpG/100 bp) in contrast to that observed for
MeDIP analysis. Interestingly, the data set from
the steelhead trout fish used both MeDIP-Seq
and RRBS on the same samples by two different
laboratories, Figures 2 and 3. Therefore, the dif-
ferent analysis on the same samples further
demonstrates the bias of the MeDIP to lower den-
sity and RRBS bias to higher density CpG [25,26].

The whole-genome bisulphite (WGBS) analysis
for DNA methylation was examined in several
species. The DMR CpG/100 bp density was deter-
mined for each analysis and presented for each
species in Figure 4. The CpG density for the data
sets observed provide a similar range of CpG den-
sity as the RRBS datasets. There is again a split
between analyses finding a small shift towards
higher CpG density (2-5 CpG/100 bp) and ana-
lyses finding a much more dramatic shift with
CpG densities greater than >10 CpG/100 bp.
There was minimal detection of 1 CpG/100 bp
DMR except for chicken. Observations indicate
the WGBS data is biased to higher density CpG
regions than observed for the MeDIP analysis,
Figure 4. Possible reasons for this bias and poten-
tial optimization procedures are discussed in the
Discussion section.

Combined analysis of the different DNA
methylation analysis procedures in the context of
CpG density and percentage of the genome is
assessed and presented in Figure 5 and Table 1.
The mean of all species procedures is presented in
Figure 5(a) and individual species for the proce-
dures in Figure 5(b). The CpG density bias for
bisulphite procedures for higher density CpG den-
sity reduces the percentage of the genome exam-
ined. The MeDIP-seq analysis identifies DMRs in
the <5 CpG/100bp range efficiently. As can be
seen in Figure 5(a), this corresponds to approxi-
mately 98% of the genome among the different
species mean. Similarly, WGBS appears to identify
DMRs in the greater than or equal to 22 CpG/
100bp range. This corresponds to approximately
50% of the genome among the different species
mean, Figure 1. Finally, RRBS tends to identify
DMRs in the greater than or equal to >3 CpG/
100bp range. These sites represent approximately
20% of the genome among the different species
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Figure 2. Methylated DNA immunoprecipitation sequencing (MeDIP-Seq). The percentage of differential DNA methylation regions
(DMRs) corresponded to number of CpG sites per 100 bp. (a) Human MeDIP study 1 DMR, (b) human MeDIP study 2 DMR, (c) rat
MeDIP study 1 DMR, (d) rat MeDIP study 1 DMR, (e) zebrafish MeDIP study 1 DMR, (f) zebrafish MeDIP study 1 DMR, (g) zebrafish
MeDIP study 2 DMR, (h) steelhead MeDIP study 1 DMR, (i) steelhead MeDIP study 1 DMR, (j) chicken MeDIP study 1 DMR, (k) chicken
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524 (&) D.BECKET AL.

(A)  Human RRBS Study 1 DMR  (B) Human RRBS Study 1 DMR  (C)  Rat RRBS Study 1 DMR
O . o _

=
n — 0 —
X - — ¢ | x
> s = o
Qo | oo Qo™
M—N — AN T q6
(@] [e) © O
[N [N O N
g g S
£o £o. 5
Qv o 8o
o (&) et
o ] o Y
o a o
o A o o -
01234567 8 9210 01234567 8 9210 012345678 920
Number of CpG sites per 100bp Number of CpG sites per 100bp Number of CpG sites per 100bp
(D) Rat RRBS Study 1 DMR (E) zebrafish RRBS Study 1 DMR (F) zebrafish RRBS Study 1 DMR
81 M T E— 3
[N X o — x _
> — = 7 = 2
0 o o (@]
5 N 5 L 2
3 g 3
go_ 8 21 8 &
C c c
© O Q
5 5 = = H
()
o o
o o) [] o ol [ ]
01234567 8 9210 01234567 8 9210 012345678 9210
Number of CpG sites per 100bp Number of CpG sites per 100bp Number of CpG sites per 100bp
(G) zebrafish RRBS Study 2 DMR  (H) Zebrafish RRBS Study 2 DMR (l) Steelhead RRBS Study 1 DMR
o -
<1 =8 y
[] n []
Cé o ] % K o _
i i T N
ae® o 2 L
Y Y= [ | o O
(o] (@) o
O i
S %8 =1
8 S 8
G o = S
8 ~ e ~ 8 0
[} ) [}
o L o
o o [ Ao

012345678 920 EEEREREERES
Number of CpG sites per 100bp Number of CpG sites per 100bp
(J)oSteeIhead RRBS Study 1 DMR

01234567 8 920
Number of CpG sites per 100bp

Percentage of DMRs
1

r T T T T T T T T

0123456 7 8 9210
Number of CpG sites per 100bp

Figure 3. Reduced representation bisulphite (RRBS). The percentage of differential DNA methylation regions (DMRs) corresponded to
number of CpG sites per 100 bp. (a) Human RRBS study 1 DMR, (b) human RRBS study 1 DMR, (c) rat RRBS study 1 DMR, (d) rat RRBS
study 1 DMR, (e) zebrafish RRBS study 1 DMR, (f) zebrafish RRBS study 1 DMR, (g) zebrafish RRBS study 2 DMR, (h) zebrafish RRBS
study 2 DMR, (i) steelhead RRBS study 1 DMR, and (j) steelhead RRBS study 1 DMR.
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mean, Figure 1. As a comparison, the methylation
arrays contain only a few percent of the high-
density CpG sites in the genome [16,27]. The
open bars in Figure 5(a) represent the different
sequence alignment limitation between the proce-
dures with MeDIP-Seq having approximately
a 95% alignment [8], and the WGBS and RRBS
having approximately a 75% alignment or less
[22], Table 1. Therefore, none of the procedures
examine the genome-wide distribution of all DNA
methylation sites. The human, rat and chicken
were consistent, but the fish had a shift to higher
CpG density, Figures 1 and 5(b). The limitations
to the procedures and optimization approaches
are presented in the Discussion section.

Discussion

The CpG density of the different species demon-
strated a predominantly low CpG density of <3
CpG/100 bp, Figure 1. There was some species
level variability in genome-wide CpG density
with steelhead and zebrafish, showing a shift
towards higher (1-5 CpG/100 bp) densities.
Therefore, the genomes predominantly have low
CpG density with most sites having <3 CpG/100
bp, termed CpG deserts [28]. Higher CpG density
sites were restricted to 2-6% of the genome in the
mammals and birds investigated, and 7-12% in the
fish. In contrast to the early focus on CpG islands
[29], where the percentage of gene promoters with
CpG islands is approximately 50% of the genes
[30], the vast majority of the genome is low den-
sity of <3% CpG/100 bp. Since distal epigenetic
regulation of gene expression and genome activity
can occur with DNA methylation, ncRNA, and
chromatin structure, the focus on gene promoters
and high CpG density has led to the misleading
concept that the low-density regions are not func-
tional or biologically important [28]. This demon-
strates that the majority of the genome is low-
density CpG and not only associated with genes.
Observations suggest a re-evaluation of CpG den-
sity is needed and that the whole genome needs to
be considered for the regulation of genome activ-
ity. Since the various DNA methylation analysis
protocols have distinct limitations, Table 1,
a comparison of these procedures in the context
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of CpG density was investigated in the current
study.

The MeDIP analysis is biased to lower CpG
density of <5 CpG/100 bp, which accounts for
the vast majority of the genome. The anti-5
methylcytosine antibody has a higher affinity for
low-density CpG regions, compared to higher den-
sity >10 CpG/100 bp [9]. Therefore, MeDIP ana-
lysis is not useful to assess CpG islands, but does
investigate the rest of the genome. Although the
MeDIP procedure can identify the majority
(>95%) of the genome, Figure 5, the protocol
involves a single stranded DNA immunoprecipita-
tion which is difficult to adapt to high throughput
procedures. The bioinformatics has been devel-
oped with no issues with sequence alignment or
assessment of differential DNA methylation [8].
When a high-quality reference genome is used,
a 95% sequence alignment is often obtained with
MeDIP-Seq analysis. Therefore, MeDIP-Seq effi-
ciently uses sequenced reads and provides infor-
mation on a major portion of the genome.
Considering this alignment and the percentage of
genome assessed with the MeDIP protocol,
approximately 95% of the genome is assessed,
Figure 5(a). The MeDIP protocol cannot deter-
mine individual CpG level changes in DNA
methylation, but the regional (e.g., 100 bp)
changes [8]. Additionally, there may be batch
effects related to variable antibody performance.
Therefore, the advantages of the MeDIP are the
assessment of the majority of the genome DNA
methylation and established informatics, while the
limitations are the lack of high throughput capa-
city, bias for the low-density CpG regions, and
inability to identify individual CpG level changes
in DNA methylation, Table 1.

The RRBS protocol identified DMRs with a higher
CpG density than MeDIP-seq, possibly due to the post
restriction enzyme size selection step. A limitation for
RRBS is the reduced representation of a smaller com-
ponent of the genome is examined, but this allows
a higher read depth that facilitates the informatics and
reduces the sequencing expense [14]. A limitation
with bisulphite analysis involves alignment issues
with specific regions of the genome such that
a percentage of the genome sites cannot be accurately
assessed without higher read depth and repetitive
analysis. As shown in the current study, a bias for
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higher density CpG analysis appears to exist, Figure 3.
In contrast to MeDIP, RRBS is useful to assess CpG
islands, but not efficient for the majority of the rest of
the genome with lower density CpG density. The
advantages of RRBS is that it can accommodate higher
throughput, can identify single CpG DNA methyla-
tion alterations, and requires less sequencing depth.
The limitations are that a reduced percentage of the
genome (e.g., 15%) is assessed and a percentage of the
data obtained with alignment issues is dropped from
the analysis [31]. Therefore, RRBS is a useful proce-
dure to monitor DNA methylation alterations, but
may miss critical low CpG density genome regions,
Table 1.

The whole-genome bisulphite (WGBS) proto-
cols generally identify DMRs with higher CpG
density that accounts for 22 CpG/100 bp of the
genome. The limits are similar for other bisulphite
protocols (RRBS) in that there is reduced read
depth due to alignment issues for some genomic
regions. The informatics also often utilized
a higher CpG density cut-off to reduce noise and
increase the statistical power of the analysis
[14,32]. Due to the bias to higher density CpG,
the percent of the genome (e.g., 40%) analysed is
less than the MeDIP protocol, that is also reduced
due to alignment issues [33], Figure 5(a) and Table
1. The WGBS can detect CpG islands efficiently
and detect a wider variety of genomic character-
istics in comparison to RRBS and MeDIP.

Although the whole-genome bisulphite sequen-
cing protocols theoretically examine the entire
genome, analysis methods may introduce non-
obvious limitations. Similar to RRBS, alignment
issues arise from reads with increased divergence
(i.e.,, C to T conversion) from the reference with
lower overall complexity. The alignment issues
result in a large portion of the reads not mapping
unambiguously to the reference and being
removed from the analysis. This may bias the
analysis in unknown ways. The mapping difficulty,
combined with a lack of focus on methylated
CpGs leads to high sequencing levels required for
each sample. This adds considerable expense to
WGBS analyses. Additionally, analysis methods
often only call DMRs when multiple adjacent
CpG sites show differential methylation. This tech-
nique decreases noise and reduces the required
read depth, but it also discards low CpG density

sites. For example, Volkov et al. [34], required
three adjacent CpG sites, each of which was
required to be within 300 bp of its neighbour.
The methods used in this study are typical of this
kind of study and are similar to ones used by the
authors of the BSmooth analysis tool [35]. This
may be one reason for the higher CpG density of
DMR detected. Advantages to WGBS include
higher throughput pre-sequencing sample pre-
paration and individual CpG residue analysis.
The limitations include the expensive sequencing
levels required and difficult alignment of reads
during analysis Table 1.

The majority of DNA methylation alterations are
not a plus or minus methylation, but changes in the
level of DNA methylation (e.g., 20% to 50% or 70%
to 40%). Therefore, the accuracy of the assessment
of DNA methylation levels is important and small
changes (e.g., 50% to 55%) are more difficult to
statistically detect. All the procedures discussed can
effectively measure alterations in DNA methylation
and map genome characteristics, but need to con-
sider the limitations in the protocols, Table 1.
Another issue is the inclusion of the types of DNA
methylation like 5-hydroxymethylcytosine (5hmc)
versus 5-methylcytosine (5mc). The 5hmc is an
intermediate in the DNA methylation erasure
through the TET enzymes [36] and modified proce-
dures are available for 5hmc detection [37].
However, the standard bisulphite procedures RRBS
and WGBS cannot distinguish 5mc and 5hmc in the
analysis, so are both combined. In contrast, the
MeDIP procedure does not detect the 5hmc due to
the 5mc antibody specificity. This needs to be con-
sidered in the DNA methylation analysis.
A misconception with 5hmc is that it is common
in cell types,; however,it is primarily present in
appreciable levels in stem cells such as the early
embryo or primordial germ cells where DNA
methylation erasure is predominant, and certain
post mitotic differentiated neurons [38]. The vast
majority of cell types do not have an appreciable
content of 5hmc. This also needs to be considered in
DNA methylation analysis.

Observations demonstrate none of the DNA
methylation analysis methods examines the
whole genome equally, even genome-wide bisul-
phite sequencing. Each has different limitations
and advantages. Although MeDIP assesses the



majority of the genome, individual CpG level
methylation and higher density CpG densities
can not be identified. The bisulphite procedures
have bias to higher density CpG either due to
molecular or computation analysis procedures,
but can be higher throughput. The CpG density
distribution of the genomes demonstrates lower
density is predominant, and this needs to be
taken into consideration when assessing the uti-
lity of the current DNA methylation methods.
Future studies will ideally need to avoid the
issues of the current methods, Table 1. The recent
development of the Tet oxidation protocols
involving Tet-assisted pyridine borane sequen-
cing (TAPS) may address some of these limita-
tions [39,40].
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