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Abstract: Aside from post-translational histone modifications and small RNA populations, the
epigenome of an organism is defined by the level and spectrum of DNA methylation. Methyl
groups can be covalently bound to the carbon-5 of cytosines or the carbon-6 of adenine bases. DNA
methylation can be found in both prokaryotes and eukaryotes. In the latter, dynamic variation is
shown across species, along development, and by cell type. DNA methylation usually leads to
a lower binding affinity of DN A-interacting proteins and often results in a lower expression rate
of the subsequent genome region, a process also referred to as transcriptional gene silencing. We
give an overview of the current state of research facilitating the planning and implementation of
whole-genome bisulfite-sequencing (WGBS) experiments. We refrain from discussing alternative
methods for DNA methylation analysis, such as reduced representation bisulfite sequencing (rrBS)
and methylated DNA immunoprecipitation sequencing (MeDIPSeq), which have value in specific
experimental contexts but are generally disadvantageous compared to WGBS.
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1. Introduction

Aside from post-translational histone modifications and small RNA populations, the epigenome
of an organism is defined by the level and spectrum of DNA methylation [1]. Cytosine methylation
can occur as 5-methylcytosine (5mC) or 5-hydroxymethylcytosine (ShmC) [2]. Its key roles are in
embryonic development regulation, genome imprinting, silencing of transposons, cell differentiation,
X-chromosome inactivation, and general transcriptional gene regulation [3,4]. The addition of methyl
groups onto DNA bases generally represses gene expression and therefore acts as one of several
transcription control mechanisms.

Whole genome bisulfite-sequencing has become the gold standard to detect DNA methylation
patterns because of its single-base resolution and the possibility to cover entire genomes. Other
approaches use either pre-selection and single-base resolution [5] or region-based approaches in whole
genomes [6,7] and, therefore, do not deliver the full spectrum and detail of DNA methylation patterns.
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Since the development of bisulfite-treated DNA sequencing in 1992 by Frommer et al. [8],
the application of high-throughput sequencing has been especially useful in facilitating the reliable
detection and analysis of methylation patterns in several organisms, tissues, and cell types. Huge steps
in the field of DNA methylation analysis were the first WGBS of Arabidopsis thaliana [9,10], and the
first human methylome sequencing in 2009 by Lister et al. [11]. During the bisulfite reaction of DNA,
unmethylated cytosine is converted to uracil (Figure 1). This occurrs via cytosinsulfonate, a further
hydrolytic deamination step to uracilsulfonate, and, finally, a desulfonation step to uracil (Figure 1).
However, 5mC and 5hmC are inert to this chemical conversion.
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Figure 1. Principle of the bisulfite-mediated conversion of cytosine to uracil.

The subsequent polymerase chain reaction (PCR) translates uracil into thymine. During
sequencing, this base pair shift causes cytosine/thymine-polymorphism, which can be quantified and
interpreted as proportion of the original methylation at a specific site through the comparison of reads
with the original strand or a reference genome (Figure 2).
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Figure 2. Exemplary DNA double strand with methylated (red) and unmethylated (blue) CpG-site
(cytosine-phosphate-guanine-dinucleotide) before and after bisulfite application and polymerase chain
reaction (PCR). Methylated cytosine is not affected by bisulfite, whereas unmethylated cytosine is
converted to uracil and further on to thymine during PCR in the original top strand, and to adenine in
the complementary top strand.

A disadvantage of WGBS is that bisulfite sequencing cannot distinguish between 5hmC and 5mC.
The 5hmC is described as the dynamic DNA modification associated with the DNA demethylation
process [12] in animals. This has to be taken into account for organisms/cell types with substantial
amounts of 5ShmC, such as the cerebellum cells of Parkinson disease patients [13]. In plants, 5hmC is of
minor relevance [14], as it occurs only in very low amounts and may merely serve as an intermediate
product during demethylation [15].

A second disadvantage arises from the C-T base switch, particularly when analyzing
non-reference strains or mutagenesis populations, as it can become impossible to distinguish between
bisulfite-induced deamination of unmethylated cytosine on the one hand and true C-to-T single
nucleotide polymorphism (SNP) on the other.

In plants and some animals, large parts of the genome are methylated depending on the genome
size, genome duplications, and the control of most of these duplicated parts. In most animals, cytosine
carries methylation predominantly in the CG context accumulated in CpG islands for gene regulation,
often near transcription starting sites [16]. In contrast to that, plant genomes have additional CHG and
CHH methylation (H = adenine, thymine or cytosine). These last two correlate with the suppression of
transposon activity [17], mobile genetic elements that can change their position within the genome.
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While CG and CHG methylation are symmetric, i.e., the palindromic cytosine on the complementary
strand is usually also methylated, CHH methylation is asymmetrical [18]. The proportion and context
of cytosine methylation ranges from <1% total cytosine methylation during the early development of
Drosophila melanogaster [19] to 74.7% CG, 69.1% CHG, and 1.5% CHH methylation in Picea abies [20].

DNA methylation patterns are often tissue-specific [21], environment-altered [22,23], and can be
stably inherited to subsequent generations [24,25].

Because of the importance of DNA methylation as transcriptional regulator, its analysis plays
an increasing role in integrative -omics studies, ecological examinations, and medical research. The
aim of this publication is to facilitate the launch of WGBS experiments. Therefore, we will give a brief
overview of WGBS experiment planning by discussing different types of WGBS library preparation
protocols, options for sequencing technology, and bioinformatics data analysis.

2. Whole Genome Bisulfite-Sequencing Preparation

The steps, prior to sequencing, needed for WGBS library preparation are: DNA extraction, DNA
fragmentation, DNA repair, adapter ligation, bisulfite treatment, PCR amplification (Figure 3) including
size selection, and quality control at different points in time. These can be arranged in two general
ways. The pathway shown on the left side of Figure 3 is a pre-bisulfite protocol. Because the bisulfite
treatment takes place after the adapter ligation, these protocols require methylated adapters that will
be inert to the treatment. In post-bisulfite protocols, like a post-bisulfite adapter tagging protocol,
DNA fragmentation is facilitated through the bisulfite treatment itself and is followed by DNA end
repair and adapter ligation or random priming including streptavidin-coated magnetic beads [26].
The advantage of the latter is that less DNA is needed as less adapter-ligated DNA fragments are
destroyed by the harsh conditions of bisulfite treatment [27]. A disadvantage of this kind of library
preparation is the slightly higher computational power needed to bioinformatically process these
non-directional reads. Usually, over 90% of the adapter-ligated, intact fragments are destroyed in
pre-bisulfite protocols, even under ideal conditions [28]. In the end, the bisulfite conversion step leads
to the conversion of cytosine to uracil, which is much more susceptible to degradation [29]. The decline
in the amount of DNA could be compensated by PCR amplification, but should be done with as
few cycles as possible to yield the lowest possible PCR bias. Minimum two PCR cycles are needed
because the former unmethylated cytosines have to be rewritten from uracil to thymine. The used
polymerase must have the ability to read uracil. Therefore, most polymerases with proofreading
and repair functions, except of Pfu Turbo Cx, cannot be used. Another common polymerase for this
purpose is KAPA HiFi Uracil+. Furthermore, highly PCR-amplified bisulfite-converted libraries may
be unbalanced, as highly methylated, and fragments with high C content post-conversion are easier to
amplify and, therefore, will be overrepresented in the final library [30].

The fragment length depends on the sequencing technology. The desired read length could
be adjusted after DNA shearing by gel selection, bead selection, or BluePippin (Sage Science), an
automated DNA and RNA size selection system. Depending on the final sequencing platform,
fragments should have a length of 200400 base pairs (without adapters; see Sequencing technology).
Classic gel selection has to be made, for example, with SYBR Gold stain instead of ethidium bromide
to avoid DNA degradation and contamination. The desired fragment length could be easily cut out
of a 1% agarose gel after DNA fragmentation if a DNA standard has also been run on the same gel.
This process was automated in BluePippin by the application of a gel cassette. However, most library
preparation kits today use magnetic beads for size selection.

To calculate the bisulfite conversion rate, unmethylated reference DNA has to be added to the
library prior to the bisulfite treatment, at a ratio of 0.1-0.5% (w/w) of the total DNA. Lambda phage
DNA is most commonly used for this purpose. It is completely unmethylated and is, therefore,
expected to be converted at every cytosine position. In plants with assembled chloroplast genomes,
the unmethylated chloroplast DNA, which is contained to some degree in all genomic DNA extracts,
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can be used instead of or on top of lambda. In non-plant species it is also possible to use a non-CG
methylation context to control the conversion efficiency [31].

Pre-bisulfite-protocol

DNA Extraction

DNA Fragmentation

DNA repair Bisulfite conversion

Adapter ligation DNA repair

Bisulfite conversion Adapter ligation
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Figure 3. Flowchart of the core steps in WGBS experiments; blue = library preparation split into
an exemplary pre-bisulfite-protocol and a post-bisulfite-protocol, orange = sequencing, green =

bioinformatic analysis.

Several protocols for WGBS library preparation have been proposed using kits from different
companies. The decision depends heavily on the experience of the individual laboratory and, therefore,
is highly subjective. In general, a fast and routine working process is of importance to avoid batch
effects and the introduction of bias due to amplification. This should be avoided by working with
amplification-free libraries [32,33].

General examples for library preparation kits are EpiTect Plus (Qiagen, Venlo, the Netherlands),
EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA, USA), or Imprint® DNA Modification Kit
from Sigma-Aldrich/Merck (St. Louis, MO, USA) for bisulfite conversion and Accel-NGS® Methyl-Seq
DNA Library Kit (Swift Bioscience, Ann Arbor, MI, USA), TrueSeq Nano (Illumina, San Diego, CA,
USA), or SureSelectXT Methyl-Seq Target Enrichment System (Agilent, Santa Clara, CA, USA) for

adapter ligation.
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The cost of a WGBS library is currently in the range of 50-240 €/sample (2018), depending on the
library preparation method, supplier, and conversion kits.

3. Sequencing Technology

Aside from Roche, Thermo Fisher Scientific Inc., Beckman Coulter, and Pacific Biosciences, the
market leader with more than 75% of the market share in terms of next generation sequencing
technology is Illumina [34], offering several platforms for different applications. For detailed
information see the Illumina platform website (https://emea.illumina.com/systems/sequencing-
platforms.html).

Due to DNA degradation during the bisulfite treatment, the production of long fragments for
sequencing is limited. The longer the fragment, the more likely is a fracture of the strand due to
bisulfite treatment. Therefore, the advantages of long fragment generating systems, such as more
reliable mapping of reads, currently do not apply. Benchtop solutions are partly not suitable because
of the much higher price per giga base (Gb) of produced sequence. A comparison of the most
promising systems currently used, such as HiSeq, HiSeqXTen, NovaSeq, and PacBio, is discussed in
the following section.

For high-throughput sequencing, several systems exist, such as HiSeq2500, HiSeq3000 and
HiSeq4000. They differ in terms of run time, maximum read length, and read output, but also in their
acceptance of certain types of libraries, their potential to deal with low complexity libraries, and their
quality score output. Compared to HiSeq3000 and HiSeq4000, the HiSeq2500 system can deal with low
sequence diversity libraries like amplicon or WGBS libraries because of an optimization of the cluster
calling algorithm. Nevertheless, the other systems could also be used if the libraries had been correctly
multiplexed with other libraries with balanced base proportions at each read position or minimum
20% phi X DNA (see Multiplexing).

HiSeq sequencing costs are around 60-90 €/Gb (2018) depending on the read length and the
option of paired- or single-end sequencing (see Figure 4). Theoretically, paired-end sequencing offers
the potential to map deeper into repeat-regions because two reads are generated, one from either side
of the fragment. This has, so far, not been investigated systematically but seems to depend on the
mapper used [35]. Single-end sequencing is lower in price but faces lower unique mapping rates in
repeat-rich regions. For paired-end sequencing, it has to be ensured that the fragment length is more
than two times as large as one single read. Otherwise, information is generated twice in the same
fragment and the information/price ratio worsens. It has been shown that the error rate could be
reduced and the sensitivity enhanced by usage of paired-end bisulfite sequencing [36]. Therefore, we
recommend using paired-end sequencing.

A less cost-intensive approach was set up in the HiSeqXTen [37], by applying a combination of
ten HiSeq systems. Formerly released only for human samples, the system has been opened to other
large-scale sequencing experiments of non-human samples (Illumina press release, October 6, 2015).
Dependent on the sequencing facility, prices as low as circa 14 €/Gb (2018) were offered.

NovaSeq 6000 is the most recent production scale sequencer and uses the two-color chemistry
already shown in the NextSeq system. By combining two nucleotide-binding fluorescence dyes,
a four-letter code can be accomplished. A disadvantage of this method is that no signal (zero) codes
for one of the four bases within the sequencing process. This lowers the accuracy of the data but offers
a faster sequencing process to a much lower price, in the range of HiSeqXTen systems [38]. Only two
wavelength-filtered images of the flow cell need to be computed compared to four images in a four-color
chemistry system such as in HiSeq. For WGBS libraries, this technique is not recommended, as a higher
GC bias is introduced by bisulfite conversion that could not be tolerated by two-color-chemistry.

Single molecule, real-time sequencing (SMRT-S), such as PacBio and NanoPore sequencing, has
shown reliable results for the direct detection of adenine methylation in bacteria based on signal
delay of fluorescence-labelled nucleotides [39] and for 5mC analysis of human DNA [40]. However,
compared to HiSeq or NovaSeq, costs are high (>150 €/Gb). Furthermore, the genome read coverage
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of such experiments has to be much higher to compensate for the base call error rate of 5-10% while
Illumina HiSeq sequencing yields circa 0.0034-1% false base calls [41]. If these bottlenecks could be
solved, the possibility of long reads and, therefore, the facilitated mapping of repeat-rich regions, and
the removal of bisulfite treatment from the protocol would be highly advantageous.

A) Paired-end Sequencing

Read 1 Read 2
; ._—
E— A
. - —_—
* — N
N _ —
pr—— = Reference genome
— p==———
DNA Fragments
B) Single-end Sequencing
—_‘ oEss—— oE——
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D CEN—
— — —
— Reference genome
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Figure 4. Principle of paired-end and single-end sequencing and mapping on a reference genome
with repeats. (A) Paired-end sequencing: Single-stranded DNA fragments are sequenced by synthesis
from both sides, which generates two reads per fragment. During mapping, within a defined distance
of a uniquely mapped read, the corresponding second read is searched and mapped. This allows
a reliable mapping of more reads in repeat-rich genomes for short repeated parts of the DNA. (B)
Single-end sequencing generates reads only from one side of the fragment. As the chemistry behind
single-end sequencing is cheaper, the same base pair output is generated in a more cost-effective way:.
Short DNA fragments are covered with a greater efficiency compared to paired-end reads. Repeat-rich
genomes face the challenge of more multiple mapped reads, as shown for the orange read, compared
to paired-end sequencing.

4. Multiplexing

To reduce the risk of losing data due to experimental flaws during sequencing, to reach
high coverages and read numbers, several samples and types of libraries should be sequenced in
combination to yield a high sequencing depth on multiple lanes. A global, equimolar library should be
produced based on the quality and quantity (Qubit and/or qPCR measurement) of the DNA sample
libraries. The intended sequencing depth or genome coverage is one of the most significant cost factors
for WGBS experiments, aside from the number of replicates and the genome size. A sufficient number
of reads per covered genome region defines the quality and the statistical power of the downstream
analyses. False-positive base calling could be detected more reliably and methylation levels could be
determined more accurately at sufficient sequencing depth.

Balancing the coverage and the number of replicates is one of the most important steps within the
planning process of WGBS. Ziller et al. [42] recommended a coverage of 15 fold and three replicates.
Beyond that, money would be better spent strengthening the statistical power by increasing the number
of statistically independent biological replicates. The theoretical coverage has to be estimated based
on the number of homologous chromosomes of the species, the amount of repeats, and the expected
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degree of heterozygosity, as the level of methylation could differ between the paternal and maternal
alleles. For repeat-rich genomes, a coverage of at least 20 fold should be taken into account.

The estimated genome size—not the size of the actual reference assembly—has to be considered
for the calculation of total necessary data output as most of the more complex reference genomes
assemblies are incomplete, including many scaffolded parts.

Particularly for bisulfite-treated samples, it is important to multiplex with non-bisulfite-treated
libraries, as sequencing technology currently tends to perform worse with extremely unevenly
distributed base proportions (e.g., GC-rich or AT-rich libraries). Depending on the rate of methylation,
due to bisulfite treatment and the subsequent PCR, generated bisulfite libraries contain a shift in base
proportions. The proportion of adenine/thymine is enlarged while the guanine/cytosine proportion
is reduced because unmethylated cytosines are converted to thymines via the uracil-intermediates
(Figure 2). For the second paired-end read the proportion of complementary bases shifted because of
the bridge amplification during sequencing (Figure 5). So far, no batch effect between lanes has been
reported in literature.

Per base sequence content in paired-end read 1 Per base sequence content in paired-end read 2
N\ ~—— - —_— e \y T——
JAiZSififsifsd 133 A e

Figure 5. Base proportion per position over all reads of a whole-genome bisulfite library of soybean
(Glycine max) seed coat with a cytosine methylation proportion of circa 11%, paired-end sequencing 2
x 100 bp, red line: thymine proportion, green line: adenine proportion, black line: guanine proportion,
blue line: cytosine proportion; left: first paired-end read, right: second paired-end read after bridge
amplification. The base proportion shift could be explained with the bisulfite conversion and the
subsequent PCR, namely the enrichment of thymines and the reduction of cytosines. Graphic by
FastQC, a tool for quality measurement of next-generation sequencing data.

5. Bioinformatics Tools and Benchmarking

An informative overview of the required bioinformatics steps for WGBS after sequencing has been
published by Shafi et al. [43]. Quality check, adapter removal, alignment, methylation calculation, and
calculation of differentially methylated regions (DMRs) are the core steps within the bioinformatics
pipeline of WGBS experiments (Figure 3) and could be done by several open-source tools.

As every organism differs in reference genome assembly quality, amount of repeated regions,
and homogeneity of base proportion, the applied tools have to be evaluated, ideally by benchmarking
them on simulated datasets based on the separate reference genome for every species. The mapper for
bisulfite-reads and the DMR caller should be included in such a comprehensive survey.

The alignment tools themselves differ in terms of the algorithms and the strategy used, e.g.,
three-letter or wild-card alignment, as well as the output file format and content. Some tools report
only uniquely mapped reads, whereas others also include multiple-mapped or discarded reads in
their output. The alignment tools have to cope with the four different, uncomplementary strands as
a result of the combination of bisulfite treatment and PCR, as shown in Figure 2. The performance
of alignment tools differs, depending on the size and amount of repeats in the genome, the coverage,
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and the sequencing technology used. Hence, for every project the best tools have to be identified and
combined to form a data analysis pipeline.

The main difficulty in benchmarking studies is that a known truth has to be generated for multiple
class hypothesis testing by the application of simulated datasets. A comprehensive study on simulated
and real human lung tumor tissue rrBS data was performed by Sun et al. [44] using the simulation tool
RRBSsim. Here, the tools bwa-meth and BS-Seeker2 showed reliable results for sensitivity, precision,
and speed in the mapping of simulated data. For WGBS, no such study was available but, for example,
the tool “Sherman—bisulfite-treated Read FastQ Simulator”could be used for the simulation of WGBS
datasets based on a given reference genome with parameters like number and size of reads, paired-end
or single-end sequencing, conversion rate, number of SNPs, and error rate. Other often used mapping
tools are Bismark [45], BSmap [46], and Segemehl [47].

For DMR calling, the available approaches differ in terms of their capability to consider replicates
and coverage dependencies, the type of boundary estimation and the statistical tests, suchas logistic
regression, binary segmentation, and beta-binomial-based approaches [41].

The definition of a known truth and the definition of DMRs (e.g., size, coverage, and grade of
methylation difference) are also of importance. A small subset of differentially methylated cytosine
(DMC) detection tools have been included into a benchmarking analysis by Wreczycka et al. [48]
showing moderate results for methylKit. Better results have been published for metilene [49] or
Defiant [50]. In subsequent studies, WGBSSuite [51] could, for example, serve for a simulation
of DMRs.

Furthermore, CPU-time, real-time, resident-set-size (rss) and virtual-set-size (vss) memory
consumption should be variables to estimate the performance efficiency of the programs.

User friendliness, understood as the degree of installation and handling ease, has to be taken
into account for project planning and the benchmarking of bioinformatics tools for the detection of
differential methylation by WGBS.

6. Conclusions

We highlighted the current developments in the field of whole-genome bisulfite sequencing,
the actual gold standard for 5mC analysis. The application of PCR-free libraries as well as direct
methylation detection without bisulfite treatment through SMRT sequencing technologies is seen as
a great advantage due to a lower PCR bias or the riddance of bisulfite treatment. However, due to
high coverage recommendations and as a result of low base call accuracy, SMRT sequencing for large
numbers of samples remains expensive at the moment. In future, this might be solved when lower
error rates for these techniques are achieved.
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