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Outline

§ Introduction to epigenome and DNA methylation

§ Introduction to bisulfite sequencing

§ Introduction to whole genome bisulfite sequencing (WGBS) data 

analysis
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Jones, P., Issa, J. & Baylin, S. Targeting the cancer epigenome for therapy. Nat Rev Genet 17, 630–641 (2016). https://doi.org/10.1038/nrg.2016.93
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Jones, P. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat Rev Genet 13, 484–492 (2012). https://doi.org/10.1038/nrg3230



DNA methylation

• Regulates gene expression

• Cellular development

• Diseases

Image credit:
1. https://en.wikipedia.org/wiki/DNA_methylation
2. Michalak, E.M., Burr, M.L., Bannister, A.J. et al. The roles of DNA, RNA 
and histone methylation in ageing and cancer. Nat Rev Mol Cell Biol 20, 573–
589 (2019). https://doi.org/10.1038/s41580-019-0143-1
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Bisulfite sequencing

• Whole genome bisulfite 
sequencing (WGBS)
• Methylation levels genome wide

• Reduced representation bisulfite 
sequencing (RRBS)
• Use restriction enzymes (MspI,  to

enrich for CpG rich regions of the 
genome (~1%)
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WGBS library prep: Swift Biosciences



WGBS library prep: Swift Biosciences

Zhou, L., Ng, H.K., Drautz-Moses, D.I. et al. Systematic evaluation of library preparation methods and sequencing platforms for high-throughput whole genome bisulfite sequencing. Sci Rep 9, 10383 (2019). 
https://doi.org/10.1038/s41598-019-46875-5



WGBS study design

• Sequencing depth
• In general, it depends on the magnitude of differences that one would like to 

detect: the larger the difference, the lower the coverage depth necessary.
• ENCODE recommendation: 30X/replicate
• Lower coverage can be used with the help of bioinformatics procedures

• Biological replicate
• ENCODE recommends 2 biological replicates at minimum
• DSS R package has developed an approach to detect differential methylation 

without biological replicates



WGBS data analysis workflow
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WGBS data analysis workflow

Pre-alignment
• fastqc, multiqc
• trimgalore,

trimmomatic
• …

Alignment
• Bismark
• BS-Seeker2
• BSMAP
• bwa-meth
• …

Post-
alignment

• QualiMap
• Bismark
• DSS
• HOMER,

deepTools
• …



Bismark

Krueger F, Andrews SR. Bismark: a flexible aligner and 
methylation caller for Bisulfite-Seq applications. Bioinformatics. 
2011;27(11):1571-1572. doi:10.1093/bioinformatics/btr167
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Fig. 1. Bismark’s approach to bisulfite mapping and methylation calling.
(A) Reads from a BS-Seq experiment are converted into a C-to-T and a
G-to-A version and are then aligned to equivalently converted versions of
the reference genome. A unique best alignment is then determined from the
four parallel alignment processes [in this example, the best alignment has
no mismatches and comes from thread (1)]. (B) The methylation state of
positions involving cytosines is determined by comparing the read sequence
with the corresponding genomic sequence. Depending on the strand a read
mapped against this can involve looking for C-to-T (as shown here) or G-to-A
substitutions.

Table 1. Feature comparison of Bismark and BS Seeker

Feature Bismark BS Seeker

Bowtie instances (directional/non-directional) 4 2/4
Single-end (SE)/paired-end (PE) support Yes/yes yes/no
Variable read length (SE/PE) Yes/yes no/NA
Adjustable insert size (PE) Yes NA
Uses basecall qualities for FastQ mapping Yes No
Adjustable mapping parameters 5 2
Directional/non-directional library support Yes/yes Yes/yesa

aRequires library to be constructed with an initial sequence tag (Cokus et al., 2008).
NA: not available.

data required a lot of post-processing and computational knowledge.
Bismark aims to generate a bisulfite mapping output that can
be readily explored by bench scientists. Thus, in addition to the
alignment process Bismark determines the methylation state of
each cytosine position in the read (Fig. 1B). DNA methylation in
mammals is thought to occur predominantly at CpG dinucleotides;
however, a certain amount of non-CpG methylation has been shown
in embryonic stem cells (Lister et al., 2009). In plants, methylation is
quite common in both the symmetric CpG or CHG, and asymmetric
CHH context (whereby H can be either A, T or C) (Feng et al., 2010;

Law and Jacobsen, 2010). To enable methylation analysis in different
sequence contexts and/or model organisms, methylation calls in
Bismark take the surrounding sequence context into consideration
and discriminate between cytosines in CpG, CHG and CHH context.

The primary mapping output of Bismark contains one line per
read and shows a number of useful pieces of information such as
mapping position, alignment strand, the bisulfite read sequence,
its equivalent genomic sequence and a methylation call string
(Supplementary Material). This mapping output can be subjected to
post-processing (Supplementary Material) or can be used to extract
the methylation information at individual cytosine positions. This
secondary methylation-state output can be generated using a flexible
methylation extractor component that accompanies Bismark. The
methylation output discriminates between sequence context (CpG,
CHG or CHH) and can be obtained in either a comprehensive (all
alignment strands merged) or alignment strand-specific format. The
latter can be very useful to study asymmetric methylation (hemi-
or CHH methylation) in a strand-specific manner. The output of the
methylation extractor will create one entry (or line) per cytosine,
whereby the strand information is used to encode its methylation
state: ‘+’ indicates a methylated and ‘!’ a non-methylated cytosine.
This output can be converted into other alignment formats such as
SAM/BAM, or imported into genome browsers, such as SeqMonk,
where it can be visualized and further explored by the researcher
without requiring additional computational expertise.

3 CONCLUSIONS
We present Bismark, a software package to map and determine the
methylation state of BS-Seq reads. Bismark is easy to use, very
flexible and is the first published BS-Seq aligner to seamlessly
handle single- and paired-end mapping of both directional and non-
directional bisulfite libraries. The output of Bismark is easy to
interpret and is intended to be analysed directly by the researcher
performing the experiment.
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