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Introduction
The modern definition of epigenetics is modifications of the DNA or associated proteins, other than 

DNA sequence, that carries information content which is maintained during cell division. One ex-

ample is DNA methylation, a covalent modification of DNA in which a methyl group is attached to 

cytosine residues at CpG dinucleotides in vertebrates. CpG sites are not randomly distributed in 

the genome: the majority are clustered discrete regions, CpG islands (CGI), present in the promo-

tors of ~70% of genes. CGIs are typically unmethylated, allowing transcription of the associated 

gene, whereas 70-80% of CpG sites outside promotors are commonly methylated. Epigenetic 

marks are reversible and can be altered by environmental factors. It is of current interest to under-

stand to which extent the environment influence the epigenetic layer and how an organism re-

spond to environmental changes.
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Objectives
The basis for understanding the biological function of DNA methylation is to reveal the distribution, 

patterns and variation in the genome. We are exploring these phenomenon by extensive bisulphite 

sequencing in the classical human major histocompatibility complex (MHC) on chromosome 6p21.3. 

By measuring DNA methylation levels in monozygotic (MZ) and dizygotic (DZ) twins, we aim to 

assess the influence of heritable versus environmental and stochastic factors on this variation. MZ 

twins are genetically identical, but show differences in gene expression. We are currently examining 

the influence of DNA methylation on gene expression by calculating the correlation between DNA 

methylation and expression of associated genes.
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Materials and methods
We collected 60ml blood from 49 MZ and 40 DZ twins pairs born between 1967-1979 selected from 

the Norwegian Institute of Public Health Twin Study. Lymphocyte subpopulations (CD19+, CD8+, 

CD4+ and CD4+CD25+) were sequentially separated using positive and negative isolation on an 

autoMACS Pro separator. DNA methylation at CpG sites, distributed on 190 selected regions in the 

MHC, was measured by bisulphite sequencing. Briefly, genomic DNA was treated with sodium bisul-

phite using the Methyleasy Xceed kit to convert all unmethylated cytosines to uracils. Following 

PCR and sequencing, the methylation status was quantified using the software ESME. Regions of 

interest include CpG islands (associated with promotors, as well as inter- and intragenic), the 5' end 

of genes not associated with defined CpG islands and non-coding conserved regions. For gene ex-

pression studies, Real-Time qPCR was performed using LNA probes from the Human Universal 

Probe Library (Roche) and primers designed in Probe Finder software.
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Results
Results presented are based on data from CD4+ cells in 49 MZ and 40 DZ twin pairs (178 individu-

als). Overall, the majority of CpG sites show considerable variation and individual regions have a 

complex pattern of DNA methylation (Figures 1 and 2). The overall global DNA methylation in this 

region is variable, with sequences like CpG islands and 5' ends of genes tending to push towards a 

bimodal distribution, whereas CNCs and random sequences tends to be highly methylated (Figure 
3A). Intra-pair differences in DNA methylation are low  when analysing all regions together (Figure 
3B). Individual regions reveal a more complex picture: CGIs and 5PRIM show little difference 

whereas CNCs and random sites varies more. DZ twins demonstrate larger differences than MZ 

twins. A high correlation in both MZ and DZ pairs (Figure 4) imply that a common environment has 

a strong influence on DNA methylation. Our data suggest an average heritability of ~6-7% at the 

CPG level and 11% at the amplicon level. Expression data from 37 genes in 40 unrelated individu-

als in the MHC displays extensive variation, and we are investigating if this is under the influence of 

DNA methylation (Figure 5).
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Figure 2An overview of DNA 

methylation patterns in 190 

amplicons distributed in the 

MHC. DNA methylation levels 

at individual CpG sites within 

each amplicon (UUS2-217) 

were measured in ESME after 

bisulphite treatment of ge-

nomic DNA from CD4+ cells, 

PCR amplification and se-

quencing from 60 unrelated 

individuals.  Each point repre-

sents the extent of methyla-

tion at a CpG site in one indi-

vidual. y-axis, 0 unmethylated, 

1.0 complete methylation;  

x-axis, position 1-448bp.

Figure 3 A DNA methylation in CpG islands (CGI), conserved non-conding sequences (CNC), 5' of genes (5PRIM) and randomly se-

lected control regions (RAND). The data are an overview from 190 regions and 60 unrelated individuals. x axis, CpG position; y axis, 

methylation level. B Each plot points out differences in DNA methylation between MZ and DZ pairs for the different classes of regions.  

Analysis of all regions together displays little difference between MZ and DZ pairs, which is consistent with results presented in Figure 

4. Analysis of specific regions reveals no differences between MZ and DZ pairs for CGIs and 5PRIM, whereas CNCs and random sites 

(RAND) varies more with DZ pairs showing bigger differences. 

Figure 1 Overview of global DNA methylation across all amplicons in the MHC. A high degree of variation in DNA methylation can be ob-

served, with small regions showing a complex pattern. A Extent of DNA methylation for all CpG sites sequenced in 60 unrelated individual 

twins distributed along the MHC (y-axis,  0.0 unmethylated, 1.0 complete methylation; x-axis, position of CpG sites along the MHC). B  Over-

view over some features in the MHC and the localization of the 190 amplicons. Genes are outlined in green, CpG islands in red and ampli-

cons in grey. C Magnified boxes show three regions (uus5, uus23 and uus150) and how the amplicons are localized according to genes and 

features like CpG islands. D Overview of levels of methylation in 60 individual twins in the three regions (uus5, uus23 and uus150) showing a 

high degree of variation and a complex pattern of DNA methylation.
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Figure 4 Histograms showing intra-pair correlation of DNA methylation in MZ versus DZ twin pairs. A correlation of DNA 

methylation in MZ twins minus DZ twins in 190 amplicons. B correlation of DNA methylation in MZ twins minus DZ twins in 

1760 individual CpGs. The superimposed density curve (in black) shows what it would look like if there were no difference 

between MZ and DZ pairs, i.e. if genes had no influence, only common environment. It seems clear that no specific of am-

plicons or individual CpGs stands out as being under particulary strong genetic control.

Figure 5 Relative gene expression 

from 37 genes in the MHC and 6 nor-

malization genes in 40 unrelated indi-

viduals. x-axis, genes; y-axis, relative 

expression. Each point represents the 

average relative expression value in 

one individual for the 43 genes from 4 

replicates.  The level of gene expres-

sion is normalized against 6 stably ex-

pressed genes and across all 40 indi-

viduals for all assays. A distinct level of 

variation in gene expression is ob-

served, potentially under influence of 

DNA methylation.
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DNA sequencing



DNA

4 bases - A, G , C, T 

Human genome ~3 billion bases 

How can we read the sequence of 
bases?

G A T C
C T A G



How many bases?

bp 1

kilo kb 1 000

mega Mb 1 000 000

giga Gb 1 000 000 000

tera Tb 1 000 000 000 000

Human genome ~3 Gb



DNA replication

CGATGCTGTTGCATGATGCTAGTCGATGCTGTTGGGTTTGATCGTGGGCTAGCTAGC

GCTAGCTAGCCCACGATCAAACCCAACAGCATCGACTAGCATCATGCAACAGCATCG
CGATGCT

DNA polymerase

GTTGCATGATGCTAGTCGATGCTGTTG
ACCCAACAGCATCGACTAGCATCATGCAACAGCATCG

Denature DNA 
Prime with short DNA (oligonucleotide) 
Polymerase extends base by base



Sanger DNA sequencing

Sanger sequencing 
Detect nucleotide extension with 
radioactivity or fluorescence 
Accurate but slow

dideoxy (chain terminating)



High-throughput sequencing



Massively parallel

Fragment Array

HTS (high-throughput sequencing)
Sequence

...on one machine

4x10
9

Fragment Clone/PCR Sequence

1, 48, 96...

LTS (Sanger)

...unless you have 
a lot of machines

Molecules 
sequenced

Sequencing: old and next

genomic DNA



Sequencing platforms

Platform Illumina 
HiSeq

Illumina 
NextSeq

Illumina 
MiSeq PacBio Ion Torrent

@NSC 4 1 3 1 1+1
System cost $750 k $250k $125k --- +

Prep ++ ++ ++ + +
Running cost + + + ++ +

Run time 1-6 days  29 hours 65 hours 4 hours 2-4 hours

Read accuracy 98% 98% 98% 87% 98.8%

Read number 4 000 000 000 400 000 000 20 000 000 50 000 70 000 000

Read length 2x125 bp 2x150 bp 2x300 bp 10 (40) kb 1-200 bp

Output 1000 Gb 129 Gb 12 Gb <1 Gb 10 Gb
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Illumina sequencing technology
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1. Library preparation

2. Cluster generation

3. Sequencing



Illumina sequence data
Random DNA library of short fragments   ~300 bp 

4 billion DNA sequence reads 

75,…,300 bp long 

Single-end reads 

Paired-end reads 

Run time: 1-6 days 

Data volume: < 1 TB



Analysis pipeline

ILLUMINA®  SEQUENCING

Genome Analyzer Data Analysis 
Software
Illumina has created a robust set of software tools to support the massive output of the 
Genome Analyzer. These tools provide an end-to-end solution from imaging and base calling 
to the analysis and visual representation of biologically relevant data. 

INTRODUCTION

GENOME ANALYZER PIPELINE

HIGHLIGHTS OF SEQUENCING 
ANALYSIS SOFTWARE

Comprehensive: End-to-end solu-
tion for sequencing data analysis

Powerful: Customizable to 
meet the needs of any analysis 
workflow

Intuitive: Graphical, easy-to-use 
interface

Extensible: BeadStudio is home 
to a growing number of modules 
for specific applications

FIGURE 1: PIPELINE DATA TRANSFORMATION STEPS

Aligned ReadsImages Image Analysis Base Calling

@EAS54_6_R1_2_1_413_324
CCCTTCTTGTCTTCAGCGTTTCTCC
+
;;3;;;;;;;;;;;;7;;;;;;;88
@EAS54_6_R1_2_1_540_792
TTGGCAGGCCAAGGCCGATGGATCA
+
;;;;;;;;;;;7;;;;;-;;;3;83
@EAS54_6_R1_2_1_443_348
GTTGCTTCTGGCGTGGGTGGGGGGG
+EAS54_6_R1_2_1_443_348
;;;;;;;;;;;9;7;;.7;39333

FASTQ format

Firecrest Bustard GERALD

Illumina Pipeline

SCS



Pacific BioSciences

http://www.pacificbiosciences.com

Single molecule 

Real-time 

SMRT

http://www.pacificbiosciences.com
http://www.pacificbiosciences.com


Pacific Biosciences RSII

Products

Reagents Instrument Run Data Analysis

SMRTbell™ Template Prep Kit
DNA Polymerase Binding Kit

MagBead Kit
AMPure® PB beads

PacBio RS II with touch screen
RS Remote for run design

SMRT Cells
DNA Sequencing Kit

SMRT Analysis
SMRT Portal
SMRT View

Sequencing time
30 to 240 min per SMRT Cell

From DNA to data in as few as 10 hours

No amplification required
Automation friendly

Open source 
Open standards

The PacBio® RS II system, consumables and software provide a complete set of tools to quickly and easily 
perform cutting-edge molecular biology.

SMRT® Technology
The PacBio RS II is based on novel Single-Molecule, Real-Time (SMRT) technology, which enables the observation 
of DNA synthesis by a DNA polymerase in real time.   Sequencing occurs on SMRT Cells, each containing 
thousands of  Zero-Mode Waveguides (ZMWs) in which polymerases are immobilized.  The ZMWs provide a 
window for watching the DNA polymerase as it performs sequencing by synthesis. 

SMRT Cells Phospholinked 
Nucleotides

Zero-Mode 
Waveguides

Primer

Template
Polymerase

(Very) long reads 

50% > 10kb 

Huge advantage for de novo sequencing 

Single molecule 

No amplification bias

150 000/SMRT cell

SMRT Bell



PacBio® RS II Typical Results

P6-C4 Chemistry
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Based on data from a 20 kb size-selected E. coli library using a 4-hour movie.

Each SMRT Cell yields ~ 50,000 reads.

Half of data in reads: > 14 kb

Top 5% of reads: > 24 kb

Maximum read length: > 40 kb

Data per SMRT® Cell: 500 Mb – 1 Gb

Template Preparation Accuracy

Insert Size (bp) Typical Input DNA  
per Prep (ng)* 

250 – 500 250 

1,000 – 2,000 500 

5,000 – 10,000 1,000 

15,000 – 20,000 

(size-selected) 

5,000 

*Low input options (10 – 100 ng) available on SampleNet.

Each library prep typically supports > 35 SMRT Cells.

5 μg input material yields a minimum of > 16 SMRT Cells with a size-selected library.
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Coverage Aligned to Reference
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consensus

Data generated with P6-C4 chemistry on PacBio

®

 RS II;

Resequencing analysis using SMRT Analysis v2.3.

The PacBio RS II sequencing provides average read lengths in excess of >10 kb with ultra-long reads > 40 kb.  The 
long reads are characterized by high 99.999% consensus accuracy, and are ideal for de novo assembly, targeted 
sequencing applications, scaffolding and spanning structural rearrangements.Pacific Biosciences RSII

Read length distribution



What can I sequence?



Sequencing platforms

Platform Illumina 
HiSeq

Illumina 
NextSeq

Illumina 
MiSeq PacBio Ion Torrent

@NSC 4 1 3 1 1+1
System cost $750 k $250k $125k --- +

Prep ++ ++ ++ + +
Running cost + + + ++ +

Run time 1-6 days  29 hours 65 hours 4 hours 2-4 hours

Read accuracy 98% 98% 98% 87% 98.8%

Read number 4 000 000 000 400 000 000 20 000 000 50 000 70 000 000

Read length 2x125 bp 2x150 bp 2x300 bp 10 (40) kb 1-200 bp

Output 1000 Gb 129 Gb 12 Gb <1 Gb 10 Gb
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Types of sequence projects

Project Description

Resequencing Align and compare to a reference sequence

de novo Assemble new genome

metagenomics Sequence DNA pool of multiple species

mRNA Sequence cDNA for gene expression

miRNA Sequence small RNAs for expression

ChIP Study chromatin structure

DNA meth Study DNA methylation



Sequencing platforms
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