
1

Next Generation Sequencing

Wouter Bossuyt
Interuniversity Course in Human Genetics 

13/10/2023



2

Sequencing: a history
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Landmarks in DNA sequencing

• 1911:
• Thomas Hunt Morgan disproves himself and find chromosomes as basis of hereditary

• 1944-1952
• Avery–MacLeod–McCarty experiment (DNA in bacteria)
• Hershey–Chase experiment (DNA in phages)

• 1953 
• Rosalind Franklin, Watson, Crick: Discovery of DNA double helix structure
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1956
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Landmarks in DNA sequencing

• 1911:
• Thomas Hunt Morgan disproves himself and find chromosomes as basis of hereditary

• 1944-1952
• Avery–MacLeod–McCarty experiment (DNA in bacteria)
• Hershey–Chase experiment (DNA in phages)

• 1953 
• Rosalind Franklin, Watson, Crick: Discovery of DNA double helix structure

• 1953-1977: the ‘desperate’ era
• Walter Fiers use RNase digest in competition with Sanger

• 1977 
• A Maxam and W Gilbert "DNA seq by chemical degradation"
• F Sanger"DNA sequencing with chain-terminating inhibitors"
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Landmarks in DNA sequencing

• 1984 
• DNA sequence of the Epstein-Barr virus, 172 kb

• 1987 
• Applied Biosystems - first automated sequencer

• 1991 
• Sequencing of human genome in Venter's lab

• 1996 
• P. Nyrén and M Ronaghi - pyrosequencing

• 2001 
• A draft sequence of the human genome

• 2003 
• human genome completed

• 2004 
• 454 Life Sciences markets first NGS machine
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DNA Sequencing – the next generation

• NGS refers to non-Sanger-based high-throughput DNA sequencing 
technologies. 

• NGS technologies constitute various strategies that rely on a 
combination of 
• Library/template preparation

• Parallel sequencing
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• Illumina

• Nanopore

• Pacbio

• MGI

• AVITI Elements

• Ultima

• …

Different technologies 

9

MGI

Nanopore

Pacbio

List of NGS technologies and their specs:
https://docs.google.com/spreadsheets/d/1GMMfhyLK0-q8XkIo3YxlWaZA5vVMuhU1kg41g4xLkXc/edit?usp=sharing

Illumina AVITI Element

Ultima Genomics
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Sequencing workflows
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NGS workflow

Library

Variant filtering & interpretation
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What do I chose? Long read, short read,…

Illumina Nanopore Pacbio

Read length 35 bp to 600 bp Anything goes 250bp to 25kb (or 100kb)

Accuracy High Medium and improving high

Capacity Small to very large Tiny to large medium

Biases Fragment size and GC DNA modifications

Applications

WGS +++ ++ +++

RNAseq +++ + ++

Targeted resequencing +++ Only large fragments ++

Single cell sequencing +++

12
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Illumina (solexa) sequencing

• Illumina MiSeq, NextSeq 500, Nextseq2000, HiSeq4000 & NovaSeq
6000

13
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Illumina flowcells

9 

Cluster Generation 

Library pool loaded into reagent cartridge 

flows through all 4 lanes of the flow cell 

Hybridization and cluster generation are 

automated on the NextSeq system 

Approximately 5,000 molecules are included 

in a cluster 
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NGS Library Prep

8

What is a Flow Cell?

A flow cell is a thick glass slide 

with channels  or lanes 

Each lane is randomly coated with 

a lawn of oligos that are 

complementary to library adapters

Cluster generation occurs on a 

flow cell

P5 P7
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NGS Library Prep

• Indexing

oSample barcodes

oHigh diversity necessary

oUnique dual indexing is 

top
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NGS Library Prep

•General DNA library prep

•General RNA library prep

•Targeted library prep approaches
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NGS Library Prep

•General DNA library prep

•General RNA library prep

•Targeted library prep approaches
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NGS Library prep

•Fragmentation

o acoustic

covaris

o enzymatic
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NGS Library prep

•Fragmentation

o quality check: BioAnalyser / FragmentAnalyser
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NGS Library prep

•Standard A-tailing & adaptor-ligation (DNA/RNA)

10

TruSeq DNA Sample Prep  Workflow 

DNA RNA

Gel size selection, if needed
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NGS Library Prep

• Illumina Nextera tagmentation

•Transposon-based adapter insertion

•PCR-based indexing
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NGS Library Prep

•General DNA library prep

•General RNA library prep

•Targeted library prep approaches
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NGS Library Prep

•General DNA library prep

•General RNA library prep

•Targeted library prep approaches
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NGS Library Prep

• Illumina TruSeq Stranded mRNA

33

TruSeq RNA Workflow Overview

RNA to cDNA
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LexoGen QuantSeq (RNA)



27

NGS Library Prep

•General DNA library prep

•General RNA library prep

•Targeted library prep approaches
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NGS Library Prep

•General DNA library prep

•General RNA library prep

•Targeted library prep approaches

oamplicon based

o ligation based

oenrichment based



29

NGS Library Prep

•Custom two step PCR

Performed by you

Performed by the GC
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NGS Library Prep

•MIPs

Niedzicka et al. 2016

Multiplex probes

Hybridization and fill-in reaction

PCR linearization

PCR amplificaiton
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•Sequence capture

NGS Enrichment
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Illumina sequencing
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NGS Illumina Clustering

Sample prep Clonal Amplification Parallel sequencing
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Sample prep Clonal Amplification Parallel sequencing
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Newly 

synthesized 

strand
Original 

template

Denature Double-stranded DNA

discard

Double-stranded 

molecule is denatured

Original template washed 

away

Newly synthesized strand 

is covalently attached to 

flow cell surface

Sample prep Clonal Amplification Parallel sequencing
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Bridge Amplification

Single-stranded molecule flips over 

and forms a bridge by  hybridizing to 

adjacent, complementary primer

Hybridized primer is 

extended by polymerases

Sample prep Clonal Amplification Parallel sequencing
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Bridge Amplification

Double-stranded bridge is formed

Sample prep Clonal Amplification Parallel sequencing
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Denature Double-stranded Bridge

Double-stranded bridge is 

denatured

Result:

Two copies of covalently bound 

single-stranded templates

Sample prep Clonal Amplification Parallel sequencing
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Bridge Amplification

Single-stranded molecules flip over 

to hybridize to adjacent primers

Hybridized primer is 

extended by polymerase

Sample prep Clonal Amplification Parallel sequencing
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Bridge Amplification

Bridge amplification cycle 

repeated until multiple 

bridges are formed

Sample prep Clonal Amplification Parallel sequencing
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Linearization

dsDNA bridges are 

denatured

Sample prep Clonal Amplification Parallel sequencing
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Reverse Strand Cleavage 

Reverse strands cleaved and 

washed away, leaving a cluster 

with forward strands only

Sample prep Clonal Amplification Parallel sequencing
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Blocking

Free 3’ ends are blocked to 

prevent unwanted DNA 

priming

Sample prep Clonal Amplification Parallel sequencing
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Read 1 Primer Hybridization

Sequencing 

primer

Sequencing primer is hybridized 

to adapter sequence

Sample prep Clonal Amplification Parallel sequencing
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NGS Illumina Sequencing

•Sequencing By Synthesis (SBS)
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NGS Illumina Sequencing

• Imaging MiSeq, HiSeq4000

11 

Four Channel SBS Chemistry: GA, HiSeq, MiSeq 

Collects 4 images 
• During each cycle, 

each cluster appears 

in only 1 of 4 images 

Each of the 4 DNA bases 

emit an intensity of a 

unique wavelength 
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NGS Illumina Sequencing

• Imaging NextSeq500, Nextseq2000* NovaSeq

12 

Two channel SBS uses 2 images 

Builds template over 5 cycles 

Clusters appearing in green only are T 

Clusters appearing in red only are C 

Clusters appearing in both images are A 

Clusters not present in either green nor 

red are G 

Cluster intensities are plotted and bases 

are called accordingly 

Two Channel SBS – NextSeq Series 
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NGS Illumina Sequencing

•Different SBS dyes
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NGS Illumina Sequencing

•Paired-end sequencing

32

Bridge 

formation

3’ extension

Single-stranded template 

loops over to form a 

bridge by hybridizing with 

a lawn primer

3’-ends of lawn primer is 

extended

Paired End Sequencing
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Illumina sequencing QC
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Quality Control
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Q30 by cycle

52
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NGS Illumina Sequencing

•Quality Control
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Optimal loading 

54
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Duplicates

55

Sample prep Clonal Amplification Parallel sequencing
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Common loss in Illumina

• Insufficient coverage: suboptimal loading

• Low complexity library

• Overloading

• Repeats

• Duplicates

• Too short fragment size
• Overlap

• High % adapter

• Low Q30
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Metrics Picard – coverage technical target 
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Metrics Picard – uniformity
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Metrics Picard – Excluded bases
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IGV screenshot of part of TRDN (chr6:123,247,689-123,284,977)

chr6:123,247,688-123,284,977

TRDN

GC106351
70°C – 1h hyb

GC106359
70°C – 30’ hyb

GC107853
67.5°C – 1h hyb

GC107869
62.5°C – 1h hyb

GC107861
65°C – 1h hyb

ex26
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Nanopore sequencing

• MinION

• GridION

• PromethIOM

• SmidgION

61
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Oxford Nanopore sequencing
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From squiggles to sequencing

• New basecaller: extract more correct information from squiggles

• Training of base caller for methylation data
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Run QC on Nanopore

• Every flowcell is different

• Nuclease wash (and refueling) increases output

65
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Translocation speed and pore status



67

Run QC on Nanopore

• Q-score need to be stable

• New flowcell chemisty improves 
Q-score

• Barcode selection → select high 
quality door
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SMRT Sequencing

• Pacific Biosciences 
PacBio Sequel IIe

68
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SMRT® Technology

69
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Template preparation
DNA Sample

Fragment DNA

Damage 

Repair/  End 

Repair 

Ligate adapters

Purify DNA

• from 250 bp to 400 kb

• sequences of both forward and reverse strands in the 

same trace

Template 
Preparatio

n

Run 
Design

Polymeras
e Binding

Instrument 
Run

Primary 
Analysis

Secondar
y Analysis

Tertiary 
Analysis

Template 
Preparation

Run 
Design

Polymerase 
Binding

Instrument 
Run

Primary 
Analysis

Secondary 
Analysis

Tertiary 
Analysis
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Universal SMRTbell™ Template

Large Insert Sizes 
Generates one pass on each 

molecule sequenced

Circular Consensus Sequencing (CCS)

Small Insert Sizes

Generates multiple passes on each 

molecule sequenced

• Recommended Insert Size: > 3 kb

• Maximum length over 300 kb

• Recommended Insert Size: 500 bp-20kb
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SMRT® Sequencing Accuracy
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Benefits of SMRT® Sequencing

• Produce reads with average lengths of 6000 to 10000, with longest 
reads over 175,000 base pairs

• Greater than 99.999% (QV 50) accurate sequencing results

• Sensitivity to detect minor variants at frequency less than 0.1%

• Detect broad spectrum of base modification events in the same 
sequencing run that reads canonical base sequence

• No amplification bias and least GC bias for improved coverage 
uniformity  
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MGI and Aviti Element

74

MGI: SBS

AVITI: avidite binding
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NGS Applications
NGS as a tool for studying genome variation and regulation
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Single cell 
genomics

• Targeted 
resequencing
• Amplicon
• MIPs
• Capture panels

• de novo assembly
• Bacterial WGS
• Vertebrate WGS
• Long read 

sequencing

• Truseq stranded 
mRNA

• Lexogen quantseq
• IsoSeq (Pacbio) 

• Various single cell 
library prep 
methods for DNA 
and RNA

DNA RNA
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Whole genome sequencing

• Copy number variation analysis

• Sequencing a genome at 0.1-0.3x

• Sequencing a genome at 1-3x

• Structural variation analysis

• Sequencing a genome at 5-10x

• Whole genome re-sequencing

• Sequencing a genome at >30x

• yeast, fruit fly, bacterial genomes, human…

79
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De novo assembly

• Assembling a genome from 
scratch

• Extremely computationally 
heavy

• No reference to distinguish 
variation from artefacts

• Combination of multiple 
sequencing and optical mapping 
techniques required
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RNA SEQUENCING

• Rapid expression profiling, transcriptome sequencing and small RNA’s
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Differential 
expression

Whole transcript, 
fusion, isoforms

Small 
RNA

Illumina 
compatible

Low input

Lexogen QuantSeq 
3’ mRNA

✔ ✔ ✔

Lexogen Small RNA 
seq

✔ ✔ ✔
✔

Illumina TruSeq 
stranded mRNA

✔ ✔ ✔

Illumina TruSeq 
stranded total RNA

✔ ✔ ✔ ✔

IsoSeq (✔) ✔

Smart-Seq2 ✔ ✔ ✔ ✔✔✔

RNAseq library preps
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Single cell RNA-seq as a complementary technique to bulk RNA-seq

Side note
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RNA 
type

Transcript 
targeted

sensitivity throughput sequencing
Specific 
property

SMART SEQ2 mRNA
full 

transcript
sensitive low deep

FACS sorting 
specific 

populations

10x 
genomics

3’ RNA seq
mRNA 3’ end medium

High 
(> 10000)

shallow
Can be 

combined with 
surface markers

10x variations

ATAC + RNA - seq

Spatial transcriptomics

Single cell RNA-seq as a complementary 
technique to bulk RNA-seq
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