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NEXT GENERATION SEQUENCING (NGS) 
OR 

MASSIVELY PARALLEL SEQUENCING (MPS) 

Principles / Fundamentals 
of Bioinformatics 2012 
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Reading 

 
•  Video on NGS: 

–  http://www.youtube.com/watch?v=77r5p8IBwJk 

•  Review on the Bruijn Graphs by Compeau, Pevzner 
and Tesler  
–  good for understanding the “De Novo” Assembly algorithms 

•  Euler Cycle 
•  De Bruijn Graph 
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Overview / Concepts 
•  Sanger sequencing 

–  Chain termination 
–  Shotgun 

•  NGS 
–  Massively parallel 
–  Polonies 
–  Flow cell – cycles 
–  reads  

•  Source of error 
–  Repeats 
–  Sequencing errors 
–  Coverage 
–  N50 measure 

•  Alignment to reference 
–  BLAST 
–  Burrows-Wheeler transform 
–  Mismatches 

•  Genome Assembly  
Algorithms: 
–  De Bruijn Graphs** 
–  Contigs, Reads 
–  K-mer, suffix, prefix 
–  Bubbles, tips 

•  Applications  
–  Meta genomics 
–  RNA sequencing 
–  Exome Sequencing 
–  ChIP-seq  
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Sanger sequencing 

•  Introduced by Fred Sanger in 1977 
•  First sequenced genome was PhiX-174 virus 

–  5K-bases - 2.9 million K-bases human genome 
•  The bases are detected using fluorescence 

–  4 different labels .  
•  Nobel prize in 1980 
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Sanger sequencing 
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 Sanger sequencing 
 

•  Fragment DNA (shotgun) 

•  Amplify DNA - generate high 
numbers 

•  Extension & chain termination 
–  Low number of fluorescent 

ddNTP’s, that block the reaction 
 
•  Electrophoresis of single strand 

to sort on length 

•  Measure Fluorescent signal 
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Sanger sequencing - output 



8 
 

FoB / PoB  - lecture 8 - Sanne Abeln  - September 25, 2012 

Shotgun sequencing 

•  Chain termination sequencing cannot deal with 
sequences longer than 2 k-BP 
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Human genome project (1990 – 2003) 

- ‘a milestone for humanity’ 
- performed using traditional methods 
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Human genome project - in numbers 

•  23 chromosome pairs 
•  20.000 genes  
•  2.9 billion base pairs 
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Sanger sequencing 

•  Still very much used: 
–  Accurate 
–  Long reads (up to 2000 bp) 
–  $0.5  per K-base 

 

•  But: 
–  Slow (96 - 384 simultaneous channels) 
–  Need specific primer design for each sequencing reaction 
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Next Generation Sequencing (NGS) 

•  Massively parallel sequencing (MPS) 
•  Huge amount of (106  - 109) reads 
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Next Generation Sequencing 

•  Massive parallel sequencing of millions of short 
fragments 
 

•  Very fast 
 

•  Huge amounts of data 
 

•  Reduced costs 
(e.g. 1 human genome ~10.000 $ vs. HGP 3 bilion $) 
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Next-generation sequencing 

•  Platforms are based on +/- same principle 
•  Differences reside mainly in chemical usage and the way 

fragments are stuck to the surface 
 

•  454 Pyro sequencing (Roche) 
+ long reads (up to 750 bp) 
- expensive, smaller amount of data 

 
•  Solexa (Illumina) / SOLiD (Applied Biosystems) 

+ huge amounts of data, relatively cheap 
-  Shorter reads (up to 150 bp) 

-  Complete Genomics 
-  Analysis is done “in house” 
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Next Generation Sequencing Approach: 
•  Fragmentation 

•  Same ‘primer’ ( for all 
fragments 

•  Create clusters of same 
sequence fragments or 
polonies 

•  Massively parallel 
sequencing on array 
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Basic strategy sequencing 

Add same adapter sequence to each 
fragment -> need only one unique primer! 
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Create Polonies (polymerase colony): 
 
obtain clusters of DNA with exactly the same sequence 

Illumina 

Pyro sequencing, SOLiD 
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Sequencingin flow cell: 

•  Massively parallel sequencing 
•  Huge amount of (106  - 109) reads 
•  “Wash” chemical over DNA for replication cycle 
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Cyclic Array Sequencing 
At each cycle (at least) one nucleotide is read 
Chemicals washed over flow cell, including nucleotides 
Reads show fluorescence of added nucleotide in each cycle 
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Single cycle: washing ingredients 

Multiple washing steps for read of single 
nucleotide (single cycle) 
 
Depending on manufacturer 
 
Typical ingredients 
•  Polymerase 
•  Nucleotides 
•  Fluorescence 
•  “Temporary blockage” 
•  Light to excite fluorescence 
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NGS OUTPUT 

•  Millions of sequenced fragments 
(data handling is a problem!) 

•  Either DNA or RNA sequences 
–  Abundance may be estimated (deep sequencing) 

•  What to do next? BIOINFORMATICS 

•  Putting it together: 
–  Reference genome alignment 
–  De novo assembly of a genome 
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Reference alignment 

•  INPUT 
–  Millions of sequenced fragments 
–  A reference genome sequence 

•  PROCESS 
–  String matching of the sequence reads against the reference 

(allow for small variations) 
–  Reference and sequenced organism need to be closely 

related (at least the same species) 
•  OUTPUT 

–  Alignment and sequence of new strain  
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Reference alignment 

Match sequence to a given genome 

-  Same species different individual 

-  Closely related species 
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Reference alignment 
Match sequence to a ‘similar’ genome 
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How to search through millions of reads? 

Need fast to lookup for reads that will potentially align well 

•  Most current methods use “Burrows-Wheeler 
transform” 
–  Also used in data compression (like  “zipping”) 
–  Here it helps sorting the reads against the genome 
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Burrows-Wheeler transform 

(c) calculate the range of matrix rows 
beginning with successively longer 
suffixes of the query. Enables fast 
substring / k-mer searching. 

(a)  Burrows-Wheeler transform: 
•  add “$” to end 
•  make all possible cyclic rotations 
•  Sort the strings 
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Mismatches 

•  How to deal with 
mismatches in lookup? 

•  Various strategies 
•  Some implementations are 

similar to the BLAST look up 
of words 
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Question – Mismatches ** 

•  What may be the cause of any mismatches alignment 
between the sequence read and the reference 
genome? 
–  Think both about evolution and the experimental procedure 

•  Would it be useful if we could differentiate between 
different sources of noise? How could this be done? 
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Programs for reference alignment 

•  BWA 
•  Bowtie 
•  Maq 
•  SOAP 
•  CLCbio (commercial package) 
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Depth	  of	  Coverage	  

Usage of sequencing “depth” and sequencing 
“coverage” 
•  sequencing depth: (average) number of reads per 

base  (often on entire sequencing sample)  
•  coverage: number of reads per base (often on 

specific region) 
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De novo assembly 

•  INPUT 
–  Millions of sequenced fragments 

 
•  PROCESS 

–  Cut reads in k-mers and determine overlap through string-
matching (allow for small variations) 

–  No reference needed 
 

•  OUTPUT 
–  Alignment and sequence of new strain  
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Assembly: Puzzling reads into a genome 

ACAGGAGGT   read1 
          GAGGTCCAGA   read2 

          CCAGATGATGATA  read3 
--------------------------------------------------------- 
ACAGGAGGTCCAGATGATGATA  contig 
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De Bruijn graphs 

Objective: 
- find overlapping regions in reads 
 
Use k-mer graphs to solve problem 
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Reading on Algorithm: 
focus on De Bruijn Graphs and Genome Assembly 
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Directed Graphs 
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K -mers 

•  K-mers in assembly algorithms, are similar to “words” 
in BLAST 

•  Example: 
–  ACTGTTA contains the 4-mers: 

•  ACTG 
•  CTGT 
•  TGTT 
•  GTTA 
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De Bruijn Graph for Genome Assembly 

•  Nodes are k-mers 

•  Edges are (k+1)-mers, 
connecting two nodes 

•  Such nodes need to have an 
overlap of (k-1) symbols 

•  Directed edges, such that the 
suffix of the outgoing node 
overlaps with the prefix of the 
incoming node 

                 
     

•  TG is the suffix of aTG 
•  TG is the prefix of TGt  

ATG TGT  

•  connecting 4-mer: 
ATGT 

•  Overlap: TG 

 aTG                TGt 
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Reads connect nodes 

•  Given a read 

•  3-mers can be 
connected if connecting 
4-mers are present in the 
read 

•  What happens if we add: 
 

CAATGGC 

CAA 
AAT 

ATG 

TGG 
GGC 

ATGGCGT 
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Constructing  “de Bruijn” graphs ** 

given de read ATGGCGT, we have a the graph: 
 
 
 
 
 
 
3-mers can be connected if connecting 4-mers are 
present in the read 
 
 

Supplementary Figures 

 

Why are de Bruijn graphs useful for genome assembly? 

 

Phillip E. C. Compeau, Pavel A. Pevzner & Glenn Tesler 

 

 

 

 
 

Supplementary Figure 1. De Bruijn graph from reads with sequencing errors. (a) A de 

Bruijn graph E on our set of reads with k = 4.  Finding an Eulerian cycle is already a 

straightforward task, but for this value of k, it is trivial.  (b) If TGGAGTG is incorrectly 

sequenced as a sixth read (in addition to the correct TGGCGTG read), then the result is a bulge in 

the de Brujin graph, which complicates assembly.  (c) An illustration of a de Bruijn graph E with 

many bulges.  The process of bulge removal should leave only the red edges remaining, yielding 

an Eulerian path in the resulting graph. 

 

GGCATG TGG GCG CGT GTG TGC GCA CAA AAT
ATGG TGGC GGCG GCGT CGTG GTGC TGCA GCAA CAAT

AATG

GGCATG TGG GCG CGT GTG TGC GCA CAA AAT
ATGG TGGC GGCG GCGT CGTG GTGC TGCA GCAA CAAT

GGA GAG AGT

TGGA

GGAG GAGT

AGTG

a

b

c

Nature Biotechnology: doi:10.1038/nbt.2023
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Finish the graph for reads: 

•  Indicate in the graph how often each edge and node 
occurs. 

•  What was the genome?  
•  Any alternatives? 

CAATGGC 

ATGGCGT 

GGCGTGC 
CGTGCAA 

TGCAATG 
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Can you (re)draw the graph if we add 
another read with a mismatch 
CAATGGC 

ATGGCGT 

GGCGTGC 

CGTGCAA 

TGCAATG 

TGGAGTGC 
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CAATGGC 

ATGGCGT 

GGCGTGC 

CGTGCAA 

TGCAATG 

TGGAGTGC 

Supplementary Figures 

 

Why are de Bruijn graphs useful for genome assembly? 

 

Phillip E. C. Compeau, Pavel A. Pevzner & Glenn Tesler 

 

 

 

 
 

Supplementary Figure 1. De Bruijn graph from reads with sequencing errors. (a) A de 

Bruijn graph E on our set of reads with k = 4.  Finding an Eulerian cycle is already a 

straightforward task, but for this value of k, it is trivial.  (b) If TGGAGTG is incorrectly 

sequenced as a sixth read (in addition to the correct TGGCGTG read), then the result is a bulge in 

the de Brujin graph, which complicates assembly.  (c) An illustration of a de Bruijn graph E with 

many bulges.  The process of bulge removal should leave only the red edges remaining, yielding 

an Eulerian path in the resulting graph. 

 

GGCATG TGG GCG CGT GTG TGC GCA CAA AAT
ATGG TGGC GGCG GCGT CGTG GTGC TGCA GCAA CAAT

AATG

GGCATG TGG GCG CGT GTG TGC GCA CAA AAT
ATGG TGGC GGCG GCGT CGTG GTGC TGCA GCAA CAAT

GGA GAG AGT

TGGA

GGAG GAGT

AGTG

a

b

c

Nature Biotechnology: doi:10.1038/nbt.2023

Can you (re)draw the graph if we add 
another read with a mismatch 

Given this graph: 
how would we decide what the actual sequence was? 



43 
 

FoB / PoB  - lecture 8 - Sanne Abeln  - September 25, 2012 

Supplement contains example of handout 
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Same reads, 2-mer graph 

•  What is the genome?  
•  Is the solution unique? 

NATURE BIOTECHNOLOGY  VOLUME 29   NUMBER 11   NOVEMBER 2011 989

states that a connected directed graph has an 
Eulerian cycle if and only if it is balanced. In 
particular, Euler’s theorem implies that our 
de Bruijn graph contains an Eulerian cycle as 
long as we have located all k-mers  present in 
the genome. Indeed, in this case, for any node, 
both its indegree and outdegree represent the 
number of times the (k–1)-mer assigned to that 
node occurs in the genome.

To see why Euler’s theorem must be true, 
first note that a graph that contains an Eulerian 
cycle is balanced because every time an ant 
traversing an Eulerian cycle passes through a 
particular vertex, it enters on one edge of the 
cycle and exits on the next edge. This pairs up 
all the edges touching each vertex, showing that 
half the edges touching the vertex lead into it 
and half lead out from it. It is a bit harder to see 
the converse—that every connected balanced 

nucleotide of the k-mer assigned to that edge.
Euler considered graphs for which there 

exists a path between every two nodes (called 
connected graphs). He proved that a connected 
graph with undirected edges contains an 
Eulerian cycle exactly when every node in the 
graph has an even number of edges touching 
it. For the Königsberg Bridge graph (Fig. 1b),  
this is not the case because each of the four 
nodes has an odd number of edges touching 
it and so the desired stroll through the city 
does not exist.

The case of directed graphs (that is, graphs 
with directed edges) is similar. For any node 
in a directed graph, define its indegree as the 
 number of edges leading into it and its  outdegree 
as the number of edges leaving it. A graph in 
which indegrees are equal to  outdegrees for 
all nodes is called ‘balanced’. Euler’s theorem 

(e.g., AT, TG, GG, GC, CG, GT, CA and AA) 
can appear only once as a node of the graph. 
Then, connect node x to node y with a directed 
edge if some k-mer (e.g., ATG) has prefix x (e.g., 
AT) and suffix y (e.g., TG), and label the edge 
with this k-mer (Fig. 3d; in Box 3, we describe 
how this approach was originally discussed in 
the context of sequencing by hybridization).

Now imagine an ant that follows a differ-
ent strategy: instead of visiting every node of 
the graph (as before), it now attempts to visit 
every edge of the graph exactly once. Sound 
familiar? This is exactly the kind of path that 
would solve the Bridges of Königsberg prob-
lem and is called an Eulerian cycle. As it visits 
all edges of the de Bruijn graph, which rep-
resent all possible k-mers, this new ant also 
spells out a candidate genome; for each edge 
that the ant traverses, one records the first 

Figure 3  Two strategies for genome assembly: from Hamiltonian cycles to Eulerian cycles. (a) An example small circular genome. (b) In traditional Sanger 
sequencing algorithms, reads were represented as nodes in a graph, and edges represented alignments between reads. Walking along a Hamiltonian cycle by 
following the edges in numerical order allows one to reconstruct the circular genome by combining alignments between successive reads. At the end of the 
cycle, the sequence wraps around to the start of the genome. The repeated part of the sequence is grayed out in the alignment diagram. (c) An alternative 
assembly technique first splits reads into all possible k-mers: with k = 3, ATGGCGT comprises ATG, TGG, GGC, GCG and CGT. Following a Hamiltonian 
cycle (indicated by red edges) allows one to reconstruct the genome by forming an alignment in which each successive k-mer (from successive nodes) is 
shifted by one position. This procedure recovers the genome but does not scale well to large graphs. (d) Modern short-read assembly algorithms construct a 
de Bruijn graph by representing all k-mer prefixes and suffixes as nodes and then drawing edges that represent k-mers having a particular prefix and suffix. 
For example, the k-mer edge ATG has prefix AT and suffix TG. Finding an Eulerian cycle allows one to reconstruct the genome by forming an alignment in 
which each successive k-mer (from successive edges) is shifted by one position. This generates the same cyclic genome sequence without performing the 
computationally expensive task of finding a Hamiltonian cycle.
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De Bruijn Graphs 

Creating k-mers (4-mers) 
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De Bruijn Graph 
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Linear stretches: 
      continuous sequence 
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Tip & Bubble removal 
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Full de Bruijn Graph 

"A full de Bruijn graph of two related plasmids that have  a locus in common. The de 
Bruijn graph was created with 30-bp k-mers. The open loops are regions that differ 
between the two plasmids, whereas the heavier lines indicate common regions."
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Output de novo assembly - Contigs 
•  The goal is to reconstruct the genome into a single 

sequence 
 

•  Output: many contigs, for which the sequence order is 
ounknown order 
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Programs 

•  Velvet (EBI) 
•  Abyss (Michael Smith Genomic 

Sciences Centre, Canada) 
•  Curtain (mix of Velvet/Abyss) 
•  SOAPdenovo (BGI China) 
•  CLCbio (commercial package) 
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Major Problems with NGS data 

•  Huge amounts of data to process 
•  High error rate 
•  Lack of coverage 
•  Repeat sequences 
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Sequencing errors 

•  Incorrect information within the reads because 
of  errors of  sequencing machines 

•  Sometimes error rate > 1% 

 
•  ACAGGAGGT   read1 

•   GAGGTCCAGA   read2 
•      GAAGTCCAGA   read3 

•      GAGGTCCCGA   read4 
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Lack of coverage 

•  Lack of  coverage of  the reads on the 
original genome causes multiple contigs 
–  due to randomness of  shearing process there is a 

chance that some regions of  the genome are 
unsequenced 
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Sequence repeats 

•  Sequence repeats cause intrinsic problems for 
genome alignment and assembly 

 
Consider the genome: 

•  ATTATTATTATTATTA 

•  Read TTA ATT TTA etc how to assemble? 
•  How often does the repeat occur 
•  Different stretches of genome,  



56 
 

FoB / PoB  - lecture 8 - Sanne Abeln  - September 25, 2012 

Repete/ve	  elements	  -‐	  1	  

•  Repeats can cause two major problems to 
the assembler; 
–  1) May be collapsed in two separate contigs 
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De novo assembly 
•  The goal is to reconstruct the genome into a single 

sequence 
 

•  But in practice this is difficult 
–  Sequencing errors 
–  Lack of coverage 
–  Repeated elements in the genome 

 
•  Result: many sequences (contigs) of unknown order 
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Depth	  of	  Coverage	  	  -‐	  Measure	  *	  

Usage of sequencing “depth” and sequencing 
“coverage” 
•  sequencing depth: (average) number of reads per 

base  (often on entire sequencing sample)  
•  coverage: number of reads per base (often on 

specific region) 
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N50	  -‐	  Accuracy	  measure	  *	  

•  How long are the contigs in your set?  
•  N50 measure:  

given a set of contigs of varying lengths, the N50 
length is defined as the length N for which 50% of all 
bases in the contigs are in a contig of length L < N.  

 

N50  

50%  
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Paired-‐end	  strategy	  

ATGATCTTC CGTAGAGA 

~200-500bp  

•  Sequence from both ends of  the fragment of  known 
size 

•  Using interspacing size to determine distance 
between contigs (and solve e.g. repeat regions) 

•  Problem: fragment size is limited to few hundreds of  
basepairs -> fill up minor gaps 

“bridge”	  
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Combining	  con/gs	  with	  paired-‐end	  reads	  

•  Align reads to contigs 
•  Combine contigs if  linked by paired ends, may be 

conditional on: 
•  number of  bridges 

•   alignment accuracy 
•   uniqueness of  alignment (information content). 

•  We may use insert size to estimate gap between the 
contigs 
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Question: Assembly vs Alignment ** 

•  In what cases would you use Genome Assembly and 
when Alignment? 

•  Can you imagine any scenarios when a combined 
approach may be useful? 
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Application Areas 

•  RNA-seq (measure RNA expression) 
•  Meta-genomics (measure content anddiversity of 

species) 
•  Exome-sequencing (only sequence exomes) 
•  ChIP-seq (measure protein interactions with DNA) 
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A gene codes for a protein  

Protein

mRNA

DNA

transcription

translation

CCTGAGCCAACTATTGATGAA

PEPTIDE

CCUGAGCCAACUAUUGAUGAA

Transcription + Translation = Expression
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RNA-‐Sequencing:	  
Coverage	  es/mates	  expression	  levels	  
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Introns	  &	  exons	  
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Metagenomics	  

•  DNA	  from	  samples	  that	  have	  not	  been	  selected	  for	  a	  
single	  species,	  e.g.:	  

•  Health	  	  (diagnosis,	  health	  indicators,	  medica/on)	  
–  Sample	  of	  saliva,	  giving	  oral	  bacteria	  
–  Sample	  of	  stool,	  giving	  bacteria	  in	  bowel	  

•  Ecology	  (polu/on,	  control)	  
–  Sample	  of	  soil	  	  
–  Sample	  of	  sea	  water	  
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Metagenomics	  
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Example	  of	  Sea	  Water	  Sample:	  

•  Mate-pair connection graph 
illustrating the May 2009 
metagenome de novo assembly. 

•   Lines represent contigs with 
mate-pair connections scoring 
greater than 750 bits (n = 30,945).  

•  Long strands represent 
prokaryote genome sequences, 
and small circular strands show 
likely virus or plasmid sequences. 

•  Contigs aligning with the MG-II 
genome assembly are indicated 
(black arrow, gray shading). 
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Exome Sequencing 

DNA (patient) 
Gene A Gene B 

Produce shotgun  
library 

Capture exon  
sequences 

Wash & Sequence 

Map against 
reference genome 

Determine  
variants, 
Filter, compare 
patients 

candidate genes 

1 

2 

3 
4 

5 
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ChIP-seq   

•  “Use protein as bait to fish DNA out” 
by Anthony Fejes at 6/01/2009 
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Includes slides from: 
Walter Pirovano 

•  PhD on sequence analysis algorithms 
in 2010 
(IBIVU -VU, Prof. Jaap Heringa) 
 

•  From 2009 at BaseClear as  
Product Specialist Bioinformatics 
 

•  Data management and analysis of 
NGS data 
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Constructing  “de Bruijn” graphs ** 

1)  Given de read ATGGCGT, we can draw the 
3-mer graph above. Finish the graph for the 
following reads 
 

2)  Indicate in the graph how often each edge 
and node occurs. 

3)  What was the genome? Are there any 
alternatives? 

 
 
 
 
 
 
 

Supplementary Figures 

 

Why are de Bruijn graphs useful for genome assembly? 

 

Phillip E. C. Compeau, Pavel A. Pevzner & Glenn Tesler 

 

 

 

 
 

Supplementary Figure 1. De Bruijn graph from reads with sequencing errors. (a) A de 

Bruijn graph E on our set of reads with k = 4.  Finding an Eulerian cycle is already a 

straightforward task, but for this value of k, it is trivial.  (b) If TGGAGTG is incorrectly 

sequenced as a sixth read (in addition to the correct TGGCGTG read), then the result is a bulge in 

the de Brujin graph, which complicates assembly.  (c) An illustration of a de Bruijn graph E with 

many bulges.  The process of bulge removal should leave only the red edges remaining, yielding 

an Eulerian path in the resulting graph. 

 

GGCATG TGG GCG CGT GTG TGC GCA CAA AAT
ATGG TGGC GGCG GCGT CGTG GTGC TGCA GCAA CAAT

AATG

GGCATG TGG GCG CGT GTG TGC GCA CAA AAT
ATGG TGGC GGCG GCGT CGTG GTGC TGCA GCAA CAAT

GGA GAG AGT

TGGA

GGAG GAGT

AGTG

a

b

c

Nature Biotechnology: doi:10.1038/nbt.2023

 
4)  Add the following read – with a mismatch – 

to the graph 

5)  Given the new graph, how could you deduce 
what the actual sequence was? 

!

ATGGCGT!
GGCGTGC!
CAATGGC!
CGTGCAA!
TGCAATG!

TGGAGTGC!


