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• NGS sequencing produce sequence reads
• If we assemble the sequence by identifying overlaps between all 

sequences, we will potentially have N2 alignments to test
• This problem is tractable with a small number of large fragments
• Human genome = 3.3×109 bp
• NGS produces ~100bp fragments
• With 10× coverage, we have 3.3×108 fragments and 1×1017

comparisons
• If each comparison takes 1 ns, it will require ~3 years to do one 

assembly. Not tractable
• We need a better algorithm!

sequence reads

genome

Ab initio Genome Assembly

Put all the short sequence 
reads together to make 
one full genome sequence



PNAS 2001 98:9748-9753 

Eulerian path algorithm
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• Given any sequence read of length L, we can represent it as k-mers (5-mers in 
this case), over-lapping by k-1 nt

• All the k-mers are written to a hash table
• A hash table is an table where the k-mer sequence is “hashed” to make a key, 

which points to an address where the k-mer sequence is stored
• A k-mer is then chosen, to start with, and a de Brijn graph, is constructed

Break each sequence read into over-lapping k-mers

ATAG
C



The de Brijn graph consists of nodes (circles) and edges (connecting lines)

In a directed de Brijn graph each edge (line) has a direction

For the k-mer that you have chosen, say TAGCC, write the sequence on an 
edge

The k-mer that follows TAGCC will be AGCC with the last nucleotide G, A, T 
or C.
Look in the hash table to see what k-mers you have. If you have all four, 
indicate that

TAGCC

TAGCC
AGCCT

Using a de Brijn graph to represent over-lapping k-mers

With this scheme we will expand 
4n for every step, and will get 

very complex graphs or run out 
of memory!



Use k-mers of a length where the k-mers-1 are unique

CTAAGTAGCC AGCCT GCCTA CCTAA TAAGC

• If each k-mer-1 is unique, there can only be one overlapping 
k-mer in the hash table

• If you choose k-mers that are too long, there will be a small 
collection of unique k-mers, but not all k-mers will have a over-
lapping k-mer

• If you do not have the overlapping k-mer, you cannot extend the 
de Brijn graph

• There is thus a balance of having a k-mer length giving k-mers
that are as unique as possible, but simultaneously also have 
over-lapping k-mers for as many k-mers as possible

• For a linear sequence, you keep on adding overlapping k-mers
until you run out of k-mers  you then have the linear sequence

• For a circular sequence, you continue adding k-mers until you 
return to your starting k-mer
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Effect of k-mer length on uniqueness

3-mers generate 4 
identical k-mers

4-mers from the same 
sequence are all unique



• If a k-mer (or group of k-mers) occur more than once, use the corresponding 
number of edges

• Insert branches and returns, as required
• If each node has as many entering as exiting arrows, the de Brijn graph is 

balanced, and a single path visiting all edges of the graph exists (eulerian walk)
• This eulerian walk or superpath is the sequence
• If exactly two nodes have an odd number of inward and outward arrows, 

these nodes are the sequence termini

GATTACGGTGCTACGAATCGA
GATT
ATTA
TTAC
TACG
ACGG
CGGT
GGTG
GTGC
TGCT
GCTA
CTAC
TACG
ACGA
CGAA
GAAT
AATC
ATCG
TCGA

GATT ATTA TTAC TACG ACGG CGGT GGTG GTGC TGCT GCTA CTAC

ACGA

CGAA GAAT AATC ATCG TCGA

The superpath through a de Brijn graph is the sequence



The bridges of Koningsberg problem

Can I do a tour of Koningsberg where I cross each bridge once?

Swiss 
mathematician

• If a connected graph has any node with 
an odd number of edges, there is no 
eulerian cycle

• The fabled Koningsberg tour is not 
possible 



• A de Bruijn graph where all nodes are connected by edges is a 
connected graph

• Undirected de Bruijn graph: no direction is given to edges
• Directed de Bruijn graph: can cross an edge only in the defined direction
• A eulerian cycle is a path through the entire graph, crossing each 

edge once, and returning to the starting node 
• A undirected, connected graph has an eulerian cycle if all nodes contain 

an even number of edges
• A directed, connected de Bruijn graph has a eulerian cycle if the 

number of edges entering each node equals the number of edges 
exiting each node for all nodes in the graph

• If the de Bruijn graph is unconnected (there are two nodes with an 
unequal number of entering and exiting edges), an eulerian walk (path 
traversing the entire graph once) exists if the number of entering edges 
equals the number of exiting edges for all nodes, except two (the 
“starting” and “ending” node)

When will a de Bruijn graph have a eulerian
cycle or walk?

Compeau et al. 2011 Nature Biotech



Repeats can pose a problem

x1

x2

y1

y2

r1 r2

x1 y1

y2

r1 r2

vi

x1r1r2y1?
x1r1r2y2?

Sometimes knowledge of 
the global structure leads to 
the correct solution: 
x1r1r2y1vir1r2y2

x1 y1r1 r2

a1

b1

x1r1r2a1r1r2b1r1r2y1?
X1r1r2b1r1r2a1r1r2y1?



Test of a genome assembly program

Give SPAdes 50nt “reads” selected at 
random positions from a 500 nt sequence 
at 50 X coverage

>>NODE_1_length_499_cov_18.2403                           (499 nt)
Waterman-Eggert score: 2495;  570.0 bits; E(1) <  6.5e-167
100.0% identity (100.0% similar) in 499 nt overlap (2-500:1-499)

10        20        30        40        50        60 
seq TCATCTACGTTTAATCCCCGTTTCTTCGCTGTTCACTCCACACCTCTGAGCTGCGTAGGC

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 TCATCTACGTTTAATCCCCGTTTCTTCGCTGTTCACTCCACACCTCTGAGCTGCGTAGGC

10        20        30        40        50        60

70        80        90       100       110       120 
seq CAAGAGTTACCTCCCCGTTTTTCCTCGCCGATAAACTACTCAATCGTCCGAAAAGACATC

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 CAAGAGTTACCTCCCCGTTTTTCCTCGCCGATAAACTACTCAATCGTCCGAAAAGACATC

70        80        90       100       110       120

130       140       150       160       170       180 
seq TGGAGGTCAGAGAGGGCAGTGTGGCTAGCGAAACTCGGTCCGGCTTAACGAATACCTCGA

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 TGGAGGTCAGAGAGGGCAGTGTGGCTAGCGAAACTCGGTCCGGCTTAACGAATACCTCGA

130       140       150       160       170       180

190       200       210       220       230       240 
seq CTTTAACGTCTGCAGGTTGGGTGCAGTCGACGTTATATCTACATACATTGATAGTATTAG

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 CTTTAACGTCTGCAGGTTGGGTGCAGTCGACGTTATATCTACATACATTGATAGTATTAG

190       200       210       220       230       240

250       260       270       280       290       300 
seq AACGGGTGATTTACAGATCTAGGTTGCCGACACAGAAGAAAACCCTGTGTACCTAAGGCG

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 AACGGGTGATTTACAGATCTAGGTTGCCGACACAGAAGAAAACCCTGTGTACCTAAGGCG

250       260       270       280       290       300

310       320       330       340       350       360 
seq CGACGCTATTAGTCCCTTCAACGTGTCCTTTGGTCTGTAATTCTCGTTTTTAAAGCAGCC

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 CGACGCTATTAGTCCCTTCAACGTGTCCTTTGGTCTGTAATTCTCGTTTTTAAAGCAGCC

310       320       330       340       350       360

370       380       390       400       410       420 
seq GGCATAAAAAGGTGCTAGGAGTAATGAAAGAACACGAGCGATGGGGAATCACTTGTTGCA

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 GGCATAAAAAGGTGCTAGGAGTAATGAAAGAACACGAGCGATGGGGAATCACTTGTTGCA

370       380       390       400       410       420

430       440       450       460       470       480 
seq ATATAATGACGGCGAACCACATGTTTTGATATCCTTAGGCCTAAGCCGGCTCCCCCGTGT

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NODE_1 ATATAATGACGGCGAACCACATGTTTTGATATCCTTAGGCCTAAGCCGGCTCCCCCGTGT

430       440       450       460       470       480

490       500
seq TGGAAATAGAAATTCTCCT

:::::::::::::::::::
NODE_1 TGGAAATAGAAATTCTCCT

490 

De Bruijn graph:



Program Genome Technology Link
ABySS (large) genomes Solexa, SOLiD http://www.bcgsc.ca/platform/bioinfo/software/abyss
ALLPATHS-LG (large) genomes Solexa, SOLiD http://software.broadinstitute.org/allpaths-lg/blog/

Newbler genomes, ESTs 454, Sanger https://swes.cals.arizona.edu/maier_lab/kartchner/documentation/in
dex.php/home/docs/newbler

SOAPdenovo genomes Solexa http://soap.genomics.org.cn/soapdenovo.html

SPAdes
(small) 
genomes, single-
cell

Illumina, Solexa, 
Sanger, 454, Ion 
Torrent, PacBio, 
Oxford Nanopore

http://cab.spbu.ru/software/spades/

Velvet (small) genomes Sanger, 454, Solexa, 
SOLiD https://www.ebi.ac.uk/~zerbino/velvet/

Genome assembly programs



• FASTQ file gives the quality of assigned nucleotides as a Phred score
• Alignment of reads to a reference genome gives mapping quality as a MAPQ score
• The statistical significance of the presence of a specific nucleotide or distribution of 

nucleotides at a given position also depends on the number of times that the specific 
nucleotide has been included in an independent sequence read, i.e., the number of 
time a nucleotide has been sequenced

• This number is given by the average sequence coverage

• The sequence coverage c is given by the total number of nucleotides sequenced divided 
by the size of the sequenced genome

• c = 𝐿𝐿𝐿𝐿
𝐺𝐺

• Where L is the read length (50 nt, 100 nt etc.), N is the number of reads, and G is the 
genome size

• Different coverage values are required for different applications, and typically vary from 
10× to 100× coverage  

Fold coverage or read depth

sequence reads

genome

Read depth or coverage



What is the quality of a genome assembly?

• De Brijn graph complexity 
decreases with increase in 
sequence run length

• When an assembly produces 
several separate de Brijn graphs, 
each section represents a contig

• Genome sequences are typically 
composed of many contigs

• With paired-end reads spanning 
contigs, contigs can be assembled 
as a scaffold

contig 1 contig 2

reads

scaffold

Paired-end read
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