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ASSEMBLAGE de novo



Assemblage de la séquence du génome
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Entrée : lectures d’ADN (appariées en général)

Sortie : (longues) séquences de régions contigues, déterminées selon chevauche-
ments entre les fragments

s1: AATGCC........................GGATTC
s2: GCCTTACAC.........................AGGATTC
s3: ACACTG....................TCAAG
s4: ACTGAAGG......................ATTC
s5: GAAGGTTTA........................CGGACC
---------------------
B : AATGCCTTACACTGAAGGTTTA........GGATTCAAGGATTC..CGGACC



TIGR assembler (1995)
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une approche glouton utilisée pour assembler le génome de H. influenzae

1. analyse de k-mers dans les fragments : chevauchements potentiels entre fragments
avec k-mers partagés (score determiné par nombre de k-mers en commun)
2. identification de fragments avec régions répétées
3. initialisation de la séquence assemblée (contig) par un fragment
4. répéter : ajout du meilleur fragment à la séquence assemblée

En 2 : fragment avec trop de chevauchements potentiel=repeat

Sutton et al, Genome Sci. Techn. 1 : 9 (1995)



TIGR 2
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trouver meilleur fragment à ajouter : alignement local (Smith-Waterman), pour tous
les fragments avec chevauchements potentiels

contig finit s’il n’y a plus de fragments à ajouter : à la frontière d’une région répétée
ou à un vrai trou

extension dans la région répétée : utiliser des séquences shotgun appariées (mate
pairs)

contig

nonrepeat dans le contig repeat chevauchant avec le contig

ext



Mate pairs
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paire

séquence 

séquence

taille connue

5' 3'

5'3'

distances : 2k (M13), 10k (plasmid), 100k (BAC)

aident à orienter des contigs, à construire des ossatures (scaffolds), et à traverser des
régions répétées



TIGR 3
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joindre des contigs si évidence par chevauchements et mate pairs

contig1

contig2

alignement entre deux 
fragments dans les deux contigs



Assemblage : overlap-layout-consensus
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Overlap : déterminer les chevauchements parmi les séquences shotgun

Layout : déterminer l’ordre des séquences shotgun

Consensus : déterminer la séquence des contigs



Calcul de tous les chevauchements
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F = {f1, . . . , fn} ensemble de séquences shotgun

trouver le meilleur chevauchement entre chaque paire : O(n2`2) où ` est une
borne supérieure sur la longueur des fragments.

Améliorer :

1. moins de paires comparés (hachage par k-mers)
2. trouver le meilleur chevauchement plus rapidement (alignement rapide)

⇒ graphe de chevauchements (overlap graph)

Problème théorique : shortest superstring — NP-difficile
(→mauvaise abstraction — on a des beaucoup de régions répétées dans le génome !)



Un exemple (CAP3)
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1 $ 2 $ ... $ m $ m+1 $ ... $ n

Séquence combinée de tous les fragments:

1. Tableau de hachage des k-mers de la séquence combinée.
2. Chaque fragment f ainsi que son complément sont comparés à la séquence
combinée, pour trouver des HSPs (v. BLAST).
3. Les chevauchements potentiels de 2) sont évalués par alignement dans une bande.

Huang et Madan, Genome Research 9 :868 (1999)



Graphe de chevauchements
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AATGCC

GCCTTACAC

ACACTGACTGAAGG

GAAGGTTTA

3

5

2

4

7
5

5

7

8

8

[problème d’orientation ignoré]



Layout
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Catégories de chevauchements (orientation inconnue des fragments)

A B

A B

A B

A B

Myers, J Comput Biol 2 : 275 (1995)



Exemple
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A

B
C

D

E

F

G
H

I

compter les flèches arrivant à un vertex : layout=chemin avec arêtes de chevauche-
ments propres+ forêts avec arêtes de contention

Myers, J Comput Biol 2 : 275 (1995)



Simplification du graphe
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1. enlever les arêtes de couverture complet

2. enlever des arêtes «transitifs» : si u 
 v, v 
 w et u 
 w sont des arêtes
compatibles (orientation+taille de chevauchements), alors enlever u 
 w

u

w
v

u w

v

arête impliqué par 
les tailles des 

chevauchements

Myers, J Comput Biol 2 : 275 (1995)



Simplification du graphe 2
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3. collapser des chemins : «super-vertices» ou contigs

étape 3

Myers, J Comput Biol 2 : 275 (1995)



Séquence de consensus
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Le layout donne la position approximative de chaque fragment. Trouver la séquence
de consensus : alignement multiple

Profile : enregistrer la fréquence de symbols dans l’alignement multiple

Joindre les séquences consécutives au contig dans l’ordre spécifié dans la phase
layout, maintenir un profile dans le contig

Problème : alignement d’une séquence à un profile (dans une bande autour de la
position approximative)

⇒ contigs



Ossatures
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Joindre des contigs si liens entre eux par deux mate pairs ou plus.

Ajout d’autres contigs dans les trous des ossatures

Myers & al, Science 287 :2196 (2000)



Ossatures — liens
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Sources de liens : chevauchements entre contigs, mate pairs, alignement à un autre
génome de référence, alignement à une carte physique, conservation de synténie

Pop & al, Genome Res 14 : 149 (2004)



De séquences à d’ossatures
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Wang & al, Genome Res 12 : 824 (2002)



Repeats
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la plus difficile est de séquencer les régions répétées : danger de réarragment et
compression

Nature Reviews | Genetics
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C D

R1,2

A BR1 R2
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R2
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C DR2

A
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B

A BR1

A DR1 C BR2

A CR1,2

R1 R2B

Aa  Assembly graph

A BR1 CR2

Ac  Misassembly

Ab  Correct assembly

Ba  Assembly graph

Bc  Misassembly

Bb  Correct assembly

Ca  Assembly graph

Cc  Misassembly

Cb  Correct assembly

Figure 3 | Assembly errors caused by repeats. A | Rearrangement assembly error caused by repeats. Aa | An example 
assembly graph involving six contigs, two of which are identical (R

1
 and R

2
). The arrows shown below each contig represent 

the reads that are aligned to it. Ab | The true assembly of two contigs, showing mate-pair constraints for the red, blue and 
green paired reads. Ac | Two incorrectly assembled chimeric contigs caused by the repetitive regions R

1
 and R

2
. Note that 

all reads align perfectly to the misassembled contigs, but the mate-pair constraints are violated. B | A collapsed tandem 
repeat. Ba | The assembly graph contains four contigs, where R

1
 and R

2
 are identical repeats. Bb | The true assembly, 

showing mate-pair constraints for the red and blue paired reads, which are oriented correctly and spaced the correct 
distance apart. Bc | A misassembly that is caused by collapsing repeats R

1
 and R

2
 on top of each other. Read alignments 

remain consistent, but mate-pair distances are compressed. A different misassembly of this region might reverse the order 
of R

1
 and R

2
. C | A collapsed interspersed repeat. Ca | The assembly graph contains five contigs, where R

1
 and R

2
 are 

identical repeats. Cb | In the correct assembly, R
1
 and R

2 
are separated by a unique sequence. Cc | The two copies of the 

repeat are collapsed onto one another. The unique sequence is then left out of the assembly and appears as an isolated 
contig with partial repeats on its flank.

Two recent studies illustrate the difficulty of assem-
bling large genomes from very short reads. Alkan et al.52 
looked at recent human genome assemblies and found 
that they were 16% shorter than the reference genome, 
primarily owing to missing repetitive sequences. In 
particular, the NGS assemblies were lacking 420 Mbp of 

common repeats, including LINE 1 elements, Alu ele-
ments and a large majority of segmental duplications. 
Ye et al.48 compared two NGS assemblies of the chicken 
genome to its reference genome, which was generated 
by Sanger sequencing. The chicken genome has a much 
lower repeat content than the human genome (10% 

REVIEWS
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© 2012 Macmillan Publishers Limited. All rights reserved

Treangen & Salzberg Nat Rev Genet 13 :36 (2012) ’



Séquençage par hybridation (SBH)
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Idée : C ensemble de sondes (p.e. tous les k-mers) arrangé sur une puce

On teste la présence de chaque c ∈ C dans une molécule d’ADN (séquence u) par
hybridation

spectrum : ensemble de k-mers dans u

Sk(u) = {u[i, · · · , i + k − 1]: i = 1, · · · , |u| − k + 1}.

Problème : reconstruction de u à partir de Sk(u).



Reconstruction à partir du spectrum
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Approche 1 : graphe de chevauchements où chaque k-mer de u est un vertex et des
arêtes représentent des chevauchements de taille (k − 1). On cherche un chemin
hamiltonien.

Approche 2 : g.d.c où chaque k-mer de u est une arête entre son préfixe et suffixe
de taille (k − 1) [ quand le spectrum inclut tous les k-mers, c’est un graphe de
Bruijn] On cherche un chemin eulérien.



Chemin eulérien
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Déf Un chemin/cycle eulérien d’un graphe visite chaque arête exactement une
fois.

Thm. Il existe un cycle eulérien dans un graphe connecté orienté ssi degréarr(u) =

degrésort(u) dans chaque vertice u.

Il existe un algorithme qui trouve un cycle [ou chemin] eulérien (ou annonce qu’il
n’y en a pas) en temps linéaire.



Séquençage shotgun par SBH
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Il est désirable de calculer le spectrum avec un grand k (longueur d’une séquence
qui peut être recounstruite est ≈ 2k) mais il n’est pas [encore] pratique d’utiliser
des puces avec k = 20 p.e.

Idée : pourquoi ne pas générer le spectrum à partir de séquences shotgun ?

1. ensemble F = {s1, s2, . . . , sn} de séquences shotgun
2. ensemble de k-mers (p.e. k = 24) Fk =

⋃n
i=1{si[j..j + k − 1]: j =

1, . . . , |si| − k + 1}
3. assembler la séquence à partir de Fk comme en SBH (chemins eulériens)



Idury-Waterman
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1. Réduction du graphe par transformations pareilles à ce qu’on a vu pour layout
(Myers 1995).

2. Chemins eulériens modifiés : la même arête peut être visitée plus qu’une fois (p.e.
région répétée) ; quelques arêtes ne sont pas visitées de tout (erreurs de séquençage)

Idury et Waterman, J Comput Biol 2 : 291 (1995)



Euler
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Une autre approche à l’assemblage shotgun inspirée par SBH : Euler

– correction d’erreurs : identification de k-mers rares
– augmentation de graphe de Bruijn pour transformer le problème du super-chemin

eulérien en celui du chemin eulérien

Pevzner, Tang & Waterman, RECOMB 256 (2001)



Euler : erreurs
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problème avec Idury-Waterman : trop de sommets dans le graphe créés par des
erreurs de séquençage

solution de Euler : orphelin est un rare k-mer u dans le [multi-]spectrum S t.q. il
existe exactement un v ∈ S avec ‖u − v‖ = 1 et v est fréquent — remplacer u

par v.

Pevzner, Tang & Waterman, RECOMB 256 (2001)



Euler : super-chemins
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Départ : ensemble de k-mers avec info sur leurs occurrences (lecture shotgun +
position dans la lecture)

construire le graphe de Bruijn à arêtes multiples (une arête pour chaque occurrence
d’un k-mer)

chemins initiels : définis par les séquences shotgun

Pevzner, Tang & Waterman, RECOMB 256 (2001)



Euler : détachements
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+ vérifier quels chemins sont consistents

Pevzner, Tang & Waterman, RECOMB 256 (2001)



Euler : détachements 2

Assemblage ? IFT6299 H2014 ? UdeM ? Miklós Csűrös xxix
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Pevzner, Tang & Waterman, RECOMB 256 (2001)



Euler : coupures
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On ne peut pas décider. . . 2 contigs

Pevzner, Tang & Waterman, RECOMB 256 (2001)



Philosophies
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Euler : transformations de graphe pour obtenir un graphe eulérien

Idury-Waterman : réductions de graphe qui remplacent les chemins par des arêtes



Mate pairs et de Bruijn
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utiliser les mate pairs pour séparer les chemins

Pevzner & Tang, Bioinformatics 17 : S225 (2001)



Velvet
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un nœud correspond à une séquence et son complément inverse : au début pour
k-mers (k = 21), après fusionner si aucune ambiguı̈té

In this study, we present a set of algorithms, collectively
named “Velvet,” that manipulates these de Bruijn graphs effi-
ciently to both eliminate errors and resolve repeats. These two
tasks are done separately: first, the error correction algorithm
merges sequences that belong together, then the repeat solver
separates paths sharing local overlaps. We have assessed Velvet
on both simulated and real data. Using only very short paired
simulated reads, Velvet is capable of assembling bacterial ge-
nomes, with N50 contig lengths of up to 50 kb, and simulations
on 5-Mb regions of large mammalian genomes, with contigs of
!3 kb.

Results

The de Bruijn graph

Structure

In the de Bruijn graph, each node N represents a series of over-
lapping k-mers (cf. Fig. 1 for a small example). Adjacent k-mers
overlap by k ! 1 nucleotides. The marginal information con-
tained by a k-mer is its last nucleotide. The sequence of those
final nucleotides is called the sequence of the node, or s(N).

Each node N is attached to a twin node Ñ, which represents
the reverse series of reverse complement k-mers. This ensures that
overlaps between reads from opposite strands are taken into ac-
count. Note that the sequences attached to a node and its twin do
not need to be reverse complements of each other.

The union of a node N and its twin Ñ is called a “block.”
From now on, any change to a node is implicitly applied sym-
metrically to its twin. A block therefore has two distinguishable
sides, in analogy to the “k-mer edges” described in Pevzner et al.’s
2001 paper.

Nodes can be connected by a directed “arc.” In that case, the
last k-mer of an arc’s origin node overlaps with the first of its
destination node. Because of the symmetry of the blocks, if an arc

goes from node A to B, a symmetric arc goes from B̃ to Ã. Any
modification of one arc is implicitly applied symmetrically to its
paired arc.

On these nodes and arcs, reads are mapped as “paths” tra-
versing the graph. Extracting the nucleotide sequence from a
path is straightforward given the initial k-mer of the first node
and the sequences of all the nodes in the path.

Construction

The reads are first hashed according to a predefined k-mer length.
This variable k is limited on the upper side by the length of the
reads being hashed, to allow for a small amount of overlap, usu-
ally k = 21 for 25-bp reads. Smaller k-mers increase the connec-
tivity of the graph by simultaneously increasing the chance of
observing an overlap between two reads and the number of am-
biguous repeats in the graph. There is therefore a balance be-
tween sensitivity and specificity determined by k (cf. Methods).

For each k-mer observed in the set of reads, the hash table
records the ID of the first read encountered containing that k-mer
and the position of its occurrence within that read. Each k-mer is
recorded simultaneously to its reverse complement. To ensure
that each k-mer cannot be its own reverse complement, k must be
odd. This first scan allows us to rewrite each read as a set of
original k-mers combined with overlaps with previously hashed
reads. We call this new representation of the read’s sequence the
“roadmap.”

A second database is created with the opposite information.
It records, for each read, which of its original k-mers are over-
lapped by subsequent reads. The ordered set of original k-mers of
that read is cut each time an overlap with another read begins or
ends. For each uninterrupted sequence of original k-mers, a node
is created.

Finally, reads are traced through the graph using the road-
maps. Knowing the correspondence between original k-mers and
the newly created nodes, Velvet proceeds from one node to the
next, creating a new directed arc or incrementing an existing one
as appropriate at each step.

Simplification

After constructing the graph, it is generally possible to simplify it
without any loss of information. Blocks are interrupted each time
a read starts or ends. This leads to the formation of “chains” of
blocks, or linear connected subgraphs. This fragmentation of the
graph costs memory space and lengthens calculation times.

These chains can be easily simplified. Whenever a node A
has only one outgoing arc that points to another node B that has
only one ingoing arc, the two nodes (and their twins) are merged.
Iteratively, chains of blocks are collapsed into single blocks.

The simplification of two nodes into one is analogous to the
conventional concatenation of two character strings, and also to
some string graph based methods (Myers 2005). This straightfor-
ward transformation involves transferring arc, read, and se-
quence information as appropriate.

Error removal

Errors are corrected after graph creation to allow for simulta-
neous operations over the whole set of reads. In our framework,
errors can be due to both the sequencing process or to the bio-
logical sample, for example, polymorphisms. Distinguishing
polymorphisms from errors is a post-assembly task. A naive ap-
proach to error removal would be to use the difference between

Figure 1. Schematic representation of our implementation of the de
Bruijn graph. Each node, represented by a single rectangle, represents a
series of overlapping k-mers (in this case, k = 5), listed directly above or
below. (Red) The last nucleotide of each k-mer. The sequence of those
final nucleotides, copied in large letters in the rectangle, is the sequence
of the node. The twin node, directly attached to the node, either below or
above, represents the reverse series of reverse complement k-mers. Arcs
are represented as arrows between nodes. The last k-mer of an arc’s origin
overlaps with the first of its destination. Each arc has a symmetric arc.
Note that the two nodes on the left could be merged into one without
loss of information, because they form a chain.

Zerbino and Birney

822 Genome Research
www.genome.org

manipulation : correction d’erreurs (tips et bubbles)

Zerbino & Birney Genome Res 18 :821 (2008)



Tips
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Supplementary Figure 3. Conceptual diagram illustrating the process of dead-end branch removal on a 
de Bruijn di-graph with an implicit directionality running from left to right. The filled circles are k-
mers with lines connecting adjacent sequences that overlap by (k – 1) bases, and the colors indicating 
the identity of the extension base. The branches disconnected on one side (inside hashed ovals) are 
likely caused by read errors. The algorithm identifies and removes these branches to improve the 
contiguity of the assembly. 
 
 
 
 

enlever cul-de-sac (longueur ≤ 2k) — identifier avec parcours par profondeur

Simpson & al Genome Res 19 :1117 (2010)



Bubbles
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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

Tour Bus correction (Velvet) : parcours par largeur + nœud visité 2e fois + reculer
et identifier ancêtre commun + alignement entre les deux possibiités

Compeau, Pevzner & Tessler Nat Biotechnol 29 :987 (2011)



Exemple : SOAPdenovo
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Li & al Genome Res 20 :265 (2011)



ALLPATHS-LG
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recette de données de séquençage + algorithme adapté

massively parallel sequencing is !10,000-fold lower than the
current cost of capillary sequencing. [Coverage can be measured
in different ways. For Illumina sequencing, we define coverage in
terms of purity-filtered bases (ref. 6 and Table 2).]
We developed several laboratory techniques for making the

libraries (see SI Materials and Methods for details): (i) For frag-
ments, we adapted existing protocols with the goal of improving
the representation of high GC-content DNA; (ii) for short jumps
(!3 kb), we used the Illumina protocol (6); (iii) for long jumps (!6
kb), we used a protocol that we had previously developed, on the
basis of a protocol for the SOLiD sequencing platform that
involves circularization and EcoP15I digestion (7, 9); and (iv) for
Fosmid jumps (!40 kb), we developed two methodologies,
“ShARC” and “Fosill” (described in SI Materials and Methods).

Sequencing Data. Using the model above, we generated sequence
data from human and mouse genomes (Table 2), using the Illu-
mina GAII andHiSeq sequencers (SIMaterials andMethods). For
the human, we sequenced the cell line GM12878 because it has
been extensively sequenced and analyzed as part of the 1000
Genomes Pilot Project (15). (The cell line GM12878 is from the
Coriell Institute. DNA from this cell line is denoted NA12878.)
For the mouse, we used C57BL/6J female DNA because it was

the strain used for the draft and finished sequences of the mouse
(2, 3). The data have been deposited in the NCBI Short Read Ar-
chive under study namesHuman_NA12878_Genome_on_Illumina
and Mouse_B6_Genome_on_Illumina.

ALLPATHS-LG Assembly Method. We next needed to develop algo-
rithms and a software package able to performdenovo assembly of
large mammalian genomes. For this purpose, we made extensive
improvements to our previous program ALLPATHS (9, 16),
which can routinely assemble small genomes. The improved pro-
gram is called ALLPATHS-LG and is freely available at http://
www.broadinstitute.org/science/programs/genome-biology/crd. We
outline some of the key innovations (for more details, see SI
Materials and Methods):

i) Handling repetitive sequences. Repetitive sequence is the
fundamental genomic feature that stymies assembly. We
adapted ALLPATHS-LG to be more resilient to repeats,
as follows. In its initial assembly representation (called a uni-
path graph), ALLPATHS collapses repeats of length "K,
where K is chosen to be short enough that overlaps of length
K between reads are abundant (16). In ALLPATHS-LG, we
are able to use a larger K (in this work 96) by performing an
initial step dubbed “read doubling,” in which the two end
sequences from a fragment are pasted together provided
that the overlap between them is confirmed by another read
pair or if that read pair fills in a gap (Fig. S1A). A given pair
can have more than one such completion, as could happen,
for example, if a single-nucleotide polymorphism (SNP)
were to fall between the two ends of a pair (Fig. S1B).

ii) Error correction (cf. ref. 17). We describe the ALLPATHS-
LG approach to error correction. For every 24-mer, the
algorithm examines the stack of all reads containing the
24-mer. Individual reads may be edited if they differ from

Table 1. Provisional sequencing model for de novo assembly

Libraries, insert types* Fragment size, bp Read length, bases Sequence coverage, ! Required

Fragment 180† "100 45 Yes
Short jump 3,000 "100 preferable 45 Yes
Long jump 6,000 "100 preferable 5 No‡

Fosmid jump 40,000 "26 1 No‡

*Inserts are sequenced from both ends, to provide the specified coverage.
†More generally, the inserts for the fragment libraries should be equal to !1.8 times the sequencing read length.
In this way, the reads from the two ends overlap by !20% and can be merged to create a single longer read. The
current sequencing read length is !100 bases.
‡Long and Fosmid jumps are a recommended option to create greater continuity.

Table 2. Experimental data for human and mouse assemblies

Species Library type
No. of
libraries

DNA used,
μg

Mean size,
bp

Read
length

Sequence coverage, !

Physical coverage, !All PF Aligned Unique Valid

Human Fragment 1 3 155 101 51.9 41.8 38.4 37.9 36.5 27.8
Short jump 2 20 2,536 101 45.9 40.7 33.7 31.7 19.7 249.4
Fosmid jump 2 20 35,295 76* 5.3 4.0 3.0 0.4 0.3 49.5
Total 5 43 103.1 86.5 75.1 70.0 56.5 326.7

Mouse Fragment 1 3 168 101 58.6 53.1 49.6 46.6 45.3 37.6
Short jump 3 20 2,209 101 48.0 40.7 35.1 32.0 19.9 219.1
Long jump 5 50 7,532 26 13.5 9.3 9.2 5.5 2.9 408.3
Fosmid jump 1 30 38,453 76 1.4 1.1 1.1 0.1 0.1 23.1
Total 10 103 121.5 104.2 95.0 84.2 68.2 688.1

The data used as assembly input are shown. Tables S1 and S2 provide more detail. Library type: See Table 1. DNA used: Amount of DNA used as input to
library construction. For each genome and each library type, a single aliquot was used. DNA source for human: Coriell Biorepository, NA12878. DNA source for
mouse: Jackson Laboratory C57/BL6J (stock 000664). Size: Mean of observed fragment size distribution. Read length: Number of bases sequenced. The
exception is the long jump libraries prepared with the EcoP15I digestion, which yield 26 bases of genomic information; these inserts were sequenced to
36 bases and then trimmed to 26 bases. Sequence coverage: All reads were used in the assembly, but we describe their properties here via a series of nested
categories. All: Total number of bases in reads, divided by genome size, assumed to be the reference size of 3.10 Gb for human and 2.73 Gb for mouse. PF:
Coverage by purity-filtered (PF) reads. Aligned: Coverage by aligned PF reads. Unique: Coverage by aligned PF reads, exclusive of duplicates, which were
identified by concurrence of start and stop points of pairs on the reference. Valid: Coverage by unique pairs for which the fragment length was within 5 SDs
of the mean. Physical coverage: Total coverage by valid pairs and the bases between them.
*Reads from one library had length 76, and those from the other had length 101.
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Fig. S1. The ALLPATHS-LG process of fragment pair filling. (A) The algorithm tries to close the black pair. It finds another pair (red) that perfectly overlaps the
black pair and closes its gap. Sequence from the red pair is inserted into the gap in the black pair, thus closing it. (B) Again the algorithm tries to close the black
pair, but this time there is a SNP (A or T) between its gap. Two red pairs both overlap the black pair perfectly, providing two separate solutions to its closure,
both of which are retained.
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Fig. S2. Artifacts associated with sheared jumping libraries, following the Illumina protocol (1). (A) DNA is sheared and size selected, yielding linear fragments.
(B) The ends of these fragments are biotinylated and then the fragments are circularized and sheared. Fragments of the circles are then enriched for those
containing biotin. The ideal fragment is shown in C. Two reads enter from opposite sides but do not read the junction. In D, one of the reads passes through
the junction point, creating a “chimeric” read. In E, the ends of a fragment that do not contain a junction point are read, yielding a read pair in opposite
orientation to that of C and whose true separation on the genome is small.

1. Bentley DR, et al. (2008) Accurate whole human genome sequencing using reversible terminator chemistry. Nature 456:53–59.

Fig. S3. Gap patching. See SI Materials and Methods for ALLPATHS-LG Algorithms, Gap patching. (A) Steps i–iv define a pool of oriented reads that might land
in a given gap. (B) Steps v and vi define a stack of reads that align to a given read (top); the dotted line shows a column of the stack that “votes” to determine if
the corresponding base on the given read is to be changed. (C) Step vii: All 16-mers that could be party to a bridge across the gap are found; dotted portions of
reads are 16-mers that are excluded and then trimmed off the reads. (D) Steps viii–x: Closures of the gap are found by walking across the gap using perfect
overlaps between the reads.
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comparaison du génome diploı̈de avec la séquence assemblée : chemins maximaux
(contigs ou échafaudage) avec adjacences consistentes avec un haplotype ou l’autre

Blocks and contig paths

Within an MSA a block is a maximal gapless alignment of a set of
sequences and is therefore composed of a series of contiguous
columns. The length of a block is equal to the number of columns
that it contains. We can use the block structure to define the block
NG50, which is exactly like the NG50, except that we use the
distribution of block lengths rather than sequence lengths. Sup-
plemental Figures 9 and 10 show block coverage across the hap-
lotypes. Alignment of sequences that are very closely related are
likely to contain fewer blocks with a greater base-pair length than
sequences that are significantly diverged from one another. Un-
fortunately, the two simulated haplotypes are sufficiently poly-
morphic with respect to one another, which the block NG50 of an
alignment of just the two haplotypes is ;4 kb. As this length is
much less than the length of many sequences in the assemblies,
assessing an assembly requires methods that do not penalize the
reconstruction of haplotype-specific polymorphisms. This is evi-
dent by looking at Figure 2, which shows that block NG50 is poorly
discriminative. See Supplemental section 7.1.1 and Supplemental
Figure 11 for supporting BLAST based analysis.

To extend our analysis we use a graph theoretic model of the
alignments, which we now describe in overview. An MSA can be
described as a graph, and we call the simplest such graph an ad-
jacency graph. A formal description of the adjacency graph used
here can be found in Paten et al. (2011a), it is closely related to the
similarly named graph introduced in Bergeron et al. (2006a), but
also to a directed bigraph representation of a de Bruijn graph used
in assembly (Medvedev and Brudno 2009) and the multiple
breakpoint graph used in the study of genome rearrangements
(Alekseyev and Pevzner 2009).

An adjacency graph G contains two kinds of edges, block edges,
which represent the gapless blocks of the alignment, and adjacency
edges, which represent collections of connections between the
ends of segments of DNA. The nodes in the graph represent the
ends of blocks of aligned sequences. Figure 3 illustrates an example.

Each edge in G is labeled with the subsequences it represents,
called segments; thus, it is possible to discern whether the edge
represents segments in the haplotypes, the assembly, the bacterial
contamination or some combination. As previously stated, no
edges are contained in G that represent segments in both the
haplotypes and the bacterial contamination.

Within G, a sequence is represented as a path of alternating
adjacency and block edges, termed a thread. We can assess the ac-
curacy of assembly sequences by analyzing their thread represen-
tation in the adjacency graph. Let P be the thread representing an
assembled sequence in G. Any edge e in P is consistent if that edge is
also labeled with segments from either or both of the haplotypes.
For any P, a contig path is a maximal subpath of P in which all the
edges are consistent. Thus, P can be divided up into a series of
contig paths, possibly interspersed with edges in P that are not
contained in a contig path, see Figure 3 for an example. The base-
pair length of a contig path is equal to the sum of the base-pair
lengths of the block edges it contains. Contig paths represent
maximal portions of the assembled sequence that are consistent
with one or both of the haplotypes and contain no assembly
gaps, they can be thought of as portions of an assemblies’ contigs
that perfectly follow a path through the graph of haplotype
polymorphism.

Figure 2 shows contig path NG50s, defined analogously to
block NG50; Supplemental Figures 12 and 13 show contig path
coverage across the haplotypes, while Supplemental Figures 14 and
15 show, in contrast, the same plots, but instead use raw contig
lengths. The contig path NG50s are substantially larger than block
NG50s; for example, the BGI assembly has a contig path NG50 1.5
orders of magnitude bigger than its block NG50. The difference
between the largest and smallest block NG50 is 2556 bp (GACWT
1351 bp to BGI 3907 bp); the difference between the largest and
smallest contig path NG50 is 79,731 bp (GACWT 2533 bp to BGI
82,264 bp). Thus, the contig path NG50 results demonstrate that
assemblies are able to reconstruct substantial regions perfectly,
and contig path NG50 appears to be a more discriminative statis-
tic than block NG50, as it indicates large differences between the
assemblies.

Scaffold paths

To account for gaps within scaffolds, which we henceforth call
scaffold breaks, we define scaffold paths. Scaffold paths can be
thought of as portions of the assemblies’ scaffolds that perfectly
follow a path through the graph of haplotype polymorphism, but
which are allowed to jump unassembled sequences at scaffold gaps.
Scaffold gaps are scaffold breaks (denoted as contiguous runs of
wild-card characters in an assembly) whose surrounding contig
ends are bridged by a path of haplotypes representing edges within

the adjacency graph; see Figure 3 for an
example and the Methods section for
a formal definition.

Notably, our definition of a scaffold
gap within the graph is permissive in that
it allows (1) any sequence of Ns to define
a scaffold break, and (2) the sequence of
Ns that define the scaffold break to be
aligned within the ends of the block that
sandwich the gap in the assembly. This
definition was sought because there is
currently a wide variation in the syntax
used to define such gaps within different
assemblers, and to be tolerant of align-
ment errors caused by the phenomena of
edge wander (Holmes and Durbin 1998)
caused when the alignment of positions
around a gap has more than one equally
probable scenario. As a scaffold path is
a concatenation of contig paths, its base-

Figure 3. An adjacency graph example demonstrating threads, contig paths, and scaffold paths.
Each stack of boxes represents a block edge. The nodes of the graph are represented by the left and right
ends of the stacked boxes. The adjacency edges are groups of lines that connect the ends of the stacked
boxes. Threads are represented (inset) within the graph as alternating connected boxes and colored
lines. There are three threads shown: (top to bottom) black, gray, and light gray. The black and gray
threads represent two haplotypes; there are many alternative haplotype threads that result from
a mixture of these haplotype segments, which are equally plausible given no additional information to
deconvolve them. The light-gray thread represents an assembly sequence. For the assembly thread,
consistent adjacencies are shown in solid light gray. The dashed light gray line between the right end of
block g and the left end of block i represents a structural error (deletion). The dashed light-gray line
between the right end of block k and the left end of block m represents a scaffold gap, because the
segment of the assembly in block n contains wild-card characters. The example, therefore, contains
three contig paths: (from left to right) blocks a. . .g ACTGAAATCGGGACCCC; blocks i, j, k GGAAC; and
block m CC. However, the example contains only two scaffold paths because the latter two contig paths
are concatenated to form one scaffold path.
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meras were missed in the graph approach due to the stringent MSA
parameters.

Long-range contiguity

The MSA graph theoretic analysis we have described is local in
nature and quite strict, in that it has no notion of large-scale
contiguity and refuses to stitch together
paths that would be joined, but for a
small error. We thus sought a method to
analyze the larger scale contiguity be-
tween pairs of separated points in the
genome. Formally, for two positions xi

and xj in a haplotype chromosome x,
such that i < j, if there exists two positions
yk, yl in an assembly scaffold y such that
(1) yk is in the same column as xi, (2) yl is
in the same column as xj, and (3) k < l, we
say yk and yl are correctly contiguous. Pairs
may be correctly contiguous but not
necessarily covered by the same contig
path or scaffold path, and indeed there
may be arbitrary numbers of assembly
errors between two correctly contiguous
positions.

Figure 5 shows the proportion of
correctly contiguous pairs as a function of
the pairs’ separation distance for each
assembly. Taken at a high level, in all of
the assemblies the proportion of correctly
linked pairs monotonically decreases with
separation distance. Therefore, we take
the separation distance at the 50th per-
centile, termed the correct contiguity 50
(CC50) as an essentially sufficient statis-
tic. See Supplemental section 7.1.2 and
Supplemental Figures 25 and 26 for sup-
porting BLAST-based analysis.

Annotation analysis

Evolver maintains annotations for a number of classes of simulated
sequence, including genes, which Evolver models as having exons,
introns, and untranslated regions (UTRs), and conserved noncoding
elements. Additionally, while Evolver does not track the history of
individual repeat elements following their insertion, it maintains

Table 5. Structural error statistics for the top assembly from each team

ID
Intrachromosomal

joins
Interchromosomal

joins Insertions Deletions
Insertion and

deletion
Insertion at

ends + errors

DOEJGI 21 160 55 108 40 72 456
WTSI-S 6 191 56 76 19 127 475
Broad 75 161 524 379 9 96 1244
CRACS 687 303 198 121 51 306 1666
nABySS 17 48 208 188 63 1207 1731
BGI 368 288 355 639 98 130 1878
EBI 458 563 127 547 53 307 2055
RHUL 691 349 172 264 26 1049 2551
ASTR 2065 200 109 227 73 144 2818
BCCGSC 351 285 255 233 102 1641 2867
IRISA 147 203 925 1593 116 741 3725
DCSISU 1410 956 330 954 109 560 4319
WTSI-P 1940 449 1851 289 87 279 4895
CSHL 396 337 417 3287 223 486 5146
IoBUGA 919 330 1663 2933 356 109 6310
nCLC 23 64 2359 2237 68 2532 7283
GACWT 757 730 905 1292 216 4722 8622
nVelv 2885 455 1473 2838 306 669 8626
CIUoC 1205 684 1,189 2026 65 6113 11,282
UCSF 2731 2396 5908 6223 1018 6711 24,987

Columns are defined in the main text.

Figure 5. The proportion of correctly contiguous pairs as a function of their separation distance. Each
line represents the top assembly from each team. Correctly contiguous 50 (CC50) values are the lowest
point of each line. The legend is ordered top to bottom in descending order of CC50. Proportions were
calculated by taking 100,000,000 random samples and binning them into 2000 bins, equally spaced
along a log10 scale, so that an approximately equal number of samples fell in each bin.
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and 10 kb contributed a further 403, giving a total coverage of
1203 for the sample. Removing contamination reads gave an
overall coverage of ;553 per haplotype.

A detailed description of the simulation method, the types of
errors simulated, and the simulator’s limitations are given in the
Methods section. Importantly, due to human error, the error model
was mistakenly reversed along the reads. This resulted in bases
with a slightly higher error rate tending to appear toward the be-
ginning of the reads rather than toward the end of reads (see
Supplemental Fig. 5). This issue only manifests itself if the reads are
treated asymmetrically; we surveyed participants on this matter
and only one group, L’IRISA, indicated that their methodology was
possibly harmed more than other methods due to the mistake.

Assemblies
The competition started in January 2011 and teams were given just
over 1 mo to submit their assemblies. Teams were allowed to sub-
mit up to five separate assemblies for consideration. Additionally,
assemblies were created by the organizers with popular assembly
programs, using default parameters, as a way of comparing naively
generated assemblies with those that were contributed by inde-
pendent groups. Table 1 lists the evaluated assemblies, the main
program used to generate them, and the groups that contributed
them (see Supplemental section 8.2 for detailed information on
submissions). In total there were 59 assemblies, with 41 inde-
pendently contributed by 17 different groups using 15 different
assembly programs and 18 generated by the organizers using three
popular programs.

Evaluations
We assessed all of the contributed assemblies, full results for which
can be found in the Supplemental material. However, to make the
presentation succinct we choose to present only the ‘‘top’’ as-

sembly from each group in the following evaluations. To enable
this we created a ranking of the assemblies (see Table 3; Supple-
mental Table 1), using the evaluations described below, and se-
lected the assembly from each group with the top overall ranking
for inclusion. Full results for each evaluation on every assembly in
the main text can be found in the Supplemental material.

N50 and NG50

A commonly used metric to assess assemblies is the N50 statistic.
The N50 of an assembly is a weighted median of the lengths of the
sequences it contains, equal to the length of the longest sequence
s, such that the sum of the lengths of sequences greater than or
equal in length to s is greater than or equal to half the length of the
genome being assembled. As the length of the genome being as-
sembled is generally unknown, the normal approximation is to use
the total length of all of the sequences in an assembly as a proxy for
the denominator. We follow this convention for calculating N50,
but additionally we define the NG50 (G for genome). The NG50 is
identical to N50, except that we estimate the length of the genome
being assembled as being equal to the average of the length of the
two haplotypes, a1 and a2. Contig N50s and NG50s, where the
sequences are the set of assembly contigs, and scaffold N50s and
NG50s, where the sequences are the set of assembly scaffolds, are
shown in Figure 2, Supplemental Figure 6, and Supplemental Table 2.

The total span of most of the submitted assemblies was
slightly larger than the haploid genome size, primarily because of
the degree of polymorphism of the two haplotypes. Thus, the as-
sembly-specific N50s are in general smaller than the NG50s, with
the median absolute difference between contig NG50 and contig
N50 being 599 bp (7.7%), and the median absolute difference be-
tween scaffold NG50 and scaffold N50 being 1942 bp (3.6%).
These differences are quite small, though not negligible in every
case; for example, the CSHL assembly has a scaffold NG50 ;800 kb
(31.6%) longer than scaffold N50.

Table 3. Rankings of the top assembly from each team in eight categories

ID Overall CPNG50 SPNG50 Struct CC50 Subs Copy num Cov tot Cov genic

Broad 31 2 (7.25 3 104) 3 (2.11 3 105) 3 (1244) 1 (2.66 3 106) 4 (2.92 3 10!6) 11 (6.71 3 10!2) 6 (98.3) 1 (93.8)
BGI 37 1 (8.23 3 104) 6 (1.17 3 105) 6 (1878) 7 (5.66 3 105) 11 (1.20 3 10!5) 2 (6.75 3 10!3) 1 (98.8) 3 (92.7)
WTSI-S 38 9 (2.48 3 104) 1 (4.95 3 105) 2 (475) 3 (1.14 3 106) 1 (1.30 3 10!7) 9 (5.74 3 10!2) 8 (97.8) 5 (91.8)
DOEJGI 44 14 (1.15 3 104) 2 (4.86 3 105) 1 (456) 2 (1.89 3 106) 3 (4.43 3 10!7) 7 (5.42 3 10!2) 11 (97.3) 4 (92.3)
CSHL 57 3 (4.23 3 104) 8 (7.17 3 104) 14 (5146) 6 (6.11 3 105) 9 (1.02 3 10!5) 6 (4.95 3 10!2) 4 (98.5) 7 (89.1)
CRACS 58 11 (1.55 3 104) 5 (1.44 3 105) 4 (1666) 4 (8.61 3 105) 2 (3.81 3 10!7) 12 (6.82 3 10!2) 14 (96.3) 6 (90.2)
BCCGSC 60 5 (3.63 3 104) 4 (1.46 3 105) 10 (2867) 8 (3.22 3 105) 8 (7.00 3 10!6) 15 (1.17 3 10!1) 2 (98.7) 8 (88.9)
EBI 64 16 (9.39 3 103) 7 (1.13 3 105) 7 (2055) 9 (3.04 3 105) 6 (5.17 3 10!6) 1 (3.56 3 10!3) 9 (97.7) 9 (88.5)
IoBUGA 65 7 (3.06 3 104) 12 (3.54 3 104) 15 (6310) 5 (6.47 3 105) 15 (3.80 3 10!5) 3 (8.38 3 10!3) 6 (98.3) 2 (92.8)
RHUL 71 6 (3.20 3 104) 13 (3.31 3 104) 8 (2551) 15 (1.59 3 104) 5 (3.52 3 10!6) 5 (4.77 3 10!2) 4 (98.5) 15 (67.4)
WTSI-P 74 4 (3.80 3 104) 11 (4.21 3 104) 13 (4895) 13 (3.41 3 104) 14 (1.48 3 10!5) 4 (4.38 3 10!2) 2 (98.7) 13 (75.0)
DCSISU 99 12 (1.35 3 104) 10 (5.61 3 104) 12 (4319) 12 (9.75 3 104) 13 (1.37 3 10!5) 13 (6.91 3 10!2) 15 (94.3) 12 (79.0)
nABySS 100 10 (1.99 3 104) 16 (2.00 3 104) 5 (1731) 16 (6.97 3 103) 7 (5.96 3 10!6) 19 (3.17 3 10!1) 10 (97.5) 17 (57.2)
IRISA 103 17 (8.20 3 103) 9 (5.82 3 104) 11 (3725) 9 (3.04 3 105) 17 (3.99 3 10!5) 14 (7.61 3 10!2) 16 (93.7) 10 (88.1)
ASTR 106 8 (2.52 3 104) 14 (3.13 3 104) 9 (2818) 14 (1.81 3 104) 12 (1.28 3 10!5) 18 (2.88 3 10!1) 17 (90.9) 14 (68.5)
nVelv 114 18 (5.65 3 103) 15 (2.75 3 104) 18 (8626) 11 (1.27 3 105) 18 (6.21 3 10!5) 10 (6.22 3 10!2) 13 (96.5) 11 (84.8)
nCLC 115 15 (9.47 3 103) 18 (9.54 3 103) 16 (7283) 18 (4.36 3 103) 10 (1.11 3 10!5) 8 (5.61 3 10!2) 12 (97.2) 18 (55.4)
UCSF 138 12 (1.35 3 104) 17 (1.35 3 104) 20 (24,987) 17 (6.84 3 103) 20 (1.21 3 10!4) 17 (2.30 3 10!1) 19 (83.7) 16 (59.6)
GACWT 149 20 (2.53 3 103) 19 (7.82 3 103) 17 (8622) 19 (2.60 3 103) 16 (3.86 3 10!5) 20 (3.46 3 10!1) 18 (86.4) 20 (48.0)
CIUoC 152 19 (5.60 3 103) 20 (5.60 3 103) 19 (11,282) 20 (1.27 3 103) 19 (1.11 3 10!4) 16 (1.98 3 10!1) 20 (78.5) 19 (48.9)

For each category (listed below), all of the received assemblies were ranked. The sum of the rankings from each category was then used to create an
overall rank for the assemblies, the top-ranked (lowest number) assembly from each group was then selected for inclusion in this manuscript. Numbers
are ranks, with values shown in parentheses. (Overall) Sum of all rankings (possible range 8–160); (CPNG50) contig path NG50; (SPNG50) scaffold path
NG50; (Struct) sum of structural errors; (CC50) length for which half of any two valid columns in the assembly are correct in order and orientation; (Subs)
total substitution errors per correct bit; (Copy num) proportion of columns with a copy number error; (Cov tot) overall coverage; (Cov genic) coverage
within coding sequences.
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(CPNG50) contig path NG50 ; (SPNG50) scaffold path NG50 ; (Struct) sum of structural errors ; (CC50) length for

which half of any two valid columns in the assembly are correct in order and orientation

(Broad) ALLPATHS-LG, (WTSI-S) SGA, (BGI) SOAPdenovo
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