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ALIGNEMENT DE GÉNOMES



VISUALISATION DES ALIGNEMENTS : PIPS
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PIP — percent identity plot

(on considère les blocs entre les trous, et on affiche le pourcentage de matchs dans
chaque bloc)

Schwartz & al. Genome Res. 10 : 577



LAGAN : ALIGNEMENT GLOBAL AVEC ANCRES
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bande autour 
des ancres

rectangle entre 
les ancres

sélection d’ancres : chaı̂ne optimale d’alignements locaux

Brudno & al. Genome Res. 13 : 721



QUELQUES AUTRES IDÉES
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- recalcul de scores (alignement local avec trous : trouver le placement optimal du
trou entre deux hits)

- génération de nouveaux ancres plus épais dans des régions sans ancres par hachage
plus sensible



PROGRAMMATION DYNAMIQUE ÉPARSE
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séquence T

sé
qu

en
ce

 S

(s1,t1)

(s2,t2)

Liste de rectangles (alignements locaux) :
rectangle R en position (R.s1, R.t1), (R.s2, R.t2) avec score R.v

chaı̂ne : ensemble de rectangles non-chevauchant



PD ÉPARSE 2
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Récurrence pour calculer V (R) : score maximum d’une chaı̂ne qui finit par rec-
tangle R

j

R.s2
rectangle actif à j :
fin de la meilleure chaîne 
dans la région [0..R.s2, 0..j ]

Clé : maintenir la liste Lj de rectangles actifs pour j = 0, . . . , |T |



PD ÉPARSE 3
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Déf. Rectangle R est actif pour j ssi
(1) R.t2 ≤ j ; et
(2) ∀R′ avec R′.t2 ≤ j : si R′.s2 ≤ R.s2 alors V (R′) ≤ V (R).
Lemme. Si R′.s2 = R.s2 et tous les deux sont actifs, alors V (R′) = V (R).

⇒ L contient des rectangles actifs avec .s2 différents — choisir R avec R.t2 mini-
mum si > 1 rectangles actifs avec le même .s2.



PD ÉPARSE 4
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Trier les .t1, .t2 : liste J , calculer Lj pour j ∈ J en ordre ascendant

Ag, Cg, Cd, Gg, Ad, Dg, Gd, Bg, Dd, Bd, Hg, Eg, Fg, Fd, Hd, Ed

C

G

B

F

H

D

A

E



PD ÉPARSE 5
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en arrivant au côté gauche du rectangle R :
- trouver R′ ∈ LR.t1 t.q. R′.s2 ≤ R.s1 avec V (R′) maximal
- V (R)← V (R′) + R.v (si aucun tel R′, alors V (R)← R.v)

Lemme. Si R, R′ ∈ Lj, alors R.s2 6= R′.s2 et R.s2 < R′.s2 ssi V (R) < V (R′).

Preuve. Par définition de Lj.

⇒ stocker Lj dans l’ordre de .s2 et V (·) en même temps



PD ÉPARSE 6
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en arrivant au côté droit du rectangle R — mise à jour de L :
- supprimer R′ ∈ L t.q. R′.s2 ≥ R.s2 et V (R′) < V (R)

- trouver R′ ∈ L t.q. R′.s2 ≤ R.s2 et V (R′) max. : si V (R′) = V (R) et
R′.s2 < R.s2, ou si V (R′) < V (R), alors insérer R dans L juste après R′ (ou s’il
n’y a pas de R′ avec R′.s2 ≤ R.s2, insérer au début)

Temps de calcul : O(r log r) pour r rectangles (utiliser un arbre binaire balancé ;
chaque rectangle est inclus à ou est supprimé de L une fois au plus)



CONSTITUTION D’UN GÉNOME
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CONSTITUTION D’UN GÉNOME 2
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génome 
humain
3200 M

séquences 
intra-géniques 

2000 M

répétées 
dispersées
1400 M

répétées en 
tandem
90 M

unique
510 M

gènes
48 M

introns, UTRS

fragments 
géniques

pseudogènes

reliés aux gènes
1152 M

en Procaryotes : 90–97% codant

après Watson et al Molecular Biology of the Gene (2004)



ALIGNEMENT DE GÉNOMES
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Problème : beaucoup de réarrangements, insertions indépendantes dans les deux
génomes

→ n’utiliser que les chaı̂nes d’alignements locaux

on veut détecter des régions synténiques — déscendantes de la même région dans
l’ancêtre commun



SYNTÉNIES
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(chromosomes humains coloriés par syntenies dans souris et rat)

http://www.genboree.org/

http://www.genboree.org/


MICRO-RÉARRANGEMENTS
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beaucoup de réarrangements à tous les niveaux

The chains also included a substantial number of simultaneous
gaps in both species (Fig. 3). For smaller gap sizes, simultaneous
gaps are quite rare, but the phenomenon becomes increasingly
important with increasing gap size. The frequency of large
simultaneous gaps is roughly consistent with a model in which
they arise from two independent indel events, one in each species
(Fig. 3c).

The nested ‘‘net’’ structure of chains produced by the CHAIN-
NET program was used to examine the rearrangements that have
occurred since the divergence of human and mouse in the form
of inversion (Fig. 4), deletion, transposition, retrotransposition,
tandem duplication, and interspersed duplication. Because of
various types of duplications, 52% of coding regions and 3.3% of
the human genome as a whole are covered by more than one
BLASTZ mouse alignment (3) even after excluding transposons.
This can make it difficult to separate ortholog from paralog and
gene from pseudogene. The net structure helps to disambiguate
these. The net structure is not symmetric between species: the
human net is constructed by allowing only the single best aligning
DNA from the mouse genome to align to any single place in the
human genome and the mouse net is constructed in the opposite
manner. This one-sided ‘‘best-in-genome’’ requirement is not as
strong as the requirement of ‘‘reciprocal best’’ matching, where

only alignments that are best-in-genome for both species are
allowed. The latter prohibits the investigation of lineage-specific
duplications by cross-species alignments, because it allows at
most one copy of the duplicated region to align to the other
species, and often not even one copy can be fully aligned. With
human and mouse, this results in a substantial reduction of the
total amount of genomic DNA covered by cross-species align-
ments. We found that requiring reciprocal-best alignment re-
duces the coverage in the human net by 11%, and in the mouse
net by 9%. These numbers are quite close, suggesting that a
similar level of duplication has been occurring in both genomes
since the common ancestor. In what follows, we will explore the
human net further, constructed as described in Methods, without
the reciprocal best requirement.

On the basis of analysis of the human net, the frequency of
various rearrangements on the draft mouse sequence as a whole
and on the 48-million-base (2%) subset of the sequence that is
finished is shown in Table 2. Overall rearrangement patterns
were very similar in the finished subset of the mouse genome as
in the genome as a whole. The same held for the finished subset
of the human genome (data not shown). There were significantly
more local duplications in the finished subset, likely reflecting
the collapse of local duplications, a common artifact of the

Fig. 3. (a) Log histogram of gap frequencies for gaps !50 bases long. (b) Log histogram of gap frequencies for gaps up to 1,500 bases long. (c) Log histogram
of gap frequencies for gaps up to 50,000 bases long. Relative frequency of simultaneous and single gaps are shown in both sequences. The horizontal axis is used
for gaps in the mouse sequence, which represent either insertions in human or deletions in mouse. The vertical axis is used for gaps in human. The log of the
number of simultaneous gaps of a particular size range is converted into a level of gray to create a 2D histogram. The horizontal and vertical axes are not drawn
in; the dark lines where the axis would be reflect the log frequencies of gaps that are in only one sequence. (a) Gaps of !50 bases. Gaps that are purely in mouse
or purely in human are especially prominent here. (b) Gaps of 10–1,500 bases. The transposon-induced effects in Fig. 1 can also be seen here. Note also the relative
concentration near the diagonal for inserts of !200 bases. This occurrence is mostly due to small inversions and locally divergent sequence. (c) Gaps of
1,000–50,000 bases. In this range, the log frequency of simultaneous gaps of a given combined (human and mouse) gap size differs roughly by a constant from
the sum of the log frequencies of the individual one-sided gap sizes in each species. In this sense, these longer simultaneous gaps act as if they arise from
independent gaps in each individual species.

Fig. 4. A 15,000-base inversion containing two transcripts and showing chr7:2077222–2497100 in the November 2002 assembly of the human genome.
Numerous smaller rearrangements are also visible in the net track in this picture. In some cases, the smaller ones simply represent paralogous mouse regions filling
in when the orthologous mouse region is not yet sequenced.

Kent et al. PNAS ! September 30, 2003 ! vol. 100 ! no. 20 ! 11487

EV
O

LU
TI

O
N

SE
E

CO
M

M
EN

TA
RY

Kent & al. PNAS 100 : 11484



CHAÎNES ET NETS
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Chaı̂nage récursive — chaı̂nes imbriquées

alignment program will either break the alignment into two or
force nonhomologous bases to align. Traditional programs are
also not able to accommodate inversions, translocations, or
duplications. They can align only shorter segments of genomic
DNA in which none of these events has occurred. Therefore,
whereas considerable analysis of variation at the single base scale
is available from traditional sequence alignments to complement
the analysis of large-scale rearrangements, analyzing variation at
the middle scales is still an interesting challenge. The role of
segmental duplication of several thousand to several million
bases in our own evolution (17) is one indication of the impor-
tance of variation at the middle scales.

In this article, we describe automated methods for linking
together traditional alignments into larger structures, chains and
nets, that can effectively bridge the gap between chromosome
painting and sequence alignment (Fig. 1). These methods can
accommodate inversions, translocations, duplications, large-
scale deletions, and overlapping deletions. We apply these tools
to BLASTZ-generated alignments (18) to investigate the patterns
of variation that have occurred at all scales since the divergence
of the mouse and human lineages.

Methods
The November 2002 freeze of the human genome and the
February 2002 freeze of the mouse genome were taken from
http:!!genome.ucsc.edu. The two genomes were aligned by the
BLASTZ program as described in ref. 18, except that in addition
to masking out transposon repeats [identified by REPEATMASKER
(19)], simple repeats of period 12 or less found by TANDEM
REPEAT FINDER (20) were masked out, and the artifact-prone
‘‘chrUn’’ mouse sequence, a sequence that could not be assem-
bled into sizeable contigs or effectively mapped to the mouse
chromosomes, was excluded. The BLASTZ alignments were con-
verted to axt format (see ref. 18) by using the program LAVTOAXT.

By using the same nucleotide scoring matrix as BLASTZ but a
novel piecewise linear gap scoring scheme, a new program,
AXTCHAIN, formed maximally scoring chained alignments out of

the gapless subsections of the input alignments (Fig. 1). A
chained alignment (or ‘‘chain’’) between two species consists of
an ordered sequence of traditional pairwise nucleotide align-
ments (‘‘blocks’’) separated by larger gaps, some of which may be
simultaneous gaps in both species. The order of blocks within the
chain must be consistent with the genomic sequence order in
both species. Thus, a chain cannot have local inversions, trans-
locations, or duplications among the parts of the DNA that it
aligns. However, a chain is allowed to skip over segments of DNA
in either or both species. In particular, intervening DNA in one
species that does not align with the other because it is locally
inverted or has been inserted in by lineage-specific translocation
or duplication is skipped over during construction of the chain.
Thus, the chain can represent widely scattered pieces of genomic
DNA in the two contemporary species that are in fact descended
from a single genomic segment in the common ancestor without
rearrangement.

To build chains efficiently, AXTCHAIN uses a variation of the
k-dimensional tree (kd-tree) based algorithm described in ref.
21. To detect cases of overlapping deletions in both species,
scoring is defined such that the alignment program will typically
open a simultaneous gap rather than forcing alignments of
nonhomologous regions, because penalties incurred by a run of
mismatches exceed the simultaneous gap penalty. This strategy
for allowing simultaneous gaps also helps cope with local
inversions and missing sequence (blocks of Ns) in unfinished
genomes. The resulting chains often span multiple megabases.

For many purposes, one wants to select only a single best
alignment for every region of the human genome. Previously
(18), we developed a program, AXTBEST, for this purpose.
However, the chains in many ways represent a better substrate
for picking the ‘‘best’’ alignment than single BLASTZ alignments.
We developed a new program, CHAINNET, to improve on this
process. In this program, all bases in all chromosomes are
initially marked as unused. The chains are then put into a list
sorted with the highest-scoring chain first. The program goes into
a loop, at each iteration taking the next chain off of the list,

Fig. 1. Mouse!human alignments at Actinin !-3 before and after chaining and netting, as displayed at the genome browser at http:!!genome.ucsc.edu. The
RefSeq genes track shows the exon!intron structure of this human gene, which has an ortholog as well as several paralogs and pseudogenes in the mouse. The
all BLASTZ Mouse track shows BLASTZ alignments colored by mouse chromosome. The orthologous gene is on mouse chromosome 19, which is colored purple.
Although BLASTZ finds the homology in a very sensitive manner, it is fragmented. The chained BLASTZ track shows the alignments after chaining. The chaining links
related fragments. The orthologous genes and paralogs are each in a single piece. The chaining also merges some redundant alignments and eliminates a few
very low-scoring isolated alignments. The Mouse!Human Alignment Net track is designed to show only the orthologous alignments. In this case, there has been
no rearrangement other than moderate-sized insertions and deletions, so the net track is quite simple. Clicking on a chain or net track allows the user to open
a new browser on the corresponding region in the other species.

Kent et al. PNAS " September 30, 2003 " vol. 100 " no. 20 " 11485
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Kent & al. PNAS 100 : 11484



ALIGNEMENT GLOBAL — RÉARRANGEMENTS
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(B. transposition, C. inversion, D. duplication)

Dans des synténies humain-souris : par 1 Mbp on a en moyenne
2 inversions, 17 duplications, 7 transpositions, 200 deletions de longueur > 100 pb,

Brudno & al. Bioinformatics 19 :i54 ; Kent & al. PNAS 100 : 11484



ALIGNEMENT GLOCAL
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réarrangements : inversions et translocations sont permises

A. alignements locaux
B. chaı̂ne 1-monotone
C. LAGAN dans les blocs sans inversions

Brudno & al. Bioinformatics 19 : i54



EXEMPLE : α-GLOBINES DANS LE SOURIS
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[breakpoint dans le souris]

Tufarelli & al. Genome Res. 14 :623 (2004)



α-GLOBINES DANS LE SOURIS
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Tufarelli & al. Genome Res. 14 :623 (2004)



α-GLOBINES
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Tufarelli & al. Genome Res. 14 :623 (2004)



ALIGNMENT COMME ANNOTATION
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Annotation d’un génome : segments avec des propriétés (gène, promoteur, exon,
intron, . . . )

Alignment de deux ou plusieurs génomes : peut être consideré comme l’annotation
d’un génome par les autres

Alignement : ensemble de blocs où chaque bloc est une région d’un seul génome,
ou l’alignement local de multiples génomes

Blanchette & al. Genome Res. 14 : 708



ENSEMBLE DE BLOCS
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Projection des blocs sur un génome

1 2 3 4 5 4 6

1 2 3 4 5

6

génome

Blanchette & al. Genome Res. 14 : 708



EXEMPLE
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Blanchette & al. Genome Res. 14 : 708


