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Introduction Comparative genomics

Comparative genomics

What?

Study of genome structure by the comparison of different species
Why ?

@ Understanding function processes

@ Understanding evolution processes
How ?

Huge amount of data in contemporary genomes
@ Automation of analyses

@ Development of in silico methods
Interests ?
@ Short-term : scientific answers

@ On the long run : medicinal or therapeutic solutions
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Introduction Comparative genomics

Comparative genomics

Genetic material comparison : DNA
o First approach : study of local mutations in genes
Gene comparison by sequence alignment

sequence 1 : CAGCA-CGTGGATTCTCGG
[ R RN B
sequence 2 : TATCAGCGTGG-CACTAGC

Observation (Palmer & Herbon 1988)

The major part of Bassica oleracea’s and Bassica canpestris's genes is
quasi identical (99%), but only the gene order differ significantly.

@ Second approach : study of genomic rearrangements

Whole genome architecture comparison by gene order and content
study
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Comparative genomics

@ Challenge : emitting hypotheses on the history of contemporary
genomes and the general mechanisms of their formation

Saccharomyces cerevisiae
Sacch arottyces paradoxus
‘Saccharomyces mikatae
Saccharomyces kudriavzevii
Saccharomyces hayanus
Saccharomyces uvarum

Candida glabrata
Zygosaccharomyces rouxii
Saccharomyces exiguus
Saccharomyces servazzii
Saccharomyces castellii

Kluyveromyces lactis

@ Problem : impossibility of
knowing with certainty the
architecture of the common
ancestral genomes

Kluyveromyces marxianus
Saccharomyces kluyveri
Kluyveromyces thermotole rans
Kluyveromyces walti

Ashbya yossypii
Pichiaangyusta
Debaryomyces hansenii
Pichiasorbitophila

@ Solution : developing methods
for constructing a plausible ”
architecture of ancestral P
genomes . i lipolytica

pombe
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il adliBN  Ancestral reconstruction

From common markers to ancestral reconstruction

Constructing ancestral architecture from the comparison of contemporary
genomes requires 3 basic steps :

A

B c
Rearrangement tree

genomes (distances and scenarios)

S .

LEk

~ 7

B Cc

Ancestral architecture
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Introduction

In this thesis

Combinatorial and algorithmic approach

Rearrangement tree
(distances and scenarios)
- Computation of a parsimonious scenario (Jean et al., IPL, 2007)
- Interative vizualization of scenarios: VIRAGE tool
(Jean et al. , ESF EMBO, 2007)

genomes

Common markers
Orthology and synteny study:

SyDiG algorithm (in prep)
_—

Comparative maps

Partial reconstructions of a median genome: N
Super-block method (Jean et al., JCB, revision) ))) i&

Soutenance de thése 9/12/2008



Introduction In this thesis

Chromosomal rearrangements in Yeasts
Is it possible to study ?
@ Uniqueness of Génolevures data : complete genome sequences,
availability of protein families

@ Hemiascomycete yeasts : weak redundancy, synteny
@ Additional information : positions of centromeres

= We can specify markers for Hemiascomycetes

Hemiascomycete genomes

Species Mnemonic Zyro
Kluyveromyces thermotolerans Klth Sakl
Ashbya gossypii Ergo i
Kluyveromyces lactis Klla

T Klla
Saccharomyces kluyveri Sakl
Z haromyces rouxii Zyro Froe

ygosacc y Yy Cladogram
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Introduction IO

Outline

@ Modeling a genome and evolutionary mechanisms
@ Partial ancestral reconstructions : super-block method
@ Constructing and visualizing parsimonious scenarios

@ Conclusion and perspectives
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Modeling a genome and evolutionary mechanisms el SN oL S 1-3

Signed permutation model

@ Gene : functional unity composed of DNA o

@ Chromosome : sequence of genes

o Genome : set of chromosomes i ‘Genez
MOdeI : Chromosome

@ Marker (a gene or a set of genes) : signed ordinal
@ Chromosome : signed permutation

@ Genome : set of signed permutations

Cat 9 -8 +64+74+2+3+445+1 +10 +11 +12 +13 +14
(chromosomes E1 and Y) ] (|\\_> —
Q"‘\\b 66’& w 0 C"‘{%ﬁ%&b‘\\xﬂ"’% g

Human +14+2+3+4+5+6 47 +8+9  +10 +11 +12 +13 +14
(chromosomes 17 and Y) E——————r E———
&ngg) c‘} pg 6&& e &\#\Q RIS &xd RO
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Rearrangement operations

@ Evolution mechanisms :

lreversal lfusion lfission ltranslocation

— — — —

@ Mathematical operations on permutations :

genomell ( 8 ) ( 1 2 3 4 ) ( 5 6

Reversal <

~
~

8 ) (1 -4-3-=2) (56 7))

Translocation
(8 ) (165 ) (23 47)
Translocation
(6 -1) (-8-5) (23 47
Fusion R
genomel ( 6 -1 -7 -4 -3 -2 ) ( -85 ) ()
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Modeling a genome and evolutionary mechanisms Distance and scenario

Distance and scenario

Two closely related problems :

@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'

@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

T 7



Modeling a genome and evolutionary mechanisms Distance and scenario
Distance and scenario

Two closely related problems :

@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'

@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

M: (8)(1 23 4)(5 6 7)

d(n,r) =4

(IIIIIIIIIIIIIIII

r: (6-1-7-4-3-2(5 8) ()
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Modeling a genome and evolutionary mechanisms Distance and scenario

Distance and scenario

Two closely related problems :

@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'

@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

d(n,ry=4 Mm: (8)(1 23 4)(5 6 7)

e

(8) (1 -4-3-2(5 6 7)

(8) (1 6-5 (23 4 7)

——

(6 -1) (8-5 (2 3 47)

r: (6 -1-7-4-3-2( 8)()
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Modeling a genome and evolutionary mechanisms Distance and scenario

Distance and scenario

Two closely related problems :

@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'

@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

d(n,ry=4 Mm: (8)(1 23 4)(5 6 7)

S

(8)(1 -4-3-2(5 6 7) (8-5 (1‘ 23 4)(6 7)
(8)(1 6-5 (23 47 (8-5(-64-3-27)
(6 -1) (8-5 (2 3 4 7) (8-5(6-1-723 4)()

r: (6-1-7-4-3-2(5 8) ()
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Modeling a genome and evolutionary mechanisms Distance and scenario

Distance and scenario

Two closely related problems :

@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'

@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance
d(n,r)y=4 M: (8)(1 23 4)(5 6 7)

S

(8)(1 -4-3-2(56 7 (8-5(L 23 4)(67)

|

(8)(1 6-5 (23 47 (8-5(-64-3-27) l
(6 -1) (8-5 (2 3 4 7) (8-5(6-1-723 4)() l

|

r: (6-17-4-3-2( 8 () ———
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Modeling a genome and evolutionary mechanisms Distance and scenario
Distance and scenario

Two closely related problems :
@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'
@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

d(n,ry=4 Mm: (8)(1 23 4)(5 6 7)
(8) (1 -4 -3 -2‘) (56 7) (8-5) <1‘ 23 4)(6 7)

| |

(8) (1 -6-5(2 3 4 7) (8-5(1-6)(4-3-27) l/
™
|

(6 -1) (8-5 (2 3 4 7) (8-5(6-1-723 4)()

|

r: (6-17-432(58) () —————

B




Modeling a genome and evolutionary mechanisms Distance and scenario

Distance and scenario

Two closely related problems :
@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'
@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

d(nry=a4 Mm: (8)(1 234 (67
o <ffii§::\\j
(8)(1-4-3-2(5 6 7) (8-5 <1‘ 2 3 4)(6 7) l |
(8) (1 6-5(2 3 4 7) (8-5(1L-6(4-3-27) l/ i
wﬁw@ua4n/ij94qz3@o ™ i
r: (6-1-7-4-3-2(5 8) () ————— |

9/12/2008
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Modeling a genome and evolutionary mechanisms Distance and scenario

Distance and scenario

Two closely related problems :
@ Rearrangement distance d(I1,T) :
minimum number of rearrangements that transform I into I'
@ Parsimonious rearrangement scenario :
sequence of rearrangements respecting rearrangement distance

d(nry=a4 Mm: (8)(1 234 (67
PR <sfii§::\\j
(8)(1-4-3-2(5 6 7) (8-5 <1‘ 2 3 4)(6 7) l |
(8) (1 6-5(2 3 4 7) (8-5(1L-6(4-3-27) l/ i
wﬁw@ua4n/ij94qz3@o ™ i
r: (6-1-7-4-3-2(5 8) () ————— |

9/12/2008
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Modeling a genome and evolutionary mechanisms Breakpoints

Breakpoints
Definition (Nadeau and Taylor 1984)

Two consecutive elements 7; and 741 of a chromosome 7 are said to be
adjacent in the genome 1.

If two elements 7; and 711 are adjacent in 1 but neither 7;.7j11 nor
—mjt1. — 7 are present in I, then m;.m; 1 forms a breakpoint in I1.

(-9 -8 46 +7 42 +3 +4 +5 +41)
(+1 42 +3 +4 +5 +6 +7 +8 +9)

n
r

Breakpoints in 1 are :
N= (9 -8 g+6 +7g4+2 +3 +4 +5+1)

@ Breakpoint distance b(IN,T") : Number of breakpoints between Il
and I

e d(M,T) and b(N,T) closely related : finding rearrangements within I
that eliminate breakpoints between 1 and I

T o
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Signed permutations for Yeasts

640 common markers computed with SyDiG algorithm :

@ Same marker content without duplication, centromere positions
° Conservation of the 120 longest markers for study

KIIa

P AT

=
= l.Huﬁ' R ST U

z{ g,

a'?i?%’éﬂﬁq

E ]
Kith | Ergo | Kila | Sakl | Zyro §ak| .

Kith | 0 | 88 | 105 | 45 | 84 T e H%'

Ergo 0 [100 | 8 | 101 b L (o 'E ot

Klla 0 | 98 | 115 . i i n'.n“ﬁiﬁ l@

Sakl 0 79 BB : ' e

Zyro 0 * = E‘v B%E?ﬂﬁaﬁ Iﬁ W -1

Pairwise distances
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Partial ancestral reconstructions : super-block method Introduction

Partial ancestral reconstructions : super-block
method

T v



Interest of ancestral reconstruction

Discovery of biological clues by the analysis of computed results :
@ History of contemporary genomes
@ General mechanisms of their formation

But results from two techniques do not necessarily agree

In Silico In Vitro

Rearrangement distance Chromosomal painting

(Bourque & Pevzner 2002), | (Wienberg et al. 1990)
(Bourque, Tesler & Pevzner

2004)
Complete genomes (= 5 spe- | Eutherian clade (= 80 species)
cies)
~ 3 Kb (= yeast gene length) | =~ 4 Mb (> yeast chromosome

length)

Possible solution : integrate more biological knowledge into the

mathematical aiiroach |Rocchi 2006r
Soutenance de thése



Partial ancestral reconstructions : super-block method Introduction

Ancestors as median genomes

Definition
Median genome problem : given Gy, ..., Gy, find M such that for a
distance d

SV d(M, G;) is minimal

Different distances : rearrangement, breakpoint, double cut and join

@ NP-complete even for N = 3
breakpoint distance (Bryant 1998, Pe'er & Shamir 1998)

rearrangement distance (Caprara 1999 and 2003)
@ High number of equivalent solutions (Eriksen 2007)
@ Minimal solutions can be highly divergent (Eriksen 2007)

= Giving a unique global solution is biologically misleading

T 7



Partial ancestral reconstructions : super-block method Introduction

Piece-wise ancestral reconstruction

Looking for common features present in ancestral genome architecture

CARs (Contiguous Ancestral Regions) method (Ma et al. 2006) :
@ Based on phylogenetic tree
@ Analogous to Fitch's parsimony method (Fitch 1971)

Phylogeny relationships Chromosome dynamics

Rate of punctual mutations in ge- | Rearrangement of breakpoint dis-

nomic sequences tance

Temporal notion No time-scale of the rearrange-
ment events

= We propose a new piece-wise method without phylogenetic
consideration

e



Partial ancestral reconstructions : super-block method Introduction

A new method for reconstructing ancestral architecture

Breakpoint-based method (Sankoff & Blanchette 1997) : more an
adjacency is frequent in contemporary genomes, more it should appear in
the ancestral genome

An adjacency which appears in only one genome is not informative !

New method :
@ Piece-wise reconstruction
@ Based on breakpoints and rearrangement distance

@ Adding biological constraints is possible

T o



Py dadene
Adjacency frequencies
Definition

The frequency of an adjacency a, u(a), is the number of genomes
where a is present

Particular adjacencies in m = {m1,..,m,} : telomeres 0.7; and 7,.0

Example

G ={1234,56} G ={1234, —56}
G3=1{3142 —5 6} G,={2134, 56}

frequency | adjacencies
4 6.0
3 3.4, 0.5, 4.0
2 5.6,23,12 0.1
1 —5.6,2.-5,42,14,13,31,21,0.6,5.0,0.3,0.2

v
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Py dadene
Adjacency graph

Unsigned representation of signed permutation (Hannenhalli & Pevzner,
1995) :
g:27r,-—1 h:271‘,' h:27T,' g:27r,-—1
(a) mi is positive (b) i is negative
Denoted : 7;.7m; by (gj hi).(gj hj) and ;. — 7 by (g; hi).(h;j &)
Example
The adjacency graph for a set A= {(g1 h1).(g2 h2)} :

-

777N
—id o
81 82 hy

@ 4 vertices g1, h1, 8> and hy
@ two edges stand for markers e; = {g1, h1} and ex = {g2, ha}.

@ one edge stands for the adjacency e3 = {h1, g}

v
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Partial ancestral reconstructions : super-block method Preliminary definitions

Intuition

Hypothesis

For a set of genomes {G;}, the higher is the frequency of an adjacency, the
higher is the probability that it should be present in a median genome.

Build partial assemblies of median genomes

© Build a partition P of adjacencies where each part is composed of
inter-dependent adjacencies.

-~
-~ -~
A

s N LT e // s \\\
—dé —é —e —q 56 —é o
1 2 3 4 56 1 2<_ o 12 3 4
3 4
complementary adjacencies vertex contradiction cycle contradiction

© Inspect P in decreasing frequency of its parts, and construct the
partial assemblies by favoring adjacencies with higher frequency.

Assemble these partial assemblies into potential medians

eV o5 7



Partial ancestral reconstructions : super-block method Building partial assemblies

Adjacencies and distances

N contemporary genomes {G;}, d rearrangement distance
C the set of all pairs of contradictory adjacencies

Theorem (Jean et al.)

For any pair {a,b} € C and two genomes M, and M), identical up to 2
adjacencies with a € M, and b € My, it holds that

| SN d(Ma, G)) — SN d(My, G <N

* If u(a) > u(b)
vy ZfV d(M,, G) — Z:N d(Mp, Gj) < N

My, Gb

Similarly for the breakpoint distance

Soutenance de thése 9/12/2008 22/47




2l el sevail s
Groups of adjacencies

P(A) be a partition of A, set of all adjacencies.
Po(.A) : adjacencies in cycle contradiction and singletons

Merging of parts : LI defines a partition of A such that for any
p € U(P(A))
o Idp € P(A)st. p=p; or
@ 3 p1,pp € P(A) s.t. p=p1 Upr and moreover 3 a € p; and 3 b € py
s.t. u(a) = u(b) = u(p1) = u(p2) and either a and b are dependent or
a and b participate in a cycle ¢ € G without vertex v =0s.t. Vv € ¢
we have u(v) > u(a).

Definition

A group g is a part of LU"(Py(A)), where LI"(Po(A)) is
the fixed point of L.

T ey



Groups of adjacencies, continued

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6}
G={3 1 4 2 5 6} G={2 1 3 4 5 6}

T T



2l el sevail s
Groups of adjacencies, continued

Example

G={1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7 8 10 9 11 12

G={3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 1 2 7 8 3 4 10 9 11 12 3 4 1 2 5 6 7 8, 9 10 11 12

Adjacency graph



2l el sevail s
Groups of adjacencies, continued

Example

G={1 2 3 4 5 G={1 2
1 2 1 2

Gi={ 2 1
3 4

10 11 12

Part freq.

Adjacencies

6.0(4)

3403)

20(3)

05(3)

5.6(1), 5.6(2)

23(2)

01(2)

1.2(2), 2.1(1)

1.3(1), 3.1(1)

03(1)

1.4(1)

42(1)

2-5(1)

Partition Py : 3 cycle contradictions

0.6(1)

0.5(1)

and singletons

R R R R R R =N N | w|w| s

0.2(1)

B



2l el sevail s
Groups of adjacencies, continued

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 1 2 y

3 4 5 6 7 8 9 10 11 12

G={3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 , 3 4

1 2 5 6 7 8, 9 10 11 12

Part freq. | Adjacencies
6.0(4)

3.4(3)
4.0(3)

0.5(3)
-5.6(1), 5.6(2)
2.3(2)

Complementary adjacencies 3.4 and
4.0 (same part frequencies)

B
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2l el sevail s
Groups of adjacencies, continued

Example

G={1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7 8 10 9 1 12

G={3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 1 2 7 8 3 4 10 9 11 12 3 4 1 2 5 6 7 8, 9 10 11 12

Part freq. | Adjacencies
6.0(4)

34(3), 4.0(3)
05(3)
5.6(1), 5.6(2)
2.3(2)
0.1(2)
1.2(2), 21(1)
1.3(1), 3.1(1)
03(1)

1.4(1)

42(1)

2-5(1)

. . 0.6(1)
Complementary adjacencies 0.1, 1.2 0-5(1)

and 2.3 (same part frequencies) 0.2(1)

B
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2l el sevail s
Groups of adjacencies, continued

Example
G={1 2 3 4 5 6}
1 2

3 4 5 6 7 8 9 10 11 12

G={3 1 4 2 5 6}
5 6 N

G={ 1

G ={ 2
3 4

1 2 5 6 7 8, 9 10 11 12

—d A
17~2, 3>4 5 6 7 /8 /9 .71g-"11-712

Other complementary adjacencies
and adjacencies in contradiction...

Part freq.

Adjacencies

6.0(4)

3.4(3), 4.0(3)

0503)

5.6(1), 5.602)

1.2(2), 2.1(1), 2.3(2), 0.1(2)

1.3(1), 3.1(1)

0.3(1)

1.4(1)

2.2(1)

2.-5(1)

0.6(1)

0.-5(1)

M RTINS I T ES

0.2(1)
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2l el sevail s
Groups of adjacencies, continued

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 10 9 1 12
=3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 1 2 7 8 3 4 10 9, 11 12 3 4 1 2 5 6 7 8, 9 10 11 12
Group freq. | Adjacencies
4 6.0(4)
3 3.4(3), 4.0(3)
3 0.5(3)
2 5.6(1), 5.6(2)
2 1.2(2), 2.1(1), 23( ). 0.1(2)
1 3(1), 31(1) 3(1), 1.4(1),
4.2(1), 2.-5(1), 0 -5(1), 0.2(1)
1 0.6(1)

Final groups of L"(Pg)

B



2l el sevail s
Super-blocks (intuition part 2)

Definition

A super-block is a set S of n > 1 adjacencies s.t. Va, b € S, a does not
contradict b, and there exists an order over S such that Vi € [1,n), a;
complements a;1, and a1, a, are either independent or a; = a, =0. A
partial assembly P = {S;} is a set of superblocks such that Vk # / if
Skﬂ5/75@:>5kﬂ5/:{0}.

Lemma

The adjacency graph G = (V, E) of a partial assembly P is a graph such
that (1) Vv € V, d(v) < 2, except for v=0, and (2) any cycle in G
contains Q.

T 7



2l el sevail s
Super-block construction

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 10 9 11 12
{3 1 4 2 55 6 G={2 1 3 4 5 6
1 2 7 8 3 4 10 9, 11 12 1 2 5 6 7 8, 9 10 11 12

Group freq. | Adjacencies
4 6.0(4) 10
3.4(3), 4.0(3) [
0.5(3)
-5.6(1), 5.
1.2(2),
1 3(1),
4.2(1
1 0.6(1

@]

1), 2.3(2), 0.1(2) 11 12 0 8 7 6 5 3 4 1 2
1), 0.3(1), 1.4(1),

(1), 0.-5(1), 0.2(1)

=N W w

01’\’\0\

2.1
3.1
, 2

\./vv\_/

Initial graph

T o



2l el sevail s
Super-block construction

Example
=1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7 8, 10 9 1 12
G={3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 1 2 7 8 3 4 10 9, 1 12 3 4 1 2 5 6 7 8, 9 10 11 12
Group freq. | Adjacencies 10
4 6.0(4) I
3 3.4(3), 4.0(3) 9
3 0.5(3)
2 5.6(1), 5.6(2) e —
5 12(2), 21(1), 23(2), 01(%) m 12 0o 8 7 6 5 3 4 1 2
1 13(1) 31(1), 03(1) 1.4(D), _ _
4.2(1), 2.-5(1), 0.-5(1), 0.2(1) Adding groups by decreasing frequency
1 06(1)

6.0 = (11 12).0

T o



2l el sevail s
Super-block construction

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6}
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7 8 10 9 11 12
{3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 1 2 7 8 3 4 10 9, 1 12 3 4 1 2 5 6 7 8, 9 10 11 12
Group freq. | Adjacencies
4 6.0(4) 10
3 3.4(3), 4.003) [
3 0.5(3) 9
2 5.6(1), 5.6(2)
2 1.2(2), 2.1(1), 2.3(2), 0.1(2) 1 12 0 8 7 6 5 3 4 1 2
1 13(1) 3.1(1), 0.3(1), 1.4(1),
2.-5(1), 0.-5(1), 0.2(1
oy R es22 L 5 4 (56) (7 8) and 4.0 = (7 8).0

T o



2l el sevail s
Super-block construction

Example
G={1 2 3 4, 5 6 } G={1 2 3 4, -5 6 }
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 10 9 11 12
={ 3 1 4 2 -5 6} Gy={ 2 1 3 4, 5 6 }
5 6 1 2 7 8 3 4 10 9, 1 12 3 4 1 2 5 6 7 8, 9 10 11 12
Group freq. | Adjacencies
4 6.0(4) 10
3 3.4(3), 4.0(3)
3 0.5(3) 9
2 5.6(1), 5.6(2) __l__ _
2 1.2(2), 2.1(1), 2.3(2), 0.1(2) 1 12 0 8 7 6 5 3 4 1 2
1 13(1) 1(1), 0.3(1), 1.4(2),
2.-5(1), 0.-5(1), 0.2(1
(o 25 050, 021 0.5 = 0.(9 10)

T o



2l el sevail s
Super-block construction

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6)
12 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 10 9 11 12
G={3 1 4 2 5 6} G={2 1 3 4 5 6}
5 6 1 2 7 8 3 4 10 9 11 12 3 4 1 2 5 6 7 8 9 10 11 12
Group freq. | Adjacencies 910
4 6.0(4) e
3 34(3), 4.003) / 0
3 05(3) / |
2 5.6(1), 5.6(2) - _
2 1 2(2) ( ) 23(2)' 0.1(2) 11 12 0 8 7 6 5 3 4 1 2
1 1.3(1), 3.1(1), 0.3(1), 1.4(1),
42(1) -5(1), 0-5(1), 0.2(1) |—5.6 = (10 9).(11 12) in conflict with 0.5 = 0.(9 10)
1 0.6(1) = Only addition of 5.6 = (9 10).(11 12)

T o



2l el sevail s
Super-block construction

Example
G={1 2 3 4 5 6 } G={1 2 3 4 5 6
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7 8 10 9 11 12
G={ 3 1 4 2 -5 6} Gy={ 2 1 3 4, 5 6
5 6 1 2 7 8 3 4 100 9, 11 12 3 4 1 2 5 6 7 8, 9 10 11 12
110
-
II 9
l’ !
4 - -
m 12 0 8 7 6 5 3 4 1 2
Group freq. | Adjacencies U
4 6.0(4) P e T
3 3.4(3), 4.0(3) / s %
3 05(3) / 9 STTN N
Il 1/ / \
2 5.6(1), 5.6(2) i 4 . PR
2 1.2(2), 2.1(1), 2.3(2), 0.1(2) m 12 0 8 7 6 5 3 4 1 12
1 1.3(1), 3.1(1), 0.3(1), 1.4(1), . L
4.2(1), 2.-5(1), 0-5(1), 0.2(1) ST
1 0.6(1)

2 possible sets :
{2.1} or {0.1,1.2,2.3}

T o



2l el sevail s
Super-block construction

Example
G={1 2 3 4 5 6} G={1 2 3 4 5 6
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7 8, 0 9 11 12
G={3 1 4 2 5 6} G={2 1 3 4 5 6
5 6 1 2 7 8 3 4 10 9, 11 12 3 4 1 2 5 6 7 8, 9 10 11 12
__--110
-
II 9
l’ |
Group freq. | Adjacencies 1‘1_{2___3__ 3 7 6 5 3 41 >
4 604 1
3 34(3), 4.003) PPk LUt T
3 0.5(3) / ] s .
2 5.6(1), 5.6(2) ! o TN
2 1.2(2), 2.1(1), 2.3(2), 0.1(2) / R / VN
1 13(1),31(1), 03(1),1.4(1), | 11 12 0 8 7 6 5 3 4 1 12
4.2(1), 2.-5(1), 0.-5(1), 0.2(1) \ L
1 0.6(1) SNt

Not enough support in groups of frequency 1

T o



2l el sevail s
Super-block construction

3 4 5 6}

8 10 9 11 12

Example
G={1 2 3 4 5 6} G={1 2
1 2 3 4 5 6 7 8, 9 10 11 12 1 2 3 4 5 6 7
G={3 1 4 2 5 6} G={2 1 3 4 5 6
5 6 1 2 7 8 3 4 10 9, 11 12 3 4 1 2 5 6 7 8, 9 10 11 12
Two partial assemblies :
_-=110 emmql0 _eTTTTTTS -
1/ ]9 l/ 9,// ,——\\\\\
i | 'l e ’,/ 5 N
YREECINE S S 2l Sy S S S g bty L ?_,72
My = {1234, 56} having
2 super-blocks and

M; ={21, 34, 56} having
3 super-blocks and
Z d(M27 GI) =9

S d(My, G) = 10



FiE] 2Ezzly
Final assembly

Fusions of super-blocks

A partial assembly solving extremity adjacencies Ag:nal aZS_embly
(a set of super-blocks) of super-blocks (a pOSSI e median genome)

L {7 SR

L

biological constraint :
one and only one centromere

by chromosome

Theorem (Jean et al.)

For any P € {P} of Gi, ..., Gy such that P = {5}, there exists a genome M
such that for any chromosome © of M either 1S, € P such that m = S, or
3{S«} C P such that 7 is formed by a series of fusions m = S;...S¢. Moreover,

SNd(M, G) =SV d(P,G) <0 and SN b(M, G) — SN b(P, G) < 0

T T



Partial ancestral reconstructions : super-block method

Comparative maps

Kith

B i

Rith | 0 | @ | 105 4 | 64
Kla | | [0 | o8| 115

Pairwise distances



Partial ancestral reconstructions : super-block method

Sharing tree of super-blocks

[EEN N )

i 8 @ 1 branch = 1 partial assembly

[eleldlielis

@ 16 partial assemblies — 4
unsolved conflicts

@ 29 common super-blocks on 34
or 35

@ A possible final assembly
° 30, d(M,G;) =284

T 7



Constructing and visualizing parsimonious scenarios

Constructing and visualizing parsimonious
scenarios

T o



Constructing and visualizing parsimonious scenarios Introduction

HP theory (Hannenhalli & Pevzner 1995)
Definition

A parsimonious scenario is a sequence of rearrangements respecting
rearrangement distance

@ Unichromosomal case : exact reversal distance and parsimonious
scenario in polynomial time

@ Multichromosomal case : using unichromosomal theory by mimicking
multichromosomal rearrangements by reversals on a single
permutation

Capping (caps)
—_—_—
|_|={<—12>,<34>,<5876>} =9 —-1210113412135876 14
Fr={<1234><5678>} Concatenate 4=90123410115678121314

@ Errors in distance and scenario : corrected by (Tesler, 2002) and by
(Ozery-Flato & Shamir, 2003)

@ Still one error to delineate chromosomes



Constructing and visualizing parsimonious scenarios Rearrangement distance

Breakpoint graph

HP theory based on the breakpoint graph G(I1,T)

@ Two vertices per signed identifier :

. ° . .
27T,'—1 27‘(‘,’ 271',' 271','—1
+ i —Ti

@ edges : adjacencies in I (black edges) or ' (dashed edges)

=9 —1210113412135876 14
4=91234101156781213 14 e ERRNY e RRNY
- S L ~
=== ==l N
g RN PN - N
ATy N - P
s / \// AN // I\ Pia¥ ~ \\
’ ’ /AN N / VAR RN AN \
_ _ // /! [ \ ! 1 \ // I N NN \
. SSTTRITN ,I - ! A ) ,I — ! Vo A < AR \ -
TN I N TN [N SN v / P [ |2
— —b 4 b —d 3
0 1718 21 3 4 1920 2122 56 78 2324 2526 910 1516 1314 1112 2728 29
9 -1 2 10 11 3 4 12 13 5 8 7 6 14

Aim : increase the number of cycles

B



Constructing and visualizing parsimonious scenarios Rearrangement distance

Breakpoint graph

HP theory based on the breakpoint graph G(I1,T)
@ Two vertices per signed identifier :
o 2m—1

L] L]
2w —1 27
+m; —T

@ edges : adjacencies in I (black edges) or ' (dashed edges)

—1210113412135876 14

=9
4=9123410115678 1213 14
/// \\\ /// \\\
/ \ 4 ATTS T
N Voo / Vi e IR
T TN T N nT TN Voo T nT TN r T [ I nT T
. ——% o o . % —o o ¢ 2 ¢ . .
18 12 3 4 19 22 56 78 23 26 910 1516 1314 1112 27
9 1 2 10 11 3 4 12 13 5 8 7 6 14

Distance computation independent of capping and concatenate
Particular vertices : Tails (T), M-caps (M) and I-tails ()

T o



Constructing and visualizing parsimonious scenarios Rearrangement distance

Breakpoint graph

Cycle and path decomposition :
@ [NN-path, Mr-path, I'T-path.
@ trivial cycles or paths (A) vs proper cycles or paths (B)

Orientation : arbitrary orientation of dark edges within a cycle or path

Non oriented B
. /// \\ /// h
Oriented oA N
N, A / , S N
T TN T g nT TN VTN T nT TN r rr [ (I nT T
. . H’ H . . H b e—a * ——o o4 o—0 b—b b—0 o .
18 12 g 4 19 22 56 78 23 26 910 1516 1314 1112 27
9 -1 2 10 11 3 4 12 13 5 8 7 6 14

Number of rearrangements compared to eliminated breakpoints
@ 1 rearrangement for 1 or 2 breakpoints in oriented cycle

@ 2 rearrangements for 1 or 2 breakpoints in non oriented cycle

T o



e
Interleaving graph component classifications

Distance based on the breakpoint graph decomposition
Incoherences and new notions in the literature
Clarification into a double classification (Jean & Nikolski 2007)

Connected components

A P VNN R S
A N G SR g S S| PR AN S NG O S g S N UL S
0 2728 21 34 7 E ]3 1411 ]2 910 15 ]6 56 1718 2930 3132 1920 21 22 25 26 2324 3334 35
w42 4 7 6 5 & 3 o 15 16 10 1 13 12 17

Interleaving graph

‘\D @

B




e
Interleaving graph component classifications

Proposition of a double classification Intrinsic classification

Connected component%

E
e ‘Oriented ‘ ‘Non oriented
5

E

[ (S R W SR SR SR S G S SRS O SR S W U S S . Py S W W S
o 1% 21 34 18 314 1112 910 1516 5o 715 2030 3132 1020 2102 2505 2324 3% B
uooa 2 4 7 3 5 s 3 9 15 1 10 u 13 1 o1

Interleaving graph
C

\ Intrachromosomal ‘ ‘Interchromosoma
b ®

Be Ee Ge

A component is real if it does not cover a \ Non real \ \ Real \
M-cap or a I-tail.

B




e
Interleaving graph component classifications

Proposition of a double classification Extrinsic classification

Connected component%

- ‘Oriented ‘ Non oriented
A / . F
P S R W G O (S O R VA O W A O W O (Nl Sy D O A N S G WL Hurdle Non hurdle
0 2128 21 34 78 1314 1112 910 1516 56 1718 2930 3132 1920 2122 2526 2324 3334 35
W4 2 a4 71 s 5 & 3 9 5w 1 n w on w

B separates {C, D} from E or G

. Intrachromosomal ‘ ‘Interchromosoma
{C,D} is a super hurdle
E and G are simple hurdles

Non real ‘ ‘ Real

B



e
Interleaving graph component classifications

Extrinsic classification

Connected component%

Proposition of a double classification

T ‘Oriented ‘ Non oriented
A -
SN I / A 7 Y -~ /
A S G O S (S GV ) VD O W A O S W . S o N A G W WL S Hurdle Non hurdle
0 2128 21 34 78 1314 1112 910 1516 56 1718 2930 3132 1920 2122 2526 2324 3334 35
W4 2 4 7 s s s 3 s 1w 1w 1w u 1 1w u
B separates {C. D} from G
Intrachromosomal Interchromosoma
Knot Non Knot
‘ Non real ‘ ‘ Real ‘

T o



Constructing and visualizing parsimonious scenarios Rearrangement distance

Interleaving graph component classifications

Proposition of a double classification Extrinsic classification

Connected component%

E
T ‘Onented Non oriented
A \ NOF TN
A S N S (S SN VD WD O S O SN S iy L (G N P S WL S Hurdle Non hurdle
0 2128 21 34 78 1314 1112 910 1516 56 1718 2930 3132 1920 2122 2526 2324 3334 35
e

B is the greatest real-knot
{C, D} is a minimal real-knot

Intrachromosomal Interchromosoma

Knot Non Knot

‘ Non real ‘ Real

Real Knot NR-knot

T By




Constructing and visualizing parsimonious scenarios Rearrangement distance

Interleaving graph component classifications

Proposition of a double classification Extrinsic classification

Connected component%

_E

. B ‘Oriented ‘ Non oriented
r

A B G O S (S G ) VA U W A O S W N S D A o G W W S Hurdle Non hurdle
§oAm 3T 3T i hit T S Bl e Tis i nn hh An sk HA BH B

14 a1 2 4 7 6 5 8 3 9 15 16 10 1 13 12 17

A semi-real-knot does not cover a [T-path
and becomes a minimal real-knot or the

. . . Intrach I Interch
simple greatest real knot after closing its | [erchomesome
Knot Non Knot
Mr-paths.
A simple component contains at least one
Mr-path and is not a semi-real-knot.
Non real Real
Semi real Knot? Real Knot NR-knot

B



e
Double classification

( Oriented ) ( U"Z‘;f(\g\)ted )

All of the
configurations are
encountered in
distance and scenario
computations

nterch | Intrachromosomal Y
nterchromosomal e

Unreal Real /\/ N

nrea TG

‘ ‘ 1 Non real knots
Intrinsic classification

(Jean & Nikolski 2007)

B



Constructing and visualizing parsimonious scenarios Parsimonious scenario

Why optimal capping and concatenation are needed ?

Distance
arbitrary capping and concatenation

Scenario
sequence of rearrangements respecting minimal distance
optimal capping and concatenation

Reduction to the unichromosomal problem

@ Reversals only

@ Nonsense operations : chromosome flipping and cap reposition

T o



Constructing and visualizing parsimonious scenarios Parsimonious scenario

Counterexample to the Ozery-Flato's and Shamir's
algorithm (2003)

(Ozery-Flato & Shamir 2003)
" d(N,F)=b—c+p+r+ [T=E+]

NP e N AT SRR, AT L7 LT LR,
VNN R W v PO/ TN R I ST

2 4 6 5 7 3 8 10 12 11 13 9 14 16 18 17 19 15 20 1 21 32 33 23 22 24 34 35 26 25 27 36 37 20 28 30

d(M,N) =34 —14+0+ 3+ [+=249] =25

T o



Constructing and visualizing parsimonious scenarios Parsimonious scenario

Counterexample to the Ozery-Flato's and Shamir's
algorithm (2003)

(Ozery-Flato & Shamir 2003)
" d(N,F)=b—c+p+r+ [T=E+]

2 4 6 5 7 3 8 10 12 11 13 9 14 16 18 17 19 15 20 1 21 32 33 23 2 24 34 35 26 25 27 36 37 20 28 30

d(M,N) =34 —14+0+3+ [+=249] =25

= cycle closure modifies the rearrangement distance so that it is no longer
optimal

d=34—13+0+3+[=3H] =26

T o



Constructing and visualizing parsimonious scenarios Parsimonious scenario

A correct algorithm for optimal capping

Correct_Optimal_Capping
. Construct the graph G = G(M,T)
. while there is a [T-path in G do
Find an interchromosomal or oriented edge joining this [T-path with a MMM-path and add it to G
end while
Close all remaining MM-paths in G
. Close all Mr-paths in simple components in G
if s’ isevenand s’ > 2 and G is a fortress-of-real-knots then
if G has the semi-greatest-real-knot then
Close all Mr-paths in the semi-greatest-real-knot
else
Close all Ml-paths in any one semi-real-knot
end if
. end if
14: while G has more than one semi-real-knot do
15: Find an interchromosomal or oriented edge joining M-paths in any two semi-real-knot and add it to G
16: end while
17: Close all remaining M-paths in G
18: Find a capping [ defined by the graph G(A, )

Theorem (Jean & Nikolski 2007)

Let d = d(MM,T) be the distance between two multichromosomal genomes
M and I'. Algorithm Correct_Optimal_Capping constructs an optimal
capping I for any arbitrary capping I, such that d(I,I') = d.

T o
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Constructing and visualizing parsimonious scenarios BAVETE([PAf))- 8o ElglelS

A new interactive tool for the visualization of rearrangements from
scenarios

I‘_II2_|I3_II‘_II5_II_II_II_I CIEIEEIENEIEIET] CIEIEEIENEIEIET]
0 i 0 0
o o | [0 [ [
=
e
ERGGE
EEEE EEEIE
=]
S EEEE ]
0 e o o I i i
1 o o o | o [ [ |
ERGHC] [ [ [ [
O EIEIE]E]EIE]
o
o o |
[Em[Em| e x|
EEEEIEIE]
R

B
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Conclusions and perspectives

Conclusions and perspectives
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Conclusion

Conclusions and

genomes

SyDiG algorithm:

in distant genomes

Identification of common markers| >

Rearrangement tree
Parsimonious scenario:
Suggestion of a synthesis for component classification
Introduction of a correct algorithm for optimal capping with its proof
Development of a visualization tool: VIRAGE

Common markers

Comparative maps

Super-block method:
Based on an adjacency analysis and a rearrangement study|
Results: all the sets of possible partial assemblies
Centromeres positions can be take into the account

Ancestral architecture

Soutenance de thése 9/12/2008 42/47



Conclusion

Development and validation of the methods on real data :

Complete framework for Hemiascomycetes yeasts
@ ldentification of common markers
@ Ancestral hypothesis from comparative maps

@ Interactive visualization of possible scenarios

T o



Perspectives

Theoretical perspectives :

@ Method extension to genomes with duplicates and different gene
content

@ Adding centromere position constraint in parsimonious scenarios

@ Whole reconstruction of the species tree by recovering the root and
internal nodes

Biological perspectives :
@ Application to the Drosophilia twelve (Stark et al. 2007)

@ Medical interest : application to 5 species phylogenetically close to
Candida glabrata (available soon)

T o



Conclusions and perspectives

“In Amelie’s rearrangement world”
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Distance formula

Theorem (Ozery-Flato & Shamir 2003)
d(N,T) = b—c+p+r+ [T-EE] J

b is the number of genes plus the number of chromosomes (max)
c is the number of cycles and paths

p is the number of 'T-paths

r is the number of real-knots

s’ is the number of semi-real-knots

gr’ = 1 if the greatest-real-knot exists and s’ > 0, gr’ = 0 else.
fr'=1if (a) or (b), fr'=0 else.

(a) fortress of real-knots ) weak fortress of real-knots

mm

T o
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