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Overview: Completely sequenced genomes

(from GOLD database: http://wit.integratedgenomics.com/GOLD/)

182 published complete genomes (including 4 chromosomes):

e 141 bacterial genomes (first: H. influenzae, 1995)

— size: ~ 500 ... 10,000 kilobases (KB)
— genes: = 450 ... 10,000 open reading frames (ORFs)

e 18 archaeal genomes (first: M. janaschii, 1996)

— size: ~ 1,500 ... 6,000 KB
— genes: =~ 1,500 ... 4,500 ORFs

e 23 eukaryal genomes (first: S. cerevisiae, 1997)

— size: ~ 12,000 ... 2,800,000 KB
— genes: =~ 6,000 ... 50,000 ORFs
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— size: ~ 1,500 ... 6,000 KB
— genes: =~ 1,500 ... 4,500 ORFs

e 23 eukaryal genomes (first: S. cerevisiae, 1997)

— size: ~ 12,000 ... 2,800,000 KB
— genes: =~ 6,000 ... 50,000 ORFs

Next steps:
functional genomics (transcriptomics, proteomics, metabolomics, ...)

comparative genomics
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Comparative genomics “at a higher level”

Concentrate on large scale layout of the genomes:

e Study genomes based on their gene order.

e Represent genomes by their sequence of genes.

genome 1

genome 2
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Comparative genomics “at a higher level”

Concentrate on large scale layout of the genomes:

e Study genomes based on their gene order.

e Represent genomes by their sequence of genes.

+0 —1 +2 +3 -5 —6
genome 1 — -l sl - -
senome 2 (-l m) C - -

—3 +6 +5 +0 +2 —1

More formally:

e Genes = (signed) elements from the set N ={0,...,n}.
e Assign the same number to corresponding (orthologous) genes.

e Genomes = permutations of V.
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Genome rearrangement operations and distances

— rearrangement operations: (signed) reversal +0+1 +2 43 4445 — +0—4 —3 =2 —1 45

transposition 0/1 2(3 4,5 — 0 3 4|1 2|5

Resulting distances and problems:
e (signed) reversal distance — sorting (signed) permutations by reversals

e transposition distance — sorting permutations by transpositions

Generalization: multiple chromosomes

— additional operations: fission

translocation

A

———
- I
fusion —
—— -
I

If gene order is unknown: syntenic distance (chromosomes as bags of genes)
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Sorting by reversals

Problem: Given two (signed) permutations (genomes) 71 and 75 of the elements
(genes) of the set N ={0,1,...,n}, find the minimal number of reversals that
are necessary to transform 7y into 7s.

T |+4 45 +2 43 +0 +1 = |+4 +5 +2 +3 +0 +1

=

—3 -2 —5 —4 +0 +1

=

~3 -2 —1 —0 +4 45

=

Ty | +0 +1 +2 +3 +4 +5| - +0 +1 +2 +3 +4 +5

Similar: transposition distance, translocation distance, ...
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Protein function prediction

About 30% of the ORFs in the MIPS Yeast Genome Database still have no
function annotation.

Functional annotation is time consuming and expensive
(=~ 1 -2 years, 1 — 2 million US$ per gene).
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Protein function prediction

About 30% of the ORFs in the MIPS Yeast Genome Database still have no
function annotation.

Functional annotation is time consuming and expensive
(=~ 1 -2 years, 1 — 2 million US$ per gene).

e In the lab:
— Genetical and biochemical analysis
— Correlated expression
e Homology based:
— Protein families
— Functional domains
e Genome based:

— Rosetta stone method (gene fusion, domain fusion)
— Phylogenetic profiles (correlated evolution)
— Gene order (co-occurrence of genes in genomes)

e Literature based:
— Natural language processing
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Genome-based gene function prediction

Functional genomics meets comparative genomics.

|ldea: Genes that repeatedly cluster together in phylogenetically remotely related
genomes are functionally associated:

— Interacting proteins

— proteins of the same protein complex

— enzymes of the same metabolic pathway
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Genome-based gene function prediction

Functional genomics meets comparative genomics.

|ldea: Genes that repeatedly cluster together in phylogenetically remotely related
genomes are functionally associated:

— Interacting proteins
— proteins of the same protein complex

— enzymes of the same metabolic pathway

Marcotte et al.: Detecting protein function and protein-protein interactions from genome
sequences. Science, 1999.

Overbeek et al.: The use of gene clusters to infer functional coupling. PNAS, 1999.

Snel et al.: STRING: A web-server to retrieve and display the repeatedly occurring neighbourhood
of a gene, NAR, 2000.
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STRING Web server (Snel et al., 2000)

http://string.embl.de/

=/ String: functional protein assoclation netwerks - Mozilla Firebird
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Genome Windows: Ribosomal Super Operon
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Genome Windows: Ribose-ABC-Transporter
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Formalization of gene cluster: common interval

Given permutations (genomes) 7y, 7o, . .., 7, of the numbers (genes) 0,1,...,n,
find subsets of numbers that occur contiguously in all permutations.

m |0 1 2 3 4 5 6 7

m™ |/ 0 1 2 4 3 5 6
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Given permutations (genomes) 7y, 7o, . .., 7, of the numbers (genes) 0,1,...,n,
find subsets of numbers that occur contiguously in all permutations.

m |0 1 2 3 4 5 6 7

m |6 7 5 1 4 3 2 0

m™ |/ 0 1 2 4 3 5 6
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Formalization of gene cluster: common interval

Given permutations (genomes) 7y, 7o, . .., 7, of the numbers (genes) 0,1,...,n,
find subsets of numbers that occur contiguously in all permutations.

m |0 1 2 3 4 5 6 7

m |6 7 5 1 4 3 2 0

m™ |/ 0 1 2 4 3 5 6
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Formalization of gene cluster: common interval

Given permutations (genomes) 7y, 7o, . .., 7, of the numbers (genes) 0,1,...,n,
find subsets of numbers that occur contiguously in all permutations.

m |0 1 2 3 4 5 6 7

m |6 ¢ 5 1 4 3 2 0

m™ |/ 0 1 2 4 3 5 6

Common intervals: [3,4] [2,4] [1,4] [0,4] [1,5] [0)5] [0,7]

Algorithms:

e Uno & Yagiura, Algorithmica 2000:
Find all common intervals of 2 permutations in O(n + |output|) time.

e Heber & Stoye, CPM 2001:
Find all common intervals of k > 2 permutations in O(kn + |output|) time.
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Finding all commmon intervals of 2 permutations m; and 75

Let 1 <2 <y <n.
Notation: w(lz,y]) ={n(z),71(z+1),...,7(y)}

Definitions:  I(z,y) := minms([z,y])
u(zx,y):= max ([, y])
f(xvy):: ’LL(CL’,y) o l(%,y) o (y _ x)

Example:

o~ [
SECEINEN
SN PN N
ol W e O
ol N [ O
S =N IEN

0
79 §)
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Finding all commmon intervals of 2 permutations m; and 75

Let 1 <2 <y <n.
Notation: w(lz,y]) ={n(z),71(z+1),...,7(y)}

Definitions:  I(z,y) := minms([z,y])
u(zx,y):= max ([, y])
f(xvy):: ’LL(CE,y) o l(%,y) o (y _ x)

Example:
m |0 1 2 3 4 5 6 7| f(1,Ld)=4—1—(6—23)=0
o 6 ¢ 5 1 4 3 2 0
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Finding all commmon intervals of 2 permutations m; and 75

Let 1 <2 <y <n.

Notation: w(lz,y]) = {nw(x),7(z+1),...,7(y)}

Definitions:  I(z,y) := minms([z,y])
u(zx,y):= max ([, y])
f(xvy):: ’LL(CE,y) o l(%,y) o (y _ x)

Example:

F(1,4)=4—1—(6—3) =0

9

of O o O
S OT |y N
| p—t wl W

==~d | p—t

NI N
ol W o O
ol N | o
N o |+~

flL,d)=7T—-1-(4—-1)=3>0
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Finding all commmon intervals of 2 permutations m; and 75

Let 1 <2 <y <n.

Notation: w(lz,y]) = {nw(x),7(z+1),...,7(y)}

Definitions:  I(z,y) := minms([z,y])
u(zx,y):= max ([, y])
f(xvy):: ’LL(CL‘,y) o l(fb,y) o (y _ x)

Example:

F(1,4)=4—1—(6—3) =0

9

of O o O
S OT |y N
| p—t wl W

==~d | p—t

NI N
ol W o O
ol N | o
N o |+~

flL,d)=7T—-1-(4—-1)=3>0

Simple algorithm: For all 1 < x <y < n testif f(x,y) =0.

Analysis: O(n?) time.
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Finding all common intervals of two permutations 7; and 75

Uno & Yagiura, 2000:
Perform the test f(x,y) = 0 not for all pairs (z,y).

Definition:
For given x, call a value of y > x wasteful, if and only if for all '’ < z:

f(@',y) > 0.

Lemma:
For fixed x, f(x,y) increases monotonically for the non-wasteful indices y (> x).

Algorithm (Idea):

e x runs in right-to-left direction through a doubly linked list y/ist that initially
contains the entries of 7.

e In each step, the entries of wasteful indices y (> x) are removed.

e Test for the remaining y > x in ylist from left to right if f(x,y) = 0.
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Algorithm RC (Uno & Yagiura)

e Removal of wasteful indices from ylist is done by means of two additional lists
[list and wlist that implement the functions [ and w.

e The elements of [list and wlist are maximal intervals of ylist with the same
smallest resp. largest element.

ulist | 6 7

ylist | 6| 7|5 14320

llzst 6 5 1 0
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Algorithm RC (Uno & Yagiura)

e Removal of wasteful indices from ylist is done by means of two additional lists
[list and wlist that implement the functions [ and w.

e The elements of [list and wlist are maximal intervals of ylist with the same
smallest resp. largest element.

ulist | 6 7

ylist | 6| 7|5 14320

llzst 6 5 1 0

Analysis:
O(n + |output|) time, O(n) space.
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Finding all common intervals of k£ > 2 permutations

Obvious generalization:

Given k permutations my, mo, ..., Tk.

For j =2,3,...,k compute the common intervals of 7; and ;.
Output all intervals that are found in all of these comparisons.

m |0 1 2 3 4 5 6 7

m™ |6 7 5 1 4 3 2 0

m™ |7 0 1 2 4 3 5 6
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Finding all common intervals of k£ > 2 permutations

Obvious generalization:

Given k permutations my, mo, ..., Tk.

For j =2,3,...,k compute the common intervals of 7; and ;.
Output all intervals that are found in all of these comparisons.

[0,4] [0,5] [0,7] [1.,4] [1.,5] [1.7] [2,3] [2.4]

7 B4l 57 [

m |0 1 2 3 4 5 6 7

m™ |6 7 5 1 4 3 2 0

m™ |7 0 1 2 4 3 5 6
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Finding all common intervals of k£ > 2 permutations

Obvious generalization:

Given k permutations my, mo, ..., Tk.

For j =2,3,...,k compute the common intervals of 7; and ;.
Output all intervals that are found in all of these comparisons.

m |0 1 2 3 4 5 6 7 [0.4] [0.5] [0,7] [L,4] [1.5] [1.7] [2,3] [2.4]

[3.4] [5.7] [6.7]
™ |6 7T 5 1 4 3 2 0
[0,1] [0,2] [0,4] [0,5] [0,6] [0,7] [1.2] [1.4]

mo | 7001 2 4 3 5 6] 15 [1.6] [24] [25] [2.6] [3.4] [3.5] [3.6]
[5.6]
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Finding all common intervals of k£ > 2 permutations

Obvious generalization:

Given k permutations my, mo, ..., Tk.

For j =2,3,...,k compute the common intervals of 7; and ;.
Output all intervals that are found in all of these comparisons.

m |0 1 2 3 4 5 6 7 [0.4] [0.5] [0,7] [L.4] [1.5] [1,7] [2,3] [2.4]

3.4 [5.7] [6.7]
m |6 7 5 1 4 3 2 0 ><
[0,1] [0,2] [0.4] [0.5] [0.,6] [0.7] [L.2] [1.4]

mo | 7001 2 4 3 5 6 15 [16] [24] [25] [26] [3.4] [3.5] [3.6]
[5.6]
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Finding all common intervals of k£ > 2 permutations

Obvious generalization:

Given k permutations my, mo, ..., Tk.

For j =2,3,...,k compute the common intervals of 7; and ;.
Output all intervals that are found in all of these comparisons.

m |0 1 2 3 4 5 6 7 [0.4] [0.5] [0,7] [L.4] [1.5] [1,7] [2,3] [2.4]

3.4 [5.7] [6.7]
m |6 7 5 1 4 3 2 0 ><
[0,1] [0,2] [0.4] [0.5] [0.,6] [0.7] [L.2] [1.4]

m o[ 7 0 1 2 4 3 5 6 [1,5] [1.6] [2.4] [2,5] [2.6] [3.4] [3.5] [3.6]
[5.6]

Analysis:
O(kn + > |K;|) time

where K; = the number of common intervals of m; and ;.
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Irreducible Intervals

Goal: An algorithm with output-dependent time complexity O(kn + |output|).

Observation: Common intervals form “chains” of non-trivially overlapping
intervals.

Definition:
A common interval c is reducible if there exists a non-trivial chain that generates
c, otherwise it is irreducible.

B Jens Stoye: New models and algorithms for genome comparison
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Properties of irreducible intervals

Lemma:
The subchains of all the maximal chains of irreducible intervals generate exactly

all common intervals.

Theorem: For is the number of irreducible intervals K the following holds:

1<K<n-1
Example:
w[‘ﬁ@] [6'7]
o e e (12 o B4 [4.5]
m—m |0 1 2 3 4 5 6 7 m—wm |0 1 2 3 4 5 6 7
™ |0 4 1 5 2 6 3 7 ™ |0 1 2 3 4 5 6 7
K=1 K=n-1
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Finding all common intervals of k£ > 2 permutations

Algorithm:

e Find the set of all irreducible intervals.
e Partition this set into maximal chains of non-trivially overlapping intervals.

e For each such chain generate all subchains: the common intervals.

| [3’4]
| [2,4]
| [1,4]

.
| [0’4] [1'5]

- ____________________________________________________________________| [0’7]
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Finding all common intervals of k£ > 2 permutations

Algorithm:

e Find the set of all irreducible intervals.
e Partition this set into maximal chains of non-trivially overlapping intervals.

e For each such chain generate all subchains: the common intervals.

| [3’4]
| [2,4]
| [1,4]
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Finding all common intervals of k£ > 2 permutations

Algorithm:

e Find the set of all irreducible intervals.
e Partition this set into maximal chains of non-trivially overlapping intervals.

e For each such chain generate all subchains: the common intervals.

EE— 3 ]
E—— () /]
I (] ]

Analysis: O(kn + |output|) time, O(n) additional space
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More realistic genome models

1. Genomes of higher organisms often have more than one chromosome
= multichromosomal permutations

m |0 1 2 3 4 5 6 7 8

m |5 1 0]}(2 3 4|6 8 7

2. Genes of a cluster should lie on the same DNA strand
= signed permutations

m | +0 +1 +2 +3 +4 +5 +6 +7 +8

T | +8 47 43 45 +4 —6 —0 —1 —2

3. Bacterial, archaeal, and mitochondrial DNA is often circular
= circular permutations

B Jens Stoye: New models and algorithms for genome comparison 25



Overview: New models and algorithms for genome comparison

Introduction

— Comparative genomics
— Gene clusters

Finding gene clusters

— Gene clusters of permutations
— Gene clusters of sequences
— Experimental results

Conserved intervals

— Finding conserved intervals
— Application to mitochondrial genomes

Summary and Conclusion
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Inclusion of paralogous genes

Problem:
In case of duplicated genes, it is difficult to assign correct orthologous gene pairs.
Possibly the ortholog does not even exist.

Consequence:
Do not distinguish between paralogous gene copies.

New model:
Use the same element (number) more than once for paralogous copies of genes.
— genomes are modeled as sequences instead of permutations.
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Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.
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Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.

Example:
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Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.

Example:

Common intervals: {3}
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Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.

Example:

Common intervals: {3} {1}

B Jens Stoye: New models and algorithms for genome comparison 28



Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.

Example:

Common intervals: {3} {1} {5}
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Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.

Example:

Common intervals: {3} {1} {5} {15}
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Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.
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Formal model

Given: k sequences S = (51, 59,...,Sk) over an alphabet X..

Common interval:
a subset C' C X whose elements occur contiguously in each S; € S.

Goal:
Find all maximal occurrences of common intervals in S.

Example:

Common intervals: {3} {1} {5} {15} {1,3,5}
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POS[1] = 2,5 NUM(i, j) : N o128 4567
POS[2] = 3,7 0 1233 [3[4]4]5
POS[3] = 1,4 1 1|1 2]3[3[4]|4]T5
POS[4] = empty 2 1| 23445
POS[5] = 6 3 1| 2345
POSI6] = 8 y 1 3 3 | 4

5 1213

6 1 [ 2

7 1

Algorithm:

While reading S5, mark in S the observed characters and track maximal intervals
of marked characters.

S5 |3 12 3 1 5 2 6 S |4 3 5 5 5 1 4 2 2
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POSI1] NUM (i,7) : N | 0] 1
POS|[2]
POS|3]
POS[4]
POSI5]
POSI6]

IS e

[
\V]
N W

=

ty

N Wl W w

O WN
—IN| W W] WA~

N W] x;

N W]

| el in] o o] o o]

0
1
2
3
4
5
6
7

Algorithm:
While reading S5, mark in S the observed characters and track maximal intervals

of marked characters.

S 3] 1 2131 5 2 6 S |4 3 5 5 5 1 4 2 2

1 2
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POSI1] NUM (i,7) : N | 0] 1
POS|[2]
POS|3]
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\V]
N W
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ty

N Wl W w

O WN
—IN| W W] WA~

N W] x;

N W]
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0
1
2
3
4
5
6
7

Algorithm:
While reading S5, mark in S the observed characters and track maximal intervals

of marked characters.

S, (311 23] 1|5 2 6 S |4 3 5 5 5 1 4 2 2

1 2
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POSI1] NUM (i,7) : N | 0] 1
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POSI1] NUM (i,7) : N | 0] 1
POS|[2]
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POSI5]
POSI6]
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While reading S5, mark in S the observed characters and track maximal intervals

of marked characters.

S, (311 23] 1|5 2 6 S |4 3 5 5 5 1 4 2 2
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POSI1] NUM (i,7) : N | 0] 1
POS|[2]
POS|3]
POS[4]
POSI5]
POSI6]

IS e

[
\V]
N W

=

ty

N Wl W w

O WN
—IN| W W] WA~

N W] x;

N W]

| el in] o o] o o]

0
1
2
3
4
5
6
7

Algorithm:
While reading S5, mark in S the observed characters and track maximal intervals

of marked characters.

S |3 1,213 1 512 6 S |4 3 5 5 5 1 4 2 2

2
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An elementary algorithm for two sequences

Preprocessing: compute two tables for S; = (3,1,2,3,1,5,2,6):

POSI1] NUM (i,7) : N | 0] 1
POS|[2]
POS|3]
POS[4]
POSI5]
POSI6]

INIEN lSL

[

V)
= rof wf v

=

ty

N Wl W w

O WN
—IN| W W] WA~

N W] x;

N W]

| el in] o o] o o]

0
1
2
3
4
5
6
7

Algorithm:
While reading S5, mark in S the observed characters and track maximal intervals

of marked characters.

S |3 1,213 1 512 6 S |4 3 5 5 5 1 4 2 2

2

Analysis: O(n?) time and space.
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More algorithms

Space reduction:

e A different algorithm based on work by Didier (CPM, 2003) finds all common
intervals of two sequences in O(n?) time and O(n) space.

More than two sequences:

e Find all common intervals in k sequences in O(kn?) time and space.

e Find all common intervals that appear in at least &’ out of k& given sequences in
O(k(1+ k — K')n?) time and O(kn?) space.

B Jens Stoye: New models and algorithms for genome comparison 30



Overview: New models and algorithms for genome comparison

Introduction

— Comparative genomics
— Gene clusters
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— Gene clusters of permutations
— Gene clusters of sequences
— Experimental results

Conserved intervals

— Finding conserved intervals
— Application to mitochondrial genomes
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Experimental results. Data source: COG

Aquifex aeclicus complete genome - 0..1551335
1529 proteins
Strand Length PID

Location
1..2100
17..3334
d46..3660
3665..4390
4387..498¢6
4990, .5301
5313..6227
6£340..6900
7018..7314

+ + + + + + + + +

6989
405
104
241
198
103
304
186

98

15605613
15605614
15605615
15605616
15605617
15605618
15605619
15605620
15605621

Synonym Code COG

fush
tufAl
rpsdJd
rplcC
rplD
rpli
rplB
rpss
rplv

L R O = T = T = [ = <

[COG0480 |
COG0050
COG0O051
COoG0087
COGOOES8

CoG008s
COG00380
COG0185
COG0091

Eroduct

elongation factor
elongation factor

ribosomal
ribosomal
ribosomal
ribosomal
ribosomal
ribosomal
ribosomal

1480150 > 51 ~1 87 1 88 1 89 >

protein
protein
protein
protein
protein
protein
protein

EF-G
EF-Tu
S10
103
L4
123
Loz
S18
Lz22
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Experimental results. Application to 43 bacterial genomes

without closely
related genomes (k=32) all genomes (k=43)

@ non-paralogs
B only in cluster

O only duplic. region

O both
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Experimental results. Graphical inspection of gene clusters

]

i E& Text output of algorithm - |D|£|
‘181 : mycoplasma genitalium
52 Mycoplasma pneumoniae

153 : Mycoplasma pulmonis

Basic Algorithm Output
HT #0# *2* §1:(1,9) S2: (1,9) Genes:[84,125,172, 187,188, 470, 486, 592, 2214]
N5 #2# *3* 51:(3,4)(205,206) S2: (3. 4)(122,123) 53:(372,373) Genes: [187,188)]
[30: #2# *3* S1:(6,7) S2:(6,7) S3:(52,53) Genes:[125, 470]
f35: #2# *3¥ 51.(8,9) 52:(8,9) S3:(13,14) Genes: (84, 486]
;38: #a4# *2* 51:.(1015) 52:(14,19) Genes: [189, 190, 358, 1132]

47 #7# *2* 51:(18,24) 52: (20,26) Genes: [12, 143,191, 484, 553, 596, 3343]
64 #3# *2* S1:(25,27) 52:(28,30) Genes: [231, 463, 781]
BT #3# 727 51:(29,31) S2:(32,34) Genes: [35, 693, 2176]
T2: #5% *2% S1:(33,37) S2:(43,47) Genes: [124,173, 580, 1435, 1488]
T6: #2# *3* 51:(35,36) S2: (45,46) 53:(332,333) Genes:[124,173]
81: #43 *2* 51:(38,41) 52:(50,53) Genes: [554, 579, 1744, 1925]
87 #d# *3* S1:(42,45) 52:(55,59) S3:(422,429) Genes:[687,1176,1177,36842]
98 #15% *2* 51.(42,56) 52: (55,69) Genes [192, 213, 250, 267, 274, 295, 533, 541, 687,690, 813,1109, 114
188: #3# *3* 51:(54,56) 52 (67,69) S3:(180,182) Genes: [250, 267, 690]
194: #6# *2* 51:(5863) 52 (71,77) Genes: [313, 462, 463, 477,691, 1658]
205; #2# *2* S1:(67,68) 52:(81,82) Genes: [21,1136]
209; #52 *2* S1.(71,759) 52 (207,211) Genes:[52, 474, 556, 653, 2190]
217 #3# *3* 51:(79,81) S2:(215,217) 53:(283,285) (410,412) Genes: [444, 601,1173]
218: #4# "3 51:(7982) 52:(215,218) 53:(283,286) Genes: [444 601,1173, 4608]
232 #18# *2* 51:(79,96) 82:(215,232) Genes: [37,48, 49, 80, 81,193, 238, 305, 359, 360, 444, 480, 601, 62
278: #2# *3* S51:(B83,84) 52: (219,220) 53:(9,10) Genes: [80,81]
303 #2# *3* 51:(85,86) 52:(221,222) §3:(780,781) Genes: [37, 193
324: #2# *3* 51:(87,89) 52:(223,224) §3:(711,712) Genes: [682, 1493
342 #3% 3% 51:(89,91) 52:(225,227) 53:(428,430) Genes: [48, 49, 450]
i[360: #3# *3* 51:(92,94) §2: (228,230) 53:(609,611) Genes: [238, 360, 624
'1368: #2# *3* S1:(95,96) S2:(231,232) $3:(515516) Genes: [305, 359)
371: #4% *2* 51:(99,102) S2:(235,238) Genes: [64, 154, 692, 721]
1374 #2# *37 S1:(101,102) S2:(237,238) S3:(200,201) Genes: [64, 154]

[4]

| ]
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Experimental results. Graphical inspection of gene clusters
E&l’.enerlustpr ¥1.0_prel _I_I- 0 ﬁl
File Sequences Algorithm Options Help
[Bl&] 8 [v] [DIEIR] rier enes:| -
Datafile: datatxt Sequences: 46 Selected: 6 minclustersize= 4 k'= 3 Percent= 64
D #Genesl#ﬁeq #SubCl| Contained Genes T Thermotoga maritima 735 [HE 020) 1108 2
274 5 3 0|[195,532, 779, 1358, 2740] -~ . 1108
384 5 3 0134 135, 147, 512, 547] : Streptococcus pneumoniae '- --

292 5 4 2([48, 49, 50 51, 480] | Lactococeus lactis subsp. lact 110¢ 21 €08l G848
293 5 4 2|[444,601,747,1124,1173] | Listeria innocua Clip11262 43 10 4 a5
812 5 B 2|(735,803,1108, 1121, 1846] .
14 B 3 0/[34, 46, 138, 150, 151, 289] Synechocystis sp. PCC 6803 735 --11CIB
279 B 3 0[208, 325, 762, 849, 1799, 2302] | Pseudomonas aeruginosa pan1 <G 7350 [ 1108 -
(A0 _§ 44 740 A4 il hud
I K |
ID |#Genes #Seq Cuntalned Genes Thermatoga maritima 735 DA 2 1108 b
1 4 3|[735, B03, 1108, 1121] Al
288 4| 3[[803, 1108, 1121, 1848] | Symechocystis sp. PCC 6803 7350 D I 103
| Pseudomonas aeruginosa Pao1 <N 7357 [ 1108

ID |#Genes #Seq| Contained Genes || streptococcus pneumoniae - 1100 N @848
1 4 3|[735, B03,1108,1121] Al . .
! — 1108
288 4 3803, 1108, 1121, 1848] 55_ Lactococcus lactis subsp. lacti 1121 @08l 1346
| Listeria innocua Clipt 1262 @ 110s @i 456

D E
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On genomic distances

So far: use gene clusters for functional genomics

More traditional approach in geome rearrangement studies:
use gene order data to estimate evolutionary divergence of genomes.

Definition: The XXX distance between two permutations is the minimum
number of XXX operations that transform one permutation into the other.

History (partial): Sankoff 1992; Hannenhalli & Pevzner 1995; Bafna & Pevzner
1998; Christie 1998; Kaplan, Shamir & Tarjan 1999; Bader, Moret & Yan 2001;
Bergeron 2001; Siepel 2002.

Alternate approach: Find structures that are shared by two permutations that
are invariant under optimal, or biologically meaningful, rearrangement scenarios.

History (partial): Blanchette, Kunisawa & Sankoff 1999; Uno & Yagiura 2000;
Heber & Stoye 2001; Bergeron, Heber & Stoye 2002.
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First approach: adjacencies/breakpoints

A pair of genes (a,b) is a conserved adjacency in two genomes GG and H if either
a and b, or —b and —a are consecutive in both G and H.

Example:

= 0 1 2 3 4 5 6 7

G
H = 0 3| -2 -1 4 =5 6 7

Property 1. Upgrades easily to sets of £ genomes.
Property 2: Invariant in optimal rearrangement scenarios.

Property 3: Independent of a model of evolution.

Limits: In larger sets of genomes, few adjacencies are completely conserved.
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Adjacencies in mitochondrial genomes of Arthropoda

Frue Ty [0 I NN 0
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Adjacencies in mitochondrial genomes of Arthropoda

ey Y oo empon e
e e e oo
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Conserved intervals

Definition:

A pair [a,b] is a conserved interval in two genomes G and H if:

1) either a precedes b, or —b precedes —a, and

2) the sets of genes between a and b are the same.

Irreducible: Not the union of shorter conserved intervals.

Example:
G = 0 1 2 3 4 D
H = 0 3 -2 -1 4 -5

Compact representation ( “family portrait”):

G = 0 1 2 3 4 5

B Jens Stoye: New models and algorithms for genome comparison
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Conserved intervals

Definition:
A pair [a,b] is a conserved interval in two genomes G and H if:

1) either a precedes b, or —b precedes —a, and

2) the sets of genes between a and b are the same.

Irreducible: Not the union of shorter conserved intervals.

Example:

= 0 1 2 3 4 5 6

G
H = 0 3 =5 =l 4 =5 6

Compact representation ( “family portrait”):

G = 0| 1 2 3 | 4| 5 6
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Irreducible: Not the union of shorter conserved intervals.

Example:

= 0 1 2 3 4 5 6

G
H = 0 3 =5 =l 4 =5 6

Compact representation ( “family portrait”):

G = 0 1 2 3 4 5 6
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Conserved intervals

Definition:

A pair [a,b] is a conserved interval in two genomes G and H if:

1) either a precedes b, or —b precedes —a, and

2) the sets of genes between a and b are the same.

Irreducible: Not the union of shorter conserved intervals.

Example:
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G
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Compact representation ( “family portrait”):
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Conserved intervals

Definition:

A pair [a,b] is a conserved interval in two genomes G and H if:

1) either a precedes b, or —b precedes —a, and

2) the sets of genes between a and b are the same.

Irreducible: Not the union of shorter conserved intervals.

Example:
G = 0 1 2 3 4 D
H = 0 3 -2 -1 4 -5

Compact representation ( “family portrait”):

G = 0 1 2 3 4 5

B Jens Stoye: New models and algorithms for genome comparison

40



Conserved intervals in mitochondrial genomes of Arthropoda
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Conserved intervals in mitochondrial genomes of Arthropoda
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Conserved intervals in mitochondrial genomes of Arthropoda
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Conserved intervals in mitochondrial genomes of Arthropoda
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Conserved intervals in mitochondrial genomes of Arthropoda
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Properties

Property 1. Upgrades easily to sets of £ genomes.

Property 2: Invariant in (most) optimal rearrangement scenarios.

Property 3: Independent of a model of evolution.

Property 4: Computable in linear time:

1: stack O on &, stack n on M

2. My+—n

3: fore =1,...,ndo

4:  unstack from M all elements m smaller than |m;|

5: M; — m

6: stack the element |7;| on M

7:  unstack from S all indices s such that (|m;| < 75 or |m;| > Mj)
8: if . —s=m; — 7w, and M, = M, then

9: output positive irreducible conserved interval [7s, ;]
10:  end if

11:  if m; is positive then

12: stack the index 2 on S

13:  end if

14: end for
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Algorithm summary

Two permutations:

e find all irreducible conserved intervals in O(n) time and space

e find all K conserved intervals in O(n + K) time and O(n) space

More than two permutations:

e find the intersection of two sets of irreducible intervals in O(n) time and space

e find all irreducible conserved of a set of k permutations in O(kn) time and
O(n) space

B Jens Stoye: New models and algorithms for genome comparison 43



Similarity and distance

The number of conserved intervals between two genomes is a measure of similarity.

It is possible to derive a measure of distance between two genomes:

d(G,H) = N; + Ny — 2N

where

N7 is the number of conserved intervals in G
Ns is the number of conserved intervals in H
N is the number of conserved intervals in G U H

B Jens Stoye: New models and algorithms for genome comparison 44



Interval distance and reversal /transposition distance table

Fruit Fly Mosquito  Silkworm Locust Tick Centipede
Fruit Fly — — 90 2 62 1 62 1 158 2 188 3
Mosquito 90 2 — — 140 3 140 3 200 4 230 5
Silkworm 62 1 140 3 — — 116 2 180 3 194 4
Locust 62 1 140 3 116 2 — — 188 3 218 4
Tick 158 2 200 4 180 3 188 3 - — 110 1
Centipede 188 3 230 5 194 4 218 4 110 1 - -
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Links with rearrangement theories

Link 1: Conserved intervals between two permutations are the connected

components of the interleaving cycles of the breakpoint graph.
(First noticed by Hannenhalli, 1995.)

Link 2: Interval distance is sensitive ot the length of rearranged segments.

Link 3: Optimal rearrangement scenarios that break conserved intervals are
suspicious.
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Overview: New models and algorithms for genome comparison

Introduction

— Comparative genomics
— Gene clusters

Finding gene clusters

— Gene clusters of permutations
— Gene clusters of sequences
— Experimental results

Conserved intervals

— Finding conserved intervals
— Application to mitochondrial genomes

Summary and Conclusion
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Summary: Gene clusters and common intervals

Some algorithmic results:

e Find all common intervals of k permutations in O(kn + |output|) time.
e Find all common intervals of k sequences in O(kn?) time.

e Find all conserved intervals of k£ permutations in O(kn) time
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Conclusion

Points raised:

e Comparative genomics can help in functional genome annotation
e Conserved regions in genomes have a static and a dynamic aspect

e Interesting combinatorics in Bioinformatics

Next steps:

e Statistical assessment of gene clusters
e Patterns in overlapping gene clusters

e Application to more data
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