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Lasota2, Eugenia Furletova1, Ewa Szczurek4, Gregory Kucherov3

1 Institute of Mathematical Problems in Biology, Pushchino (Moscow region)
2 Institute of Informatics, Warsaw University
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My talk
in a few words ...

Motivation : pairwise sequence alignment.

Seeds : filtration to speed-up sequence alignment.

Subset Seeds :

a new model of seed.
applied on protein alignments.

�

first slides give examples of nucleic (6= protein) alignments
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Sequence Alignment
on a very small nucleic example

TTTTGAACTGGGACGAAAGTGCATCAGTGCAAATGCGCAAGAAAAA
CGCCGAACGCTTCAGATCAGCGCAAATGCTCAAGAGGTCTCGTCGC
TGAGGCACTACGGCCAGCCGAGCCAGTCAT

ATCAGTGCAAATGCGCAAGA

|||||:||||||||.|||||

ATCAGCGCAAATGCTCAAGA
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Sequence Alignment
methods used to solve this problem ...

Algorithm: Smith-Waterman algorithm (in O(n2)).

Heuristic: Filtration principle

(1) some clues are detected using seeds.
(2) these clues are extended by local dynamic programming.
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Contiguous Seeds
(Fasta 85 [30], Blast 90 [1], Gapped-Blast 97 [2], ...)

Principle: A contiguous seed π detects one alignment motif of size k.

Notation: π is represented by a (fixed length) word over alphabet {#}.
(# only accepts the | symbol from an alignment).

Example

seed pattern : π = ######

ATCAGTGCAAATGCGCAAGA
|||||:||||||||.|||||
ATCAGCGCAAATGCTCAAGA
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Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search



Contiguous Seeds
(Fasta 85 [30], Blast 90 [1], Gapped-Blast 97 [2], ...)

Principle: A contiguous seed π detects one alignment motif of size k.

Notation: π is represented by a (fixed length) word over alphabet {#}.
(# only accepts the | symbol from an alignment).

Example

seed pattern : π = ######

######
ATCAGTGCAAATGCGCAAGA
|||||:||||||||.|||||
ATCAGCGCAAATGCTCAAGA
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Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search



Spaced Seeds
(PatternHunter 02 [31], Burkhardt &al. 01 [10], BLASTz 03 [40], YASS 04 [38])

Definition

A spaced seed π is defined as a binary word over the alphabet {#, -}∗
with :

# : accepts only match symbol | ,

- : accepts all alignment symbols (joker) .

s : span (length), w : weight (number of #).

Example

seed pattern : π = ###-#-##

ATCAGTGCGAATGCGCAAGA
|||||:||:|||||.|||||
ATCAGCGCAAATGCTCAAGA
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Spaced Seeds
Research threads

Burkhardt & Karkkainen 2001 [10]:
spaced seeds for (lossless) approximate pattern matching

Ma, Tromp & Li 2002 [31] (PatternHunter):
spaced seeds for (lossy) similarity search

Califano & Rigoutsos 1993 [12] (FLASH), Buhler 2001 [8] (LSH)

randomly choosen spaced seeds for (lossy) similarity search
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Spaced Seeds
Research threads (cont.)

Estimating the sensitivity of a seed: Keich et al 2002 [23], Buhler et al
2003 [9], Brejova et al 2003 [3], Choi et al 2004 [14], Kucherov et al 2004
[26], Mak&Benson 2007 [33], Gao et al 2007 [20]

Extended seed models: BLASTZ 2003 [40], Brejova et al 2003 [4],
Chen&Sung 2003 [13], Noe&Kucherov 2004 [38], Sun&Buhler 2006 [42],
Mak et al 2006 [34], Zhou&Florea 2007 [46], Yang&Zhang 2008 [44]

Statistical foundations: Nicodeme et al 2002 [36], Choi&Zhang 2004
[14], Zhang 2007 [45], Kong 2007 [25], Ma&Yao 2008 [32]

Efficient implementation of spaced seeds: Csuros 2004 [15],
Csuros&Ma 2005 [16, 17]

Multiple spaced seeds: Li et al 2004 [28] (PatternHunter II),
Sun&Buhler 2004 [41], Kong 2007 [25]

Designing (multiple) seeds: Xu et al 2004 [43], Brown 2004 [5], Ilie&Ilie
2007 [22]

Lossless (multiple) seeds: Burkhardt&Karkkainen 2001 [11], Kucherov
et al 2004 [27], Farach et al 2004 [18], Fontaine et al 2004 [19],
Nicolas&Rivals 2005 [37]

Surveys: Brown&Li&Ma 2004 [6], Brown 2008 [7]
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Spaced Seeds
How to choose the best one

The main question in (most of) these papers: how to choose the
best seed ?

Another question in these papers: can we extend the spaced seed
model ?
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Nucleic Mutations
Transitions and Transversions ...

Two kinds of mismatches : transitions and transversions

Definition

Transitions are substitutions between purins (A ↔ G ) or between
pyrimidins (T ↔ C ). Transitions are usually overrepresented mutations
...

: is a transition symbol.

. is a transversion symbol.

Example
ATCAGTGCGAATGCGCAAGA
|||||:||:|||||.|||||
ATCAGCGCAAATGCTCAAGA
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Transition Constrained Seed
(Chen&Sung 03 [13], YASS 04 [38], Sun&Buhler 06 [42], Zhou&Florea 07 [46], Yang&Zhang 08 [44])

Definition
A transition constrained seed π is defined as a ternary word over the
alphabet {#, @, -}∗ with :

# : accepts only match symbol |,

- : accepts all alignment symbols (joker),

@ : accepts match symbol | or transition mismatch symbol :,

Example

seed pattern : π = ##@#-@##

ATCAGTGCGAATGCGCAAGA
|||||:||:|||||.|||||
ATCAGCGCAAATGCTCAAGA
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Nucleic subset seeds
Example of seed pattern and seed alphabet

Example
pattern: ###-#@@-##@#--#-@## , #@#@-##-#--@##-@###

alphabet:

- {AGCT}
@ {AG} {CT}
# {A} {G} {C} {T}
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Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search



Nucleic subset seeds
Example of seed pattern and seed alphabet

Example
pattern: ###-#@@-##@#--#-@## , #@#@-##-#--@##-@###

alphabet:

- {AGCT}
@ {AG} {CT}
# {A} {G} {C} {T}
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Nucleic subset seeds
Example of seed pattern and seed alphabet
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Protein subset seeds
Example of seed pattern and seed alphabet
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Protein subset seeds
Example of seed pattern and seed alphabet

Example
pattern: JE0E , H064H , H0DI , I2005J , IBH

alphabet:

0 {CFYWHMLIVPGQERKNDATS}
1 {CFYWHMLIV} {PGQERKNDATS}
2 {C} {FYWHMLIV} {PGQERKNDATS}
3 {C} {FYWHMLIV} {P} {GQERKNDATS}
4 {C} {FYWH} {MLIV} {P} {GQERKNDATS}
5 {C} {FYWH} {MLIV} {P} {GATS} {QERKND}
6 {C} {FYWH} {MLIV} {P} {G} {ATS} {QERKND}
7 {C} {FYWH} {MLIV} {P} {G} {ATS} {QERK} {ND}
8 {C} {FYW} {H} {MLIV} {P} {G} {ATS} {QERK} {ND}
9 {C} {FYW} {H} {MLIV} {P} {G} {A} {TS} {QERK} {ND}
A {C} {FYW} {H} {MLIV} {P} {G} {A} {TS} {QE} {RK} {ND}
B {C} {FYW} {H} {ML} {IV} {P} {G} {A} {TS} {QE} {RK} {ND}
C {C} {FYW} {H} {ML} {IV} {P} {G} {A} {TS} {QE} {RK} {N} {D}
D {C} {FYW} {H} {ML} {IV} {P} {G} {A} {T} {S} {QE} {RK} {N} {D}
E {C} {FY} {W} {H} {ML} {IV} {P} {G} {A} {T} {S} {QE} {RK} {N} {D}
F {C} {FY} {W} {H} {ML} {IV} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
G {C} {FY} {W} {H} {M} {L} {IV} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
H {C} {FY} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
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Implied Problems

pattern: how to choose “good” seed patterns ?
why choosing JE0E,H064H,H0DI,I205J,IBH ?
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9 {C} {FYW} {H} {MLIV} {P} {G} {A} {TS} {QERK} {ND}
A {C} {FYW} {H} {MLIV} {P} {G} {A} {TS} {QE} {RK} {ND}
B {C} {FYW} {H} {ML} {IV} {P} {G} {A} {TS} {QE} {RK} {ND}
C {C} {FYW} {H} {ML} {IV} {P} {G} {A} {TS} {QE} {RK} {N} {D}
D {C} {FYW} {H} {ML} {IV} {P} {G} {A} {T} {S} {QE} {RK} {N} {D}
E {C} {FY} {W} {H} {ML} {IV} {P} {G} {A} {T} {S} {QE} {RK} {N} {D}
F {C} {FY} {W} {H} {ML} {IV} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
G {C} {FY} {W} {H} {M} {L} {IV} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
H {C} {FY} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
I {C} {F} {Y} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
J {C} {F} {Y} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {R} {K} {N} {D}
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Protein subset seeds
Implied Problems

pattern: how to choose “good” seed patterns ?
why choosing JE0E,H064H,H0DI,I205J,IBH ?

alphabet: how to choose “good” alphabets ?
why choosing

0 {CFYWHMLIVPGQERKNDATS}
1 {CFYWHMLIV} {PGQERKNDATS}
2 {C} {FYWHMLIV} {PGQERKNDATS}
3 {C} {FYWHMLIV} {P} {GQERKNDATS}
4 {C} {FYWH} {MLIV} {P} {GQERKNDATS}
5 {C} {FYWH} {MLIV} {P} {GATS} {QERKND}
6 {C} {FYWH} {MLIV} {P} {G} {ATS} {QERKND}
7 {C} {FYWH} {MLIV} {P} {G} {ATS} {QERK} {ND}
8 {C} {FYW} {H} {MLIV} {P} {G} {ATS} {QERK} {ND}
9 {C} {FYW} {H} {MLIV} {P} {G} {A} {TS} {QERK} {ND}
A {C} {FYW} {H} {MLIV} {P} {G} {A} {TS} {QE} {RK} {ND}
B {C} {FYW} {H} {ML} {IV} {P} {G} {A} {TS} {QE} {RK} {ND}
C {C} {FYW} {H} {ML} {IV} {P} {G} {A} {TS} {QE} {RK} {N} {D}
D {C} {FYW} {H} {ML} {IV} {P} {G} {A} {T} {S} {QE} {RK} {N} {D}
E {C} {FY} {W} {H} {ML} {IV} {P} {G} {A} {T} {S} {QE} {RK} {N} {D}
F {C} {FY} {W} {H} {ML} {IV} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
G {C} {FY} {W} {H} {M} {L} {IV} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
H {C} {FY} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
I {C} {F} {Y} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {RK} {N} {D}
J {C} {F} {Y} {W} {H} {M} {L} {I} {V} {P} {G} {A} {T} {S} {Q} {E} {R} {K} {N} {D}
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Protein subset seeds
Implied Problems

pattern: how to choose “good” seed patterns ?
No efficient method known (? [37, 32])
Use hill climbing [42, 21, 47] heuristics

alphabet: how to choose “good” alphabets ?
No efficient algorithm known (?)
Use 3 different clustering methods ...
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Implied Problems
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Protein subset seeds
Related work on seed alphabets

Protein alphabet Reduction: Li et al. 2003 [29], Murphy et al. 2000 [35]

Example
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Protein subset seeds
Related work on seed alphabets

Protein alphabet Reduction: Li et al. 2003 [29], Murphy et al. 2000 [35]

Example

Tree defined in Li et al. 2003 [29]
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Protein subset seeds
Related work on seed alphabets

Protein alphabet Reduction: Li et al. 2003 [29], Murphy et al. 2000 [35]

Example

A cut in the tree defines a seed letter
(here {C} {FYW} {MLIV} {G} {P} {ATS} {NH} {QED} {RK} )
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Protein subset seeds
Related work on seed alphabets

Protein alphabet Reduction: Li et al. 2003 [29], Murphy et al. 2000 [35]

Example

“cut” clustering → seed alphabet (transitive-predefined)
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Protein subset seeds
Clustering algorithms for seed alphabets

Transitive :
transitive-predefined: use the previous tree [29].

transitive-ab-initio: BLOSUM pairing frequencies.
bridge likelihood optimization.
greedy algorithm.

non-tree-transitive: same as transitive-ab-initio
without hierarchical clustering constraint.

Non-Transitive : use the BLOSUM likelihood graph.
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Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search



Protein subset seeds
Clustering algorithms for seed alphabets

Transitive :
transitive-predefined: use the previous tree [29].

transitive-ab-initio: BLOSUM pairing frequencies.
bridge likelihood optimization.
greedy algorithm.

non-tree-transitive: same as transitive-ab-initio
without hierarchical clustering constraint.

Non-Transitive : use the BLOSUM likelihood graph.
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Protein subset seeds
Related work on seed models

Protein seed models :
1 Blastp [2],
2 Vector Seeds (Brown 2004 [5], tPatternHunter 2005 [24])

Definition
1 Blastp : hit at positions i on sequence A and j on sequence B iif

2X
p=0

BLOSUM[A[i+p], B[j+p]] ≥ 11

###
≥11

2 Vector Seeds : extension using spaced seed shapes

###
≥11 → #-##-#

≥18

Need to precompute, for each word, the list of neighbor words

Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search



Protein subset seeds
Related work on seed models

Protein seed models :
1 Blastp [2],
2 Vector Seeds (Brown 2004 [5], tPatternHunter 2005 [24])

Definition
1 Blastp : hit at positions i on sequence A and j on sequence B iif

2X
p=0

BLOSUM[A[i+p], B[j+p]] ≥ 11

###
≥11

2 Vector Seeds : extension using spaced seed shapes

###
≥11 → #-##-#

≥18

Need to precompute, for each word, the list of neighbor words
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Protein seed models :

Definition
1 Blastp : hit at positions i on sequence A and j on sequence B iif

2X
p=0
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###
≥11

2 Vector Seeds : extension using spaced seed shapes

###
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Protein subset seeds
Seed design using iedera

the iedera software was used to :

1 compute sensitivity/selectivity of

Blastp seeds,
Vector seeds,
Protein subset seeds.

2 optimize the shapes of

Vector seeds,
Protein subset seeds.

with the hill climbing [42, 21, 47] method.

http://bioinfo.lifl.fr/yass/iedera.php
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Protein subset seeds
Seed design using iedera

http://bioinfo.lifl.fr/yass/iedera.php

Example
nice -n +19 ./iedera -k -w 3,4 -j 0.95 -n 4 -r 100000 -l 16 -s 1,7 -A 47 -B 22 -M {
{1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{1,1,1,1,1,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,0,1,1,1,1,1,1,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,1,1,1,1,0,1,1,0,1,0,1,1,1,0,0,1,1,0,1,1,1,1,1,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,1,0,1,1,0,0,0,0,0,0,0,1,0,1,1,1,1,0,1,0,1,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,1,1,0,0,1,0,1,1,0,1,1,0,1,0,1,1,0,0,0,0,1,0,0,1,1,0,0,1,1,0,1,1,1,0,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,1,1,1,1,0,1,1,1,1,1,0,1,1,1,1,0,1,1,1,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,1,1,0,1,1,0,1,1,0,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,0,1,1,1,1,0,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,1,1,0,0,0,1,1,0,1,0,1,1,0,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,0,0,1,0,1,1,0,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,1,0,1,1,0,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,1,0,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,1,1,0,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,1,1,1,0,1,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,0,0,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1}
}
-f 0.01612,0.01412,0.02288,0.00065,0.14347,0.00154,...,0.03641,0.00347,0.00708,0.00848,0.33169

-b 0.05108,0.03647,0.06770,0.00256,0.27712,0.00366,...,0.01591,0.00208,0.00372,0.00306,0.05849
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Protein subset seeds
Seed design using iedera

http://bioinfo.lifl.fr/yass/iedera.php

Example
nice -n +19 ./iedera -k -w 3,4 -j 0.95 -n 4 -r 100000 -l 16 -s 1,7 -A 47 -B 22 -M {
{1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{1,1,1,1,1,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,0,1,1,1,1,1,1,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,1,1,1,1,0,1,1,0,1,0,1,1,1,0,0,1,1,0,1,1,1,1,1,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,1,0,1,1,0,0,0,0,0,0,0,1,0,1,1,1,1,0,1,0,1,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,1,1,0,0,1,0,1,1,0,1,1,0,1,0,1,1,0,0,0,0,1,0,0,1,1,0,0,1,1,0,1,1,1,0,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,1,1,1,1,0,1,1,1,1,1,0,1,1,1,1,0,1,1,1,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,1,1,0,1,1,0,1,1,0,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,0,1,1,1,1,0,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,1,1,0,0,0,1,1,0,1,0,1,1,0,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,0,0,1,0,1,1,0,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,1,0,1,1,0,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,1,0,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,1,1,0,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,1,1,1,0,1,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,0,0,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1}
}
-f 0.01612,0.01412,0.02288,0.00065,0.14347,0.00154,...,0.03641,0.00347,0.00708,0.00848,0.33169

-b 0.05108,0.03647,0.06770,0.00256,0.27712,0.00366,...,0.01591,0.00208,0.00372,0.00306,0.05849
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Protein subset seeds
Seed design using iedera

http://bioinfo.lifl.fr/yass/iedera.php

Example
nice -n +19 ./iedera -k -w 3,4 -j 0.95 -n 4 -r 100000 -l 16 -s 1,7 -A 47 -B 22 -M {
{1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{1,1,1,1,1,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,0,1,1,1,1,1,1,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,1,1,1,1,0,1,1,0,1,0,1,1,1,0,0,1,1,0,1,1,1,1,1,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,1,0,1,1,0,0,0,0,0,0,0,1,0,1,1,1,1,0,1,0,1,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,1,1,0,0,1,0,1,1,0,1,1,0,1,0,1,1,0,0,0,0,1,0,0,1,1,0,0,1,1,0,1,1,1,0,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,1,1,1,1,0,1,1,1,1,1,0,1,1,1,1,0,1,1,1,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,1,1,0,1,1,0,1,1,0,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,0,1,1,1,1,0,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,1,1,0,0,0,1,1,0,1,0,1,1,0,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,1,0,1,1,1,1,1,1,1,1,1,1,1,1,1,0,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,0,0,1,0,1,1,0,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,0,0,1,0,1,1,0,1,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,1,0,1,1,1,1,1,1,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,1,1,1,0,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,1,1,1,1,0,1,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,1,0,0,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,1},
{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1}
}
-f 0.01612,0.01412,0.02288,0.00065,0.14347,0.00154,...,0.03641,0.00347,0.00708,0.00848,0.33169

-b 0.05108,0.03647,0.06770,0.00256,0.27712,0.00366,...,0.01591,0.00208,0.00372,0.00306,0.05849
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Protein subset seeds
Experiments

1 Seed design → (sensitivity,selectivity) pair for each seed pattern.

2 Theoretical Roc curves.

3 Real Database hits.
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Protein subset seeds
Results on theoretical model (length 16)

Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search



Protein subset seeds
Results on theoretical model (length 16)
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Protein subset seeds
Results on theoretical model (length 32)
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Protein subset seeds
Results on real datasets
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Protein subset seeds
conclusion & open questions

1 a simple way to index proteins sequences, based on carefully
designed seeds.

2 a cache efficient way to perform protein similarity search.
already probed > 20% faster on FPGA device with on-board Flash memory [39].

However, during the precomputing step ...

seed design is a CPU-consuming task.

seed alphabet choice is also non-trivial.
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Mikhail Roytberg, Anna Gambin, Laurent Noé, S lawomir Lasota, Eugenia Furletova, Ewa Szczurek, Gregory KucherovEfficient seeding techniques forprotein similarity search


