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MinaH 3aHATUMA

1. BxoxxgoeHna naTtTepHa B TEKCT. BepoATHOCTb
BCTPETUTb HE MeHee S BXOXXOeHNN B CIy4YaNHOM
TekCcTe OJIMHbl He MeHee N.

[BepHynnn. HMM - camocTodaTeIbHO]

2. PewweHne c noMmouwbio aBToMaTa Axo-Kopacuk.
HYTo MOXXHO NpnaymaTb?

3. lNepekpbiTUAa. AXo-Kopacuk. KHyT-Moppuc-lpaTT.
. ['pah nepekpbiTU.
. Pekypcun4a yepes ganbHue n 61m3kmne MHoXecTBa.
. OUeHKa CNoXXHOCTWU - Teopud

. OueHka cnoXxXHocTu - Tabnunuyebl.

. PackpblTne cekpeTa - Bbl4NTaHNE BEPOATHOCTEN.
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1. BBeaenme

‘x""‘ Pattern (motif) — set of words specifying functional fragments in
" biological sequences

Examples:
* TATA-box TATA(AIT)A(AIT) — 4 words of length 7

*Consensus of transcription factor binding site Antp (Drosophila)
ANNNNCATTA - 256 words of length 10

Example of occurrences of pattern TATA(AIT)A(AIT)

TTGT'I\'ATAAA'!'/ATATA)'G GACT G\TATATAP)GTG

1st occur. 3rd occur

2nd occur.



MocTaHoBKa 3a4aun

[aHo: Andhasut A
MartepH H = {h,,...,h}, AnnHBI M
NnnHa TekcTa L
Kon-Bo BXOXAOEHUWA S
BepoATHOCTHOE pacnpeaeneHne Ha At
Hantu: BeposaATHOCTb TOro, YTO CNyYanHbIA TEKCT A/INHbI L
COAIEPXUT HE MEHEee S BXOXAeHU natTtepHa H

TepMmun: P-sHavyeHue [P-value]



P-value

P-value is the probability to find at least S occurrences of
words from a pattern H in a random sequence of length N
generated according to a given probability model.

P-3HaueHne — mepa nepenpencTas/ieHHOCTU NaTTepHa B AaHHOM
doparmeHTe TekcTa.

Ecnu P-3HavyeHue p masno (= -log p Benuko),
TO 3TO HecnpocTa/



‘ H K.a.

& Mﬂeﬂ NeKapToBO npousBeneHne astomaTa Aut(H) v
}; ‘«aBTOMaTa-Leno4Ykn», KOTOpbIN AOoNyCKaeT BCe CNoBa OJINHbI
L

ECnn HY>XHO He MeHee S BXOXXOEHUWN - «MOMHUM>» CKOJIbKO
BXOXXOEHUN yXXe BblNo (K-BO COCTOAHUN YMHOXaETCA Ha S).

Ecnn Hy)>XHa BEepPOATHOCTbL - AeKapTOBO YMHO>XaeM Ha rpag
HMM, noTom pelwaem 3agavy bonbumaHa.

CToKM rpagha COOTBETCTBYIOT AOMYCKaIOWMNM COCTOAHUAM
aBToMaTa Aut(H) .
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Aho-Corasick trie

e CGTAC
S H:  ACCCA
e ACTGA

T OV(H) ={g, A, AC, C}




Time: ~L,
a He ~mL




Overlap graph
ACCCA, ACTGA, CGTAC

CGTAC
H: ACCCA
ACTGA

Regnier M., Kirakosian Z., Furletova E.I., Roytberg M.A. A word counting gpaph. // London
algorithmics 2008: theory and practice. 2009. P. 10-43.



Left overlap graph (LOG)

GTAC

Overlap graphs
ACCCA, ACTGA, CGTAC

Right overlap graph (ROG)




R and E-sets

E(n,s,h) ={T € Vn| T contains at least s occurrences of H &
& T ends with h}

R(n,s,h) = E(n,s,h) \ E(n,s+1,h)

Computation of E-sets probabilities is the main part

of the algorithm!



TeKCcTOoBble MHO)XeCTBa

% +B(ns)={Te W| T contains at least s occurrences H}

\‘E

N P-value is Prob(B(N,5S))

R(n,s,h) ={T € Vn| T contains exactly s occurrences of H &
& T ends with h}

Proposition Let n > m then

B(n,s) = B(n-1,s)-V U R(n,s,H)

Proof. Two cases are possible:

1) prefix of T of length n-1 contains at least s occurrences of H

2) T ends with s-th occurrence of H




E- sets

E(n,s,h) ={T € \n| T contains at least s occurrences of H &
& T ends with h}

Example. Let H={ACCCA, ACTGA, CGTAC}. Consider E(n,s, ACTGA)

Case 1: (s-1)-th occurrence of H does not overlap h = ACTGA

........................................ CTGAC------—--—----|ACTGA|

(s-1)-th occur. n n
of H -m

B(n-m,s-1)-ACTGA




E- sets CGTAC

H: ACCCA
ACTGA

e 4
VL 97 -

.
sCase 2: (s-1)-th occurrence overlaps h=ACTGA

i (s-1)-th occur.
of H
—
S ——— ACTGA|CTGA]
n-4 n

N U e CGTAC|TGA]

n-3 n
U — ACCACI|TGA|

n-3 n

R(n-4,s-1,H(A))-CTGA+ R(n-3,s-1,H(AC))-TGA

H(A), H(AC) — sets of pattern words ending with A and AC



R(n- 4,s- 1,H(A)) -CTGA+R(n- 3,s- 1, H(AC)) TGA =
=R(n- 4,s- 1, H(A)) -C TGA+R(n- 3,s- 1, H(AC)) TGA =

:(\R(n- 4,5- 1, H(A)) C+R(n- 3,5- 1, H(AC)) TGA

~
\D(n-4,s-1,A) /

D(n-3,s-1,AC)




R-sets induction

R(n,s,Hw)) ={T € Wn| T contains exactly s occurrences of H &
& T ends with h from H(w)}

CGTAC

H: CC
*R(n,s,H(A)) = R(n,s,ACTGA) + R(n,s,ACCCA) ﬁgTGﬁ

*R(n,s,H(AC)) =R(n,s,CGTAC)

*R(n,s,H(C)) = R(n,s,H(AC))

H(A), H(AC) and H(C) — sets of pattern words ending with A, AC and C



E-sets induction

’jf(.ns ,h) ={T € Vn| T contains at least s occurrences of H &

& T ends with h}

* D(n-4,5-1,A)

E-sets induction

= R(n-4,s-1,H(A))

* D(n-3,s-1,AC) = D(n-4,5-1,A)-C + R(n-4,5-1,H(AC))

* E(n,s,ACTGA)= B(n-m,s-1)-ACTGA + D(n-3,5-1,AC)- TGA

H(A), H(AC) and H(C) — sets of pattern words ending with A, AC and C

CGTAC

ACCCA

ACTGA



Algorithm

Input: alphabet A, probabilities model, pattern H, text length N, minimal number of
occurrences S

Output: P(B(N,S))
|. Pre-processing

Overlap graph creation, computation of constant values and probabilities of text
sets for n<m

II. Main loop
Foralln=1,....N
Forall s=1, ...., S
- Computation of P(B(n-m,s-1))
- Depth-first traversal of LOG. Computation of P(E(n,s,h)) and P(R(s,n,h)) (h in H)
- Bottom-up traversal of ROG. Computation of P(R(s,n,H(w))) (w - overlap)
lll. Post-processing
Computation of P(B(N,S))



Depth-first traversal

E-sets induction
* D(n-4,5-1,A) = R(n-4,s-1,H(A))
* D(n-3,s-1,AC) = D(n-4,5-1,A)-C +
+ R(n-4,s-1,H(AC))
* E(n,s,ACTGA)= B(n-m,s-1)-ACTGA +
+ D(n-3,s5-1,AC)- TGA

GTAC

ACCCA ACTGA m

E(n, 5, ACTGA)
Rin, s, ACTGA)



Bottom-up traversal

R-sets induction
*R(n,s,H(A)) = R(n,s,ACTGA) +
+ R(n,s,ACCCA)
*R(n,s,H(AC)) = R(n,s,CGTAC)

Rn, s, H(A))

*R(n,s,H(C)) = R(n,s,H(AC))

Rin, s, ACCCA) Rim, s, ACCCA) R(n,s, CGTAC)



Complexity
Bernoulli m |

Memory needed for Memory needed to store
data stored in Aho-Corasick trie in preprocessing stage
overlap nodes + data in leaves

AN A
space: O((S X m X |OV(H}|) +m X |H|

time of overlap
graphs traversals

A
time: O(N x S x 4HI + IOV(H)b))

|OV(H)| - number of overlaps, N — text length, S — minimal number of
occurrences, m — length of words from H, |H| — number of words in H.



Complexity
Markov and hi n Markov m |

Markov models of order K
space: O(Sxmx(Kx|V|k1+ |OV(H)|) + mx|H|)
time: O(NxSx(Kx|V|k+1+ |OV(H)|) + |H|))

Hidden Markov models (HMM)
space: O(|Q|>*(|OV(H)]) + [H]) + [Q|xSxmx [OV(H)|) + mx|H]|)
time: O(NxSx |Q2x(|OV(H)| + |H]))

|V] - alphabet size, |Q| - number of HMM states
|OV(H)| - number of overlaps, N — text length, S — minimal number of
occurrences, m — length of words from H, |H| — number of words in H.



Number of overlaps
Random patterns

Number of overlaps |OV(H)|

1200

1000

Probabilities of symbols {0.1; 0.2; 0.3; 0.4}

—— [H| =100
[H| = 500
—&— |H|=1000

‘__‘_—______‘_ —— —i & —
& # ¥ & * .
8 12 16 20 24 20

Length of pattern words




Number of overlaps

Patterns of lengths 8 and 12 given by PWM

Number of overlaps |OV(H)|

g &

S 88 &8 83

o

,
- ’
./A///
7
e

Number of words in the pattern

=¢= patterns of
length 12

—®= patterns of
length &

1500




Improvements of algorithm
classes of pattern words

Class H*(v,w) — set of words from H having the same maximal
overlap prefix v and maximal overlap suffix w

Example: CGTAC
H*(AC,A) = {ACCCA, ACTGA} H: ACCCA
ACTGA

H*(C,AC) = {CGTAC}

R(n,s,h) - R(n,s,H*(v,w))
E(n,s,h) - E(n,s,H*(v,w))




Improvements of algorithm

Deep edge (v,w) corresponds to class H*(v,w)



Implementation

The algorithm SufPref was implemented as a C++ program. It can be
used both as Web-server and a stand alone program for Linux and
Windows.

The program is available at
http:/Iserver2.lpm.org.ru/bio/online/sfl



Comparison of programs SufPref and AhoPro*

Parameters: Text length - 1000; Number of occurrences - 10; patterns are
given by a matrix PWM described Drosophila genes of length 12; probabilities:
Bernoulli model and Markov model of order 1 (the models described uniform
distribution of letters)

Bernoulli model:

- SufPref is faster in 4-20 times;
- space of SufPref is smaller in 1-5 times.

- space of SufPref smaller in 1-5 times.

Markov model of order 1.
- SufPref faster in 4-15 times;

|H] |OV(H)| | NAC Prob Time (seconds) Space (megahytes)
Distrib | sp Aho Aho/SP | SP Aho Aho/sSP
5272 183 11325 Bem 0,46 0,47 20,58 2,38 6,75 2,83
47448 | 987 87341 | Bem 5,00 83,52 16,71 9,15 45,68 4,99
91432 | 1663 157613 | Bem 10,90 156,99 | 1,47 15,26 81,52 5,34
170032 | 3563 283237 | Bem 22,85 29466 | 12,89 26,20 145,71 | 5,56
467056 | 14428 766549 | Bem 73,90 896,74 | 12,13 68,34 392,95 | 5,75
5272 183 11325 | Mark 0,63 9,57 15,22 2,44 6,80 2,79
47448 | 987 87341 | Mark 6,05 84,52 13,96 9,18 45,73 4,98
91432 | 1663 157613 | Mark 12,89 157,18 | 12,20 15,34 | 81,56 5,32
170032 | 3563 283237 | Mark 28,32 297,45 | 10,50 26,32 145,76 | 5,54
467056 | 14428 766549 | Mark 101,54 | 904,54 | 8,91 68,76 392,74 | 571

* Boeva V, et al. Exact p-value calculation for heterotypic clusters of regulatory motifs and its
application in computational annotation of cis-regulatory modules. Algorithms for molecular
biology 2007, 2(13):25 page




Publications

Regnier M., Kirakosian Z., Furletova E.l., Roytberg M.A. A word
counting gpaph. // London algorithmics 2008: theory and
practice. 2009. P. 10-43.

Regnier M., Furletova E.l., Yakovlev V.V., Roytberg M.A. Pattern
occurrences P-values, Hidden Markov Models and Overlap
Graph // The paper is submitted to the journal “Algorithms for
molecular biology”.



B uem cekpeT?
N R and E-sets

f \E(n,s,h) ={T € W»| T contains at least s occurrences of H &
N & T ends with h}

R(n,s,h) = E(n,s,h) \ E(n,s+1,h)

Computation of E-sets probabilities is the main part

of the algorithm!



BepoATHOCTHbIE MOAENN

*Mogenb BepHYN/N: BeposTHOCTb BCTPETUTbL BYKBY B HEKOTOPOIA
no3nUMn CNyyamHOW NocsiefoBaTe/IbHOCTU HE 3aBUCUT HU OT NO3ULIUU, HU
OT NpeAwecTBYOWMX OYKB

*MapKkoBcKas moaesnb nopanka K: BeposiTHOCTb BCTPETUTL GYKBY
B HEKOTOPOMW MO3uUMK C/Ty4yanHOW MNOoc/ieqoBaTe/ibHOCTU 3aBUCUT OT OYKB,
cToAWwmMX B K npeallecTByOWmMX NO3MUUSAX 3TOM Noc/1eqoBaTelbHOCTH

*CKpbITble MapkoBckue mogenn (CMM): sapaetcs koHeuHo-
aBTOMAaTHbIM reHepaTopoM BepoATHocTen G = <Q, Qo, 1T, 6>, rae

- Q — MHOXeCTBO COCTOSIHUN;

- Q0 — MHOXECTBO HavaslbHbIX COCTOSAHUN;

- 1. Q X A X Q - [0,1] — doyHKUMA reHepauun BepodaTHocTen, 1(q’,a,q)
— BEPOATHOCTb, HaxoA4ACb B COCTOSIHUM @°, CreHepupoBaTb CUMBO/ a W
NepenTn B COCTOSHME q.

- 0. Qo - [0,1] — pacnpeaeneHne BEPOATHOCTEN HAaYaSTbHbIX COCTOAHUN



