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ABSTRACT

Motivation: Filtration is an important technique used to speed
up local alignment as exemplified in the BLAST programs.
Recently, Ma et al. discovered that better filtering can be
achieved by spacing out the matching positions according to
a certain pattern, instead of contiguous positions to trigger a
local alignment in their PatternHunter program. Such a match
pattern is called a spaced seed.

Results: Our numerical computation shows that the ranks
of spaced seeds (based on sensitivity) change with the
sequences similarity. Since homologous sequences may have
diverse similarity, we assess the sensitivity of spaced seeds
over a range of similarity levels and present a list of good
spaced seeds for facilitating homology search in DNA gen-
omic sequences. We validate that the listed spaced seeds are
indeed more sensitive using three arbitrarily chosen pairs of
DNA genomic sequences.

Contact: matzlx@nus.edu.sg

1 INTRODUCTION

The program of aligning genomic sequences from different
species has been extensively used in various applications,
such as gene detection (Yeh et al,, 2001), inferring SNPs,
tandem and segmental duplications, and locating intronic and
intergeni c regionswith potential biological functions(Delcher
et al, 1999; Hardison et al, 1997; Li et al,, 2001). With the
fast growing number of genomesbeing completely sequenced,
sequence alignment has become an indispensable tool in
comparative genomics. This unprecedented demand for com-
paring long genomic DNA sequences has stimulated the need
to design faster and yet sensitive alignment tools. In recent
years, there has been a surge of alignment programs designed
to meet this need for different purposes, e.g. Lipman and
Pearson, 1985, Altschul et al. (1990, 1997), Huang and Miller
(1991), Gishand States(1993), Zhang et al. (2000), Ning et al.
(2001), Schwartz et al. (2003), Kent (2002), Maet al. (2002),
to name but afew.

One popular approach to speed up alignment isthefiltration
technique as exemplified in the BLAST programs (Altschul
et al.,, 1990). This approach consists of two steps: (i) ‘search

*To whom correspondence should be addressed.

step’—it first picks up short contiguous regions in the tar-
get sequence that have a perfect match in the query sequence
and (i) ‘alignment step’ —it detectswhether each short region
obtained in (i) can be extended into a significant alignment,
and it outputsthisalignment, if so. For example, theBLASTN
program of the earliest version first finds perfect matches of
consecutive 11 nt bases between a query sequence and atar-
get DNA sequence, and then extends these exact matchesinto
local alignments, keeping those with scores that exceed apre-
assigned threshold. Another program called BLAT developed
by Kent (2002) allows single or near multiple hits of prede-
termined patterns such as short perfect matches and single
amost perfect matches to trigger alocal alignment.

Two conflicting factors—search speed and sensitivity are
at play in the design of sequence alignment programs when
the filtration technique is used. If a smaller k£ had been used,
the search step would have picked up more shorter regions
due to chance but many of them would have been discarded
in the alignment step, hence an increase in computing time.
On the other hand, if alarger £ had been used, significant
alignment regions without any perfect & contiguous matches
would have been missed in the search step, hence a decrease
in the sensitivity of the homology search.

Recently, a novel approach in the search step to trigger a
local alignment was introduced by Ma et al. (2002). Their
program PatternHunter (PH) utilizes a single optimal match
pattern to improve the alignment sensitivity. Such an innov-
ation is important since the general sequence search aims to
identify more homologous sequences, in which the mismatch
positionsareunknown. More specifically, PH looksfor runsof
18 consecutive nucl eotide basesin each sequence, inwhichthe
nucleotide matches are required at the 11 positions according
tothelsinthestring 111 % 1«1 1% «11% 111. Such a pat-
terniscalled a spaced seed. Evenin apersonal computer with
moderate memory space, PH is able to compare prokaryotic
genomes in seconds, Arabidopsischromosomes in minutes
and human or mouse chromosomesin hours (Waterston et al.,
2002; Scherer et al., 2003; Ureta-Vidal et al., 2003).

The spaced seed idea in PH motivated several research
groups to work on the problem of identifying optimal spaced
seeds in different sequence alignment models (Keith et al.,
2002; Buhler et al, 2003; Brejova et al.,, 2003; Choi and
Zhang, 2003). Assuming that the similarity of the sequences
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to be aligned follows a Markov chain model, Buhler et al.
(2003) adapted the dynamical programming technique in
Keith et al (2002) to cal culate the sensitivity of aspaced seed,
from which the optimal spaced seeds can be identified.

Brejovaet al. (2003) worked on identifying optimal spaced
seedsinthe context of detecting homol ogouscoding regionsin
unannotated genomic sequences. They introduced a 3-period
model to take into account the dependence structure of the
bases within a codon, and two more hidden Markov models
to depict local aignments of coding regions. They modi-
fied the dynamical programming technique in Keich et al.
(2002) to calculate the sensitivity of a spaced seed, from
which they identified the optimal spaced seeds for aligning
coding regions. We also note that the WABA program (Kent
and Zahler, 2000) uses the seed consisting of repeats of 11«
for aligning coding sequences.

This paper is a sequel to our earlier work (Choi and
Zhang, 2003). This work focuses on identifying good spaced
seeds under the PH model, where the match in each posi-
tion is modeled as an independent and identically distributed
Bernoulli random variable. While the hidden Markov model
approach is well adapted for aligning sequences in the cod-
ing regions, the PH model remains relevant when it comes
to comparing long genomic sequences or searching a large
database that contains many diverse sequences. Furthermore,
whether (i) calculating the sensitivity of a spaced seed or (ii)
identifying if the optimal spaced seeds are polynomial-time
solvable, even under the PH model, have not yet been settled.
Choi and Zhang (2003) derived a set of recurrence formulas
for computing the sensitivity of a spaced seed and presented
some theoretical results for comparing spaced seeds. Based
on these results, they proposed afast heuristic algorithm for
identifying optimal spaced seeds.

The objective of this work is to provide flexibility for
researchers to customize their choice of spaced seeds in the
PH program in terms of the sequence similarity, the desired
sensitivity and specificity. For a spaced seed to be of practical
use for homology search in alarge database, the spaced seed
should be optimal or near optimal over awide range of simil-
arity levels. Thisis because homologous sequences can have
diversesimilarity level sranging from bel ow 65% to over 90%.
Therefore, we assess spaced seeds over arange of similarity
levels, instead of working on one particular similarity level
as previous works, and we provide good spaced seeds over a
range of similarity levels and validate them using arbitrarily
chosen DNA genomic sequences.

The rest of this paper is divided into three more sec-
tions. Section 2 lists good spaced seeds of different weights.
Section 3 introduces the method that we used for identifying
the good spaced seeds. It is a refinement of the method pro-
posed in Choi and Zhang (2003). In Section 4, wealso validate
these spaced seeds on several genomic sequence datasets. Our
experiments show that the identified spaced seeds of different
weights work quite well.

2 GOOD SPACED SEEDS
2.1 Sensitivity of spaced seedsin local alignment

Asmentioned before, the BLAST programslook for aperfect
match of k contiguous bases that appear in both the query and
target sequences in the search step in the filtration method.
The novelty of the ideaintroduced in Maet al. (2002) is that
better filtering can be achieved by spacing out the k matching
positions. Sincewestill requireonly £ matches, better filtering
is achieved without sacrificing the speed in the search step.
Such a pattern of the matching positions is called a * spaced
seed’ in their paper. We denote a spaced seed by a string on
{1, +}, where 1sindicate exact match positions; and xsindicate
positions which are not required to match (called the ‘don’'t
care’ positions). Supposethat thespacedseed O = 1xx11%1
is adopted, then for al 7mer from the query sequence, we
requireamatch at the positions0, 3, 4 and 6 (wherewe number
the positions of 1sin the spaced seed from 0). For example, if
thequery andtarget sequencesarerespectively gcaat t gccg
and acgat t gct g, then the 7mer caat t gc andat t gccg
inthe query sequence hit thetarget sequence at positions 8 and
10, respectively; whereasthe 7mer gcaat t g doesnot hit the
target sequence at al. Alternatively, we specify a spaced seed
by the relative positions of the 1sin the seed (Burkhardt and
Karkkainen, 2001). For example, the seed Q given above has
the set of relative positions {0, 3,4, 6}. The number of 1sin
aseed is called its weight and its overall length is called its
length.

To measure the sensitivity of agiven spaced seed, we adopt
the same probability model (PH model) asin Maet al. (2002).
Assume that S’ and S” are two DNA sequences of length n
such that the events that S” and S” are identical at position
i (or S'[i] = S”[i]) are jointly independent and each event
is of probability p. In other words, p measures the level of
similarity of the two DNA sequences. By trandating a match
at aposition to 1 and a mismatch to 0, we have the following
equivalent formulation.

Let S beaseguenceof Bernoulli random variablesinwhich,
for 1 < i < n, S[i] takes two values 1 and 0 with probab-
ilities p and 1 — p, respectively. Let O be a spaced seed
of length L and weight w given by its relative position set
{i1 = 0,ip,..., iw = L —1}. Theseed Q issaid to hit S at
position n if

Slh—L+i;+1]1=1, j=12,...,w.

Note that we use the ending position as the hitting position.
Let O, bethe probability that Q hits S before or at position
n. Q, is used to measure the sensitivity of Q for afixed n.
Givenweight w andsimilarity level p andn, aseed Q issaidto
be optimal if it has the largest hitting probability Q, among
all the spaced seeds (of weight w). Ma et al. (2002) chose
p = 70% and n = 64 for deriving the default spaced seed in
PH by considering the fact that most ungapped homologous
regions are typically of size 20200 bases. In terms of hitting
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probability, a spaced seed Q' may lag behind another spaced
seed Q” for small n but it may lead Q” whenn islargeenough.
Thus, the optimal spaced seedsidentified based onn vary with
n ingeneral.

Based on a general theorem in Nicodéme et al. (1999),
Buhler et al. (2003) showed that, for any spaced seed Q,
there exist two positive numbers Ao and B such that
lim, - oo(1 — Qn)/[ﬂQA’é] = 1. Infact, since (1 — Q,) <
1-0,m)A— Q,—m) forany m < n (Choi and Zhang, 2003),
In(1—Q,)) issubadditiveand hencelim,,_, o (1— Q,,)Y/" exists
and 1 is the limit. This asymptotic theorem leads to a nat-
ural question: can one simply select the spaced seeds Q with
the minimum X as good spaced seeds? However, two tech-
nical issues need to be resolved first. (i) The 1o (depending
on Q and p) isnot yet known to be polynomial-time comput-
able. In addition, two spaced seeds may have the same A. For
example, take Q' = 11x 1land Q” = 1% 1 x x x 1. We have
1- 0} = (1— Q)2 (see Choi and Zhang, 2003) and hence,
Ao = Aor by taking limit. (ii) Most importantly, such good
spaced seedsmay not bepractically useful sincethey may only
catch up other spaced seedswhen n islarge. We observed that
some spaced seedswith small Aswill only be ableto catch up
spaced seeds with larger Aswhen n islarger than 200.

It isan open question whether Q,, is polynomial-time com-
putableintermsof L —w and n, where L and w arethelength
and theweight of agiven seed Q, respectively. Dueto the dif-
ficulty in computing Q,, and the huge number (ij) of spaced
seeds, identifying the optimal spaced seed seems intractable.
Choi and Zhang (2003) presented aset of recurrence formulas
to compute Q,, given the spaced seed Q, n and p. Sincethese
formulaswill be used in the method described in Section 3 for
identifying good spaced seeds, we restate them as follows.

To calculate Q,,, we denote the probability that Q hits S the
firsttimeatn by f,,. Define A, to bethe event that Q hits S at
n, and A,, the complement of A,. Then, for n > L, we have

fo=PlALAL41- - Ay_1A4]
and

Qn=P[ALU---UA]=)_ f. (1)

Given a spaced seed Q, let

Wo = {x1,x2,...,%p}

be the set of all m := 2L~ distinct strings x; obtained from
the seed Q by filling 1 in the‘care’ positionsi; (1 < k < w),
i.e. x;[ix] = 1,and O or 1inthe ‘don't care’ positions. For
example, W1.1.1 = {10101, 11101, 10111, 11111}. It can be
easily seen that Q hits S at » if and only if thereis a string
xj € Wg which occurs at n. For each x;, we use AP to

denote the event that x; occursat n. Then A, = Ui<j<p, Aff )

and AY"saredigjoint. For 1 < j < m, let
f9 = PlALA 1 A 1AV]

If we use xj[a, b] to denote the substring of x; from position
a to position b, then,

o= 1. @)
j=1

and
9 =1~ Qu_r)Plxj]

L-1
=33 fOPL—i+1,0)] (3

i=1 kel

where I'; ; = {klx[i + 1,L] = x;[1, L — i]}, and P[x;] is
the probability that x; occurs at a specific position (Choi and
Zhang, 2003).

REMARK.

(1) Formulas(1)—(3) demonstratethat Q,, dependsstrongly
on the relative positions of the 1sin the seed Q. Since
there is no known simple formulato compute Q,,, it is
extremely hard to study the sensitivity of a spaced seed
theoretically.

(2) Let n be fixed. For a fixed weight w, let S; denote
the set of spaced seeds of length / and weight w. Our
numerical calculation shows that the sensitivity func-
tion maxges, @y, asafunction of /, is concave, and it
reaches its maximum at about min(w/p, 2w — 1).

2.2 Good spaced seeds

Here, unlike previous works, we assess spaced seed over a
range of similarity levels. We identify good spaced seeds
according to their hitting probability Qe following Maet al.
(2002). For each p; = 65, 70, 75, 80, 85 and 90% and aweight
w in the range from 9 to 18, we identify the top 20 spaced
seeds QO of weight w according to their hitting probabilit-
ies Qg4 Using the method in Section 3. Then welist three/four
good spaced seedsfor each weight in Table 1. They aresimply
selected based on their rankingsin the six top-20 spaced seeds
lists, where each list correspondsto asimilarity level. Altern-
atively, one may take the average of these hitting probabilities
to assess spaced seeds. However, the outcome is more or less
the same. The sensitivity of the best spaced seeds for each
weight (<15) and similarity level isgivenin Table 2.

There are two competing good spaced seeds of weight 11.
Morespecifically, the spaced seed usedin PH isgood for lower
similarity levels from 61 to 73% (where more computation
was done), and thus better for detecting remote homologous
sequences, the other is better for higher similarity levelsfrom
74 to 96%, which was also found in Buhler et al. (2003).
Similarly, there are two competing good spaced seeds of
weight 13.
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Table 1. Good spaced seeds for different weights

W  Good spaced seeds Rank under asimilarity
level (%)

65 70 75 80 85 90

9 11%11xl1xlxxx111
11 1% 11 % %% 1% 111
1142121 % %1% 1 x111

10 11% 11 %+11% 1111
B s R R I A I e
R I Y R P e

11 112 1+l 111111
I s I R A A I e
11 1% 1% 11 % 1 % %1111

12 111 %1% 11 % 1 %11%x 111
111 % 1k %11 % 1% 11 % 111
I s S A AP I R e e

13 121 % 1211 +11%%1x1111
121 % 1k %11 % 1% %111 % 111
111 % 11 % 11 % %1% 1% 1111

14 111 %2111 % %1% 11 % %1% 1111
1117 % T %11 % %11 % 1% 1111
1111 % 1% 1% 11 % %11 1111

= oN P NN ONPRP DN - N - AN PP
w NN N Ol - ar N N O AN P
w RN hwWPE ar N N AN P
[0 [o ol il \N] AN P O, W 010k A WER

15 1121 % %1% 1w 111l %11% 1111
111 % 112 % %1 % 11 % 1 % 11111
111 % 117 % 1% 11 % 1% %11111

[N
~
||\>|—\ NNERE O OONEFE WNRP WRPRN NDMPE BN

[N
|U1H
(6,1
N

16 1111 %11 %11 11111111
12121 % #1211 1 11 % %11 % 1111
1117 % T %1l 1k 1 111 % 1111
111 % 112 % 1% %111 % 11 % 1111

~

aR N
N RO
[
w

17 12111 %1% 1% 111 % %11+ 11 %1111
1117 % 1% 121 % %11 % %11 % 1% 11111
1121 % 122 % %11 % 11 % 1 % 11111

rlo
N
N
N
[&)]

18 111111111 %1+ 11111111 —
111 % 1121 % 1 121 % 1% %11 % 1111 —
11211 % 121 % 1221 % %1 % 11 % 11111 1

The sign ‘—’ means that the corresponding seed is not among the top 20 seeds for the
similarity level.

For weight greater than 15, some of therank 1 spaced seeds
for one similarity level are not even among the top 20 spaced
seeds for another similarity level. It seems that when the
weight of a spaced seed is large, its sensitivity could fluc-
tuate greatly with the sequence similarity level. This suggests
that, if alarge weight spaced seed is used for fast sequence
comparison, it should be sel ected based on the domain know-
ledge of the genomes involved. Finaly, we notice that the
third spaced seed 11+ 11 % %1% 1% x111 of weight 9 was used
in YASS (Noé and Kucherov, 2003), a new similarity search
program using multiple hits of a spaced seed for improving
search sensitivity.

Theoptimal spaced seed Q of weight 12in Table 1 isof par-
ticular interest due to the following two reasons. First, Q can

Table2. Thesensitivity of the best seedsfor each weight at asimilarity level
in the PH model

W Best spaced seeds Similarity Sensitivity
(%)
9 1111 1 1111 65 0.52215
70 0.72916
75 0.88951
80 0.97249
85 0.99687
90 0.99991
10 11 11 %% 11 % 1% 111 65 0.38093
70 0.59574
75 0.80112
80 0.93685
85 0.99010
90 0.99957
11 111 % 1k 1% 111 % 111 65 0.26721
70 0.46712
112 1% 11 % x1 % 1% 111 75 0.69596
80 0.88240
85 0.97601
20 0.99848
12 111+ 111 % 1 11 % 111 65 0.18385
70 0.35643
75 0.58709
80 0.81206
85 0.95212
90 0.99583
13 111 %11 % 12 % 1% 1% 1111 65 0.12327
111 % 1% 11 % %11 % 1 % 1111 70 0.26475
75 0.48210
111 % 1 11 % 1% %111 % 111 80 0.73071
85 0.91747
0] 0.99063
14 1111 % 1% 1% 11 % 11 % 1111 65 0.08179
117 % 1121 % %1 % 11 % %1 % 1111 70 0.19351
75 0.38805
80 0.66455
85 0.87223
20 0.98168
15 111 %122 % 1% 11 % 1% 11111 65 0.05340
111 % 112 % %1 % 11 % %1 % 11111 70 0.13867
11712 % 1% 1% 1% 11 %1111 75 0.30546
80 0.55623
85 0.81601
90 0.96724

be a very good choice for database search since it is optimal
over awiderange of similarity levelsfrom 59 to 96%; in addi-
tion, its hitting probability Qg4 = 0.356430 is larger than
the corresponding one (which is 0.300196) of the consec-
utive seed of weight 11 when n = 64 and p = 70%. Such
robustnesswasfurther demonstrated in aseriesof experiments
described in Section 4. Second, Q isgood for aligning coding
regions. Genomic coding sequences have anatural 3-periodic
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structure of codons. Point mutation in the third position in a
codon often does not change the corresponding amino acid.
Therefore, the spaced seeds designed for aligning coding
regions usually contain repeating ‘11«’ patterns that ignore
every third position (Buhler et al., 2003; Brejovaet al., 2003).
Q contains four repeats of the pattern * 11+’ out of its 6-codon
span in thefifth reading frame: 11 1111 +1x %11 %11 1.

3 METHODS

Theideabehind our method for identifying good spaced seeds
is that they can be predicted pretty early at 2L. The choice
of 2L isintuitively due to: (i) Choi and Zhang (2003) who
showed that good spaced seeds have already caught up with
the consecutive seed well before 2L and (ii) calculating Q2.
has taken account of all the possible overlapping structures
for any given spaced seed (see Lemma 3.1). This method, a
refinement of Choi and Zhang (2003), only keeps the top 20
spaced seedsat n = 2L and then computestheir sensitivity up
ton = 64 based on the recurrence formulas (1)—3). Then we
report the spaced seeds with the highest sensitivity. We have
verified that these good spaced seeds are indeed optimal for
w < 13 by exhaustive calculation.

For aspaced seed QO = q1g2- - - g1, we define its reversal
0" = qrqr_1---q1. Symmetry consideration leads to the
observation: If Q is optimal, then sois Q. In our method,
we only consider Q or its reverse that contains at least w/2
Isinitsfirst half. We also use the following condition to filter
the bad spaced seeds.

ConpITION. The ‘don’t care’ positions ofQ cannot be
too clustered,
positions cannot exceed a smaly. Here, we sethg =

[((L —w)/(w — 1)) + 2], which is slightly over the average

number of ‘don’t care’ positions in each block.

Note that there are at most Y17 (— 1) (*7 1) (-~ Di=2)
spaced seeds sati sfying thiscondition (Choi and Zhang, 2003)
Our previous study showed that the above condition reduces
the number of spaced seeds to be examined by about 60%.
To further reduce computing time, we compute their values
of Q2 using the following lemma for those spaced seeds
passing this screening condition.

LeEMmMA 3.1. Foraspaced see@ of lengthZ and weight w.
Let b denote the number of blocks of zeros. Then,

Qo = (L +1)p® — Lp»*b+l

L-1
— Y (L —K)PIALAL 1AL 2 ApprAL ksl
k=1
4
ProoF. The formulafollowsfrom
L-1
Qo1 = Qr+ Lfrsa— Y (L =k (frik — friird)

k=1

sinceforanyn > L,
fa=PlALAL41- -

and

An—lAn] = P[ALAL+1 ce An—lAn]

fu— fat1= PIALAL 1A 42 Ay Anial.

Employing Lemma 3.1 speeds up the calculation of Q2;
significantly. By formula (4), we only need to compute
PlALA[41- - Ak AL+k+1]. Thegainisthat, for each k <
L/2,eventsAyp and Ay 41 fixalotof 1inS[1, L+k+1], thus
leaving very few positions to check for Ay ;1A 2+ Ak
to occur. For k in the range from L/2 + 1to <L — 1, we
compute P[ArLAr41--- Ar+kAL+k+1] @S

PIALA[ 41 ALtk ALtkt1]

= P[ALAL+1A[+k+1]
k

— > PlALALy1 -
j=2

Ap+j-1AL+jAL+k+1]-

The computation is about 10-15 times faster than using for-
mulas (2)—(4). For example, ina500 MHz Pentiuml 1| PCwith
900 MB memory, our current program took less than 12 min,
whilethe previousversion took 160 min find thetop 10 spaced
seeds of weight 11 and length 18.

The Mandala program (Buhler et al.,, 2003) is designed to
identify optimal single- or multiple-spaced seeds for Markov
models. By default, Mandala employs ‘hill-climbing’ search
techniqueto produce asingle good spaced seed with specified

i.e. each block of consecutive ‘don't care’'weight and, at most, the specified length. Based on experi-

ments with Mandala for the PH model, we observed that the
time taken by Mandala to find 10 multiple spaced seeds is
roughly equal to that of ours to find the top 10 spaced seeds
of given weight and length. Mandala also supports exhaust-
ive search options. Since it only outputs the best spaced seed
of the specified weight, it is not suitable for the seed-ranking
study over arange of similarity levelsthat we have done here.

4 TESTING ON BIOLOGICAL DATA

To validate that the spaced seeds presented in Section 2 are
indeed good for real biological data, we conducted a series
of homology search experiments using PH on the following
three selected datasets, where the first named genomic DNA
sequence was used as the query sequence:

(i) Haemorhiza influenzgNC_000907, 1.83 Mb) and

Escherichia coliNC_000913, 4.63 Mb) genomes.

(if) A 1.7 Mb segment (from 101 to 102.7 Mb) in mouse
chromosome X andal Mb segment (from 79to 80 Mb)
in human chromosome X and

(iii) A 1.3Mbsegment (from 61.7 to 63 Mb) inmousechro-
mosome 10 and a2 Mb segment (from 0.5 to 2.5 Mb)
in human chromosome 19.
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Fig. 1. Relative sensitivity in dataset (i): H.influenzaversus E.coli.
Here C, P and G stand for consecutive seed, PH default seed and
our good seed, respectively.

Here, the segments in mouse and human genomes can
be obtained using the start and stop positions from
www.nchi.nlm.nih.gov/mapview/map_search.cgi. Aswewant
totest the performance of spaced seedsfor similarity searchin
alargeDNA database, wedeliberately choosethesethreedata-
setswithout using any genomicinformation (such assimilarity
level and coding regions) on these sequences.

The academic version of PH allows users to use either its
default spaced seed of weight up to 15 or their own spaced
seed of any weight. For each weight w from 8 to 15 and for
eachtest dataset, werunthe PH using: (a) the consecutive seed
C, (b) itsdefault seed P and (c) the first good spaced seed G
of the specified weight w givenin Table 1. For each run of the
PH, we count the numbers of output as high scoring alignment
pairs (HSPs). Using the consecutive seed C as a benchmark,
we measure the relative performance r of the seeds P and G
of the same weight as

number of HSPs using P (or G)
number of HSPsusingC

rp(Orrg) =

For example, in dataset (i), when the weight is 11 and the
threshold is set at 70, the numbers of HSPsfound by using the
consecutive seed C and our seed G are 780 and 870, respect-
ively. Hencetherelative sensitivity of G is870/780 = 1.115.
Obviously, we set the relative sensitivity of C as 1.

In total, we run the PH 96 times for three datasets, four
thresholds (35, 50, 70 and 100) and weights from 8 to 15.
Here the threshold specifies the lower bound for the score of
matches found by the PH (the seed 11 %1 % %1 % 1 % 111 of
weight 8 used in our tests was not listed in Table 1). Our test
results are summarized in Figures 1-3. The results showed
that both the default seeds and our good spaced seeds have a
significant advantage over the consecutive seeds of the same
weight. Our seeds and the default seeds outperformed the
consecutive seeds of the same weight in 82 and 75 cases out
of atotal of 96, respectively.

For weights 8 and 11, the number of HSPs found by using
PH default seeds and our good seedsis exactly the samein al
the cases. This suggests that the two seeds are the same for

Fig. 2. Relative sensitivity in dataset (ii): a mouse chromosome X
segment versus a human chromosome X segment.

Thivsdwbl 3 Thmsledd 51

oF| "

Thearhalt 1M

Cwodinlle. Lol

Fig. 3. Relative sengitivity in dataset (iii): @ mouse chromosome 10
segment versus a human chromosome 19 segment.

weights 8 and 11. As the results are identical for weights 8
and 11, weonly considered cases for the other weights. In the
72 remaining cases, our seeds outperformed PH default seeds
in 46 cases.

For datasets (i) and (ii), both our spaced seed and the PH
default seed of weight 13 are less sensitive than the consecut-
ive seed. A possible reason could be that the sensitivity of a
spaced seed of weight 13 varies with the similarity levels as
indicated in Table 1; and the similarity levels of the matching
pairs in datasets (i) and (ii) could be quite diverse.

Table 1 showsthat thefirst spaced seed of weight 12 isvery
robust. Thisiswell reflected in our test results. It performed
better than the consecutive seed in al 12 cases, and the PH
default seed in only 9 out of 12 cases. Moreover, this seed is
more sensitive than the PH default seed in 11 out of 12 cases.

5 CONCLUSION

Given the importance of the database search in biological
research, itiscrucial to select good spaced seedsfor improving
the sensitivity of the seeded alignment programs. Using our
methods for screening spaced seeds, we assess spaced seeds
over arange of similarity levels from 65 to 90% and provide
alist of good spaced seedsfor different weights ranging from
9 to 18 for facilitating the use of PH for homology search.

1058



Good spaced seeds for homology search

We define the optimum span of a spaced seed as the sim-
ilarity interval in which it is optimal over all the spaced seed
of the same weight. Based on our study on spaced seeds, we
propose the following three recommendations for choosing a
good seed for homology search.

(1) There are two competing spaced seeds of weight 11.
The PH default seed 111 %1 * %1 % 1 % %11 % 111 has
optimum span [61%, 73%], whilethe spaced seed 111 %
*1% 11+ *1x 1111 foundin Buhler et al. (2003) has
[74%, 96%]. Hence, the former seed isgood for remote
homology search and the latter for aligning sequences
with higher similarity.

(2) The optimal spaced seed 111 % 1% 11 % 1% %11 % 111
of weight 12 is good for fast genomic database search.
Since it contains one more match position than the cur-
rent popular default seeds of weight 11, database search
using this seed is faster. Most importantly, it is more
sengitive than the consecutive seed of weight 11 and
has awide optimum span [59%, 96%]. Such aproperty
is desirable for searching DNA genomic databases in
which homologous sequences have diverse similarity.
Sinceit containsfour repeats of 11x in its 6-codon span
(in the reading frame 5), it is aso good for aligning
coding regions.

(3) When the weight of a spaced seed islarge, its sensitiv-
ity could fluctuate greatly with the sequence similarity
level. In other words, the larger the weight of a spaced
seed, the narrower its optimum span. Hence, for
database search purpose, a large weight spaced seed
should be selected carefully according to the domain
knowledge of the genomes involved.
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