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 Managing Errors for DNASequen
ing�Ja
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zyyz Piotr Formanowi
zy Frederi
 GuinandxMarta Kasprzaky{Motivation: A new heuristi
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ing by hy-bridization problem with positive and negative errors.Results: A heuristi
 algorithm providing better solutions than algorithmsknown from the literature based on tabu sear
h method.Conta
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tionOne of the primary problems arising in mole
ular biology 
onsists in determiningthe bases of a DNA sequen
e. The DNA sequen
ing 
onsists in determining asequen
e of nu
leotides of an examined DNA fragment, 
ut out from a genomeby restri
tion enzymes or by the shotgun approa
h. There exist two approa
hesto sequen
ing: the 
hemi
al one proposed by Maxam and Gilbert whi
h did notstand the test of time [MG77℄ and the one involving gel ele
trophoresis by Sanger[SC78℄ used in bio-labs. The new approa
h sequen
ing by hybridization (SBH)o�ers an interesting alternative [Wat95, AG97, SM97, VLM97℄. The methodis already widely used for SNP analysis and its general usage for sequen
ingpurpose depends mainly on the development of good algorithmi
 pro
eduressolving the 
omputational phase of this approa
h. The 
urrent paper is devotedto the presentation of the new algorithm whi
h 
ompares favorably with theother algorithms available in the literature.A DNA fragment is usually written as a sequen
e of letters A, C, G, and T,representing four nu
leotides 
omposing the fragment. i.e. adenine, 
ytosine,guanine, and thymine, respe
tively. A short sequen
e of nu
leotides is namedan oligonu
leotide. The aim of the hybridization experiment (being the �rststage of the SBH approa
h) [BS88, LYF+88, Sou88, DLB+89, MAR+94℄ is todete
t all oligonu
leotides of a given length l (usually 8-12 bases) 
omposingan examined DNA fragment of a known length n (a few hundreds of bases).For this purpose the oligonu
leotide library is generated, whi
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possible (i.e. 4l) single-stranded DNA fragments of length l. Next, the libraryis 
ompared (in the sense of hybridization) with the examined DNA fragment.In order to operate on that great number of mole
ules, the advan
ed te
hnologyof mi
roarray 
hips [Sou88, FRP+91, PSS+94℄ has been developed.After the 
hip has been generated, it is introdu
ed into an environment withpre
isely de�ned physi
al parameters (e.g. temperature), together with many
opies of the examined DNA fragment, labeled with a 
uores
ent marker. Dur-ing the hybridization, 
omplementary subfragments of an oligonu
leotide fromthe library and the longer DNA fragment join ea
h other. The most inten-sive points from the 
uores
ent image of the 
hip 
orrespond to oligonu
leotides
omplementary to the ones joined entirely to the DNA fragment. Knowing 
oor-dinates of these points one 
an determine oligonu
leotides 
omposing the DNAfragment. These oligonu
leotides, written as words of equal length over the al-phabet fA, C, G, Tg, make a set 
alled a spe
trum. The 
omputational phaseof the sequen
ing pro
ess 
onsists in a re
onstru
tion of an original sequen
e onthe basis of the spe
trum.If the hybridization experiment was 
arried on without errors, then the spe
-trum would be ideal, i.e. it would 
ontain only all subsequen
es of length l of theoriginal sequen
e of the known length n. In this 
ase the spe
trum would 
onsistof n� l+1 elements and to re
onstru
t the original sequen
e one should �nd anorder of spe
trum elements su
h that neighboring elements always overlap onl � 1 nu
leotides. This 
an be done in polynomial time, e.g. by the redu
tionto the Eulerian path problem [Pev89℄. (Of 
ourse, in a graph several Eulerianpaths may exist and the problem is to 
hoose the right one.)However, the hybridization experiment usually produ
es errors in the spe
-trum. There are two types of errors: negative ones, i.e. missing oligonu
leotidesin the spe
trum (e.g. be
ause of subfragment repetitions), and positive ones,being erroneous oligonu
leotides. If the 
oordinates of a point on the 
hip arenot 
orre
tly read, two errors appear simultaneously: a negative one and a pos-itive one. Therefore, as a result of the hybridization experiment, one obtainsa spe
trum in whi
h not all words 
ontained in the original sequen
e appearand words not 
ontained in the original sequen
e appear. We assume no addi-tional information to be known (e.g. about the probability of existen
e of anoligonu
leotide in the sequen
e, or about a partial order of oligonu
leotides).The presen
e of negative errors in a spe
trum for
es the overlapping be-tween some neighboring oligonu
leotides in a sequen
e on less than l � 1 let-ters. The presen
e of positive errors in a spe
trum for
es the reje
tion ofsome oligonu
leotides during the re
onstru
tion pro
ess. The existen
e of er-rors in the DNA sequen
ing results in a strongly NP-hard 
ombinatorial prob-lem [BK99℄. There exist methods assuming errors in the spe
trum, exa
tand heuristi
 ones, but almost all of them 
onsider a redu
ed model of er-rors [Pev89, DLC91, Lip93, HHO+94, BKK+97℄. The only exa
t method forthe DNA sequen
ing problem allowing for any type of errors and no additionalinformation about the spe
trum, has been presented in [BFK+99℄. It gener-ates solutions 
omposed of a maximal number of spe
trum elements (a versionof the Sele
tive Traveling Salesman Problem, i.e. the one where besides usualar
 
ost also a node pro�t is assumed and the goal is to �nd a route with themaximal total node pro�t without ex
eeding the total 
ost of the route), whi
hleads to the re
onstru
tion of original sequen
es, provided that the majority ofspe
trum elements are 
orre
t. The same 
riterion fun
tion has been used in2



the tabu sear
h methods for the problem with the most general model of errors[BFG+99, BFK+00℄.The 
urrent work presents a new approximation algorithm for this problem.The advantage of this method is that it permits dis
rimination of the errors,negative ones as well as positive ones, and brings a new and original solutionstrategy for managing repetitions.The proposed method builds a superstring with the aim of optimizing a 
ostfun
tion based on its thi
kness. The thi
kness of the superstring at a givenposition (p) is de�ned as the number of oligonu
leotides that 
ontain the basepresent at p. This method allows to provide a reliability fa
tor for ea
h produ
edsolution. The potential erroneous oligonu
leotides (entailing positive as well asnegative errors) 
an also be pointed out.The paper is organized as follows. Se
tion 2 
ontains basi
 de�nitions anda presentation of the new algorithm. In Se
tion 3 the algorithm's behavior isanalyzed, while in Se
tion 4 its 
omputational performan
e is 
ompared withthe previous heuristi
 method. Se
tion 5 
on
ludes the work.2 Approximation algorithm2.1 De�nitionsFirstly, some basi
 de�nitions useful for the presentation of the new algorithm,are given.1. Spe
trumWe 
all a spe
trum the set of oligonu
leotides obtained as a result ofthe bio
hemi
al phase of the SBH method. Within a given spe
trumall oligonu
leotides have the same length l. They are also 
alled l-mers.Due to the DNA-
hip te
hnique, no oligonu
leotide 
an appear twi
e ormore in the spe
trum, even if it a
tually appears more than on
e in theoriginal DNA-segment. We see that two kinds of errors 
an appear in thespe
trum: positive and negative errors. The former ones 
orrespond tooligonu
leotides whi
h are not present in the original segment but thatwere dete
ted by the sbh method. The latter ones 
orrespond to oligonu-
leotides whi
h are present within the original sequen
e but whi
h were notdete
ted either be
ause of an experimental error or be
ause of their repet-itive appearan
e (in this 
ase only one 
opy of su
h an oligonu
leotide ap-pears in the spetrum).2. Sub-segmentWe 
all sub-segment a DNA-
hain built by at least 2 oligonu
leotides.3. Prede
essors and su

essors of an oligonu
leotideLet us 
onsider two di�erent oligonu
leotides M and M 0 of length l. Wesay that M is a prede
essor (resp. su

essor) of M 0 if the k (1 � k � l�1)last (resp. �rst) nu
leotides of M are the same as the �rst (resp. last)k nu
leotides of M 0. A prede
essor (resp. su

essor) M of M 0 is 
alledimmediate if k = l � 1. We will say that M is a prede
essor of M 0 (resp.su

essor) of order k. 3



4. A
tual prede
essors and su

essors of order kWe 
all a
tual prede
essor (resp. su

essor) of M 0 of order k in S (a sub-segment), the oligonu
leotide M that pre
edes (resp. follows) M 0 in S,and has k 
onse
utive nu
leotides in 
ommon with M .5. Overlapping windowLet M 0 be either a prede
essor of M or its su

essor. Using the previousde�nitions, the overlapping window of M is the set of prede
essors andsu

essors ofM of order between Cmin and l�1, where Cmin is a parameterof the algorithm.6. Thi
knessWe start with a de�nition of the thi
kness of a nu
leotide within anoligonu
leotide to be a number of oligonu
leotides that have this nu
leotidein 
ommon (on a given position) within a segment for a given order ofoligonu
leotide s. We also de�ne the thi
kness of an oligonu
leotide as themean value of the thi
knesses of all its nu
leotides, provided the aboveorder is given. This is illustrated in Figure 1.Let us note that the notion of oligonu
leotide thi
kness is 
ru
ial for theproper re
onstru
tion of the relative order of oligonu
leotides 
omposing asequen
e. The bigger the oligonu
leotide thi
kness is, the better its 
urrentposition �ts into the re
onstru
ted pattern. Thus, its maximum value forthe oligonu
leotide pla
ed in a position where no missing neighbors appearis equal to l (its length).
Oligonucleotides

The segment

3+4+5+6+6+6 / 6 = 5

Thickness of each nucleotide 

Thickness of oligonucleotide #3
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1 2 3 4 5 6 6 6 5 4 3 2 1Figure 1: Thi
kness of an oligonu
leotide. An example oligonu
leotide #3 hasits thi
kness equal to 57. Free prede
essor or su

essorA su

essor or a prede
essor is said to be free if it is not already assigned.2.2 General prin
iple of the algorithmThe algorithm is based on both overlapping windows of oligonu
leotides, andon fusions of sub-segments. Overlapping windows give a lo
al view of the over-4



lapping environment of ea
h oligonu
leotide, while the fusion 
orresponds to aglobal redu
tion. The analysis of the overlapping windows of oligonu
leotidesleads to the 
reation of a set of sub-segments. From this set, the algorithm pro-du
es one sequen
e or several fragments in
luded in the original sequen
e. Thethi
kness is used as a 
ost fun
tion for the 
hoi
e of the oligonu
leotides involvedin the fusion (for resolving the 
on
i
ts between oligonu
leotides involved). Thebigger the oligonu
leotide thi
kness is, the better its 
urrent position �ts intothe re
onstru
ted sequen
e. Obtaining a unique dna-segment from the set ofsub-segments is not always possible, so, the pro
ess 
an lead to the produ
tionof several fragments. To sum up the above 
onsiderations, we may say that thealgorithm is 
omposed of the following steps.1. Overlapping windows 
omputation2. Sub-segment building3. Redu
tion (fusion of sub-segments)Steps #1 and #2 are performed only on
e, while step #3 is an iterativepro
ess leading to a 
onstru
tion of the �nal sequen
e. They are des
ribedbelow.2.3 Overlapping windowsAn overlapping window is built for ea
h oligonu
leotide. Given an oligonu-
leotide M , the 
onstru
tion of its overlapping window is straightforward. It
ould be 
onstru
ted in linear time by using a pre�x tree. An example of su
ha window is illustrated in Figure 2, and a set of overlapping windows for all theoligonu
leotides belonging to a spe
trum is given in Figure 3.
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Figure 2: An example of an overlapping window for oligonu
leotide #5. Its
losest su

essors and prede
essors are 
al
ulated on the basis of suÆ
es andpre�
es, respe
tively, presented in the neighboring tableLet us note that in Figure 3 oligonu
leotides #16 and #17 are repeated inthe sequen
e and together with a missing oligonu
leotide (
rossed in Figure 3)
onstitute negative errors. On the other hand, oligonu
leotides #21 and #22are positive errors in the 
onsidered spe
trum.5



Overlapping windows

Original sequence:
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.
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positive errors: 2

GGATTGCCGAAAGGTCCCCATTGCCGAAAGCTA

negative errors: 3
Cmin: 7

Figure 3: A set of overlapping windows for a given spe
trum. Positive errorsare highlighted by boxes while negative errors are 
rossed. Let us note thattwo of them are the result of repeated fragments while the last one is due to anexperimental error.2.4 Sub-segment building2.4.1 Notation� M - an oligonu
leotide under 
urrent investigation,� Ms - an immediate su

essor of M ,� Mp - an immediate prede
essor of M ,� Mks (resp. Mkp ) - a su

essor (resp. a prede
essor) of M of order k.2.4.2 Prin
ipleFrom the set of overlapping windows sub-segments are built. Among the set ofoligonu
leotides with no prede
essor, if any, one is randomly 
hosen to be thestarting oligonu
leotide of the sub-segment. If no su
h oligonu
leotide exists,any oligonu
leotide 
an be 
hosen with equal probability. The algorithm beginssub-segment building by adding a su

essor to the 
urrent oligonu
leotide.The 
hoi
e of the su

essor depends on the availability of free su

essors.Namely, the following situations 
an o

ur:1. M has only one free immediate su

essor Ms.! algorithm behavior: Ms is added to the sub-segment and be
omes thenext 
urrent oligonu
leotide. 6



2. M is followed only by oligonu
leotides whi
h are not free.! algorithm behavior: the 
urrent sub-segment building stops. Anothersub-segment is begun if there remain some oligonu
leotides not yet exam-ined.3. M is followed by at least two free immediate su

essors.! algorithm behavior: one of them is randomly 
hosen.4. The 
losest free su

essor of M with the highest order (
alled the �rst freesu

essor) is of order k (Mks ), k < l � 1. (In 
ase of more than one su
hsu

essor, one of them is randomly 
hosen.)! algorithm behavior: the algorithm adds l� 1� k holes (represented bydots in the sub-segments of Figure 4) between M and Mks .Figure 4 illustrates the pro
ess based on the set of overlapping windowsof Figure 3. For this example, the algorithm starts with oligonu
leotide #0.Oligonu
leotide #1 is the only free immediate su

essor, so it is added to thesub-segment. The algorithm pro
eeds until oligonu
leotide #17 whi
h has twoimmediate su

essors: #2 and #18. #2 is 
hosen randomly (below the alter-native 
hoi
e will be des
ribed). The pro
ess 
an then 
ontinue until oligonu-
leotide #9, whi
h has a hole as an immediate su

essor. There is only one freesu

essor of order 8: oligonu
leotide #10. So the algorithm adds one hole be-fore oligonu
leotide #10. #10 is followed by #11... Until oligonu
leotide #15.The only immediate su

essor of #15 (#16) is not free, so the algorithm triesto �nd another su

essor of lower order. The next one (#17 of order 8) isalso used. Finally, oligonu
leotide #18 of order 7 is free. Then, two holes areadded to the sub-segment followed by oligonu
leotide #18. Next, #19 and #20are both added and the sub-segment building stops, be
ause #20 admits nosu

essor. Two other sub-segments 
an be built being 
omposed by a singleoligonu
leotide ea
h (oligonu
leotides #21 and #22).2.5 Redu
tion phaseThe previous phase led to the 
onstru
tion of a set of sub-segments. In thesesub-segments, ea
h oligonu
leotide appears only on
e.The aim of this phase is to redu
e the number of sub-segments in orderto obtain a single segment at the end of the pro
ess. Given a sub-segment,its possible extension is studied from 50 end and 30 end, 
alled later the headand tail respe
tively. Let Mf be the �rst oligonu
leotide of the �rst built sub-segment. At �rst, we try to determine a prede
essor Mfp of Mf to extend thesub-segment from the head. We do this by sear
hing the set of prede
essors ofMf present in its overlapping window, and by 
hoosing the 
losest prede
essor(in 
ase of several possibilities we randomly 
hoose one prede
essor). In themost general 
ase, a prede
essor appears in another sub-segment. The algorithmsimulates the extension of the 
urrent sub-segment and validates this 
ouplingif the thi
kness of the prede
essor is at least as big as it was in the previoussub-segment, and if the thi
kness of the 
urrent studied oligonu
leotide is notde
reased. This operation leads to the 
reation of two new sub-segments fromthe previous ones whi
h don't exist any more. Su
h a situation is illustrated inFigure 5. 7



Building of sub-segment 

beginning with oligonucleotide #0

Building of sub-segment beginning with oligonucleotide #21 

Building of sub-segment beginning with oligonucleotide #22 

0 1

0 1 16

0 1 16 17

0 1 16 17 2 3 4 5 6 7

0 1 16 17 2 3 4 5 6 7 8

0 1 16 17 2 3 4 5 6 7 8 9

0 1 16 17 2 3 4 5 6 7 8 9 . 10

0 1 16 17 2 3 4 5 6 7 8 9 10 11.

140 1 16 17 2 3 4 5 6 7 8 9 . 10 1211 13

13 150 1 16 17 2 3 4 5 6 7 8 9 . 10 1211 14

14130 1 16 17 2 3 4 5 6 7 8 9 . 10 1211 . . 1815

1413 150 1 16 17 2 3 4 5 6 7 8 9 . 10 1211 . . 18 19

1413 150 1 16 17 2 3 4 5 6 7 8 9 . 10 1211 . . 18 2019

1413 150 1 16 17 2 3 4 5 6 7 8 9 . 10 1211 . . 18 19 20

............

............

21

22Figure 4: Sub-segment building. The pro
ess starts with oligonu
leotide #0and then 
ontinues by adding 
onse
utive su

essors until no free su

essor isavailable. Oligonu
leotides #21 and #22 have no su

essors.If an extension starting from Mf was not possible, the algorithm tests thenext oligonu
leotide. This pro
ess goes on with the same sub-segment untilan extension is a

epted or until the algorithm rea
hes the oligonu
leotide inposition Cmin. When the extension pro
ess from the head is 
ompleted, thesame pro
ess is applied to the tail of the sub-segment.2.6 General frameworkGeneral framework of the algorithm linking the di�erent phases together is pre-sented below.
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D x x x x . x x . . x E

x x x xF H. x D x x x x . x x . . x E(3)

. xI . x K(4)

x x x xF H. x . xI . x K(2)
x

Overlapping window 

of oligonucleotide D

x xH (D) 

Sub−segments before the reduction phase

(1)

After coupling D with H, if the thickness of H is better (in (3)) than  

New sub−segments after one iteration of the reduction phase:

Note: D, E, F, H, I, K and x  are oligonucleotides, and "." represents a negative error

it was previously (in (2)), the new sub−segments are obtained.

Figure 5: Redu
tion example. As a result of sub-segment building one getssub-segments #1 and #2. Then, in the redu
tion phase the head of the �rstsub-segment (D) is linked to its prede
essor H. If the new thi
kness of H isbigger, one 
onstru
ts new sub-segments #3 and #4.overlapping windows 
omputationfor every oligonu
leotide doLsubSeg  segments 
oming from sub-segments building
urrent sub-segment  �rst element of LsubSegwhile (jLsubSeg j 6= 1) and (some sub-segments have not been studied yet) doextension of the 
urrent sub-segment from the headif extension a

epted thenremove the old sub-segmentsadd the new sub-segments to the listelseextension of the 
urrent sub-segment from the tailif extension a

epted thenremove the old sub-segmentsadd the new sub-segments to the listendifendif
urrent sub-segment  next sub-segment in the listendwhilesub-segments with a thi
kness less than a given threshold are removedprint all the elements of LsubSeg (solutions)endfor
9



3 Algorithm's analysisThe algorithm presented takes into a

ount the spe
i�
ity of sbh, and returnsone solution (either one sequen
e or a set of fragments). Moreover, most of thepositive and negative errors 
an be dete
ted as well as oligonu
leotides whi
hare involved in a repetition s
heme.3.1 Error dete
tionFrom the stru
ture of the overlapping windows, some information about the setof oligonu
leotides 
an be dedu
ed.For example, oligonu
leotide #5 (Figure 6) 
an be 
onsidered as a potentialpositive error. Indeed, there exist no oligonu
leotide, in the spe
trum, 
loseenough (with respe
t to a value of Cmin = 5) to be 
onsidered.
. . . . . . . . . .(5)Figure 6: Potential positive error dete
tion. Oligonu
leotide #5 and its over-lapping window whi
h indi
ates empty sets of prede
essors and su

essors.Potential negative errors 
an also be dete
ted when studying overlappingwindows. They appear as holes, as illustrated in Figure 7 by a hole betweenoligonu
leotides #13 and #6. The hole indi
ates that no oligonu
leotide be-longing to the spe
trum 
an be pla
ed between oligonu
leotide #13 and oligonu-
leotide #6. Thus, the hole 
orresponds to a missed oligonu
leotide, if in theoriginal sequen
e oligonu
leotide #13 is followed by oligonu
leotide #6. Letus note, that the method 
an also �nd any number m of repeats of the type(AT)�m provided that the length of the oligonu
leotide l is big enough, i.e.l > 2m.
19

8

3 11 9 4 (5) 2 13 . 6

34 1

7Figure 7: Potential negative error dete
tion. It appears as a hole in the over-lapping window3.2 Su

essor 
hoi
eThe two key points of the present algorithm are the su

essor 
hoi
e whilebuilding the sub-segments, and the 
ost fun
tion used for the redu
tion phase.For the su

essor 
hoi
e, the algorithm's behavior is the following (
f. Se
tion2.4.2. for the algorithm's des
ription):10



1. M is followed by only one immediate su

essor Ms.! method analysis: if Ms is a
tually a positive error, one 
an expe
t thatthe remaining part of the sub-segment will have a small thi
kness su
hthat the end of it will be repla
ed by a better one during the redu
tionphase.2. M is only followed by holes or by oligonu
leotides whi
h are not free.! method analysis: there is no way to pro
eed di�erently for the 
urrentvalue of Cmin. But another run of the algorithm with a smaller Cmin
ould lead to a better segment 
onstru
tion if M is a
tually followed byanother su

essor of order k > Cmin.3. M is followed by at least two immediate free su

essors Ms and M 0s.! method analysis: the 
hoi
e 
an be erroneous.4. The �rst free su

essor of M is of order k, k < l.! method analysis: if several su
h su

essors exist, one of them is ran-domly 
hosen, whi
h may be a wrong 
hoi
e.4 Experimental resultsIn the 
omputational experiment, the results obtained using the tabu sear
hmethod des
ribed in [BFG+99℄ and [BFK+00℄ (being somehow a 
ertain stan-dard in the literature), have been 
ompared with those obtained using the
urrent strategy. The tabu algorithm used a greedy pro
edure, des
ribed in[BFK+99℄, for generating initial solution. The parameters of tabu algorithmhave been des
ribed in detail in [BFG+99℄, the most important being the lengthof the tabu list (i.e. the minimum number of di�erent 
onse
utive algorithm'smoves), assumed to be equal to 5. The sequen
es produ
ed by both methodshave been 
ompared with original sequen
es using a 
lassi
al pairwise alignmentalgorithm [Wat95℄.The experiment has been performed on CRAY T3E-900 in Pozna�n Super-
omputing and Networking Center. All spe
tra used in the experiment are de-rived from real DNA sequen
es 
oding human proteins (taken from GenBank,National Institute of Health, USA). Their a

ession numbers are given in theAppendi
es 1 and 2. In the �rst set of experiments the sequen
es 
ontained 20%of random positive errors and 20% of random negative errors (here sequen
eshad no repetitions longer than 20 nu
leotides). Be
ause 
ardinalities of thespe
tra varied from 100 to 500 oligonu
leotides, they 
ontained from 40 to 200errors. The following idea has been used to introdu
e errors into the spe
trum(
f. [BFK+99℄). For a given 
ardinality of the spe
trum (obtained from theoriginal sequen
e) 20% of randomly sele
ted (a

ording to a uniform distribu-tion) l-mers (negative errors) have been deleted, and next the same number ofrandomly generated positive errors have been in
luded. Moreover, l-mers addedto the spe
trum had to be di�erent from those already existing in it. The spe
-tra have been sorted alphabeti
ally and the �rst oligonu
leotide of ea
h originalsequen
e has been known. The latter assumption is justi�ed by information
oming from bio
hemi
al experiments. For the �rst set of experiments, the sizeof oligonu
leotides has been equal to 10, while it has been equal to 7 for these
ond set of experiments, in order to introdu
e errors 
oming from repetitions11



to the spe
trum. Indeed, the smaller the size of oligonu
leotides is, the largerthe number of repeated oligonu
leotides is.An obtained sequen
e has been 
alled an optimum if it mat
hed exa
tly the
orresponding original sequen
e. If the produ
ed sequen
e has been shorterthan the original one, but this fa
t has been 
aused only by negative errors atthe end of the sequen
e (in this 
ase there is no information in spe
trum aboutthe last nu
leotides), it has been 
alled a partial optimum (see Figure 8). Inthe data used in the experiment there has been no instan
e with more than 4nu
leotides missing at the end.
A C T G T C T G C C

A C T G T C T G C C

* * ** * ** * * * *

Original sequence

Produced sequence Optimum

A C T G T C T G C C

* * ** * ** * ** * *

A C T G T C T

Original sequence

Produced sequence Partial optimum

A C T G T C T G C COriginal sequence

Produced sequence A C G T C TC

* ** * ** * * *

G

*

Neither an optimum

nor a partial optimum

* indicates a matching nucleotide between two sequencesFigure 8: An example of a partial optimum. Some nu
leotides are missing inthe obtained sequen
es.The alignment algorithm, 
omparing obtained sequen
es with original ones,has been 
alled with the following parameters: a mat
h (the same nu
leotidesat a given position in strings) brings a pro�t of 1 point, a mismat
h (di�erentnu
leotides) brings a penalty of 1 point (i.e. -1) and a gap (an insertion, anu
leotide against a spa
e) also brings a penalty -1. Therefore, the highests
ore would be equal to a number of nu
leotides in the sequen
e (in 
ase thetwo sequen
es are the same) and the lowest s
ore would be equal to the numberof nu
leotides in the longer sequen
e times -1 (in 
ase the two sequen
es aretotally di�erent).The results of the �rst set of experiments with random errors are given inTable 1, where every 
olumn represents mean values for 40 instan
es (a

essionnumbers given in Appendix 1) generated in the way des
ribed above. Param-eters of tabu algorithm have been des
ribed above, while the only parameterof the analyzed algorithm Cmin (being the minimum a

epted size of the over-lap between the two neighborhing oligonu
leotides) was assumed to be 5. Thes
ores are shown as numbers of points (with maximal values from 109 to 509,respe
tively) and in per
ents (with the maximum 100% in 
ase two sequen
esare equal). Next, numbers of optimal and partially optimal results (among 40),and 
omputation times (in se
onds), are presented.The proposed algorithm as 
ompared with the tabu method has some ad-vantages. Firstly, it generates solutions mu
h faster. Moreover, it returns more12



Results obtained using the tabu sear
h methodSpe
trum size 100 200 300 400 500Average similarity s
ore [pt℄ 105.1 184.5 244.6 315.1 312.3Average similarity s
ore [%℄ 98.6 94.1 89.6 88.5 80.7Optimum # 28 23 17 10 10Partial optimum # 10 8 9 7 1Average 
omputation time [se
℄ <1 5 14 28 51Results obtained using the 
urrent heuristi
Spe
trum size 100 200 300 400 500Average similarity s
ore [pt℄ 107.8 188.8 282.3 350 408Average similarity s
ore [%℄ 99.4 95.2 95.7 92.1 90.1Optimum # 28 20 21 13 14Partial optimum # 10 9 9 11 3Average 
omputation time [se
℄ <1 <1 <1 <1 <1Table 1: A 
omparison of the results obtained by the two heuristi
 methods.often optimal (or partially optimal) solutions than the other method.In addition, a relationship between results obtained for instan
es with ran-dom positive errors and with a more realisti
 model of this type of errors hasbeen investigated. (The more realisti
 means that the false oligonu
leotideshas been generated by a dupli
ation of a 
orre
t oligonu
leotide from spe
trumand 
hanging its �rst or last nu
leotide or both of them. This approximateserrors whi
h may appear during hybridization experiments where almost 
om-plementary subsequen
es 
an 
reate duplexes.) This analysis has not shown anysigni�
ant di�eren
es between a quality and 
omputation time for both typesof instan
es.Next, another set of experiments has been 
ondu
ted taking into a

ounterrors resulting from repetitions, being the main and realisti
 sour
e of negativeerrors o

uring while sequen
ing by hybridization. For these experiments a newset of 78 sequen
es has been 
hosen in GenBank, their a

ession numbers beingdes
ribed in Appendix 2. In the spe
tra resulting from these sequen
es, onlynegative errors 
aused by repetitions has been assumed. The 
ardinalities ofall these spe
tra have been equal to 500, while the numbers of negative errorsvaried between 10 and 20, and l = 7. The overlap value was taken equal to 3.The results of these experiments are gathered in Table 2 where ea
h entry is amean value obtained for 78 sequen
es. Again studying these results we see theadvantage of the method proposed.The results from Table 1 have been obtained by enfor
ing on the proposedalgorithm the return of a solution exa
tly in one part. However, in 
ase ofmany errors in spe
tra there is often not enough information about some pla
esin sequen
es. Then, a request for a 
ontinuous solution would result with ahigh probability in a sequen
e di�ering a lot from an original one, be
ause notwell 
onne
ted parts would be ordered randomly. It 
ould be more useful forbio
hemists to get two or more subsequen
es unordered but being near-exa
tparts of an original sequen
e. This information 
ould help them to 
ompose a
orre
t one-part result, e.g. by doing an additional experiment. The proposedalgorithm is suited to provide that information. Table 3 shows results of tests13



Spe
trum size: 500 Tabu sear
h method Current heuristi
Average similarity s
ore [pt℄ 113.49 258.05Average similarity s
ore [%℄ 61.21 75.49Optimum # 0 0Partial optimum # 0 8%Average 
omputation time [se
℄ 27 0.5Table 2: A 
omparison of the results obtained by the two heuristi
 methods forsequen
es with errors resulting from repetitions. The results were obtained foran overlap value of 3 et for sequen
es 
ontaining at least 70% of the spe
trum.with the overlap value Cmin 
hanging from 3 to 7 (for l = 10). In general, thelarger the overlap value is, the larger the similarity of subsequen
es to parts ofan original sequen
e is and the greater the number of dis
onne
ted parts is in asolution. However, in the worst 
ase (with overlap = 7 and jspe
trumj = 500)we have got only about 5 subsequen
es on the average. Most of the solutionshave 
onsisted of no more than two parts.Overlap Spe
trum size100 200 300 400 5003 1.00 1.00 1.00 1.00 1.004 1.00 1.13 1.10 1.28 1.355 1.03 1.18 1.28 1.58 1.656 1.30 1.65 1.68 2.30 2.637 1.78 2.73 4.20 4.75 5.68Table 3: Average number of dis
onne
ted subsequen
es in a solution5 Con
lusionsIn this paper the new method for rebuilding sequen
es from a set of oligonu-
leotides with the aim of managing both positive and negative errors has beenproposed. This method is simple and fast, and behaves surprisingly well whenthe length of the oligonu
leotides is large enough to ensure that only a few ofthem a

ept more than one immediate su

essor. Indeed, the main drawba
kof the 
urrent method remains the 
hoi
e of the su

essor. Nevertheless, themethod seems to be parti
ularly well suited for dete
ting both kinds of errorsand its improvement by in
orporating a tabu sear
h pro
edure for the 
hoi
e ofthe su

essor when several \good 
andidates" are available, is planned.Referen
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Appendix 1A

ession numbers for the sequen
es used in the experiment #1 (random errors).D00723 D11428 D13510 X13440 X51535 X00351X02994 X04350 Y00264 X58794 Y00649 X05299X51841 X02160 X04772 X13561 X14758 X15005X06537 Y00711 X05908 X07994 X13452 Y00651X07982 X05875 X53799 X05451 X14322 X14618X55762 X14894 X57548 X51408 X54867 X02874X06985 Y00093 X15610 X52104Appendix 2A

ession numbers for the sequen
es used in the experiment #2 (errors resultingfrom repetitions).D00723 D11428 D13510 X51535 X56088 X00351X02994 X03350 X00318 Y00264 X58794 Y00649X07577 X05299 X02160 X04772 X14758 X15005Y00062 X06537 X05908 X17206 X13452 Y00651X07982 X53331 X07362 X12510 X53799 X05451X14322 Y00695 X14618 X54867 X02874 X15610X52104 X04217 X04808 X04741 X14034 X05199X57748 X53605 Y00971 X17610 X56976 X03484X13973 X12654 X12453 X54534 X52967 X06617X06614 X04608 X00457 X13697 X52973 Y00064X02317 X07820 X05232 X52520 X03124 X16064X16316 D13866 D14705 D10570 D90373 D13892D90402 D00726 D90224 D16105 D13720 X01060
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