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1 Introduction

1.1 Repetitive Sequences in Genomes

Thewide rangeof sizediversity of differentorganisms genomesasalreadybeenknown in
the molecularbiology communityfor years.Today it is known thatthe differentamountsof
DNA betweenspecieds supportedoy the differentquantitiesof repeatedsequences their
genomes.

In experimentalapproachesesearcherbhadalreadyobsenred large quantitiesof suchre-
peatedsequencef the differentgenomes.With the availability of the sequencesf those
genomessuchobsenationsarenot only con rmed, but alsothe analysisandrecognitionof
new repeatcanbedonemoreaccuratelyln Homosapiensfor instancethecodingsequences
hold about5% of the genomeswhile repeatedequenceaccountfor 50%or more[27].

Theword repeathasavery broadrangeof employment. Someof theclasseshey fall in are
shortlyintroducedbelow:

1. InterspersedRepeats:transposon-dered elementswhich insertsthemselesall over
thegenomearecalledinterspersedepeats.They accountfor the mostalundantrepeat
type in the humangenome(for instance,Long InterspersedRepeatLINES), Short
InterspersedRepeatg¢SINEs)andLong TerminalRepeat{LTRS));

2. Simple SequenceRepeats: direct repetitionsof short k-mers, like micro- or mini-
satellitesaredenominatedgimplesequenceepeats;

3. Pseudogenesopiesof cellulargeneswhich have beenonly partially retroposednay
have losttheir function, thereforebeingcalledpseudogenes;

4. Sggmentalduplications:.whenblocksof about10-300kb genomicsequencarecopied
from oneregion into anotherin thegenomethey aregeneralizedssegmentalduplica-
tions;

5. TandemRepeats:repeatedsequencesvhich are arrangedsuccessiely in a row are
calledtandenrepeatslik e the onesfoundin centromereandtelomeresfor instance.

This classi cationinto differentrepeatypesis doneexclusively underabiological point of
view. Their constitution theway they ariseandspreadtheir functionsandpossiblestructural
consequencdsr thegenomdeadbiologiststo divide theminto thesecategoriespromotinga
betterunderstanding@ndinformationexchange.More detailedde nitions of thetermrepeat
will begivenin Sectionl.2,distinguishingoetweerdifferentkinds of repeatedubstrings.



1.2 Terminology of Repeats

The word repeatis de ned in differentways by biologistsand computerscientists. From
now on, theterminologywill bedistinguishedasexplainedbelon. The differentcateyoriesof
repeatsanbealsovisualizedin Figurel.1.

Repeated Element This terminologyis generallyemployed by biologists,with respect
to the variousDNA sequencethatare presentn multiple copiesin the genomes.The most

alundantrepetitve elementfoundin thehumangenomaereinterspesedandsimplesequence
repeatsasmentionedbefore,in Sectionl.1.

Repeat or Repeated Substring  Undera computerscientists point of view, a repeatis
amathematicallysimpleobject— namelya substringw of a sequencé& occurringtwice in S.
Consideringa DNA sequencéeingastringS of lengthn, a substringS[i; j ] containedn the
string is representedby the pair of nucleotidepositions(i; j). A pair of substringss called
arepeator a repeatedsubstringif it ts in oneof the differentcategoriesdescribedn this
section satisfyingthe parametersetby the user

Unique Substring  Theabsolutemathematicabbsenationof a repeateadsto the conse-
guencehata substringw is uniquein S whenit is notarepeatn S (Figurel1.9).

Match If two sequence$; andS, have a commonsubstringw, this meansthat this sub-
string is a repeatfrom the concatenatedequences; S,. In this case,the repeatis calleda
matd betweerbothdifferentsequences.

Exact Repeat (or Match) Closelyrelatedsequencesyhich have not sufferedyet great
evolutionary pressurebecausef recentdivergenceor vital functionality, are often found as
exactrepetitions.Formally, thisis de ned by a pair of substringsS = ((i1;]j1); (i2;]2)), if and
onlyif (i1;j1) 6 (i2;j2) andSlia;ja] = Sliz;]j2].

Containment A pair of exact repeatedsubstringshas evidently embeddedrepeatsof
shorterlength. Thatis, a pair of positions(i1;j1), i1 1 containsthe pair of positions
(i2;)2),12  jeifandonlyifi; iandj, ji.

Maximality It would not make sensebiologically, to studyall therepeatshatareembed-
dedin other largerrepeatsThiswould generat@alargeamountof datawhichis redundanand
alsohasto befurtheranalyzed For the purposeof avoiding suchconsequence§enAlyzer
reportsonly exactmaximalrepeats A repeats calledmaximal iff it is not containedn ary
otherrepeat.The maximality of arepeats givenby its surroundingcharactersthey have to
beunequalin bothrepeainstancesFormally, anexactrepeats calledmaximalif andonly if
S[i, 1]6 S[i, 1]andS[j;+ 1]16 S[j,+ 1][17].



Degenerate Repeat (or Match) Duringevolution, sequencethathave beenrepeatedre
underdifferentselectve pressuresMutationscanaccumulaten distinctratesbetweerbases
andsegmentsusuallydependingn their functionalmeaning.Thosemutationsinclude base
substitutionsresultingin mismattiesandgeneratinga k-mismatb repeatbut alsoinsertions
anddeletionsgeneratinga k-differencerepeat.Both kindsof degenerateepeatsaredescribed
in thefollowing.

Figurel.1: Graphicalrepresentationf the differentcateyoriesof repeats A repeatbetween
two differentsequenceis calledamatd, which canalsobeexact,degenerateforward,and/or
palindromic.



K-mismatc h Repeat (or Match) Whenboth substringsSJ[i,;j1] and SJi,;]»] have the
samdength,but notthe samecontent;.e., they includemismatche®f singlecharactersthey
are calledk-mismatb repeats.The numberof positionswhereS]i ;| ] differsfrom SJi,; | 2]
is calledthe Hammingdistance[17].

K-diff erence Repeat (or Match) Insertionsanddeletionsin two repeatinstancesesult
in two nonequal-lengtlstringsSJ[i1; 1] andSJi,; ] »] calledk-differencerepeats.In this case,
all threetypesof editoperationsarepossible:mismatchesgeletionsandinsertions.Thiskind
of repeatsearchmakesmoresensavhenanalyzingbiological sequencesincechromosomal
rearrangementndevolutionamongspeciesncludedeletionsorinsertionsof sggments Once
consideringnsertionsanddeletiongindels)betweenwo instance®f arepeatgapcostshave
to betakeninto account.Theminimumnumberof editoperationeededo transformSJ[i 1; j 1]
in S[i»; ] 2] is calledthe Edit distance17].

Direct or Forward Repeat (or Match) Whenasamentof genomicDNA is duplicated
elsavheremaintainingits original orientation,it is saidto be a directrepeat,alsocalledfor-
ward repeat.

Palindr omic or Reverse-complemented Repeat (or Match) In caseof aninverted
insertionof substringspothinstancef the repeataresaidto be the reverse complemenof
eachother(palindrome3. Usually, basepairsform betweenbaseson opposingstrands put
in caseof invertedrepetitioussequencesthe basescan pair within single chains,forming
hydrogen-bondedairpinloops[20]. This formationmay happenduring momentarydenat-
uration of suchpalindromicregions, facilitating the interactionwith speci c DNA-binding
proteins.However, suchstructuresanalsopromotechromosomatearrangementsgadingto
humandisease$seeSubsectiori.4.3).

1.3 Requirements for Repeat Analysis

The systematicakearchfor repetitionsin large sequenceblasalreadybeendescribedn the
REPuter family of programs(REPfind , REPselect andREPvis ) [25, 24]. On age-
nomicscale the greatchallengds to satisfythe following criteria:

1. Efciency: thetool mustbe ableto copewith whole genomesi.e., up to 3 - 4 billion
bp, in realistictime andspaceconsumptionREPuter is linearin time with respecto
sequencéength,a consequencef theunderlyingsufx treedatastructure[25].

2. Flexibility: to represenga biologicalrealisticandsigni cant model,thetool mustrecog-
nize not only exact, but alsodegenerateepeatsallowing a certainamountof error In
biological sequencest is alsoimportantto analyzenot only direct (forward) repeats,
but alsoreversecomplemente@nes(palindromic).



3. InteractiveVisualization aslargeamountsof dataaregeneratedby sucha computation,
thetool hasto provideavisualizationof thewholegenomiaepetitve structureallowing
theuserto getnotonly anoverview, but alsoto zoominto detailsof particularsegments,
extractingthe sequencef interestfor furtherinvestigationge.g.,databassearches).

4. Compositionality astherepeatnding is considered basicandinitial stepin genome
structureanalysisthe programhasto provide a simpleinterfaceenablingcompositions
with othertools.

The generalversatility of REPuter allowed for the software's improvement,adapting
it to the new era of comparatre genomics. In this implementationthe searchengineis
separatedrom its visualization. The computationof repetitve substringsis done by the
vmatch program[1, 23], while the outputis visualizedby the new interactve interface,
calledGenAlyzer [33, 8]. This stratey facilitatesthe recomputatiorof the repetitve pat-
ternwith otherparametersandspeedsup thewhole search.Besideghe computatioradwvan-
tages,GenAlyzer permitsthevisualizationof two differentsequencewithout concatenat-
ing them. This featureallows for a bettervisualizationandinterpretationof the comparison
betweerspecies.Consequentlythe absolutepositionof repeatsor matchess not depending
on thelengthof the concatenatedequenceanymore,at leastwhencomparingtwo different
sequences.

1.4 Applying GenAlyzer on Different Biological
Problems

Duringthedevelopmenbf GenAlyzer , it becameslearthatasoftwarewhich systematically
searchefor repeattructuress actuallymulti-tasking,asit canbeappointedo different elds
of application.Recweringstringsin largerstrings,or nding repetitionsin sequencesanbe
interpretedbiologically in a variety of manners.This rendersGenAlyzer avery suitable
tool for suchpurposescovering all needsfor repeatanalysisin large genomicscale. In the
following, we explain how repeatariseandhow they maybehae in thegenomementioning
someof the consequencesf suchbehaior. Moreover, we demonstratéhe broadrangeof
repeatanalysisofferedby GenAlyzer in ve applications:checkingassembliedpcalizing
low copy repeatg{LCRSs),identifying uniquestrings,matchingcDNAs or ESTsontogenomic
sequencesandlast, but not least,comparinggenestructures.It will getclearthatfrom the
above mentionedapplicationspnly theidenti cation of LCRsis relatedto thetraditionalkind
of repeatanalysis.The otheronesrepresenthe wide rangeof sequencanalysistasksbased
only ontherepeatstructureof genomicdata.

1.4.1 The Biological Meaning of Repeats

It is well known thatrepeatedsequenceareinvolvedin somebiological mutationalmecha-
nisms.Most of therepeatedlementsaretransposon-dered,thatis, they can*jump” around



in the genomejnsertingthemselesseveraltimesin differentregions. Sometimesit canbe

demonstratedhat suchinsertionsare directedinto de ned target regions. It hasbeende-

scribedthat LINES, for instance,occur at much higher densityin AT-rich regions. In the

contrary SINEsseento targetpreferentiallyGC-richDNA for insertion.The mechanismef

suchaccumulationss still unclear[38]. Thesetransposablelementsancauseextinction of

genefunctionby insertioninto codingor regulatorysequencesgsultingin deleteriousnuta-
tions. Ontheotherhand,LTRs,for instancehave the propertyof sometimesctivatinggenes
thatwherepreviously silent[21].

Repeatedsubstringscan also enhancechromosomatearrangementsSegmentalduplica-
tions of shortor large genomicregionsoccuraswell astranslocationsinversionsandother
chromosomahbnormalitiesThisleadsto ashufing of largesectionf chromosomedring-
ing togetherpreviously unlinked genesand modifying recombinatiorfrequencies Thereare
basicallytwo cateyoriesof chromosomatearrangementsinter and intrachromosomaite-
arrangement$§27, 35]. The rst onesinvolve two differentchromosomesnd may occur
betweennonhomologoushromosomes.Theseinclude Robertsoniartranslocationsyhere
whole armsof acrocentricchromosomesareexchangedandreciprocaltranslocationswhich
resultfrom a single breakin eachof the two participatingchromosomes.Intrachromoso-
mal rearrangementareaberrationghatinvolve a singlechromosomelt includesinterstitial
andterminal deletions,duplicationsandinversions. In this case,rearrangementsan occur
betweena single homologue(exchangesof sisterchromatids)or involve both homologous
chromosomesThesechangesn the genomicorganizationare often obsered linked to hu-
man malformationsandgeneticdiseasesThis topic is further exploredin Subsectiori.4.3.
Therearealsohypothesesuggestinghatthe presencef palindromicrepeatsintsto thefor-
mationof hairpinstructureg§20]. Thesemayberesponsibldor inversionsor deletionsduring
replication(seeSectionl.4.3).

1.4.2 Assemb ly Check

The assemblyof genomesaimsto placefragmentsof sequencedNA in the properorder
andorientationin thechromosomesWhenBACs (BacterialArti cial Chromosomes)r con-
tigs aresortedinto regionsalongthe chromosomeshey sometimeshaw large overlapping
sequencesinferring that they should have beenconcatenatear that one BAC containsa
smallerone. Consideringthe subsequenannotationof the genomewith the analysisof its
genecontentsaswell asits regulatorysequencest is importantto withdrav super uousre-
gions,otherwisethetruefrequeng of suchfeaturescouldbeunder or overestimatedi27].

A simple plausibility check of the assemblyof a sequencecan be done by applying
GenAlyzer toit. Overlappingregions betweenBAC sequence®r contigscan be iden-
tied throughthe visualizationof very long repeats.Thesemay indicateassemblyerrors. If
thoselargerepeatsarepalindromic,it couldsuggesthatoneof therepeatnstancesnayhave
beenassembledh the wrong orientation. This approachwasappliedto the 11 concatenated



contigsof humanchromosome&?2!, shawvn in Figuresl.2and1.3.
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Figurel.2: Assemblycheckof humanchromosome?2. Therepeatgraphdisplaysexactand
directrepeatsvith aminimumlengthof 300bp. Thechromosomescontigsareseparateétom
eachotherby shortvertical white lines. The color codepointsto an unexpectedong repeat
(r) of 190kb (red). Furthermorejn the beginning of the sequencea quite confusingrepeat
structureis obsened. This indicatesthe localizationof low copy repeatsn this chromosome
(seeSectionl.4.3).

Analyzing the repeatstructureof chromosome2 in Figure 1.2, an overlappingregion of
190kb is obsered. As this unexpectedexact repeatcorrespondso the usualsize of BACs,
it clearly indicatesan assemblyerror This region waszoomedin for a bettervisualization
(Figurel.3). Thedatabrowsershavsthefeaturef therepeategequencandtheannotation
browser givesthe information aboutthe contig the repeatbelongsto. It turnedout thatthe
completecontig8 (B) hadalreadybeenassembledh thebeginningof contig7 (A). Thiserror
hasbeencorrectedn the currentversionof chromosome?2.

1.4.3 Localization of Low Copy Repeats Associated with Human
Malformations

Diseaseshatarecausedy chromosomatearrangementgsvolving oneto severalmegabase
pairsare genericallycalled genomicdisorders [28]. Thoserearrangementsangeneratean-

IAccessiomumbersNT_011516.3NT_011517.2NT_011519.4NT_025937.1NT_011520.5NT_011521.1,
NT_011523.4NT_011524.2NT_011525.3NT_019197.2NT_011526.3GenBankMarch2001).
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Figure 1.3: Assemblycheckof humanchromosome??2 (ctd.). Enlagedview of the region
from Figurel.2containingthecontigs?7 (A) and8 (B). Thefocusis setonthelargerepeai(r),
in purple.Thesezoomedview clearly enableghe userto recognizeanerroneousassemblyof
contig8 (B), which hadalreadybeenassembledh the beginningof contig7 (A).

terstitial or terminaldeletions,duplicationsor even unbalancedranslocations Suchreoga-
nizationsmayresultin imbalancedyenedosageleadingto severalhumanmalformationsand
syndromesassociatedvith the consequenhaploinsufciency of at leastsomegenesin the
affectedregion. Genomicrearrangementgeneratingnterstitial deletionsare suggestedo
have a preferentiakitefor recombinatioron chromosomef37]. Theexistenceof repeatgene
clustess anking suchcommondeletionsiteshasbeendescribedor severalsyndromeg35].
Theseare calledlow copy repeatsor, LCRs for short. The presenceof LCRs suggesthat
they function as breakpointdeadingto homologousrecombination. Thereare two models
that explain the resultsof suchrearrangementsThe rst modelinvolves modulesof LCRs
thataredirectly orientedto eachother This could leadto interchromosomamisalignments
betweertwo homologoushromosomeggsultingin anunequakrossing-oer. Thefollowing
consequencewould be reciprocaldeletionand duplicationeventsfrom the sequencenbe-
tweenthoseLCRs (Figure 1.4). The secondmodelregardsto LCRs thatare palindromicto
eachother In this case the repeatednodulesmight form a “stem-loop”-like structure Jead-
ing to eitherthe inversionor the deletionof the interveningDNA presentwithin the “loop”



[35, 36, 29] (Figurel.5).
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Figurel.4: Mechanismdor chromosomatearrangementdJodelfor interchromosomaiear
rangemenbetween_CRswith directorientationto eachother(indicatedby thick horizontal
arrovs). Unequalcrossing-@er occursresultingin deletion(1) andduplication(2) rearrange-
ments.(Takenfrom [35] and[36])
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Figurel.5: Mechanismg$or chromosomalearrangemenigtd.). Modelfor intrachromosomal
rearrangemerttetween_CRswith palindromicorientationto eachother(indicatedby thick
horizontalarrans). The intervening sequences susceptibldor eitheran inversion(1) or a
deletion(2). (Takenfrom [35] and[36])

It hasbeenobseredthatphenotypeselatedto deletionsaremoreseverethanthoserelated
to duplicationd4, 5]. In generaljt hasbeenassumedhathaploinsufciency for atleastsome
of the genedn the deletedregion is responsibldor direct effectson speci ¢ developmental
processesThe humanchromosome2, for example,is very rich in genecontent,although



beingthe smallestof the humanchromosomeslt hasbeenreportedn detailthatseseralma-
lignantdiseaseanddevelopmentahbnormalitiesareassociatewith genomicearrangements
of thischromosom¢9, 12, 37.

In thebeginningof the90s,speci c low copy repeatlementhasebeendenti ed intheqll
regionof chromosom@2[19]. Thesendings suggestedenomidnstability of this partof the
humangenome Most of therearrangementsbsenedin this chromosomeeferto large 3 Mb
deletions,causingvariousanomaliesncluding mentalretardation ik e the very well known
DiGeome/\klo-cardio-acial Syndromelocalizedat 22g11.2.This syndromds characterized
by craniofaicialanomaliesheartdefectsandimmunologicalde ciencies,besidesearningdis-
abilitiesandbehaioral irregularities[13, 6, 14,9, 35, 22]. The hypothesidhatLCRsarethe
responsibleslementdor the deletionof this region wasforti ed by thelocalizationof those
repeatsanking the3 Mb Typically DeletedRegion (TDR) (Figurel.6).

Somesmallervariant deletionshave beenreported,which breakpointregions have been
localizedwithin the3 Mb TDR. Insidethis large segmentof chromosome2,two morecopies
of theLCRswerefound,explainingtheoccurrencef patientswith distinct,smallerdeletions.
Analyzingthe graphin Figure1.6,87% of the patientspresenthelarge, 3 Mb deletion. The
smallerdeletionsyesultingfrom recombinationgvolving thenested_CRs,arefoundin 10%
of the patientsanalyzedby T. Shaiketal. [37]. The ndings of the same-sizedieletionsin
the majority of the patientspointsto a speci ¢ mechanisnwhich givesriseto mostof those
structuralrearrangement®eletionsresultedirom interchromosomalecombination®n this
chromosomes region arefrequentlyseen,althoughthe reciprocalduplicationeventis rarely

Figure 1.6: Low copy repeatdocalizationon humanchromosome22. a) The 3 Mb Typi-
cal DeletedReggion involvedin DiGeoge/\elo-cardio-acial syndromes shavn betweerthe
markers D22S427and D22S801. The lled blocksrepresenthe LCRs responsibleor the
rearrangementieadingto differentdeletions. b) The percentagef patientsidenti ed with
thosedeletionboundariesTheremaining3% representiniquedeletions.(Takenfrom [37])

10



obsened[13].

Results of the 3 Mb TDR Analysis with GenAlyzer

After the publishingof the whole sequenc®f chromosome?2 [11], its entire sequencéas
beenmanalyzedvith GenAlyzer , searchindor all directandpalindromicexactrepeat®of 300
bp minimal length. The overview of the repetitve structureof this chromosomes depicted
in thevisualizationgraphin Figurel.2. The speci ed searchadjustmentgenerated relatve
homogeneousepeatpattern,exceptfor a quite confusingstructurein the rst quarterof the
sequenceThis subsequenceasextractedandsearchedor repeatausinga lower threshold.
Figurel.7 shaovs anoverview of this arearevealinganinterestingnet-like structureof direct
andpalindromicrepeats.

Themainsequencenoduleis repeatedour times,beingcomprisef smallerepeatedinits
which arepresenin directandpalindromicorientationto eachother Strikingly, thiszoomed
region is about3 Mb long, suggestinghatthoserepeatednodulesfoundwith GenAlyzer
could refer to the LCRs on chromosome2. Analyzing the LCRs schemedescribedby T.
Shaiketal. [37] in Figure 1.6, therepeatedlockslocatedat the end-pointsof the TDR are
thelargestin size. Theauthorsalsocommenthatthey arethe mostsimilarto eachotherwhen
comparingtheir sequencéo theinnerLCRs. Moreover, thefour LCR areplacedbetweerthe

Figure 1.7: Net-like patternof low copy repeatson humanchromosome2. The repetitve
structureextendsover a 3 Mb region on the chromosome Displayedin the grapharedirect
andpalindromicrepeat®f minimumlength100bp, with atmost2 errors.Thenet-like pattern
revealsthetypical structureof low copy repeats.
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Figure1.8: Net-like patternof low copy repeaton humanchromosome?2 (ctd.). Thegraph
in Figurel.7is overlappedy theonein Figurel.6,demonstratinghe correspondencef the
schematicaview of theLCRslocalizationandtheiridenti cation atthe sequencéevel.

markersD22S427andD22S801.Thelocalizationof thesemarkersin the DNA regionin Fig-

urel.7con rmedthehypothesishattherepeastructurefoundwith GenAlyzer referstothe

3 Mb Typical DeletedRegion on chromosome&2, which causeDiGeomge/\klo-cardio-acial

syndrome.The GenAlyzer visualizationof the repetitve patternin questionis overlapped
by theLCRsgraphfrom T. Shaiketal. [37] in Figurel1.8.

Generalizinghe obsenationsdescribedabove, ananalysisof the repeatstructureof differ-
entchromosomessingGenAlyzer is helpful to identify suchbreakpointregionsregarding
thelocalizationof low copy repeatswithoutary experimentalapproactbeforehand.
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1.4.4 Identi cation of String Uniqueness

It is well known thatchromosomaéndings regionsaroundthe telomereshave a signi cant
role in geneticdisordersandgenomicrearrangementsn vertebratesthesetelomeresonsist
of a tandemlyrepeatedsequencef (TTAGGG)n, which canextendfrom 2 up to 15 kb in
length[16]. Adjacentto this sequencerepetitve DNA constitutingthe subtelomeriaegion
is foundin a numberof otherchromosomesHowever, the subtelomericsequencedo have
mary uniqueandfunctionalgenestoo. This could be onereasorfor mary mentalandother
disorderggeneratedy chromosomatearrangements theseregions. The detectionof such
rearrangemenis madeby Fluorescenin SituHybridization(FISH) [31].

Hybridizationtechniquesarevery effective toolsin molecularbiology, usedin a variety of
experimentsjncludingprenatakdiagnosisandmicroarraytechnology Thesetechniquesnake
useof nucleicacidprobego detecttheir complementaryargetspresentn biological uids or
tissues.Thesucces®f hybridizationexperimentsdlepend®n the speci city of the probes.

In collaborationwith Dr. Wirth andDr. Ehling (Bielefeld University), we wereinterested
in nding BACsfor suchin situ hybridizationin the Down-SyndomeCritical Region (DSCR)
of humanchromosome&1q22.2[14]. In orderto searchfor rearrangements the subtelom-
eric region of this chromosomewe establishegrobeslocalizedat the end of contig 42 for
FISH analysis.As thelast 5th contigis only 26076bp long, taking exactly this region could
produceundesiredcrosshybridizationwith otherchromosomesgonsideringthatit is very
nearto thetelomericregion. The establishmendf DNA probesfor the FISH experimentsvas
accomplishedvith the utilization of BACs.

Speci ¢ BAC clonescorrespondingo the region of intereston chromosome21 were
searchedn aHumanBAC Library containingUpperandPlate pools(GenomeSystem#)c).
The searchbegins with the ampli cation via Polymerase&€ChainReaction(PCR)of the DNA
containedn the Upper pool with primersthatarespeci c for the de ned region. The coor
dinatesof the positively ampli ed well revealthe correspondingPlate pool holding the next
setof BACs to be searched.FurtherPCRsare doneuntil the last step, Down-to-the-Wll,
wherethewell inclosingonly the BAC in questionis identi ed. To successfullyperformeach
step,the primersneededor screeninchave to be asspeci ¢ aspossiblefor the region of in-
terest. Targetingthe probesto non-uniquesequencegesultin cross-hybridizatiomenerating
false-positre ampli cation, and,consequentlyincreasinghe experimentalkeffort.

Results of Unique String Detection with GenAlyzer

We de ne nding uniquesequenceasthe mathematicatomplemenbf nding repeats As
REPuter , GenAlyzer is not heuristic: it identi es all repeatsaccordingto the speci ed
parameters Consequentlyit canalsobe successfullyutilized to solve the uniquesequence
nding problem Assumethatthe probeshouldhave lengthl andbe uniqueup to k errors.
Finding anddiscardingall repeatsof lengthat leastl with maximalk errors,the remaining

2GenBankaccessiomumber:NT_003534
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fragmentsare guaranteedo be uniquefor substringsf lengthl andk errorseverywherein
theoriginalinputsequencéFigure1.9).

SN

Figure1.9: Theuniquesequencending problem. As GenAlyzer is not heuristic, nding
all repeatof lengthl with atmostk errorsguaranteethattheremainingsequenceareunique

for theseparameters.

Figure 1.10: Identi cation of uniquesequencesDirect and palindromicrepeatsof contig 4
in humanchromosome1. The sequencavassearchedor repeatf lengthat least20 bp.
Theblackbackgroundevealsthatthenoiselevel is reachedvith this threshold Eventhough,
someregionsfree of repeatedsubstringanbeidenti ed, like the onebetweenbothvertical
white lines(indicatedby anarrown - zoomedview in Figurel.11).

As primersare usuallyaround20 bp long, in our applicationexampleof chromosome1
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we searchedhe fourth contig for repeatsf lengthat least20 bp. This thresholdreachedhe
black backgroundhoiselevel, asit canbe obsened in Figure1.10. Neverthelesszooming
into this graph,segmentswithout ary repetitive substringganbelocalized(seeFigure1.11).
Thesdragmentavereusedfor theprimerdesign.In addition,in orderto avoid settingprimers
in regionswith repeateclementgseeSectionl.2),theseweremasledout by submittingthe
sequencew RepeatMasker (Smit,A. & GreenP, unpublished)Finally, theprimerswere
designedvithin theremaininguniquesequencesjsingthe GeneFisher program[33]. The
usageof theseprimersin the BAC library screeningproducedvery speci ¢ ampli cation,

generatingharpbandsn thegel (datanotshavn), andleadingusto rapidly identify the BAC

correspondingo theregion of ourintereston chromosome1. The sameapproachwasused
to nd BACsin theDiGeomge/\klo-cardio-acialsyndromeegion on chromosome2ql1l.

Figurel.11:ldenti cation of uniquesequenceg&td.). Zoominginto therepeagraphof Figure
1.10,we canobsene the absenc®f repeatedubstringsn the segmentmarked betweenwo
verticalwhite lines. After extractingthis subsequencd, wassubmittedo RepeatMasker ,
eliminatingalsorepeateclementsn the region. The remainingsequences repeat-freeand
thusoptimalfor the designof speci ¢ primers.

The uorescentin situ hybridizationexperimentsusing those BACs as probeswere run
by D. Ehling in her PhD thesis[14]. Justto illustrate the FISH results,Figure 1.12 shavs
sharp uorescentsignalson chromosome21 and22. Althoughthe speci city of the primer
probescontributedto the targetedselectionof BACs, the absenceof unspeci ¢ background
or cross-hybridizationn the FISH neithergivesan evidenceaboutthe amountof repeatsn
the BAC, nor is guaranteedby this explainedmethod. This kind of approachto setspeci c
primersin repeat-free@egionsshovedto bealsoeconomicallywery advantageous;onsidering
that the upperpools from GenomeSystemsnc. supply enoughDNA for testing25 or 50
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differentprimer pairs. In our case,only onepair per sequencevasnecessaryo getspeci c
ampli cation.

Figure 1.12: Fluorescenin situ hybridizationon metaphaséymphogytes. The BACs used
asprobeswereidenti ed in aHumanBAC Library by PCRscreeningRedsignalsrepresent
the speci ¢ hybridizationon the humanchromosome2gl1between.CRsA andB from the

graphin Figure1.6. Greensignalsindicatethe probespeci city to the chromosome1922,

in the Down SyndomeCiritical Region. A) Theinvertedpicture. B) The picturewith color

Ilters.

1.4.5 Matching Complementar y DNA or Expressed Sequence
Tags onto Genomic Sequences

Expresse@equencdags(ESTs)aregeneratedby partialDNA sequencingncomplementary
DNA (cDNA) clones. As shortstretchesf transcribedegions[2], they areusedasa rapid
andreliablemethodfor genediscovery in the genome.They sene asmarkersfor analyzing
thelocalizationandexpressionof known andunknavn genes.Not only by experimentalap-
proachesbut alsothroughlocal similarity search ESTsandcDNAs canbe easilylocalized
in genomicsequencesGiven a cDNA sequencefor instance,it canbe unsplicedonto its
correspondingienomicsequencesingGenAlyzer . Thisstratgy allowstheuserto investi-
gatetheexon/intronstructureof therespectre geneaswell asto checkfor thegenestructures
predictedby othersoftwaretools (seealsoSubsectiori.4.6).

In our applicationexample,we looked for a mousegenesimilar to the humanKIAA0903
gene(seeFigure 1.13). In humans,this geneis localizedon chromosome?, in a region
known to be homologougo the mousechromosome. 1[15, 32]. The sequencef thecDNA
KIAA0903 representethestring S;, andwasmatchedagainsthe correspondingnousecon-

3GenBankaccessiomumber:AX030068
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Figure 1.13: Matching cDNAs onto genomicsequences HumanKIAA0903cDNA (A) is
matchedagainstthe homologousmouseregion on chromosomell, contig AC091423(B).
Looking for amousegenesimilar to the humankKIAA0903 the sequencevassearchedor all
directrepeatof lengthatleast100 bp. As codingregionsaremoreconsered betweerboth
specieghannoncodingones,up to 2 errorswereallowed. The unsplicingof the KIAA0O903
cDNA ontothemousegenomicsequencshonstheexonsseparatethy verylongintrons.The
5" and3' endsof the geneareeithermissingin this contigor arenot consered enoughto be
detectedvith thechoserparameters.

tig* S,, in orderto recover the cDNA sequencén the mousegenome.Using GenAlyzer

the sequencesvere searchedor direct and palindromicmatchesof minimal length 100 bp.
We allowed 2 mistalesin the nding of repeatedsubstrings.This thresholdshovs enough
errorallowanceto recover the partsof the cDNA thatwerecontainedn the searcheaontig.
Theresultingrepeatgraphis depictedn Figure1.13.As it canbeclearlyobsered,the exons
of KIAA0903geneare separatedy very long intronsin the mousegenome.The 5' and 3'

endsarenot shavn to matchanywherein the contig. This indicatesthatthoseendsareeither
missingin themouseegionor notenoughconseredto beidenti ed undertheusedthreshold.

1.4.6 Comparison of Gene Structure

Comparatre genomicgs oneof themajorreasongor sequencingvholegenome®f different
organisms.Throughoutevolution, vital genesandregulatoryregionshave beenconseredto
guarantedhe organisms basicfunctions. The mouseis a very well known modelorganism

4GenBankaccessiomumber:AC091423
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for studiesof humanbiology andmedicine. The accesdo its genomicsequencallows re-

searcherso make importantdiscoveriesin the regulationof humangenesbasedon common
structuresandmechanismsharedvith mousegenes.Today thesesimilaritiesacrosspecies
canbeidenti ed atthesequencéevel with computationaprogramdik e REPuter , and,more

recently GenAlyzer

As an applicationexampleof genestructurecomparisorwith GenAlyzer , we usedthe
mousegenomiccontigcontainingthe entirePelil gené. This sequencevasusedasdatabase
andthe humancontig NT_005326,which containsthe humanPelil counterparis utilized as
guerysequence.

For the comparisorof bothgenomicregions,we searchedor matchesf lengthatleast20
bp andallowing at most2 errors. This computationatesultis visualizedin Figurel.14. The
top line of thegraphdisplaysthe mousesequencé€A) andthe bottomline thehumanone(B).
Thethreeannotatiorlinesabovethetop sequencéne representheunsplicedPelil cDNA, the
GENSCAlIpredictionandthe repeateclementpositions.Regardingthe humancontigin the
bottomof thegraph,only theunsplicingof the Pelil cDNA wasannotatedThis graphdepicts
all palindromicmatchesof length30 bp or larger. This adjustmentwvoidsthe disturbanceof
thelight backgrounchoisepromotedby the relative low computationathresholdsused,asit
canstill beseenin theovervien graph.

In the exampleabove, it is clearly recognizabldhat the separatiorof the sequenceto be
comparedn databaseand query and, therefore,their display in top and bottomlinesis a
rewardingimprovementfor the matchgraphvisualization. The intrasequencenatchesij.e.,
repeatsarenot computedn this matchingtask,andthusnot shavn in the graph. This leads
to a concisedemonstratiof the matchedound only betweerthetwo speciegFigurel.14).

The coding regions of Pelil geneshav a high level of conseration betweenmouseand
human,obseredby mary matchedocalizedin the exonsregion (seeunsplicedcDNA anno-
tationline). One of the predictedmouseexons, (a), coincidewith an unsplicedexon in the
humangenomicsequencéa’). However, a striking obsenation regardsto the match(b). It
refersto a very well consered string betweenmouseand human(of about98% similarity)
which was not detectedby the genepredictiontool in either of the organisms. The strong
conserationandthe matchingwith the correspondingDNA sequencsuggestshatit is in-
deedan exon. Furthermorewet-lab experimentalanalysisdoneby Dr. Fuchs(Dusseldorf
University)con rmed our expectationgpers.comm.).

Thepredictionof codingsequenceis very dependentiponthegeneidenti cation algorithm
usedo infer whatsegmentsof thegenomicsequencactively codefor geneg40]. With theap-
proachdescribedabore, GenAlyzer providesasimpleplausibility checkfor genestructures
predictedby othersoftwaretools. Besidesjt deliversanaccurateandsigni cance-dependent
analysisof similaritiesbetweerspeciesegitherin proteincodingor regulatoryregions.

The visualizationadjustmentshown in Figure 1.14 depictanothemmatchthat attractsthe
users'attention,labeledwith the letter (z). It refersto a consered region of 30 bp with 2
errors,but still signi cant, with anE-valueof 2:5e °. This sequencappear®nly oncein the

5GenBankaccessiomumber:AC091421
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RepeatMasker
Genscan
unspliced cDNA

@ ® @
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unspliced cDNA

Figure1.14: Comparisorof genestructure- Part Il. The genomicsequencef mousecontig
AC091421is represented thetop line or therepeagraphasthedatabasesequenc¢A). The
guerysequencesedwasthe homologouggenomicsequencé human,n contigNT 005326
(B). Both sequenceweresearchedor conseredsequencesf minimumlength20 bp with at
most2 errors.Matcheqa)and(a’) correspondothpredictedandunsplicedexonsof the Pelil

gene;match(b) is anexon which hasbeenmissedoy the GENSCAINredictiontool; match(z)

represents potentialconsered noncodingsequenceasit doesnot matchany known coding
exon neitherin mousenor in human.

mouseanalyzedegion, upstreanthe Pelil gene.lt matchedwice in humanandit is localized
in the5'UTR region of thehumanPelil geneaccordingo the sequencénformationobtained
from GenBank.Thissequenceoesnotoverlapwith any predicteccodingregionor arepeated
element(which canbe clearly obsered analyzingthe annotatiorgraphin Figure1.14). This
obsenation indicatesthat this matchattendsto a conservedhoncodingregion, thus having
potentialregulatory functions. Dependingon the exact localizationwithin an untranslated
regionor not, it couldbe eithera DNA or anRNA bindingsequence.
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2 The GenAlyzer Manual

2.1 Platform Suppor t

Theinitial releaseof the our repeatsanalyzersoftwarepackagan 1999wasnamedREPuter
[26]. GenAlyzer |, the secondreleasepffers muchmorefunctionality andincreaseduser
friendlyness'.As REPuter GenAlyzer is developedfor the UNIX platformandis currently
known to work on GNU/Linux, SunSolaris,Dec Alpha OSF/1andSGIIRIX.

Theprogramis writtenin ANSI C usingthe following compilerandlibraries:

gcc the GNU C compilerversion2.95.2[39].

GTK+, the Gimp Toolkit. A library for creatinggraphicaluserinterfacesfor the X
Window Systemywrittenin C with avery object-orientecipproacHh3].

GLIB, alibrary which includessupportroutinesfor C suchaslists, trees hashesmem-
ory allocation,andmary otherthings|3].

LibWWW the W3C SampleCodeLibrary Installation[10].

Imlib, ageneralmageloadingandrenderindibrary [18].

2.2 Using GenAlyzer

When GenAlyzer is startedfor the rst time, it needsto createa directoryto hold your
personakettings. UnderUNIX-lik e systemsthe directorywill bes /.reputer , thetilde
(s ) meanghe users‘home directory”, often/home/username . This directoryholdsthe
GenAlyzer resourcele genalyzerrc  which maycontainthe following entries,mostof
whichrepresentaluesandsettingsfor a numberof userinterfaceobjects assliders,spinkut-
tonsor input elds:

# Configuration file  for genalyzer
# (c) 1998-2001 Chris Schleiermacher
# Contact:  genalyzer@genomes.de

noprogresslog=0

displayall=1

overwritematchfile=1

overwrite_graphics_files=1

overwrite_html_files=0

overview_uses_leastlen=0

use_proxy=0

info_html=1

yes_netscape_load=0

existing_matchfile=/vol/reputer/src/genalyzer/pabyssi/pabys si.match
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matchfile=pabyssi
databasefile=/vol/biodata/genomes/bacteria/Pabyssi/pabyssi. fna
queryfile=/vol/biodata/genomes/bacteria/Pfur/pfu599.fna
projectdir=/vol/reputer/src/genalyzer/pabyssi/
projectname=pabyssi

prefix_size=7

tis=1

suf=1

bwt=1

bck=1

lcp=1

skp=0

showproject_info=0

show_separators=0

showruler=1

showoverview=0

showannotations=0

showbrowsertitles=1

showdatabrowser=1
showannotationbrowser=0

showbuttonbar=0

linewidth=60

descriptionwidth=60

show_description=1
show_data_annotations=0

show_error=1

show_evalue=1

show_iub=1

show_alignment=1

match_sort_mode=0

matches_to_display=0
indexname=/vol/reputer/src/genalyzer/pabyssi/pabyssi.prj
tasktab=0

distance0=0

minsize0=20

seedsize0=14

distance1=3

self_comparison=0

collapsed=0

2.3 The Main Interface

By launchingGenAlyzer , the Main window appears:from here,accesss offeredto all
secondarydialog windows, that guide throughthe various stepsof calculatingrepeatsand
examiningtheresults.

Figure2.1: TheGenAlyzer Mainwindow
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TheMainwindow consist®of amenubarwith theentries'File”, “Edit”, “View” and“Help”,
arow of tool buttons,the setof squarebuttonsin Figure2.1,threeQuick Startbuttonsandthe
programstatusoutputon the bottomof the window. The Main window canbe collapsedby
the rightmosttool button, which hidesall interfaceelementsexceptfor the tool buttons(see
Figure2.2). Thisfeatureminimizesspaceonsumptioronthedesktop.As mary otherinternal
programparametershis window stateis written to thecon guration le andrememberedn
the next programstart.

Figure2.2: ThecollapsedMain window

2.4 The Preprocess Step Dialog

The “PreprocessStepDialog” (Figure 2.3) comesup by clicking the button Genente new
index in the Main GenAlyzer window. In this rst stepof repeatdetection,GenAlyzer
createsanindex for the given setof input sequencesspeci ed in the DatabaseFiles panel.
Here,the pushbuttonsAdd, RemeeandClear allow themanipulatiornof ainput sequencde
list.

Figure2.3: ThePreprocesStepDialog

GenAlyzer supportsthe following formatsfor the input les, which are automatically
detectecandmustnot be explicitly speci edby theuser:

FASTA: If the rst line of a le beginswith the symbol™>', thenthis le is
consideredo bea le in FASTA format. Multiple FASTA les, that
containmorethanone FASTA header/sequendext entriesarealso
supported.
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EMBL/SWISSPROT: If the rst line of the le beaginswith the string ID , thenthis le is
consideredo bea le in EMBL format. TheEMBL formatisidentical
to the SWISSPROT format. Soyou canalsouseSWISSPROT les
asinput.

GENBANK: If the rst line of the le beginswith the string LOCUSthenthis le
is consideredo bea le in GENBANK format.

raw format: If the rst line of a le doesnotbegin with thesymbol> or thestrings
ID or LOCUSthenthe le istakenverbatim.Thatis, theentire le is
consideredo betheinput sequencéwhite spacesarenotignored).

The sequenceanput is usuallybasedon the DNA or Proteinalphabetasspeci ed by the
Sequencdypeoption menu. If a differenttype of alphabets required,the selectionof the
optionmenuentry SelectSymboMap allows to specifya differentsymbolmapping.If speci-

ed, this symbolmappingimplicitly de nesanalphabetransformatiorandthe alphabesize
of theinputsequence.

In the following symbolmap le, we allow the sequencenput to include the Watson&
Crick Basesa, c, g, t, u andthe extendedlUB DNA alphabetn, s,y, w, r, k, v, b, d,
h, m both in upperandlower caseletters. Eachline de nes an input characterwhich is
handledasunique The rst four linesresultin matchinga=A, c=C,g=G andt=T=u=U. The
last line handleslUB charactersn the way that eachof themis assigneda unique symbol
which matchesiothingelse.

Finally, eachentry alsode nes a translationof input characteito outputcharacter:in our
example lower casecharactersretransformedo uppercasecharacters.

#Symbol Mapping Example
aA

cC

gG

tTuU
nsywrkvbdhmNSYWRKVBDHM

Under Project outputoptions the nameand locationfor the resultingindex le mustbe
speci ed.

2.5 The Matching Step Dialog

In this step, a Query sequencechosenby the useris matchedagainstthe Databasese-
guencebasedon its index constructedduring the previous preprocessingtep. Again, from
GenAlyzer 's Main window, the button Run matding task launchesthe “Matching Step
Dialog” (seeFigure2.4).
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Figure2.4: The“Matching StepDialog”
Currently GenAlyzer solvestwo differentmatchingproblems:

Substring Matching

Selfcomparisontask: Match all substringsof the input sequenceagainstitself. The
matchesanbemaximalor alternatvely uniquemaximal(if two sequenceareindexed).
In this matchingtask,the sequences; usedto createthe index is DatabasendQuery
sequencatthesamdime. Thisoptionmaintainghecapabilityof nding repeatsvithin

a singlesequence, covering the mostordinary applicationof REPuter , in the rst

versionof GenAlyzer

Matching a DatabaseagainstQuerysequencesThis option handleshe comparisorof

two differentsequences$; (DatabasepndS, (Query),consistingthe mainimprove-

mentof REPuter . GenAlyzer computesll similaritiesbetweenS,; andS,, without
calculatingtherepeatsvithin eachsequenceThedelivereddataaremuchmoredirected
to whatthe useris looking for, avoiding super uousinformationand,thereforeyeduc-
ing time andspaceconsumptionSequencé, canbeasetof Querysequencesatched
againstheindex; thelist of Querysequencesanbemodi ed via the Add Remeeand

Clear buttonsin the QueryFile(s) panel. Thematchexanbesubstringmatchesi.e. the

substringof the Queryarematchedagainsisubstringof theindexedsequences.
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Complete Matching

Completematding: This option computedocationsin the databasendex, wherethe
entireQuery(alsocalledpattern matchesa substringof theindexedsequences.

For both tasks,the matchescan be direct (forward) and reverse complementedpalin-
dromic). Thematchesanalsobeapproximatedegeneratesubstringsvith amaximalnumber
of errorsasmismatchespr insertionsanddeletions(indels)aresupported.

A third matchingoption, the X-Drop approad is being developedto be supportedby
GenAlyzer . The-exdrop parameterepresent&n alternatve strateyy for seedextension.
The purposeis to nd the highest-scoringillignment,oncethe matchesmismatchesandin-
delsaregivendifferentscorevalues.

2.6 Visualization Repeats - The Inspector Windo w

After the “Matching Task Step”, wherethe desiredrepeatstypeshad beencalculated,the
Inspectorwindowcanbelaunched This interactve visualizationcomponenbf GenAlyzer
usesaneasy-to-understargraphicalrepresentationf repeatspr matchesandtheir sizeand
position.

A repeatmatchcalculatedoy GenAlyzer consistf thefollowing parts:

Size Subseq Position 1 Type Position 2 Subseq

30 0 1158853 D 1144098 0
Error E-value Score Perc.ldent
2 1.64e-061 342 98.85

For visualization,size and positionalinformation are mappedto scaleon a DNA strand
symbol, as shovn by the red barsin the Figure2.5. If a self comparisons calculated the
strandsymbolis duplicated. Thenthe startingpositionsof the rst instanceof the repeaton
the upperstrandandthe startingposition of the secondinstanceof the repeaton the lower
strandare connectedoy an diagonalline. If a database/quertaskis displayed,the upper
strandsymbolrepresentthe databassequencethelower strandthe querysequence(s).

Figure2.5: How arepeat/matcis dravn
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The Inspectorwindow comesup shawing, in the repeat(or match)graph,two bold lines
whichrepresentheinput sequence(uppliedby theuser(arravs “A” in Figure2.6).

Thelinesconnectingherespecitre startingpositionsof arepeatarenotdrawn, if theabso-
lute differenceof the Y coordinate®f theintersectiorof the connectindine andleft or right
graphicspanelscreerarelessor equalto 100. Insteada shortarron representsheconnecting
diagonal(seeFigure2.7 for anexample).

//-\

Figure2.6: Thelnspectowindow

Accordingto the kind of repeatsselectedby the user the graphdisplayseitherdirect or
palindromicrepeatspr both simultaneouslyThe parametesettingsfor the visualizedmatch
taskcanbechecledin the“Projectinfo Bar”, marked by theletter“B”.

At a rts glance,the userhasanimpressionof the overall numberanddistribution of re-
peats.Thesliderbelown thegraph(arrov “C” in Figure2.6) de nestheminimal repeatength
depictedn thegraph.By shifting this sliderto theright, lessrepeatsaareshovn onthescreen,
in theorderof increasingength. This behaior depend®n thevisualizationstartupsettingin
the“Preference®ialog” (seechapter2.11),sinceit is alsopossibleto displayjustthelargest
repeaiat startup.

The color key associates color to a certainrangeof repeatssizes. In gure 2.6, repeats
of sizes65to 70bparedisplayedasyellow lines, for example. Thelengthof the shortesand
longestrepeatare the startingand endingvaluesof the color key scale,here30 and 82bp.
Repeatssizesare representeds a color gradient. Sincenormally a blue color is usedfor
the shortestrepeatsywe may go down all theway: If we hit the noiselevel, the longestand
probablymostsigni cant repeatstill shineupin colorsin front of abluebackgrounaf noise.
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During his overview processthe usermay catchinterestin particularrepeatsr repeat-rich
regions. For closerexamination hecanzoomin or outonaregion by left or right clicking the
mouseyespectiely (Figure2.7).

An additionalfeatureof GenAlyzer is the overviav graph (letter“D” in Figure2.6. It
consistsof a duplicationof the repeatgraph,in a smallerscale,with the adwvantagethatthe
whole overview of the repetitive structureremainswhile zoomingin or out the actualrepeat
graphbelown. Theentireoverview graphis enclosedy arectanglewith redborders.As soon
astheuserzoomsinto aspeci c regionin therepeagraph theredrectangleshrinks,bordering
exactlythezoomedregion, asit canbeobsenedin Figure2.7 (arrov “a”).

b~y

Figure2.7: Selectinga singlematch

Selectingapositiondirectly onthe strandsymbol(arrow “b”) entergherepeatsnformation
correspondingo this sequenc@ositionin the DataBrowserbox below (letter“c”). There,a
singlerepeattanbeselectedo view thealignmentof thetwo instance®f therepeabr to sub-
mit the correspondingrucleotidesequencéor furtherinvestigationof biological signi cance
toaFASTA, BLAST or userspeci eddatabassearch.Thisis achievedby invoking Netscape
Navigator with the -remote argument,which allows to connectto andinitiate the load of
thedatabaseguerydatainto analready-runnindNetscapgrocesg41].

2.6.1 Repeats Type Selector

Thethreebuttonsat thetop of the Inspectomwindow selectthe kind of repeatgo display:
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Direct- Direct/forwardrepeats
Palindromes Palindromicrepeats

Direct + Palindromes Both kindsatthesametime

Thebuttonlabelcontainghenumberof repeatsavailablefor eachkind. Ourexampleabore
lists 88 directand 123 palindromicrepeats.If oneof thetwo cateyoriesis not available,the
respectre buttonsaredisabled.

2.6.2 Size Slider

Thebound=f the Sizeslideraretheshortesandlongestrepeatmongthecurrentrepeakind.
Thenumberof repeatssisibleis limited accordingto the currentpositionof thesliderhandle.

2.6.3 The Match Data Dialog

From the Inspectorwindow, the DNA sequenceslignmentsand othercharacteristicfor a
singlerepeator for all repeatscalculatedduring the currentsessiorcanbe accessethrough
the “Match DataViewer” dialog, asshown in Figure2.8. This dialog canalsobe launched
from a short-cutbuttonin Main window.

Figure2.8: TheMatch DataDialog

This dialog displaysdatafor all repeatdul lling the currentsettingof the size selection
sliderin thelnspectowindow. A numberof switchesallowstheusergo customizéheamount
of detailto be shawn in the output.
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Sort by:

Show:

Output Width:

Description Width:

Alignment:

Mismatch as IUB Code:

E-value:
Error Rate:

Description:

Annotation:

The list of repeatscan be sortedby size, positionof the rst or
secondnstanceof therepeator by the expectationvalue.

For largeamountsf data,the numberof repeatdistedhereunder
thecurrentsortcriterioncanbelimited to 10,1000r 1000matches.

This optionspeci esthewidth of the output.

Sometimeghe FASTA headerdescriptiontext, asmentionecbe-
low, is too long andit might be desirableto useonly a pre x for
this matchlist. Thesizeof this pre x canbeadjustechere.

This switchtogglesthe DNA sequencén thelist.

Allows to switch from the IUB representatiorof incompletely
speci ed residuesto a list of all possiblebases(in the current
GenAlyzer version,thisis anoptiononly for hammingdistance
calculations).

Togglestheappearancef E-value.
Togglestheappearancef theerrorrate.

Togglesthe appearancef the extendedrepeatdescription. The
descriptiontext is generatedrom the headerof the original input
sequenc&ASTA le.

Togglesannotationinformation. If a repeatoverlapsannotation
elementstheseelementsarelistedherefor eachrepeat.

2.6.4 The Color Scheme Selector

A numberof color schemesreavailable. While someof themcreatea very 'esthetic' image
of therepeatspthersemphasizéhelongest,.e. mostimportantrepeatgFigure2.9).

Figure2.9: Differentcolor schemegor codingrepeatizes

Therangeof the color key is alwaysthe shortestrepeatsize at the left, the longestrepeat
sizeattheright mamgin. Thoughall color schemegrovide aninterval scaling,the 4 schemes
divide therangeby the pixel-width of the color key, which s typically 800for thenot-resized
Inspectomwindow, which thenresultsin the 800-colorgradient.
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2.6.5 Expor ting Results to the Internet

Onceaninterestingrepeatsonstellationis broughtinto focusby zoomingin to a certainpo-
sition andadjustingthe numberof repeatdo be displayed this scenariccaneasilypublished
to the Internet. By selecting*Publish  to Wel' from the File menu,GenAlyzer auto-
maticallygenerateanHTML le andanumberof PNGimage les for therepeatgraph,the
colorkey andary annotationdoaded.

Therepeatgraphitself is designedasclickablemap: oncetheHTML le is loadedinto a
HTML browser propertieof asinglerepeaandtheassociatedequencalignmentareshovn
simply by clicking arepeafpositionon therepeatgraph.Throughthis featureit is possibleto
restoresomeof the e xibility foundin thelnspectowindow to theHTML pagefor reviewing
theexporteddata.

2.6.6 Analyzing the DNA Sequence of Repeats

As alreadymentionedin Subsection2.6.3, GenAlyzer provides a corvenientovervien
over the repeatsucleotidesequencesia the “Match Data” dialog. Furthermorethe DNA
sequencesorrespondingo selectedmatchescan be directly submittedto further database
searchewia the “Transfer to Netscape ” button. The default of GenAlyzer is to
provide an easyaccesdo BLAST and FASTA, but alsouserspeci ed databasesanbe in-
cluded,accordingto theinvestigatiornpurpose.

2.7 Expor ting a Subsequence

In the Inspectorwindow, the “Save Subsequence ” button launchesanotherwindow,
which allows to export interestingsequencesubstringsfrom the currentinput sequence(s)
(Figure2.10.

Figure2.10: The SubsequencBialog
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Thefollowing stepsarenecessaryo write aspeci c regionto a le:

Extraction Source:

Start/End Position:

Format:

Path:

File:

The exported subsequencés either extractedfrom the databasese-
guenceor from the querysequence.

The startingandendingpositionsfor the subsequenceanbe typedin

directly. Alternatively, two mouseclicks on the sequencesymbolin

the Inspectowindow specifystartingpositionandsize of the exported
fragment. The selectedsequencesymbolalsospeci eswhetherquery
or databassequencés used.

The subsequenceanbe saved eitherin FASTA or in at format. The
at formatcontainsno headetine andnoline breaks.

The directorylocationwherethe subsequencis savedto. Typein di-
rectly or usethedirectorybrowsebuttonto searchor a differentpath.

This automaticallyassembledlename for the subsequenceonsists
of the following componentsthe projectname,its original extension,
startingandendingpositionanda.fna or.seq extension.

2.8 Performing Database Queries

GenAlyzer hastwo built-in BLAST andFASTA [34, 30] databaseueryforms,whichfacil-
itatestheuserto directarepeasequencencludingaFASTA headeto theNetscapdavigator.
In the following exampleshowvn in Figure 2.11, one subsequenciom the repeatcluster
foundin Pyrococcusabysswassubmittedo aBLAST query Theresultshovsthesamerag-
mentin Pyrococcushorikoshii, anothemyperthermophiliorganismfrom thearcheadamily.
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Figure2.11: Submittingarepeato BLAST

Apart from the built-in queryforms, the usercanimplementher own ll-in formsto ac-
cessary given databases.TheseHTML templateforms must be storedin the directory
s /.reputer , andis scannedat programstartup. In additionto the built in BLAST and
FASTA entriestheformsappeamsadditionalmenuitemsin the Databas®ptionmenuin the
Inspectowindow (Figure2.12).
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Figure2.12: Userspeci ed databasegueryform appeaiin the databas®©ptionmenu

The ll-in  forms consistof HTML code,describingthe customform elements plus the
keyword REPSEQThefollowing codefragmentshowns a simpledatabaseueryform:

<HTML>
<BODY>

Submit your Sequence.

<p>
<FORMMETHOD="POST"ACTION="http://a.server.de/cgi-bin/a _Ccgi_ script ">

<TEXTAREANAME="sequence" ROWS=8COLS=60>
REPSEQ
</TEXTAREA>

<P>
Submit Sequence: <INPUT TYPE="submit" VALUE="OK">
</FORM>

<BODY>
<HTML>

The keyword REPSE(speci esthe positionwherethe repeatssequenceelectedn the In-
spectorwindow is inserted.The keyword mustbe written at the startof a singleline. In this
example,REPSEQuill automaticallybereplacedoy therepeatsequencancludinga FASTA
headeicontainingtherepeatproperties.
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The resultingHTML codeis written to harddisk and nally transferredo the Netscape
browser. Clicking the OK button, performsa CGI post action which tries to invoke the
programa_cgi _script inthecgi-bin  directoryof theWebsenera.server.de

<HTML>
<BODY>

Submit your Sequence.

<pP>
<FORMMETHOD="POST"ACTION="http://a.server.de/cgi-bin/a _Ccgi_ script ">

<TEXTAREANAME="sequence" ROWS=8COLS=60>

>Generated by GENALYZER;ID=2502, Length=11, Pos1=3750]..]
gcaagtttcatgattcgcgctgactaaagga

</TEXTAREA>

<pP>
Submit Sequence: <INPUT TYPE="submit" VALUE="0OK">
</[FORM>

<BODY>
<HTML>

2.9 Running GenAlyzer in Batch Mode

Whencalledwith theamgument--help , GenAlyzer produceslist of all availablecom-
mandline options:

> genalyzer --help

***  Genalyzer - v0.70beta  [Unregistered]

*** ¢ 1998-2001 Chris Schleiermacher

***  Compiled by chris@kokopelli, Linux 2.4.1
*** gcc version 2.95.2 19991024 (release)

***  Contact: genalyzer@genomes.de

***  For updates visit: http://www.genomes.de

Name
genalyzer

Synopsis
genalyzer  [Options] [input file]

Lif abrowseris preferredwhich doesnot supportthe executionof a commandn an already-runningrowser
processtheHTML ®le canbelocatedin theuserhomedirectoryandloadedmanually
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Description
Genalyzer is a graphical user front-end to REPuter

including a match visualization component.
Options
-help Print help message.
-batch Generate a PNGimage in batch mode.
-l size In batch mode: display repeats of this size and above
-d In batch mode: display direct repeats
-p In batch mode: display reverse complemented repeats
-width  size In batch mode: PNGwidth in pixels
-height  size In batch mode: PNG height in pixels
-keywidth  size In batch mode: color key width in pixels
-ppm2png In batch mode: Convert ppm to png files.
-html In batch mode: Create html file containing image map
-netscape In batch mode: Load batch html file into Netscape
-wait  sec In batch mode: display result for sec seconds
input _file Repeats match file

The majority of optionsis usedto customizethe batchmode. This operationmodeis very
usefulto automaticallygeneraterepeatgraphsfrom a large numberof input les without
interferenceof theuser Insteada Shellor PERL scriptcanbe usedto processommandine
stringlike this:

> genalyzer -batch -l 20 -width 800 -ppm2png pabyssi.match

***  BATCH MODE***

Running in command line mode.

Processing file: pabyssi.match

Creating  800x25 image

Creating 800x354 image

Creating image file: pabyssi.match.ppm

Creating image file: pabyssi.match_key.ppm
Converting pabyssi.match.ppm to pabyssi.match.png
Converting pabyssi.match_key.ppm to pabyssi.match_key.png
Creating  html file: pabyssi.match.html

Done.

As the log outputindicates two portablepixmapimageswere createdandthencorverted
to portablenetwork graphicsimages.The rst containsthe repeatgraph,the secondt's as-
sociatedcolor key. Finally, GenAlyzer producesanHTML le which containstherepeats
graphasclickablemapandthealignmentof all repeats.

Next follows a descriptionof the commandine optionsavailablefor GenAlyzer . Most
optionsareusedin batchmodeonly.
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-help Displaythecommandine optionshelp.

-batch  Generatea portablepixmap image (ppm) from a speci ed repeatsmatch le in
batchmode.

-l size Includerepeatsof the speci ed size andabove in the graphproducedin batch
mode.

-d Includedirectrepeatsn the graphproducedn batchmode.

-p Includepalindromicrepeatsn thegraph.

-width  wCreateanimageof the speci edwidth. Thedefaultwidth is 790 pixels.

-height  h Createanimageof thespeci ed height. Thedefault sizeis width/2.257pixels.
-keywidth ~ wThewidth of thecolorkey canbespeci edindependentlypy this parameter

-ppm2png Thebatchmodeproduces portablepixmap(ppm)imageby default. Thisis an
easyto handletext basedmageformatwhich canevenbe modi ed by an ASCII text
editorlike Emacs.If theresultingimage les areto be usedin HTML documentsthe
ppmimage les shouldbe corvertedto portablenetwork graphic(png)images,since
ppm les arenotsupportedn mostHTML browsers.

-html A HTML le is generatedvhich canbeimmediatelypublishedto the Internet. The
repeatgyraphis presentecsclickablemap(comparechapter2.6.5,“Exporting Results
to theInternet”). This optionrequireshe option-ppm2png .

-netscape If thisoptionis speci ed,GenAlyzer triesto pasgshenewly producedHTML
le to analreadyrunningNetscapeéNavigatorwindow. This optionrequires-html

-wait  sec This option shaws the repeatgraphduring batchprocessingor the speci ed
time.

input _file Theinput le usedto generatdherepeatgraph.If this parameters supplied
without the -batch  option, GenAlyzer s startedin normalinteractve modeand
immediatelydisplaystherepeatggraphfor thespeci ed le.
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2.10 Annotating the Visualization

An additional le canbecreatednanuallyor by shellscriptsto annotatéherepeatsisualiza-
tion. An annotationle mightlook like this:

<=> 0 0 3044 3552 #FF0000  #1.10 Intr

= 0 0 62227 62454 #000000  #12.02 Term
<= 0 0 4327 4431 #0000FF  #1.07 Intr

| 0 0 4727 5431 #FFFFFF  #1.05 Prom
I 0 0 5027 5431 #FFFFFF  #1.04 PlyA

Y 1 1 6327 6431 #OOFFOO  #1.07 Intr

* 0 1 9676 10548 #FFOOFF  #1.03 Intr

As shawn in theexampleabove, the annotatiormustbeatext le of thefollowing format:

Symbol  Strand Anno _Set Pos_1 Pos 2 Color Comment

Symbol :
This ASCII text symbolis translatednto a graphicalannotatiormarlker:

Text Symbol| GraphicsMarker
<= -+
=>
<=>
<- —
> —_—
<-

vV ¥
O
* 4
| )
[RE

Table2.1: AvailableGenAlyzer annotatiorsymbols

Pos_1 andPos _2:
Theseparameterslenotethe startingand ending position of the annotationsymbol.
Note, that somesymbolsthat have no horizontalextensionrequireonly one position
value. Neverthelessa secondposition mustbe suppliedwhich can have an arbitrary
value.
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Color
The Color entry can either be a hexadecimalvalue starting with a hash character
#RRGGBR:onsistingof threetwo digit hexadecimabaluesfor red,greenandblue. For
example #FF0000 meansred, #00FFO0 meansgreen. This notationis widely used
for HTML documentsAlternatively, Color canbeoneof the752coloridenti ers as
speci edundermostUNIX systemsn the le /usr/X11R6/lib/X11/rgb.txt

I $XConsortium:  rgb.txt,v 10.41 94/02/20 18:39:36 rws Exp $

255 250 250 snow

248 248 255 ghost white
248 248 255 GhostWhite
245 245 245 white  smoke
245 245 245 WhiteSmoke
220 220 220 gainsboro
255 250 240 floral white
255 250 240 FloralWhite
253 245 230 old lace

[...]

Strand andAnno _Set :
Eachstrandof therepeatgraphcanhave its own setof annotationsgonsistingof up to
10individualrows. The Strand parametespeci esif anannotatiorsymbolis dravn
parallelto theupperor to thelower strand. The Anno _Set parametespeci estherow
theannotatiorsymbolshouldbein.

TheGenAlyzer packagesontainsanumberof PERL scriptsto generatennotatiorfor-
mat les from third party programoutput:

genscan2repanno : Cornvert GENSCANY7] outputto GenAlyzer annotationfor-
mat.

repeatmasker2repanno . Corvert RepeatMasker outputto GenAlyzer an-
notationformat.

Theresultingannotationle is thenloadedvia the“Edit” menuin thelnspectomwindow, as
shavn in Figure2.13.
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Figure2.13: Annotatinga matchgraph

Similar to the repeatinformationdisplayedin the “Match DataBrowser” after clicking a
repeaton the strandsymbol,the dataassociatedvith anannotationrsymbolcanbe displayed
in the“AnnotationBrowser”.

2.11 The Preferences Dialog

In the preferenceglialog mary programproperties,like the startupbehaior, can be cus-
tomizedvia four differenttabs(seeFigure2.14):

Visualization: Herethe usercandeterminethe color gradientto be usedin the matchgraph

Info Dialogs:

Advanced:

2.14. Additionally, the usercanspecifywhetherto displayeitherall repeats
at visualizationstartupor only the mostlongest,which is normally the most
signi cant repeat.

To reducethe needto answerpopupwindows, GenAlyzer allows to sup-
pressa numberof popupwindows andto assumea certainanswerto fre-
guentlyappearingjuestionsThe customizabldist is shovn in Figure2.14.

In the currentversionof GenAlyzer , the Internetconnectvity is usedpri-
marily to connectto BiBiServ and checkfor programupdates.Sometimes,
the Internetis only reachablevia a proxy sener. GenAlyzer supportsthe
useof aHTTP proxy sener: senerandportcanbespeci edhere.

This tab providesa resetbutton to bring the preferenceso the default state,
andallowsto formata stringfor externalbrowser
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Figure2.14: The PreferenceBialog

2.12 The Project Info Dialog

Theinfo dialog canbe evoked throughthe Info Toolbutton. Here,the usergetsa chanceto
review projectparameterandinput sequencewhich wereusedto computethe currentsetof
repeatgFigure2.15).
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Figure2.15: The Projectinfo Dialog

2.13 The Log Dialogs

Two log dialogswhich canbe enabledor deactvatedthroughthe preferenceslialog, report
the currentprogramactiity. Sincerepeatalculationcanbe atime consumingprocessit is
agoodideato monitorthe currentcalculationstatevia thelog dialog (Figure2.16).

Figure2.16: Thecalculationlog

2.14 Checking for Updates

This entryin the Help menusearche$or a new versionof GenAlyzer . If aninternetcon-
nectionis available,GenAlyzer connectgo theBiBiServandretrievesinformationwhether

asoftwareupdatewasreleasedFigure2.17).
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Figure2.17: Checkingfor softwareupdates

2.15 The About Dialog

The About dialog shavs which versionof GenAlyzer is currently running and also the
cooperatiorpartnersvho have contritutedto this project.

2.16 Keyboar d Acceleration

To speedup the procesof repeatscalculationprocessmary programfeaturesareaccessible
via keyboardshortcuts.The mostimportantshortcutsarelisted here:

ALT-q : closestheactive window

ALT-1 : launchstepl of the calculationprocess
ALT-2 : launchstep2 of the calculationprocess
ALT-v : launchinspectowisualization

ALT-m: launchMatch Datawindow
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