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1 Intr oduction

1.1 Repetitive Sequences in Genomes

Thewide rangeof sizediversityof differentorganism's genomeshasalreadybeenknown in
themolecularbiology communityfor years.Today, it is known that thedifferentamountsof
DNA betweenspeciesis supportedby thedifferentquantitiesof repeatedsequencesin their
genomes.

In experimentalapproaches,researchershadalreadyobserved large quantitiesof suchre-
peatedsequencesin the differentgenomes.With the availability of the sequencesof those
genomes,suchobservationsarenot only con�rmed, but alsotheanalysisandrecognitionof
new repeatscanbedonemoreaccurately. In Homosapiens, for instance,thecodingsequences
holdabout5% of thegenomes,while repeatedsequencesaccountfor 50%or more[27].

Thewordrepeathasaverybroadrangeof employment.Someof theclassesthey fall in are
shortlyintroducedbelow:

1. InterspersedRepeats:transposon-derived elements,which insertsthemselvesall over
thegenomearecalledinterspersedrepeats.They accountfor themostabundantrepeat
type in the humangenome(for instance,Long InterspersedRepeats(LINEs), Short
InterspersedRepeats(SINEs)andLongTerminalRepeats(LTRs));

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

3. Pseudogenes:copiesof cellulargenes,which have beenonly partially retroposedmay
have lost their function,thereforebeingcalledpseudogenes;

4. Segmentalduplications:whenblocksof about10-300kb genomicsequencearecopied
from oneregion into anotherin thegenome,they aregeneralizedassegmentalduplica-
tions;

5. TandemRepeats:repeatedsequenceswhich are arrangedsuccessively in a row are
calledtandemrepeats,like theonesfoundin centromeresandtelomeres,for instance.

Thisclassi�cationinto differentrepeattypesis doneexclusively underabiologicalpointof
view. Their constitution,theway they ariseandspread,their functionsandpossiblestructural
consequencesfor thegenomeleadbiologiststo divide theminto thesecategoriespromotinga
betterunderstandingandinformationexchange.More detailedde�nitions of thetermrepeat
will begivenin Section1.2,distinguishingbetweendifferentkindsof repeatedsubstrings.
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1.2 Terminology of Repeats

The word repeatis de�ned in different ways by biologistsand computerscientists. From
now on,theterminologywill bedistinguishedasexplainedbelow. Thedifferentcategoriesof
repeatscanbealsovisualizedin Figure1.1.

Repeated Element This terminologyis generallyemployed by biologists,with respect
to thevariousDNA sequencesthatarepresentin multiple copiesin thegenomes.Themost
abundantrepetitiveelementsfoundin thehumangenomeareinterspersedandsimplesequence
repeats, asmentionedbefore,in Section1.1.

Repeat or Repeated Substring Undera computerscientist's point of view, a repeatis
a mathematicallysimpleobject– namelya substringw of a sequenceS occurringtwice in S.
ConsideringaDNA sequencebeingastringS of lengthn, asubstringS[i; j ] containedin the
string is representedby the pair of nucleotidepositions(i; j ). A pair of substringsis called
a repeator a repeatedsubstringif it �ts in oneof the differentcategoriesdescribedin this
section,satisfyingtheparameterssetby theuser.

Unique Substring Theabsolutemathematicalobservationof a repeatleadsto theconse-
quencethata substringw is uniquein S whenit is nota repeatin S (Figure1.9).

Match If two sequencesS1 andS2 have a commonsubstringw, this meansthat this sub-
string is a repeatfrom the concatenatedsequenceS1S2. In this case,the repeatis calleda
match betweenbothdifferentsequences.

Exact Repeat (or Match) Closelyrelatedsequences,which have not sufferedyet great
evolutionarypressurebecauseof recentdivergenceor vital functionality, areoften found as
exactrepetitions.Formally, this is de�nedby apairof substringsS = (( i 1; j 1); (i2; j 2)) , if and
only if (i 1; j 1) 6= (i2; j 2) andS[i 1; j 1] = S[i2; j 2].

Containment A pair of exact repeatedsubstringshas evidently embeddedrepeatsof
shorterlength. That is, a pair of positions(i 1; j 1), i1 � j 1 containsthe pair of positions
(i2; j 2), i2 � j 2 if andonly if i 1 � i2 andj 2 � j 1.

Maximality It would not make sense,biologically, to studyall therepeatsthatareembed-
dedin other, largerrepeats.Thiswouldgeneratealargeamountof datawhichis redundantand
alsohasto befurtheranalyzed.For thepurposeof avoidingsuchconsequences,GenAlyzer
reportsonly exactmaximalrepeats.A repeatis calledmaximal, if f it is not containedin any
otherrepeat.Themaximalityof a repeatis givenby its surroundingcharacters:they have to
beunequalin bothrepeatinstances.Formally, anexactrepeatis calledmaximalif andonly if
S[i1 � 1] 6= S[i 2 � 1] andS[j 1 + 1] 6= S[j 2 + 1] [17].
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Degenerate Repeat (or Match) Duringevolution,sequencesthathavebeenrepeatedare
underdifferentselective pressures.Mutationscanaccumulatein distinctratesbetweenbases
andsegments,usuallydependingon their functionalmeaning.Thosemutationsincludebase
substitutions,resultingin mismatchesandgeneratinga k-mismatch repeat,but alsoinsertions
anddeletions,generatingak-differencerepeat.Bothkindsof degeneraterepeatsaredescribed
in thefollowing.
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Figure1.1: Graphicalrepresentationof thedifferentcategoriesof repeats.A repeatbetween
two differentsequencesis calledamatch, whichcanalsobeexact,degenerate,forward,and/or
palindromic.
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K-mismatc h Repeat (or Match) Whenboth substringsS[i 1; j 1] andS[i 2; j 2] have the
samelength,but not thesamecontent,i.e., they includemismatchesof singlecharacters,they
arecalledk-mismatch repeats.Thenumberof positionswhereS[i 1; j 1] differs from S[i 2; j 2]
is calledtheHammingdistance[17].

K-diff erence Repeat (or Match) Insertionsanddeletionsin two repeatinstancesresult
in two nonequal-lengthstringsS[i 1; j 1] andS[i 2; j 2] calledk-differencerepeats.In this case,
all threetypesof editoperationsarepossible:mismatches,deletionsandinsertions.Thiskind
of repeatsearchmakesmoresensewhenanalyzingbiologicalsequences,sincechromosomal
rearrangementsandevolutionamongspeciesincludedeletionsor insertionsof segments.Once
consideringinsertionsanddeletions(indels)betweentwo instancesof arepeat,gapcostshave
tobetakeninto account.Theminimumnumberof editoperationsneededto transformS[i 1; j 1]
in S[i2; j 2] is calledtheEdit distance[17].

Direct or Forwar d Repeat (or Match) Whena segmentof genomicDNA is duplicated
elsewheremaintainingits original orientation,it is saidto bea direct repeat,alsocalledfor-
ward repeat.

Palindr omic or Reverse-complemented Repeat (or Match) In caseof an inverted
insertionof substrings,both instancesof therepeataresaidto be thereversecomplementof
eachother(palindromes). Usually, basepairsform betweenbaseson opposingstrands,but
in caseof invertedrepetitioussequences,the basescan pair within single chains,forming
hydrogen-bondedhairpin loops[20]. This formationmay happenduring momentarydenat-
urationof suchpalindromicregions, facilitating the interactionwith speci�c DNA-binding
proteins.However, suchstructurescanalsopromotechromosomalrearrangements,leadingto
humandiseases(seeSubsection1.4.3).

1.3 Requirements for Repeat Anal ysis

The systematicalsearchfor repetitionsin large sequenceshasalreadybeendescribedin the
REPuter family of programs(REPfind , REPselect andREPvis ) [25, 24]. On a ge-
nomicscale,thegreatchallengeis to satisfythefollowing criteria:

1. Ef�ciency: the tool mustbe ableto copewith wholegenomes,i.e., up to 3 - 4 billion
bp, in realistictime andspaceconsumption.REPuter is linearin time with respectto
sequencelength,aconsequenceof theunderlyingsuf�x treedatastructure[25].

2. Flexibility: to representabiologicalrealisticandsigni�cant model,thetool mustrecog-
nizenot only exact,but alsodegeneraterepeats,allowing a certainamountof error. In
biological sequences,it is alsoimportantto analyzenot only direct (forward) repeats,
but alsoreversecomplementedones(palindromic).

4



3. InteractiveVisualization: aslargeamountsof dataaregeneratedby suchacomputation,
thetoolhastoprovideavisualizationof thewholegenomicrepetitivestructure,allowing
theuserto getnotonly anoverview, but alsoto zoominto detailsof particularsegments,
extractingthesequenceof interestfor furtherinvestigations(e.g.,databasesearches).

4. Compositionality: astherepeat�nding is considereda basicandinitial stepin genome
structureanalysis,theprogramhasto provideasimpleinterfaceenablingcompositions
with othertools.

The generalversatility of REPuter allowed for the software's improvement,adapting
it to the new era of comparative genomics. In this implementation,the searchengineis
separatedfrom its visualization. The computationof repetitive substringsis doneby the
vmatch program[1, 23], while the output is visualizedby the new interactive interface,
calledGenAlyzer [33, 8]. This strategy facilitatestherecomputationof the repetitive pat-
ternwith otherparameters,andspeedsup thewholesearch.Besidesthecomputationadvan-
tages,GenAlyzer permitsthevisualizationof two differentsequenceswithout concatenat-
ing them. This featureallows for a bettervisualizationandinterpretationof thecomparison
betweenspecies.Consequently, theabsolutepositionof repeatsor matchesis not depending
on thelengthof theconcatenatedsequencesanymore,at leastwhencomparingtwo different
sequences.

1.4 Appl ying GenAlyzer on Diff erent Biological
Problems

Duringthedevelopmentof GenAlyzer , it becameclearthatasoftwarewhichsystematically
searchesfor repeatstructuresis actuallymulti-tasking,asit canbeappointedto different�elds
of application.Recoveringstringsin largerstrings,or �nding repetitionsin sequencescanbe
interpretedbiologically in a variety of manners.This rendersGenAlyzer a very suitable
tool for suchpurposes,coveringall needsfor repeatanalysisin large genomicscale. In the
following, weexplainhow repeatsariseandhow they maybehave in thegenome,mentioning
someof the consequencesof suchbehavior. Moreover, we demonstratethe broadrangeof
repeatanalysisofferedby GenAlyzer in � ve applications:checkingassemblies,localizing
low copy repeats(LCRs),identifyinguniquestrings,matchingcDNAs or ESTsontogenomic
sequences,andlast, but not least,comparinggenestructures.It will get clearthat from the
abovementionedapplications,only theidenti�cation of LCRsis relatedto thetraditionalkind
of repeatanalysis.Theotheronesrepresentthewide rangeof sequenceanalysistasksbased
only on therepeatstructuresof genomicdata.

1.4.1 The Biological Meaning of Repeats

It is well known that repeatedsequencesareinvolved in somebiologicalmutationalmecha-
nisms.Most of therepeatedelementsaretransposon-derived,thatis, they can“jump” around
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in thegenome,insertingthemselvesseveral timesin differentregions. Sometimes,it canbe
demonstratedthat suchinsertionsare directedinto de�ned target regions. It hasbeende-
scribedthat LINEs, for instance,occur at much higher densityin AT-rich regions. In the
contrary, SINEsseemto targetpreferentiallyGC-richDNA for insertion.Themechanismsof
suchaccumulationsis still unclear[38]. Thesetransposableelementscancauseextinction of
genefunctionby insertioninto codingor regulatorysequences,resultingin deleteriousmuta-
tions.On theotherhand,LTRs,for instance,have thepropertyof sometimesactivatinggenes
thatwherepreviouslysilent[21].

Repeatedsubstringscanalsoenhancechromosomalrearrangements.Segmentalduplica-
tions of shortor large genomicregionsoccuraswell astranslocations,inversionsandother
chromosomalabnormalities.Thisleadstoashuf�ing of largesectionsof chromosomes,bring-
ing togetherpreviously unlinkedgenesandmodifying recombinationfrequencies.Thereare
basicallytwo categoriesof chromosomalrearrangements:inter- and intrachromosomalre-
arrangements[27, 35]. The �rst onesinvolve two different chromosomesand may occur
betweennonhomologouschromosomes.Theseinclude Robertsoniantranslocations,where
wholearmsof acrocentricchromosomesareexchanged,andreciprocaltranslocations,which
result from a single breakin eachof the two participatingchromosomes.Intrachromoso-
mal rearrangementsareaberrationsthat involve a singlechromosome.It includesinterstitial
andterminaldeletions,duplicationsand inversions. In this case,rearrangementscanoccur
betweena singlehomologue(exchangesof sisterchromatids)or involve both homologous
chromosomes.Thesechangesin the genomicorganizationareoften observed linked to hu-
manmalformationsandgeneticdiseases.This topic is furtherexploredin Subsection1.4.3.
Therearealsohypothesessuggestingthatthepresenceof palindromicrepeatshintsto thefor-
mationof hairpinstructures[20]. Thesemayberesponsiblefor inversionsor deletionsduring
replication(seeSection1.4.3).

1.4.2 Assemb ly Check

The assemblyof genomesaims to placefragmentsof sequencedDNA in the properorder
andorientationin thechromosomes.WhenBACs(BacterialArti�cial Chromosomes)or con-
tigs aresortedinto regionsalongthechromosomes,they sometimesshow large overlapping
sequences,inferring that they shouldhave beenconcatenatedor that one BAC containsa
smallerone. Consideringthe subsequentannotationof the genomewith the analysisof its
genecontentsaswell asits regulatorysequences,it is importantto withdraw super�uousre-
gions,otherwisethetruefrequency of suchfeaturescouldbeunder- or overestimated[27].

A simple plausibility check of the assemblyof a sequencecan be done by applying
GenAlyzer to it. Overlappingregions betweenBAC sequencesor contigscan be iden-
ti�ed throughthevisualizationof very long repeats.Thesemay indicateassemblyerrors. If
thoselargerepeatsarepalindromic,it couldsuggestthatoneof therepeatinstancesmayhave
beenassembledin thewrongorientation.This approachwasappliedto the11 concatenated
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contigsof humanchromosome221, shown in Figures1.2and1.3.

(r)

Figure1.2: Assemblycheckof humanchromosome22. Therepeatgraphdisplaysexactand
directrepeatswith aminimumlengthof 300bp. Thechromosome'scontigsareseparatedfrom
eachotherby shortverticalwhite lines. Thecolor codepointsto anunexpectedlong repeat
(r) of 190kb (red). Furthermore,in thebeginningof the sequence,a quiteconfusingrepeat
structureis observed. This indicatesthelocalizationof low copy repeatsin this chromosome
(seeSection1.4.3).

Analyzing the repeatstructureof chromosome22 in Figure1.2, an overlappingregion of
190kb is observed. As this unexpectedexact repeatcorrespondsto theusualsizeof BACs,
it clearly indicatesan assemblyerror. This region waszoomedin for a bettervisualization
(Figure1.3).Thedatabrowsershowsthefeaturesof therepeatedsequenceandtheannotation
browsergivesthe informationaboutthe contig the repeatbelongsto. It turnedout that the
completecontig8 (B) hadalreadybeenassembledin thebeginningof contig7 (A). Thiserror
hasbeencorrectedin thecurrentversionof chromosome22.

1.4.3 Localization of Low Copy Repeats Associated with Human
Malformations

Diseasesthatarecausedby chromosomalrearrangementsinvolving oneto severalmegabase
pairsaregenericallycalledgenomicdisorders [28]. Thoserearrangementscangeneratein-

1Accessionnumbers:NT 011516.3,NT 011517.2,NT 011519.4,NT 025937.1,NT 011520.5,NT 011521.1,
NT 011523.4,NT 011524.2,NT 011525.3,NT 019197.2,NT 011526.3(GenBank,March2001).
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(r)

A B

Figure1.3: Assemblycheckof humanchromosome22 (ctd.). Enlargedview of the region
from Figure1.2containingthecontigs7 (A) and8 (B). Thefocusis setonthelargerepeat(r),
in purple.Thesezoomedview clearlyenablestheuserto recognizeanerroneousassemblyof
contig8 (B), which hadalreadybeenassembledin thebeginningof contig7 (A).

terstitial or terminaldeletions,duplicationsor evenunbalancedtranslocations.Suchreorga-
nizationsmayresultin imbalancedgenedosage,leadingto severalhumanmalformationsand
syndromesassociatedwith the consequenthaploinsuf�ciency of at leastsomegenesin the
affectedregion. Genomicrearrangementsgeneratinginterstitial deletionsare suggestedto
haveapreferentialsitefor recombinationonchromosomes[37]. Theexistenceof repeatgene
clusters �anking suchcommondeletionsiteshasbeendescribedfor severalsyndromes[35].
Thesearecalled low copy repeatsor, LCRs for short. The presenceof LCRs suggestthat
they function asbreakpointsleadingto homologousrecombination.Thereare two models
that explain the resultsof suchrearrangements.The �rst model involvesmodulesof LCRs
thataredirectly orientedto eachother. This could leadto interchromosomalmisalignments
betweentwo homologouschromosomes,resultingin anunequalcrossing-over. Thefollowing
consequenceswould be reciprocaldeletionandduplicationeventsfrom the sequenceinbe-
tweenthoseLCRs (Figure1.4). The secondmodelregardsto LCRs thatarepalindromicto
eachother. In this case,therepeatedmodulesmight form a “stem-loop”-like structure,lead-
ing to eitherthe inversionor the deletionof the interveningDNA presentwithin the “loop”
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[35, 36, 29] (Figure1.5).
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Figure1.4: Mechanismsfor chromosomalrearrangements.Model for interchromosomalrear-
rangementbetweenLCRswith directorientationto eachother(indicatedby thick horizontal
arrows). Unequalcrossing-overoccursresultingin deletion(1) andduplication(2) rearrange-
ments.(Takenfrom [35] and[36])
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rearrangementbetweenLCRswith palindromicorientationto eachother(indicatedby thick
horizontalarrows). The interveningsequenceis susceptiblefor eitheran inversion(1) or a
deletion(2). (Takenfrom [35] and[36])

It hasbeenobservedthatphenotypesrelatedto deletionsaremoreseverethanthoserelated
to duplications[4, 5]. In general,it hasbeenassumedthathaploinsuf�ciency for at leastsome
of the genesin the deletedregion is responsiblefor direct effectson speci�c developmental
processes.The humanchromosome22, for example,is very rich in genecontent,although
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beingthesmallestof thehumanchromosomes.It hasbeenreportedin detail thatseveralma-
lignantdiseasesanddevelopmentalabnormalitiesareassociatedwith genomicrearrangements
of this chromosome[9, 12,37].

In thebeginningof the90s,speci�c low copy repeatelementshavebeenidenti�ed in theq11
regionof chromosome22[19]. These�ndings suggestedgenomicinstabilityof thispartof the
humangenome.Mostof therearrangementsobservedin thischromosomereferto large3 Mb
deletions,causingvariousanomaliesincluding mentalretardation,like the very well known
DiGeorge/Velo-cardio-facialSyndrome,localizedat22q11.2.Thissyndromeis characterized
by craniofacialanomalies,heartdefectsandimmunologicalde�ciencies,besideslearningdis-
abilitiesandbehavioral irregularities[13, 6, 14,9, 35,22]. ThehypothesisthatLCRsarethe
responsibleelementsfor thedeletionof this region wasforti�ed by the localizationof those
repeats�anking the3 Mb Typically DeletedRegion (TDR) (Figure1.6).

Somesmallervariantdeletionshave beenreported,which breakpointregionshave been
localizedwithin the3 Mb TDR. Insidethis largesegmentof chromosome22,two morecopies
of theLCRswerefound,explainingtheoccurrenceof patientswith distinct,smallerdeletions.
Analyzingthegraphin Figure1.6,87%of thepatientspresentthe large,3 Mb deletion.The
smallerdeletions,resultingfrom recombinationsinvolving thenestedLCRs,arefoundin 10%
of the patientsanalyzedby T. Shaiket al. [37]. The �ndings of thesame-sizeddeletionsin
themajority of thepatientspointsto a speci�c mechanismwhich givesrise to mostof those
structuralrearrangements.Deletionsresultedfrom interchromosomalrecombinationson this
chromosome's region arefrequentlyseen,althoughthereciprocalduplicationevent is rarely
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Figure1.6: Low copy repeatslocalizationon humanchromosome22. a) The 3 Mb Typi-
cal DeletedRegion involvedin DiGeorge/Velo-cardio-facialsyndromeis shown betweenthe
markersD22S427andD22S801. The �lled blocksrepresentthe LCRs responsiblefor the
rearrangementsleadingto differentdeletions. b) The percentageof patientsidenti�ed with
thosedeletionboundaries.Theremaining3% representuniquedeletions.(Takenfrom [37])
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observed[13].

Results of the 3 Mb TDR Anal ysis with GenAlyzer

After the publishingof the whole sequenceof chromosome22 [11], its entiresequencehas
beenanalyzedwith GenAlyzer , searchingfor all directandpalindromicexactrepeatsof 300
bp minimal length. The overview of the repetitive structureof this chromosomeis depicted
in thevisualizationgraphin Figure1.2. Thespeci�edsearchadjustmentsgenerateda relative
homogeneousrepeatpattern,exceptfor a quiteconfusingstructurein the �rst quarterof the
sequence.This subsequencewasextractedandsearchedfor repeatsusinga lower threshold.
Figure1.7shows anoverview of this area,revealinganinterestingnet-likestructureof direct
andpalindromicrepeats.

Themainsequencemoduleis repeatedfour times,beingcomprisedof smallerrepeatedunits
which arepresentin directandpalindromicorientationto eachother. Strikingly, this zoomed
region is about3 Mb long, suggestingthat thoserepeatedmodulesfoundwith GenAlyzer
could refer to the LCRs on chromosome22. Analyzing the LCRs schemedescribedby T.
Shaiket al. [37] in Figure1.6, therepeatedblockslocatedat theend-pointsof theTDR are
thelargestin size.Theauthorsalsocommentthatthey arethemostsimilar to eachotherwhen
comparingtheir sequenceto theinnerLCRs.Moreover, thefour LCR areplacedbetweenthe

Figure1.7: Net-like patternof low copy repeatson humanchromosome22. The repetitive
structureextendsover a 3 Mb region on thechromosome.Displayedin thegrapharedirect
andpalindromicrepeatsof minimumlength100bp,with atmost2 errors.Thenet-likepattern
revealsthetypical structureof low copy repeats.
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Figure1.8: Net-like patternof low copy repeatson humanchromosome22 (ctd.). Thegraph
in Figure1.7 is overlappedby theonein Figure1.6,demonstratingthecorrespondenceof the
schematicalview of theLCRslocalizationandtheir identi�cation at thesequencelevel.

markersD22S427andD22S801.Thelocalizationof thesemarkersin theDNA region in Fig-
ure1.7con�rmedthehypothesisthattherepeatstructurefoundwith GenAlyzer refersto the
3 Mb Typical DeletedRegion on chromosome22,which causesDiGeorge/Velo-cardio-facial
syndrome.TheGenAlyzer visualizationof therepetitive patternin questionis overlapped
by theLCRsgraphfrom T. Shaiketal. [37] in Figure1.8.

Generalizingtheobservationsdescribedabove,ananalysisof therepeatstructureof differ-
entchromosomesusingGenAlyzer is helpful to identify suchbreakpointregionsregarding
thelocalizationof low copy repeats,withoutany experimentalapproachbeforehand.
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1.4.4 Identi�cation of String Uniqueness

It is well known thatchromosomalendings,regionsaroundthe telomeres,have a signi�cant
role in geneticdisordersandgenomicrearrangements.In vertebrates,thesetelomeresconsist
of a tandemlyrepeatedsequenceof (TTAGGG)n,which canextendfrom 2 up to 15 kb in
length[16]. Adjacentto this sequence,repetitive DNA constitutingthe subtelomericregion
is found in a numberof otherchromosomes.However, the subtelomericsequencesdo have
many uniqueandfunctionalgenes,too. This couldbeonereasonfor many mentalandother
disordersgeneratedby chromosomalrearrangementsin theseregions. Thedetectionof such
rearrangementsis madeby Fluorescentin SituHybridization(FISH) [31].

Hybridizationtechniquesarevery effective toolsin molecularbiology, usedin a varietyof
experiments,includingprenataldiagnosisandmicroarraytechnology. Thesetechniquesmake
useof nucleicacidprobesto detecttheir complementarytargetspresentin biological�uids or
tissues.Thesuccessof hybridizationexperimentsdependson thespeci�city of theprobes.

In collaborationwith Dr. Wirth andDr. Ehling (BielefeldUniversity),we wereinterested
in �nding BACsfor suchin situhybridizationin theDown-SyndromeCritical Region(DSCR)
of humanchromosome21q22.2[14]. In orderto searchfor rearrangementsin thesubtelom-
eric region of this chromosome,we establishedprobeslocalizedat the endof contig 42 for
FISH analysis.As the last5th contig is only 26076bp long, takingexactly this region could
produceundesiredcrosshybridizationwith otherchromosomes,consideringthat it is very
nearto thetelomericregion. Theestablishmentof DNA probesfor theFISHexperimentswas
accomplishedwith theutilizationof BACs.

Speci�c BAC clonescorrespondingto the region of intereston chromosome21 were
searchedin aHumanBAC Library containingUpperandPlatepools(GenomeSystems,Inc).
Thesearchbeginswith theampli�cation via PolymeraseChainReaction(PCR)of theDNA
containedin theUpper pool with primersthatarespeci�c for thede�ned region. Thecoor-
dinatesof thepositively ampli�ed well reveal thecorrespondingPlatepool holdingthenext
set of BACs to be searched.FurtherPCRsare doneuntil the last step,Down-to-the-Well,
wherethewell inclosingonly theBAC in questionis identi�ed. To successfullyperformeach
step,theprimersneededfor screeninghave to beasspeci�c aspossiblefor theregion of in-
terest.Targetingtheprobesto non-uniquesequencesresultin cross-hybridizationgenerating
false-positiveampli�cation, and,consequently, increasingtheexperimentaleffort.

Results of Unique String Detection with GenAlyzer

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

2GenBankaccessionnumber:NT 003534
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fragmentsareguaranteedto be uniquefor substringsof lengthl andk errorseverywherein
theoriginal inputsequence(Figure1.9).
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Figure1.9: Theuniquesequence�nding problem. As GenAlyzer is not heuristic,�nding
all repeatsof lengthl with atmostk errorsguaranteesthattheremainingsequencesareunique
for theseparameters.

Figure1.10: Identi�cation of uniquesequences.Direct andpalindromicrepeatsof contig 4
in humanchromosome21. The sequencewassearchedfor repeatsof lengthat least20 bp.
Theblackbackgroundrevealsthatthenoiselevel is reachedwith this threshold.Eventhough,
someregionsfreeof repeatedsubstringscanbeidenti�ed, like theonebetweenbothvertical
white lines(indicatedby anarrow - zoomedview in Figure1.11).

As primersareusuallyaround20 bp long, in our applicationexampleof chromosome21
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we searchedthefourth contig for repeatsof lengthat least20 bp. This thresholdreachedthe
black backgroundnoiselevel, as it canbe observed in Figure1.10. Nevertheless,zooming
into thisgraph,segmentswithout any repetitivesubstringscanbelocalized(seeFigure1.11).
Thesefragmentswereusedfor theprimerdesign.In addition,in orderto avoid settingprimers
in regionswith repeatedelements(seeSection1.2),theseweremaskedout by submittingthe
sequencesto RepeatMasker (Smit,A. & Green,P., unpublished).Finally, theprimerswere
designedwithin theremaininguniquesequences,usingtheGeneFisher program[33]. The
usageof theseprimersin the BAC library screeningproducedvery speci�c ampli�cation,
generatingsharpbandsin thegel (datanotshown), andleadingusto rapidly identify theBAC
correspondingto theregion of our intereston chromosome21. Thesameapproachwasused
to �nd BACsin theDiGeorge/Velo-cardio-facialsyndromeregionon chromosome22q11.

Figure1.11:Identi�cation of uniquesequences(ctd.).Zoominginto therepeatgraphof Figure
1.10,we canobserve theabsenceof repeatedsubstringsin thesegmentmarkedbetweentwo
verticalwhite lines.After extractingthis subsequence,it wassubmittedto RepeatMasker ,
eliminatingalsorepeatedelementsin theregion. The remainingsequenceis repeat-freeand
thusoptimalfor thedesignof speci�c primers.

The �uorescent in situ hybridizationexperimentsusing thoseBACs as probeswere run
by D. Ehling in her PhD thesis[14]. Justto illustrate the FISH results,Figure1.12 shows
sharp�uorescentsignalson chromosomes21 and22. Althoughthespeci�city of theprimer
probescontributedto the targetedselectionof BACs, the absenceof unspeci�c background
or cross-hybridizationin the FISH neithergivesan evidenceaboutthe amountof repeatsin
the BAC, nor is guaranteedby this explainedmethod.This kind of approachto setspeci�c
primersin repeat-freeregionsshowedto bealsoeconomicallyveryadvantageous,considering
that the upperpools from GenomeSystems,Inc. supplyenoughDNA for testing25 or 50
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differentprimerpairs. In our case,only onepair per sequencewasnecessaryto getspeci�c
ampli�cation.

� �

Figure1.12: Fluorescentin situ hybridizationon metaphaselymphocytes. The BACs used
asprobeswereidenti�ed in a HumanBAC Library by PCRscreening.Redsignalsrepresent
thespeci�c hybridizationon thehumanchromosome22q11betweenLCRsA andB from the
graphin Figure1.6. Greensignalsindicatethe probespeci�city to the chromosome21q22,
in the Down SyndromeCritical Region. A) The invertedpicture. B) The picturewith color
�lters.

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

ExpressedSequenceTags(ESTs)aregeneratedby partialDNA sequencingoncomplementary
DNA (cDNA) clones.As shortstretchesof transcribedregions[2], they areusedasa rapid
andreliablemethodfor genediscovery in thegenome.They serve asmarkersfor analyzing
the localizationandexpressionof known andunknown genes.Not only by experimentalap-
proaches,but alsothroughlocal similarity search,ESTsandcDNAs canbe easilylocalized
in genomicsequences.Given a cDNA sequence,for instance,it canbe unsplicedonto its
correspondinggenomicsequenceusingGenAlyzer . Thisstrategy allowstheuserto investi-
gatetheexon/intronstructureof therespectivegeneaswell asto checkfor thegenestructures
predictedby othersoftwaretools(seealsoSubsection1.4.6).

In our applicationexample,we looked for a mousegenesimilar to the humanKIAA0903
gene(seeFigure 1.13). In humans,this geneis localizedon chromosome2, in a region
known to behomologousto themousechromosome11 [15, 32]. Thesequenceof thecDNA
KIAA09033 representedthestringS1, andwasmatchedagainstthecorrespondingmousecon-

3GenBankaccessionnumber:AX030068
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Figure 1.13: Matching cDNAs onto genomicsequences.HumanKIAA0903cDNA (A) is
matchedagainstthe homologousmouseregion on chromosome11, contig AC091423(B).
Looking for amousegenesimilar to thehumanKIAA0903, thesequencewassearchedfor all
direct repeatsof lengthat least100bp. As codingregionsaremoreconservedbetweenboth
speciesthannoncodingones,up to 2 errorswereallowed. Theunsplicingof theKIAA0903
cDNA ontothemousegenomicsequenceshowstheexonsseparatedby verylongintrons.The
5' and3' endsof thegeneareeithermissingin this contigor arenot conservedenoughto be
detectedwith thechosenparameters.

tig4 S2, in orderto recover the cDNA sequencein the mousegenome.Using GenAlyzer ,
the sequencesweresearchedfor direct andpalindromicmatchesof minimal length100 bp.
We allowed 2 mistakesin the �nding of repeatedsubstrings.This thresholdshows enough
errorallowanceto recover thepartsof thecDNA thatwerecontainedin thesearchedcontig.
Theresultingrepeatgraphis depictedin Figure1.13.As it canbeclearlyobserved,theexons
of KIAA0903geneareseparatedby very long intronsin the mousegenome.The 5' and3'
endsarenot shown to matchanywherein thecontig. This indicatesthatthoseendsareeither
missingin themouseregionor notenoughconservedto beidenti�ed undertheusedthreshold.

1.4.6 Comparison of Gene Structure

Comparativegenomicsis oneof themajorreasonsfor sequencingwholegenomesof different
organisms.Throughoutevolution, vital genesandregulatoryregionshave beenconservedto
guaranteethe organism's basicfunctions. Themouseis a very well known modelorganism

4GenBankaccessionnumber:AC091423

17



for studiesof humanbiology andmedicine. The accessto its genomicsequenceallows re-
searchersto make importantdiscoveriesin theregulationof humangenesbasedon common
structures,andmechanismssharedwith mousegenes.Today, thesesimilaritiesacrossspecies
canbeidenti�ed atthesequencelevelwith computationalprogramslikeREPuter , and,more
recently, GenAlyzer .

As an applicationexampleof genestructurecomparisonwith GenAlyzer , we usedthe
mousegenomiccontigcontainingtheentirePeli1 gene5. This sequencewasusedasdatabase
andthehumancontigNT 005326,which containsthehumanPeli1 counterpartis utilized as
querysequence.

For thecomparisonof bothgenomicregions,we searchedfor matchesof lengthat least20
bp andallowing at most2 errors.This computationalresultis visualizedin Figure1.14. The
top line of thegraphdisplaysthemousesequence(A) andthebottomline thehumanone(B).
Thethreeannotationlinesabovethetopsequenceline representtheunsplicedPeli1 cDNA, the
GENSCANpredictionandtherepeatedelementpositions.Regardingthehumancontig in the
bottomof thegraph,only theunsplicingof thePeli1 cDNA wasannotated.Thisgraphdepicts
all palindromicmatchesof length30 bp or larger. This adjustmentavoidsthedisturbanceof
the light backgroundnoisepromotedby therelative low computationalthresholdsused,asit
canstill beseenin theoverview graph.

In theexampleabove, it is clearly recognizablethat theseparationof thesequencesto be
comparedin databaseand query, and, therefore,their display in top and bottom lines is a
rewardingimprovementfor the matchgraphvisualization. The intrasequencematches,i.e.,
repeats,arenot computedin this matchingtask,andthusnot shown in thegraph.This leads
to a concisedemonstrationof thematchesfoundonly betweenthetwo species(Figure1.14).

The codingregionsof Peli1 geneshow a high level of conservation betweenmouseand
human,observedby many matcheslocalizedin theexonsregion (seeunsplicedcDNA anno-
tation line). Oneof the predictedmouseexons,(a), coincidewith an unsplicedexon in the
humangenomicsequence(a'). However, a striking observation regardsto the match(b). It
refersto a very well conserved string betweenmouseandhuman(of about98% similarity)
which wasnot detectedby the genepredictiontool in eitherof the organisms. The strong
conservationandthematchingwith thecorrespondingcDNA sequencesuggeststhat it is in-
deedan exon. Furthermore,wet-labexperimentalanalysisdoneby Dr. Fuchs(Düsseldorf
University)con�rmed ourexpectations(pers.comm.).

Thepredictionof codingsequencesis verydependentuponthegeneidenti�cation algorithm
usedto inferwhatsegmentsof thegenomicsequenceactivelycodefor genes[40]. With theap-
proachdescribedabove,GenAlyzer providesasimpleplausibilitycheckfor genestructures
predictedby othersoftwaretools. Besides,it deliversanaccurateandsigni�cance-dependent
analysisof similaritiesbetweenspecies,eitherin proteincodingor regulatoryregions.

Thevisualizationadjustmentsshown in Figure1.14depictanothermatchthatattractsthe
users'attention,labeledwith the letter (z). It refersto a conserved region of 30 bp with 2
errors,but still signi�cant, with anE-valueof 2:5e� 5. Thissequenceappearsonly oncein the

5GenBankaccessionnumber:AC091421
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Figure1.14: Comparisonof genestructure- Part II. Thegenomicsequenceof mousecontig
AC091421is representedin thetop line or therepeatgraphasthedatabasesequence(A). The
querysequenceusedwasthehomologousgenomicsequencein human,in contigNT 005326
(B). Bothsequencesweresearchedfor conservedsequencesof minimumlength20bpwith at
most2 errors.Matches(a)and(a') correspondbothpredictedandunsplicedexonsof thePeli1
gene;match(b) is anexonwhichhasbeenmissedby theGENSCANpredictiontool; match(z)
representsa potentialconservednoncodingsequence,asit doesnot matchany known coding
exonneitherin mousenor in human.

mouseanalyzedregion,upstreamthePeli1 gene.It matchestwice in humanandit is localized
in the5'UTR regionof thehumanPeli1 gene,accordingto thesequenceinformationobtained
from GenBank.Thissequencedoesnotoverlapwith any predictedcodingregionor arepeated
element(which canbeclearlyobservedanalyzingtheannotationgraphin Figure1.14). This
observation indicatesthat this matchattendsto a conservednoncodingregion, thushaving
potentialregulatory functions. Dependingon the exact localizationwithin an untranslated
regionor not, it couldbeeitheraDNA or anRNA bindingsequence.
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2 The GenAlyzer Manual

2.1 Platf orm Suppor t

Theinitial releaseof theour repeatsanalyzersoftwarepackagein 1999wasnamedREPuter
[26]. GenAlyzer , thesecondrelease,offersmuchmorefunctionalityandincreased'user-
friendlyness'.As REPuter, GenAlyzer is developedfor theUNIX platformandis currently
known to work onGNU/Linux, SunSolaris,DecAlpha OSF/1andSGI IRIX.

Theprogramis written in ANSI C usingthefollowing compilerandlibraries:

� gcc, theGNU C compilerversion2.95.2[39].

� GTK+, the Gimp Toolkit. A library for creatinggraphicaluserinterfacesfor the X
Window System,written in C with averyobject-orientedapproach[3].

� GLIB, a library which includessupportroutinesfor C suchaslists, trees,hashes,mem-
ory allocation,andmany otherthings[3].

� LibWWW, theW3CSampleCodeLibrary Installation[10].

� Imlib, ageneralImageloadingandrenderinglibrary [18].

2.2 Using GenAlyzer

WhenGenAlyzer is startedfor the �rst time, it needsto createa directory to hold your
personalsettings.UnderUNIX-lik e systems,thedirectorywill be s /.reputer , the tilde
(s ) meansthe users“homedirectory”, often /home/username . This directoryholdsthe
GenAlyzer resource�le genalyzerrc which maycontainthefollowing entries,mostof
which representvaluesandsettingsfor a numberof userinterfaceobjects,assliders,spinbut-
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,accessis offered to all
secondarydialog windows, that guide throughthe variousstepsof calculatingrepeatsand
examiningtheresults.

Figure2.1: TheGenAlyzer Main window
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TheMainwindow consistsof amenubarwith theentries“File”, “Edit”, “View” and“Help”,
a row of tool buttons,thesetof squarebuttonsin Figure2.1,threeQuick Startbuttonsandthe
programstatusoutputon thebottomof thewindow. TheMain window canbecollapsedby
the rightmosttool button,which hidesall interfaceelementsexceptfor the tool buttons(see
Figure2.2).Thisfeatureminimizesspaceconsumptiononthedesktop.As many otherinternal
programparameters,thiswindow stateis written to thecon�guration�le andrememberedon
thenext programstart.

Figure2.2: ThecollapsedMain window

2.4 The Prepr ocess Step Dialog

The “PreprocessStepDialog” (Figure2.3) comesup by clicking the button Generate new
index in the Main GenAlyzer window. In this �rst stepof repeatdetection,GenAlyzer
createsan index for the givensetof input sequences,speci�ed in the DatabaseFiles panel.
Here,thepushbuttonsAdd, RemoveandClearallow themanipulationof a inputsequence�le
list.

Figure2.3: ThePreprocessStepDialog

GenAlyzer supportsthe following formatsfor the input �les, which areautomatically
detectedandmustnot beexplicitly speci�edby theuser:

FASTA: If the �rst line of a �le begins with the symbol`>', thenthis �le is
consideredto bea �le in FASTA format. Multiple FASTA �les, that
containmorethanoneFASTA header/sequencetext entriesarealso
supported.
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EMBL/SWISSPROT: If the �rst line of the �le begins with the string ID , thenthis �le is
consideredtobea�le in EMBL format.TheEMBL formatis identical
to theSWISSPROT format.SoyoucanalsouseSWISSPROT �les
asinput.

GENBANK: If the�rst line of the�le beginswith thestringLOCUS, thenthis �le
is consideredto bea �le in GENBANK format.

raw format: If the�rst line of a �le doesnotbegin with thesymbol> or thestrings
ID or LOCUS, thenthe�le is takenverbatim.Thatis, theentire�le is
consideredto betheinput sequence(whitespacesarenot ignored).

The sequenceinput is usuallybasedon the DNA or Proteinalphabet,asspeci�ed by the
SequenceTypeoption menu. If a differenttype of alphabetis required,the selectionof the
optionmenuentrySelectSymbolMapallowsto specifyadifferentsymbolmapping.If speci-
�ed, this symbolmappingimplicitly de�nesanalphabettransformationandthealphabetsize
of theinputsequence.

In the following symbolmap �le, we allow the sequenceinput to includethe Watson&
Crick Basesa, c, g, t , u and the extendedIUB DNA alphabetn, s, y, w, r , k, v, b, d,
h, m, both in upperand lower caseletters. Eachline de�nes an input character, which is
handledasunique: The�rst four linesresultin matchinga=A, c=C,g=Gandt=T=u=U.The
last line handlesIUB charactersin the way that eachof themis assigneda uniquesymbol
whichmatchesnothingelse.

Finally, eachentryalsode�nes a translationof input characterto outputcharacter:in our
example,lowercasecharactersaretransformedto uppercasecharacters.

#Symbol Mapping Example
aA
cC
gG
tTuU
nsywrkvbdhmNSYWRKVBDHM

UnderProject outputoptions, the nameandlocation for the resultingindex �le mustbe
speci�ed.

2.5 The Matching Step Dialog

In this step, a Query sequencechosenby the user is matchedagainstthe Databasese-
quencebasedon its index constructedduring the previous preprocessingstep. Again, from
GenAlyzer 's Main window, the button Run matching task launchesthe “Matching Step
Dialog” (seeFigure2.4).
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Figure2.4: The“MatchingStepDialog”

Currently, GenAlyzer solvestwo differentmatchingproblems:

Substring Matching

� Self comparisontask: Match all substringsof the input sequenceagainstitself. The
matchescanbemaximalor alternativelyuniquemaximal(if twosequencesareindexed).
In this matchingtask,thesequenceS1 usedto createthe index is DatabaseandQuery
sequenceatthesametime. Thisoptionmaintainsthecapabilityof �nding repeatswithin
a singlesequenceS, covering the mostordinaryapplicationof REPuter , in the �rst
versionof GenAlyzer .

� Matchinga DatabaseagainstQuerysequences:Thisoptionhandlesthecomparisonof
two differentsequences,S1 (Database)andS2 (Query),consistingthe main improve-
mentof REPuter . GenAlyzer computesall similaritiesbetweenS1 andS2, without
calculatingtherepeatswithin eachsequence.Thedelivereddataaremuchmoredirected
to whattheuseris looking for, avoiding super�uousinformationand,therefore,reduc-
ing timeandspaceconsumption.SequenceS2 canbeasetof Querysequencesmatched
againsttheindex; thelist of Querysequencescanbemodi�ed via theAdd, Removeand
Clearbuttonsin theQueryFile(s)panel.Thematchescanbesubstringmatches,i.e. the
substringsof theQueryarematchedagainstsubstringsof theindexedsequences.
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Complete Matching

� Completematching: This option computeslocationsin the databaseindex, wherethe
entireQuery(alsocalledpattern) matchesasubstringof theindexedsequences.

For both tasks, the matchescan be direct (forward) and reversecomplemented(palin-
dromic).Thematchescanalsobeapproximate:degeneratesubstringswith amaximalnumber
of errorsasmismatches,or insertionsanddeletions(indels)aresupported.

A third matchingoption, the X-Drop approach is being developedto be supportedby
GenAlyzer . The -exdrop parameterrepresentsan alternative strategy for seedextension.
The purposeis to �nd the highest-scoringalignment,oncethe matches,mismatchesandin-
delsaregivendifferentscorevalues.

2.6 Visualization Repeats - The Inspector Windo w

After the “Matching Task Step”, wherethe desiredrepeatstypeshad beencalculated,the
Inspectorwindowcanbelaunched.This interactivevisualizationcomponentof GenAlyzer
usesaneasy-to-understandgraphicalrepresentationof repeats,or matches,andtheir sizeand
position.

A repeatmatchcalculatedby GenAlyzer consistsof thefollowing parts:

Size Subseq Position 1 Type Position 2 Subseq
30 0 1158853 D 1144098 0

Error E-value Score Perc.Ident
2 1.64e-061 342 98.85

For visualization,size andpositionalinformationare mappedto scaleon a DNA strand
symbol,asshown by the red barsin the Figure2.5. If a self comparisonis calculated,the
strandsymbolis duplicated.Thenthestartingpositionsof the �rst instanceof therepeaton
the upperstrandandthe startingpositionof the secondinstanceof the repeaton the lower
strandare connectedby an diagonalline. If a database/querytask is displayed,the upper
strandsymbolrepresentsthedatabasesequence,thelowerstrandthequerysequence(s).

Figure2.5: How arepeat/matchis drawn
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The Inspectorwindow comesup showing, in the repeat(or match)graph,two bold lines
which representtheinput sequence(s)suppliedby theuser(arrows “A” in Figure2.6).

Thelinesconnectingtherespectivestartingpositionsof a repeatarenotdrawn, if theabso-
lute differenceof theY coordinatesof theintersectionof theconnectingline andleft or right
graphicspanelscreenarelessor equalto 100.Insteadashortarrow representstheconnecting
diagonal(seeFigure2.7for anexample).

B

A

A

C

D

Figure2.6: TheInspectorwindow

Accordingto the kind of repeatsselectedby the user, the graphdisplayseitherdirect or
palindromicrepeats,or bothsimultaneously. Theparametersettingsfor thevisualizedmatch
taskcanbecheckedin the“ProjectInfo Bar”, markedby theletter“B”.

At a �rts glance,the userhasan impressionof the overall numberanddistribution of re-
peats.Thesliderbelow thegraph(arrow “C” in Figure2.6)de�nestheminimal repeatlength
depictedin thegraph.By shifting this sliderto theright, lessrepeatsareshown on thescreen,
in theorderof increasinglength.Thisbehavior dependson thevisualizationstartupsettingin
the“PreferencesDialog” (seechapter2.11),sinceit is alsopossibleto displayjust thelargest
repeatat startup.

The color key associatesa color to a certainrangeof repeatssizes. In �gure 2.6, repeats
of sizes65 to 70bparedisplayedasyellow lines,for example.Thelengthof theshortestand
longestrepeatare the startingandendingvaluesof the color key scale,here30 and82bp.
Repeatssizesare representedas a color gradient. Sincenormally a blue color is usedfor
the shortestrepeats,we maygo down all the way: If we hit the noiselevel, the longestand
probablymostsigni�cant repeatsstill shineupin colorsin front of abluebackgroundof noise.
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Duringhisoverview process,theusermaycatchinterestin particularrepeatsor repeat-rich
regions.For closerexamination,hecanzoomin or outonaregionby left or right clicking the
mouse,respectively (Figure2.7).

An additionalfeatureof GenAlyzer is the overview graph (letter “D” in Figure2.6. It
consistsof a duplicationof the repeatgraph,in a smallerscale,with the advantagethat the
wholeoverview of therepetitive structureremainswhile zoomingin or out theactualrepeat
graphbelow. Theentireoverview graphis enclosedby a rectanglewith redborders.As soon
astheuserzoomsinto aspeci�c regionin therepeatgraph,theredrectangleshrinks,bordering
exactly thezoomedregion,asit canbeobservedin Figure2.7(arrow “a”).

b

a

c

Figure2.7: Selectinga singlematch

Selectingapositiondirectlyonthestrandsymbol(arrow “b”) enterstherepeatsinformation
correspondingto this sequencepositionin theDataBrowserbox below (letter “c”). There,a
singlerepeatcanbeselectedto view thealignmentof thetwo instancesof therepeator to sub-
mit thecorrespondingnucleotidesequencefor further investigationof biologicalsigni�cance
to aFASTA, BLAST or userspeci�eddatabasesearch.This is achievedby invokingNetscape
Navigator with the -remote argument,which allows to connectto andinitiate the load of
thedatabasequerydatainto analready-runningNetscapeprocess[41].

2.6.1 Repeats Type Selector

Thethreebuttonsat thetopof theInspectorwindow selectthekind of repeatsto display:
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� Direct - Direct/forwardrepeats

� Palindromes- Palindromicrepeats

� Direct+ Palindromes- Bothkindsat thesametime

Thebuttonlabelcontainsthenumberof repeatsavailablefor eachkind. Ourexampleabove
lists 88 directand123palindromicrepeats.If oneof the two categoriesis not available,the
respectivebuttonsaredisabled.

2.6.2 Size Slider

Theboundsof theSizeslideraretheshortestandlongestrepeatamongthecurrentrepeatkind.
Thenumberof repeatsvisible is limited accordingto thecurrentpositionof thesliderhandle.

2.6.3 The Match Data Dialog

From the Inspectorwindow, the DNA sequences,alignmentsandothercharacteristicsfor a
singlerepeator for all repeatscalculatedduring thecurrentsessioncanbeaccessedthrough
the “Match DataViewer” dialog, asshown in Figure2.8. This dialog canalsobe launched
from ashort-cutbuttonin Main window.

Figure2.8: TheMatchDataDialog

This dialog displaysdatafor all repeatsful�lling the currentsettingof the sizeselection
sliderin theInspectorwindow. A numberof switchesallowstheuserstocustomizetheamount
of detailto beshown in theoutput.
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Sort by: The list of repeatscanbe sortedby size,positionof the �rst or
secondinstanceof therepeator by theexpectationvalue.

Show: For largeamountsof data,thenumberof repeatslistedhereunder
thecurrentsortcriterioncanbelimited to10,100or1000matches.

Output Width: Thisoptionspeci�esthewidth of theoutput.

Description Width: Sometimesthe FASTA headerdescriptiontext, asmentionedbe-
low, is too long andit might bedesirableto useonly a pre�x for
thismatchlist. Thesizeof thispre�x canbeadjustedhere.

Alignment: ThisswitchtogglestheDNA sequencein thelist.

Mismatch as IUB Code: Allows to switch from the IUB representationof incompletely
speci�ed residuesto a list of all possiblebases(in the current
GenAlyzer version,this is anoptiononly for hammingdistance
calculations).

E-value: Togglestheappearanceof E-value.

Error Rate: Togglestheappearanceof theerrorrate.

Description: Togglesthe appearanceof the extendedrepeatdescription. The
descriptiontext is generatedfrom theheaderof theoriginal input
sequenceFASTA �le.

Annotation: Togglesannotationinformation. If a repeatoverlapsannotation
elements,theseelementsarelistedherefor eachrepeat.

2.6.4 The Color Scheme Selector

A numberof color schemesareavailable.While someof themcreatea very 'esthetic' image
of therepeats,othersemphasizethelongest,i.e. mostimportantrepeats(Figure2.9).

Figure2.9: Dif ferentcolorschemesfor codingrepeatsizes

Therangeof the color key is alwaystheshortestrepeatsizeat the left, the longestrepeat
sizeat theright margin. Thoughall color schemesprovide aninterval scaling,the4 schemes
divide therangeby thepixel-widthof thecolor key, which is typically 800for thenot-resized
Inspectorwindow, which thenresultsin the800-colorgradient.
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2.6.5 Expor ting Results to the Internet

Onceaninterestingrepeatsconstellationis broughtinto focusby zoomingin to a certainpo-
sition andadjustingthenumberof repeatsto bedisplayed,this scenariocaneasilypublished
to the Internet.By selecting“Publish to Web” from theFile menu,GenAlyzer auto-
maticallygeneratesanHTML �le andanumberof PNGimage�les for therepeatsgraph,the
color key andany annotationsloaded.

Therepeatsgraphitself is designedasclickablemap:oncetheHTML �le is loadedinto a
HTML browser, propertiesof asinglerepeatandtheassociatedsequencealignmentareshown
simply by clicking a repeatpositionon therepeatgraph.Throughthis featureit is possibleto
restoresomeof the�e xibility foundin theInspectorwindow to theHTML pagefor reviewing
theexporteddata.

2.6.6 Anal yzing the DNA Sequence of Repeats

As alreadymentionedin Subsection2.6.3, GenAlyzer provides a convenient overview
over the repeatsnucleotidesequencesvia the “Match Data” dialog. Furthermore,the DNA
sequencescorrespondingto selectedmatchescan be directly submittedto further database
searchesvia the “Transfer to Netscape ” button. The default of GenAlyzer is to
provide an easyaccessto BLAST andFASTA, but alsouser-speci�ed databasescanbe in-
cluded,accordingto theinvestigationpurpose.

2.7 Expor ting a Subsequence

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

Figure2.10:TheSubsequenceDialog
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Thefollowing stepsarenecessaryto write aspeci�c region to a �le:

Extraction Source: The exported subsequenceis either extractedfrom the databasese-
quenceor from thequerysequence.

Start/End Position: The startingandendingpositionsfor the subsequencecanbe typedin
directly. Alternatively, two mouseclicks on the sequencesymbol in
theInspectorwindow specifystartingpositionandsizeof theexported
fragment. The selectedsequencesymbolalsospeci�eswhetherquery
or databasesequenceis used.

Format: The subsequencecanbe saved eitherin FASTA or in �at format. The
�at formatcontainsnoheaderline andno line breaks.

Path: The directorylocationwherethe subsequenceis saved to. Type in di-
rectlyor usethedirectorybrowsebuttonto searchfor adifferentpath.

File: This automaticallyassembled�lename for the subsequenceconsists
of the following components:the projectname,its original extension,
startingandendingpositionanda .fna or .seq extension.

2.8 Performing Database Queries

GenAlyzer hastwo built-in BLAST andFASTA [34,30] databasequeryforms,whichfacil-
itatestheusertodirectarepeatsequenceincludingaFASTA headerto theNetscapeNavigator.

In the following exampleshown in Figure2.11,onesubsequencefrom the repeatcluster
foundin Pyrococcusabyssiwassubmittedto aBLAST query. Theresultshowsthesamefrag-
mentin Pyrococcushorikoshii, anotherhyperthermophilicorganismfrom thearcheaefamily.
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Figure2.11:Submittinga repeatto BLAST

Apart from the built-in queryforms, the usercanimplementher own �ll-in forms to ac-
cessany given databases.TheseHTML templateforms must be storedin the directory
s /.reputer , and is scannedat programstartup. In addition to the built in BLAST and
FASTA entries,theformsappearasadditionalmenuitemsin theDatabaseoptionmenuin the
Inspectorwindow (Figure2.12).
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Figure2.12:Userspeci�eddatabasequeryform appearin thedatabaseOptionmenu

The �ll-in forms consistof HTML code,describingthe customform elements,plus the
keywordREPSEQ. Thefollowing codefragmentshowsasimpledatabasequeryform:

<HTML>
<BODY>

Submit your Sequence.

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

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

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

<BODY>
<HTML>

The keyword REPSEQspeci�es the positionwherethe repeatssequenceselectedin the In-
spectorwindow is inserted.Thekeyword mustbewritten at thestartof a singleline. In this
example,REPSEQwill automaticallybereplacedby therepeatsequenceincludinga FASTA
headercontainingtherepeatproperties.
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The resultingHTML codeis written to harddisk and�nally transferredto the Netscape
browser1. Clicking the OK button, performsa CGI post action which tries to invoke the
programa cgi script in thecgi-bin directoryof theWebservera.server.de .

<HTML>
<BODY>

Submit your Sequence.

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

<TEXTAREANAME="sequence" ROWS=8COLS=60>
>Generated by GENALYZER; ID=2502, Length=11, Pos1=3750[...]
gcaagtttcatgattcgcgctgactaaagga
</TEXTAREA>

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

<BODY>
<HTML>

2.9 Running GenAlyzer in Batc h Mode

Whencalledwith theargument--help , GenAlyzer producesa list of all availablecom-
mandline options:

> genalyzer --help

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

1If a browseris preferredwhich doesnot supporttheexecutionof a commandin analready-runningbrowser
process,theHTML ®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 PNG image 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: PNG width 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

Themajority of optionsis usedto customizethebatchmode.This operationmodeis very
useful to automaticallygeneraterepeatgraphsfrom a large numberof input �les without
interferenceof theuser. Insteada Shellor PERL scriptcanbeusedto processcommandline
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 portablepixmapimageswerecreatedandthenconverted
to portablenetwork graphicsimages.The �rst containsthe repeatgraph,thesecondit' s as-
sociatedcolor key. Finally, GenAlyzer producesanHTML �le which containstherepeats
graphasclickablemapandthealignmentof all repeats.

Next follows a descriptionof thecommandline optionsavailablefor GenAlyzer . Most
optionsareusedin batchmodeonly.
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-help Displaythecommandline optionshelp.

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

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

-d Includedirectrepeatsin thegraphproducedin batchmode.

-p Includepalindromicrepeatsin thegraph.

-width wCreateanimageof thespeci�edwidth. Thedefault width is 790pixels.

-height h Createanimageof thespeci�edheight.Thedefaultsizeis width/2.257pixels.

-keywidth wThewidth of thecolorkey canbespeci�edindependentlyby thisparameter.

-ppm2png Thebatchmodeproducesaportablepixmap(ppm)imageby default. This is an
easyto handletext basedimageformatwhich canevenbe modi�ed by anASCII text
editor like Emacs.If theresultingimage�les areto beusedin HTML documents,the
ppm image�les shouldbe convertedto portablenetwork graphic(png) images,since
ppm�les arenotsupportedin mostHTML browsers.

-html A HTML �le is generatedwhich canbeimmediatelypublishedto theInternet.The
repeatsgraphis presentedasclickablemap(comparechapter2.6.5,“ExportingResults
to theInternet”).Thisoptionrequirestheoption-ppm2png .

-netscape If thisoptionis speci�ed,GenAlyzer triestopassthenewly producedHTML
�le to analreadyrunningNetscapeNavigatorwindow. Thisoptionrequires-html .

-wait sec This optionshows the repeatgraphduringbatchprocessingfor thespeci�ed
time.

input file Theinput �le usedto generatetherepeatgraph.If this parameteris supplied
without the -batch option, GenAlyzer is startedin normal interactive modeand
immediatelydisplaystherepeatsgraphfor thespeci�ed�le.
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2.10 Annotating the Visualization

An additional�le canbecreatedmanuallyor by shellscriptsto annotatetherepeatsvisualiza-
tion. An annotation�le might look 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

|| 0 0 5027 5431 #FFFFFF #1.04 PlyA
V 1 1 6327 6431 #00FF00 #1.07 Intr
* 0 1 9676 10548 #FF00FF #1.03 Intr

As shown in theexampleabove,theannotationmustbea text �le of thefollowing format:

Symbol Strand Anno Set Pos 1 Pos 2 Color Comment

Symbol :
ThisASCII text symbolis translatedinto agraphicalannotationmarker:

Text Symbol GraphicsMarker
=

<=
=>

<=>
-

<-
->
<-
V
O
*

| ( � )

|| ( � )

Table2.1: AvailableGenAlyzer annotationsymbols

Pos 1 andPos 2:
Theseparametersdenotethe startingand endingposition of the annotationsymbol.
Note, that somesymbolsthat have no horizontalextensionrequireonly oneposition
value. Neverthelessa secondpositionmust be suppliedwhich canhave an arbitrary
value.
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Color
The Color entry can either be a hexadecimalvalue starting with a hashcharacter
#RRGGBB, consistingof threetwo digit hexadecimalvaluesfor red,greenandblue.For
example,#FF0000 meansred,#00FF00 meansgreen.This notationis widely used
for HTML documents.Alternatively, Color canbeoneof the752color identi�ers as
speci�edundermostUNIX systemsin the�le /usr/X11R6/lib/X11/rgb.txt :

! $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 therepeatsgraphcanhave its own setof annotations,consistingof up to
10 individual rows. TheStrand parameterspeci�esif anannotationsymbolis drawn
parallelto theupperor to thelowerstrand.TheAnno Set parameterspeci�estherow
theannotationsymbolshouldbein.

TheGenAlyzer packagescontainsanumberof PERL scriptsto generateannotationfor-
mat�les from third partyprogramoutput:

� genscan2repanno : Convert GENSCAN[7] outputto GenAlyzer annotationfor-
mat.

� repeatmasker2repanno : Convert RepeatMasker output to GenAlyzer an-
notationformat.

Theresultingannotation�le is thenloadedvia the“Edit” menuin theInspectorwindow, as
shown in Figure2.13.
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Figure2.13:Annotatingamatchgraph

Similar to the repeatinformationdisplayedin the “Match DataBrowser” after clicking a
repeaton thestrandsymbol,thedataassociatedwith anannotationsymbolcanbedisplayed
in the“AnnotationBrowser”.

2.11 The Preferences Dialog

In the preferencesdialog many programproperties,like the startupbehavior, can be cus-
tomizedvia four differenttabs(seeFigure2.14):

Visualization: Heretheusercandeterminethecolor gradientto beusedin thematchgraph
2.14. Additionally, theusercanspecifywhetherto displayeitherall repeats
at visualizationstartupor only themostlongest,which is normally themost
signi�cant repeat.

Info Dialogs: To reducethe needto answerpopupwindows, GenAlyzer allows to sup-
pressa numberof popupwindows and to assumea certainanswerto fre-
quentlyappearingquestions.Thecustomizablelist is shown in Figure2.14.

WWW: In the currentversionof GenAlyzer , the Internetconnectivity is usedpri-
marily to connectto BiBiServ andcheckfor programupdates.Sometimes,
the Internetis only reachablevia a proxy server. GenAlyzer supportsthe
useof aHTTPproxy server: serverandport canbespeci�edhere.

Advanced: This tab providesa resetbutton to bring the preferencesto the default state,
andallowsto formatastringfor externalbrowser.
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Figure2.14:ThePreferencesDialog

2.12 The Project Info Dialog

The info dialog canbe evoked throughthe Info Toolbutton. Here,the usergetsa chanceto
review projectparametersandinput sequenceswhichwereusedto computethecurrentsetof
repeats(Figure2.15).
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Figure2.15:TheProjectInfo Dialog

2.13 The Log Dialogs

Two log dialogswhich canbe enabledor deactivatedthroughthe preferencesdialog, report
thecurrentprogramactivity. Sincerepeatscalculationcanbea time consumingprocess,it is
agoodideato monitorthecurrentcalculationstatevia thelog dialog(Figure2.16).

Figure2.16:Thecalculationlog

2.14 Checking for Updates

This entry in theHelp menusearchesfor a new versionof GenAlyzer . If an Internetcon-
nectionis available,GenAlyzer connectsto theBiBiServandretrievesinformationwhether
asoftwareupdatewasreleased(Figure2.17).
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Figure2.17:Checkingfor softwareupdates

2.15 The About Dialog

The About dialog shows which versionof GenAlyzer is currently running and also the
cooperationpartnerswho havecontributedto thisproject.

2.16 Keyboar d Acceleration

To speedup theprocessof repeatscalculationprocess,many programfeaturesareaccessible
via keyboardshortcuts.Themostimportantshortcutsarelistedhere:

� ALT-q : closestheactivewindow

� ALT-1 : launchstep1 of thecalculationprocess

� ALT-2 : launchstep2 of thecalculationprocess

� ALT-v : launchInspectorvisualization

� ALT-m: launchMatchDatawindow
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