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Genomesevolve with bothmutationsandlargescaleevents,suchasinversions,translocations,dupli-
cationsandlosses,that modify the structureof a setof chromosomes.In orderto studythesetypes
of large-scaleevents,the �rst task is to select,in differentgenomes,sub-sequencesthat areconsid-
ered“equivalent”. Many approacheshave beenusedto identify equivalent sequences,eitherbased
on biologicalexperiments,geneannotations,or sequencealignments.Thesetechniquessuffer from a
variety of drawbacksthatoften result in the impossibility, for independentresearchers,to reproduce
the datasetsusedin the studies,or to adaptthemto newly sequencedgenomes.In this paper, we
show that carefullyselectedsmall probescanbeef�ciently usedto constructdatasets.Oncea setof
probesis identi�ed – andpublished–, datasetsfor wholegenomecomparisonscanbeproduced,and
reproduced,with elementaryalgorithms;decisionsaboutwhatis consideredanoccurrenceof a probe
in a genomecanbecriticizedandreevaluated;andthestructureof a newly sequencedgenomecanbe
obtainedrapidly, without theneedof geneannotationsor intensive computations.

1. Intr oduction

Thestudyof genomerearrangementsstartedat thebeginningof thelastcenturywhenev-
idenceof inversionsof large segmentsof DNA were actually observed by Dobzhansky
andSturtevant in the chromosomesof Drosophilapseudoobscura [8]. Their technique,
which is bestdescribedasvisualhybridizationof pairedhomologousrearrangedchromo-
somes,yielded the ®rst datasetthat could be usedto infer phylogeneticrelationshipbe-
tweenspeciesusing“gene” order. In that study, the word “gene” referredto sectionsof
chromosomesandwereidenti®edby acombinationof numbersandletters.

Since then, numeroustechniqueshave beendevelopedto comparethe structureof
genomesof differentspecies.Biological experiments,suchaschromosomepainting[16],
or hybridizationwith probes[11], are costly and lengthyproceduresthat are no longer
necessarywith sequencedgenomes.

For well-annotatedgenomes,thestraightforwardapproachof detectingwhetheragiven
specieshasa certaingeneworks only for the mostelementaryDNA molecules,suchas
animalmitochondrialgenomes[4]. In bacterialgenomes,for example,genefusionslead
eitherto theeliminationof valuableinformation,or to theaberrantfusionof distinctgene
families[13].
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A way to circumvent this problemis to work directly with raw sequences,bypassing
theannotationstep:wholegenomesarecomparedagainsteachother, andthegenomesof
eachspeciesarecut into large blocksof “conserved synteny” [5]. This usually requires
largecomputationalresources,andif new speciesareaddedto thestudy, thecomputation
mustbestartedoveragain.

Themain problemswith thesevarioustechniquesarethusthe technicaland®nancial
dif®culties of reproducingindependentlythe datasets,and of including new sequenced
genomesin existing dataset,or even “revised” genomes(this is the casefor genomeas-
semblyprojectswhichrepresentanongoingprocess,andwhereassemblyerrorscaneasily
be interpretedaslargescalerearrangements[3]). It would thusbe extremelyvaluableto
have a simple andef®cient methodto generatedatasetsfor the studyof whole genome
rearrangements.

In this paper, we proposea techniqueof virtual hybridizationbasedon setsof small
probes± up to afew hundrednucleotides±, whosepresence(s),absence,orderandorienta-
tion canbequickly andaccuratelydeterminedin agivengenome.Wegivetwo explicit sets
of probes,onefor themammalianchromosomeX, andonefor thechloroplastgenomes.

2. Virtual Hybridization

Approximatestringmatchingis de®nedasidentifying, in a text, substringsthataresimilar
to agivenstringp. In biologicalapplications,thetext is typically agenomicsequence,and
similarity is de®nedby scoringpossiblealignmentsbetweens andp. Numerousalgorithms
andscoringschemesareavailableto identify approximateoccurrencesof shortsequences
in genomicsequences,thebestknown beingtheBLAST [1] heuristicandvariationsof the
Smith-Watermanalgorithm[15].

In thefollowing, probesreferto shortsequencesof nucleotides,andvirtual hybridiza-
tion refersto thedetectionof occurrencesof theseprobesin agenomicsequence.Wedetect
anoccurrenceof a probep in a genomicsequenceif thereexistsanalignmentbetweena
substringp0 of p anda substrings of thesequencethatwith at leastI % identity andsuch
that the lengthof p0 is at leastL % of the lengthof p, with default valuesI = 80 and
L = 80.

Given a chromosomeC, anda setP of probes,the resultof a virtual hybridization
experimentis a signedsequencep1p2 : : : pn which givesthe orderandorientationof the
occurrencesof probesof P in chromosomeC. A probecanhavemorethanoneoccurrence,
or beabsentfrom a givenchromosome.

2.1. ProbeSelection

Theconstructionof a setof probescanbedonein severaldifferentways,theeasiestbeing
theuseof alreadyidenti®edsetsof markerscommonto differentspecies.This approachis
usedin Section3 in orderto constructsetsof probesfor themammalianchromosomesX.
A alternateapproachis describedin Section4 in whichwepresentasoftwaretool thatcan
assisttheselectionprocedure.
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The two approachesto probeselectionare ®rst basedon a multiple alignmentof a
smallsetof genomes,calledreferencegenomes, in whichprobesareselected.Theselected
probescanthenbe hybridizedwith genomesdifferent from the referencegenomes.For
example,in thechromosomeX study, thereferencegenomesarethehuman,mouseandrat
assembliesusedin [5]. Thesetof probeswasthenusedto analyzerearrangementsin the
dogandRhesusmonkey chromosomesX.

Any methodof probeselectionimplies a seriesof choicesthat canbe discussedand
revised.However, onceasetof probesis ®xed,theinformationobtainedin thecomparison
of genomesis easily andcompletelyreproducible. The setsof probesdiscussedin this
paper, andsoftwareto generatedatasets,areavailableatcgl.bioinfo.uqam.ca/vhybridization.

2.2. ProbeUsefulness

Genomerearrangementstudiesare all ultimately basedon datasetsthat are signedse-
quencesof markers.Thesemarkerscanbegenes,introns,exons,domains,probesor larger
segmentsof DNA. An occurrenceof a marker in a genomeis speci®edby its startand
endpoints,andits orientation(+ or -). We assumethat the markersarenon-overlapping
in eachgenomein thestudy. ThedatasetD of thestudyis thusa setof signedsequences
correspondingto theorderandorientationof occurrencesof themarkersin variouschro-
mosomes.

De�nition 2.1. A setP of probesis usefulwith respectto agivenstudyif thedatasetD of
thestudycanbereconstructedusingvirtual hybridization.

Wesaythataprobe± or its reversecomplement± detectsamarkerm in achromosome
if: 1) It hasexactly oneoccurrencewithin eachoccurrenceof m, andthe orientationof
bothoccurrencesareequal.2) It hasnooccurrencesoutsideof occurrencesof m.

In orderto prove thata setof probescanreconstructthedatasetof a study, it suf®ces
to show thateachmarker of thestudyis detectedby at leastoneprobe. Givena setof n
differentprobesthatdetecta setof n differentmarkers,if C = (m1; m2; : : : :::; mk ) is a
sequencein datasetD thatdescribesachromosome,thenthevirtual hybridizationof theset
of n probeson this chromosomewill yield thesequenceC. In Figure1, for example,the
setof probesf a, e, hg canbe usedto reconstructthesequence(m1; m2; m3; � m1; m3),
while capturingmorerearrangements.

Figure1. An exampleof therelationsbetweensmallprobes,in black,andlargermarkers,in white. Thesubset
of probesf a,e,hg canbeusedto reconstructtheorderof themarkers.

For thechromosomeX study, weconstructedthreedifferentsetsof probes,all of which
can be usedto reconstructthe order of synteny blocksof [5]. However, sincegenome
assemblyareoftenrevised,we couldapplythevirtual hybridizationprocedureto themost
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recentassembliesof thethreereferencegenomes,evenif theprobeswereconstructedusing
theolderassemblies.

For chloroplastgenomes,we madesurethateachannotatedgeneof thechloroplastof
Arabidopsisthalianawasdetectedby atleastoneprobe.As aresult,wecanreconstructthe
datasetsof studiessuchas[7], thatusethesetof annotatedgenescommonto chloroplasts.

Adaptingdatasetsto revisedgenomes,or reconstructingexistingdatasetsis a®rst step.
Thereal challengeis to beableto identify rearrangementsin newly sequencedgenomes,
or genomesthataredifferentfrom thereferencegenomes.Wewill discusssomeaspectsof
this problemin thenext section.

3. From ChromosomeX Anchors to Setsof Probes

In orderto developsetsof probesto investigaterearrangementsin themammalianchromo-
somesX, we usedthesetof 12866three-way anchorsidenti®edin thecomparisonof the
human,mouseandratchromosomesX [5]. Weselectedthecorrespondingsequencesin the
humanchromosomeX (Apr. 2003assembly),andretainedonly anchorsthatwerelonger
than75 nucleotides.This initial setof probeswashybridizedagainstthemostrecentas-
sembliesof thehuman(Mar. 2006),mouse(Feb. 2006)andrat (Nov. 2004)chromosomes
X. With a thresholdof 80%identity over80%of thelengthof theprobes,theinitial setof
anchorswasreducedto 1593,afterduplicateandmissinghits wereremoved. This setof
probesis calledP-1593in thefollowing experiments.

The1593probesde®nethreesignedpermutationsthatexhibit 100conservedsegments,
meaningthat, in all threereferencechromosomes,theorderandorientationof theseseg-
mentsareconserved. In eachof theseconserved segments,we chosethe probethat had
maximal percentageof identity with the mousegenome. The resultingsetof probesis
calledP-100.Theaveragelengthof theprobesin P-100is 277,rangingfrom 76 to 1548
nucleotides.

Finally, we repeatedtheaboveselectionprocesswith a thresholdof 70%identity over
70% of the length of the probes,yielding 6858 probescommonto the threereference
genomes,that regroupedinto 334 conserved segments.Again, we chosethe probesthat
had maximal percentageof identity with the mousegenome,yielding the set of probes
P-334.

We ®rst investigatedhow thesesetsof probescapturedtherearrangementsof thethree
referencechromosomescomparedto the16 synteny blocksde®nedin [5]. Table1 shows
thateventhesetP-100capturesmuchmorerearrangementsthanthe16 blocks. Notethat
thedistancesareequalfor thesetsP-100andP-1593,which is a consequenceof how the
setP-100wasconstructed.

Thedistancesobtainedin Table1 for the threesetsof probesaresimilar to distances
thattake into accountbothmacroandmicrorearrangements[5]. Loweringthethresholdto
70%identityover70%of thelengthpredictablyincreasestheinversiondistance,sincethe
permutationsobtainedby hybridizationwith theP-334sethave morethanthreetimesthe
numberof breakpointsof thepermutationsobtainedby hybridizationwith theP-100set.

Using the threesetsof probes,we next hybridizedthe dog (Jul. 2005) andRhesus
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Table1. Inversiondistancesbetweenreferencechromosomesaccordingto different
setsof probes.

Pair of species 16synteny blocks P-1593 P-100 P-334
Humanandmouse 10 33 33 115
Humanandrat 10 59 59 166
Mouseandrat 10 45 45 134

monkey (Jan.2006)chromosomesX, with thesamethresholdsthatwereusedin thecon-
structionof the probes. In eachexperiment,abouta third of the probeswerenot found
eitherin thedogor theRhesuschromosomesX. Sincethesearestill draft assemblies,we
did not investigatefurtherthemissingprobes.Table2 givestheinversiondistancebetween
pairsof genomeswith respectto eachof thethreesetsof probes.

Table2. Inversiondistancesbetweenpairsof speciesaccord-
ing to differentsetsof probes.

Pair of species P-1593 P-100 P-334
HumanandRhesus 3 2 4
Humananddog 14 5 18
Rhesusanddog 13 3 14

Interestingly, for eachexperiment,detectedrearrangementswereall non-overlapping
inversions. It was also possibleto assigneachinversionto a speci®clineage. Table 2
raisessomequestionson thesizeandconstructionof thesetof probes.Clearly, themethod
of selectionof the P-100set hasa considerableimpact in assessingthe rearrangements
of the dog comparedto the primates.For suchcomparisons,the setP-1593seemsmore
appropriate,sincesomeof theconservedsegmentsbetweenthehumanandrodentsappear
to havebeenbrokenin thedoglineage.

4. Ab-initio Probesfor ChloroplastGenomes

A secondprojectwasto obtaina setof probesfor chloroplastchromosomes.Given the
relatively smallsizeof thesesequences,we useda semi-automatedapproachthatrelieson
visual inspection.We ®rst identi®eda setof candidateprobesusingglobalalignmentsof
thenon-duplicatedregionsof thereferenceschloroplastchromosomesof Table3.

Table3. Referencechloroplastchromosomes

Species Accession Sequence(gi)
Arabidopsisthaliana NC 000932 7525012
Calycanthus�oridus NC 004993 32480822
Pinusthunbergii NC 001631 7524593
Triticum aestivum NC 002762 14017551
Adiantumcapillus NC 004766 30352011
Psilotumnudum NC 003386 18860289
Huperzialucidula NC 006861 60117151
Chaetosphaeridiumglobosum NC 004115 22711893
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A globalalignmentwasobtainedwith MultiPipMaker[14]. Thesequenceof Arabidop-
sis thalianawaschosenasbasesequencefor themultiple alignment,which explainsthat
mostof theprobesbelongto theArabidopsisthalianachloroplastgenome.

The resultingalignmentwasparsedusinga visualizationsoftwarecalledPipViewer.
Thissoftwaretool providesarepresentationof themultiplealignmentwith acolorgradient,
from red to green,standingrespectively for low to goodscore.We developedPipViewer
to quickly displaylarge portionsof a multiple alignment,andto selectandmark blocks
of contiguousnucleotidesin the basesequence.Whena block s is selected,PipViewer
computesthevirtual hybridizationscoresof s on theremainingsequences.

A goodscoreis a non-ambiguousanswerto thequestion“Doestheprobehybridizeat
this placein theconsideredspecies?”. The®rst two columnsof Table4 show anexample
of a candidateprobeof length186thathybridizeswell with all speciesexceptPinusthun-
bergii. Thelasttwo columnsshow anexampleof a rejectedcandidateprobeof length286:
percentagesof identitybetween55% and70% areconsideredambiguousandyield to the
rejectionof thecandidateprobe.

Table4. Examplesof acceptedandrejectedcandidateprobes.

Acceptedcandidate(l = 186) Rejectedcandidate(l = 286)
Genome % Identity % Probelength % Identity % Probelength
Arabidopsisthaliana 100.0 100.0 100.0 100.0
Calycanthus�oridus 93.0 99.5 80.9 100.0
Pinusthunbergii 92.1 54.3 68.4 43.5
Triticum aestivum 93.5 100.0 79.4 100.0
Adiantumcapillus 81.7 100.0 65.8 99.2
Psilotumnudum 82.7 99.5 67.6 100.0
Huperzialucidula 91.9 100.0 71.8 100.0
Chaetosphaeridiumglobosum 88.2 100.0 75.8 100.0

Additionalprobeswereaddedto thisinitial setto coverannotatedgenesof thereference
chromosomesthat werenot detectedby the initial setof candidates.The resultingsetof
candidateprobeshad212elements.

Thesecondphaseof theselectionprocedurewasto eliminateoverlappingcandidates.
We usedthecontainmentclusteringalgorithmimplementedin ICAass[12] to detecttotal
or partial containmentbetweenprobes.Membersof eachclusterwerehybridizedon the
eightreferencechromosomes,andthemostspeci®cprobewasselected.Theresultingset
of probeshascurrently160elements,rangingfrom 65 bp to 288bp, with averagelength
144 bp. Table 5 gives the numberof occurrencesof probesin eachof the 8 reference
chromosomes.Notethataprobecanhavemorethanoneoccurrence,thusthetotalnumber
of occurrencescanbegreaterthan160.

4.1. Investigatingrearrangementsin chloroplastinvertedrepeats

In mostchloroplastchromosomes,the presenceof a large invertedrepeat,with variable
genecontent,is achallengeto currentmodelsof genomerearrangements.Oneof ourmain
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Table5. Hits of the160probeson thereferencechromosomes.

Genome Singlehits Doublehits Triple hits Total
(� 2) (� 3)

Arabidopsisthaliana 110 34 0 178
Calycanthus�oridus 115 31 0 177
Pinusthunbergii 102 6 0 114
Triticum aestivum 96 29 2 160
Adiantumcapillus 40 14 0 68
Psilotumnudum 74 19 0 112
Huperzialucidula 87 16 0 119
Chaetosphaeridiumglobosum 52 13 0 78

goal in developingthevirtual hybridizationtechniquewasto createa commondatasetto
studythesetypesof rearrangements.

Chloroplastchromosomesareusuallydepictedascircular moleculesdivided in 4 re-
gions (Fig. 2): a long single copy (LSC), a short single copy (SSC),and two repeated
regions(IRa andIRb). For example,in theArabidopsisthalianachloroplastchromosome,
thetwo repeatedregionshave100% identityover26264bp long. However, thereis ample
evidence[2] that chloroplastchromosomemoleculesexist in many othercon®gurations,
suchastheright partof Figure2.

Figure2. Chloroplastchromosomesareoften depictedas roundmoleculesdivided in 4 regions: LSC, SSC,
IRa,andIRb. RegionsIRa andIRb aretheexactinvertedWatson-Crickcomplementof eachother, thusthegene
contentof achloroplastchromosomecanbeanalyzedusingthecon�gurationon theright handside.

Amongthe160probes,23 of themcover theSSCregion andpartsof theneighboring
IR region. This subsetis particularlysuitableto studyrearrangementsthat occur in the
IRa-SSCandSSC-IRbjunctions.Table6 givestheaddressesof these23 probes,together
with a onelettercodethatwill allow usto representtheorderof theseprobes.

Figure3 gives the linear order of the 23 probesin seven chloroplastchromosomes,
illustrating thecomplex dynamicsof rearrangementsaroundtheSSCregion. Theserear-
rangementscannotbeexplainedby theclassicmodelsof inversions,tandemduplications
andlossesin linearsequences.

However, usinga representationsimilar to theright-handsideof Figure2, therelative
orderof the 23 probescanbe comparedwith stem-loopdiagrams(Fig. 4) that show the
“Ebb and�o w of thechloroplastinvertedrepeat”[9] in averyclearway.
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Table6. Addressesof the23probesthatspantheSSCregion

Code Sequence(gi) Address Code Sequence(gi) Address
A 14017551 98822-98897 B 7525012 123386-123510
C 7525012 123051-123169 D 22711893 99559-99740
E 30352011 125951-126108 F 7525012 111571-111716
G 7525012 112035-112194 H 7524593 106257-106331
I 7525012 114271-114351 J 32480822 115274-115356
K 14017551 106037-106135 L 7525012 116136-116278
M 7525012 117387-117565 N 7525012 117964-118080
P 7525012 119384-119489 Q 7525012 120115-120388
R 7525012 120856-120989 S 7525012 121481-121619
T 7525012 122013-122151 U 7525012 122648-122796
V 30352011 126930-127041 W 7525012 127115-127231
X 18860289 107775-107877
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Figure3. Linear orderof 23 probeson 7 chloroplastchromosomes,showing numerousgainsandlosses.The
SSCregion of eachchromosomeis representedby black dots, white dots representprobesthat belongto the
invertedrepeatregion. Namesin bold indicatespeciesthatarenot in thereferencechromosomes.

Figure4. Respective orderof probesof theSSCregion andpartof theinvertedrepeatof Triticum, Arabidopsis,
andPsilotum. ProbesB andC slip from theinvertedrepeatof Triticum to theright of SSCregionof Arabidopsis,
while probesF andG slip from theinvertedrepeatof Psilotumto theleft of SSCregion of Arabidopsis.

5. Conclusion

This paperpresenteda new approachto theconstructionof datasetsusedin genomerear-
rangementstudies. We beganto develop this approachwhenit becameclear that it was
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extremelydif®cult to shareor to reproducethedatausedin publishedpapers.Many deci-
sionsmustbemadewhenproducingpermutationsor sequencesthatcomparegeneordersin
differentspecies.Ourgoalwasto beableto give, in acompactway, all thetoolsnecessary
to reproduceourexperiments.

Chloroplastchromosomesaresmall, andwe could do probeselectionandvalidation
usingelementarytools. Thecorrespondingsetof probesseemsto beableto capturemost
of therearrangementsoccurringin chloroplasts.

ChromosomesX, ontheotherhand,arehugemolecules.Consequently, rearrangements
occurat very differentscales.A smallsetof probes,suchasP-100,canbeusedto detect
large scalerearrangementsin speciesthat arecloseto the referencegenomes.However,
we saw thatsucha setof probesbecomesinsuf®cientto analyzerearrangementsin farther
speciessuchasthedog,andthat thesetP-1593wasmoreadequate.The in�uence of the
phylogeneticspectrumspannedby both thereferencegenomesusedto selectprobes,and
theanalyzedgenomes,seemsthento beanissuethatshouldbeaddressed,in particularthe
questionof whenanew setof probesneedsto beconstructedfor thecurrentsetof genomes.

In this work, we did not considerbacterialgenomes.However, the natureof evolu-
tionaryeventsthataffect them± duplications,lateraltransferandgenelossesin particular
± inducesmany non trivial genefamilies. The analysisof bacterialgeneordersis thus
challenging(see[6]), and involvessophisticatedalgorithms. It would be interestingto
usetheprincipleof virtual hybridization,insteadof all-against-allcomparisonsof protein
sequences,with suchgenomes.
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