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Genomesvolve with both mutationsandlarge scaleevents,suchasinversions translocationsdupli-
cationsandlosses that modify the structureof a setof chromosomesin orderto studythesetypes
of large-scaleevents,the rst taskis to select,in differentgenomessub-sequencethat are consid-
ered“equivalent”. Marny approachefiave beenusedto identify equivalent sequencesgither based
on biological experimentsgeneannotationsor sequencalignments.Thesetechniquesufer from a
variety of dravbacksthat oftenresultin the impossibility for independentesearchergp reproduce
the datasetsisedin the studies,or to adaptthemto newly sequencedienomes.lIn this paper we
shaw that carefully selectedsmall probescanbe ef ciently usedto constructdatasetsOncea setof
probesis identi ed — andpublished-, dataset$or whole genomecomparisonganbe producedand
reproducedwith elementanalgorithms;decisionsaboutwhatis consideredin occurrenceof a probe
in agenomecanbecriticized andreevaluated;andthe structureof a nenly sequencedenomecanbe
obtainedrapidly, without the needof geneannotation®r intensve computations.

1. Intr oduction

The studyof genomeearrangementstartedat the beginning of the lastcenturywhenev-

idenceof inversionsof large segmentsof DNA were actually obsened by Dobzhansk

and Sturtevantin the chromosome®f Drosophilapseudoobscuar [8]. Their technique,
whichis bestdescribedasvisual hybridizationof pairedhomologougearranged¢hromo-
somesyieldedthe ®rst datasethat could be usedto infer phylogeneticrelationshipbe-
tweenspecieausing“gene” order In that study the word “gene” referredto sectionsof

chromosomeandwereidenti®edby a combinationof numbersandletters.

Since then, numeroustechnigueshave beendevelopedto comparethe structureof
genomef differentspecies Biological experimentssuchaschromosomeainting[16],
or hybridizationwith probes[11], are costly and lengthy procedureghat are no longer
necessaryith sequencedenomes.

Forwell-annotatedjenomesthestraightforvardapproactof detectingvhethera given
specieshasa certaingeneworks only for the mostelementaryDNA moleculessuchas
animalmitochondrialgenomeg4]. In bacterialgenomesfor example,genefusionslead
eitherto the eliminationof valuableinformation,or to the aberranfusion of distinctgene
families[13].
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A way to circumventthis problemis to work directly with raw sequencedyypassing
the annotationstep:whole genomesarecomparedagainsteachother andthe genomeof
eachspeciesare cut into large blocks of “consened syntery” [5]. This usually requires
large computationatesourcesandif new speciesareaddedto the study the computation
mustbe startedover again.

The main problemswith thesevarioustechniquesarethusthe technicaland®nancial
dif®culties of reproducingindependentlthe datasetsand of including new sequenced
genomesn existing datasetpr even “revised” genomegthis is the casefor genomeas-
semblyprojectswhichrepresenanongoingprocessandwhereassemblyerrorscaneasily
be interpretedaslarge scalerearrangement]). It would thusbe extremelyvaluableto
have a simple and ef®cient methodto generatedatasetdor the study of whole genome
rearrangements.

In this paper we proposea techniqueof virtual hybridizationbasedon setsof small
probest upto afew hundredhucleotidest, whosepresence(sabsencegrderandorienta-
tion canbequickly andaccuratelydeterminedn agivengenome We give two explicit sets
of probespnefor themammalianchromosomeX, andonefor thechloroplasigenomes.

2. Virtual Hybridization

Approximatestringmatchingis de®nedasidentifying, in atext, substringghataresimilar
to agivenstringp. In biologicalapplicationsthetext is typically agenomicsequenceand
similarity is de®nedby scoringpossiblealignmentdbetweers andp. Numerousalgorithms
andscoringschemesreavailableto identify approximateoccurrencesf shortsequences
in genomicsequenceshebestknown beingthe BLAST [1] heuristicandvariationsof the
Smith-Watermaralgorithm[15].

In thefollowing, probesreferto shortsequencesf nucleotidesandvirtual hybridiza-
tion refersto thedetectiornf occurrencesf theseprobesn agenomicsequenceWe detect
anoccurrenceof a probep in a genomicsequencdf thereexists analignmentbetweena
substringp® of p anda substrings of the sequencehatwith atleastl % identity andsuch
thatthe length of p®is at leastL % of the lengthof p, with default valuesl = 80 and
L = 80.

Given a chromosomeC, anda setP of probes,the resultof a virtual hybridization
experimentis a signedsequence p; : : : pn Which givesthe orderand orientationof the
occurrencesf probesof P in chromosom€. A probecanhave morethanoneoccurrence,
or beabsenfrom a givenchromosome.

2.1. ProbeSelection

Theconstructiorof a setof probescanbedonein severaldifferentways,the easiesbeing
the useof alreadyidenti®edsetsof markerscommonto differentspeciesThis approachs
usedin Section3 in orderto constructsetsof probesfor the mammalianchromosomeX.
A alternateapproachs describedn Sectiond in which we present softwaretool thatcan
assistheselectionprocedure.
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The two approacheso probe selectionare ®rst basedon a multiple alignmentof a
smallsetof genomescalledrefelencegenomesin which probesareselectedTheselected
probescanthen be hybridizedwith genomedifferentfrom the referencegenomes.For
example,in thechromosomé& study thereferencggenomesirethehumanmouseandrat
assembliesisedin [5]. The setof probeswasthenusedto analyzerearrangements the
dogandRhesusnonkey chromosomeX.

Any methodof probeselectionimplies a seriesof choicesthat canbe discussedand
revised. However, oncea setof probess ®xed,theinformationobtainedn thecomparison
of genomess easily and completelyreproducible. The setsof probesdiscussedn this
paperandsoftwareto generatelatasetsareavailableat cgl.bioinfo.ugam.ca/vhybridization.

2.2. ProbeUsefulness

Genomerearrangemenstudiesare all ultimately basedon datasetghat are signedse-
guence®f markers. Thesemarkerscanbegenesintrons,exons,domainsprobesor larger
segmentsof DNA. An occurrenceof a marker in a genomeis speci®edby its startand
endpoints,andits orientation(+ or -). We assumehatthe markersare non-overlapping
in eachgenomaein the study ThedatasetD of the studyis thusa setof signedsequences
correspondindo the orderand orientationof occurrence®f the markersin variouschro-
mosomes.

De nition 2.1. A setP of probeds usefulwith respecto a givenstudyif thedataseD of
the studycanbereconstructedisingvirtual hybridization.

We saythataprobet or its reversecomplement: detectsamarkerm in achromosome
if: 1) It hasexactly one occurrencewithin eachoccurrenceof m, andthe orientationof
bothoccurrencesreequal.2) It hasno occurrencesutsideof occurrencesf m.

In orderto prove thata setof probescanreconstructhe datasebf a study it suf®ces
to shav thateachmarker of the studyis detectecdby at leastoneprobe. Givena setof n
differentprobesthat detecta setof n differentmarlkers,if C = (my;my;::::;;my) isa
sequence dataseD thatdescribeschromosomethenthevirtual hybridizationof theset
of n probeson this chromosomawill yield the sequence&. In Figurel, for example,the
setof probesf a, e, hg canbe usedto reconstructhe sequencémy; my; ms; mg; ms),
while capturingmorerearrangements.

Figurel. An exampleof therelationsbetweersmallprobesjn black,andlarger marlers,in white. The subset
of probesf a, e, hg canbeusedto reconstructhe orderof the marlers.

ForthechromosomeX study we constructedhreedifferentsetsof probesall of which
can be usedto reconstructhe order of syntery blocksof [5]. However, sincegenome
assembhareoftenrevised,we couldapplythevirtual hybridizationprocedureo the most
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recentassembliesf thethreereferenceggenomesgvenif theprobesvereconstructedising
theolderassemblies.

For chloroplastgenomesywe madesurethateachannotatedyeneof the chloroplastof
Arabidopsighalianawasdetectedy atleastoneprobe.As aresult,we canreconstructhe
dataset®f studiessuchas([7], thatusethe setof annotatedyenescommonto chloroplasts.

Adaptingdatasetso revisedgenomesor reconstructinggxisting datasetss a ®rst step.
Thereal challengeis to be ableto identify rearrangementis nenvly sequencegenomes,
or genomegshataredifferentfrom thereferencagenomesWe will discusssomeaspect®f
this problemin the next section.

3. From ChromosomeX Anchors to Setsof Probes

In orderto developsetsof probego investigataearrangemenis the mammaliarchromo-
somesX, we usedthe setof 12866three-vay anchorsdenti®edin the comparisorof the
humanmouseandratchromosomeX [5]. We selectedhecorrespondingequencein the
humanchromosomexX (Apr. 2003assembly)andretainedonly anchorghatwerelonger
than75 nucleotides.This initial setof probeswashybridizedagainstthe mostrecentas-
sembliesof thehuman(Mar. 2006),mouse(Feh 2006)andrat (Nov. 2004)chromosomes
X. With athresholdof 80%identity over 80% of thelengthof the probestheinitial setof
anchorswasreducedo 1593, after duplicateand missinghits wereremoved. This setof
probess calledP-1593in thefollowing experiments.

The1593probesde®nethreesignedpermutationghatexhibit 100conseredsegments,
meaningthat, in all threereferencechromosomeshe orderandorientationof theseseg-
mentsare consered. In eachof theseconsered segments,we chosethe probethat had
maximal percentagef identity with the mousegenome. The resultingset of probesis
calledP-100. The averagelengthof the probesin P-100is 277, rangingfrom 76 to 1548
nucleotides.

Finally, we repeatedhe above selectionprocesswith athresholdof 70% identity over
70% of the length of the probes,yielding 6858 probescommonto the threereference
genomesthat regroupedinto 334 consered sggments. Again, we chosethe probesthat
had maximal percentagef identity with the mousegenomeyielding the set of probes
P-334.

We ®rstinvestigatechow thesesetsof probescapturedherearrangementsf thethree
referencechromosomesomparedo the 16 syntety blocksde®nedin [5]. Tablel1 shavs
thateventhe setP-100captureamuchmorerearrangementhanthe 16 blocks. Note that
the distancesreequalfor the setsP-100andP-1593 which is a consequencef how the
setP-100wasconstructed.

The distanceobtainedin Table1 for the threesetsof probesare similar to distances
thattake into accountbothmacroandmicro rearrangement®]. Loweringthethresholdo
70%identity over 70%of thelengthpredictablyincreasesheinversiondistancesincethe
permutationbtainedby hybridizationwith the P-334sethave morethanthreetimesthe
numberof breakpointof the permutation®btainedoy hybridizationwith the P-100set.

Using the three setsof probes,we next hybridizedthe dog (Jul. 2005) and Rhesus
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Tablel. Inversiondistancebetweerreferencehromosomeaccordingo different
setsof probes.

Pair of species 16syntery 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)chromosomeX, with the samethresholdghatwereusedin the con-
structionof the probes. In eachexperiment,abouta third of the probeswere not found
eitherin the dogor the RhesushromosomeX. Sincethesearestill draft assembliesye
did notinvestigatdurtherthe missingprobes.Table2 givestheinversiondistancebetween
pairsof genomewith respecto eachof thethreesetsof probes.

Table2. Inversiondistancedetweerpairsof 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,detectedrearrangementsere all non-overlapping
inversions. It was also possibleto assigneachinversionto a speci®clineage. Table 2
raisessomequestion®on thesizeandconstructiorof the setof probes.Clearly, themethod
of selectionof the P-100sethasa considerablempactin assessinghe rearrangements
of the dog comparedo the primates. For suchcomparisonsthe setP-1593seemamore
appropriatesincesomeof the consered sggmentsbetweerthe humanandrodentsappear
to have beenbrokenin thedoglineage.

4. Ab-initio Probesfor ChloroplastGenomes

A secondprojectwasto obtaina setof probesfor chloroplastchromosomesGiventhe
relatively smallsizeof thesesequencesye useda semi-automatedpproachhatrelieson
visualinspection.We ®rst identi®eda setof candidateprobesusingglobal alignmentsof
thenon-duplicatedegionsof thereferencegshloroplasithromosomesf Table3.

Table3. Referencehloroplastthromosomes

Species Accession  Sequencégi)
Arabidopsighaliana NC_000932 7525012
Calycanthusoridus NC_004993 32480822
Pinusthunbegii NC_001631 7524593
Triticum aestivum NC_002762 14017551
Adiantumcapillus NC_004766 30352011
Psilotumnudum NC_003386 18860289
Huperzialucidula NC_006861 60117151

Chaetosphaeridiurglobosum NC.004115 22711893
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A globalalignmentwasobtainedwith MultiPipMaker[14]. Thesequencef Arabidop-
sisthalianawaschosenasbasesequencédor the multiple alignment,which explainsthat
mostof the probesbelongto the Arabidopsighalianachloroplastgenome.

The resultingalignmentwas parsedusing a visualizationsoftware called PipViewer.
This softwaretool providesarepresentationf themultiple alignmentwith acolorgradient,
from redto green,standingrespectiely for low to goodscore. We developedPipViewer
to quickly displaylarge portionsof a multiple alignment,andto selectand mark blocks
of contiguousnucleotidesin the basesequence Whena block s is selected PipViewer
computeghevirtual hybridizationscoresof s ontheremainingsequences.

A goodscoreis a non-ambiguousnswerto the question‘Doesthe probehybridizeat
this placein the consideredpecies?”. The®rst two columnsof Table4 shov anexample
of acandidaterobeof length186thathybridizeswell with all speciesxceptPinusthun-
bemii. Thelasttwo columnsshonv anexampleof arejectedcandidateorobeof length286:
percentagesf identity betweerb5 % and 70 % areconsiderecambiguousandyield to the
rejectionof the candidateprobe.

Table4. Examplef accepte@ndrejectedcandidaterobes.

Acceptedcandidatgl = 186) Rejecteccandidatel = 286)
Genome % ldentity % Probelength % Identity % Probelength
Arabidopsighaliana 100.0 100.0 100.0 100.0
Calycanthusoridus 93.0 99.5 80.9 100.0
Pinusthunbedgii 92.1 54.3 68.4 435
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
Chaetosphaeridiurglobosum 88.2 100.0 75.8 100.0

Additionalprobesvereaddedo thisinitial setto coverannotatedienesf thereference
chromosomeshat were not detectedby theinitial setof candidates.The resultingsetof
candidatgrobeshad212elements.

The secondphaseof the selectionprocedurenvasto eliminateoverlappingcandidates.
We usedthe containmentlusteringalgorithmimplementedn ICAass[12] to detecttotal
or partial containmenbetweenprobes. Membersof eachclusterwere hybridizedon the
eightreferencechromosomesandthe mostspeci®cprobewasselected.The resultingset
of probeshascurrently 160 elementsrangingfrom 65 bp to 288 bp, with averagelength
144 bp. Table5 givesthe numberof occurrenceof probesin eachof the 8 reference
chromosomesNotethata probecanhave morethanoneoccurrencethusthetotal number
of occurrencesanbegreaterthan160.

4.1. Investigatingrearrangementsn chloroplastinvertedrepeats

In most chloroplastchromosomesthe presencef a large invertedrepeat,with variable
genecontent,s a challengeo currentmodelsof genomeaearrangement©neof our main
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Table5. Hits of the 160probeson thereferenceehromosomes.

Genome Singlehits  Doublehits  Triple hits  Total
(2 (3
Arabidopsighaliana 110 34 0 178
Calycanthusoridus 115 31 0 177
Pinusthunbegii 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
Chaetosphaeridiurglobosum 52 13 0 78

goalin developingthe virtual hybridizationtechniquewasto createa commondataseto
studythesetypesof rearrangements.

Chloroplastchromosomesare usually depictedas circular moleculesdivided in 4 re-
gions (Fig. 2): along single copy (LSC), a shortsingle copy (SSC),and two repeated
regions(IRa andIRb). For example,in the Arabidopsisthalianachloroplasithromosome,
thetwo repeatedegionshave 100% identity over 26264bp long. However, thereis ample
evidence[2] that chloroplastchromosomenoleculesexist in mary other con®gurations,
suchastheright partof Figure2.

IRa IRb
Ib

Figure2. Chloroplastchromosomesre often depictedas round moleculesdivided in 4 regions: LSC, SSC,
IRa, andIRb. RegionsIRa andIRb arethe exactinvertedWatson-Crickcomplemenbf eachother thusthegene
contentof achloroplastthromosomeanbe analyzedisingthe con gurationon theright handside.

Amongthe 160 probes,23 of themcover the SSCregion andpartsof the neighboring
IR region. This subsetis particularly suitableto study rearrangementthat occurin the
IRa-SSCand SSC-IRbjunctions. Table6 givesthe addressesf these23 probestogether
with a onelettercodethatwill allow usto representheorderof theseprobes.

Figure 3 givesthe linear order of the 23 probesin seven chloroplastchromosomes,
illustrating the complex dynamicsof rearrangementaroundthe SSCregion. Theserear
rangementgannotbe explainedby the classicmodelsof inversionstandemduplications
andlossedn linearsequences.

However, usinga representatiosimilar to theright-handside of Figure2, therelative
order of the 23 probescanbe comparedwith stem-loopdiagrams(Fig. 4) that shov the
“Ebb and o w of thechloroplasinvertedrepeat’[9] in avery clearway.
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Table6. Addressesf the 23 probesthatspanthe SSCregion

Code Sequencégi) Address Code Sequencégi) 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
| 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
\% 30352011 126930-127041 W 7525012 127115-127231
X 18860289 107775-107877

ABCFGHI JKLMNPQRSTUCBHGFWA
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Nicotiana |e |U |LI |U u |U |U |U |U |U |U u |U |U |U |U |U |LI |e
Triticum |e ee |U |U |U |U |U |U |U |U |U |U |U |U |U |e |e |e
Amborella |e |U |U |U |U |U |U |U |U |U |U |U |U |U |LI |U |e
Psilotum |e |e |e € |U |U |U u |U |U |U |U |U |U eee |e
Marchantia |e |U |U |U |U |U |U |U |U |U |U |U uuu |e
Chaetosphaeridium |e eeu |U u |U |U |U |U |U |U |U b |e |e
D E X EDV

Figure3. Linearorderof 23 probeson 7 chloroplastchromosomesshaving numerousgainsandlosses.The
SSCregion of eachchromosomes representedy black dots, white dots represenprobesthat belongto the
invertedrepeategion. Namesin bold indicatespecieshatarenotin thereferenceehromosomes.

A
B
C

M N

Triticum Arabidopsis Psilotum

Figure4. Respectie orderof probesof the SSCregion andpartof theinvertedrepeanf Triticum, Arabidopsis
andPsilotum ProbesB andC slip from theinvertedrepeabf Triticum to theright of SSCregion of Arabidopsis
while probesF andG slip from theinvertedrepeabf Psilotumto theleft of SSCregion of Arabidopsis

5. Conclusion

This paperpresentec new approacho the constructionof datasetsisedin genomerear
rangemenstudies. We beganto develop this approachwhenit becameclearthatit was
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extremelydif®cult to shareor to reproducehe datausedin publishedpapers.Many deci-
sionsmustbemadewhenproducingpermutation®r sequencethatcomparegeneordersn
differentspeciesOur goalwasto beableto give,in acompactwvay, all thetoolsnecessary
to reproduceour experiments.

Chloroplastchromosomesire small, andwe could do probeselectionand validation
usingelementarytools. The correspondingetof probesseemsgo be ableto capturemost
of therearrangementsccurringin chloroplasts.

ChromosomeX, ontheotherhand,arehugemolecules Consequentlyearrangements
occurat very differentscales.A small setof probes,suchasP-100,canbe usedto detect
large scalerearrangement® specieghat are closeto the referencegenomes.However,
we saw thatsucha setof probesbhecomesnsuf®cientto analyzerearrangements farther
speciesuchasthe dog,andthatthe setP-1593wasmoreadequateThe in uence of the
phylogeneticspectrumspannedy boththe referencegenomesisedto selectprobes,and
theanalyzedgenomesseemshento beanissuethatshouldbeaddressedn particularthe
guestiorof whenanew setof probeseedso beconstructedor the currentsetof genomes.

In this work, we did not considerbacterialgenomes.However, the natureof evolu-
tionary eventsthataffect themz duplications Jateraltransferandgenelossesn particular
+ inducesmary non trivial genefamilies. The analysisof bacterialgeneordersis thus
challenging(see[6]), andinvolves sophisticatedalgorithms. It would be interestingto
usethe principle of virtual hybridization,insteadof all-against-alicomparison®f protein
sequencesyith suchgenomes.

References

1. Altschul, S.F, Madden,T.L., Schafer, A.A., Zhang,J., Zhang,Z., Miller, W., Lipman, D.J.:
GappeBLAST andPSI-BLAST. anew generatiorof proteindatabassearctprogramsNucleic
AcidsResearh 25:3389+34021997.

2. Bendich,A.: Circular ChloroplastChromosomesThe Grandlllusion. ThePlant Cell, Vol 16,
1661+16662004.

3. Bérard,S.,Bemeron,A., Chau, C.: Conseredstructuresn evolution scenariosCompaative
GenomicRECOMB2004Workshop LNCS/LNBJ 3388:1+152005.

4. Boore,J.L.: Animal mitochondrialgenomesNucleicAcidsResearh, 27(8):1767+17801999.

5. Bourque,G., Perzner PA., Tesler G.: Reconstructinghe genomicarchitectureof ancestral
mammals:Lessondrom human,mouse,andrat genomesGenomeReseath, 14(4):507+516,
2004.

6. Blin, G, ChateauA., Chaue, C., Gingras,Y. Inferring positionalhomologswith commoninter-
valsof sequenceCompaative GenomiciRECOMB2006Workshop LNCS/LNB| 4205:24+38,
2006.

7. Cui, L., Yue,F., deRamphilis,C., Moret, B.M.E., andTang, J.: Inferring ancestrathloroplast
genomeswith invertedrepeat.Proceedingf the 2006 International Confeenceon Bioinfor-
maticsand ComputationaBiology (Biocomp'06) LasVegas,75+81,2006.

8. Dobzhansk, T., Sturtevant,A.T.: Inversiongn theChromosomesf Drosophilapseudoobscar
Genetics23:28+64,1938.

9. Goulding,S.E.,OlmsteadR.G., Morden,C.W., Wolfe, K.H.: Ebband ow of the chloroplast
invertedrepeatMolecularand Generl Genetics252:195+2061996.

10. MatsuoaM., Itob, Y., YamauchibR., Obokataa,).: The Rice NuclearGenomeContinuously



October7,2006 18:18 Proceeding3rim Size:9.75inx 6.5in apbc217a

10

11.

12.

13.

14.

15.

16.

17.

Integrates Shufes,andEliminatesthe ChloroplastGenomeo CauseChloroplastNucleaDNA
Flux. ThePlantCell, 17:665+6752005.

Olmstead R.G., Palmer J.D.: A chloroplastDNA phylogely of the Solanaceaesubfmilial
relationshipsand characterevolution. Annalsof the Missouri Botanical Garden 79:346+360,
1992.

Parsons,).D.: Improved Toolsfor DNA Comparisorand Clustering.ComputerApplicationsin
theBiosciencesl1:603+6131995.

Pasek,S.,Bemgeron,A., Risler, J.-L., Louis, A., Ollivier, E., Raf®not, M.: Identi®cationof ge-
nomicfeaturesusingmicrosyntenie®f domains:domainteams GenomeReseath, 15(6):867+
74,2005.

Schwartz, S., Elnitski, L., Li, M., Weirauch,M., Riemer C., Smit, A., Green,E.D., Hardison,
R.C., Miller, W.: MultiPipMaker and supportingtools: alignmentsand analysisof multiple
genomicDNA sequenceNucleicAcidsReseath, 31(13):3518+35242003.

Smith, T.F,, WatermanM.S.: Identi®cationof CommonMolecular Subsequencesournal of
MolecularBiology, 147:195+1971981.

SpeicherM.R., Ballard,S.G.,Ward,D.C.: Karyotypinghumanchromosomeby combinatorial
multi- uor FISH. Nature Genetics12:368+376,1996.

Wolf, P.G., Karol, K.G., Mandoli, D.F,, Kuehl, J., ArumuganathanK., Ellis, M.W., Mishler,
B.D.,Kelch,D.G.,OlmsteadR.G.,Boore,J.L.: The®rstcompletechloroplasgenomesequence
of alycophyte,Huperzialucidula(Lycopodiaceae)Gene 350(2):117+282005.



