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1 Intr oduction

The genusPseudomonass one of the mostdiversebacterialgeneracontainingover 60
validly describedspeciesisolatedfrom sourcesangingfrom plantsto contaminatedoilsand
waterto humanclinical samples. They are obligateaerobicchemooganotrophscapableof
living onawiderangeof aliphaticandaromaticcarboncompoundsNot surprisinglythegenus
Pseudomonais alsophylogeneticallyatherheterogenougontainingseveralsubgroupg3).

The genomesequence®f bacteriafrom four differentPseudomonaspecieshasrecently
beendetermined. Eachof thesespeciesepresentt major subclusternf the authenticPseu-
domonasspeciesP. aeruginosds a ubiquitouservironmentalbacteriumthatis oneof thetop
threecause®f opportunistihumaninfections,andwasthe rst speciesequence@30). Pseu-
domonagputidais a versatilesaprophyticorganismthat hasattractedconsiderablettention
dueto its potentialfor biotechnologicabpplicationg23). The genome®f P. aeruginosaand
P. putida containmary similar genes but exhibit differentcodonusage(36). Pseudomonas
syringaepathosartomatoDC3000is anorganismthatis phytopathogenifor tomatoandAra-
bidopsisthaliana(6). Finally, Pseudomonasior escenss a plantgrowth-promotingrhizobac-
terium,andthe sequencef P. uorescensSBW25hasbeen nished andis availablefrom the
SangerCenterweb page?, althoughat thetime of writing this genomesequencéasnot been
published.

The goal of this studyis to comparesomeof the propertiesof the genomeof theseorgan-
isms.First,thegenomesvill becomparedtthe DNA sequencéevel. Thengeneconseration
will be examined followedby ananalysisof sigma70 factors.Finally, the proteomewill be
comparedn termsof differencesn proteinfunction,basedon a keyword analysis.At all lev-
elsexamined- thatis, the DNA sequencegenesncodedandproteinfunction,Pseudomonas
syringaeappearso standoutamongsthefour Pseudomonaspecies.

2 A global view of the Pseudomonagenomes

Pseudonomadenomedypically have sizesbetween6 and 7 Mbp (seeTable 1); when
comparedo the morethanonehundredsequencetacterialgenomesonly a handfulof them
arelargerthanthe Pseudomonagenomesge.g. , the Bradyrhizobiumaponicumgenomeof 9.1
Mbp)?. P. aeruginosavasthelargestbacterialgenomeatthattime it wassequencedlthough
now the genomeappearsloserto be typical sizefor an ervironmentalbacteria. Among the
Pseudomonagenomesequencetb date theP. aeruginosaggenomehasthelowestAT-content
(33%), whilst the otherthreestrainshave 38—42%AT (seeTable 1). All four of the Pseu-
domonagienomesontainaround5450(+/- 100) genesandbetweem and7 rRNA operons
(seeTablel).

The fraction of repeatedequencesasshovn in Figurel A, is simpleyetimportantmea-
sureof a genomes properties. Global direct and global invertedrepeatswvere calculatedas
describecelsavhere(14), andthe fraction of the genomewith 80% or moreidentity to se-
guenceslsavherein the genomes shavn in Figurel A. Global repeatdnclude duplicated
regionsof thechromosomesuchasmultiple rRNA clusterstheaveragdevel of globalrepeats
in bacterialgenomess around4%. Of thefour genomesonly P. syringaedifferssigni cantly
in global repeatdrom the averageof 150 sequencegenomegsolid black barsin Figure 1).
Thelargeramountof globalrepeatsn P. syringaearein partre ective of thelargeramountof
transposablelementsn thisgenomg6).

http://iww  w.sanger.a c. uk/ Proj ect s/ P_flu or escens/
2A currentlisting of sequencedenomesanbefoundatthe GenomeAtlasvebresourcénttp://ww  w. cbs .
dtu.dk/ser vi ces/GenomeAtlas /



Organism Size(bp) % AT Number Number
Genes rRNA operons

P. aeruginosaPA01 6,264,403 334 5566 4
P. uorescen$SBW25 6,703,654 40.0 5480 5
P. putidaKT2440 6,181,863 38.5 5350 7
P. syringaepv. tomatoDC3000 6,397,126 41.6 5471 5

Tablel: Characteristicef four sequence®seudomonagenomesThesizeof P. uor escenSBW25genomes
anestimateébasednthe currentassemblyfrom the SangeiCenter

P. aeruginosahasa higherlevel of local repeatghanthe other Pseudomonagenomes.
This is in part dueto the lower %AT content(33%) thanthe othergenomes. As the base
compositiordeviatesmorefrom 50%AT contentthechance®f nding localrepeatsncreases.
Consistantvith thisis therelatively low local repeatevelsof P. syringae which hasthe %AT
contentclosestto 50% (e.g.,42% AT) of the four species.Local repeatscanplay a role in
DNA mutationsalthoughfor GC rich organismdike Pseudomonagherole of local repeats
is lessclear Finally, all the Pseudomonagenomedave a higherfraction of direct repeats
thaninvertedrepeatgbothglobally andlocally); thisis atrendseenin mostbacterialgenomes
(14 1).

Pseudomonagenomesalso differ from mary otherbacterialgenomesn thatthey have
a bias towards underrepresentatiorof purine stretcheswhilst on averagemost bacterial
genomedend towardson overrepresentatiorof purine stretchesas shavn in Figure 1 B.
In contrast,alternatingpyrimidine/purinestretchegendto be overrepresentedn the Pseu-
domonagienomesThis biasis likely dueto enviornmentalfactors(34; 36), andit is interest-

ing to notethatmary of the bacteriawith fewer purinestretcheshanexpectedaresoil bacteria
3

Figure1: Global DNA propertiesof Pseudomonagenomes.A. Direct and InvertedDNA Repeats.B. Biasin
Purineandpyr/purstretches.

2.1 Genomealignment.

ThecompleteDNA sequencesf threePseudomonagenomesverealigned,usingthe Ar-
timesComparisorTool (ACT), downloadedrom the SangerCenterweb site. In Figure?2 the
P. putidais in the middle, alignedagainsthe P. aeruginosagenome(top) andthe P. syringae
genomgbottom).As canbeseerfromthis gure, therearemary rearrangementsn particular
nearthereplicationorigin (e.g.,neareitheredgeof the gure), with lesssequenceonseration
nearthe replicationterminus(towardsthe middle of the gure). Inversionsaroundthe origin
of replication(often betweertwo rRNA operonsyarecommonin Pseudomonagenomesfor
examplethe PseudomonaaeruginosaPAO1 genomesequencedtrainis known to have un-
delgoneaninversionaroundthe replicationorigin, relative to otherPAO1 isolates(30). Thus,
althoughmary of the genesare consered within the differentspeciesthe relative location
within thechromosomeés likely to be quite different.

3Datanot shown, but a list of bacterialgenomessortedby this bias canbe found on our web site http:
IIww.cbs. dt u.d k/ servi ces/GenomeAtla s/A _DNAIn dex_Bacte ria _Perc entA DNAh tml



Figure 2: Alignment at the DNA level of the P. aeruginosa(top), P. putida (middle) and P. syringae(bottom)
genomesBlasthitswith a scoreof 750 or greaterareshown.

2.2 Genecomparison

In additionto the publishedgenomesavailable from GenBank,there are also available
severalPseudomonagenomegrom variousstrainswhich arenotin onecontiguouspiece,but
likely containall the proteins. Using BLAST (2), an all-against-allcomparisorof 7 public
availablePseudomonagenomesasbeenconstructedFor a systematicomparisonpotential
genesfor eachgenomewasdeterminedusing EasyGene(15 with an R-value of 2 asa cut-
off. All openreadingframesweretranslatednto their aminoacid sequencédor the BLAST
comparison.

A BLAST databasewas been generatedfor each proteomeand all proteomeswere
BLASTed againsteachof the databasesThis resultedin a matrix of BLAST reportsfrom
which alignmentsverecounted.Only alignmentswith aminimumof 80%overlappingamino
acidsandhaving anespectedalue(E-value)below wereincluded.Theparametersiere
setsuchthatonly the besthit pergenewasreported.

Basedon theseresults,the tableshavn in Figure 3 wasconstructedwhich visualiseghe
homology Eachcountof homologywascalculatedrelative to the numberof genesin each
of the genomes.Thatis, having 400 BLAST hits from a total of 4000 proteinsgives 10%
homology For homologiedetweemgenomesthe highestpossiblenumberof homolgy(100%)
wasillustratedwith a dark gray color, whilst the white color represent$0% homology For
homologieswithin genomesthe scalerangesfrom 0 to 2%. Within-genomehomologyis
obsenred down the diagonalof the BLAST table, whilst between-homologys obsered on
eachsideof thediagonal Notethatthe percentagef homologyis notidenticalin A compared
with B aswhenB is comparedwith A. This is dueto the fact that not all genomesave the
samenumberof proteins.Thatis, on eachsideof the diagonal similar hit countsareobsened
thoughthe percentagavill vary slightly dueto smalldifferencesn genenumber

Inspectionof Figure 3 shavs thatthe two P. aeruginosastrainsare quite similar to each
other both having in commonmorethan90% of the proteins,asdescribedusingthe above
criteria. However, thetwo P. syringaestrainshave only about70%of the proteinsin common,
andthetwo Pseudomonasior escenstrainscontainlessthan60%of the sameproteins.Thus
basednthislimited setof genomesit appearshatthe genomicdiversitywithin theP. aerug-
inosastrainsarelessthanthatof the otherPseudomonaspecies.An experimentalapproach
hasshawn that only about10% of the genesvary in mary P. aeruginosastrains. Basedon
theresultsdescribedere,this numberis likely to be muchhigherfor the otherPseudomonas
genomesilt is alsoworthnotingthatthetwo P. syringaestrainsseento differ themostfrom the
othergenomeswith anaverageof around45% homologsthis canbevisualisedby thelighter
colourin the bottomtwo rows in Figure3. Thusaswith the repeatsthe P. aeruginosaand
P. syringaegenomestandout asdistinctfrom the otherthree ,underdifferentcircumstances.

Figure3: Comparisorof geneencodedy sevendifferentPseudomonagenomesSeetext for details.

2.3 Sequencero le search for ECF type sigmafactors

Thereis greatdifferencein ability of variousmicrooiganismto adaptto changesn their
ervironment.At oneendof thescalewe nd parasitegandobligatesymbioticlifeforms,which
have evolvedto live in onevery constanervironment—e.g. insideanothercell. Pseudomonas



is at the otherend of the spectrumconsistingof freeliving specieswith the ability to adapt
to alarge numberof very differentervironments.This adaptatiorto differentervironmentis
to alarge extentattainedthroughexpressiorof differentsetsof genesunderdifferentcircum-
stancesln bacterigpartof this regulationis oftencontrolledby different -factors,whichcan
initiate transcriptionthroughthe recognitionof differentupstreamelements.The numberof
-factorsin anorganismcanbe considerednemeasuref its adaptability This numbetvaries
betweenl for pathogensvith small genomessuchas Mycoplasmagenetalium(12) and 65
for Streptomycegoelicolor (4). In the P. aeruginosaandP. syringaegenomeshereare 24
-factors. A detailedcomparisorof -factorsin thesetwo genomeg18) found 13 extragyto-
plasmic(ECF) -factorswith homologyto E. coli Fecl,whichis involvedin iron acquisition.

The related -factorsareboththemostatundantandthemostdiversefamily. Theevo-
lutionaryunrelated -factorsareusuallypresenin asinglecopypergenomeandhave not
beenincludedin thisanalysisalthoughthey arediscussedh anotherchapteiin thisbook,ded-
icatedto sigmafactors.The  family encompassdabeprimaryandtheECF -factors.Little
is known aboutmostof the ECF -factors,exceptthatmary of themareco-transcribedavith
their negative regulators,known as anti- -factors. Theseare often transmembrangroteins
servingandthusthoughtto actassensor®f the extracellularervironment(20).

Startingwith asingleECF -factorsequencé€SigY from B. subtilis), PSI-BLAST (2) was
usedfor identifying an initial sequencesetof putatve ECF -factor by searchingagainsta
databasef all ORFslongerthan300bpfrom 100bacterialgenomesA betterquality multiple
alignmentof thesesequencesvas constructedusing ClustalW (33) anda pro le HMM was
constructedisinghmmbuild from the HMMER packagg9). TheresultingHMM wasused
for searchinghe databasagainusinghmmsearch to identify amoreaccurateeCFset. This
procedurestartingfrom the ClustalWalignmentwasiterateduntil corvergencewasachiesed.

Usingthis method,we identi ed related -factorsin thegenomeof 7 Pseudomonas
speciesn Figure3. Thesimplestpossibleanalysisonecanperformis to simply countin each
genomehenumberof genesencoding /ECFtranscriptiorfactors,andtheresultsareshovn
in Figure4. Althoughfor genomedrom the rst threeof the Pseudomonaspecieshovn we
nd atleast23  related -factorsfor bothP. syringaegenomespnly 13 -factorsarefound.
Thismuchlowernumberof -factorsin P. syringaecomparedo theotherPseudomonais very
surprisingasthe lossof evena single -factorshouldresultin a numberof genesno longer
beingavailableto the cell asthey cannotbetranscribed.Thus,onceagain,P. syringaestands
outasunigueamongsthefour speciecompared.

Figure4: Comparisorof geneencodedy sevendifferentPseudomonagenomesSeetext for details.

2.4 Phylogeneticanalysisof ECF -factors

To analyzewhich speci ¢ groupsof -factorshave beenlostin P. syringag we madea
treeof all Pseudomonas -factors.Usingtheselfconsistenpro le HMM constructecbove,
hmmalign wasusedio alignall83 /ECFsequenceBom thefour Pseudomonaspecieso
themodel. Fromthe resultingalignmentthe mostconsered columnswereextracted namely
thosecorrespondingo matchstatesin the pro le HMM. Fromthis corealignment,pairwise
evolutionarydistancesvereestimatedisingtheprotdist ~ programfrom the Phylip package
(20). Finally, an evolutionarytreewas constructedisingthe UPGMA algorithm (Figure 5).
Wherein nite evolutionarydistancesverereportedby theprotdist ~ program adistanceof
99 (avery largedistancewasused.

All but oneof the -factorsmissingin P. syringaeareof theECFtype;only asmallnumber
of thesehave previously beenassociatedith pathogenandsymbiontg21). This ts verywell



Figure5: Phylogenetidareeof 83 Pseudomonas -factors,from thegenomesn Tablel. Singleletterabbrevia-
tionsareusedfor eachgenomeA = P. aeruginosaF = P. uor escensS = P. syringae andP = P. putida

with P. syringaebeinga plant pathogenput may at rst seemto contradictthe high number
of ECF -factorsfoundin the pathogenid®. aeruginosa However, P. aeruginosais only an
opportunistt pathogerandlivesfreely in soil too.

Thelossof FliA, oneof thefour majormember®fthe  family, is moresurprising.FliA
regulatesthe expressionof the agellar aswell aschemotaxisgenes. SinceP. syringaeare
known to have agella (26),they mightnow be undercontrolof another -factoror otherreg-
ulatory protein. Thelossof a -factorcaneitherleadto complementatiofrom othersystems
or lossof function of the genesregulatedby the -factor(17). While suchcomplementation
musthave takenplacefor the agella, it is likely thatsomechemotaxigenesave simplybeen
lost. Similarly, the lossof 10 ECF factorsis likely to resultin loss of function and possibly
pseudogenes theP. syringaegenome.

The otherthreemajor -factors(RpoD, RpoH and RpoS)are presentin all four Pseu-
domonasspeciesandform very clearclusters.In all threeclustersP. syringae P. uor escens
andP. putidaform acladewith P. aeruginosaseparatingrom themearlierin evolution. This
is consistentvith the 16SrRNA phylogely. Phylogeniesierived from thesethree -factors,
however, disagreeon the evolutionary relationshipbetweenP. syringae P. uorescensand
P. putida

3 Systematicfunctional comparisonof completegenomes

Sinceit is generallynot known which setsof genesn a genomeare underthe regulation
of which -factors,it is hardto puttheabaove resultsin afunctionalcontext. We approactthis
problemthrougha systematicsearchor differencesn thefunctionalcontentof thegenomes.

To accomplishthis we extractedall openreadingframeslongerthan 300 bp from each
of the four genomesandtranslatedhemto their correspondingiminoacid sequenceskFrom
theseBLAST databasewereconstructec@ndall pairwisecomparisonsvereperformedusing
gappedBLASTP with low compleity Iter enabled2). Eachof thesesetswasalsosearched
againstthe SWISS-PRT databasd€5). The SWISS-PRT databaseontainsonly proteins
which have beenexperimentallyveri ed andhave a known function. Hence,a goodBLAST
hit to SWISS-P®T meanghe chancegor knowing thetrue functionof the proteinaremuch
greatersinceasimilar proteinhasalreadybeencharacteriseth theliterature.

Basedon thesesimilarity searchesall Pseudomonaprotein sequencesvith signi cant
matcheqE-value betterthan ) to SWISS-PRT wereidenti ed. For eachof thesese-
guencedunctionalinformationin the form of SWISS-PRT keywordswastransferedrom
the bestmatch. As only sequencewith signi cant matchedo SWISS-PRT areusedin the
subsequerdnalysisthelarge numberof randomORFsdo not presenta problem.

Subsequentltheproteinsequencesniqueto eachof thefour Pseudomonalut possibly
presentn otherorganismsywereidenti ed. An E-value of wasusedas cutoff for the
BLAST matchesdor identi cation of homologsin boththe otherPseudomonaandin SWISS-
PROT. Similarly, the proteinsencodedy eachgenomehaving homologougjenesn all of the
threeotherspeciesvereidenti ed, asweretheproteinsshaving homologyto eachcombination
of two species.

For eachsuchsetof proteinsequences systematicsearchfor keywordsoverrepresented,
comparedo thereferencegenomewasperformedusinghypegeometricstatistics.The prob-



ability of observinga givenkeyword exactly timesin asamples

where isthesizeof thesample, isthesizeof thepool(i.e. thetotal numberof sequences
with signi cant matchego SWISS-PRT), and is thenumberof sequencekabeledwith the
keyword. Usingthe R statisticspackagewe have calculatedthe cumulative probability that
eachkeywordwould,atrandomoccurasmary or moretimesthantheactualobserednumber
i.e. thelevel of signi cancethata givenkeyword is overrepresenteith a particularpartition.
The signi cance of eachkeyword alsovariesdependingon which genomeis chosenas
reference. While this is not a problemwhen studying proteinspresentin only one of the
Pseudomonadt presents problemwhenstudyingproteinspresenin severalof thegenomes.

3.1 Biological interpr etation of the keywords

SWISS-PRT keyword Signi cance SWISS-PRT keyword Signi cance
P. aeruginosa All but P. syringae
Virulence Electrontransport
Plasmid Arabinosecatabolism
Arsenicalresistance
P. putida Flavoprotein
Methyltransferase
P. syringae All but P. aeruginosa
DNA recombination Serineprotease
Transposition Toxin
Transposablelement
Plasmid
Telluriumresistance All butP. uorescens
DNA-binding
P. syringaeandP. putida
Plasmid
Transposablelement Presentn all
Hypotheticalprotein Ligase
Intronhoming Proteinbiosynthesis
RNA-directedDNA polymerase DNA-binding
Endonuclease Transcriptiorregulation
Multifunctionalenzyme Aminoacyl-tRNA synthetase
Nuclease Tricarboxylicacidcycle
Ribosomaprotein
P. syringaeandP. uor escens Helicase
Hypotheticalprotein Lyase
Zinc- nger
P. aeruginosaandP. putida Metal-binding
Outermembrane Rotamase
Chemotaxis Sigmafactor
Fimbria ATP-binding

Table 2: Signi cantly overrepresentedWISS-PRT keywords associatedwith differencesamongthe Pseu-
domonagenomes.

Interestingly the numberof signi cantly overrepresentekleywordsin eachgenomesug-
gestsP. syringaeto be functionally mostdissimilarto the otherPseudomonaspecies.This
agreeswell with the muchlower numberof -factorspresentin its genome,andthe fewer
genedn commonwith otherPseudomonagenomesn Figure3.

The three most overrepresenteteywordsin P. syringaeare all relatedto transposons:
“DNA recombination”;Transposition”and“Transposablelement”.Indeed jnspectiorof the



P. syringaegenomerevealsthe presencef 13 differentfamiliesof transposonsThe keyword
“Plasmid”, which mayappeamnon-intuitive for chromosomagienescouldindicatethatalarge
numberof the genesonly foundin P. syringaemayhave beenincorporatedrom plasmids.

The nal keyword signi cantly overrepresentedmongP. syringaespeci ¢ genes;Tellu-
rite resistance”makesbiological senseoo, astellurium resistancéasindeedbeenreported
for P. syringae(8). The toxicity of tellurite is largely dueto it beingoxidative. The resis-
tancemechanisninvolvesreductionof the oxidative tellurite to a lessharmfulcompoundand
subsequerextrusion(32).

In P. aeruginosathe keyword “Virulence”and“Plasmid” arefoundto be overrepresented
amonggenesonly foundin this genome. The presencef virulencerelatedproteinsshould
not comeasa surprise,asP. aeruginosais known to be an opportunistt pathogen.As was
brie y mentionedor P. syringae the presencef proteinstypically found on plasmidsis also
not surprising. In fact, plasmidtransfermay very be the mechanisnby which P. aeruginosa
obtainedts virulencegenesassuchgenesareoftenfoundon plasmids.

Only one SWISS-PRT keyword, “Methyltransferase”displayedsigni cant overrepre-
sentatiorin the setof proteinsonly foundin P. putida. This keyword is closelyrelatedto one
foundto be overrepresentedmongproteinssharedby P. putidaandP. aeruginosa—namely
“Chemotaxis”. Thechemotaxignechanisnallowsbacterido move in anadvantageousvay by
measurindhegradientof repellantor attractantsAt themoleculadevel chemotaxisnvolves
anumberof sensonyproteins,methylacceptingchemotaxigproteins(MCP), thatmeasurehe
concentrationsf attractantandrepellantover time. MCP bind attractantor repellantsgi-
therdirectly or indirectly, throughinteractionswith periplasmidindingproteins.MCP canbe
methylatedandde-methylatedby methyltransferasef) altertheir activity.

A largenumberof keywordsareassociatedith proteinscommonto all four Pseudomonas
The vastmajority of thesewould also be expectedto be consered to otherspeciestoo as
they stemfrom essentiaprocessetike transcription translationandcentralpathwaysof the
metabolism(e.g. “Tricarboxylicacid cycle”). “Ligase” beingthe mostsigni cant of the key-
wordscanbe explainedby theinvolvementof ligasesn transcriptioraswell astranslation.

The keyword “sigmafactor” is oneof the moreinteresting. Accordingto this testthe -
factorsarevery well conseredin the PseudomonaDespiteP. syringaelackingmary of the

-factorsfoundin otherPseudomonas -factorsarestill overrepresentedmongthe proteins
conseredin all four Pseudomonas

Among the proteinsuniqueto/absenfrom eachof the four Pseudomonast is clearthat
P. syringaehasboth the mostsigni cant andlargestnumberof signi cantly overrepresented
keywords. The functionalityencodeddy the P. syringaegenomediffers from the otherPseu-
domonas—a nding consistentvith thestudyof -factorspossiblyindicatinglossof function
in theP. syringaegenomeaswell asthe BLAST resultsin Figure3.

4 Genomecomparisonatlases

Knowing thatfunctionaldifferencesxist amongthe Pseudomonast is interestingto ex-
amineif thesefunctionsarelocalizedwithin particularregionsunigueto the strain. Regions
thatarefoundin only in or moreof thegenomeganbedetectedn agenomecomparisoratlas.

4.1 Atlas visualization

Methodssuchasthe “atlas visualization”have previously proven very usefulfor gaining
an overview of local variationsin mary differentgenomicfeatures(14; 25; 29). We have
previously usedGenomeAtlasesto compareheP. aeruginosaandP. syringaegenomeg36).
Atlaseswill beusedherefor comparinggenomicfeaturesof the four Pseudomonaspeciesas



well asfor correlatingtheir differenceso DNA propertiesandthe functionalcharacterizations
obtainedrom thekeyword analysis.

The matchedetweenthe 3 publishedPseudomonagenomesverefound by aligning all
annotategroteincodinggenesagainstachother;all openreadingframeslongerthan300bp
weretranslatedandusedfor P. uorescens The BLAST matchesarevisualizedasthe outer
threecirclesin Figures6, 7, and8, representingachof the organismsagainstwhich BLAST
searchesvere performedanda fourth circle representingnatchesagainsthe SWISS-PRT
databasé5). For every proteinthe negative logarithmof the E-valueof the mostsigni cant
matchwascalculatedimposinga maximumscoreof 15for highly signi cant matches)These
valuesweremappedo the chromosomalocationof the correspondingenes.Thecolor scale
wasreversedsothatonly lack of hits appeatin the circle. This allows usto detectclustersof
proteingthatarefoundin only a subsebf theanalyzedrganismsOneachatlaswe alsoshav
thelocalizationof themostsigni cant keyword (or setof keywords)for thespeciein question.
Thesekeywordswereinferredfrom BLAST matchego SWISS-PRT andregionswerecolor
codedaccordingo their densityof geneshaving thekeyword(s).

In additionto thesesequencsimilarity basectircles,acircle shoving thelocal AT-content
is includedsinceit containdocal contextual DNA informationalongthe genome.t is visual-
izedusingadoublesidedcolor schemavhereregionsof with unusuallyhighor low AT-content
are highlightedin red andcyan, respectiely. The AT-contentis closely correlatedto mary
DNA structuralpropertieq25), but is alsoof interestbecausdoreign DNA acquiredthrough
lateralgenetransferoften hasa differentAT-content(13). A seconctircle shows the position
prefeence(oneof the structuralparametergeastcorrelatedo AT-contentwhichis ameasure
of anisotropic e xibility andregionsof low positionpreferencere generallycorrelatedwith
morehighly expressedjeneq27; 24).

The AT-contennly containgpartof theinformationthatcanbeencodedy thelocal base
composition. The restcanbe representetby a classof parametergalledskevs which have
provenvery usefulfor locatingthe origin andterminusof replicationin bacteria(16).

The skens areindependenof the AT-contentandinsteadrepresenpreference$or having
G'soverC's(theGC-skav) or A'sover T's(the AT-skewn) ononeof thetwo DNA strandsBoth
the absoluteandrelative strengthof theseskews vary greatlybetweenorganismsasdoesthe
orientationof the AT-skav comparedo the GC-skav. In the caseof Pseudomonashe skewvs
arestrongandanti-correlatedthey cantherefordavorablybe combinednto a singleskew, the
ketoskev, de ned as (19;14).

4.2 P. aeruginosa

Figure 6: Genomecomparisonatlasof P. aeruginosaPAOl. Eachof the concentriccircles represengenomic
featuresas describedn the gure legendon the right, with the outermostcircle correspondingo the top-most
featurein thelegend,andtheinnermostircle correspondingo the bottom-mosteaturein thelegend.Dark bands
in theouterfour circlesrepresenthelocationof genesvhich arenotconseredin otherPseudomonagenome®r

in SWISS-PRT (bluecircle,fourthlanein theatlas).TheinnerthreecirclescontainDNA structuralpropertiesas
describedn the“Atlas Visualisation”sectionof thetext.

Figure 6 shovs a GenomeComparisonatlasfor P. aeruginosa The outermostfour cir-
clesmapBLAST hits (or actuallythe absencéhereof)to genesncodedy the P. aeruginosa
genome Sincesomary of thegenesarein commorfor thedifferentgenomestheplacesvhere
genesareNOT consered areshadeddark. For example,therearetwo prophagepresentn
P. aeruginosabetweerD.5M and1.0M bp, labelledin Figure6), which arenotfoundin the
othergenomegdarkbandsn thefour outermostircles- notethatthe rst prophageloeshave



amatch(henceno darkband)in theP. syringaegenome) TheinnerthreecirclescontainDNA
structuralpropertiesasdescribedbore.

P. aeruginosaseparatedfom theotherPseudomonaspeciesarlierin the courseof evolu-
tion andhassincethenaquiredfunctionswhich allow it to be a oppotunistiqgpathogenin spite
of this, the majority of the genesin P. aeruginosahave homologsin the other Pseudomonas
genomesascanbeseenfrom therelatively few darklines (representingpooror not matches)
in the outercircles. For genesin P. aeruginosabut not in the other Pseudomonagenomes,
two SWISS-PRT keywordswerefoundto be signi cantly overrepresentediplasmid” and
“virulence”. Matchesto SWISS-PRT andthe otherPseudomongsaswell asthe positionas
genegelatedto the keyword “virulence” canbe seenin Figure6. The keyword “plasmid” is
not plottedasit is associateavith alarge numberof differentfunctionalitiesandis thusfound
throughouthegenome.

Unlike the other Pseudomonaspeciesin this study P. aeruginosais known to be a
pathogeninfecting humans,it shouldthereforebe possibleto seeregions of genesthat are
unigueto P. aeruginosaandhave the keyword “virulence”. The areamarkedTypelll sece-
tion is a goodexampleof that. The type lll secretionsystemis known to be a determinant
of thevirulenceof P. aeruginosa37; 11). The Hrp typelll secretiorsystemthatis foundin
P. syringaeandP. uor escenss capableof eliciting a hypersensitie responseén plant cells
(7). Thesimilarity betweerthe Hrp secretiorsystemandthetypelll secretiorsystemseenin
P. aeruginosads, however, only weakasthey sene differentfunctions.

Two prophagesrealsolabeledontheatlas.One,prophagePfl,is only foundin P. aerug-
inosa and a putative bacteriophagenarked100kb upstreamappeardo have a homologin
P. syringaebut notin thetwo otherPseudomonad hetwo labeledprophageegionshave very
high AT-contentcomparedo the restof the genomeasis the casefor aregionat4.7Mh This
regionwas—becausef thedifferencan AT-content—suggested beacandidatef horizontal
genetransfer(30). Thevery low valueof positionpreferencalsoseenin this region indicates
thattheregion s likely to containhighly expressedyenes.The correspondingproteinsmatch
sequencef SWISS-PRT andthe region as suchis consered amongPseudomonasThe
regionis anancientclusterof genesencodingseveral ribosomalproteins subunitsof the RNA
polymeraseandSecY(31). In P. syringaeandP. putidathe clusteris locatedat approximately
0.5Mb, indicatingthattheclusterwasrelocatedaspartof theproposedhromosomahversion
aroundtheorigin (30).

4.3 P putida

Figure7: GenomecomparisoratlasP. putidaKT2440. Thecirclesareasdescribedn Figure®6.

In P. putida one keyword was found to be signi cantly overrepresentedMethyltrans-
ferase”.Unlike thevirulencegenesn P. aeruginosathesegenesarenot foundto form clusters
within the genomeof P. putida. A numberof otherregionsfoundonly in P. putidaareseen
in Figure7. However, as mostof theseacquiredregions containgeneghat are not found in
SWISS-PRT either onecanonly speculatevhattheir functionsare.In afew casesvherethe
functionality of someof the geness known, they have beenfoundto increasehe metabolic
pro ciency of P. putida(35; 23).

Someof theregionsthat have matchego SWISS-PRT correspondo prophagesthese
werealsofoundto be connectedo viral proteinsby the phylomeanalysis.The T7 prophage
standsutin particularby alsohaving low positionpreferenceandinvertedketoskav compared
toits surroundingsincidentally theonly otherregion with strongskew inversionpresentn the
P. putidagenomealsohasvery low positionpreferencelt corresponds$o a geneencodinga

10



putative 8682aasurfaceadhesiorprotein,makingit thelargestof theannotategbroteincoding
genesdn P. putida.

Many of the insertedregionsin P. putida (but not the prophageshave a very high AT-
contentcomparedo the genomeaverage. This, togethemwith the numberof insertions,ndi-
categhatP. putidais highly suspectibléo genetransfer(35). Theregion labeledThymidylate
insertionis anexampleof onesuchregion; it is a 60kbelementinsertedn thethymidylateki-
nasegene.While mostof thegenesn thisregion areof unknonn function,four adjacengenes
have by homologybeenassociatedvith arsenic/arsenitessistanceln contrastto P. aerugi-
nosa P. putidais known to beresistanto botharseniteandarsenat€22).

4.4 P. syringae

Figure8: Genomecomparisoratlasof P. syringaepv. tomatoDC3000.

While P. putida is known to be resistanto arseniccontainingcompoundsthe keyword
“tellurium resistancewasfoundto be overrepresentedmongP. syringaespeci c genes.The
geneswith this keyword arelocalizedasonegenecluster which is labeledin Figure8.

Fromthe large numberof signi cantly overrepresentekeywordsfoundfor P. syringae it
is clearthatit is very differentfrom the otherPseudomonasThe mostsigni cant keywords
were “DNA recombination”,“transposableelement”and “transposition”,which are closely
relatedandthusshowvn togetherasonecircle (blackcircle in Figure8).

In additionto the genescorrespondindo thesekeywords, a numberof genesexist that
arefound neitherin otherPseudomonagenomesor in SWISS-PRT. Similar to whatwas
obseredin P. putida, thesegenesare clusteredwithin the genome althoughthe numberof
clustersis largerin P. syringae Onceagain,onecanonly speculateaboutfunction of these
genes.

Two suchunknown regions of approximatelyl00kb eachare found nearthe origin and
terminusof replication. This patternis neitherseenin P. putida nor in P. aeruginosa The
positioningof unknovn genesearthe origin is surprisingasthis region oftencontainshighly
expressechouseholdyenes. It is thusintriguing thatthe region haslow position preference
(indicatingthe possibility of highly expressedyenes)althoughit shouldbe notedthatthis is
thecasefor mary otherinsertedregionsaswell.

Next to theterminusis locateda clusterof geneghatarepresenin P. putidatoo but notin
thetwo otherPseudomonagenomesA numberof genedn thisregion furtherhave similarity
to SWISS-PRT sequencefrom the nitrogen xating soil bacteriumRhizobiumsp. strain
NGR234. However, the function of theseis not known, explaining why this group of genes
was not discoveredin the keyword analysis. Given that Rhizobiumlivesin symbiosiswith
plantswhile P. syringaeis a plantpathogenye suggesthatthisregionis alikely candidateof
lateralgenetransfer Thisis supportedy the high AT-contentof the region comparedo the
genomeaverageaswell asby theregion being anked by transposons

Figure9: Zoomof aregionwith mary transposablelementsandgenesuniqueto P. syringae

Although transposablelementsare dispersedhroughoutthe genome they appearto be
especiallyfrequentwithin the otherwiseuncharacterizedegions. Thisis in particulartrue for
theregion shovnin Figure9 (thisregionis labeledZoomin Figure8). Fromthezoomit is ob-
viousthatthe subrgionsof unknavn genesare anked by genesassociatedvith transposition.
Theregion doesnot only containgenesof unknonvn function—genevolvedin thesynthesis
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of the polyketidecoronafaci@acidarealsolocatedin theregion. Futhermorghylomeanalysis
suggesta possiblesourcefor thesegenesasthey are mostcloselyrelatedto actinobacterial
genes.Anotherobsenation madefrom phylomeanalysiswasthe relatively high numberof
P. syringaeproteinspredictedo be of eukaryoticorigin, whichis possiblydueto lateralgene
transferfrom thehostorganism.

5 Conclusions

We have comparedhe genome®f four differentPseudomonaspeciesusingseveral dif-
ferentapproachesand nd that,dependingn thefeaturessxamined,in somewaysP. aerug-
inosastandsout asuniqueamongsthe four, but in mary otherways,in particularin genome
variation,P. syringaeis signi cantly differentfrom theotherthree.lt is thefundamentaideaof
comparatie genomicgo usethe entiregenomessthebasisfor comparison—haever supris-
ingly few methodshave beendevelopedfor actuallydoingit. We presenta new approach:
a systematicstatisticalsearchfor differencesbetweenthe genefunctionspresentin a setof
genomesThis allows usto, without prior knowledge,obtainhintsaboutbiological properties
unigueto eachorganism.

Whenit comesto gaininganovervien of completegenomesit is dif cult to overestimate
theimportanceof goodvisualizationtechniquesThey enablescientistdo discoverrelationsin
thedatathatwould otherwisego unnoticedIn the presenthaptemwe have usedsuchamethod,
theatlasvisulization,to bothcomparehefour Pseudomonagenomego eachotherandrelate
their differenceso DNA structuralpropertiesaswell asgenefunctions.

Despitestrongphylogeneticsupportfor P. aeruginosabeingevolutionaryseparatedrom
the otherthreePseudomonast is clearly P. syringaethat standsout whenone performsthe
comparisonat the genomiclevel. This suggestghat the genomeof P. syringaemust have
undegonelarge changeswithin a relatively shorttimespanas part of adaptingto a symbi-
otic/parasitidifestyle. Marny suchchangesn theP. syringaegenomearerevealedby ouranal-
ysis,includethelossof mary genesanduptakeof otherswhichis likely to bemediatedoy the
large numberof transposonslispersedhroughoutits genome.The samemethodswhenap-
pliedto theP. aeruginosaggenomehighlightedanumberof featuregelatedto its pathogenicity
in particularthetypelll secretorysystem.
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Figure 1A. Repeatsin Pseudomonadyenomes
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