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1 Intr oduction

The genusPseudomonasis oneof the mostdiversebacterialgenera,containingover 60
validly describedspecies,isolatedfrom sourcesrangingfrom plantsto contaminatedsoilsand
water to humanclinical samples.They areobligateaerobicchemoorganotrophscapableof
livingonawiderangeof aliphaticandaromaticcarboncompounds.Notsurprisingly, thegenus
Pseudomonasis alsophylogeneticallyratherheterogenous,containingseveralsubgroups(3).

The genomesequenceof bacteriafrom four differentPseudomonasspecieshasrecently
beendetermined.Eachof thesespeciesrepresenta major subclusterof the authenticPseu-
domonasspecies.P. aeruginosais a ubiquitousenvironmentalbacteriumthatis oneof thetop
threecausesof opportunistichumaninfections,andwasthe�rst speciessequenced(30). Pseu-
domonasputida is a versatilesaprophyticorganismthat hasattractedconsiderableattention
dueto its potentialfor biotechnologicalapplications(23). Thegenomesof P. aeruginosaand
P. putida containmany similar genes,but exhibit differentcodonusage(36). Pseudomonas
syringaepathovartomatoDC3000is anorganismthatis phytopathogenicfor tomatoandAra-
bidopsisthaliana(6). Finally, Pseudomonas�uor escensis aplantgrowth-promotingrhizobac-
terium,andthesequenceof P. �uor escensSBW25hasbeen�nished andis availablefrom the
SangerCenterwebpage1, althoughat thetime of writing thisgenomesequencehasnot been
published.

Thegoalof this studyis to comparesomeof thepropertiesof thegenomeof theseorgan-
isms.First, thegenomeswill becomparedat theDNA sequencelevel. Thengeneconservation
will beexamined,followedby ananalysisof sigma70 factors.Finally, theproteomeswill be
comparedin termsof differencesin proteinfunction,basedona keywordanalysis.At all lev-
elsexamined- thatis, theDNA sequence,genesencoded,andproteinfunction,Pseudomonas
syringaeappearsto standoutamongstthefour Pseudomonasspecies.

2 A global view of the Pseudomonasgenomes

Pseudonomadgenomestypically have sizesbetween6 and 7 Mbp (seeTable 1); when
comparedto themorethanonehundredsequencedbacterialgenomes,only a handfulof them
arelargerthanthePseudomonasgenomes(e.g. , theBradyrhizobiumjaponicumgenomeof 9.1
Mbp)2. P. aeruginosawasthelargestbacterialgenomeat thattime it wassequenced,although
now the genomeappearscloserto be typical sizefor an environmentalbacteria.Among the
Pseudomonasgenomessequencedto date,theP. aeruginosagenomehasthelowestAT-content
(33%), whilst the other threestrainshave 38–42%AT (seeTable 1). All four of the Pseu-
domonasgenomescontainaround5450(+/- 100)genes,andbetween4 and7 rRNA operons
(seeTable1).

Thefractionof repeatedsequences,asshown in Figure1 A, is simpleyet importantmea-
sureof a genome's properties.Global direct andglobal invertedrepeatswerecalculatedas
describedelsewhere(14), and the fraction of the genomewith 80% or more identity to se-
quenceselsewherein the genomeis shown in Figure1 A. Global repeatsincludeduplicated
regionsof thechromosome,suchasmultiplerRNA clusters;theaveragelevel of globalrepeats
in bacterialgenomesis around4%. Of thefour genomes,only P. syringaedifferssigni�cantly
in global repeatsfrom theaverageof 150 sequencedgenomes(solid black barsin Figure1).
Thelargeramountof globalrepeatsin P. syringaearein partre�ective of thelargeramountof
transposableelementsin thisgenome(6).

1http://ww w. san ger.a c. uk/ Pr oj ect s/ P_f lu or esc ens/
2A currentlisting of sequencedgenomescanbefoundattheGenomeAtlaswebresourcehttp://ww w. cbs .

dtu.dk/ser vi ces /G enomeAt las /
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Organism Size(bp) % AT Number Number
Genes rRNA operons

P. aeruginosaPA01 6,264,403 33.4 5566 4
P. �uor escensSBW25 � 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

Table1: Characteristicsof four sequencedPseudomonasgenomes.Thesizeof P. �uor escensSBW25genomeis
anestimatebasedonthecurrentassemblyfrom theSangerCenter.

P. aeruginosahasa higherlevel of local repeatsthanthe otherPseudomonasgenomes.
This is in part due to the lower %AT content(33%) than the other genomes.As the base
compositiondeviatesmorefrom50%AT content,thechancesof �nding localrepeatsincreases.
Consistantwith this is therelatively low local repeatlevelsof P. syringae, whichhasthe%AT
contentclosestto 50% (e.g.,42% AT) of the four species.Local repeatscanplay a role in
DNA mutations,althoughfor GC rich organismslike Pseudomonas, therole of local repeats
is lessclear. Finally, all the Pseudomonasgenomeshave a higher fraction of direct repeats
thaninvertedrepeats(bothgloballyandlocally); this is a trendseenin mostbacterialgenomes
(14; 1).

Pseudomonasgenomesalsodiffer from many otherbacterialgenomesin that they have
a bias towardsunder-representationof purine stretches,whilst on averagemost bacterial
genomestend towardson over-representationof purine stretches,as shown in Figure 1 B.
In contrast,alternatingpyrimidine/purinestretchestend to be over-representedin the Pseu-
domonasgenomes.This biasis likely dueto enviornmentalfactors(34; 36), andit is interest-
ing to notethatmany of thebacteriawith fewerpurinestretchesthanexpectedaresoil bacteria
3.

Figure1: Global DNA propertiesof Pseudomonasgenomes.A. Direct and InvertedDNA Repeats.B. Bias in
Purineandpyr/purstretches.

2.1 Genomealignment.

ThecompleteDNA sequencesof threePseudomonasgenomeswerealigned,usingtheAr-
timesComparisonTool (ACT), downloadedfrom theSangerCenterwebsite. In Figure2 the
P. putidais in themiddle,alignedagainsttheP. aeruginosagenome(top) andtheP. syringae
genome(bottom).As canbeseenfromthis�gure, therearemany rearrangements- in particular
nearthereplicationorigin (e.g.,neareitheredgeof the�gure), with lesssequenceconservation
nearthe replicationterminus(towardsthemiddleof the �gure). Inversionsaroundtheorigin
of replication(oftenbetweentwo rRNA operons)arecommonin Pseudomonasgenomes;for
examplethe PseudomonasaeruginosaPAO1 genomesequencedstrainis known to have un-
dergoneaninversionaroundthereplicationorigin, relative to otherPAO1 isolates(30). Thus,
althoughmany of the genesareconserved within the differentspecies,the relative location
within thechromosomeis likely to bequitedifferent.

3Datanot shown, but a list of bacterialgenomes,sortedby this biascanbe found on our web site http:
//www.cbs. dt u.d k/ se rvi ce s/G enomeAt la s/A _DNA/in dex_Bac te ria _Perc entA DNA.h tml
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Figure2: Alignment at the DNA level of the P. aeruginosa(top), P. putida (middle) and P. syringae(bottom)
genomes.Blasthitswith ascoreof 750or greaterareshown.

2.2 Genecomparison

In addition to the publishedgenomesavailable from GenBank,thereare alsoavailable
severalPseudomonasgenomesfrom variousstrainswhicharenot in onecontiguouspiece,but
likely containall the proteins. Using BLAST (2), an all-against-allcomparisonof 7 public
availablePseudomonasgenomeshasbeenconstructed.For asystematiccomparison,potential
genesfor eachgenomewasdeterminedusingEasyGene(15), with an R-valueof 2 asa cut-
off. All openreadingframesweretranslatedinto their aminoacidsequencefor the BLAST
comparison.

A BLAST databasewas been generatedfor each proteomeand all proteomeswere
BLASTed againsteachof the databases.This resultedin a matrix of BLAST reportsfrom
whichalignmentswerecounted.Only alignmentswith aminimumof 80%overlappingamino
acidsandhavinganespectedvalue(E-value)below

	�
�	�
��

wereincluded.Theparameterswere
setsuchthatonly thebesthit pergenewasreported.

Basedon theseresults,the tableshown in Figure3 wasconstructed,which visualisesthe
homology. Eachcountof homologywascalculatedrelative to the numberof genesin each
of the genomes.That is, having 400 BLAST hits from a total of 4000proteinsgives10%
homology. For homologiesbetweengenomes,thehighestpossiblenumberof homolgy(100%)
wasillustratedwith a darkgray color, whilst the white color represents60% homology. For
homologieswithin genomes,the scalerangesfrom 0 to 2%. Within-genomehomologyis
observed down the diagonalof the BLAST table,whilst between-homologyis observed on
eachsideof thediagonal.Notethatthepercentageof homologyis not identicalin A compared
with B aswhenB is comparedwith A. This is dueto the fact that not all genomeshave the
samenumberof proteins.Thatis, oneachsideof thediagonal,similarhit countsareobserved
thoughthepercentagewill varyslightly dueto smalldifferencesin genenumber.

Inspectionof Figure3 shows that the two P. aeruginosastrainsarequite similar to each
other, both having in commonmorethan90% of the proteins,asdescribedusingthe above
criteria.However, thetwo P. syringaestrainshaveonly about70%of theproteinsin common,
andthetwo Pseudomonas�uor escensstrainscontainlessthan60%of thesameproteins.Thus
basedonthis limited setof genomes,it appearsthatthegenomicdiversitywithin theP. aerug-
inosastrainsarelessthanthatof the otherPseudomonasspecies.An experimentalapproach
hasshown that only about10% of the genesvary in many P. aeruginosastrains. Basedon
theresultsdescribedhere,this numberis likely to bemuchhigherfor theotherPseudomonas
genomes.It is alsoworthnotingthatthetwoP. syringaestrainsseemto differ themostfrom the
othergenomes,with anaverageof around45%homologs;thiscanbevisualisedby thelighter
colour in the bottomtwo rows in Figure3. Thusaswith the repeats,the P. aeruginosaand
P. syringaegenomesstandout asdistinctfrom theotherthree,underdifferentcircumstances.

Figure3: Comparisonof genesencodedby sevendifferentPseudomonasgenomes.Seetext for details.

2.3 Sequencepro�le search for ECF type sigmafactors

Thereis greatdifferencein ability of variousmicroorganismto adaptto changesin their
environment.At oneendof thescalewe �nd parasitesandobligatesymbioticlifeforms,which
haveevolvedto live in oneveryconstantenvironment—e.g. insideanothercell. Pseudomonas
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is at the otherendof the spectrum,consistingof freeliving specieswith the ability to adapt
to a largenumberof very differentenvironments.This adaptationto differentenvironmentis
to a largeextentattainedthroughexpressionof differentsetsof genesunderdifferentcircum-
stances.In bacteriapartof this regulationis oftencontrolledby different � -factors,whichcan
initiate transcriptionthroughthe recognitionof differentupstreamelements.The numberof

� -factorsin anorganismcanbeconsideredonemeasureof its adaptability. Thisnumbervaries
between1 for pathogenswith small genomes,suchasMycoplasmagenetalium(12) and65
for Streptomycescoelicolor (4). In the P. aeruginosaandP. syringaegenomesthereare24

� -factors.A detailedcomparisonof � -factorsin thesetwo genomes(18) found13 extracyto-
plasmic(ECF) � -factorswith homologyto E. coli FecI,which is involvedin iron acquisition.

The ����� related� -factorsareboththemostabundantandthemostdiversefamily. Theevo-
lutionaryunrelated����� -factorsareusuallypresentin a singlecopypergenome,andhave not
beenincludedin thisanalysis,althoughthey arediscussedin anotherchapterin thisbook,ded-
icatedto sigmafactors.The �

��� family encompassestheprimaryandtheECF � -factors.Little
is known aboutmostof theECF � -factors,exceptthatmany of themareco-transcribedwith
their negative regulators,known asanti-� -factors. Theseareoften transmembraneproteins
servingandthusthoughtto actassensorsof theextracellularenvironment(20).

Startingwith asingleECF � -factorsequence(SigY from B. subtilis), PSI-BLAST(2) was
usedfor identifying an initial sequencesetof putative ECF � -factor by searchingagainsta
databaseof all ORFslongerthan300bpfrom 100bacterialgenomes.A betterqualitymultiple
alignmentof thesesequenceswasconstructedusingClustalW(33) anda pro�le HMM was
constructedusinghmmbuild from theHMMER package(9). TheresultingHMM wasused
for searchingthedatabaseagainusinghmmsearch to identify a moreaccurateECFset.This
procedure,startingfrom theClustalWalignment,wasiterateduntil convergencewasachieved.

Usingthis method,we identi�ed �

��� related� -factorsin thegenomesof 7 Pseudomonas
speciesin Figure3. Thesimplestpossibleanalysisonecanperformis to simplycountin each
genomethenumberof genesencoding�

��� /ECFtranscriptionfactors,andtheresultsareshown
in Figure4. Althoughfor genomesfrom the�rst threeof thePseudomonasspeciesshown we
�nd atleast23 �

��� related� -factors,for bothP. syringaegenomes,only13 � -factorsarefound.
Thismuchlowernumberof � -factorsin P. syringaecomparedto theotherPseudomonasisvery
surprisingasthe lossof even a single � -factorshouldresultin a numberof genesno longer
beingavailableto thecell asthey cannotbetranscribed.Thus,onceagain,P. syringaestands
outasuniqueamongstthefour speciescompared.

Figure4: Comparisonof genesencodedby sevendifferentPseudomonasgenomes.Seetext for details.

2.4 Phylogeneticanalysisof ECF � -factors

To analyzewhich speci�c groupsof � -factorshave beenlost in P. syringae, we madea
treeof all Pseudomonas����� -factors.Usingtheselfconsistentpro�le HMM constructedabove,
hmmalign wasusedto alignall 83 �

��� /ECFsequencesfrom thefour Pseudomonasspeciesto
themodel.Fromtheresultingalignment,themostconservedcolumnswereextracted,namely
thosecorrespondingto matchstatesin thepro�le HMM. From this corealignment,pairwise
evolutionarydistanceswereestimatedusingtheprotdist programfrom thePhylippackage
(10). Finally, an evolutionarytreewasconstructedusingthe UPGMA algorithm(Figure5).
Wherein�nite evolutionarydistanceswerereportedby theprotdist program,a distanceof
99(a very largedistance)wasused.

All but oneof the � -factorsmissingin P. syringaeareof theECFtype;onlyasmallnumber
of thesehavepreviouslybeenassociatedwith pathogensandsymbionts(21). This�ts verywell
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Figure5: Phylogenetictreeof 83 Pseudomonas����� -factors,from thegenomesin Table1. Singleletterabbrevia-
tionsareusedfor eachgenome:A = P. aeruginosa,F = P. �uor escens, S= P. syringae, andP= P. putida.

with P. syringaebeinga plantpathogen,but may at �rst seemto contradictthehigh number
of ECF � -factorsfound in the pathogenicP. aeruginosa. However, P. aeruginosais only an
opportunisticpathogenandlivesfreely in soil too.

Thelossof FliA, oneof thefour majormembersof the �� �! family, is moresurprising.FliA
regulatesthe expressionof the �agellar aswell aschemotaxisgenes.SinceP. syringaeare
known to have �agella (26), they mightnow beundercontrolof another� -factoror otherreg-
ulatoryprotein.Thelossof a � -factorcaneitherleadto complementationfrom othersystems
or lossof functionof the genesregulatedby the � -factor(17). While suchcomplementation
musthave takenplacefor the�agella, it is likely thatsomechemotaxisgeneshavesimplybeen
lost. Similarly, the lossof 10 ECF factorsis likely to resultin lossof functionandpossibly
pseudogenesin theP. syringaegenome.

The other threemajor � -factors(RpoD, RpoH and RpoS)are presentin all four Pseu-
domonasspecies,andform very clearclusters.In all threeclustersP. syringae, P. �uor escens
andP. putidaform a cladewith P. aeruginosaseparatingfrom themearlierin evolution. This
is consistentwith the 16SrRNA phylogeny. Phylogeniesderived from thesethree � -factors,
however, disagreeon the evolutionary relationshipbetweenP. syringae, P. �uor escensand
P. putida.

3 Systematicfunctional comparisonof completegenomes

Sinceit is generallynot known which setsof genesin a genomeareundertheregulation
of which � -factors,it is hardto put theabove resultsin a functionalcontext. Weapproachthis
problemthrougha systematicsearchfor differencesin thefunctionalcontentof thegenomes.

To accomplishthis we extractedall openreadingframeslonger than300 bp from each
of the four genomesandtranslatedthemto their correspondingaminoacidsequences.From
theseBLAST databaseswereconstructedandall pairwisecomparisonswereperformedusing
gappedBLASTPwith low complexity �lter enabled(2). Eachof thesesetswasalsosearched
againstthe SWISS-PROT database(5). The SWISS-PROT databasecontainsonly proteins
which have beenexperimentallyveri�ed andhave a known function. Hence,a goodBLAST
hit to SWISS-PROT meansthechancesfor knowing thetruefunctionof theproteinaremuch
greater, sinceasimilarproteinhasalreadybeencharacterisedin theliterature.

Basedon thesesimilarity searches,all Pseudomonasprotein sequenceswith signi�cant
matches(E-valuebetterthan "�#%$'& ) to SWISS-PROT wereidenti�ed. For eachof thesese-
quencesfunctional informationin the form of SWISS-PROT keywordswastransferedfrom
thebestmatch. As only sequenceswith signi�cant matchesto SWISS-PROT areusedin the
subsequentanalysis,thelargenumberof randomORFsdonot presentaproblem.

Subsequently, theproteinsequencesuniqueto eachof thefour Pseudomonas(but possibly
presentin otherorganisms)were identi�ed. An E-valueof "�#($%) wasusedascutoff for the
BLAST matchesfor identi�cation of homologsin boththeotherPseudomonasandin SWISS-
PROT. Similarly, theproteinsencodedby eachgenomehaving homologousgenesin all of the
threeotherspecieswereidenti�ed, asweretheproteinsshowinghomologytoeachcombination
of two species.

For eachsuchsetof proteinsequences,a systematicsearchfor keywordsoverrepresented,
comparedto thereferencegenome,wasperformedusinghypergeometricstatistics.Theprob-
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ability of observinga givenkeywordexactly * timesin asampleis
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where ? is thesizeof thesample,@ is thesizeof thepool (i.e. thetotal numberof sequences
with signi�cant matchesto SWISS-PROT), and A is thenumberof sequenceslabeledwith the
keyword. Using the R statisticspackage,we have calculatedthe cumulative probability that
eachkeywordwould,at random,occurasmany or moretimesthantheactualobservednumber,
i.e. thelevel of signi�cancethata givenkeyword is overrepresentedin aparticularpartition.

The signi�canceof eachkeyword alsovariesdependingon which genomeis chosenas
reference. While this is not a problemwhen studyingproteinspresentin only one of the
Pseudomonas, it presentsa problemwhenstudyingproteinspresentin severalof thegenomes.

3.1 Biological interpr etationof the keywords

SWISS-PROT keyword Signi�cance

P. aeruginosa
Virulence BDC EGF�HJILKNM

Plasmid EDC O/F�HJI

KNM

P. putida
Methyltransferase P�C QGF�HJILKNR

P. syringae
DNA recombination STHJI

KNU

Transposition STHJI
KNU

Transposableelement STHJI
KNU

Plasmid QDC QGF�HJILKNM

Telluriumresistance QDC VGF�HJILKNM

P. syringaeandP. putida
Plasmid STHJI

KNU

Transposableelement STHJILKNU

Hypotheticalprotein STHJI

KNU

Intronhoming STHJILKNU

RNA-directedDNA polymerase SWHXILKNU

Endonuclease YDC VGF�HJI

KNZ

Multifunctionalenzyme BDC YGF�HJI
KNR

Nuclease QDC EGF�HJI

KNR

P. syringaeandP. �uor escens
Hypotheticalprotein O�C O/F�HJILKNM

P. aeruginosaandP. putida
Outermembrane [�C\H%F�HJI

KNM

Chemotaxis O�C QGF�HJILKNM

Fimbria EDC QGF�HJILKNM

SWISS-PROT keyword Signi�cance

All but P. syringae
Electrontransport BDC EGF�HJILKNR

Arabinosecatabolism H�C O/F�HJI

KNM

Arsenicalresistance QDC VGF�HJILKNM

Flavoprotein P]C IGF^HXIDKNM

All but P. aeruginosa
Serineprotease O�C\H%F�HJI

KNR

Toxin H�C EGF^HXI
KNM

All but P. �uor escens
DNA-binding O�C VGF�HJILKNM

Presentin all
Ligase H�C EGF^HXIDKN_

Proteinbiosynthesis O]C O/F^HXIDKN`

DNA-binding [�C YGF�HJI
KNZ

Transcriptionregulation QDC IGF�HJI
KNZ

Aminoacyl-tRNA synthetase H�C [/F�HJI

KNR

Tricarboxylicacidcycle H�C O/F�HJILKNR

Ribosomalprotein O�C\H%F�HJILKNR

Helicase H�C IGF^HXIDKNM

Lyase H�C VGF^HXIDKNM

Zinc-�nger H�C P/F�HJI

KNM

Metal-binding BLC\H%F^HXIDKNM

Rotamase BLC QGF^HXIDKNM

Sigmafactor QDC IGF�HJILKNM

ATP-binding EDC\H%F�HJILKNM

Table 2: Signi�cantly overrepresentedSWISS-PROT keywords associatedwith differencesamongthe Pseu-
domonasgenomes.

Interestingly, the numberof signi�cantly overrepresentedkeywordsin eachgenomesug-
gestsP. syringaeto be functionally mostdissimilarto the otherPseudomonasspecies.This
agreeswell with the much lower numberof a -factorspresentin its genome,and the fewer
genesin commonwith otherPseudomonasgenomesin Figure3.

The threemost overrepresentedkeywords in P. syringaeare all relatedto transposons:
“DNA recombination”,“Transposition”,and“Transposableelement”.Indeed,inspectionof the
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P. syringaegenomerevealsthepresenceof 13differentfamiliesof transposons.Thekeyword
“Plasmid”,whichmayappearnon-intuitivefor chromosomalgenes,couldindicatethata large
numberof thegenesonly foundin P. syringaemayhave beenincorporatedfrom plasmids.

The�nal keywordsigni�cantly overrepresentedamongP. syringaespeci�c genes,“Tellu-
rite resistance”,makesbiologicalsensetoo, astellurium resistancehasindeedbeenreported
for P. syringae(8). The toxicity of tellurite is largely due to it beingoxidative. The resis-
tancemechanisminvolvesreductionof theoxidative tellurite to a lessharmfulcompoundand
subsequentextrusion(32).

In P. aeruginosa, thekeyword“Virulence”and“Plasmid”arefoundto beoverrepresented
amonggenesonly found in this genome.The presenceof virulencerelatedproteinsshould
not comeasa surprise,asP. aeruginosais known to be an opportunistic pathogen.As was
brie�y mentionedfor P. syringae, thepresenceof proteinstypically foundonplasmidsis also
not surprising.In fact, plasmidtransfermayvery be themechanismby which P. aeruginosa
obtainedits virulencegenesassuchgenesareoftenfoundonplasmids.

Only one SWISS-PROT keyword, “Methyltransferase”,displayedsigni�cant overrepre-
sentationin thesetof proteinsonly foundin P. putida. This keyword is closelyrelatedto one
found to beoverrepresentedamongproteinssharedby P. putida andP. aeruginosa—namely
“Chemotaxis”.Thechemotaxismechanismallowsbacteriato movein anadvantageouswayby
measuringthegradientsof repellantsor attractants.At themolecularlevel chemotaxisinvolves
a numberof sensoryproteins,methylacceptingchemotaxisproteins(MCP), thatmeasurethe
concentrationsof attractantsandrepellantsover time. MCP bind attractantsor repellants,ei-
therdirectlyor indirectly, throughinteractionswith periplasmicbindingproteins.MCPcanbe
methylatedandde-methylatedby methyltransferases,to altertheiractivity.

A largenumberof keywordsareassociatedwith proteinscommontoall fourPseudomonas.
The vastmajority of thesewould alsobe expectedto be conserved to otherspeciestoo as
they stemfrom essentialprocesseslike transcription,translation,andcentralpathwaysof the
metabolism(e.g. “Tricarboxylicacidcycle”). “Ligase” beingthe mostsigni�cant of thekey-
wordscanbeexplainedby theinvolvementof ligasesin transcriptionaswell astranslation.

Thekeyword “sigmafactor” is oneof the moreinteresting.Accordingto this testthe b -
factorsarevery well conservedin thePseudomonas. DespiteP. syringaelackingmany of the

b -factorsfoundin otherPseudomonas, b -factorsarestill overrepresentedamongtheproteins
conservedin all four Pseudomonas.

Among theproteinsuniqueto/absentfrom eachof the four Pseudomonas, it is clearthat
P. syringaehasboth the mostsigni�cant andlargestnumberof signi�cantly overrepresented
keywords. Thefunctionalityencodedby theP. syringaegenomediffersfrom theotherPseu-
domonas—a�nding consistentwith thestudyof b -factorspossiblyindicatinglossof function
in theP. syringaegenome,aswell astheBLAST resultsin Figure3.

4 Genomecomparisonatlases

Knowing that functionaldifferencesexist amongthePseudomonas, it is interestingto ex-
amineif thesefunctionsarelocalizedwithin particularregionsuniqueto the strain. Regions
thatarefoundin only in or moreof thegenomescanbedetectedin agenomecomparisonatlas.

4.1 Atlas visualization

Methodssuchasthe “atlasvisualization”have previously provenvery usefulfor gaining
an overview of local variationsin many differentgenomicfeatures(14; 25; 29). We have
previously usedGenomeAtlasesto comparetheP. aeruginosaandP. syringaegenomes(36).
Atlaseswill beusedherefor comparinggenomicfeaturesof thefour Pseudomonasspecies,as
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well asfor correlatingtheirdifferencesto DNA propertiesandthefunctionalcharacterizations
obtainedfrom thekeywordanalysis.

Thematchesbetweenthe 3 publishedPseudomonasgenomeswerefoundby aligningall
annotatedproteincodinggenesagainsteachother;all openreadingframeslongerthan300bp
weretranslatedandusedfor P. �uor escens. TheBLAST matchesarevisualizedasthe outer
threecirclesin Figures6, 7, and8, representingeachof theorganismsagainstwhich BLAST
searcheswereperformedanda fourth circle representingmatchesagainstthe SWISS-PROT
database(5). For every proteinthe negative logarithmof the E-valueof the mostsigni�cant
matchwascalculated(imposingamaximumscoreof 15for highly signi�cant matches).These
valuesweremappedto thechromosomallocationof thecorrespondinggenes.Thecolorscale
wasreversedsothatonly lack of hits appearin thecircle. This allows usto detectclustersof
proteinsthatarefoundin only a subsetof theanalyzedorganisms.Oneachatlaswealsoshow
thelocalizationof themostsigni�cant keyword(or setof keywords)for thespeciein question.
Thesekeywordswereinferredfrom BLAST matchesto SWISS-PROT andregionswerecolor
codedaccordingto theirdensityof geneshaving thekeyword(s).

In additionto thesesequencesimilaritybasedcircles,acircleshowing thelocalAT-content
is includedsinceit containslocal contextualDNA informationalongthegenome.It is visual-
izedusingadoublesidedcolorschemewhereregionsof with unusuallyhighor low AT-content
arehighlightedin red andcyan, respectively. The AT-contentis closelycorrelatedto many
DNA structuralproperties(25), but is alsoof interestbecauseforeignDNA acquiredthrough
lateralgenetransferoftenhasa differentAT-content(13). A secondcircle shows theposition
preference(oneof thestructuralparametersleastcorrelatedto AT-content)which is a measure
of anisotropic�e xibility andregionsof low positionpreferencearegenerallycorrelatedwith
morehighly expressedgenes(27; 24).

TheAT-contentonly containspartof theinformationthatcanbeencodedby thelocalbase
composition.The restcanbe representedby a classof parameterscalledskews, which have
provenveryusefulfor locatingtheorigin andterminusof replicationin bacteria(16).

Theskewsareindependentof theAT-contentandinsteadrepresentpreferencesfor having
G'soverC's(theGC-skew) or A'soverT's(theAT-skew) ononeof thetwo DNA strands.Both
theabsoluteandrelative strengthof theseskews vary greatlybetweenorganisms,asdoesthe
orientationof theAT-skew comparedto theGC-skew. In thecaseof Pseudomonas, theskews
arestrongandanti-correlated;they canthereforefavorablybecombinedinto asingleskew, the
ketoskew, de�ned as c4dfehgjilkfinmWo�pDq (19;14).

4.2 P. aeruginosa

Figure 6: Genomecomparisonatlasof P. aeruginosaPA01. Eachof the concentriccircles representgenomic
featuresas describedin the �gure legendon the right, with the outermostcircle correspondingto the top-most
featurein thelegend,andtheinnermostcirclecorrespondingto thebottom-mostfeaturein thelegend.Darkbands
in theouterfour circlesrepresentthelocationof geneswhicharenotconservedin otherPseudomonasgenomesor
in SWISS-PROT (bluecircle,fourth lanein theatlas).TheinnerthreecirclescontainDNA structuralproperties,as
describedin the“AtlasVisualisation”sectionof thetext.

Figure6 shows a GenomeComparisonatlasfor P. aeruginosa. The outermostfour cir-
clesmapBLAST hits (or actuallytheabsencethereof)to genesencodedby theP. aeruginosa
genome.Sincesomany of thegenesarein commonfor thedifferentgenomes,theplaceswhere
genesareNOT conservedareshadeddark. For example,therearetwo prophagespresentin
P. aeruginosa(between0.5M and1.0M bp, labelledin Figure6), whicharenot foundin the
othergenomes(darkbandsin thefour outermostcircles- notethatthe�rst prophagedoeshave
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amatch(hencenodarkband)in theP. syringaegenome).TheinnerthreecirclescontainDNA
structuralproperties,asdescribedabove.

P. aeruginosaseparatedfrom theotherPseudomonasspeciesearlierin thecourseof evolu-
tion andhassincethenaquiredfunctionswhichallow it to beaoppotunisticpathogen.In spite
of this, the majority of the genesin P. aeruginosahave homologsin the otherPseudomonas
genomes,ascanbeseenfrom therelatively few darklines(representingpooror not matches)
in the outercircles. For genesin P. aeruginosabut not in the otherPseudomonasgenomes,
two SWISS-PROT keywordswerefound to be signi�cantly overrepresented;“plasmid” and
“virulence”. Matchesto SWISS-PROT andtheotherPseudomonas, aswell asthepositionas
genesrelatedto thekeyword “virulence” canbeseenin Figure6. Thekeyword “plasmid” is
notplottedasit is associatedwith a largenumberof differentfunctionalitiesandis thusfound
throughoutthegenome.

Unlike the other Pseudomonasspeciesin this study, P. aeruginosais known to be a
pathogeninfecting humans,it shouldthereforebe possibleto seeregions of genesthat are
uniqueto P. aeruginosaandhave thekeyword “virulence”. TheareamarkedTypeIII secre-
tion is a goodexampleof that. The type III secretionsystemis known to be a determinant
of thevirulenceof P. aeruginosa(37; 11). TheHrp type III secretionsystemthat is foundin
P. syringaeandP. �uor escensis capableof eliciting a hypersensitive responsein plant cells
(7). Thesimilarity betweentheHrp secretionsystemandthetypeIII secretionsystemseenin
P. aeruginosais, however, only weakasthey serve differentfunctions.

Two prophagesarealsolabeledontheatlas.One,prophagePf1,is only foundin P. aerug-
inosa, and a putative bacteriophagemarked100kb upstreamappearsto have a homologin
P. syringaebut not in thetwo otherPseudomonas. Thetwo labeledprophageregionshavevery
high AT-contentcomparedto therestof thegenomeasis thecasefor a region at 4.7Mb. This
regionwas—becauseof thedifferencein AT-content—suggestedto beacandidateof horizontal
genetransfer(30). Thevery low valueof positionpreferencealsoseenin this region indicates
that theregion is likely to containhighly expressedgenes.Thecorrespondingproteinsmatch
sequencesin SWISS-PROT and the region assuchis conserved amongPseudomonas. The
region is anancientclusterof genesencodingseveralribosomalproteins,subunitsof theRNA
polymerase,andSecY(31). In P. syringaeandP. putidatheclusteris locatedatapproximately
0.5Mb, indicatingthattheclusterwasrelocatedaspartof theproposedchromosomalinversion
aroundtheorigin (30).

4.3 P. putida

Figure7: GenomecomparisonatlasP. putidaKT2440.Thecirclesareasdescribedin Figure6.

In P. putida onekeyword was found to be signi�cantly overrepresented:“Methyltrans-
ferase”.Unlike thevirulencegenesin P. aeruginosa, thesegenesarenot foundto form clusters
within the genomeof P. putida. A numberof otherregionsfoundonly in P. putida areseen
in Figure7. However, asmostof theseacquiredregionscontaingenesthatarenot found in
SWISS-PROT either, onecanonly speculatewhattheir functionsare.In a few caseswherethe
functionalityof someof the genesis known, they have beenfound to increasethe metabolic
pro�ciency of P. putida(35;23).

Someof the regionsthat have matchesto SWISS-PROT correspondto prophages; these
werealsofound to beconnectedto viral proteinsby thephylomeanalysis.TheT7 prophage
standsoutin particularby alsohaving low positionpreferenceandinvertedketoskew compared
to its surroundings.Incidentally, theonly otherregionwith strongskew inversionpresentin the
P. putidagenomealsohasvery low positionpreference.It correspondsto a geneencodinga
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putative8682aasurfaceadhesionprotein,makingit thelargestof theannotatedproteincoding
genesin P. putida.

Many of the insertedregions in P. putida (but not the prophages)have a very high AT-
contentcomparedto thegenomeaverage.This, togetherwith thenumberof insertions,indi-
catesthatP. putidais highly suspectibleto genetransfer(35). Theregion labeledThymidylate
insertionis anexampleof onesuchregion; it is a 60kbelementinsertedin thethymidylateki-
nasegene.While mostof thegenesin thisregionareof unknownfunction,four adjacentgenes
have by homologybeenassociatedwith arsenic/arseniteresistance.In contrastto P. aerugi-
nosa, P. putidais known to beresistantto botharseniteandarsenate(22).

4.4 P. syringae

Figure8: Genomecomparisonatlasof P. syringaepv. tomatoDC3000.

While P. putida is known to be resistantto arseniccontainingcompounds,the keyword
“tellurium resistance”wasfoundto beoverrepresentedamongP. syringaespeci�c genes.The
geneswith thiskeywordarelocalizedasonegenecluster, which is labeledin Figure8.

Fromthelargenumberof signi�cantly overrepresentedkeywordsfoundfor P. syringae, it
is clearthat it is very differentfrom the otherPseudomonas. Themostsigni�cant keywords
were “DNA recombination”,“transposableelement”and “transposition”,which are closely
relatedandthusshown togetherasonecircle (blackcircle in Figure8).

In additionto the genescorrespondingto thesekeywords,a numberof genesexist that
arefoundneitherin otherPseudomonasgenomesnor in SWISS-PROT. Similar to what was
observed in P. putida, thesegenesareclusteredwithin the genome,althoughthe numberof
clustersis larger in P. syringae. Onceagain,onecanonly speculateaboutfunctionof these
genes.

Two suchunknown regionsof approximately100kbeacharefound nearthe origin and
terminusof replication. This patternis neitherseenin P. putida nor in P. aeruginosa. The
positioningof unknown genesneartheorigin is surprisingasthis region oftencontainshighly
expressedhouseholdgenes. It is thus intriguing that the region haslow positionpreference
(indicatingthe possibilityof highly expressedgenes),althoughit shouldbenotedthat this is
thecasefor many otherinsertedregionsaswell.

Next to theterminusis locateda clusterof genesthatarepresentin P. putidatoobut not in
thetwo otherPseudomonasgenomes.A numberof genesin this region furtherhavesimilarity
to SWISS-PROT sequencesfrom the nitrogen�xating soil bacteriumRhizobiumsp. strain
NGR234. However, the functionof theseis not known, explaining why this groupof genes
wasnot discoveredin the keyword analysis. Given that Rhizobiumlives in symbiosiswith
plantswhile P. syringaeis aplantpathogen,wesuggestthatthisregion is a likely candidateof
lateralgenetransfer. This is supportedby the high AT-contentof theregion comparedto the
genomeaverageaswell asby theregion being�anked by transposons

Figure9: Zoomof a regionwith many transposableelementsandgenesuniqueto P. syringae.

Although transposableelementsaredispersedthroughoutthe genome,they appearto be
especiallyfrequentwithin theotherwiseuncharacterizedregions.This is in particulartruefor
theregion shown in Figure9 (this region is labeledZoomin Figure8). Fromthezoomit is ob-
viousthatthesubregionsof unknowngenesare�anked by genesassociatedwith transposition.
Theregiondoesnot only containgenesof unknown function—genesinvolvedin thesynthesis
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of thepolyketidecoronafacicacidarealsolocatedin theregion. Futhermorephylomeanalysis
suggestsa possiblesourcefor thesegenesasthey aremostcloselyrelatedto actinobacterial
genes.Anotherobservationmadefrom phylomeanalysiswasthe relatively high numberof
P. syringaeproteinspredictedto beof eukaryoticorigin, which is possiblydueto lateralgene
transferfrom thehostorganism.

5 Conclusions

We have comparedthegenomesof four differentPseudomonasspecies,usingseveraldif-
ferentapproaches,and�nd that,dependingon thefeaturesexamined,in somewaysP. aerug-
inosastandsout asuniqueamongstthefour, but in many otherways,in particularin genome
variation,P. syringaeis signi�cantly differentfrom theotherthree.It is thefundamentalideaof
comparativegenomicsto usetheentiregenomesasthebasisfor comparison—howeversupris-
ingly few methodshave beendevelopedfor actuallydoing it. We presenta new approach:
a systematicstatisticalsearchfor differencesbetweenthe genefunctionspresentin a setof
genomes.This allowsusto, withoutprior knowledge,obtainhintsaboutbiologicalproperties
uniqueto eachorganism.

Whenit comesto gaininganoverview of completegenomes,it is dif�cult to overestimate
theimportanceof goodvisualizationtechniques.They enablescientiststo discoverrelationsin
thedatathatwouldotherwisegounnoticed.In thepresentchapterwehaveusedsuchamethod,
theatlasvisulization,to bothcomparethefour Pseudomonasgenomesto eachotherandrelate
theirdifferencesto DNA structuralpropertiesaswell asgenefunctions.

Despitestrongphylogeneticsupportfor P. aeruginosabeingevolutionaryseparatedfrom
the otherthreePseudomonas, it is clearlyP. syringaethat standsout whenoneperformsthe
comparisonat the genomiclevel. This suggeststhat the genomeof P. syringaemust have
undergonelarge changeswithin a relatively short timespanas part of adaptingto a symbi-
otic/parasiticlifestyle. Many suchchangesin theP. syringaegenomearerevealedby ouranal-
ysis,includethelossof many genesanduptakeof others,which is likely to bemediatedby the
largenumberof transposonsdispersedthroughoutits genome.Thesamemethods,whenap-
pliedto theP. aeruginosagenome,highlightedanumberof featuresrelatedto itspathogenicity,
in particularthetypeIII secretorysystem.

6 Acknowledgements

Thiswork wassupportedby grantsfrom theDanishNationalResearchFoundationandthe
DanishNaturalScienceResearchCouncil. Lars Juhl Jensenis fundedby the Bundesminis-
teriumfür Forschungund Bildung, BMBF-01-GG-9817.Marie Skovgaardis fundedby EU
Cell FactoryProject,Screen,QLK3-CT-2000-00649.ThomasSicheritz-Pont́en is fundedby
Knut andAlice Wallenberg'sFoundation.

Preliminary sequencedata for the Pseudomonas�uor escensstrain PfO1 was obtained
from the Joint GenomesInitiative web page(http://spider .jgi - ps f.or g/JG I_
microbial/html/ pse udomonas /ps eudo _homepage.h tml ).

References

[1] Achaz,G., Rocha,E. P., Netter, P. andCoissac,E., 2002,Origin andfateof repeatsin
bacteria.Nucl.AcidsRes., 30:2987–2994.

12



[2] Altschul, S. F., Madden,T. L., Schaffer, A. A., Zhang,J., Zhang,Z., Miller, W. and
Lipman, D. J., 1997, GappedBLAST and PSI-BLAST: A new generationof protein
databasesearchprograms.Nucl.AcidsRes., 25:3389–3402.

[3] Anzai,Y., Kim, H., Park,J.,Wakabayashi,H. andOyaizu,H., 2000,Phylogeneticaf�li-
ationof thepseudomonadsbasedon16SrRNA sequence.Int. J. Sys.Evolut.Microbiol.,
50:1563–1589.
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Figure1A. Repeatsin Pseudomonadgenomes
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Figure1B. Bias in purine stretchesin Pseudomonadgenomes
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Figure 5
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6.1 Figure 9
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