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Abstract

Pseudomonas fluorescens is considered to be a typical plant-associated saprophytic bacte-

rium with no pathogenic potential. Indeed, some P. fluorescens strains are well-known rhizo-

bacteria that promote plant growth by direct stimulation, by preventing the deleterious

effects of pathogens, or both. Pseudomonas fluorescens C7R12 is a rhizosphere-compe-

tent strain that is effective as a biocontrol agent and promotes plant growth and arbuscular

mycorrhization. This strain has been studied in detail, but no visual evidence has ever been

obtained for extracellular structures potentially involved in its remarkable fitness and biocon-

trol performances. On transmission electron microscopy of negatively stained C7R12 cells,

we observed the following appendages: multiple polar flagella, an inducible putative type

three secretion system typical of phytopathogenic Pseudomonas syringae strains and

densely bundled fimbria-like appendages forming a broad fractal-like dendritic network

around single cells and microcolonies. The deployment of one or other of these elements on

the bacterial surface depends on the composition and affinity for the water of the microenvi-

ronment. The existence, within this single strain, of machineries known to be involved in

motility, chemotaxis, hypersensitive response, cellular adhesion and biofilm formation, may

partly explain the strong interactions of strain C7R12 with plants and associated microflora

in addition to the type three secretion system previously shown to be implied in mycorrhizae

promotion.

Introduction
Fluorescentpseudomonadsareso-namedbecausetheyproducesolublegreenishpigmentsin
conditionsof iron limitation that fluorescewhenilluminatedwith UV light [1]. These
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ubiquitous�
-proteobacteriahaveaconsiderablepotentialfor adaptationto fluctuatingenvi-
ronmentalconditions,thanksto their highlyversatilemetabolismandtheplasticityof their
largegenome[2±6].Thisgroupof bacteriaincludesthespecies���������	� 
������
���,
whichisgenerallyconsideredto beasaprophyticrhizobacteriumbecauseits densities(106 to
108 CFU/groot) andmetabolicactivitiesareincreasedin theplantrhizosphere[7±10].In addi-
tion, somestrainsprotectplantsfrom infectionby interferingwith phytopathogenicagents.
Thisbiocontrolactivitygenerallyinvolvescompetitionwith pathogensfor spaceand/ornutri-
ents,antagonism��	 thesynthesisof toxicagents,antibioticsandbiosurfactants,andstimula-
tion of plantdefenses[11±15].Thelocationandfitnessof �. 
������
��� renderthis
antagonisticspeciesevenmorepowerfulfor treatingdiseasesof rootsandtubers,whichare
not generallyaccessibleto germicidaltreatments[16,17].

It isnowwidelyacceptedthat thestrongplantcolonizationandbiocontrolcapacitiesof
fluorescentpseudomonadsareassociatedwith cellmotility andchemotaxistowardstherhizo-
spherein addition to celladhesionandbiofilm formationon theroots[18±22].Thesephysical
plant-bacteriuminteractionsarecloselyassociatedwith thepresenceof bacterialextracellular
structures,suchasflagella,fimbriae,pili andsecretionsystems[23±27].Unfortunately,these
nanostructuresareonly clearlyvisibleon electronmicroscopy(EM), andtheyaretherefore
generallydetectedindirectly.Indeed,thepresenceof flagella,fimbriaeandpili, whichare
involvedin swimming,swarmingandtwitching motilities,respectively,isdeducedfrom
observationsof bacterialgrowthon appropriateagarplates[24,28].Likewise,evidencefor the
presenceof afunctionaltypethreesecretionsystem(T3SS)isprovidedby theobservationof a
hypersensitiveresponse(HR) in tobaccoleaves24to 48hoursaftertheinfiltration of thebacte-
rium concerned[29±31].Thedifficultiesencounteredin observationsof extracellularappend-
agesresultfrom their extremelysmallsize(in thenanometerrange)andbrittleness:these
delicatestructuresaregenerallydestroyedbyshakingduring cultureor during thetransferof
cellsonto thesupportfor microscopicobservation.Moreover,little isknownabouttheenvi-
ronmentalconditionstriggeringthesynthesisof thesecomponents[32,33].

Weperformedultrastructuralobservationsby transmissionelectronmicroscopy(TEM).
Weobservedseveraldifferentmembranemachinerieson therhizosphere-competentbiocon-
trol strain�. 
������
��� C7R12.Thismodelstrainharborsaremarkablesetof extracellular
structures,includingapolarbundleof flagella,aputativeT3SSthatseemsto besynthesizedin
responseto fructoseor trehaloseinduction,andbundlesof dendritic fibrils forming ahuge
networkof cellsandmicrocolonies.Wediscusstheputativeroleof thesestructuresin thepri-
marystepsof adhesionandbiofilm formation.

Materials and methods

Bacterialstrainsandculture conditions
���������	� 
������
��� C7R12[34] andaT3SS� mutantderivedfrom it, C7SM7,wereused
for theseexperiments.���������	� 
������
��� C7SM7wasobtainedbysite-directedmuta-
genesisof ��
C, ageneencodinganoutermembraneporeforming protein requiredfor type
III-mediatedsecretion[35]. ThismutanthasbeenchosensinceHrcC is requiredfor thesecre-
tion of theHrpA protein forming thepilusof T3SSsbelongingto theHrp1 family [36]. Bacte-
rial cellswereculturedat25ÊCin King'sBmedium[37], aglycerol-richmediumwith alow
iron contentthat inducesthesynthesisof ���������	� siderophoresandsecondarymetabo-
lites[1,12],or in an���-inducing minimal medium(HIM) asdescribedbyHuynh etal.[38]
andwith thefollowingcomposition:1.7mM NaCl,1.7mM MgCl2, 7.6mM (NH4)2SO4, 50
mM KH2PO4, pH 5.7,supplementedwith 10mM glucose,fructose,sucroseor trehaloseasthe
solecarbonsource.For induction of theT3SS���A modelgene,bacteriawerefirst culturedin
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liquid KB mediumto anOD at600nm of 0.6±0.8.Thebacteriawerewashedtwicein 10mM
MgCl2 andtheOD600wasadjustedto 0.6in liquid HIM. Induction wasperformedat25ÊC,
with shaking(180rpm). KB mediumwasusedto repressT3SS(i.e.asanon-inducing
medium),to establishthebasallevelof ���A geneexpression(control).

Swimming,swarmingand twitching motility assays
Motility assayswereperformedon KB mediumsupplementedwith 0.3%,0.6%or 1%agar,for
swimming,swarmingandtwitchingmotilities,respectivelyaspreviouslydescribed[39].
Briefly,swimmingmotility assayplateswereinoculatedwith atoothpick.Swarmingmotility
assayplateswereinoculatedby thedepositionof 5 �l of overnightbacterialcultureon thesur-
faceof themedium.Twitchingmotility assayplateswereinoculatedbydepositing5 �l of over-
night bacterialcultureunderneaththemedium,at thebottomof thePetridish.Theplates
wereincubatedat25ÊCfor 48h. Motility wasassessedbymeasuringmeandendritelengthfor
swarming,or thetotaldiameterof thecircularturbid zonefor swimming.Twitchingmotility
wasassessedbydeterminingthediameterof growthat theinterfacebetweentheagarandthe
bottomof thePetridish.Thiswasachievedbyremovingtheagar,washingtheunattachedcells
of theplatewith water,andstainingthecellsattachedto theplatewith crystalviolet(1%[wt/
vol] solution).

Total RNA extraction andcDNA synthesis
TotalRNA wasextractedfrom 109 bacteriaby thehot acid-phenolmethod[40]. Asrequired,a
volumeof culturecontaining109 bacteriawassampledandmixedwith anequalvolumeof
100%ethanol100%to stoptranscription.Bacterialcultureswerecentrifugedat4 000� � for
10min andthebacterialpelletwasresuspendedin 300�l of lysisbuffer(0.02M sodiumace-
tate,pH 5.5,0.5%(w/v) SDS,1 mM EDTA).TotalRNA wasthenisolatedby two roundsof
extractionin 600�l of hot acidphenolfor threeminuteseach(pH 4.3;60ÊC).Themixturewas
centrifugedat13000� � for 15min, andtheaqueousphasewastreatedwith 500�l chloro-
form/isoamylalcohol(24:1)andcentrifugedaspreviouslydescribed.TotalRNA wasprecipi-
tatedbyovernightincubationof thesupernatantat -20ÊCwith two volumesof 100%ethanol
containing100mM sodiumacetate.TheprecipitatedRNA wascollectedbycentrifugation.
Thepelletwaswashedin 75%ethanolandresuspendedin 50�l DEPCwaterandtreatedwith
Ambion TURBODNase(Life Technologies)for 2h at37ÊC.Wecheckedfor theabsenceof
DNA contaminantsbyPCRwith thestandardNEBkit, usingthe16S-FOR/16S-REVprimers
(S1Table).TotalRNA wasconvertedinto cDNA byreversetranscriptionwith theHigh-
capacitycDNA RTKit (AppliedBiosystem).

Quantitative RT-PCR
Specificprimersfor thetargetgenes���A, andthe16SrRNA geneof �. 
������
��� C7R12
weredesignedwith PrimerExpressSoftwarev3.0.1(S1Table).Real-timequantitativeamplifi-
cationwasperformedwith the7500FastRealTimePCRsystem(AppliedBiosystems).Reac-
tionswereperformedin a13�l mixture containing6.5�l SYBRGreenPCRMasterMix (2X
SYBRGreen1Dye,AmpliTaqGoldDNA Polymerase,dNTPswith dUTPs)with eachprimer
presentatafinal concentrationof 0.2�M and7.5ngcDNA. Thethermalcyclingprogramwas
asfollows:95ÊCfor 20s,followedby40cyclesof 95ÊCfor 10s,60ÊCfor 30sand72ÊCfor 6 s,
andthen95ÊCfor 15s,60ÊCfor 1 min and95ÊCfor 15s.Weused16SrRNA asaninternal
control andthestandarddeviationin eachcasewasbelowthe0.15thresholdcycle(CT). Rela-
tivequantificationwasperformedaspreviouslydescribed,by thecomparativeCT (-2�ï�ïCT)
method[41].
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Preparationof samplesfor transmissionelectronmicroscopy
Bacteriawerevisualizedon 200-meshnickelEM grids(meshdiameterof 74�m) coatedwith
2%Formvar(LeicaMicrosystems),apolyvinyl formal resinformedbypolyvinylalcoholand
formaldehydecopolymerizationwith polyvinylacetate,andproducedbyMonsantoChemical
Company(St.Louis,Missouri).

For theobservationof flagellaandtheT3SS,assayconditionsinducingtheformationof
thesestructuresandpreservingtheir integrity wereestablishedwith amodifiedversionof
theprotocoldescribedbyRoineetal.[42]. Bacteriaweregrownon solidKB or HMI medium
supplementedwith 10mM fructoseor trehaloseasthesolecarbonsource,at25ÊCfor 48h.
TheEM gridswerethencoatedwith thebacteriaby transferfrom theagarplate.Thefor-
mvar-coatedsideof thegrid wasplacedin contactwith thebacteriallawnfor 10min to
obtainafootprint of thecellsandtheorganellessynthesizedon thecorrespondingagar
medium.For theobservationof pili anddendritic fibril bundles,assayswereperformed
accordingto anoriginal protocolin whichbacteriawerecultureddirectly in liquid HIM on
grids.Thebacteriawerefirst culturedovernightin KB medium.Theywerewashedtwicein 1
mM MgCl2, resuspendedin HIM andtheOD600wasadjustedto 108 CFU/ml.A 20�l droplet
of this suspensionwasdepositedin thecenterof a9-cmPetridishlined with wetfilter paper.
TheEM grid wasplacedon thedrop andthePetridishwassealedwith Parafilm.Theplates
containingthegridswereincubatedin agrowthchamberat25ÊC,in asaturatedatmosphere,
for 8,12,24and48h.

Oncethebacteriawereloadedonto thegrids,theywerefixedby transferringthegridsfor
30min onto a20�l drop containing2%paraformaldehydeand0.5%glutaraldehydein PBS
(pH 7.2,137mM NaCl,2.7mM KCl, 10mM Na2HPO4 and1.76mM KH2PO4). Gridswere
thenwashedthreetimes,for 5minuteseach,byplacingthemon a50�l drop of PBSandthree
times,for 5minuteseach,byplacingthemon a50�l drop of distilledwater.Thewashedspeci-
menswerenegativelystainedby incubationfor 10sin 1%phosphotungsticacid,thepH of
whichwasadjustedto pH 6.5with KOH, andthespecimenswerethenallowedto dry in air
beforeviewing.

Transmissionelectronmicroscopy
All observationswereperformedatPRIMACEN,theNormandyCellImagingPlatform
(Mont-Saint-Aignan,France),and/oratCMABio, theCenterfor MicroscopyAppliedto
Biology(Caen,France)of NormandyUniversity.Observationswereperformedon Tecnai12
Bio-Twin (PRIMACEN)or JEO11011(CMABio3) transmissionelectronmicroscopesoperat-
ing at80kV. Imageswereacquiredwith anErlangshen500W(PRIMACEN)or GatanOrius
200(CMABio3)camera,andprocessedwith GatanDigital Micrographsoftware(on both
microscopes).

Statisticalanalyses
Culturesweresetup in triplicatefrom threeindependentcultures,eachof whichwassetup
from anindependentpreculture.ForquantitativePCR,wetestedthenull hypothesisthateach
expressionvaluewasnot significantlydifferentfrom theotherexpressionvalues(� valuecal-
culated).� valuesbelow0.05wereconsideredsignificant(� , � < 0.05).Thestandarddeviation
wasbelow0.15�� units.Theresultspresentedarethemeanvaluesfrom at leastthreeindepen-
dentexperiments.Statisticalanalysiswasperformedwith DataAssistTMsoftware(v3.01),for
therelativequantificationof geneexpressionaccordingto thecomparativeCT (2±�ï�ïCT)
method[41].
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Results

Motilities and lophotrichous flagellation of ���������	� 
������
���
C7R12
Flagellaareusedin bothswimmingmotility in liquidsandswarmingmotility on wetsemi-
solidsurfaces[43]. ���������	� 
������
��� C7R12strainandtheT3SS-defectivemutant
derivedfrom it, C7SM7,bothdisplayedswimming(Fig 1A) andswarming(Fig 1B) motilities
in KB agar.Forswimming,themeanof thediameterof theturbid zonewassimilar for thetwo
strains(27.4� 1.3mm for theC7R12strainand28� 1.3mm for theC7SM7strain).In the
moststudiesof ���������	� 	��������	, aflagellumwith apolarinsertionis responsiblefor
thismodeof motility andisgenerallyobservedin aqueousenvironments[44]. Unlike swim-
ming,swarmingmotility requiresaconcertedmulticellulareffort,biosurfactantsecretionto
decreasethesurfacetensionof theswarmfluid and,in somecases,anincreasein thenumber
of flagella[45]. Swarmingappearsto beamodeof motility enablingbacterialpopulationsto
colonizesurfacesrapidly,resultingin biofilm formation [43]. TheC7R12andC7SM7strains
wereableto migrateawayfrom theinitial locationcollectively,with ameangrowthdiameter
of 32.2� 2 mm measuredfor C7R12,andof 31.9� 3.1mm for C7SM7,in our KB agarcondi-
tions.Theswarmingobservedtook theform of smallfringes(Fig 1B) aspreviouslydescribed
for other�. 
������
��� strains[46]. However,thisswarmingdid not resultin theformationof
theexpandingirregularbranchingpatterntypicalof swarmingmotility in �. 	��������	, as
describedbyRashidandKornberg[47].

Twitchingmotility isamodeof translocationoversemi-solidor solidsurfacesin humid
conditions.It isdependenton thepresenceof retractiletypeIV pili, but doesnot requirefla-
gella[48]. In twitchingmotility, translocationacrossthesurfaceismediatedby theextension
andretractionof pili andcorrespondsto acollectivebehaviorsupportingcolonyexpansion
[48]. In our twitching motility assays,bothstrainsformedadensecrystalviolet-stainedspot,
thediameterof whichcorrespondedto thatof theinitial inoculum(5 �l) (Fig 1C).Thus,these
strainswereunableto moveoverthesurfaceof thePetridish,but theywereableto adhereto
it. Wecanthereforeconcludethat these�. 
������
��� strainshaveno twitchingmotility and
probablydo not producetypeIV pili underour experimentalconditions.

Weinvestigatedthetypeof cilia responsiblefor theswimmingandswarmingof theC7R12
strain,byculturing thisstrainon KB agarplatesandthentransferringit to anEM grid. Cells

Fig 1. Swimmingandswarmingmotilities of �. 
������
��� C7R12andaT3SS-negativemutant strain derivedfrom it (C7SM7strain). Cells
wereusedto inoculateswimming(A), swarming(B) or twitching(C) motility assayagarplatescontainingKing'sBmedium,whichwerescanned
after48h of incubationat25ÊC.Theresultsshownarerepresentativeof threeindependentexperiments,eachperformed at leastin triplicate.

https://doi.org/10.1371/journal.pone.0221025.g001
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werenegativelystainedandexaminedbyhigh-resolutionTEM. �. 
������
��� C7R12wasrod-
shaped,about2 �m longandusuallycoveredwith four to sevenflagellaall connectedto thecell
bodyat thesamepolarposition(Fig 2A and2B).In our assayconditions,theseflagellawere
about4 to 5 �m longandhadadiameterof about20nm. In somebacteria,thebaseof themul-
tiple flagellaissurroundedbyaspecializedregionof thecellmembraneknownasthepolar
organelle[49]. No suchpolarorganellewasobservedhere(Fig 2C).Themultiple flagellaare
thoughtto actin concertto drivebacterialswimmingbypushing,pulling or coilingaroundthe
cellbodyin thevicinity of asemi-solidagarsurface[50], consistentwith our findings(Fig 1).

Theexpressionof ���A, encodingthe main protein of the T3SSpilus, is
strongly inducedby fructose,sucroseand trehalosein minimal medium
TheT3SSapparatusisnot constitutivelyproducedbybacteriaandremainsdifficult to observe
without specificandfavorableassayconditions[33,51].Variousculturemediafavoringthe
productionof T3SSin thephytopathogen���������	� ������	� havebeendescribed.We
choseto useabasalsaltmediummimicking thecompositionandpH of theplantapoplast
[38,52].Theseconditionsarethoughtto triggertheproduction,bybacteria,of aT3SSinjecti-
somecloseto thepotentialtarget(i.e.plantcells)[32,38,53].Weaddedvariousplantsugarsto
thisminimal medium,andcomparedtheir ability to actasacarbonsourceandto inducethe
productionof theT3SSby the�. 
������
��� C7R12strain.

Fig 2. Production of flagellaby �. 
������
��� C7R12.Cellsweregrownfor 48h at25ÊCon platescontaining
solidifiedKing'sBmedium.Theywerethentransferredby footprint to theelectronmicroscopygridsandnegatively
stainedwith phosphotungsticacid.Thecellsharboredalophotrichouscilium, generallycomposedof multiple long
flagella(A). Up to sevenflagellawereobservedemergingfrom asinglebacterium,asshownin (B).An enlargementof
this imagerevealspolarinsertiondetailsandcanbeusedto estimatethediameterof eachpilus(C); thesizesof the
scalebarsare1 �m (A,B)and0.1�m (C).

https://doi.org/10.1371/journal.pone.0221025.g002
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Weassessedtheefficacyof thismediumfor inducingT3SSby first evaluatingtherelative
expressionlevelof akeyT3SSgene,���A, whichisknown to behighlyexpressedandrepre-
sentativeof HrpL-regulatedT3SSgenesin �. ������	� [32,33].Thisgeneencodesthemajor
structuralproteinof theT3SSpilus,enablingthepilusto elongateuntil it reachesits target,
throughpolymerization[54]. RT-qPCRanalysiswasperformedto compare���A expression
betweentheC7R12strainculturedin liquid HIM mediumandin KB medium.With glucose
astheinducer,���A transcriptionlevelsin HIM weresignificantlyhigherthanthoseobserved
in KB cultures,with amaximum50-folddifferenceafter2h of incubation(Fig 3A). Higher
fold-changeswereobtainedfor mediacontainingfructose,sucroseor trehalosein placeof glu-
cose.Fructoseandsucroseinducedamaximumfold-changeof about180after6h of incuba-
tion (Fig 3Band3C).Thesimilarity of thetranscriptionlevelsobtainedwith thesetwo sugars
maybeexplainedby thecompositionof sucrose,adisaccharidewith fructoseasoneof its com-
ponents.Interestingly,stronger���A induction (around220-fold)occurredwhentheC7R12
strainwasculturedin HIM supplementedwith trehalose(Fig 3D). Wethereforechoseto use
HIM supplementedwith fructoseor trehalosefor subsequentTEM studies.

Occurrenceandarchitectureof type III secretionsystems
Theinduction of HR,aform of localizedprogrammedplantcelldeathat thesiteof infection,
suggeststhateffectorproteinsaretranslocatedinto theplantcellviaaT3SS[29±31].A HR can

Fig 3. Inducti on of ���� expressionin �. 
������
��� C7R12cultured in HIM supplemented with mono- or disaccharides.Weanalyzed
���A transcriptionbyRT-qPCRon the�. 
������
��� C7R12straingrownat25ÊCin ���-inducting minimalmediumsupplementedwith 10
mM glucose(A), fructose(B),sucrose(C) or trehalose(D). Levelsof ���A expression areexpressedrelativeto thoseobtainedon King B(non-
inducing)rich medium.Thedatashownarethemeanvaluesobtainedin threeindependent experiments.Statisticalanalysiswasperformed
with DataAssistTMsoftware(v3.01),with relativegeneexpressionlevelsquantifiedby thecomparativeCT (2±�ï�ïCT) method.Thesignificances
of differencesbetweenmeanvaluesweredetermined bycalculating��valuesin Student's � tests(� � < 0.05).

https://doi.org/10.1371/journal.pone.0221025.g003
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begeneratedonly if thebacteriumharborsanoperationalT3SSandinjectseffectorproteins
into theplantcell[55±57].�. 
������
��� isconsideredto beaªsafeºsaprophyticrhizobacterial
specieswith no phytopathogenicpotential[3,4]. It doesnot, thereforeusuallyelicit aHR [58].
C7R12differsfrom most�. 
������
��� strainsin its ability to elicit aHR similar to that
recordedwith �. ������	� pv.tomatoDC3000on tobaccoleaveswithin 24hours,andthepres-
enceof T3SSgenesequencesverysimilar to thosepresentin this referencestrain[35,59].By
contrast,theT3SSmutantC7SM7wasunableto soinduceaHR, indicatingthat theHrcC
structuralprotein targetedduring theconstructionof thismutant isanindispensableelement
of thearchitectureof theT3SS[35]. WethereforeusedtheC7SM7strainasanegativecontrol
with no T3SSappendage.

TheT3SSmanufacturedby �. ������	� phytopathogensbelongto theHrp1 family [60].
Theyform longthin filamentsthatmayextendfrom 200nm to severalmicrometersin length,
with adiameterof 10±12nm, in laboratoryconditions[54]. TheTEM micrographsobtained
in our assayconditionsrevealedputativeT3SSappendagesof about700to 1,750nm in length,
with adiameterof about10nm. Unlike thepolarflagella,theT3SSpili werealwayspositioned
on theelongatedpartof thecellbody(Fig 4A). In thiscontext,wealsoobservedthebasalpor-
tion of thepilusinsertedinto theoutermembrane,whichformedaring (presumedto bethe
HrcC hexamer)from whichthepilusextended(Fig 4B),asalreadyreportedfor �. ������	�
DC3000[53]. Asexpected,weobservedno suchstructuresin theC7SM7��
C - mutant(Fig
4C).Thus,�. 
������
��� C7R12producesanextracellularapparatussimilar to thoseof
Hrp1-T3SSfamily,asvisualizedin �. ������	� DC3000[42,53,61].This finding isentirelycon-
sistentwith thepreviousHrp1-like classificationof the��
���� geneclusterin theC7R12
genome[59,62].

Deploymentof anetwork of dendritic fibril bundles
MostTEM specimensmustbesupportedon athin electron-transparentfilm, to hold thesam-
plein place.Formvarfilms arethermoplasticresinscomposedof polyvinyl formals.Theyarea
frequentchoiceof film grid for TEM becausetheyallowtheuseof gridswith alowermeshrat-
ing (seeMaterialsandMethodssection).WhentheC7R12andC7SM7strainswerecultured
directlyin adrop of HIM placedon thesurfaceof anabioticformvargrid, thecellsrapidly
deployednovelextracellularstructures.Weobservedlong,thick pili associatedto various
extentsinto fibrils, whicheventuallyformedfibril bundles,dependingon growthstage.After 8
hoursof culture,fibrils seemedto besynthesizedbymicrocoloniesconsistingof afewindivid-
ualcellsto severaldozencells.Thesefibrils seemedto packthebacterialwallor theborderof
thewholecolony,forming afibrouscapsuleconnectingindividualsor microcoloniesto each
other(Fig 5A and5B). In rarecases,thefibrils appearedto beproducedbyandcollected
aroundasinglecell.However,weneverclearlyobservedapilusor fibril anchoredin thecell
membraneor localizedto aparticularpartof thecell,suchasthepole,andwewereunableto
detectpotentialsitesof insertioninto thecell(Fig 5C).Onepossiblereasonfor this is that �.

������
��� cellsreleasetheir pili proteinsor componentsinto theextracellularcompartment
in orderfor binding to thefibrils to lengthenthem.

After 24hours,microcoloniesincludingafewhundredindividualswereableto deploya
fractalnetworkof fibril bundlesoveranareaof up to abouta1000�m 2 (Fig 6A). Thebundled
fibrils seemedto becloselyassociatedwith microcolonystructures.Eachfibril consistedof
largeparallelarraysof two to eightthin packedindividual pili with diametersof about10±15
nm. Theextremitiesof eachbundledisplayedbrancheddendriticgrowthandsubdivision,
optimizing theexplorationandcolonizationof thecontactsurface(Fig 6A and6B).At this
stage,individual pili wererarelyobservedin thefibrils, exceptat thegrowingextremitiesof the
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bundle(Fig 6Band6C).After 48hours,thebundlesof fibrils appeareddarkeron TEM, as
theyhadbecomelargeranddenser(Fig 6D). An analysisof high-magnificationimagesof a
singlefibril revealedaregularstructureresemblingthestackingof severaldozensof pilussub-
units (Fig 6E).

Discussion
���������	� 
������
��� C7R12isastrainisolatedfrom asoilnaturallysuppressiveto Fusar-
ium wilt. It hasbeenshownto beaneffectivebiocontrolagent[62,63],to protect����
	��
����
	���	 against������� [35], to promoteplantgrowthandarbuscularmycorrhization
[35,64,65],andto colonizetherhizosphereandtheroot tissuesof variousplantspecieseffi-
ciently[34,64,66].Theseabilitieshavebeenshownto beassociatedwith (�) thepresenceof a
functionalprimary metabolismcouplingaerobicandnitrogenoxiderespiration[67,68],(��) an
ability to scavengeefficientlyfrom theenvironment[34], (���) acapacityto synthesizeasidero-
phore(pyoverdine)with averyhighaffinity for iron andanability to improveplant iron nutri-
tion [69±71],(��) thepresenceof afunctionalT3SS[35], and(�) anability to assimilatespecific
compoundsfrom fungi andplants(e.g.sucrose,trehalose)[9,72].Bycontrast,theability of �.

������
��� C7R12to move,adhereto theroot surface,or developphysicalinteractionswith
root cellsor microbialpartners(e.g.mycorrhizae)in therhizospherehasyetto beevaluated,
andtheexistenceof extracellularappendagespotentiallyinvolvedin thesebehaviorshasnot
beeninvestigated.

Thebacterialflagellumisanapparatuscomposedof morethan20differentproteins,with a
basalbodythatcrossesthecellwallandisconnectedto theflagellarfilamentbyahook,serving

Fig 4. Production of a type threesecretionsystem(T3SS)by �. 
������
��� C7R12.Cellsweregrownfor 48h at
25ÊCon solidified���-inducing minimal mediumsupplemented with fructose(10mM). Theywerethentransferred
by footprint to theelectronmicroscopygrids.Transmissionelectronmicrographsof negativelystained�. 
������
���
C7R12cellsshowing(A) threenon-polarlongandthin putativeHrp pili. (B) A magnificationof theimagein A shows
thepresumedT3SSbasalbody(blackarrow)embeddedin theoutermembraneof thisGram-negativebacterium;(C)
Under theseassayconditions,theT3SS-negativemutantC7SM7,usedasnegativecontrol, isdeprivedof appendages;
thesizesof scalebarsare1 �m (A,C) and0.1�m (B).

https://doi.org/10.1371/journal.pone.0221025.g004

Fig 5. Production of pili and fibrils by �. 
������
��� C7R12and its T3SS-negative mutant C7SM7.Cellswere
grownat25ÊCon formvarelectronmicroscopygridson adrop of ���-inducing minimalmediumsupplementedwith
fructoseor trehalose(10mM). Transmissionelectronmicrographsof negativelystained�. 
������
��� C7R12(A) and
its ��
C - mutantC7SM7(B) microcoloniesor singlecells(C). �. 
������
��� C7R12andtheT3SSmutantC7SM7
producedsimilar fibrils from 8h of incubationonwards.Thesefibrils encircledbothsinglecells(C) andmicrocolonies
(A,B)andconnectedthem(B); thesizeof thescalebarsis1 �m.

https://doi.org/10.1371/journal.pone.0221025.g005
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asaflexiblejoint to changetheangleof flagellarrotation [25,73].It isaneffectivelocomotion
organellethatenablesbacteriato achievespeedsexceedingmanycellbodylengthspersecond
[74]. Flagellahavealsobeenreportedto function asadhesins,playingakeyrole in bacterial
adhesionandvirulence[25]. Membersof thespecies�. 
������
��� havetraditionallybeencon-
sideredto haveasingleflagellumatoneof thecellpoles,theso-calledªmonotrichousºconfor-
mation[22,75,76].However,cellsof �. 
������
��� C7R12haveanunusuallophotrichous
ciliature,with apolartuft of four to sevenflagella.Bacterialmotility playsakeyrole in disper-
sionandsurfacecolonizationin soil-residentbacteria,suchas�. 
������
��� [19,77].This
motility isdependenton thenumberof flagellaandtheir arrangementon thecellbody[78].
Hintscheetal.[50] showedthata���������	� �����	 strainwith apolartuft of helicalflagella
couldusedifferentswimmingpatterns,with thebacteriaableto moveasªpushersºor ªpullersº
or to propelthemselveswith thebundleof flagellawrappedaroundthecellbody.Thestrong
rhizosphere-competenceof theC7R12strainmay,thus,beat leastpartlydueto thepresence
of thisatypicalmultiple flagellation,increasingthespeedof movement(hypermotility),and

Fig 6. Fibril bundlenetwork deployedby �. 
������
��� C7R12.Cellsweregrownat25ÊCon formvarelectron
microscopy gridson adrop of ���-inductive minimal mediumsupplemented with fructose(10mM). (A) Extended
dendriticnetworkof fibrils producedbyamicrocolonyof aboutahundredcells(blackarrow)andasinglecell(white
arrow)after24h. (B) Apexof afibril with its extensionfork. (C) A magnificationof theimagein Bshowingthe
detailedstructureof fibrils composedof oneto fivecontiguouspili. (D) Densefibril bundlesobtainedafter48h. (E) A
magnificationof theimagein D showingtheramificationof abundlecomposedof severaldozenfibrils; thesizesof the
scalebarsare10�m (A), 1 �m (B,D),and0.1�m (C,E).

https://doi.org/10.1371/journal.pone.0221025.g006
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alteringthenatureof displacements(Fig 1), therebyincreasingfitnessandchemotaxiscapacity
in thevicinity of plants[75,79].However,unansweredquestionsremainabouttheroleof this
unusualflagellationin theadhesionprocess.

Typethreesecretionsystemshavebeenshownto playadeterminingrole in hostinterac-
tionsmediatedby fluorescentpseudomonads,including theopportunisticpathogenof animals
andhumans���������	� 	��������	 andtheplantpathogen���������	� ������	� [80,81].
In thesepathogenicspeciesof ���������	�, theT3SSis involvedin cell-to-cellcontactwith
theeukaryotichostandin bacterialvirulence.Genesencodingthebasicstructuralelementsof
theT3SSareconservedamongGram-negativebacteria[60,82].Eightfamiliesof T3SSshave
beendescribedon thebasisof sequenceanalyses[83,84].TheT3SSof �. 	��������	 involved
in bacterialvirulencebelongsto theYsc-T3SSfamily.It formsashortneedle-likestructure
thatactsasaninjectisome,deliveringtoxinsto thetargetcellcytosol[85,86].TheT3SSof �.
������	�, whichhasbeenimplicatedin plantpathogenicity,belongsto theHrp1-T3SSfamily.
It formsalong,thin, flexiblepilus,capableof penetratingthethick wallsof plantcells.This
pilusisessentialfor theinjectionof multiple effectorproteinsinto plantcellsto suppressplant
innateimmunedefenses,manipulatehormonesignalingandtriggercelldeath[30,57,80,87].
�. 
������
��� isconsideredto benon-phytopathogenic,but thepresenceof T3SSgenesrelated
to thoseof theHrp1-T3SSfamilyhasbeenreportedin somerhizosphereisolates[83,88±94].
However,only aminority of thesestrainscantriggeraHR,suggestingthat the��
���� gene
clusterpresentisgenerallyincompleteandinsufficientfor theproductionof anoperational
T3SSmachinery[58]. Thus,little isknownaboutthearchitectureof theT3SScarriedby �.

������
��� strainsotherthan�. 
������
��� 2P24[90]. Thisstrainhasafilamentof morethan
1 �m in length,with adiameterof about13nm, at theendof thereisabasalbodycomposedof
two rings,eachabout20nm across.Unfortunately,in onestudyin whichtheT3SSmachinery
wasextractedfrom �. 
������
��� 2P24cellsbyCsClgradientcentrifugation,it wasnot possible
to determinethesiteof insertionof theT3SSinto thecellbody[90]. Theexistenceof afunc-
tional T3SSin strainC7R12hasbeendemonstrated,but thismachinerywasnot observed
directly[35]. In our assayconditions,TEM provideddirectvisualevidenceof theexistencein
thisstrainof acompleteT3SSmachinerysimilar to thatof Hrp1-T3SSfrom �. ������	� and�.

������
��� 2P24[42,53,61,90].Thisassertionisbasedon thetypicalarchitecture,sizeandlocali-
zationof theputativeT3SSdetectedandbecausethisappendageisobservedin theC7R12strain
but not in theC7SM7mutant,underthesameassayconditions(Fig 4). It wouldbeinteresting
in afurther studyto work on thelabelingof proteinscharacteristicof theextracellularpartof
T3SSsuchasHrcC,HrpA or HrpZ to reinforcethecharacterizationof thisappendageandbet-
ter studyits role in theinteractionsbetweenthebacteriumandits environment.

TheputativeT3SSof �. 
������
��� C7R12wasobservedonly during culturein an���-
inductingminimal mediumin thepresenceof fructose,whichhasbeenreportedto beneces-
saryfor theobservationof theT3SSin �. ������	� strains[42,53,61],or in thepresenceof tre-
halose.Wefirst checkedtheexpressionof the���A gene,asamastercontrollerof T3SSgene
expression,in HIM supplementedwith mono- (glucose,fructose)or disaccharides(sucrose,
trehalose).Interestingly,trehalosewasthestrongestandearliestinducerof ���A geneexpres-
sion(Fig 3), afinding neverbeforereported,to our knowledge.Thiscompoundisanonreduc-
ing sugarfound in manyorganisms,including fungi andplants.In plants,theactivatedform
of themolecule(trehalose-6-phosphate)isakeysignalmoleculethat regulatescarbonassimila-
tion andsugarstatus[95±97].For fungi, includingplant-associatedmycorrhizae,trehaloseis
bothahigh-energycompoundandcanbeusedfor glucosestorageandosmoticregulation,
thesetradeoffsfavoringits preferentialuse.It canaccountfor asmuchas20%of fungalbio-
mass[98±100].Thepresenceof trehalosein theenvironmentmayalertstrainC7R12cellsto
thepresenceof targethost-plantor fungalcell,triggeringtheproductionof T3SS.This is
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consistentwith (�) theinvolvementof theT3SSin promotingarbuscularmycorrhizationby
C7R12[35], and(��) moregenerally,theassimilationof trehaloseasasubstrateby fluorescent
pseudomonadpopulationsassociatedwith therhizosphereandmycorrhizosphere,but not by
pseudomonadpopulationsisolatedfrom baresoil [9,101,102].It hasbeenpreviouslyshown
thatpopulationsof fluorescentpseudomonadsharboringT3SSgenesweremoreabundantin
mycorrhizospheresthanin otherenvironments[27,59,62].Moreover,it hasbeendemon-
stratedthat theT3SSof thestrainC7R12wasresponsiblefor thepromotion of mycorrhization
of ����
	�� ����
	���	 becauseroot colonizationbyarbuscularmycorrhizalfungi wasnot
promotedbyaT3SS-negativemutant [35]. Thesefindingsarein agreementwith our results.

When�. 
������
��� C7R12or C7SM7wasculturedon EM gridscontainingHIM, thebac-
teriaadheringto theformvarsurfaceformedmicrocoloniescharacterizedby long,filamentous
fibrils composedof bundlesof individual pilusstrands.Thesefibrils appearedto besynthe-
sizedin adisorderedmannercloseto thebacteriumor microcolony(Fig 5), subsequently
becomingorganizedandjoining togetherto form longbranchedbundlesup to 50timesthe
sizeof thebacteriain our testconditions(Fig 6).Thesestructuresstrikingly resembledthe
bundlesof fimbrial low-molecular-weightprotein (Flp) pili first observedbyKachlanyetal.
[103,104]in ������	���	
��� (formerly �
�����	
�����) 	
������
����
����	��, thecausal
agentof aggressiveperiodontitis.Theotheravailabledatasuggestthat theseproteinaceous
appendagesarerelatedto structuresreferredto bydifferentauthorsastheªtight adherence
pilusº (Tad)or ªroughcolonyproteinº (Rcp)in addition to Flp [105].The�	� genesencode
themachineryrequiredfor theassemblyof adhesiveFlppili, including their majorstructural
glycoproteincomponent,whichisencodedby the
���� gene[106].Theyareessentialfor bio-
film formation,colonizationandpathogenesisin thegenera������	���	
���, �	���������,
�	��������	, �������	, �	����	
��� andamongthefluorescentpseudomonadsof thespecies
���������	� 	��������	 (for reviewseeTomichetal.[107]).Interestingly,�	� geneshavealso
beimplicatedin theplantpathogenicityof two potatopathogens,��
���	
������ and�	�����
��	 [108,109].However,amongpublishedTEM studiesof Flpstructures[109±111],images
only of Flp fibrils from �. 	
������
����
����	�� [104,106],and,to alesserextent,�	������	
���	�	
�	��� [112],revealingthestructureandsizeof thesefibrils to besimilar to those
recordedfor �. 
������
��� C7R12andC7SM7(Fig 6).Bhattacharjeeetal.[113],concluded
thatFlp fibrils werenot involvedin mobility becausetheyaredevoidof thePilT ATPaseessen-
tial for pilusretractionphenomena,asobservedin twitching motility [114].This isprobably
alsothecasefor theC7R12andC7SM7strains,whichdisplayedno motility in twitchingcon-
ditions,includingculturein HIM, but,conversely,displayedanadhesionof coloniesto the
surfaceof Petridishes(Fig 1).Bycontrast,Flp fibrils contributeto thenon-specificadhesion
of bacteriato abioticsurfaces(glass,stainlesssteel)or eukaryotic(mammalian)cells,andthey
promotebacterialaggregationfor theformationof microcoloniesandvirulence[104±106].�.

������
��� pili clearlyactnot only in parallelarraysto form thick fibrils, but alsoin adhesion
to environmentalsurfaces(Fig 6).Precisely,thesynthesisandassemblyof both flagellaand
Flppili haverecentlybeenshownto bekeydeterminantsof plant root colonization[23].

In conclusion,our studyprovidesdirectevidencefor theexistence,in �. 
������
��� C7R12,
of anextracellularapparatusunusualin non-pathogenicfluorescentpseudomonads.This
apparatusincludesabundleof polarflagella,thin flexiblepili resemblingHrp1-T3SSinjecti-
somesanddenselybundledfimbria-like appendagesprotruding from theentiresurfaceof the
microcolonyto form awidefractalnetwork,stronglysuspectedto supportpreliminarysteps
in ���������	� biofilm deployment.Thenatureandanchoringof thesestructuresdependon
thecomposition(e.g.sugars),hydrophobicityanddensityof thecellularmicroenvironment.
Furtherstudiesarerequiredto determinethepreciseroleof thesevariousappendagesandto
checkfor their existencein otherrhizosphere-competent andbiocontrolstrains.
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