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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

Fluorescenpseudomonadareso-namediecaus¢heyproducesolublegreenistpigmentsin
conditionsof iron limitation thatfluorescavhenilluminatedwith UV light [1]. These
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ubiquitous -proteobacteridnaveaconsiderablgotentialfor adaptatiorto fluctuatingenvi-
ronmentalconditions,thanksto their highly versatilemetabolismandthe plasticityof their
largegenomd2+6]. This group of bacteriaincludesthe species

whichis generallyconsideredo beasaprophytiahizobacteriumbecausdés densmes(lo6 to
10° CFU/groot) and metabolicactivitiesareincreasedn the plantrhizospherd7+10].In addi-
tion, somestrainsprotectplantsfrom infection by interfering with phytopathogeniagents.
This biocontrol activity generallyinvolvescompetitionwith pathogengor spaceand/or nutri-
ents,antagonism thesynthesi®f toxic agentsantibioticsand biosurfactantsand stimula-
tion of plantdefensefl1+15].Thelocationandfitnessof . renderthis
antagonisticspeciegvenmore powerfulfor treatingdiseasesf rootsandtuberswhich are
not generallyaccessible germicidaltreatmentd16,17].

It is now widelyacceptedhat the strongplant colonizationand biocontrol capacitie®f
fluorescenpseudomonadareassociatewith cellmotility andchemotaxigowardstherhizo-
spheran additionto celladhesiorandbiofilm formation on theroots[18+22].Thesephysical
plant-bacteriuminteractionsarecloselyassociatewith the presencef bacterialextracellular
structuressuchasflagellafimbriae, pili andsecretiorsystem$23+27].Unfortunately these
nanostructureareonly clearlyvisibleon electronmicroscopy(EM), andtheyaretherefore
generallydetectedndirectly. Indeed,the presencef flagellafimbriae and pili, which are
involvedin swimming,swarmingandtwitching motilities, respectivelyis deducedrom
observation®f bacterialgrowth on appropriateagarmlateg24,28].Likewise gvidencdor the
presencef afunctionaltypethreesecretiorsystem(T3SS)s providedby the observatiorof a
hypersensitiveesponséHR) in tobaccdeave4to 48hoursaftertheinfiltration of the bacte-
rium concerned29+31].Thedifficultiesencounteredn observation®f extracellulaappend-
agegesultfrom their extremelysmallsize(in the nanometerange)andbrittienessthese
delicatestructuresaregenerallydestroyedy shakingduring culture or during thetransferof
cellsonto the supportfor microscopicobservationMoreover little is known aboutthe envi-
ronmentalconditionstriggeringthe synthesi®f thesecomponent432,33].

We performedultrastructuralobservationdy transmissiorelectronmicroscopy(TEM).
We observedeveratlifferentmembranemachinerien therhizosphere-competeriocon-
trol strain . C7R12Thismodelstrainharborsaremarkablesetof extracellular
structuresjncluding apolarbundleof flagellaa putative T3SShat seemso besynthesizeih
responséo fructoseor trehalosa@nduction, andbundlesof dendritic fibrils forming ahuge
networkof cellsand microcoloniesWe discusghe putativerole of thesestructuresn the pri-
mary stepof adhesiorandbiofilm formation.

Materials and methods
Bacterial strains and culture conditions

C7R1234] andaT3SSmutantderivedfrom it, C7SM7 wereused
for theseexperiments. C7SM7wasobtainedby site-directedmuta-
genesi®f C, ageneencodinganoutermembraneporeforming protein requiredfor type
IlI-mediatedsecretion35]. This mutanthasbeenchosersinceHrcC isrequiredfor the secre-
tion of the HrpA protein forming the pilus of T3SS$€elongingto the Hrpl family [36]. Bacte-
rial cellswereculturedat 25EQn King's B medium[37], aglycerol-richmediumwith alow
iron contentthatinducesthe synthesiof siderophoresindsecondarynetabo-
lites[1,12],0orin an -inducing minimal medium(HIM) asdescribedy Huynh etal.[38]
andwith thefollowing composition:1.7mM NaCl,1.7mM MgCl,, 7.6mM (NH 4),SQ;, 50
mM KH,PQO,, pH 5.7,supplementedvith 10mM glucosefructose sucroseor trehaloseasthe
solecarbonsource Forinduction of the T3SS A modelgenepacteriawerefirst culturedin
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liquid KB mediumto anOD at 600nm of 0.6+£0.8Thebacteriaverewashedwicein 10mM
MgCl, andthe ODggowasadjustedo 0.6in liquid HIM. Induction wasperformedat 25EC,
with shaking(180rpm). KB mediumwasusedto repressr3SSi.e.asanon-inducing
medium),to establishhe basalevelof A geneexpressiorfcontrol).

Swimming, swarmingand twitching motility assays

Motility assaysvereperformedon KB mediumsupplementedvith 0.3%/0.6%0or 1%agar for
swimming,swarmingandtwitching motilities, respectivelyspreviouslydescribed39].
Briefly, swimmingmotility assaylateswvereinoculatedwith atoothpick. Swarmingmotility
assaylateswereinoculatedby the depositionof 5 | of overnightbacterialcultureon the sur-
faceof the medium. Twitching motility assaylateswereinoculatedby depositings | of over-
night bacterialcultureunderneaththe medium,atthe bottom of the Petridish. The plates
wereincubatedat 25EGor 48h. Motility wasassessealy measuringneandendritelengthfor
swarming.or thetotal diameterof the circularturbid zonefor swimming.Twitching motility
wasassessdualy determiningthe diameterof growth attheinterfacebetweerthe agarandthe
bottom of the Petridish. Thiswasachievedy removingthe agar washingthe unattachectells
of the platewith water,andstainingthe cellsattachedo the platewith crystalviolet (1%[wt/
vol] solution).

Total RNA extraction and cDNA synthesis

Total RNA wasextractedrom 10° bacteriaby the hot acid-phenoimethod[40]. Asrequired,a
volumeof culture containing10® bacteriawvassampledand mixedwith anequalvolumeof
100%ethanol100%to stoptranscription.Bacteriakultureswerecentrifugedat4000  for
10min andthebacterialpelletwasresuspendeth 300 | of lysisbuffer (0.02M sodiumace-
tate,pH 5.5,0.5%(w/v) SDS,1 mM EDTA). Total RNA wasthenisolatedby two roundsof
extractionin 600 | of hot acidphenolfor threeminuteseach(pH 4.3;60EC)The mixture was
centrifugedat13000 for 15min, andthe aqueougphasewnastreatedwith 500 | chloro-
form/isoamylalcohol(24:1)andcentrifugedaspreviouslydescribedTotal RNA wasprecipi-
tatedby overnightincubationof the supernatantit-20EGwith two volumesof 100%ethanol
containingl00mM sodiumacetateThe precipitatedRNA wascollectedby centrifugation.
Thepelletwaswashedn 75%ethanolandresuspended 50 | DEPCwaterandtreatedwith
Ambion TURBODNase(Life Technologiesjor 2 h at 37ECWe checkedor the absencef
DNA contaminantsby PCRwith the standardNEBKkit, usingthe 16S-FOR/16S-REpfimers
(S1Table). Total RNA wasconvertednto cDNA by reversdranscriptionwith the High-
capacitycDNA RTKit (Applied Biosystem).

Quantitative RT-PCR

Specifiqorimersfor thetargetgenes A, andthe 16SrRNA geneof . C7R12
weredesignedvith Primer ExpressSoftwarev3.0.1(S1Table). Real-timequantitativeamplifi-
cationwasperformedwith the 7500FastRealTime PCRsysten(Applied Biosystems)Reac-
tionswereperformedin a13 | mixture containing6.5 1 SYBRGreenPCRMasterMix (2X
SYBRGreenl Dye,AmpliTag Gold DNA PolymerasedNTPswith dUTPs)with eachprimer
presentatafinal concentrationof 0.2 M and7.5ng cDNA. Thethermalcyclingprogramwas
asfollows:95Edor 20s, followedby 40cyclesof 95ETor 10s,60ECor 30sand72Edor 6 s,
andthen95EQor 15s,60ECor 1 min and 95EGor 15s.We used16SrRNA asaninternal
control andthe standarddeviationin eachcasevasbelowthe 0.15thresholdcycle(CT). Rela-
tive quantificationwasperformedaspreviouslydescribedby the comparativeCT (-2 ™)
method[41].
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Preparationof samplesfor transmissionelectronmicroscopy

Bacteriaverevisualizedbn 200-meshickel EM grids (meshdiameterof 74 m) coatedwith
2%Formvar(LeicaMicrosystems)a polyvinyl formal resinformedby polyvinyl alcoholand
formaldehydecopolymerizatiorwith polyvinyl acetateand producedby MonsantoChemical
Company(St.Louis,Missouri).

Forthe observatiorof flagellaandthe T3SSassayonditionsinducing the formation of
thesestructuresandpreservingheir integrity wereestablisheavith amodified versionof
the protocoldescribedby Roineetal.[42]. Bacteriaveregrownon solid KB or HMI medium
supplementedvith 10mM fructoseor trehaloseasthe solecarbonsource at 25ECor 48h.
The EM gridswerethencoatedwith the bacteriaby transferfrom the agarplate. Thefor-
mvar-coatedsideof the grid wasplacedin contactwith the bacterialawnfor 10min to
obtainafootprint of the cellsandthe organellesynthesizean the correspondingagar
medium.For the observatiorof pili anddendritic fibril bundles assaysereperformed
accordingto anoriginal protocolin which bacteriawerecultureddirectlyin liquid HIM on
grids.Thebacteriawerefirst culturedovernightin KB medium.Theywerewashedwicein 1
mM MgCl,, resuspendeth HIM andthe ODggowasadjustedo 10°CFU/mI. A 20 | droplet
of this suspensionvasdepositedn the centerof a9-cmPetridishlined with wetfilter paper.
The EM grid wasplacedon thedrop andthe Petridishwassealedvith Parafilm.Theplates
containingthe gridswereincubatedin agrowth chamberat 25ECin asaturatecatmosphere,
for 8,12,24and48h.

Oncethebacteriavereloadedonto the grids,theywerefixed by transferringthe gridsfor
30min ontoa20 | drop containing2%paraformaldehydand0.5%glutaraldehydén PBS
(pH 7.2,137mM NacCl,2.7mM KCI, 10mM Na,HPO, and1.76mM KH,PQy). Gridswere
thenwashedhreetimes,for 5 minuteseachpy placingthemona50 | drop of PBSandthree
times,for 5 minuteseachpy placingthemon a50 | drop of distilledwater.Thewashedspeci-
menswerenegativelystainedby incubationfor 10sin 1%phosphotungsti@cid,the pH of
whichwasadjustedo pH 6.5with KOH, andthe specimensverethenallowedto dry in air
beforeviewing.

Transmissionelectronmicroscopy

All observationsvereperformedat PRIMACEN,the NormandyCelllmagingPlatform
(Mont-Saint-Aignan France) and/or at CMABIo, the Centerfor MicroscopyAppliedto
Biology(Caen France)of NormandyUniversity.Observationsvereperformedon Tecnail?
Bio-Twin (PRIMACEN)or JEO11011(CMABI03) transmissiorelectronmicroscopesperat-
ing at80KkV. Imagesvereacquiredwith an Erlangsherb00W(PRIMACEN)or GatanOrius
200(CMABI03) cameraandprocesseavith GatanDigital Micrographsoftware(on both
microscopes).

Statisticalanalyses

Culturesweresetup in triplicate from threeindependentultures geachof which wassetup
from anindependenpreculture For quantitativePCR wetestedhe null hypothesighateach
expressiovaluewasnot significantlydifferentfrom the otherexpressiovalueq valuecal-
culated). valueshelow0.05wereconsideredsignificant( , < 0.05).Thestandarddeviation
wasbelow0.15 units. Theresultspresentedirethe meanvaluesrom atleastthreeindepen-
dentexperimentsStatisticahnalysisvasperformedwith DataAssistTMsoftwarg(v3.01) for
therelativequantificationof geneexpressioraccordingto the comparativeCT (2+ 1 1CT)
method[41].
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Fig 1. Swimmingand swarmingmotilities of . C7R12and a T3SS-ngativemutant strain derivedfrom it (C7SM7strain). Cells
wereusedto inoculateswimming (A), swarming(B) or twitching (C) motility assaygarplatescontaining King'sB medium,whichwerescanned
after48h of incubationat 25ECTheresultsshownarerepresentatig of threeindeperdentexperimets, eachperformed atleastn triplicate.

https://doi.org/1A.371/journal pne.0221025001

Results

Motilities andlophotrichous flagellation of
C7R12

Flagellaareusedin both swimmingmotility in liquids and swarmingmotility on wetsemi-
solidsurface$43]. C7R12strainandthe T3SS-defectiveautant
derivedfrom it, C7SM7 poth displayedswimming(Fig 1A) andswarming(Fig 1B) motilities
in KB agar.For swimming,the meanof the diameterof the turbid zonewassimilar for the two
strains(27.4 1.3mm for the C7R12strainand28 1.3mm for the C7SM7strain).In the
moststudiesof , aflagellumwith apolarinsertionis responsibldor
this modeof motility andis generallyobservedn agueougnvironmentg44]. Unlike swim-
ming, swarmingmaotility requiresa concertednulticellulareffort, biosurfactansecretiorto
decreas¢he surfacgensionof the swarmfluid and,in somecasesanincreasen the number
of flagella[45]. Swarmingappearso beamodeof motility enablingbacterialpopulationsto
colonizesurfacesapidly, resultingin biofilm formation [43]. The C7R12and C7SM7strains
wereableto migrateawayfrom theinitial locationcollectivelywith ameangrowth diameter
0f32.2 2mm measuredor C7R12andof31.9 3.1mm for C7SM7jn our KB agarcondi-
tions. Theswarmingobservedook the form of smallfringes(Fig 1B) aspreviouslydescribed
for other . strains[46]. However this swarmingdid not resultin the formation of
the expandingrregularbranchingpatterntypical of swarmingmotility in . , as
describedy RashidandKornberg[47].

Twitching motility is amodeof translocationoversemi-solidor solid surfacesn humid
conditions.lt is dependenbn the presencef retractiletypelV pili, but doesnot requirefla-
gella[48]. In twitching motility, translocatioracrosghe surfacas mediatedby the extension
andretractionof pili andcorresponddo acollectivebehaviorsupportingcolonyexpansion
[48]. In our twitching motility assaydoth strainsformedadensecrystalviolet-stainedspot,
thediameterof which correspondedo that of theinitial inoculum (5 I) (Fig 1C). Thus,these
strainswereunableto moveoverthe surfaceof the Petridish,but theywereableto adhereto
it. We canthereforeconcludethatthese. strainshaveno twitching motility and
probablydo not producetypelV pili underour experimentatonditions.

Weinvestigatedhetypeof cilia responsibldor the swimmingand swarmingof the C7R12
strain, by culturing this strainon KB agarplatesandthentransferringit to an EM grid. Cells
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werenegativelystainedand examinedby high-resolutionTEM. . C7R12wasrod-
shapedabout2 m longandusuallycoveredwith four to severflagellaall connectedo thecell
bodyatthe samepolarposition (Fig 2A and 2B). In our assayonditions,theselagellawvere
about4to 5 m longandhadadiameterof about20nm. In somebacteriathe baseof the mul-
tiple flagellais surroundedby aspecializedegionof the cellmembraneknown asthe polar
organelld49]. No suchpolarorganellevasobservedere(Fig 2C). Themultiple flagellaare
thoughtto actin concertto drive bacteriaswimmingby pushing,pulling or coiling aroundthe
cellbodyin thevicinity of asemi-solidagarsurfacg50], consistentvith our findings (Fig 1).

Theexpressiorof A, encodingthe main protein of the T3SSpilus, is
strongly induced by fructose,sucroseand trehalosein minimal medium

TheT3SSapparatuss not constitutivelyproducedby bacteriaand remainsdifficult to observe
without specificandfavorableassayonditions[33,51].Variousculture mediafavoringthe
productionof T3S9n the phytopathogen havebeendescribedWe
choseéo useabasabkaltmediummimicking the compositionand pH of the plantapoplast
[38,52]. Theseconditionsarethoughtto triggerthe production,by bacteriapf a T3S3njecti-
somecloseto the potentialtarget(i.e.plantcells)[32,38,53]We addedvariousplant sugargo
this minimal medium,andcomparedheir ability to actasa carbonsourceandto inducethe
productionof the T3SSuy the . C7R1Xstrain.

Fig 2. Production of flagellaby . C7R12 Cellsweregrownfor 48h at 25E@n platescontaining
solidifiedKing's B medium.Theywerethentransferredoy footprint to the electronmicroscopygridsandnegatively
stainedwith phosphotungticacid.Thecellsharboredalophotrichauscilium, generallicompogdof multiple long
flagella(A). Up to severflagellawereobserve@mergingrrom asinglebacteriumasshownin (B). An enlargemenbf
thisimagerevealgpolarinsertiondetailsand canbeusedto estimaé the diameterof eachpilus (C); the sizef the
scalebarsarel m (A,B)and0.1 m (C).

https://abi.org/10.1371durnal.por.0221025.902
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We assesséthe efficacyof this mediumfor inducing T3S Sy first evaluatingherelative
expressioevelof akeyT3SSyene, A, whichisknownto behighly expressedndrepre-
sentativeof HrpL-regulatedT3SSjenesn . [32,33].Thisgeneencodeshe major
structuralprotein of the T3S Soilus, enablingthe pilusto elongateuntil it reacheds target,
throughpolymerization[54]. RT-gPCRanalysisvasperformedto compare A expression
betweerthe C7R12strainculturedin liquid HIM mediumandin KB medium.With glucose
astheinducer, A transcriptionleveldn HIM weresignificantlyhigherthanthoseobserved
in KB cultures with amaximum50-folddifferenceafter2 h of incubation(Fig 3A). Higher
fold-changesvereobtainedfor mediacontainingfructose sucroseor trehalosen placeof glu-
coseFructoseand sucrosenduceda maximumfold-changeof about180after6 h of incuba-
tion (Fig 3B and 3C). Thesimilarity of the transcriptionlevelsobtainedwith thesetwo sugars
maybeexplainedy the compositionof sucroseadisaccharidavith fructoseasoneof its com-
ponentsinterestingly stronger A induction (around220-fold)occurredwhenthe C7TR12
strainwasculturedin HIM supplementeavith trehalosgFig 3D). Wethereforechoseto use
HIM supplementeadvith fructoseor trehalosdor subsequentTEM studies.

Occurrenceand architecture of type lll secretionsystems

Theinduction of HR, aform of localizedprogrammedplant celldeathat the siteof infection,
suggestthat effectorproteinsaretranslocatednto the plantcellviaaT3S329+31].A HR can
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Fig 3. Induction of expressionn . C7R12cultured in HIM supplemeried with mono- or disacchardes.We analyzed
A transcriptionby RT-gPCRonthe . C7R12straingrownat25ECGn  -inducting minimal mediumsupplenentedwith 10
mM glucosgA), fructose(B), sucros€C) or trehalosgD). Levelof A expres®on areexpressedelativeto thoseobtainedon King B (non-

inducing) rich medium.Thedatashownarethe meanvaluesobtainedin threeindependenhexperimens. Statisticabnalysisvasperformed
with DataAssistTMsoftwarg(v3.01) with relativegeneexpressiofievelsyuantifiedby the comparativeCT (2* ''“T) method. Thesignificance
of differenceshetweermeanvaluesnveredeterminel by calculating valuesin Students testy < 0.05).

https://doiorg/10.1371§urnal.pong221025.g003
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begenerateanly if the bacteriumharborsanoperationalT3SSandinjectseffectorproteins
into theplantcell[55+57]. . isconsideredo bea2safe®aprophytiahizobacterial
speciesvith no phytopathogenipotential[3,4]. It doesnot, thereforeusuallyelicitaHR [58].
C7R1XAiffersfrom most . strainsin its ability to elicitaHR similarto that
recordedwith . pv.tomatoDC30000n tobaccdeavewithin 24hours,andthe pres-
enceof T3SSyenesequencegerysimilarto thosepresentn this referencestrain[35,59].By
contrastthe T3S9nutant C7SM7wasunableto soinduceaHR, indicatingthatthe HrcC
structuralprotein targetedduring the constructionof this mutantis anindispensablelement
of thearchitectureof the T3S935]. We thereforeusedthe C7SM7strainasanegativecontrol
with no T3SSppendage.

TheT3SSnanufactureddy . phytopathogenbelongto the Hrp1 family [60].
Theyform longthin filamentsthat mayextendfrom 200nm to severaimicrometersin length,
with adiameterof 10+12nm, in laboratoryconditions[54]. The TEM micrographsobtained
in our assaygonditionsrevealegutativeT3SSappendagesf about700to 1,750nm in length,
with adiameterof about10nm. Unlike the polarflagellathe T3S Soili werealwayspositioned
ontheelongategart of thecellbody (Fig 4A). In this context,wealsoobservedhe basapor-
tion of the pilusinsertedinto the outermembranewhichformedaring (presumedo bethe
HrcC hexamer)from whichthe pilusextendedFig 4B), asalreadyreportedfor .
DC300053]. Asexpectedyweobservedo suchstructuresn the C7SM7 C ~mutant(Fig
4C).Thus, . C7R12producesanextracellulampparatusimilar to thoseof
Hrpl-T3SSamily,asvisualizedn . DC3000/42,53,61]Thisfinding is entirelycon-
sistentwith the previousHrp1-like classificatiorof the geneclusterin the C7R12
genomg59,62].

Deploymentof a network of dendritic fibril bundles

Most TEM specimensnustbesupportedon athin electron-transparertilm, to hold the sam-
plein place Formvarfilms arethermoplastiaesinscomposedf polyvinylformals.Theyarea
frequentchoiceof film grid for TEM becaus¢heyallowthe useof gridswith alowermeshrat-
ing (seeMaterialsand Methodssection) Whenthe C7R12and C7SM7strainswerecultured
directlyin adrop of HIM placedon the surfaceof anabioticformvargrid, the cellsrapidly
deployedhovelextracellulastructuresWe observedong, thick pili associatetb various
extentsanto fibrils, which eventuallyfformedfibril bundlesdependingon growth stageAfter 8
hoursof culture,fibrils seemedo besynthesizedby microcoloniesconsistingof afewindivid-
ualcellsto severatozencells.Thesdfibrils seemedo packthe bacteriawall or the borderof
thewholecolony,forming afibrouscapsuleconnectingindividualsor microcoloniego each
other(Fig 5A and 5B). In rarecaseshefibrils appearedo beproducedby andcollected
aroundasinglecell. Howeverweneverclearlyobserved pilusor fibril anchoredn thecell
membraneor localizedo aparticularpart of the cell,suchasthe pole,andwewereunableto
detectpotentialsitesof insertioninto thecell(Fig 5C). One possibleeasorfor thisisthat .

cellsreleaseheir pili proteinsor componentsnto the extracellulacompartment
in orderfor binding to thefibrils to lengthenthem.

After 24hours,microcoloniesncluding afewhundredindividualswereableto deploya
fractalnetworkof fibril bundlesoveranareaof up to abouta1000 m 2 (Fig 6A). Thebundled
fibrils seemedo becloselyassociatedith microcolonystructures Eachfibril consistedf
largeparallelarraysof two to eightthin packedndividual pili with diametersof about10+15
nm. Theextremitiesof eachbundledisplayedrancheddendritic growthandsubdivision,
optimizing the explorationand colonizationof the contactsurfacgFig 6A and 6B). At this
stageindividual pili wererarelyobservedn thefibrils, excepiatthe growingextremitiesof the
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Fig 4. Production of atype three secretionsystem(T3SS)oy . C7R12 Cellsweregrownfor 48h at
25En solidified -inducing minimal mediumsupplemente with fructose(10mM). Theywerethentransferrel
by footprint to the electronmicroscopygrids. Transmisionelectronmicrographsof negativelystained .
C7R1Zellsshowing(A) threenon-polarlong andthin putativeHrp pili. (B) A magnifiation of theimagein A shows
the presumedr3sSasabody (blackarrow) embeddedn the outermembrare of this Gram-negatie bacterium;(C)
Undertheseassayonditions,the T3SS-negtivemutant C7SM7 usedasnegativecontrol, is deprivedof appendags;
thesizeof scalebarsarel m (A,C)and0.1 m (B).

https://abi.org/10.1371durnal.por.0221025.g04

bundle(Fig 6B and 6C). After 48hours,the bundlesof fibrils appearediarkeron TEM, as
theyhadbecomdargeranddenser(Fig 6D). An analysiof high-magnificationimagesf a
singlefibril revealedaregularstructureresemblinghe stackingof severatlozensof pilus sub-
units (Fig 6E).

Discussion

C7R13sastrainisolatedrom asoil naturallysuppressivéo Fusar-
ium wilt. It hasbeenshownto bean effectivebiocontrolagent62,63],to protect
against [35], to promoteplantgrowthandarbusculamycorrhization
[35,64,65]andto colonizetherhizosphereandtheroot tissuef variousplant specie®ffi-
ciently[34,64,66]Theseabilitieshavebeenshownto beassociatedith () thepresencefa
functional primary metabolismcouplingaerobicandnitrogenoxiderespiration[67,68],( ) an
ability to scavengefficientlyfrom theenvironment[34], ( ) acapacityto synthesize sidero-
phore(pyoverdinewith averyhigh affinity for iron andanability to improveplantiron nutri-
tion [69+71],( ) thepresenc®fafunctionalT3SY35],and() anability to assimilatespecific
compounddrom fungi andplants(e.g.sucrosetrehalose]9,72].By contrastthe ability of .
C7R120 move,adhereo theroot surfacepr developphysicainteractionswith
root cellsor microbial partners(e.g.mycorrhizae)n therhizospherehasyetto beevaluated,
andthe existencef extracellulamappendagegotentiallyinvolvedin thesebehaviorshasnot
beeninvestigated.
Thebacterialflagellumis anapparatuomposedf morethan 20differentproteins,with a
basabodythat crosseshe cellwallandis connectedo the flagellarfilamentby ahook, serving

Fig 5. Production of pili andfibrils by . C7R12andits T3SS-negtive mutant C7SM7 Cellswere
grownat 25E@n formvarelectronmicroscopygridson adrop of -inducing minimal mediumsupplenentedwith
fructoseor trehalos€10mM). Transmssionelectronmicrograghsof negativelystained . C7R12A) and
its C ~mutantC7SM7(B) microcoloniesor singlecells(C). . C7R12andthe T3SSmutantC7SM7
producedsimilarfibrils from 8 h of incubationonwards Theseibrils encircledboth singlecells(C) and microcolonies
(A,B)andconnectedhem(B); the sizeof the scalebarsis 1 m.

https://abi.org/10.1371durnal.por.0221025.906
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Fig 6. Fibril bundle network deployedby . C7R12 Cellsweregrownat 25E@n formvarelectron
microscopy gridsonadrop of -inductive minimal mediumsupplementd with fructose(10mM). (A) Extended
dendritic networkof fibrils producedby amicrocolonyof aboutahundredcells(blackarrow) andasinglecell (white
arrow) after24h. (B) Apexof afibril with its extensiorfork. (C) A magnifiation of theimagein B showingthe
detailedstructureof fibrils composedf oneto five contiguouspili. (D) Densefibril bundlesobtainedafter48h. (E) A
magnifiation of theimagein D showingtheramificationof abundlecomposedf severatlozenfibrils; the sizef the
scalébarsare1l0 m (A),1 m (B,D),and0.1 m (C,E).

https://dbi.org/10.1371durnal.por.0221025.406

asaflexiblejoint to changethe angleof flagellarotation [25,73].It is an effectivdocomotion
organellghat enabledacteriao achievespeedexceedingnanycellbodylengthspersecond
[74]. Flagellehavealsobeenreportedto function asadhesinsplayingakeyrolein bacterial
adhesiorandvirulence[25]. Membersof the species. havetraditionally beencon-
sideredto haveasingleflagellumat oneof the cellpolesthe so-called®monotrichous®confor-
mation[22,75,76]However cellsof . C7R1Zhaveanunusuallophotrichous
ciliature,with apolartuft of four to severflagellaBacteriaimotility playsakeyrolein disper-
sionandsurfacecolonizationin soil-residenbacteriasuchas . [19,77].This
motility is dependenbn the numberof flagellaandtheir arrangemenbn the cellbody|[78].
Hintscheetal.[50] showedhata strainwith apolartuft of helicalflagella
couldusedifferentswimmingpatternswith the bacteriaableto moveas®pushers®r 2pullers®
or to propelthemselvewvith the bundleof flagellawrappedaroundthe cellbody.The strong
rhizosphere-competenad the C7R12strainmay,thus,beatleastpartly dueto the presence
of this atypicalmultiple flagellationjncreasinghe speedf movement(hypermotility),and
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alteringthe natureof displacementg-ig 1), therebyincreasingitnessand chemotaxisapacity
in thevicinity of plants[75,79].However,unansweredjuestiongemainabouttherole of this
unusualflagellationin the adhesiorprocess.
Typethreesecretiorsystem$iavebeenshownto playadeterminingrolein hostinterac-
tions mediatedby fluorescenpseudomonadsncluding the opportunisticpathogerof animals
andhumans andthe plantpathogen [80,81].
In thesepathogenicspeciesf , the T3Sdsinvolvedin cell-to-cellcontactwith
the eukaryotichostandin bacterialvirulence.Genesncodingthe basicstructuralelementof
the T3SSareconservedmongGram-negativdacterig60,82].Eightfamiliesof T3SSéave
beendescribedn the basisof sequencanalyse§33,84].The T3SSof . involved
in bacterialvirulencebelonggo the Ysc-T3S$amily. It formsashortneedle-likestructure
thatactsasaninjectisomedeliveringtoxinsto thetargetcellcytosol[85,86].The T3SSof .
. whichhasbeenimplicatedin plant pathogenicitybelonggo the Hrp1-T3SSamily.
It formsalong,thin, flexiblepilus,capablef penetratingthe thick wallsof plant cells.This
pilusis essentiafor theinjection of multiple effectorproteinsinto plantcellsto suppresplant
innateimmune defensegnanipulatehormonesignalingandtriggercelldeath[30,57,80,87].
is consideredo benon-phytopathogenidyut the presencef T3SSyeneselated
to thoseof the Hrp1-T3SSamily hasbeenreportedin somerhizospherdsolate483,88+94].
However,only aminority of thesestrainscantriggeraHR, suggestinghatthe gene
clusterpresenis generalljincompleteandinsufficientfor the production of an operational
T3SSmachinery[58]. Thus,little is known aboutthe architectureof the T3S arriedby .
strainsotherthan . 2P24[90]. This strainhasafilamentof morethan
1 m in length,with adiameterof about13nm, atthe endof thereis abasabodycomposedf
two rings,eachabout20nm acrossUnfortunately,in onestudyin whichthe T3SSmachinery
wasextractedrom . 2P24cellsby CsClgradientcentrifugation,it wasnot possible
to determinethe siteof insertionof the T3S3nto the cellbody[90]. The existencef afunc-
tional T3S3n strain C7R1zhasbeendemonstratedbut this machinerywasnot observed
directly[35]. In our assagonditions,TEM provideddirectvisualevidenceof the existencen
this strainof acompleteT3SSnachinerysimilarto that of Hrp1-T3SSrom . and .
2P24[42,53,61,90[This assertioris basen the typicalarchitecture sizeandlocali-
zationof the putativeT3SSletectechand becaus¢his appendagés observedn the C7R12strain
but not in the C7SM7mutant,underthe sameassayonditions(Fig 4). It would beinteresting
in afurther studyto work on the labelingof proteinscharacteristiof the extracellulapart of
T3SSsuchasHrcC, HrpA or HrpZ to reinforcethe characterizatiorof this appendagandbet-
ter studyits role in theinteractionsbetweerthe bacteriumandits environment.
TheputativeT3SSf . C7R12wasobservednly during culturein an -
inducting minimal mediumin the presencef fructose which hasbeenreportedto beneces-
saryfor theobservatiorof the T3SSn . strains[42,53,61]por in the presencef tre-
haloseWefirst checkedheexpressiomfthe A geneasamastercontrollerof T3SSyene
expressionn HIM supplementedvith mono- (glucosefructose)or disaccharidegsucrose,
trehalose)lnterestingly trehalosevasthe strongestindearliesinducerof A geneexpres-
sion(Fig 3), afinding neverbeforereported,to our knowledgeThis compoundis anonreduc-
ing sugarfound in manyorganismsincluding fungi andplants.In plants,theactivatedorm
of themolecule(trehalose-6-phosphaté&ya keysignalmoleculethatregulatesarbonassimila-
tion andsugarstatug95+97].Forfungi, including plant-associatethycorrhizaetrehaloses
both a high-energycompoundand canbeusedfor glucosestorageand osmoticregulation,
theseradeoffsfavoringits preferentialuse It canaccountfor asmuchas20%of fungalbio-
masgq98+100].The presenc®f trehalosdn the environmentmayalertstrain C7R12Zcellsto
the presencef targethost-plantor fungalcell,triggeringthe productionof T3SSThisis
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consistenwvith () theinvolvementof the T3SSn promoting arbusculamycorrhizationby
C7R1235],and( ) moregenerallythe assimilationof trehaloseasa substrateoy fluorescent
pseudomonagbopulationsassociate@ith the rhizosphereand mycorrhizospherehut not by
pseudomonagbopulationsisolatedfrom baresoil[9,101,102]it hasbeenpreviouslyshown
that populationsof fluorescenpseudomonadbarboringT3SSyenesveremore abundantin
mycorrhizospherethanin otherenvironmentg27,59,62]. Moreover it hasbeendemon-
stratedthatthe T3S Sof the strain C7R12wvasresponsibldor the promotion of mycorrhization

of becauseoot colonizationby arbusculamycorrhizalfungi wasnot
promotedby a T3SS-negativieutant[35]. Thesdindingsarein agreementvith our results.
When . C7R12or C7SM7wasculturedon EM gridscontainingHIM, the bac-

teriaadheringto the formvar surfacormedmicrocoloniescharacterizedby long, filamentous
fibrils composedf bundlesof individual pilus strands Thesfibrils appearedo besynthe-
sizedin adisorderedmannercloseto the bacteriumor microcolony(Fig 5), subsequently
becomingorganizedandjoining togetherto form long branchedbundlesup to 50timesthe
sizeof the bacteriain our testconditions(Fig 6). Thesestructuresstrikingly resembledhe
bundlesof fimbrial low-molecular-weighprotein (Flp) pili first observedy Kachlanyetal.
[103,104]n (formerly ) , thecausal
agentof aggressivperiodontitis. The otheravailabledatasuggesthat theseproteinaceous
appendagearerelatedto structureseferredto by differentauthorsasthe 2tight adherence
pilus® (Tad) or 2rough colonyprotein® (Rcp)in additionto FIp[105]. The  genesncode
themachineryrequiredfor the assemblyf adhesive-Ip pili, including their major structural
glycoproteincomponentwhichis encodedy the geng106]. Theyareessentialor bio-
film formation, colonizationand pathogenesii thegenera , ,
, , andamongthefluorescenpseudomonadsf the species
(for reviewseeTomichetal.[107]). Interestingly, genedavealso
beimplicatedin the plant pathogenicityof two potatopathogens, and
[108,109]However,amongpublishedTEM studiesof Flp structureg109+111]jmages
only of Flpfibrils from . [104,106]and,to alesseextent,
[112],revealinghe structureandsizeof thesdfibrils to besimilar to those
recordedfor . C7R12andC7SM7(Fig 6). Bhattacharjeetal.[113],concluded
that FIp fibrils werenot involvedin mobility becaus¢heyaredevoidof the PilT ATPaseessen-
tial for pilusretractionphenomenaasobservedn twitching motility [114]. Thisis probably
alsothe casdor the C7R12and C7SM7strains which displayedho motility in twitching con-
ditions,including culturein HIM, but, converselydisplayedan adhesiorof coloniesto the
surfaceof PetridishegqFig 1). By contrast,Flpfibrils contributeto the non-specificadhesion
of bacteriato abioticsurfacegglassstainlessteel)or eukaryoticlmammalian)cells,andthey
promotebacterialaggregatiorior the formation of microcoloniesandvirulence[104+106]..
pili clearlyactnot onlyin parallelarraysto form thick fibrils, but alsoin adhesion
to environmentalkurfacegFig 6). Preciselythe synthesisand assemblyf both flagellaand
Flp pili haverecentlybeenshownto bekeydeterminantsf plantroot colonization[23].

In conclusionpur studyprovidesdirectevidencdor theexistencein . C7R12,
of anextracellulaapparatusinusualin non-pathogenidluorescenpseudomonadslhis
apparatusncludesabundleof polarflagellathin flexiblepili resemblingHrp1-T3SSnjecti-
somesanddenselybundledfimbria-like appendagegrotruding from the entire surfaceof the
microcolonyto form awidefractalnetwork,stronglysuspectetb supportpreliminary steps
in biofilm deploymentThe natureandanchoringof thesestructuresdependon
the composition(e.g.sugars)hydrophobicityand densityof the cellularmicroenvironment.
Furtherstudiesarerequiredto determinethe preciserole of thesevariousappendageandto
checkfor their existencen otherrhizosphere-competdrmndbiocontrol strains.
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