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Abstract

Phenotypic heterogeneity in microbial communities enables genetically identical organisms

to behave differently even under the same environmental conditions. Photorhabdus lumi-

nescens, a bioluminescent Gram-negative bacterium, contains a complex life cycle, which

involves a symbiotic interaction with nematodes as well as a pathogenic association with

insect larvae. P. luminescens exists in two distinct phenotypic cell types, designated as the

primary (1Ê)and secondary (2Ê)cells. The 1Êcells are bioluminescent, pigmented and can

support nematode growth and development. Individual 1Êcells undergo phenotypic switch-

ing after prolonged cultivation and convert to 2Êcells, which lack the 1Êspecific phenotypes.

The LysR-type regulator HexA has been described as major regulator of this switching pro-

cess. Here we show that HexA controls phenotypic heterogeneity in a versatile way, directly

and indirectly. Expression of hexA is enhanced in 2Êcells, and the corresponding regulator

inhibits 1Êspecific traits in 2Êcells. HexA does not directly affect bioluminescence, a predom-

inant 1Êspecific phenotype. Since the respective luxCDABE operon is repressed at the

post-transcriptional level and transcriptional levels of the RNA chaperone gene hfq are also

enhanced in 2Êcells, small regulatory RNAs are presumably involved that are under control

of HexA. Another phenotypic trait that is specific for 1Êcells is quorum sensing mediated cell

clumping. The corresponding pcfABCDEF operon could be identified as the first direct target

of HexA, since the regulator binds to the pcfA promoter region and thereby blocks expres-

sion of the target operon. In summary, our data show that HexA fulfills the task as repressor

of 1Êspecific features in 2Êcells in a versatile way and gives first insights into the complexity

of regulating phenotypic heterogeneity in Photorhabdus bacteria.

Introduction
����������	
 �	�
��
���
 isaGram-negativesoilbacterium,whichlivesin symbiosiswith soil
nematodesof thegenus�����������
�

 ������
������ andis in turn highlypathogenicagainst
insectlarvae[1]. Thebacteriacolonizetheuppergutof thenematodesin its infectivejuvenile
(IJ) stage,whichsearchfor insectlarvaein thesoil.Upon encounteringits prey,thenematode
entersthehemocoelandreleasesthebacteriainto theinsectÂshemolymphbyregurgitation
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[2]. Then,thebacteriaproduceahugesetof differenttoxinsthateffectivelykills theinsect
within 48hours.Furthermore,thebacteriaproduceseveralexoenzymesto convertthecadaver
into arich nutrient soupthat isusedby thebacteriaaswellasthenematodesfor growthand
reproduction.At thisstage,thebacteriaarebioluminescentandtheinsectcadaverbeginsto
glow.Antibioticsareproducedto defendthecadaverfrom otherbacteriaor fungi.Whenthe
cadaverisdepleted,nematodesin theIJstagere-associatewith thebacteriaandsearchfor
anotherinsectpreyin thesoil [3,4].

�. �	�
��
���
 existsin two phenotypicallydifferentcelltypes,designatedasprimary (1Ê)
andsecondarycells(2Ê).The1Êcellsareableto associatewith thenematodesandshowthe
characteristicfeatureslike bioluminescence,pigmentation,productionof exoenzymesand
antibiotics.The2Êcellslackall thesephenotypes[3,5]. In thepast,theproductionof anthra-
quinoneswasfound to beresponsiblefor thepigmentationof 1Êcells.Thesynthesisof anthra-
quinonesisaccomplishedviatheoperon������������, whichencodesatypeII polyketide
synthaseandseveralmodifyingenzymes[6]. It wasrecentlyfound,that theregulatorAntJis
requiredfor theheterogeneousactivationof theexpressionof ������������ in 1Êcells,
whereasonly abasalbut homogeneousactivationwasobservedin 2Êcells.Artificial overpro-
ductionof AntJleadsto anthraquininoneproductionin theusuallynon-pigmentedsecondary
cells,showingthat thenon-pigmentationisdueto atight regulationof geneexpressionrather
thantheresultof aspecialmetaboliccondition in 2Êcells[7].

Despitethefactthat2Êcellsarealsopathogenictowardsinsectlarvae,theyareunableto
supportnematodegrowthanddevelopment.Therefore,it isassumedthat2Êcells,although
neverisolatedasfree-livingform, arebetteradaptedto afreelife in thesoilastheycannotuse
thenematodesasashuttleto reachtheir prey,like 1Êcellsdo [8]. Furthermore,ahugesetof
metabolicenzymeswasfound to beup-regulatedin 2Êcells,whichlendssupportto theidea
that2Êcellshaveadaptedto usethelimited nutrientsthatarepresentin thesoil [9].

Recently,it wasfound thatcellclumpingin �. �	�
��
���
 ismediatedviaanovelquorum
sensingsystem.Thereby,so-calledphotopyronesareproducedviathephotopyronesynthase
PpyS.Thephotopyronesarerecognizedby theLuxRsoloPluR,whichthenactivatesthepro-
moterof the��������� (����������	
 clumpingfactor,PCF)operon.Expressionof the���
operonleadsto theformationof cellclumps,whichis important for thevirulenceof thebacte-
ria [10]. WhetherPCF-mediatedcellclumpingisanother1Êphenotypicfeatureisunclear.

In thepast,thetranscriptionalregulatorHexAhasbeenidentifiedto playanimportant role
in theoccurrenceof thetwo phenotypiccelltypes[11]. In ����������	
 ��������� it waspre-
viouslyshownthat1Ê-specificproductsaremainlysymbiosisfactors,whichareimportant for
nematodegrowthanddevelopment.Thesesymbiosisfactorsarerepressedin 2ÊcellsbyHexA
andthederepressionof thesymbiosisfactorsin 2Êcellsresultedin asignificantattenuationof
virulenceto insectlarvae.This lent supportto theideathatduring anormal ����������	

infection,pathogenicityandsymbiosismustbetemporallyseparatedandthatHexAmustbe
somehowinvolvedin theregulationof thispathogen-symbionttransition[11]. Moreover,
HexAhasbeencorrelatedto control theproductionof awiderangeof differentsecondary
metabolitessincea1Ê�ï���� mutantdrasticallyincreasedtheproductionof stilbene-derived
smallmoleculesamongothers,whichareknownasimportant symbiosisfactors[12]. In a
strainwhere���� isundercontrol of theinducibleP��� promoter,theproductionof mevalag-
mapeptide,GameXpeptideA, phurealipidA, desmethylphurealipid A aswellasphotopyrone
D wasdrasticallyreducedunderinducingconditions,revealingthatHexA isaglobalrepressor
of secondarymetabolismin �. �	�
��
���
 [13]. HexAbelongsto thefamilyof LysRtranscrip-
tional regulators(LTTRs)with anN-terminal DNA-binding helix-turn-helixmotif andaC-
terminalco-inducer-bindingdomainof yetunknownfunction.LTTRsbelongto themost
abundanttypeof transcriptionalregulatorsof prokaryotesandactivatorsaswellasrepressors

HexA of P. luminescens
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areincludedin thisgroup[14]. It wasfound thatexpressionof ���� isenhancedin ����������
�	
 ��������� 2Êcells.Interruption of ���� in 2Êcellsresultedin abright phenotypeof the
normallynon-bioluminescent2Êcells.Additionally, the2Ê�ï����::��� mutantexhibitedsev-
eralother1Êspecificphenotypes,further supportingtheideathatHexAactsasarepressorof
1Êspecificphenotypesin the2Êcells[11]. TheexactmechanismhowHexAcancontrol the
variousphenotypesremainedunclearandDNA-binding of HexAhasneverbeenshown.Here
wedescribethatHexAactsasaversatileregulator,whichcontrolsgeneexpressiondirectlyat
thetranscriptionallevel,andindirectlyat thepost-transcriptionallevelandwegivefirst
insightsinto thecomplexityof theregulationof phenotypicheterogeneityin �. �	�
��
���
.

Material and methods

Materials
Strainsusedin thisstudyarelistedin TableA in S1File,plasmidsarelistedin TableB in S1File,
andprimersarelistedin TableC in S1File.PCRswereperformedusingQ5Polymeraseand
OneTaqPolymerasefrom NewEnglandBiolabs(Frankfurt,Germany).Restrictionenzymesand
T4DNA ligasewerealsopurchasedfrom NewEnglandBiolabs.Plasmidisolationswereper-
formedusingtheHiYield PlasmidMini Kit andDNA fragmentswerepurified viatheHiYield
PCRDNA FragmentExtractionKit (SuÈd-Laborbedarf,Gauting,Germany).GenomicDNA was
isolatedusingtheUltra-CleanMicrobial DNA IsolationKit (Mo BioLaboratoriesInc.,Carlsbad,
USA).Sequencingwasperformedin theGenomicsServiceUnit of theLMU Biocenter.

Bacterial strains and growth conditions
�. �	�
��
���
 and �. ���
���


 werecultivatedaerobicallyat30ÊCand�. ���
 wasgrownaero-
bicallyat37Êin lysogenicbroth (LB) (10gNaCl,10g/l tryptone,5g/l yeastextract)on arotary
shaker.Forpreparationof agarplates,1.5%(w/v) agarwasaddedto themedium.If necessary,
themediumwassupplementedwith 50�g/ml kanamycin,15�g/ml gentamicin,20�g/ml chlor-
amphenicol,or 100�g/ml ampicillin.When�. ���
 strainST18wascultivated,themediumwas
supplementedwith 50�g/ml 5-aminolevulinicacid.

Pre-culturesweregrownovernightandinoculatedatanOD600of 0.05in freshmedium.For
induction of the��� andthe��� promoters,differentconcentrationsof IPTG(0.2mM or 2mM)
andarabinose[0.02%(w/v) or 0.2%(w/v)] wereadded,respectivelyunlessotherwisestated.

Generation of the plasmids
Forgenerationof theplasmidpPINT-P���� -����-������!, P���� and���� wereamplified
usingtheprimersPhexA-BamHI_fwdandhexA-XmaI_revusinggenomicDNA of �. �	�
��
�
���
 TT01astemplate.ThePCRproductwastheninsertedinto theplasmidpPINT-������!
viatherestrictionsitesBamHIandXmaI.

Thepromoterof ��" wasamplifiedbyPCRwith theprimersPhfq-NheI_fwdandPhfq-
BamHI_revusing�. �	�
��
���
 TT01genomicDNA astemplate.ThePCRproductwas
clonedinto pPINT-������! usingtherestrictionenzymesNheI andBamHI.For investigating
P���� activity,aPCRwith theprimersPpcfA-NheI_fwdandPpcfA-XmaI_revandgenomic
DNA of �. �	�
��
���
 TT01astemplatewasperformedin orderto amplifythepromoterof
���� with subsequentrestrictionof thePCRproductandpPINT-mCherrywith NheI and
XmaI.TheresultingplasmidspPINT-P��" �������! andpPINT-P���� �������! weresequenced
usingtheprimerscheck-mcherry-ins_fwdandcheck-mcherry-ins_rev.

PlasmidpBAD24_P��� #��	$#P ��� _���� for ��	$ and���� expressionin �. ���
 wasgener-
atedbyamplifyingthe���� geneandthe��� promoterfrom thepACYC-Duet1astemplate
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usingtheprimersPlac(h)_fwdandlacI-SalI-rev.The���� genewasamplifiedfrom �. �	�
�
��
���
 TT01genomicDNA templateusingtheprimer pair hexA_fwdandhexA-PstI_rev.
Subsequently,anoverlapPCRwasperformedbyusingtheprimershexA-PstI_revandlacI_Sa-
lI_rev.TheoverlapPCRproductwasligatedinto vectorpBAD24-��	$ usingrestriction
enzymesSalIandPstI.Correctnessof theresultingplasmidwasverifiedbysequencingusing
theprimerscheck-Plac-hexA_fwd,pBAD24seq_fwdandhexA_fwd,respectively.

Thegene���� wasamplifiedin orderto createpBAD24-���� byusingtheprimershex-
A-EcoRI_fwdandhexA-NdeI_rev.Subsequently,thePCRproductandtheplasmidpBA-
D24-yehUwerecut with EcoRIandNdeI andligated.Correctnessof theresultingplasmidwas
checkedbysequencingusingtheprimerspBAD24seq_fwdandpBAD24seq_rev.

In orderto generatepBAD24-P��� -pluR-P��� -����, P��� ���	$ wasamplifiedwith theprimers
Plac-PluR_fwdandPluR-PstI_revusingpCOLA-��! -His-��	$ asatemplate.Thegene����
wasamplifiedusingtheprimerslacI_fwdandlacI-SalI_revusingtemplatepCOLA-��! -His-
��	$. An overlap-PCRof ���� andP��� ���	$ wasperformedwith theprimersPluR-PstI_revand
lacI-SalI_revandinsertedinto theplasmidpBAD24-hexAviatherestrictionenzymesPstIand
SalIandsubsequentligation.Correctinsertionof theDNA fragmentwascheckedbysequenc-
ing usingtheprimerspBAD24seq_fwdandpBAD24seq_rev.

PlasmidpACYC_���� wasgeneratedbyamplifyingthe���� geneusingtheprimer pair
hexA-NcoI_fwdandhexA-SacI_revand�. �	�
��
���
 TT01genomicDNA astemplate.The
PCRproductwastheninsertedinto thevectorpACYCviaNcoI andSacIrestrictionsites.The
correctnessof theplasmidwascheckedbysequencingusingtheprimerscheck-pACYC_fwd
andcheck-pACYC_rev.

TheplasmidpACYC-P��� -����_P ��� -��	$ wasgeneratedin orderto place���� underthe
control of theinducible��� promoterand��	$ underthecontrol of theinduciblearabinose
promoterfor P���� reportergeneanalysesin  ��%������ ���
���


. Thereby,���� and��	$,
whichisundercontrol of the��� promoter,wereamplifiedwith theprimersaraCPluR-fwd
andpluR-XhoI_revusingpBAD24���	$ astemplate.After restrictionwith NdeI andXhoI,
thePCRproductwasligatedinto equallytreatedvectorpACYC_����. Thecorrectinsertion
of theDNA fragmentwascheckedbysequencingusingprimerspACYC_check_revand
pBAD24seq_fwd.

TheplasmidpBBR-P��� -�	� wascreatedbyamplificationof P��� from plasmidpEYFPas
templatewith theprimersPlac-NheI_fwdandPlac-BamHI_rev,andsubsequentligationvia
therestrictionsitesNheI andBamHIandligation.Correctnessof theplasmidwasverifiedby
sequencingusingtheprimer check-pBBR-Plac-fwd.

Generation of the P. luminescens �ûhexAstrain
The���� genewasdeletedin the�. �	�
��
���
 1Êcellsusingapreviouslydescribedmethod
[15]. Briefly,theupstreamanddownstreamgenomicregionssurrounding���� (��	&'(')
wereamplifiedbyPCRusingtheprimersFA_hexA_fwd/FA_hexA_rev andFB_hexA_fwd/
FB_hexA_revandtheampliconwasclonedinto pDS132,resultingin pDS-����. Thisplasmid
wasconjugatedfrom �. ���
 S17-1���
� into 1ÊcellsandexconjugantswereselectedasRifR

CmR colonies.ThepDS132plasmidcontainsthe
��� geneand,aftergrowthin LBbroth (with
no selection),putativemutantswereidentifiedbyscreeningfor RifR SucR CmScolonies.The
deletionof ���� wasconfirmedbyPCRandDNA sequencing.

Competent cells and transformations
�. ���
 cellsweremadechemicallycompetentandtransformedasdescribedelsewhere[16].
Electrocompetent�. ���
 cellswerepreparedbycultivationof thecellsin LBmediumat37ÊC
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up to anOD600nmof 1.Cellswerethenharvestedandwashedthreetimeswith ice-cold10%
(v/v) glycerolandsubsequentcentrifugationsteps(1 min, 16.000rpm, 4ÊC).Finally,cellswere
resuspendedin 1/150of thestartingvolumein 10%(v/v) glycerol.A similarprocedurewas
usedfor thepreparationof electrocompetent �. ���
���


, exceptthatall washingstepswere
performedwith ice-coldsorbitol(1M). Electrocompetentcellswereshortlyincubatedwith
50±100ngof plasmidDNA andthenelectroporationwasperformedin 0.2cm cuvettes,using
apulseof 2.5kV for 4±6msecfor �. ���
 cellsandapulseof 1.8kV for 4±6msecfor  �. ���
�
���


 cells.Thecellswerethenresuspendedin 1mL LBmediumandincubatedfor 45±60
minutesat37ÊC(�. ���
) or 30ÊC( �. ���
���


) underconstantshaking,platedon LBagar
supplementedwith theappropriateantibioticsandtheplateswereincubatedat37ÊCor 30ÊC
overnight.

Integration of reporter genes into the P. luminescens genome
For theintegrationof thedifferentpromoter-������! fusionsaswellasthe�����������!
fusioninto thegenomeof �. �	�
��
���
, thedonor strain�. ���
 ST18[17], whichrequiresthe
additionof 5-aminolevulinicacidfor growth,wasfirst transformedwith therespectiveplas-
mids.Then,theconjugativeplasmidtransferwasachievedviathefilter matingmethod[17].
For thatpurpose,thedonor aswellastherecipientstrainwascultivatedin LBmediumat30Ê
or 37Ê,respectively,andgrownup to anOD600of 0.8±1in LBmedium,whichwassupple-
mentedwith therespectiveadditivesif required.Thedonor strainwaswashedthreetimes
with LBmediumandthenmixedwith therecipientstrainin aratio of 1:5in afinal volume
of 1/10of thedonor`sinitial volume.Themixedcellswerethendroppedonto anitrocellulose
filter, whichhadbeenpositionedinto themiddleof anLBagarplate.Theplatewasincubated
at30ÊCovernight, thecellswerescratchedfrom thefilter andsuspendedin 500�l LBmedium
beforetheywerespreadonto LBagarplatescontainingtheappropriateantibiotics.Theplates
werethenincubatedfor two daysat30ÊC.Singlecolonieswerepicked,cultivatedin LBme-
dium at30ÊCandthegenomicDNA wasisolated.Then,thecorrectinsertionof theplasmids
into thegenomewascheckedviaPCRandsequencingusingprimerscheck-rpmE_fwd,oriT_
fwd,gmR-pNPTS_fwd,check-mcherry-ins_rev,check-glmS_rev,andthegenomicDNA of
theclonesastemplate.

Promoter activity analyses
Forpromoteractivityassaysin �. ���
 �ï���� ���  �. ���
���


, cellswereinoculatedin single
wellsof microtiter plateswith anOD600of 0.05andaerobicallygrownat37ÊCor 30ÊC,respec-
tively,in aTecanInfinite F500platereader(Tecan,Salzburg)for 8hours.TheOD600andlumi-
nescenceweremeasuredevery10minutes.Differentconcentrationsof arabinoseand/or IPTG
wereaddedto induce��	$ and/or ���� expressionafterthecellsreachedanOD600of 0.2.Data
arereportedasrelativelight units (RLU) in countspersecondpermilliliter perOD600.

For reporteractivityassaysin �. �	�
��
���
, theOD600wassetto 0.05andthecellswere
aerobicallygrownat30ÊCin microtiter platesin aTecanInfinite F500system(Tecan,Salz-
burg).CellsdensitywasdeterminedatOD600andthefluorescenceintensityof mCherrywas
measured(560nm excitation,612nm emission,20nm bandwidth).Thedatawerereportedas
relativefluorescenceunits (RFU)andthennormalizedwith theopticaldensity(OD600) of the
respectiveculture.

Fluorescence microscopy
In orderto investigatepromoteractivitiesin �. �	�
��
���
 at thesinglecelllevel,afluores-
cencemicroscope(Leica,Bensheim)with anexcitationwavelengthof 546nm anda605nm
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emissionfilter with 75nm bandwidthwasusedto detectfluorescenceof mCherryfluorophore.
Therespectiveliquid culturewassetto anOD of 0.05andatappropriatetime points,5 to 15�l
of thecultureweredroppedonto agarosepads[0.5%(w/v) agarosein PBSbuffer,pH 7.4on a
microscopeslide].Whencellclumpingwasinvestigated,no agarpadswereusedbut thecul-
turewasdirectlydroppedonto amicroscopeslide.

Two-dimensional gel electrophoresis and protein identification via
MALDI-TOF
�. �	�
��
���
 TT01-1Êand�. �	�
��
���
 TT01-1Ê�ï���� werecultivatedaerobicallyin 200
ml CASOmediumat30ÊC.After cultivationfor 48hours,cellswereincubatedwith 1 mg/ml
(w/v) chloramphenicolto inhibit protein translationandharvested(4.500x g for 10min at
4ÊC).Thecellswerewashedwith buffer[100mM Tris-HCl, pH 7.5,0.1mg/ml (w/v) chloram-
phenicol],andthecellpelletswerestoredat -80ÊCuntil use.After re-suspendingthecellsin
disruptionbuffer[10mM Tris-HCl, pH 7.5;5mM MgCl2; 50�g/mL (w/v) RNase;50�g/mL
(w/v) DNase;100�g/mL (w/v) lysozyme;1.39mM PMSF],theyweredisruptedbysonification
(threetimes30secpulseinterruptedbya30secpause).Celldebriswasremovedbycentrifuga-
tion (10min at16.100x gat4ÊC).A totalproteinamountof 350�g waslyophilizedovernight,
solubilizedin rehydrationbuffer[8 M urea;2 M thiourea;2%(w/v) CHAPS;1.25%(w/v) IPG
bufferpH4-7l (GEHealthcare,MuÈnchen);28.4mM DTT; 0.05%(w/v) bromophenolblue]
andseparatedon IPGstripes(GEHealthcare,MuÈnchen)at19,650Vh. Thestripswerethen
equilibratedin buffer[50mM Tris-HCl pH 6.8;6M urea;30%(v/v) glycerol;4%(w/v) SDS;
18.2mM DTT] twicefor 15min. Proteinseparationin theseconddimensionwasperformed
bySDS-PAGE[18] using1mm gelsof thesize16cm� 20cmwith 13%(w/v) acrylamidein the
separationgeland7%(w/v) in thespacergelat15ÊCwith 5mA overnight.Gelswerestainedfor
1h in Coomassiebluesolution[40%(v/v) ethanol;10%(v/v) aceticacid;0.2%(w/v) Coomassie
brilliant blueR250],destainedfor 1h with destainingsolution[40%(v/v) ethanol;10%(v/v) ace-
tate],andtheentirecompletedestainingwasperformedwith 10%(v/v) aceticacid(WeberK,
1969).ThegelswerescannedandanalyzedviathePDQuestsoftware(Bio-Rad,MuÈnchen)in
triplicates,comparingthewild-typeTT01-1Êproteomewith theproteomeof TT01-1Ê�ï����.
Proteinswith alteredproductionpatternwereanalyzedbyMALDI-TOF. For thatpurpose,pro-
tein spotswerecutout of thegels,washedwith deionizedwater(four timesfor 30min at37ÊC
whileshakingat850rpm) andincubatedin 50%(v/v) acetonitriletwicefor 15min at37ÊC.Pro-
teinswerethendigestedviatheadditionof trypsin in 40mM ammoniumbicarbonate(Pro-
mega,Mannheim)overnightat37ÊCandsamplesweredesaltedusingZipTip �-C18 columns
(Millipore, Eschborn),andthendirectlyelutedwith 1 �l matrix [saturatedsolutionof ��-cyano-
4-hydroxy-cinnamicacidin 50%(v/v) acetonitrileand0.6%(v/v) trifluoroaceticacid].Thesam-
pleswereanalyzedin aVoyagerDESTRMALDI-TOF system(AppliedBiosystems,FosterCity,
USA)usingthereversemodusin therangeof 700±3.500Da.Peptidemasseswerecalibrated
usingknownmassesof autolysispeptideof trypsin.Proteinswereidentifiedviatheir masses
usingthesearchengineMASCOTon http://www.matrixscience.com/[19].

Purification of HexA-6His
HexA-6Hiswaspurified usingNi2+-NTA affinity chromatography.Asfirst step,�. ���
 BL21
cellsharboringplasmidpBAD24-���� werecultivatedup to anOD600of 0.5andgeneexpres-
sionwasinducedbyadding0.1%(w/v) L-arabinose.After 4 h of aerobiccultivationat30ÊC,
cellswereharvestedanddisruptedusingacelldisruptor(ConstantCellDisruption Systems,
Northants,UK) at1.35kbarand4ÊCin lysisbuffer[50mM Tris-HCl (pH 7.5),10%glycerol
(v/v), 10mM MgCl2, 0.5mM PMSF,1 mM DTT and10ng/mL DNaseI]. Subsequently,HexA
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waselutedusingelutionbufferB [50mM Tris-HCl (pH 7.5),10%(v/v) glycerol,200mM
NaCl,250mM imidazole,2 mM ��-mercaptoethanol].Purificationtechniquewasin principle
carriedout asdescribedfor theresponseregulatorKdpEbefore[20]. Theequilibrationand
washingstepswereperformedin bufferE[50mM Tris-HCl (pH 7.5),10%(v/v) glycerol,
200mM NaCl,2mM ��-mercaptoethanol,10mM imidazole]and250mM imidazole(final
concentration)wasaddedfor theelutionof theprotein from thecolumn.PurifiedHexAwas
subjectedto SDS-PAGEandthebandsof eightlanes(approximately100�g protein)corre-
spondingto HexAwerecut out of thegelandusedto generate��HexA rabbit IgGantiserumat
BioGenesGmbH (Berlin,Germany).

Surface plasmon resonance (SPR) spectroscopy
SPRassayswereperformedin aBiacoreT200(GEHealthcare,MuÈnchen)usingcarboxymethyl
dextransensorchipspre-coatedwith streptavidin(XanTecSAD500L,XanTecBioanalytics
GmbH,DuÈsseldorf).Biotinylatedfragmentsof the���� promoterweregeneratedbyamplifica-
tion of theP���� regionusingchromosomalDNA of �. �	�
��
���
 astemplatewith thebioti-
nylatedprimer PpcfA-Btn_fwdandPpcfA_rev.Asanegativecontrol a
��� fragmentwas
amplifiedusingthebiotinylatedprimer sacB-Btn_fwdandsacB_rev.Beforeimmobilizing the
DNA fragment,thechipwasequilibratedby threeinjectionsusing1 M NaCl/50mM NaOH at
aflow rateof 10�l/min. 10nM of therespectivedouble-strandedbiotinylatedDNA fragment
wasinjectedusingacontacttime of 420secondsandaflow rateof 10�l/min. 1 M NaCl/50
mM NaOH/50%(v/v) isopropanolwasinjectedasafinal washstep.Approximately300RUof
theDNA fragmentwascapturedonto flow cell2 or 4,respectively,of thechip.HexAwas
diluted in HBS-EP+buffer[10mM HEPES,pH 7.4,150mM NaCl,3 mM EDTA,0.05%(v/v)
SurfactantP20]andpassedoverflow cells1 to 4 in differentconcentrations(0 nM, 125nM,
250nM, 500nM, 1000nM and2000nM) usingacontacttime of 180secfollowedbya240sec
dissociationtime beforethenextcyclestarted.Theexperimentswerecarriedout at25ÊCata
flow rateof 30�l/min. After eachcycle,regenerationof thesurfacewasachievedby injection
of 2.5M NaClfor 60secat30�l/min flow rate.SensorgramswererecordedusingtheBiacore
T200Control software2.0andanalyzedwith theBiacoreT200Evaluationsoftware2.0(GE
Healthcare,MuÈnchen).Thesurfaceof flow cell1 wasusedto obtainblanksensorgramsfor
subtractionof bulk refractiveindexbackground.Thereferencedsensorgramswerenormalized
to abaselineof 0.The1:1binding algorithmwasusedfor calculationof thebinding affinity.
Peaksin thesensorgramsat thebeginningandtheendof theinjectionemergedfrom therun-
time differencebetweentheflow cellsof eachchip.Experimentswereperformedin theBioa-
nalyticscorefacility of theLMU MuÈnchen.

Fluorescence-based thermal stability assay
Thefluorescence-basedthermalstabilityassayswereperformedasdescribedbefore[21]. Puri-
fiedHexA-6Hiswasusedatafinal concentrationof 0.72�M. Variousbufferscontainingdif-
ferentconcentrationsof glycerol,��-mercaptoethanolandureaweretested.TheiQ5 real-time
PCRdetectionsystem(BioRad,MuÈnchen)with atemperaturegradientof 1ÊC/min from 5ÊC
to 95ÊCwasused.Resultswereobtainedfrom threeindependentlyperformedexperiments.

Results

P. luminescens 2Êcells contain increased levels of HexA
Asafirst stepto getmoreinsightsinto themechanismof HexAto actasaregulatorof pheno-
typicheterogeneityof �. �	�
��
���
, weinvestigatedHexA levelsin 1Êand2Êcells.In
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previousstudies,viaNorthern Blot analysesit wasshownthat the���� mRNA levelsin
different����������	
 speciesareenhancedin 2Êcomparedto 1Êcells[11]. To further in-
vestigateHexA levelsin �. �	�
��
���
, wedeterminedthepromoteractivityof ���� using
strainscarryingachromosomalP���� �������! fusionin a1Ê,2Êaswellasin the1Ê�ï����
backgroundandmeasuredthefluorescenceafter5h, 24h, 30h, and48h of growth[22]. The
fluorescenceintensitieswereup to 1.4fold higherin 2Êcellscomparedto 1Êcellsat time point
48h (p-value< 0.05).Thefluorescencewascomparablein a1Ê���� deletionstrainand1Ê
wild-typecellsatall time points(p-value>0.05),revealingthatP���� activityisnot underauto-
regulationof HexA(Fig1A).Asanextstep,wegeneratedachromosomaltranslationalfusion
of P����� ����-������! anddeterminedthereportergeneactivityin the�. �	�
��
���
 1Ê,2Ê
aswellasin the1Ê�ï���� backgroundafter5 h, 24h, 30h, and48h of growth.Fluorescence
intensitieswereapproximatelytwo-fold higherin 2Êcomparedto 1Êcellsafter24h of growth
(p-value< 0.05),revealingthatnot only ���� transcription,but alsoHexAprotein levelsare
enhancedin 2Êcells(Fig1B).Moreover,P����� ������! aswellasP����� ����-������! medi-
atedfluorescencewashomogeneouslydistributed1Êaswellasin 2Êcellsat thesinglecelllevel
(FigureA in S1File).Therefore,our dataconfirmspreviousreportsdescribingenhanced
HexAlevelsin �. ��������� and�. �	�
��
���
 2Êcells[11].

Influence of HexA on the 1Êspecific phenotype bioluminescence
Oneof themoststriking phenotypicdifferencesbetween1Êand2Êcellsof �. �	�
��
���
 is
bioluminescence,which ispredominantlypresentin 1Êcells.Sincethestudieswith theP���� �
������! andP���� �����-������! reportersrevealedaputativeinvolvementof HexA in the
regulationof 1Êspecificphenotypes,weinvestigatedapotentialinfluenceof HexAon biolumi-
nescencebycomparinglight productionof a1Ê,2Êand1Ê�ï���� populationduring growth.
Weobservedthat thebioluminescenceissignificantlyincreasedin the1Ê�ï���� population,
especiallywhenthecellsenterthestationarygrowthphase(Fig2A). It washypothesizedbefore
thatHexAmight actasrepressorfor bioluminescencein 1Êcells[11]. Asexpected,light pro-
duction isonly weaklydetectablein the2Êpopulationin all growthphases.Whenintroducing
only oneadditionalcopyof ���� that isundercontrol of its nativepromoterthebiolumines-
cencedrasticallydecreasedin the1Êcells.Furthermore,introduction of anadditional����
genecompletelyabolishedbioluminescencein the2Êpopulation.In thestationarygrowth
phase,enhancedHexAlevelsledto adecreasein bioluminescenceof 86%in the1Êpopulation.
Complementationof ���� in the1Ê�ï���� populationreducedtheproductionof light to its
native1Êlevel.In summary,���� genedosageandtheresultinglevelof HexA iscrucialfor the
differentlevelsof light productionin 1Êand2Êcells.

Bioluminescenceis,in contrastto other1Êspecificphenotypessuchasantibioticor exoen-
zymeproduction,correlatedwith theexpressionof asingleoperon,whichmakesit easyto
correlatethisphenotypewith therespectivepromoteractivity.Wethereforeinvestigatedthe
influenceof HexAon theexpressionof thecorresponding�	������ operon.For thatpur-
pose,wefusedtheP�	�� promoterto ������! andintegratedasinglecopyof thereporterinto
thechromosomeof �. �	�
��
���
 1Ê,2Êand1Ê�ï����. However,thefluorescenceintensities
of all threereporterstrainsandthereforetheP�	�� activitywascomparableat thepopulation
level(p-value> 0.05),eventhoughtherespectivebioluminescencephenotypeswerecom-
pletelydifferent(Fig2B).Furthermore,theP�	�� activitywashomogeneouslydistributedin all
threereporterstrainsat thesinglecelllevel(Fig2C).Thus,HexAdoesnot regulatetranscrip-
tion of the�	������ operon,but ratherregulateslight productionat thepost-transcriptional
level.
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Fig 1. Transcript ional and translation al levels of hexA expressi on. The transcriptional level, by fusing the promoter of
hexA to mCherry (A), as well as the translational level, by generating protein hybrids of HexA with mCherry under the
control of the hexA promoter (B), were investigated. The reporter constructs PhexA-mCherry and PhexA-hexA-mCherry,
respectively, were integrated into the chromosome and fluorescence intensities were measured after 5 h (early exponential
phase), 24 h (mid-exponential phase), 30 h (stationary phase), and 48 h (late stationary phase) in the P. luminescens
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Hfq is involved in HexA regulation
Regulationof geneexpressionat thepost-transcriptionallevelisoftencontrolledbysmallreg-
ulatoryRNAs(sRNAs)mediatedby theRNA chaperonHfq (see[23] for overview).Therefore,
weinvestigatedwhetherHfq isalsoinvolvedin theregulationof phenotypicheterogeneityin
�. �	�
��
���
. Wefirst introducedachromosomalcopyof P��" �������! into 1Ê,2Êand1Ê
�ï���� cellsandinvestigatedthefluorescenceintensitiesandthereforeP��" activitiesof all
reporterstrainsatdifferentgrowthphases.The1Ê�ï���� populationshowedP��" activities
comparableto the1Êpopulation(p-value> 0.05),exceptfor theearlyexponentialgrowth
phasewhereit wasslightlyenhanced.However,theP��" activitywasup to 3.4-foldenhanced
(p-value< 0.05)in the2Êcomparedto the1Êpopulation(Fig3A).Thepromoteractivityof
P��" washomogeneouslydistributedin all threereporterstrains(Fig3B).ThisrevealsthatHfq
andthereforepresumablyregulationviasRNAsmaybeinvolvedin theregulationof pheno-
typicheterogeneityin �. �	�
��
���
.

Influence of HexA on the primary specific feature cell clumping
In orderto investigatethefull regulatoryinfluenceof HexAwecomparedtheproteomesof
theexponentialandstationarygrowthphaseof 1Êand1Ê�ï���� cellsvia2D-PAGE,andidenti-
fied22proteinsthatweredifferentiallyproducedin the���� deletionstrain(FigureBand
TableD in in S1File).Theseincludedproteinsthatareinvolvedin metabolism,antibioticand
toxin production,celladhesion,threeproteinsof yetunknownfunction andoneregulator
(PAS4-LuxRreceptor,Plu2016).Furthermore,elevatedlevelsof thethreeproteinsPcfA,PcfB
andPcfCwerefound in the�ï���� strain,whichareencodedby the��������� (����������
�	
 clumpingfactor)operon,responsiblefor theformationof cellclumpsin ����������	

andregulatedby thenovelPpyS/PluRquorumsensingsystem[10]. To determineif HexA is
directlyinvolvedin regulationof ��������� expression,andthereforecellclumping,weinte-
gratedaP���� -������! reporterinto thegenomesof �. �	�
��
���
 1Ê,2Êand1Ê�ï���� and
thenanalyzedfluorescenceintensitiesaswellascellclumpingatdifferentgrowthphasesvia
microscopy.Clumpsof 1Êcellswerevisibleat thebeginningof thestationarygrowthphase
(Fig4A,48h of incubation).The1Ê�ï���� strainalreadyformedcellclumpsin theexponential
growthphase(Fig4A,24h of incubation).However,the2Êcellsdid not form cellclumps,
evenaftersevendaysof incubation(Fig4A,FigureC in S1File).Furthermore,theactivityof
P���� wasextremelyhigh in the1Ê�ï���� mutantcomparedto the1Êcells(p-value< 0.05)and
totallyabsentin 2Êcells(Fig4B).Therefore,theseresultsstronglysuggestthatHexAactsasa
repressorof the��� operon.

Binding of HexA to the PpcfA promoter
To investigatewhetherHexAdirectlyor indirectly regulatesexpressionof ���������, we
determinedP���� activityin �. ���
 asaheterologoussystem.Since�. ���
 containsaHexA
homologcalledLrhA, an�. ���
 �ï���� strainwasusedandtheexpressionof the�	������
operonwasput underthecontrol of the���� promoter.P���� activitycanbeinducedbyover-
expressionof ��	$ sincePluRisadirectactivatorof ��������� expression[10,24].For that
reason,thereporterstrainwasfurther equippedwith ��	$, whichisundercontrol of thearabi-
noseinduciblepromoterP��� . The���� genewassetundercontrol of theP��� promoterand

strains TT01-1Ê,TT01-2Ê,TT01-1Ê�ûhexA. The asterisk (�) indicates statistically significant differences with a p-value
smaller than 0.05. The hash (#) indicates no statistically significant differences with a p-value bigger than 0.05. Error bars
represent standard deviation of three independently performed experiments.

https://doi.org/10.1371/journal.pone.0176535.g001
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Fig 2. Effect of HexA on the biolum inescence of P. luminesce ns. Bioluminescence in P. luminescens
TT01-1Ê,TT01-2Êand TT01-1Ê�ûhexA under native conditions and with enhanced levels of HexA. Error bars
represent standard deviation of three independently performed experiments (A). Promoter activity of
luxCDABE at the population level. The respective reporter construct PluxC-mCherry was integrated into the
chromosome and fluorescence intensities were measured after 24 h (mid-exponential growth phase) and
30 h (stationary growth phase) in the strains TT01-1Ê,TT01-2Ê,TT01-1Ê-�ûhexA. The hash (#) indicates no
statistically significant differences with a p-value bigger than 0.05. (B). PluxC activity in strains TT01-1Ê,
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TT01-2Êand TT01-1Ê�ûhexA at the single cell level. The scale depicts 10 ��m. Representative images from one
of three independently performed experiments are shown (C).

https://doi.org/10.1371/journal.pone.0176535.g002

Fig 3. Transcripti onal levels of hfq in P. luminesce ns TT01-1Ê,TT01-2Êand TT01-1Ê�ûhexA. Promoter activity of hfq at the
population level. The respective reporter construct Phfq-mCherry was integrated into the chromosome and fluorescence intensities
were measured after 24 h (mid-exponential phase) and 30 h (stationary phase) in the strains TT01-1Ê, TT01-2Ê,TT01-1Ê�ûhexA. The
asterisk (�) indicates statistically significant differences with a p-value smaller than 0.05. The hash (#) indicates no statistically
significant differences with a p-value bigger than 0.05. Error bars represent standard deviation of three independently performed
experiments (A). Phfq activity in TT01-1Ê, TT01-2Êand TT01-1Ê�ûhexA at the single cell level. The scale depicts 10 ��m. Representative
images from one of three independently performed experiments at time point 48 h are shown (B).

https://doi.org/10.1371/journal.pone.0176535.g003
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Fig 4. Cell clumpin g in P. luminesce ns TT01-1Ê,TT01-2Êand TT01-1Ê�ûhexA. PpcfA-mCherry activity and cell clumping in
TT01-1Ê,TT01-2Êand TT01-1Ê�ûhexA.The scale depicts 10 ��M. Representative images from one of three independently
performed experiments are shown (A). Promoter activity of pcfABCDEF at the population level in TT01-1Ê, TT01-2Êand TT01-
1Ê�ûhexA.The asterisk (�) indicates statistically significant differences with a p-value smaller than 0.05. Error bars represent
standard deviation of three independently performed experiments (B).

https://doi.org/10.1371/journal.pone.0176535.g004
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its expressioncouldthereforebeachievedviatheadditionof IPTG.Thus,theadditionof arab-
inoseledto asignal-independentactivationof P���� bysimpleoverproductionof PluR.We
observedthatwith increasingconcentrationsof IPTGandthuswith increasinglevelsof HexA,
theactivityof P���� decreasedto 61%(Fig5A).TheseresultsstronglysuggestthatHexAre-
presses��������� expression.Since�. ���
 containstheLysR-typeregulatorandHexA
homologLrhA, therepressionin thisheterologoussystemmight still beindirect although
LrhA isabsent.In orderto further excludeanyinfluenceof LrhA, wealsotestedthesimilar
P���� reporterassayin  ��%������ ���
���


, which lacksanyhomologof HexA.A BLAST
analysisof HexAon the �. ���
���


 proteomeshowedthat themostsimilarprotein to HexA
is theLysR-typeregulatorSO_997,with only 32%identity and47%homology(comparedto
57%identity and77%homologyof LrhA of �. ���
 to HexA).Similarto theobservationsin the
�. ���
 reporterstrain,HexAoverproductionalsoledto adecreaseof P���� activity,which
droppedto 49%comparedto theconditionswhereHexAwasnot overproduced(Fig5A).To
confirm that theresultswerenot dueto differencesin thechoseninduciblepromotersP���

andP��� , thepromoterswereswapped,putting ��	$ expressionunderthecontrol of P��� and
���� expressionunderthecontrol of P��� . Comparableresultsasdescribedabovewereob-
tained(FigureD in S1File).To excludepotentialeffectsof HexAon the�	������ operon,a
reporterassayusingP��� -�	������ wasperformedin �. ���
 �ï����. No inhibiting effectdueto
HexAoverproductionwasdetected(FigureE in S1File).In summary,thesedatasupportthe
ideathatHexAdirectlycontrolstheactivityof P���� .

Thebinding siteof PluRwithin theP���� regionwasidentified(SophieBrameyerandRalf
Heermann,LMU, unpublishedinformation),whichis locateddownstreamof theS2site(Fig
5B).Wewerenow interestedto determinewhetherthebinding siteof HexA is locatedup- or
downstreamof thePluRbinding site.Therefore,wetestedtheactivityof differenttruncated
���� promoterconstructsfor inhibition byHexAusingtheabove-describedheterologous�.
���
 �ï���� P���� -�	������ reportersystem.Whenthepromoterupstreamof thePluRbinding
sitewasdeleted(S1),theHexA-mediatedrepressioncouldstill beobservedasP���� activity
wasreducedby50%uponHexAoverproduction(Fig5B).UsingaP���� -constructtruncated
closeto thePluRbinding site(S2),areducedactivationviaPluRwasmeasured(datanot
shown).Nevertheless,comparedto therespectivemaximuminduction of thispromotercon-
struct,aHexA-mediatedrepressionof 80%wasobserved(Fig5B).Thus,it isassumedthat
HexAbindsdownstreamof thePluRbinding site.However,thiscouldnot beinvestigatedfur-
therusingthisassayasanyadditionaltruncationwoulddestroythePluRDNA-binding site
andP���� couldnot beactivatedanymore.

To provedirectbinding of HexAto the���� promoterregion,weperformedsurfaceplas-
mon resonance(SPR)spectroscopy.Asafirst step,aHexA-6Hisvariantwasoverproduced
andpurified usingNi-NTA affinity chromatography.Thepurification of thecorrectprotein
wasverifiedusing��HexA specificantibodies.Then,optimalbufferconditionswereidentified
viaafluorescence-basedthermalstabilityassayscreen.Gelfiltration experimentsaswellas
dynamiclight scatteringassaysshowedthatHexA isprimarily presentasatetramer(FigureF
in S1File).For theSPRassays,a400bpbiotinylatedDNA fragmentcomprisingthe���� pro-
moterregionwascapturedonto astreptavidinpre-coatedsensorchip.Asacontrol,a400bp
DNA fragmentof the
��� genefrom ���
��	
 
	��
�

 wasused.Subsequently,differentcon-
centrationsof purified HexAwereinjectedandpassedoverthechipsurface.Ascanbeseenin
Fig6,HexAspecificallyboundto the���� promoterDNA with anoverallaffinity (KD) of
1.3�M, whichwascalculatedby the1:1binding algorithm.However,thesensorgramshape
doesnot revealatrue1:1binding,sinceevenathigherHexAconcentrationsthesensorgrams
do not reachsaturation.Dueto thelow association(*� = 1300/M� s)andveryhighdissociation
(*� = 0.002/s)it appearslikely thatapotentialHexA ligandisabsentandthis ligandmight
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Fig 5. Effect of HexA on the PpcfA activity in the heterolo gous system s of E. coli �ûlrhA and Sh.
oneidensis. E. coli �ûlrhAand Sh. oneidensis were transformed with plasmids pBAD24-Para-pluR_Plac-hexA
and pACYC-Plac-hexA_Para-pluR, respectively, in combination with plasmid pBBR-PpcfA-lux. In E. coli �ûlrhAthe
pluR expression was achieved via the addition of 0.1% (w/v) arabinose and in Sh. oneidensis 0.02% (w/v)
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influencetheDNA-binding affinity of HexA.However,theadditionof severalprimary metab-
olites(aminoacids,sugars,compoundsof thetricarboxylicacidcycle)andalsosecondary
metabolites(cinnamicacid)did not influencetheDNA-binding activityof HexA.However,
althoughaputativeligandof HexAthatmediatesDNA-binding activityremainselusive,we
haveshownfor thefirst time thatHexA isaDNA-binding protein.Moreover,HexAexertsits
regulationon phenotypicvariationusingacombinationof direct (e.g.��� operon)andindirect
(e.g.�	� operon)mechanisms.

Discussion
TheLysR-typeregulatorHexA isamajor regulatorin control of phenotypicheterogeneityin
�. �	�
��
���
. It hasbeenpreviouslyproposedthatHexAmight actasaglobalrepressorof 1Ê
specificgenesin �. ��������� [11], but it wasunclearhowHexAcouldfulfill thefunction asa
directregulatorof suchahugesubsetof genesandoperonsthatarespecificallyexpressedin 1Ê
andnot in 2Êcells.Hereweshowfor thefirst time thatHexA isaregulatorthatcanbind DNA
andthereforeactsasdirect repressorof 1Êspecificgeneslike cellclumpingin �. �	�
��
���
.
Moreover,HexAcanalsoindirectly (probablyusingposttranscriptionalmechanisms)influ-
encetheexpressionof 1Êspecificgenessuchasthe�	� operon.It is likely thatsRNAsare
involvedin thisprocesssincethepromoteractivityof ��", encodingfor theRNA chaperone
Hfq, isenhancedin 2Êcells.Wecouldconfirm increasedtranscriptionallevelsof ���� in �.
�	�
��
���
 2Êcells,supportingtheassumptionthatHexAactsasrepressorof 1Êspecificfea-
tures.In theearlyexponentialphase,thetranscriptionalaswellasthetranslationalfusionsof
���� with ������! werecomparablebetween1Êand2Êcells,andthebiggestdifferenceswere
detectablewhenthecellsenteredthestationarygrowthphase.Theseresultssupportthefact
thatHexAmainly regulatesthephenotypicswitchingprocessin thestationaryphasesincethe
1Êspecificfeaturestypicallyoccurin thepost-exponentialgrowthphase.Furthermore,the
translationalfusionsof P���� ������������! clearlyshowedthat the2ÊcellshavehigherHexA
protein levelsthanthe1Êcells.Thetranslationalreporterdisplayedevenstrongerdifferences
between1Êand2Êcellsthanthoseobservedusingthetranscriptionalfusions(P���� �������!).
Thissuggeststhat thelevelof HexAprotein is regulatedat thetranscriptionalandtheposttran-
scriptionallevel,e.g.lessdegradationof matureproteinsleadingto alongerhalf-lifeof HexA
in 2Êcells.This is in accordancewith theidentificationof aproteaseinhibitor in 2Êcells[25].
�. ���
 containsahomologousregulatorof HexA,which iscalledLrhA that isknown to be
involvedin therepressionof flagella,motility andchemotaxisgenes[26]. In contrastto HexA
of �. �	�
��
���
, LrhA of �. ���
 positivelyauto-regulatesexpressionof its owngene[26].
However,wecouldnot identify anyauto-regulationof ���� in �. �	�
��
���
. In closely
relatedentomopathogenic+��������	
 ��������
��, ���� expressionwasfound to beunder
control of theCpxA/CpxRtwo-componentsystem[27], whichdetectscellenvelopestress
[28]. Therefore,���� expressionin �. �	�
��
���
 mayalsobefine-tunedbyatwo-component
systemlike CpxA/CpxRandmight thereforebesomehowconnectedto environmentalstress.

How doesHexA indirectly influenceexpressionof 1Êspecificgenes?Weinvestigatedthe1Ê
specificfeaturebioluminescenceandcouldshow,that light productionisdependenton HexA
in �. �	�
��
���
. Thedeletionof ���� ledto thebrightestphenotypeandcomplementationof

arabinose was added for pluR expression. The values were measured as relative light units [RLU] divided by
OD600nm (A). In the upper panel the promoter region of pcfA with the PluR binding site (PluR BS) is depicted. In
E. coli �ûlrhAtwo different truncations s1 and s2 of the pcfA promoter were tested. Thereby, pluR induction was
achieved via the addition of 1 mM IPTG and hexA expression was induced via 0.02% (w/v) or 0.2% arabinose
(w/v) on plasmid pBAD24-Plac-pluR_Para-hexA (B). The figures represent three biological replicates; n.i.: non-
induced, ind: induced; All values are given in percentage, relative to the respective maximum pluR induction.

https://doi.org/10.1371/journal.pone.0176535.g005
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Fig 6. Direct bindin g of HexA to the pcfA promoter region. The biotinylated PpcfA DNA-fragment was
captured onto a streptavidin-coated (SA) sensor-chip. Different concentrations of His-tagged HexA (125 nM:
purple line; 250 nM: dark blue line; 500 nM: light blue line; 1000 nM: green line; 2000 nM: yellow line) were
passed over the chip. An overall affinity of KD 1.3 ��M was determined, the association and dissociation rates
were determined as ka = 1300 M�s and kd = 0.002 1/s, respectively. As a negative control for unspecific
binding, the SA chip was coated with a sacB DNA fragment.

https://doi.org/10.1371/journal.pone.0176535.g006
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���� restoredthenativelevelsof bioluminescence.In contrast,promoteractivityof the�	��
����� operonshowedno significantdifferencesin 1Ê,2Êand1Ê�ï���� cells,suggestinga
post-transcriptionalregulationof �	������ expression.In �. ������,��� aswellasin �. ���
,
it wasfound thatHexAor LrhA, respectively,control thelevelsof RpoSandthereforeinflu-
encetheexpressionof hundredsof stationary-phasegenes[29,30].Furthermore,in �. ���
 it
couldbefound thatLrhA repressesthesRNARprA,whichisanactivatorof RpoStranslation.
AnotherunidentifiedsRNA,influencingRpoStranslationin anRprA-independentmanner,is
regulatedbyLrhA [31]. Theabsenceof thestationary-phasespecificfeaturesin 2Êcellsof �.
�	�
��
���
 might alsobeexplainedby reducedRpoSlevelscausedbyenhancedHexAlevels.
However,asLrhA in �. ���
 is known to regulatesRNAsit seemsevenmorelikely thatHexA
in �. �	�
��
���
 alsoinfluencestheexpressionof sRNAsto control 1Êspecificgeneexpres-
sion.This issupportedby thefactthat thepromoteractivityof ��" isenhancedin 2Êcells.Hfq
isanRNA chaperonethat facilitatesRNA-RNAinteractionsinvolvedin post-transcriptional
regulation[32]. Hfq isknownto berequiredfor thestabilityand/or interactionswith thetarget
mRNA of numerous�. ���
 sRNAs[33]. It is known thatseveralsRNAs�.-. DsrA.OxySand
RprA areinvolvedin regulationof ��� translation.Interestingly,in turn theassociationwith
Hfq isneededfor thefunction of thesesRNAs.Furthermore,it isdescribedthatLrhA-depen-
dentrepressionof ��� translationisalsodependenton theRNA chaperoneHfq in �. ���

[31]. Wecouldnot detectanydifferencesof ��" promoteractivityupondeletionof ���� in 1Ê
cells.Therefore,weconcludethatHfq influences���� expressionandnot ,
�� ,��
�. This is
supportedby thefinding thatadeletionof ��" in �. �	�
��
���
 1Êcellscausedadrastic
increasein ���� expression[34]. Furthermore,nearlyno productionof secondarymetabolites
andtheinability to supportsymbiosiswith nematodeswasobservedfor the1Ê�ï��" mutant.A
doubledeletionof ��" and���� restoredsecondarymetaboliteproductionaswellastherecov-
eryof infectivejuvenilesto nematodes[34]. However,weobservedenhancedHexA levelsand
increasedpromoteractivityof ��" in 2Êcells.SinceHfq isknown to beautoregulatedat the
translationallevelin �. ���
 [35], it couldalsobepossiblethat translationof ��" or proteinactiv-
ity issomehowdiminishedor impairedin �. �	�
��
���
 2Êcells.

WefoundthatHexAdirectlyregulatesexpressionof the��������� operon,whichinduces
cellsclumping.Thepromoteractivityof ���� wasrepressedin 2Êcellsandenhancedupon
deletionof ���� in 1Êcells,suggestingthatHexArepresses��������� expression.Direct
binding to the���� promoterregionwasverifiedbySPRspectroscopy.The��� operonis
underpositivecontrol of thePpyS/PluRquorumsensingsystemin �. �	�
��
���
 [10].
Thereby,�. �	�
��
���
 doesnot communicateviaacyl-homoserine-lactones(AHLs) like
manyotherGram-negativebacteria,but byphotopyrones(PPYs),whichareproducedby the
photopyronesynthasePpySandsensedby theLuxR-typereceptorPluR.Wefound that the
formationof cellclumpsis impairedandthepromoteractivityof the��� operonis repressedin
2Êcells.Besidesactingasadirect repressoron ��� expression,HexAalsorepressesproduction
of thequorumsensingsignalphotopyroneD [13], andconsequentlyindirectly inhibits ���
expressionbysilencingPluR-mediatedquorumsensingin �. �	�
��
���
. A link between
HexAandquorumsensinghasalsobeenfound in theplant-pathogenicbacterium��%
�
�
������,��� ssp.������,���, whereHexAnegativelyregulatestheproductionof thequorum
sensingsignalOHHL [N-(3-oxo-hexanoyl)-L-homoserinelactone],andtherebyinfluences
virulence[30,36].In theplant-pathogenicbacterium������� 
��%���

 it wasdiscoveredthata
highconcentrationof AHLs resultedin thedeactivationof ���� (���� homologue)expression
directlyviatheLuxRtranscriptionalregulatorEsaR,which in turn is important for virulence
againstcornplants[37,38].Thereby,it hasbeenproposedthatHexA is involvedin afeedback
loopon thequorumsensingnetworkdownstreamof transcriptionalregulatorEsaR[39]. Since
cell-clumpinghasalsobeenproposedto contributeto thehighvirulenceof �. �	�
��
���
 and
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����������	
 �
!��
��
�� [10,40],it is likely thatHexAalsoindirectly influencespathogenicity
of 2Êcells.However,sincepathogenicityof 2Êcellshasnot beenfound to beattenuatedin �.
��������� [11] but 2Êcellsarenot symbioticanymore,cellclumpingmight not only beimpor-
tant for pathogenicity,but alsofor symbiosis.This issupportedby thefactthata�ï��	$ dele-
tion strainshowedreducedreassociationwith thenematodes(DJCandRH,unpublished
results).Thereby,cellclumpingmight facilitateuptakeof thebacteriaby thenematodes.

HexAcontainsaC-terminaldomainthat isproposedto bind aputative,yetunidentified,
molecule.SPRanalysesandtherespectiveassociationanddissociationrateswith anoverall
affinity of 1.3�M revealedthatDNA-binding of HexA isnot asstableasobservedfor other
DNA-binding proteins.Therefore,thebinding of ametabolitethatmight modulatebinding
affinity is likely.Sincethemetabolicstateof thecellwasproposedto somehowinfluencephe-
notypicswitching[1], binding of aprimary metaboliteto HexAwouldbeconceivable.Binding
of metabolitesto LysR-typeregulatorshavebeenshownbefore.OneexampleisArgPof �. ���
,
whichdirectlyactivatesthetranscriptionof thelysinetransportergene�!
� andbindslysineto

Fig 7. Model of the versatile role of HexA controllin g 1Êand 2Êspecific phenotype s in P. luminesce ns. HexA directly represses the promoter of
the pcfABCDEF operon, which is responsible for the formation of cell clumps, and indirectly represses the translation of luxCDABE, presumably via
sRNAs, and thereby diminishes light production in 2Êcells.

https://doi.org/10.1371/journal.pone.0176535.g007
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modulateDNA-binding affinity [41]. Since�. �	�
��
���
 producesahugesetof secondary
metabolites,wherebymostof themareonly presentin 1Êcells,binding of acompoundof
theprimary metabolismto HexAmight belikely.TheLysR-typereceptorRovMof .��

�
�
�
�	���	����	��


 regulatesexpressionof thetemperature-dependentvirulenceregulatorgene
��,� [42]. Thesecondarystructureof RovMrevealedthat it bindssmallinducermoleculesto
modulateDNA-binding affinity [43]. Wehavepreliminarytesteddifferentprimary aswellas
secondarymetabolitesandtheir effectto modulateDNA-binding of HexA(datanot shown).
However,no putativeligandof HexAcouldyetbeidentifiedandthereforeremainselusive.

TakentogetherweconcludethatHexA isaversatiletranscriptionalregulatorthatdirectly
but alsoindirectly represses1Êspecificfeaturesin 2Êcellsof �. �	�
��
���
 to regulateexpres-
sionof ahugesubsetof differentgenes.However,it isunclearwhichroleHexAplaysin 1Ê
cells,whereit occursat low levels.If HexA itselfor its activityis regulatedviaotherregulator
(s),ligandsor theinvolvementof Hfq remainsto bedetermined(Fig7).

Supporting information
S1File. FigureA. P���� activity in �. ���	
����
� TT01-1Ê,TT01-2ÊandTT01-1Ê�ï���� at
the singlecell level.P����� ������! activityin TT01-1Ê,TT01-2ÊandTT01-1Ê�ï���� after24h
of growth.Thescaledepicts10�M. Representativeimagesfrom oneof threeindependently
performedexperimentsareshown.
FigureB. Proteomeanalysisof �. ���	
����
� TT01-1ÊandTT01-1Ê�ï����. Cellswereculti-
vatedandharvestedin exponential(A) andin thestationaryphase(B).Cytosolicproteins
wereextractedandthensubjectedto 2D-PAGE.Gelswerescanned,andcomparedfor protein
spotsof differentsizes.Proteinswith enhancedproduction(�‘), with reducedproduction(5)
or overproduced(^ ) in the�ï���� mutantandproteinsthatwerecompletelyabsentin the
�ï���� mutant(�‘) or in thewildtype(�) wereanalyzedviaMALDI-TOF.
FigureC. Cell clumping in �. ���	
����
� TT01-1Ê,TT01-2ÊandTT01-1Ê�ï���� after 7 days.
P���� activityandcellclumpingin TT01-1Ê,TT01-2ÊandTT01-1Ê�ï����. Thescaledepicts10�M.
Representativeimagesfrom oneof threeindependentlyperformedexperimentsareshown.
FigureD. Effectof HexA on the P
��� activity in the heterologoussystemsof �. ���	 �ï����. In
�. ���
 �ï���� theconstructspBAD24-P���� ��	$_P ��� -���� andpBBR-P���� -�	� weretested.The
expressionof ��	$ wasachievedviatheadditionof 1mM IPTGand���� expressionwasinduced
viatheadditionof 0.02and0.2%arabinose(Ara).Thefigurerepresentsthreebiologicalreplicates.
All valuesaregivenin percentage,relativeto themaximum��	$ induction.Thevaluesweremea-
suredasRelativeLight Unit [RLU] dividedbyOD600nm.
FigureE.Investigationof aneffectof HexA on the ��� promoter andthe �������� operon.
TheconstructspBAD24-P���� ��	$-P ��� -���� andpBBR-P��� ��	� weretestedin �. ���
�ï���� and1
mM IPTGwasadded.Expressionof ���� wasinducedviatheadditionof 0.02±0.2%arabinose
(Ara).Thegraphcorrespondsto measurementsperformed3hoursafterinduction.Thefigures
representthreebiologicalreplicates.All valuesareexpressedin percentages,relativeto thevalues
of the��	$ maximuminduction uponadditionof 1mM IPTG.
FigureF.Purification andbiochemicalinvestigationof HexA-6His.Purificationof HexAvia
Ni-NTA affinity chromatography.LeftpanelshowsaCoomassiebluestainedSDSgel;right panel
showsaWesternblot with ��HexA antiserum.C = cytosolicfraction;W1 = washingfraction1;
W2 = washingfraction2;E1= elutionfraction1;E2= elutionfraction2;E3= elutionfraction3;
E= pooledelutionfraction(A). Gelfiltration of purified HexA-6His(E)usingSuperdex200col-
umn (B).Sizeandmolecularweightdeterminationof ªHexAº peakfraction(gelfiltration) using
DynamicLight Scattering(DLS)(C).Stabilitymeasurementof HexA-6Hisin differentbuffers
usingafluorescence-basedthermalstabilityassay.Tm = meltingtemperature,TN = 50mMTris/
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HCl pH 7.5,200mM NaCl;G = glycerol;��-MeOH = 2mM ��-mercaptoethanol(D).
TableA. BacterialStrains.
TableB.Plasmids.
TableC.Oligonucleotides.
TableD. Proteinswith alteredproduction in the proteomeof TT01-1Ê�ï���� comparedto
TT01-1Ê.Differencesin thecytosolicproteomeweredetectedin theexponential(EX)andstation-
ary(STAT)growthphase.
(PDF)
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