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Abstract

Reversible switching between opaque and translucent colony formation is a novel feature of
Acinetobacter baumannii that has been associated with variations in the cell morphology,
surface motility, biofilm formation, antibiotic resistance and virulence. Here, we assessed a
number of phenotypic alterations related to colony switching in A. baumannii clinical isolates
belonging to different multi-locus sequence types. Our findings demonstrated that these
phenotypic alterations were mostly strain-specific. In general, the translucent subpopula-
tions of A. baumannii produced more dense biofilms, were more piliated, and released larger
amounts of outer membrane vesicles (OMVs). In addition, the translucent subpopulations
caused reduced fertility of Caenorhabditis elegans. When assessed for effects on the
immune response in RAW 264.7 macrophages, the OMVs isolated from opague subpopula-
tions of A. baumannii appeared to be more immunogenic than the OMVs from the translu-
cent form. However, also the OMVs from the translucent subpopulations had the potential to
evoke an immune response. Therefore, we suggest that OMVs may be considered for
development of new immunotherapeutic treatments against A. baumannii infections.

Introduction

hasemergedisoneof the mostcommoncausativegentof awide

rangeof nosocomiainfections,suchasventilator-associatepgheumonia septicaemiaskin
andsofttissueinfections,and catheter-associatadinary tractinfections[1+3]. Community-
acquired. infectionshavealsobeenreported,mainlyin patientswith underlying
comorbidities including pulmonarydisordersdiabetesnellitus,alcoholusedisorderand can-
cer[4]. . acquiredthe statusof 2key humanpathogendn the late20" century
becausef the frequentisolationfrom patientsall overthe world. However the capacityof
producingdiscernibletoxinswith virulencepotential,asfoundin manyotherbacterialpatho-
genshasnot beenreportedin . Our currentunderstandingof . vir-
ulenceandpathogenesisuggestthata “persistindresist'strategyis a major virulencefeature
[5]. Like manyother Gramnegativebacteria,. secretesutermembranevesicles
(OMVs).OMVsfrom . areequippedwith phospholipaseandexhibithaemolytic
andleucocytigotential[6]. Surfaceproteinsof . OMVs wereshownto elicit pro-
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inflammatoryimmuneresponsén epithelialcellsand neutrophilinfiltration in alung infec-
tion micemodel[7].

. hasaremarkablecapabilityto survivein unfavourableconditions,e.g.during
exposurdo disinfectantsantibioticsor immune cells[8,9]. Theability to resistantibioticsin

istypicallyassociatewith afrequenthorizontaluptakeof antibiotic resistance

genesHowever the actualmechanism®f persistencandresistancéo disinfectantgemain
lessknown. Gettinginsightsinto the morphologicaland physiologicafeaturesand exploring
thegeneticcontents of . clinicalisolatesvould bearelevantstartingpoint
towardselucidatingthe persistencandresistancetrategie®f this opportunisticpathogen
[10,11].Colonyswitchbetweeropaqueandtranslucentformsis aninterestingmorphological
featurethat hasbeenrecognisedecentlyin . . Oneofthe . clinical
strains, AB5075producedeithertranslucentor opaquecolonymorphotypeson agarplates
[12]. Thetwo phasevariantscould reversiblyswitchtheir phenotypesfrom opaqueto translu-
centor translucento opaqueTheopaqueandtransluceniphasevariantsof AB5075vere
shownto exhibit significantphenotypicdifferencesn cellmorphology,surfacemaotility, bio-
film formation, antibiotic resistanceandin thevirulenceto the waxworm
infectionmodelandin alung infectionmicemodel[12]. Theopaquevariantswerereported
to exhibitbetterresistanceao antibiotics,disinfectantsreactiveoxygenspeciedysozymeshe
cathelin-relatedantimicrobialpeptideCRAMP andto becoveredwith thicker capsulecoating
[13]. Theprecisemoleculamechanisnof colonyswitchingremainsto beelucidatedHow-
ever thereis someevidencehat yetunidentified diffusibleextra-cellulasignal(smayinduce
phaseswitchin adensitydependenmanner[12].

Theattemptto identify underlyingmechanism®f phenotypeswitchingunravelledherole
of aTetR-typdranscriptionalregulator ABUW_1645n colonyswitching.Theoverexpression
of ABUW_16490ckedthe cellsinto atranslucensubpopulationHowever deletionof
ABUW _1645did not abolishthe switchingphenotypg13]. Also,deletionof the geneencod-
ing resistance-nodulation-cdllivision (RND)-typeefflux system significantly
decreaseghasevariationin the opaqueto translucendirection, but hadlittle to no effecton
phasevariationin thetranslucento opaquedirection. Moreover,mutationsinactivatingthis
RND systemwerepleiotropicandresultedn alteredsurfacemotility, aminoglycosideesis-
tanceandvirulencein a . waxwormmodel[14]. In contrastthe deletionof
OmpRorthologueABUW _0257activatedphaseswitchingin the opaquevariantto inter con-
vertatanextremelyhigh frequency Similarly, mutationsin the sensokinase genealso
activatedohasevariationfrom the opaqueo translucentvariant.In addition,OmpRand
EnvZin . strain AB5075wererequiredfor virulenceof the opaquevariantin the

infectionmodel[15]. Basedn efficiencyto colonizeto lungsof infectedmice,
opaquevariantswereproposedo bedvirulent® andtranslucentvariantswereproposedo be
aavirulent subpopulatiorof AB507513].

Here,weinvestigatectlinicalisolatesf . for switchingfrom andto opaque
andtranslucentsubpopulationsand comparedhesesubpopulationsvith regardto their sur-
facemorphologyat singlecelllevel biofilm formation, virulenceto ,
andproductionof OMVs. Furthermore the ability of . andsecreteddMVsto
induceanimmuneresponsén humanmacrophagess presented.

Materials and methods
Bacterial strainsused

Fifty-four clinicalisolatesof . collectedn Pakistarbetweer2013and2015were
testedfor their opaque/translucentolonymorphology.Basecn their multilocussequence

PLOS ONE | https://doi.org/10.1371/journal.pone.0210082 January 4, 2019 2/13


https://doi.org/10.1371/journal.pone.0210082

Colony phase variation in Acinetobacter baumannii

typessixisolatesvereselectedor further assay$Tablel), including threestrainsfrom the
Pakistanisollection,Ab-Pak-Pesh-2Belongingto sequencéype23(ST23) Ab-Pak-Pesh-37
(ST1106)and Ab-Pak-Lah-14ST1),two strainsfrom our Swediskcollectionof . ,
A095(ST2)andA100(ST1)[19], andthe hypervirulent . referencestrain
AB5075ST1)[12]. All the strainswereroutinely grownon LB agarplatesat 37EC.

Colony phasevariation analysis

The colonyphasevariationassayvasperformedaspreviouslydescribedvith slightmodifica-
tions[12]. Briefly, singlecoloniesfrom the overnightculturesweregrownin LB broth to an
OD of 1.8.Serialdilutions of the LB brothsweremadeand 100 | allocationsverere-platedon
LB agarplates After overnightgrowth, the total numberof viablecellsper ml wasdetermined.
Themorphologyof opaqueor translucentcolonieswasreviewedoy steredight microscopy.
Thenumberof thesewo phasevariantsof colonieswascountedonly on plateswith 200 col-
onies/plate.

Biofilm formation analysis

The capacityof . isolatego producebiofilms wasassessed 96-wellmicrotiter
platesBacteriasuspensionsyith an ODggo0f 0.1,werepreparedusingthe LB broth. Then,
200 of thesuspensiong/ereinoculatedin triplicatesinto a 96-wellflat bottomedpolystyrene
microplateandincubatedat 37EC or 30EC for 24 hour under staticconditionsin amoist
chamberFollowingincubation,the wellswerewashedyentlythreetimeswith sterilewater,
andthenfixed by warmingon hot platefor 30sec.To stainbiofilms,200 | of 1%crystalviolet
solutionin waterwasaddedinto eachwell,incubatedatroom temperaturefor 30min. The
dyewasdiscardedandthe wellswerewashedwicewith distilledwater,dried,andthe stain
wassolubilizedby 150 | of 5%aceticacid. The opticalabsorbancevasreadat570nm usinga
microtiter-platereader Eachexperimentwasrepeatedhreetimes.

fertility analysis

Virulenceofthe . clinicalisolatesvasassessaasingthe . fertility assay
asamodelsysten{16]. The . eggsverehatchedn M9 medium,grownto stagd.1
andarrestedvernightat 16EQo physiologicallysynchronisehe nematodesThe L1 worms
werecultivatedin OP50lawnsto L4 stageThefertility assayvasperformedby

inoculatingasingleL4 nematodeper eachNematodeGrowth Media(NGM) platecontaining
alawn of the bacterialstrainunderinvestigation The plateswereincubatedat 30EC. Overa

periodof 5 days adultnematodesveretransferreddaily to afreshplateseededvith the same
strainof bacteriaTo determinefertility, nematodeprogenywerecounteddaily,48hour after

Tablel. strainsusedin the study.

Strain Source placeand dateof isolation MLST typing Reference
Ab-Pak-Resh-22 TracheaWash,CMH PeshawarRakistan2014 ST23 a) Thiswork
Ab-Pak-Fesh-37 TracheaWash,CMH PeshawaiRakistan2014 ST1106 a) Thiswork
Ab-Pak-lah-14 Tracheawash,CMH Lahore Pakistan2013 ST1 a) Thiswork
A095 FecesStockholm Sweden2013 ST2 [19]

A100 Not known, Sk ne,Sweden2013 ST1 [19]
AB5075 Tibia/osteonyelitis,USA,2008 ST1 [27]

a) Whole genomesequenceatadepositecat DDBJ/ENA/GenBankunderthe BioProjet accessiomumber.
PRJINA42499.

https://cbi.org/10.1371durnal.por.0210082.t0D
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parentremoval.Sixindependenteplicatesvereperformedwith eachbacterialstrain,andfer-

tility assaysvereperformedin triplicate. Meanvaluesof the differencedetweerstrainsare

reported. strainC6706 wasusedaspositivecontrol for virulencewhereas
OP50wasusedasnegativecontrol for virulencein .

OMV preparation

OMVs wereisolatedfrom bacterialculture supernatantasdescribegreviously[17]. Briefly, 1
liter of eachbacteriakulture,grownin LB broth at 37EGor 16 h, wascentrifugedat 5000x

for 30min at4EC. Thesupernatanwvasfilteredthrougha0.2- m poresizesterileMinisart
High Flowsyringefilter (SartoriusStedim)andultracentrifugedat 100,000 for 2h at4EQn
a45Ti rotor (Beckman)Thevesiclepelletwasresuspendeth 20mM Tris-HCI pH 8.0buffer
andthe suspensionvasusedasthe crudeOMV preparation.The OMV prepswereanalysed
by SDS-PAGEand by atomicforcemicroscopyTheBicinchoninicAcid (BCA) Assaykit
(ThermoScientificPierce Rockford,IL) wasusedto measurghe samplestotal protein
content.

Atomic ForceMicroscopy

The OMVs wereimagedby Atomic ForceMicroscopy(AFM) asdescribedoreviously{18].
Briefly,10 | ofthe OMV samplesvereplacedonto freshlycleavednica(GoodfellowCam-
bridgeLtd., Cambridge United Kingdom). The samplesvereblot dried anddesiccategbrior
to imaging.Imagingwasdoneon aMultimode 8 NanoscopFM equipment(Digital Instru-
ments,SantaBarbarausingTappingModeTM. A silicon probewasoscillatedat its resonant
frequencyof approximately\800kHz, selectedby the Nanoscopesoftwarelmagesverecol-
lectedin air atascanrateof 0.8+1.94z, dependingon the sizeof the scanandthe numberof
sampleg2560r 512samples/image).hefinal imagesvereplanefitted in both axesandpre-
sentedn asurfaceplot of the heightmode.

Scanningelectronmicroscopy

For scanningelectronmicroscopy5 | of the bacterialsuspensionsn PBSODggg0f 1), from
anovernightplateculture,werespottedonto LB agarplates The plateswereincubatedat 37EC
for 24hours.Piece®f agarcontainingbacteriakcoloniesvereremoved fixed overnightat 4E

C with 2.5%glutaraldehydén 0.1M sodiumcacodylatedehydratedn gradedseriesof etha-
nol, andcoatedwith 5 nm gold/palladium.Thebacterialkcellsmorphologywasanalyzedy
field-emissionscanningelectronmicroscopgCarl ZeissMerlin FESEM)usingsecondanglec-
tron detectorsatacceleratingoltageof 4 kV and probecurrentof 50+ 100A.

Co-culture of murine macrophagesvith .

Murine macrophageellline RAW 264.7(ATCC1 TIB-71 ) weregrownon coverslip(5x1¢
cells)overnightin DMEM mediasupplementeavith 10%FBSand 1%penicillin-streptomy-
cin. Bacterigrom overnightculturesof . werewashedwiceandre-suspendeth
phosphate-bufferedaline(PBS)Re-suspended wasaddedto the RAW 264.7
cellsatamultiplicity of infection (MOI) of 100:1 Co-cultureswereincubatedfor 4 h andfor 4
h at 37EGwith 5%CO,. Cellviability wasdeterminedby trypanblueexclusion.

Live cell confocalmicroscopy

RAW 264.7cellswereseededn acoverslip(5x1 cells)andincubatedovernightat 37EGn
5%CO, to allowadherenceThefollowing day,cellsweretreatedwith PKH2 labelledOMVs
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(100 g) for 4 h. For stainingthe cellnuclei,Hoechst333421 M) wasadded5 min beforethe
endof the4-hincubationtime. Subsequenthgellswerewashedvith DMEM. Finally, DMEM
mediumcontaining10%FBSwasaddedto the cellsandvisualizedive underNikon EZ-C1
confocalmicroscopgNikon, Japan)using40X /1.4planApo slens.The ¢,=405nmwas
selectedor Hoechst33342and .= 561nm for OMVs. Imagesverecapturedandprocessed
usingthe NIS-Elementghttps://www.nikoninstrumets.com/Products/SoftwargndImageJ
(https://imagej.net/software.

Immunohistochemistry analysis

After 4 h infection, cellswerefixed (4%PFA,30min) and permeabilized0.25%Triton X in
PBS20min). Cellswereincubatedwith anti-NFKB primary antibodiegSantaCruz,sc-81932,
1:100dilution) in 10%FBS/PB®vernightat 4EC, andthenwith secondaryAlexa-48%or
Alexa-56&onjugatedantibodieq1:200n 10%FBS/PBSylolecularProbesEugeneQR,
USA,1h), counterstainedvith DAPI (Sigma)and examinedoy NikonEZ-C1confocalmicro-
scopgNikon, Japan)using60X /1.4planApo slens.The ¢,=405nmwasselectedor

DAPl and ¢x=4880r ,=561nm for NFKB.Imagesverecapturedandprocessedsingthe
NIS-Elementghttps://www.nikoninstruments.com/Products/Softwarapd ImageJhttps://
imagej.net/)software.

Statisticalanalysis

GraphPadPrismversion7.09wasusedto constructgraphsandanalyselataregardingphase
switchingfrequencieshiofilm formationand . progenycounts.

Quantificationof cellswaspresentecisaMean SEM. Groupswerecomparedusingpaired
t-test(Microsoft Excel). valuenf<0.01 and<0.05 wereconsideredsignificant.

Results

Dynamicsof opaquetranslucentswitchin . clinical isolates

A collectionconsistingof fifty-four clinicalisolatesof . from Pakistanwastested
for opaque/translucerntolonymorphology . All the54 . isolateproducedapre-

dominantopaquecolonymorphotypeon the LB agarplatesHowever.asmallfraction of the
coloniesfrom eachstrain,appearedo betranslucentThefraction of translucentcolonies
was< 0.01%in allisolatesSixclinicalisolatesverefurther investigatedor detailsin pheno-
typic alterationsupon colonyswitching.The panelof isolatesubjectedo more detailedanaly-
sisof phaseswitchingconsistof . Ab-Pak-Pesh-29ST23) Ab-Pak-Pesh-37
(ST1106)Ab-Pak-Lah-141(ST1wo isolatedrom our Swedistcollectionof . ,
A095(ST2pnd A100(ST1)[19] andthe hypervirulent . referencestrain AB5075
(ST).

Stereamicroscopicexaminationrevealedawide-rangeof strain-basediifferencesn the
intensity of the opaqueandtranslucentcolonies Amongthe sixisolateselectedor further
studies A100producedthe mostclearlydistinguishedranslucentand opaquecolonies(Fig
1A).In contrastthedifferencebetweeropaqueandtranslucentcolonieswaslesgpronounced
particularlyin caseof Ab-Pak-Pesh-2ut alsoAb-Pak-Pesh-3@and A095differedsomewhat
whencomparedo AB5075and A100(Fig 1A). Similarly,the switchingfrequencyfrom
opaqueto translucentor from translucento opaquewashighly variableandentirely
dependedn the strainunderinvestigation(Fig 1B). The SwedishsolateA100switchedfrom
opaqueo transluceniat asignificantlyhigherfrequency(8.02 1.90%}Yhantherestof the
studiedisolatesIn generalthe switchingfrequencyfrom opaqueto translucentwasobserved
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Fig 1. Opaqueand translucentvariantsof . clinical isolates.(A) Stereamicroscopidmagef opaqueandtranslucentcoloniesand(B) Phaseariation
switchingfrequeng of . clinicalisolatesln orderto compareswitching frequencieshe unpairedpaired testwasperformed.Thedifferenceis considered
asstatisticallysignificart if valuedslessthan0.05andrepresentd by? ©.

https://da.org/10.1371durnal.pon®210082.g0D

to behigherwhencomparedo switchingfrequencyfrom translucento opaque(Fig 1B)[12].
ExceptionallyAb-Pak-Pesh-3gwitchedfrom translucento opaqueat asignificantlyhigher
frequency(1.50 0.05%)thanthat of the opaqueto translucentswitch(0.05 0.02%).

Visualization of opaqueand translucentcoloniesat singlecell level

Scanningelectronmicroscopywasperformedto visualizehe opaqueandtranslucentvariants
atthe singlecelllevel.Overall,the cellsurfaceof . from opaquecoloniesappeared
to besmoothwhereasellssampledrom translucentcoloniesappearedo beroughandcon-
taining spinalshapeappendagesn the surfacgFig 2). However the surfaceof .
A095appearedmoothin caseof both variants(Fig 1A). Also, the network of extracellulapili
like structuregendedto bedenseramongcellsfrom translucentcoloniesexcepffor isolate
A095,whichdid not producepili like appendages.
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Fig 2. Scanningelectronmicroscopicimagesof bacterial cellsfrom opaqueand translucentcoloniesof . clinical isolates.Scalebar= 200nm,
Magnificaton 100,000x.

https://da.org/10.1371durnal.pon®210082.g0D

Translucentcolony subpopulationsof . form more
pronouncedbiofilm in comparisonwith the opaquecounter parts

Thetranslucentcolonyvariantsshowedsignificantlyhigherbiofilm forming capabilitythan
the opaquecolonyvariants(Fig 3). Consistentvith the absencef extracellulapili-like struc-
tures(Fig 2), thetwo colonyvariantsof isolateAO95appearedo form little or no biofilms.

Virulence featuresof opaqueversustranslucentsubpopulations

and . haveprovento beefficientlaboratoryinfection hostmodelsfor
monltorlng putativevirulencefeaturesacterialpathogenesidJsingthe . model
for . infection, it hasbeenshownthat anopaquesubpopulatiorof strain AB5075
exhibitedhighervirulencecapabilitywhencomparedo atranslucenisubpopulatior[12]. We
wereinterestedo evaluate. asanalternativemodelto monitor the pathogenesis
potentialof the opaqueandtranslucentsubpopulation®f . . In orderto compare,
the effectof opagueandtranslucenicolonyphasevariantsaC. fertility assayvasper-
formedaspreviouslyreported[16]. Theassays quantitativelymeasuringhe effectof the bac-
teriaon thereproductioncapabilityof anadultworm, monitored by aprogenycount.Feeding
of atranslucentsubpopulatiorof eachisolateexcept. A095significantlyreduced
the progenycountof . in comparisonwith anopaqueform of the sameisolate(Fig
4A). Thisfinding suggestethatthe translucensubpopulatiorexhibiteda strongereffecton
thefertility of . . In contrast,anopaguesubpopulatiorwasreportedto bemoreviru-
lentto . andmiceinfectionmodels[12]. Therefore pur finding suggestethatthe
effectof . on . fertility wasnot dueto the samevirulenceassociatetrait
supposedlaffectingthe formerinfectionmodels Of note, . Ab-Pak-Pesh-37
appearedo bethe mostefficientstrainamongthe sixisolateswith respecto reductionin
progenyof theworms.

Asonetestof how mammaliancellsmight beaffectedy the two phasevariantswefurther
assessetieimmunogenicpotentialof Ab-Pak-Pesh-3ih RAW 264.7macrophageby quan-
tifying nuclearaccumulatiorof NFKB,4 hoursafterinfection. Interestingly both opaqueand
translucentvariantsof Ab-Pak-Pesh-3¢ouldelicit NFKB activationand huclearaccumula-
tion (Fig 4B).However NFKB activationby an opaquesubpopulationvassignificantlyhigher
ascomparedo thetranslucentcounterpart(Fig 4Band4C). Thisfinding supportedhe notion
thatan opaquesubpopulatiormaybesmorevirulent.
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Fig 3. Biofilm formation capability of opaqueand translucert colonyvariants. Biofilm formation after24hoursat (A),
37EC,and(B) 30EC. BarsrepresenMean SDof ODsgsvaluesDifferencein biofilm forming capabilityof opaqueand
translucet strainswasestimatedy two tail paired test.Thedifferenceis consideredasstatisticdy significart if valuess
lesg¢han0.05. valuelesghan0.05is representedby? ©, valuelesshan0.0lisrepresentdby? ©. valuehigherthan
0.05is representedby ns(non significart).

https:/Hoi.org/10.137/ournal.pon®©210082.g003

OMV production by opaqueand translucentcolony variants

OMVs haverecentlyemergedasavehicleto transportvirulencefactorsfrom bacterialpatho-
gengto hostcells OMVs from opaqueandtranslucentcolonyvariantswereisolatedn order
to comparethe effectof colonyphaseswitchingon vesicleproduction. Thenumberof OMVs
perfield imagedby atomicforcemicroscopywasfound to behigherwhenthe OMVs wereiso-
latedfrom thetranslucentform of all . isolatesexcepftfor strain AB5075Fig 5A).
Consistentlyprotein concentrationof vesiclepreparationdrom translucentcolonieswveresig-
nificantly higher(1186 200 g/ml) thanprotein concentrationf vesicledrom opaquecolo-
nies(552 125 g/ml) suggestinghattranslucentcoloniesreleasednorevesicleshanopaque
coloniesln orderto find out whetherOMVs canbeexpectedo playarole during infec-
tion processthe capabilityof OMVs from opagqueandtranslucenformsof . Ab-
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