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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 opaque 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
��������	���
 �	��	���� hasemergedasoneof themostcommoncausativeagentsof awide
rangeof nosocomialinfections,suchasventilator-associatedpneumonia,septicaemia,skin
andsofttissueinfections,andcatheter-associatedurinary tract infections[1±3].Community-
acquired�. �	��	���� infectionshavealsobeenreported,mainly in patientswith underlying
comorbidities,includingpulmonarydisorders,diabetesmellitus,alcoholusedisorderandcan-
cer[4]. �. �	��	���� acquiredthestatusof ªkeyhumanpathogenºin thelate20th century
becauseof thefrequentisolationfrom patientsall overtheworld.However,thecapacityof
producingdiscernibletoxinswith virulencepotential,asfound in manyotherbacterialpatho-
gens,hasnot beenreportedin �. �	��	����. Our currentunderstandingof �. �	��	���� vir-
ulenceandpathogenesissuggeststhata`persistandresist'strategyisamajorvirulencefeature
[5]. LikemanyotherGramnegativebacteria,�. �	��	���� secretesoutermembranevesicles
(OMVs).OMVs from �. �	��	���� areequippedwith phospholipasesandexhibithaemolytic
andleucocyticpotential[6]. Surfaceproteinsof �. �	��	���� OMVs wereshownto elicit pro-
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inflammatoryimmuneresponsein epithelialcellsandneutrophil infiltration in alung infec-
tion micemodel[7].

�. �	��	���� hasaremarkablecapabilityto survivein unfavourableconditions,e.g.during
exposureto disinfectants,antibioticsor immunecells[8,9].Theability to resistantibioticsin
�. �	��	���� is typicallyassociatedwith afrequenthorizontaluptakeof antibiotic resistance
genes.However,theactualmechanismsof persistenceandresistanceto disinfectantsremain
lessknown.Gettinginsightsinto themorphologicalandphysiologicalfeatures,andexploring
thegeneticcontents,of �. �	��	���� clinical isolateswouldbearelevantstartingpoint
towardselucidatingthepersistenceandresistancestrategiesof thisopportunisticpathogen
[10,11].Colonyswitchbetweenopaqueandtranslucentformsisaninterestingmorphological
featurethathasbeenrecognisedrecentlyin �. �	��	����. Oneof the�. �	��	���� clinical
strains,AB5075,producedeithertranslucentor opaquecolonymorphotypeson agarplates
[12]. Thetwo phasevariantscouldreversiblyswitchtheir phenotypes,from opaqueto translu-
centor translucentto opaque.Theopaqueandtranslucentphasevariantsof AB5075were
shownto exhibitsignificantphenotypicdifferencesin cellmorphology,surfacemotility, bio-
film formation,antibiotic resistanceandin thevirulenceto the	���
�	 ���������	 waxworm
infectionmodelandin alung infectionmicemodel[12]. Theopaquevariantswerereported
to exhibitbetterresistanceto antibiotics,disinfectants,reactiveoxygenspecies,lysozymes,the
cathelin-relatedantimicrobialpeptideCRAMPandto becoveredwith thickercapsulecoating
[13]. Theprecisemolecularmechanismof colonyswitchingremainsto beelucidated.How-
ever,thereissomeevidencethatyetunidentifieddiffusibleextra-cellularsignal(s)mayinduce
phaseswitchin adensitydependentmanner[12].

Theattemptto identify underlyingmechanismsof phenotypeswitchingunravelledtherole
of aTetR-typetranscriptionalregulator,ABUW_1645in colonyswitching.Theoverexpression
of ABUW_1645lockedthecellsinto atranslucentsubpopulation.However,deletionof
ABUW_1645did not abolishtheswitchingphenotype[13]. Also,deletionof thegenesencod-
ing resistance-nodulation-celldivision(RND)-typeeffluxsystem	
��� significantly
decreasedphasevariationin theopaqueto translucentdirection,but hadlittle to no effecton
phasevariationin thetranslucentto opaquedirection.Moreover,mutationsinactivatingthis
RND systemwerepleiotropicandresultedin alteredsurfacemotility, aminoglycosideresis-
tance,andvirulencein a. ���������	 waxwormmodel[14]. In contrast,thedeletionof
OmpRorthologueABUW_0257activatedphaseswitchingin theopaquevariantto inter con-
vertatanextremelyhigh frequency.Similarly,mutationsin thesensorkinase���� genealso
activatedphasevariationfrom theopaqueto translucentvariant.In addition,OmpRand
EnvZin �. �	��	���� strainAB5075wererequiredfor virulenceof theopaquevariantin the
. ���������	 infectionmodel[15]. Basedon efficiencyto colonizeto lungsof infectedmice,
opaquevariantswereproposedto beªvirulentº andtranslucentvariantswereproposedto be
ªavirulent subpopulationof AB5075[13].

Here,weinvestigatedclinical isolatesof �. �	��	���� for switchingfrom andto opaque
andtranslucentsubpopulations,andcomparedthesesubpopulationswith regardto their sur-
facemorphologyatsinglecelllevel,biofilm formation,virulenceto �	���
�	������ ����	��,
andproductionof OMVs.Furthermore,theability of �. �	��	���� andsecretedOMVs to
induceanimmuneresponsein humanmacrophagesispresented.

Materials and methods

Bacterialstrainsused
Fifty-four clinical isolatesof �. �	��	���� collectedin Pakistanbetween2013and2015were
testedfor their opaque/translucentcolonymorphology.Basedon their multilocussequence
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types,sixisolateswereselectedfor further assays(Table1), including threestrainsfrom the
Pakistaniscollection,Ab-Pak-Pesh-22belongingto sequencetype23(ST23),Ab-Pak-Pesh-37
(ST1106),andAb-Pak-Lah-14(ST1),two strainsfrom our Swedishcollectionof �. �	��	����,
A095(ST2)andA100(ST1)[19], andthehypervirulent �. �	��	���� referencestrain
AB5075(ST1)[12]. All thestrainswereroutinelygrownon LBagarplatesat37ÊC.

Colonyphasevariation analysis
Thecolonyphasevariationassaywasperformedaspreviouslydescribedwith slightmodifica-
tions[12]. Briefly,singlecoloniesfrom theovernightculturesweregrownin LBbroth to an
OD of 1.8.Serialdilutionsof theLBbrothsweremadeand100�l allocationswerere-platedon
LBagarplates.After overnightgrowth,thetotalnumberof viablecellsperml wasdetermined.
Themorphologyof opaqueor translucentcolonieswasreviewedbystereolight microscopy.
Thenumberof thesetwo phasevariantsof colonieswascountedonly on plateswith �200 col-
onies/plate.

Biofilm formation analysis
Thecapacityof �. �	��	���� isolatesto producebiofilmswasassessedin 96-wellmicrotiter
plates.Bacterialsuspensions,with anOD600of 0.1,werepreparedusingtheLBbroth.Then,
200�l of thesuspensionswereinoculatedin triplicatesinto a96-wellflat bottomedpolystyrene
microplateandincubatedat37ÊC or 30ÊC for 24hour understaticconditionsin amoist
chamber.Followingincubation,thewellswerewashedgentlythreetimeswith sterilewater,
andthenfixedbywarmingon hot platefor 30sec.To stainbiofilms,200�l of 1%crystalviolet
solutionin waterwasaddedinto eachwell,incubatedat room temperaturefor 30min. The
dyewasdiscardedandthewellswerewashedtwicewith distilledwater,dried,andthestain
wassolubilizedby150�l of 5%aceticacid.Theopticalabsorbancewasreadat570nm usinga
microtiter-platereader.Eachexperimentwasrepeatedthreetimes.

�. ������� fertility analysis
Virulenceof the�. �	��	���� clinical isolateswasassessedusingthe�. ����	�� fertility assay
asamodelsystem[16]. The�. ����	�� eggswerehatchedin M9 medium,grownto stageL1
andarrestedovernightat16ÊCto physiologicallysynchronisethenematodes.TheL1worms
werecultivatedin �����
����	 ���� OP50lawnsto L4stage.Thefertility assaywasperformedby
inoculatingasingleL4nematodepereachNematodeGrowthMedia(NGM) platecontaining
alawnof thebacterialstrainunderinvestigation.Theplateswereincubatedat30ÊC.Overa
periodof 5days,adultnematodesweretransferreddaily to afreshplateseededwith thesame
strainof bacteria.To determinefertility, nematodeprogenywerecounteddaily,48hour after

Table1. �	
�����	��� ������

 strainsusedin the study.

Strain Source,placeand dateof isolation MLST typing Reference

Ab-Pak-Pesh-22 TrachealWash,CMH Peshawar,Pakistan,2014 ST23 a)Thiswork

Ab-Pak-Pesh-37 TrachealWash,CMH Peshawar,Pakistan,2014 ST1106 a)Thiswork

Ab-Pak-Lah-14 Trachealwash,CMH Lahore,Pakistan,2013 ST1 a)Thiswork

A095 Feces,Stockholm,Sweden, 2013 ST2 [19]

A100 Not known,Sk�ne,Sweden,2013 ST1 [19]

AB5075 Tibia/osteomyelitis,USA,2008 ST1 [27]

a)WholegenomesequencedatadepositedatDDBJ/ENA/GenBankundertheBioProject accessionnumber:

PRJNA482499.

https://doi.org/10.1371/journal.pone.0210082.t001
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parentremoval.Sixindependentreplicateswereperformedwith eachbacterialstrain,andfer-
tility assayswereperformedin triplicate.Meanvaluesof thedifferencesbetweenstrainsare
reported.���
�� �����
	� strainC6706���� � wasusedaspositivecontrol for virulencewhereas
�. ���� OP50wasusedasnegativecontrol for virulencein �. ����	��.

OMV preparation
OMVs wereisolatedfrom bacterialculturesupernatantsasdescribedpreviously[17]. Briefly,1
liter of eachbacterialculture,grownin LBbroth at37ÊCfor 16h, wascentrifugedat5000x �
for 30min at4ÊC.Thesupernatantwasfilteredthrougha0.2-�m poresizesterileMinisart
High Flowsyringefilter (SartoriusStedim)andultracentrifugedat100,000x � for 2 h at4ÊCin
a45Ti rotor (Beckman).Thevesiclepelletwasresuspendedin 20mM Tris-HCl pH 8.0buffer
andthesuspensionwasusedasthecrudeOMV preparation.TheOMV prepswereanalysed
bySDS-PAGEandbyatomicforcemicroscopy.TheBicinchoninicAcid (BCA)Assaykit
(ThermoScientificPierce,Rockford,IL) wasusedto measurethesamples'totalprotein
content.

Atomic ForceMicroscopy
TheOMVs wereimagedbyAtomic ForceMicroscopy(AFM) asdescribedpreviously[18].
Briefly,10�l of theOMV sampleswereplacedonto freshlycleavedmica(GoodfellowCam-
bridgeLtd.,Cambridge,United Kingdom).Thesampleswereblot driedanddesiccatedprior
to imaging.Imagingwasdoneon aMultimode 8 NanoscopeAFM equipment(Digital Instru-
ments,SantaBarbara)usingTappingModeTM.A siliconprobewasoscillatedat its resonant
frequencyof approximately300kHz,selectedby theNanoscopesoftware.Imageswerecol-
lectedin air atascanrateof 0.8±1.5Hz,dependingon thesizeof thescanandthenumberof
samples(256or 512samples/image).Thefinal imageswereplanefitted in bothaxesandpre-
sentedin asurfaceplot of theheightmode.

Scanningelectronmicroscopy
Forscanningelectronmicroscopy,5 �l of thebacterialsuspensionsin PBS(OD600of 1), from
anovernightplateculture,werespottedonto LBagarplates.Theplateswereincubatedat37ÊC
for 24hours.Piecesof agarcontainingbacterialcolonieswereremoved,fixedovernightat4Ê
C with 2.5%glutaraldehydein 0.1M sodiumcacodylate,dehydratedin gradedseriesof etha-
nol, andcoatedwith 5 nm gold/palladium.Thebacterialcellsmorphologywasanalyzedby
field-emissionscanningelectronmicroscope(CarlZeissMerlin FESEM)usingsecondaryelec-
tron detectorsatacceleratingvoltageof 4kV andprobecurrentof 50±100�A.

Co-culture of murine macrophageswith �. ������


Murine macrophagecellline RAW 264.7(ATCC1 TIB-71�) weregrownon coverslip(5x104

cells)overnightin DMEM mediasupplementedwith 10%FBSand1%penicillin-streptomy-
cin. Bacteriafrom overnightculturesof �. �	��	���� werewashedtwiceandre-suspendedin
phosphate-bufferedsaline(PBS).Re-suspended�. �	��	���� wasaddedto theRAW 264.7
cellsatamultiplicity of infection(MOI) of 100:1.Co-cultureswereincubatedfor 4 h andfor 4
h at37ÊCwith 5%CO2. Cellviability wasdeterminedby trypanblueexclusion.

Livecell confocalmicroscopy
RAW 264.7cellswereseededon acoverslip(5x105 cells)andincubatedovernightat37ÊCin
5%CO2 to allowadherence.Thefollowingday,cellsweretreatedwith PKH2labelledOMVs
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(100�g) for 4 h. Forstainingthecellnuclei,Hoechst33342(1 �M) wasadded5 min beforethe
endof the4-h incubationtime.Subsequently,cellswerewashedwith DMEM. Finally,DMEM
mediumcontaining10%FBSwasaddedto thecellsandvisualizedliveunderNikon EZ-C1
confocalmicroscope(Nikon, Japan),using40X /1.4planApo ��slens.The��ex= 405nmwas
selectedfor Hoechst33342and��ex= 561nm for OMVs.Imageswerecapturedandprocessed
usingtheNIS-Elements(https://www.nikoninstruments.com/Products/Software)andImageJ
(https://imagej.net/)software.

Immunohistochemistry analysis
After 4 h infection,cellswerefixed(4%PFA,30min) andpermeabilized(0.25%Triton X in
PBS,20min). Cellswereincubatedwith anti-NFKBprimary antibodies(SantaCruz,sc-81932,
1:100dilution) in 10%FBS/PBSovernightat4ÊC,andthenwith secondaryAlexa-488or
Alexa-568conjugatedantibodies(1:200in 10%FBS/PBS,MolecularProbes,Eugene,OR,
USA,1h), counterstainedwith DAPI (Sigma)andexaminedbyNikonEZ-C1confocalmicro-
scope(Nikon, Japan),using60X /1.4planApo ��slens.The��ex= 405nmwasselectedfor
DAPI and��ex= 488or ��ex= 561nm for NFKB.Imageswerecapturedandprocessedusingthe
NIS-Elements(https://www.nikoninstruments.com/Products/Software)andImageJ(https://
imagej.net/)software.

Statisticalanalysis
GraphPadPrismversion7.09wasusedto constructgraphsandanalysedataregardingphase
switchingfrequencies,biofilm formationand�. ����	�� progenycounts.

Quantificationof cellswaspresentedasaMean�SEM.Groupswerecomparedusingpaired
t-test(MicrosoftExcel).� valuesof <0.01 � � and<0.05 � wereconsideredsignificant.

Results

Dynamicsof opaquetranslucentswitch in �. ������

 clinical isolates
A collectionconsistingof fifty-four clinical isolatesof �. �	��	���� from Pakistanwastested
for opaque/translucentcolonymorphology.All the54�. �	��	���� isolatesproducedapre-
dominantopaquecolonymorphotypeon theLBagarplates.However,asmallfractionof the
colonies,from eachstrain,appearedto betranslucent.Thefractionof translucentcolonies
was< 0.01%in all isolates.Sixclinical isolateswerefurther investigatedfor detailsin pheno-
typicalterationsuponcolonyswitching.Thepanelof isolatessubjectedto moredetailedanaly-
sisof phaseswitchingconsistsof �. �	��	���� Ab-Pak-Pesh-22(ST23),Ab-Pak-Pesh-37
(ST1106),Ab-Pak-Lah-141(ST1),two isolatesfrom our Swedishcollectionof �. �	��	����,
A095(ST2)andA100(ST1)[19] andthehypervirulent �. �	��	���� referencestrainAB5075
(ST1).

Stereomicroscopicexaminationrevealedawide-rangeof strain-baseddifferencesin the
intensityof theopaqueandtranslucentcolonies.Amongthesix isolatesselectedfor further
studies,A100producedthemostclearlydistinguishedtranslucentandopaquecolonies(Fig
1A). In contrast,thedifferencebetweenopaqueandtranslucentcolonieswaslesspronounced
particularlyin caseof Ab-Pak-Pesh-22,but alsoAb-Pak-Pesh-37andA095differedsomewhat
whencomparedto AB5075andA100(Fig1A).Similarly,theswitchingfrequency,from
opaqueto translucentor from translucentto opaque,washighlyvariableandentirely
dependedon thestrainunderinvestigation(Fig1B).TheSwedishisolateA100switchedfrom
opaqueto translucentatasignificantlyhigherfrequency(8.02� 1.90%)thantherestof the
studiedisolates.In general,theswitchingfrequencyfrom opaqueto translucentwasobserved
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to behigherwhencomparedto switchingfrequencyfrom translucentto opaque(Fig1B)[12].
Exceptionally,Ab-Pak-Pesh-37switchedfrom translucentto opaqueatasignificantlyhigher
frequency(1.50�0.05%)thanthatof theopaqueto translucentswitch(0.05�0.02%).

Visualization of opaqueand translucentcoloniesat singlecell level
Scanningelectronmicroscopywasperformedto visualizetheopaqueandtranslucentvariants
at thesinglecelllevel.Overall,thecellsurfaceof �. �	��	���� from opaquecoloniesappeared
to besmoothwhereascellssampledfrom translucentcoloniesappearedto beroughandcon-
tainingspinalshapeappendageson thesurface(Fig2).However,thesurfaceof �. �	��	����
A095appearedsmoothin caseof bothvariants(Fig1A).Also,thenetworkof extracellularpili
like structurestendedto bedenseramongcellsfrom translucentcoloniesexceptfor isolate
A095,whichdid not producepili like appendages.

Fig 1. Opaqueand translucentvariantsof �. ������

 clinical isolates.(A) Stereomicroscopicimagesof opaqueandtranslucentcolonies,and(B) Phasevariation
switchingfrequency of �. �	��	���� clinical isolates.In orderto compareswitching frequenciestheunpairedpaired� testwasperformed.Thedifferenceisconsidered
asstatisticallysignificant if � valuesis lessthan0.05andrepresented byª� º.

https://doi.org/10.1371/journal.pone.0210082.g001
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Translucentcolonysubpopulationsof �. ������

 form more
pronouncedbiofilm in comparisonwith the opaquecounterparts
Thetranslucentcolonyvariantsshowedsignificantlyhigherbiofilm forming capabilitythan
theopaquecolonyvariants(Fig3).Consistentwith theabsenceof extracellularpili-like struc-
tures(Fig2), thetwo colonyvariantsof isolateA095appearedto form little or no biofilms.

Virulence featuresof opaqueversustranslucentsubpopulations
�. ����	�� and. ���������	 haveprovento beefficientlaboratoryinfectionhostmodelsfor
monitoring putativevirulencefeaturesbacterialpathogenesis.Usingthe. ���������	 model
for �. �	��	���� infection,it hasbeenshownthatanopaquesubpopulationof strainAB5075
exhibitedhighervirulencecapabilitywhencomparedto atranslucentsubpopulation[12],. We
wereinterestedto evaluate�. ����	�� asanalternativemodelto monitor thepathogenesis
potentialof theopaqueandtranslucentsubpopulationsof �. �	��	����. In orderto compare,
theeffectof opaqueandtranslucentcolonyphasevariants,aC. ����	�� fertility assaywasper-
formedaspreviouslyreported[16].Theassayisquantitativelymeasuringtheeffectof thebac-
teriaon thereproductioncapabilityof anadultworm,monitoredbyaprogenycount.Feeding
of atranslucentsubpopulationof eachisolateexcept�. �	��	���� A095significantlyreduced
theprogenycountof �. ����	�� in comparisonwith anopaqueform of thesameisolate(Fig
4A).This finding suggestedthat thetranslucentsubpopulationexhibitedastrongereffecton
thefertility of �. ����	��. In contrast,anopaquesubpopulationwasreportedto bemoreviru-
lent to . ���������	 andmiceinfectionmodels[12],. Therefore,our finding suggestedthat the
effectof �. �	��	���� on �. ����	�� fertility wasnot dueto thesamevirulenceassociatedtrait
supposedlyaffectingtheformer infectionmodels.Of note,�. �	��	���� Ab-Pak-Pesh-37
appearedto bethemostefficientstrainamongthesixisolateswith respectto reductionin
progenyof theworms.

Asonetestof howmammaliancellsmight beaffectedby thetwo phasevariants,wefurther
assessedtheimmunogenicpotentialof Ab-Pak-Pesh-37in RAW 264.7macrophagesbyquan-
tifying nuclearaccumulationof NFKB,4 hoursafterinfection.Interestingly,bothopaqueand
translucentvariantsof Ab-Pak-Pesh-37couldelicit NFKBactivationandnuclearaccumula-
tion (Fig4B).However,NFKBactivationbyanopaquesubpopulationwassignificantlyhigher
ascomparedto thetranslucentcounterpart(Fig4Band4C).Thisfinding supportedthenotion
thatanopaquesubpopulationmaybesmorevirulent.

Fig 2. Scanningelectronmicroscopicimagesof bacterialcellsfrom opaqueand translucentcoloniesof �. ������

 clinical isolates.Scalebar= 200nm,
Magnification 100,000x.

https://doi.org/10.1371/journal.pone.0210082.g002

Colony phase variation in Acinetobacter baumannii

PLOS ONE | https://doi.org/10.1371/journal.pone.0210082 January 4, 2019 7 / 13

https://doi.org/10.1371/journal.pone.0210082.g002
https://doi.org/10.1371/journal.pone.0210082


OMV production by opaqueand translucentcolonyvariants
OMVs haverecentlyemergedasavehicleto transportvirulencefactorsfrom bacterialpatho-
gensto hostcells.OMVs from opaqueandtranslucentcolonyvariantswereisolatedin order
to comparetheeffectof colonyphaseswitchingon vesiclesproduction.Thenumberof OMVs
perfield imagedbyatomicforcemicroscopywasfound to behigherwhentheOMVs wereiso-
latedfrom thetranslucentform of all �. �	��	���� isolatesexceptfor strainAB5075(Fig5A).
Consistently,proteinconcentrationof vesiclepreparationsfrom translucentcoloniesweresig-
nificantly higher(1186�200�g/ml) thanproteinconcentrationsof vesiclesfrom opaquecolo-
nies(552�125�g/ml) suggestingthat translucentcoloniesreleasedmorevesiclesthanopaque
colonies.In orderto find out whetherOMVs ��
 �� canbeexpectedto playaroleduring infec-
tion process,thecapabilityof OMVs from opaqueandtranslucentformsof �. �	��	���� Ab-

Fig 3. Biofilm formation capability of opaqueand translucent colonyvariants.Biofilm formation after24hoursat (A),
37ÊC,and(B) 30ÊC.BarsrepresentMean� SDof OD595values.Differencein biofilm forming capabilityof opaqueand
translucent strainswasestimatedby two tail paired� test.Thedifferenceisconsideredasstatistically significant if � valuesis
lessthan0.05.� valuelessthan0.05is representedbyª� º, � valuelessthan0.01is represented byª� � º. � valuehigherthan
0.05is representedbyns(non significant).

https://doi.org/10.1371/journal.pone.0210082.g003
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