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Abstract

Bordetella pertussis is the causative agent of whooping cough, commonly referred to as per-

tussis. Although the incidence of pertussis was reduced through vaccination, during the last

thirty years it has returned to high levels in a number of countries. This resurgence has been

linked to the switch from the use of whole-cell to acellular vaccines. Protection afforded by

acellular vaccines appears to be short-lived compared to that afforded by whole cell vac-

cines. In order to inform future vaccine improvement by identifying immune correlates of pro-

tection, a human challenge model of B. pertussis colonisation has been developed.

Accurate measurement of colonisation status in this model has required development of a

qPCR-based assay to enumerate B. pertussis in samples that distinguishes between viable

and dead bacteria. Here we report the development of this assay and its performance in the

quantification of B. pertussis from human challenge model samples. This assay has future

utility in diagnostic labs and in research where a quantitative measure of both B. pertussis

number and viability is required.

Introduction
Whoopingcough,or pertussis,isahighlycontagiousrespiratorytract infectionof humans
causedby thegram-negativecoccobacillus���������� 	���
����. Clinicalmanifestationsof per-
tussisdependon ageandimmunestatusof thehostandincludealow-gradefever,cyanosis,
andparoxysmalcoughaccompaniedbyahigh-pitchedªwhoopº[1]. Infantsagedlessthan1
yearold presentthehighestincidenceof pertussisandarealsoat thegreatestrisk of severedis-
easeanddeath[2].

Theintroduction of vaccinationin theearly1950ssignificantlyreducedtheincidenceof
pertussisin developednations,howeverthenumberof reportsof pertussishasbeen
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progressivelyincreasingoverthelastthirty years[3]. Forexample,in theUK, PublicHealth
Englandhasreportedagreaterthanten-foldincreasein pertussiscasesovertheeight-year
periodof 2005±2013[4]. Thisrisehasbeenechoedin othercountriesincludingAustralia,the
Netherlands,andtheUS[5±10].

Thereasonfor this resurgenceisnot certain,howeverit hasbeenstronglylinked to the
switchfrom usingwhole-cellvaccines(WCVs)to usingacellularvaccines(ACVs).ACV-
inducedimmunity appearsto wanemorequicklythanWCV-inducedimmunity. In baboons,
comparedto WCV-inducedimmunity, ACV-inducedimmunity protectsfrom disease,but does
not preventcolonisationby �. 	���
���� or preventtransmissionof thebacteriato otherhosts
[11,12].Asymptomatictransmissionfrom colonisedcarriersto naivecontactscouldbecontrib-
uting to theresurgencein theUSandUK [13]. In manyindustrialisedcountriesusingACVs
(Denmark,Norway,Netherlands,Finland,Sweden,theUnited Kingdom,United Statesof
America,Australia,France,andJapan)therehasbeenadramaticincreasein theisolationof �.
pertussisdeficientfor theproductionof theACV-vaccineantigenpertactin[14±18].In ACV-
immunisedhostspertactin-deficient�. 	���
���� mayhaveafitnessadvantageoverpertactin-
producingisolates,raisingconcernthat theuseof ACVsisselectingfor vaccineescapestrainsof
�. 	���
���� [19].Theseissueshavehighlightedtheneedto betterunderstandthedetaileddiffer-
encesbetweenWCV andACV inducedimmuneresponsesandtheimmuneresponseto infec-
tion, andto identify biomarkersof protectiveimmunity to �. 	���
���� infection.Thiswouldaid
theevaluationof theefficacyof future �. 	���
���� vaccinesthatmight beneededto combat�.
	���
���� resurgence.To thisend,ahumanchallengemodelof �. 	���
���� colonisationhasbeen
developedaspartof theEU-fundedPERISCOPEProject[20,21].In thismodelit isnecessaryto
beableto monitor thecolonisationstatusof participantsat frequentintervals.Currentdetection
methodsfor �. 	���
���� includeculturefrom nasopharyngealswabsor othernasopharyngeal
samples.However,�. 	���
���� isslow-growingandtakesseveraldaysto producevisiblegrowth
on laboratoryagar.A morerapidmethodwould improvesafetyfor humanchallengemodelvol-
unteers.Real-timePCRdetection(qPCR)of �. 	���
���� DNA providesidentificationof �. 	��

�
���� within hours.Useof themulticopyinsertionsequenceIS481asatargetmakesthisassay
muchmoresensitivefor thediagnosisof �. 	���
���� infectionthanculture[22]. However,tradi-
tional qPCRassayscannotdistinguishbetweenviableanddeadbacteria,whichisessentialto
determinewhetherparticipantsareactivelycolonised.Enumeratingviablebacteriaisespecially
important in thepreventionof pertussisandassociatedsymptomsduring thechallenge,aswell
astransmissionto otherspost-challengebyensuringtheefficacyof treatment.

Herewereport themodificationof astandardqPCRassayusedfor laboratorydiagnosisof
�. 	���
����, throughtreatmentof sampleswith propidium monoazide(PMA) that inhibits
PCR-mediatedamplificationof DNA from deadcellsandallowsdistinguishingof viablefrom
deadcells[23±27].Theuseof PMA involvesaninitial incubationof sampleswith PMA in
darkness,during which it diffusesinto deadcells,followedby light activationof PMA thatper-
manentlymodifiesthegenomicDNA (gDNA) of deadcells,preventingit from actingasa
templatein PCR.Theoptimisationof thisassayandits useto enumerateviableanddead�.
	���
���� from humanchallengemodelsamplesisdescribed.In addition,thisassayhaswider
usesin diagnosticandotherresearchsettingswhereaquantitativemeasureof viable�. 	���
�

��� numberis required.

Materials and methods

Bacterialstrainsandculture conditions
�. 	���
���� strainB1917isawild-typestrainconsideredrepresentativeof currentlycirculating
�. 	���
���� [28]. Thestreptomycin-resistant �. 	���
���� strainBP536wasderivedfrom
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Tohama1 [29]. �. 	���
���� strainsUK48andUK71canbothbeidentifiedwith European
NucleotideArchiveAccessionnumbers:ERS176875andERS227772,respectively.�. 	���
����
strainB204(B1878)andB184(B2973)werebothderivedfrom theNetherlandsandcanbe
locatedwith thefollowingNCBI Genbankaccessionnumbers:NZ_CSNV00000000and
NZ_CSRZ00000000,respectively.All strainswereculturedon charcoalagar(ThermoFisher
Scientific,Oxoid�, Basingstoke,UK) at37ÊCfor 3daysfor routineculture.

Thepreparation of heat-killed bacterialcell suspensions
Plate-grownB1917wereresuspendedin PBS(ThermoFisherScientific,Oxoid�, Basingstoke,
UK) to anOD600= 1.0(approximately109 cfu/ml). To optimiseheatkilling, 1 ml aliquotswere
heat-killedat80ÊCfor 1,3 and6 minutesin apre-heatedheatblock.Aliquotswereplacedon
iceimmediatelyafterincubation.Bacterialdeathwasconfirmedby theabsenceof growthafter
streaking10�l of suspensiononto charcoalagarplatesandincubatingat37ÊCfor 5 days.To
ascertaintheintegrity of heat-killedcells,samplesweresubjectedto flow cytometry(FACS-
CantoII,BD UK Ltd, Wokingham,U.K.).A detergent-lysedsampleactedasapositivecontrol
for lysisandasamplecontaininglivecellswasapositivecontrol for cellintegrity.

Thepreparation of THP-1 cells
THP-1(ATCC1 TIB-202�) cellsweremaintainedin RPMI 1640medium(ThermoFisherSci-
entific,Gibco�, Loughborough,UK), fetalbovineserum(10%)(ThermoFisherScientific,
Gibco�, Loughborough,UK), 1%streptomycin,penicillin andglutamine(ThermoFisherSci-
entific,Loughborough,UK) asperstandardmethods.Heat-killedTHP-1cellswereprepared
by incubatingcellsuspensionsat105 cells/mlat80ÊCfor 6 minutesin apre-heatedheatblock.

Optimisation of PMA treatment conditions
PMA Dye,20mM in H2O (CambridgeBioSciences,Cambridge,UK), wasstoredat -20ÊCin
thedark,thawedon iceandaddedto 2 ml clearcentrifugetubescontaining200�l of cellsus-
pensionsto afinal concentrationof 20�M, 30�M, or 50�M. PMA-freesamplesservedascon-
trols for eachcondition tested.Tubeswerecoveredwith aluminium foil andshakenon an
orbital shakerfor 5,10,20,30or 70minutes.Sampleswerethenexposedto light usingthe
PMA-Lite LEDPhotolysisDevice(CambridgeBioSciences,Cambridge,UK) for 5,10,20,30
or 40minutes.SampleswerepelletedusingtheHeraeusPico17Centrifugeat2000xg(Ther-
moFisherScientific,Loughborough,UK) for 10minutesat room temperatureprior to DNA
isolation.Non-PMA treatedcontrolsallowfor thetotalnumberof �. 	���
���� cellsto beenu-
merated.Thenumberof viable�. 	���
���� cellscalculatedfrom PMA-treatedsamplescanbe
subtractedfrom thetotalnumberof �. 	���
���� cellsto providethenumberof deadcellsin a
sample.

GenomicDNA Isolation
GenomicDNA (gDNA) wasisolatedusingtheGenEluteBacteriaGenomicDNA Kit (Sigma-
Aldrich, Dorset,UK) accordingto themanufacturer'sinstructionsandelutedwith 200�l of
elutionbuffer.gDNA waspurified from THP-1cellsandhumanchallengemodelsamples
usingtheQIAmp DNA mini andbloodextractionkit (QIAgen,Manchester,UK) asperthe
manufacturer'sprotocol.gDNA wasquantifiedusingaQubit 1.0fluorometer(Invitrogen,
Loughborough,UK) accordingto themanufacturer'sinstructions.
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Quantitative PCR
qPCRwasperformedusingafluorogenicprobe(Eurofins,Ebersberg,Germany)targeting
insertionsequenceIS481.Thereactionvolumewas20�l comprisingof 2 �l of 1xTaqman
GeneExpressionMastermix(AppliedBiosystems,Loughborough,UK), 2 �l of 900nM stocks
of eachprimer,2 �l of 150nM stockof probe,2 �l of nuclease-freewater(ThermoFisherScien-
tific, Invitrogen�, Loughborough,UK) and2 �l of templatesample.Thereactionswererun
usingtheStepOnePlusRTPCRSystem(ThermoFisherScientific,Loughborough,UK) using
thecyclingparametersfound in Table1.Thesequenceof primersandprobewereasdescribed
previously[30]: forwardprimer (���¶�$�7�&�$�$�*�&�$�&�&�*�&�7�7�7�$�&�&�&���¶),reverseprimer (���¶
�7�7�*�*�*�$�*�7�7�&�7�*�*�7�$�*�*�7�*�7�*���¶)andprobe(���¶ �$�$�7�*�*�&�$�$�*�*�&�&�*�$�$�&�*�&�7�7�&�$���¶)
waslabelledwith FAM andBlackHoleQuencher.

Establishinglinerarity usingstandardcurves
A 10-foldserialdilution of gDNA in nuclease-freewaterwasassayedfor qPCRasdescribed
previously.A standardcurvewasautomaticallygeneratedusingStepOnePlus�Softwarev2.3
to establishthelinearityof theassayandto allowfor theabsolutequantificationof unknowns.

Calculatingcopynumber from Ct values/DNA concentration
Thegenomecopynumberequivalentto theamountof templatein aqPCRreactionwascalcu-
latedusingtheformula:copynumber= 50x (amountof templatein ng � 6.022x1023) / (length
of genomein bp x 1x109 � 650).The50xaccountsfor the200�l volumeof extractedgDNA
dividedby4 �l of gDNA usedin theqPCRreaction.650Daltonsdenotestheaveragemassof a
basepair (bp) andthenumberof moleculesof thetemplate/gramcanbecalculatedusingAvo-
gadro'snumber,6.022x1023molecules/mole.Thegenomeof B1917is4,102,186bp [28]. The
genomeof BP536,UK48,andthemeanof all classical�. 	���
���� closedgenomesavailableon
RefSeqasof March2019was4.1mb [22,29,31].

Protocol depositedon protocols.io
ThePMA-qPCRmethodhasbeendepositedon protocols.ioandcanbeaccessedhere:http://
dx.doi.org/10.17504/protocols.io.bc5niy5e.

Preparationof bacterialandTHP-1 cell suspensions
To evaluateif eukaryoticcellsinterferewith theenumerationof live �. 	���
���� cellsusing
qPCR,103 live �. 	���
���� B1917werecombinedwith THP-1gDNA equivalentto 10843,
8414,5385,3446,2804,2316,1868,1503,1251,1023,875,746,671,507,366,or 275,141,29
cells.A samplewithout THP-1DNA servedasacontrol.

To evaluatethepossiblesequestrationof PMA byeukaryoticDNA, 106 heat-killed�. 	��

�
���� B1917werecombinedwith either100,000heat-killedTHP-1cells,100,000liveTHP-1

Table1. TaqManthermocycling conditions for qPCR.

STEP TEMP TIME

Step1
Holding Stage

50ÊC 2 minutes

Step2 95ÊC 10minutes

40Cycles 95ÊC 15s

60ÊC 60s

https://doi.org/10.1371/journal.pone.0232334.t001
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cellsor without THP-1cellsandwerethentreatedwith theselectedPMA treatment.Non
PMA-treatedsampleswererun in parallel.

To determineif eukaryoticcellsinterferedwith theactionof PMA on deadbacterialcells,
100,000liveTHP-1cellswerecombinedwith differentratiosof viable�. 	���
���� cellsand
heat-killed�. 	���
���� cells(final bacterialconcentrationwas106 cfu/ml) in aclearEppendorf
tube,total volume200�l. Thesesampleswerethensubjectedto theselectedPMA treatment.A
non-PMA treatedcontrol wasincluded.gDNA wasextractedfrom eachsampleandusedfor
qPCR.

Statisticalanalysis
UnpairedT tests,correctedfor multiple comparisons,andtwo-wayANOVA usingtheHolm-
Sidakmethodwascarriedout usingPrism8 for macOSVersion8.2.1to evaluatestatisticalsig-
nificance.One-wayANOVA andDunnett'smultiple comparisonstest,with asinglepooled
variancewasalsoused.A p valueof <0.05wasdefinedasstatisticallysignificantandis indi-
catedbyasterisks.

Ethics
Samplesfrom volunteersparticipatingin thehumanchallengemodelstudywereobtainedin
accordancewith theprovisionsof theDeclarationof Helsinki (1996)andtheInternational
Conferenceon HarmonizationGuidelinesfor GoodClinicalPractice.Thisstudyis registered
with ClinicalTrials.gov:NCT03751514,wasreviewedandapprovedby theSouthCentral±
Oxford A ResearchEthicsCommittee(RECreference:17/SC/0006,24February2017)andthe
UK HealthResearchAuthority (IRASprojectID: 219496,1 March2017).Theprotocolhas
beenpublishedpreviouslyanddetailswritten andoralconsentreceivedfrom humanpartici-
pants[23]. It canbefoundon www.periscope-project.eu.

Results

qPCRprovidesa lower limit of detectionof 2 �. ��������� cells
IS481isoftenusedasthetargetfor qPCRdetectionof �. 	���
���� asit ispresentat~250copies
percellin �. 	���
����, providinggreatsensitivity.To developaPMA-qPCRassay,thesensitiv-
ity of qPCRfor detectionof �. 	���
���� wastestedoverarangeof templategDNA concentra-
tions.A linearrelationshipbetweenCt valueandtemplateconcentrationwasobservedover
therangeof 2 to approximately2.42x106 B1917cellsfor qPCR(Fig1).Ct valuesgreaterthan
35wereconsideredto beanegativereaction.Thus,theassayisableto detect�. 	���
����
gDNA equivalentto veryfewbacterialcellsandis linearoverawiderangeof �. 	���
����
concentrations.

Heat-killing �. ��������� at 80ÊCfor 6 minutesmaintained the integrity of
cells
Theability of PMA to inhibit PCR-amplificationfrom dead�. 	���
���� wastestedusingheat-
killed �. 	���
���� B1917.It wasenvisagedthatclinicalsamplesmaycontaindead,but intact,�.
	���
����. Heat-killingmaycausecelllysiswhichwouldnot mimic intactdeadcells.Thus,the
integrity of cellsfollowingheatkilling wasassessedusingflow cytometry.Incubationof �. 	��

�
���� suspensionsat80ÊCfor 6 minutesresultedin 100%killing, but with cellsremaining
intactandweretheconditionsusedthroughout(Fig2).
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Optimisation of PMA treatment
Theeffectof PMA concentrationon inhibition of PCRamplificationfrom dead�. 	���
����
B1917wastested(Fig3). Incubationof heat-killedcellswith 50�M of PMA resultedin a

Fig 1. Standardcurveof Ct valueversustemplateconcentration. TemplateDNA concentration isexpressedasB1917genomecopynumber.Thelinearity
wasdetermined to befrom 2 to approximately2.42x106 B1917genomesfor qPCR.

https://doi.org/10.1371/journal.pone.0232334.g001

Fig 2. Theeffectof heatkilling on the integrity of �. ��������� cells.A) Positivecontrol for cellintegrity±asuspensionof live �. 	���
����; B)Positive
control for celllysis±detergentlysed�. 	���
����; C) Heat-killed�. 	���
���� suspension. Theheat-killed �. 	���
���� suspensionincubatedfor 6
minutesat80ÊCdisplayedsimilarscatterasthelivecellsuspension. No particlesweredetectedin asuspensionof detergent-lysed�. 	���
����.
Therefore, cellsremainedintact in theheat-killed �. 	���
���� suspensionincubatedfor 6minutesat80ÊCwhencomparedto thepositivecellintegrity
control.

https://doi.org/10.1371/journal.pone.0232334.g002
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97.42%reductionin PCRsignalcomparedto thatgeneratedfrom untreatedsamples.Lower
levelsof PMA alsoresultedin verysimilar levelsof inhibition (Fig3).

Theoptimalconditionsfor photo-activationof PMA weredetermined.Incubationunder
darkconditionsfor 10minutesfollowedby light activationfor between5 and30minutes
resultedin greaterthan99%reductionin PCRsignalfrom deadcellscomparedto untreated
controls.Fiveminutesof light activationfollowing10minutesof darknessresultedin 99.64%
reductionin detectionof �. 	���
���� DNA (Fig4).

Fromtheseoptimisations,standardconditionsof 50�M PMA andincubationin thedark
for 10minutesfollowedby light activationfor 5minuteswereselectedasminimal incubation
timesthatachievedhigh levelsof inhibition. Eventhough20�M PMA inhibited PCRamplifi-
cationfrom deadcells,50�M PMA wasselectedastheconcentrationto usein theassay,as
clinicalsampleswill containcellsotherthan�. 	���
���� thatmaysequesterPMA, requiringan
excessfor consistentinhibition of PCRsignalfrom dead�. 	���
����. Theseconditionswere
testedin four independentassays.An averageof 94.15%reductionin PCRsignalwasobserved
comparedto untreatedcontrols(Fig5).

Theeffectof exogenouscellson detectionandPMA-mediatedinhibition
Clinicalsamplesarelikely to containcellsotherthan�. 	���
����, includingeukaryoticcells
thatcontainverylargeamountsof DNA comparedto �. 	���
���� cells.Eukaryoticcellsmay

Fig 3. Theeffectof PMA concentration on the PCRamplification signalfrom heat-killed cells.Treatmentof sampleswith either20�M, 30�M, or
50�M of PMA produceda�97% reductionin thePCRamplificationsignalcomparedto untreatedsamples.Error barsrepresentstandarddeviations
from two biologicalreplicates.Datafrom arepresentativeexperimentrepeatedthreetimes.

https://doi.org/10.1371/journal.pone.0232334.g003
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interferewith thePMA-mediatedinhibition of amplificationfrom dead�. 	���
���� preventing
distinguishingbetweenliveanddead�. 	���
����. To testthis,varyingamountsof gDNA from
THP-1cellswerecombinedwith aconstantamountof �. 	���
���� B1917gDNA,andCt values
weredeterminedandcomparedto samplescontaining�. 	���
���� B1917only.No effectof
THP-1gDNA on detectionof �. 	���
���� wasobservedup to anequivalentof approximately
5500THP-1cellsperassay(Fig6).

It waspossiblethat thepresenceof othercellswould interferewith thePMA-mediatedinhi-
bition of PCRsignalfrom dead�. 	���
����. Thus,theeffectof heat-killedor liveTHP-1cells
on PMA-mediatedinhibition of PCRamplificationfrom heat-killed�. 	���
���� wastested.A
99.94%reductionin PCRsignalwasobservedindicatingthatTHP-1cellsdid not prevent
PMA-mediatedinhibition of PCRsignalfrom dead�. 	���
���� (Fig7).

To testtheassay'sability to distinguishbetweenviableanddead�. 	���
����, in thepresence
of othercells,aconstantnumberof THP-1cellswerecombinedwith differentratiosof heat-
killed andviable�. 	���
���� B1917cells.Thereductionin PCRsignalwasproportionalto the
amountof heat-killedcellsin eachsuspension(Fig8) demonstratingthat theassaywasableto
distinguishviablefrom dead�. 	���
����, evenin thepresenceof humancells.

Collectively,thesestudiesrevealedthat theTHP-1cellsdid not interferewith thePMA-
mediatedinhibition of PCRsignalfrom dead�. 	���
���� or preventtheaccurateenumeration
of viable�. 	���
���� cells.

Measuringthe viability of �. ��������� during in vitro growth
During developmentof theassay,it wasobservedthatPMA treatmentof live �. 	���
���� sus-
pensionsusedascontrolsconsistentlyreducedthePCRsignalcomparedto untreatedsamples.
Thissuggestedthat �. 	���
���� coloniestakenfrom plategrownculturescontainsboth live
anddeadbacteria.To investigatethis,andto determinetheproportion of live to dead�. 	��

�
���� in plategrownculturesovertime,suspensionsof cellsweremadeof �. 	���
���� B1917
grownon platesfor either3,4,5 or 8 days.Thesuspensionsweretreatedwith PMA andqPCR

Fig 4. Theeffectof dark and light exposuretimeson PMA-inhibition of PCRamplification. A) Dark incubationB)Light Incubation. PMA anduntreated
heat-killed suspensionswereincubatedfor 10,20,30,and70minutesin thedarkfollowedbyexposureto 5minutesof light. 10minutesor longerof incubation
in thedarkproduceda�99% reductionin thePCRamplificationsignal.Optimal light incubation periodsweredeterminedby incubatinguntreatedandPMA
treatedheat-killedsuspensionsin thedarkfor 10minutesfollowedby light exposure for 5,10,20,30,and40minutes.Incubating PMA treatedheat-killed
samplesunderlight for periodsof 5,10,20,and30minutesproduceda99%or greaterreductionin thePCRamplificationsignal.Fiveminuteswasselectedas
thestandardlight incubationperiod.Error barsrepresentstandarddeviationfrom two biologicalreplicates.Theexperimentwasrepeatedwith thesameresult.

https://doi.org/10.1371/journal.pone.0232334.g004
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performed.Thepercentageof PCRsignalobservedwascomparedto untreatedcontrols,Fig9.
�. 	���
���� is relativelyslowgrowingandmanyprotocolsfor plategrowthinvolveincubation
for 72hoursto achievevisiblecolonies.However,at thispoint �. 	���
���� viability wasonly
89%.Interestingly,althoughcolonysizecontinuedto increasebetweendays3and5,percent-
ageviability decreasedto 24%.Furtherincubationresultedin further lossin viability.Thus,
whenusingplategrown�. 	���
���� in assays,suspensionswill beamixtureof liveanddead
bacteria,andthatenumerationof �. 	���
���� byplatingserialdilutionsof asuspensionand
countingtheresultingCFU'swill not beameasureof thetotalnumberof cellsin the
suspension.

Useof the assayto enumeratelive anddead�. ��������� from human
challengemodelsamples
Theassaywasdevelopedin orderto provideamethodfor monitoring thecolonisationstatus
of participantsin anovelhumanchallengemodelof �. 	���
���� colonisation.During develop-
mentof thismodel,agroupof participantswereinoculatedwith 105 CFUof �. 	���
���� B1917
anddailysamplesweretakenovera14-dayperiodto monitor colonisation,includingnaso-
sorptionfluids,pernasalswabs,throatswabs,andnasopharyngealwashes[21].

Fig 5. Selectedassayconditions gavereproducibleinhibitio n of PCRsignalfrom deadcells.Heat-killedsamplesweretreatedwith 50�M of PMA
andincubatedin thedarkfor 10minutesfollowedby5minutesof light activation.A 94.15%reductionin thePCRamplificationsignalwasobserved.
Error barsrepresentstandarddeviationsfrom fivebiologicalreplicates.

https://doi.org/10.1371/journal.pone.0232334.g005

PLOS ONE Enumerating viable B. pertussis using PMA-qPCR

PLOS ONE | https://doi.org/10.1371/journal.pone.0232334 April 30, 2020 9 / 19



Here,samplesfrom Day9 post-challengeweretestedbyPMA-qPCR,andbyculture,Fig
10.Samplesweresplit andoneportion wastreatedwith PMA. �. 	���
���� wereenumerated
usingqPCRfrom PMA-treatedanduntreatedsamples.Usingculture,3 out of 5participants
weredeterminedto becolonised[21]. ByPMA-qPCR,4 out of 5volunteersweredeemedto
carryviable�. 	���
����, with detectionfrom nasalwashes,pernasalswabs,nasosorptionand
throatsamples.Nasalwashesfrom Day11samplesalsohaddetectableviable�. 	���
���� in 2
of the5 volunteersusingPMA-qPCRandin athird volunteerusingculture.(Fig10E).Perna-
salsamplesfrom Day11revealeddetectable�. 	���
���� in asinglevolunteerusingculture,
thatwasnot detectedusingPMA-qPCR(Fig10F).PMA-qPCRrevealedsamplescontained
bothviableanddead�. 	���
����, in approximatelyequalnumbers.Interestingly,on Day16of
sampling,two daysaftervolunteersstartedazithromycintreatmentto eradicatetheinfection,
all but onevolunteerwasnegativefor detectable�. 	���
���� cells.In thisvolunteer,thePMA-
qPCRassaywasableto detectlow levelsof viableanddead�. 	���
����, with ahigherpropor-
tion of deadgenomesdetectedcomparedto viablegenomes,howevertheselow levelsof �. 	��

�
���� wereundetectablebyculture(Fig10G).Nasosorptionsfrom thiscohortof volunteers
wereall culture-negative.

Fig 6. Effectof eukaryoticgDNA on the detectionof �. ���������. Varyingamountsof gDNA from THP-1cellswerecombinedwith gDNA equivalentto 103 �.
	���
���� cells.No interferencein detectionof �. 	���
���� wasobservedup to theequivalentof 3446THP-1cells,afterwhichthesensitivityof detectionwasreduced
whencomparedto viable�. 	���
���� detectedin thepresenceof 0THP-1cells.� : p<0.05,determined byone-wayANOVA andDunnett'smultiplecomparisonstest,
with asinglepooledvariance.Error barsrepresentstandarddeviationsfrom threebiologicalreplicates.

https://doi.org/10.1371/journal.pone.0232334.g006
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Confirming utility of PMA-qPCRassayby enumeratingfive additional
strainsof �. ���������
To confirm theutility of thisassaywith otherstrainsoutsideof thehumanchallengemodel,
qPCRwasperformedon gDNA extractedfrom PMA andnon-PMA treatedsuspensionsfrom
thefollowingstrains:BP536,UK48,UK71,B204(B1878),B184(B2973).B1917wasalsoenu-
meratedasacontrol (Fig11).Thesesuspensionscontained�. 	���
���� cellstakenfrom three-
dayold plateculturesresuspendedin PBSto anOD600= 1.0.Thesuspensionswereplated
onto agarto confirm theenumerationobtainedby thePMA-qPCRassay.Therecoveryof via-
ble�. 	���
���� cellsfrom bothPMA-qPCRandculturewerecomparablefor all strains,con-
firming theutility of thisassayasareliablemethodfor enumeration,however,therewasa
significantincreasein therecoveryof viablecellsfrom B1917andBP536usingPMA-qPCR
comparedto culture.DNA copynumberswerecalculatedusingthemeangenomesizeof 4.1
mb.

Fig 7. Eukaryotic THP-1 gDNA did not interfere with enumeration of �. ���������. gDNA from 106 heat-killed �. 	���
���� werecombinedwith either105 heat-
killed THP-1cells,105 liveTHP-1cellsor ano THP-1cellcontrolandtreatedwith PMA.Non PMA-treated sampleswererun in parallel.Thepresenceof liveor dead
THP-1cellsdid not interferewith theactionof PMA on dead�. 	���
���� cells.Error barsrepresentstandarddeviationsfrom threebiologicalreplicates.

https://doi.org/10.1371/journal.pone.0232334.g007
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Fig 8. Viable �. ��������� cellsenumeratedfrom PMA treatedsamplesin the presenceof eukaryotic cells.100,000THP-1cellswerecombinedwith
suspensionsof differentratiosof heat-killed andviable�. 	���
���� cells.Theassayaccurately distinguishedviablefrom dead�. 	���
���� in eachsuspension.
Error barsrepresentstandarddeviationsfrom threebiologicalreplicates.

https://doi.org/10.1371/journal.pone.0232334.g008
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Discussion
Ordinarily, thedetectionandquantificationof viable�. 	���
���� isachievedthroughculture
on laboratoryagar.However,therelativelyslowgrowthrateof �. 	���
���� meansthat the
growthof countablecoloniescantakebetween72±120hours.Thedevelopmentof ahuman
challengemodelfor �. 	���
���� aspartof thePERISCOPEprojectrequiresthatenumeration
of viable�. 	���
���� beachievedin amuchshortertime thanthis,in orderto beablefollow
colonisationclosely.

In addition,simpleenumerationof viablebacteriawithin asampledoesn'tprovidethe
completepicture.In manyscenarios,suchasmeasuringbacterialloadin aninfectionmodel,it
isof greatinterestto knowthetotalbacterialnumberasunderstandingthedynamicsof bacte-
rial growththat involvesbothcelldivisionandcelldeathisveryimportant.Thus,while tradi-
tional qPCRprovidesafasterdetectionmethodfor �. 	���
���� thanculture,themodification
of aqPCRassaywith theintroduction of PMA treatmentof samplesreportedhereenables
both fastdetectionof �. 	���
���� andtheability to distinguishviablefrom deadcells.

Here,wedemonstratethatPMA inhibits PCR-mediatedamplificationfrom dead�. 	���
�

��� andthat inhibition of signalfrom deadcellsoccursevenin thepresenceof highnumbersof
eukaryoticcells.Thismaybeimportant for thedetectionof �. 	���
���� from complexsamples
thatcontainamix of celltypesasseenin thehumanchallengemodel.Samplesobtainedfrom

Fig 9. Theviability of �. ��������� decreasesduring growth on agarplates.Theviability of �. 	���
���� growingon agarplateswasmeasuredovertime.
Viability decreasedastheincubation time increasedwith only 24%of cellsbeingviableafter5daysof incubation.Error barsrepresentstandard
deviationsfrom threebiologicalreplicates.

https://doi.org/10.1371/journal.pone.0232334.g009
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volunteersthatwereidentifiedaspositivefor �. 	���
���� byculture,werealsodetectedin our
initial testof thePMA-qPCRassay.Thesamevolunteerswereidentifiedasbeingnegativefor
�. 	���
���� bybothqPCRandculture,with theexceptionof asinglesamplethathadlow levels
of �. 	���
���� identifiedonly byqPCR.Thisresultdemonstratesthehighsensitivityof this
assayto detectverylow levelsof viableanddead�. 	���
����. Furtheroptimisationstudiesto
determinetheexactpoint in whichthereis lossin sensitivitywhenamplifyingfewerthan103

�. 	���
���� cellsin thepresenceof THP1cellswould further supporttheresultsobtainedfrom
thehumanchallengemodel.Interestingly,PMA-qPCRdetectedapproximatelyequalnumbers
of viableanddead�. 	���
����, demonstratingits useto enumeratetotalbacteriaratherthan
only viablecells.Thefull resultsof thehumanchallengemodelarepublishedelsewhere[21].
Herewedemonstratethat thePMA-qPCRassayallowedfor adeterminationof colonisation
statuswithin hoursof obtainingthesamplescomparedto dayswhenusingculture.

To confirm that theassaycanbeusedwith strainsotherthanB1917,wetestedfiveaddi-
tional �. 	���
���� strains.Approximately250copiesof IS481werefound in all isolatesof �.
	���
����, however,theexactnumberof copiesdiffersamongststrainswithin anarrowrange

Fig 10. PMA-qPCR detectedviable�. ��������� from humanchallengemodelsampleswithin hourscomparedto culture. Viableanddead�. 	���
���� were
enumeratedin samplesfrom 5volunteersin thehumanchallengemodel,collectedDay9(A-D), Day11(E-F)andDay16(G) afterinoculation, from the
sampletypeindicated.Twohundred�l of sampleswereprocessed.Day16samplesaretakentwo daysaftervolunteersstartedazithromycin treatment to clear
infection. Valuesbelowthelowerlimit of detectionwereconsideredundetectableandgivenavalueof 0.

https://doi.org/10.1371/journal.pone.0232334.g010

Fig 11. Enumeration of six strainsof �. ��������� with both culture andPMA-qPCRproducedcomparablevalues.TheexceptionswereB1917andBP536for which
ahighernumberof viable�. 	���
���� cellsweredetectedusingthePMA- qPCRassay.Error barsrepresentstandarddeviationsfrom threebiologicalreplicates.

https://doi.org/10.1371/journal.pone.0232334.g011
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[30]. Thenumberof copiesrangefrom 236±272amongtheclosedgenomesequencesavailable
for �. 	���
����. Thus,thiswill createsomeerror whenperformingabsolutequantificationof
strainsfor whichthecopynumberisnot known,but thiserror isnot large(<10%).

Theuseof IS481asatargetmeansthat thereis thechanceof cross-reactivityof IS481with
�. �������� and�. ���������	����, although�. �������� is rarelyrecoveredfrom nasopharyngeal
samples[32]. However,here,thisassaywasspecificallydesignedto supportthehumanchal-
lengemodel,thereforeusingasingleqPCRtargetof IS481to detectknownamountsof �. 	��

�
���� B1917thathasbeenadministeredto volunteerswasappropriate.To extendtheuseof
thisassayandto increasespecificity,species-specifictargets,whicharecommonlyusedin
manydiagnosticlabs,shouldbeconsidered.[30]. Thesechangeswill reducefalsepositivesand
resultin amoresensitiveandspecificassayfor theaccuratediagnosisof �. 	���
����, aswellas
helpruleout coinfectionsor pertussissymptomscausedbyother���������� �		.

Theutility of thePMA-qPCRassayhasbeenshownfor thehumanchallengemodel,but
haswideruses.Forexample,in diagnosticlaboratories,whereascertainingif �. 	���
���� is via-
bleor deadwill facilitatewhetherto pursuecultureasameansto obtainingaliveculturefor
characterisation.It isalsoof usein arangeof researchandindustrialsettingsenablinginvesti-
gationof thedynamicsof �. 	���
���� growthbydeterminingbothcelldivisionandcelldeath.
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