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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
gPCR-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 pertussisis a highly contagiougespiratorytractinfection of humans
causedy the gram-negativeoccobacillus . Clinical manifestation®f per-

tussisdependon ageandimmune statusof the hostandincludealow-gradefever,cyanosis,
andparoxysmatoughaccompaniedby a high-pitched®whoop®[1]. Infantsagedesshan 1
yearold presenthe highestincidenceof pertussisandarealsoat the greatestisk of severalis-
easanddeath[2].

Theintroduction of vaccinationin the early1950ssignificantlyreducedheincidenceof
pertussisn developedations,howeverthe numberof reportsof pertussiasbeen
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progressivelyncreasingoverthelastthirty yearq3]. Forexamplein the UK, PublicHealth
Englandhasreporteda greatethanten-foldincreasen pertussicasesverthe eight-year
period of 2005+20184]. Thisrisehasbeenechoedn othercountriesincluding Australia,the
Netherlandsandthe US[5+10].

Thereasorfor this resurgencés not certain,howevetit hasbeenstronglylinked to the
switchfrom usingwhole-cellvaccinegWCVs)to usingacellularvaccinefACVs).ACV-
inducedimmunity appearso wanemore quickly than WCV-inducedimmunity. In baboons,
comparedo WCV-inducedimmunity, ACV-inducedimmunity protectsfrom diseasehut does
not preventcolonisationby . or preventtransmissiorof the bacteriato otherhosts
[11,12].Asymptomatidransmissiorfrom colonisedcarriersto naivecontactscould becontrib-
uting to theresurgencén theUSand UK [13]. In manyindustrialisedcountriesusingACVs
(Denmark,Norway,NetherlandsFinland, Swedenthe United Kingdom, United Stateof
America,Australia,France and Japan}herehasbeenadramaticincreasen theisolationof .
pertussigieficientfor the production of the ACV-vaccineantigenpertactin[14+18].In ACV-
immunisedhostspertactin-deficient. mayhaveafitnessadvantag@verpertactin-
producingisolatesraisingconcernthatthe useof ACVsis selectindor vaccineescapstrainsof

[19]. Thesdssuedavehighlightedthe needto betterunderstandhe detaileddiffer-
encedetweenVCV andACV inducedimmuneresponseandtheimmune responséo infec-

tion, andto identify biomarkersof protectiveimmunity to . infection. Thiswould aid
the evaluationof the efficacyof future . vaccineshat might beneededo combat .
resurgenceT o this end,ahumanchallengenodelof . colonisationhasbeen

developedspart of the EU-fundedPERISCOPProject[20,21].In this modelit is necessario
beableto monitor the colonisationstatusof participantsat frequentintervals Currentdetection
methodsfor . includeculturefrom nasopharyngeawabsor othernasopharyngeal
samplesHowever, . is slow-growingandtakesseveratlaysto producevisiblegrowth
on laboratoryagar A morerapid methodwould improvesafetyfor humanchallenganodelvol-
unteersReal-timePCRdetection(QPCR)of . DNA providesidentificationof .
within hours.Useof the multicopy insertionsequencéS48lasatargetmakeghis assay
muchmoresensitivdor the diagnosisof . infectionthan culture[22]. However tradi-
tional gPCRassaysannotdistinguishbetweerviableand deadbacteriawhichis essentialo
determinewhetherparticipantsareactivelycolonised Enumeratingviablebacterias especially
importantin the preventionof pertussisandassociatedymptomsduring the challengeaswell
astransmissiorto otherspost-challengéy ensuringthe efficacyof treatment.
Herewereportthe modification of astandardgPCRassayisedfor laboratorydiagnosisof
,  throughtreatmentof samplesvith propidium monoazidg PMA) thatinhibits
PCR-mediatedmplificationof DNA from deadcellsandallowsdistinguishingof viablefrom
deadcells[23+27].Theuseof PMA involvesaninitial incubationof samplesvith PMA in
darknessduring whichit diffusesinto deadcellsfollowedby light activationof PMA that per-
manentlymodifiesthe genomicDNA (gDNA) of deadcells preventingit from actingasa
templatein PCR.Theoptimisationof this assayandits useto enumerateviableanddead .
from humanchallenganodelsampless describedIn addition, this assayaswider
usedn diagnosticand otherresearctsettingsavhereaquantitativemeasuref viable .
numberisrequired.

Materials and methods
Bacterial strains and culture conditions

strainB1917s awild-type strainconsideredepresentativef currently circulating
[28]. Thestreptomycin-resigint . strainBP536vasderivedfrom
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Tohamal[29]. . strainsUK48 and UK 71 canboth beidentified with European
NucleotideArchive AccessiomumbersERS17687&8ndERS227772espectively.
strainB204(B1878)andB184(B2973wereboth derivedfrom the Netherlandsandcanbe
locatedwith the following NCBI Genbankaccessiomumbers:NZ_CSNV0000000&8nd
NZ_CSRZ0000000fespectivelyAll strainswereculturedon charcoabgar(ThermoFisher
Scientific,Oxoid , BasingstokdJK) at37ECor 3 daysfor routine culture.

The preparation of heat-killed bacterial cell suspensions

Plate-growrB191Avereresuspendedh PBSThermoFisheiScientific,Oxoid , Basingstoke,
UK) to anODggo= 1.0(approximatelyl 0’ cfu/ml). To optimiseheatkilling, 1 ml aliquotswere
heat-killedat 80ECor 1,3 and6 minutesin apre-heatecheatblock. Aliquotswereplacedon
iceimmediatelyafterincubation.Bacteriadeathwasconfirmedby the absencef growth after
streakinglO | of suspensiomnto charcoahgarplatesandincubatingat 37EGor 5daysTo
ascertairtheintegrity of heat-killedcells, samplesveresubjectedo flow cytometry(FACS-
Cantoll,BD UK Ltd, Wokingham,U.K.). A detergent-lysedampleactedasapositivecontrol
for lysisandasamplecontaininglive cellswasapositivecontrol for cellintegrity.

The preparation of THP-1 cells

THP-1(ATCC1 TIB-202) cellsweremaintainedin RPMI 1640medium(ThermoFishelSci-
entific, Gibco , LoughboroughlJK), fetalbovineserum(10%)(ThermoFisheiScientific,
Gibco , LoughboroughUK), 1%streptomycinpenicillin andglutamine(ThermoFisheiSci-
entific, LoughboroughUK) asper standardmethodsHeat-killed THP-1 cellswereprepared
by incubatingcellsuspensionat 10 cells/mlat 80EGor 6 minutesin apre-heatecheatblock.

Optimisation of PMA treatment conditions

PMA Dye,20mM in H,0 (CambridgeBioSciences;ambridge UK), wasstoredat-20EQn
thedark,thawedon iceandaddedto 2 ml clearcentrifugetubescontaining200 | of cellsus-
pensiongo afinal concentrationof 20 M, 30 M, or 50 M. PMA-freesampleservedascon-
trols for eachcondition tested Tubeswerecoveredwith aluminium foil andshakeron an
orbital shakerfor 5,10,20,300r 70minutes.Samplesverethenexposedo light usingthe
PMA-Lite LED PhotolysiDevice(CambridgeBioSciences;ambridge UK) for 5,10,20,30
or 40minutes.Samplesverepelletedusingthe HeraeusPico17 Centrifugeat 2000xg Ther-
moFisherScientific,LoughboroughlUK) for 10 minutesat room temperatureprior to DNA

isolation.Non-PMA treatedcontrolsallowfor thetotal numberof . cellsto beenu-
merated Thenumberof viable . cellscalculatedrom PMA-treatedsamplesanbe
subtractedrom thetotal numberof . cellsto providethe numberof deadcellsin a
sample.

GenomicDNA Isolation

GenomicDNA (gDNA) wasisolatedusingthe GenEluteBacteriaGenomicDNA Kit (Sigma-
Aldrich, Dorset,UK) accordingto the manufacturer'snstructionsandelutedwith 200 | of
elution buffer.gDNA waspurified from THP-1 cellsandhumanchallengeanodelsamples
usingthe QIAmp DNA mini andblood extractionkit (QIAgen,ManchesterlJK) asperthe
manufacturer'grotocol.gDNA wasquantifiedusinga Qubit 1.0fluorometer(Invitrogen,
LoughboroughUK) accordingto the manufacturer'snstructions.
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Quantitative PCR

gPCRwasperformedusingafluorogenicprobe(Eurofins,EbersbergGermany)targeting
insertionsequencéS481 Thereactionvolumewas20 | comprisingof2 | of 1x Tagman
GeneExpressiorMastermix(Applied Biosystemd,.oughboroughUK), 2 | of 900nM stocks
of eachprimer, 2 | of 150nM stockof probe,2 | of nuclease-freeater(ThermoFisheiScien-
tific, Invitrogen , LoughboroughlUK) and2 | of templatesampleThereactionswvererun
usingthe StepOnePlusRT PCRSysten(ThermoFisheiScientificLoughboroughlJK) using
thecyclingparametergsoundin Tablel. Thesequencef primersandprobewereasdescribed
previously{30]: forwardprimer( 1$7&$$*&$& &*& 77 7 $)&&@rseprimer ( |
T7***$*77&7**7$**7*Jandprobe( T $F7**&PS**&&*$P&*&M &S
waslabelledwith FAM andBlackHole Quencher.

Establishinglinerarity usingstandardcurves

A 10-foldserialdilution of gDNA in nucleasefreewaterwasassayeébr qPCRasdescribed
previously A standardcurvewasautomaticallygeneratedisingStepOnePlusSoftware/2.3
to establistthe linearity of the assayandto allowfor the absoluteguantificationof unknowns.

Calculating copynumber from Ct values/DNA concentration

Thegenomecopynumberequivalento the amountof templatein agPCRreactionwascalcu-
latedusingthe formula: copynumber= 50x (amountof templatein ng 6.022x18?) / (length
of genomein bpx 1x1¢ 650).The50xaccountdor the200 | volumeof extractedgjDNA
dividedby 4 | of gDNA usedin thegPCRreaction.650Daltonsdenoteghe averagenassof a
basepair (bp) andthe numberof molecule®f thetemplate/gramcanbecalculatedusingAvo-
gadro'snumber,6.022x18® molecules/moleThegenomeof B1917s 4,102,186p [28]. The
genomeof BP536|JK48,andthe meanof all classical. closedgenomesvailableon
RefSe@sof March2019was4.1mb[22,29,31].

Protocol depositedon protocols.io

ThePMA-gPCRmethodhasheendepositen protocols.ioand canbeaccesselere:http://
dx.doi.org/10.17504/prototmio.bcsniy5e.

Preparation of bacterialand THP-1 cell suspensions

To evaluatef eukaryoticcellsinterferewith the enumerationof live . cellsusing
qPCR10%live . B191Averecombinedwith THP-1 gDNA equivalento 10843,
841453853446,2804,2316,1868,1503,1251,1023875,746,671,507,366,0r 275,141,29
cells. A samplewithout THP-1DNA servedasacontrol.
To evaluatehe possiblesequestratiomf PMA by eukaryoticDNA, 1¢f heat-killed .
B191Averecombinedwith either100,00theat-killedTHP-1 cells,100,000ive THP-1

Table1l. TagManthermocyding conditions for gPCR.

STEP TEMP TIME
Stepl 50EC 2minutes
Holding Stage
Step2 95EC 10minutes
40Cycles 95EC 15s

60EC 60s

https://abi.org/10.1371djurnal.por.0232334.t00
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cellsor without THP-1 cellsandwerethentreatedwith the selectedMA treatment.Non
PMA-treatedsamplesvererun in parallel.

To determineif eukaryoticcellsinterferedwith the actionof PMA on deadbacterialkells,
100,000ive THP-1 cellswerecombinedwith differentratiosof viable . cellsand
heat-killed . cells(final bacterialconcentrationwas10® cfu/ml) in aclearEppendorf
tube,total volume200 I. Thesesamplesverethensubjectedo the selected®MA treatment.A
non-PMA treatedcontrol wasincluded.gDNA wasextractedrom eachsampleand usedfor
gPCR.

Statisticalanalysis

UnpairedT testscorrectedfor multiple comparisonsandtwo-wayANOVA usingthe Holm-
Sidakmethodwascarriedout usingPrism8 for macOSVersion8.2.1to evaluatestatisticabkig-
nificance.One-wayANOVA andDunnett'smultiple comparisongest,with asinglepooled
variancewasalsousedA p valueof <0.05wasdefinedasstatisticallysignificantandis indi-
catedby asterisks.

Ethics

Samplegrom volunteergarticipatingin the humanchallengenodelstudywereobtainedin
accordancevith the provisionsof the Declarationof Helsinki (1996)andthe International
Conferenceon HarmonizationGuidelinesfor GoodClinical Practice This studyis registered
with ClinicalTrials.govNCT03751514yasreviewedandapprovedby the SouthCentral+
Oxford A ResearcltthicsCommittee(RECreferencel7/SC/000624 February2017)andthe
UK HealthResearchuthority (IRASprojectID: 2194961 March2017).Theprotocolhas
beenpublishedpreviouslyand detailswritten and oral consentreceivedrom humanpartici-
pants[23]. It canbefound on www.periscope-project.eu.

Results
gPCRprovidesalower limit of detectionof 2 . cells

1S481is oftenusedasthetargetfor gPCRdetectionof . asit is presentat ~250copies
percellin . ,  providing greatsensitivity.To developa PMA-gPCRassaythe sensitiv-
ity of gPCRfor detectionof . wastestedoverarangeof templategDNA concentra-
tions. A linearrelationshipbetweerCt valueandtemplateconcentrationwasobservedver
therangeof 2 to approximately2.42x16 B191 7cellsfor gPCR(Fig 1). Ct valuegyreaterthan
35wereconsideredo beanegativereaction.Thus,the assays ableto detect.

gDNA equivalento veryfewbacterialcellsandis linearoverawiderangeof .

concentrations.

Heat-killing . at 80ECfor 6 minutes maintained the integrity of
cells

Theability of PMA to inhibit PCR-amplificatiorfrom dead . wastestedusingheat-
killed . B19171t wasenvisagedhat clinicalsamplesnaycontaindead but intact, .
Heat-killing maycausecelllysiswhich would not mimic intact deadcells.Thus,the
integrity of cellsfollowing heatkilling wasassesseadsingflow cytometry.Incubationof .
suspensionat 80EJor 6 minutesresultedin 100%killing, but with cellsremaining
intactandwerethe conditionsusedthroughout(Fig 2).
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Fig 1. Standardcurveof Ct valueversustemplateconcentraion. TemplateDNA concentraibn is expressedsB1917genomecopynumber.Thelinearity
wasdeterminel to befrom 2 to approximaely 2.42x16 B191 7genomesor qPCR.

https:/Hoi.org/10.137/ournal.pon®232334.g001

Optimisation of PMA treatment

Theeffectof PMA concentrationon inhibition of PCRamplificationfrom dead .
B191AvastestedFig 3). Incubationof heat-killedcellswith 50 M of PMA resultedin a

Fig 2. The effectof heatkilling on the integrity of . cells.A) Positivecontrol for cellintegritytasuspensiomwf live . ; B)Positive
control for celllysistdéergentlysed . ; C)Heat-killed . suspensionTheheat-kille . suspensioincubatedfor 6
minutesat 80EQlisplayedsimilar scatterasthe live cellsuspensiorNo particlesweredetectedn asuspensionf detergent-lyed .

Therefore cellsremainedntactin the heat-killed . suspensioincubatedfor 6 minutesat S0EGvhencomparedo the positivecellintegrity
control.

https://cbi.org/10.137/ournal.pon®232334.9002
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97.42%eductionin PCRsignalcomparedo that generatedrom untreatedsamplesLower
levelsof PMA alsoresultedn verysimilar levelsof inhibition (Fig 3).

The optimal conditionsfor photo-activationof PMA weredetermined.Incubationunder
dark conditionsfor 10 minutesfollowedby light activationfor betweerb and30minutes
resultedin greaterthan99%reductionin PCRsignalfrom deadcellscomparedo untreated
controls.Fiveminutesof light activationfollowing 10 minutesof darknessesultedin 99.64%
reductionin detectionof . DNA (Fig4).

From theseoptimisations standardconditionsof 50 M PMA andincubationin thedark
for 10minutesfollowedby light activationfor 5 minuteswereselectedsminimal incubation
timesthatachievecdhigh levelsof inhibition. Eventhough20 M PMA inhibited PCRamplifi-
cationfrom deadcells,50 M PMA wasselectedsthe concentrationto usein theassayas
clinicalsamplewill containcellsotherthan . thatmaysequestePMA, requiringan
exces$or consistentnhibition of PCRsignalfrom dead . . Theseconditionswere
testedn four independentassaysAn averagef 94.15%eductionin PCRsignalwasobserved
comparedo untreatedcontrols(Fig 5).

The effectof exogenousellson detectionand PMA-mediatedinhibition

Clinical samplesrelikely to containcellsotherthan . , including eukaryoticcells
that containverylargeamountsof DNA comparedo . cells.Eukaryoticcellsmay

100

n
©
o

2 80
3 70

O
o o

PCR Amplif
W H
o O

Percent Reduction
N
o

In

-
o O

20 30 50

PMA Concentration (uM)

Fig 3. The effectof PMA concentrgion on the PCRamplification signalfrom heat-killed cells. Treatment of samplesvith either20 M, 30 M, or
50 M of PMA produceda 97% reductionin the PCRamplificationsignalcomparedo untreatedsamplesError barsrepresenstandarddeviatins
from two biologicalreplicaes.Datafrom arepresentatieexperimentepeatedhreetimes.

https:/Hoi.org/10.137/ournal.pon®232334.9g003
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https://da.org/10.1371durnal.pon®232334.g00

interferewith the PMA-mediatednhibition of amplificationfrom dead . preventing
distinguishingbetweerlive anddead . . Totestthis, varyingamountsof gDNA from
THP-1 cellswerecombinedwith aconstantamountof . B1917gDNA, andCt values
weredeterminedand comparedo samplesontaining . B1917only. No effectof
THP-1gDNA on detectionof . wasobservedip to anequivalenof approximately
5500THP-1 cellsperassayFig 6).

It waspossiblehat the presencef othercellswould interferewith the PMA-mediatednhi-
bition of PCRsignalfrom dead . . Thus,theeffectof heat-killedor live THP-1cells
on PMA-mediatednhibition of PCRamplificationfrom heat-killed . wastested A
99.94%eductionin PCRsignalwasobservedndicatingthat THP-1 cellsdid not prevent
PMA-mediatednhibition of PCRsignalfrom dead . (Fig7).

To testtheassay'ability to distinguishbetweenviableanddead . , inthepresence
of othercells,aconstaninumberof THP-1 cellswerecombinedwith differentratiosof heat-
killed andviable . B1917cells.Thereductionin PCRsignalwasproportionalto the
amountof heat-killedcellsin eachsuspensiorfFig 8) demonstratinghatthe assayvasableto
distinguishviablefrom dead . , evenin thepresencef humancells.

Collectivelythesestudiesrevealedhatthe THP-1 cellsdid not interferewith the PMA-
mediatedinhibition of PCRsignalfrom dead . or preventtheaccurateenumeration
of viable . cells.

Measuringthe viability of . during in vitro growth

During developmenbf the assayit wasobservedhat PMA treatmentof live . Sus-
pensionaisedascontrolsconsistentlyreducedthe PCRsignalcomparedo untreatedsamples.
Thissuggestethat . coloniestakenfrom plategrown culturescontainsboth live
anddeadbacteriaTo investigatehis,andto determinethe proportion of live to dead .

in plategrown culturesovertime, suspensionsf cellsweremadeof . B1917
grownon platesfor either3, 4,5 or 8 days.The suspensiong/eretreatedwith PMA andgPCR
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Fig 5. Selectedassayconditions gavereproducible inhibitio n of PCRsignalfrom deadcells.Heat-killedsamplesveretreatedwith 50 M of PMA
andincubatedn the darkfor 10 minutesfollowedby 5 minutesof light activation.A 94.15%eductionin the PCRamplificationsignalwasobserved.
Error barsrepresenstandarddeviationsrom five biologicalreplicates.

https://doiorg/10.1371furnal.pon®232334.9g005

performed.Thepercentagef PCRsignalobservedvascomparedo untreatedcontrols,Fig 9.

is relativelyslowgrowingand manyprotocolsfor plategrowthinvolveincubation
for 72hoursto achievevisiblecoloniesHowever atthis point . viability wasonly
89%.Interestingly althoughcolonysizecontinuedto increasébetweerdays3 and5, percent-
ageviability decreasetb 24% Furtherincubationresultedin further lossin viability. Thus,
whenusingplategrown . in assaysuspensionwill beamixture of liveanddead
bacteriaandthatenumerationof . by platingserialdilutions of asuspensiomand
countingtheresultingCFU'swill not beameasureof thetotal numberof cellsin the
suspension.

Useof the assayto enumeratelive and dead . from human
challengemodel samples

Theassayvasdevelopedn orderto provideamethodfor monitoring the colonisationstatus
of participantsin anovelhumanchallenganodelof . colonisation During develop-
mentof this model,agroupof participantswereinoculatedwith 10° CFU of . B1917
anddaily samplesveretakenovera14-dayperiodto monitor colonisationjncluding naso-
sorptionfluids, pernasaswabsthroat swabsandnasopharyngeatashe$21].
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Fig 6. Effectof eukaryoticgDNA on the detectionof . . Varyingamountsof gDNA from THP-1 cellswerecombinedwith gDNA equivalento 10° .
cells.No interferercein detectionof . wasobservedip to the equivaént of 3446THP-1 cells afterwhich the sensitivityof detectionwasreduced

whencomparedo viable .

detectedn the presereof 0 THP-1cells. : p<0.05, determinel by one-wayANOVA and Dunnett'smultiple comparisoistest,

with asinglepooledvarianceError barsrepresenstandarddeviationsrom threebiologicalreplicates.

https:/Hoi.org/10.13X/journal.pon®232334.9g006

Here,samplegrom Day9 post-challeng&veretestecby PMA-qPCR and by culture,Fig
10.Samplesveresplitandoneportion wastreatedwith PMA. . wereenumerated
usinggPCRfrom PMA-treatedanduntreatedsamplesUsingculture,3 out of 5 participants
weredeterminedto becolonised21]. By PMA-gPCR 4 out of 5 volunteersveredeemedo
carryviable . ., with detectionfrom nasaWwashespernasabwabsnasosorptiorand
throatsamplesNasalwashed$rom Day 11sampleslsohaddetectableviable . in2
of the 5 volunteersusingPMA-qPCRandin athird volunteerusingculture.(Fig 10E).Perna-
salsampledrom Day 11revealedietectable. in asinglevolunteerusingculture,
thatwasnot detectedisingPMA-gPCR(Fig 10F).PMA-gPCRrevealedamplegontained
bothviableanddead . ,  in approximatelyequalnumbers.Interestingly,on Day 16 of
sampling two daysaftervolunteersstartedazithromycintreatmentto eradicateheinfection,
all but onevolunteerwasnegativefor detectable. cells.In thisvolunteer the PMA-
gPCRassayvasableto detectlow levelsof viableanddead . ,  with ahigherpropor-
tion of deadgenomesietecteccomparedo viablegenomeshoweveithesdow levelsof .

wereundetectabléy culture (Fig 10G).Nasosorptiongrom this cohortof volunteers
wereall culture-negative.
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Fig 7. Eukaryotic THP-1 gDNA did not interfere with enumerdaion of . . gDNAfrom 10° heat-killel . werecombinedwith either10® heat-
killed THP-1 cells 10° live THP-1 cellsor ano THP-1 cellcontrol andtreatedwith PMA. Non PMA-treatel samplesvererun in parallel Thepresencef live or dead
THP-1cellsdid not interferewith theactionof PMA on dead . cells Error barsrepresenstandarddeviationsrom threebiologicalreplicates.

https://doi.org/1A.371/journal pne.0232334007

Confirming utility of PMA-gPCRassayby enumeratingfive additional
strainsof .

To confirm the utility of this assayvith other strainsoutsideof the humanchallengemodel,
gPCRwasperformedon gDNA extractedrom PMA andnon-PMA treatedsuspensionfom
thefollowing strains:BP536|JK48,UK71,B204(B1878)B184(B2973)B191 Avasalsoenu-
meratedasacontrol (Fig 11). Thesesuspensionsontained . cellstakenfrom three-
dayold plateculturesresuspendeth PBSo an ODggo= 1.0.Thesuspensiong/ereplated
onto agarto confirm the enumerationobtainedby the PMA-qgPCRassayTherecoveryof via-
ble . cellsfrom both PMA-gPCRand culturewerecomparabldor all strains,con-
firming the utility of this assaysareliablemethodfor enumerationhowevertherewasa
significantincreasen therecoveryof viablecellsfrom B1917and BP536usingPMA-gPCR
comparedo culture.DNA copynumberswerecalculatedusingthe meangenomesizeof 4.1
mb.
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Fig 8. Viable . cellsenumeratedfrom PMA treated samplesin the presenceof eukaryotic cells.100,000rHP-1 cellswerecombinedwith
suspensiosof differentratiosof heat-killed andviable . cells.Theassayccuratéy distinguishedviablefrom dead . in eachsuspenisn.
Error barsrepresenstandarddeviationdrom threebiologicalreplicates.

https://da.org/10.1371¢urnal.pon®232334.908
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Fig 9. Theviability of .
Viability decreasedstheincubatibn time increasedvith only 24%of cellsbeingviableafter5 daysof incubation.Error barsrepresenstandard
deviationsfrom threebiologicalreplicates.

decreasesduring growth on agarplates.Theviability of . growingon agamlatesvasmeasued overtime.

https://doi.0g/10.137 1§urnal.pon®232334.9g009

Discussion

Ordinarily, the detectionand quantificationof viable . isachievedhroughculture
on laboratoryagar.However therelativelyslowgrowthrateof . meanghatthe
growth of countablecoloniescantakebetweery2+12hours. Thedevelopmenbf ahuman
challengamodelfor . aspart of the PERISCOPIPBrojectrequiresthat enumeration
of viable . beachievedn amuchshortertime thanthis,in orderto beablefollow
colonisationclosely.

In addition, simpleenumerationof viablebacteriawithin asampledoesn'tprovidethe
completepicture.In manyscenariossuchasmeasuringoacterialoadin aninfectionmodel, it
is of greatinterestto know thetotal bacterianumberasunderstandinghe dynamicsof bacte-
rial growththatinvolvesboth celldivision andcelldeathis veryimportant. Thus,while tradi-
tional gPCRprovidesafasterdetectionmethodfor . than culture,the modification
of agPCRassayvith theintroduction of PMA treatmentof sampleseportedhereenables
both fastdetectionof . andthe ability to distinguishviablefrom deadcells.

Here,wedemonstratehat PMA inhibits PCR-mediate@mplificationfrom dead .

andthatinhibition of signalfrom deadcellsoccursevenin the presencef high numbersof
eukaryoticcells.This maybeimportant for the detectionof . from complexsamples
that containamix of celltypesasseenn the humanchallengenodel.Samplesbtainedfrom
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Fig 10. PMA-gPCR detectedviable .

from human challenge model sampleswithin hours comparedto culture. Viableanddead . were

enumeraedin samplegrom 5volunteerdn thehumanchalleng model,collectedDay9 (A-D), Day11(E-F)andDay16(G) afterinoculatian, from the
sampleypeindicated.Two hundred | of samplesvereprocesseday 16 samplesretakentwo daysaftervolunteersstartedazithromyan treatmentto clear
infection. Valuesbelowthe lowerlimit of detectionwereconsideed undetectaleandgivenavalueof 0.

https://abi.org/10.137Aournal.pon®232334.g010

Fig 11. Enumeration of six strainsof .

volunteerghat wereidentified aspositivefor . by culture,werealsodetectedn our
initial testof the PMA-gPCRassayThe samevolunteersvereidentified asbeingnegativefor
by both gPCRand culture,with the exceptionof asinglesamplethat hadlow levels
of . identified only by gPCR Thisresultdemonstrateshe high sensitivityof this
assayo detectverylow levelsof viableanddead . . Furtheroptimisationstudiesto
determinethe exactpoint in whichthereislossin sensitivitywhenamplifyingfewerthan 10°
cellsin the presencef THP1 cellswould further supportthe resultsobtainedfrom
thehumanchallengenodel.Interestingly PMA-gPCRdetectedapproximatelyequalnumbers
of viableanddead . , demonstratingts useto enumeratedotal bacteriaratherthan
only viablecells Thefull resultsof the humanchallengenodelarepublishedelsewher§21].
Herewedemonstrateahatthe PMA-gPCRassawllowedfor adeterminationof colonisation
statuswithin hoursof obtainingthe samplesomparedo dayswhenusingculture.
To confirm thatthe assaganbeusedwith strainsotherthanB1917wetestedive addi-
tional . strains. Approximately250copiesof IS481werefoundin all isolatesof .
. howeverthe exactnumberof copiesdiffersamongststrainswithin anarrowrange

with both culture and PMA-gPCRproducedcomparablevalues.TheexceptionsvereB1917andBP53&or which

ahighernumberof viable . cellsweredetectedisingthe PMA- gPCRassayError barsrepresenstandarddeviationsrom threebiologicalreplicates.

https://da.org/10.137 1§urnal.pon®232334.g01
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[30]. Thenumberof copiesrangefrom 236+272mongthe closedgenomesequenceavailable
for . . Thus,thiswill createsomeerror whenperformingabsoluteguantificationof
strainsfor which the copynumberis not known, but this error is not large(<10%).

Theuseof IS481asatargetmeanghatthereis the chanceof cross-reactivityf 1S48 1with

and . , although . israrelyrecoveredrom nasopharyngeal
sample$32] However here this assayvasspecificallydesignedo supportthe humanchal-
lengemodel,thereforeusingasingleqPCRtargetof IS481to detectknown amountsof .
B1917hathasheenadministeredo volunteersvasappropriate.To extendthe useof

this assayndto increasespecificity species-speciftargetswhich arecommonlyusedin
manydiagnostidabs,shouldbeconsidered[30]. Thesechangesvill reducefalsepositivesand
resultin amore sensitiveand specificassayor theaccuratediagnosiof . , aswellas
helprule out coinfectionsor pertussisymptomscausedy other

Theutility of the PMA-gPCRassahasbeenshownfor the humanchallengemodel but
haswider usesFor exampleijn diagnostidaboratorieswhereascertainingf . isvia-
bleor deadwill facilitatewhetherto pursuecultureasameango obtainingalive culturefor
characterisationt is alsoof usein arangeof researctandindustrial settingsenablinginvesti-
gationof the dynamicsof . growth by determiningboth celldivisionandcelldeath.
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