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Abstract

The structure and composition of bacterial communities can compromise antibiotic efficacy.

For example, the secretion of ��-lactamase by individual bacteria provides passive resis-

tance for all residents within a polymicrobial environment. Here, we uncover that collective

resistance can also develop via intracellular antibiotic deactivation. Real-time luminescence

measurements and single-cell analysis demonstrate that the opportunistic human pathogen

Streptococcus pneumoniae grows in medium supplemented with chloramphenicol (Cm)

when resistant bacteria expressing Cm acetyltransferase (CAT) are present. We show that

CAT processes Cm intracellularly but not extracellularly. In a mouse pneumonia model,

more susceptible pneumococci survive Cm treatment when coinfected with a CAT-express-

ing strain. Mathematical modeling predicts that stable coexistence is only possible when

antibiotic resistance comes at a fitness cost. Strikingly, CAT-expressing pneumococci in

mouse lungs were outcompeted by susceptible cells even during Cm treatment. Our results

highlight the importance of the microbial context during infectious disease as a potential

complicating factor to antibiotic therapy.

Author Summary

Antibiotic-resistantbacterialinfectionsareon theriseandposeaseriousthreatto society.
Theinfluenceof geneticresistancemechanismson antibiotic therapyiswelldescribed.
However,otherfactors,suchasepigeneticresistanceor theimpactof theenvironmenton
antibiotic therapy,arelesswellunderstood.Here,wedescribeandcharacterizeamecha-
nismof noninheritedantibiotic resistancethatenablesthesurvivalandoutgrowthof
geneticallysusceptiblebacteriaduring antibiotic therapy.Weshowthatbacteriaexpress-
ing theresistancefactorchloramphenicol(Cm) acetyltransferase(CAT) canpotently
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deactivateCm in their immediateenvironment.ThereducedCm concentrationthen
allowsfor theoutgrowthof geneticallysusceptiblebacteriain thesameenvironment.
Mathematicalmodelingdemonstratesthepresenceof aparameterspacein whichstable
coexistencebetweenCm-susceptibleand-resistantbacteriaispossibleduring antibiotic
therapy,whichwevalidatedusingsingle-cellanalyses.Strikingly,mixedcultureexperi-
mentsin whichmicewereinfectedwith bothCm-susceptibleand-resistantpneumococci
revealedthatCm-sensitiveÒfreeloaderÓbacteriaevenoutcompetedresistantbacteriadur-
ing antibiotic therapy.Together,weshowthat themicrobialcontextduring infectionisa
potentialcomplicatingfactorto antibiotic treatmentoutcomes.

Introduction
Antibioticsareindispensablefor fighting bacterialinfections.Yettherapidemergenceof resis-
tanceduring thelastdecadesrenderscurrentdrugsincreasinglyineffectiveandposesaserious
threatto humanhealth[1]. Drug actionandbacterialresistancemechanismsarewellunder-
stoodin populationassaysof isogenicculturesin vitro. However,ecologicalfactorsandcell
physiologicalparametersin naturalenvironmentsinfluencetheimpactof antibiotics[2,3].
Streptococcuspneumoniae(pneumococcus)isanimportant humanpathogenthat residesin
complexanddynamichostenvironments.Thebacteriumprimarily populatesthenasophar-
ynx of healthyindividuals,togetherwith numerouscommensalmicrobiota,andoftenalong-
sidedisease-associatedspecies,includingStaphylococcusaureus, Moraxellacatarrhalis, and
Haemophilusinfluenzae[4Ð6].

While anindividual pneumococcalcellcompetesfor limited resourceswith all otherbacte-
ria presentin theniche,it mayalsobenefitfrom acommunitysetting.In acollectiveeffort,
bacteriabecomerecalcitrantto antibioticswhenforming biofilms that representaphysical
constraintfor drugaccessibility[7,8]. Additional population-basedsurvivalstrategiesinvolve
thephenotypicdiversificationof anisogenicpopulation,eitherto preadaptfor environmental
changes(bet-hedging)or to enabledivisionof labor[9]. Becausetheimpactof mostantibiotics
isgrowthratedependent[10Ð12], abifurcationinto growingandnongrowingcellsincreases
thedrug tolerancefor thelatterfraction,commonlyreferredto aspersisters[13,14]. Cell-to-
cellcommunicationrepresentsanotherwayto reactto antibiotic inhibition byallowingbacte-
ria to coordinateacommonresponse;S. pneumoniae, for example,activatesthedevelopmental
processof competencewhereuponit mayacquireresistance[15Ð17]. A quorum-sensing
mechanismthatcompromisesantibioticeffectivenesswasalsofound in evolvedEscherichia
colicultures,in whichcellsof increasedresistanceinducedrugeffluxpumpsin susceptible
cellsviathesignalingmoleculeindole[18].

Asanalternativeto reduceddrugsusceptibility,bacteriacanalsoclearlethaldosesof antibi-
oticsfrom their environment.High celldensitiesandthusthepresenceof manydrugtarget
sitesmaybesufficientto lowertheconcentrationof activecompoundby titration of freedrug
molecules[19]. Furthermore,antibioticdegradationvia ��-lactamaseenablesgrowthnot only
of resistantcellsbut alsoof susceptiblecellsin their vicinity [20Ð22], evenacrossspecies,as
demonstratedfor amoxicillin-resistantH. influenzaeandsusceptibleS. pneumoniae[23,24].
Thismechanismisof direct relevanceto clinicalmedicineandisalternativelyreferredto as
passiveor indirect resistance(from theperspectiveof susceptiblecells)or collectiveresistance
(from theperspectiveof mixedpopulations)[25].

Here,wedescribeanothermechanismbywhichbacteriasurviveantibiotic therapywithout
obtaininggeneticresistance,with theexampleof thebacteriostaticantibioticchloramphenicol

Collective Antibiotic Resistance

PLOS Biology | DOI:10.1371/journal.pbio.2000631 December 27, 2016 2 / 19

VIDI864.12.001). ReceivedbyJWV.Thefunder
hadnoroleinstudydesign,datacollectionand
analysis,decisionto publish,or preparationof the
manuscript.EuropeanResearchCouncilStarting
grant(grantnumber309555).ReceivedbyGSvD.
Thefunderhadnoroleinstudydesign,data
collectionandanalysis, decisionto publish,or
preparationof themanuscript.NIH(grantnumber
U01AI124316). ReceivedbyVN.Thefunderhad
noroleinstudydesign,datacollectionand
analysis,decisionto publish,or preparationof the
manuscript.NetherlandsOrganisationforScientific
Research(grantnumberVIDI864.11.012).
ReceivedbyGSvD.Thefunderhadnoroleinstudy
design,datacollectionandanalysis,decisionto
publish,orpreparationof themanuscript.

CompetingInterests: Theauthorshavedeclared
thatnocompetinginterestsexist.

Abbreviations:aacC1, gentamicin30-
acetyltransferase;acetyl-CoA,acetylcoenzymeA;
aphA1, kanamycin30-phosphotransferase;CAT,
chloramphenicolacetyltransferase;CFU,colony-
formingunit;CFUsml�í1, colony-formingunitsper
ml;Cm,chloramphenicol;CmR, Cm-resistant strain
D-PEP1-pJS5;CmS, CM-susceptiblestrainD-
PEP2K1;GFP,greenfluorescentprotein;HPLC,
high-performanceliquidchromatography;L, lysate;
luc, fireflyluciferase;MIC,minimalinhibitory
concentration;OD,opticaldensity;P,cellpellet;S,
culturesupernatant;s.e.m.,standarderrorof the
mean;Tc,tetracycline; UV,ultraviolet.



(Cm) andtheopportunistichumanpathogenS. pneumoniae. WeshowthatCm-resistant
pneumococciexpressingtheresistancefactorCm acetyltransferase(CAT) canprovidepassive
resistancefor Cm-susceptiblepneumococciby intracellularantibioticdeactivation.CAT cova-
lentlyattachesanacetylgroupfrom acetylcoenzymeA (acetyl-CoA)to Cm [26,27] andthus
preventsthedrug from binding to bacterialribosomes[28]. IntracellularCAT in resistantbac-
teriacanpotentlydetoxifyanentireenvironmentin growthculture,semisolidsurfacesof
microscopyslides,or in amouseinfectionmodel,supportingthesurvivalandgrowthof genet-
icallysusceptiblebacteriain thepresenceof initially effectiveCm concentrations.Our results
expandrecentfindingson thebasisof E. coligrowthculturesandindicateapotentialclinical
relevanceof passiveCm resistance[29,30].

Results

Antibiotic Resistance of the Pneumococcus
Resistancesto all currentlyprescribedantibioticshavebeenidentifiedin clinical isolatestrains
of S. pneumoniae[31]. Genesthat transferantibiotic resistancecanbeclassifiedaccordingto
their modeof action[32]. Oneclasskeepsthecytoplasmicdrug levellow bypreventingdrug
entryor byexportingdrugmolecules.Anotherclassaltersthetargetedenzymesbymodifying
their drugbinding sitesor by replacingtheentirefunctionalunit. A third classaltersthedrug
moleculesthemselves.Only membersof thelattergrouparepotentialcandidatesfor establish-
ing passiveresistance.In thepneumococcus,resistancegenesthatdeactivateantibiotics
includeaminoglycosidephosphor-or acetyltransferasesandcat. To date,��-lactamantibiotic-
degradingenzymeshavenot beenreportedin S. pneumoniaegenomesor plasmids[33].

Standardtherapyof pneumococcalinfectionsdoesnot includeaminoglycosidesbecauseof
therelativelyhigh intrinsic resistanceof S. pneumoniaeto membersof thisantibiotic family.In
contrast,Cm,amemberof theWorld HealthOrganizationModelList of EssentialMedicines
[34], is regularlyprescribedthroughoutlow-incomecountriesfor infectionswith S. pneumo-
niaeandotherGram-positivepathogensdueto its broadspectrum,oralavailability,andexcel-
lent tissuedistribution, including thecentralnervoussystem.Recently,theantibioticwasalso
discussedascandidatefor acomebackin developednationsdueto spreadingresistances
againstfirst-line agents[35Ð37].

To testwhetherpassiveresistanceemergesfrom antibiotic-deactivatingresistancemarkers
with S. pneumoniae, weusedthedrug-susceptibleclinical isolateD39[38]. Weconstructedan
antibiotic-susceptiblereporterstrainexpressingfirefly luciferase(luc) andantibiotic-resistant
strainsexpressingsingle-copygenomicintegratedkanamycin30-phosphotransferase(aphA1),
gentamicin30-acetyltransferase(aacC1), andchloramphenicolacetyltransferase(cat). Resistant
andsusceptiblecellsweregrownataone-to-oneratio,andopticaldensity(bothstrains)and
bioluminescence(emittedbysusceptiblecellsonly) weremeasured(Fig1). Expressionof cat,
but not aphA1or aacCI, conferredpassiveresistanceto susceptiblecells(asobservedby
increasedluminescencein mixedpopulationscomparedwith assaysof susceptiblecellsonly;
S1Fig), mirroring prior investigationsof antibioticdeactivationby resistantisolatesof S. pneu-
moniae[39]. Aminoglycosidespermeatethebacterialcellonly at low frequency[40]; highper-
meability,however,wasrecentlyshownto representanimportant preconditionfor the
establishmentof passiveresistance,explainingwhythephenomenoncouldnot beobserved
with aphA1andaacCIexpression[29].

Collective Resistance to Cm In Vitro
To characterizetheobservedCm collectiveresistancein moredetail,weusedtheCm-suscepti-
blestrainD-PEP2K1(from hereon CmS), whichconstitutivelyexpresseslucandthe
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kanamycinresistancemarkeraphA1[41], andtheCm-resistantstrainD-PEP1-pJS5(from
hereon CmR), whichexpressescatfrom plasmidpJS5[42] (seeMethods). Luminescence
allowedfor thereal-timeestimationof growth(or inhibition) of theCmSpopulation,and
kanamycinresistanceallowedfor themonitoring of their viablecellcountbyplatingassaysin
thepresenceof kanamycin.Cm repressesthegrowthof susceptiblepneumococciataminimal
inhibitory concentration(MIC) of 2.2! gml" 1, andduring Cm exposure,luminescencefrom
lucexpressionof susceptiblepneumococciwaspreviouslyshownto decreaseataratethat
dependson theappliedCm concentration[12]. However,whenCmSwasco-inoculatedwith
CAT-expressingCmR, luminescence(indicativefor growthor inhibition of theCmScellfrac-
tion) recovered,both for aCm concentrationslightlyabovetheMIC (3 ! gml" 1; Fig2A) and
evenfor aCm concentrationof morethantwo timestheMIC (5 ! gml" 1; S2Fig). Lumines-
cencerecoveryin mixedpopulationassays(CmR + CmS) exceededthevaluesmeasuredwith
CmSmonoculturebyup to 10-fold(Fig2A andS2Fig), andplatingassays(with kanamycin)
revealedthat thedifferencein viablecellcountwas1,000-foldgreaterafter8 h of cocultivation
(Fig2BandS2Fig). AlthoughCm iscommonlyregardedasbacteriostatic,bactericidalactivity
hasalsobeendemonstratedagainstS. pneumoniae[43], explainingtheobserveddecreasein
viability of CmSmonoculture(Fig2BandS2Fig).

To confirm thatCmR cellsactuallydeactivateCm in thegrowthmedium,weanalyzedcul-
turesupernatant(S)byhigh-performanceliquid chromatography(HPLC) [44]. Asshownin
Fig2C, within 4 h of growth,CmR cellsentirelyconvertedaninitial Cm concentrationof 5 ! g
ml" 1, asevidencedby thedisappearanceof thecorrespondingCm peakatwavelength278nm.
Newpeaks(at laterelution times)appearedandgraduallyincreasedin HPLCprofilesof Scol-
lectedafter1,2,and4 h of cultivation;thesepeakswerepreviouslyshownto correspondto
acetylatedCm derivates(1- and3-acetylchloramphenicol)[44].

Fig 1. Experimen tal setup to determine passive resistanc e. Antibiotic-susceptible cells (AbS)
constitutively expressing luc are grown together with antibiotic-resistant cells (AbR, which do not express luc).
Only when the concentration of the antibiotic in the medium is reduced by enzymatic deactivation of resistant
cells will the genetically antibiotic-susceptible cells be able to grow and produce light.

doi:10.1371/journal.pbio.2000631.g001
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Fig 2. Cm deactiv ation during mixed popul ation assays. (a) Plate reader assay sets in quadruplicate (average and
standard error of the mean [s.e.m.]) measuring luminescence (symbols with color outline) and cell density
(corresponding grey symbols) of S. pneumoniae CmS growing in the presence of 3 ��g ml�í1 Cm, in presence (+) or
absence (�í) of CmR cells. (b) Development of the count of viable CmS cells (colony-forming units per ml [CFUs ml�í1])
during the cultivation assay presented in a, determined via plating in the presence of kanamycin; average values of
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Next,wefocusedon whethertheinitial amountof CAT-expressingCmR cellswasimpor-
tant for thesurvivalandgrowthof CmScellsduring drug treatment.To testthis,weinoculated
microtiter platewellswith afixednumberof CmScells(inoculationatopticaldensity[OD]
0.001,correspondingto ~1.5# 106 colony-formingunitsperml [CFUsml" 1]) whilevarying
thenumberof CmR cells(Fig2D). High inoculationdensitiesof CmR cells(OD 0.01)resulted
in afastrecoveryof luminescenceactivityof CmScells;however,thepeakof luminescencewas
lowercomparedto intermediateCmR inoculationdensities.Thisdifferencecanbeexplained
bycellsreachingthecarryingcapacityof thegrowthmediumbeforethepoolof Cm is
completelydeactivated;luciferaseexpressionactivitywaspreviouslyshownto slowdown
whenculturesreachhighcelldensities(above~OD 0.05)[41]. Relativelylow CmR inoculation
densities(OD 0.0001)alsolimited luminescencerecoveryof CmScellsduring cocultivation.
Thisfinding likely reflectsfewerCmR cellsrequiringmoretime to deactivateCm,resultingin
increasedtime spansof CmSdrugexposure.Prolongeddrugexposureof susceptiblepneumo-
cocciwaspreviouslyshownto resultin increasinglagperiodsafterdrugremoval,indicatinga
moresevereperturbationof cellhomeostasis[12]. Thetime spanbeforeoutgrowthof CmS

cellsconsequentlyconsistsof both theperiodrequiredfor drugclearance(byCmR cells)and
theperiodrequiredto reestablishintracellularconditionsallowingfor celldivision.

Intracellular Deactivation of Cm
To testwhetherCm processingbyCAT isanintracellularprocess,or if it takesplaceaftersecre-
tion or celllysis,weexaminedthepotentialof theSandthecytosoliccontentof CmR cellsto
deactivateCm (assayschemein Fig2F). PreculturedCmR cellsweredilutedto OD 0.02and
translationactivitywasblockedbyadding1 ! gml" 1 tetracycline([Tc]; S. pneumoniaeD39
MIC: 0.26! gml" 1) [12] for 1h at37ûCto preventongoingproteinsynthesisandthusCAT
expression.Next,theTc-treatedculturewassplit into threefractions:cellpellet(P)andS,sepa-
ratedviacentrifugation,andcellculturelysate(L), obtainedbysonication.ThePwasresus-
pendedin C+Ymediumcontaining3 ! gml" 1 Cm (and1 ! gml" 1 Tc),and3 ! gml" 1 Cm was
addedto theSandtheL, followedby incubationat37ûC.After 2h, theremainingcellsandcell
debriswereremovedbycentrifugationandfiltration, andthetreatedmediumwasusedto test
cellgrowthof aTc-resistantvariantof theCmSstrain.NeithertheSnor theL couldsupport
growthof CmS, whereasmediumpreincubatedwith thePdid (Fig2E). Together,theseexperi-
mentsindicatethatCAT isonly activeinsideliving cells,in whichacetyl-CoAispresent[26,27].

Single-Cell Observations of Collective Resistance
Becausetheabovementionedexperimentswereperformedin bulk assays,wewondered
whetherCAT-expressingbacteriawouldalsoefficientlydeactivateCm,andthussupportthe
growthof susceptiblecells,in amorecomplexenvironment,suchason semi-solidsurfaces.To
do so,wespottedCmR cellstogetherwith Cm-susceptibleD-PEP33cellsexpressinggreen
fluorescentprotein (GFP)on amatrix of 10%polyacrylamideC+Ymediumcontaining3 ! g
ml" 1 Cm.IndeedCm-susceptibleD-PEP33cellswereableto growanddivideunderthesecon-
ditions (S3Fig).

duplicates are shown. (c) Culture supernatant (S) samples after 0, 1, 2, and 4 h of CmR cultivation (inoculation at optical
density OD 0.001) in the presence of 5 ��g ml�í1 Cm, analyzed for Cm content by high-performance liquid
chromatography (HPLC) separation and ultraviolet (UV) detection at 278 nm. (d) Luminescence and cell density profiles
of CmS cells treated with 3 ��g ml�í1 Cm (inoculation at OD 0.001) in dependency of the inoculum size of CmR cells. (e, f),
CmS luminescence and growth analysis (e) in Cm-supplemented medium (3 ��g ml�í1) that was pretreated with CmR cell
pellet (P), S, and culture lysate (L), and controls without (C�í) and with Cm (C+); (f) schematic overview of the assay (see
also Methods and S1 Data).

doi:10.1371/journal.pbio.2000631.g002
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S. pneumoniaecohabitatesthehumannasopharynxwith otherbacteria,suchasS. aureus
[6]. Therefore,weinvestigatedwhetherCAT-expressingS. aureuscouldalsosupportgrowth
of Cm-susceptibleS. pneumoniaein environmentscontainingCm.Asshownin Fig3 andS1
Movie, all S. aureuscellsgrewanddividedfrom thestartingpoint of theexperiment,whereas
S. pneumoniaeCmScellsdid not growinitially. However,after8 h, afractionof CmScellsgrew
out to form microcolonies.NotethatCmScellsspottedin theabsenceof S. aureusdid not
growundertheseconditions(S2Movie).

Requirements for Stable Coexistence
TheobservationthatCmScellsgrowonly whenCm-deactivatingcellsarepresentin their
closevicinity (Fig3) suggeststhat theestablishmentof collectiveresistancerequiresCmSand
CmR bacteriato bepresentin thesameniche.However,suchcoexistenceissubjectto ecologi-
calconstraints(e.g.,thecompetitiveexclusionprinciple) [45], particularlyif susceptibleand
resistantstrainscompetefor thesamelimiting resource.Wethereforedevelopedanecological
modelto assessthescopefor coexistencebetweenCAT-producingbacteriaandanantibiotic-
susceptiblestrain(S1Text). Consistentwith thisobjective,weemployedaminimalist model-
ing strategyanddisentangledthequalitativeeffectsof differentfactors(antibiotic stress,rela-
tivecostof Cm degradationanddensityregulationbyecologicalresourcecompetition)from
theinteractionbetweenCmSandCmR bacteriaratherthanaimingfor aprecisequantitative
reconstructionof theexperimentalconditions.In fact,in contrastto naturalenvironments
(suchasthehumannasopharynx)thatprovideampleopportunitiesfor coexistencebecauseof
spatialstructureandconcentrationgradientsof multiple resources,themodelconsidersa
worst-casescenariofor coexistence:thetwo populationsareassumedto growin awell-mixed,
homogeneouschemostatenvironmentandarelimited by thesameresource.Nonetheless,we
found thatcoexistencebetweenCmR andCmSbacteriawasfeasible(Fig4A and4B), albeit
underarestrictedrangeof conditions(Fig4CandS4Fig). A mathematicalanalysisof the
model(S1Text) indicatesthat resistantandsusceptiblebacteriacanestablishastablecoexis-
tencewhenCAT expressionhasamodestfitnesscost.Without suchacost,theCmR strainis
predictedto outcompetetheCmSstrainin thepresenceof antibiotics.Conversely,if thecost
of expressingresistanceis too high,theCmSstrainwill bethesuperiorcompetitor.Interest-
ingly, themodelfurthermorepredictsparameterrangesthat resultin theextinctionof mixed
populationsduring drugtreatment,whileCmR populationson their owncouldsurvive(S4
andS5Figs).A secondcondition for coexistencedemandsthat theCmR populationhasasig-
nificant impacton theextracellularCm concentrationin its ecologicalniche.Thisrequires
that thepopulationdensityreachedatsteadystatemustbehigh,sothatcoexistencecanbesta-
bilizedby frequency-dependentselection,generatedbyanegativefeedbackloopbetweenthe
relativeabundanceof drug-deactivatingcellsandthelevelof antibioticstressin the
environment.

Wenotethatcompetitiveexclusionactsatalocalscalein structuredenvironments,where
thepresenceof spatialgradientsin Cm andresourcesmayhelpto createrefugesin which
eitherstraincanescapecompetitionfrom theother.In addition,weexpectthatcoexistence
betweenresistantandsusceptiblebacteriawouldbepromotedin vivobypreviouslyevolved
ecologicalnichepartitioning betweenco-occurringspecies.

In Vivo Collective Cm Resistance
A generalpredictionfrom our mathematicalmodel(S1Text) is thatcoexistenceof CmSand
CmR in thepresenceof theantibiotic isprecludedwhentheproductionof CAT carriesno fit-
nesscost;weexpectthispredictionto applylikewisein morecomplexenvironmentswith
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spatialand/or temporalheterogeneityin Cm concentrations.However,in vitro, in short-term
experiments,wedid not observeanyobviousfitnesscostfor CAT expression(suchasreduced
growthratesor areducedmaximumcelldensity;Fig2). Nevertheless,in vivo,afitnesscost
might comeinto existencebecauseresistantcellsthatgrowrapidlymight bepreferentially

Fig 3. Interspecie s collectiv e resistanc e. Still images (overlay of phase contrast and fluorescence microscopy) of a time-
lapse experiment of S. pneumoniae CmS, cocultivated with a strain of the pneumococcal niche competitor S. aureus (strain
LAC pCM29) that expresses CAT and GFP, growing on a semi-solid surface supplemented with 3 ��g ml�í1 Cm. Scale bar
10 ��m.

doi:10.1371/journal.pbio.2000631.g003

Fig 4. Population dynamics of bacterial communit ies. (a) Simulated growth trajectories for CmR and CmS populations subject to antibiotic stress and
resource competition. (b) Dynamic of intracellular Cm (yr and ys) and growth-limiting resource (z). Simulation time is scaled relative to the mean residence
time of cells in a chemostat, which is equal to the generation time at steady state. At low population densities, the CmR strain can grow, whereas CmS

cannot, due to a high concentration of Cm. However, the invasion of CmR lowers antibiotic stress, generating permissive conditions for the growth of CmS

cells. The chemostat is then rapidly colonized by both strains (shortly after t = 180) until the resource becomes limiting. From that moment onwards, total
cell density changes little, while the relative frequencies of the two strains continue to shift. Eventually, a stable equilibrium is reached, at which the cost
and benefit of CAT expression (i.e., reduced growth rate efficiency for CmR cells versus their lower intracellular Cm concentration) balance out. Inset (c),
The dark-red dot pinpoints the parameter set used in the simulation shown in a and b: r = 20.0, �� = 0.9, kz = 4.0, c = 1.0, p = 50.0, hY = 0.25/Y0, kY = 2.5/Y0,
d = 30.0/Y0 and Y0 = 0.8. These parameters were selected to lie in a restricted area of parameter space (highlighted in red) where stable coexistence
between CmS and CmR cells is observed Alternative model outcomes, which were identified by a numerical bifurcation analysis (see S1 Text and S4 Fig),
include establishment of CmS only (area S), establishment of CmR only (area R), no bacterial growth (area N), and competition-induced extinction (area E,
where CmS bacteria first outcompete CmR bacteria and subsequently are cleared by the antibiotic; see S5 Fig).

doi:10.1371/journal.pbio.2000631.g004
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targetedby thehostinnateimmunesystem,aspreviouslyshownfor commensalandpatho-
genicbacteria,includingE. coliandS. aureus[46]. Wetestedtheactivityof thehumanantimi-
crobialpeptideLL-37in dependencyof Cm treatmentandfound,indeed,increasedkilling
efficiencyagainstCAT-expressingS. pneumoniae(S6Fig). Furthermore,althoughcollective
resistancecouldbesuccessfullydemonstratedin vitro, thephenomenonmight not occurin
morecomplexenvironmentsin vivo,suchasin ananimalinfectionmodel,becauseof adiffer-
ent flux balancebetweenlocalCm deactivationandrestorationof effectivedrugconcentra-
tionsviadiffusionfrom surroundingtissues.To examinewhetheracoexistencebetweenCmS

andCmR ispossibleundertherapyin vivo,weperformedintratrachealinfectionof 8-wk-old
femaleCD-1micewith CmSaloneandthecombinationof CmS+ CmR.

In theabsenceof Cm treatment,weobservedno significantdifferencein theamountof via-
blebacteriarecoveredfrom thelungs24h afterinfectionwith CmSaloneversusCmS+ CmR

ataone-to-oneratio (Fig5A). Whenmiceweregiventhreedosesof 75mgkg" 1 Cm once
every5 h, miceinfectedwith CmSalonedemonstratedasignificantdrop of onelog-foldversus
theuntreatedcontrol.This is in contrastto micecoinfectedwith CmS+ CmR, in whichCm
treatmentdid not significantlyreducethenumberof viablebacteriarecoveredfrom thelung
versustheuntreatedcontrol (Fig5A). In theone-to-onemixedinfection,approximatelyequal
numbersof CmSandCmR cellswererecoveredin theabsenceof Cm treatment:46%CmSand
54%CmR (Fig5B). Surprisingly,with Cm treatment,6 out of 14animalshadadramatic
increasein thepercentageof CmScellsversusCmR cells.No pneumococcalcoloniesrecovered
couldgrowin bothCm- andkanamycin-containingmedia,excludingthepossibilitythathori-
zontalgenetransferof thecatgeneoccurredduring coinfection.Together,theseresultsshow
thatpassiveCm resistanceandthecoexistenceof resistantandsusceptiblecellsalsooccurin
vivo,associatedwith afitnesscostto theCmR nichemembersbenefitingtheCmS

subpopulation.

Discussion
Thiswork elucidatesthatCAT,which iscommonlyfoundasaresistancemarkerin thehuman
microbiome[47Ð49], caneffectivelyprotectCm-susceptiblepneumococcifrom theactivityof
thedrugwithin localenvironmentsoccupiedbyCAT-expressingcells.Becauseof its potency,
longshelflife,andlow cost,Cm remainsamainstayof broad-spectrumantibiotic therapyin
severalcountriesin Africa, theIndian subcontinent,andChina[50]. Theriseof multidrug
resistanceamonghumanpathogenshasalsoprovokedinterestin reevaluatingCm for certain
seriousinfectionsin developedcountries[35Ð37]. Thiswork pointsout somecaveatsin using
Cm to targethumanpathogenson mucosalsurfacesbecauseCAT-expressingcommensals
might providepassiveresistance.

CAT canonly deactivateCm insideliving cells(Fig2Eand2F), presumablybecauseit
needsacetyl-CoAto acetylateanddeactivatethetargetdrug [26,27]. WeshowthatCm deacti-
vationandcollectiveresistanceviaCAT isnot limited to S. pneumoniae, becauseCAT-express-
ing S. aureuscanalsosupportthelocalgrowthof pneumococciin thepresenceof initially
effectiveCm concentrations(Fig3). CollectiveresistancebyCAT doesnot only occurin vitro
but alsoin vivo in amousepneumoniamodel(Fig5). Strikingly,whenCm-treatedmicewere
coinfectedwith CAT-expressingandCm-susceptiblepneumococci,thesusceptiblebacteria
outcompetedtheresistantones(Fig5). Wepreviouslyshowedthat thesusceptibilityof bacte-
ria towardsantimicrobialpeptides,producedby thehostinnateimmunesystem,ismarkedly
diminishedin thepresenceof bacteriostaticantibiotics;Cm-inhibitedE. coli, for example,are
lessefficientlyclearedbythehumanpeptideLL-37[46]. Wecoulddemonstratethat thismech-
anismalsotakesplacein S. pneumoniae(S6Fig). WhenCm wasaddedto LL-37treatmentof
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pneumococci,thenumberof CmScellsrecoveredwasonelog-foldhighercomparedwith
CmR cells(S6Fig). Asshownbefore,thiseffectoccursbecausebacteriostaticantibiotics,such
asCm,inhibit thegrowthof susceptiblebacteriaandtherebyreducethesusceptibilityto host
antimicrobialpeptidesthat targetbacterialdivision;Cm-resistantbacteria,in contrast,main-
tain fastgrowthin thepresenceof Cm andarethereforemorerapidlykilled byhostantimicro-
bialpeptidesin vivo [46]. Thisphenomenonmaythereforerepresentacontributing factor
underlyingour findingsof themousepneumoniamodel.In this framework,rapidlygrowing
CmR cellswouldsufferimmuneclearance,whiletheinitially nongrowingCmSarelesseffi-
cientlytargetedbyhostdefensefactors.OncetheCm concentrationhasdroppedsufficiently,
CmScellscanoutgrowandoutcompetethediminishedCmR population.

Our work with CAT andpneumococcusextendstheknownphenomenonof passiveresis-
tancevia ��-lactamaseexpressionandexpandson recentfindingsof collectiveresistanceof bac-
terialcommunities[29,30]. Intracellularantibioticdeactivationrequiresahighdrug
permeability,andit isworth noting that thisÑin generaldesiredÑdrugcharacteristiccanalso
representarisk factorfor theeffectivenessof anantibiotic therapy.Passiveresistancecould
alsoappearwith otherantibiotic-degradingresistancefactorsin otherbacteria[29] andmay
evenemergefor syntheticantibioticcompounds[51]. In light of numerousreportsof preva-
lenceof drugresistancein pathogens,successfulantibiotic therapymight becomeincreasingly
complicatedwith theoccurrenceof collectiveresistance.Thephenomenacouldfurthermore
giveriseto multidrug resistanceof bacterialcommunities,in which individual resistancesare
expressedin differentbacterialcommunityresidents[2,18,30]. Our mathematicalmodel,how-
ever,predictsthatcollectiveresistanceisonly sustainablewhenresistanceexpressioncomes
ata(modest)fitnesscost(S4Fig), andcompetitiveexclusionisavoidedbystrongecological
feedbackor alternativemechanisms(suchasspatiotemporalstructureor previouslyevolved
nichepartitioning).Nevertheless,evenif coexistenceis limited, theprolongedsurvivalof sus-
ceptiblecellswithin resistantcommunitiesmayalreadyrepresentanissueby increasingthe

Fig 5. Cross-prot ection in a mouse pneumo nia model. (a) Eight-wk-old female CD1 mice were infected
intratracheally with CmS pneumococci or an equivalent amount of CmS + CmR pneumococci in a one-to-one
ratio. One h post infection, mice were treated with one intraperitoneal injection of Cm 75 mg kg�í1 followed by two
additional doses spaced 5 h apart. Control mice received an injection of the vehicle alone. n = 14 for CmS

control; 13 for CmS Cm-treated; 13 for CmS + CmR control; and 14 for CmS + CmR Cm-treated. Data plotted as
average and s.e.m. of two independent experiments combined. Dashed line ÔinocÕdenotes the initial inoculum.
* p �� 0.05; one-way ANOVA with TukeyÕsmultiple comparison post-test. (b) Bacterial colonies recovered from
the CmS + CmR control and CmS + CmR Cm-treated mice were individually picked and used to inoculate THY
media in 96-well plates. These 96-well plates were then used to inoculate 96-well plates with THY media
containing either 15 ��g ml�í1 Cm or 100 ��g ml�í1 kanamycin to determine whether or not the original bacterial
colony was CmS or CmR. n = 9 for CmS + CmR control and 14 for CmS + CmR Cm-treated. Data plotted as
average and s.e.m. of two independent experiments combined. * p = 0.04; MannÐWhitney U test (see S1 Data).

doi:10.1371/journal.pbio.2000631.g005
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opportunity for horizontalgenetransferduring antibioticselectionpressure.Passiveresistance
might consequentlyrepresentanimportant factortowardsthedevelopmentof geneticmulti-
drugresistance.

Methods

Strains and Growth Conditions
S. pneumoniaeCmS, aCm-susceptibleD39derivatestrainthatconstitutivelyexpresseslucand
akanamycinresistancemarkerwasusedthroughout.TheTc-resistantvariantof thisstrain
containedtheTc resistancegenetetM integratedat thebgaAlocus,obtainedviatransforma-
tion with pPP1[52]. luchasareportedhalf-lifeof 3 min in S. pneumoniae, andluminescence
thereforegivesreal-timeinformation on thelevelof geneexpressionactivity[41,53]. S. pneu-
moniaeCmR, expressingCAT from plasmidpJS5,wasusedasstandardfor aCm-resistant
strain.Initial experimentswerecarriedout with theCm-resistantstrainD-PEP1C3that
expressesCAT from astrongsyntheticpromoter.S. pneumoniaeD-PEP33expressingGFP
wasusedasaCm-susceptiblestrainin time-lapsemicroscopyexperiments[41]. S. aureus
experimentswereperformedwith strainLAC pCM29[54] thatconstitutivelyexpressesCAT
andGFP.

S. pneumoniaeandS. aureuscellsweregrownin C+Ymedium(pH 6.8),supplemented
with 0.5! gml" 1 D-luciferin for luminescencemeasurements,at37ûC[55]. Pre-culturesfor all
experimentswereobtainedbyastandardizedprotocol,in whichpreviouslyexponentially
growingcellsfrom " 80ûCstocksweredilutedto OD (600nm, pathlength10mm) 0.005and
grownuntil OD 0.1in avolumeof 2 ml mediuminsidetubesthatallowfor direct in-tubeOD
measurements.To determinethenumberof colony-formingunits (CFUs),S. pneumoniae
cellswereplatedinsideColumbiaagarsupplementedwith 3%(v v" 1) sheepbloodandincu-
batedovernightat37ûC.

Microtiter Plate Reader Assays
Costar96-wellplates(white,clearbottom)with atotalassayvolumeof 300! l perwellwere
inoculatedto thedesignatedstartingOD value.Microtiter platereaderexperimentswereper-
formedusingaTECANinfinite pro 200platereader(TecanGroup)bymeasuringevery10
min with thefollowingprotocol:5sshaking,OD (595nm, pathlength10mm) measurement
with 25flashes,luminescencemeasurementwith anintegrationtime of 1 s.

In mixedpopulationassays(shownin Fig2A), all cultureswereinoculatedwith CmScells
to aninitial celldensityof OD 0.001.CmR cellswereinoculatedto thesamedensity,andcon-
trol cultureswithout CmR cellscontainedequalamountsof Cm-sensitiveD39wild-typecells
to correctfor unspecificeffectssuchasdrug-titration viacellularCm binding.

HPLC Analysis
SwereobtainedbyCmR cultivation(inoculationatOD 0.001)in thepresenceof 5 ! gml" 1 Cm
in microtiter plates(asdescribedabove).Fourwellsweresampledandpooledpertime point
(combinedvolumeof 1.2ml), centrifugedto removecells,andfilteredthrougha0.2! m filter.
HPLCanalysiswascarriedout usinganAgilent1260Infinity system(AgilentTechnologies)
with ultraviolet(UV) detectionat278nm (maximumabsorbanceof Cm) [44]. An AerisPep-
tideXB-C18column(Phenomenex)with 3.6! m particleandasizeof 250# 4.60mm was
used.Reversed-phasechromatographywascarriedout ataconstantflow rateof 1 ml min" 1,
with themobilephaseconsistingof solutionA: 10mM sodiumacetatebuffer(pH 6.0)contain-
ing 5%acetonitrile(v v" 1) andsolutionB:acetonitrile0.1%TFA,accordingto thefollowing
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protocol:100! l sampleloading,3 min 10%B,20min gradient10%to 50%B,1 min gradient
50%to 95%B,3min 95%B,1min gradient95%to 10%B,6 min 10%B.

Microscopy
A Nikon Ti-E microscopeequippedwith aCoolsnapHQ2cameraandanIntensilightlight
sourcewasused.Time-lapsemicroscopywascarriedout byspottingpre-culturedcellson 10%
polyacrylamideslidesinsideaGeneFrame(ThermoFisherScientific)thatwassealedwith the
coverglassto guaranteestableconditionsduring microscopy.Thepolyacrylamideslidewas
preparedwith growthmediumcontaining3 ! gml" 1 Cm.Imagesof fluorescingcellswere
takenwith thefollowingprotocolandfilter settings:0.3sexposurefor phasecontrast,0.5s
exposurefor fluorescenceat440Ð490nm excitationviaadichroicmirror of 495nm, andan
emissionfilter of 500Ð550nm. Temperatureduring microscopywascontrolledbyanOkolab
climateincubator,andimagesweretakenevery10min during 20h at37ûC.

Mouse Infection Model
Themurine pneumoniamodelwasperformedwith slightmodificationsaspreviously
described[56]. Basedon pilot experiments,weestimatedthat thenumberof animalsrequired
to observeastatisticaldifferencebetweenthegroupswouldexceedthetechnicallimit of ani-
malsthatcouldbeinoculatedandtreatedperday.Therefore,theexperimentwassplit into 2 d
with theoriginalpoolof animalsrandomizedto eachgroupat thestartof themulti-dayexperi-
ment.Prior to statisticalanalysis,thedatawerecombined.Notethatall intratrachealinfections
wereperformedin ablindedfashionwith respectto Cm or vehicletreatment.Eight-wk-old
femaleCD1mice(CharlesRiverLaboratories)with anaveragebodyweightof 28gwereused.
Freshculturesof CmSandCmR werestartedin 10ml of Todd-Hewitt broth containing2%
yeastextract(THY) and10ml of THY supplementedwith 5 ! gml" 1 Cm,respectively.Cultures
weregrownat37ûCin a5%CO2 incubatoruntil OD (600nm) 0.6.Bacteriawerewashedtwice
with PBSviacentrifugationat3,220# gat room temperatureandconcentratedin PBSto yield
3.5# 107 CFUin theinoculationvolumeof 40! l. Formixedinfections,anequalvolumeof
concentratedCmSandCmR pneumococciwerecombined.Micewereanesthetizedwith 100
mgkg" 1 ketamineand10mgkg" 1 xylazine.Oncesedated,thevocalchordswerevisualized
usinganoperatingotoscope(WelchAllyn), and40! l of bacteriawasinstilled into thetrachea
during inspirationusingaplasticgelloadingpipettetip. Micewereplacedon awarmedpad
for recovery.After 1 h, oneintraperitonealinjectionof Cm 75mgkg" 1 or vehiclecontrolswas
given,followedby two additionaldosesspaced5h apart.Miceweresacrificedwith CO2 24h
afterinfection.

To enumeratetotal survivingbacteriain thelungs,both lung lobeswereremovedand
placedin a2 ml sterilemicro tube(Sarstedt)containing1 ml of PBSand1mm silicabeads
(Biospec).Lungswerehomogenizedbyshakingtwiceat6,000rpm for 1 min usingaMagNA
Lyser(Roche),with thespecimensplacedon iceassoonastheywereharvested.Aliquotsfrom
eachtubewereseriallydilutedfor CFUenumerationon THY plates.To determinewhetheror
not acolonywasCmSor CmR, individual coloniesfrom theTHY plateswerepickedandtrans-
ferredinto 100! l of THY mediain 96-wellplates.The96-wellplateswereincubatedovernight
at37ûCin a5%CO2 incubator.After overnightincubation,wellsweremixed,and5 ! l of
mediafrom eachwellwastransferredinto 100! l of THY containing15! gml" 1 Cm or 100! g
ml" 1 kanamycin.The96-wellplateswereonceagainincubatedovernightat37ûCin a5%CO2

incubator,andwellswerefinally assessedfor thepresenceor absenceof abacterialP.Cm
(! 98%purity; Sigma)for animalinjectionwaspreparedasfollows:40mgml" 1 of Cm was
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dissolvedin 800! l of 70%ethanolin PBSto makea50mgml" 1 stocksolution.Thisstocksolu-
tion wasdiluted in PBSto 3.75mgml" 1 for intraperitonealinjection into miceat75mgkg" 1.

Ethics Statement
Thisstudywascarriedout in strict accordancewith therecommendationsin theGuidefor the
CareandUseof LaboratoryAnimalsof theNationalInstitutesof Health.Thecorresponding
protocolentitledÒMouseModelsof BacterialInfectionandInnateImmunityÓ(#S00227M)
wasapprovedby theInstitutional Animal CareandUseCommitteeof theUniversityof Cali-
fornia,SanDiego(Animal WelfareAssuranceNumber:A3033-01).All effortsweremadeto
minimizesufferingof animalsemployedin thisstudy.

Modeling
Themodeldescribesthedynamicof acocultureof CAT-expressingCmR andCmSbacterial
cellsgrowingin thepresenceof Cm in achemostatenvironment.Thetwo strains,with popula-
tion densitiesxr andxs, respectively,competefor agrowth-limiting resource,z. Cm isassumed
to inhibit growth;weseparatelykeeptrackof theintracellularconcentrationsof Cm (ys in sus-
ceptiblecellsandyr in resistantcells)andits concentrationin theextracellularmediumym.
Theequationsfor thegrowthof thetwo bacterialpopulationsandthegrowth-limiting
resourcearegivenby

dxs

dt
" r

z
kz # z

hy

hy # ys

xs $ xs;

dxr

dt
" Zr

z
kz # z

hy

hy # yr

xr $ xr;

dz
dt

" %1 $ z&$ cr
z

kz # z
xs

hy

hy # ys

$ xr

hy

hy # yr

 !

;

%1&

wherer is themaximumgrowthrateof CmScells,�� is therelativegrowthefficiencyof CmR

cells,cis theresourceconsumptionrate,andkz andhy, respectively,arethehalf-saturation
andinhibitory constantsof thegrowthfunction.Time,resourceconcentration,andcelldensi-
tieshavebeenscaledrelativeto theflow rateof thechemostat,theresourceconcentrationin
theinflow medium,andthenumberof cellsthat fit in thechemostatvolume,respectively,in
orderto reducethenumberof freeparameters(seeS1Textfor details).

Theconcentrationsof Cm in thedifferentcompartments,whichhavebeenscaledrelative
to theCm concentrationin theinflow medium,changeaccordingto theequations:

dym

dt
"

1
1 $ xs $ xr

$ p
xs%ym $ ys&# xr%ym $ yr&

1 $ xs $ xr

$ ym $ ym

dln%1 $ xs $ xr&
dt

;

dys

dt
" p%ym $ ys&$ ys $ ys

dlnxs

dt
;

dyr

dt
" p%ym $ yr&$ d

yr

ky # yr

$ yr $ yr

dlnxr

dt
:

%2&

Theprocessesdescribedby thetermson theright-handsideincludeinflow of Cm into the
medium,passivetransportof Cm betweencompartmentsat ratep, outflow from thechemo-
stat,degradationof Cm byCAT in CmR cells(accordingto MichaelisÐMentenkineticswith
maximumrated andhalf-saturationconstantky), andconcentrationchangesdueto fluctua-
tionsin thevolumeof thecompartments.Eqs(1) and(2) weresolvednumericallyusing
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Mathematica(Wolfram) or simulationsoftwarewritten in C++ (usedfor thenumericalbifur-
cationanalysis,basedon aRungeÐKuttaintegrationalgorithmwith adaptivestep-size
control).

Supporting Information
S1Fig.Antibiotic degradationin the pneumococcus.(aÐc), Platereaderassaysetsin quadru-
plicate(averageands.e.m.)measuringluminescence(symbolswith coloroutline)andcellden-
sity(correspondinggreysymbols)of antibiotic-resistant(AbR), antibiotic-susceptible(AbS)
andamixture of resistantandsusceptible(AbR+AbS) S. pneumoniaecellsgrowingin thepres-
enceof 200! gml" 1 kanamycin(a), 20! gml" 1 gentamycin(b), and3 ! gml" 1 chloramphenicol
(c). Assayswith resistantcells(AbR) wereinoculatedto adensityof OD 0.002,mixedpopula-
tions(AbR+AbS) to adensityof OD 0.001each,andsusceptiblecells-only(AbS) alsoto aden-
sityof OD 0.001with theadditionof equalamountsof D39wild typecellsto correctfor
unspecificeffectssuchascellulardrugbinding.D-PEP22thatconstitutivelyexpressesfirefly
luciferasewasusedthroughoutassusceptiblestrain.ResistantstrainsexpressedaphA1(a),
aacCI(b), andcat(c). Notethat in aminoglycoside-inhibited cultures(aandb) luminescence
of AbR+AbSassaysdecreasedmorerapidlycomparedwith AbSassays.Thiscanbeexplained
byreducedluciferaseexpressionrateswhenculturesexceedOD 0.05;AbScultures,in contrast
to AbR+AbScultures,do not reachOD 0.05andconsequentlycontinueto expressluciferaseat
ahigherrate[41] (seeS1Data).
(TIF)

S2Fig.Chloramphenicoldeactivationassayat aconcentrationof two times the MIC. (a),
Platereaderassaysetsin quadruplicate(averageands.e.m.)measuringluminescence(symbols
with coloroutline)andcelldensity(correspondinggreysymbols)of chloramphenicol-suscep-
tible S. pneumoniaeD-PEP2K1(CmS) growingin thepresenceof 5 ! gml" 1 chloramphenicol
(Cm), in presence(+) or absence(" ) of resistantD-PEP1-pJS5(CmR) cells.(b), Development
of thecountof viableCmScells(CFUsml" 1, colony-formingunitsperml) during thecultiva-
tion assaypresentedin a, determinedviaplatingin thepresenceof kanamycin;averagevalues
of duplicatesareshown(seeS1Data).
(TIF)

S3Fig.Single-cellanalysisof pneumococcalcollectiveresistance.(a,b), Still images(overlay
of phasecontrastandfluorescencemicroscopy)of atime-lapseexperimentof chlorampheni-
col-susceptibleS. pneumoniaeD-PEP33cellsthatconstitutivelyexpressGFP,eitherco-culti-
vatedwith theCAT-expressingS. pneumoniaeD-PEP1-pJS5(a) or in monoculture(b),
growingon asemi-solidsurfacesupplementedwith 3 ! gml" 1 chloramphenicol.High inocula-
tion densitieswerespotted,resultingin rapidchloramphenicoldeactivationin theco-cultiva-
tion assay.NotethatGFP,whichallowsfor thedistinctionbetweenchloramphenicol-
susceptibleand-resistantcellsat thebeginningof thetime-lapseexperiment(fluorescentver-
susnon-fluorescent),bleachesquickly in thecourseof theassay;inhibited susceptiblecells,
evenafter(partial)Cm clearance,do not expresssufficientlevelsof GFP(counteractingphoto-
bleaching)to allowfor acontinuousdetection.Scalebar,10! m.
(TIF)

S4Fig.Numerical modelanalysis.(aÐc), Coloredareasindicatequalitativelydifferentout-
comesof competitionbetweenCmSandCmR cellsin modelsimulations,asafunction of two
keyparameters:thegrowthrateefficiencyof CmR cells(1 Ð�� quantifiesthecostof CAT
expression),andtheconcentrationof Cm in theinflow medium(Y0; ÔantibioticstressÕ).(a),
An orangeline borderstheregionin whichtheCmSstraincangrowfrom low initial density.
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This isbelowacritical levelof antibioticstress,or in anarrowrangeof �� valueswhentheresis-
tant cellsarepresent.TheCmR straincangrowfrom low initial densityin theareabordered
byasolidblueline,but canmaintainhighpopulationdensitiesoveralargerareaof parameter
space(i.e.,in theareaborderedbyadashedblueline).Stablecoexistenceof bothstrainsis
maintainedin anarrowparameterregion(redarea).When�� iscloseto 1,CmR isalwaysa
superiorcompetitor(darkbluearea),in line with theanalyticalresultthatcoexistencecannot
bemaintainedunlessCAT expressioniscostly.WhenCAT expressioncostsarehigh,CmS

tendsto outcompeteCmR. However,thisprocessleadsto anelevationof Cm in themedium,
whichmayeventuallycausebothstrainsto goextinct(light bluearea;here,CmR cansurvive
on its own,but not whenCmSisalsopresent;seeS5Fig). Alternatively,CmScanpersiston its
ownafterdriving CmR to extinction(orangearea).Parametersare:r = 20.0,kz = 4.0,c= 1.0,
p= 50.0,hY = 0.25/Y0, kY = 2.5/Y0 andd = 30.0/Y0. In (b), therelativebenefitof CAT degrada-
tion is larger,dueto aslowerdiffusionof Cm acrossthecellmembrane(p= 25.0;otherparam-
etersasin a). (c), Thispanelillustratestheeffectof achangein theresourceconsumptionrate
cwhichaffectstheequilibrium populationdensities(c= 2.0;otherparametersasin a). In this
case,CmR andCmSreachlowerequilibrium densities,weakeningtheeffectof CmR on the
environment.Asaresult,theconditionsfor coexistencebecomemorestringent.Throughout,
weperformedmultiple simulationsperparametercondition to searchfor boundaryandinte-
rior equilibria,andclassifiedthedynamicsbasedon thestabilitypropertiesof theequilibria.
Color saturationwithin eachareagivesanindicationof thetotal celldensityatequilibrium.
(TIF)

S5Fig.Extinction inducedby competition. (a), Simulatedgrowthtrajectoriesfor CmR and
CmSpopulationssubjectto antibioticstressandcompetitionfor alimiting resource.Here,the
CmR strainisaninferior competitorthat isdrivento extinctionby theinvasionof CmScells,
eventhoughthegrowthconditionsarenot permissivefor thesurvivalof CmSon its own.
Extinction iscausedbyabistabilityin thegrowthdynamicof CmR cells:acritical celldensity
is requiredto lowertheconcentrationof Cm belowthelevelthatpermitspopulationgrowth.
Theinitial CmR celldensityin thesimulationwasjustabovethiscritical level(indicatedbya
dottedgrayline); theCmR cellsarenot ableto invadeif their initial densityliesbelowthe
threshold(shownby thedashedbluetrajectory).However,aftersuccessfulinvasion(solidblue
trajectory),theCmR cellscanstill bepushedbelowtheir critical densitybycompetitionwith
theCmSstrain,triggeringthecollapseof bothpopulations.(b), Dynamicsof intracellularCm
concentrationsandresource.Parametersare:r = 20.0,�� = 0.85,kz = 4.0,c= 1.0,p = 50.0,hY =
0.25,kY = 2.5andd = 30.0.
(TIF)

S6Fig.LL-37activity in dependencyon chloramphenicol.Killing of Cm-susceptibleS. neu-
moniaeD-PEP2K1(CmS) andCm-resistantD-PEP1C3(CmR) by thehumanantimicrobial
peptideLL-37ataconcentrationof 50! gml" 1, in absence(" ) or presence(+) of 5 ! gml" 1

chloramphenicol(Cm);averageands.e.m.of duplicatesareshown.' P< 0.05;two-tailedt-test
(seeS1Data).
(TIF)

S1Text. Derivation of the mathematicalmodelandmodelanalysis.
(PDF)

S1Data.Numerical valuesunderlying the datapresentedin the figures.
(XLSX)
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S1Movie.Developmentof interspeciescollectiveresistance.Time-lapsemicroscopyexperi-
mentof S. pneumoniaeD-PEP2K1(CmS), co-cultivatedwith astrainof thepneumococcal
nichecompetitorStaphylococcusaureusthatexpressesCAT andGFP(strainLAC pCM29),
growingon asemi-solidsurfacecontaining3 ! gml" 1 chloramphenicol.Thefirst still frameof
thetime-lapseexperimentisannotatedasonehour into thecultivationstart(01:00);onehour
wasthetime requiredfor reachingstableconditionsinsidethemicroscopyslidethatallowfor
automatedrecording.NotethatGFPexpression,in thecaseof theCm-resistantS. aureusLAC
pCM29,isnot inhibited by theCm treatment,andGFPisconsequentlycontinuouslypro-
duced(counteractingphotobleachinganddilution). Theobservedhigh fluorescenceis the
resultof GFPexpressionfrom amulti-copyplasmid(in contrastto thesingle-copygenomic
integrationin S. pneumoniaeD-PEP33shownin S3Fig).
(MP4)

S2Movie.Chloramphenicol-treated susceptiblepneumococci.Time-lapsemicroscopy
experimentof chloramphenicol-susceptibleS. pneumoniaeD-PEP2K1(CmS) monoculture
growingon asemi-solidsurfacecontaining3 ! gml" 1 chloramphenicol.
(MP4)
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