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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 fithess 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-resistantbacteriainfectionsareon the riseandposeaserioughreatto society.
Theinfluenceof geneticresistancenechanism®n antibiotic therapyis well described.
However otherfactors suchasepigenetigesistancer theimpactof theenvironmenton
antibiotic therapy arelesswellunderstood Here,wedescribeand characterizeamecha-
nism of noninheritedantibiotic resistance¢hat enableshe survivaland outgrowth of
geneticallysusceptibldacteriaduring antibiotic therapy We showthat bacteriaexpress-
ing theresistancéactorchloramphenico[Cm) acetyltransferageCAT) canpotently
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high-perfomanceiquidchromatogaphy;L, lysate;
luc, fireflyluciferaseMIC,minimalinhibitory
concentration®D opticaldensity P, cellpellet;S,
culturesupernatants.e.m. standarcerrorof the
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deactivateCm in theirimmediateenvironment.ThereducedCm concentrationthen
allowsfor the outgrowthof geneticallysusceptibldacteriain the sameenvironment.
Mathematicamodelingdemonstrateshe presencef aparameteispacan which stable
coexistencdetweerCm-susceptibland-resistantacterias possibleduring antibiotic
therapy whichwevalidatedusingsingle-celanalysesStrikingly, mixed culture experi-
mentsin which micewereinfectedwith both Cm-susceptibl@and-resistantpneumococci
revealedhat Cm-sensitiveDfreeloadetiacterisevenoutcompetedesistanbacteriadur-
ing antibiotic therapy.Togetherwe showthatthe microbial contextduring infectionis a
potentialcomplicatingfactorto antibiotic treatmentoutcomes.

Introduction

Antibiotics areindispensabléor fighting bacteriainfections.Yettherapid emergencef resis-
tanceduring thelastdecadesenderscurrentdrugsincreasinghjineffectiveandposesaserious
threatto humanhealth[1]. Drug actionandbacteriakesistancenechanismarewell under-
stoodin populationassaysf isogenicculturesin vitro. However ecologicafactorsandcell
physiologicaparametersn naturalenvironmentsnfluencetheimpactof antibiotics[2,3].
Streptococcymeumoniagpneumococcusis animportant humanpathogerthat residesn
complexanddynamichostenvironmentsThebacteriumprimarily populateghe nasophar-
ynx of healthyindividuals,togetherwith numerouscommensamicrobiota,andoftenalong-
sidedisease-associatsdeciesncluding Staphylococcuireus Moraxellacatarrhalis and
Haemophilusnfluenzad4£5].

While anindividual pneumococcatellcompetedor limited resourcesvith all otherbacte-
ria presentn the niche,it mayalsobenefitfrom acommunity setting.In acollectiveeffort,
bacteriabecomerecalcitrantto antibioticswhenforming biofilms thatrepresentphysical
constraintfor drug accessibility7,8]. Additional population-basedurvivalstrategiesnvolve
the phenotypicdiversificationof anisogenigopulation,eitherto preadapfor environmental
changegbet-hedging)or to enabledivision of labor[9]. Becaus¢heimpactof mostantibiotics
isgrowthratedependenf10B17], abifurcationinto growingandnongrowingcellsincreases
thedrugtolerancefor the latterfraction,commonlyreferredto aspersister§1314]. Cell-to-
cellcommunicationrepresent@anotherwayto reactto antibiotic inhibition by allowingbacte-
ria to coordinateacommonresponseS pneumoniagfor exampleactivateshe developmental
proces®f competencavhereupont mayacquireresistanc¢15D1 7. A quorum-sensing
mechanisnthat compromise&ntibiotic effectiveneswasalsofound in evolvedescherichia
colicultures,in which cellsof increasedesistancénducedrug efflux pumpsin susceptible
cellsviathe signalingmoleculeindole[1).

Asanalternativeto reduceddrug susceptibilitybacteriacanalsoclearlethaldosesf antibi-
oticsfrom their environment.High celldensitiesandthusthe presencef manydrugtarget
sitesmaybesulfficientto lowerthe concentrationof activecompoundby titration of freedrug
moleculeg19. Furthermore antibiotic degradatiorvia -lactamasenablegrowthnot only
of resistantcellsbut alsoof susceptibleellsin their vicinity [20E27], evenacrosspeciesas
demonstratedor amoxicillin-resistantd. influenzaeand susceptibl& pneumoniag2324].
Thismechanisnis of directrelevanceo clinical medicineandis alternativelyreferredto as
passiver indirect resistancéfrom the perspectivef susceptibleells)or collectiveresistance
(from the perspectivef mixed populations)[ 25).

Here,wedescribeanothermechanisimby which bacteriasurviveantibiotic therapywithout
obtaininggeneticresistancewith the exampleof the bacteriostati@ntibiotic chloramphenicol
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(Cm) andthe opportunistichumanpathogers pneumoniagWe showthat Cm-resistant
pneumococcexpressinghe resistancéactor Cm acetyltransferag¢CAT) canprovidepassive
resistancéor Cm-susceptibl@neumococcby intracellularantibiotic deactivationCAT cova-
lently attachesn acetylgroupfrom acetylcoenzymeA (acetyl-CoA)Yo Cm[2627] andthus
preventghedrug from binding to bacteriakibosomed28). IntracellularCAT in resistantac-
teriacanpotentlydetoxifyan entireenvironmentin growth culture,semisolidsurface®f
microscopyslidesor in amouseinfection model,supportingthe survivalandgrowth of genet-
ically susceptibldacteriain the presencef initially effectiveCm concentrationsQur results
expandrecentfindings on the basisof E. coligrowth culturesandindicatea potentialclinical
relevancef passiveCm resistancé29,30.

Results
Antibiotic Resistance of the Pneumococcus

Resistancet® all currently prescribedantibioticshavebeenidentifiedin clinicalisolatestrains
of S pneumoniag31]. Geneghattransferantibiotic resistanceanbeclassifiedaccordingto
their modeof action[37]. Oneclaskeepghe cytoplasmiaruglevellow by preventingdrug
entry or by exportingdrug moleculesAnother classltersthe targetedenzymedy modifying
their drug binding sitesor by replacingthe entirefunctionalunit. A third classaltersthedrug
moleculeghemselveOnly membersof thelatter grouparepotentialcandidatedor establish-
ing passiveesistancen the pneumococcuggesistancgeneghat deactivatentibiotics
includeaminoglycosidghosphor-or acetyltransferasesmdcat To date, -lactamantibiotic-
degradingenzymesavenot beenreportedin S pneumoniagenome®r plasmidg 33.

Standardherapyof pneumococcahfectionsdoesnot includeaminoglycosidebecausef
therelativelyhighintrinsic resistancef S pneumoniag¢o memberof this antibiotic family. In
contrast,Cm,amemberof the World HealthOrganizationModel List of EssentiaMedicines
[34], isregularlyprescribedhroughoutlow-incomecountriesfor infectionswith S pneumo-
niaeandother Gram-positivepathogenslueto its broadspectrum oral availability andexcel-
lenttissuedistribution, including the centralnervoussystemRecentlythe antibiotic wasalso
discussedscandidatefor acomebackn developedhationsdueto spreadingesistances
againsfirst-line agent§ 35037).

To testwhetherpassiveesistancemerge$rom antibiotic-deactivatingesistancenarkers
with S pneumoniagweusedthe drug-susceptiblelinicalisolateD39[38]. We constructedan
antibiotic-susceptibleeporterstrainexpressindirefly luciferasgluc) andantibiotic-resistant
strainsexpressingingle-copygenomicintegrateckanamycin3®phosphotransferag@phAl),
gentamicin3%acetyltransferasg@acC}, andchloramphenicohcetyltransferageat). Resistant
andsusceptibleellsweregrown ata one-to-oneratio, and opticaldensity(both strains)and
bioluminescencéemittedby susceptibleellsonly) weremeasuredFig 1). Expressiorof cat,
but not aphAlor aacC| conferredpassiveesistancéo susceptibleells(asobservedy
increaseduminescencén mixedpopulationscomparedwith assaysf susceptibleellsonly;
S1Fig), mirroring prior investigation®of antibiotic deactivatiorby resistanisolatef S pneu-
moniag[39. Aminoglycosidepermeatehebacterialcellonly atlow frequency[40; high per-
meability,howeverwasrecentlyshownto represenainimportant preconditionfor the
establishmentf passiveesistancegxplainingwhy the phenomenorcould not beobserved
with aphAlandaacClexpressio29.

Collective Resistance to Cm In Vitro

To characterizéhe observedCm collectiveresistancén more detail weusedthe Cm-suscepti-
blestrain D-PEP2K1(from hereon Cm®), which constitutivelyexpresselsicandthe
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Fig 1. Experimen tal setup to determine passive resistanc e. Antibiotic-susceptible cells (Ab®)
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.

doi10.1¥1/journal.pli.2000631.g0D

kanamycinresistancenarkeraphAl1[41], andthe Cm-resistanstrain D-PEP1-pJS&rom
hereon Cm®), which expressesatfrom plasmidpJS§47] (seeViethods. Luminescence
allowedfor the real-timeestimationof growth (or inhibition) of the Cm®population,and
kanamycinresistanceallowedfor the monitoring of their viablecellcount by platingassay
the presencef kanamycin Cm repressethe growth of susceptiblpneumococcataminimal
inhibitory concentration(MIC) of 2.2! gml" %, andduring Cm exposureluminescencérom
lucexpressionf susceptibl@neumococcivaspreviouslyshownto decreasataratethat
depend®n the appliedCm concentration| 17). However whenCm?®wasco-inoculatedwith
CAT-expressing€m®, luminescencéindicativefor growth or inhibition of the Cm°cellfrac-
tion) recoveredboth for aCm concentratiorslightlyabovethe MIC (3! gml"%; Fig2A) and
evenfor aCm concentrationof morethantwo timesthe MIC (5! gml"*; S2Fig). Lumines-
cencerecoveryin mixed populationassay§Cm~ + Cm®) exceedethe valuesmeasuredvith
Cm®monocultureby up to 10-fold (Fig 2A and S2Fig), and platingassay$éwith kanamycin)
revealedhatthedifferencein viablecellcountwasl,000-foldgreaterafter8 h of cocultivation
(Fig2Band S2Fig). Although Cm is commonlyregardedasbacteriostatichactericidabctivity
hasalsobeendemonstratedigainsts pneumoniag43, explainingthe observediecrease
viability of Cm®monoculture(Fig 2Band S2Fig).

To confirm that CmR cellsactuallydeactivateCm in the growth medium,weanalyzedul-
ture supernatan{S)by high-performancdiquid chromatography¥HPLC) [44]. Asshownin
Fig 2C, within 4 h of growth,CmR cellsentirelyconvertedaninitial Cm concentrationof 5! g
ml" %, asevidencedy the disappearancef the correspondingCm peakatwavelengtl278nm.
Newpeakgatlaterelutiontimes)appeare@andgraduallyincreasedn HPLC profilesof Scol-
lectedafter1,2,and4 h of cultivation;thesepeaksverepreviouslyshownto correspondo
acetylatedCm derivateq1- and 3-acetylchloramphenico[}4].
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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 Cm® growing in the presence of 3 gml'* Cm, in presence (+) or
absence ( i) of CmR cells. (b) Development of the count of viable Cm® cells (colony-forming units per ml [CFUs ml ™))
during the cultivation assay presented in a, determined via plating in the presence of kanamycin; average values of
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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™* 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 Cm* cells treated with 3 g ml* Cm (inoculation at OD 0.001) in dependency of the inoculum size of CmR cells. (e, f),
Ccm® luminescence and growth analysis (e) in Cm-supplemented medium (3 g ml %) that was pretreated with CmR cell
pellet (P), S, and culture lysate (L), and controls without (C ') and with Cm (C*); (f) schematic overview of the assay (see
also Methods and S1 Data).

doi:10.1371/jotnal.pbio.200631.g002

Next,wefocusecbn whethertheinitial amountof CAT-expressingem® cellswasimpor-
tant for the survivaland growth of Cm® cellsduring drug treatment.To testthis, weinoculated
microtiter platewellswith afixed numberof Cm®cells(inoculationat opticaldensity[OD]
0.001correspondingo ~1.5# 1& colony-formingunits perml [CFUsml" 1) whilevarying
the numberof CmR cells(Fig 2D). High inoculationdensitiesof CmR cells(OD 0.01)resulted
in afastrecoveryof luminescencactivity of Cm® cellshoweverthe peakof luminescencevas
lowercomparedo intermediateCmR inoculationdensitiesThis differencecanbeexplained
by cellsreachingthe carryingcapacityof the growth mediumbeforethe pool of Cmiis
completelydeactivateduciferaseexpressioractivity waspreviouslyshownto slowdown
whenculturesreachhigh celldensitiegabove~OD 0.05)[41]. Relativelyow CmR inoculation
densitie{OD 0.0001 alsolimited luminescenceecoveryof Cm?®cellsduring cocultivation.
Thisfinding likely reflectsfewerCmR cellsrequiring moretime to deactivateCm, resultingin
increasedime spansf Cm®drug exposureProlongeddrug exposuref susceptibl@neumo-
cocciwaspreviouslyshownto resultin increasindagperiodsafterdrug removalindicatinga
more severgerturbationof cellhomeostasifl 7. Thetime spanbeforeoutgrowthof Cm*
cellsconsequentlyonsistof both the period requiredfor drug clearancéby Cm® cells)and
the periodrequiredto reestablislintracellularconditionsallowingfor celldivision.

Intracellular Deactivation of Cm

To testwhetherCm processindpy CAT is anintracellularprocessor if it takesplaceaftersecre-
tion or celllysis,weexaminedhe potentialof the Sandthe cytosoliccontentof CmR cellsto
deactivateCm (assapchemen Fig 2F). PreculturedCm? cellswerediluted to OD 0.02and
translationactivitywasblockedby adding1 ! gml * tetracycling([Tc]; S pneumoniad>39
MIC: 0.26! gml" %) [17] for 1 h at370Cto preventongoingprotein synthesisindthusCAT
expressionNext, the Tc-treatedculturewassplitinto threefractions:cellpellet(P) and S,sepa-
ratedvia centrifugation,andcellculturelysate(L), obtainedby sonication.The P wasresus-
pendedn C+Y mediumcontaining3! gml'* Cm (and1! gml * Tc),and3! gml' * Cmwas
addedto the SandtheL, followedby incubationat 370C After 2 h, theremainingcellsandcell
debriswereremovedby centrifugationandfiltration, andthe treatedmediumwasusecdto test
cellgrowth of a Tc-resistantariantof the Cm® strain. Neitherthe Snor the L could support
growthof Cm® whereasnedium preincubatedvith the P did (Fig 2E). Togethertheseexperi-
mentsindicatethat CAT is only activeinsideliving cells,in which acetyl-CoAis presen{26,27].

Single-Cell Observations of Collective Resistance

Becaus¢he abovementione@xperimentsvereperformedin bulk assaysyewondered
whetherCAT-expressingpacteriawvould alsoefficientlydeactivateCm, andthussupportthe
growth of susceptibleells,in amore complexenvironment,suchason semi-solidsurfacesTo
do so,wespottedCmR cellstogetherwith Cm-susceptibl®-PEP3Xellsexpressingreen
fluorescenprotein (GFP)on amatrix of 10%polyacrylamideC+Y mediumcontaining3! g
ml"* Cm. IndeedCm-susceptibl®-PEP3Z%ellswereableto growanddivide underthesecon-
ditions (S3Fig).
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S pneumonia&ohabitateshe humannasopharynxvith otherbacteriasuchasS aureus
[6]. ThereforeweinvestigatedvhetherCAT-expressing aureuscould alsosupportgrowth
of Cm-susceptibl& pneumoniaén environmentscontainingCm. Asshownin Fig3andS1
Movie, all S aureuscellsgrewanddivided from the startingpoint of the experimentwhereas
S pneumoniaé€Cm® cellsdid not growinitially. However after8 h, afraction of Cm°cellsgrew
out to form microcoloniesNotethat Cm® cellsspottedin theabsencef S aureusdid not
growundertheseconditions(S2Movie).

Requirements for Stable Coexistence

Theobservatiorthat Cm® cellsgrow only whenCm-deactivatingellsarepresenin their
closevicinity (Fig 3) suggestthat the establishmenof collectiveresistanceequiresCm®and
CmR bacteriato bepresentn the sameniche.However suchcoexistencés subjecto ecologi-
calconstraintqe.g. the competitiveexclusionprinciple) [45], particularlyif susceptibleand
resistanstrainscompetefor the samdimiting resourceWe thereforedevelopedin ecological
modelto assesthe scopdor coexistencéetweernCAT-producingbacterisandan antibiotic-
susceptiblstrain (S1Texi). Consistenwith this objective weemployedaminimalist model-
ing strategyand disentangledhe qualitativeeffectf differentfactors(antibiotic stressrela-
tive costof Cm degradatioranddensityregulationby ecologicatesourcecompetition)from
theinteractionbetweerCm®and Cm® bacteriaratherthanaimingfor aprecisequantitative
reconstructionof the experimentatonditions.In fact,in contrastto naturalenvironments
(suchasthe humannasopharynxjhat provideampleopportunitiesfor coexistencéecausef
spatialstructureand concentrationgradientsof multiple resourceshe modelconsidersa
worst-casacenaridor coexistencehetwo populationsareassumedo growin awell-mixed,
homogeneoushemostaenvironmentandarelimited by the sameresourceNonethelessye
found that coexistenc@etweerCm® and Cm®bacteriavasfeasiblgFig 4A and 4B), albeit
underarestrictedrangeof conditions(Fig4C and S4Fig). A mathematicahnalysiof the
model(S1Tex{) indicateshatresistantand susceptibléacteriacanestablista stablecoexis-
tencewhenCAT expressiomasamodestfithesscost.Without sucha cost,the CmR strainis
predictedto outcompetethe Cm®strainin the presencef antibiotics.Converselyif the cost
of expressingesistancés too high, the Cm> strainwill bethe superiorcompetitor.Interest-
ingly, the modelfurthermorepredictsparameterangeghatresultin the extinction of mixed
populationsduring drug treatmentwhile Cm® populationson their own could survive(S4
and S5Figs).A secondcondition for coexistenceemandshatthe Cm® populationhasasig-
nificantimpacton the extracellulalCm concentrationin its ecologicahiche.Thisrequires
thatthe populationdensityreachedt steadystatemustbehigh, sothat coexistenceanbesta-
bilizedby frequency-dependerselectiongeneratedy anegativefeedbackoop betweerthe
relativeabundancef drug-deactivatingellsandthe levelof antibiotic stressn the
environment.

We notethat competitiveexclusionactsat alocalscalen structuredenvironmentswhere
the presencef spatialgradientsn Cm andresourcesnayhelpto createrefugesn which
eitherstraincanescapeompetitionfrom the other.In addition, weexpecthat coexistence
betweerresistantand susceptibldacteriawvould be promotedin vivo by previouslyevolved
ecologicahichepartitioning betweerco-occurringspecies.

In Vivo Collective Cm Resistance

A generapredictionfrom our mathematicamodel(S1Texi) is that coexistencef Cm°and
CmRin the presencef theantibioticis precludedwhenthe production of CAT carriesno fit-
nesscost;weexpecthis predictionto applylikewisein more complexenvironmentswith

PLOS Biology | DOI:10.1371/journal.pbio.2000631 December 27, 2016 7119
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Fig 3. Interspecie s collectiv e resistanc e. Stillimages (overlay of phase contrast and fluorescence microscopy) of a time-
lapse experiment of S. pneumoniae Cm?®, 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™* Cm. Scale bar
10 m.

doi10.132/journal.ptn.2000631.g0B

spatialand/ortemporalheterogeneityn Cm concentrationsHowever,in vitro, in short-term
experimentsywedid not observeanyobviousfithesscostfor CAT expressiorfsuchasreduced
growthratesor areducedmaximumcelldensity;Fig 2). Neverthelessn vivo, afithesscost
might comeinto existencédecauseesistantcellsthat growrapidly might be preferentially
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Fig 4. Population dynamics of bacterial communit ies. (a) Simulated growth trajectories for CmR and Cm® populations subject to antibiotic stress and
resource competition. (b) Dynamic of intracellular Cm (y, 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 Cm®
cannot, due to a high concentration of Cm. However, the invasion of Cm® 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 showninaand b:r=20.0, =0.9,k,=4.0,c=1.0,p=50.0, hy =0.25/Y, ky = 2.5/Yj,
d =30.0/Yoand Yo =0.8. These parameters were selected to lie in a restricted area of parameter space (highlighted in red) where stable coexistence
between Cm® 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 Cm® only (area S), establishment of Cm® only (area R), no bacterial growth (area N), and competition-induced extinction (area E,
where Cm?® bacteria first outcompete CmR bacteria and subsequently are cleared by the antibiotic; see S5 Fig).

doi:10.1¥1/journal.plai.2000631.904

PLOS Biology | DOI:10.1371/journal.pbio.2000631 December 27, 2016 8/19



@'PLOS | BIOLOGY

Collective Antibiotic Resistance

targetecby the hostinnateimmune systemaspreviouslyshownfor commensahndpatho-
genicbacteriajncluding E. coliand S aureuq 46. We testedthe activity of the humanantimi-
crobialpeptideLL-37in dependencyf Cm treatmentandfound,indeed increasedilling
efficiencyagainstCAT-expressing pneumoniaéS6Fig). Furthermore althoughcollective
resistanceouldbesuccessfulldgemonstratedn vitro, the phenomenormight not occurin
more complexenvironmentsn vivo, suchasin ananimalinfection model,becausef adiffer-
entflux balancebetweerocal Cm deactivatiorandrestorationof effectivedrug concentra-
tions viadiffusion from surroundingtissuesTo examinewhethera coexistencéetweerCm®
andCmRis possiblaundertherapyin vivo, we performedintratracheainfection of 8-wk-old
femaleCD-1 micewith Cm®aloneandthe combinationof Cm®+ Cm~.

In theabsencef Cm treatmentweobservedo significantdifferencein theamountof via-
blebacteriarecoveredrom thelungs24h afterinfectionwith Cm°aloneversusCm®+ CmR
ataone-to-oneratio (Fig 5A). Whenmiceweregiventhreedosef 75mgkg * Cmonce
every5 h, miceinfectedwith Cm®alonedemonstrated significantdrop of onelog-fold versus
theuntreatedcontrol. Thisisin contrastto micecoinfectedvith Cm®+ CmF, in whichCm
treatmentdid not significantlyreducethe numberof viablebacteriarecoveredrom thelung
versugheuntreatedcontrol (Fig 5A). In the one-to-onemixedinfection,approximatelyequal
numbersof Cm°and CmR cellswererecoveredn the absencef Cm treatment:46%Cm®and
54%CmR (Fig 5B). Surprisinglywith Cm treatment,6 out of 14animalshadadramatic
increasen the percentagef Cm°® cellsversusCm® cells No pneumococcatoloniesrecovered
couldgrowin both Cm- andkanamycin-containiig media,excludingthe possibilitythat hori-
zontalgenetransferof the catgeneoccurredduring coinfection.Togethertheseresultsshow
that passiveCm resistanceandthe coexistencef resistaniand susceptibleellsalsooccurin
vivo, associatewith afitnesscostto the Cm® nichemembersbenefitingthe Cm®
subpopulation.

Discussion

Thiswork elucidateghat CAT, whichis commonlyfound asaresistancenarkerin the human
microbiome[4 749, caneffectivelyprotectCm-susceptiblpneumococcfrom the activity of
thedrugwithin localenvironmentsoccupiedoy CAT-expressingells. Becausef its potency,
long shelflife, andlow cost,Cm remainsamainstayof broad-spectrunantibiotic therapyin
severatountriesin Africa, the Indian subcontinentand China[50. Theriseof multidrug
resistanceamonghumanpathogensasalsoprovokedinterestin reevaluatindCm for certain
seriousnfectionsin developeaountries[35E87]. Thiswork pointsout somecaveatsn using
Cm to targethumanpathogen®n mucosakurfacedbecaus€AT-expressingommensals
might providepassiveesistance.

CAT canonly deactivateCm insideliving cells(Fig 2Eand 2F), presumabhibecausé
needsacetyl-CoAto acetylateanddeactivatehetargetdrug[26,27]. We showthat Cm deacti-
vationandcollectiveresistanceria CAT is not limited to S pneumoniaghecaus€AT-express-
ing S aureuscanalsosupportthe localgrowth of pneumococcin the presencef initially
effectiveCm concentrationgFig 3). Collectiveresistancéy CAT doesnot only occurin vitro
but alsoin vivo in amousepneumoniamodel(Fig 5). Strikingly,whenCm-treatedmicewere
coinfectedwith CAT-expressingind Cm-susceptibl@neumococcithe susceptibléacteria
outcompetedheresistanibnes(Fig 5). We previouslyshowedhat the susceptibilityof bacte-
ria towardsantimicrobial peptidesproducedby the hostinnateimmune systemis markedly
diminishedin the presenc®f bacteriostati@antibiotics;Cme-inhibited E. coli, for exampleare
les=efficientlyclearedby the humanpeptidelL L-37[46. We coulddemonstratehat this mech-
anismalsotakesplacein S pneumonia€S6Fig). When Cm wasaddedto LL-37treatmentof

PLOS Biology | DOI:10.1371/journal.pbio.2000631 December 27, 2016 9/19



@'PLOS | BIOLOGY

Collective Antibiotic Resistance

; ns : b
108 — —— 100 -
'"0;‘ """ 7 90 - .
_ L B . . 30 | ; .
2 406 g 70 - .
5 10° 4 A . - .% o .0 :
L o E n
2] pes W1y Bese oL 20— "
] AA L ] o P
o, a:_ ° £ 40 - .
s
103 | 20 A
v 10 - S
102 . : ; : 0 : npn®
CmS CmS CmS+CmR CmS+CmR CmS+CmR CmS+CmR
Control 3xg5hCm  Control 3xg5hCm Control 3xq5hCm
75 mgkg™! 75 mgkg! 75 mgkg™!

Fig 5. Cross-prot ection in amouse pneumo nia model. (a) Eight-wk-old female CD1 mice were infected
intratracheally with Cm® pneumococci or an equivalent amount of Cm® + CmR pneumococci in a one-to-one
ratio. One h post infection, mice were treated with one intraperitoneal injection of Cm 75 mg kg ™ followed by two
additional doses spaced 5 h apart. Control mice received an injection of the vehicle alone. n = 14 for Cm®
control; 13 for Cm*> Cm-treated; 13 for Cm® + CmR control; and 14 for Cm® + CmR Cm-treated. Data plotted as
average and s.e.m. of two independent experiments combined. Dashed line Oinoad&notes the initial inoculum.
*p  0.05; one-way ANOVA with TukeyOsnultiple comparison post-test. (b) Bacterial colonies recovered from
the Cm® + CmR control and Cm® + 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 gml™ Cmor100 gml™ kanamycin to determine whether or not the original bacterial
colony was Cm® or CmR. n = 9 for Cm® + CmR control and 14 for Cm® + CmR Cm-treated. Data plotted as
average and s.e.m. of two independent experiments combined. * p = 0.04; MannBWhtney U test (see S1 Data).

doi:10.1377journal.pbio.200631.g005

pneumococcithe numberof Cm® cellsrecoveredvasonelog-fold highercomparedwith

cm® cells(S6Fig). As shownbefore this effectoccursbecaus®acteriostati@ntibiotics,such
asCm, inhibit the growth of susceptibldacteriaandtherebyreducethe susceptibilityto host
antimicrobialpeptideghattargetbacterialdivision; Cm-resistanbacteriajn contrastmain-
tain fastgrowthin the presencef Cm andarethereforemorerapidly killed by hostantimicro-
bial peptidesn vivo [46]. This phenomenommaythereforerepresentcontributing factor
underlyingour findings of the mousepneumoniamodel.In this framework rapidly growing
cmR cellswould sufferimmune clearancewhile theinitially nongrowingCm?® arelesseffi-
cientlytargetedby hostdefensdactors. Oncethe Cm concentratiorhasdroppedsufficiently,
Cm?® cellscanoutgrowand outcompetethe diminishedCmR population.

Our work with CAT andpneumococcugxtendghe known phenomenorof passiveesis-
tancevia -lactamasexpressiorandexpandn recentfindingsof collectiveresistancef bac-
terial communities[29,3(. Intracellularantibiotic deactivatiorrequiresa high drug
permeability andit is worth noting that thisNin generatesiredNdrugcharacteristicanalso
representrisk factorfor the effectivenessf anantibiotic therapy Passiveesistanceould
alsoappeamwith otherantibiotic-degradingesistancéactorsin otherbacterig 29 andmay
evenemergdor syntheticantibiotic compoundg51]. In light of numerousreportsof preva-
lenceof drug resistancén pathogenssuccessfudntibiotic therapymight becoméncreasingly
complicatedwith the occurrenceof collectiveresistanceThe phenomenaould furthermore
giveriseto multidrug resistancef bacteriacommunities,in whichindividual resistanceare
expresseth differentbacterialcommunity residentgd 2,1830. Our mathematicamodel,how-
ever predictsthat collectiveresistancés only sustainablevhenresistancexpressiortomes
ata(modest)fitnesscost(S4Fig), and competitiveexclusionis avoidedby strongecological
feedbaclor alternativemechanismgsuchasspatiotemporastructureor previouslyevolved
nichepartitioning). Nevertheles®venif coexistencés limited, the prolongedsurvivalof sus-
ceptiblecellswithin resistantommunitiesmayalreadyrepresentinissuebyincreasinghe
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opportunity for horizontalgenetransferduring antibiotic selectiompressurePassiveesistance
might consequentlyepresentanimportant factortowardsthe developmenbf geneticmulti-
drugresistance.

Methods
Strains and Growth Conditions

S pneumoniaé€Cm®, aCm-susceptibl®39 derivatestrainthat constitutivelyexpresselsic and
akanamycinresistancenarkerwasusedthroughout. The Tc-resistantariantof this strain
containedthe TcresistancgenetetM integratedatthe bgaAlocus,obtainedviatransforma-
tion with pPP1]52]. luchasareportedhalf-life of 3 min in S pneumoniagandluminescence
thereforegivesreal-timeinformation on the levelof geneexpressioractivity[41,53. S pneu-
moniaeCmR, expressingCAT from plasmidpJS5wasusedasstandardfor aCm-resistant
strain.Initial experimentsverecarriedout with the Cm-resistanstrain D-PEP1C3hat
expresse€AT from astrongsyntheticpromoter.S pneumoniad-PEP33xpressingsFP
wasusedasa Cm-susceptiblstrainin time-lapsemicroscopyexperimentg41]. S aureus
experimentsvereperformedwith strain LAC pCM29[54] that constitutivelyexpresse€AT
andGFP.

S pneumonia@nd S aureuscellsweregrownin C+Y medium (pH 6.8),supplemented
with 0.5! gml"* D-luciferin for luminescenceneasurementsit 370 55. Pre-culturegor all
experimentsvereobtainedby astandardizegbrotocol,in which previouslyexponentially
growingcellsfrom " 800Cstockswerediluted to OD (600nm, pathlength10mm) 0.005and
grownuntil OD 0.1in avolumeof 2 ml mediuminsidetubesthatallowfor directin-tube OD
measurementd.o determinethe numberof colony-formingunits (CFUs),S pneumoniae
cellswereplatedinside Columbiaagarsupplementeavith 3%(v v %) sheefbloodandincu-
batedovernightat 370C.

Microtiter Plate Reader Assays

Costar96-wellplategwhite, clearbottom) with atotal assaywolumeof 300! | perwellwere
inoculatedto the designatedtartingOD value Microtiter platereaderexperimentsvereper-
formedusinga TECAN infinite pro 200platereader(TecanGroup) by measuringeveryl10
min with the following protocol:5 sshakingOD (595nm, pathlength10mm) measurement
with 25flashesluminescenceneasurementvith anintegrationtime of 1 s.

In mixed populationassaygshownin Fig 2A), all cultureswereinoculatedwith Cm®cells
to aninitial celldensityof OD 0.001CmR cellswereinoculatedto the samedensity,andcon-
trol cultureswithout CmR cellscontainedequalamountsof Cm-sensitiveD39wild-type cells
to correctfor unspecificeffectssuchasdrug-titration via cellularCm binding.

HPLC Analysis

Swereobtainedby CmR cultivation (inoculationat OD 0.001)in thepresencef5! gml' *Cm
in microtiter plategasdescribedabove) Fourwellsweresampledand pooledpertime point
(combinedvolumeof 1.2ml), centrifugedto removecells andfiltered througha0.2! m filter.
HPLC analysisvascarriedout usingan Agilent 1260Infinity system(Agilent Technologies)
with ultraviolet(UV) detectionat 278nm (maximumabsorbancef Cm) [44]. An AerisPep-
tide XB-C18column (Phenomenexyvith 3.6! m particleandasizeof 250# 4.60mm was
used Reversed-phastrromatographyvascarriedout ataconstantflow rateof 1 ml min " 2,
with themobile phaseconsistingof solutionA: 10mM sodiumacetatéuffer (pH 6.0)contain-

ing 5%acetonitrile(v v ) andsolution B: acetonitrile0.1%TFA, accordingto the following
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protocol:100! | sampldoading,3 min 10%B, 20min gradient10%to 50%B, 1 min gradient
50%to 95%B, 3 min 95%B, 1 min gradient95%to 10%B, 6 min 10%B.

Microscopy

A Nikon Ti-E microscope=quippedwith aCoolsnapHQZameraandan Intensilightlight
sourcewasused.Time-lapsemicroscopywascarriedout by spottingpre-culturedcellson 10%
polyacrylamideslidesinsidea GeneFrame(ThermoFisherScientific)that wassealedvith the
coverglasgo guaranteestableconditionsduring microscopy.The polyacrylamideslidewas
preparedwith growth mediumcontaining3! gml’* Cm. Imageof fluorescingcellswere
takenwith the following protocolandfilter settings0.3sexposurdor phasecontrast,0.5s
exposurdor fluorescencat440D49@m excitationviaadichroic mirror of 495nm, andan
emissiorfilter of 500D55@m. Temperatureduring microscopywascontrolledby an Okolab
climateincubator,andimagesveretakeneverylOmin during 20h at370C.

Mouse Infection Model

Themurine pneumoniamodelwasperformedwith slightmodificationsaspreviously
described56. Basen pilot experimentsyeestimatedhat the numberof animalsrequired
to observea statisticalifferencebetweerthe groupswould exceedhe technicallimit of ani-
malsthat couldbeinoculatedandtreatedperday. Thereforethe experimentassplitinto 2d
with theoriginal pool of animalsrandomizedto eachgroupatthe startof the multi-day experi-
ment.Prior to statisticaknalysisthe datawerecombined Notethatall intratracheainfections
wereperformedin ablindedfashionwith respecto Cm or vehicletreatment.Eight-wk-old
femaleCD1 mice (CharlesRiverLaboratoriesyith anaveragdodyweightof 28 g wereused.
Freshculturesof Cm®and CmR werestartedin 10ml of Todd-Hewitt broth containing2%
yeasextract(THY) and10ml of THY supplementeavith 5! gml’ * Cm, respectivelyCultures
weregrownat 370CGin a5%CO, incubatoruntil OD (600nm) 0.6.Bacteriaverewashedwice
with PBSviacentrifugationat 3,220# g atroom temperatureand concentratedn PBSto yield
3.5# 10’ CFUin theinoculationvolumeof 40! . For mixedinfections,an equalvolumeof
concentratedCm®and CmR pneumococciverecombined Mice wereanesthetizegvith 100
mgkg * ketamineand10mgkg * xylazine Oncesedatedthe vocalchordswerevisualized
usinganoperatingotoscopgWelchAllyn), and40! | of bacteriawasinstilledinto thetrachea
during inspiration usingaplasticgelloadingpipettetip. Mice wereplacedon awarmedpad
for recoveryAfter 1 h, oneintraperitonealinjection of Cm 75mgkg * or vehiclecontrolswas
given,followedby two additionaldosespaced h apart.Mice weresacrificedwvith CO, 24h
afterinfection.

To enumeratdotal survivingbacteriain thelungs,both lung lobeswereremovedand
placedn a2 ml sterilemicro tube(Sarstedtrontainingl ml of PBSand 1 mm silicabeads
(Biospec)Lungswerehomogenizedy shakingtwiceat 6,000rpm for 1 min usingaMagNA
Lyser(Roche)with the specimenglacedon iceassoonastheywereharvestedAliquotsfrom
eachtubewereseriallydiluted for CFU enumerationon THY platesTo determinewhetheror
not acolonywasCm®or CmR, individual coloniesfrom the THY plateswerepickedandtrans-
ferredinto 100! | of THY mediain 96-wellplatesThe 96-wellplateswvereincubatedovernight
at370Cn a5%CO, incubator.After overnightincubation,wellsweremixed,and5! | of
mediafrom eachwellwastransferrednto 100! | of THY containing15! gml *Cmor 100! g
ml" * kanamycin The 96-wellplateswvereonceagainincubatedovernightat 37(Gin a5%CO,
incubator,andwellswerefinally assessefdr the presencer absencef abacterialP.Cm
(! 98%purity; Sigma)for animalinjection waspreparedasfollows:40mgml * of Cmwas
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dissolvedn 800! | of 70%ethanolin PBSto makea50mgml’ * stocksolution. This stocksolu-
tion wasdilutedin PBSo 3.75mgml’ * for intraperitonealinjectioninto miceat 75mgkg *.

Ethics Statement

This studywascarriedout in strictaccordancevith therecommendationén the Guidefor the
Careand Useof LaboratoryAnimalsof the NationalInstitutesof Health. The corresponding
protocolentittled OMousdlodelsof Bacterialnfection and Innate ImmunityO(#S00227M)
wasapprovedoy the Institutional Animal Careand UseCommitteeof the Universityof Cali-
fornia, SanDiego(Animal WelfareAssurancéNumber:A3033-01)All effortsweremadeto
minimize sufferingof animalsemployedn this study.

Modeling

Themodeldescribeshe dynamicof acocultureof CAT-expressingm” and Cm®bacterial
cellsgrowingin the presencef Cmin achemostaenvironment.Thetwo strainswith popula-
tion densitiesx, andx,, respectivelygompetefor agrowth-limiting resourcez. Cmisassumed
to inhibit growth;weseparatelkeeptrack of theintracellularconcentrationsf Cm (ysin sus-
ceptiblecellsandy; in resistantcells)andits concentrationin the extracellulamediumy;,.

The equationdor the growth of the two bacterialpopulationsandthe growth-limiting
resourcearegivenby

dxs " z hy .

dt rkz# zh # ysxs$ X

dxr n z hy .

dt Zrkz# zh # y,X“$X" %e
!

dz z h h

az . % y y .

dt AS S e SRy YRy,

wherer isthemaximumgrowthrateof Cm°cells, istherelativegrowth efficiencyof Cm™
cellscistheresourceconsumptionrate,andk, andhy, respectivelyarethe half-saturation
andinhibitory constantf the growthfunction. Time, resourceconcentrationandcelldensi-
tieshavebeenscaledelativeto the flow rateof the chemostatthe resourceconcentrationin
theinflow medium,andthe numberof cellsthatfit in the chemostatolume,respectivelyin
orderto reducethe numberof freeparametergseeS1Textfor details).

The concentration®of Cmin the differentcompartmentsyhich havebeenscaledelative
to the Cm concentrationin theinflow medium,changeaccordingto the equations:

dym " 1 Xs%m $ ys&# Xr%m $ yr& dln%$ Xs$ Xr&.

o 1sxsx°P 13 x.$ X $ Y Y dt !

dy o dInX 0
HYs " S . /2&
p P $ YES Yo 8 Yo~ g

dy. . A dinx,

Theprocessedescribedy thetermson theright-handsideincludeinflow of Cminto the
medium,passivaransportof Cm betweercompartmentsat ratep, outflow from the chemo-
stat,degradatiorof Cm by CAT in CmR cells(accordingto MichaelisbMentekineticswith
maximumrated andhalf-saturationconstantk,), andconcentrationchangeslueto fluctua-
tionsin thevolumeof the compartmentsEqs(1) and(2) weresolvednumericallyusing
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Mathematica(Wolfram) or simulationsoftwarewritten in C™ (usedfor the numericalbifur-
cationanalysisbasedn a RungebKutténtegrationalgorithmwith adaptivestep-size
control).

Supporting Information

S1Fig. Antibiotic degradationin the pneumococcus(akx), Platereaderassaygetsn quadru-
plicate(averagands.e.m.measuringuminescencésymbolswith color outline) andcellden-
sity (correspondinggreysymbols)of antibiotic-resistan{Ab%), antibiotic-susceptibléAb)
andamixture of resistanandsusceptibl¢Ab™+Ab® S pneumoniaeellsgrowingin the pres-
enceof 200! gml" * kanamycin(a), 20! gml"* gentamycin(b), and3! gml"* chloramphenicol
(c). Assaysith resistantells(AbR) wereinoculatedto adensityof OD 0.002mixed popula-
tions (Ab™+AbS) to adensityof OD 0.001leachandsusceptibleells-only(AbS) alsoto aden-
sity of OD 0.001with the addition of equalamountsof D39 wild typecellsto correctfor
unspecificeffectssuchascellulardrug binding. D-PEP22hat constitutivelyexpressesirefly
luciferasevasusedthroughoutassusceptiblstrain. ResistanstrainsexpressedphAl(a),
aacCl(b), andcai(c). Notethatin aminoglycoside-inhibitd cultures(aandb) luminescence
of AbR+Ab® assaysecreasechorerapidly comparedwith AbSassaysThis canbeexplained
by reduceduciferaseexpressiomateswhenculturesexceeddD 0.05;Ab%cultures in contrast
to AbR+Ab® cultures do not reachOD 0.05and consequentlgontinueto expressuciferaseat
ahigherrate[4]] (seeS1Datg).

(TIF)

S2Fig. Chloramphenicol deactivationassayat a concentration of two timesthe MIC. (a),
Platereaderassaypetdn quadruplicatqaveragands.e.m. measuringuminescencésymbols
with coloroutline) and celldensity(correspondinggreysymbols)of chloramphenicol-suscep-
tible S pneumoniad-PEP2K1(Cm®) growingin thepresencef 5! gml”* chloramphenicol
(Cm), in presencé+) or absencg" ) of resistanD-PEP1-pJSECmR) cells.(b), Development
of the countof viableCm® cells(CFUsml %, colony-formingunits per ml) during the cultiva-
tion assayresentedn a, determinedviaplatingin the presencef kanamycinaveragealues
of duplicatesareshown(seeS1Datd).

(TIF)

S3Fig. Single-cellanalysisof pneumococcatollectiveresistance(a,b), Stillimagegoverlay
of phasecontrastandfluorescencenicroscopy)of atime-lapseexperimentof chlorampheni-
col-susceptibl& pneumoniad-PEP3Xellsthat constitutivelyexpres$ FP eitherco-culti-
vatedwith the CAT-expressing pneumoniad-PEP1-pJSE) or in monoculture(b),
growingon asemi-solidsurfacesupplementeavith 3! gml" * chloramphenicolHigh inocula-
tion densitiesverespottedyesultingin rapid chloramphenicoleactivationn the co-cultiva-
tion assaylNotethat GFP whichallowsfor the distinction betweerchloramphenicol-
susceptiblend-resistantcellsatthe beginningof the time-lapseexperiment(fluorescenwver-
susnon-fluorescent)bleachesguickly in the courseof the assayinhibited susceptibleells,
evenafter(partial) Cm clearanceglo not expressufficientlevelsof GFP(counteractingphoto-
bleaching}o allowfor acontinuousdetection Scalébar,10! m.

(TIF)

S4Fig. Numerical model analysis.(aEx), Coloredareasndicatequalitativelydifferentout-
comesof competitionbetweerCm®and CmR cellsin modelsimulations asafunction of two
keyparametersthe growthrateefficiencyof CmR cells(1® quantifiesthe costof CAT
expressionjandthe concentrationof Cmin theinflow medium(Yo; OantibiotistressQ(p),
An orangeline borderstheregionin whichthe Cm®straincangrowfrom low initial density.
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Thisis belowa critical levelof antibiotic stressor in anarrowrangeof valuesvhentheresis-
tant cellsarepresentThe CmR straincangrowfrom low initial densityin the areabordered
by asolidblueline, but canmaintain high populationdensitieoveralargerareaof parameter
spacdi.e.,in theareaborderedby adashedlueline). Stablecoexistencef both strainsis
maintainedin anarrow parameteregion(redarea) When iscloseto 1,CmRisalwaysa
superiorcompetitor(dark bluearea),n line with the analyticakesultthat coexistenceannot
bemaintainedunlessCAT expressioris costly When CAT expressiorcostsarehigh, Cm®
tendsto outcompeteCm®. However this processeadsto anelevationof Cmin the medium,
which mayeventuallycauseboth strainsto goextinct (light blueareahere,CmR® cansurvive
onits own, but not whenCm?®is alsopresentseeS5Fig). Alternatively,Cm°® canpersiston its
own afterdriving CmR to extinction (orangearea) Parametersre:r = 20.0k, = 4.0,c= 1.0,
p=50.0hy = 0.25K,, ky = 2.5/ gandd = 30.0K,. In (b), therelativebenefitof CAT degrada-
tion islarger,dueto aslowerdiffusion of Cm acrosghe cellmembrangp = 25.0;other param-
etersasin a). (¢), This panelillustratesthe effectof achangen theresourceconsumptionrate
cwhichaffectghe equilibrium populationdensitiegc= 2.0;otherparameterssin a). In this
caseCm~ and Cm°reachlowerequilibrium densitiesweakeninghe effectof CmR on the
environment.Asaresult,the conditionsfor coexistencbecomemore stringent.Throughout,
weperformedmultiple simulationsper parameteicondition to searchor boundaryandinte-
rior equilibria,andclassifiedhe dynamicsbasedn the stability propertiesof the equilibria.
Color saturationwithin eachareagivesanindication of the total celldensityat equilibrium.
(TIF)

S5Fig. Extinction induced by competition. (), Simulatedgrowth trajectoriesor Cm~ and
Cm°® populationssubjecto antibiotic stressand competitionfor alimiting resourceHere, the
CmR strainis aninferior competitorthatis drivento extinctionby theinvasionof Cm®cells,
eventhoughthe growth conditionsarenot permissivefor the survivalof Cm®on its own.
Extinctionis causedy abistabilityin the growthdynamicof CmR cells:acritical celldensity
isrequiredto lowerthe concentrationof Cm belowthe levelthat permitspopulationgrowth.
Theinitial CmR celldensityin the simulationwasjustabovethis critical level(indicatedby a
dottedgrayline); the CmR cellsarenot ableto invadeif their initial densityliesbelowthe
threshold(shownby the dashedluetrajectory).However aftersuccessfuhvasion(solid blue
trajectory),the Cm® cellscanstill bepushedbelowtheir critical densityby competitionwith
the Cm?®strain, triggeringthe collapseof both populations (b), Dynamicsof intracellularCm
concentrationandresourceParametersre:r = 20.0, =0.85k,=4.0,c=1.0,p=50.0hy =
0.25ky = 2.5andd = 30.0.

(TIF)

S6Fig. LL-37 activity in dependencyon chloramphenicol.Killing of Cm-susceptibl& neu-
moniaeD-PEP2K1(Cm® andCm-resistanD-PEP1C3Cm®) by the humanantimicrobial
peptideLL-37ataconcentrationof 50! gml" %, in absencé") or presencé+) of 5! gml"*
chloramphenico[(Cm); averagands.e.mof duplicatesareshown. P< 0.05wo-tailedt-test
(seeS1Datd).

(TIF)

S1Text. Derivation of the mathematicalmodel and model analysis.
(PDF)

Si1Data. Numerical valuesunderlying the datapresentedin the figures.
(XLSX)
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S1Movie. Developmentof interspeciescollectiveresistance Time-lapsemicroscopyexperi-
mentof S pneumoniad-PEP2K1(Cm>®), co-cultivatedwith astrainof the pneumococcal
nichecompetitorStaphylococcuireusthat expresse€AT and GFP(strain LAC pCM29),
growingon asemi-solidsurfacecontaining3! gml" * chloramphenicolThefirst still frameof
thetime-lapse=xperimentis annotatedasonehour into the cultivation start(01:00);onehour
wasthetime requiredfor reachingstableconditionsinsidethe microscopyslidethat allowfor
automatedecording.Notethat GFPexpressionin the caseof the Cm-resistans aureusLAC
pCM29,is not inhibited by the Cm treatment,and GFPis consequentlgontinuouslypro-
duced(counteractingphotobleachingnddilution). Theobservedigh fluorescencés the
resultof GFPexpressiorirom amulti-copy plasmid(in contrastto the single-copygenomic
integrationin S pneumoniad-PEP33hownin S3Fig).

(MP4)

S2Movie. Chloramphenicol-treated susceptiblepneumococci.Time-lapsanicroscopy
experimentf chloramphenicol-susceptib® pneumoniad-PEP2K1(Cm® monoculture
growingon asemi-solidsurfacecontaining3! gml’ * chloramphenicol.

(MP4)
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