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M Check for updates

The spread of antibiotic resistance is attracting increased attention to
combination-based treatments. Although drug combinations have been studied
extensively for their effects on bacterial growth'™, much less is known about their

effects on bacterial long-term clearance, especially at cidal, clinically relevant
concentrations? ™, Here, using en masse microplating and automated image analysis,
we systematically quantify Staphylococcus aureus survival during prolonged
exposure to pairwise and higher-order cidal drug combinations. By quantifying
growth inhibition, early killing and longer-term population clearance by all pairs of 14
antibiotics, we find that clearance interactions are qualitatively different, often
showing reciprocal suppression whereby the efficacy of the drug mixture is weaker
than any of the individual drugs alone. Furthermore, in contrast to growth

inhibition®™°

and early killing, clearance efficacy decreases rather than increases as
more drugs are added. However, specific drugs targeting non-growing persisters

15-17

circumvent these suppressive effects. Competition experiments show that reciprocal
suppressive drug combinations select against resistance to any of the individual
drugs, even counteracting methicillin-resistant Staphylococcus aureus both in vitro
andina Galleria mellonellalarvamodel. As a consequence, adding a 3-lactamase
inhibitor thatiscommonly used to potentiate treatment against 3-lactam-resistant
strains can reduce rather thanincrease treatment efficacy. Together, these results
underscore the importance of systematic mapping the long-term clearance efficacy of
drug combinations for designing more-effective, resistance-proof multidrug regimes.

Antibiotics are the most effective tool to treat bacterial infections,
butbacteriaarerapidly developing both resistance and persistence to
these drugs™?. The use of antibiotics has increased steadily over the
past 15 years and is now further increasing due to the ongoing coro-
navirus pandemic; nearly all patients with severe COVID-19 are receiv-
ing antibiotics to prevent and treat secondary bacterial infections®.
Meanwhile, bacterial pathogens—most prominently, the widespread
opportunistic pathogen Staphylococcus aureus—are evolving ways to
evade antibiotickilling through various mechanisms of resistance?*
as well as persistence®?*, whereby a small isogenic subpopulation of
bacteriaundergoes a phenotypic change to temporarily avoid the cidal
effect of the antibiotic®. Antibiotic persistence leads to abiphasic kill-
ing curve, beginning with an early phase of rapid killing of the normal
cells and continuing with a later phase of a much slower killing of the
persistent cells?. Persistence can therefore reduce the ultimate infec-
tion clearance efficacy of antibiotic treatments?.

Aspathogens evolveresistance and persistence to antibiotics, drug
combinations are gaining increased attention®®. Multidrug therapies
can have potential benefits in increasing the spectrum of targeted
pathogens, preventing the emergence of antibiotic resistance and
improving clinical efficacy?® . Considering the effects of subinhibitory

drug combination on bacterial growth (growth-inhibition interac-
tions), laboratory studies have found that the potency of drug mixes
increases with the number of co-mixed drugs, yet specific drug pairs
and multidrug combinations can substantially deviate from this gen-
eral trend due to drug synergy and antagonism' ™. Considering the
bactericidal effects of drug combination, drug antagonism is com-
monly revealed, especially between static and cidal drugs®****°, In
some cases, drug antagonism can be so strong that the combined effect
of co-mixed drugs is weaker not only compared with their expected
additive effects but also compared with the effect of one of the drugs
alone'>*'3*# Such suppressive, or hyperantagonistic, interactions are
typically non-reciprocal—the combined effect of the drugs is weaker
than one of the mixed components but not the other (one drug sup-
presses the effect of the other, but not vice versa)*'>***, In principle,
drug combinations of which the effect is weaker than the effects of
either one of the individual drug components are also possible (recipro-
calsuppression). However, despite the potential clinical implications of
suchreciprocal suppression—which, while jeopardizing drug efficacy,
may counteract resistance>* *—such extreme interactions are not
observed in drug combination effects on bacterial growth inhibition
oronthe early-killing phase.
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Although drug combination effects on growth inhibition have been
systematically mapped'™, much less is known about how drugs com-
bineto affect longer-term population clearance and persistence (clear-
ance interactions)> ', Measuring bacterial survival after prolonged
exposures to individual drugs and drug combinations is inherently
difficult as it requires the quantification of low densities of surviving
cells, and the use of conventional plating techniques limit the num-
ber of antimicrobial combinations that can be tested*. Initial studies
mapping the effect of specific drug pairs on intermediate (2-4 h) or
long-term clearance (8 h) identified synergistic, antagonistic as well
asnon-reciprocal suppressive interactions? ¥, At longer-termsurvival
(1day exposure), there is even an example of reciprocal suppression®.
Owingtothelack of ahigh-throughput approach to quantify cell viabil-
ity enmasse, a systematic study of such clearance interactions is lack-
ing. Itistherefore unclear to what extent these clearanceinteractions
correlate with early-killing and growth-inhibitioninteractions, how the
overall clearance efficacy varies with the number of co-mixed drugs,
and whether reciprocal suppression could be identified and used to
counteract resistance to the single drugs.

High-throughput cell-viability assay

Tosystematically quantify bacterial survival under arange of drug com-
binations, we adapted a high-throughput cell-viability assay based on
miniaturized plating and automated image analysis**. In brief, growing
S.aureusbacterial cultures were treated withindividual drugs or drug
mixes. Then, at several time points after drug exposure, the cultures
were microplated at arange of dilutions. Automated imaging and image
analysis enabled the quantification of the number of microcolonies
grown at each microplating spot (up to 100 colonies were detected
in each microplating spot in a 96-well format) (Methods and Fig. 1a).
Detection sensitivity and reliable colony counting was facilitated by
differential labelling and co-culturing of the same S. aureus strain with
two different fluorescent markers (DsRed and GFP). Using this assay, we
comprehensively quantified the effect of pairwise and multidrug mixes
ontheearly-and late-killing phases of a drug-sensitive S. aureus strain
aswellasonthe competitionamong drug-sensitive and drug-resistant
strains (Methods; a total of over 25,000 microplating images).

Drug interactions in earlykilling

Mapping the growth inhibition and early-killing interactions among
all pairwise combinations within a set of 14 diverse antibiotics (Sup-
plementary Table 1) revealed two distinct networks of synergistic,
antagonistic and non-reciprocal suppressive interactions (Extended
DataFig.1).Inspired by previous studies’?, we defined for each pair of
drugs A and B two-directional interaction scores signifying the effect
ofdrug AondrugBandthe effect of drug BondrugA. For early killing,
directional interactions were defined on the basis of measurements
of the decrease in cell viability during 90 min after exposure to each
of the 14 drugs when applied individually (each drug Ais applied at a
fixed cidal concentration A, chosenon the plateau of its dose-response
curve, and at double this concentration, A,, =2 x A,,; Extended Data
Fig. 2a and Supplementary Table 1) and when applied in pairwise
combinations (4, + B;,) (Methods and Fig. 1b). For growth inhibition,
directional interactions were defined based on measurements of the
90% inhibitionisobole in two-dimensional concentration gradients of
eachdrug pair (Methods and Extended DataFigs.1a-d and 3). Both the
early-killing and growth-inhibition networks showed interactions rang-
ing from synergistic to antagonistic and non-reciprocal suppression,
yet these interactions were not correlated among the two networks
(Extended DataFig. 2b) (for example, protein-synthesis inhibitors sup-
press the efficacy of trimethoprim on the growth inhibitionbut not on
thekilling efficacy) (Extended DataFigs. 1e,fand 3-5). Non-reciprocal
suppression was more common in killing interactions, mirroring the

classical suppression of the killing activity of cidal drugs by static pro-
tein synthesis drugs>**%454¢ (even though these ‘classically static’ drugs
areinfactbactericidal against S. aureus at concentrations used clinically
andasused in our study**°). Although non-reciprocal suppression was
common, reciprocal suppression was not detected in the inhibitory or
the early-killing networks (Extended Data Figs. 1e,f, 3and 4).

Druginteractionsinlong-term clearance

In contrast to early-killing and growth-inhibition interactions, quan-
tifying the effects of antibiotic combinations on long-term clear-
ance revealed pronounced and widespread reciprocal suppression,
especially among combinations of cell-wall and classically static
protein-synthesis inhibitors (Fig. 1c). To quantify clearance interac-
tions, we measured cell viability during 8 hexposure to cidal concen-
trations of individual drugs and drug pair combinations and calculated
their directional interaction scores (as defined above) (Fig. 1b and
Methods). These clearance interactions were not correlated with
the growthinhibition interactions but were strongly correlated with
the early-killing interactions, indicating that the long-term effect of
the drug combinations can be predicted, to some extent, from the
early-killing efficacy (Extended Data Fig. 2c,d). However, we also
discovered some substantial differences between the early-killing
and late-clearance interactions. Indeed, some strong non-reciprocal
suppressive early-killing interactions, such as the suppression of the
early-killing activity of the cidal drugs by the classically static drugs,
areweakened or completely diminished at longer time scales (such as
the effect of protein-synthesis inhibitors on the early-killing efficacy
of tobramycin and the effect of the trimethoprim on the early-killing
efficacy of cell-wallinhibitors or ciprofloxacin) (Fig. 1c and Extended
Data Figs. 1f, 4 and 5). By contrast, many other known early-killing
non-reciprocal suppressive interactions were strongly enhanced at
longer time scales, often developing into reciprocal suppression.
In particular, we found that, when cell-wall and classically static
protein-synthesis inhibitors are combined, the persisting bacterial
populationislarger than when any of the drugs are administered alone,
even at the same dose and despite using both drugs at cidal concentra-
tions (Fig. 1c and Extended Data Fig. 5). These reciprocal suppressive
clearanceinteractions were robust to changesin drug concentrations,
growth environments, incubation time and bacterial physiological
state, and were also presentinanunrelated S. aureus strain with a dif-
ferent genetic background (Methods and Extended Data Fig. 6a-e).
Furthermore, such suppressionalso appeared in humanserumandin
aninvivo infection model of the larva of the great wax moth (G. mel-
lonella) (Methods, Fig.1d and Extended Data Fig. 6b,d,f,g). However,
note that suppression observed in the larvae is weaker, especially in
the direction of protein-synthesis inhibitors suppressing -lactams
and seems dependent on the physiological stage of the larvae, as
well as on drug concentrations (in particular, suppression was not
observed at lower drug concentrations and in competition among
strains) (Extended Data Fig. 6h,i).

Multidrug-reduced long-term clearance

Not only was reciprocal suppression common among drug pairs,
increasing the number of drugs beyond two further reduced the effi-
cacy of long-term clearance. Following the same procedure used for
the drug pairs, we measured the population survivalin the presence of
all possible multidrug mixes of six commonly used cidal and classically
static drugs (clindamycin (CLI), tetracycline (TET), fusidicacid (FUS),
meropenem (MER), ciprofloxacin (CPR), oxacillin (OXA); 63 combina-
tions) (Fig. 2a, Extended Data Fig. 7a and Supplementary Table 1). In
contrast to the growth inhibitory effects of multidrug combinations,
for which potency increases with the number of drugs®°, focusing on
long-term clearance, we found the opposite behaviour—increasing the
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Fig.1|Systematic quantification of pairwise druginteractionsreveals
emergentreciprocal suppressioninlong-termpopulation clearance.

a, Cell viability over time after antibiotic treatment was measured by
high-throughput microplating and automated image analysis of a mixed
DsRed-and GFP-tagged S. aureus strain. Example data are shown for treatment
with CLI (n = 6 wells; fivefold serial dilution microplateimages are shown for
onereplicate at one time point). b, Schematic of directional interactions.
Contrasting survival afteracombined treatment withtwo drugs, Aand B, ata
fixed cidal concentration (Supplementary Table1, grey bars, S,.;); the survival
under drugs A and B alone at the same or double the concentration (S, Saax
(purplebars); Sz, Ssex (Orange bars)) defines two-directional interaction
scores for the effect of drug Bon drug A (B~A, left colour scale) and the effect of
AonB (A>B, right colourscale). The combined effect could be synergistic

(Sass <mMiIn[S,,4 Spax]) (i); non-reciprocal suppressive (S < Sasp < Saaxy A
suppresses B) (ii); or reciprocal suppressive (Sx.s > Max[S ., Szax]l) (iii).

number of drugs reduces the overall clearance efficacy of the com-
binations (Fig. 2a and Extended Data Fig. 7a,b). This phenomenon is
unique to long-term clearance interactions; whereas long-term effi-
cacy decreased with the number of drugs, early-killing efficacy did not
change across the different multidrug combinations (Extended Data
Fig.7c). Thesame trend was also observed in anindependent set of five
additional drugs of diverse classes (cefoxitin (FOX), linezolid (LIN),
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¢, Measurements of directional interaction scores for pairwise combinations
of 14 antibiotics inlong-term clearance efficacy (2 strains were measured in
Ay, Ajand A, + By, in 6,4 and 2 experiments, respectively). The top (bottom)
triangles show theinteractionscore for the effect of the drugsin the row
(column) onthedrugsinthe column (row). Inset: the killing curves and final
survival fraction for arepresentative suppressive drug combination

(CLI+ CLO). Statistical analysis was performed using z-tests; P < 107'°. Points on
the axis are below the detection limit. For each treatment, representative
microplatingimages of onereplicate are shown. d, Bacteria viability after 8 h
exposure to CLI-CLO inhumanserum (top; 2 strains were measuredin 2
experiments; P<107°, two-tailed z-tests) and in G. mellonellalarvae (d, bottom;
n=10AROLarvae, homogenized and plated in 5 pairs; fromleft toright,
P=0.008and P=0.008, two-tailed Mann-Whitney U-tests). Fora,cand d, the
error barsrepresent the 95% confidence intervals calculated from the colony
counts by the Poisson’smodel (aand ¢ (middle)) or 2x s.e.m. (¢ (right) and d).

cefazolin (CEF), minocycline (MIN) and pristinamycin (PRI); Fig.2b and
Extended DataFig. 8). Furthermore, considering each multidrug set as
acombination of two drug mixes (for example, mix ABCis decomposed
toAB +C,A +BC,AC + B), we found enrichment of reciprocal suppres-
sions between drug mixes (Fig. 2c and Extended Data Fig. 7d), which
was not observed in early-killing interactions (Extended Data Fig. 7e).
Separating drug sets by all-cidal and all-static or combined drug mixes
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Fig.2|Inabsence of persistence-targeting drugs, long-termclearance
efficacyisreduced as moredrugs areadded. a, Bacterial survival fraction
after 8 hexposure to all possible combinations of six drugs (2° = 64), including 3
commonly used cidal (MD-cidal: MER, CPR, OXA) and 3 classically static drugs
(CS: CLI, TET, FUS; Supplementary Table1). Two strains were measured in two
experiments. Inset: the survival fraction asafunction of the number of
co-mixed drugs (black circles; in contrast to survival fraction under each of the
singledrugs atincreased dosage from1x to 6x of the dosage usedin the
combination (coloured dots, coloured linear fits; dataare mean + 95%
confidenceintervals). The box plots show the median (centre line); the upper
and lower quartiles (box limits); and the maximum and minimum values
(whiskers); the grey line shows the quadratic fit. b, The survival fraction as
describedintheinset of a, butincluding combinations of two additional cidal

highlights that this reciprocal suppression is mostly driven by combina-
tions of cidal and classically static drugs (Fig. 2b,c). However, including
specific drugs of which the cidal activity is only weakly dependent on
cellmetabolism™ " strongly synergized the clearance efficacy of all of
the other drugs and drug mixes, efficiently eradicating the long-term
surviving cell population (persistence-targeting: daptomycin (DAP),
mitomycin (MIT)) (Fig. 2b,d and Extended Data Fig. 8). Our results
thereby indicate that, in contrast to their combined effect on growth
inhibition, multidrug mixtures commonly reduce rather thanincrease
long-term clearance efficacy and that, although common among many
drugclasses, such reduced efficacy can be prevented by drugs that are
effective against metabolically inactive cells.
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(FOX, CEF) and three additional CS drugs (LIN, MIN, PRI) as well two weakly
metabolic-dependent cidal drugs (MIT, DAP; persistence-targeting) (Extended
DataFig.8). The dot colour represents drug combinations thatare only CS
(cyan), only cidal (purple) or amix (grey, black cubic fit), and setsincluding
persistence-targeting drugs (green shades; greenlinear fit).c,d, The
distribution of the interaction scores among all tested non-overlapping pairs
of drugsets (forexample, drug mix ABCis decomposedintoAB+C,A +BC,
AC +B) without (c) and with (d) persistence-targeting drugs. n=391(c) and
n=422(d). Thecombined effect of the drug mixis shownrelative to the
minimum (min) and maximum (max) of the effect of the two drug sets
(Methods). Drug mix pairs are classified as only cidal (purple), only CS (cyan),
mix of all CS and all cidal (pink), pairs of mixed drug sets (mix, grey) or sets
including DAP or MIT (green shades).

Selection against antibiotic resistance

Next, we competed drug-resistant and drug-sensitive strains in mix-
tures of reciprocal suppressive drug pairs, and we found that these
interactions can select against strains that are resistant to either of
the single drugs. It has been shown that non-reciprocal suppressive
interactions can reverse the selective advantage of a strain that is
resistant to one of the drugs (if drug A suppresses drug B, the combi-
nation of the two drugs selects against resistance to drug A, but not
against resistance to drug B)'>®, Extrapolating from these results, it
has been hypothesized that, with reciprocal suppression, it might be
possible to select against any of the single-drug-resistant mutants®.
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Fig.3|Reciprocal suppressive drug combination selects against antibiotic
resistance to either of the single drugs. a,b, Microplatingimages of surviving
colonies after 8 hcompetition of equally mixed sensitive (ATCC 29213) versus
evolved TET-resistant strains (a; Sensitive, red; TET resistant, green) and
sensitive versus MRSA strains (b; sensitive (red); AMP-resistant MRSA (green))
inatwo-dimensional gradient of TET and AMP. Insets: magnified images under
theselective drugalone (green; TET (a); AMP (b)), the non-selective drug (blue;
AMP (a); TET (b)) and the combination (red; selecting against TET® (a); selecting
against MRSA (b)). c,e, Thelog,-transformed ratio of the survival of the
sensitive (green) and TET-resistant (¢; TET?, red) or MRSA (e; red) strains after
competing themin human serumwith TET (2 ug ml™ (c); 50 pg ml™ (e)), AMP
(150 pg mi™(c); 35 pg mi™* (e)) and with TET + AMP for 8 h. Two strains measured

Focusing on the combination of TET and ampicillin (AMP) (arecipro-
cal suppressive pair for long-term clearance; Fig. 1c), we competed
our sensitive ancestral strain with either a strain that is resistant to
TET (TET evolved) (Methods, Fig 3a and Extended Data Fig. 9¢c,d) or
astrain that is resistant to cell-wall inhibitors (methicillin-resistant
Staphylococcus aureus (MRSA) (Fig.3b and Extended Data Fig. 9e-g),
or we compared the sensitive strain with and without an inducible
B-lactamase (Methods and Extended Data Fig. 9a,b)). By contrasting
the survival of the drug-sensitive and drug-resistant strains after 8 h
of exposure to atwo-dimensional concentration gradient of TET and
AMP, we found that, under an extended region of the two-drug con-
centration space, the long-term survival of the resistant strains was
much lower compared with the sensitive strain (10-fold to 100-fold)
(Extended Data Fig. 9a-g). These selection inversions resulted from
the interaction itself; there was no selection against the resistant
strains under any of the single treatments. Selection against each
of the single-drug-resistant mutants also occurred in competition
withinhuman serum (Fig.3c,e and Extended Data Fig. 9h) and selection
against MRSA was even observed within the G. mellonella infection
model (in TET-AMP (Fig. 3f) as well as in MIN-AMP (Methods and
Extended DataFig. 9i). However, note thatin thisin vivo environment,
even the single drugs, TET and MIN, showed selection against the
MRSA strain (Fig. 3f and Extended Data Fig. 9i; perhaps reflecting
suppressive interactions of these drugs with natural antimicrobial
peptides in vivo)*°. Selection against TET-resistant mutants did not
occur within larvae, possibly due to the effect of oxygen depletion
on the action of B-lactams® and due to competition for resources
within larvae (Fig. 3d).
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infive experiments per condition. Statistical analysis was performed using
two-sided Mann-Whitney U-tests; from left to right, P=0.0207,P=0.0001and
P=0.0002(c); P=0.0006,P=0.9097 and P=0.0002 (e).d,f, The
log,-transformedratio of the survival of the sensitive and TET-resistant or
MRSA strains measured 8 hafterinoculationintolarvae treated with TET

(1.5 pg mI™ (d); 50 pg mi™ (F)), AMP (38 pg miI™ (d); 100 pg mi™ (f)) or TET-AMP.
Ford,n=10 TruelLarvae per condition. Forf,n=8 AROLarvae per condition. For
d and f, statistical analysis was performed using two-sided Mann-Whitney
tests; fromleft toright, P=0.0173,P=0.0001and P=0.0211(d); P= 0.0207,
P=0.0002and P=0.0002 (f). The box plots show the median (centre line); the
upper and lower quartiles (box limits); and the maximum and minimum values
(whiskers).

Reverse effect of resistance inhibition

Finally, given the ability of suppressive drug pairs to select against
AMP resistance, we examined the effect of supplementing these drug
combinations with a -lactamase inhibitor. 3-Lactamase inhibitors
are commonly used together with B-lactams to increase treatment
efficacy against strains carrying the B-lactamase enzyme. We meas-
ured the long-term survival of a -lactamase-mediated AMP-resistant
strain (Methods) as a function of increasing doses of avibactam,
a known f-lactamase inhibitor, in the presence of three different
clearance-suppressive drug combinations (AMP combined with
TET, CLI or FUS; Fig. 4). Consistent with these combinations select-
ing against AMP resistance, we found that adding avibactam to these
clearance-suppressive combinations decreased rather thanincreased
the long-term clearance efficacy against the B-lactam-resistant
strain (Fig. 4 and Extended Data Fig. 10a-d). Thus, in the presence of
clearance-suppressive drug combinations, a -lactamase inhibitor
jeopardizes, rather than facilitates, treatment efficacy.

Discussion

By systematically quantifying the growth inhibition and killing
dynamic of individual drugs and drug combinations at cidal, clini-
cally relevant concentrations, we found that reciprocal suppressive
interactions emerge in prolonged treatment efficacy. In contrast to
shorter-term drug effects and conventional wisdom, drug efficacy is
reduced rather than increased as more drugs are combined. These
strong suppressive clearance interactions are suggestive of induced
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interaction among AMP and these protein-synthesis inhibitors (grey dashed
lines). Theerror barsrepresent 95% confidence intervals calculated from the
colony counts of one sample by the Poisson’s model. Statistical analysis was
performed using z-tests based on the Poisson-derived confidence intervals;
P<107°,

persistence in the presence of specific drug combinations. Indeed,
adding persistence-targeting, weakly metabolism-dependent drugs,
such as mitomycin C and daptomycin, can completely restore the
efficacy of these otherwise suppressive drug mixes, explaining the
clinical success of drug combinations involving these drugs®. Clini-
cians should also be cautious in relying on growth inhibition phe-
notypes as a guide for prescribing drug combination therapies, as
drug combinations with high inhibitory efficacy, suchas TET and cell
wall inhibitors®, may have reduced long-term efficacy. The lack of
correlation between growth inhibition interactions and long-term
clearance interactions is consistent with earlier observations™ and
we hypothesize that it may stem from the differential dependencies
of these interactions on the physiology of the population majority
and population heterogeneity, respectively*?, Furthermore, owing
tothese clearance-suppressive druginteractions, adding 3-lactamase
inhibitors can, counterintuitively, jeopardize the long-term clear-
ance efficacy of the drug combinations against B-lactamase-carrying
resistant strains, cautioning against certain clinically prescribed com-
binations such as the combination of macrolides or doxycycline with
amoxicillin/clavulanate for the treatment of community-acquired
pneumonia®*®, At the same time, reciprocal suppressive drugs also
openup new opportunities for designing treatment regimens thatare
inherently selective against resistance to any one of their individual
agents. However, note that further study will be needed to more fully
understand the mechanism of drug-combination-induced bacterial
persistence®®”, and the range of possible evolutionary paths that may
enable bacteria to escape selection against resistance’. Although
the results proved to be robust to changes in drug doses, external

conditions and strain backgrounds, for assessing any clinical relevance,
it will also be important to determine the extent to which they apply
in other bacterial species, and in mammalian in vivo models. How-
ever, as drugs could interact in profoundly different ways in terms
of their effect on growth and early and late population survival, our
study underscores the importance of systematically quantifying the
long-term clearance efficacy of drug combinations for guiding the
design of multidrug treatments that may better prevent the evolution
of drug resistance.
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Methods

Strains and plasmids

ThesS. aureus sp. Rosenbach (ATCC29213) strain was transformed with
either aDsRed (pHC48, sarAP1_DsRed, CHL®) or a sGFP fluorescent
reporter gene (pCM29, sarAP1_sGFP, CHL®) under a constitutive pro-
moter®® (antibiotic-sensitive S. aureus). To test for generality and for
counter-selection experiments, the MW2 S. aureus strain® was similarly
transformed with these two plasmids (MRSA) (Fig.3b,e,fand Extended
Data Fig. 9e-i). A B-lactamase-inducible plasmid was constructed by
amplifying the blaZ gene from Enterococcus faecalis (ATCC 49757) and
cloning by Gibson assembly under the TET-inducible promoter of the
pG+off plasmid®. This plasmid was transformed into the sensitive
S.aureusstrain to form the AMP® strainin the presence of 0.05 uM anhy-
drotetracycline (Fig. 4 and Extended Data Figs. 9a,b and 10a-d). Labo-
ratory evolution was performed according to a previously established
protocol to evolve the antibiotic-sensitive S. aureus strain to TET®.,
Aresistant clone withthe highest TET minimal inhibitory concentration
(25-fold increase compared with the ancestral strain) was transformed
with either the DsRed or the GFP plasmid and used in the experiments of
Fig.3a,c,d and Extended DataFig. 9c,d (TET®). Fresh antibiotic solutions
were prepared from powder stocks (Sigma-Aldrich, Cayman chemi-
cal, AdooQ Bioscience) on a monthly basis, filter-sterilized and kept
at-20 °Cuntil use.

Quantifying bacterial survival under antibiotic exposure

We adapted a high-throughput cell-viability assay** in which bacte-
rial cultures were exposed to single or multiple drugs in 96-well assay
plates and their viability across time was quantified by microplating
and colony counting. Specifically, these experiments were performed
in 6 steps. (1) Preparation of bacterial stocks. Single colonies of the
GFP and DsRed fluorescently labelled sensitive S. aureus strains were
isolated and grown overnightin LB supplemented with10 pg ml™ CHL
(to maintain the plasmid) at 37 °C, 250 rpm. Overnight cultures were
diluted 1:5,000 and grown to an optical density at 600 nm (OD,) of
0.25. These cultures were concentrated by centrifugation and small
aliquots of 50 pul containing ~2.2 x 10° cells were frozen in glycerol
(stored at =80 °C). (2) Preparing assay plates with antibiotics. Deep
96-well plates were filled with 600 pl LB and supplemented with single
or multiple antibiotics using an automated digital dispenser (D300e,
Tecan). Atleast two replicate wells were randomly distributed for each
condition. (3) Antibiotic exposure. For eachbiological replicate, frozen
cultures of the GFP and DsRed strains were thawed and mixed ata1:1
ratio, diluted 1:250 in 25 mI LB and incubated for 40 min at 37 °C and
250 rpm. These co-growing bacterial cultures were then aliquoted into
the 96-well deep-well antibiotic plates (150 pl culture; total volume
of 750 pl) at a low inoculum density of about 10°-10” CFU per ml to
minimize the risk of pre-existing resistant mutants and prevent nutri-
ent depletion (Extended Data Fig. 10j—-m; the growth of the resistant
strain was not limited in the supernatant of the FOX regimes thatkill the
sensitive strain (>1 pug ml™) but not the resistant strain (<3.8 pg ml™),
especially in the wells in which the starting density of the sensitive
strain was initially low (<107); this result indicates that nutrient deple-
tionis negligible during our killing assay starting with a10’-10¢ initial
populationsize). Thisinoculum density follows recommended clinical
testing standards for killing assays*>. No-cell and no-antibiotic wells
were designated on each plate to control for contamination (2-5 of
the wells in each plate). (4) Microplating assay for quantification of
bacterial viability (colony-forming units (CFU)). At fixed time points
after antibiotic exposure at 37 °C and 250 rpm (0, 0.25,0.5,1and 1.5 h
for the early-killing assay; and 0, 0.5,1, 2,4 and 8 h for the long-term
clearance assay), small aliquots (10-150 pl) were taken from each well,
and fivefold serial diluted for plating. The 8 h time point was the last
time point for sampling as the clearance efficacy of many of the single
drugs (Extended Data Fig. 5) already reached the detection limit of

our assay (1 colony in 7 pl volume plated; ~140 CFU per ml; extending
beyond 8 h requires larger plating volumes, which cannot be done in
microplates). Large-volume experiments for the two chosen drug pairs
showed robustness of the clearance interactions even at 24 h (Extended
DataFig. 6¢).For the 8 h clearance assay, in which cell viability declined
substantially, we also plated the undiluted culture (dilutions of 5",
where n=0-4) and therefore added a wash step by centrifugation
and resuspension to remove the drugs (three washes with 800 pl PBS
at 4,000 rpm for 10 min). For the killing-assay, in which cell viability
was higher, aninitial dilution of at least 50x was used, precluding the
washing step (final dilutions of 50 x 5", where n = 0-2). Small micro-
drops (7 ul) from each dilution were then carefully microplated (Gilson
96-channel plate master) inoneto four technical replicates onto omni-
tray single-well (Greiner) plates filled with 45 ml of agar with 0.2x diluted
LB andincubated for 24 hat37 °C. The diluted LB was used to limit the
substrate availability on the agar thereby allowing the growth of many
small colonies on a relatively small surface area®. (5) Imaging. After
incubation, the agar plates were imaged for GFP (excitation:470/30;
emission: 540/50) and DsRed (excitation: 590/30; emission 641/75)
with a custom-made automated macroscope device®. (6) Detection
of resistance. At the last time point, 15 pl aliquots from each well of
the assay plates were also inoculated into a 96-well plate with 200 pl
liquid LB containing, in each well, the same antibiotic concentrations
of the assay plates and incubated overnight at 37 °C at 250 rpm. After
incubation, the growing cultures (OD4, > 0.2), indicating resistant cells,
were excluded from further analysis. Overall, our dataincluded ~15,000
microdrops: n =2biologicallyindependent strains (DsRed, GFP) meas-
uredin 585 drug conditions (28 singles (1x, 2x dose) and 91 pairs), 5 x 36
singles (1%, 2x, 3%, 4%, 5x and 6x dose), 5 x 57 multidrug mixes); 1-5
timepoints; 2 time ranges (short-term and long-term killing), at least
2 independent replicates and 4 to 8 platings (dilutions + technical
replicates).

Automated image analysis

The number of red and green colonies in each microplating spot was
counted using a custom Python script®, implementing the following
steps. (1) The GFP and DsRed microplatingimages (one for each micro-
plating spot) were contrast-enhanced and noise-reduced (mean shift
pyramid). (2) These enhanced GFP and DsRed images were thresholded
(mahotas.otsu), yielding two corresponding binary images. (3) An
exact Euclidean distance transform was used to yield a distance matrix
of each pixel to its nearest zero pixel (scipy.ndimage.distance_trans-
form_edt). (4) Local peaks in the distance matrix (skimage.feature.
peak_local_max) were clustered into connected components (nearest
neighbours, scipy.ndimage.label) to yield labelled feature arrays. (5)
Thesefeature arrays were used as seeds to the watershed algorithm to
segregate the colonies (skimage.morphology.watershed). (6) Thresh-
olding onthe basis of the size and circularity of the colonies was applied
to remove very tiny colonies or merged spots. (7) Microplating spots
where the colonies merged extensively or with colonies that were too
dense to reliably count were designated uncountable (over 100 colo-
nies per spot). (8) For each given culture and time point, the colony
counts at dilutions at which there was no uncountable plating were
used to evaluate the CFU per ml (total number of colonies in all of
the countable dilutions divided by total culture volume plated). Our
high-throughput viability assay was highly reproducible, showing good
agreement among biological replicates (Extended Data Fig. 10e-h).
Co-cultures of GFP/DsRed strains enabled us to: (1) increase the sensitiv-
ity of the colony-detection algorithm—different colour colonies can be
more easily distinguished evenif they grow at close proximity; (2) spot
low-frequency antibiotic-resistant mutants that manifest as red-only or
green-only colonies onthe agar spot where twoidentical strains labelled
with different fluorescent tags; (3) conduct competition experiments
inwhich the sensitive and resistant strains were labelled differentially
(see below).
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Calculating early-killing and clearance interaction scores
between drug pairs

Early-killing and long-term clearance directional interaction scores
(DIS) among pairwise combinations of the 14 antibiotics were quanti-
fied based on the fraction of surviving cells S after short (average of
theland1.5 htime points; the killing delay was almost always shorter
than half an hour across the different conditions indicating that the
average cell survival after 1and 1.5 h is an effective killing score that
combines both the killing rate and drug action delay; Extended Data
Fig.10i) and long (8 h time point; the choice of 8 hincubation time is
often used®?¢%%¢, although note that longer times are used in some
of the studies™*’*®) antibiotic exposures, respectively. For each drug
Aofthe 14 antibiotics, afixed cidal concentration (4,,) was chosen on
the plateau phase of the dose-response curves (Extended Data Fig. 2a
and Supplementary Table 1). For each drug pair A and B, cell survival
under each drug alone at these chosen concentrations (S, Sgux)),
in double these concentrations (S, Szex) and in a mix of the two
drugs (S,u+81x) Was evaluated. Then, the effect of drug Bon drug A
(DISg.,) and the effect of drug A on drug B (DIS,.;) were defined on
the basis of a comparison of the joint drug action S.sux) With four
reference idealized values. Specifically, the effect of drug B on A was
defined as no-killing (S sux:50x = 1, DISg;4 = 4), N0 effect (S, uxy+50x) = Saaxy
DISg,,=3),adding Bis the same as adding A (S 1ux+50x) = Sa2x) DISgsa = 2)
and enhanced killing (S 4+50x below detection limit, DISg,, =1). For
Siax+8ax) between these reference values, DIS;,, was determined by
a linear interpolation between the two flanking reference values
(Fig.1b,c and Extended Data Fig. 1f). The effect of drug A on B was
similarly quantified.

Calculating early-killing and long-term clearance interaction
scores between multidrug combinations

To quantify early-killing and long-term clearance interactions among
all of the possible multidrug combinations of six drugs (n = 63), we
measured the fraction of surviving cells after short (average of the1 h
and 1.5 htime points) and long antibiotic exposure (8 h), respectively.
Cell viability was quantified for each of the six drugs separately when
applied at a fixed cidal concentration (4,,, the same as in the pairwise
screen), at double (A4,,), triple (4;,), four times (A4,,), five times (As,)
and six times (A4,) of the A,, concentration and for all of the possible
combinations of the six drugs (for example, A, + By, Ay, + Cy., By + Cyy,
A, + B, + Cand soon, foratotal of 57 multidrug mixes). We then cal-
culated an interaction score (IS) for all of the possible pairs of drug
mixes (for example, A+B,A+C,B+C,AB+C,A+BC, AC +B; total of
301 drug mix pairs). For each given pair of drug mixes (M1 and M2),
the survival under the combined treatment of these drug mixes
(Syiem2) Was contrasted with four reference values representing ideal-
ized cases of no-killing (Sy..vm2 =1, IS = 4), lowest single-agent effect
(LSA, Syipem2 = max[Syy, Smzl, IS = 3), highest single agent effect (HSA,
Svsmz = Min[Sy; Sy, IS = 2) and enhanced killing (Syy.v; below detec-
tion limit, IS =1). For S\ between these reference values, ISwas deter-
mined by alinear interpolation between the two flanking reference
values (Fig. 2c,d and Extended Data Figs. 7d,e and 8b,d).

Competition of fluorescently tagged drug-sensitive and
drug-resistant strains

The antibiotic-sensitive (ATCC 29213) strain was competed with
either the MRSA strain, or the laboratory evolved TET-resistant strain
(TET®). Differentially labelled cultures were mixed at a 1:1 ratio and
our high-throughput cell-viability assay (as described in ‘Quantifying
bacterial survival under antibiotic exposure’) was applied to quantify
cell counts after an 8 h treatment with a two-dimensional concentra-
tion gradient of TET and AMP. The experiment was repeated with
fluorescent-marker-swapped strains, showing no marker-specific effect
onsurvival (Fig. 3a-c,e and Extended Data Fig. 9c-h).

Testing the robustness of reciprocal suppression clearance
interactions to different media

The clearance interactions between two representative reciprocal
suppressive drug combinations (CLI-CLO and FOX-TET) (Fig. 1c and
Extended DataFig. 5) were measured in different media including Luria-
Bertani (LB), brain-heart infusion (BHI), tryptic soy broth (TSB) and
human serum (Extended Data Fig. 6b). Antibiotic concentrations were
adjusted togive asimilar clearance efficacy in each condition (source
datafor Extended DataFig. 6). Our high-throughput cell-viability assay
was applied with minor modifications: for each biological replicate,
the frozen cultures of GFP and DsRed were thawed and mixed at 1:1
ratio, diluted 1:250 dilution in 5 ml of the appropriate medium (LB,
BHI, TSB, in case of the serum experiment LB was used) in culture tubes
andincubated for 20 min at 37 °Cand 250 rpm. The cell-viability assay,
microplating and automated image analyses were then performed as
described above.

Testing the robustness of reciprocal suppression clearance
interactions to longer incubation times

To compare drug interactions after 8 h and 24 h incubation time, we
repeated the cell-viability assay of two representative reciprocal sup-
pressive drug combinations (CLI-CLO; TET-FOX) (Fig. 1cand Extended
DataFig. 5) using astandard plating technique on regular Petri dishes
(Extended DataFig. 6¢). Culture tubes were filled with 2 mI LB medium
supplemented with single or multiple antibiotics. For eachindepend-
entreplicate, frozen cultures of GFP and DsRed were thawed and mixed
atal:ratio, diluted 1:250 in 5 ml LB in a culture tubes and incubated
for 15 min at 37 °C and 250 rpm. These co-growing bacterial cultures
were then aliquoted into each tube (135 pl culture) at alow inoculum
density of about 10°-10’. After incubation for 8 hand 24 h at 37 °C
and 250 rpm, 400 pl samples were taken, washed three times with
1 ml PBS and resuspended in 200 pl PBS. Then, 100 pl samples were
spread fromeach dilution onto LB agar Petri dishes and incubated for
24 hat 37 °C. The plateimaging and automated colony counting were
performed according to the same steps as described above.

Testing the robustness of reciprocal suppression clearance
interactions to bacterial physiological state in a plasmid-less
strain

The clearance interaction was measured between CLI and CLO start-
ing from two different biologically independent S. aureus cultures in
different physiological conditions (Extended Data Fig. 6d; exponential
growing and late growing phase). Frozen aliquots of these cultures were
prepared by taking two single colonies of the plasmid-less sensitive
S.aureusstrain, growing overnightin LB, then diluted1:5,000 and grown
to either OD¢y, = 0.1 0r OD = 0.8. Then, both of these cultures were
concentrated by centrifugation and small aliquots of 50 pl contain-
ing -2 x 10° cells were frozen in glycerol (-80 °C). For each independ-
entreplicate, these frozen cultures were thawed, diluted 1:250 in 2 ml
LB and incubated for 15 min at 37 °C and 250 rpm. A standard plating
technique was applied (as described above) to measure cell viability
afterincubation for 24 hin human serum supplemented with the single
drugs or the combination. Plates were imaged using the Canon EOS T3i
camera followed by manual colony counting.

Clearance efficacy and competition in the G. mellonella
infection model

Larvae of the G. mellonella at their final instar stage were used to assess
the clearance efficacy of drug combinations. Larvae were either pur-
chased from UK BioSystem Technology (TRUELarvae) or fromtheIsrael
Agricultural Research Organization, Volcani Institute (AROLarvae).
Antibiotic stock solutions were freshly prepared and diluted in PBS to
therequired concentration. Drugs and fluorescently tagged S. aureus
(-107) bacterial suspensions (with chloramphenicol resistance) were



premixed in PBS onice and administered by injecting 30-50 plinto the
haemocoel through one of the final pair of prolegs using a Hamilton
precision syringe. Larvae were randomly allocated to experimental
groups. The untreated control larvae were injected with the same bacte-
rial strain culture in the absence of drugs. Chosen drug concentrations,
specified in the corresponding figure caption of each experiment,
were below the toxicity level but high enough to decrease the bacteria
cell number (killing regime). The larvae were then placed into Petri
dishesandincubated at 37 °Cfor 8 h. Afterincubation, thelarvae were
frozen for 5 min, decontaminated by 70% ethanol and homogenized
using a hand-held homogenizer in 5 ml PBS. The number of surviving
S. aureus cells was determined by plating 5- or 10-fold dilution series
of the homogenized larvae onto LB agar plates supplemented with
10 pg ml™ chloramphenicol to prevent contamination from larva
microbiomes. The plates were then incubated at 37 °C for 24 h and
fluorescent colonies were counted and imaged (as described above)
(Figs.1d (bottom) and 3d,f and Extended Data Fig. 6f-i).

Measuring growth inhibition under 2D concentration gradients
Growthinhibition of all the pairwise combinations of the 14 antibiotics
(n=91; Extended DataFigs. 1a-e and 3) was measured on the sensitive
S. aureus (ATCC 29213) according to a previously established experi-
mental protocol®. First, for each drug A, a concentration gradient
covering its effective range was defined as D,(k) =1C10, x w**, where
D, (k) is the dosage of the drug at dilution number k, w = (1C90,/1C10,)"?
isthedilution factor,1C10,and IC90, are the concentrations of Adrug
resulting in 10% and 90% inhibition, respectively; and k ranges from 1
to 8 (such that the lowest concentrationis D,(1) = 1C10 and the highest
concentration is D,(8)=IC90 x w*). Then, for each pair of drugs AandB,
a96-well microplate was filled with 150 pl LB, supplemented (D300e
Tecandigital dispenser) with (1) a2D concentration gradientof Aand B
defined by mixing their single-drug gradients at seven different ratios:
(i/8 x D,(k), (8 —1)/8 x Dg(k)), wherei=1-7 and k=1-8 (total of 56 wells),
(2) a12-step dilution series of each of the two drugs alone (D,(k) and
Dg(k), where k varies -3 to 8, total of 24 wells), (3) bacteria-free con-
tamination control (2 wells), (4) no-drug control (6 wells). These assay
plates were theninoculated with the sensitive S. aureus at 10° cells per
mlandincubatedfor18 hin37 °C, shaken at 250 rpm. After incubation,
the OD,, (BioTek Synergy 2) was measured as the basis for calculating
theinteraction scores between the two drugs.

Calculating growth-inhibition interactionscore

For each pair of the 14 antibiotics, the OD of their 2D drug assay plates
was used to quantify directional growth-inhibitioninteraction scores
(DGIS).First, the OD was background-subtracted and normalized to the
no-drug control wells. Second, a polynomial surface model was fitted
(Loess fit® to these normalized OD values to determine the concentra-
tion of each drug leading to 90% growth inhibition (IC90,, IC905;) as
well as the 90% growth inhibition isobole (IC90 isobole). To quantify
directional growth-inhibition interaction scores, we considered the
distance from the origin to the IC90 isobole along two straight lines
representing fixed A:B ratios (in IC90 units) of 1.3 for effect of drug
AondrugB (A~>B) and 3:1for effect of drug Bon drug A (B>A). These
two distances were then interpolated relative to the corresponding
distances associated with the intersection of these fixed-ratio lines
with 4 referenceisobolelines representing extreme synergy (nodrug,
DGIS =1), Loewe’s dosage additivity (DGIS = 2), antagonism (highest

single agent (HSA), DGIS = 3) and strong suppression (2x HSA, DGIS = 4)
(Extended Data Figs. la-e and 3).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are provided as Source
Data. The raw datafiles, including the microplating images with the
bacterial colonies, are available in a public data repository (https://
osf.io/wh62f/). Source data are provided with this paper.

Code availability

Custom script developed for the study was deposited in a public data
repository (https://osf.io/wh62f/).
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Extended DataFig.1|Systematic mappingof pairwise growth-inhibition
and early-killing interactions. a-d, Definition of directional
growth-inhibitioninteraction scores. Measuring the growth as the final optical
density (OD)ina2-D gradient of drugs Aand B after 18-hour of incubation, we
define the concentration of each drugleading to 90% growth inhibition (1IC90,,
1C90;) as well as the 90% growth inhibitionisobole (IC90isobole, black line). To
quantify bi-directional interactions, we consider the distance from the origin
tothelC90isobole along two straight lines representing fixed A:B ratios (in
1C90 units) of 1:3 for effect of drug A on drug B (A~B, dashed orange) and 3:1 for
effectofdrugBondrugA (B~A, dashed magenta). These two distances are then
interpolated relative to the corresponding distances associated with the
intersection of these fixed-ratio lines with 4 referenceisobole lines
representing extreme synergy (red), Loewe’s dosage additivity (grey),
antagonism (Highest Single Agent, HSA, green) and strong suppression (blue).
Thefour panelsillustrate four representative examples of synergism (a),

Time (hr)

antagonism (b), non-reciprocal suppression (c) and reciprocal suppression (d).
e, Measurements of the directional growth-inhibitioninteraction scores for
pairwise combinations of 14 antibiotics. Upper (lower) triangles show the
interactionscore for the effect of the drugsin the row (column) onthe drugsin
the column (row). f, Measurements of directional interaction scores for
pairwise combinations of 14 antibiotics in early-killing (2 biologically
independentstrainsmeasuredinA,,, A,.,and A, + B, at 6, 4,2 experiments,
respectively). Upper (lower) triangles show the interaction score for the effect
ofthedrugsinthe row (column) on the drugs in the column (row). Insets show
thekilling curves and the average survival fractions following short (1and
1.5-hour) treatment with arepresentative suppressive drug combination. For
each treatment, representative micro-plating images of one of the replicates
areshown. Error bars represent 95% confidence intervals calculated from the
colony counts of the experiments by the Poisson’s model (f, middle panel) or
2x s.e.m. (f, right panel).
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Extended DataFig.2|a, Thedoseresponse curves of19 drugs. Cell viability
(CFU/ml) measured following 8-hour exposure to different concentrations of
19 drugs. Hill function fitindicated (note though a slight non monotonic
behaviour for some of the antibiotics). The fixed cidal concentration chosen
foreach drugisindicated asaredline (“x1”,Methods, Fig. 1b, Supplementary
Table1). Thecell viability of 2 biologically independent strains were measured
overeachdrug. Errorbarsrepresent 95% confidence intervals calculated from
the colony counts by the Poisson’s model . b-d, Lack of correlationbetween
directional interactions of growth-inhibition and early-killing or
long-termclearance. The directional interaction scores for all the pairwise
combination of 14 antibiotics (n =182, coloured by three different drug-pair
groups: (1) black, pairs of classically static (CS) drug pairs; (2) purple, pairs of
cidal drug pairs; (3) cyan, combining a cidaland CS drugs ranged from
synergistic to antagonistic and suppression. Thereis alack of correlation

Long-term clearance, interaction

Early killing, interaction

betweengrowth-inhibitioninteractions (Extended Data Fig.1le) and
early-killing interactions (Extended DataFig. 1f) seen for all drug pairs

(b; Rho:0.04) and within each of the three drug-pair groups (CS pairs, Rho:0.01;
cidal pairs, Rho:0.01; CS-cidal pairs, Rho:-0.15); as well asbetween
growth-inhibition and long-term-killing interactions (Fig. 1c) betweenall drug
pairs (¢, Rho:-0.02) and within each of the three drug-pair groups (CS pairs,
Rho:-0.1; cidal pairs, Rho:-0.13; CS-cidal pairs, Rho:-0.18). While there isa
significant strong correlation (d, Rho:0.73, P-value:4.5 x 10 between
early-killing and long-term clearance interactions seen for all drug pairs and
within each of the three drug-pair groups (CS pairs, Rho:0.69, P-value:107>; cidal
pairs, Rho:0.47, P-value:3.4 x 10~5; CS-cidal pairs, Rho:0.61, P-value:1.9 x 10™°)
indicating that the long-term effect of the drug combinations can be predicted,
toagood extent, from the early-killing efficacy. Spearman’s test was applied.
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(Loess fit; Rstats) to these normalized OD values represented by the isoboles
for growthinhibitions 0f30%, 60% and 90%. The 90% inhibitionisobole was
contrasted with four referenceisobole lines representing extreme synergy
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(red), Loewe’s dosage additivity (grey), antagonism (green) and strong
suppression (blue). The distance of the 90% inhibition line from these
referenceisoboles was measured along two linear lines of fixed A:B drug
dosageratios of 1:3and 3:1(in IC90 units, dashed magenta, and orange lines),
representing the effect of drug AondrugB and the effect of drugBondrugA,
respectively. The unitofthe Aand B axisis pg/ml.
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inabsence of drug (=1.4/hour),and L and kare two fitted parameters
representing an effective time delay for drug action, and thekilling rate,
respectively (2biologically independent strains measuredin A,,, A,., and

A, + By, at6,4,2experiments, respectively). Error barsrepresent 95%
confidenceintervals of the experiments calculated from the colony counts by
the Poisson’s model.
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measured growthrateinabsence of drug (=1.4/hour),and L, f,, k,and k,,are four
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Extended DataFig. 6 | Reciprocal suppressiveinteractionsinlong-term
clearance efficacy arerobust to changesindrug concentrations, growth
environments, incubation time, bacterial physiological state, and strain
backgrounds. a, Survival of the S. aureus (ATCC 29213) following 8-hour of
exposure to cidal concentration of tetracycline and cloxacillin (TET-CLO)
indicating robust reciprocal suppression overawide range of drug
concentrations (no bacteriawellat 0,0 concentration point). b, Bacteria
survival measured following 8-hour exposure to clindamycin-cloxacillin
(CLI-CLO, left) or tetracycline-cefoxitin (TET-FOX, right) demonstrating strong
reciprocal suppressionindifferent media: Lauria Delbruck (LB), Brain-Heart
Infusion (BHI), Tryptic Soy Broth (TSB), and human serum (2 biologically
independent strains measured at 2 experiments; 4, for TET-FOXin TSB).c,
Survival following exposure to CLI-CLO (10 pg mI™, 2 pg mI™) or TET-FOX

(8 pg ml™, 4 pg ml™) in LB demonstrate reciprocal suppression both after
8-hourincubation (top, control) as well as after 24-hour (bottom; 2 strains
measured at2replicates). d, Viability of 2 biologicallyindependent strainsin

different physiological state (left, exponential growing state, OD = 0.1; right,
late growing phase, OD = 0.8) was measured in 2 experiments following 8-hour
exposurein humanserumto CLI-CLO (50 pg ml™, 10 pg ml™; b-d ****Pvalues <10™;
two tailed z-test). e, Reciprocal suppression is demonstrated in an unrelated,
methicillin resistantS. aureus (MRSA, Methods). f, Viability of the sensitive
strain measured 8-hour postinoculationinto larvae treated with CLI-CLO

(15 pg mlI™, 40 ug ml™*; n=5TRUEIlarvae per condition; left to right P values:
0.008, 0.103; Mann-Whitney test). g-i, Viability of the sensitive strain (GFP)
measured 8-hour competition with the MRSA strain (g,i; DsRed) or with the
TETRstrain (h; DsRed) withinlarvae treated with TET-AMP (g, 50 pg ml™,

100 pg mi™; h, 1.5 pg mI™, 38 pug ml™) or with CLI-AMP (i, 6 pg mI™, 6 pg ml™;
g,n=8 AROLarvae per condition, left to right Pvalues:1.5x10™,1.5x10™,
Mann-Whitney test, same experimentasin Fig. 3f; h,n=10 TRUELarvae per
condition, same experiment as in Fig.3d; i, n =10 TRUELarvae per condition,
same experiment asin Extended Data Fig. 9i). Dataare presented as mean
+/-95% confidence intervals (points on the axis are below the detection limit).
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measured in2 experiments). Inset: The survival fractions following long
(8-hour) drugexposures as afunction of the number of co-mixed drugs for all
6-drug combinations (n = 63 combinations; black circles). The coloured dots
and coloured linear fitlines represent the efficacy of the single treatmentsas a
function of increasing doses (from 1x to 6x of the dosage used in the
combination; antibiotic color codesindicated in panel a; note though aslight

non monotonicbehaviour of the minocycline (MIN) and pristinamycine (PIR),
possibly dueto Eagle effect of the drugs). Data are presented as mean +/- 95%
confidenceintervals.b,d, The distribution of the clearance interaction scores
among all tested non-overlapping pairs of drug sets (for example, drug mix
ABCisdecomposedinto AB+C,A+BC, AC+B; n=301). The combined effect of
the drug mixis shown relative to the minimum (min) and maximum (max) of the
effect of the two drugsets (Methods). Drug mix pairs are classified as only cidal
(purple), only classically-static (CS; cyan), mix of all CS and all cidal (pink), pairs
of mixed drug sets (mix, grey), or sets including DAP or MIT (green shades,
legend). Persistence-targeting drugs strongly synergize the clearance efficacy
of other drug mixes (Source Datafor Fig. 2).
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two-dimensional gradient of tetracycline (TET) and ampicillin (AMP). The log,,
oftheratio of the survival of the sensitive and resistant strains are showninred
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Extended DataFig.10|a-d, Supplementing persistence-suppressive drug
combinations withavibactam, a B-lactamase inhibitor, decreased rather
thanincreased clearance efficacy againsta B-lactamresistant strain.
Theclearance efficacy of ampicillin (AMP) is enhanced with the addition of
increasing dosage of avibactam (AVI, a). In contrast, the treatment efficacy is
reduced rather than enhanced when avibactamis added to the reciprocal
suppressive combination of AMP and TET (b, fixed dosage of TET, 20 pg ml™),
AMP and CLI(c, fixed dosage of CLI,10 pg mI™) and AMP and FUS (d, fixed
dosage of FUS, 20 pg ml™). e-h, Reproducibility of the microplating assay
between two biological replicates.e,f, Correlation between the colony
forming units (CFU per ml) of two replicates measured during the pairwise
drug combinationscreens (e, Extended DataFig. 5; f, Extended Data Fig. 4).
g-h, Correlation between the colony forming units of the two replicates of the
multidrugscreens (g, left panel, Fig. 2a; g, right panel, Extended Data Fig. 7a; h,

Extended DataFig. 7c). Single, two-drug treatments and high-order drug
combinations were differentially coloured asred, light blue and dark blue,
respectively. i, The distribution of thekilling delays across all single-drug
and two-drug treatments. After taking the best fit of thekilling curves to the
killingequation (see thekilling equation on the caption of Extended Data Fig. 4)
we plot the distribution of delay (L) across all conditions. j-m, Nutrient
depletionis negligible during the killing assay. j-k, The optical density (OD,
j)andthe green fluorescence signal (GFP, k) of the sensitive strain following
8-hourincubation withincreasing concentration of cefoxitin. After incubation
the supernatant of each well was transferred to anew microplate and was
re-inoculated with 2 x 10° GFP tagged cefoxitin resistant strain (MRSA) and
incubated for another 6-hour.l-m, The OD (h) and GFP signal (i) of the cefoxitin
resistant culture after 6-hourincubation.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection  The optical density were read by Biotek Synergy 2 plate reader, software version Gene5 1.115. The agar plates were imaged for GFP
(excitation:470/30; emission: 540/50) and RFP (excitation: 590/30; emission 641/75) with a custom-made automated imaging device
(macroscope).

Data analysis Code availability statement is provided as a separate section after the data availability statement. The custom python script developed for
image analysis is deposited in a public DOI-minting repository (Open Science Framework) and was cited in the appropriate Methods section.
The detailed algorithm for calculating the drug interaction scores is available in the Methods section.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The raw data including all the micro-plating images with the bacterial colonies that support the findings of this study are available as Source Data files in a public DOI
minting repository (https://osf.io/ypbj5/).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We screened the cell viability of 2 biologically independent strains (DsRed, GFP) measured in 585 drug conditions (28 singles(1X, 2X dose; at 6
and 4 independent experiments) and 91 pairs at 2 independent experiments; 5x 36 singles (1X,2X,3X,4X,5X and 6X dose), 5x57 multidrug
mixes) at 2 independent experiments; 1-5 timepoints; 2-time ranges (short and long-term killing) and 4 to 8 plating (dilutions+technical
replicates). The sample size was chosen to allow detection of possible outliers while still allowing a vast systematic quantification of pairwise
and multi-drug interactions. Sample size for the larvae experiments was large enough to allow statistically significant detection of variation
assuming the Mann Whitney test. Growth inhibition interactions between all the pairwise combinations of the 14 antibiotics were measured
as the final optical density of the cultures under a 2-D concentration gradients (8x12 different concentrations). Then a a polynomial surface
model (Loess-fit, degree 2) was fitted to the normalized optical density values.

Data exclusions At the last time point of the early-killing and the long-term clearance assay, 15uL aliquots from each well of the assay plates were also
inoculated into a 96-well plate with 150uL liquid LB containing, in each well, the same antibiotic concentrations of the assay plates and
incubated overnight at 37°C, 250rpm. Following incubation, OD was measured and growing cultures (OD600>0.2), indicating the presence of
resistant cells, were excluded from further analysis. We excluded these wells to specifically focus on the survival fraction of the sensitive cell
population. Micro-plating spots where the colonies merged extensively or with too dense colonies to reliably count were designated
“uncountable” (over 100 colonies per spot).

Replication Our high-throughput cell viability assay was highly reproducible, showing good agreement among the independent experiments (Extended
Data Fig. 12a-d). The number of biologically independent replicates and experiments for each experiments are listed in the appropriate figure

legends.

Randomization  The allocation of the single and multi drug conditions were randomized on the 96-well plates during the high-throughput screen to measure
early and long-term killing interactions.

Blinding The surviving colonies were counted in the presence of different compounds in the same way, while blind to the compound identity of each
well.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Clinical data
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Larvae of the Galleria Mellonella at their final instar stage were used to assess the clearance efficacy of drug combinations. Larvae
were either purchased from UK BioSystem Technology (Truelarv) or from Israel Agricultural Research Organization, Volcani Institute
(AROLarv).

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were

caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.
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Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Ethical approval is not required.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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