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Abstract

The crisis of antimicrobial resistance is driving research into the phenomenon of collateral

sensitivity. Sometimes, when a bacterium evolves resistance to one antimicrobial, it

becomes sensitive to others. In this study, we have investigated the utility of Phenotype

Microarray (PM) plates for identifying collateral sensitivities with unprecedented throughput.

We assessed the relative resistance/sensitivity phenotypes of nine strains of Staphylococ-

cus aureus (two laboratory strains and seven clinical isolates) towards the 72 antimicrobials

contained in three PM plates. In general, the PM plates reported on resistance and sensitiv-

ity with a high degree of reproducibility. However, a rigorous comparison of PM growth phe-

notypes with minimum inhibitory concentration (MIC) measurements revealed a trade-off

between throughput and accuracy. Small differences in PM growth phenotype did not nec-

essarily correlate with changes in MIC. Thus, we conclude that PM plates are useful for the

rapid and high-throughput assessment of large changes in collateral sensitivity phenotypes

during the evolution of antimicrobial resistance, but more subtle examples of cross-resis-

tance or collateral sensitivity cannot be identified reliably using this approach.

Introduction

Collateral sensitivity is when bacteria develop resistance to one antibiotic, and in doing so

increase their susceptibility to one or more others. The phenomenon was first observed in

1952 [1] but it was largely ignored in the subsequent decades. With the emergence of the anti-

microbial resistance crisis, collateral sensitivity has garnered new attention because it offers

the potential to preserve the utility of our diminishing supply of antibiotics [2–4]. Were collat-

eral sensitivity to be understood in a systematic and predictable manner, a clinician could treat

a persistent infection by cycling through antibiotics in such a way that the second antibiotic

was chosen for its enhanced efficacy against resistant microorganisms that develop during

treatment with the first.

Many studies into the potential of collateral sensitivity have focused on strains of Escheri-
chia coli [5–8], Pseudomonas aeruginosa [9] or Staphylococcus aureus [10, 11] that were
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subjected to evolution in vitro. In each case, a strain was exposed to one antibiotic, resistant

mutants were isolated, and their sensitivities towards up to 25 other antibiotics were tested.

The clinical relevance of this in vitro approach has been questioned because of the stochasticity

of evolution [12]. It also emphasizes mutationally acquired resistance, which is known to

occur in vivo [13, 14], but clinical strains of bacteria more commonly acquire resistance

through horizontal gene transfer [15]. This has led to studies seeking to identify collateral sen-

sitivities that are more directly relevant in clinical settings. For example, 10 genetically-diverse

clinical urinary tract isolates of E. coli showed broadly conserved patterns of collateral sensitiv-

ity to a panel of 16 antimicrobials [16]. With evidence accumulating that collateral sensitivities

may indeed be predictable [17, 18]–but with outstanding questions about how to apply this

knowledge–the field is primed to advance rapidly.

In this work we aimed to develop, implement and validate a high-throughput screen for col-

lateral sensitivities. Agar dilution and broth dilution methods [19] to determine differences in

minimum inhibitory concentration (MIC) are highly accurate but labour intensive. As a result,

it is unusual for any given study to test for collateral sensitivities towards >20 antimicrobials.

We hypothesised that higher throughput experiments might reveal previously-overlooked sen-

sitivities, which in turn could help to accelerate the field.

Phenotype Microarray (PM) plates have become a widely used tool for phenotypic charac-

terization of microorganisms [20, 21]. Each 96-well PM plate contains different nutrient

sources, growth additives or, in the case of PM plates 11–20, antimicrobial compounds. Each

of PM plates 11 to 20 contains 24 antimicrobials, present at different concentrations in four

wells. A redox dye is added to each well, which changes from colourless to purple in response

to microbial metabolic activity. The rate of colour formation can be monitored automatically

using an OmniLog instrument; however, we and others have successfully scored colour devel-

opment by eye [20, 22–24]. Persistent, well-specific variability has also been observed in Omni-

Log data collected for plates PM 1–10 [25], suggesting that data collection by eye or by

OmniLog is equally valid. We set out to assess whether PM plates could provide sensitive and

reproducible enough data to be useful in building collateral sensitivity networks. We concen-

trated on scoring growth data by eye, in order to develop a protocol with the broadest possible

applicability.

In our proof-of-principle experiments, we have focused on the Gram-positive bacterium, S.

aureus. We have compared resistance and sensitivity to 72 antimicrobials (three PM plates)

between seven clinical isolates of S. aureus including four methicillin-resistant strains

(MRSA), one laboratory strain, and one descendent of this strain that was evolved in vitro
towards oxacillin resistance. Overall we found PM plates to provide reproducible data,

although their correlation with broth microdilution was more variable.

Materials and Methods

Materials

Mueller-Hinton (MH) medium (ForMedium, Hunstanton, UK) was used to culture S. aureus.
Antibiotics and other specialty chemicals were from Sigma-Aldrich (St Louis, MO, USA)

unless noted otherwise. Cefazolin, demeclocycline and oxacillin were from Melford Laborato-

ries (Ipswich, Suffolk, UK).

Phenotype Microarray plates (Biolog, Hayward, CA, USA) were used for chemical sensitiv-

ity testing. PM plates 11–13 were used as these cover a range of common and clinically relevant

antibiotics, as well as other antimicrobial compounds.
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S. aureus strains

Seven clinical isolates of S. aureus were obtained from the collection held at Christchurch Hos-

pital, New Zealand. These isolates were fully anonymized before we accessed them. The

genomes of these isolates had previously been sequenced and typed using SCCmecFinder. This

web-based tool identifies and classifies the staphylococcal cassette chromosome mec (SCCmec)
elements used to type MRSA [26]. Four of our seven clinical isolates were MRSA sequence

type IV and carried the mecA methicillin-resistance gene. These were identified as isolates TT,

BE, BR and BK. The three remaining clinical isolates (SO, SY and UB) did not carry mecA, nor

any other element of SCCmec. They had also been typed as methicillin-sensitive when they

were isolated at Christchurch Hospital.

The laboratory strain S. aureus ATCC 25923 was tested in parallel to the clinical isolates.

This is a standard control strain for testing antibiotic resistance or susceptibility. It does not

carry the mecA gene, although it has regions of homology with SCCmec that do not confer any

resistance [27, 28].

Further, S. aureus ATCC 25923 was evolved to be more oxacillin resistant by serial passag-

ing. The strain was streaked on MH-agar and after overnight incubation at 37˚C, a single col-

ony was used to inoculate MH broth (3 ml). This was grown for 18 h with shaking at 37˚C,

resulting in a saturated culture (OD600 ~ 6.5). From this culture, a 10 μl aliquot was used to

inoculate 1 ml fresh MH broth, now containing oxacillin at 0.125 μg/ml. The culture was incu-

bated at 37˚C, with shaking, for 24 h. The presence of the antibiotic slowed growth: the OD600

measurement for this culture was ~0.8. Two aliquots (each 10 μl) were taken and used to inoc-

ulate 1 ml of fresh broth (1:100 dilution), with the oxacillin concentration doubled (0.25 μg/

ml). After 24 h with shaking at 37˚C, the replicate with the highest OD600 was used to inoculate

2 × 1 ml of fresh broth (1:100 dilution), with the oxacillin concentration again doubled

(0.50 μg/ml). This process was continued, with growth steps being extended as necessary to

obtain cultures with OD600 measurements in the range 0.7–1.2. When no growth was observed

after 6 days incubation, serial passaging was stopped and the last surviving isolate was termed

25923evo.

Phenotype Microarrays

Bacterial strains to be assayed were cultured overnight in 3 ml of MH broth. Each saturated

culture was diluted to an OD600 of 0.5 ± 0.05, and then used to prepare the PM plate inoculum

as follows. Each batch of three PM plates was prepared according to the manufacturer’s proto-

col for Gram-positive bacteria. Inoculum solution A (6 ml, total volume) was assembled by

combining 1 ml of diluted overnight culture with 4.94 ml inoculating fluid IF-0 (sold by Biolog

at 1.2× concentration) and 60 μl redox Dye H (sold by Biolog at 100× concentration).

A Gram-positive additive solution (12× concentration) was made according to the manu-

facturer’s instructions for aiding the growth of Gram-positive bacteria in PM plates. This com-

prised 24 mM MgCl2, 12 mM CaCl2, 0.06% (w/v) yeast extract, 0.06% (v/v) Tween 80, 30 mM

D-glucose and 60 mM sodium pyruvate.

Inoculum solution B (35 ml, total volume) was prepared by combining the following com-

ponents: 29.2 ml of inoculating fluid IF-10b (Biolog; sold as a 1.2× stock); 2.92 ml of the

Gram-positive additive solution; 350 μl of Dye H (100× stock); and 2.53 ml of inoculum solu-

tion A (described above). Aliquots of inoculum solution B (100 μl) were dispensed into each

well of PM plates 11–13. Plates were incubated for 24 h at 37˚C without shaking.

After incubation, growth in each well was scored by eye. Each well was given a score out of

2: 0 for colourless (no growth); 1 for light purple (intermediate growth); and 2 for dark purple

(full growth). Each antimicrobial was present in four wells at increasing concentrations.
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Growth scores across the four wells were summed. Maximal resistance therefore corresponded

to a growth score of 8, whereas a growth score of 0 corresponded to complete sensitivity.

Determination of minimum inhibitory concentrations

Minimum inhibitory concentrations (MICs) for six antimicrobial compounds were deter-

mined by the broth microdilution method, as described previously [19, 22]. The ranges of con-

centrations tested were based on the EUCAST breakpoints for each compound, where

available from http://www.eucast.org/. These MIC breakpoints were 2 μg/ml for erythromycin,

tetracycline and oxacillin, and 4 μg/ml for cefazolin. The range was subsequently lowered for

demeclocycline MIC tests to bring the point of inhibition for these isolates within range. The

first column of wells in a 96-well plate was filled with 200 μl of MH broth plus the antimicro-

bial at the maximum concentration to be tested. The remaining wells contained 100 μl MH

broth. This was used to begin a two-fold dilution series, which covered 12 concentrations. A

100 μl aliquot from column 1 was transferred into the wells in column 2, pipetted up and

down to mix, and repeated for the remaining rows. A 3-μl aliquot of saturated cell culture,

diluted to OD600 = 0.5, was used to inoculate each well. Plates were sealed with a breathable

membrane (Aeraseal) and incubated in an Incumix plate shaker (Select Bioproducts) at 37˚C

and 600 rpm for 16 h. The percentage of growth inhibition in each well was calculated by mea-

suring OD600 in a plate reader (PerkinElmer) and comparing it to a blank and a well with no

antibiotic, according to the following formula (Clinical and Laboratory Standards Institute,

https://clsi.org/):

Percentage inhibition = 100× (OD600 of untreated well–OD600 of well at known concentra-

tion plus cells) / (OD600 of untreated well–OD600 of blank).

The first well which showed�95% inhibition was deemed to be the MIC cut-off for that

isolate.

Results

We assessed the accuracy of PM plates for the discovery of collateral sensitivity networks by

assaying seven clinical isolates and two laboratory strains of S. aureus. We set out to test two

aspects of the accuracy of these assays: reproducibility and reliability. Reproducibility was

tested by comparing independent biological replicates in duplicate microarray assays. Reliabil-

ity was assessed by correlating the relative levels of resistance observed in PM assays with

MICs determined using the broth microdilution method [19], which is a particularly common

test used in clinical settings [29].

Reproducibility

All nine strains of S. aureus were assayed in duplicate using PM plates 11–13. In total, this

experiment therefore probed 648 combinations (9 strains × 72 antimicrobials). The antimicro-

bials in PM plates 11–13 were grouped according to their mode of action: cell wall-acting anti-

biotics (16 compounds); protein synthesis inhibitors (22 compounds); inhibitors of nucleic

acid synthesis (11 compounds); repurposed cancer and anti-psychotic drugs (7 compounds);

and others including antiseptics, disinfectants and metal ions (16 compounds). The full list of

compounds is provided in the Supporting Information (S1 Table). As described in the Materi-

als and Methods, relative resistance to each antimicrobial was assessed using a growth score

that ranged from 0 (completely sensitive) to 8 (maximally resistant). Independent duplicates

were performed several weeks apart. Examples of the PM assays are depicted in Fig 1.

Overall, the PM data revealed high levels of resistance in all S. aureus strains to many of the

compounds tested (Fig 2 and S1–S5 Figs, Supporting Information). As expected, for example,
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the aminoglycosides were not effective against this Gram-positive bacterium (S2 Fig). Com-

paring the clinical isolates with S. aureus ATCC 25923 revealed hints of collateral sensitivity;

for example, the clinical isolates all appeared more sensitive to doxycycline (S2 Fig) and 5-fluo-

rouracil (S4 Fig). As expected, S. aureus ATCC 25923 showed a low level of oxacillin resistance

(average growth score = 1.5), whereas its oxacillin-resistant descendent (25923evo) showed

increased resistance (growth score = 3).

Comparison of the replicated sets of PM data revealed that the growth scores for each anti-

microbial were identical between duplicates 84% of the time (Fig 2). When the growth scores

were different, it was most commonly only by one point on the 8-point scale. The scores dif-

fered by one point 11.5% of the time, and only differed by more than one point in 4.5% of the

duplicated assays (29 of 648 combinations). Most of the variability in duplicates was observed

for the β-lactams, the tetracyclines and the metal chlorides. In one extreme case, 25923evo

returned growth scores of 0 and 8 in duplicate vancomycin tests. The other eight S. aureus
strains showed reproducible growth scores of 0 for vancomycin, suggesting to us that the score

of 8 was the result of a technical or manufacturing error. The overarching conclusion of this

experiment was that PM plates yield reproducible data on relative resistance and sensitivity,

across both clinical and laboratory strains of S. aureus.

Correlation with broth microdilution

PM plates have been compared favourably against disc diffusion, broth microdilution or

molecular methods in terms of throughput, chemical use and time cost [30]. However, the

same authors also pointed out that PM plates are best used for preliminary estimates of inhibi-

tory concentrations. We wanted to gauge whether PM assays are sensitive and accurate enough

to discover novel collateral sensitivities and build large-scale resistance/sensitivity networks.

Therefore, we compared the output from our PM assays with classical MIC determination by

broth microdilution.

Within our resistance/sensitivity network (Fig 3 and S1–S5 Figs) we noted that the nine S.

aureus strains responded very similarly to some compounds, but for others the response was

highly variable. For example, as shown in Fig 3, the clinical MRSA isolates BR and TT were

Fig 1. Examples of growth in Phenotype Microarray plates. The growth of S. aureus ATCC 25923 in four wells of

increasing enoxacin, erythromycin and doxycycline concentrations is shown. The intensity of colour development

(due to the presence of a redox dye) was scored by eye, 24 h after inoculation. It was scored as either 0 (no growth), 1

(intermediate growth) or 2 (full growth). Summing the growth in all four wells yielded a score out of 8 for each

antimicrobial. In the examples shown, growths scores of 8, 2 and 3 were recorded for enoxacin, erythromycin and

doxycycline, respectively.

https://doi.org/10.1371/journal.pone.0219879.g001
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highly resistant to erythromycin (average growth scores of 8 and 7.5 respectively) while most

of the other strains we tested were relatively sensitive (growth scores of 2 to 4). On the other

hand, all nine strains showed moderate-to-high levels of resistance to cefazolin (growth scores

of 5.5 to 8). This reproducible inter-strain variability in the PM data provided us with a way to

rigorously assess the degree of correlation with broth microdilution.

We selected six antimicrobial compounds to analyze in more detail. Erythromycin and oxa-

cillin had highly variable efficacies against the nine S. aureus strains. Nickel chloride and 2,20-

dipyridyl elicited moderate variability in growth scores between strains. Cefazolin and deme-

clocycline had relatively uniform efficacies against all strains. The growth scores for each strain

against each of these six antimicrobials are summarized in Fig 3. In order to appraise the

Fig 2. Phenotype Microarray plates yield reproducible resistance/sensitivity data. The plots summarize 1,296 PM growth assays: 72 antimicrobials × 9 S. aureus
strains, each done in biological duplicate. (A) Scores of each strain in response to cell-wall acting antibiotics and protein synthesis inhibitors. (B) Scores in response to

nucleic acid synthesis inhibitors, cancer and antipsychotic drugs, and antiseptics, disinfectants and metal ions. Each symbol represents the median PM growth score,

with the error bars showing the range of the two scores. In 544 of 648 antimicrobial/strain combinations, scores were identical in duplicate assays. In only 29 cases do

the error bars span more than one point on the 8-point scale.

https://doi.org/10.1371/journal.pone.0219879.g002
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sensitivity and accuracy of our PM assays, we also determined the MICs for these six com-

pounds. Our goal was to assess whether the large and small growth differences we observed in

the wells of PM plates truly reflected differences in antimicrobial resistance/sensitivity.

The comparison of PM growth scores and broth microdilution MICs is shown in Fig 4. In

general, large differences in PM growth score faithfully reflected large differences in MIC. For

example, a high growth score for erythromycin (8 or 7.5) corresponded to an MIC of 128 μg/

ml, whereas a low growth score (2) corresponded to MICs of 8 μg/ml or less. At the same time,

the correlation between PM growth score and MIC was far from perfect. The five strains that

showed a growth score of 2 in erythromycin-containing PM wells varied in their MICs from

2 μg/ml (clinical isolate SO) to 8 μg/ml (clinical isolates BE and UB). Another strain with an

MIC of 8 μg/ml (clinical isolate SY) had a growth score of 4, not 2.

This pattern was consistent across clinical and laboratory strains, and across all of the anti-

microbials tested. Results on the polar ends of each scale were more consistent than intermedi-

ary scores. For 5 out of the 6 antimicrobials, the highest MICs were directly correlated with the

highest PM growth scores (darkest shading in Fig 4). The outlier was clinical isolate SY, which

reproducibly failed to grow in any oxacillin-containing PM well, but which was highly resistant

to oxacillin (MIC = 64 μg/ml) in the broth microdilution assay. Similarly, for 5 of the antimi-

crobials, the lowest MICs were reflected in the lowest PM growth scores (lightest shading in

Fig 3. Phenotype Microarray growth scores for nine S. aureus strains in the presence of six different antimicrobials. The radial axis depicts the

average growth score from independent duplicates. The growth scores of the seven clinical isolates are plotted in shades of blue and green. Data for the

laboratory strain S. aureus ATCC 25923 and its evolved descendent, 25923evo, are plotted in orange and red.

https://doi.org/10.1371/journal.pone.0219879.g003
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Fig 4). The exception was 2,20-dipyridyl, for which the most sensitive strain (S. aureus ATCC

25923, MIC = 32 μg/ml) grew unusually well in the PM assay (growth score = 7).

On the other hand, differences in PM growth score of less than 2 units could not reliably

predict differences in MIC. For example, growth scores of 4, 5 or 6 could all correspond to a

demeclocycline MIC of 0.0156 μg/ml (Fig 4). Similarly, growth scores of 5, 7 or even 7.5 could

correspond to a nickel chloride MIC of 64 μg/ml.

The manufacturer of PM plates (Biolog Inc.) does not disclose the concentrations of com-

pounds in their plates. The sizes of the incremental increases in concentration across the four

PM wells are also unknown for each compound. Not knowing the working range of concentra-

tions complicates the use of PM plates to assess sensitivity/resistance networks. For example,

six of the nine S. aureus strains showed full growth in all four cefazolin-containing PM wells;

that is, they had growth scores of 8. However, the cefazolin MICs of these strains ranged from

1 μg/ml to 16 μg/ml (Fig 4). The most likely explanation is that the four PM wells containing

cefazolin range from a very low concentration up to, perhaps, 0.5 μg/ml. If this is the case, any

strain with an MIC > 0.5 μg/ml will show full growth in all four wells; however, it becomes

impossible to assess the relative resistance or sensitivity of any strain that fulfils this criterion.

Discussion

This study has emphasized the potential power and pitfalls of PM plates for the large-scale

assessment of cross resistance and collateral sensitivity. We were able to rapidly obtain resis-

tance and sensitivity data for 72 antimicrobials, which is many more than have been tested in

previous studies [8, 12, 16, 17]. It would be straightforward to expand our approach to more of

the antimicrobial-containing PM plates. In total, plates 11–20 contain 237 antimicrobials; test-

ing the entire set would represent an order of magnitude increase in screening breadth com-

pared to current approaches. Moreover, scoring PM growth by eye (Fig 1) proved to be a fast,

technically straightforward, cost effective and reproducible way to collect resistance and

Fig 4. Heat map to correlate PM growth scores and MICs for nine S. aureus strains and six antimicrobials. PM growth scores are

shaded from dark red (score = 8) to white (score = 0). MICs are also colour-coded, to highlight their level of agreement or disagreement

with the corresponding growth score. Compounds are grouped according to the level of variability the nine strains showed in their PM

growth scores.

https://doi.org/10.1371/journal.pone.0219879.g004
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sensitivity data. In independent duplicates, carried out several weeks apart, we obtained identi-

cal growth scores in 544 of 648 antimicrobial/strain combinations. Of the remaining combina-

tions, 75 differed by a single point on our 8-point growth scale (Fig 2). This corresponded to

the difference between no growth and intermediate growth, or intermediate growth and full

growth, in one of the four wells containing a given antimicrobial.

When PM growth scores were carefully compared with MIC data obtained by broth micro-

dilution, a trade-off between throughput and accuracy became apparent. Small differences in

PM growth score did not reliably correlate with MIC. Our data suggest that a difference in

growth score of at least 2 points is required to indicate a genuine difference in MIC between

two S. aureus strains. For example, the PM assays suggested that many of the clinical isolates

were more sensitive to demeclocyline, nickel chloride or 2,20-dipyridyl than the laboratory

strain S. aureus ATCC 25923 (Fig 3). However, the differences in PM growth score were small

and the evidence for increased sensitivity was not borne out by MIC testing (Fig 4). The level

of agreement (or disagreement) between PM scores and MICs was comparable for the clinical

isolates and the laboratory strains S. aureus 25923 and 25923evo. For the purpose of discover-

ing novel collateral sensitivities, the power of these assays appears to be limited to detecting

large reductions in resistance. With one exception (clinical isolate SY in oxacillin), differences

of�16-fold in MIC between any two strains were always correlated with differences in PM

growth.

Our results build on previous findings that laboratory strains are not necessarily good mod-

els for exploring collateral sensitivity in the clinical setting [12, 31]. Our laboratory-evolved,

oxacillin-resistant strain 25923evo frequently behaved closer to its parent, S. aureus ATCC

25923, than to any of the clinical isolates. Collateral sensitivities could not be extrapolated

from 25923evo to the clinical isolates, either from PM results or from MIC data. This lack of

predictive power held when 25923evo was compared either to MRSA (strains TT, BE, BR and

BK, carrying the mecA gene) or to the methicillin-sensitive hospital isolates SO, SY and UB

(lacking mecA).

There remains a chasm between the expanding body of laboratory research into collateral

sensitivity and the implementation of this research as a therapeutic strategy. A high-through-

put assay using PM plates could go some way towards bridging this gap. Our research has con-

centrated on the easiest to implement, most universally applicable option of scoring growth in

PM plates by eye. It is possible that measurements using the OmniLog instrument (sold by

Biolog Inc.) would resolve some the issues we encountered; however, this remains to be tested.

We also note that other groups have found OmniLog results to be variable or imperfect [25,

32]. The assay we have implemented here offers speed and breadth, and is capable of reproduc-

ibly identifying large differences in cross-resistance or collateral sensitivity between otherwise

closely-related strains.

Supporting information

S1 Fig. Phenotype Microarray growth scores for nine S. aureus strains in the presence of

cell wall-acting antibiotics. Scores are an average of two biological replicates, with 8 repre-

senting maximum relative resistance around the exterior of the radar and 0 representing com-

plete sensitivity at the centre. Clinical isolates are in shades of blue and green. Laboratory

strains S. aureus ATCC 25923 and 25923evo are orange and red respectively.

(PDF)

S2 Fig. Phenotype Microarray scores for nine S. aureus strains in the presence of protein

synthesis-inhibiting antibiotics. Scores are an average of two biological replicates, with 8 rep-

resenting maximum relative resistance around the exterior of the radar and 0 representing
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complete sensitivity at the centre. Clinical isolates are in shades of blue and green. Laboratory

strains S. aureus ATCC 25923 and 25923evo are orange and red respectively.

(PDF)

S3 Fig. Phenotype Microarray scores for nine S. aureus strains in the presence of antibiot-

ics that inhibit nucleic acid synthesis. Scores are an average of two biological replicates, with

8 representing maximum relative resistance around the exterior of the radar and 0 represent-

ing complete sensitivity at the centre. Clinical isolates are in shades of blue and green. Labora-

tory strains S. aureus ATCC 25923 and 25923evo are orange and red respectively.

(PDF)

S4 Fig. Phenotype Microarray scores for nine S. aureus strains in the presence of repur-

posed cancer and antipsychotic drugs. Scores are an average of two biological replicates, with

8 representing maximum relative resistance around the exterior of the radar and 0 represent-

ing complete sensitivity at the centre. Clinical isolates are in shades of blue and green. Labora-

tory strains S. aureus ATCC 25923 and 25923evo are orange and red respectively.

(PDF)

S5 Fig. Phenotype Microarray scores for nine S. aureus strains in the presence of antisep-

tics, disinfectants, metal ions, etc. Scores are an average of two biological replicates, with 8

representing maximum relative resistance around the exterior of the radar and 0 representing

complete sensitivity at the centre. Clinical isolates are in shades of blue and green. Laboratory

strains S. aureus ATCC 25923 and 25923evo are orange and red respectively.

(PDF)

S1 Table. Full list of antimicrobial compounds tested in PM plates 11, 12 and 13, grouped

according to mode of action.

(PDF)

Acknowledgments

We gratefully acknowledge Prof Stephen Chambers (Director of Infectious Diseases, Christ-

church Hospital, New Zealand) and Rosie Greenlees (Canterbury District Health Board) for

providing us with the clinical isolates used in this study.

Author Contributions

Conceptualization: Wayne M. Patrick.

Data curation: Elsie J. Dunkley, James D. Chalmers, Stephanie Cho, Thomas J. Finn.

Formal analysis: Elsie J. Dunkley.

Funding acquisition: Wayne M. Patrick.

Investigation: Elsie J. Dunkley, James D. Chalmers, Stephanie Cho, Thomas J. Finn.

Methodology: Elsie J. Dunkley, James D. Chalmers, Stephanie Cho, Thomas J. Finn.

Project administration: Wayne M. Patrick.

Supervision: Wayne M. Patrick.

Visualization: Elsie J. Dunkley.

Writing – original draft: Elsie J. Dunkley.

Writing – review & editing: Wayne M. Patrick.

Assessment of Phenotype Microarrays for high-throughput analysis of collateral sensitivity networks

PLOS ONE | https://doi.org/10.1371/journal.pone.0219879 December 18, 2019 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219879.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219879.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219879.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219879.s006
https://doi.org/10.1371/journal.pone.0219879


References
1. Szybalski W, Bryson V. Genetic studies on microbial cross resistance to toxic agents. I. Cross resis-

tance of Escherichia coli to fifteen antibiotics. J Bacteriol. 1952; 64:489–99. PMID: 12999676

2. Hancock RE. Collateral damage. Nat Biotechnol. 2014; 32:66–8. https://doi.org/10.1038/nbt.2779

PMID: 24406933

3. Pál C, Papp B, Lázár V. Collateral sensitivity of antibiotic-resistant microbes. Trends Microbiol. 2015;

23:401–7. https://doi.org/10.1016/j.tim.2015.02.009 PMID: 25818802

4. Baym M, Stone LK, Kishony R. Multidrug evolutionary strategies to reverse antibiotic resistance. Sci-

ence. 2016; 351:aad3292. https://doi.org/10.1126/science.aad3292 PMID: 26722002

5. Imamovic L, Sommer MO. Use of collateral sensitivity networks to design drug cycling protocols that

avoid resistance development. Sci Transl Med. 2013; 5:204ra132. PMID: 24068739
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