
 1 

Phage-induced efflux down-regulation boosts antibiotic efficacy 1 

Samuel Kraus1, Urszula AapiEska1, Krina Chawla1, Evan Baker2,3, Erin L Attrill1, Paul 2 
O9Neill4, Audrey Farbos4, Aaron Jeffries4, Edouard E. Galyov5, Sunee Korbsrisate6, Kay B. 3 

Barnes7, Sarah V Harding7, Krasimira Tsaneva-Atanasova2,3, Mark A T Blaskovich8, Stefano 4 
Pagliara1,9* 5 

1Living Systems Institute and Biosciences, University of Exeter, Exeter, Devon, EX4 4QD, 6 

United Kingdom 7 
2Department of Mathematics and Living Systems Institute, University of Exeter, Exeter, 8 

Devon, EX4 4QD, United Kingdom  9 
3EPSRC Hub for Quantitative Modelling in Healthcare, University of Exeter, Exeter, EX4 10 

4QJ, UK 11 
4Biosciences, University of Exeter, Exeter, Devon, EX4 4QD, United Kingdom 12 
5Department of Genetics and Genome Biology, University of Leicester, University Road, 13 

Leicester, LE1 7RH, United Kingdom 14 
6Department of Immunology, Faculty of Medicine Siriraj Hospital, Mahidol University, 15 

Bangkok 10700, Thailand 16 
7Defence Science and Technology Laboratory, Porton Down, Salisbury, Wiltshire, SP4 0JQ, 17 

United Kingdom 18 
8Centre for Superbug Solutions, Institute for Molecular Bioscience, The University of 19 

Queensland, St. Lucia, QLD, 4072, Australia 20 
9Lead contact  21 

*Correspondence: s.pagliara@exeter.ac.uk 22 

23 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558807doi: bioRxiv preprint 

mailto:s.pagliara@exeter.ac.uk
https://doi.org/10.1101/2023.09.21.558807
http://creativecommons.org/licenses/by/4.0/


 2 

Summary 24 

The interactions between a virus and its host vary in space and time and are affected by the 25 

presence of molecules that alter the physiology of either the host or the virus. Determining the 26 

dynamics of these interactions is paramount for predicting the fate of bacterial and phage 27 

populations and for designing rational phage-antibiotic therapies. We study the interactions 28 

between stationary phase Burkholderia thailandensis and the phage §Bp-AMP1. Although 29 

heterogeneous genetic resistance to phage rapidly emerges in B. thailandensis, the presence 30 

of phage enhances the efficacy of three major antibiotic classes, the quinolones, the beta-31 

lactams and the tetracyclines, but antagonizes tetrahydrofolate synthesis inhibitors. Enhanced 32 

antibiotic efficacy is underpinned by reduced antibiotic efflux in the presence of phage. This 33 

new phage-antibiotic therapy allows for eradication of stationary phase bacteria, whilst 34 

requiring reduced antibiotic concentrations, which is crucial for treating infections in sites 35 

where it is difficult to achieve high antibiotic concentrations. 36 
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Introduction 42 

Antimicrobial resistance (AMR) has a dramatic impact on global health with an estimated 5 43 

million deaths associated with AMR in 2019 alone 1. Burkholderia Bptm species cause life-44 

threatening diseases 2,3 437 and are challenging to treat with currently available antibiotics as 45 

they are intrinsically resistant to aminoglycosides, macrolides and oxazolidinones due to 46 

constitutively expressed efflux pumps 8, whereas an atypical lipopolysaccharide structure 9 47 

plays a crucial role in resistance to cationic peptides such as polymyxins 10. 48 

Moreover, misuse and overuse of antibiotics in the food industry, animal husbandry, and 49 

medicine, as well as changes in the global environment have recently contributed to the 50 

spread of acquired genetic resistance 11. Burkholderia Bptm species can acquire antibiotic 51 

resistance in vivo during treatment, which can be fatal if treatment is not shifted to alternative 52 

drugs in due course 12.  53 

In order to overcome the development of resistance to antibiotic monotherapies, the 54 

deployment of two or more different antibiotics in combination therapies has shown some 55 

success in treating and preventing infections 13315, although combination therapies against 56 

bacteria are still rare compared to treatments against other pathogens such as viruses 13318. 57 

Such limited use can be partly ascribed to the fact that antibiotics in conventional regimens 58 

can antagonize each other in vitro 19. Therefore, several alternatives to traditional antibiotics 59 

have been explored in order to treat resistant infections, including: antibody therapy, 60 

antimicrobial peptides, probiotics, metal chelation, CRISPR-Cas9, bioengineered toxins, 61 

bacteriocins, vaccines and antibodies 20327. Although promising, all of these approaches are 62 

limited by the fact that these antimicrobial agents cannot change or adapt in real time.  63 

In contrast, like bacteria, bacteriophages (i.e., viruses that infect bacteria) amplify at the site 64 

of an infection and evolve; therefore, also due to their high number and genetic variability, 65 

phage constitute a large and valuable reservoir of natural antimicrobials 28. However, the use 66 

of phage as a monotherapy to treat bacterial infections presents several challenges, 67 

particularly narrow host range and the rapid evolution of resistance to phage 29. As antibiotics 68 

are the current standard of care, using phage as an adjuvant to antibiotics instead of a 69 

monotherapy may be a more rational therapeutic use of phage 30. Therefore, phage-antibiotic 70 

therapy has undergone a robust revitalization in the last seven years 28,31333.  71 

Increased efficacy of combination therapies has historically been attributed to an increase in 72 

phage produced from bacteria in the presence of b-lactam antibiotics, relative to production in 73 

their absence 34336. More recently, a variety of lytic phage was observed to form larger plaques 74 

in the presence of sublethal concentrations of b-lactam, quinolone and tetracycline antibiotics 75 
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37341. This effect has been termed phage-antibiotic synergy 37 and has been linked to antibiotic-76 

induced bacterial filamentation which accelerates phage assembly and cell lysis. However, 77 

other recent evidence suggests that phage-antibiotic synergy can be obtained independently 78 

of cell filamentation, enhancement of phage production or the strict use of lytic phage, and 79 

that temperate phage are also viable for phage-antibiotic therapy if prophages are induced by 80 

DNA damaging antibiotics 42. 81 

Moreover, phage-antibiotic synergy has mostly been studied with only one or two 82 

concentrations of the antimicrobials, which is insufficient to predict combinatorial 83 

concentrations that are effective during treatment, leading to mixed results during phage-84 

antibiotic therapy investigations 30,31,43345. Indeed, a recent study employing Escherichia coli 85 

and the lytic phage fHP3 tested several orders of magnitude of both phage and antibiotic 86 

concentrations, finding that the nature of the interaction between antibiotics and phage 87 

depended both on the type and concentration of the antibiotic and phage employed 46. 88 

Therefore, it is imperative to discover and understand the emergence of resistance to phage 89 

as well as the nature of the interactions between phage and antibiotics in order to rationally 90 

design successful new phage-antibiotic therapy 28. Here we test molecules representative of 91 

eight major antibiotic classes in combination with a recently discovered phage, termed §Bp-92 

AMP1 47, that infects and kills Burkholderia pseudomallei and Burkholderia thailandensis 47,48. 93 

§Bp-AMP1 is a podovirus with a 45 nm icosahedral capsid, a 20 nm non-contractile tail and 94 

a 45 kb genome. In contrast to other Burkholderia phage that are strictly lytic 9,49, §Bp-AMP1 95 

displays a temperature-dependent switch from the temperate (at 25 °C) to the lytic cycle (at 96 

37 °C) 47,50. Using optically based microtiter plate assays and genomics, we studied the 97 

development of genetic resistance to §Bp-AMP1 in stationary phase B. thailandensis. We 98 

investigated the dynamics of the interactions between §Bp-AMP1 and representative 99 

molecules of the major antibiotic classes over multiple orders of magnitude of antibiotic 100 

concentrations and phage titers. We further analysed these phage-antibiotic interactions via 101 

single-cell microscopy, mathematical modelling and gene expression profiling of stationary 102 

phase B. thailandensis undergoing phage-antibiotic combination therapy as well as antibiotic 103 

or phage monotherapy. 104 

 105 

Results 106 

Genetic resistance to §Bp-AMP1 phage in B. thailandensis is heterogeneous 107 

We used well-mixed liquid cultures of stationary phase B. thailandensis (strain E264) with 108 

§Bp-AMP1 at a multiplicity of infection (MOI) of 1 in lysogeny broth (LB) medium at 37 °C 51 109 
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and performed colony forming unit (CFU) assays every 2 h over a 24 h period. For the first 14 110 

h of incubation in the presence of phage, we did not observe neither a reduction nor an 111 

increase of the bacterial population, despite the presence of LB medium allowed regrowth of 112 

uninfected stationary phase B. thailandensis cultures (Figure 1A).  113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

The phage population instead increased within the first 4 h of co-incubation and reached a 135 

plateau after 6 h (Figure S1). The bacterial population started to increase after 14 h co-136 

Figure 1 Heterogenous resistance to §Bp-AMP1 in B. thailandensis. (A) Regrowth of stationary 

phase B. thailandensis populations in the presence of LB medium only (green squares) or together 

with phage at an MOI of 1 (black circles). Symbols and error bars are means and standard errors of 

the means of CFU measurements obtained from biological triplicates each containing technical 

triplicates. Very small error bars cannot be visualised due to overlap with the datapoints. Dotted lines 

are guides-for-the-eye. Corresponding phage counts are reported in Figure S1. (B) Regrowth of 

stationary phase B. thailandensis populations in the presence of LB medium only (1.05 < OD600 < 1.2 

after 48 h, green squares) or together with phage at an MOI of 1 with different levels of bacterial 

resistance to phage emerging: high-resistance (0.9 < OD600 < 1.05 after 48 h, purple circles), medium-

resistance (0.5 < OD600 < 0.7 after 48 h, magenta diamonds), low-resistance (0.3 < OD600 < 0.5 after 

48 h, blue upward triangles), susceptible (0 < OD600 < 0.01 after 48 h, grey downward triangles). 

Symbols and error bars are means and standard errors of bacterial density values, measured in OD600, 

obtained from 84 technical replicates from biological triplicates. Very small error bars cannot be 

visualised due to overlap with the datapoints. * indicate a p-value < 0.05, **** indicate a p-value < 

0.0001. (C). Bacterial density measurements after 24 h in the presence of phage at an MOI of 10-4, 10-

2, 1 and 102. Each black circle represents a bacterial density value performed on one of 84 technical 

micro-culture replicates from biological triplicates. The coloured vertical bands in the background 

indicate the range of OD600 values for each level of resistance after 24 h: high-resistance (0.3 < OD600 

< 0.5, purple band), medium-resistance (0.15 < OD600 < 0.3, magenta band), low-resistance (0.01 < 

OD600 < 0.15, blue band), susceptibility (0 < OD600 < 0.01, grey band). (D) Unique mutations identified 

in five representative low- and high-resistance mutants. See Table S1 for further details. 
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incubation with phage and after 24 h reached a plateau 2-fold lower compared to that 137 

measured in the absence of phage (Figure 1A). These data suggest that a bacterial 138 

subpopulation survives phage treatment, passes on phage immunity to its progeny and 139 

becomes the predominant genotype within the population; in contrast, a susceptible 140 

subpopulation becomes a minority due to phage infection but persists in the presence of phage 141 

since the phage population does not decline within our experimental time frame (Figure S1). 142 

To test this hypothesis, we infected 84 different stationary phase bacterial micro-cultures and 143 

measured the bacterial density in the presence of phage and LB medium. We found that some 144 

bacterial micro-cultures contained only bacteria that were susceptible to phage and did not 145 

grow; whereas in other bacterial micro-cultures genetic resistance to phage emerged and the 146 

cultures started to regrow in the presence of LB medium, albeit with different onset times, 147 

slopes and saturations of growth (Figure 1B). Overall, the distribution of growth levels 148 

observed could be described by a hurdle-gamma distribution (Figure 1C and Figure S2), 149 

where the hurdle describes the cultures that are susceptible to phage, whereas the gamma 150 

describes the spread of growth in the cultures that are resistant to phage. These data suggest 151 

that B. thailandensis populations must contain a heterogeneous pool of mutants that are 152 

resistant to the phage.  153 

Next, we set out to investigate whether the phage MOI has an impact on the emergence of a 154 

heterogeneous pool of genetically resistant mutants. We infected 84 stationary phase bacterial 155 

micro-cultures with four different phage MOIs and measured the bacterial density after 24 h. 156 

We found that the proportion of cultures susceptible to phage increased with the MOI; the 157 

fraction of cultures displaying low resistance to phage or high resistance to phage reduced 158 

and increased, respectively, with increasing phage MOI (Figure 1C and Figure S2). Moreover, 159 

all of the cultures grew when treated with §Bp-AMP1 at an MOI of 1 at 25 °C (Figure S3), 160 

confirming that §Bp-AMP1 features a temperature-dependent switch from the lytic to the 161 

lysogenic cycle. 162 

To investigate the mechanisms underpinning resistance to phage, we harvested survivor 163 

populations from the experiments above and inoculated them either into 96-well plates or onto 164 

agar plates containing phage. We found that all survivors grew in the presence of §Bp-AMP1 165 

and LB medium, suggesting that the bacterial populations had become genetically resistant to 166 

phage. However, the colonies produced by these resistant mutants were smaller compared to 167 

the parental strain (Figure S4), suggesting that these mutations brought about a fitness cost 168 

32. Therefore, we set out to understand which genetic mutations had emerged within the 169 

population during phage treatment. We sequenced the genome of five representative high-170 

resistant and low-resistant survivor cultures. We found that low resistance was due to unique 171 
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mutations in genes encoding the O-acetyl-ADP-ribose deacetylase, the dTDP-L-rhamnose-4-172 

epimerase, the ABC transporter subunit MlaE, the thymidylyltransferase and a hypothetical 173 

lipoprotein (Figure 1D and Table S1). High resistance was instead due to unique mutations of 174 

three genes encoding the O-antigen methyl transferase, a glycosyltransferase and a 175 

polysaccharide biosynthesis protein. Moreover, we did not find lysogenic §Bp-AMP1 in any 176 

of the genomes sequenced (Table S2), suggesting that stable lysogeny did not occur at 37 177 

°C. We found two common temperate bacteriophages of Burkholderia species, §E12-2 and 178 

§E125, in all sequenced B. thailandensis genomes (Table S2).  179 

Taken together, these data suggest that §Bp-AMP1 is a lytic phage of B. thailandensis at 37 180 

°C, that different levels of genetic resistance can emerge within putatively clonal populations 181 

of B. thailandensis depending on the phage MOI employed and that mutations of genes 182 

encoding membrane associated proteins confer high resistance to §Bp-AMP1. Therefore, in 183 

order to make §Bp-AMP1 effective in eradicating stationary phase B. thailandensis there is a 184 

need to use this phage in combination with clinically relevant antibiotics. 185 

 186 

§Bp-AMP1 phage increases the growth inhibitory efficacy of quinolones, ³-lactams and 187 

tetracyclines  188 

We set out to investigate whether the use of §Bp-AMP1 increases the efficacy of clinically 189 

relevant antibiotics in inhibiting the regrowth of stationary phase B. thailandensis when 190 

incubated in LB medium. We used four major antibiotic classes commonly employed for 191 

treatment of melioidosis, namely quinolones, ³-lactams, tetracyclines and tetrahydrofolate 192 

synthesis inhibitors as well as antimicrobial agents that are not routinely employed to treat 193 

melioidosis, namely aminoglycosides, oxazolidinones, macrolides and glycopeptides (Table 194 

1). We determined the fractional inhibitory concentration (FIC) index of each antibiotic against 195 

stationary phase B. thailandensis by dividing the minimum inhibitory concentration (MIC) 52 196 

derived from combination therapy with phage at an MOI of 1 by the MIC of antibiotic 197 

monotherapy. Therefore, the smaller the FIC index value measured, the higher is the increase 198 

in antibiotic efficacy of the combination therapy.  199 

Remarkably, combination therapy increased the efficacy of a diverse range of molecules 200 

representative of all of the fluoroquinolone generations. Specifically, we measured an FIC 201 

index of 0.25 for nalidixic acid (1st generation fluoroquinolone), 0.06 for ciprofloxacin (2nd 202 

generation), 0.125 for levofloxacin (3rd generation), 0.125 for moxifloxacin (4th generation) and 203 

0.03 for finafloxacin (5th generation). Similarly, combination therapy increased the efficacy of 204 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558807doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558807
http://creativecommons.org/licenses/by/4.0/


 8 

representative ³-lactams and tetracyclines against B. thailandensis; however, combination 205 

therapy did not increase the efficacy of tetrahydrofolate synthesis inhibitors (Table 1). 206 

Table 1 §Bp-AMP1 phage increases the inhibitory efficacy of quinolones, ³-lactams and 207 

tetracyclines. Antibiotic class, antibiotic molecule, minimum inhibitory concentration (MIC) measured 208 

against stationary phase B. thailandensis when used as monotherapy or in combination therapy with 209 

phage §Bp-AMP1 at an MOI of 1 and the fractional inhibitory concentration (FIC) as the ratio of the 210 

MIC value obtained from the combination therapy over the MIC value obtained from monotherapy. The 211 

initial bacterial inoculum was 5×105 cells mL-1, regrowth of stationary phase bacteria was measured as 212 

optical density after 24 h of monotherapy or combination therapy compared with regrowth of untreated 213 

stationary phase bacteria incubated in LB medium only. The MIC value after 24 h was determined as 214 

the antibiotic concentration value for which the bacterial growth was less than 10% the growth value 215 

measured for untreated bacteria. Each measurement was performed in biological triplicates each 216 

consisting of five technical replicates. 217 

 218 

Class Molecule Monotherapy 
MIC (µg ml-1) 

Co-treatment 
MIC (µg ml-1) 

FIC 

Quinolones 

Nalidixic Acid 16 4 0.25 

Ciprofloxacin 2 0.125 0.06 

Ofloxacin 4 0.5 0.125 

Levofloxacin 4 0.5 0.125 

Finafloxacin 2 0.06 0.03 

Moxifloxacin 2 0.25 0.125 

³-Lactams 

Amoxicillin 64 16 0.25 

Ampicillin 64 16 0.25 

Cefaclor 256 64 0.25 

Ceftazidime 2 0.25 0.125 

Meropenem 8 2 0.25 

Tetracyclines 
Doxycycline 4 1 0.25 

Tetracycline 8 2 0.25 

Tetrahydrofolate 

Synthesis 

Inhibitors 

Trimethoprim (TMP) 32 32 1 

Sulfamethoxazole 

(SMX) 
1024 1024 1 

Co-trimoxazole 

(TMP/SMX) 
32/160 32/160 1 

Aminoglycosides 
Gentamicin >512 >512 - 

Streptomycin >512 >512 - 

Oxazolidinones Linezolid >512 >512 - 

Macrolides Roxithromycin >512 >512 - 

Glycopeptides Vancomycin >512 >512 - 
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Inspired by these successful combination therapy findings, we set out to determine whether 219 

combination therapy with phage increased the efficacy of antibiotics that are not routinely 220 

employed to treat melioidosis. However, combination therapy with phage did not increase the 221 

efficacy of two aminoglycosides, an oxazolidinone, a macrolide or a glycopeptide (Table 1), 222 

antibiotics against which B. thailandensis is intrinsically resistant due to constitutively 223 

expressed efflux pumps 8 and an atypical lipopolysaccharide structure 53. 224 

Next, we investigated the bacterial population dynamics in the presence of phage and a sub-225 

inhibitory concentration of levofloxacin, cefaclor or trimethoprim for which combination therapy 226 

with phage provided high, medium or no increase in efficacy, respectively (Table 1). 227 

Combination therapy with 0.25× MIC levofloxacin and phage at an MOI of 1 in LB medium did 228 

not allow for regrowth of stationary phase B. thailandensis within the 24 h experimental 229 

timeframe, whereas regrowth started after 5 h exposure to levofloxacin monotherapy and 16 230 

h after exposure to phage monotherapy (Figure 2A).  231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

Following cefaclor monotherapy at 0.25× its MIC, the stationary phase B. thailandensis 240 

population started to regrow after 5 h, whereas following either phage monotherapy at an MOI 241 

of 1 or combination therapy with 0.25× MIC cefaclor and phage at an MOI of 1, the stationary 242 

phase B. thailandensis population started to regrow after 16 h and reached a plateau that was 243 

significantly lower compared to cefaclor monotherapy (Figure 2B). Following trimethoprim 244 

monotherapy at 0.25× its MIC, the stationary phase B. thailandensis population started to 245 

regrow after 9 h. Similarly, following combination therapy with 0.25× MIC trimethoprim and 246 

phage at an MOI of 1, the stationary phase B. thailandensis population started to regrow after 247 

9 h and after 24 h reached a plateau that was significantly higher compared to that reached 248 

during phage monotherapy (red triangles and black circles in Figure 2C, respectively). 249 

Figure 2 Bacterial population dynamics in the presence of §Bp-AMP1 and sub-inhibitory 

antibiotic concentrations. Regrowth of stationary phase B. thailandensis populations in the presence 

of LB medium and either phage at an MOI of 1 (black circles), or 0.25× MIC of (A) levofloxacin, (B) 

cefaclor or (C) trimethoprim either as monotherapy (blue diamonds) or in combination therapy with 

phage at an MOI of 1 (red triangles). Symbols and error bars are means and standard errors of the 

means of bacterial density values, measured in OD600, obtained from biological triplicates each 

consisting of five technical replicates. Very small error bars cannot be visualised due to overlap with 

the datapoints. Dotted lines are guides-for-the-eye. **** indicate a p-value < 0.0001. 
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Taken together these data demonstrate that combination therapy with phage §Bp-AMP1 250 

increases the inhibitory efficacy of quinolones, ³-lactams and tetracyclines, whilst combination 251 

therapy with tetrahydrofolate synthesis inhibitors decreases the inhibitory efficacy of §Bp-252 

AMP1. 253 

The interactions between phage §Bp-AMP1 and antibiotics depend on the antibiotic 254 

but not on the phage concentration 255 

Next, we set out to understand whether phage-antibiotic interactions in inhibiting bacterial 256 

growth depend on either the antibiotic or the phage concentration. Firstly, we measured the 257 

bacterial density of stationary phase B. thailandensis over time during exposure to LB medium 258 

and different antibiotic concentrations at a constant phage MOI of 1 (data points in Figure 3A, 259 

Figure 3F and Figure 3K). In order to estimate bacterial density and the associated uncertainty 260 

also for antibiotic concentrations that we did not investigate experimentally, we fitted these 261 

data to a statistical non-linear regression model (lines and bands in Figure 3A, Figure 3F and 262 

Figure 3K). This model also allowed us to infer the probability of additivism between the phage 263 

effect and the antibiotic effect on bacterial growth. We summarised our results in the form of 264 

interaction plots 46 reporting bacterial density values in the absence of phage or antibiotic, 265 

growth values following phage or antibiotic monotherapies and growth values following 266 

combination therapy. 267 

When ciprofloxacin was used above its MIC, we measured growth suppression following both 268 

monotherapy and combination therapy (Figure 3A), without additive effect (blue shaded area 269 

in Figure 3B and Figure 3E) in line with previous reports 46. In contrast, when ciprofloxacin was 270 

used at sub-inhibitory concentrations, the model predicted an interacting region: successful 271 

growth suppression was achieved only in the case of combination therapy (red lines in Figure 272 

3A), with a degree of confidence of >95% in predicted additive effect at ciprofloxacin 273 

concentrations between 0.06 and 2 µg ml-1 (red shaded area in Figure 3B and Figure 3D). 274 

This additive concentration range was broad for ciprofloxacin, finafloxacin and moxifloxacin 275 

and narrower for nalidixic acid, ofloxacin and levofloxacin (Table S3). Finally, we did not record 276 

an interaction effect between phage and ciprofloxacin at low concentrations (white shaded 277 

area in Figure 3B and Figure 3C) in line with previous reports 46.  278 

We recorded similar concentration-dependent interactions between phage and cefaclor 279 

(Figure 3F-J); however, for this antibiotic the additive effect was limited to the antibiotic range 280 

64-256 µg mL-1, i.e. a 4-fold additive concentration range (Figure 3G). In addition, ceftazidime, 281 

meropenem, doxycycline, tetracycline, amoxicillin and ampicillin displayed a narrow additive 282 

concentration range (Table S3). 283 

 284 
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 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

In contrast, we found an antagonistic effect when phage was used in combination with 305 

trimethoprim concentrations in the range of 0.125-32 µg mL-1 with the line connecting the 306 

growth value following antibiotic therapy and combination therapy (red, dotted line in Figure 307 

3N) having a less negative slope than the line connecting the growth value following control 308 

experiments and phage monotherapy (black, dashed line in Figure 3N). A similarly extended 309 

antagonistic range was recorded when phage was used in combination with either 310 

sulfamethoxazole or co-trimoxazole. 311 

Figure 3 Interactions between §Bp-AMP1 and antibiotics depend on the antibiotic 

concentration. Experimental data (symbols) and model predictions (lines and bands) describing the 

dependence of bacterial density on the concentration of (A) ciprofloxacin, (F) cefaclor or (K) 

trimethoprim in the absence (blue diamonds) and presence of phage §Bp-AMP1 at an MOI of 1 (red 

triangles) after 24 h treatment. Each symbol represents the bacterial density measured in one of 15 

technical replicates collated from biological triplicates. Some of the symbols overlap with each other. 

The lines and shaded areas are the medians, upper and lower quartiles, estimated by fitting our 

statistical non-linear regression model to our experimental data via Markov Chain Monte Carlo 

simulations. Corresponding predicted probability of an additive interaction between phage and (B) 

ciprofloxacin, (G) cefaclor and (L) trimethoprim (red lines) is shown only for antibiotic concentration 

ranges where the probability is higher than 90% (red shaded areas). Not shaded or blue shaded areas 

indicate antibiotic concentration ranges where the phage or the antibiotic dominate, respectively. Purple 

shaded areas indicate antagonism. Corresponding interaction plots at antibiotic concentrations 

selected from the ranges above for (C-E) ciprofloxacin, (H-J) cefaclor and (M-O) trimethoprim. Black 

circles connected by dashed lines show bacterial density values following control experiments and 

phage monotherapy, red triangles connected by dotted lines show bacterial density values following 

antibiotic monotherapy and combination therapy. 
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Secondly, we measured the bacterial density of stationary phase B. thailandensis over time 312 

during incubation in LB medium while simultaneously varying the initial antibiotic concentration 313 

and phage MOI. We used ciprofloxacin, ampicillin and trimethoprim as representative 314 

molecules displaying a broad additive concentration range, a narrow additive concentration 315 

range and antagonism, respectively, in combination with phage at an initial MOI of either 10-316 

4, 10-2, 100 or 102. We found that growth inhibition was significantly extended below the MIC 317 

of ciprofloxacin or ampicillin even at a phage MOI of 10-4 (Figure 4A and Figure 4B), 318 

suggesting that a modest phage concentration is sufficient for increasing ciprofloxacin and 319 

ampicillin inhibitory efficacy against B. thailandensis. 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

In contrast, growth inhibition was not extended below the MIC of trimethoprim at any of the 331 

phage MOIs tested (Figure 4C). Moreover, in the presence of phage B. thailandensis growth 332 

was maximal for trimethoprim concentrations in the range 1 3 8 µg mL-1 and decreased at 333 

lower trimethoprim concentrations (Figure 4C). Therefore, these data confirm the hypothesis 334 

above that sub-inhibitory concentrations of trimethoprim antagonize with phage efficacy to 335 

inhibit bacterial growth. Taken together, these data demonstrate that the interaction between 336 

phage §Bp-AMP1 and antibiotics strongly depends on the antibiotic concentration and mode 337 

of action but not on the initial phage MOI.  338 

 339 

Bactericidal effect of phage and ciprofloxacin combination therapy 340 

We next set out to quantify the bactericidal efficacy of phage-antibiotic combination therapy. 341 

We exposed stationary phase B. thailandensis to a range of concentrations of ciprofloxacin 342 

Figure 4 Phage-antibiotic interactions are not affected by the phage concentration. Heatmaps of 

B. thailandensis density (measured in OD600) after 24 h treatment with different initial phage MOIs and 

different concentrations of (A) ciprofloxacin, (B) ampicillin or (C) trimethoprim. Heatmaps were obtained 

via hierarchical Bayesian statistical modelling fitted to our experimental data (measured only at the 

phage and antibiotic concentrations indicated on the x- and y-axes). The vertical black lines are 

predictions of all antibiotic-phage combinations that permit bacterial density values that are lower than 

10% of the bacterial density values obtained for bacteria growing in LB medium only. ns indicates no 

statistical significance, **** indicates a p-value < 0.0001.  
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and phage at an MOI of 1 for 24 h, we quantified bactericidal efficacy by measuring survivors 343 

via CFU assays and calculated the survivor fold reduction compared to untreated bacteria (i.e. 344 

the higher the fold reduction in Figure 5A the stronger the bactericidal effect). Combined with 345 

phage, sub-MIC concentrations of ciprofloxacin allowed for a survivor fold reduction that was 346 

between 3 and 120 times greater compared to ciprofloxacin monotherapy (red and blue bars 347 

in Figure 5A, respectively); thus, suggesting a synergistic bactericidal effect between phage 348 

and ciprofloxacin, considering that phage monotherapy provided only a 2-fold survivor 349 

reduction (Figure 5A). Moreover, at supra-MIC concentrations, combination therapy achieved 350 

a survivor fold reduction that was between 570 and 2400 times greater compared to 351 

ciprofloxacin monotherapy. Notably, the minimum bactericidal concentration that provided 352 

complete eradication of stationary phase B. thailandensis (horizontal band in Figure 5A) was 353 

8× MIC for ciprofloxacin monotherapy and 4× MIC for phage-ciprofloxacin combination 354 

therapy.  355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

Next, we set out to measure and contrast the dynamics of the bactericidal effect of mono- and 367 

combination therapy at a sub-MIC antibiotic concentration. We treated stationary phase B. 368 

thailandensis with either ciprofloxacin at 0.125× its MIC or a combination of phage at an MOI 369 

of 1 and ciprofloxacin at 0.125× its MIC and measured the number of survivors at regular time 370 

points via CFU assays (Figure 5B). Following ciprofloxacin monotherapy the bacterial 371 

population was not affected by antibiotic exposure but started expanding after 2h of treatment 372 

and reached stationary phase after 14h of treatment (blue diamonds in Figure 5B). In contrast, 373 

following combination therapy the bacterial population reduced between 4 h and 6 h and 374 

Figure 5 Synergistic bactericidal effect of phage and ciprofloxacin combination therapy. (A) 
Dependence of the ratio between the number of bacteria viable after 24 h incubation in LB medium and 
the number of bacteria viable 24 h ciprofloxacin monotherapy (blue bars) or phage-ciprofloxacin 
combination therapy (red bars) on the concentration of ciprofloxacin employed. In all cases the starting 
inoculum was stationary phase B. thailandensis at a concentration of 5×105 CFU mL-1 and bacteria 
were counted at 24 h via CFU assays. The grey horizontal band represents a survival fold reduction 
that corresponds to the complete eradication of the bacterial population, i.e. colony counts below limit 
of detection of 10 CFU mL-1. (B) Temporal dependence of bacterial counts following 0.125× MIC 
ciprofloxacin monotherapy (blue diamonds) or combination therapy with 0.125× MIC ciprofloxacin and 
phage at an MOI of 1 (red triangles). Symbols and error bars are means and standard errors of the 
mean of biological triplicates each containing technical triplicates. Very small error bars cannot be 
visualised due to overlap with the datapoints. Dotted lines are guides-for-the-eye. 
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reached a minimum that was >5-log lower compared to the initial bacterial inoculum (red 375 

triangles in Figure 5B). The surviving bacterial population started to increase after 6 h of 376 

treatment due to the emergence of phage resistance (Figure S5) and reached a maximum 377 

level at 24 h that was 1-log lower than bacteria treated with ciprofloxacin monotherapy (red 378 

triangles and blue diamonds in Figure 5B, respectively). Taken together these data confirm 379 

that the use of §Bp-AMP1 allows a reduction in the concentration of antibiotic required to both 380 

inhibit growth of or kill stationary phase B. thailandensis. 381 

 382 

Synergistic bactericidal interactions between phage and antibiotics are underpinned 383 

by phage-induced downregulation of efflux in B. thailandensis  384 

Next, we set out to discover the molecular mechanisms underpinning the newly found 385 

synergistic bactericidal interaction between §Bp-AMP1 and ciprofloxacin. We treated 386 

stationary phase B. thailandensis for 4 h either with 0.125× MIC ciprofloxacin monotherapy or 387 

phage monotherapy at an MOI of 1 or combination therapy with both 0.125× MIC ciprofloxacin 388 

and phage at an MOI of 1. We chose 4 h-long treatments because these treatments returned 389 

similar survivor numbers before the > 5-log reduction in survivor numbers measured for 390 

combination therapy at the 6 h time point (Figure 5B). We extracted bacterial and phage RNA 391 

from biological triplicates of each condition and performed a global comparative transcriptomic 392 

analysis 54 among the transcriptomes obtained from these three different conditions and with 393 

respect to stationary phase B. thailandensis incubated in LB medium for 4 h (Supplementary 394 

files 1-3). Using principal component analysis, we found that bacterial transcriptome replicates 395 

from each condition clustered together and were well separated from replicates from different 396 

conditions (Figure S6A). The only exception were the bacterial transcriptomes harvested from 397 

cultures treated with phage mono- and combination therapy (black circles and red triangles in 398 

Figure S6A) that largely overlapped, suggesting that, at the concentrations employed, phage 399 

had a greater impact than ciprofloxacin on the bacterial transcriptomes. Moreover, the phage 400 

transcriptomes harvested from cultures treated with mono- and combination therapies also 401 

largely overlapped according to our principal component analysis (Figure S6B).  402 

Gene ontology enrichment analysis 55 of differentially expressed genes revealed that all 403 

treatments investigated resulted in the downregulation of locomotion processes, in 404 

accordance with a recent study using P. aeruginosa 56, as well as cell localization, cell 405 

projection, organelle organization and response to external stimuli processes (Figure 6A, 6B 406 

and Supplementary files 4-6). Ciprofloxacin monotherapy also caused the downregulation of 407 

biological processes involved in cell communication, as well as the upregulation of RNA, 408 

catabolic, metabolic and ribosomal processes (Figure 6A and Supplementary file 4).  409 
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 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

In contrast, both phage monotherapy and combination therapy caused the downregulation of 429 

metabolic, membrane transport, translational, energy generation and respiration processes 430 

(Figure 6B and Supplementary files 5 and 6). Specifically, genes encoding the major efflux 431 

pump BpeEF-OprC were significantly downregulated along with functional subunits of the 432 

F0F1-type ATP synthases, of the cytochrome O oxidase, of the NADH-quinone oxidoreductase 433 

complex, of lipopolysaccharide transport and of secretion systems (Supplementary file 2). 434 

Combination therapy drove a global differential gene regulation that was very similar to that 435 

caused by phage monotherapy and gene ontology enrichment analysis did not return any 436 

enriched functional category for this comparison. Moreover, the expression of phage encoded 437 

Figure 6 Synergistic bactericidal interactions between phage and ciprofloxacin are underpinned 
by phage-induced downregulation of membrane transport in B. thailandensis. Major biological 
processes that are significantly enriched and either up- or downregulated (vertically and horizontally 
patterned bars, respectively) in stationary phase B. thailandensis after 4 h of (A) monotherapy with 

ciprofloxacin at 0.125´ MIC or (B) combination therapy with ciprofloxacin at 0.125´ MIC and phage at 
an MOI of 1 with respect to untreated B. thailandensis incubated for 4 h in LB medium only. 
Corresponding differential gene expression analyses and gene ontology enrichment analyses are 
reported in Supplementary files 1-3 and 4-6, respectively. (C) Distribution of values of fluorescence of 
ciprofloxacin-NBD accumulating in N = 100 individual stationary phase B. thailandensis that had been 
incubated for 4 h in either ciprofloxacin-NBD only or ciprofloxacin-NBD and phage (red triangles and 
blue diamonds, respectively). Ciprofloxacin-NBD was introduced in the microfluidic device at t = 0 at a 
concentration of 32 µg ml-1, phage was introduced at t = 0 at a concentration of 108 PFU ml-1. Dashed 
lines indicate the median of each distribution, dotted lines indicate the quartiles of each distribution. **** 
indicate a p-value < 0.0001. 
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genes was also unaffected by the presence of ciprofloxacin (Supplementary file 7) and gene 438 

ontology enrichment analysis did not return any enriched functional category for this 439 

comparison either. 440 

Next, we set out to test the hypothesis that phage-induced downregulation of efflux processes 441 

led to increased intracellular accumulation of ciprofloxacin during phage-ciprofloxacin 442 

combination therapy. We used our recently reported microfluidics-based time-lapse 443 

microscopy platform 57,58 and a fluorescent derivative of ciprofloxacin (i.e. ciprofloxacin-444 

nitrobenzoxadiazole, henceforth ciprofloxacin-NBD) to measure intracellular accumulation of 445 

ciprofloxacin in individual stationary phase B. thailandensis cells. In accordance with our 446 

hypothesis, we found that the distribution of ciprofloxacin-NBD fluorescence values after 4 h 447 

phage-ciprofloxacin-NBD combination therapy was significantly higher than the distribution of 448 

ciprofloxacin-NBD fluorescence values after 4 h ciprofloxacin-NBD monotherapy (Figure 6C). 449 

Moreover, using this platform we did not find evidence of either cell filamentation or a 450 

significant difference in cell size between stationary phase B. thailandensis incubated in LB 451 

growth medium only (Figure S7 A-E), or during phage monotherapy (Figure S7 F-J) or during 452 

combination therapy with phage at an MOI of 1 and ciprofloxacin at 0.125´ MIC (Figure S7 K-453 

O). We found that stationary phase B. thailandensis infected with phage in the presence of 454 

sub-inhibitory concentrations of ampicillin or ciprofloxacin produced less phage particles than 455 

in the absence of antibiotics in planktonic cultures and plaques of similar size on agar cultures 456 

(Figure S1 and S8, respectively). Sub-inhibitory concentrations of trimethoprim also led to 457 

smaller plaques with phage propagation starting significantly later in the presence of 458 

trimethoprim (Figure S1 and S8). We also did not observe plaque formation on LB agar plates 459 

in the presence of sub-inhibitory concentrations of ciprofloxacin in the absence of phage §Bp-460 

AMP1. Moreover, in our phage transcriptome analysis we found evidence of expression of 461 

structural phage proteins, but we did not find evidence of expression of genes encoding 462 

excisionases, i.e. proteins required for the excision of dormant phage from within the hosts 463 

genome 59, neither during phage mono- nor combination therapy (Supplementary file 7). 464 

However, it is conceivable that one or more of the 11 hypothetical proteins expressed by §Bp-465 

AMP1 (Supplementary file 7) could perform excisionase activity.  466 

Taken together these data demonstrate that the observed phage-antibiotic interactions are 467 

not due to cell filamentation, increase phage particle production or phage induction in the 468 

presence of antibiotics but are instead underpinned by phage-induced downregulation of 469 

membrane transport and energetic processes that are involved in the efflux of ciprofloxacin 470 

leading to higher intracellular ciprofloxacin accumulation in the presence of phage. 471 

 472 
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Discussion 473 

Emergence of resistance to phage 

Phage and bacteria are engaged in a constant arms race leading to the evolution of a multitude 474 

of non-mutually exclusive antiphage defence mechanisms, including the well-understood 475 

phage receptor alteration, restriction-modification, abortive infection, CRISPR-Cas systems, 476 

as well as new defence systems whose mechanisms are still unknown 60,61. It is well 477 

established that increased phage virulence selects for the evolution of host resistance if the 478 

costs associated with resistance are outweighed by the benefits of the capability to avoid 479 

infection 62,63. Accordingly, we found that the level of resistance to phage increased with the 480 

strength of phage predation. Interestingly, even within a putatively clonal B. thailandensis 481 

population we found evidence of emergence of different levels of resistance due to mutations 482 

in eight different genes. Three of these genes encoded glycosyltransferase and O-antigen 483 

synthesis, that are strongly linked with the LPS 64,65, and capsular polysaccharides. Our data 484 

therefore suggest that the LPS or capsular polysaccharides could be the receptors for phage 485 

§Bp-AMP1. This hypothesis is further corroborated by our global comparative transcriptomics 486 

analysis demonstrating the downregulation of LPS assembly associated genes following 487 

exposure to §Bp-AMP1. Indeed, the LPS is a well-known receptor for many different 488 

bacteriophages 66368 and mutations of LPS confer resistance to phage in a variety of bacteria 489 

69 70, whereas capsular polysaccharides have recently been shown to serve as primary 490 

receptors of E. coli phage 71 72. Moreover, it has been reported that B. pseudomallei displays 491 

various colony morphotypes based on O-antigen variations 73 74. Accordingly, we have 492 

demonstrated that phage-resistant bacteria form smaller colonies compared with the parental 493 

strain while displaying mutations in genes associated with O-antigen synthesis.  494 

Phage-antibiotic interactions 495 

The interactions between two or more antimicrobials as components of combination therapies 496 

are broadly classified in three main types: additive (the sum of the effect of each component), 497 

synergistic (a larger-than-additive effect) and antagonistic (a smaller-than-additive effect 763498 

79). In the context of phage-antibiotic therapy instead, phage-antibiotic synergy has been 499 

defined as the stimulation of phage replication when bacteria are treated with sub-inhibitory 500 

concentrations of antibiotics 7,9,37. Considering that in accordance with a recent report 75 we 501 

did not find stimulation of phage replication in the presence of antibiotics, we chose to use the 502 

more broadly accepted definitions of additive, synergistic and antagonistic interactions, 503 

introduced above 76,77. Specifically, by using statistical analysis on interaction plots we found 504 

an additive effect between the phage and most of the tested molecules from the quinolone, ³-505 

lactam and tetracycline antibiotic classes, antagonism between the phage and 506 
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tetrahydrofolate synthesis inhibitors and bactericidal synergy between the phage and the 507 

quinolone ciprofloxacin. These effects were comparable or more efficient in suppressing 508 

bacterial growth than previously reported synergistic phage-antibiotic effects 37,45,46. For 509 

example, ceftazidime efficacy increased by a factor of 2 compared to ceftazidime monotherapy 510 

when used in combination with the podovirus vB_BpP_HN01 80 or the myovirus KS12 9 against 511 

B. pseudomallei or B. cenocepacia, respectively; we measured an 8-fold increase in 512 

ceftazidime efficacy against B. thailandensis in the presence of phage §Bp-AMP1. Using the 513 

temperate phage HK97 in combination with ciprofloxacin, a previous study has reported 514 

bactericidal synergy against E. coli K12, with complete eradication being achieved at 0.5× MIC 515 

ciprofloxacin 42; we measured a comparatively weaker bactericidal synergy between §Bp-516 

AMP1 and ciprofloxacin, with complete eradication being achieved at 4× MIC ciprofloxacin. 517 

However, it is worth noting that stationary phase B. thailandensis is significantly more resistant 518 

than exponential phase E. coli K12 with ciprofloxacin MIC values of 2 and 0.2 µg/ml, 519 

respectively. 520 

Factors affecting phage-antibiotic interactions 521 

The dependence of phage-antibiotic interactions on the antibiotic class is well established 522 

7,9,37,46,75,81, although the mechanisms underpinning this dependence remain largely unknown 523 

31. For example, the myovirus KS12 broadly synergised with quinolones, ³-lactams and 524 

tetracycline when used to inhibit growth of B. cenocepacia but antagonised with 525 

aminoglycosides 9. The myovirus §HP3 displayed a synergistic effect with ceftazidime, an 526 

additive effect with kanamycin and an antagonistic effect with chloramphenicol when used to 527 

inhibit growth of E. coli 46. The phage PYOSA antagonised tetracycline, azithromycin, and 528 

linezolid but synergised with daptomycin, vancomycin and kanamycin when used to inhibit 529 

growth of S. aureus 45. Here we advance this understanding by showing that even molecules 530 

within the same class can display a dramatically different extent and range of additive 531 

interactions with the same phage and that when used with phage the same molecule can 532 

simultaneously display an additive effect in inhibiting bacterial growth and a synergistic effect 533 

in killing bacteria. 534 

The outcome of phage-antibiotic therapy is often contradictory because of a lack of systematic 535 

analysis of interactions between phage and antibiotics: these interactions are often studied 536 

with only one or two concentrations of the antimicrobials, which are wholly insufficient in 537 

predicting combinatorial concentrations that are effective during treatment 28,46. By assessing 538 

bacterial growth when exposed to multiple orders of magnitude of antibiotic concentrations 539 

and phage titers, we discovered that phage-antibiotic interactions strongly depend on the 540 

antibiotic concentration employed, but surprisingly do not vary with phage titer, a difference 541 
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from previous findings 46. These newly discovered dependences should be taken into account 542 

when designing rational phage-antibiotic therapy 28,29. In fact, our data suggest that it might be 543 

relatively straightforward to hit a suitable §Bp-AMP1 phage titer in an in vivo setting, where 544 

phage are broadly tolerated 82 but their pharmacokinetic and pharmacodynamic parameters 545 

are less known compared to antibiotics 83. 546 

Mechanistic understanding of antibiotic-phage interactions 547 

The additive effects between phage and antibiotics are stronger and broader in our 548 

experiments compared to previous reports 7,9, 80, possibly due to differences at the phage 549 

level, i.e., a podovirus vs a myovirus, at the bacterial strain and physiology level, i.e., stationary 550 

phase B. thailandensis vs exponential phase B. cenocepacia, or due to a different mechanism 551 

of interaction between phage and antibiotics. Indeed, KS12 and a variety of other phage 552 

displayed an increase in plaque size and phage titer in the presence of sub-inhibitory 553 

concentrations of antibiotics 7,34,37,41, possibly caused by the acceleration of phage assembly 554 

and cell lysis due to cell filamentation in the presence of antibiotics 9,37,46,84. In contrast, we did 555 

not find evidence neither of cell filamentation nor of an increase in plaque size and phage titer 556 

in the presence of sub-inhibitory concentrations of quinolones, ³-lactams or tetracyclines. 557 

Reduced phage titer in the presence of sub-inhibitory concentrations of trimethoprim could 558 

instead explain the observed antagonism between §Bp-AMP1 and trimethoprim. Moreover, 559 

temperate phage activity is known to enhance antibiotic efficacy through depletion of lysogens 560 

42. Although we found evidence of prophage §E125 and §E12-2 85,86, it is unlikely that 561 

depletion of §E125 or §E12-2 lysogens plays a role in our experiments since we did not find 562 

evidence of plaque formation in the presence of ciprofloxacin, that is a lysogen activating 563 

antibiotic 42, in the absence of §Bp-AMP1. 564 

Based on our global gene expression analysis, we hypothesized that antibiotics are more 565 

effective in inhibiting B. thailandensis growth in the presence of §Bp-AMP1 due to phage-566 

induced down-regulation of antibiotic efflux out of the cell. Indeed, the multi-drug efflux pump 567 

BpeEF-OprC 87 was downregulated in the presence of phage and it is known that deletion of 568 

BpeEF-OprC causes increased susceptibility to quinolones and ³-lactams 88. Moreover, we 569 

detected a strong downregulation of genes associated with aerobic respiration and 570 

transmembrane transport of protons, effectively reducing the availability of ATP for active 571 

transport of substrates as well as the proton motive force. A reduction in proton motive force 572 

levels leads to reduced antibiotic efflux 90392, and in the long-term selection for mutations in 573 

drug efflux components 93. In accordance with our hypothesis, we found that a fluorescent 574 

derivative of ciprofloxacin accumulates in individual B. thailandensis cells at significantly 575 

higher levels in the presence of §Bp-AMP1 compared with in its absence. Noteworthy, 576 
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previous studies using phage that have the efflux component TolC as a receptor, 577 

demonstrated that emergence of phage resistance in bacteria via tolC mutations led to 578 

increased antibiotic susceptibility 70,94,95. Finally, it is conceivable that the phage-antibiotic 579 

interactions we observed are also due to phage and antibiotics targeting cells in different 580 

metabolic states as recently hypothesised 75. 581 

In summary, the interactions between phage and bacteria are multifaceted and complex due 582 

to a billion-year long arms race between both entities 963100 and are further modified when a 583 

second selective pressure is imposed, such as the presence of antibiotic compounds secreted 584 

by other microbes in the environment 97,101. Understanding such interactions might hold the 585 

key for successful antimicrobial therapy and to overcome the current antimicrobial resistance 586 

crisis 1. Considering that stationary phase bacteria are traditionally refractory to antibiotics, 587 

especially in spatial structures such as biofilms where antibiotic diffusion is further hindered 588 

52, our data offer a potential route for their eradication by combining low doses of clinically 589 

relevant antibiotics with low doses of phage, that should be easily obtainable in vivo thanks to 590 

the self-propagating nature of phage. 591 
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Materials and Methods: 592 

Key Resources Table 593 

REAGENT or RESOURCE Source Identifier 

Bacterial and phage strains 

B. thailandensis E264  (Kim et al., 2005) RefSeq: NC_007650/51 

§Bp-AMP1 (Gatedee et al., 2011) RefSeq: NC_047743 

Chemicals 

Amoxicillin Sigma-Aldrich Cat# A8523 

Ampicillin Sigma-Aldrich Cat# A9518 

Cefaclor Sigma-Aldrich Cat# C6895 

Ceftazidime Melford Cat# C59200 

Ciprofloxacin Sigma-Aldrich Cat# 17850 

Doxycycline Sigma-Aldrich Cat# D9891 

Finafloxacin Sigma-Aldrich Cat# SML2134 

Levofloxacin Sigma-Aldrich Cat# 40922 

Linezolid Sigma-Aldrich Cat# O9409 

Meropenem Sigma-Aldrich Cat# M2574 

Moxifloxacin Sigma-Aldrich Cat# PHR1542 

Nalidixic acid Sigma-Aldrich Cat# N8878 

Ofloxacin Sigma-Aldrich Cat# O8757 

Roxithromycin Sigma-Aldrich Cat# R4393 

Sulfamethoxazole Sigma-Aldrich Cat# S7507 

Tetracycline Sigma-Aldrich Cat# 87128 

Trimethoprim Sigma-Aldrich Cat# T7883 

Vancomycin Sigma-Aldrich Cat# 94747 

Software and algorithms 

R version 3.4.1 (R Core Team, 2017) https://cran.r-project.org 

brms R package (Bürkner, 2017) https://cran.r-project.org 

breseq (Deathrage and Barrick, 
2014)  

https://barrickslab.org 

ImageJ (Schneider et al., 2012) https://imagej.nih.gov 

GraphPad Prism 8.3.0 GraphPad https://www.graphpad.com/ 

PHASTER University of Alberta, Canada https://phaster.ca 

Other   

CLARIOstar plate reader  BMG Labtech  

WPA cell density meter Scientific Laboratory Supplies Cat# CO8000 

Sartorius MinisartTM 0.2 µm Fisher Scientific Cat# 10730792 

RNeasy Mini Kit (50) QIAGEN Cat# 74104 

Qubit 1.0 Fluorometer Invitrogen Cat# Q32857 

IX73  Olympus, Tokyo, Japan  

UPLSAPO60XW Olympus, Tokyo, Japan  

Flow Unit S Fluigent  

MFCS-4C Fluigent  

Zyla 4.2 Andor  
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Bacterial and bacteriophage strains 596 

B. thailandensis E264 strain and the temperature dependent, lytic bacteriophage §Bp-AMP1 597 

48 were obtained from the Department of Immunology, Faculty of Medicine Siriraj Hospital, 598 

Mahidol University.  599 

Bacterial culturing 600 

B. thailandensis was stored at -80 °C and streaked on Lysogeny broth (LB, 10 g/L Tryptone, 601 

5 g/L Yeast extract, 10 g/L NaCl, Melford) agar plates (10 g/L, 1.5% Agar) every two weeks. 602 

Overnight cultures were setup by inoculating a single B. thailandensis colony from a plate into 603 

flasks containing 50 mL of LB broth and were grown for 17 h at 37 °C on shaking platforms 604 

set at 200 rpm. 605 

Propagation and titration of phage 606 

Phage propagation was carried out as previously reported 51. Briefly, overnight cultures of B. 607 

thailandensis E264 were diluted 1000× in 50 mL LB medium to obtain a bacterial concentration 608 

of approximately 2×106 CFU mL-1. These sub-cultures were then incubated for 4 h at 37 °C 609 

and 200 rpm, allowing them to reach early exponential phase (~8×106 CFU mL-1). Then, these 610 

sub-cultures were infected with §Bp-AMP1 at an MOI = 0.01 and incubated for 17 h at 37 °C 611 

and 200 rpm. On the following day, cells were pelleted by centrifugation for 40 minutes at 3000 612 

g and the phage-containing supernatant was filtered twice (Sartorius MinisartTM 0.2 µm) to 613 

obtain a phage stock. The phage concentration within this stock was then determined via the 614 

double agar overlay technique 102. Briefly, LB top agar (10 g/L, 0.5% Agar) was melted in a 615 

microwave and allowed to cool to below 40 °C. An aliquot of an overnight B. thailandensis 616 

E264 culture was added to the melted top agar at a volume: volume concentration of 1:50. LB 617 

agar plates were subsequently coated in a thin layer of the top agar above creating a 618 

continuous bacterial lawn. In parallel, a 10-fold dilution series of the phage stock was prepared 619 

in LB medium. Phage was then titred using the standard double agar overlay technique 103. 620 

All plates were then incubated at 37 °C for 17 h after which the phage induced plaques in the 621 

bacterial lawn were counted and the plaque forming units (PFU) per mL-1 of the phage stock 622 

was calculated. Phage stocks were stored at 4 °C for a maximum of two weeks before a new 623 

propagation was performed. Prior to each use, the phage concentration within the phage stock 624 

was determined via the double agar overlay technique above.  625 

Bacterial growth in the presence of phage 626 

In order to measure the growth of bacteria in the presence of phage we used two independent 627 

approaches. Firstly, we measured the concentration of bacteria during phage infection over 628 
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time using colony forming unit (CFU) assays 54. Briefly, three overnight cultures of B. 629 

thailandensis were diluted in 50 mL LB medium to obtain a bacterial concentration of 630 

approximately 2×106 CFU mL-1. §Bp-AMP1 was added to these three sub-cultures at an MOI 631 

of 1 and the sub-cultures were incubated at 37 °C and 200 rpm. Triplicate aliquots were taken 632 

from each infected sub-culture every two hours, serially diluted in LB and plated on LB agar 633 

plates. These plates were incubated 37 °C for 24h before counting CFU on each plate to 634 

calculate the bacterial concentration at each time point in each sub-culture as the mean and 635 

standard error of the mean of biological triplicate each containing technical triplicate. The 636 

growth of control uninfected cultures was measured in a similar manner without the addition 637 

of phage. Secondly, we measured the change of bacterial density over time during phage 638 

infection by measuring the optical density of growing sub-cultures. Briefly, three overnight 639 

cultures of B. thailandensis were diluted in LB in the wells of a 96 well plate and mixed with 640 

phage to obtain a final bacterial concentration of 5×105 CFU mL-1 and a final phage MOI of 641 

either 10-4, 10-2, 1 or 102. The plates were the incubated at 37 °C and 200 rpm and the optical 642 

density of each well was measured every 10 min via a CLARIOstar plate reader system (BMG) 643 

and blank corrected to the optical density measured in wells containing LB medium only. Each 644 

condition was tested in 84 technical replicates obtained from biological triplicate. 645 

Determination of heritable resistance to phage 646 

In order to determine whether heritable resistance to phage had emerged in bacteria from 647 

wells where we measured bacterial growth in the presence of phage, we re-inoculated these 648 

survivors in wells of a 96-well plate containing LB and phage at a concentration of ~5×105 649 

PFU mL-1. We incubated these plates at 37 °C and 200 rpm for 24 h and measured the optical 650 

density as described above. We employed this same approach to determine whether heritable 651 

resistance to phage had emerged in bacteria from wells where we measured bacterial growth 652 

in the presence of both phage and each of the antibiotics reported in Table 1. 653 

Determination of colony size 654 

To determine whether phage-resistance comes at a fitness cost in colony size we performed 655 

image analysis experiments of bacteria from wells where we measured bacterial growth in the 656 

presence of phage. These survivors were plated onto LB agar plates alongside uninfected 657 

bacteria from separate control experiments. The plates were then incubated at 37 °C for 72 h 658 

and were imaged with a Xiaomi Mi A2 mobile phone camera at 24 h intervals. The colony size 659 

was determined via image analysis of 150 colonies for each condition and time point using the 660 

ImageJ software. 661 

 662 
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Phage growth in the presence of antibiotics 663 

Overnight cultures of B. thailandensis E264 were diluted 1000× in 50 mL LB medium to obtain 664 

a bacterial concentration of approximately 2×106 CFU mL-1. §Bp-AMP1 was added to these 665 

sub-cultures at an MOI of 1 and the sub-cultures were incubated at 37 °C and 200 rpm. In 666 

separate experiments, §Bp-AMP1 was added at an MOI of 1 together with either ampicillin or 667 

ciprofloxacin or trimethoprim at 0.25× their respective MIC. 1 mL triplicate aliquots were taken 668 

from the infected sub-cultures at two-hour intervals for twenty-four hours and the phage 669 

propagation over time was monitored by determining plaque forming units per millilitre via the 670 

double agar overlay technique above. Each experiment was then performed in biological 671 

triplicate. 672 

Determination of antibiotic minimum inhibitory concentrations and the impact of phage 673 

on antibiotic efficacy 674 

The minimum inhibitory concentration (MIC) of each antibiotic employed was determined via 675 

the broth dilution method 104. Briefly, each antibiotic was dissolved according to the 676 

manufacture9s specifications and diluted in a two-fold dilution series in LB medium within wells 677 

of a 96-well plate. Stationary B. thailandensis E264 bacteria were then added at a final 678 

concentration of 5×105 CFU mL-1 to each well. The plates were incubated at 37 °C and 200 679 

rpm and after 24 h the optical density of each well was measured via a CLARIOstar plate 680 

reader system (BMG) and blank corrected to the optical density measured in wells containing 681 

LB medium only. The minimum inhibitory concentration was determined as the minimum 682 

concentration of antibiotic for which we measured an optical density value that was less than 683 

10% of the optical density value that we measured in wells containing LB medium and bacteria 684 

only. All MIC assays were performed at least in biological and technical triplicate from which 685 

mean and standard error of the mean were calculated. Next, to determine the influence of 686 

§Bp-AMP1 on the efficacy of each antibiotic, the experiments above were repeated with the 687 

addition of §Bp-AMP1 at an MOI of 1 (i.e. 5×105 PFU mL-1).  688 

Determination of time-dependent bacterial growth in the presence of antibiotic and 689 

phage 690 

Overnight cultures of B. thailandensis E264 were diluted to a concentration of ~5×105 CFU 691 

mL-1 in LB medium in wells of a 96-well plate, together with either §Bp-AMP1 at an MOI of 1, 692 

or levofloxacin, cefaclor or trimethoprim at 0.25× their respective MIC, or both §Bp-AMP1 at 693 

an MOI of 1 and either levofloxacin, cefaclor or trimethoprim at 0.25× their respective MIC. 694 

Each plate were then incubated for 24 h in a CLARIOstar plate reader (BMG) at 37 °C and 695 

200 rpm, measuring optical density at »=600nm (OD600) every 30 min. Each experiment was 696 
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repeated in biological and technical triplicate from which we calculated mean and standard 697 

error of the mean of each measurement. 698 

Bacterial killing assays 699 

Bacterial killing assays were performed as previously reported 54. Briefly, overnight cultures of 700 

B. thailandensis E264 were diluted 1000× in 50 mL fresh LB growth medium and infected with 701 

either solely ciprofloxacin (at a concentration between 0.625× and 8× the MIC), or a 702 

combination of ciprofloxacin and phage at MOI = 1. The cultures were incubated at 37 °C and 703 

200 rpm for 24 h after which the colony count (CFU mL-1) was determined as reported above. 704 

We quantified bactericidal efficacy of each treatment as the ratio of the colony counts in 705 

untreated control experiments over the colony counts measured in each treatment.   706 

Determination of heritable resistance to antibiotics 707 

In order to determine whether heritable resistance to antibiotics had emerged in bacteria from 708 

wells where we measured bacterial growth in the presence of phage and antibiotics, we re-709 

inoculated these survivors in wells of a 96-well plate containing LB and either phage at a 710 

concentration of ~5×105 PFU mL-1, or the antibiotic employed at a concentration in range 711 

0.125-128 µg ml-1, or both phage at a concentration of ~5×105 PFU mL-1 and the antibiotic 712 

employed at a concentration in range 0.125-128 µg ml-1. We incubated these plates at 37 °C 713 

and 200 rpm for 24 h and measured the optical density as described above. 714 

Determination of the impact of antibiotics on plaque size 715 

To determine whether phage plaque sizes may be influenced by the presence of antibiotics, 716 

we implemented a previously reported protocol 37. Briefly, LB top agar was melted in a 717 

microwave and allowed to cool below 40 °C. An aliquot of an overnight B. thailandensis E264 718 

culture was added to the melted top agar at a volume: volume concentration of 1:50 alongside 719 

phage at a concentration of 101 PFU mL-1 and either ciprofloxacin, trimethoprim or ampicillin 720 

at 0.5× and 0.125× of their respective monotherapy MICs. The resulting mixture was added to 721 

the top agar. The top agar was then well mixed by inversion, plated evenly onto LB agar plates 722 

(10 g/L, 1.5% Agar) and incubated for 24 h at 37 °C. The plates were then imaged using a 723 

Xiaomi Mi A2 mobile phone camera. The plaque size was determined via image analysis of 724 

120 plaques for each condition in biological triplicate using the ImageJ software. 725 

Determination single-cell morphology and ciprofloxacin accumulation 726 

To measure the size and morphology of individual bacterial during phage-monotherapy or 727 

antibiotic-phage combination therapy, we deployed the microfluidic mother machine device as 728 

previously described 105. Briefly, the device consists of a central channel that measures 25 729 
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and 100 µm in height and width, respectively, and six thousand lateral side channels, each 1 730 

µm in width and height and 25 µm in length 106. Bacteria were prepared by pelleting an 731 

overnight culture of B. thailandensis for 15 minutes at 3000 g. The resulting bacterial pellet 732 

was resuspended at a previously optimised nominal OD600 of 50 106, in medium obtained by 733 

double filtering the supernatant from the spun down culture using 0.22 µm filters. These 734 

bacteria were then introduced in the central channel of the mother machine device from where 735 

they reached the lateral channel at an average concentration of one bacterium per channel 736 

107. Next, the device was mounted on an inverted microscope (IX73 Olympus, Tokyo, Japan) 737 

located in a temperature-controlled chamber kept at 37 °C. Fluorinated ethylene propylene 738 

tubing (1/32" × 0.008") was connected to the device as inlet and outlet tubes further connected 739 

to a computerised pressure-based flow control system (MFCS-4C, Fluigent) 108. Next, LB 740 

medium only or LB medium containing 2×108 PFU mL-1 phage or LB medium containing 2×108 741 

PFU mL-1 phage and 0.125× MIC ciprofloxacin was continuously supplied in the device at a 742 

constant flow rate of 100 µl/h. Simultaneously, bright field images of 20 areas of the mother 743 

machine, each containing 23 lateral channels were acquired at 2 min intervals via a 60× 1.2 744 

N.A. objective (UPLSAPO60XW, Olympus) and an sCMOS camera with an exposure time of 745 

0.01 s (Zyla 4.2, Andor, Belfast, United Kingdom) controlled via Labview 109,110. This 746 

microfluidics-microscopy platform was also used to quantify the accumulation of ciprofloxacin 747 

as previously reported 52,111,112. Briefly, LB medium containing a fluorescent ciprofloxacin 748 

derivative, i.e. ciprofloxacin-nitrobenzoxadiazole (ciprofloxacin-NBD) or ciprofloxacin-NDB 749 

and 2×108 PFU mL-1 phage was continuously supplied in the device at a constant flow rate of 750 

100 µl/h. In both cases ciprofloxacin-NBD was supplied at a concentration of 32 µg ml-1. Bright 751 

field images were acquired as described above together with corresponding fluorescence 752 

images acquired by exposing the bacteria for 0.03 s to the blue excitation band of a broad-753 

spectrum LED (CoolLED pE300white, power = 8 mW at the sample plane, Andover, UK) via 754 

a FITC filter. All images were analysed using the ImageJ software as previously described 755 

113,114,115. 756 

Determination of mutations underpinning resistance to phage 757 

In order to determine the mutations underpinning resistance to phage in bacteria from wells 758 

where we measured bacterial growth in the presence of phage, we plated these survivors on 759 

LB agar plates, incubated these plates at 37 °C for 24h and shipped the plates to MicrobesNG. 760 

MicrobesNG performed DNA isolation and ull genome sequencing using 2×250 bp paired end 761 

sequencing with a minimum coverage of 30× on the Illumina HiSeq sequencer. Analysis of the 762 

sequenced genomes was performed using the breseq pipeline 116.  763 

 764 
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Comparative bacterial and phage transcriptomic analysis 765 

RNA isolation, library preparation, sequencing, and transcriptomic data processing was 766 

performed as previously reported 55,117. Briefly, RNA isolation was performed using the 767 

RNeasy Mini kit (QIAGEN), according to the manufacturer9s specifications. Bacteria were 768 

grown in triplicate for 4h in flasks containing 50 mL LB, or LB containing phage at an MOI of 769 

1, or LB containing ciprofloxacin at 0.125× MIC, or LB containing both phage at an MOI of 1 770 

and ciprofloxacin at 0.125× MIC. DNA removal during extraction was carried out using RNase-771 

Free DNase I (Qiagen). RNA concentration and quality were measured using Qubit 1.0 772 

fluorometer (ThermoFisher Scientific) and 2200 TapeStation (Agilent), respectively, and only 773 

samples with an RNA integrity number above 8 were taken forward. Transcript abundance 774 

was quantified using Salmon for each gene in all samples. Subsequent differential analysis 775 

was performed using DEseq2 in R software to quantify the log2 fold change in transcript reads 776 

117 for each gene and compared across the four different experimental conditions. Significantly 777 

differentially expressed genes were defined as having a log2 fold change greater than 1 and 778 

a p-value adjusted for false discovery rate of < 0.05 55. Gene ontology enrichment analysis 779 

was performed using the clusterProfiler package for R 119. Enrichment in terms belonging to 780 

the <Biological Process= ontology was calculated for each treatment comparison, relative to 781 

the set of all genes quantified in the experiment, via a one-sided Fisher exact test 782 

(hypergeometric test). P values were adjusted for false discovery by using the method of 783 

Benjamini and Hochberg 120. Finally, the lists of significantly enriched terms were simplified to 784 

remove redundant terms, as assessed via their semantic similarity to other enriched terms, 785 

using clusterProfiler9s simplify function. 786 

Statistical non-linear regression model 787 

We developed a statistical non-linear regression model to fit the experimental data in order to 788 

estimate treatment output and the associated uncertainty also for treatment conditions that we 789 

did not investigate experimentally. Since the distribution of bacterial growth values (in terms 790 

of OD600) in the presence of phage was skewed, we fitted our data with a Gamma distribution 791 

function. Moreover, to account for inaccuracies in optical density measurements via a plate 792 

reader, we assumed any measurement below an optical density of 0.05 to be equal to 8zero9. 793 

Hence, the data had a non-trivial number of zero values, which could not be captured by a 794 

conventional gamma distribution. To accommodate this, we included a parameter which 795 

controls the probability of an experiment returning an optical density equal to zero. This two-796 

part distribution strategy resulted in what is often called a <hurdle model= 121. This distribution 797 

then had three parameters, one that represented the probability of measuring a value of zero, 798 

and two representing the gamma distribution, in our case parameterised to have a mean 799 
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parameter and a shape parameter. We assumed that these three parameters could change 800 

with the antibiotic concentration and with the phage concentration. We also assumed these 801 

relationships to be potentially non-linear. In other words, we assumed the probability of 802 

observing a value of zero, the average non-zero observation, and the spread of non-zero 803 

observations all depended on the antibiotic and phage concentrations in a complex manner. 804 

As such, we modelled these parameters using cubic regression tensor product smoothing 805 

splines 122,123. Additionally, the spline knot locations for the two gamma distribution parameters 806 

were constrained to only the points where a non-zero observation was made. To fit this model, 807 

and estimate the various parameters, including splines, we used Markov Chain Monte Carlo 808 

(MCMC), using the brms R package 124, with default options used for the priors. This provided 809 

us with posterior distributions for all the unknown parameters, allowing us to make probabilistic 810 

statements and provide full uncertainty estimates. To better capture the uneven measurement 811 

intervals of empirical data and because we were interested in the relationships between 812 

antibiotic and phage concentrations, it was convenient to apply a log2 transform to the 813 

antibiotic concentration and a log10 transformation to the phage concentration values. To 814 

avoid numerical issues when the antibiotic or phage concentrations were equal to 0, we added 815 

a small value to each zero before applying the transformation (0.01 for the antibiotic data, and 816 

1e-10 for the phage measurement data). The model allowed us to continuously predict bacterial 817 

growth in terms of optical density and the associated uncertainty for both treatment 818 

concentrations that were experimentally investigated as well as treatment concentrations that 819 

were not experimentally investigated. 820 
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All data generated or analysed during this study are included in this published article and its 822 
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