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Abstract 10 

Antibiotics used in combination are an effective strategy for combatting numerous infectious 11 

diseases in clinical and veterinary settings, particularly as a last-line therapy for difficult-to-12 

treat cases. Combination therapy can either increase or slow the rate of killing, broaden the 13 

antibiotic spectrum, reduce dosage and unwanted side-effects, and even control the emergence 14 

of resistance. The administration of antibiotics in combination has been used effectively against 15 

bacterial infections for >70 years, first used to treat tuberculosis. However, effective antibiotic 16 

combinations and their dosage regimes have been largely determined empirically in the clinic, 17 

and the molecular mechanisms underpinning how these combinations work remains 18 

surprisingly elusive. This review focuses on studies that have outlined the genetics and 19 

molecular mechanisms of action underlying antibiotic combinations, as well as those that 20 

examine how resistance develops. We highlight the need for further experimentation and 21 

genetic validation to fully realise the potential of combination therapy. 22 

 23 

Introduction 24 

Antibiotics have revolutionised infection control in both hospital and community settings for 25 

the better half of a century and their use now underpins much of modern medicine, such as 26 

surgery and chemotherapy [1]. Antimicrobial resistance is rising globally and has been 27 

predicted to cause 10 million deaths annually, with an estimated economic burden of up to 28 

USD$6.1 trillion by 2050 [2,3]. Whilst the rate of resistance to existing antibiotics continues 29 

to rise, discovery of new antibiotics is declining significantly [4]. One strategy to tackle 30 

antibiotic resistance is combining two or more antibiotics to treat a single infection, referred to 31 

as combination therapy (CT). CT can be effectively applied to difficult-to-treat, slow growing, 32 

persistent or extensively drug-resistant microbial infections or those of unknown cause to 33 

broaden the antibiotic spectrum [5-7]. There are three major outcomes that CTs can have on 34 

the microbes: additive, synergistic or antagonistic which produce an effect identical, greater 35 

than or less than the individual antibiotic’s effects combined, respectively (Fig. 1A) [8-10]. 36 

Most clinical CTs exploit a synergistic reaction to be more effective than either monotherapy, 37 

although some employ additivity or even antagonism for other reasons, such as decreasing rates 38 

of resistance [11]. It should be noted that CT components to treat bacterial infections can be 39 

expanded beyond our classic repertoire of antibiotics. These include anticancer drugs like 40 

combining mitomycin C and tobramycin-ciprofloxacin to kill Gram-negative bacteria [12], or 41 

alternative therapies, such as manuka honey, which when combined specifically with 42 

rifampicin has synergistic activity against Staphylococcus aureus biofilms [13]. 43 



   
 

   
 

 44 

CT has been proven effective over time, first used in 1950 to therapeutically treat tuberculosis 45 

by combining antibiotics streptomycin and para-aminosalicylic acid [14], and has since 46 

remained commonplace in the clinic. In fact, 30% of new antibiotics approved by the FDA in 47 

the last five years have been in combination [15]. Combining already approved drugs provides 48 

a chance to revive options within our existing arsenal of antibiotics by restoring sensitivity 49 

[16]. For example, an in vitro study of 20 Enterobacteriaceae isolates resistant to the last-line 50 

antibiotic colistin demonstrated that the efficiency of colistin could be restored when combined 51 

with a range of different synergistic antibiotics, even those usually ineffective against Gram-52 

negative bacteria like vancomycin [17]. 53 

 54 

Despite the importance and relative commonality of CT, the development of current CT 55 

treatment regimens has occurred largely empirically in the clinic, rather than by rational design. 56 

To facilitate rational and targeted CT discovery, a comprehensive, molecular understanding of 57 

each combination’s mechanism of action (MOA) or how resistance is formed is needed [18]. 58 

This review will build on previous reviews [8,19] to summarise recent developments that 59 

outline how antibiotic combinations, particularly antibiotic synergy, work on a molecular level 60 

and how the bacteria gain resistance to such combinations. 61 

 62 

Genetic and molecular mechanisms behind antibiotic combination therapy 63 

 64 

We know that certain combinations are clinically or experimentally effective, and in silico we 65 

can even predict which antibiotics will be synergistic or antagonistic using modelling and pair-66 

wise interaction networks [20,21]. Antibiotics target various parts of the cell (Fig 2A), and 67 

several hypotheses have been raised surrounding how certain antibiotic combinations work 68 

together to be synergistic [8,18]. Further, there may be unique genes, regulatory elements or 69 

entire gene sets involved during synergistic or antagonistic reactions that are completely 70 

independent of those implicated in antibiotic monotherapy (Fig 1B). However, basic molecular 71 

data supporting these interactions remain scarce. Here, we discuss six models that, based on 72 

experimental data, have been developed to explain the molecular mechanisms driving 73 

synergistic and antagonistic antibiotic killing. We summarise these models as 1) Bioavailability 74 

Modulation, 2) Inhibitor Inhibition, 3) Sequential Blockade, 4) Mutual Stabilisation, 5) Parallel 75 

Pathway Inhibition and 6) Regulation Modification (see Table 1 and Fig 2B). 76 

 77 



   
 

   
 

In the 1960s, one of the first MOAs driving antibiotic synergy was proposed as the 78 

“Bioavailability Modulation” model, where one antibiotic’s activity allows increased 79 

concentration of another [22]. In this initial study, synergy between β-lactams and 80 

aminoglycosides was attributed to β-lactam-mediated membrane damage, allowing increased 81 

uptake of aminoglycosides which could kill effectively. A similar MOA has also been proposed 82 

in two other studies [17,23], in which colistin, which binds to lipid A and causes cracks the 83 

membrane (Fig 2B), induces increased intracellular accumulation of other antibiotics in 84 

Enterobacteriaceae and Pseudomonas aeruginosa. This model also applies to cases where one 85 

antibiotic inhibits degradation of the other or where one competes with efflux systems 86 

effectively decreasing efflux of the other. For example, various preferentially extruded 87 

quinazoline derivatives have been synthesised that increase the intracellular concentration of 88 

chloramphenicol, and potentiate the activity of chloramphenicol, nalidixic acid and 89 

sparfloxacin in clinical Klebsiella aerogenes isolates [24]. In addition, Phe‐Arg‐β‐90 

naphthylamide (PaβN)-like peptidomimetics inhibit quinolone efflux in P. aeruginosa 91 

laboratory strains by competing with the antibiotic molecules as a preferred efflux substrate 92 

[25]. Additional examples are reviewed in Bolla et al. 2011 [26].  93 

 94 

Other studies have investigated the classic concept of “helper” antibiotic(s) that mask antibiotic 95 

resistance strategies and restore efficiency of another antibiotic, which we refer to here as 96 

“Inhibitor Inhibition”. This is exemplified by the drug Augmentin, an amoxicillin-clavulanate 97 

combination, which provides a β-lactam analogue (clavulanic acid) that is preferentially 98 

targeted by the β-lactamase resistance enzyme to prevent penicillin from being deactivated 99 

[27] (Fig 2B). A similar Inhibitor Inhibition MOA was suggested in three related studies [28-100 

30]. These examined the effective killing of three synergistic combinations, pairing cefotaxime, 101 

streptomycin, doripenem and aztreonam against recombinant Escherichia coli expressing 102 

CTX-M-15, a β-lactamase with high cephalosporin affinity. Using a spectroscopic approach, 103 

all three adjunct drugs were observed to bind CTX-M-15 and induce conformational changes; 104 

simultaneously decreasing its catalytic efficiency and rendering it unable to bind cefotaxime. 105 

Therefore, in combination with streptomycin, doripenem or aztreonam, cefotaxime would not 106 

be hydrolysed by CTX-M-15, rendering it available to inhibit cell wall synthesis.  107 

 108 

The “Sequential Blockade” model describes the CT MOA where antibiotics target the same 109 

pathway to bypass any biological redundancies or potentiate the activity of one or both drugs 110 



   
 

   
 

on that pathway to affect a more severe phenotype loss. This is exemplified by trimethoprim 111 

(TMP) and sulfamethoxazole (SUX) which is a synergistic combination, marketed as Bactrim 112 

or Co-trimoxazole, commonly used in the clinic [31] (Fig 2B). SUX inhibits the production of 113 

a dihydrofolate (DHF) precursor and TMP inhibits the reduction of DHF into tetrahydrofolate 114 

(THF) (Fig 2A). Synergy was originally reasoned to simply arise from the potentiation of TMP 115 

by SUX through reduction of DHF levels [31]. However, a recent study has demonstrated that 116 

sequential blockade must occur in a specific way and merely inhibiting adjacent steps of folate 117 

biosynthesis is not adequate to produce the strong synergy observed using TMP+SUX [32]. By 118 

substituting SUX with an alternative agent, that also inhibits DHF precursor synthesis, they 119 

observed only an additive killing effect. Further, a new folate synthesis feedback loop was 120 

identified, which results in cyclical co-dependent reduction of each antibiotic target’s upstream 121 

substrate, thus exaggerating the blocking of the folate synthesis pathway.  122 

  123 

The “Mutual Stabilisation” model elucidates the MOA for beneficial antibiotic combinations 124 

where each antibiotic stabilises binding of the other to its respective target. A suggested 125 

mechanism of mutual stabilisation between dalfopristin and quinupristin (marketed as 126 

Synercid®) was based on analysis of crystal structures of the ribosome complexed with 127 

Synercid® [33]. Singularly, each drug produces only weak bacteriostatic effects, but combined, 128 

dalfopristin-induced conformational change of the ribosome enhanced the binding stability of 129 

quinupristin, creating bactericidal effects. In return, quinupristin binding blocks dalfopristin 130 

from leaving the ribosome [34]. 131 

 132 

The “Parallel Pathway Inhibition” model has been proposed as an MOA for CT involving 133 

antibiotics from a range of classes. This MOA relies on antibiotics acting on different targets 134 

in parallel pathways that are essential for an observed phenotype. Two related metabolomic 135 

investigations have revealed time-dependent pathway targeting that occurs with two 136 

colistin+β-lactam combinations in Acinetobacter baumannii. The two studies – one examining 137 

colistin+doripenem [35] and the other colistin+sulbactam [36] – applied the antibiotics in 138 

combination and as individual monotherapies at various time points. Collectively, these 139 

investigations suggest that the synergistic activity of these combinations occurred via time-140 

dependent targeting of different metabolic pathways, driven by whichever drug was more 141 

active at that time point. For example, at early time points, outer membrane lipid modelling 142 

driven by colistin was observed for both combinations and colistin monotherapies, 143 



   
 

   
 

characterised by perturbations in fatty acid and phospholipid metabolite levels. However, later 144 

activity was driven predominantly by sulbactam or doripenem which impacted several 145 

pathways, including nucleotide, amino acid, sugar and energy metabolism, each mirroring 146 

those of the sulbactam and doripenem monotherapies. From these data, authors suggested that 147 

colistin+β-lactam synergy can be described by the parallel pathway inhibition model, with 148 

inhibition of nucleotide metabolism and cell envelope biosynthesis resulting from each drug 149 

targeting related metabolites at different time points. Importantly, further to this pattern of 150 

time-dependent targeting, both studies highlighted that the combinations were consistently 151 

synergistic and induced more dramatic metabolic perturbations relative to either monotherapy. 152 

Not surprisingly, neither sulbactam nor doripenem inhibits polymyxin resistance mediated by 153 

lipid A modification. 154 

 155 

Lastly, an emerging model, here termed “Regulation Modification” occurs when a 156 

transcriptional response from one antibiotic impacts the effect of the other. It was first 157 

developed for severe antagonistic (suppressive) interactions in E. coli between a number of 158 

antibiotics that inhibit protein synthesis and DNA synthesis. This effect was attributed to non-159 

optimal ribosomal RNA regulation by the DNA-inhibiting drugs, which under DNA stress 160 

results in unstably high protein synthesis rates, subsequently corrected by the translation 161 

inhibitor, causing antagonistic growth [37]. Similarly, suppressive interactions between drugs 162 

are observed when one drug stimulates the biosynthesis of certain pathways that affect the 163 

efficacy of the second drug. For instance, nitrofurantoin stimulated the production of 164 

lipopolysaccharide, suppressing the activity of chloramphenicol [38]. Another study 165 

investigated regulatory changes that modify growth using microarray profiling of S. aureus in 166 

response to vancomycin and colistin co-administration, which resulted in suppressive growth. 167 

The transcriptomic response that occurred during colistin exposure, mirrored the regulatory 168 

response of the vancomycin resistant mutants and suggested that, when present, colistin can 169 

prime the cell to respond efficiently to vancomycin and thus provide protection [39].  170 

 171 

Gaining resistance to CT 172 

One of the potential benefits of using CT is prevention of emergence of antibiotic resistance. 173 

Although CT can slow resistance rates, non-optimal CT can potentially lead to accelerated 174 

resistance rates. There are notable clinical examples of CT limiting evolution of resistance, 175 



   
 

   
 

however, not all combinations are equally effective and outcomes are variable [5]. Bacteria 176 

evolve resistance to antibiotics primarily via one of two major routes: vertical de novo mutation 177 

and horizontal gene transfer. Information-specific acquired genetic resistance and ecological 178 

responses to CT can be informative about their specific MOA. Table 2 summarises de novo 179 

mutations identified in several laboratory-based and clinical studies.  180 

 181 

Growing evidence shows that a variety of environmental stresses such as nutrient availability 182 

and stressors including antimicrobial agents induce genetic mutations in bacteria, generating 183 

mutants with increased fitness and potentially speeding up resistance evolution [40-42]. Recent 184 

studies have demonstrated that such genetic responses also contributed to the rapid emergence 185 

of resistance in several antibiotic combinations. For instance, a study using experimental 186 

evolution found the accelerated fixation of chloramphenicol resistant (ChlR) mutants in an E. 187 

coli population challenged with chloramphenicol in combination with enoxacin [43]. Genome 188 

sequencing of resistant bacteria revealed that the increased rate of ChlR accumulation is due to 189 

the mutagenic activity of enoxacin. Similarly, P. aeruginosa PAO1 readily acquire resistance 190 

to both ceftazidime and ciprofloxacin through the inactivation mutation in mex, a negative 191 

regulator of the broad spectrum multi drug efflux pump MexAB system [44]. Interestingly, in 192 

another study using CT with ceftazidime and ciprofloxacin, the frequency of resistant mutants 193 

in the culture treated with ceftazidime alone was found to be indistinguishable from the 194 

combined ceftazidime and ciprofloxacin regime. Like enoxacin, ceftazidime can also elevate 195 

the mutation rate up to 120-fold in bacteria when it is present at sub-inhibitory concentrations 196 

[45,46]. Emergence of resistance mutations effecting efflux systems have also been reported 197 

in E. coli populations treated with doxycycline and erythromycin combinations [47,48]. 198 

The emergence of resistance in CT can also be mediated by fluctuations within the bacterial 199 

population itself. Studies on antibiotic resistant bacteria have uncovered many molecular 200 

mechanisms of resistance, including mutations in genes that reduce binding of drugs and 201 

increase expression of efflux pumps. Bacteria with resistance mutations can grow at high 202 

concentrations of antibiotics and are characterised by the minimum inhibitory concentration 203 

(MIC) of the particular drug needed to prevent visible growth of bacteria. However, many 204 

bacterial populations often consist of small subpopulations that can survive drug treatment 205 

without acquiring resistance mutations. Two distinct forms of subpopulations have been 206 

identified: persisters and heteroresistance. Persisters are transient dormant subpopulations that 207 

can withstand normally lethal levels of antibiotic(s), whereas heteroresistance is a phenomenon 208 



   
 

   
 

in which a small subpopulation is able to grow in the presence of antibiotic(s) [49]. These 209 

phenotypically distinct subpopulations are often genetically indistinguishable from the actively 210 

growing members of the same population. In addition, many bacteria can develop population-211 

wide tolerance by acquiring mutations in gene(s) in completely independent pathways [50] 212 

without affecting the MIC of bacteria [51].  213 

It is well known that such subpopulations promote emergence of resistance to single antibiotic 214 

treatments [52-55], but a recent in-depth study demonstrated a novel pathway by which tolerant 215 

bacteria consistently develop resistance to combinations [56]. The study used a whole-genome 216 

sequencing approach to investigate the evolution of rifampicin resistance (RifR) via a mutation 217 

in rpoB in longitudinal S. aureus isolates from patients treated with the suppressive daptomycin 218 

and rifampicin combination. Although this combination killed isolates with the wild-type 219 

phenotype (WT; day 1 isolates) much more slowly compared to either of daptomycin or 220 

rifampicin monotherapies, it prevented the bacteria from acquiring RifR, which normally can 221 

occur rapidly. In contrast, after the daptomycin tolerance populations were established (after 5 222 

days of monotherapy with vancomycin alone) the benefit of the CT in preventing RifR was lost 223 

and rapid evolution of RifR was observed. The fitness (survival) of RifR in WT background 224 

was found to be significantly lower than its rifampicin sensitive WT counterpart when treated 225 

with daptomycin and rifampicin in combination, due to increased daptomycin susceptibility of 226 

the RifR variants. However, the fitness of RifR in the daptomycin tolerant background improved 227 

during the combination treatment and likely facilitated the rapid evolution of RifR in 228 

daptomycin tolerant bacteria. A similar population level study has also been used to treat 229 

infections of K. pneumoniae using a fosfomycin, SUX+TMP combination in an in vivo mouse 230 

model [57]. They showed that bacterial populations consist of multiple heteroresistant 231 

subpopulations; a single population can exhibit heteroresistance to many different antibiotics 232 

at once. Thus, bacterial infections could be treated using a combination of different antibiotics 233 

so that no single subpopulation exhibits resistance to all treatment options. This highlights the 234 

need to investigate bacterial population structures to ensure appropriate CT is applied.  235 

Conclusions 236 

In the face of rising antibiotic resistance, CT is becoming an increasingly important option for 237 

treating modern bacterial infections. A number of studies have emerged that have begun to lay 238 

the molecular framework for understanding how CT works beyond the additive effects of each 239 

individual antibiotic (Fig 2B). Here, we have attributed the increased and decreased killing 240 



   
 

   
 

effects of combined antibiotics as mediated by 6 major mechanisms (Table 1, Fig 2B). As 241 

further experiments are performed and more information becomes available, more mechanisms 242 

will no doubt be uncovered. However, we are currenty limited by a number of factors to fully 243 

understand the complex MOAs that underpin CT.  244 

 245 

Firstly, disparity between laboratory and clinical studies make comparison of existing data 246 

difficult, and also means information generated in the laboratory is not always directly 247 

applicable to the clinic. For example, many molecular studies on antibiotic combinations 248 

performed in vitro are based on MICs and fractional inhibitory concentrations (FICs), and often 249 

the synergistic concentrations used in the laboratory are too high to be clinically relevant [58]. 250 

Some in vivo reports suggest that CT does not produce a significantly better outcome than 251 

monotherapy [59,60] and there are conflicting reports regarding whether CT increases or 252 

decreases rates of resistance [8]. The most effective synergistic combinations provide greatest 253 

selection and resistance rates when competition for resources is high [11]. In addition, 254 

differences in pharmacokinetic and pharmacodynamic drug properties in the human body, that 255 

is, how and where each drug is metabolised, are complex; it is hard to directly mimic the drug-256 

drug interactions in vitro [61]. Lastly, owing to these complex interactions, much strain-to-257 

strain variation is observed, for example, resistant and sensitive strains of the same organism 258 

can respond differently [56]. 259 

 260 

The more studies that examine CT MOA and resistance on a molecular level, the more insight 261 

we will have to reduce these limitations. There are a variety of approaches available that can 262 

determine MOAs and resistance mechanisms underpinning CT, including genomics, 263 

transcriptomics, proteomics and metabolomics. Recently, we can see a trend towards high 264 

quality in vivo and patient studies that employ sequencing and molecular approaches [56,62]. 265 

Future efforts should focus on combining the findings from the multitude of ‘omics approaches, 266 

and to scale up and increase throughput (such as in [38]), so that a unified and cohesive model 267 

of action can be elucidated for each antibiotic and their various combinations. As CT is studied 268 

further, we will potentially unlock new reservoirs of drug targets, gain understanding of the 269 

drug dynamics and ultimately design better antibiotics, prevent resistance and make antibiotic 270 

combinations safer, more efficient and effective in the future.  271 
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Figure captions 278 

Figure 1. The three major bacterial responses to antibiotic combinations: additivity, synergy 279 

and antagony. A) Representative patterns of bacterial growth (blue shading) and clearance 280 

(white) that would be expected from different combination types (antibiotic disks A and B 281 

shown as white circles) as grown on an agar plates (top panel).  Schematic showing growth 282 

and predicted relative bacterial growth as concentrations of Antibiotic (Ab) A and B increase 283 

under additive (effect shown by red dashed line), synergistic (below the additive effect) and 284 

antagonistic (above the additive effect) drug interactions. Single antibiotic MICs are marked 285 

with crosses (bottom panel). B) Schematic of predicted effect on bacterial culture as well as 286 

possible antibiotic target encoding genes involved during mono- and combination-therapies. 287 

Blue ovals represent bacterial colonies, with the inset showing a zoomed in section of the 288 

genome and locations of hypothetical gene(s) encoding targets of Antibiotic A (gene_a) and 289 

Antibiotic B (gene_b) (not to scale). The circles overlaid on top of the DNA strands represent 290 

gene(sets) expressing targets of Antibiotic A (red) and Antibiotic B (purple). The orange and 291 

green shapes represent the hypothetical combination-specific genes, genesets or regulatory 292 

components (s and h) that are activated or deactivated during synergy and antagony, 293 

respectively. 294 

 295 

Figure 2. Schematic showing mechanisms of action (MOA) of individual antibiotics and 296 

synergistic combinations. The outer membrane is represented by the solid black line, the 297 

peptidoglycan layer is represented by the dashed purple line, and the inner membrane is 298 

represented by the light blue phospholipid bilayer. Ribosomes are coloured in brown; nucleic 299 

acids are coloured in pink, orange, green and blue; cytoplasm in light grey; the folate synthesis 300 

pathway targeted is shown as black print: DHPPP (dihydropterin pyrophosphate, DHF 301 

(dihydrofolate), THF (tetrahydrofolate). Insets show zoomed in MOA, with finer detail. A) 302 

Individual MOA of the key antibiotic examples discussed here and their relevant antibiotic 303 

classes. B) The MOA of proposed synergy models (parallel pathway inhibition, mutual 304 

stabilisation, sequential blockade, bioavailability modulation, and inhibitor inhibition – 305 

antagonistic regulation modification model not shown) of representative antibiotic 306 

combinations. Abbreviations include COL (colistin), DOR (doripenem), QNP (quinupristin), 307 

DFP (dalfopristin), SUX (sulfamethoxazole), TMP (trimethoprim), STR (streptomycin), PEN 308 

(penicillin), PBP (penicillin-binding protein), and Cla (clavulanic acid). 309 
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Tables 

Table 1. List of currently proposed models for the mechanisms of action governing 

synergistic and antagonistic effects in cells. 

Model Name Mechanism/s of Action Example Drug Combination Reference 

Bioavailability 

Modulation 

Bioavailability of one 

drug is increased via 

activity of the other, 

either by enhancing 

entry of the second 

drug into the cell, or 

decreasing its 

degradation or efflux 

Penicillin + Streptomycin [22] 

PAβN‐like peptidomimetics + 

levofloxacin 
[25] 

Quinazoline derivatives + 

Chloramphenicol 

[24] 
Quinazoline derivatives + 

Nalidixic Acid 

Quinazoline derivatives + 

Sparfloxacin 

Inhibitor 

Inhibition 

 

Sequestering of 

antibiotic inhibitors 

by one agent, 

allowing the other to 

affect its target 

unimpeded 

Penicillin + Clavulanic Acid [27] 

Cefotaxime + Doripenem [28] 

Cefotaxime + Streptomycin [29] 

Cefotaxime + Aztreonam [30] 

Sequential 

Blockade 

Targeting of the same 

pathway to bypass 

any biological 

redundancies, or 

potentiate the activity 

of one or both drugs 

on that pathway to 

affect a more severe 

phenotype loss 

Trimethoprim + 

Sulfamethoxazole (Co-

trimoxazole, Bactrim) 

[32] 

Mutual 

stabilisation 

Each agent stabilises 

the binding of the 

other to its target 

Quinupristin 

+ dalfopristin (Synercid®) 
[33,34] 

Parallel 

Pathway 

Inhibition 

Targeting of different 

targets in parallel 

pathways that are 

essential for an 

observed phenotype 

Colistin + Doripenem [35] 

Colistin + Sulbactam [36] 

Regulation 

Modulation 

Transcriptional 

response from one 

antibiotic impacts the 

effect of the other 

DNA synthesis + protein synthesis 

inhibitors (Suppressive) 
[37] 

Colistin + Vancomycin 

(Suppressive) 
[39] 

  

Tables 1 and 2



Table 2. Genetic mutations identified in resistant clones isolated after treatment with 

antibiotic combinations.  

Antibiotic 

combination 
Gene Function Organism Reference 

Chloramphenicol 

+ enoxacin 

acrR Acriflavine resistance regulator, 

regulates the expression of genes 

involved in multidrug transport 

  

marR Regulator of genes involve in 

multiple antibiotic resistance, 

multidrug efflux pump 

E. coli K-12 [43] 

ompF General outer membrane porin   

glyXY tRNAs glyX and glyY are two of 

six glycine tRNAs 
  

Amikacin + 

Chloramphenicol 

rsxC Reducing system of superoxide 

sensor SoxR 

E. coli K-12 [43] 

rsxD Reducing system of superoxide 

sensor SoxR 

ybeX Magnesium and Cobalt efflux 

yojL Flavin transferase 

cyaA 

 
Cyclic AMP synthesis and 

metabolism 

Ceftazidime + 

Ciprofloxacin 

ybeX Magnesium and Cobalt efflux 

P. aeruginosa [44] 
yojL Flavin transferase 

cyaA 

 
Cyclic AMP synthesis and 

metabolism 

Doxycycline + 

Erythromycin 

rcnA Cobalt and nickel resistance 

E. coli K-12 [47] evgS Hybrid sensory histidine kinase in 

two-component regulatory system 

Doxycycline + 

Erythromycin 

acrAB Multidrug efflux pump AcrAB-

TolC  

E. coli K-12 [48] 

marR Regulator of genes involved in 

multiple antibiotic resistance, 

multidrug efflux pump 

melR DNA-binding transcription dual 

regulator (MelR) 

menC o-succinylbenzoate 

synthase (MenC) 

dnaQ The epsilon subunit of DNA 

polymerase III 

Rifampicin + 

daptomycin 
rpoB -subunit of RNA polymerase S. aureus [56] 
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