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The discovery of antibiotics more than 90 years ago initiated a period of drug innovation 

and widespread implementation in healthcare and agriculture. Unfortunately, unlike most other 

drugs, antibiotics tend to lose their efficacy over time due to the emergence and dissemination of 

antibiotic resistance among bacterial pathogens. The emergence of resistance traits to multiple 

classes of antibiotics, resulting in strains with multidrug-resistance (MDR) phenotypes, has 

progressively narrowed the available treatment options for many pathogens. Drug resistant 

bacterial infections are currently responsible for 700,000 worldwide deaths annually, and this 

number is predicted to rise up to 10 million by 2050, which would make antibiotic resistant 

infections the leading cause of death. (O’Neill, 2016) 

The emergence and dissemination of antibiotic resistance is driven by evolutionary 

processes that have provided the bacteria their outstanding ability to adapt to challenging 

environments for millennia. (Aminov, 2009; D’Costa et al., 2011) Resistance, in general, mainly 

can be mediated by two mechanisms: chromosomal resistance mutations or horizontal gene transfer 

via broad host-range plasmids. The relative importance of these mechanisms in resistance evolution 

is highly variable and depends on the antibiotic and the bacterial pathogens considered. (Hughes 

& Andersson, 2015) This work is mainly concerned with inhibitors of the Topoisomerase IV - 

DNA gyrase complex and against those antibiotics the relevance of plasmid-mediated resistance is 

much lower. Accordingly, we focus on chromosomal resistance mutations. 

The emergence of resistance puts antibiotic development efforts in a precarious position. 

Pharmaceutical research and development costs, which are estimated to be $400–$800 million per 

approved agent, combined with an estimated 95% failure rate, pose a considerable barrier to new 

drug development in general. (Payne et al., 2007; Spellberg et al., 2004) Additionally, due to the 

rise of drug-resistant bacteria, the commercial success of antibiotic development is unpredictable. 

Paradoxically, as the need for new antibiotics is greater than ever, large pharmaceutical companies 

have mostly abandoned the market, accounting for only 4 of the 42 antibiotics currently under 

development. (Pew Charitable Trust, 2020; Jackson et al., 2018) 

Consequently, the main driving force of current antibiotic development is the notion of 

finding ‘resistance-proof’ antibiotics. By principle, an antibiotic could be called such if resistance 

cannot evolve, because mutations that confer clinically significant resistance are exceedingly rare. 

(Bell & MacLean, 2018) Antibiotics with multiple independent cellular targets is an emerging 



alternative. There are multiple mechanisms by which antimicrobial compounds may inhibit 

multiple bacterial targets. (Silver, 2007) In the case of hybrid drugs, two antibiotic pharmacophores 

with dissimilar targets are covalently linked to form one molecule. (Domalaon et al., 2018. Klahn 

& Brönstrup, 2017) Other antibiotics target two or more non-overlapping regions of a single 

bacterial protein and furthermore, equipotently inhibit two or more bacterial proteins. (Oldfield & 

Feng, 2014; Silver, 2007) Although it is a major focus of the pharmaceutical industry, designing 

multi-targeting antibiotics remains challenging. Until now, only a handful of antibiotic candidates 

displayed a balanced inhibition of multiple microbial targets. (Ince et al., 2002; Strahilevitz & 

Hooper, 2005; Tari et al., 2013) Additionally, due to the shortage of in-depth resistance studies, 

our knowledge on the tempo and mode of resistance development against multi-targeting 

antibiotics remains limited.  

To establish the resistance-proof nature of an antibiotic, it is essential to precisely estimate 

the rate of resistance evolution at the earliest stages of development. Unfortunately, standard 

microbial protocols are slow, have a low coverage, and may fail to predict the frequency and 

molecular mechanisms of antibiotic resistance by genomic mutations. This is especially 

problematic in examining potential resistance against multi-targeting antibiotics, where a high level 

of resistance demands the simultaneous acquisition of multiple, rare mutations, many of which 

seemingly provide little benefit individually. 

Directed evolution with random genomic mutations (DIvERGE), a recently published 

genome engineering method from our laboratory, addresses the aforementioned shortcomings of 

current in vivo mutagenesis techniques. (Nyerges et al., 2018) DIvERGE enables mutagenesis of 

predefined long genomic regions with broad, controllable mutagenesis spectra for each nucleotide 

position. It also allows very high mutation rates of the target sequences, enables multiple rounds 

of mutagenesis and selection, and is applicable to a range of host species without the need for prior 

genomic modification. 

DIvERGE is based on a unique single-strand DNA oligonucleotide design strategy where 

long, continuous genomic segments are covered by the alignment of partially overlapping 

mutagenized DNA oligonucleotides. The randomized oligonucleotides fully cover the locus of 

interest and induce mutagenesis at their target after incorporation. Similarly to prior approaches, 



DIvERGE proceeds via cell growth, oligo delivery and incorporation and mutagenesis, leading to 

a highly elevated genetic diversity of the mutagenized population.  

DNA gyrase and Topoisomerase IV protein complexes offer an exceptional target for 

developing multi-targeting antibiotics, because of the homology of their corresponding subunits 

and the substantial overlap in their three-dimensional protein structures. (Bisacchi & Manchester, 

2015; Collin et al., 2011) Both DNA gyrase and Topoisomerase IV are type II topoisomerases. In 

prokaryotes they form heterotetramers, with two subunits, GyrA-GyrB and ParC-ParE, 

respectively. Broadly speaking, the GyrA (ParC) subunit is involved with interactions with DNA, 

it contains the active-site tyrosine responsible for DNA cleavage, and the B subunit contains the 

ATPase active site. (Champoux, 2001) DNA gyrase and Topoisomerase IV are involved in 

breaking and rejoining double-stranded DNA, and thus, they determine changes in DNA topology 

during replication.  

The body of the dissertation is based on two main scientific publications. In both, we 

focused on resistance against multi-targeting antibiotics, utilizing DIvERGE and traditional 

microbiological methods. In the first paper, we attempted to describe resistance against a novel 

topoisomerase inhibitor currently in clinical development, termed gepotidacin. (Szili et al., 2019) 

Based on the experiences gathered in this work, we later attempted to aid the early development of 

novel antibacterial compounds with potential multi-targeting activity. (Nyerges et al., 2020) 

Gepotidacin (GSK2140944) is an exemplary candidate to study resistance evolution toward 

multi-targeting antibiotics. (Biedenbach et al., 2016; Flamm et al., 2017) It is a novel 

triazaacenaphthylene antibiotic candidate currently in phase 3 clinical trials and is expected to enter 

the clinical practice in the upcoming years. (Scangarella-Oman et al., 2020; Taylor, Morris, et al., 

2018) The molecule inhibits bacterial DNA gyrase and Topoisomerase IV with a novel mode of 

action. Using a standard frequency of resistance test, early studies have failed to identify resistant 

clones of Neisseria gonorrhoeae and Escherichia coli against this new compound, suggesting that 

individual mutations cannot provide substantial resistance to gepotidacin. (Farrell et al., 2017; 

Nyerges et al., 2018) In our work, we demonstrated that contrary to expectations, reduced 

susceptibility to gepotidacin can evolve rapidly and previous works failed to identify resistance 

due to the limitations of the methods used. 



In the second work, our collaborators have rationally designed a novel series of antibacterial 

compounds, endeavoring to achieve a balanced and simultaneous inhibitory effect on subunit B of 

DNA gyrase (GyrB) and subunit E of Topoisomerase IV (ParE). We characterized the biochemical 

and antibacterial properties, resistance development, as well as the in vivo efficacy of two 

representative compounds, termed ULD1 and ULD2. 

Prior studies have demonstrated that gepotidacin selectively inhibits both bacterial DNA 

gyrase and Topoisomerase IV by a unique mechanism. Therefore, we subjected the four potential 

target genes to a single round of directed evolution with random genomic mutation (DIvERGE) 

mutagenesis in clinically relevant pathogen Klebsiella pneumoniae. Amino acids D82 within the 

GyrA subunit and D79 of the ParC subunit are found to be mutated in all the clones isolated, and 

no further mutations have been found. Subsequent saturation mutagenesis of the two mutational 

hot spots has proven that the combination of two specific mutations (GyrA D82N and ParC D79N) 

is responsible for a high-level reduction of susceptibility to gepotidacin. The double mutants were 

found to display as high as 2,080-fold reductions in gepotidacin susceptibility levels compared to 

the corresponding wild type strain of K. pneumoniae. In contrast, the single mutants were found to 

show no considerable changes in gepotidacin susceptibility. These findings are consistent with 

prior single-step resistance selection studies that failed to recover mutants with significant 

resistance. 

Antibiotic resistance typically induces a fitness cost in the form of reduced bacterial growth 

rates, and such costs shape the long-term stability of antibiotic-resistant populations. Therefore, we 

have investigated the fitness effects of target-mediated resistance to gepotidacin in K. pneumoniae 

by pairwise competition experiments between the wild type strain and a specific mutant strain in 

nutrient-rich antibiotic-free bacterial medium (Mueller-Hinton II broth [MHBII]) at 37°C. We have 

found that the mutation combination of GyrA D82N and ParC D79N, which confers resistance to 

gepotidacin, significantly decreases fitness in K. pneumoniae. However, the fitness cost of 

gepotidacin resistance-causing mutations is comparable to the fitness cost of mutations associated 

with clinically relevant fluoroquinolone resistance. Importantly, the ParC D79N mutation is found 

to confer no measurable fitness cost individually. We also investigated whether mutants with 

resistance to gepotidacin display reduced virulence in vivo in a murine thigh wound infection 



model. No significant decrease in in vivo virulence was observed for any of the mutants compared 

to the wild type strain. 

Several prior works demonstrate that certain resistance mutations may be present in 

bacterial populations long before being exposed to a given antibiotic. Based on this knowledge, we 

hypothesized that prolonged use of other antibiotics might select for mutations that serve as 

stepping stones toward resistance to gepotidacin. The most likely antibiotic family for this purpose 

would be fluoroquinolones, as they are widely employed in clinical practice, and share a target 

with gepotidacin in the DNA gyrase – Topoisomerase IV complex. To reinvestigate this issue, we 

have focused on ciprofloxacin, a widely employed and well-characterized fluoroquinolone drug. 

Several ciprofloxacin resistance-conferring mutations and mutation combinations in clinical 

isolates provide no relevant cross-resistance against gepotidacin. On the contrary, we have found 

that the GyrA D82N single-mutant strain displays an over 16-fold increase in ciprofloxacin 

resistance level compared to that of the wild-type K. pneumoniae ATCC 10031 strain. Remarkably, 

the same mutation confers only a 2-fold increase in gepotidacin MIC level. As might be expected, 

the GyrA D82N and ParC D79N double mutants also display significant resistance to ciprofloxacin. 

This finding raise the possibility that the D82N mutation of GyrA might be present in 

fluoroquinolone-resistant clinical isolates, increasing the likelihood of the subsequent emergence 

of double mutants with resistance to gepotidacin. Indeed, our systematic search of online databases 

proved that that both mutations occur in a wide range of Gram-negative and Gram-positive 

bacteria, including fluoroquinolone resistant clinical isolates of E. coli and other species belonging 

to the Salmonella, Mycoplasma, Clostridium, Citrobacter, Streptococcus, and Neisseria genera. 

Neisseria and Streptococcus are especially clinically relevant in this context, as infections caused 

by these bacteria are reported to be the targets of gepotidacin in recent clinical trials. 

To establish further that ciprofloxacin promotes reduced susceptibility to gepotidacin, we 

have performed adaptive laboratory evolution under ciprofloxacin stress with wild type K. 

pneumoniae ATCC 10031, as well as the wild type and ΔmutS hypermutator strains of E. coli K-

12 MG1655. In line with previous clinical and laboratory studies, ciprofloxacin resistance was seen 

to emerge quickly in our experiments, especially in ΔmutS hypermutator lineages. Three randomly 

selected ciprofloxacin-resistant lineages per strain were selected for gepotidacin MIC 

measurements. Strikingly, all have been found to display a >64- to 1,058-fold increase in 



gepotidacin resistance compared to the corresponding control strains. We also carried out whole 

genome sequencing of 2 and 3 evolved lineages derived from E. coli K-12 MG1655 and K. 

pneumoniae ATCC 10031, respectively. Although these lineages display markedly reduced 

gepotidacin susceptibilities, they do not carry mutations at GyrA D82 or ParC D79, suggesting that 

multiple other mutations may also select for reduced susceptibility to gepotidacin. Indeed, whole-

genome sequencing has revealed that these ciprofloxacin-resistant lineages carry putative 

resistance mutations in genes involved in membrane efflux (acrR, soxR, and marR) and the general 

stress response (cusS and rpoB). Overall, these results strongly suggest that long-term exposure to 

ciprofloxacin stress promotes reduced susceptibility to gepotidacin. 

In the second half of my doctorate program I have attempted to aid the early development 

of novel antibacterial compounds with potential multi-targeting activity. (Nyerges et al., 2020) Our 

collaborators (Peterlin lab, University of Ljubljana) have recently discovered a novel class of DNA 

gyrase inhibitors with a pyrrolamidobenzothiazole scaffold, inspired by the marine natural product 

oroidin. (Gross et al., 2003; Tomašič et al., 2015) To transform these molecules into broadly 

effective antibiotics, they have executed modifications at several sites on the 

pyrrolamidobenzothiazole-6-carboxylic acid scaffold based on the co-crystal structure with subunit 

B of DNA gyrase and molecular dynamics (MD) simulations. The molecular modifications were 

aimed at designing novel inhibitors that display equipotent dual-targeting activity towards subunit 

B of DNA gyrase (GyrB) and subunit E of Topoisomerase IV (ParE). The chemical modifications 

have yielded 2 especially promising antibiotic leads, ULD1 and ULD2. 

When characterizing the bioactivity of these two molecules, first we have determined the 

minimum inhibitory concentrations (MICs) of ULD1 and ULD2 against a panel of Gram-negative 

and Gram-positive clinical pathogens. ULD1 and ULD2 were found to display potent antibacterial 

activity against ESKAPE pathogens (S. aureus, Enterococcus sp., Pseudomonas aeruginosa, 

Klebsiella pneumoniae, Acinetobacter baumannii), Streptococcus sp., and Clostridium difficile. 

The MIC values against all studied multidrug-resistant Staphylococcus, Enterococcus, and 

Streptococcus isolates were below 2 μg/mL. Notably, ULD1 and ULD2 exerted activity against all 

MRSA, VRSA (MRSA/VRSA: methicillin-resistant/vancomycin-resistant S. aureus), and 

vancomycin-resistant Enterococcus (VRE) isolates, which frequently cause difficult-to-treat skin 

and soft-tissue infections (SSTIs). (Ramakrishnan et al., 2015) We hypothesize that further 



chemical modifications of ULD1/ULD2 could increase the potency of this compound class to 

inhibit Gram-negative pathogens as well. Encouraged by the excellent bioactivity of the molecules 

in MRSA and VRSA strains, we have focused on determining the antibacterial activity of ULD1 

and ULD2 against a geographically and genetically diverse set of S. aureus clinical isolates, 

including 56 MRSA and 28 vancomycin-intermediate and vancomycin-resistant strains, inclusive 

of recent clinical isolates. A large fraction of these isolates were simultaneously resistant to 

multiple other available antibiotics too. In sharp contrast to other approved antibiotics against 

staphylococcal infections, both ULD1 and ULD2 were found to exert a potent activity against all 

tested isolates (MIC ≤ 1 μg/mL). 

To explore the potential resistance mechanisms, we have determined the spontaneous 

frequency-of-resistance against ULD1, ULD2 in S. aureus. Novobiocin, an antibiotic formerly 

used in clinical practice, has served as a reference compound. Novobiocin’s main target is the DNA 

gyrase subunit B, but second-step resistance mutations occasionally occur in Topoisomerase IV. 

(Fujimoto-Nakamura et al., 2005) Using a standard protocol for spontaneous frequency-of-

resistance analysis (Bell & MacLean, 2018; Ling et al., 2015), we have exposed 1010 to 1012 

bacterial cells derived from stationary-phase cultures of S. aureus ATCC 700699 (VISA) and S. 

aureus ATCC 43300 (MRSA) to increasing concentrations of ULD1, ULD2, and novobiocin, 

respectively. We have assessed the frequency-of-resistance and the mutant prevention 

concentration (MPC) for all 3 compounds. MPC is the drug concentration threshold above which 

the proliferation of resistant mutants does not occur (i.e., the concentration required to avoid the 

emergence of all first-step resistant mutants). (Bell & MacLean, 2018) In agreement with prior 

laboratory studies and clinical observations, the frequency-of-resistance against novobiocin was 

relatively high (Fig 5), and an up-to 120-fold increment in the MIC of novobiocin in the isolated 

S. aureus mutants have been detected. (Fujimoto-Nakamura et al., 2005; Vickers et al., 2007) By 

sharp contrast, no resistant variants of S. aureus have been detected when the bacterial cells were 

exposed to ULD1 at concentrations 8-fold the wild-type MIC (Fig 5). Moreover, resistant mutants 

isolated upon exposure to ULD1 at lower compound concentrations provided only minor changes 

in ULD1 susceptibility. 

To investigate the molecular basis of mild ULD1 resistance, we have collected 400 

independently isolated, ULD1 resistant clones from the frequency-of-resistance assay plates and 



have sequenced their gyrB and parE genomic regions using Pacific Biosciences single-molecule 

real-time (SMRT) amplicon sequencing. Sequence analyses have revealed that all ULD1-resistant 

isolates had missense mutations that mapped to gyrB. Four different positions in the ULD1-binding 

pocket of GyrB (R144, G85, I175, T173) have mutated repeatedly. All the mutated amino acid 

residues in S. aureus are located in the binding pocket of GyrB and form secondary interactions 

with ULD1. 

As ULD2 has a high affinity towards both of its target proteins and exerts an excellent dual-

target enzyme inhibition, we hypothesized that the frequency-of-resistance against ULD2 could be 

exceptionally low. Notably, no ULD2 resistant mutants have emerged when 4×1012 S. aureus 

ATCC 700699 (VISA) cells were exposed to ULD2 at a concentration of only 4 times the wild-

type MIC (Fig 5). We estimate that the MPC is as low as 0.16 μg/mL for ULD1 and 0.08 μg/mL 

for ULD2 in S. aureus ATCC 700699 (VISA). 

While these results were encouraging, our prior experience with gepotidacin suggests that 

combination of multiple, specific mutations at all drug targets, in the long run, can eventually 

render even multi-targeting antibiotics ineffective. (Szili et al., 2019) To test this possibility, we 

have repeated the frequency-of-resistance assays with 2 ULD1-resistant S. aureus VISA laboratory 

isolates, both of which carried a single mutation at GyrB, the primary target of ULD1/ULD2. These 

mutations—GyrB R144I and I175T—were relatively frequent in the isolated single-step resistant 

mutants, and they conferred a moderately decreased susceptibility to ULD1. Populations of these 

single-mutant strains have been exposed to increasing concentrations of ULD1 and ULD2, 

separately. Spontaneous resistant mutants have appeared at a frequency of 10−8–10−11. All isolated 

second-step resistant mutants have displayed a relatively low resistance level, i.e., they could be 

inhibited by 1 μg/mL of ULD2. Sequence analyses have revealed that all detected second-step 

mutations are localized at ParE, the other target of ULD1/ULD2, at positions that are homologous 

to the binding sites in GyrB (Table 3). In sum, the observed mutations provide strong evidence in 

support of a dual-targeting mechanism of action for ULD1 and ULD2. 

We have also investigated whether long-term exposure to ULD1 and ULD2 could select 

for a high level of resistance. To this aim, we performed adaptive laboratory evolution experiments 

with VISA under ULD1, ULD2, and novobiocin stresses. To accurately assess potential resistance 

mechanisms, 10 parallel evolving populations have been exposed to gradually increasing 



concentrations of each compound. Following laboratory evolution, a single clone from each 

population has been isolated and subjected to drug susceptibility tests. In agreement with prior 

clinical observations and laboratory studies (Bisacchi & Manchester, 2015; Vickers et al., 2007), a 

high level of novobiocin-resistance has emerged rapidly. In novobiocin-adapted strains, an up-to-

320-fold increase in novobiocin MIC (i.e., 16 μg/mL) has been detected, compared with the wild 

type strain. In contrast, only a relatively modest, 25-fold increase in the MICs of ULD1 and ULD2 

have been detected in lineages adapted to ULD1 or ULD2, respectively (1 μg/mL for ULD1 and 

0.5 μg/mL for ULD2). In order to elucidate the molecular mechanisms underlying ULD2 

resistance, 5 ULD2-adapted strains have been subjected to whole-genome sequencing. We have 

focused on de novo mutations that have accumulated in several lineages independently during the 

course of laboratory evolution. Such mutations have been found in the target proteins (GyrB, ParE), 

as well as in a regulator of purine biosynthesis (PurR), and another enzyme involved in the uridine 

diphosphate (UDP) biosynthesis pathway (PyrH). The exact roles of these mutations in shaping 

ULD1/ULD2 susceptibilities remain to be discovered. 

To explore the potential costs of resistance, we have investigated the growth phenotype of 

laboratory evolved, ULD1/ULD2 resistance-conferring S. aureus VISA isolates. Fitness was 

estimated by measuring the optical density at 600 nm (OD600) of the population during 48 hours of 

growth in an antibiotic-free medium. ULD1/ULD2 resistant clones displayed a statistically 

significant decrease in growth compared to the wild type strain and formed tiny, slow-growing 

colonies on agar plates. These data indicate that long-term exposure to ULD1 and ULD2 yields 

mutants with limited resistance and high associated fitness costs in an antibiotic-free environment. 

Based on our prior experience regarding the link between gepotidacin and ciprofloxacin 

resistance, it was rational to hypothesize that novobiocin-resistant clinical isolates might interfere 

with the antibacterial effects of ULD1 and ULD2. To investigate potential cross-resistance, the 

MIC of ULD1 and ULD2 have been tested against 9 independently evolved novobiocin-resistant 

isolates. These strains have been found to display no cross-resistance to ULD2, and only a modest, 

up to 6-fold decrease in ULD1 susceptibility has been detected compared with the corresponding 

wild type strain. 

Based on the potent antibacterial activities of ULD1 and ULD2, we have finally tested their 

in vivo efficacy in mice models of S. aureus infections. First, a murine model of human 



staphylococcal SSTI has been utilized. This preclinical model is extensively used to characterize 

the pharmacokinetic and pharmacodynamic properties of antistaphylococcal agents, as well as to 

predict their human clinical efficacy. (Kugelberg et al., 2005; Ling et al., 2015; Vingsbo Lundberg 

& Frimodt-Møller, 2013) Topical ULD1 and ULD2 treatments (in the form of ointments) were 

tested against S. aureus USA300 MRSA (BAA1556) and VISA and VRSA clinical isolates. These 

3 strains together are resistant to at least 9 distinct classes of antibiotics, including mupirocin, a 

last-resort antibiotic against SSTIs caused by multidrug-resistant S. aureus. Topical application of 

ULD1 and ULD2 has exerted a potent antibacterial activity, comparable to that of mupirocin. 

Subsequent pharmacokinetic (PK) analyses indicate efficient skin penetration for both drugs, 

reaching a concentration of up to 300-times the MIC of ULD1 and ULD2 in wild-type S. aureus 

VISA. 

We have also tested ULD1 in a neutropenic model of murine thigh infection. Intravenous 

(IV) administration of the drug resulted in potent antibacterial activity against S. aureus VISA 

infection. Notably, the antibacterial activity of ULD1 was comparable to that of linezolid, a widely 

used clinical agent against systemic MRSA infections. (Watkins et al., 2012)  Taken together, these 

in vivo efficacy data indicate that the ULD molecules could serve as a basis for successful future 

drug development efforts against both topical and systemic S. aureus infections. 

In summary, our work critically examined the concept of multi-targeting antibiotics in 

relation to yielding less resistance-prone antibiotics. We demonstrated that despite a balanced in 

vivo targeting of multiple proteins, resistance can rapidly emerge to antibiotics when the drug 

molecule’s inhibitory effect depends merely on interactions with a few indispensable amino acids. 

Moreover, based on adaptive laboratory evolution and clinical data, we propose that target gene 

mutations conferring resistance to fluoroquinolones can facilitate resistance evolution to novel 

topoisomerase-targeting antimicrobials, including gepotidacin. This conclusion does not 

necessarily hold for the ULD molecules that have no related antibiotics in clinical rotation. Based 

on that multi-targeting might be a favorable approach if the antibiotic inhibits one or two 

completely novel targets, but scenarios like this should be examined in the future.  

These findings might be relevant for other antibiotics currently in development. One 

example might be zoliflodacin (ETX0914), a novel bacterial topoisomerase inhibitor in human 

clinical trials. It shows promising activity against multidrug-resistant infections, including those 



caused by N. gonorrhoeae. (Basarab et al., 2015; Taylor, Marrazzo, et al., 2018) However, in this 

species, mutations in GyrB have been reported to confer zoliflodacin resistance. One of these 

zoliflodacin-resistant mutants (D429N) has already been detected in clinical populations and 

naturally occurring zoliflodacin-resistant variants were also found to be highly resistant to 

fluoroquinolones. (Damião Gouveia et al., 2018; Foerster et al., 2015) Another relevant example 

outside the DNA gyrase – topoisomerase inhibitor family is SCH79797 and its derivative, 

Irresistin-16. SCH79797 is a repurposed drug that, according to recent data, shows antimicrobial 

activity with a unique mode of action, by simultaneously targeting folate metabolism and 

membrane integrity. In line with these findings, frequency of resistance against the drug in these 

first experiments was low and SCH79797 resistance did not develop while passaging the bacteria 

on sublethal concentration. (Martin et al., 2020) However, based on our experiences, these data 

worth revisiting in different bacterial species or with different methodologies. 
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