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Abstract   

Antibiotic resistance is one of the major global health concerns. Inappropriate and excessive use 

of antibiotics has led to the emergence of multi-drug resistant (MDR) bacterial strains, thus 

exacerbating the problem. Despite generous efforts, no new class of antibiotics have been 

approved against Gram-negative pathogens in over 50 years and antibiotic research is under a 

dry spell. The ESKAPE group of pathogens namely Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 

Enterobacter species present a major threat worldwide due to their unequalled ability to escape 

the available antibiotic treatments. Only four new classes of antibiotics have been approved for 

clinical use in the last decade, all of which target Gram-positive pathogens and none of which 

exhibit a novel mechanism of action. Importantly, Gram-negative bacteria make up four of the 

six ESKAPE pathogens and present the most acute threat owing to their complex cell envelope 

structure that acts as a formidable barrier to the existing antibiotic arsenal. The increasing 

emergence of multidrug-resistant bacteria and the drying antibiotic pipeline calls for the 

development of new antibacterial agents and novel strategies that can help address the global 

threat of antibiotic resistance.  

In an effort to explore new leads in the field of antimicrobial drug discovery against Gram 

negative bacteria, a whole-cell screening assay was performed on a collection of 10,956 small 

molecules against Escherichia coli ATCC 25922 and 30 hit compounds demonstrating 

remarkable antibacterial activity were identified. Herein, I describe the antibacterial spectrum, in 

vitro pharmacodynamics and mechanism of action (MOA) of one such lead series represented by 

IITR06144. IITR06144 exhibits an impressive broad spectrum activity against most MDR 

bacteria and a remarkable antibiofilm and anti-persister activity. It displays no associated 

toxicity, lack of resistance development and in vivo efficacy in a mice model of infection. With 

the aid of antisense RNA technology, fluorescence microscopy studies and use of E. coli gene 

mutants etc., it was observed that IITR06144 inhibits the bacterial growth by causing DNA 

damage and consequently inhibiting the cell division machinery. IITR06144 is a promising 

antibacterial molecule displaying most features of a theoretically ―ideal‖ antibiotic and extreme 

potential to overcome the problem of antibiotic resistance prevailing in the clinics.  

The use of antibiotics in combination represents one of the most readily available strategies to 

combat infections caused by MDR pathogens. Synergistic antibiotic combinations are willingly 

accepted by clinicians as they aid the revival of old antibiotics and can overcome the problem of 
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toxicity associated with certain antibiotic classes. Hence, I further studied the ability of small 

molecule, IITR06144 to act in combination with clinically relevant antibiotics against a few 

representative ESKAPE pathogens. IITR06144 was observed to exhibit favourable synergistic 

interaction with vancomycin against Vancomycin Intermediate Staphylococcus aureus (VISA). 

The combination of IITR06144 and Vancomycin displayed excellent bactericidal activity, anti-

biofilm activity and in vivo efficacy in Caenorhabditis elegans model of S. aureus infection. 

Elucidating the mode of action for novel antibacterials identified in small molecule screens 

remains an arduous task that severely limits drug discovery efforts. In this respect, I exploited the 

previously established strategy of using chemical-chemical interactions to identify cellular 

targets of few aforementioned molecules from the phenotypic screen. Small molecules were 

combined with known antibacterials belonging to diverse chemical classes and mechanisms and 

screened for growth inhibition against E. coli MC1061, using a two-point dose matrix approach. 

This approach uncovered several synergistic combinations identifying a novel lead series 

antibacterial, IITR07865 which represents a new class of inhibitors targeting the bacterial cell 

wall synthesis.  

Apart from drug resistance, the phenomenon of ―drug tolerance‖ exhibited by a subpopulation of 

bacterial cells known as ―persisters‖ ensues another major threat. Eradication of the persister 

populations in chronic ailments holds extreme importance for an improved long term recovery 

from recurring infections. In this part of the study, I first investigated the characteristics and 

mechanisms responsible for meropenem persistence in the ESKAPE pathogen, A. baumannii. 

Meropenem induced A. baumannii persisters were observed to exhibit enhanced efflux activity 

thus rendering them to be multi-drug tolerant.  Further, I devised a mechanistic screen for novel 

anti-persister compounds leading to the identification of a GRAS (Generally Regarded As Safe) 

status small molecule with promising activity against bacterial persisters of A. baumannii and 

two other ESKAPE pathogens. This study has vital implications for the treatment of recalcitrant 

bacterial infections.  

Overall, this work addresses the challenge of antibiotic resistance and endeavours to minimize or 

overcome the problem by the identification of new antibacterial agents, development of small 

molecule-combination regimens or targeting antibiotic tolerant organisms. Importantly, this 

study reports the identification of novel synthetic and natural scaffolds that demonstrate 

excellent potential and hold promise for use in clinics in the fight against antibiotic resistance. 
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1     Introduction 

                   

 

Bacterial infections have plagued humans throughout history. In the past 70 years, antibiotics 

have changed the world by saving and improving countless lives, establishing them as the 

cornerstones of all modern health systems. The success of modernized medicine, namely organ 

transplantation, cancer therapy, joint replacement, management of preterm babies, or even 

minor surgeries, might not have been possible without effective antibiotic treatment to keep 

bacterial infections in control [1]. However, excessive and injudicious antibiotic use has 

accelerated the emergence of multidrug resistant (MDR) bacteria causing significant morbidity 

and mortality across the globe [2]. The most dangerous and resistant bacteria have been 

clubbed under the acronym ―ESKAPE‖ (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

species) emphasizing their ability to evade killing by antibiotics [3],[4]. Of particular concern 

are the increase in cases of medical illness caused by the carbapenem resistant 

Enterobacteriaceae (CRE) and carbapenem resistant Acinetobacter baumannii (CRAB) [5].  

 

The drug resistant superbugs survive the antibiotic onslaught by continually evolving to acquire 

sophisticated resistance mechanisms such as target site mutations, efflux pumps overexpression 

or acquisition of antibiotic modifying or degrading enzymes etc. [6]. Owing to the paucity of 

newer or better treatment options to combat the existing crisis of antibiotic resistance, we are 

slowly moving into the ―post- antibiotic era‖, where even minor injuries would prove life 

threatening [7]. Given the proliferated emergence of resistance to existing antibiotics, there is 

an urgent need to discover novel chemical classes or modify the existing ones for improved 

efficacy [8],[9],[10],[11].  

 

The use of combination therapy against serious bacterial infections is another viable approach 

that can be used to enhance the effectiveness and spectrum of known antibiotics [12]. Drugs in 

combination act on multiple targets and display the advantage of overcoming the emergence of 

resistance mutations [13]. The use of drugs, Augmentin (Amoxycillin-Clavulanic Acid) and 

Co-trimoxazole (Trimethoprim-sulfamethoxazole) in the clinics are few examples of the 

efficacy of combinations as antibacterial therapeutics [12], [151]. Combination therapy also 

showcases the power of improving the activity of antibacterial molecules which would have 

otherwise been discarded, due to toxicity [14].  



2 

 

Chemical genetics approach is one of the most widely used strategies for the discovery of novel 

antibacterial small molecules [15]. While forward chemical genetics involves the use of small 

molecules to assess their phenotypic effect on bacteria followed by target identification, reverse 

chemical genetics runs in the opposite direction [16]. The phenotype based whole-cell 

screening approach presents the advantage of overcoming the insurmountable outer membrane 

barrier in Gram negative pathogens besides also offering the possibility to identify growth 

inhibitory compounds that can act on novel single or multiple targets [17]. Hence, considering 

the advantages and efficacy of classical cell-based screens to identify potential antibacterials, 

recent years have witnessed resurgence in appreciating them, over target-based approaches 

[18].  

 

Determining the MOA of novel leads identified in whole-cell phenotypic screens poses an 

appalling challenge and has been considered the rate determining step in any drug discovery 

program [15]. Although, no universal or systematic strategy for target identification exists, the 

classical biochemical approach employs the use of tagged/derivatised small molecules that act 

as a bait to its protein target [15]. Targets of β-lactam antibiotics, penicillin-binding proteins (PBP) 

were identified by affinity based pull down assays [19]. This approach has further undergone 

continued improvement enhancing the efficacy and sensitivity for target detection [20],[21]. 

Chemical genomic strategies have exploited the use of genome wide assemblage of 

overexpression or deletion clones that have been used to map antibiotic susceptibility 

phenotype to specific target genes [22],[23]. The successful discovery of a lipoprotein targeting 

inhibitor, MAC13243 by employing the E. coli ASKA library is one such example [9]. 

Moreover, antisense methodology to deplete bacterial strains from expressing essential 

proteins is another suitable approach that led to the discovery of platensimycin, a novel fatty 

acid biosynthesis inhibitor [24]. Identification and characterization of drug resistant clones is 

also a viable strategy that has proved useful to identify targets for the antibiotics rifampicin 

and novobiocin [25],[26]. Macromolecular synthesis (MMS) assays for target identification is also 

a preferred approach which involves the use of radioactively labeled precursors to identify inhibitors 

of DNA, RNA, protein, or cell wall biosynthesis [27]. This method can also aid the identification of 

molecules that target multiple pathways within the bacterial cell.  Bacterial cytological profiling is 

a novel and powerful approach that has been recently developed to identify the cellular targets 

of unknown inhibitors using fluorescence microscopy techniques [28]. Promoter–reporter 

libraries also provide a signature phenotype in response to chemical stresses thus presenting an 

excellent tool for screening of novel antibacterial and MOA analysis [29]. Deep sequencing 
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technologies such as transcriptome profiling by RNA-Seq, transposon sequencing (Tn-Seq) 

and identification of suppressor mutants are newer and powerful approaches that have been 

used to study the MOA of novel antibacterials [30]. Further, chemical-chemical combination 

profiling also has demonstrated its potential in providing information about the target and 

MOA of novel antibacterial small molecules [31]. Recent reports on the identification of 

inhibitors of Dihydro Folate Reductase (DHFR) and Undecaprenyl Diphosphate Synthase by 

analysis of the synergistic and antagonistic interactions between known antibiotics and 

antibacterials with unknown MOA are an example [31],[32]. 

 

In the search for new antibacterial leads against the notorious Gram negative pathogens, our lab 

previously performed a whole-cell screening assay on a diverse collection of 10,956 small 

molecules for growth inhibition on the model organism, E. coli ATCC 25922. The screen 

identified 30 novel antibacterial leads belonging to diverse structural and chemical classes. The 

lead molecules demanded further characterisation on the basis of their antibacterial properties, 

pharmacodynamics, pharmacokinetics to be followed by evaluation of their toxicity and 

efficacy. It was also imperative to carry out mechanism of action studies for the novel leads 

by using a combination of the several approaches discussed above. All these studies were 

extremely crucial and would help in determining the therapeutic potential of the lead molecules 

discovered. 

Further, the phenomenon of ―Bacterial persistence‖ is of major clinical relevance, since it has 

been demonstrated to facilitate the emergence of antibiotic resistance [33]. The chronic and 

recalcitrant nature of infections caused by Escherichia coli, Mycobacterium tuberculosis, 

Acinetobacter baumannii and S. aureus etc. have been associated with their ability to exhibit 

drug tolerance in response to antibiotic stress or hostile environmental conditions [34]. 

Studying the underlying complex mechanisms of persistence hosted by the bacterial pathogens 

holds immense importance which would further facilitate the development of effective 

strategies to inhibit or eradicate them. 

 

Thus, this thesis attempts to address the antibiotic apocalypse and endeavours to seek suitable 

solutions by employing diverse strategies such as (i) characterization of novel antibacterial 

agents, (ii) development of small molecule-combination regimens and (iii) characterization of the 

mechanisms of persistence and screening novel anti-persister molecules. The thesis has been 

divided into multiple chapters based on the above objectives. Chapter 4 comprises the detailed 

characterization of a novel antibacterial small molecule belonging to the lead series IITR06144, 
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identified in a whole-cell screening assay on a collection of 10,956 small molecules 

against Escherichia coli ATCC 25922. The chapter is divided in two parts. The first section 

describes the antibacterial spectrum, in vitro pharmacodynamics and characteristics of 

IITR06144. The second part studies the mode of action of IITR06144 with the aid of chemical 

genetics, antisense RNA technology and fluorescence microscopy studies. Chapter 5 evaluates 

the interaction of IITR06144 with clinically relevant antibiotics against a few representative 

Gram negative and Gram positive bacteria, with major focus on Staphylococcus aureus. 

Chapter 6 exploits the strategy of utilising chemical-chemical interactions for the identification 

of cellular targets of uncharacterized antibacterials.  This chapter studies the combination 

profiles of a few novel antibacterial molecules from the aforementioned phenotypic screen with a 

panel of fourteen known bioactives. This chapter discusses the chemical fingerprints and 

interaction profiles of several small molecules with special emphasis on IITR07865, which 

displayed a unique synergistic interaction with cell wall inhibiting and membrane targeting 

antibiotics. Chapter 7 addresses the problem of antibiotic persistence prevailing in the clinics in 

reference to the dreadful nosocomial pathogen, Acinetobacter baumannii and the last resort 

antibiotics from the carbapenem class. It investigates and charactersises the mechanisms 

responsible for A. baumannii persistence in response to meropenem. It further describes the use 

of a systematic screening strategy for the identification of potent anti-persister compounds that 

target the bacterial membrane, induce oxidative stress mediated killing and inhibit antibiotic 

efflux. It reports the identification of GRAS (Generally Regarded As Safe) status molecules 

exhibiting promising activity against bacterial persisters of A. baumannii and two other ESKAPE 

pathogens. Finally, Chapter 8 concludes the thesis and thoroughly discusses the implications of 

the current work. It summarizes the outcomes of the study and describes its significance and 

future prospects. 
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2     Review of literature 

  

 

2.1 Antibiotic resistance – a serious global problem 

 

Selman Waksman, a Ukrainian-American inventor and microbiologist coined the term 

antibiotics in 1939, where ―anti‖ means against and ―biotic‖ means ―life‖ [35]. Hence, any 

substance that exhibits the ability to inhibit or kill bacteria could be outright called an 

―antibiotic‖. The history of antibiotic discovery dates back to the 1900s, when Paul Erlich, a 

German physician first reported the ability of some chemicals to target bacterial cells and 

discovered Salvarsan (arsphenamine), the first antimicrobial to be used for the treatment of 

syphilis [36]. This was a breakthrough discovery and Salvarsan became the first modern 

antibiotic. It was 30 years later, in 1939 when Sir Alexander Flemming stumbled upon the 

accidental discovery of a fungal mould that could inhibit the growth of Staphylococcus aureus, 

a deadly bacterium [37]. He later established the fungus, Penicillium notatum to produce the 

chemical Penicillin that was extremely safe and efficacious to be used against bacterial 

infections. Penicillin soon became the first successful ―wonder drug‖ and saved the lives of 

numerous wounded soldiers during World War II [38]. Undoubtedly, the discovery of penicillin 

marked the beginning of the ―modern era of antibiotics‖ and it was in 1945 that A. Flemming, 

along with Howard Florey, an australian pathologist and Ernest Chain, a German biochemist 

received the Nobel Prize in Medicine for its discovery and mass production [38]. A few years 

later in 1952, S. Waksman received the Nobel prize for his discovery of the first effective 

antibiotic against tuberculosis, streptomycin [39]. 

Antibiotic discovery swept a surge of unbridled optimism throughout the world, essentially 

transforming human health and revolutionizing the treatment of infectious diseases [40]. 

However, the increased use of penicillin both in the community and hospitals led to the 

emergence of bacterial strains that could resist its action. Penicillin resistance threatened the 

advances made in healthcare and propelled the discovery of newer beta-lactam antibiotics such 

as methicillin in 1959 [41]. Nonetheless by 1961, methicillin-resistant Staphylococcus 

aureus (MRSA) was identified, very much predicting the ―antibiotic resistance‖ catastrophe 

that was to follow [41]. 
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Unfortunately, resistance has eventually been reported to nearly all classes of antibiotics that 

were introduced thereafter (Fig. 2.1). It is estimated that antibiotic-resistant bacteria infect at 

least 2 million people per year in the U.S. itself causing approximately 23,000 deaths [2].  

Antibiotic overuse, inappropriate prescribing, extensive use of antibiotics in livestock, poultry 

and agriculture accompanied by the availability of fewer new antibiotics are some of the major 

reasons that are held responsible for the mounting problem of antibiotic resistance [42]. 

Evidently, no new classes of antibiotics have been introduced since 1987 and this innovation 

gap is referred to as the ―discovery void‖ (Fig. 2.1) [43]. 

 

 

 
 

Figure 2.1: The antibiotic discovery and resistance timeline. The year in brackets indicate the 

year when resistance was reported against the respective antibiotic class in comparison to its year 

of introduction. Adapted from [44]. 

 

 

2.2 Ways to fight antibiotic resistance –the Global Action Plan (2014)  

 

The burgeoning problem of antibiotic resistance if left unattended is expected to cast us back 

into the dark ages of medicine, where even minor injuries proved life threatening. Addressing 

the grim situation posed by the antibiotic resistant infections, the World Health Organization 

(WHO) in 2014 proposed the first Global Action Plan (GAP) on Antimicrobial Resistance 

(AMR) urging the member states to take concrete actions against the menace [45]. Antibiotic 

resistance has also been implicated to pose a huge economic burden, more so to the low income 
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countries [46]. Drug resistant infections, if left untreated by 2050, are estimated to cause 10 

million deaths annually and cost around 100 trillion USD [46]. The Global Action Plan laid 

down five strategic objectives that are the key to tackle the global threat of AMR: 

(i) To educate the global public and increase their awareness and understanding of the 

problem of AMR; 

(ii) To optimise the unnecessary use of antimicrobial agents against humans and 

animals and to make efforts to improve the standard of diagnostic technologies 

available. 

(iii) To encourage investment and research into the development of new antibiotics. 

(iv) To limit the unscrupulous use of antimicrobials in the agricultural sector.  

(v) Promote development of alternative strategies for both prevention and treatment of 

AMR such as the use of vaccines, phage therapy and probiotics. 

 

 

2.3 The Global Priority list of antibiotic resistant pathogens 

 

In the face of the ever increasing crisis of antibiotic resistance, coordinated efforts to revive and 

improve the successful drug discovery are essentially needed. In order to priortise research and 

development for the discovery of newer antibiotics in line with the Global action plan, WHO 

published its first priority list of antibiotic-resistant bacteria that cause significant mortality and 

morbidity and need immediate attention (Fig. 2.2) [47]. This list comprised of 12 groups of 

bacteria, categorized into three tiers namely, critical, high, and medium priority on the basis of 

the epidemiological data derived from the project DRIVE-AB Work Package 1B, ―Setting, 

communicating and revising public health priorities‖ [3].  

 

The four most important criteria that formed the grounds for categorization of the resistant 

pathogens were treatability, mortality, burden of health-care and the trend of resistance during 

the past 10 years. The critical priority category included the pathogens that are responsible for 

causing severe and often fatal bloodstream or urinary tract infections (UTI) in the clinics. These 

are the carbapenem-resistant Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter spp., apart from third-generation cephalosporin-resistant Enterobacter spp. 

Considering the fact that nine out of twelve antibiotic resistant pathogens in the global priority 

list were Gram-negative and no new antibiotics have been introduced against them in the past 

20 years, the need for concerted efforts to foster research and development of newer antibiotics 

against them has been urged for. 

http://drive-ab.eu/workstreams-view/wp1b-setting-communicating-and-revising-public-health-priorities/
http://drive-ab.eu/workstreams-view/wp1b-setting-communicating-and-revising-public-health-priorities/
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Figure 2.2: The Global priority list of antibiotic resistant pathogens as released by the World 

Health Organisation (WHO) in 2017. Adapted from [3]. 

 

 



9 

 

2.4 What impedes the discovery of novel antibiotics?  

 

Antibiotic discovery has slowed to a crawl and failed to keep up with the emergence of drug 

resistant pathogens. The three key barriers that contribute to the slow pace of novel antibiotic 

discovery have been discussed below [43],[48],[49]: 

 

(i) Regulatory barriers: Although very few pharmaceutical companies are currently 

known to venture into novel antibiotic discovery, the regulatory barriers act as one of 

the major obstacles in the paths of very few who are willing. The difficulties in 

obtaining approval for new antibiotics, challenging design of clinical trials as approved 

by the Food and Drug Administration (FDA), the need for larger sample sizes and the 

high costs involved in carrying out clinical trials, make antibiotic discovery unattractive 

to the companies [48]. 

 

(ii) Economic barriers: Antibiotics are taken for a shorter duration of time in contrast to 

the drugs used to treat chronic infections such as diabetes, asthma and cholesterol. Also, 

the new antibiotics that are discovered are not immediately brought into the clinics and 

are in fact held by the doctors to be used as a last resort. Both these reasons are 

responsible for the extremely low returns on the investments made by the 

pharmaceutical companies, which refrains them from indulging into antibiotic discovery 

[48].  Antibiotic discovery and research both in academia and industry has suffered a 

setback due to the lack of funds to pursue the same.  

 

(iii) Scientific barriers: It is the most significant and fundamental barrier which impedes 

antibiotic discovery. In depth knowledge of basic and fundamental science is needed to 

sustain the drug discovery efforts. Due to poor profit margins and low returns, the 

pharmaceutical companies have withdrawn themselves from research and development 

of newer antibacterial agents [48]. This has led to an increased burden on the shoulders 

of the academicians who alone aren‘t fully capable to overcome the discovery barriers. 

An interdisciplinary and concerted plan for novel antibiotic discovery needs to be taken 

in collaboration with industries [49]. Nonetheless, the task of finding the mechanism of 

action of novel antibacterials discovered in whole cell screening assays is especially 

daunting for the researchers since it requires both scientific expertise and economic 

support [50]. 
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Considering the fact that Gram negative pathogens predominate the list of antibiotic resistant 

priority pathogens, as laid down by the WHO; it is imperative to discover novel antibacterials 

against them. However, this has been really challenging since the Gram negative bacteria 

harbour several intrinsic resistance mechanisms such as the presence of the lipopolysaccharide 

(LPS) containing outer membrane, which acts as a permeability barrier and is absent in the 

Gram positive pathogens (Fig. 2.3) [43]. The Gram negative outer membrane is an asymmetric 

lipid bilayer which slows down the passive diffusion of antibiotics across through it. 

Moreover, the LPS hosts a large number of porins which are responsible for active drug 

uptake and wide variety of efflux pumps that exclude antibiotics from reaching their cellular 

targets[51]. The Gram negative permeability barrier needs to be the focus of all the drug 

discovery screening programs and is one of the major reasons why target based approaches 

have failed to yield any novel antibacterial leads [49]. 

 

 

 
 

Figure 2.3: The Gram negative permeability barrier impedes antibiotic discovery. In contrast to 

the Gram positive bacteria, Gram negative bacteria consist of a complex outer membrane and 

several multidrug efflux pumps that restrict antibiotic entry and cause enhanced expulsion. 
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2.5 Mechanistic basis of antibiotic resistance 

 

Bacterial cells evade killing by antibiotics by employing a repertoire of sophisticated 

mechanisms which they seem to have acquired over the span of millions of years (Fig. 2.4). 

The four major mechanisms of antibiotic resistance have been discussed below [52], [53]: 

 

2.5.1 Antibiotic inactivation 

Resistant bacteria express various enzymes that may inactivate the antibiotics even before it is 

able to bind to its target. These enzymes may work through the mechanism of hydrolysis, group 

transfer or redox mechanisms. Beta lactamases are the examples of hydrolytic amidases that 

cleave the b-lactam ring of the penicillin and cephalosporin antibiotics [54]–[57]. The enzymes 

known as esterases are responsible for macrolide antibiotic resistance while epoxidases lead to 

fosfomycin resistance [58]–[60]. The antibiotics aminoglycosides, chloramphenicol, macrolides 

and rifampicin undergo inactivation by group transfer enzymes that cause substitution with 

adenylyl, phosphoryl or acetyl groups etc [61]–[66].  

2.5.2 Target modification or bypass 

Target site modification is the second most favoured resistance mechanism after enzyme 

inactivation. The presence of mutations in the penicillin-binding proteins (PBPs), which are the 

essential proteins of cell wall synthesis, decreases their affinity to beta lactam antibiotics [67]–

[69] Resistance to the macrolide and aminoglycoside class of antibiotics occurs through 

modifications in 23S rRNA and 16S rRNA respectively [70]–[74]. Fluoroquinolones resistance 

is known to occur through mutations in the binding sites of replication enzymes, DNA gyrase 

and topoisomerase IV [75], [76]. Bacteria might also develop an alternative pathway to 

overcome the need for a functional enzymes or it may overexpress their targets causing 

antibiotic sequesteration, for example in case of sulfonamide and vancomycin resistance 

respectively. 

2.5.3 Activation of efflux pumps 

Drug efflux is a major mechanism of resistance in both Gram-positive and Gram-negative 

bacteria. Resistant microbes maintain their normal physiology by effluxing out toxins, salts, 

heavy metal, antibiotics and biocides [77]. Efflux pump may be single component or 

multicomponent, latter being more prevalent in Gram negatives [78], [79]. The six major 

families of efflux pump comprises of the ATP-binding cassette (ABC) superfamily;
 
the major  
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Figure 2.4: Molecular mechanisms responsible for antibiotic resistance in bacteria.  

facilitator superfamily (MFS);
 
the Multidrug and toxic compound extrusion (MATE); the small 

multidrug resistance (SMR) family; the resistance-nodulation-division (RND) superfamily;
 
the 

drug metabolite transporter (DMT) superfamily [80]. Among the clinically important strains, 

RND pumps are most common in Gram negatives and are typically composed of a 

transmembrane protein, periplasmic protein and an outer membrane protein. The E. coli efflux 

pump, AcrAB-TolC system is the classical example of RND family efflux pump, which 

comprises of the inner membrane transporter (AcrB), periplasmic linker protein (AcrA), and 

outer membrane protein channel (TolC) [81]. RND pumps have broad substrate specificity and 

can transport antibiotics such as fluoroquinolones, chloramphenicol, β-lactams, tetracyclines 

and novobiocin [82]. In Gram positive bacteria, single component pumps of the MFS family 

are more common and cause efflux of  tetracycline, fosfomycin etc. [82]. 

2.5.4 Decreased Outer membrane (OM) permeability 

 The outer membrane acts as a permeability barrier owing to its intricate and complex 

architecture which limits the passive diffusion of antibiotics. The downregulation of porin 

proteins and upregulation of efflux pumps present on the outer membrane further contribute in 

keeping the antibiotic concentration within the cells at a low level. Resistant bacteria display 

changes in the size, specificity, copy number of porins which ultimately affects the rate of 

antibiotic diffusion [83], [84]. Beta lactams, fluoroquinolones and chloramphenicol are 

examples of few antibiotics that use porins to gain entry into the Gram-negative outer 

membrane [85]. The porins OmpF, OmpC in E.coli and OprD in P. aeruginosa have been 

implicated to cause porin mediated antibiotic resistance [86], [87]. 
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2.6 Biofilms as reservoirs of antibiotic resistance 

 

Biofilms are communal structures of microorganisms concealed in an autogenic polymeric 

matrix made up of polysaccharides, proteins and extracellular DNA [88]. These surface 

attached microbial communities are responsible for more than 65% of human infections and 

have emerged as a major public health concern [89]. Owing to their high population densities 

and cellular proximity, biofilms act as a barrier to antibiotic diffusion and are notoriously 

difficult to eradicate [90]. Hence, high resistance of biofilm-associated infections to antibiotic 

therapy is one of the biggest clinical challenges. Biofilms also catalyse the exchange of genetic 

material among bacterial species serving as reservoirs of antibiotic resistance [91].  

 

The biofilm communities are built in specific, defined steps that allow intense cellular 

interactions such as cell–cell communication and horizontal gene transfer [92]. The 

developmental stages of biofilm formation have been well scrutinized and concluded to consist 

of the following key stages (a) initial reversible attachment to a surface (b) irreversible 

attachment and micro-colony formation (c) formation of a three dimensional biofilm structure 

and (d) biofilm maturation followed by detachment and dispersal (Fig. 2.5) [93]. Biofilms are 

ubiquitous in nature comprising of either homogenous or heterogeneous bacterial populations 

in close proximity within the extracellular matrix.  The Extracellular Polymeric Substances 

(EPS) matrix mainly comprises of exopolysaccharides that immobilize the biofilm cells, 

keeping them in long-term close proximity. Apart from EPS, the matrix is composed of 

carbohydrate-binding proteins followed by pili, flagella, adhesive fibers and extracellular DNA 

that provides a stabilizing platform for complex three dimensional biofilm architecture [94] 

[95]. In many Gram-negative bacteria, cyclic di-GMP (c-di-GMP) is a major intracellular 

signalling molecule involved in this process that promotes production of biofilm matrix and has 

been extensively implicated in the shift between sessility and motility in bacteria  [95]. Cell to 

cell communication system known as quorum sensing (QS) also plays critical role in the 

maturation stage of biofilm formation.  It regulates cell differentiation and development of 

biofilm structures. Cells in a biofilm produce and release QS signaling molecules that are used 

for intraspecies as well as interspecies communication. Several major types of QS systems such 

as N-acyl-homoserine lactone (AHL) systems and AI2/LuxS systems have been characterised 

in bacteria [96]. 
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Figure 2.5: Stages of Biofilm formation: Biofilm formation is a complex multi-step process. The 

different stages of biofilm formation include (a) reversible attachment to the surface followed by 

(b) irreversible attachment (c) formation of microcolonies through extracellular matrix 

production and (d) formation of a mature three-dimensional biofilm architecture. Mature 

biofilms then disintegrate and distribute planktonic cells to new sites of infection in the human 

host. 

 

 

2.6.1 Mechanism of resistance to antibiotics by biofilms 

 

Pathogenic bacteria within the biofilm milieu employ both tolerance and resistance 

mechanisms to withstand antibiotic challenge. Resistance of bacterial biofilms to various 

classes of antibiotics and other antimicrobial agents is an acquired property of the bacterial 

cells in which the genetic makeup of cells changes either by mutations or integration of foreign 

DNA [90]. This bestows upon the cells, the ability to survive in the presence of high 

concentration of antibiotics (otherwise lethal for sensitive cells) even after the cells are 

dispersed from the EPS matrix. Tolerance, on the other hand, is the characteristic specific to 

biofilm, and is lost once the bacterial cells detach from EPS matrix. Based upon the evidence 

gained from the recent studies, the mechanisms by which biofilm associated bacteria survive in 

the presence of antibiotics and biocides are described as below (Fig. 2.6). 
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2.6.1.1 Extracellular polymeric substance (EPS) matrix as a diffusion barrier  

 

The components of the extracellular polymeric substance (EPS) matrix act as plausible barrier 

for the penetration of antimicrobial agents and is known as the diffusion inhibition reaction in 

biofilms [97]. Glycocalyx, the extracellular polysaccharide containing structure is an integral 

part of biofilms and serves as one of the distinguishing features in antibiotic tolerance. It varies 

in thickness from 0.2-1µm and can accumulate antibiotic molecules up to 25% of its weight. 

The exoenzymes on the glycocalyx surface also inhibit diffusion and inhibition by antibiotics 

such as the presence of beta-lactamases on the P. aeruginosa glycocalyx [98]. Alginate, a 

major component of the mucoid biofilm produced by Pseudomonas sp., is the primary 

antibiotic binding entity that limits the availability of aminoglycosides (tobramycin) to bacterial 

cells inside the biofilm [99].  

 

2.6.1.2 Resistance gene dissemination by horizontal gene transfer 

High cell density, increase in genetic competency, accumulation of eDNA and a physical 

environment favouring cell to cell contact enhances the uptake of antibiotics resistance genes 

between cells by horizontal gene transfer [100][101]. A common mechanism of horizontal gene 

transfer is via plasmid conjugation, for example, plasmids with antibacterial resistance genes 

readily transfer between the cells of E. coli and Pseudomonas putida. Conjugation has been 

shown to be 700-fold more favourable in biofilms as compared to free-living planktonic 

bacterial cells [102]. Type VI secretion system (T6SS) is also responsible for horizontal gene 

transfer in Vibrio cholerae biofilms. The T6SS machinery causes lysis of the neighbouring cells 

and uptake of DNA by natural competence [103]. 

 

2.6.1.3 Starvation and dormancy induced antibiotic tolerance in biofilms 

 

Limitation of nutrient in the biofilm leads to slow growth rate, starvation of bacterial cells and 

metabolic dormancy that contributes to antimicrobial tolerance [104]. In biofilms, the number 

of bacterial cells in stationary phase significantly increases and so does their tolerance to 

antibiotics which rely majorly on metabolic activity of the cell for their action [105]. For 

instance, mature biofilms are less susceptible to antibiotic vancomycin [106]. Slow growth rate 

leads to one of the possible dormancy states of non-sporulating bacteria that is, viable-but-non-

culturable state  
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Figure 2.6: Major antibiotic resistance and tolerance mechanisms employed by bacterial biofilms. 

Biofilm cells (dark green) embed themselves in a mushroom-shaped matrix (shown in light green) 

and the biofilm attaches to a biotic or abiotic surface (brown rectangle). The various resistant 

mechanisms depicted in the figure are as follows : (1) nutrient gradient such that the biofilm core 

has less nutrient availability, (2) matrix exopolysaccharides, (3) extracellular DNA, (4) oxidative 

stress response and  stringent response etc., (5) overexpression of multidrug efflux pumps and 

outer membrane proteins,  (6) intercellular interactions (horizontal gene transfer, quorum 

sensing, multispecies communication etc.), (7) expression of biofilm specific genes and non-coding 

small RNAs and (8) presence of persister cells. Adapted and modified from [100]. 

 

 

(VBNC state). VBNC is a state of dormancy in which the organism fails to grow in rich media, 

while retaining viability parameters such as respiration, presence of rRNA and plasma 

membrane integrity [107]. The VBNC state of several pathogens such as E. faecalis, S. 

epidermidis, Helicobacter pylori, Mycobacterium tuberculosis and H. influenza has been found 

to be resistant to several antimicrobials [108]. 
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2.6.1.4 Persister formation within biofilms 

 

Biofilms contain a small fraction of bacterial population called ―Persister cells‖ that survive 

antibiotic attack by shutting down their cellular targets [109]. Persister cells are a major culprit 

that account for the recalcitrance of biofilm associated infections in vivo and for their relapsing 

nature [110][111]. Persister cell formation has been linked to the actions of toxins, such as 

RelE and MazF, from toxin-antitoxin (TA) modules [112]. E. coli RelBE is one of the best 

studied TA module and cells expressing RelE from an inducible promoter display high 

tolerance to antibiotics - ofloxacin, cefotaxime and tobramycin [113]. Ectopic expression of 

other toxins such as MazF and HipA are also known to produce persistent cells in biofilms 

[114].  

 

2.6.1.5 Quorum sensing 

Quorum sensing (QS) is a cell-cell communication process that bacteria utilise to monitor 

changes in cell-population density and control group behaviours such as biofilm formation and 

virulence factor production. The QS system involves production, detection, and response to 

extracellular signalling molecules called autoinducers such as acyl homoserine lactone (AHL). 

Quorum sensing facilitates proper development of EPS matrix architecture and antibiotic 

resistance [115]. In P. aeruginosa, the expression of superoxide dismutase and catalase is 

regulated by quorum sensing AHL, which makes the cells resistant to oxidative stress in 

biofilms [115]. 

 

2.6.1.6 Efflux pumps 

 

Multidrug resistance efflux pump are involved in resistance to metabolic active cells in biofilm 

[116]. Efflux pumps transport Homoserine lactone (HSL) across the cytoplasmic membrane. 

Studies in P. aeruginosa and A. baumannii involving the efflux pump mutant strains showed 

decrease in biofilm formation [117] [118]. In entero- and uropathogenic strains of E. coli, 

AcrAB-TolC is the most commonly found Multidrug Resistance (MDR) pump [119]. The 

protein TolC that act as outer membrane protein for AcrAB pump, aids in adherence of bacteria 

onto human epithelial cells (HEp-2) and in formation of biofilms [120]. AcrAB-TolC are also 

involved in bacterial colonization and persistence [77]. In E. coli, deletion of six genes coding 

for proton pumps, i.e. emrD, emrE, emrK, acrD, acrE and mdtE was shown to display 

decreased biofilm formation [121]. 
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2.7 Persisters as evolutionary reservoirs of antibiotic resistance 

 

 

Bacterial persisters were originally reported by Joseph Bigger in 1944 in a penicillin treated 

culture of Staphylococcus aureus [122]. Persister cells represent a phenotypically tolerant 

subpopulation of bacteria that survive exposure to lethal doses of antibiotics without 

undergoing any genetic changes. These specialised survivor cells are known to be the main 

culprits for the recalcitrant nature of chronic infections. Mycobacterium 

tuberculosis, Salmonella typhimurium Burkholderia pseudomallei, Pseudomonas aeruginosa 

and Staphylococcus aureus are examples of few pathogenic bacteria that have been associated 

with the occurrence of chronic recalcitrant infections [34]. 

 

As discussed previously, biofilms have a major role to play in chronic infections and this can 

be much attributed to their ability to harbour bacterial persister. However, persister populations 

are not only restricted to biofilm environment and might cause recalcitrant infections within the 

immunocompromised host such as those suffering from HIV infection or undergoing 

chemotherapy [123]. Not only this, persister cells can also persist within the immunocompetent 

host at sites where they could evade the immune system such as the central nervous system (eg. 

Meningococcus causing meningitis) and gastrointestinal tract (e.g. Helicobacter pylori causing 

gastroduodenal ulcers) [124]. 

 

Apart from being a threat to clinical therapy due to their antibiotic tolerance phenotype, 

persisters also have been implicated to accumulate genetic mutations thereby evolving to form 

resistant bacterial populations.  Most studies describe persister cells to exhibit a state of 

dormancy and their ability to survive antibiotic exposure has been attributed to their ‗target 

inactivation‘ phenotype [122], [125]. This severely limits the treatment options against them, 

since most of the discovered antibiotics act on active cellular targets such as DNA, RNA or 

protein synthesis etc [126]. However, the phenomenon of dormancy associated to persisters has 

been the subject of controversy and recent studies have shown persisters to harbour active 

mechanisms such as drug efflux [127].  

 

The following passive and active mechanisms responsible for the occurrence and formation of 

persister cells within a population are as follows: 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/staphylococcus-aureus
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2.7.1 (p)ppGpp  

 

Cells respond to stress by regulating the levels of an intracellular messenger (p)ppGpp which is 

an alarmone of the bacterial stringent stress response [128]. The levels of the regulatory 

nucleotide (p)ppGpp in the bacterial cells are controlled by the catalytic activity of enzymes 

RelA and/or SpoT in response to various environmental stresses such as nutrient limitation, 

heat shock, amino acid deprivation etc [129]. With respect to the persistence phenotype, cells 

expressing (p)ppGpp display low level of DNA replication, transcription as well as inhibit the 

cell division machinery [130]. Persistence to fluoroquinolones and beta lactams is known to 

occur by increased (p)ppGpp levels which inhibits DNA replication [131]. 

 

2.7.2 Toxin/Anti-toxin (TA) systems  

 

Several (TA) systems are known to form the genetic basis of bacterial persistence. The TA 

system comprises of two genes encoded in an operon where the Anti-toxin (AT) molecule 

inhibits its complementary toxin (T) under normal growth conditions, but undergoes 

degradation under stressful environments. This leads to increased Toxin levels which ultimately 

inhibit important cellular processes such as replication or translation and arrests the growth of 

cells [132]. The toxins TisB and HokB induce persistence by forming pores thereby causing 

membrane depolarisation and a decreased proton motive force [133], [134]. The toxin TisB is 

upregulated as a result of DNA damage upon exposure to fluoroquinolone antibiotics [135]. 

The toxins YafQ and RelE bind to the 50S and 30S ribosomal units and act by inhibiting 

translation [136]–[139]. Toxins such as MazF and MqsR indirectly inhibit ribosome assembly 

by causing mRNA cleavage [140], [141]. The PasT toxin on the other hand, binds to the 50S 

subunit and directly inhibits 70S ribosome assembly [142]. A few toxin effectors such as HipA 

inhibit translation by targeting the tRNA. HipA phosphorylates the serine residue of tRNA 

synthetase and triggers (p)ppGpp formation which in turn induces persistence to β-lactam 

antibiotics [143], [144]. 

 

2.7.3 Indole: the signalling molecule 

 

The signalling molecule indole has been shown to play an important role in bacterial 

persistence. Indole is formed within the bacterial cell by the enzyme tryptophanase which is  
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Figure 2.7: Molecular mechanisms facilitating antibiotic persistence in bacteria. Dormancy in 

persiters can be regulated by Toxin/Antitoxin modules released following signals from ppGpp and 

indole or in response to global regulators, oxidative stress, and the SOS response. Persister cells 

also harbor active efflux mechanisms and exhibit decrease in membrane potential. 

 

encoded by the TnaA gene and acts upon the substrate tryptophan. The YafQ toxin of the 

YafQ/DinJ T/A system has been implicated to cleave the TnaA transcripts thereby reducing 

indole levels and inducing persistence. 

 

2.7.4 Genes involved in cellular metabolism 

 

Several genes that regulate the energy metabolism of bacteria have been reported to play an 

important role in regulating its persistence state. Some of these genes are (i) phoU gene of the 

phosphate uptake system pstSCAB, (ii) ubiF gene responsible for ubiquinone biosynthesis (iii) 

sucB gene of the tricarboxylic acid cycle pathway, (iv) plsB (sn-glycerol-3-phosphate 

acyltransferase) gene which regulates phospholipid metabolism and is required for persister 
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maintenance and (v) glpD (sn-glycerol-3-phosphate dehydrogenase) which encodes for the first 

step of the glycerol degradation pathway. 

 

2.7.5 Global regulators/ other genes 

Several heat shock proteins and genes involved in regulating the lipid metabolism also have 

been shown to regulate and maintain the persistence phenotype. For example, the heat shock 

protein DnaJ and lipid A biosynthetic protein PmrC from the Gram negative pathogen S. 

enterica serovar Typhimurium. The molecular chaperone DnaK in association with DnaJ and 

GrpE is also known to play an important role in persister maintenance by regulating the heat 

shock proteins and sigma factors σ
32

 and σ
S 

of the general stress response pathway. 

 

2.7.6 Active Efflux mechanisms 

Apart from exhibiting dormancy, persister cells are known to exhibit active mechanisms such 

as overexpression of the efflux machinery, that help them survive lethal antibiotic exposure. E. 

coli persisters were reported to upregulate their efflux mechanisms such as the AcrAB–TolC 

efflux pumps, leading to a reduced intracellular concentration of beta-lactam antibiotics [127].  

 

2.7.7 The SOS response 

The SOS response in bacteria is induced mainly in response to DNA damage and other stresses 

such as oxidative stress, antibiotic exposure or a due to a block in DNA replication [145]. The 

RecA protein is the major player that induces the SOS regulon which comprises of a battery of 

regulatory genes [145]. The TisB/TisR T/A module has been shown to undergo activation by 

the SOS response and lead to enhanced persistence against fluoroquinolone antibiotics [135]. 

The SOS-dependent DNA repair mechanisms have also been held responsible for resuscitation 

of E. coli persisters following exposure to fluoroquinolones. E. coli mutants deficient of the 

genes that form the SOS regulon have been observed to exhibit a low persister frequency. SOS-

deficient mutants usually exhibit a considerable drop in the number of surviving persisters, 

particularly upon treatment with DNA-damaging agents [135], [146]–[149]. 
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2.8 Novel antibiotic targets to overcome resistance: Thinking outside the box 

  

The current pace of novel antibiotic discovery has inadvertently failed to equate the rate of 

emergence of resistance bacteria in the clinic, thus emphasizing the need for alternative 

strategies. Most antibiotics discovered so far act on single targets or enzymes and inhibit the 

three most essential pathways of the bacterial cell, i.e. the synthesis of DNA, RNA and proteins 

apart from the cell wall synthesis machinery. These single targeting antibacterials are prone to 

extreme selection pressures and readily undergo mutations to accumulate resistance. For 

example, as observed in the case of vancomycin and rifampicin antibiotics. Hence, it is 

imperative to look for alternate treatment strategies and more importantly discover novel 

cellular targets which are under the least predisposition of acquiring resistance. 

 

One such promising strategy is to target the non-essential bacterial processes which are not 

crucial for its growth and survival but might become essential under stressful environments or 

at infection sites within the host (Fig. 2.8). These non-essential processes may be least 

subjected to resistance accumulation and thus would serve as ideal targets for antibiotic 

therapy. A few examples of these targets/processes would be the bacterial quorum sensing 

machinery, secretory systems, targets regulating persistence, toxin or virulence factor 

production, cell adhesion and genes encoding regulatory small RNAs or riboswitches. Some of 

these strategies have been discussed in the sections that follow. 

 

 
Figure 2.8: Novel targets for antibiotic discovery. Targeting the non-essential mechanisms of in 

bacteria such as quorum sensing, persister formation, virulence factor production, small RNA 

regulation etc. can be a viable approach to overcome drug resistance. 
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2.9 Mitigating antibiotic resistance by Combination therapy 

 

 

An alternative approach to tackle the ever increasing problem of antibiotic resistance and the 

high rates of attrition in novel antibiotic discovery is the use of combination therapy for the 

treatment of bacterial infections [12]. Combination therapy is an attractive approach that has 

recently garnered a lot of attention worldwide since it displays the ability to revive the efficacy 

the old and existing antibiotics, which have been discarded due to the occurrence of resistance 

against them [13]. Since drugs in combination act on multiple cellular targets, combination 

therapy can help to overcome the rates of accumulation of resistance mutations [12]. Apart 

from broadening the antibacterial spectrum of a molecule, combination therapy also showcases 

the power of overcoming the toxicity related issues of some molecules, when administered as a 

monotherapy.  

 

The antibiotic combination therapy is also commonly referred to as the antibiotic- adjuvant 

therapy where the adjuvant molecule could be an antibiotic or a nonantibiotic which improves 

the efficacy or overcomes the resistance mechanisms responsible for antibiotic failure [150]. 

The resistance mechanisms targeted by combinatorial therapy may include overexpression of 

multidrug efflux pumps, antibiotic inactivating enzymes or the formation of complex biofilms 

that extrude antibiotic diffusion across them (Fig. 2.9). 

 

2.9.1 Antibiotic-antibiotic combinations  

 

The most classical example of antibiotic combination therapy that has been used in clinics since 

1968 is Trimethoprim-sulfamethoxazole combination which is extensively used for the 

treatment of urinary tract infections and gastrointestinal infections [151]. The mechanistic basis 

for administering two antibiotics in combination is that they may either (i) act on different 

targets of the same pathway or (ii) multiple targets of different pathways. The combination of 

Trimethoprim-sulfamethoxazole falls in the former category where both the molecules target 

the folic acid biosynthesis pathway but target different enzymes namely dihydropteroate 

synthase (target for sulfamethoxazole) and Dihydrofolate reductase (target for trimethoprim). A 

recent example of the inhibition of different targets within the same pathway is the combination 

of the natural product tunicamycin and β-lactam antibiotics such as oxacillin [152].  

Tunicamycin was  
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Figure 2.9: The antibiotic-adjuvant therapy can act through several mechanisms. (a) Synergistic 

activity between two compounds through serial or orthogonal inhibition of essential cellular 

pathways. (b) Inhibition of resistance enzymes that degrade or modify antibiotic to an inactive 

form. (c) Molecules that inhbit antibiotic efflux or cause enhanced antibiotic uptake (d) 

Compounds that can disperse or disrupt biofilms thereby increasing their susceptibility to 

antibiotics. Adapted from [153]. 

 

observed to be an inhibitor of cell wall teichoic acid in Gram positive bacteria and improved 

the efficacy of cell wall inhibiting antibiotic oxacillin in beta lactam resistant strains of S. 

aureus [152]. The combination of isoniazid, rifampicin, ethambutol and pyrazinamide which is 

widely used to treat M. tuberculosis infections is an example of antibiotic combination which 

acts on multiple pathways [154]. 

 

Antibiotic combinations might also act on orthogonal pathways such that in combination, one 

antibiotic potentiates the activity of the other [153]. The combination of the β-lactam antibiotic, 

penicillin and aminoglycoside class of antibiotics is one such example where the defective cell 

wall synthesis induced by penicillin has an orthogonal impact on the entry of aminoglycosides, 

thus potentiating its activity [155].  
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2.9.2 Antibiotic-adjuvant combinations 

 

Adjuvant is an enzyme inhibitor or metal ion chelator: The clinically used combination of 

amoxicillin and clavulanic acid commonly known by the name augmentin is the most classic 

example of antibiotic-adjuvant combinations where clavulanic acid acts as an inhibitor of the 

enzyme, beta lactamases [156]. Other recently approved FDA drug combinations such as 

ceftazidime-avibactam and meropenem-vaborbactam against resistant Gram positive and Gram 

negative infections, also belong to the same category [157]. A natural product metallo-beta 

lactamase inhibitor, AspergillomarsamineA was recently discovered in a high throughput 

screen which inhibits NDM-1 producing Klebsiella pneumoniae strains by the mechanism of 

zinc chelation [158]. 

 

Adjuvant is an Efflux Pump Inhibitor (EPI): Efflux pump inhibitors can be used as adjunct 

molecules that can potentiate the activity of existing antibiotics by increasing the effective 

antibiotic concentration within the cell. Celecoxib, a nonsteroidal anti-inflammatory drug 

(NSAID) non antibiotic was recently reported to inhibit the MDR1 efflux pump of S. aureus 

making it sensitive to broad spectrum of antibiotics such as chloramphenicol, kanamycin, 

ciprofloxacin and ampicillin [159]. IITR08027, a recently discovered inhibitor of the AbeM 

efflux pmp of A. baumannii resensitises it to fluoroquinolone class of antibiotics [160]. 

 

Adjuvant is a membrane permeabiliser: Molecules that can permeabilise the Gram negative 

outer membrane can also be used as adjuvants in antibiotic therapy. SPR741, an antimicrobial 

peptide with poor antibacterial activity against Gram negative pathogens but permeabilises 

Enterobacteraceae and A. baumannii to rifampicin, fusidic acid clarithromycin [161]. SPR741 

has successfully completed Phase I clinical trials recently [162].  

 

Adjuvant is a Quorum Sensing Inhibitor (QSI) or disrupts preformed biofilms: The 

compound, meta-bromo-thiolactone (mBTL) inhibits two quorum sensing receptors in P. 

aeruginosa, LasR and RhlR thus inhibiting biofilm formation and virulence factor (pyocyanin) 

production [163]. Furthermore, preformed biofilms can be disrupted by the use of enzymes that 

degrade the quorum signaling molecule, AHL lactonase (AHLase). Recombinat lactonase from 

Geobacillus kaustophilus has been shown to disrupt preformed A. baumannii biofilms causing 

quorum quenching [164]. 
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The most commonly used method to identify the type of interactions between two compounds 

in any drug combination screens is the checkerboard method [165],[166]. In this assay, both the 

drugs/compounds are individually diluted along the two axis of the plates such that each of the 

wells have a unique combination of concentration of the two agents. The effect of the two 

compounds in combination is compared to their individual effects in order to determine their 

efficacy. Fractional inhibitory concentration index (FICI) defined as the sum of the effective 

concentrations of the two compounds divided by the sum of the individual concentrations at 

their Mininum Inhibitory Concentration (MIC) when administered individually are calculated 

and represented in the form of an isobologram (Fig. 2.10) [166]. The FICI values are calculated 

by the formula:  

FICI=FIC-A + FIC-B 

where FIC, fractional inhibitory concentration; FIC-A, MIC of drug A in the presence of drug 

B divided by MIC of drug A alone; FIC-B, MIC of drug B in the presence of drug A divided by 

MIC of drug B alone.  FICI value of <0.5indicate synegy, FICI > 0.5 indicates additive 

interaction or indifference and FICI > 4 denotes antagonistic interaction [166].  

 

 
Figure 2.10:  Representative isobolograms of the interaction between two compounds in a drug 

combination screen. The abscissa and ordinate represent the concentration of individual agents, and 

the the points plotted indicate the combination of concentrations of the two treatments required to 

reach a particular fixed effect e.g. growth inhibition. A concave curve indicates synergy, a convex 

curve denotes antagonism and a straight line represents an additive interaction or indifference. 
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2.10 Strategies for treatment of Biofilm associated infections 

 

The physiological properties of biofilm confer the bacterial communities within them increased 

resistance to traditional antibiotic therapies. Hence, there is a dire need for the discovery of 

novel molecules or strategies that target both planktonic and biofilm associated cells (Fig. 

2.11). 

 

2.10.1 Aggressive antibiotic treatment regime 

 

Biofilm infections are extremely difficult to handle in the clinical settings due to the restricted 

penetration of antibiotics through the matrix. Antibiotics like rifampicin, tetracycline, fusidic 

acid and those belonging to classes- quinolones, macrolides have higher penetration ability than 

β-lactams, aminoglycosides, glycoproteins and colistin. Combination of antibiotics rifampicin 

with fusidic acid and ciprofloxacin with vancomycin were reported to be bactericidal against 

Methicillin Resistant S. aureus (MRSA) biofilms [167]. Also,  combination of azithromycin 

(AZM) and ciprofloxacin (CIP) has been reported to be synergistic against biofilm cells of P. 

aeruginosa [168]. Formation on indwelling medical devices such as central venous catheters 

(CVCs) can also be prevented by coating them with topical antibiotics. For instance, 

minoclycine/rifampin‐ coated CVCs are implanted in case of  S. aureus catheter‐ related 

bloodstream infections [169].  

 

2.10.2 Biofilm killing by essential oils/ Natural products 

 

Essential oils are plant secondary metabolites with broad spectrum antibacterial activity [170]. 

Essential oils exert their antibacterial activity by multiple mechanisms such as inhibiting ATP 

synthesis and compromising membranes leading to leakage of metabolites and ions. They have 

also been reported to act as efflux pumps inhibitors and quenchers for quorum signaling 

molecules like AHLs [171]. Essential oils extracted from Origanum vulgare, carvacrol and 

thymol inhibit formation in S. aureus [172]. Combination between essential oils and 

conventional antibiotics is another strategy where essential oils are known to modify the uptake 

and tolerance of biofilm cells to antibiotics. Three essential oils cinnamon (Cinnamomum 

zeylanicum), tea tree oil (Melaleuca alternifolia), and palmarosa (Cymbopogon martini) have 

proved synergistic with the fluoroquinolone antibiotic, ciprofloxacin against established P. 

aeruginosa biofilms [173]. 
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Figure 2.11: Strategies employed to tackle antibiotic resistance within biofilms 

 

Carvacrol and thymol have also been identified to possess efflux pump inhibitory activity thus 

rendering the biofilm cells susceptible to otherwise ineffective antibiotics [174]. Since essential 

oils are multi-component in nature, they are believed to be more promising in preventing 

bacterial resistance. 

2.10.3 Nanoparticles and their combination with antibiotics 

 

Nanoparticles coupled with metals or natural product extracts have been shown to possess 

inhibitory activity against both planktonic and biofilm associated cells. NPs compromise the 

biofilm integrity by interacting with its polysaccharides, extracellular DNA, proteins, and 

lipids. Silver and Zinc oxide nanoparticles are reported to inhibit approximately 95% of P. 

aeruginosa biofilms [175],[176]. Biofunctionalized polymyxin B-capped silver nanoparticles 

(PBSNPs) were sythesised where PBSNPs displayed antibiofilm activity against multiple drug-

resistant Vibrio fluvialis and P. aeruginosa [177].   
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2.10.4 Quorum sensing quenchers/Inhibitors 

 

As discussed previously, the use of quorum sensing inhibitors or quencher molecules that 

weaken the biofilm architecture or its formation altogether is another promising approach (Uroz 

et al., 2009). Efforts to develop QS inhibitors have included screens of natural products, small 

molecule libraries, virtual screening, and used synthetic libraries derived from native AI 

structures [179]. The enzymes lactonase and paraoxonase are also known to degrade QS signals 

and display potential anti-biofilm strategy [180]. RNAIII-activating protein (RAP) and arg 

quorum sensing systems play important role for formation of S. aureus biofilms [181]. 

 

2.10.5 Antimicrobial peptides (AMP) 

 

Antimicrobial peptides (AMPs) which are 15-30 amino acids long, positively charged peptides, 

produced by the innate immune represent another important approach to treat biofilms [95]. 

Peptides from the class cathelicidins such as BMAP-27, BMAP-28, SMAP-29 exhibit 

promising activity in eradication of preformed biofilms and killing of biofilm associated cells 

in MDR strain of P. aeruginosa [182]. Several in vivo studies have shown that combinations of 

nisin with daptomycin, indolicidin with teicoplanin and cecropin (1-7)-melittin-A (2-9) amide 

with ciprofloxacin potentiated the activity of antibiotics against biofilms [183]. However, 

AMPs have a few limitations such as their ability to bind to components of EPS matrix and 

other host molecules, which drastically reduces their effectiveness. Therefore, extensive 

preclinical efficacy studies are required before AMPs could be used for treatment. 

   

2.10.6 Phage therapy 

 

The use of bacteriophages is another strategy that is used to control and eradicate biofilms. 

Phage therapy takes advantage of the lytic cycle of virulent viruses that cause cell lysis, which 

confers them their antimicrobial activity. Staphylococcal phage K combined with another 

staphylococcal phage, DRA88 (MOI 10) could completely remove preformed biofilms of three 

S. aureus isolates after 48h of treatment. A filamentous phage overexpressing a repressor of the 

SOS DNA repair system in E. coli has been engineered to target metabolically inactive 

persister cells within biofilms [184]. Combinations of phages and antibiotics have also been 

tested against S. aureus and K. pneumoniae biofilms [185].  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/klebsiella-pneumoniae
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2.10.7 Matrix degrading enzymes 

 

EPS matrix in biofilms facilitates the adhesion and protection of biofilm associated cells from 

antimicrobial activity of antibiotics. Therefore, use of enzymes that could inhibit and disrupt 

the EPS matrix formation and facilitates detachment is another approach. Various classes of 

enzymes, specifically proteases, deoxyribonucleases, and glycoside hydrolase have been 

exploited for the dispersal of medical biofilms. In S. aureus, ten secreted proteases have been 

identified till date, four of which namely SspA, SspB, ScpA, and aureolysin (Aur) have been 

shown to be involved in biofilm disruption [186]. Fungal strains of Aspergillus clavatus have 

also been isolated that produce enzymes- proteases, amylases and pectinases that can degrade 

P. aeruginosa, B. subtilis and S. aureus biofilms [187]. The EPS mass could also be reduced by 

DNase-1, dispersin B (DspB), α-amylase, while the cell number within biofilms could be 

controlled by the combination of enzymes with  antibacterial agents [188],[189].  

 

2.10.8 Anti-adhesion agents 

 

A mannose analogue, mannoside M4284 has been reported to inhibit the adhesive function of 

type 1 pili and can be used to treat urinary tract infections (UTI) [190]. Mannosides can also be 

used in combination with trimethoprim- sulfamethoxazole (TMP-SMZ) against Uropthogenic 

E. coli  (UPEC) isolates which were otherwise resistant to the two antibiotics [191]. Type-1 pili 

is  an adhesive pili assembled by the chaperone/usher pathway (CUP) that plays a  critical role 

in biofilm formation both on the host surface and for colonization of catheters and other 

surfaces in nosocomial settings. Pilicide compounds have been designed that bind to the 

chaperone and prevent pilus assembly in UPEC biofilm [95]. Curli are functional extracellular 

amyloid fibers produced by uropathogenic E. coli (UPEC) and other Enterobacteriaceae. Ring-

fused 2-pyridone compounds such as FN075 and BibC6 are examples of curlicide compounds 

that inhibit curli biogenesis and polymerization in UPEC strains [192].  
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2.11 Strategies to inhibit bacterial persister cells 

 

Bacterial persisters are seemingly dormant population of bacteria that evade the host immune 

response and are refractory to the action of antibiotics. Eradicating the persister populations 

pose a serious challenge and studies to understand the mechanisms underlying the persistence 

have recently been undertaken followed by the designing of appropriate strategies against them. 

Broadly, there are three main strategies that form the basis for most of the reported anti-

persister therapies (Fig. 2.12). 

 

2.11.1 Direct killing of persister cells 

 

Bacterial persisters are known to exhibit a reduced metabolism and cellular dormancy such that 

the conventional antibiotics targeting the DNA, RNA, protein synthesis machinery fail to act. 

However, persisters require an intact cellular membrane to survive and therefore compounds 

inhibiting the bacterial membrane have been preferred candidates to be used for anti-persister 

therapies. SPI009 (1-((2, 4-dichlorophenethyl) amino)-3-phenoxypropan-2-ol) proved capable 

of directly killing non-multiplying cells of both Gram-negative and Gram-positive bacteria 

through extensive membrane damage [164], [165]. The essential oil carvacrol has been reported 

to exhibit excellent activity against both stationary phase cells and biofilms of Borelia 

burgdorferi by causing membrane disruption [195]. Art-175 is the first engineered phage 

endolysin to exhibit anti-persister activity against A. baumannii and P. aeruginosa [196], [197]. 

 

2.11.2 Sensitization and resuscitation of persister cells 

 

Sensitisation of persister cells to inhibition by routine antibiotic therapy is another viable 

approach that has been shown to yield promising results.  

 

2.11.2.1 Sensitisation by activation of antibiotic targets 

 

Compounds that can activate the quasidormant state of bacterial persisters are attractive anti-

persister molecules. The compound C10 and the fatty acid signaling molecule cis-2-decanoic 

acid have been shown to exhibit the ability to revert the persister phenotype in E. coli and P. 

aeruginosa cells thus rendering them sensitive to the action of antibiotics [198], [199]. 
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Figure 2.12: Strategies employed to tackle the problem of antibiotic persistence. While one of the 

strategies could be to inhibit or prevent persister cell formation, other strategies might target 

them by direct killing or inhibiting the determinants of persistence such as efflux pumps or by 

causing enhanced antibiotic uptake. Combinations of antibiotics can also prove effective against 

bacterial persisters. 

 

2.11.2.2 Sensitisation by enhancing antibiotic influx 

 

Bacterial persisters can be reverted to the antibiotic sensitive state by treating them with 

compounds that enhance antibiotic influx. These compounds could be metabolites, membrane 

permeabilisers or efflux pump inhibitors. The metabolites such as L-arginine, L-serine and 

mannitol have been reported to sensitise S. aureus, P. aeruginosa and E. coli persisters to 

aminoglycoside antibiotics [200]–[203]. While L-arginine acts by disrupting the membrane pH, 

L-Serine inhibits amino acid synthesis in persister cell. Treatment of persister cells with Silver 

ions is another viable strategy since they are known to cause membrane permeability and 

enhance antibiotic influx [204]. Since persisters exhibit active efflux mechanisms, the use of 

antibiotics in combination with efflux pump inhibitors such as PaβN and NMP have been 

shown to sensitise E. coli persisters to a broad panel of antibiotics [127]. The FDA approved 

calcium channel blocker, verapamil was recently reported to inhibit macrophage induced drug 

tolerance in Mycobacterium tuberculosis [205]. 
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2.11.3 Combinations of conventional antibiotics to fight persistence 

 

As discussed previously, combination antibiotic therapy is a promising approach to inhibit 

bacterial growth both in planktonic phase and in biofilms. Antibiotic combinations can also be 

exploited to target bacterial persisters. For example, the combination of daptomycin and 

cefoprazone was reported to inhibit both replicating and non-replicating cells of Boreilia 

burgdorferi, which is the causative agent for lyme disease [206]. Colistin in combination with 

gentamicin and ofloxacin inhibited persisters of Uropathogenic E. coli [207]. Recently, the 

combination of amikacin and colistin was shown to act on A. baumannii persisters by inhibiting 

its membrane potential [208]. 

 

2.11.4 Reducing persister formation 

 

While anti-persister strategies that aim to eradicate the existing persister populations are 

promising, equally important are the approaches which can inhibit or reduce the formation of 

persisters. Inhibiting persister formation is a viable strategy to prevent the occurrence of 

chronic infections. Benzamide, benzimidazole compounds M64, M56, M59 and M34; 

identified as inhibitors of the quorum sensing regulon, MvfR demonstrated the ability to reduce 

P. aeruginosa persister formation and could be administered with the antibiotic ciprofloxacin 

[209], [210]. Mesalamine, an anti-inflamatory drug acts by decreasing polyphosphate levels in 

E. coli and P. aeruginosa persisters, thus making them prone to oxidative stress [211]. The 

alarmone (p)ppGpp is produced by the enzyme RelA and is known to regulates the stress 

reponse in bacterial persisters. Inhibitors of the enzyme RelA, for example Relacin which is a 

ppGpp analogue have been shown to decrease persister levels in Gram positive pathogens 

[128]. 
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2.12 Chemical genetic approaches for novel drug discovery 

 

Chemical genetics is defined as the study of biological systems using small molecules or 

chemicals [15]. It can be broadly divided into two categories (i) Forward Chemical Genetics 

and (ii) Reverse Chemical Genetics (Fig. 2.13). 

 

As the name suggests, forward chemical genetics runs in the forward direction i.e from 

phenotype to protein. The forward chemical genetics approach requires the use of a small 

molecule library, a model organism against which the screening studies would be carried out 

and a phenotypic biological screening strategy [15]. Here, small molecules are screened against 

a biological system to study their ability to produce a desired phenotype for example, growth 

inhibition in case the screening was carried out to identify an antibacterial. Once a small 

molecule that produces the desired effect has been identified, detailed biological investigations 

need to be carried out to determine their cellular targets, which is a challenging task.  

 

Reverse chemical genetics, on the other hand runs in the opposite direction and requires the 

identification of a target protein a priori, following which small molecules are screened for 

their ability to bind to the protein target and produce a phenotypic effect, for example inhibition 

of enzyme activity, in case the protein target was an enzyme [15]. Hence, reverse chemical 

genetics requires the pre-selection of a protein target, a small molecule library and a 

biochemical or biophysical assay appropriate for lead identification. 

 

The target based approaches for drug discovery have witnessed numerous advances in 

technology paving the way for a modern drug discovery era, such as genetic manipulation of 

bacterial genomes, high throughput synthesis of chemical libraries, improved understanding of 

target protein structures which facilitates rational drug design, robotic handling systems for 

carrying out high-throughput biochemical assays and the availability of advanced 

computational tools to handle large amounts of data sets [212]. However, none of these 

advancements have been able to contribute to the discovery of promising new medicines, since 

the previous two decades. Several industrial failures have been reported in the target based 

screening approaches against Gram negative bacteria and much of these setbacks could be 

attributed to the presence of a formidable outer membrane barrier and efflux pumps [50], [213]. 
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Figure 2.13: Forward and reverse chemical genetics approach for drug discovery. The forward 

chemical genetics approach requires the use of a small molecule library, a model system against 

which the screening studies would be carried out and a phenotypic biological screening assay such 

as growth inhibition. Upon identification of a lead compound, mechanism of action studies are 

carried out. Reverse chemical genetics or target based approach requires the pre-selection of a 

protein target, a small molecule library and a biochemical or biophysical assay appropriate for 

lead identification. Mechanism of action studies are further needed to validate the cellular 

activities. 
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2.13 Unconventional screening approaches for drug discovery 

 

Considering the drawbacks of target based approaches and uncertainty of target identification 

in phenotypic strategies, recent years have witnessed the introduction of unconventional 

screening strategies which can overcome the limitations associated with the conventional 

strategies and hold great potential to yield favourable antibacterial leads [212], [214]. One of 

these approaches are the Target- based whole-cell screening strategies that can be used to 

identify small molecule inhibitors of certain cellular pathways [215]. This strategy 

demonstrates the potential to ease out the difficulties associated to target identification and can 

be used to find inhibitors of all genes provided whole cell screening assays could be designed 

to identify the same. 

 

The identification of lamotrigine as an inhibitor of bacterial ribosome biogenesis is an example 

of the utility of phenotype based whole cell screening approach to identify compounds with 

novel mode of action [216]. Other unconventional screening strategies that are currently being 

exploited for novel drug discovery include screening in unconventional hosts and screening in 

nontraditional growth media [214]. 

 

2.13.1 Combinatorial drug discovery 

 

The effectiveness of chemical combinations in the clinic has further opened up the avenue of 

using drug combinations as an alternative screening strategy to identify potential antibacterial 

molecules. The identification of four novel small molecule inhibitors which could augment the 

activity of novobiocin, a Gram positive specific antibiotic against Gram negative bacteria by 

causing membrane permeability is a successful example that followed this approach [217]. This 

approach can also aid the repurposing of already approved drugs as adjuvants to potentiate the 

action of antibiotics. For example, the antidiarrhoeal drug loperamide facilitated the uptake of 

the antibiotic minocycline in Gram-negative bacteria by disrupting their membrane potential 

[150]. Computational based screening of chemical combinations presents another useful 

strategy that can aid the rational design of favourable synergistic combinations by predicting 

their genetic interaction networks [218]. 
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2.14 Strategies for target identification of novel antibacterials 

 

Determining the mechanism of action (MOA) of novel leads identified in whole-cell 

phenotypic screens is a challenging task and has been considered the rate determining step in 

any drug discovery program [15]. The various strategies employed for the identification of the 

targets of novel antibacterials are discussed below: 

 

1. Genetic strategy: Isolation and whole genome sequencing of drug resistant mutants may lead 

to the identification of cellular targets [19]. With the advent of next-generation sequencing 

technology, it has now become possible to parallelly sequence a large number of mutant strains, 

such as isogenic-sensitive or resistant mutants that can help to identify the drug targets in a 

rapid and inexpensive manner. For example: targets for the antibiotics novobiocin and 

rifampicin were identified by sequencing their resistant mutants [26],[25]. Cellular target for 

the antimycobacterial compound, pyridomycin was also identified by whole genome 

sequencing and subsequent genetic studies [219]. Although the strategy of sequencing mutants 

can lead to rapid target identification but it fails to yield results for compounds against which it 

is not possible to generate mutants. Also, sometimes this approach can lead to the identification 

of other pathways of resistance such as mutations in the regulatory regions of drug transporters 

and efflux pumps [19]. 

 

2. Biochemical strategy: Affinity based approaches coupled with high resolution mass 

spectrometry MS analysis methods can be used for the identification of protein targets [19]. 

Small molecule-affinity chromatography with stable isotope labelling of amino acids in cell 

culture (SILAC) can be used to assess the protein small molecule interactions on a proteome 

wide scale [21]. However, this approach comes with the challenge of immobilizing, modifying 

or labelling the small molecules which may hamper their cellular activity. Another approach 

that can be employed to assess the small molecule protein interaction without the need for 

modifying the small molecules is Drug Affinity Responsive target Stability (DARTS) [220]. 

Affinity based approaches suffer from the limitation of identifying only the high affinity 

interactions although several low affinity interactions would also be responsible for the 

biological activity of the small molecule [19]. 

 

3. Radioactivity based Macromolecular Synthesis (MMS) assay is another powerful approach 

that has been in use for the identification of the mechanism of action of unknown antibacterials 
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[19]. This assay can determine the effect of small molecules on the incorporation of 

radioactively labeled nucleotide and amino acids precursors of DNA, RNA and protein 

synthesis pathways [27]. It can also identify inhibitors of the cell wall synthesis and fatty acid 

synthesis pathways. Mechanism of action of the antimicrobial peptide daptomycin and 

repurposed antibacterial drug auranofin have been studied by this approach [221], [222] . 

 

4. Bacteriological cytological profiling (BCP) is yet another fruitful strategy that has been 

exploited to identify the MOA of unknown compounds on the basis of the reference cytological 

profile of known antibiotics [28]. The MOA of novel compounds spirohexenolide A and 

NSC145612 against E. coli and A. baumannii have been identified using this method [28], 

[223]. 

 

 5. Chemical genomic strategies such as the use of overexpression or deletion clones for target 

identification have been widely used [30], [224]. Compounds MAC 13243 and two other 

molecules targeting the periplasmic chaperone LolA and the enzyme DHFR of the folic acid 

synthesis pathway were identified by using the E. coli ASKA library of overexpressor clones 

[9], [22]. However the E. coli deletion library (KEIO collection) cannot be used in case if the 

small molecule targets en essential gene [225]. To overcome this limitation, the strategy of 

conditionally expressing complementary RNA transcripts via plasmids or CRISPR based 

constructs, come into rescue. The targets for the platensimycin (fabF gene), essential oils 

eugenol and carvacrol (yidC gene) and novel inhibitors of the cell wall synthesis pathway 

(uppS gene) were identified using this strategy [24], [32], [226].  Promoter–reporter libraries of 

GFP–promoter fusions can also be utilized to assess the transcriptional changes induced upon 

drug exposure [30]. These libraries can be beneficial in getting a mechanistic insight in case of 

unknown antibacterials. For example, stavudine (a nucleoside analog) was observe to induced 

transcription of LexA-repressed promoters (lexA, recA, and sulA) thus indicating the induction 

of SOS response [227]. Deep sequencing technologies such as transcriptome profiling by RNA-

Seq, transposon sequencing (Tn-Seq) and identification of suppressor mutants are newer and 

powerful approaches that have been used to study the MOA of novel antibacterials [30]. Tn-

Seq has been successfully employed to study the response of both Gram-negative and Gram-

positive bacteria to tunicamycin (teichoic acid inhibitor) [228]. The strategy of sequencing 

suppressor mutants in a screen for inhibitors of bacterial ribosome biogenesis identified the 

anticonvulsant drug lamotrigine to target the translation initiation factor IF2, and inhibit 

ribosome biogenesis [216]. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/gram-positive-bacteria
https://www.sciencedirect.com/topics/medicine-and-dentistry/gram-positive-bacteria
https://www.sciencedirect.com/topics/medicine-and-dentistry/tunicamycin
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3     Objectives  

 

 

Our lab has a long standing interest to tackle the problem of antibiotic resistance by employing 

various strategies such as: 

(i) Screening of novel antibacterials from small molecule libraries by the aid of 

phenotype-based or target-based approaches followed by target identification [229]. 

(ii) Exploiting the use of combination therapy for the treatment of serious bacterial 

infections and improving antibiotic activity. These could include antibiotic-antibiotic 

or antibiotic-non antibiotic combinations. 

(iii) Screening for novel inhibitors of determinants of antibiotic resistance such as Efflux 

Pump Inhibitors (EPI) [229],[160]. 

(iv) Screening for novel anti-persister compounds that can either directly kill persistent 

bacterial populations, re-sensitize them to the conventional antibiotic regime or 

interfere with the mechanisms of induction of persistence.  

 

A small molecule library of 10,956 compounds was previously screened in the lab against the 

model organism, E. coli ATCC 25922 {Ph.D. Thesis: Dr. Tapas Bhattacharyya (2010-15)}. 

The screen led to the identification of 30 novel antibacterials which needed to be characterized 

on the basis of their antibacterial properties, mechanism of action, in vitro pharmacodynamics, 

in vivo toxicity and efficacy.  

 

The specific aim of the research in this thesis was to overcome the existing crisis of antibiotic 

resistance and persistence. The four major objectives that were pursued to achieve this goal are 

as follows: 

1. Characterization of the antibacterial activity, in vitro pharmacodynamics and 

mechanism of action of small molecule IITR06144. 

2. To study the combinations of IITR06144 with clinically important antibiotics. 

3. Elucidating the mechanism of action of novel small molecules using chemical-

chemical combinations. 

4. Characterisation of the mechanisms of meropenem induced persistence in  

        A. baumannii and identification of small molecule inhibitors thereof. 
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4  Characterisation of the antibacterial activity, in vitro 

pharmacodynamics and mechanism of action of small 

molecule IITR06144 

 

 

4.1 Introduction 

 

Bacterial infections continue to pose a serious challenge to global public health. Inappropriate 

and excessive use of antibiotics has led to the emergence of multidrug resistant (MDR) and 

extensively drug resistant (XDR) bacterial strains that are impervious to most or all of the 

current antibiotics. Importantly, Gram negative bacteria make up four of the six ―ESKAPE‖ 

pathogens and present the most acute threat owing to their complex envelope structure [4]. If 

the efficacy of the existing antibiotic arsenal continues to remain compromised, it is estimated 

to cause approximately 10 million deaths by 2050 annually and a cumulative loss of 100 trillion 

USD in the global Gross Domestic Product (GDP). Hence, the urgent and continuing need for 

the discovery of novel antibacterial agents against these notorious pathogens cannot be 

overemphasized. 

 

In an effort to explore new antibacterial leads against Gram negative pathogens, a whole-cell 

screening assay was previously performed in our lab on a diverse collection of 10,956 small 

molecules for growth inhibition of the Gram negative model organism, E. coli ATCC 25922 

[Unpublished work - PhD Thesis, Dr. Tapas Bhattacharyya]. The molecules were screened in 

96-well microtiter plates at 50 µM concentration each. Primary screening led to the 

identification of 30 compounds with remarkable antibacterial activity, inhibiting >75% of E. 

coli growth and were therefore considered as potential antibacterial hits (Fig. 4.1). The primary 

screening data was observed to be reproducible, reliable and of high quality with Z‘ score of 

0.81 [230]. 

 

 The 30 antibacterial hits identified were further subjected to MIC determination as per CLSI 

guidelines, against E. coli ATCC 25922. Out of the 30 leads, the small molecule IITR06144 

exhibited the most significant antibacterial activity inhibiting E. coli cells at the least MIC of 

0.5 μg/mL. This study reports the antibacterial properties, pharmacodynamic parameters, in 

vivo efficacy and mechanism of action of the novel antibacterial small molecule IITR06144.  
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Figure 4.1: Screening of small molecule library for novel antibacterials. (A) Workflow for 

identification of antibacterial small molecules. A collection of 10,956 diverse synthetic small 

molecules was screened for growth inhibition against Escherichia coli ATCC 25922. Primary 

screening identified 223 compounds with potential antibacterial activity out of which 30 hit 

compounds displayed excellent activity inhibiting >75% of growth in comparison to the positive 

control. (B) Replicate plots for primary screen of growth inhibition. The screening was done in 

duplicates and the mean percentage growth of E. coli ATCC 25922 in the presence of 50 μM of 

each molecule was calculated by measuring optical density at 600 nm (OD600). The x and y axis 

values indicate the mean percent growth for each molecule in comparison to untreated control. 

The circle in the figure indicates the 30 molecules that inhibited >75% of growth and were 

identified as potential leads (Unpublished work – PhD Thesis of Dr. Tapas Bhattacharyya). 

 

4.2 Results 

 

4.2.1 Small molecule screening identified four antibacterials from the nitrofuran class 

 

The 30 antibacterial hits were further subjected to MIC determination against a battery of 

Gram-negative bacteria including A. baumannii ATCC 17978, Vibrio fluvialis (L-15318), E. 

coli O157:H7 among others (Unpublished work – PhD Thesis of Dr. Tapas Bhattacharyya). 

IITR06144 exhibited the most significant antibacterial activity with the least MIC of 0.5 μg/mL 

against E. coli ATCC 25922. Three other compounds namely IITR06146, IITR07711, 

IITR01324 also showed remarkable activity (MIC range: 0.5-8 μg/mL) against E. coli. 
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Interestingly, all four of these compounds were observed to be structural analogues, belonging 

to the nitrofuran class (Fig. 4.2). Nitrofurantoin and furazolidone are two classical nitrofuran 

antibiotics administered for the treatment of uncomplicated urinary tract infections (UTIs) and 

enteritis respectively [231]–[233]. Since out of the four molecules, IITR06144 seemed to be 

most potent (MIC in the range 0.1-1 μg/mL) against all the pathogens tested, it was taken up 

for further investigations.  

 

Figure 4.2: Chemical structures of the four nitrofuran compounds identified in the small molecule 

screen with potent antibacterial activity against E. coli ATCC 25922 namely IITR01324, 

IITR06144, IITR06146 and IITR07711. 

 

The observation that IITR06144 [(E)-2-(4-nitrostyryl)-5-nitrofuran)] was the most potent 

molecule discovered in the screen, prompted us to investigate what imparted the compound its 

profound antibacterial activity. Structurally, IITR06144 comprised of a nitrobenzene and a 

nitrofuran moiety linked by carbon-carbon double bond formed by condensation of 5-nitro-2-

furaldehyde and 4-nitrobenzaldehyde. Hence, I sought to identify its most active constituent by 

determining susceptibility of E. coli to both the molecules. The 5-nitro-2-furaldehyde 

component showed better activity (MIC: 1.5 µg/mL) than 4-nitrobenzaldehyde component 

(MIC: 25 µg/mL) when individually assayed. Clearly, the nitrofuran moiety in IITR06144 

imparted a higher potency such that, in combination with nitrobenzaldehyde, its MIC decreased 

to 0.5 μg/mL. 

4.2.2 IITR06144 is a broad spectrum antibacterial  

The spectrum of activity of IITR06144 was further studied against common reference strains 

from the lab repository. The antibacterial spectrum of IITR06144 was compared to the two 

commonly used nitrofuran antibiotics, nitrofurantoin and furazolidone. IITR06144 displayed 

excellent activity against most Gram-negative bacteria, including the persistent and 

opportunistic pathogen A. baumannii (Table 4.1) [118].  
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Table 4.1: In vitro antibacterial activity of IITR06144 in comparison to structurally analogous 

antibiotics (minimum inhibitory concentration, MIC in μg/mL). 

 

Bacteria 

                               

                                    MIC (µg/ml) 

                                                                                IITR06144 Nitrofurantoin FFurazolidone 

  Gram- Negative: 
   

  Escherichia coli ATCC 25922 0.5 10 1.2 

  Escherichia coli O157:H7 0.5 8 16 

  Acinetobacter baumannii ATCC 17978 0.5 >64 0.5 

  Acinetobacter baumannii AYE 0.5 32 >64 

  Shigella flexneri ATCC 9199 0.13 2 2 

  Burkholderia cepacia ATCC 25416 16 >64 32 

  Salmonella choleraesuis ATCC 10708 1 8 2 

  Salmonella enterica Serotype Typhimurium 0.25 8 1 

  Vibrio fluvialis (BD-146) 0.13 2 2 

  Vibrio fluvialis (L-15318) 0.13 2 16 

  Enterobacter sakazakii 0.5 8 2 

 Gram- Positive: 
   

  Staphylococcus aureus ATCC 29213 0.5 16 2 

  Bacillus subtilis 2 16 2 

  Bacillus cereus ATCC 11778 0.5 16 4 

  Listeria monocytogenes 0.5 8 >32 

  Enterococcus faecium FH99 4 32 >32 

  Mycobacterium spp. 
   

  Mycobacterium smegmatis 0.25 8 1 

  Mycobacterium tuberculosis H37Ra 0.25 2 4 

  Mycobacterium bovis BCG 0.25 16 8 
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 Table 4.2: Comparative in vitro activity of IITR06144, nitrofurantoin and furazolidone against 

clinical isolates. 

Organism (no. of isolates)                                         MIC range (µg/ml) 

  IITR06144 Nitrofurantoin Furazolidone 

  Gram- Negative: 
   

  Escherichia coli (8) 0.1-1 6-12 0.2-1 

  Acinetobacter baumannii (25) 0.25 - 4 > 128 32 - ≥64 

  Klebsiella pneumoniae (4) 0.25 - 2 16 - >128 1-32 

  Shigella spp. (6) 0.5-1 16 8 

  Gram- Positive: 
   

  Staphylococcus aureus (6) 0.5 - 1 6-48 1-16 

 

It inhibited the growth of MDR A. baumannii strain AYE at 0.5 µg/mL, which is resistant to 

fluoroquinolones, aminoglycosides, rifampin, tetracycline and chloramphenicol [234]. 

IITR06144 was exceptionally active against S. flexneri (MIC: 0.13 µg/mL) which is a highly 

infectious pathogen and a leading cause of diarrhoeal deaths in the world (Table 4.1) 

[235].  IITR06144 also inhibited the Gram-positive bacterial pathogens Staphylococcus aureus, 

Bacillus subtilis, Listeria monocytogens and Enterococcus faecium. Importantly, IITR06144 

showed impressive antibacterial activity against Mycobacterium spps.(MIC: 0.25 µg/mL). The 

activity of IITR06144 was further tested against a panel of clinical isolates and it was observed 

to display a broad spectrum inhibitory activity against both Gram negative and Gram positive 

bacteria with MICs in the range of 0.1-2 µg/mL. All the A. baumannii isolates tested showed 

resistance to nitrofurantoin and the last resort antibiotics, carbapenems but were extremely 

susceptible to the action of IITR06144 (Table 4.2).  

Anaerobic bacteria are known to cause serious and life-threatening infections in 

immunocompromised patients. Difficult isolation, identification, and inadequate susceptibility 

testing are the major factors responsible for clinical failure of anaerobic therapy [236]. 
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Furthermore, increasing resistance to the most commonly administered antibiotics 

metronidazole, piperacillin-tazobactam and meropenem has worsened the situation, thus 

emphasising the need for novel anti-anaerobic agent [236]. To this end, the antibacterial 

activity of IITR06144 against anaerobes was evaluated by the agar dilution method, as per 

CLSI guidelines [237]. IITR06144 displayed excellent bactericidal activity against all 

anaerobic strains tested (MICs in the range 0.060-0.25 µg/mL) namely Bacteroides fragilis, 

Clostridium difficile, C. perfringes including a metronidazole resistant isolate of C. tetani 

(Table 4.3). IITR06144 outcompeted metronidazole, nitrofurantoin and furazolidone against all 

anaerobic isolates studied. Since anaerobic infections are often polymicrobial in nature, empiric 

antibiotic therapy eliminates only the aerobic component of infection leading to adverse clinical 

outcomes. The remarkable antibacterial activity of IITR06144 implies that it holds great 

potential for the eradication of mixed aerobic and anaerobic bacterial infections.  

 

Table 4.3: In vitro antibacterial activity of IITR06144 and comparative antibiotics against 

anaerobic bacteria. 

*Clinical isolates. Source mentioned inAppendix 9.1 

 

Oral consumption of antibiotics is known to alter the composition of gut microbiota 

significantly, disrupting the intestinal homeostasis thus causing a multitude of health problems. 

It is therefore imperative to analyse the potential of novel antibiotics on human microbiome 

during preliminary stages of any drug discovery program. Hence, I proceeded to assess the 

antibacterial activity of IITR06144 against a few laboratory strains of Lactobacillus in MRS 

medium by broth  
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Table 4.4: In vitro antibacterial activity of IITR06144 and comparative antibiotics against a few 

human commensal bacteria. 

Bacteria                                MIC (µg/ml) 

 

IITR06144 

          

Nitrofurantoin    Furazolidone 

  Lactobacillus fermentum >64 16 32 

  Lactobacillus cassei >64 64 64 

  Lactobacillus plantarum >64 128 64 

  Lactobacillus brevis >64 128 64 

  Lactobacillus gasseri >64 128 64 

 Lactobacillus rhamnosus  >64 32 32 

Streptococcus thermophilus   2 32 32 

Leuconostoc mesenteroides   2 2 2 

 

 

microdilution assay. It was particularly encouraging to observe that IITR06144 displayed no 

inhibitory effect on any of the Lactobacillus strains (up to 64 ug/mL) tested, while 

nitrofurantoin and furazolidone negatively influenced (MIC range: 16-128 µg/mL) their growth 

(Table 4.4). To rule out the speculation that MRS components or low pH of the MRS medium 

(pH 6.2 ± 0.2) would interfere with IITR06144 activity, E. coli O157:H7 was used as a control 

in the same assay. IITR06144 inhibited the growth of enterohaemorrhagic E. coli serotype 

O157:H7 in MRS broth but had no activity against the representative gut symbionts.  However, 

IITR06144 inhibited Streptococcus thermophilus and Leuconostoc mesenteroides with MIC of 

2 ug/mL (Table 4.4). 
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4.2.3 IITR06144 is bactericidal in action against E. coli ATCC 25922 

 

Time kill kinetics assay was carried out to assess the killing potential of IITR06144 against E. 

coli ATCC 25922 in comparison to the nitrofuran antibiotics, nitrofurantoin and furazolidone. 

IITR06144 (at 1 ug/mL) was observed to be extremely bactericidal causing >3 log10 CFU/mL 

reduction in E. coli cells within 4 h of treatment, which was maintained up to 24 h (Fig. 4.3).  

In contrast, nitrofurantoin (at 12 μg/mL) and furazolidone (at 2 μg/mL) displayed delayed 

killing (after 8 h) followed by regrowth at 24 h time point. Thus, IITR06144 showed superior 

killing ability against E. coli in comparison to its analogous antibiotics. 

 

 

 

Figure 4.3: Time kill kinetics of IITR06144. Kinetics of bacterial killing by IITR06144 was studied 

in comparison to nitrofurantoin and furazolidone. E. coli ATCC 25922 (10
5
 CFU/ml) was 

incubated with 2X MIC of IITR06144 and the number of viable cells were determined. The 

dashed line represents the limit of detection as 1.52 log10 CFU/mL. Each value represents the 

mean of three values and error bars denote the standard deviation. 

 

4.2.4 IITR06144 exhibits an enhanced Post antibiotic effect (PAE) 

 

Post antibiotic effect (PAE) is an important pharmacodynamic parameter which denotes the 

time for which bacterial growth remains suppressed following brief exposure to an antibiotic 

[238]. IITR06144 exhibited a longer PAE (2.2 h) and therefore enhanced persistence, than 

observed for nitrofurantoin (0.77 h) and furazolidone (1.03 h) (Fig. 4.4a). Considering the rapid 
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bactericidal nature of IITR06144, a 5 log bacterial killing was observed upon exposure and 

cells did not revive until 3 h after drug removal (Fig. 4.4b).  

 

 

Figure 4.4: In vitro post-antibiotic effect (PAE) of IITR06144 against E. coli ATCC 25922. 

IITR06144 was added at a final concentration of 5X MIC and to bacterial cells in the logarithmic 

phase. Following exposure for an hour, culture was spun and washed twice with sterile buffer 

saline and the re-suspended cells were then incubated at 37 °C for a period of 8 h. (a) Calculated 

PAE for IITR06144, nitrofurantoin and furazolidone (b) Viable counts were determined before 

exposure and immediately after resuspension (0 h) followed by plating every 1 h. Each value 

represents the mean of three values and error bars denote the standard deviation. 

 

4.2.5 IITR06144 exhibits least predisposition for resistance selection 

 

The potential for emergence of resistance in E. coli cells against IITR06144 was also 

explored by the Spontaneous plating method. In comparison to nitrofurantoin, which 

selected mutants at a frequency of approximately 1 × 10
−7 

at 4X MIC, exposure to 

IITR06144 did not yield any resistant mutants. This observation suggested least 

predisposition for resistance selection in IITR06144 in comparison to nitrofurantoin. 
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4.2.6 IITR06144 is non-haemolytic to Red Blood Cells 

 

To get a preliminary idea of toxicity of IITR06144, its ability to lyse human erythrocytes was 

evaluated . IITR06144 was observed to be non-haemolytic and hence non-toxic causing only 

5.36±2.1% haemolysis (Fig. 4.5).  In contrast, nitrofurantoin and furazolidone exhibited 

significant toxicity causing 43.8±3.3% (P value < 0.001) and 24.6±5.9% (P value < 0.01) 

haemolysis respectively, at 10 times their individual MICs (Fig. 4.5).  

 

 

Figure 4.5: Haemolytic potential of IITR06144. Human erythrocytes were exposed to increasing 

concentrations of IITR06144, nitrofurantoin and furazolidone for 1 h. The absorbance was 

measured at 540 nm and percentage haemolysis relative to the positive control (0.1% Triton X-

100) was determined. Statistical significance was evaluated by two-way ANOVA with 

Bonferroni’s multiple-comparison test. *, P<0.05; **, P<0.01; ***, P<0.001. 

 

4.2.7 IITR06144 is non-cytotoxic to human Peripheral Blood Mononuclear Cells 

 

Further the effect of IITR06144 on the viability of human Peripheral Blood Mononuclear Cells 

(PBMCs) was assessed by MTT assay and therapeutic index (TI) was calculated. IITR06144 

was found to possess no cytotoxicity with IC50 value of 32 μg/mL and a favourably large TI of 

64, at par with nitrofurantoin and furazolidone (Table 4.5). 
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Table 4.5: In vitro cytotoxicity of IITR06144 in comparison to nitrofurantoin and furazolidone. 

 
MIC (µg/mL) 

in 10% FBS 

Cytotoxicity (IC50)* 

(µg/mL) 

Therapeutic 

Index (TI) 

 

IITR06144 

 

0.5 

 

32 

 

64 

Nitrofurantoin 12 >128 >10.6 

Furazolidone 2.4 >64 >26.6 

*The concentration that showed less than 50% survival compared to untreated (solvent 

control), was taken to be the cytotoxic concentration. For nitrofurantoin and furazolidone, 128 

µg/mL and 64 µg/mL were the highest concentrations tested in the experiment respectively and 

these did not show less than 50% survival. 

 

4.2.8 IITR06144 can inhibit metabolically inactive bacterial cells in a stationary phase 

culture 

 

As discussed previously, metabolically inactive persister cells are the major culprits responsible 

for recurrence and recalcitrance of chronic infections. Hence, the potency of IITR06144 against 

a stationary phase culture of E. coli ATCC 25922 was investigated, since it is known to possess 

persistent bacterial cells.  Fig. 4.6 shows that IITR06144 efficiently inhibited the stationary 

phase persisters such that no viable cells were obtained upon treatment. In contrast, 

nitrofurantoin displayed decreased eradication even at 200 μg/mL, a concentration reached in 

the urinary bladder of patients with normal renal function.  
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Figure 4.6: Killing of stationary phase bacterial cells by IITR01644. Stationary phase E. coli 

ATCC 25922 cells were treated with IITR06144, nitrofurantoin and furazolidone (at 0-200µg/ml) 

for 24 h and viable counts were determined. Each value represents the mean of three values and 

error bars denote the standard deviation. 

 

Further, the membrane integrity of the IITR06144 treated population (treated with 25 µg/ml), 

which did not yield any culturable colonies on agar plates was assessed.  This would help in 

determining the presence of any viable but non culturable bacterial cells. Therefore, a live-dead 

staining assay using the combination of two fluorescent dyes, FM 4-64 and Sytox green was 

performed. FM 4-64 is a lipophilic membrane staining dye while Sytox green is a nucleoid 

staining dye that can be used as an indicator dye for cells with compromised membranes. Sytox 

green is excluded from the membrane of viable cells and stains the dead cells green. 

Fluorescence microscopy of untreated E. coli cells and IITR06144 treated cells confirmed the 

presence of dead cells in the IITR06144 treated population (Fig. 4.7). Hence, IITR06144 was 

observed to inhibit all the cells in the stationary phase bacterial population. 
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Figure 4.7: Fluorescence microscopic studies on stationary phase E. coli cells treated with 25 

µg/mL of IITR06144 to assess their viability using combination of dyes FM 4-64 and Sytox green. 

Scale bar represents 5 µm. 

 

4.2.9 IITR06144 can inhibit antibiotic induced persister cells 

 

Further the efficacy of IITR06144 to inhibit antibiotic tolerant persisters was evaluated since 

these are responsible for the recalcitrance of chronic infections and also contribute substantially 

to the evolution of antibiotic resistance. A stationary phase culture of E. coli ATCC 25922 was 

exposed to extremely high concentration of ampicillin (300 μg/mL) for 14 hours in order to 

isolate ampicillin persisters. Isolation of ampicillin induced persisters was confirmed by 

determining the number of viable bacteria that survived ampicillin exposure by plating CFU at 

regular intervals upto 24 h. Ampicillin exposed culture exhibited the characteristic biphasic 

pattern of growth thus confirming the presence of true persister populations within them (Fig. 

4.8). 

 

Isolated persisters were further exposed to varying concentration of IITR06144, nitrofurantoin, 

furazolidone (at 4X and 8X MIC), ampicillin and kanamycin in order to compare their anti-

persister activity. After 24 h of drug exposure, neither nitrofurantoin nor furazolidone displayed 

considerable killing ability against E. coli persisters. Treatment with 25X MIC of ampicillin 

(MIC: 4 μg/mL) and kanamycin (MIC: 2 μg/mL) also failed to inhibit the persister populations 
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(Fig. 4.9).  On the contrary, IITR06144 caused a significant ~4 fold reduction in viable cell 

count at 4X MIC, while no colonies were detected at 8X MIC (Fig. 4.9). 

 

Figure 4.8: Kinetics of bacterial survival in E. coli ATCC 25922 upon treatment with 300 µg/mL 

of ampicillin in comparison to untreated control. Aliquots were extracted at regular intervals and 

the number of surviving bacteria were enummerated. Each value represents the mean of three 

values and error bars denote the standard deviation. 

 

Figure 4.9: Killing of E. coli persister cells by IITR06144 and comparative antibiotics. Persister 

cells were isolated by treating stationary phase bacteria with 300 μg/ml ampicillin followed by 

exposure  to IITR06144, nitrofurantoin and furazolidone (at 4X and 8X MIC), ampicillin 

(100μg/mL) and kanamycin (50μg/mL) for 24h and viable counts were determined. P values were 

determined by one-way ANOVA followed by Dunnett’s multiple comparison test. ND: not 

detected. *, P<0.05; **, P<0.01; ***, P<0.001. 
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At 1/2X MIC, IITR06144 significantly inhibited E. coli biofilm formation by ∼40±8% (P value 

< 0.001), which was comparable in activity to nitrofurantoin (∼37±10%).  However, 

furazolidone was observed to possess a poor antibiofilm activity, both at 1/4X MIC (P value ≥ 

0.05) and 1/2X MIC (P value < 0.05) respectively (Fig. 4.11).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Inhibition of biofilm formation by IITR06144. The effect of IITR06144 and 

comparative antibiotics (at sub lethal concentrations) on E. coli MTCC 4296 biofilm formation 

was studied by crystal violet staining. Relative biofilm formation was determined as the ratio of 

the OD600 of the biomass (prior to staining) and OD595 of the stained biomass. Two-way ANOVA 

was performed, followed by Bonferroni’s multiple-comparison test. *, P<0.05; **, P<0.01; ***, 

P<0.001. 

 

4.2.11 IITR06144 can eradicate preformed UPEC biofilms  

 

Drugs displaying bactericidal activity on slow replicating or non-replicating persisters are 

expected to effectively eradicate mature biofilms [240]. Therefore, we hypothesised that 

IITR06144 being a potent anti-persister compound could act on preformed biofilms as well. To 

this end, 2-day old biofilms of E. coli MTCC 4296 were treated with varying concentration of 

IITR06144 (1X-4X MIC) and the viable cell counts in comparison to untreated control were 

enumerated. IITR06144 at 2X MIC showed a significant reduction from 5.89±0.28 to 

2.95±0.34 log10 CFU/mL (P value < 0.001) while nitrofurantoin (P value < 0.01) and 

furazolidone (P value < 0.05) displayed comparatively poor ability to eradicate established 

biofilms at similar concentrations (Fig. 4.12). IITR06144 could effectively reduce the biofilm 
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biomass in 48 h old biofilms formed by E. coli MTCC 4296 expressing green fluorescent 

protein at 4X MIC as visualised by fluorescence microscopy (Fig. 4.13). 

 

 

 

 

 

 

 

 

 

Figure 4.12: Disruption of preformed biofilms by IITR06144. 48 h old E. coli MTCC 4296 

biofilms were treated with IITR06144 and comparative antibiotics for 12 h and number of biofilm 

associated cells that survived the treatment was determined. (Two-way ANOVA with 

Bonferroni’s multiple-comparison test). Each value represents the mean of three values and error 

bars denote the standard deviation. P<0.05; **, P<0.01; ***, P<0.001. 

 

 

 

Figure 4.123: Ability of IITR06144 to disrupt preformed E. coli MTCC 4296 biofilms. 48 hour old 

biofilms formed by E. coli pNYL-GFP were treated with IITR06144 at 1X-4X MIC for 12 hours 

and visualised by fluorescence microscopy. (a) untreated biofilm (b) biofilms treated with 1X MIC 

(c) 2X MIC and (d) 4X MIC of IITR06144. Scale bar represents 10µm. 
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4.2.12 IITR06144 exhibits synergy with aminoglycosides and no negative interaction with 

other antibiotics 

 

Combination therapy is frequently used in clinics to reduce the probability of emergence of 

drug resistance. Therefore, assessment of the compatibility of novel antibacterials with 

clinically relevant antibiotics holds immense importance. Hence, a checkerboard assay was 

undertaken against E. coli ATCC 25922, to determine the potential interactions between 

IITR06144 and representative antibiotics of different chemical classes. IITR06144 exhibited 

synergy with aminoglycosides such as kanamycin and amikacin [Fractional inhibitory 

concentration index (FICI): ≤0.5], while additive interaction was observed with other 

antibiotics (Table 4.6 and Table 4.7).  

 

In E. coli, aminoglycosides are known to affect the membrane composition through 

incorporation of mistranslated membrane proteins, thereby causing increased cellular 

permeability and facilitating entry of other antibiotics. The basis of synergy between 

IITR06144 and aminoglycosides can be attributed to the alterations in membrane ultrastructure 

caused by aminoglycosides, ultimately leading to increased IITR06144 uptake [126]. Another 

probable reason for the synergistic interaction could be the occurrence of similar uptake 

transport mechanisms for aminoglycosides and nitrofuran antibiotics, although they may 

otherwise act on different cellular targets [241]. The antibiotic nitrofurantoin also has been 

previously shown to act in synergy with aminoglycosides thus corroborating that the synergistic 

interaction observed wasn‘t unique to IITR06144 and was class specific [242]. Encouragingly, 

also none of the antibiotic classes displayed any unfavourable or antagonistic interactions 

suggesting that IITR06144 may complement antibiotic therapy in the clinics. 
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Table 4.6:  In vitro interaction of IITR06144 with representative antibiotics of different class as 

determined by the checkerboard assay. 

Antibiotic Class  FICI Interaction 

Penicillin β-lactams 1 No interaction 

Kanamycin Aminoglycosides 0.375 Synergistic 

Erythromycin Macrolides 1.5 No interaction 

Vancomycin Vancomycin 0.625 No interaction 

Rifampicin Rifamycins 2 No interaction 

Trimethoprim Sulfonamides 0.625 No interaction 

Fosfomycin Fosfomycins 0.75 No interaction 

Tetracycline Tetracyclines 0.75 No interaction 

Ciprofloxacin Fluoroquinolones 1 No interaction 

Polymyxin B Polymyxins 1 No interaction 

 

Table  4.7:  In vitro interaction of IITR06144 with aminoglycoside antibiotics as determined by the 

checkerboard assay. 

 

Antibiotic  

 

MIC of 

Antibiotic 

(µg/ml) 

 

MIC of 

IITR06144 

(µg/ml) 

 

MIC of 

antibiotic in 

presence of 

IITR06144 

(µg/ml) 

 

MIC of 

IITR06144 in 

presence of 

antibiotic 

(µg/ml) 

 

FICI 

value 

 

Type of 

interaction 

 

Kanamycin 

 

4 

 

0.5 

 

0.25 

 

0.125 

 

0.312 

 

Synergistic 

Tobramycin 2 0.5 0.0156 0.25 0.507 Synergistic 

Gentamicin 0.5 0.5 0.125 0.125 0.5 Synergistic 
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4.2.13 IITR06144 treated cells exhibit an elongation phenotype 

 

To gain insight into the mechanism of action of IITR06144, I first studied its effect on the 

morphology of bacterial cells. IITR06144 treated E. coli ATCC 25922 and B. subtilis cells 

exhibited strong filamentation in comparison to untreated control cells (Fig. 4.14A).  Upon 

exposure to IITR06144, filamentous E. coli cells with cell size in the range 5-25 µm were 

observed, while untreated cells were only 1-2 µm long (Fig. 4.14). The E. coli morphology was 

also monitored by staining with membrane staining dye, FM 4-64FX and inhibition of septum 

formation in the elongated filaments was observed (Fig. 4.15).  

 

(A) 

 

 

 

 

 

 

 

 

 

 

 

(B) 

 

Figure 4.14 (A) Microscopy of E. coli ATCC 25922 and B. cereus cells with and without exposure 

to IITR06144 to study effect on cellular morphology. Scale bar is 2 µm (B) Frequency distribution 

of E. coli ATCC 25922 cell lengths after exposure to sub lethal concentration of IITR06144 for 2 

h. Lengths of 120 cells from ten brightfield microscopic images were measured using ImageJ 

software. 
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Figure 4.15: Effect of IITR06144 on septum formation. IITR06144 treated E. coli cells were 

stained with FM 4-64FX and visualised using fluorescent microscope. Respective brightfield 

image were also taken (bottom). Arrows indicate septa formation in untreated E. coli cells. Scale 

bar represents 2 µm. 

 

Filamentation in bacteria is defined as the occurrence of anomalous growth when cells continue 

to elongate but cease to divide i.e. no septa formation occurs. The elongated cells are known to 

have multiple chromosomal copies since nucleoids continue to segregate and are regularly 

spaced along the filament.  Filamentation may occur as a response to various stresses such as 

DNA damage eliciting the SOS response, partial inhibition of cell wall synthesis or inhibition 

of replication. An elongation phenotype in nitrofurantoin and furazolidone treated E. coli cells 

was also observed that has been previously attributed to the induction of SOS response upon 

treatment, thus leading to filamentation.  

 

4.2.14 IITR06144 is a prodrug belonging to the nitrofuran class as revealed from whole 

genome sequencing of in vitro isolated E. coli mutant 

 

The basic mode of action of nitrofuran antibacterials still remains largely unknown. 

Nitroaromatic compounds are considered as prodrugs since they are activated by the presence 

of intracellular reducing enzymes, which are specific to microorganisms. The reactive 

intermediates formed upon their reduction are further known to attack multiple targets within 

the bacterial cell such as ribosomal proteins, DNA, pyruvate metabolism, respiration machinery 

among other macromolecules. The biological activity and mechanism of these nitroaromatic 

compounds have been attributed to the redox potential of their 5-nitro groups. Nitrofurantoin 

and furazolidone display high redox potentials (−250 mV) whereas metronidazole 
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(nitroimidazole) exhibits low redox potential (−480 mV) and undergoes activation under 

anaerobic environment [243]. Considering the superior killing potential of IITR06144 over 

existing antibiotics in all the assays, it can be predicted to display a larger redox potential.  

Previous studies have demonstrated that the bacterial strains lacking the reducing enzymes 

display reduced susceptibility to nitrofurans, thus insinuating that enzymatic reduction is a 

prerequisite for their antibacterial activity [244].  

 

Hence, the MIC of IITR06144 in E. coli ΔnfsA, which encodes for a major oxygen insensitive 

nitroreductase was evaluated. IITR06144 showed a 2-fold increase in MIC in E. coli ΔnfsA 

strain, thus validating its role as a prodrug antibacterial (Fig. 4.16). Similarly, nitrofurantoin 

and furazolidone also displayed 2 and 4 fold increase in MIC in nfsA mutant, in comparison to 

wild type respectively.  

 

 

Figure 4.16: Relative MICs of IITR06144 and analogs in E. coli ΔnfsA. Fold change in MIC 

represents the average from three independent experiments. 

 

Furthermore, in order to determine if IITR06144 may act through any specific target within the 

bacterial cells, an E. coli mutant displaying enhanced IITR06144 MIC (8 µg/mL) by the serial 

passaging method was isolated. The growth kinetics of the resistant mutant in comparison to 

wild type E. coli was further studied and the mutant was observed to display a growth defect 

(Fig. 4.17). The onset of growth in the resistant mutant exhibited a delay with a slower growth 

rate in comparison to the wild type strain, with an OD600 difference of 0.15 during the log phase 

at 37°C (Fig. 4.17).  
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Figure 4.17: Growth curve of E. coli ATCC 25922 wild type in comparison to IITR06144 resistant 

mutant in the absence of IITR06144 at 37°C. Each value represents the mean of three values and 

error bars denote the standard deviation. 

 

Further, the mutant was examined for the presence of cross-resistance to other antibiotics from 

related or different classes. Although the resistant mutant did not display cross-resistance to 

either nitrofurantoin or antibiotics from other classes, a modest 2 fold increase in MIC for 

furazolidone was observed (Table 4.8).  Further, in order to assess the role of efflux pumps in 

acquisition of resistance to IITR06144, MIC of the mutant for IITR06144 was determined in 

presence of sub-inhibitory concentration of broad range efflux pump inhibitor, CCCP. 

Interestingly, CCCP (20µM) did not lead to reversal in IITR06144 MIC in the resistant mutant. 

This observation indicated that efflux pumps aren‘t involved in acquisition of IITR06144 

resistance and that it is not a preferred substrate for efflux pumps. 

 

Thereafter, whole genome sequencing of the mutant was performed to determine the presence 

of mutations in comparison to wild type strain. Although, the frequency of nitrofurantoin 

resistance in clinics is relatively low owing to its multi-targeting mode of action, resistance in 

E. coli has been primarily attributed to  mutations in the genes nfsA and nfsB, that encode for 

oxygen-insensitive nitroreductases [245]. Interestingly, the isolated IITR06144 mutant did not 

show mutations in either of the two genes. However, an ―in frame deletion‖ in the gene 

encoding for 
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Table 4.8: Cross resistance profile for IITR06144 resistant mutant for antibiotics representing 

varied chemical classes and mechanism of action. 

 Cross resistance Fold change 

Nitrofurantoin No - 

Furazolidone Yes 2 

Erythromycin No - 

Fosfomycin No - 

Ampicillin No - 

Kanamycin No - 

Tetracycline No - 

Trimethoprim No - 

Polymyxin B No - 

Ciprofloxacin No - 

Ampicillin No - 

Rifampicin No - 

 

Lumazine synthetase (ribH) at nucleotide positions 385-396, which has been recently 

implicated for in vitro nitrofurantoin resistance [341]. Lumazine synthase is an essential 

enzyme involved in flavin mononucleotide (FMN) biosynthesis, which acts as an important 

cofactor for bacterial reductases. Mutation observed in the ribH gene further confirmed the 

status of IITR06144 as a prodrug.  

 

Several other missense and frameshift mutations were also observed that have been listed in 

Table 4.9 and Table 4.10. Considering the mutated genes to be putative direct targets, I also 

checked the susceptibility profile of few of these in E. coli knockout strains from the Keio 

collection. Surprisingly, most of these genes (such as putC, cyoE, prpE, malJ, rpoS etc.) 

displayed either no change or only a two-fold change in their susceptibility to IITR06144. This 

observation suggested that the mutated genes aren‘t the specific targets for IITR06144 but 

represent the off-target effects of IITR06144 i.e. mutations accumulated in the genome as a 

result of attack on multiple targets by the reactive reduced intermediates produced. 
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Table 4.9: Missense mutations observed in the IITR06144 resistant mutant upon whole   

 genome sequencing.  

 

 

HGVS_ 

nomenclature 

Amino acid 

Change 
Reference Altered Gene Annotation/name 

 

DR76_1272 
c.1102G>A p.Ala368Thr C T 

degP_htrA_DO: 

peptidase Do family 

protein 

DR76_1444 c.1168T>A p.Trp390Arg A T 
papC N-terminal domain 

protein 

DR76_1452 c.706T>C p.Trp236Arg A G 

glutathionylspermidine 

synthase preATP-grasp 

family protein 

DR76_1581 c.132C>G p.Asp44Glu C G 
conserved hypothetical 

protein 

DR76_1801 c.277G>A p.Ala93Thr C T 
integrase core domain 

protein 

DR76_2078 c.1197G>T p.Leu399Phe C A 

binding--dependent 

transport system inner  

membrane component 

family protein 

DR76_2366 c.132G>C p.Glu44Asp C G 
conserved hypothetical 

protein 

DR76_2585 c.383A>G p.Glu128Gly T C 

3-isopropylmalate 

dehydratase small 

subunit 
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DR76_2613 c.403T>A p.Cys135Ser T A 

integrase core domain 

protein 

DR76_2648 c.795T>G p.Ile265Met T G 

T_den_put_tspse: 

conserved hypothetical 

family 

DR76_2710 c.403A>T p.Ser135Cys T A 

integrase core domain 

protein 

DR76_2710 c.199T>A p.Tyr67Asn A T 

integrase core domain 

protein 

DR76_2763 c.130G>A p.Gly44Arg C T yjcZ-like family protein 

DR76_2789 c.929C>T p.Ser310Phe G A 

glycosyl transferase 21 

family protein 

DR76_2922 c.908C>A p.Ala303Asp C A 

bacterial flagellin C-

terminal helical region 

DR76_3376 c.509T>C p.Phe170Ser T C 

inner membrane protein 

yddG 

DR76_3395 c.830G>A p.Arg277Gln C T 

vgr_GE: Rhs element 

Vgr family protein 

DR76_3395 c.791A>T p.Tyr264Phe T A 

vgr_GE: Rhs element 

Vgr family protein 

DR76_3604 c.32T>C p.Ile11Thr T C 

periplasmic binding 

family protein 

DR76_3825 c.136C>A p.Arg46Ser G T 

DNA polymerase III 

subunit delta 

 

DR76_3826 c.591G>T p.Met197Ile C A 

 

dTMP kinase 

DR76_3993 c.43G>A p.Val15Ile C T 

deoR C terminal sensor 

domain protein 

DR76_4016 c.664A>C p.Thr222Pro A C bifunctional protein putA 

DR76_4529 c.655A>G p.Thr219Ala A G 

 

cyoE_ctaB: protoheme 

IX farnesyltransferase 

DR76_4542 c.392C>A p.Thr131Asn G T 

lumazine-synth: 6,7-

dimethyl-8-

ribityllumazine synthase 
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DR76_4605 c.764G>A p.Gly255Asp C T 

propionate--CoA ligase 

 

DR76_4701 c.215T>G p.Val72Gly A C 

conserved hypothetical 

protein 

DR76_4702 c.262A>G p.Ile88Val T C 

putative membrane 

protein 

DR76_4703 c.7409T>C p.Met2470Thr A G 

adhes_NPXG: 

filamentous 

hemagglutinin family 

DR76_4744 c.130A>G p.Arg44Gly A G yjcZ-like family protein 

DR76_4952 c.704C>A p.Ser235Tyr C A  
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Table 4.10: Frameshift mutations observed in the IITR06144 resistant mutant upon whole 

genome sequencing. 

 
HGVS_ 

nomenclature 

Amino acid 

Change 
Reference Altered 

Gene 

Annotation/ 

name 

DR76_208 
c.309_313 

delCGGTG 

p.Gly 

104fs 
AGCACCG AG 

bacterial 

regulatory helix-

turn-helix, lysR 

family protein 

DR76_208 
c.307_311 

delATCGG 

p.Ile 

103fs 
ACCGAT A 

bacterial 

regulatory helix-

turn-helix, lysR 

family protein 

DR76_524 c.15delA 
p.Lys 

5fs 

GAAAAAAA

A 

GAAAA

AAA 

glpK Glycerol 

Kinase 

DR76_1081 p.Phe518fs 
c.1551 

delT 
CAAAA CAAA 

sigma-54 

interaction 

domain protein 

DR76_208 
c.308_312 

delTCGGT 

p.Ile 

103fs 
CACCGA C 

bacterial 

regulatory helix-

turn-helix, lysR 

family protein 

DR76_1541 
c.1440_1441 

insTT 

p.Asp 

481fs 
AT ATTT 

tetratricopeptide 

repeat family 

protein 

DR76_1568 c.967delT 
p.Phe 

323fs 
GAA GA 

inner membrane 

protein yeeR 

DR76_1883 c.850dupG p.Glu CG CGG rpoS_proteo: 
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284fs RNA 

polymerase 

sigma factor 

RpoS 

DR76_1965 
c.414_415 

insT 

p.Lys 

140fs 
TAAA TAAAA 

conserved 

hypothetical 

protein 

DR76_4015 c.1432delG 
p.Ala 

478fs 
GC G 

sodium/proline 

symporter 
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4.2.15 IITR06144 causes bacterial DNA damage as observed by fluorescence microscopy, 

TUNNEL assay and use of E. coli mutants deficient in DNA repair 

 

As discussed previously, reduction of nitrofuran prodrugs by bacterial flavoproteins 

(nitroreductase) is critical for their activation [244]. The highly activated species or 

intermediates thus produced hit multiple cellular targets leading to death. Bacterial DNA is a 

well-known target for these reduced intermediates speculated to undergo strand breakage [244]. 

As shown previously, IITR06144 treated E. coli cells exhibited an elongation phenotype which 

is indicative of the SOS response [246]. The SOS response involves a regulatory network of 

about 20 genes regulated by LexA and RecA that detect DNA damage leading to a halt in 

replication and division while repairing the DNA lesions [247]. Hence, induction of the SOS 

response in response to DNA damage causes cellular elongation phenotype in E. coli cells. 

 

IITR06144, being a nitrofuran led to DNA fragmentation and occurrence of long and diffused 

nucleoids in drug treated E. coli cells as evident from DAPI staining in fluorescence 

microscopy (Fig. 4.18).  TUNEL assay revealed that IITR06144 treatment led to DNA breaks 

and therefore enhanced incorporation of FITC-dUTPs in bacterial cells (Fig. 4.19). 

 

 

 

Figure 4.18: Fluorescence micrographs of E.coli ATCC 25922 cells treated with IITR06144 and 

stained with DAPI to study its effect on nucleoid. Image represents the overlay of individual 

brightfield and fluorescent images. 

Furthermore, the susceptibility of E. coli mutants deficient in DNA repair mechanism to 

IITR06144 was determined. Consistent with previous reports, cells lacking recA and uvrA 

showed hypersensitivity to IITR06144 and also to its structurally related drugs, nitrofurantoin 

and furazolidone (Fig. 4.20) [248], [249]. This observation confirmed that IITR06144 exerts a 

lethal effect on bacterial DNA, which is repaired by the recombinational repair and excision 

repair mechanisms  
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Figure 4.19: TUNEL assay coupled with flow cytometric analysis to quantify IITR06144 induced 

DNA damage in E. coli cells. E. coli cells were exposed to sub lethal concentration of IITR06144 

for 2 hrs before TUNEL analysis. The x axis represents the relative FITC fluorescence, and the y 

axis (counts) is the number of cells. Nitrofurantoin and ciprofloxacin were taken as positive 

control antibiotics for the assay. 

 

 

Figure 4.20: Heat map of relative MICs of IITR06144 in different E. coli mutants deficient in the 

DNA repair mechanism. Fold change in MIC represents the average from three independent 

experiments.
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4.2.16 IITR06144 has no effect on the bacterial membrane potential 

 

Membrane potential is an essential factor regulating the distribution of cell division proteins 

and their attachment to membrane [250]. Molecules that dissipate the transmembrane potential 

(ΔΨ) have been reported to perturb pathways modulating cell division and shape. Hence, it was 

further determined if the filamentous phenotype of IITR06144 treated cells was also a result of 

altered membrane potential apart from DNA damage. Drug treated cells were stained with the 

bis-oxonol dye DiBAC4, which exhibits enhanced fluorescence upon membrane depolarisation. 

IITR06144 treated cells displayed fluorescence similar to control cells, in contrast to CCCP (10 

μM), which is a known membrane potential inhibitor (Fig. 4.21). This observation suggested 

that IITR06144 did not exert its effect on E. coli morphology by dissipating the transmembrane 

potential. 

 

 

 

Figure 4.21: Effect of IITR06144 on bacterial membrane potential. E. coli ATCC 25922 cells were 

exposed to IITR06144 (1 µg/ml) and positive control, CCCP (10 µM) for 30 minutes. Upon further 

incubation with DIBAC4 for 15 minutes, flow cytometry was used to determine fluorescence of 

IITR06144 treated cells with respect to untreated control. 
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4.2.17 IITR06144 causes a block in midcell Z-ring formation as evident from 

Immunofluorescence microscopy and Antisense studies. 

 

The processes of DNA repair and cell division in E. coli are coordinated such that bacterial 

cells cease to divide until the damage has been repaired, as part of the SOS response [251]. Cell 

division in bacteria is executed by a macromolecular complex known as the divisome, where 

FtsZ protein plays a central role, localizing at the midcell forming Z rings and acting as a 

scaffold for assembly of cell division machinery[252].  The occurrence of replication inhibited 

or unsegregated nucleoids in E. coli cells is known to exhibit a block in cell division and inhibit 

midcell Z-ring formation [251]. Immunofluorescence microscopy using FITC-labelled Anti 

FtsZ antibody demonstrated extensive perturbation in the Z-ring morphology of IITR06144 

treated cells, as a result of DNA damage (Fig. 4.22). Staining of IITR06144 treated cells with 

propidium iodide showed the presence of extensive DNA damage. 

 

 

 

Figure 4.22: Subcellular localization of FtsZ in IITR06144 treated E. coli cells. The effect of 

IITR06144 on nucleoid segregation and Z-ring formation was studied by Immunofluorescence 

microscopy (IFM). Mid log E. coli ATCC 25922 were incubated with DMSO (vehicle) and 

1.5ug/ml IITR06144 for 2 h. Cells were immunostained with polyclonal anti-FtsZ antibody 

followed by FITC-conjugated secondary antibody and nucleoids were visualized with Propidium 

iodide. IFM micrographs show localization of FtsZ (green) and nucleoids (red). This experiment 

was repeated thrice, and similar results were obtained. 
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In support of this observation, I further sought to find genetic evidence for effect of IITR06144 

on the inhibition of Z-ring formation, by virtue of RNA silencing [253].  FtsZ antisense 

expressing construct, cloned in plasmid pHN678-FtsZ was transformed in E. coli BW25113 

and antisense expression was induced by IPTG (70 µM). The susceptibility of the antisense 

expressing E. coli cells to FtsZ was determined by studying its growth profile in comparison to 

E. coli wild type strain carrying plasmid alone. The E. coli cells expressing ftsZ antisense were 

observed to display an increased sensitivity to low concentrations of IITR06144, thus 

corroborating that DNA repair and cell division are coordinated events (Fig. 4.23). E. coli cells 

expressing antisense of another essential gene, murA (plasmid pHN678-murA) served as a 

negative control for the experiment [254]. 

 

     (i)                                                (ii)                                                (iii) 

 

Figure 4.23: Effect of IITR06144 on growth of E. coli BW25113 expressing ftsZ antisense. E. coli 

cells expressing ftsZ Antisense (pHN678-ftsZ) was exposed to varying concentration of IITR06144 

and growth was monitored spectrophotometrically at 600 nm. (i) Growth profile of control E. coli 

cells (E. coli BW25113-pHN678). (ii) FtsZ antisense expressing cells (E. coli BW25113-pHN678 

ftsZ) (iii) murA antisense expressing cells (E. coli BW25113-pHN678 murA). Each value 

represents the mean of three values and error bars indicate standard deviation.  

 

 

4.2.18 IITR06144 inhibits midcell Z-ring formation independent of SulA, MinC and SlmA 

 

As discussed previously, cell division in bacteria is executed by the divisome complex, where 

FtsZ plays a central role, localizing at the division site and acting as a scaffold for assembly of 

cell division machinery [252]. SulA, accounts for most of the requirement for the SOS 

response, causing cell division to halt by sequestering FtsZ subunits, until genetic errors are 

corrected [252]. To investigate the possibility that IITR06144 may act indirectly through an 
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endogenous system of FtsZ assembly inhibition, such as the SOS-response activated SulA, the 

effect of IITR06144 treatment on the morphology of E. coli ΔsulA strain was examined. 

IITR06144 treatment resulted in cellular filamentation indistinguishable from that seen for the 

wild type bacteria, verifying that IITR06144 does not act through SulA for inhibiting cell 

division (Fig. 4.24). Two other proteins MinC and the nucleoid-occlusion factor, SlmA also act 

as endogenous inhibitors of cell division and regulate the positioning of Z-rings at midcell 

[252]. I further studied the effect of IITR06144 on the morphology of E. coli ΔsulA, ΔminC and 

ΔslmA cells. Microscopic studies revealed that these mutants exhibited inhibition of Z-ring 

assembly by IITR06144 which occurred independent of SulA, SlmA and MinC, as also 

reported previously for drugs mitomycin C and nalidixic acid [251] (Fig. 4.24). 

 

 

Figure 4.24: Effect of IITR06144 on cellular morphology of E.coli BW25113 wild type and E. coli 

ΔsulA, E. coli ΔslmA, E. coli ΔminC strains. Scale bar is 10µm. Shown are representative SEM 

micrographs of untreated and IITR06144 treated cells. 
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4.2.19 IITR06144 has no influence of FtsZ expression in treated E. coli cells 

 

I came across a recent report on the antibacterial mechanism of natural product, resveratrol 

[273].The study reported resveratrol to exhibit a dual mode of action: it causes DNA 

fragmentation by induction of SOS response and also leads to cellular elongation, even in a 

SOS negative strain. Resveratrol was further established to suppress FtsZ expression (by 

immunoblotting) and hence Z-ring formation, regardless of induction of SOS response thus 

leading to cell death. Inspired by the study, I questioned if IITR06144 also might influence the 

expression of FtsZ in E. coli cells upon treatment. Hence, I performed Western blot using anti-

FtsZ antibodies in E. coli cells upon treatment with IITR06144 (Fig. 4.25). As revealed by 

immunoblotting at increasing drug concentrations, IITR06144 seemed to have no effect on the 

expression of FtsZ in treated E. coli cells. Hence, I concluded that although IITR06144 induced 

DNA fragmentation independent of SOS, in a similar manner as of resveratrol but it did not 

induce cellular filamentation by decreasing FtsZ expression.  

 

 

 

Figure 4.25: FtsZ expression levels measured by western-blot analysis. GAPDH was used an 

endogenous control for E. coli and FtsZ was detected using an anti-FtsZ antibody. Lane A) 

DMSO-treated cells were the negative control, no treatment. B) IITR06144 at 2.5X MIC C) 

IITR06144 at 4X MIC. 

 

4.2.20 Reactive Oxygen Species (ROS) generation by IITR06144 is a consequence of 

damage to DNA and other macromolecules. 

 

The effect of IITR06144 on ROS generation was evaluated using DCFDA as the oxidative 

probe [255]. As reported for bactericidal antibiotics, IITR06144 showed a dose dependent 

increase in fluorescence, suggesting that antibacterial killing by IITR06144 is followed by ROS 

generation. However, to ensure if ROS generation was actually a cause or consequence of cell 
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death, the growth pattern of E. coli cells supplemented with an antioxidant Vitamin C (5 mM) 

was analysed. Interestingly, pre-treatment of cells with Vitamin C did not preclude the 

inhibitory effect of IITR06144 (at 0.5 µg/mL) (Fig. 4.26). On the contrary, the antioxidant 

supplemented population showed a revival in growth when treated with methyl viologen (0.6 

mM) (Inset: Fig. 4.26). This led us to conclude that ROS generation by IITR06144 was not the 

sole mechanism of bacterial death and was a consequence of the treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26:  Growth profile of E. coli ATCC 25922 cells pretreated with Vitamin C (5 mM) in the 

presence of IITR06144. Box: Growth curve of Vitamin C pretreated E. coli cells in the presence of 

Methyl viologen (900 µM). Each value represents the mean of three values and error bars indicate 

standard deviation. 
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4.2.21 IITR06144 exhibits considerable efficacy and no in vivo toxicity in A. baumannii 

infection model 

 

Encouraged by its potent in vitro antibacterial activity, I proceeded to evaluate the in vivo 

efficacy of IITR06144 in mice model of systemic infection. Initially, I assessed the toxicity of 

IITR06144 at an oral dose of 50 mg/kg body weight (mg/kg b.w.) in comparison to 

nitrofurantoin. All the drugs were administered to mice for 5 days and were regularly 

monitored for presence of adverse symptoms or mortality. The serum biochemical data did not 

show much difference between the IITR06144 and nitrofurantoin treatment groups, except for 

the increased levels of alkaline phosphatase (SGPT), and triglycerides in IITR06144 treated 

mice. In contrast, nitrofurantoin treatment showed increased cholesterol levels at similar dose 

(Table 4.11). Further, mice were challenged with MDR A. baumannii AYE and bacterial load in 

various organs upon IITR06144 treatment at varying doses was determined. IITR06144 (dose 

range: 50 to 6.25 mg/kg b.w.) showed a dose-dependent reduction in bacterial burden in the 

organs spleen, lung, kidney and liver (Fig. 4.27). At dosage, 25 mg/kg b.w., IITR06144 

lowered the bacterial load in spleen (p < 0.01), in kidney (p < 0.01), liver (p < 0.001) and lung 

(p < 0.001) in comparison to the control group. In comparison, nitrofurantoin similarly reduced 

the bacterial infection but at a higher dose (i.e. 50 mg/kg b.w.). 

 

Table 4.11: Biochemical parameters for assessment of in vivo toxicity of IITR06144 at oral dosage 

of 50 mg/kg b.w.  

 

Serum components 

 

Control 

 

IITR06144 

 

Nitrofurantoin 

 

Bilirubin (mg/dl) 

 

1.029±0.05 

 

0.97±0.04 

 

1.05±0.05 

Creatinine (mg/dl) 0.538±0.15 0.384±0.16 0.42±0.1 

Cholesterol (mg/dl) 30.85±2.1 24.87±5.4 35.24±2.3 

Triglycerides (mg/dl) 20.34±0.05 31.54±0.15 20.34±0.17 

ALP  (IU/L) 3.32±1.2 4.52±0.85 6.1±1.34 

AST or SGPT (IU/L) 6.48±0.05 9.63±1.5 5.89±1.9 

 

ALT or SGOT(IU/L) 10.4±0.5 8.45±0.3 9.63±1.2 
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Figure 4.27: In vivo efficacy of IITR06144 in mice model of MDR A. baumannii systemic infection. 

IITR06144 at different doses was administered in A. baumannii AYE infected mice (n=5). After 

4 days of drug dosing, mice were sacrificed and the bacterial burden in the organs (spleen, kidney, 

liver and lungs) was determined. The group of mice receiving vehicle only served as control. The y 

axis corresponds to the bacterial CFU obtained per gram of tissue. The x axis indicates the 

amounts of IITR06144 tested (mg/kg b.w.). Nitrofurantoin was administered at concentration 50 

mg/kg b.w. P values were obtained using one-way ANOVA and Dunnett’s multiple comparison 

test (*, P<0.05; **, P<0.01; ***, P<0.001). Error bars show standard deviation from five mice per 

treatment group.  
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4.3 Discussion 

 

Antibiotic resistance is a global problem exemplified by the spread of resistance genes such as 

carbapenemases and emergence of clinical resistance to the ―drug of last resort‖, colistin [49]. 

The pace of antibiotic discovery has inadvertently failed to keep up with the mounting crisis of 

antibiotic resistance and recalcitrant chronic infections. With the precipitous decline in drug 

development, attempts to either create or re-establish new antibiotic discovery platforms are 

continually being made [44]. Screening for novel prodrugs is one such attractive approach 

because of their selective toxicity towards microorganisms possessing specific activating 

enzymes. Prodrugs were originally discovered in the 1950s but were eventually discarded due 

to their lack of specificity and availability of newer or better antibiotics. Lack of novel 

scaffolds catering to the needs of drying antibiotic pipeline has led to a renewed interest into 

prodrug synthesis and discovery. Prodrugs are theoretically considered to be ―ideal‖ antibiotics, 

owing to their broad spectrum activity, non-toxicity and ability to target both growing and 

dormant persister cells. 5-nitro antimicrobials such as those belonging to the nitrofuran, 

nitroimidazole and nitrothiazole classes are common examples of prodrug antibacterials [256]. 

Approximately 650 diverse 5-nitroimidazole compounds were recently reported with enhanced 

activity against a wide range of microbes, starting from the bacterial pathogen Bacteroides 

fragilis to the protozoan Trichomonas vaginalis [256].  Fleck et al performed a pilot screen for 

prodrug and identified three hits with excellent properties [257]. Moreover, nitroimidazoles and 

nitrofurans form much of the core of the anti-TB armamentarium targeting dormant TB bacilli 

[258],[259]. 

 

To address the lack of new antibacterials and need for compounds that can penetrate the 

complex envelope system of Gram negative bacteria, a small molecule screening of 11,000 

compounds was performed against E. coli. The screen identified 30 antibacterial hits, out of 

which 4 molecules with significant antibacterial activity were observed to contain the 

nitrofuran nucleus. Thus, the screen worked in our favour and led to the serendipitous 

discovery of novel prodrugs from the nitrofuran class. The lead compound IITR06144 was 

studied extensively and found to exhibit excellent activity against all the Gram negative 

pathogens with MIC as low as 0.12 µg/mL, except for P. aeruginosa which are intrinsically 

resistant to nitrofurans. The antibacterial spectrum of IITR06144 was limited not only to the 

Gram negative pathogens but could also inhibit the Gram positive pathogens and 

mycobacterium spps studied. IITR06144 inhibited all the clinical isolates tested, inspite of their 
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resistance to nitrofurantoin, furazolidone, meropenem, ciprofloxacin, amikacin etc. with MICs 

in the range 0.12 - 2 µg/mL. Anaerobic bacteria are also known to cause life threatening 

infections and clinical resistance to commonly administered antibiotics metronidazole, 

piperacillin-tazobactam and meropenem have been reported. Interestingly, IITR06144 

outcompeted metronidazole, nitrofurantoin and furazolidone against all the anaerobic isolates 

tested, with MICs in the range 0.06 – 0.25 µg/mL. Thus, IITR06144 holds great potential for 

the treatment of mixed aerobic and anaerobic infections, which routine empiric therapy fails to 

inhibit. 

 

IITR06144 is structurally related to nitrofurantoin, an old antibiotic approved by FDA in 1953. 

Nitrofurantoin has undergone revival as a first line of treatment for uncomplicated UTIs, with 

increasing resistance to trimethoprim/sulfamethoxazole, fluoroquinolones concomitant with the 

rise in ESBL (Extended Spectrum Beta-lactamase) producing and carbapenem resistant bacteria 

[233]. The emergence of resistance to nitrofurantoin is relatively infrequent, owing to its 

multitargeting mode of action. However, with rampant empiric use and increase in over the 

counter sales, resistance as high as 34.3% have been reported in India[260]. Moreover, 

nitrofurantoin is ineffective against persistent uropathogenic E. coli infections and frequent 

cases of infection relapse have been reported [207].  

 

In comparison to nitrofurantoin, IITR06144 showed a superior killing ability and rapid 

bactericidal nature against E. coli cells. IITR06144 displayed a longer PAE and a lack of cross 

resistance or antagonism to clinically relevant antibiotics. IITR06144 eradicated UPEC 

associated biofilms which are responsible for causing recurrent UTIs. IITR06144 also 

remarkably inhibited the dormant persister cells both in stationary phase and antibiotic induced 

environment, unlike nitrofurantoin and furazolidone. Moreover, in compliance with the 

multimodal mechanism of nitrofurans, it did not show any propensity towards the generation of 

single step resistant mutants. Hence, IITR06144 was observed to out-compete the existing 

nitrofuran antibiotics in most of the aspects studied.  

 

Nitrofurans are known to act by inhibiting synthesis of DNA, RNA, glucose metabolising 

enzymes etc., out of which bacterial DNA has been considered as the major target[261]. E. coli 

nitroreductases reduce the nitroheterocyclic compounds into active metabolites that further 

cause DNA breakage [248]. The prodrug status of IITR06144 was confirmed by sequencing an 

isolated E. coli mutant with increased IITR06144 MIC which revealed mutation in lumazine 
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synthase (ribH) gene, which is responsible for cofactor synthesis required by reducing 

enzymes. Morphology studies further revealed a filamentous phenotype, which is a 

characteristic of SOS response and E. coli mutants of the DNA repair pathway showed hyper 

susceptibility.  Hence, IITR06144 was observed to work through the canonical mode of action 

of nitrofurans. However, IITR06144 remarkably inhibited the nitrofurantoin resistant clinical 

isolates and no mutations were observed in the nfsA or nfsB genes of the in vitro mutant. 

Hence, IITR06144 could effectively overcome nitrofurantoin resistance and therefore can be 

postulated to (i) undergo activation by alternative pathways, which are not involved in 

nitrofurantoin resistance or to (ii) bypass general pathways involved in nitrodrug detoxification 

and (iii) overcome efflux mechanisms displayed by resistant isolates in the clinic [256]. 

 

IITR06144 caused elongation in an SOS negative strain and inhibited the Z-ring formation 

independent of SlmA and MinC proteins, as also shown for the drugs nalidixic acid, mitomycin 

c and hydroxyurea. Fluorescence microscopy and RNA silencing studies further revealed the 

disruption of coordination between DNA replication and cell division in E. coli cells treated 

with IITR06144. IITR06144 also proved efficacious in a murine model of septicemia against A. 

baumannii exhibiting reduction in bacterial burden in mice organs. The relatively modest in 

vivo efficacy of IITR06144 can be attributed to the lack of in vivo pharmacokinetic data that 

could have helped to decide dosing regime and route of administration. Studies to assess the in 

vivo pharmacokinetic parameters of IITR06144 will be undertaken in future followed by 

efficacy studies in mice models of urinary tract infection, wound infection and diarrhoea. 

 

In summary, the results suggest that IITR06144 is a promising novel antibacterial molecule 

which is more potent than nitrofurantoin against aerobic and anaerobic Gram-negative and 

Gram-positive bacteria, including multidrug-resistant bacteria. No cross-resistance with 

antibiotics nitrofurantoin and furazolidone has been observed in the clinical strains. Further 

studies to determine the feasibility of IITR06144 as a therapeutic agent are warranted. 
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4.4 Experimental Procedures 

 

4.4.1 Chemicals  

The small molecule library was procured from Maybridge (Trevillett, UK). All antibiotics were 

purchased from Sigma-Aldrich (St Louis, MO, USA). Enzymes, dyes and molecular biology 

chemicals were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Fluorescein 

(FITC) conjugated secondary antibody was purchased from Jackson ImmunoResearch 

Laboratories Inc. (PA, USA) and Dimethyl Sulfoxide (DMSO) was procured from Merck, 

Germany.  

 

4.4.2 Bacterial strains and growth conditions 

Strains of Escherichia coli, Acinetobacter baumannii, Staphylococcus aureus, Salmonella 

enterica subsp enterica Serovar Typhimurium, Vibrio fluvialis and others were grown in 

Mueller-Hinton broth (Merck, Germany). Mycobacterium strains were grown in Middlebrook 

7H9 broth (HiMedia, India) supplemented with 10% OADC, 0.5% glycerol and 0.05% Tween-

80 and Middlebrook 7H10 Agar (HiMedia, India) supplemented with 0.5% glycerol and 10% 

OADC as the solid medium. All strains were grown at 37°C with aeration at 180 rpm unless 

otherwise indicated. Strains of Clostridium difficile, Bacteroides fragilis, Clostridium tetani 

and Clostridium perfringes were maintained on Brain Heart Infusion (BHI) agar (HiMedia, 

India) containing 5% sheep blood under anaerobic conditions (80% nitrogen, 10% carbon 

dioxide and 10% hydrogen) at 37ºC in anaerobic workstation (Don Whitley scientific, UK). 

Lactobacillus strains were grown in MRS (deMan, Rogosa and Sharpe) broth (Difco, USA) at 

37ºC under static conditions.  Streptococcus thermophilus was grown in MRS medium at 42°C 

while Leuconostoc mesenteroides was grown at 30°C in M17 medium. Chloramphenicol 

antibiotic was used at 30 µg/mL for E. coli BW25113 in antisense studies. E. coli strains from 

the Keio collection were grown on LB (Luria-Bertani) medium agar plates containing 15 

µg/mL kanamycin. All the strains, plasmids and primers used in the study are described in 

Appendix Table A1, A2 and A3. 

 

4.4.3 Determination of Minimum Inhibitory Concentration (MIC) 

MICs of small molecules and various antibiotics against E. coli ATCC 25922 were determined 

by the broth microdilution method in Mueller–Hinton medium, as per the CLSI guidelines. 

MICs of small molecules and various antibiotics against E. coli ATCC 25922 (10
5
 CFU/mL) 
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was determined in 96-well plates and incubated at 37°C in static condition in a humidity 

controlled incubator (Kuhner LT-X). Growth was monitored after 12 h of incubation by reading 

absorbance at 600 nm.  The lowest concentration of antibacterial which displayed no visible 

turbidity was considered its MIC. The MICs of IITR06144 and its comparative antibiotics 

against the anaerobic strains were determined by the agar dilution method, according to CLSI 

guidelines [262]. Briefly, serial 2-fold dilutions of the antibiotics were prepared and added to 

Brucella agar (HiMedia) supplemented with vitamin K1 (0.5 mg/L), haemin (5 mg/L) and 5% 

laked sheep blood. The bacterial inoculum was prepared equivalent to 0.5 Mc Farland and 

spotted (10 µl) onto the plates such that final inoculum is 10
5
 CFU/spot. Plates were incubated 

at 37ºC in an anaerobic workstation and examined after 48 h. For MIC determination in 

Mycobacterium strains, cultures grown in Middlebrook 7H9 broth until OD600~1 were 100 

folds diluted in fresh medium and added to 96-well plates containing drugs. Plates were read at 

OD600 after 7 days of incubation at 37ºC in a humidity controlled incubator.  

 

4.4.4 Time Kill Kinetics assay  

To evaluate the bactericidal potential of IITR06144, the time-kill kinetics assay was performed 

as described earlier [10],[160]. E. coli ATCC 25922 cells (10
5
 CFU/mL) were treated with 

IITR06144, nitrofurantoin and furazolidone at 2X MIC. 100ul aliquots were withdrawn at 

regular intervals and serial dilutions were plated onto MH agar plates. Plates were incubated at 

37ºC under static condition and colony counts were determined after 24 h.  Bacterial killing 

was assessed by plotting the mean viable counts (as log10 CFU/mL) versus time (in h). 

 

4.4.5 In vitro Post-Antibiotic Effect (PAE) 

Logarithmic phase E. coli ATCC 25922 cells (10
6
 CFU/mL) were exposed to IITR06144 and 

comparative antibiotics at 5X MIC for 1 h in shaking condition at 37°C [160],[263]. Following 

the incubation of E. coli ATCC 25922 cells with IITR06144 and other antibiotics at 5X MIC, 

cells were centrifuged for 10 min at 4000 rpm at room temperature to remove the traces of 

drug. The cells were washed twice with 1X PBS and resuspended in fresh medium followed by 

further incubation at 37°C. At definite intervals after drug exposure (0, 1, 2, 3, 4, 5, 6, 7, 8 h), 

viable bacterial counts were determined by plating serial 10-fold dilutions on MH agar plates. 

The PAE was determined by the formula PAE = T – C where, T is the time taken for unit log10 

increase in inoculum (CFU/mL) versus the inoculum (CFU/mL) observed immediately after 
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antibiotic removal; and C is the time it takes to observe a log10 increase (CFU/mL) in an 

untreated control. 

 

4.4.6 Determination of Frequency of Resistance (FOR) 

The emergence of spontaneous resistance in E. coli ATCC 25922 against IITR06144 and 

nitrofurantoin was determined as described previously [160],[264]. 100 µL aliquot of (1 ×10
9
 

CFU/mL) E. coli cells were plated on MH agar plates containing drugs (at 4X MIC) in 

triplicates. The plates were incubated for 48 h at 37ºC in static conditions in a humidity 

controlled incubator.  The colony count of the initial inoculum was verified by plating serial 

dilutions onto MH agar plates. The frequency of resistance was determined by dividing the 

average number of colonies obtained after 48 h on drug containing plates by the initial 

inoculum. 

 

4.4.7 Haemolysis assay 

Haemolytic activity of IITR06144 was assessed as described previously, with slight 

modifications [265]. Fresh human blood (10 mL) was extracted in a vaccutainer blood 

collection tube (Thomas Scientific) and centrifuged at 2500 rpm for 10 min. The supernatant 

was discarded, and the pellet was washed thrice with 1X PBS. The pellet was then diluted 1:5 

(vol/vol) in 1X PBS and RBC suspensions (1 mL each) were incubated with varying 

concentration of IITR06144 and comparative antibiotics under at 37°C under static condition. 

The time of incubation was increased to 4 h instead of 35 minutes in the reference followed. 

The suspensions were then centrifuged at 2500 rpm for 10 min and the supernatant was 

carefully collected without disturbing the pellet. Haemolysis was monitored by measuring the 

absorbance of the released hemoglobin in the supernatant at 540 nm using a spectrophotometer. 

Triton-X 100 (0.1%) served as the positive control for the assay. Haemolysis levels were 

calculated by the formula: 100 × (At − As)/Ac where Ac, As, and At are the absorbance of 

Triton-X 100, absorbance of solvent control and absorbance of the sample containing drug 

respectively. All experiments were performed in triplicates. 

4.4.8 In vitro cytotoxicity 

The cytotoxicity of IITR06144 on Peripheral Blood Mononuclear Cells (PBMCs) was 

determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as 

described previously [266]. For cytotoxicity assay, Fresh PBMCs were isolated using HiSep
TM

 

LSM 1077 (Himedia) as per recommended protocol [267]. 2x10
6
 cells resuspended in Roswell 
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Park Memorial Institute medium (RPMI) with 10% fetal bovine serum (FBS) and L-glutamine 

were added to tissue culture treated 96-well plates (Nunc) for 24 h. Cells were then incubated 

in the presence of varying concentrations of IITR06144, nitrofurantoin and furazolidone at 

37°C for 8 h in 5% CO2. Control cells were treated with similar percentage of dimethyl 

sulphoxide (DMSO) as in drug (vehicle control) The medium was then aspirated and 100 l of 

1X PBS containing 0.5 mg/mL MTT (Biobasic) dye was added to each well and incubated 

further for 4 h.  Following incubation, MTT containing medium was removed and 100 L of 

DMSO was added to dissolve the formazan crystals by gentle agitation. The OD was measured 

at 570 nm in a plate reader (Biotek). Absorbance values were expressed as percentage and 

inhibition with respect to solvent control was calculated. 

 

4.4.9 Antibacterial activity against stationary phase cells and antibiotic exposed persister 

cells 

Stationary phase bacterial culture and antibiotic exposed persisters were obtained by protocols 

described previously [257],[268]. E.coli ATCC 25922 cells grown to 0.5 OD600 in LB medium 

were diluted 100 times in fresh medium and grown for 16 h until they reach stationary phase. 

These were then divided into 1 mL aliquots in triplicates and subsequently treated with 

different concentrations of IITR06144, nitrofurantoin and furazolidone ranging from 25-200 

µg/mL for 24 h in a shaker incubator. In case of control, the same volume of the solvent DMSO 

was added instead of the test antibiotic. The mean viable colonies were determined and 

represented as CFU/mL. In order to assess the membrane integrity of IITR06144 treated 

population which did not yield any culturable colonies on agar plates, fluorescence microscopy 

was carried out using the combination of two dyes. Treated E. coli cells were harvested  and 

stained with membrane dye FM™ 4-64FX (1 μg/mL) and nucleoid stain Sytox green (1 µM) at 

room temperature for 15 minutes. A small volume (5µl) of cells was deposited on agarose 

pad and sealed with a clean coverslip. The cells were then observed under a Zeiss Axioscope 

A1 fluorescence microscope equipped with an AxioCam MRC digital camera using EC Plan-

Neofluar 100X objective to assess viability. 

 

Further, to determine the formation of antibiotic induced persister cells, stationary phase E.coli 

cells (from a 14 h old culture) were treated with 300 μg/mL ampicillin in LB medium for 24 h 

at 37 °C under shaking condition. Aliquots were withdrawn at regular intervals to determine the 

number of viable bacteria that survived ampicillin exposure. For the treatment of E.coli 



86 

 

persisters with IITR06144 and comparative antibiotics, ampicillin exposed cultures after 14 h 

of treatment were centrifuged and washed thrice with 1X PBS to remove any antibiotic traces. 

Isolated persisters were then resuspended in 1X PBS diluting upto four times the original 

volume. Ampicillin (100 μg/mL), Kanamycin (50 μg/mL), IITR06144, nitrofurantoin and 

furazolidone were added to each 1000 μL aliquot of persister cells at indicated concentrations 

followed by incubation at 37 °C for 24 h at 180 rpm. Control containing similar volume of 

solvent instead of compound or antibiotics was included. The viable colonies were determined 

after 24 h of incubation and represented as Log CFU/mL. Kill kinetics assay to study the rate of 

killing of persisters by IITR06144 (2X-8X MIC) was performed simultaneously by 

withdrawing aliquots at regular intervals to determine the viable cell count.  

 

4.4.10 Biofilm inhibition and disruption assay  

Biofilm formation by E. coli MTCC 4296 in the presence of IITR06144 and comparative 

antibiotics was assessed by crystal violet assay [118]. Disruption of preformed biofilms after 

12h of IITR06144 treatment was studied, as described previously with slight modifications 

[257]. Log phase E. coli cells (OD600~0.6) were 100 times diluted and added to 96-well 

microtiter plate containing test drugs at sub-inhibitory concentrations. Plates were kept under 

static condition in a humidity controlled incubator at 37°C for 48 h. Plates were then read at 

600 nm and washed thrice with 1X PBS to remove the planktonic cells. Following fixation at 

65ºC for 30 minutes (min), biomass was stained with 0.25% (w/v) crystal violet in methanol: 

1X PBS (1:3) for 20 min. Following two brief washing steps, biofilms were quantified by 

addition of 33% acetic acid in methanol to dissolve the crystal violet adhered to biofilm 

forming biomass. Plates were read at 595 nm and relative absorbance (OD595/600) was 

calculated. For studying the effect of IITR06144 on preformed biofilms, 48 h old E. coli MTCC 

4296 biofilms made in 96-well plate as described above were treated with IITR06144 and 

comparative antibiotics at different concentrations (1X, 2X and 4X MIC). After 12 hrs of drug 

treatment, biofilms were washed twice and scraped using 0.5% triton-100 in 1X PBS. Viable 

count was determined in drug treated wells and compared to control wells exposed to similar 

volume of solvent (DMSO). For fluorescence microscopy studies on the effect of IITR06144 

on preformed biofilms, E. coli MTCC 4296 was transformed with plasmid pNYL-GFP, a 

pZE21 derivative that constitutively expresses the green fluorescent protein. Biofilms made on 

coverslips for 48 hrs were treated with increasing concentrations of IITR06144 and visualised 

under Carl Zeiss fluorescence microscope.  
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4.4.11 In vitro interaction with antibiotics 

In vitro interaction of IITR06144 with antibiotics was evaluated in E. coli ATCC 25922 by 

modified broth checkerboard assay as described previously [160],[166]. For determination of in 

vitro synergy, two fold serial dilutions of IITR06144 in combination with dilution of several 

antibiotics (one from each class) were prepared in a 96-well plate. Log phase bacteria at OD600 

~0.6 were 1000 times diluted and 100 µL of the inoculum was added to each well of the assay 

plate. Plates were then incubated for 16 h at 37ºC. Fractional inhibitory concentration index 

(FICI) was calculated using the formula [MIC of drug B in presence of drug A] / [MIC of drug 

B] + [MIC of drug A in the presence of drug B] / [MIC of drug A]. FICI scores were 

interpreted as follows: synergy (≤0.5), no interaction (0.5–4), or antagonism (4). For each drug 

combination, FICI ranges were reported from two biologically independent experiments. 

 

4.4.12 Visualization of morphological changes in bacteria 

Morphological changes in E. coli cells incubated with IITR06144 at sub-inhibitory 

concentration were observed under Scanning Electron Microscope (SEM) and fluorescence 

microscope [28]. Logarithmic phase E. coli cells (OD600 ~0.6) were diluted to OD600 ~0.1 and 

treated with sub-inhibitory concentration of the drug for 2 h. Treated samples were washed in 

1X PBS and primarily fixed with 2.5% glutaraldehyde for 30 minutes at 4°C. Fixed cells were 

further dehydrated with an ethanol gradient (20%, 40%, 60%, 80%, 90% and 100%). The 

samples were then coated with a layer of gold and visualized under SEM.  

 

For fluorescence microscopy, treated E. coli cells were harvested and fixed with 4% 

paraformaldehyde followed by staining with membrane dye FM™ 4-64FX (1 μg/mL) or 

nucleoid stain DAPI (0.3 µM) at room temperature for 15 minutes. A small volume (5µl) of 

cells was deposited on agarose pad and sealed with a clean coverslip. The cells were then 

observed under a Zeiss Axioscope A1 fluorescence microscope equipped with an AxioCam 

MRC digital camera using EC Plan-Neofluar 100X objective. 

 

4.4.13 Isolation and whole genome sequencing of resistant mutant 

E. coli mutant displaying increased MIC for IITR06144 was isolated by serial passaging 

method [269]. For the serial passaging studies, 1% inoculum of stationary phase culture of E. 

coli ATCC 25922 was added to tubes containing 3 mL fresh MH medium in the presence of 0.5 

µg/mL (1X MIC) IITR06144 for 24 h at 37°C under shaking conditions at 180 rpm [269]. For 
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the second passage, the cells that survived the first exposure to IITR06144 were subsequently 

sub cultured (1% inoculum) into fresh medium containing 1 µg/mL IITR06144 (2X MIC) for 

24 h at 37°C and 180 rpm. For the subsequent 3
rd

 passage, 1% inoculum from the second 

exposure was added to tubes containing 2 µg/mL IITR06144 (i.e. 4X MIC) and incubated 

similarly as mentioned above. A 100 µL aliquot of cells that survived the third passage was 

then spread on drug containing plates (4X MIC IITR06144) and MIC of the colonies obtained 

was further determined by broth microdilution in order to confirm resistance generation. The 

genomic DNA of the resistant mutant was isolated, and sequencing was performed on Illumina 

HiSeq System at Aggrigenome Labs Pvt Ltd, Bangalore, India.  

 

4.4.14 Assessment of DNA damage by IITR06144 

DNA damage in bacterial cells was assessed using in situ Cell Death Detection Kit, Fluorescein 

(Roche, Germany) by Terminal deoxyribonucleotide Transferase (TdT)-mediated dUTP Nick 

End Labelling (TUNEL) assay [270]. Overnight culture of E. coli ATCC 25922 was 100 times 

diluted in LB broth and grown at 37 °C in shaking condition until log phase. The cells were 

diluted to OD600 ~0.1 and grown for 2 h at 37°C in the presence of IITR06144, ciprofloxacin 

and nitrofurantoin. At the end of incubation, cells were pelleted and fixed with 4% 

paraformaldehyde. TUNEL positive cells were quantitated by flow cytometry using BD 

FACSVerse™ (BD Biosciences, Franklin Lakes, NJ, USA) and the results were analysed using 

BD FACSuite™ software. 

 

4.4.15 Membrane depolarization assay 

E. coli cells grown to an OD600 ~0.5 were washed with PBS and further resuspended in PBS 

containing 5 mM glucose. Then, IITR06144 (at 1X MIC, 2X MIC) and carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) at 10 µM concentration were added to 1 ml aliquots of the cell 

suspension and incubated at 37 °C for 15 min. Fluorescent dye [DiBAC4] (Sigma, USA) at 

concentration 1 µM was added to all the tubes and incubated for another 15 min at 37 °C.  

Fluorescence of the treated cells was analysed by flow cytometry using BD FACSVerseTM 

(BD Biosciences, Franklin Lakes, NJ) and compared to untreated control. 

 

4.4.16 Immunofluorescence microscopy for visualisation of FtsZ 

E. coli cells at OD600 ~0.1 were exposed to sub-inhibitory concentration of IITR06144 for 2h at 

37°C with agitation. The cells were processed for immunofluorescence as described previously 
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[271]. Drug treated E. coli cells were harvested by centrifugation and washed twice in PBS. 

The cell pellet was then resuspended in 500 µl of PBS and 100 µl of fixative was added. Fixed 

bacterial cells were then added to poly-L lysine coated slides and let dry. The slides were 

washed with PBS and 10 µl of 2 mg/mL lysozyme was added followed by 20 min incubation. 

After a few washing steps, 2% BSA was added as a blocking agent. The slides were kept in a 

humid chamber for 30 min. Anti-FtsZ antibody (1:100 dilution in 2% BSA) was added to the 

slides after thorough washing and incubated overnight at 4ºC in the humid chamber. The next 

day the slides were washed 20 times with PBS and FITC labelled anti-rabbit antibody (1:500 

dilution in 2% BSA) was added. After an incubation of 30 minutes, the slide was thoroughly 

washed with PBS and dried. Propidium iodide (0.1 mg/mL) was used to stain nucleoids and 

slides were visualized under Carl Zeiss fluorescence microscope. The images were processed 

using Zen software package. 

 

4.4.17 Growth inhibition of antisense expressing E. coli strains 

The effect of IITR06144 on growth of E. coli cells expressing antisense of ftsZ and murA genes 

was assessed by studying the bacterial growth at 600 nm [253],[272]. E. coli BW25113 cells 

carrying pHN678, pHN678 with an ftsZ antisense insert (pHN678- ftsZ) or pHN678 with a 

murA antisense insert (pHN678-murA) were grown for 10 h in LB broth supplemented with 

chloramphenicol (30 mg/L) at 37ºC in shaking condition. The cells were then diluted 100 folds 

in fresh LB-chloramphenicol medium and added to 96-well plates containing drugs at indicated 

concentration in the presence of optimised IPTG dose to induce the expression of ftsZ (50 µM) 

and murA (150 µM) antisense. Plates were read every hour using microplate reader (Biotek) to 

monitor the growth. 

 

4.4.18 Quantification of FtsZ protein levels by western botting 

Western blot analysis was performed to determine the FtsZ protein levels in IITR06144 treated 

E. coli ATCC 25922, as described previously [273]. E. coli cells at OD600 of 0.1 were treated 

with 2.5X MIC and 4X MIC of IITR06144 for 4 h. The cells were harvested and lysed using 

Bug Buster
R 

protein extraction reagent (Merck Millipore) for 35 minutes at room temperature 

with gentle shaking. Total protein in cell lysate was quantified by using BCA protein 

estimation kit (Thermo Scientific). 40 μg of total protein was resolved on 12% Glycine SDS-

PAGE and the proteins were transferred to a nitrocellulose membrane. The membrane was 

incubated in 25 ml of blocking buffer {5% skimmed milk in PBS containing  0.05% Tween 20 
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(PBS-T)}  for one hour at room temperature.The membrane was washed three times with PBS-

T and then incubated with a 1:5,000 dilution of  anti-FtsZ antibody (raised in rabbits at IVRI, 

Bareily) overnight at 4°C. GAPDH was used as an endogenous control for E. coli and was 

detected with anti-GAPDH antibody (Thermo Scientific) at a dilution of a 1:10,000 dilution. 

The membrane was then washed three times with PBS-T and incubated further with secondary 

antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG antibody) at 1:10,000 dilution 

for 1 h at room temperature. Membrane was again washed three times with 25 ml of TBST 

buffer for 15 minutes each. The luminescent signal indicating the expression of FtsZ was 

detected using ECL substrate (Bio-Rad) for 1 minute at room temperature in the dark room. An 

autoradiography film (Kodak, USA) was exposed to the membrane and incubated for a span of 

2 minutes in order to capture the signal. The film was developed, washed and scanned to obtain 

an image. 

 

4.4.19 Effect of antioxidant pre-treatment on killing by IITR06144 

The effect of pre-treatment with antioxidant Vitamin C (L-ascorbic acid) on IITR06144 killing 

was assayed in E. coli ATCC 25922 as described in Supplementary Methods [255]. Cells 

grown to OD600 of 0.6 in LB medium were 25 times diluted and divided into two equal parts 

such that one part was pre-treated with vitamin C (5 mM) while the remaining cells acted as 

control. Cells were kept for 20 min at 125 rpm at 37ºC after which they were transferred to 96-

well plate containing different concentrations of IITR06144. Growth was monitored for up to 8 

h at 37ºC under static condition using a plate reader. Methyl viologen (0.6 mM) served as a 

positive control for the assay. 

 

4.4.20 In vivo efficacy studies in mice model of systemic infection 

To assess in vivo efficacy, IITR06144 was administrated to female BALB/c mice (n=5) after 

24h of A. baumannii AYE infection. Prior to infection, groups of 6-7 week old female BALB/c 

mice (n=5) were rendered neutropenic by intraperitoneal injection of cyclophosphamide 

consecutively for 2 days at 200 mg/kg body weight. Later, mice were intravenously infected 

with 1X10
7
 CFU of the A. baumannii AYE strain. IITR06144 (at 6.25, 12.5, 25, 50 mg/kg of 

body weight) or vehicle control (10% cremophore EL and 10% DMSO in PBS, pH 7.4) were 

orally administrated p.o. after 24 h of infection consecutively for 4 days. Animals were 
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euthanized on the 5
th

 day of compound administration and Organs (spleen, kidney, liver and 

lung) were plated to assess the bacterial burden. 

 

 4.4.21 In vivo toxicity studies 

Control group (n=5) was given vehicle (10% cremophore EL and 10% DMSO in 100 mM PBS, 

pH 7.4) while treatment group was orally administered with IITR06144 and Nitrofurantoin (at 

50 mg/kg body weight) consecutively for 5 days at 24 h interval. Animals were monitored at 

regular time intervals for any unfavourable effects and on the 6
th

 day, animals were kept 

without any dosing. Animals were later euthanized, blood was collected, and organ weights 

were assessed. Evaluation of biochemical parameters such as alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin, creatinine, 

triglycerides and cholesterol was carried out as per the manufacturer‘s protocol (Erba, 

Mannheim, Germany).  

 

4.4.22 Statistical analysis 

All data were statistically analysed using GraphPad Prism 5 software (GraphPad Software). 

Results were expressed as mean of triplicate values, with error bars representing the standard 

deviations. Data was analysed using one-way ANOVA and two-way ANOVA followed by 

Dunnett‘s multiple comparison test or Bonferroni Post Hoc test and has been indicated in the 

figure legends. P value less than 0.05 (P<0.05) were considered to be statistically significant. 

None of the data points were excluded while performing statistical analysis. Lengths of E. coli 

cells upon treatment with IITR06144 were measured using ImageJ and frequency distribution 

of cell lengths was plotted on GraphPad Prism 5. 
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5     Studies on the combinations of IITR06144 with clinically 

important antibiotics against bacterial pathogens 

 

 

5.1 Introduction 
 

In the era of ever increasing antibiotic resistance, limited therapeutic options exist for treatment 

of infections caused by multidrug-resistant (MDR) pathogens. In order to keep up with the 

anticipated evolution of resistance, there is a dire need for novel antibacterial agents. However, 

novel antibiotic discovery is a challenging process and it is important to explore alternative 

treatment strategies in order to tackle bacterial infections. Combinatorial therapy is one such 

promising approach that aims to potentiate the activity of conventional antibiotics that seem 

ineffective when administered as a single agent [12] . The use of combination therapy is 

desirable since it not only limits the emergence of resistance but also broadens the antibacterial 

spectrum [13]. More importantly, it provides an added benefit of reduced toxicity thereby 

lowering the effective dose of each drug, in combination [14].  

 

The potency of synergistic therapies to improve antibiotic efficacy and combat antibiotic 

resistance prompted me to develop a novel small molecule-antibiotic combination regime for 

treatment of bacterial infections. As discussed in chapter 4, a novel antibacterial small 

molecule, IITR06144 was discovered from a library of 11,000 small molecules against the 

Gram negative model organism, E. coli ATCC 25922. IITR06144 displayed excellent 

antibacterial activity against a broad range of bacterial isolates including multidrug-resistant 

Gram-positive, Gram-negative pathogens, Mycobacterium spps. and anaerobic bacteria.  

 

This study was undertaken initially with the primary motive to evaluate the compatibility of 

IITR06144 with clinically relevant antibiotics belonging to different classes by studying their in 

vitro interaction using the standard checkerboard method against the Gram negative model 

organism, E. coli ATCC 25922 (Section 4.2.12). Encouraged by the in vitro interaction data 

against E. coli ATCC 25922, which showed IITR06144 to have no negative interactions with 

any of the antibiotic classes, I further sought to determine its combination profile in few other 

bacteria, belonging to the ESKAPE category such as A. baumannii, K. pneumoniae and S. 

aureus. The most promising small molecule-antibiotic combination was further evaluated for 
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its in vitro pharmacodynamic properties, activity against bacterial strains isolated from the 

clinic and in vivo efficacy in a nematode infection model. 

 

5.2 Results 

5.2.1 In vitro combinations of IITR06144 with antibiotics were screened by the 

checkerboard assay against A. baumannii AYE and S. aureus ATCC 29213 

 

A. baumannii and S. aureus are two troublesome Gram negative and Gram positive ESKAPE 

pathogens respectively. A. baumannii AYE is a multidrug resistant strain which exhibits 

resistance to most β-lactams, aminoglycosides, fluoroquinolones, chloramphenicol, 

tetracycline, and rifampin [274]. S. aureus ATCC 29213 is a standard quality-control strain 

utilised in laboratory testing and displays a weak beta lactamase activity and oxacillin 

sensitivity [275]. Using the modified checkerboard method, the pairwise interaction of 

IITR06144 with several antibiotics belonging to different chemical classes was studied 

[166],[165]. The FICI values were calculated by the given formula:  

 

FICI=FIC-A + FIC-B 

 

(FIC, fractional inhibitory concentration; FIC-A, MIC of drug A in the presence of drug B 

divided by MIC of drug A alone; FIC-B, MIC of drug B in the presence of drug A divided by 

MIC of drug B alone).  FICI value of <0.5 was considered to be synergistic, FICI > 0.5 meant 

additive interaction or indifference, FICI > 4 denotes antagonistic interaction.  

 

Table 5.1 and 5.2 lists the MICs and FICIs displayed by IITR06144 in combination with 

several antibiotics against the reference strains A. baumannii AYE and S. aureus ATCC 29213 

respectively. In both the strains, IITR06144 was observed to display a synergistic interaction 

(FICI<0.5) with kanamycin which belongs to the aminoglycoside class of antibiotics. The 

MDR strain, A. baumannii AYE also displayed favourable interaction with meropenem which 

is a last resort antibiotic of the carbapenem class. On the other hand, Vancomycin, which is 

considered as a ‗gold standard‘ for the treatment of S. aureus infections showed a fourfold 

reduction in the MIC in combination with IITR06144 against S. aureus ATCC 29213. 
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Table 5.1: Fractional inhibitory concentration Index (FICI) of IITR06144 and various antibiotics 

against A. baumannii AYE as determined by the checkerboard method. 

*Bold figures indicate synergistic interactions  

FICI< 0.5 = synergy; FICI > 0.5 <2 = additive; FICI > 4 antagonistic; FICI: Fractional Inhibitory Concentration 

Index. MIC values are given in terms of µg/mL. 

 

Table 5.2: Fractional inhibitory concentration Index (FICI) of IITR06144 and various antibiotics 

against S. aureus ATCC 29213 as determined by the checkerboard method. 

Antibiotic MIC of  

Antibiotic 

MIC of 

Antibiotic 

 in 

combination 

 

FIC of 

antibiotic 

MIC 

of 

IITR06144 

in  

combination 

FIC of 

IITR06144 

FICI* 

Vancomycin 0.5 0.125 0.25 0.125 0.25 0.5 

Kanamycin 4 1 0.25 0.125 0.25 0.5 

Rifampicin 0.004 0.004 1 0.25 0.5 1.5 

Meropenem 4 1 0.25 0.125 0.25 0.5 

Trimethoprim 8 4 0.5 0.125 0.25 0.75 

Nalidixic Acid 32 8 0.25 0.5 1 1.25 

Ampicillin 16 16 1 0.5 1 2 

*Bold figures indicate synergistic interactions  

FICI< 0.5 = synergy; FICI > 0.5 <2 = additive; FICI > 4 antagonistic; FICI: Fractional Inhibitory Concentration 

Index. MIC values are given in terms of µg/mL.

Antibiotic MIC of  

Antibiotic 

MIC of 

Antibiotic 

 in 

combination 

 

FIC of 

antibiotic 

MIC 

of IITR06144 

in  

combination 

FIC of 

IITR06144 

FICI* 

Fosfomycin 64 64 1 0.5 1 2 

Tetracycline 64 8 0.125 0.5 1 1.125 

Kanamycin 512 128 0.25 0.125 0.25 0.5 

Rifampicin 4 0.25 0.0625 0.25 0.5 0.5625 

Meropenem 0.5 0.125 0.25 0.125 0.25 0.5 

Trimethoprim 512 256 0.5 0.25 0.5 1 

Norfloxacin 512 64 0.25 0.25 0.5 0.75 
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5.2.2 IITR06144 displayed synergy with aminoglycoside class of antibiotics in A. baumannii 

AYE, S. aureus ATCC 29213 and K. pneumoniae ATCC 700603. 

 

Out of the various antibiotic-IITR06144 interactions studied, IITR06144 was observed to 

exhibit synergy with kanamycin against A. baumannii AYE and S. aureus ATCC 29213. This 

observation was further elaborated by studying its interaction with other antibiotics from the 

aminoglycoside class. 

 

Similar to the previous observation where, IITR06144 interacted synergistically with 

aminoglycoside class of antibiotics against E. coli ATCC 25922 (Table 4.7); IITR06144 also 

exhibited a synergistic interaction (FICI <0.5) with amikacin, gentamicin etc  in both A. 

baumannii AYE and S. aureus ATCC 29213, causing a four to eight fold reduction in the MIC 

of these aminoglycoside antibiotics (Table 5.3 and 5.4). 

  

Table 5.3: Fractional inhibitory concentration Index (FICI) of IITR06144 and aminoglycoside 

antibiotics against A. baumannii AYE as determined by the checkerboard method. 

Antibiotic MIC of  

Antibiotic 

MIC of 

Antibiotic 

 in 

combination 

 

FIC of 

antibiotic 

MIC 

of IITR06144 

in  

combination 

FIC of 

IITR06144 

FICI  

Kanamycin 512 128 0.25 0.125 0.25 0.5 

Gentamicin 512 128 0.25 0.125 0.25 0.5 

Amikacin 4 0.5 0.125 0.125 0.25 0.375 

*Bold figures indicate synergistic interactions  

FICI< 0.5 = synergy; FICI > 0.5 <2 = additive; FICI > 4 antagonistic; FICI: Fractional Inhibitory Concentration 

Index. MIC values are given in terms of µg/mL. 

 

The synergistic interaction between IIR06144 and aminoglycosides was also observed to occur 

in Klebsiella pneumoniae ATCC 700603, a Gram negative ESKAPE pathogen exhibiting ≥ 4 

fold reduction in MICs of both IITR06144 and representative aminoglycosides when 

administered in combination (Table 5.5). Although, K. pneumoniae showed extremely high 

MIC for IITR06144 (64 µg/ml), its combination with aminoglycoside was observed to be 

synergistic causing a fourfold reduction in MIC (16 µg/ml). While the IITR06144-meropenem 
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combination in A. baumannii AYE showed FICI value of 0.5, in K. pneumoniae the 

combination was found to be additive in nature (FICI: 0.53). 

 

Table 5.4: Fractional inhibitory concentration Index (FICI) of IITR06144 and various antibiotics 

against S. aureus ATCC 29213 as determined by the checkerboard method. 

Antibiotic MIC of  

Antibiotic 

MIC of 

Antibiotic 

 in 

combination 

 

FIC of 

antibiotic 

MIC 

of IITR06144 

in  

combination 

FIC of 

IITR06144 

FICI  

Kanamycin 4 1 0.25 0.125 0.25 0.5 

Gentamicin 2 0.5 0.25 0.125 0.25 0.5 

Amikacin 4 1 0.25 0.125 0.25 0.5 

Streptomycin 8 2 0.25 0.125 0.25 0.5 

*Bold figures indicate synergistic interactions  

FICI< 0.5 = synergy; FICI > 0.5 <2 = additive; FICI > 4 antagonistic; FICI: Fractional Inhibitory Concentration 

Index. MIC values are given in terms of µg/mL. 

 

Table 5.5: Fractional inhibitory concentration Index (FICI) of IITR06144 and various antibiotics 

against K. pneumoniae ATCC 700603 as determined by the checkerboard method. 

Antibiotic MIC of  

Antibiotic 

MIC of 

Antibiotic 

 in 

combination 

 

FIC of 

antibiotic 

MIC 

of IITR06144 

in  

combination 

FIC of 

IITR06144 

FICI  

Kanamycin 16 1 0.0625 16 0.25 0.3125 

Amikacin 0.25 0.0156 0.0625 16 0.25 0.3125 

Gentamicin 8 0.5 0.0625 16 0.25 0.3125 

Meropenem 1 0.031 0.031 32 0.5 0.531 

*Bold figures indicate synergistic interactions  

FICI< 0.5 = synergy; FICI > 0.5 <2 = additive; FICI > 2 antagonistic; FICI: Fractional Inhibitory Concentration 

Index. MIC values are given in terms of µg/mL. 
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5.2.3 IITR06144 exhibited synergistic interaction with vancomycin against Methicillin 

sensitive S. aureus (MSSA) ATCC 29213. 

 

Of all the studied pairwise interactions of IITR06144 with antibiotics against S. aureus, the 

most peculiar was found to be synergistic combination of IITR06144-vancomycin, since 

vancomycin antibiotic has been the mainstay for the treatment of infections caused by 

methicillin resistant S. aureus (Table 5.2) [276]. Since synergistic interaction of IITR06144-

vancomycin exhibited in methicillin sensitive S. aureus ATCC 29213, I further sought to 

determine if this interaction also existed with methicillin resistant clinical strains of S. aureus 

by the checkerboard method. 

 

5.2.4 IITR06144 exhibited synergistic interaction with vancomycin against MRSA clinical 

isolates that are vancomycin-susceptible Staphylococcus aureus (VSSA), heterogenous 

Vancomycin Intermediate S. aureus (hVISA) or Vancomycin Intermediate S. aureus 

(VISA).  

 

The in vitro interaction of IITR06144 with vancomycin was further evaluated in clinical 

isolates of S. aureus procured from SGPGI Medical College, Lucknow, India and AIIMS, 

Bhopal, India. These strains were isolated from different sites in the human host such as 

sputum, blood, pus or were isolates of the urinary tract. As per previous studies done in the lab, 

all these strains displayed resistance to methicillin and oxacillin [229]. The susceptibility of the 

isolates to vancomycin was further determined by the broth microdilution assay as per the CLSI 

guidelines (Table 5.6) [275]. S. aureus clinical isolates that display vancomycin MICs of 2 

μg/ml have been associated to therapeutic failure of vancomycin in clinics and known to 

exhibit the heterogenous vancomycin-intermediate S. aureus (hVISA) phenotype [276]. Hence, 

the clinical isolates that displayed MIC ≥2 µg/mL were further subjected to the Brain Heart 

Infusion (BHI) Agar screening assay to detect the presence of heterogenous Vancomycin 

Intermediate S. aureus (hVISA) or Vancomycin Intermediate S. aureus (VISA) strains (Fig. 

5.1) [277]. 
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Figure 5.1: Brain Heart Infusion (BHI) Agar screening assay for detection of heterogenous 

Vancomycin Intermediate S. aureus (hVISA) or Vancomycin Intermediate S. aureus (VISA). BHI 

agar plates containing vancomycin (4 µg/ml) were spotted with 10 µl of 0.5 Mc Farland (McF) and 

2 MC Farland (McF) S. aureus test isolates in triplicates. An isolate was considered to be hVISA 

when the 2 Mc Farland droplets had at least two colonies. Greater than 20 colonies were 

considered as Too Numerous to Count (TNTC) and the corresponding strain was considered to be 

VISA. (a) S. aureus ST1745 was observed to be hVISA while (b) S. aureus RPT U9 and (c) S. 

aureus RPT U13 were VISA isolates. 

 

On the basis of the number of colonies obtained on BHI agar plates containing 4 µg/ml of 

vancomycin, strains were designated to be hVISA or VISA. The BHI Agar screening assay 

confirmed the isolate S. aureus ST1745 to exhibit heteroresistance to vancomycin while the 

isolates S. aureus RPT U9 and S. aureus RPT U13 were observed to be intermediately resistant 

to vancomycin (Fig 5.1). The remaining strains utilized in the study showed vancomycin 

sensitivity (MIC range: 0.5-1 µg/ml). Further combination studies were carried out to 

determine whether IITR06144 displayed the potential to act synergistically with vancomycin 

against  vancomycin-susceptible Staphylococcus aureus (VSSA), heterogenous Vancomycin 

Intermediate S. aureus (hVISA)  and Vancomycin Intermediate S. aureus (VISA). The results 

from the checkerboard assay revealed that 50% of the methicillin resistant isolates exhibited 

synergy with IITR06144 (Table 5.6). Interestingly, the three hVISA and VISA isolates also 

showed FIC values <0.5 thus indicating a synergistic interaction, such that the combinations 

showed ≥ fourfold reduction in vancomycin MIC, such that it could fall below the 

susceptibility breakpoint criteria, as laid down by the CLSI (Table 5.6).  
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5.2.5 Time kill studies confirmed the synergistic and bactericidal interactions between 

vancomycin and IITR06144 against Methicillin Resistant S. aureus (MRSA) and 

Vancomycin Susceptible S. aureus (VSSA) strain ST2071. 

 

The synergistic interaction between IITR06144 and vancomycin observed by the checkerboard 

method was further validated using the time kill kinetics assay in Methicillin Resistant S. 

aureus (MRSA) ST2071 strain. S. aureus ST2071 is a sputum isolate exhibiting resistance to 

methicillin, oxacillin, ciprofloxacin, nalidixic acid, erythromycin and tetracycline [229]. The 

MIC of vancomycin and IITR06144 against ST 2017 was 1 µg/ml and 0.5 µg/ml respectively. 

Log phase cultures were exposed to IITR06144 and Vancomycin at concentrations 0.0625 

µg/ml and 2 µg/ml respectively both alone and in combination for 24 hours and viable counts 

were determined at regular intervals. In a kill kinetics assay that employs two drugs in 

combination, synergy is defined as a ≥2-log10 decrease in CFU/ml in the combinations in 

comparison to its most active constituent, after 24 hour of treatment [166]. The combination of 

vancomycin and IITR06144 displayed excellent antibacterial activity and high rate of killing of 

S. aureus ST2071 exhibiting a ≥12-log10 decrease in comparison to the most potent agent 

individually i.e. vancomycin at 24 h (Fig. 5.2). This proved the combination of ITR06144-

vancomycin to be bactericidal in nature and both the antibiotics acted in synergy to inhibit the 

Methicillin Resistant clinical isolate S. aureus ST2071. 
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Table 5.6: Fractional inhibitory concentration Index (FICI) of IITR06144 and vancomycin against clinical isolates of S. aureus as determined by the 

checkerboard method. 

Strain no. MIC of 

Vancomycin 

MIC of 

Vancomycin 

in 

combination 

 

FIC of 

antibiotic 

MIC 

            of    

      IITR06144 

 

MIC 

of IITR06144  

in 

combination 

   FIC of    

IITR06144 

FICI 

MRSA ST2071 1 0.25 0.25 0.5 0.125 0.25 0.5 

MRSA B10760 1 0.25 0.25 0.5 0.125 0.25 0.5 

hVISA ST1745 2 0.125 0.0625 0.25 0.125 0.5 0.5625 

MRSA ST3151 0.5 0.031 0.0625 1 0.5 0.5 0.5625 

MRSA B10732 1 0.031 0.031 0.5 0.125 0.25 0.281 

MRSA P4423 1 0.25 0.25 0.5 0.25 0.5 0.75 

MRSA RPT U8 0.5 0.25 0.5 1 0.5 0.5 1 

VISA RPT U9 2 0.5 0.25 0.5 0.125 0.25 0.5 

MRSA RPT U10 1 0.015 0.015 0.25 0.125 0.5 0.515 

VISA RPT U13 2 0.5 0.25 1 0.25 0.25 0.5 

*Bold figures indicate synergistic interactions  

FICI< 0.5 = synergy; FICI > 0.5 <2 = additive; FICI > 4 antagonistic; FICI: Fractional Inhibitory Concentration Index. MIC values are given in 

terms of µg/mL. Source of clinical isolates mentioned in Appendix 9.1. 
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Figure 5.2: Kinetics of bacterial killing by combination of IITR06144 and Vancomycin in S. 

aureus ST2071 isolate. Cells were treated with IITR06144 alone (at 0.0625 µg/ml), Vancomycin 

alone (at 2 µg/ml) and a combination of IITR06144 and Vancomycin at similar concentrations. 

Aliquots were withdrawn at regular intervals and viable counts were determined up to 24 h of 

treatment. 

 

5.2.6 Live dead staining confirmed the bactericidal interaction between vancomycin and 

IITR06144 against Vancomycin Susceptible S. aureus ST2071 (VSSA). 

 

Fluorescence microscopy studies were further carried out to confirm the bactericidal activity of 

IITR06144-vancomycin combination against S. aureus ST 2071. Log phase cells of S. aureus 

ST 2071 were incubated with vancomycin, IITR06144 alone and in combination at 

concentration corresponding to 4X FIC of each antibiotic for 3 hours at 37º C and 180 rpm. The 

cells were subsequently washed with 1X PBS and analysed using LIVE/DEAD BacLight 

bacterial viability assay kit followed by fluorescence microscopy studies. The LIVE/DEAD kit 

uses a combination of two dyes, SYTO9 and PI where SYTO 9 stains all cells, both live and 

dead while Propidium Iodide (PI) is able to stain cells with compromised membranes, i.e. dead 

cells. LIVE/DEAD staining further validated the bactericidal potential of IITR06144 

combination where untreated S. aureus cells displayed negligible PI signal indicating the 

presence of intact membrane. The combination of IITR06144 and vancomycin on the other 

hand displayed increased PI fluorescence in S. aureus cells suggesting that it causes cell death 

in contrast to individual drugs (Fig. 5.3). 
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Figure 5.3: Fluorescence microscopy analysis for viability of S. aureus ST 2071 cells using 

LIVE/DEAD BacLight bacterial viability assay kit. Log phase cells of S. aureus ST 2071 were 

incubated with vancomycin, IITR06144 alone and in combination at 4X FIC for 3 hours. 

Following treatment cells were washed once with 1X PBS and stained with dyes SYTO9 and PI 

from the LIVE/DEAD BacLight bacterial viability assay kit. After 30 minutes of incubation, 

fluorescence microscopy studies were carried out to assess cell viability. Scale bar represents 1 

µm. 
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5.2.7 IITR06144-vancomycin combination displayed an enhanced Post antibiotic effect. 

 

The Post antibiotic effect (PAE) was studied in order to determine the duration for which the 

combination of vancomycin and IITR06144 remains effective against S. aureus cells after it has 

been removed from the medium, in comparison to drugs when administered alone. It was 

observed that S. aureus ST2071 cells when exposed to IITR06144 at concentration 0.125 μg/ml 

for 1 hour, prolong the PAE of vancomycin by approximately 30 minutes (Fig. 5.4). From the 

clinical viewpoint, the prolongation of PAE of vancomycin when combined with IITR06144 

can turn out to be valuable for improving the treatment regimen and reducing the drug induced 

side effects [278],[263]. 

(A) 

 PAE (in hour) 

IITR06144 0.5 

Vancomycin 1 

Vancomycin + IITR06144 1.5 

(B) 

 

Figure 5.4: (A) Post Antibiotic effect of the combination of IITR06144 plus vancomycin in 

comparison with vancomycin alone treated cells of S. aureus strain ST 2071. (B) Viable counts 

were determined before exposure and immediately after resuspension (0 h) followed by plating 

every 1 hour. Each value represents the mean of three values and error bars denote the standard 

deviation. 
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5.2.8 IITR06144 displayed synergistic and bactericidal interactions with vancomycin 

against heterogenous Vancomycin Intermediate S. aureus ST1745 (hVISA). 

 

Upon examination of the in vitro interaction between IITR06144 and vancomycin against the 

clinical isolates of S. aureus, it was observed that 50% strains showed FICI values ≤0.5 

indicating synergy, a few strains displayed a borderline FICI (0.515-0.5625) which lied in the 

range of additive interactions. However, the chequerboard assay cannot be considered to be the 

only predictor of synergistic interactions and further assays need to be carried out to confirm 

the type of drug interactions. Evaluating the bactericidal effect of drugs in combination by 

performing the time kill kinetics assay is a viable and useful approach that has demonstrated 

the potential to identify synergistic combinations, including even the ones which did not 

display synergy in the chequerboard assay [279]–[282]. Hence, I further sought to evaluate the 

potential interaction between IITR06144 and vancomycin against the heterogenous 

Vancomycin Intermediate S. aureus ST1745 (hVISA) using the time kill kinetics assay. 

Vancomycin in combination with IITR06144 displayed excellent antibacterial activity 

exhibiting a ≥12-log10 decrease in CFU/mL in comparison to vancomycin alone, thus 

indicating synergy (Fig. 5.5). Thus IITR06144 was observed to act in synergy with vancomycin 

against hVISA isolate and this study revealed the importance of time kill assays over the 

chequerboard method. 

 

5.2.9 IITR06144-vancomycin combination showed reduced frequency for resistance 

generation 

 

The frequency of emergence of resistance against the IITR06144-vancomycin combination in 

S. aureus hVISA ST1745 was further evaluated by the large inoculum approach [264]. 10
9 

CFU/mL of S. aureus cells were exposed to Vancomycin (at 2X MIC) alone and in 

combination with IITR06144 (at 0.5X MIC and 1X MIC) for 72 hours. The frequency of 

resistance (FOR) for the IITR06144-vancomycin combination was observed to be lower than 

that of vancomycin alone (Table 5.7). 
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Figure 5.5: Kinetics of bacterial killing by combination of IITR06144 and Vancomycin in hVISA 

isolate S. aureus 1745. (A) Cells were treated with IITR06144 alone (0.5 µg/ml), Vancomycin alone 

(0.25 µg/ml) and with combination of IITR06144 and Vancomycin at similar concentrations. 

Aliquots were withdrawn at regular intervals and viable counts were determined up to 24 h of 

treatment. (B) Image of the culture tubes from the time kill kinetics assay after 24 hour of drug 

treatment. Corresponding CFU/ml was plated to determine the viable count. 
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Table 5.7: Frequency of resistance generation against hVISA S. aureus ST 1745 by IITR06144-

vancomycin combination. 

 Frequency of 

Resistance  

Vancomycin (2X MIC) 129 ± 30 X 10
-7

 

Vancomycin (2X MIC) + IITR06144 (0.5X MIC) 2 ± 1 X 10
-9

 

Vancomycin (2X MIC) + IITR06144 (1X MIC) <10
-9

 

 

 

5.2.10 IITR06144-vancomycin combination inhibited biofilm formation on abiotic 

surfaces. 

 

Biofilms are highly organized communities of cells that possess unique characteristics in stark 

contrast to the characteristics of free-floating planktonic cells such that they are refractory to 

antibiotic treatment [115]. The ability of S. aureus to form recalcitrant biofilms on medical 

devices and hospital surfaces is a major concern in the hospital environments [283]. Hence, the 

ability of IITR06144 and vancomycin combination to inhibit S. aureus ST 2017 biofilm 

formation was further tested by the crystal violet biofilm staining assay in a 96-well microtiter 

plate. Biofilms were allowed to form for 48 hour in the presence of vancomycin (0.25 µg/ml) 

and IITR06144 (0.125 µg/ml) and percentage inhibition was calculated with respect to 

untreated control. Vancomycin and IITR06144 alone could inhibit biofilm formation by 35.9% 

and 34.3% respectively while in combination it could inhibit biofilm formation by 66% (Fig. 

5.6). Hence, the combination of IITR06144 and vancomycin displayed great potential to inhibit 

the formation of S.aureus biofilm on abiotic surfaces. 
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Figure 5.6: Percentage inhibition of S. aureus ST 2071 biofilm formation by the combination of 

IITR06144 and vancomycin using a 96-well crystal violet (CV) biofilm assay. Percentage 

biofilm inhibition was calculated by the formula = [(ODcontrol − ODtest) /OD control] × 100 

where control OD is the absorbance of crystal violet in the absence of drug. Each value represents 

the mean of three values and error bars indicate standard deviation. P values were determined by 

one-way ANOVA and Dunnett’s multiple comparison test (*, P<0.05; **, P<0.01; ***, P<0.001).  

 

5.2.11 IITR06144-vancomycin combination exhibited haematocompatibility 

 
The effect of IITR06144 and vancomycin alone and in combination on the haemolysis of isolated 

red blood cells was further studied, in order to get a preliminary idea of its toxicity (Fig. 5.7). All 

the concentrations tested displayed negligible haemolysis percentage, thus establishing the 

combination to be non-toxic. 

 

5.2.12 IITR06144-vancomycin combination exhibited in vivo efficacy in C. elegans model 

of S. aureus infection.  

 

To further evaluate the efficacy of the Vancomycin-IITR06144 combination in vivo, I 

employed the temperature-sensitive sterile mutant strain of C. elegans CF512 fer-

15(b26)II:fem-1(hc17) IV [fer-15:fem-1] as the infection model. C.elegans fer mutant is sterile 

at room temperature and can lay eggs only at 15 °C [284]. Adult nematode were allowed to 

feed on S. aureus ST 2071 lawns spotted in the centre of NGM Agar plates for 48 hours [285]. 
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Infected worms were then washed with M9 buffer and treated with vancomycin, IITR06144 

alone and in combination for 24 hours at concentration corresponding to 1X FIC. The strategy 

has been outlined in Fig. 5.8. Worms were subsequently lysed and the number of viable 

bacteria were determined. The worms treated with IITR06144 combination displayed the 

presence of a significantly less bacterial burden in comparison to those treated with either of 

the drugs alone. Hence, the combination could effectively rescue the model nematodes from 

S.aureus infection (Fig. 5.9) 

 

 

 

Figure 5.7: Percentage haemolysis by IITR06144 and Vancomycin alone at 1X, 5X, 10X, 20X of 

the MIC concentration and in combination (at concentrations 1X, 5X, 10X, 20X times the 

Fractional inhibitory concentration). Each value represents the mean of three values and error 

bars indicate standard deviation. 
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Figure 5.8: Schematic workflow for studying the in vivo efficacy of IITR06144-vancomycin 

combination in C. elegans infection model. 

 

Figure 5.9: Effect of IITR06144-vancomycin on the number of live S. aureus cells within the worm 

gut. Adult worms were infected with S. aureus ST 2071 for 48 h and then transferred to M9 buffer 

supplemented with E. coli OP50, to which drug treatment alone or in combination were given. 

CFU were determined in the gut of 15 live worms removed from the plates before (0 day) and 

after 1 day of treatment. P values were determined by one-way ANOVA and Tukey’s multiple 

comparison test (*, P<0.05; **, P<0.01; ***, P<0.001).  
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5.3 Discussion 

 

Methicillin-resistant Staphylococcus aureus (MRSA) is one of the most dangerous gram 

positive pathogens that is known to cause human infections in community and hospital settings 

globally. Vancomycin is the most commonly used antibiotic against MRSA infections and has 

been considered to be the ―gold standard‖ for treatment since decades. However, imprudent use 

of vancomycin has led to the emergence of clinical MRSA isolates with reduced susceptibility 

to the antibiotic [276]. Moreover, infections caused by heterogeneous vancomycin-intermediate 

S. aureus (hVISA) and vancomycin-intermediate S. aureus (VISA) infections are essentially 

life threatening.  Limited treatment options for hVISA/VISA infections have further 

complicated the problem. Although, alternative antimicrobial agents, such as daptomycin, 

trimethoprim/sulfamethoxazole, linezolid, tigecycline and ceftaroline are a few viable options 

but they haven‘t been proved superior to vancomycin so far. Therefore, combination therapy 

may provide a potential treatment option for combating the grave situation caused by h-

VISA/VISA. IITR06144 belongs to the nitrofuran class of antibiotics which are commonly 

prescribed for the treatment of uncomplicated Urinary tract infections. This is the first report 

which studies the combinatorial effect of a nitrofuran antibacterial with vancomycin against 

Staphylococcus aureus. 

 

The objective of this study was to evaluate the synergy between IITR06144 and vancomycin 

against MRSA isolates that are vancomycin-susceptible Staphylococcus aureus (VSSA), 

hVISA, and VISA. IITR06144 belongs to the nitrofuran class of antibiotics which are 

commonly prescribed for the treatment of uncomplicated Urinary tract infections. Until now, 

there haven‘t been any reports assessing the combinatorial effect of this class of antibiotics with 

Vancomycin or other glycopeptides against Staphylococcus aureus.  Time kill kinetics studies 

demonstrated their superiority over the classical chequerboard method to identify probable 

synergistic interactions and IITR06144 exhibited synergistic interaction with vancomycin in 

more than 50% of the isolates studied. IITR06144-vancomycin combination was observed to be 

bactericidal and demonstrated favourable in vitro pharmacodynamics properties such as 

enhanced Post antibiotic effect, anti-biofilm activity, haematocompatability and in vivo efficacy 

in a nematode model of S. aureus infection. Thus, the above described factors warrant the 

potential role of this combination in the treatment of S. aureus associated infections. 
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5.4 Experimental procedures 

5.4.1 Bacterial strains and growth conditions 

Acinetobacter baumannii AYE, Escherichia coli ATCC25922, Staphylococcus aureus ATCC 

25913, Klebsiella pneumoniae ATCC 700603, and clinical strains of S. aureus were routinely 

grown at 37ºC with shaking at 180 RPM in Mueller Hilton Broth (HiMedia, India) and in Luria 

Bertani Broth (HiMedia, India). The clinical isolates used in the study were procured from 

SGPGI, Lucknow, India and AIIMS, Bhopal, India (Appendix Table 2). 

 

5.4.2 Determination of Minimum Inhibitory Concentration (MIC) 

MICs of IITR06144 and various antibiotics against S. aureus isolates were determined by the 

broth microdilution method in Mueller–Hinton medium, as per the CLSI guidelines. MICs were 

determined in 96-well plates and cells were incubated at 37°C in static condition in a humidity 

controlled incubator (Kuhner LT-X). Growth was monitored after 12 hour of incubation by 

reading absorbance at 600 nm.  The lowest concentration of antibacterial which displayed no 

visible turbidity was considered its MIC.  

 

5.4.3 Brain Heart Infusion Agar Screening Assay 

BHI agar plates containing vancomycin (4 µg/ml) were spotted with 10 µl of 0.5 Mc Farland 

(McF) and 2 Mc Farland (McF) S. aureus test isolates in triplicates. An isolate was considered 

to be hVISA when the 2 Mc Farland droplets had at least two colonies. Greater than 20 

colonies were considered as Too Numerous to Count (TNTC) and the corresponding strain was 

considered to be VISA. 

 

5.4.4 Checkerboard assay to assess in vitro interactions 

In vitro synergy of IITR06144 was evaluated in Gram negative and Gram positive isolates by 

modified broth checkerboard assay as described previously in section 4.4.11. In a 96-well plate, 

two fold serial dilutions of IITR06144 were prepared in combination with several antibiotics. 

Log phase bacteria at OD600 ~0.6 were 1000 times diluted and 100 µL of the inoculum was 

added to each well of the assay plate. Plates were then incubated for 16 h at 37ºC. Fractional 

inhibitory concentration index (FICI) was calculated using the formula [MIC drug B in 

presence of Drug A] / [MIC of drug B) + [MIC of drug A in the presence of drug B] / [MIC of 

drug A]. FICI scores were interpreted as follows: synergy (≤0.5), indifference (0.5–4), or 
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antagonism (>4). For each drug combination, FICI ranges were reported from two biologically 

independent experiments. 

 

5.4.5 Time Kill Kinetics assay  

To evaluate the bactericidal potential of IITR06144 alone and in combination with 

vancomycin, the time-kill kinetics assay was performed as described earlier (Section 4.4.4).     

S. aureus cells (10
5
 CFU/mL) were treated with drugs alone or in combination and 100 µl 

aliquots were withdrawn at regular intervals and serial dilutions were plated onto MH agar 

plates. Plates were incubated at 37ºC and colony counts were determined after 12 h.  Bacterial 

killing was assessed by plotting the mean viable counts (as log10 CFU/mL) versus time (in h). 

 

5.4.6 In vitro Post-Antibiotic Effect (PAE) 

Logarithmic phase S. aureus ST 2071 cells (10
6
 CFU/mL) were exposed to IITR06144, 

vancomycin and combination for 1 h in shaking condition at 37°C [263]. Following the 

incubation with respective drugs, cells were centrifuged for 10 min at 4000 rpm at room 

temperature to remove its traces. The cells were washed twice with 1X PBS and resuspended in 

fresh medium followed by further incubation at 37°C. At definite intervals after drug exposure 

(0, 1, 2, 3, 4, 5, 6, 7, 8 hour), viable bacterial counts were determined by plating serial 10-fold 

dilutions on MH agar plates. The PAE was determined by the formula PAE = T – C where, T is 

the time taken for unit log10 increase in inoculum (CFU/mL) versus the inoculum (CFU/mL) 

observed immediately after antibiotic removal; and C is the time it takes to observe a log10 

increase (CFU/mL) in an untreated control. 

 

5.4.7 Determination of Frequency of Resistance (FOR) 

The emergence of spontaneous resistance in S. aureus ST 1745 against IITR06144, 

vancomycin and combination was determined as described previously. 10
9 

CFU/mL of S. 

aureus cells were exposed to vancomycin (at 2X MIC) alone and in combination with 

IITR06144 (at 0.5X MIC and 1X MIC) for 72 hours. The plates were incubated for 48 h at 

37ºC in static conditions in a humidity controlled incubator.  The colony count of the initial 

inoculum was verified by plating serial dilutions onto MH agar plates. The frequency of 

resistance was determined by dividing the average number of colonies obtained after 48 h on 

drug containing plates by the initial inoculum. 
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5.4.8 Biofilm inhibition assay  

Biofilm formation by E. coli MTCC 4296 in the presence of IITR06144 and comparative 

antibiotics was assessed by crystal violet assay [118]. Disruption of preformed biofilms after 12 

h of IITR06144 treatment was studied, as described previously with slight modifications [257]. 

Log phase E. coli cells (OD600~0.6) were 100 times diluted and added to 96-well microtiter 

plate containing test drugs at sub-inhibitory concentrations. Plates were kept under static 

condition in a humidity controlled incubator at 37°C for 48 h. Plates were then read at 600 nm 

and washed thrice with 1X PBS to remove the planktonic cells. Following fixation at 65ºC for 

30 minutes (min), biomass was stained with 0.25% (w/v) crystal violet in methanol: 1X PBS 

(1:3) for 20 min. Following two brief washing steps, biofilms were quantified by addition of 

33% acetic acid in methanol to dissolve the crystal violet adhered to biofilm forming biomass. 

Plates were read at 595 nm and relative absorbance (OD595/600) was calculated. 

 

5.4.9 Haemolysis assay 

Haemolytic activity of IITR06144 was assessed as described previously, with slight 

modifications [265]. Fresh human blood (10 mL) was extracted in a vaccutainer blood 

collection tube (Thomas Scientific) and centrifuged at 2500 rpm for 10 min. The supernatant 

was discarded, and the pellet was washed thrice with 1X PBS. The pellet was then diluted 1:5 

(vol/vol) in 1X PBS and RBC suspensions (1 mL each) were incubated with varying 

concentration of IITR06144 and comparative antibiotics under at 37°C under static condition. 

The time of incubation was increased to 4 h instead of 35 minutes in the reference followed. 

The suspensions were then centrifuged at 2500 rpm for 10 min and the supernatant was 

carefully collected without disturbing the pellet. Haemolysis was monitored by measuring the 

absorbance of the released hemoglobin in the supernatant at 540 nm using a spectrophotometer. 

Triton-X 100 (0.1%) served as the positive control for the assay. Haemolysis levels were 

calculated by the formula: 100 × (At − As)/Ac where Ac, As, and At are the absorbance of 

Triton-X 100, absorbance of solvent control and absorbance of the sample containing drug 

respectively. All experiments were performed in triplicates. 

 

5.4.10 C. elegans growth 

C. elegans CF512 fer-15(b26)II:fem-1(hc17)IV [fer-15:fem-1 worms] strain was used in this 

study which is a double mutant that does not make a germ line at 25°C [284]. These worms 

were routinely maintained on nematode growth medium (NGM) agar plates seeded with E. coli 
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OP50 at permissive temperatures (15°C or 20°C) for propagation using standard procedures 

[286]. For the assays, they were used at restrictive temperature (25°C) in order to induce 

sterility.  

 

5.4.11 In vivo efficacy studies in C. elegans model of infection 

C. elegans were used to test the efficacy of IITR06144-vancomycin combination in an in vivo 

model of S. aureus infection [285]. Adult worms infected with S. aureus ST 2071 for 48 hours 

were washed with M9 buffer containing 1 mM sodium azide (inhibits expulsion of bacteria 

from the worm intestine) to remove external bacteria. Worms were added to microcentrifuge 

tube containing M9 buffer supplemented with cholesterol (10ug/ml) and E. coli OP50 and then 

treated with vancomycin, IITR06144 alone and in combination at concentration corresponding 

to 1X FIC. The numbers of live S. aureus bacteria in the worm intestine were determined 

before and after 24 h of treatment. For this, 15 worms were vortexed at maximum speed for one 

minute in M9 buffer containing 400 mg of 1.0-mm silicon carbide particles, which can disrupt 

the worms but does not affect bacterial survival. The resulting suspension was plated and the 

bacterial CFU per worm calculated using the formula: (average colony number × dilution factor 

× volume of worm lysate)/(volume of lysate plated × number of worms) [287].  
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6     Elucidating the mechanism of action of novel small    

       molecules using chemical-chemical combinations  

 

 

6.1 Introduction 

 

Undoubtedly, antibiotic resistance has emerged as one of the major global health concerns that 

has jeopardized the advancement in modern medicine. The unscrupulous use of antibiotics in 

hospitals, poultry and agriculture industry has led to the uncontrolled proliferation of resistant 

bacterial strains such as vancomycin-resistant Enterococcus faecium, and carbapenem resistant 

Acinetobacter baumannii, taking a toll on thousands of lives worldwide [3].  

 

Needless to say, the best remedial strategy to tackle antibiotic resistance is the continued 

discovery and development of novel antibiotics. The use of phenotypic cell based assays or 

target based approach are the two most common strategies employed in antibacterial screening 

platforms [17]. Considering the shortcomings of target based methods for drug discovery, 

whole cell phenotypic screening is mostly favored and has witnessed resurgence in recent years 

[17], [18]. However, target identification of small molecule antibacterials identified in a 

phenotypic screen poses a tedious and formidable challenge to the researchers [16].  

 

Several strategies such as the use of chemical genetics, biochemical approaches, stress 

responsive whole-cell biosensors, bacterial cytological profiling (BCP) etc. have been utilised 

to elucidate the mechanism of action (MOA) of novel small molecules [9],[21],[29],[28]. 

Chemical-chemical profiling is a novel and unique approach that has been exploited to link 

compound interactions with their mode of action [31]. Both synergistic as well as antagonistic 

chemical interactions have proved invaluable in studying the interactions of biological 

pathways and deciphering MOA of novel growth-inhibitory small molecules [31],[32].  

 

In this study, the strategy of chemical-chemical interaction profiling for 12 novel antibacterials 

screened out of a small molecule library, with a panel of 14 known bioactives against 

Escherichia coli MC1061 was followed [31]. The combination profiles unfolded numerous 

intriguing synergistic, additive or antagonistic interactions. One of the small molecules, 

IITR07865 was taken up for further studies since it was observed to display unique synergistic 

interactions with antibiotics targeting the bacterial cell wall and cell membrane. The MOA of 
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IITR07865 was studied by the use of fluorescence microscopy, protein based biochemical 

assays and spectrofluorometric assays. The antibacterial spectrum, killing kinetics, in vitro 

toxicity and anti-persister activity of IITR07865 was also determined.  The chemical-chemical 

interactions profile also identified a few other molecules that exhibited synergistic or additive 

interactions with multiple bioactives. Considering the possibility of these molecules to be 

membrane active, membrane potential and permeability assays were performed to get an 

insight into their mechanism of action. 

 

 

6.2 Results 
 

6.2.1 Small molecules exhibit lower Minimum Inhibitory Concentration (MIC) against the 

hyperpermeable mutant, E. coli MC1061 in comparison to wild type E. coli ATCC 25922. 

 

A library of ~11,000 small molecules was screened against E. coli ATCC 25922 and 30 

molecules with antibacterial properties were discovered (Fig. 4.1). From the 30 novel 

antibacterial leads, 12 small molecules were selected on the basis of their structural diversity 

and availability. These 12 compounds were screened against E. coli MC1061, which is an outer 

membrane hyperpermeable mutant and exhibits hypersensitivity to antibiotics [31].  These 

molecules were subjected to combination profiling with 14 known antibacterial agents 

representing diverse mechanisms and chemical classes. For example, the various antibiotics 

used were ampicillin, kanamycin, chloramphenicol, tetracycline, fosfomycin, polymyxin B, 

erythromycin, cefotaxime, norfloxacin, vancomycin, rifampicin, sulfamethoxazole, and 

trimethoprim. Triclosan, which is a widely used biocide was also included in the screen [289]. 

These antibiotics or bioactives target the bacterial cell membrane, cell wall synthesis, DNA 

synthesis, protein synthesis, fatty acid synthesis and folic acid synthesis pathways. The strategy 

followed for the study has been outlined in Fig. 6.1.   

 

MICs of each of the small molecule and bioactive were determined against E. coli MC1061 in 

96-well plates as per the CLSI guidelines [275]. Table 6.1 and Table 6.2 show the MIC of small 

molecules and 14 bioactives against the strain, E. coli MC1061. As expected, the small 

molecules could inhibit E. coli MC1061 at lower concentration in comparison to wild type E. 

coli ATCC 25922 (Table 6.1). 
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6.2.2 Combination Screening was based on a two point dose matrix approach  

 

Instead of using the conventional checkerboard for screening the interactions, a previously 

established two point dose matrix approach was followed [31]. In this method, molecules were 

screened on the basis of their ability to inhibit growth at 0.125X (1/8X) and 0.25X (1/4X) of 

their MIC, in combination with bioactives in contrast to when given alone. This approach 

makes the screening process less tedious, reliable and also saves on the amount of small 

molecules required. Average absorbance data obtained from two independent combination 

screens at 0.125X and 0.25X MIC was calculated. 

 

 

 

 

Figure 6.1: Workflow followed to study the interaction profiles of novel antibacterial small 

molecules derived from small molecule screening with known antibiotics/bioactives. 

 

Others 
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Table 6.1: Minimum Inhibitory Concentration (MIC) of 12 antibacterial small molecules against 

E. coli ATCC 25922 and E. coli MC1061. 

S No. Small  

molecules 

MIC (µg/ml) in  

E. coli  

ATCC 25922 

MIC (µg/ml) in  

E. coli  

MC1061 

1. IITR00205  16 16 

2. IITR06033  64 0.25 

3. IITR07480  16 64 

4. IITR07806  32 4 

5. IITR07865 32 8 

6. IITR08276  8 8 

7. IITR08540  64 4 

8. IITR07347  16 16 

9. IITR01324  4 1 

10. IITR07952  32 16 

11. IITR08524  16 2 

12. IITR08345  16 16 

 

 

6.2.3 Combination ratios for the small molecule-bioactive screen were calculated 

 

Further the ―combination ratio‖ was computed, which is defined as the ratio of the percent 

growth of cells exposed to the small molecule-bioactive combinations divided by the percent 

growth in the presence of only the bioactives [31]. Two compounds were considered to be 

synergistic when they displayed combination ratio of 0.25 or lower which correspond to >75% 

growth inhibition, in combination [290]. The combination ratios (CR) were calculated by using 

the following formula: 

 

 

 

 

 

 

O.D of combination 

 

O.D of positive control 

 

O.D of bioactives 

 

O.D of positive control 

 

Combination ratio (CR) = 
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Table 6.2: Minimum Inhibitory Concentration (MIC) of known bioactives against E. coli MC 

1061. 

Bioactives MIC 

(µg/ml) 

Biological  Target 

Ampicillin 8 Cell wall biosynthesis 

Chloramphenicol 0.25 50S ribosome 

Erythromycin 1 50S ribosome 

Fosfomycin 4 Cell wall biosynthesis 

Tetracycline 0.25 30S ribosome 

Triclosan 0.0625 Fatty acid biosynthesis/multiple targets 

Vancomycin 256 Cell wall biosynthesis 

Kanamycin 2 30S ribosome 

Polymyxin B 0.007 Lipopolysaccharide/membrane 

Cefotaxime 0.031 Cell wall biosynthesis 

Norfloxacin 0.007 DNA gyrase 

Rifampicin 2 RNA polymerase 

Sulfamethoxazole 128 Folic acid biosynthesis 

Trimethoprim 0.25 Folic acid biosynthesis 

 

 

Further, the average combination ratios obtained from the screening were plotted individually 

for each bioactive, both at 1/4X and 1/8X MIC (Fig. 6.2A and 6.2B). From the scatter plots, it 

was observed that synergistic interactions in all the combinations screened were observed only 

at 1/4X MIC (and not at 1/8X MIC). 

 

The combination ratios of all the small molecule-bioactive combinations were further compiled 

and represented in the form of heat map to facilitate the analysis of the type of interaction (Fig 

6.3). Synergistic interactions were represented in red colour while black colour represented the 

pairs exhibiting antagonistic interactions. 
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Figure 6.2A: Combination ratio profiles of 12 small molecules with six known bioactives 

(Ampicillin, Chloramphenicol, Erythromycin, Fofomycin, Triclosan and Vancomycin) at 0.25X 

and 0.125X MIC. The average combination ratios of two replicates have been plotted. Red line 

indicates combination ratio of ≤0.25 which exhibits >75% growth inhibition and was considered 

to be synergistic. Compounds found below this line were judged as hits. 
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Figure 6.2B: Combination ratio profiles of 12 small molecules with other bioactives (Polymyxin B, 

Cefotaxime, Norfloxacin, Rifampicin, Tetracycline, Trimethoprim, Sulfamethoxazole and 

Kanamycin) at 0.25X and 0.125X MIC. The average combination ratios of two replicates have 

been plotted. Red line indicates combination ratio of ≤0.25 which exhibits >75% growth inhibition 

and was considered to be synergistic. Compounds found below this line were judged as hits. 
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Figure 6.3: Chemical-chemical interaction profiles of 12 antibacterial small molecules and known 

bioactives at 1/4X MIC. Highly synergistic interactions are represented in red. Arrow indicates 

the combination profile of IITR07865.  (Blue: data not determined) 

 

6.2.4 Chemical-chemical interaction profile was analysed for the type of interaction 

 

The small molecule-bioactive interaction profile was further analysed and revealed the 

occurrence of several synergistic, additive or antagonistic interactions. Most of the drug pairs 

showed additive interaction which indicates indifference upon combining two molecules. From 

the heat map it was evident that the antibiotics (or bioactives), kanamycin and chloramphenicol 

exhibited the most no. of favourable interactions (n=4) with the small molecules. The small 

molecule IITR07806 showed the most number of interactions followed by IITR08276. As 
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reported in literature, the combination profile screen also demonstrates the ability to cluster 

molecules on the basis of their interaction profile [31]. Interestingly, the molecules IITR07347, 

IITR08276 and IITR08345 exhibited a somewhat similar chemical fingerprint (Fig. 6.4). On 

close analysis, it was observed that the fingerprint of IITR07347 and IITR08276 closely 

matched each other while in case of IITR08345, it was found similar for half of the bioactives. 

Upon structural analysis of these molecules, it was interesting to note that all the three 

molecules belonged to the same chemical class, comprising of 5-Nitro-2-Thienyl moiety. This 

observation reaffirmed the importance of combination screens of clustering similar molecules. 

Three molecules namely IITR01324, IITR07806 and IITR08276 were observed to exhibit 

synergy with the antibiotic trimethoprim. IITR07865 exhibited favourable interaction with 

ampicillin and polymyxin B. IITR08540, on the other hand displayed synergy with the 

antibiotics ampicillin and kanamycin. 

 

 

 
 

Figure 6.4: Structures and interaction profiles of the small molecules IITR07347, IITR08276 and 

IITR08345 that displayed similar chemical fingerprint. 
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6.2.5 IITR07865 displayed synergy with antibiotics targeting the bacterial cell wall and 

cell membrane 

 

 

IITR07865 was observed to exhibit a combination ratio of 0.08 with Ampicillin (highly 

synergistic) and 0.25 with Polymyxin B. Further, I evaluated the combination ratio of 

IITR07865 with five other antibiotics which are known to inhibit bacterial cell wall synthesis 

namely, meropenem, oxacillin, cefepime, penicillin G and aztreonam, Interestingly, IITR07865 

showed excellent synergy with all five cell wall targeting antibiotics, with low combination 

ratio of Meropenem (0.04), Penicillin G (0.05), Oxacillin (0.08), Cefepime (0.16), Aztreonam 

(0.5) as shown in Table 6.3. Thus, the small molecule IITR07865 was observed to interact 

distinctly and favourably with inhibitors of cell wall synthesis. Following the previously 

established concept of Loewe additivity which states that, two compounds form a 

synergistically interacting pair if they have a similar mode of action or similar target within the 

bacterial cell [291]. Hence, I assumed IITR07865 to target the bacterial cell wall synthesis 

machinery. IITR07865 also displayed synergy with polymyxin B and could be assumed to 

target the cell membrane as well [292]. However, both these speculations needed further 

experimentation for validation. 

 

 

Table 6.3: Combination ratio profiles of IITR07865 with cell wall targeting antibiotics at 1/4X 

MIC. 

 

Antibiotic Combination Ratio 

Ampicillin 0.08 

Cefotaxime 0.5 

Penicillin G 0.05 

Oxacillin 0.08 

Cefepime 0.16 

Meropenem 

Aztreonam 

0.04 

0.5 
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6.2.6 IITR07865 treated E. coli cells displayed a rounded morphology 

 

Analysing the morphology of bacterial cells upon treatment with novel antibacterial agents can 

also facilitate the identification of their mechanism of action [293]. Hence, I exposed E. coli 

ΔtolC cells with sub inhibitory concentrations of IITR07865 and performed fluorescence 

microscopic studies to study its effect on their morphology. E. coli ΔtolC is the mutant strain 

which is deficient of a major bacterial efflux pump, TolC [294] (MIC of IITR07865 in E. coli 

ΔtolC = 8 µg/ml). Fluorescence microscopy using the combination of membrane staining dye 

FM 4-64FX and DNA staining dye, DAPI revealed the occurrence of rounded phenotype in 

IITR07865 treated E. coli cells (Fig. 6.5). This observation was further validated by performing 

Scanning Electron Microscopy (SEM) studies and formation of rounded or ovoid cells upon 

IITR07865 treatment was observed (Fig. 6.6). 

 

 
 
Figure 6.5: Fluorescence microscopy images of untreated and IITR07865 treated E. coli ΔtolC. 

Cells were stained with FM 4-64FX (1µg/ml) and DAPI (0.2µM). Scale bar represents 5 µm. 

 

The rounded bodies obtained upon IITR07865 treatment are known as spheroplasts and 

represent bacterial cells that lack intact cell wall [293].  Peptidoglycan synthesis inhibitors such 

as fosfomycin, vancomycin and the beta-lactam antibiotics have been implicated in spheroplast 

formation in Gram negative bacteria [295]. Exposure to other antibiotics that inhibit protein 

synthesis (e.g. chloramphenicol) or folic acid synthesis inhibitors (e.g. trimethoprim and 

sulfamethoxazole) may also induce spheroplast formation in bacterial cells [293]. 
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However, it is worth noticing that not all beta-lactam antibiotics lead to spheroplast formation. 

Aztreonam is a monocyclic beta lactam that causes the formation of elongated rod like E. coli 

cells upon treatment [296]. The difference in the beta-lactam induced morphological changes 

can be attributed to the affinity of different antibiotics to various Penicillin Binding Proteins 

(PBPs), which are a group of enzymes that play an essential role in cell wall biosynthesis [297]. 

Aztreonam demonstrates high affinity for PBP-3 leading to formation of filaments. On the 

other hand, meropenem has high affinity for PBP2 and PBP4 and leads to the formation of 

spherical or ovoid cells by inhibiting these targets [298]. Fluorescence microscopy studies on 

E. coli ATCC 25922 demonstrated ovoid, filamentous and spherical morphologies in cells 

treated with meropenem, aztreonam and IITR07865 respectively (Fig. 6.7). Thus the 

morphology of IITR07865 treated E. coli cells was observed to more closely resemble 

meropenem treatment, thus indicating IITR07865 to inhibit cell wall synthesis by acting on 

common cellular targets. 

 

 

 

 

Figure 6.6: Scanning electron microscopy (SEM) micrographs of E. coli MC1061 cells treated 

with sub-inhibitory concentration of IITR07865. Images were taken at magnification 10000X and 

scale bar represents 1 µm. 
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Figure 6.7: Fluorescence microscopy studies to assess morphological changes in E. coli cells upon 

IITR07865 exposure in comparison to other cell wall targeting antibiotics. E. coli ATCC 25922 

were treated with antibiotics meropenem, aztreonam and IITR07865 and stained with FM 4-64FX 

(1 µg/ml). Scale bar represents 5 µm. 

 

6.2.7 IITR07865 inhibited cell wall synthesis by acting on PBP 2 and PBP 4 

 

The chemical-chemical interaction profile and morphological studies so far indicated 

IITR07865 to have mechanism of action similar to that of cell wall synthesis inhibitor, 

meropenem. Hence, in order to confirm our speculation, I performed a PBP binding and 

competition assay with IITR07865, as per the previously published protocol [299]. This 
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protocol requires the use of isolated bacterial membrane fractions, which contain PBPs and the 

fluorescent derivative of penicillin, Bocillin FL as a reporter. A PBP targeting antibacterial may 

compete for similar binding sites as of Bocillin FL thus causing decreased fluorescence signal, 

in comparison to no drug treated membrane fractions. Isolated membrane fractions were 

preincubated with IITR07865 and subsequently incubated with Bocillin FL [300]. Samples 

were run on SDS Page following which gels were scanned to analyse fluorescence. Meropenem 

was used as a positive control for the assay. As discussed previously, meropenem is known to 

possess highest affinity for PBP2 and PBP4 followed by PBP6, PBP3, PBP1b and PBP1a 

[298]. Upon visualising the gel on a fluorescence scanner, the intensity of two bands at 

positions corresponding to PBP2 (MW-70.8 KDa) and PBP4 (MW 51.8 KDa) were found to 

decrease in the presence of IITR07865 and meropenem (Fig. 6.8). 

 

 

 

Figure 6.8: Bocillin FL based PBP binding assay for target identification of IITR07865. (A) SDS 

PAGE gel after staining with Coomassie brilliant blue. (B) SDS PAGE gel scanned with Typhoon 

FLA 9500 instrument using a 488-nm excitation wavelength (IITR07865 at concentration of 8 

µg/ml and meropenem at 0.032, 0.064, 0.128, 0.256 µg/ml). 
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6.2.8 IITR07865 exhibited a broad spectrum antibacterial activity and is bactericidal in 

nature 

 

Further, I sought to analyse the antibacterial spectrum of IITR07865 against a panel of Gram 

negative and Gram positive strains from the lab repository (Table 6.4). IITR07865 was 

observed to inhibit wild type E.coli ATCC 25922 and Enterohemorrhagic E.coli O15:H7 

(EHEC) at 32 µg/ml. However, it was observed to have low inhibitory potential against the two 

Gram negative ESKAPE pathogens, A. baumannii and P. aeruginosa both exhibiting MIC of 

128 µg/ml. Salmonella  enterica Serotype Typhimurium was observed to exhibit greater 

susceptibility to IITR07865 (MIC of 8 µg/ml). The activity of IITR07865 was further studied 

against a few clinical isolates of E. coli and one each of A. baumannii and K. pneumoniae. The 

E. coli strains 

 

Table 6.4: In vitro antibacterial activity of IITR07865 in several bacteria.  

 

 

 

 

 

 

                                                                                

IITR07865 

MIC  (µg/ml) 

   Gram Negative : 
 

E. coli ATCC 25922 32 

E. coli O157:H7 32 

Acinetobacter baumannii AYE 128 

Shigella flexneri  ATCC 9199 64 

Pseudomonas aeruginosa MTCC 2453                 128 

Salmonella choleraesuis  ATCC 10708  128 

Salmonella  enterica Serotype Typhimurium  4 

  Gram Positive : 
 

Staphylococcus aureus  ATCC 29213                   64 

   Bacillus cereus ATCC 11778   128 

   Enterococcus faecium FH99   64 

Mycobacterium  spp. 
 

   Mycobacterium smegmatis   64 
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studied were isolates causing Urinary Tract Infection (UTI) and exhibited multidrug resistance. 

IITR07865 demonstrated a fairly good activity against them with MIC in the range 8-64 µg/ml. 

Clinical isolates of A. baumannii and K. pneumoniae showed MIC of 128 µg/ml and 64 µg/ml 

respectively. 

 

Table 6.5: In vitro antibacterial activity of IITR07865 against clinical isolates of Gram negative 

pathogens. Numbers in brackets indicate the no. of isolates tested. 

 

 

 

 

 

 

 

 

 

6.2.9 The combination of IITR07865 and meropenem is synergistic and bactericidal 

 

Further, time-kill kinetic study for IITR07865 was performed against E. coli ATCC 25922 to 

identify whether it is bacteriostatic or bactericidal in nature. E. coli cells were exposed to 

varying concentration of IITR07865 and the number of viable bacteria at regular intervals was 

determined. Since, IITR07865 caused a >3 log reduction of the bacterial inoculum in 

comparison to untreated control, it was observed to possess a bactericidal activity (Fig. 6.9). 

 

Since, IITR07865 exhibited synergistic interaction with cell wall targeting antibiotics with 

combination ratio <0.25, I further analysed its interaction with meropenem by means of time 

kill kinetics assay. Small molecules that show greater than 2 log10 killing in comparison to the 

most effective agent in the small molecule-antibiotic pair are considered to exhibit synergy. 

Hence, IITR07865 showed a synergistic and bactericidal killing activity against E. coli ATCC 

25922 such that no viable bacteria were obtained after 12 h of treatment up to 24 h (Fig. 6.10) 

 

                 Bacteria                                                               

IITR07865 

MIC  (µg/ml) 

  

E. coli (10) 8-64 

A. baumannii (1) 128 

Klebsiella pneumonia KPC2 (1) 64 
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Figure 6.9: Time kill kinetics of IITR07865 against E. coli ATCC 25922. E. coli (10
5
 CFU/ml) cells 

were incubated with 1X, 2X and 4X MIC of IITR07865 and the number of viable cells were 

determined. Each value represents the mean of three values and error bars indicate standard 

deviation. 

 

 

 

 

Figure 6.10: Time kill kinetics of IITR07865 in combination with meropenem against E. coli 

ATCC 25922. E. coli (10
5
 CFU/ml) cells were incubated with 1X MIC each of IITR07865 and 

meropenem and the number of viable cells were determined. Each value represents the mean of 

three values and error bars indicate standard deviation. 
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6.2.10 IITR07865 is non-haemolytic to Red Blood Cells 

 

To get a preliminary idea of toxicity of IITR07865, I evaluated its ability to lyse human 

erythrocytes at 4X and 8X MIC observed against E. coli MC1061. IITR07865 was observed to 

be non-haemolytic and hence non-toxic causing only 0.49±0.1% haemolysis at 8X MIC (Table 

6.6). 

 

Table 6.6: Haemolytic potential of IITR07865. 

 Haemolysis (%) w.r.t to Triton-X 100 (100%) 

  IITR07865  (at 4X MIC) 0.26 ± 0.02 

  IITR07865  (at 8X MIC) 0.49 ± 0.1 

 

6.2.11 IITR08276, IITR07347 and IITR01324 cause membrane depolarization 

 

As discussed previously, the chemical combination screen identified a few other small 

molecules that displayed favorable interactions with several bioactives. For example, the 

compounds IITR07806 and IITR08276 displayed synergy with antibiotics chloramphenicol, 

erythromycin, kanamycin and trimethoprim. Such compounds could be considered to display 

promiscuous synergistic interactions, as per previous reports [31].  In an effort to understand 

the mode of action of such molecules, I investigated the possibility of these molecules to act on 

membrane either by affecting its membrane potential or permeability. This was assessed with 

the aid of membrane potential sensitive fluorescent probe, 3, 3‘dipropylthiacarbocyanine 

{DiSC3(5)} and membrane permeability indicator dye, Sytox Orange.  

 

The transport of electrons through the electron transport chain (ETC) is responsible for the 

generation of a Proton Motive Force (PMF) across the bacterial membrane, which is necessary 

for ATP synthesis [301]. Bacterial PMF comprises of two components, ΔΨ and ΔpH which 

represent the electric potential and proton gradient across the membrane respectively [14]. The 

cationic dye DiSC3(5) displays the potential to identify dissipaters of both the ΔΨ and ΔpH 

component of PMF. Compounds that cause enhanced DiSC3(5) fluorescence are considered to 

be potential dissipaters of ΔΨ, while the ones that cause decrease in fluorescence, act by 

affecting the ΔpH component of PMF [14]. Verapamil, a known inhibitor of bacterial 

membrane potential was used as positive control for the assay [302].  
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Figure 6.3: Membrane potential assay for small molecules from the chemical combination screen. 

E. coli cells were incubated with DiSC3 (0.5 µM) and exposed to small molecules (at 1X MIC). 

Fluorescence was measured at the excitation-emission wavelengths of 620-680 nm. P values were 

determined by one-way ANOVA followed by Dunnett’s multiple comparison test (*, P<0.05; **, 

P<0.01; ***, P<0.001). 
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IITR07347 and IITR08276 showed a significant decrease in DiSC3(5) fluorescence (P<0.001), 

thus indicating them to be potential disruptors of the ΔpH component of PMF (Fig. 6.11A). 

This observation established the reason for the promiscuous synergies displayed by IITR08276 

and IITR07347 with several bioactives. IITR01324 was also observed to affect the membrane 

potential and showed decrease in DiSC3(5) fluorescence (P<0.01). The assay revealed the 

compounds IITR00205, IITR06033 and IITR07806 to exhibit an increase in fluorescence, thus 

indicating them to be potential dissipators of the bacterial membrane potential (P<0.01). Dose 

response curves for these compounds were plotted to assess their concentration dependent        

effect on the DiSC3(5) fluorescence at 0.5X - 2X MIC. IITR01324, IITR08276 and IITR07347 

displayed a concentration dependent decrease in fluorescence (Fig. 6.11B). Similarly, dose 

response curves for IITR00205 and IITR06033 showed increase in fluorescence as the 

concentration of drug was increased (Fig. 6.11B). However, IITR07806 failed to show a 

concentration dependent effect. This observation was found to be surprising considering the 

fact that out of the 14 small molecules studied, IITR07806 showed favourable interaction with 

maximum number of bioactives. This would indicate though that the membrane depolarization 

effect displayed by IITR07806 was only a consequence of cell death and does not indicate its 

mechanism of action. However, this speculation would need further validation. 

 

6.2.12 IITR00205, IITR06033 and IITR07865 cause increased membrane permeability 

 

The membrane permeability assay using the fluorescent dye, sytox green revealed the 

compounds IITR06033 and IITR07865 to show a significant increase in fluorescence 

(P<0.001) thus indicating the occurrence of compromised membranes. It was interesting to note 

that in the combination screen, IITR07865 was observed to act in synergy with Polymyxin B 

which is also a membrane targeting antibiotic. This assay further established the small molecule 

IITR07865 to have a dual targeting mechanism of action; it acted on bacterial cells by 

inhibiting the cell wall synthesis machinery and increasing membrane permeability. Small 

molecule IITR00205 showed a slight increase (approximately 1.2 fold) in fluorescence (Fig. 

6.12A). Dose response curves for each of the three compounds were further plotted and they 

revealed a concentration dependent effect thus validating the mechanism of action of the three 

compounds (Fig. 6.12B). 
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Figure 6.12: Membrane permeability assay for small molecules from the chemical combination 

screen. E. coli cells were incubated with Sytox Orange (1 µM) and exposed to small molecules (at 

1X MIC). Fluorescence was measured at the excitation-emission wavelengths of 547-570 nm after 

30 minutes of incubation. P values were determined by one-way ANOVA followed by Tukey’s 

multiple comparison test (*, P<0.05; **, P<0.01; ***, P<0.001).  
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6.2.13 In vitro cytotoxicity of the small molecules was evaluated 

 

At the early stages of lead identification, an initial assessment of the toxicity of a drug 

candidate can be obtained on the basis of its therapeutic index. The therapeutic index (TI) is 

calculated by dividing the IC50 values obtained from in vitro cytotoxicity studies by the 

Minimum Inhibitory Concentration values. A drug is considered to have a good safety profile if 

its Therapeutic Index is ≥10 [303]. Hence, I performed in vitro cytotoxicity studies on isolated 

human PBMCs of each of these small molecules at 10X MIC to get a preliminary idea about 

their toxicity. Assessment of in vitro toxicity was extremely important since some of the small 

molecules were observed to target membrane, thus insinuating them to possess toxicity against 

eukaryotic cells.  The MTT assay for in vitro cytotoxicity revealed the compounds IITR01324 

and IITR08345 to be extremely safe at 10X MIC causing no or negligible cell death. On the 

contrary, IITR07952, IITR00205, IITR07347, IITR08540 and IITR06033 were observed to be 

significantly  toxic (P<0.001) causing approximately 60-75 % cell death (Fig. 6.13). The 

compounds IITR07865, IITR07806, IITR08276 cause approximately 25-35 % cell death at 

10X MIC. The toxicity of these compounds could be reduced and overcome by using them in 

combination with the antibacterial agents that exhibited favorable interactions with them [13]. 

 

Figure 6.13: Cytotoxic effects of small molecules from the combination screen against human 

Peripheral Blood Mononuclear Cells (PBMCs). MTT assay was used to assess the toxic effect of 

small molecules at 10X MIC. Percent viability was calculated with respect to no drug (solvent 

only) control.  P values were determined by one-way ANOVA followed by Dunnett’s multiple 

comparison test (*, P<0.05; **, P<0.01; ***, P<0.001).  
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6.2.14 IITR07865 exhibited excellent anti-persister activity against ampicillin induced 

persisters of E. coli ATCC 25922 

 

On the basis of the observation that IITR07865 acted on dual targets within the bacterial cell 

i.e. the cell wall and cell membrane. I was encouraged to see if it would also possess 

antibacterial activity against persisters since membrane active agents are considered to be 

potent anti-persister compounds [304]. Persister cells of E. coli ATCC 25922 were isolated by 

treating stationary phase bacteria with 300 μg/ml ampicillin (for 14 h). These were then 

exposed to 2X and 4X MIC of IITR07865 and viable counts were determined at regular 

intervals up to 24 h. Interestingly, IITR07865 at 2X MIC exhibited a bactericidal activity 

against ampicillin induced persisters causing a >3 log reduction in the viable cell count. 

Moreover, at 4X MIC IITR07865 exhibited a superior rate of killing such that all persisters 

were eradicated within 24 hours of treatment (Fig. 6.15).  

 

 

 

Figure 6.14: Kinetics of persister killing by IITR07865 in E. coli ATCC 25922. Ampicillin induced 

persisters were isolated and exposed to 2X and 4X of IITR07865. Aliquots were withdrawn at 

regular intervals and the number of surviving bacteria were enumerated. Each value represents 

the mean of three values and error bars indicate standard deviation. 
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6.3 Discussion 

 

Elucidating the mode of action (MOA) for novel antibacterials identified in small molecule 

phenotypic screens remains a daunting task that limits drug discovery efforts. Previous studies 

have established that the MOA of unknown antibacterials can be determined by studying their 

combinations with compounds of known biological activity [31]. The combination study of 

small molecules with known bioactives gives an idea about their interaction and aids the 

identification of their targets [242] . As per the concept of Loewe additivity, two compounds 

are known to form a synergistically interacting pair if they have a similar modes of action or 

share similar targets within the bacterial cell [305].  

 

My combination screen revealed the occurrence of several synergistic (CR <0.25), additive (CR 

>0.25), or antagonistic interactions (CR >1). The small molecules IITR07806 and IITR08276 

displayed a large number of favourable interactions indicating their promiscuous nature, which 

was later confirmed by membrane potential and permeability assays. The combination profile 

screen also clustered the molecules IITR07347, IITR08276 and IITR08345; all belonging to the 

same chemical class, on the basis of their interaction profiles. The small molecule IITR07865 

interacted synergistically with ampicillin, meropenem, aztreonam etc. (cell wall synthesis 

inhibitors) and Polymyxin B (cell membrane inhibitor). Since bacterial cell wall synthesis and 

cell membrane are attractive targets for antibacterial drug discovery and IITR07865 was 

observed to act through both, it was taken up for detailed analysis. 

 

IITR07865 treated cells displayed a rounded/ovoid rounded phenotype, similar to the 

phenotype shown by cell wall targeting antibiotic, Meropenem. Formation of rounded bodies or 

spheroplasts by Meropenem has been attributed to its affinity for the cell wall synthesis protein, 

PBP2/PBP4. PBP binding and competition assay showed IITR07865 and meropenem to have 

similar targets though the affinity in each case might differ, considering the extremely low MIC 

of meropenem (0.12 µg/ml) against E. coli in comparison to IITR07865. IITR07865 displayed 

a bactericidal activity and interacted synergistically with meropenem in time-kill kinetic assay. 

It was also observed to exhibit an excellent anti-persister activity against E. coli cells. 

IITR07865 increased bacterial membrane permeability but had no effect on the membrane 

potential. Upon analysis of the structure of IITR07865 closely, it was observed to possess a 

biguanide moiety which is also present in the commonly used biocide, chlorhexidine (Fig. 6.15) 
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[289]. Infact, IITR07865 represented exactly half of the structure of chlorhexidine except for 

the presence of an extra 

 

 

Figure 6.15: Chemical structures of (i) IITR07865, (ii) Chlorhexidine and (iii) MAC-0038968. 

IITR07865 closely resembles Chlorhexidine and MAC-0038968 although they act on different 

targets within the bacterial cell. 

 

chlorine atom. It was interesting to observe that chlorhexidine, although a known membrane 

targeting compound did not cause the occurrence of rounded/ovoid structures (microscopy for 

chlorhexidine treated E. coli cells was performed, data not shown). Moreover, IITR07865 also 

closely resembled a previously reported inhibitor of the enzyme Dihydro Folate Reductase 

(DHFR) of the folic acid synthesis pathway, MAC-0038968 [31]. This molecule was 

discovered in a chemical combination screen and displayed unique synergistic interaction with 

sulfamethoxazole. IITR07865, on the other hand displayed additivity/indifference with 

sulfamethoxazole.  

 

IITR07865 was observed to be non-hemolytic and relatively safe exhibiting only 25-35 % 

toxicity to eukaryotic cells at 10X MIC. The safety index of IITR07865 could be possibly 

reduced or overcome by using it in combination with synergistically interacting antibacterial 

agents. Despite the dual targeting potential of IITR07865, it displayed high antibacterial 

activity against most Gram negative and Gram positive bacteria with MIC in the range of 32-

128 µg/ml. Structure Activity Relationship (SAR) studies need to be carried out in future to 
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improve the antibacterial potential of IITR07865 without compromising its safety profile. This 

study also discovered a few other molecules that act on the bacterial cells by causing increased 

membrane permeability and membrane depolarization. Small molecules which dissipated the 

bacterial membrane potential could be also evaluated for their efflux inhibitory activity. 

However, further studies need to be carried out to ascertain whether these observations are a 

result of off-target membrane activity or represent the true targets for these compounds. 

 

 

6.4 Experimental procedures 
 

6.4.1 Bacterial strains, antibiotics and other reagents  

The strains used for the study were E. coli MC1061, E. coli Δtolc and E. coli ATCC 25922. A 

panel of Gram negative and Gram positive reference strains and clinical isolates from the lab 

repository were also used. The growth and culture conditions have been described in the 

experimental procedures section of chapter 4. 12 small molecules from the in house collection 

of 11,000 small molecule library were used, which were procured from Maybridge and were 

dissolved in DMSO at a concentration of 50 mM. Antibiotics used in this study were procured 

from Sigma-Aldrich Corporation and were dissolved in the conditions as recommended. 

 

6.4.2 Determination of minimum inhibitory concentrations  

The minimum inhibitory concentrations (MIC) of small molecules and known antibiotics were 

determined to characterize their growth inhibition by the 96-well microbroth dilution method, 

as per the CLSI guidelines. Detailed protocol has been described in the experimental 

procedures section of chapter 4.  

 

6.4.3 Small molecule-bioactive Combination profiling 

Based on the minimum inhibitory concentrations (MIC), I calculated the 1/4 th and 1/8 th MIC 

values of both known antibiotics and small molecule. Experiments were done in duplicates by 

the two point dose matrix approach. E. coli MC1061 was grown overnight in 3 ml of MHB 

media. The cells were then diluted 1:100 in fresh media and allowed to grow until the OD600 

reached 0.4-0.5. The cells were then diluted 1:1000. These were tested in 96- well micro well 

plates (according to two point dose matrix method) with a total volume of 200 µl and incubated 

at 37°C with 80% humidity for 16 hours before determining optical density at 600 nm. 
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6.4.4 Morphological studies using fluorescence microscopy 

 E. coli Δtolc cells were grown overnight in 3 ml of MHB media. They were then diluted 1:100 

in fresh media and allowed to grow until the OD600 reached 0.4-0.5. Cells were diluted to 0.1 

OD and treated with sub inhibitory concentration of IITR07865 (2X MIC) and incubated for 2 

h at 37°C. Agarose pads were made using 1 % agarose. FM 4-64(N-(3-

Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium 

Dibromide) a membrane staining dye and 0.2 µM of DAPI (4′,6-diamidino-2-phenylindole) a 

blue fluorescent stain, which binds AT regions of dsDNA were added to cells treated with 

IITR07865 and incubated for 15 minutes at room temperature in dark. A 10µL aliquot of cells 

was added to agar pad and covered it with a cover slip followed by observing the cells under 

Zeiss Axioscope A1 fluorescence microscope. 

6.4.5 Scanning Electron Microscope (SEM) sample preparation 

Logarithmic phase of E. coli MC1061 cells (OD600 ~0.6) were diluted to OD600 ~0.1 and treated 

with sub-inhibitory concentration of the drug for 2 h. Treated samples were resuspended in 1X 

PBS and primarily fixed with 2.5% glutaraldehyde for 30 minutes at 4
o
C. Fixed cells were 

further dehydrated with an ethanol gradient (20%, 40%, 60%, 80%, 90%, and 100%). The 

samples were then coated with a layer of gold and visualized under SEM. Detailed protocol has 

been mentioned in the experimental procedures section of chapter 4.  

6.4.6 PBP binding and competition assays 

Bacterial membranes for the PBP binding and competition assay were isolated and prepared 

according to previously published protocols [299],[300]. E. coli ATCC 25922 was grown 

overnight in 3 ml of LB media. The cells were then diluted 1:100 in fresh media and allowed to 

grow in 200 ml LB until they reached stationary phase. The bacterial cell pellets were collected 

and suspended in a 20 mM potassium phosphate -140 mM NaCl (KPN) buffer (pH 7.5). The 

cells were then lysed using a cell disruptor (Constant system Ltd) at a pressure of 25 psi, and 

cell debris was removed by centrifugation at 12,000 × g for 30 min. The supernatant was 

centrifuged at 150,000 × g for 40 min at 4°C for isolation of membranes. The protein 

concentration in the membrane preparations was estimated by BCA assay using bovine serum 

albumin as a standard. For the PBP competition assay, membrane preparations (40 µg each) 

were incubated with IITR07865 (8 µg/ml) and Meropenem (0.12, 0.24 µg/ml) at increasing 

concentration and were incubated for 20 minutes at 30
o
C. Later, Bocillin dye (30 µM) was 

added to it and further incubated for 20 minutes at 30
o
C. At the end of the incubation, 4X 

loading dye was added (up to 1X concentration) and samples were kept at 100
o
C in a dry bath 
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for 3 minutes. Membrane proteins from the competition assay mixtures were then separated by 

electrophoresis using an SDS-polyacrylamide gel (12%) system. For PBP visualization, gels 

were scanned by the Typhoon FLA 9500 instrument using a 488-nm excitation wavelength 

(emission, 520 to 530 nm) corresponding to the peak absorption of Bocillin. The same gel was 

also stained with coomassie brilliant blue stain to confirm equal loading of membrane protein 

in all lanes. 

6.4.7 Time Kill kinetics assays 

E. coli ATCC 25922 cells were grown overnight in 3 ml of MHB media. Time dependent 

killing of IITR07865 and combination with meropenem was studied by diluting cells freshly at 

0.4 OD at 600nm, 1000 times into different sterile culture tubes containing MHB media and 

different concentrations of the drugs individually or in combination. Samples were treated at 

37ºC and shaking at 180 rpm. Aliquots were withdrawn at regular intervals, serially diluted in 

1X PBS, and plated on MH agar plates to determine the viable bacterial counts up to 24 h of 

treatment. Detailed protocol has been mentioned in the experimental procedures section of 

chapter 4. 

6.4.8 Membrane potential assay 

The transmembrane potential was determined with the fluorescent probe, 3‘-

dipropylthiacarbocyanine {DiSC3(5)}. E. coli MC1061 cells were grown overnight in 3 ml of 

MHB media. Cells were then diluted 1:100 in fresh media and allowed to grow until the OD600 

reached 0.4-0.5. Bacterial cells were then washed twice with 1X PBS buffer and then 

resuspended in 1X PBS to an optical density at 600 nm of 0.3. DiSC3(5) was added at a final 

concentration of 0.5 µM, and the cells were incubated, with constant stirring to let the dye 

stabilize. Compounds were then added at sub inhibitory concentrations to the DiSC3(5) pre-

incubated cells and fluorescence was measured after 30 min of incubation at excitation and 

emission wavelengths of 620 and 680 nm respectively using a plate reader (SpectraMax M2e). 

6.4.9 Membrane permeability assay 

The membrane permeability assay was determined with the fluorescent dye Sytox Orange. E. 

coli MC1061 was grown overnight in 3 ml of MHB media. The cells were then diluted 1:100 in 

fresh media and allowed to grow until the OD600 reached 0.4-0.5. E. coli MC1061 cells were 

then washed twice with 1X PBS buffer and then resuspended to an optical density at 600 nm of 

0.3. Following the addition of Sytox orange at a final concentration of 1 µM, the cells were 

incubated with constant stirring in order to let the dye stabilize. Compounds were then added at 
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sub inhibitory concentrations to the dye pre-incubated cells and fluorescence was measured at 

excitation and emission wavelengths of 547 and 570 nm respectively using a plate reader 

(SpectraMax M2e).  

6.4.10 Haemolysis assay 

Haemolytic activity of IITR07865 at 4X and 8X MIC was assessed as described previously in 

the experimental procedures section of chapter 4. Haemolysis was monitored by measuring the 

absorbance of the released hemoglobin in the supernatant at 540 nm using a spectrophotometer. 

6.4.11 In vitro cytotoxicity studies 

The cytotoxicity of small molecules on Peripheral Blood Mononuclear Cells (PBMCs) was 

determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. 

Fresh PBMCs were isolated using HiSep
TM

 LSM 1077 (Himedia) and 2x10
6
 cells were 

resuspended in Roswell Park Memorial Institute medium (RPMI) and incubated in the presence 

of 10X MIC of small molecules at 37°C for 8 h in 5% CO2. Control cells were treated with 

similar percentage of dimethyl sulphoxide (DMSO) as in drug (vehicle control) The medium 

was then aspirated and 100 l of 1X PBS containing 0.5 mg/mL MTT (Biobasic) dye was 

added to each well and incubated further for 4 h.  Following incubation, MTT containing 

medium was removed and 100 L of DMSO was added to dissolve the formazan crystals by 

gentle agitation. The OD was measured at 570 nm in a plate reader (Biotek). Absorbance 

values were expressed as percentage and inhibition with respect to solvent control was 

calculated. 

 

6.4.12 Persister killing assay 

Stationary phase E.coli cells (from a 14 h old culture) were treated with 300 μg/mL ampicillin 

in LB medium for 24 h at 37°C under shaking condition for 14 h. Persisters were isolated by 

washing thrice with 1X PBS to remove any antibiotic traces and subsequently diluted upto four 

times the original volume in 1X PBS. IITR07865 (at 2X and 4X MIC) were added to each 1000 

μL aliquot of persister cells followed by incubation at 37°C for 24 h at 180 rpm. Control 

containing similar volume of solvent was included. The rate of killing of persisters was 

determined by withdrawing aliquots at regular intervals to determine the viable cell count by 

plating.   
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7 Characterisation of the mechanisms of meropenem induced 

persistence in A. baumannii and identification of small molecule 

inhibitors thereof. 

 

 

7.1 Introduction 

 

The discovery of antibacterial drugs in the 1940s represents one of the most important 

developments in the history of modern medicine. However, imprudent and indiscriminate use 

of these ―magic bullets‖ worldwide has eroded their efficacy and led to a global crisis. The 

emergence of multidrug resistant (MDR) and extensively drug resistant (XDR) bacterial strains 

has further exacerbated the problem causing more than 23,000 deaths per year in the United 

States [2].  With the ever increasing rise in ―global resistome‖ and significant decline in novel 

antibiotic discovery, there is an urgent need for alternative strategies to tackle the current 

predicament.  

 

Acinetobacter baumannii is one of the most troublesome Gram-negative ESKAPE pathogens, 

responsible for causing a wide range of hospital acquired infections, including urinary tract 

infections, secondary meningitis, wound infections and ventilator-associated pneumonia [306]. 

The Infectious Disease Society of America (IDSA) has declared A. baumannii as one of the 

‗red alert‘ pathogens, thus highlighting the threat it poses to the healthcare systems [4]. In 

addition to the organism‘s high levels of intrinsic resistance, A. baumannii exhibits extreme 

genetic flexibility and remarkable ability to acquire resistance determinants in response to 

selective environmental pressure [234]. The uncanny ability of this bacterium to resist 

desiccation, survive harsh environmental conditions, including hospital settings and form 

biofilms, both on medical devices and biological surfaces qualifies it to be a dreadful 

nosocomial pathogen [306]. Alternatively, A. baumannii is also known to enter a physiological 

state where it becomes refractory or tolerant to the action of antibiotics [307],[308]. This 

phenomenon referred to as ‗persistence‖ is the major cause for relapsing infections in clinical 

settings [125]. Eradication of the persister populations in chronic ailments holds extreme 

importance for an improved long term recovery. Meropenem, tigecycline, rifampicin and 

polymyxin B are commonly administered against A. baumannii infections in hospital settings, 

although increasing incidence of both resistant and persistant isolates have limited their 

efficacy against recurrent and chronic infections [309]. Therefore, screening for novel agents 
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that can inhibit the antibiotic tolerant bacterial cells presents an unusual challenge and can 

provide a successful alternative in the fight against chronic infections. Since most of the 

clinically important antibiotics act on DNA, RNA or protein targets that exhibit quiescence 

during ―persistent‖ infections; membrane-active agents have emerged as an important new 

means of eradicating recalcitrant dormant bacteria [310],[311]
,
. Furthermore, recent studies 

have reported the crucial role of reactive oxygen species (ROS) and active efflux mechanisms 

for drug tolerance in persistent populations [312],[127]. 

 

In this study, I examined the ability of A. baumannii to produce antibiotic tolerant persisters to 

four clinically relevant antibiotics from different classes, both in planktonic phase as well as 

biofilms. Since carbapenem class of antibiotics are the last resort drugs against A. baumannii 

infections, the antibiotic meropenem remained the main focus for the study. In addition, I 

investigated the characteristics and mechanisms of meropenem tolerance in A. baumannii. 

Furthermore, I screened a library of small molecules encompassing the GRAS (Generally 

Regarded As Safe) status against A. baumannii for potential ―anti-persister‖ compounds based 

on their ability to target the bacterial membrane, cause increased ROS production and inhibit 

multidrug efflux pumps. The screen identified thymol to possess excellent inhibitory activity 

against A. baumannii persisters. 

 

To our knowledge, this is the first study that utilizes a mechanism based screen to identify 

novel anti-persister compounds against A. baumannii. I also present evidence that meropenem 

tolerant A. baumannii persisters exhibit enhanced efflux activity. Importantly, this study for the 

first time reports the discovery of GRAS status natural compounds demonstrating excellent 

inhibitory activity against A. baumannii persisters. These findings can have vital implications 

for the improved treatment of recalcitrant A. baumannii infections in the clinics. 

 

 

7.2 Results 

 

7.2.1 Meropenem, Tigecycline, Rifampicin and Polymyxin B induced persister formation 

in A. baumannii.  

 

The occurrence of persistence in A. baumannii AYE in response to four clinically relevant 

antibiotics meropenem, tigecycline, rifampicin and polymyxin B was assessed. A. baumannii 
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AYE is susceptible to all the four antibiotics with MICs as follows: Meropenem (0.5 µg/ml), 

Tigecycline (0.25 µg/ml), Rifampicin (8 µg/ml) and Polymyxin B (0.5 µg/ml). A stationary 

phase culture (12 h old) of A. baumannii AYE culture was exposed to high concentrations of 

Meropenem (100X MIC), Tigecycline (100X MIC), Rifampicin (50X MIC) and Polymyxin B 

(40X MIC) for 12 h under shaking conditions and the number of bacteria that survived the 

treatment was determined. A. baumannii AYE was observed to form persisters against all the 

four antibiotics exhibiting maximum persistence frequency (0.59%) for meropenem (Fig. 7.1). 

The antibiotics rifampicin, tigecycline and polymyxin B also displayed high persistence 

frequency such as 0.4144%, 0.4188% and 0.43% respectively. The Minimum Inhibitory 

Concentration (MIC) of the isolated persisters against respective antibiotics was further 

determined by the microbroth dilution method and they did not exhibit resistance. The isolated 

persisters were subsequently regrown into LB medium and passaged up to three generations 

followed by determination of MIC and persistence frequency after each passage. The persister 

fractions did not show any change in their susceptibility to any of the antibiotics, in comparison 

to the parent culture and exhibited similar persister frequencies. This observation suggested that 

during the period of antibiotic exposure, none of the resistance mechanisms were acquired and 

hence confirmed the isolation of true persister fractions. 

Figure 7.1: Persister fractions obtained  in A. baumannii AYE upon exposure to  Meropenem, 

Tigecycline, Rifampicin and Polymyxin B. Stationary phase planktonic cells were treated with  

high concentrations of Meropenem (100X MIC), Tigecycline (100X MIC), Rifampicin (50X MIC) 

and Polymyxin B (40X MIC) for 12 h under shaking conditions at 37°C. The dilutions were made 

and spotted onto a LB plate using the drop plate method to enumerate the colony forming units in 

the sample. P values were determined by one-way ANOVA followed by Tukey’s multiple 

comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001). Each value represents the mean of three 

values and error bars indicate standard error. 
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7.2.2 Meropenem induced A. baumannii persister revealed a typical biphasic killing 

pattern 

 

Persisters represent a subpopulation of bacteria that exhibit dormancy and tolerance to 

bactericidal antibiotics [125]. This dormant state is characterised by a typical biphasic killing 

pattern in the presence of antibiotics [313]. These display an initial drastic killing of bulk of the 

bacterial population followed by the occurrence of a plateau phase where only the surviving 

persister fractions sustain. The biphasic pattern killing pattern has been observed to be both 

time and concentration dependent [308]. However, in case of A. baumannii, increasing the 

meropenem concentration has been shown to have no effect on persister eradication thus 

complicating its treatment efficacy. When stationary phase cells of A. baumannii AYE were 

exposed to meropenem at 100X MIC, a rapid decrease in viable bacterial count (up to 3.5 log) 

was observed until 8 h, followed by relatively constant CFU count after 24 h of treatment (Fig. 

7.2). This biphasic killing pattern confirmed the presence of meropenem tolerant A. baumannii 

persisters. The MIC of the isolated persister cells against meropenem was further determined 

and no change in meropenem susceptibility was observed. The persisters were further re-

inoculated into fresh LB medium and subsequently exposed to 100X MIC of meropenem. The 

cultures grown from persister cells also displayed the biphasic killing pattern and led to the 

formation of a similar fraction of persisters after drug exposure, thus confirming the non-

heritability of persistence. 

 
 

Figure 7.2: Kinetics of survival of Acinetobacter baumannii AYE upon treatment with 100X MIC 

of meropenem. 12 h old stationary phase culture of A. baumannii AYE were treated 100X MIC of 

meropenem and aliquots extracted after 4, 8 and 12 and 24 h. The number of surviving bacteria 

were enummerated at indicated intervals. Each value represents the mean of three values and 

error bars indicate standard error. 
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7.2.3 Meropenem induced A. baumannii persister formation under biofilm conditions 

 

As discussed previously, A. baumannii exhibits a remarkable ability to adhere and form 

biofilms on both biotic and abiotic surfaces such as epithelial cells, site of wound infections, 

hospital surfaces and medical devices. Biofilm communities are known to contain persister 

subpopulations which are responsible for their recalcitrant and relapsing nature. Hence, I 

assessed the levels of persister fractions in A. baumannii AYE biofilms. 48 h biofilms grown in 

96-well microtitre plate under static conditions were exposed to meropenem at 100X MIC. 

Persister levels were detected after 12 h of antibiotic exposure and the numbers of surviving 

fractions were enumerated. A. baumannii AYE formed biofilms on polystyrene surfaces by 

attaching 8.15±0.13 log cfu/ml. A significant fraction of biofilm associated cells i.e. 5.06±0.02 

log cfu/ml were observed to survive exposure to bactericidal concentration of meropenem (Fig. 

7.3). The level of persister formation in A. baumannii AYE biofilms was calculated to be 

0.08±0.02%. 

 

 

Figure 7.3: Persister levels in A. baumannii AYE biofilms exposed to meropenem at 100X MIC.  

48 h old biofilms were treated with meropenem for 12 h and the number of surviving persisters 

were enumerated and plotted. P values were determined by unpaired t-test (two-tailed) (*, 

P<0.05; **, P<0.01; ***, P<0.0001). Each value represents the mean of three values and error bars 

indicate standard error. 

 

7.2.4 Meropenem induced A. baumannii persisters exhibit multidrug tolerance 

 

Persisters are considered to be dormant bacterial cells that exhibit inactive targets and thus may 

impart tolerance to a wide variety of antibiotics. I further investigated the tolerance of 

meropenem induced persisters towards three antibiotics namely rifampicin, tigecycline and 
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polymyxin B; which act on different cellular targets. Cross-tolerance to rifampicin (50X MIC), 

tigecycline (50X MIC) and polymyxin B (40X MIC) was measured by exposing a fraction of 

meropenem induced persisters with them for 12 h. The fraction of meropenem induced 

persisters that survived exposure to rifampicin, tigecycline and polymyxin B was compared to 

the surviving fraction of stationary phase cells [314]. It was observed that a significant fraction 

of meropenem persisters survived exposure to the antibiotics tigecycline and rifampicin (Fig. 

7.4). Hence, cells isolated by meropenem treatment exhibited a high degree of tolerance to 

tigecycline and rifampicin. This could be attributed to the presence of overlapping mechanisms 

of persistence between meropenem induced persisters and persisters of tigecycline and 

rifampicin. On the contrary, meropenem induced persisters did not survive polymyxin B 

treatment and extremely low fractions of surviving bacteria were obtained. This indicated that 

the mechanisms responsible for persistence to meropenem and polymyxin were exclusive to 

each other and cannot occur simultaneously [315]. 

 

 

 

Figure 7.4: Meropenem induced A. baumannii persisters are multidrug tolerant. Fraction of 

surviving A. baumannii cells were determined after 12 h treatment of (i) a stationary phase 

culture and (ii) isolated meropenem persisters with meropenem (100X MIC), rifampicin (50X 

MIC), Tigecycline (50X MIC) and Polymyxin B (40X MIC). Statistical significance was calculated 

using two-way ANOVA followed by Bonferroni post hoc test test (*, P<0.05; **, P<0.01; ***, 

P<0.0001). Each value represents the mean of three values and error bars indicate standard 

deviation. 
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7.2.5 Meropenem induced A. baumannii persisters exhibit filamentous phenotype 

 

I further studied the morphology of meropenem induced A. baumannii persisters by staining 

them with lipophilic membrane staining fluorescent dye, FM 4-64FX. While stationary phase 

A. baumannii cells exhibited the typical cocci shape with lengths of 1-2 µm, few cells in the 

meropenem persister fractions displayed elongation phenotype with cell size in the range 3-

6µm (Fig. 7.5). This observation was specially intriguing since treatment of A. baumannii with 

sub inhibitory concentrations of meropenem, imipenem and other carbapenems have been 

reported to form larger and rounded spheroplasts [316],[317]. Several factors such as 

nutritional status of the bacterial cells, osmotic stress or desiccation stress are known to affect 

the morphology of A. baumannii cells [318]. A recent study reported the presence of elongated 

rod-like cells in stationary phase cultures of colistin-heteroresistant strains of A. baumannii 

[318]. The mechanism for the elongation phenotype observed in a fraction of meropenem 

isolated persisters is currently unknown, and would need further investigation. 

 

 

 

Figure 7.5: Effect of meropenem exposure (at 100X MIC) on the morphology of A. baumannii 

cells. Cells were stained with FM 4-64FX and visualised using fluorescent microscope. Scale bar 

represents 2 µm. 

 

 

 

 

  



151 

 

7.2.6 Meropenem induced A. baumannii persisters exhibit active antibiotic efflux  

 

Recent studies have reported the crucial contribution of active efflux mechanisms towards 

bacterial persistence in E. coli and Mycobacterium species [205],[127]. Fluorescence based 

single cell microscopic studies revealed lesser accumulation of antibiotics within the persister 

cells thus indicating increased efflux or poor membrane permeability. The role of active efflux 

mechanisms in persistence was further confirmed by transcriptomic analysis of antibiotic 

induced persister fractions followed by the use of knockout strains of a set of efflux genes 

[127]. Considering the hypothesis that A. baumannii cells exhibit meropenem persistence by 

upregulating its efflux machinery, fluorescence microscopy studies on isolated meropenem 

persisters were performed. The accumulation of the beta lactam antibiotic BOCILLIN
TM

 FL 

Penicillin (BOCILLIN) was studied in the persister populations in comparison to stationary 

phase A. baumannii AYE cells. BOCILLIN is a fluorescent derivative of penicillin which has 

been recently employed to assay the the activity of efflux pumps by measuring its accumulation 

[127]  

Interestingly, the accumulated antibiotic concentration of BOCILLIN in meropenem persisters 

was observed to be lower in comparison to stationary phase cells thus indicating that 

meropenem persisters enhance the expression of efflux pump genes in order to survive 

exposure to otherwise lethal doses of meropenem (Fig. 7.6). 
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7.2.7 Meropenem induced A. baumannii persisters exhibit membrane depolarization 

 

Membrane potential refers to the presence of an electrochemical gradient across the inner 

membrane of bacterial cells leading to the generation of a proton motive force (PMF) which 

aids proton transfer across membrane thereby producing ATP [301]. Bacterial membrane 

potential and intracellular ATP levels are known to influence the phenomenon of persistence 

such that decreased PMF leads to a characteristic low metabolic activity in dormant persister 

cells. Several Toxin-Antitoxin (TA) systems have been implicated to affect the bacterial 

membrane potential leading to persistence [131]. To investigate if meropenem induced 

persisters in A. baumannii AYE exhibited any alteration in their membrane potential in 

comparison to stationary phase cells, I used the fluorescent Anionic lipophilic dye, DiBAC4(3), 

that enters depolarized cells causing an enhanced fluorescence intensity [319].  Since 

membrane potential of bacterial cells is also known to be influenced by its growth phases, the 

fluorescence intensity of exponential phase cells to the stationary phase cells and meropenem 

persisters in the DiBAC4(3) assay was further compared [320].  It was interesting to observe 

that meropenem induced persisters of A. baumanii AYE exhibited a significant increase in 

DiBAC4(3) fluorescence (p< 0.0001), thus indicating membrane depolarization and a decreased 

PMF, which is the characteristic of persistence in E. coli cells (Fig. 7.7). 

 

Figure 7.7: DiBAC4(3) based assay to assess the membrane potential of meropenem induced A. 

baumanii AYE persisters in comparison to exponential phase and stationary phase cells. Isolated 

persisters were incubated with 10 µM DiBAC4(3) for 30 minutes at 37°C and washed twice with 

1X PBS. Fluorescence was recorded in a spectrophotometer at excitation-emission of 490/516 nm 

and Relative fluorescence unit (RFU calculated by dividing fluorescence with absorbance at 600 

nm). P values were determined by one-way ANOVA followed by Tukey’s multiple comparison 

test (*, P<0.05; **, P<0.01; ***, P<0.0001). 
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7.2.8 Meropenem treated cultures of A. baumannii indicate the presence of Viable But 

Non Culturable (VBNCs) bacteria: evidence from metabolic activity assay. 

 

As discussed previously, bacterial persisters represent a subpopulation that exhibits a state of 

dormancy characterized by low metabolic activity [321]. Hence, I sought to evaluate the 

respiratory activity of meropenem induced A. baumannii persisters by the {2,3-bis[2-

methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-car-boxanilide (XTT) assay.  Metabolic 

activity of stationary phase culture (12 h old) of A. baumannii AYE were compared with 

meropenem induced persister cells and exponential phase culture.  The XTT assay is based on 

the reduction of the tetrazolium dye, XTT into a water soluble formazan product, which 

correlates to respiratory activity and the levels of NADH within the bacterial cell [322]. The 

number of CFU in the three cultures of A. baumannii AYE i.e the log phase, stationary phase 

and meropenem exposed populations were normalized prior to setting up the experiment (Fig 

7.8). The assay revealed the meropenem induced A. baumannii persisters to exhibit a 

significantly high respiratory activity in comparison to stationary phase and exponential phase 

cells (Fig. 7.9). This observation indicated the presence of Viable But Non culturable (VBNC) 

populations apart from persisters in the meropenem treated A. baumannii cultures, which 

obscured our measurement of persister metabolism.  

 

 

Figure 7.8: Normalisation of the Colony Forming units (CFU) of A. baumannii AYE cells grown 

upto (A)  Log/exponential phase (B) Stationary phase (upto 12 hours) and (C) meropenem 

induced persisters isolated by treating 12 hour old culture of A. baumannii AYE with meropenem 

(at 100X MIC) for 12 hours. The CFU of each of these were normalized in 1X PBS and serial 

dilutuions were spotted (20 µl each) onto LB agar plates such that countable number of colonies 

were obtained in the 10
-5

 dilution of each condition. 
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Figure 7.9: Assay for the determination of metabolic activity of meropenem induced A. baumannii 

AYE persisters in comparison to stationary phase and exponential phase cells. XTT (0.5 mg/ml) 

used in combination with menadione (50 μM) was added to isolated persisters in 1X PBS and 

incubated for 2 h. Absorbance was read at 450 nm to assess the reduction of XTT. P values were 

determined by one-way ANOVA followed by Tukey’s multiple comparison test (*, P<0.05; **, 

P<0.01; ***, P<0.0001).  

 

 

7.2.9 Mechanism based screening identifies potential anti-persister compounds against A. 

baumannii  

 

In order to tackle the problem of antibiotic persistence prevailing in clinics, discovery of novel 

compounds that can inhibit bacterial persisters is much needed. Hence, I devised a mechanism 

based screen for the screening and discovery of potent anti-persister compound against 

meropenem induced persisters of A. baumannii. An in house collection of GRAS status small 

molecules was screened for their ability to target three major mechanisms of bacterial 

persistence i.e. membrane barrier, efflux pumps and oxidative stress. The Minimum Inhibitory 

Concentrations (MIC) of the small molecules against A. baumannii AYE were initially 

determined using broth microdilution method as per the CLSI guidelines (Table 7.1). The 

structures of the GRAS compounds used in the study have been given in Figure 7.10, except for 

clove oil and origanum oil which are mixtures of essential oils. 
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The compounds carvacrol, thymol, cinnamaldehyde, clove oil and eugenol were observed to 

have good antibacterial activity against A. baumannii AYE with MICs in the range 125-500 

µg/mL. Other compounds such as linalool and origanum oil inhibited A. baumannii at a higher 

MIC of 1 mg/ml. Compounds that showed MIC values >1mg/mL were excluded from further 

screening assays.  

 

Table 7.1:  Antibacterial activity of GRAS status small molecules against A. baumannii AYE in 

terms of their Minimum Inhibitory Concentration (MIC). 

 

Compounds 

 

Minimum Inhibitory Concentration 

 

Carvacrol 

 

125µg/ml 

Cinnamaldehyde 250µg/ml 

Clove Oil 500µg/ml 

Eugenol 500µg/ml 

Thymol 250µg/ml 

Origanum oil 1mg/ml 

Linalool 1mg/ml 

Curcumin >8mg/ml 

Berberine >8mg/ml 

Chlorogenic Acid >8mg/ml 

Piperine >8mg/ml 
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Figure 7.10: Structures of GRAS status compounds used in the study to determine their 

inhibitory activity against A. baumannii AYE. 
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7.2.10 Thymol, carvacrol and linalool cause outer membrane permeability in A. 

baumannii  

 

The most common strategy to directly kill persister cells is through extensive damage of 

the bacterial membrane. Hence, I examined the potential of the GRAS compounds to cause 

membrane permeability in A. baumannii cells by the aid of fluorescence based assays.  

Fluorescent dye N-phenyl-1-napthylamine (NPN) was used to evaluate the outer membrane 

damaging potential of the small molecules.  N-phenyl-1-napthylamine (NPN) is known to bind 

to the outer leaflet of the cell membrane, where it exhibits fluorescence in the hydrophobic 

environment. Exponential phase cells of A. baumannii AYE (OD600 = 0.6) were washed and 

resuspended in 5mM HEPES to an OD600 of 0.3.  Cells were further incubated with sub 

inhibitory concentrations of small molecules for 30 minutes followed by the addition of NPN 

(10 µM). Fluorescence was immediately measured at an excitation and emission of 350 and 

420 nm respectively using a plate reader. The outer membrane permeability assay revealed the 

compounds thymol, carvacrol and linalool to exhibit maximum potential to permeabilise the A. 

baumannii outer membrane (Fig. 7.11). 

 

Figure 7.11: Outer Membrane permeability assay for GRAS status small molecules using 

fluorescent probe N-phenyl-1-napthylamine (NPN).  Log phase A. baumannii AYE cells were 

resuspended in 5mM HEPES buffer to an OD600 of 0.3.and incubated with 0.5X MIC of small 

molecules for 30 minutes. NPN (10 µM) was later added and fluorescence was measured at an 

excitation and emission of 350 and 420 nm respectively. Polymyxin B was used as a positive 

control for the assay. P values were determined by one-way ANOVA followed by Tukey’s multiple 

comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001). Each value represents the mean of three 

values and error bars indicate standard error. RFU: Relative Fluorescence Units. 
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7.2.11 Thymol, carvacrol and eugenol cause inner membrane permeability in A. 

baumannii  

 

Fluorescent probe Sytox Orange which is a DNA binding dye was used for the inner membrane 

permeability assay. Exponential phase cells of A. baumannii AYE at an OD600 of 0.6 were 

washed and resuspended in IX PBS and further diluted to an OD600 of 0.3. The cells were 

incubated with Sytox Orange (1 µM) with constant stirring to let the dye stabilize. Cells were 

then exposed to sub-inhibitory concentration of compounds and fluorescence was measured 

after 30 minutes at excitation and emission of 488 and 570 nm respectively using a plate reader. 

From the inner membrane permeability, it was observed that the compounds eugenol, thymol 

and carvacrol displayed the maximum potential to permeabilise the A. baumannii inner 

membrane (Fig. 7.12).  

 

 

Figure 7.12: Inner Membrane permeability assay for GRAS status small molecules using 

fluorescent probe Sytox Orange. Log phase A. baumannii AYE cells were resuspended in 5 mM 

HEPES buffer to an OD600 of 0.3 and incubated with 0.5X MIC of small molecules for 30 minutes 

Sytox Orange (1 µM) was later added and fluorescence was measured at an excitation and 

emission of 488 and 570 nm respectively. 70% ethanol was used as a positive control for the assay. 

P values were determined by one-way ANOVA followed by Tukey’s multiple comparison test (*, 

P<0.05; **, P<0.01; ***, P<0.0001). Each value represents the mean of three values and error bars 

indicate standard error. RFU: Relative Fluorescence Units. 
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7.2.12 Thymol, carvacrol and linalool cause increased production of reactive oxygen 

species (ROS) in A. baumannii  

 

Bacterial cells produce reactive oxygen species (ROS) namely superoxide and hydrogen 

peroxide, in response to various stresses and as a metabolic by-product [323]. Since ROS can 

cause severe cellular damage, bacterial cells display an oxidative stress response, through the 

increased production of anti-oxidant enzymes, thus restoring the damage suffered. Active 

suppression of oxidative stress and decreased production of ROS is a known mechanism for 

antibiotic tolerance in bacteria [324]. Hence, screening for small molecules that can stimulate 

ROS production can be an effective strategy to target bacterial persisters[304]. Dichloro-

dihydro-fluorescein diacetate (DCFH-DA), a non- fluorescent membrane permeable dye was 

used to evaluate the potential of small molecules for enhanced ROS production. DCFH-DA is 

broken down into Dichloro-dihydro-fluorescein (DCFH) by enzymes in the cytoplasm. In the 

presence of ROS, DCFH is further converted into a fluorescent product DCF that can be 

detected at an excitation and emission of 485 nm and 528 nm respectively.  

 

For the assay, exponential phase cells of A. baumannii AYE (OD600 = 0.6) were washed and 

resuspended in IX PBS and further diluted to OD600 of 0.3. The cells were then incubated with 

DCFH-DA (10µM) for 30 minutes with constant stirring to let the dye stabilize. Cells were 

further washed with 1X PBS and exposed to sub-inhibitory concentration of compounds. After 

30 minutes of incubation, fluorescence was measured at excitation and emission wavelengths 

of 485 and 528 nm respectively using a plate reader. The ROS production assay revealed that 

linalool, thymol and carvacrol exhibited the maximum ability to inhibit A. baumannii via ROS 

production (Fig. 7.13).  
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Figure 7.13: Reactive Oxygen Species (ROS) generation assay for GRAS status small molecules 

using fluorescent probe DCFH-DA. Log phase A. baumannii AYE cells were resuspended in 1X 

PBS buffer to an OD600 of 0.3 and incubated with 0.5X MIC of small molecules for 30 minutes. 

DCFH-DA (10µM) was later added and fluorescence was measured at an excitation and emission 

of 485 and 528 nm respectively. Hydrogen Peroxide was used as a positive control for the assay. P 

values were determined by one-way ANOVA followed by Tukey’s multiple comparison test (*, 

P<0.05; **, P<0.01; ***, P<0.0001). Each value represents the mean of three values and error bars 

indicate standard error. RFU: Relative Fluorescence Units. 

7.2.13 Thymol exhibits excellent ability to inhibit efflux in A. baumannii  

 

More recently, active efflux mechanisms have been established to contribute significantly to 

antibiotic tolerance in bacteria. Therefore, administration of efflux inhibitors in combination 

with antibiotics is an important strategy that can target the persister phenotype. Hence, I further 

screened the aforementioned small molecules for their potential to inhibit the efflux of ethidium 

bromide (EtBr), which is a broad substrate inhibitor for most efflux pumps in Gram negative 

bacteria. Log phase A. baumannii AYE cells grown till OD600 of 0.5 were resuspended in 1X 

PBS and incubated with 10µg/mL of EtBr at 37
0
C for 15 minutes. This was followed by 

exposing them to sub-inhibitory concentration of compounds. EtBr fluorescence at excitation 

and emission wavelengths of 530 nm and 600 nm respectively after 10 minutes was plotted. 

The EtBr efflux assay revealed thymol to be the most potent efflux pump inhibitor against A. 

baumannii, followed by eugenol, clove oil, linalool and carvacrol (Fig. 7.14). These 

observations were found to be similar to a recent study which reported the eugenol and 

cinnamaldehyde mediated sensitization. 
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Figure 7.14: Efflux Inhibition assay for GRAS status small molecules using Ethidium Bromide 

(EtBr) as a substrate. A. baumannii AYE cells grown till an OD600 of 0.5 were resuspended in 1X 

PBS and incubated with 10µg/mL of EtBr at 37
0
C for 15 minutes followed by exposure to 

compounds at sub-inhibitory concentration. The EtBr fluorescence observed after 10 minutes of 

incubation was plotted. P values were determined by one-way ANOVA and Tukey’s multiple 

comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001). Each value represents the mean of three 

values and error bars indicate standard error. RFU: Relative Fluorescence Units. 

 

of A. baumannii to beta-lactam antibiotics by efflux inhibition [325]. Since, 

carvacrol and thymol represent the two main active components of oregano oil, it was included 

as a test compound and was observed to display excellent efflux inhibitory activity [326]. 

 

The results obtained from the four assays described above were further compiled in the form of 

heat map (Fig. 7.15).  Out of the six GRAS status small molecules, Thymol was observed to 

outcompete others in all the four assays followed by Eugenol. As per the results obtained from 

the mechanistic screen, Thymol, carvacrol and eugenol were predicted to possess potential anti-

persister activity and were further taken up for validation in A. baumannii AYE persister killing 

assay. It was interesting to note that since thymol and carvacrol have close structural similarity, 

they performed similarly in most of the assays studied except for inhibition of efflux. 
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Figure 7.15: Heat map summarising the results of the mechanistic based screening of GRAS 

status small molecules against A. baumannii AYE. Thymol was chosen as the lead molecule closely 

followed by carvacrol and eugenol which were further taken up for validation by persister killing 

assays. 

7.2.14 Thymol exhibits excellent inhibitory activity against meropenem persisters of A. 

baumannii in planktonic phase 

 

Killing assays against planktonic phase A. baumannii persisters induced with high 

concentrations of a clinically important carbapenem antibiotic, meropenem were carried out to 

validate the anti-persister potential of the compounds screened. A. baumannii persisters 

obtained upon exposure to meropenem (at 100X MIC) were washed and resuspended in 1X 

PBS followed by incubation with lead compounds, thymol, eugenol and carvacrol for 12 h, 

both in the absence and presence of meropenem (100X MIC) in order to maintain their 

persistence. At the end of the incubation, the number of viable bacteria that survived the 

treatment were evaluated by determining the Colony Forming Units/mL in comparison to 

untreated control. As shown in Fig. 7.16, treatment of isolated persisters with meropenem alone 

(at 100X MIC) exhibited high bacterial counts, thus indicating effective persister isolation. As 

predicted from the results of mechanistic screen, thymol alone was observed to display 

complete eradication of meropenem induced A. baumannii persisters at 1X MIC (Fig. 7.16 A). 

Interestingly, in combination with meropenem, thymol caused complete eradication of persister 

populations at 0.5X of its MIC. 
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Figure 7.16: Anti-persister activity of (A) Thymol, (B) Eugenol and (C) Carvacrol against 

meropenem induced persisters in planktonic phase. Stationary phase cells of A. baumannii AYE 

(12 h old) were treated with meropenem (100X MIC) for 12 h followed by treatment with the 

GRAS status compounds at 0.25X, 0.5X, 1X and 2X MIC with and without meropenem After 12 h 

of incubation, the cells were plated to ennumerate the number of viable colonies. Each value 

represents the mean of three values and error bars indicate standard error. P values were 

determined by one-way ANOVA followed by Tukey’s multiple comparison test (*, P<0.05; **, 

P<0.01; ***, P<0.0001).  
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Eugenol and carvacrol, on the other hand, exhibited significant ability to kill meropenem 

induced persisters albeit at higher concentrations than that of thymol (Fig. 7.16 B and C). 

Eugenol and carvacrol also displayed eradication of the persister fractions at 2X of their MIC. 

These results showed that all the three compounds namely thymol, eugenol and carvacrol 

displayed remarkable capability to kill the persister cells, both in the absence and presence of 

meropenem (p <0.0001). The extent of killing by the small molecules was however observed to 

be variable and concentration dependent. 

 

7.2.15 Thymol exhibits excellent inhibitory activity against meropenem persisters of A. 

baumannii under biofilm conditions 

 

Recent studies have revealed that bacterial biofilms possess 100–1,000 fold more persister 

populations than planktonic cultures [109]. Hence, I further proceeded to evaluate the inhibitory 

activity of thymol, eugenol and carvacrol against the biofilm associated persisters of A. 

baumannii. 48 h old A. baumannii AYE biofilms were grown in 96-well microtitre plates and 

exposed to high concentration of meropenem alone (100X MIC), GRAS status small molecules 

(at 0.25X MIC, 0.5X MIC, 1X MIC and 2X MIC) or a combination of both antibiotic and small 

molecule.  After 12 h of respective treatments, biofilm associated cells were dislodged using a 

bath sonicator and plated to ennumerate the number of viable colonies. It was observed that 

thymol showed the best inhibitory activity against the biofilm induced persisters as it 

completely eradicated all bacteria, at concentration corresponding to 1X of its MIC (Fig. 

7.17A). However, thymol was able to cause complete elimination in biofilms at 0.5X MIC 

when administered in combination with meropenem, thus establishing that combination of 

meropenem and thymol always outcompeted the monotherapy, both  in case of planktonic phase 

persisters and biofilm associated persisters. Eugenol on the other hand displayed eradication of 

persister cells in biofilms at higher concentrations corresponding to 2X of its MIC and at 1X 

MIC in combination with meropenem (Fig. 7.17 B). Carvacrol on the other hand showed 

complete eradication of the biofilm persisters at 1X MIC, both in combination as well as 

monotherapy (Fig. 7.17 C). 
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Figure 7.17: Anti-persister activity of (A) Thymol, (B) Eugenol and (C) Carvacrol against biofilm 

associated persister cells. 48 h old A. baumannii AYE biofilms were treated with meropenem alone 

(at 100X MIC), GRAS status small molecules (at 0.25X MIC, 0.5X MIC, IX MIC and 2X MIC) or 

a combination of both. After 12 h of incubation, biofilm associated cells were dislodged and plated 

to ennumerate the number of viable colonies. Each value represents the mean of three values and 

error bars indicate standard error. P values were determined by one-way ANOVA followed by 

Tukey’s multiple comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001).  
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7.2.16 Combination of meropenem and thymol does not show synergy in the 

checkerboard assay 

 

On the basis of the above observations, where the combination of meropenem and thymol 

displayed a better inhibitory potential against A. baumannii AYE planktonic and biofilm 

persisters, in comparison to thymol alone; I was encouraged to see if the combination would 

also show a favourable synergistic interaction in the checkerboard assay. Interstingly, the 

meropenem and thymol combination did not exhibit synergism and the interaction between the 

two was observed to be additive in nature (FICI ≥ 0.5). This observation indicated that thymol 

exhibited a synergistic killing ability with meropenem against persister cells probably because it 

specifically targeted the mechanisms responsible for antibiotic induced persistence. Due to the 

absence of these targets in the normal growing populations, no synergistic interaction was 

observed in the checkerboard assay. 

 

7.2.17 Thymol can inhibit stationary phase cells of A. baumannii AYE   

 

It has been reported that the number of persisters in a growing population varies depending on 

the growth phase, with the highest persister frequency found at stationary phase [327]. 

Persisters have been shown to appear in the population by the mid-exponential phase and reach 

to a maximum of approximately 1% during stationary phase [328]. Previous experiments 

showed that thymol can efficiently inhibit meropenem induced persister cells. In order to 

examine the bactericidal potential of thymol on stationary-phase persisters of A. baumannii, 

cells were treated either with 100X MIC of meropenem or thymol alone (at 0.25X MIC to 0.5X 

MIC). Exposure of A. baumannii cells to 100X MIC of meropenem caused a decrease in the 

number of surviving cells and allowed the persister fractions to survive. Treatment of the 

stationary-phase persisters with 1X or 2X MIC of thymol alone significantly decreased the 

number of surviving cells compared to that of the untreated control (p <0.0001) (Fig. 7.18A). 

Hence, the results obtained clearly showed that thymol exhibits extreme capability of killing 

both antibiotic induced persisters and stationary phase persisters of A. baumannii. The killing 

potential of thymol against stationary phase A. baumannii cells was also confirmed by 

microscopic studies. Scanning electron microscopy of stationary phase A. baumannii cells 

treated with thymol (at 2X MIC) displayed complete eradication of persisters and the presence 

of cell debris (Fig. 7.18B).  
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Figure 7.18: Activity of thymol against stationary phase cells of A. baumannii. (A) Stationary 

phase culture of A. baumannii AYE Cells were treated with 0.25X, 0.5X, 1X, 2X MIC of Thymol 

and 100X MIC of meropenem for 12 h. The number of viable bacterial counts were enumerated 

and plotted in terms of CFU/mL. (B) SEM micrographs show complete lysis of thymol treated (at 

2X MIC) A. baumannii cells. Scale bar is 1 µm. 

Fluorescence microscopy studies using the combination of dyes FM 4-64FX and Sytox green 

for the assessment of viability of thymol treated populations were performed. Fluorescence 

live-dead staining of thymol treated A. baumannii cells revealed complete killing of the 

bacterial population at 2X MIC, while partial killing was observed at 1X MIC (Fig. 7.19). 

These observations were found to be well in accordance with the results obtained from the CFU 

plating studies for assessing viability counts (Fig. 7.18A). 
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Figure 7.19: Fluorescence microscopy to assess the viability of stationary phase cells of A. 

baumannii in the presence of thymol. Stationary phase culture of A. baumannii AYE cells were 

treated with 1X and 2X MIC of Thymol for 1 h. Viability was assessed using combination of dyes 

FM 4-64FX and Sytox green. Scale bar represents 10 µm. 

 

7.2.18 Thymol exhibits anti-persister activity irrespective of the time of addition to A. 

baumannii persisters 

 

 

I further investigated whether thymol needs to be administered simultaneously with 

meropenem or could be administered at a later time point. Hence, a time kill kinetics assay was 

performed where thymol was added at different time points (t = 0h, 3h and 6h) during 

meropenem treatment (at 100X MIC) of A. baumannii AYE stationary phase cells. Complete 

eradication of A. baumannii cells was achieved within 1 h after the addition of thymol, 

irrespective of the time of its addition. These results indicate that thymol displays excellent 

ability to kill persister cells within a short span and could be administered during treatment at 

any time (Fig. 7.20) 
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Figure 7.20: Kinetics of killing of A. baumannii in the presence of meropenem, upon addition of 

thymol at different time intervals. Stationary phase cells of A. baumannii AYE were treated with 

meropenem (100X MIC) or combination of meropenem and 1X MIC of thymol. Thymol was 

added to the cultures at different time points t = 0 h, 3 h and 6 h as indicated by the arrows. The 

number of viable cells was determined at regular intervals in terms of CFU/ml. Each value 

represents the mean of three values and error bars indicate standard error. 
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7.2.19 Anti-persister activity of thymol is antibiotic independent 

 

In addition to meropenem, other antibiotics used to treat A. baumannii infections in the clinic 

include rifampicin, tigecycline and polymyxin B. I further sought to assess if the anti-persister 

activity displayed by thymol was dependent on the nature of the antibiotics used to induce 

persisters. Persisters of the three clinically relevant antibiotics were induced and isolated by 

exposing 12 h old cultures of A. baumannii AYE to 50X MIC of Rifampicin (MIC: 8 µg/mL), 

100X MIC of Tigecycline (MIC: 0.25 µg/mL) and 10X MIC Polymyxin B (MIC: 0.5 µg/mL). 

Exposure to all the three antibiotics showed the isolation of large persister fractions, thus 

emphasising the need to tackle the problem of persistence in the clinic (Fig. 7.21). 

 

Further to assess the inhibitory potential of thymol, persisters were treated with varying 

concentrations of thymol both with and without combination of antibiotics. As shown in Fig. 

7.21, complete eradication of rifampicin and tigecycline induced A. baumannii persisters with 

thymol was observed at 0.25X MIC and 0.5X MIC in combination with antibiotics respectively 

(p <0.0001). On the other hand, polymyxin B induced persisters displayed complete eradication 

by thymol at 1X MIC in combination with antibiotic (p <0.0001). Treatment with thymol alone 

also displayed complete eradication although at a higher concentration i.e. at 1X MIC, in all 

three cases (p <0.0001). These results clearly show that thymol can be combined with different 

classes of antibiotics and thus possesses an antibiotic independent anti- persister activity.  
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Figure 7.21: Anti-persister activity of Thymol against (A) Rifampicin (B) Tigecycline (C) 

Polymyxin B induced persister cells at varying concentrations of MIC. Stationary phase cells of A. 

baumannii AYE were exposed to Rifampicin, Tigecycline and Polymyxin B for 12 h followed by 

treatment with thymol at  0.25X, 0.5X and 1X MIC in the absence and presence of  respective 

antibiotics at indicated concentrations. After 12 h of incubation, the cells were plated to 

ennumerate the number of viable colonies. P values were determined by one-way ANOVA 

followed by Tukey’s multiple comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001).  
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7.2.20 Thymol inhibits efflux in meropenem induced A. baumannii persisters  

 

As shown previously, meropenem induced persisters of A. baumannii were observed to exhibit 

enhanced antibiotic efflux in order to survive exposure to otherwise lethal doses. In the 

ethidium bromide (EtBr) efflux assay of the mechanistic screen, thymol displayed excellent 

potential to inhibit EtBr efflux. Hence, in order to study the mechanism of persister killing by 

thymol, I performed the ethidium bromide efflux assay in isolated meropenem persisters. 

Meropenem induced A. baumannii persisters were isolated and incubated with 10 µg/ml of 

EtBr and washed with 1XPBS. The EtBr loaded cells were then added to 96-well plates 

containing 0.25X, 0.5X and 1X MIC of thymol. Relative increase in EtBr fluorescence upon 

addition of thymol with respect to no thymol control was calculated and plotted. As shown in 

Fig. 7.22, thymol cause a dose dependent increase in EtBr fluorescence in A. baumannii 

persisters thus indicating inhibition of efflux. This observation was further confirmed by 

incubating meropenem persisters with BOCILLIN FL in the presence and absence of thymol at 

sub inhibitory concentration. Thymol was observed to cause increased accumulation of 

BOCILLIN FL in the A. baumannii persisters in contrast to untreated persister cells (Fig. 7.23). 

 

 

 
Figure 7.22: Ethidium Bromide efflux assay to study the efflux pump inhibitory activity of thymol 

against meropenem induced A. baumannii AYE persisters. Isolated persisters were incubated with 

10µg/mL of EtBr at 37
0
C for 15 minutes followed exposure to varying concentration of thymol. 

Relative increase in EtBr fluorescence upon thymol addition w.r.t. no thymol control was 

calculated and plotted. Each value represents the mean of three values and error bars indicate 

standard error.P values were determined by one-way ANOVA followed by Tukey’s multiple 

comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001).  
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7.2.21 Thymol causes membrane depolarization in meropenem induced A. baumannii 

persisters 

 

As discussed previously, bacterial persisters exhibit a state of dormancy characterized by 

reduced cellular metabolism and low proton motive force [321]. Compounds that can modulate 

the PMF of dormant persister cells can act as attractive leads for anti-persister drug discovery. 

Moreover, since persisters are known to exhibit enhanced efflux activity and most efflux pumps 

are PMF driven, compounds that dissipate membrane potential can be useful in adjunct 

therapies with antibiotics[14]. Hence, I used the fluorescent dye DiBAC4(3) to evaluate the 

effect of thymol on the persister membrane potential. A. baumannii AYE persisters showed a 

significant increase in DiBAC4(3) fluorescence (P value <0.001) and thus increased membrane 

depolarization in response to increasing concentrations of thymol (Fig. 7.24). The ability of 

thymol to affect the membrane potential of A. baumannii persisters could also be held 

responsible for its impressive efflux inhibitory activity as observed previously. 

 

 

Figure 7.24: Effect of thymol on membrane potential of meropenem persisters of A. baumannii 

AYE. Cells incubated with 10 µM DiBAC4(3) for 30 minutes at 37°C were exposed to varying 

concentration of thymol. Fluorescence was recorded in at excitation-emission of 490/516 nm and 

relative increase in fluorescence w.r.t. untreated control cells was calculated. Each value 

represents the mean of three values and error bars indicate standard error. P values were 

determined by one-way ANOVA followed by Tukey’s multiple comparison test (*, P<0.05; **, 

P<0.01; ***, P<0.0001).  
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7.2.22 Thymol inhibits the respiratory activity of meropenem induced A. baumannii 

persisters 

 

As shown previously, the meropenem induced cultures of A. baumannii comprised of both 

persister and VBNC populations. The induction of VBNC state in bacterial pathogen poses a 

serious health threat and discovery of novel strategies that can induce their resuscitation or 

inhibit them is of utmost importance [107]. Hence, I further sought to assess if thymol could 

exhibit inhibitory potential against all of the viable cells i.e. both persisters and VBNCs, 

present in the meropenem treated A. baumannii cultures by the use of XTT assay and live-dead 

staining. Interestingly and encouragingly, thymol showed a significant inhibition in metabolic 

activity of the meropenem induced A. baumannii cells at 1X MIC (Fig. 7.25). The above 

observation was further validated by performing fluorescence based live dead staining assay. 

As shown in Fig. 7.26, thymol showed extreme potential to inhibit all the bacterial cells in the 

meropenem induced persister fractions of A. baumannii.  Few cells in the meropenem persister 

fractions were observed to stain green indicating compromised membranes. These represented 

the susceptible bacterial cells that could not survive exposure to high concentrations of 

meropenem and remained in the isolated persister fractions after the washing steps. 

 

 
Figure 7.25: Effect of thymol on the metabolic activity of meropenem induced A. baumannii AYE 

persisters at 1X and 2X MIC. XTT (0.5 mg/ml) in combination with menadione (50 μM) was 

added to isolated persisters in 1X PBS and incubated for 2 h. Absorbance was read at 450 nm to 

assess the reduction of XTT dye. Each value represents the mean of three values and error bars 

indicate standard error.P values were determined by one-way ANOVA followed by Tukey’s 

multiple comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001).  
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Figure 7.26: Fluorescence microscopy to determine the effect of thymol on the viability of 

meropenem induced persisters of A. baumannii. Meropenem exposed A. baumannii AYE cells (at 

100X MIC) were treated with 1X and 2X MIC of Thymol for 1 h. Viability was assessed using 

combination of dyes FM 4-64FX and Sytox green. Scale bar represents 10 µm. 

 

The effect of thymol treatment on the metabolic activity of A. baumannii cells in the stationary 

phase was also evaluated by the XTT assay. Thymol was observed to cause a significant 

inhibition in the metabolic activity of stationary phase cells of A. baumannii AYE (Fig. 7.27).  

Since the PMF in bacterial cells is generated by the electron transport chain (ETC), compounds 

that collapse the PMF can impair electron transport across the respiratory chain, also interfering 

with the ATP homeostasis. Hence, the ability of thymol to inhibit the respiratory activity of A. 

baumannii persisters could be attributed to its potential to dissipate the PMF, as shown 

previously (Fig. 7.24). 
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Figure 7.27: Effect of thymol on the metabolic activity of stationary phase cells of A. baumannii 

AYE at 1X and 2X MIC. XTT (0.5 mg/ml) in combination with menadione (50 μM) was added to 

cells in 1X PBS and incubated for 2 h. Absorbance was read at 450 nm to assess the reduction of 

XTT dye. Each value represents the mean of three values and error bars indicate standard error. 

P values were determined by one-way ANOVA followed by Tukey’s multiple comparison test (*, 

P<0.05; **, P<0.01; ***, P<0.0001).  

 

7.2.23 Thymol exhibits no propensity for resistance generation against A. baumannii 

 

I further explored the ability of thymol to cause the emergence of resistance in A. baumannii 

AYE using the large inoculum approach to assess the frequency of resistance (FOR). 10
10 

CFU/mL of A. baumannii cells were exposed to thymol at 1X and 2X MIC. Rifampicin (2X 

MIC) was used a control for the assay. Thymol displayed no propensity towards resistance 

development since no colonies were obtained even after 72 h of exposure to thymol at high 

concentration (Table 7.2). Rifampicin, on the other hand exhibited FOR of the order 10
-3 

after 

72 h of exposure in A. baumannii AYE. This implies that Thymol is refractory to resistance 

development against A. baumannii and holds great potential to be used as an adjuvant in clinic. 

 

Table 7.2: Frequency of resistance generation against thymol in A. baumannii AYE 

 

Frequency of Resistance (FOR) 

Thymol (1X MIC) Thymol (2X MIC) 

 

Rifampicin (2X MIC) 

 

 

<<< 10
-10

 

 

 

<<<10
-10

 

 

1.2 X 10
-3
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7.2.24 Activity of thymol against clinical isolates of A. baumannii. 

 

The findings obtained so far were further validated by evaluating the activity of thymol against 

a panel of multi-drug resistant clinical isolates of A. baumannii. Stationary phase cultures of the 

clinical strains of A. baumannii were treated with meropenem (100-200 ug/ml) for 12 h and the 

fraction of surviving persisters were isolated. All the clinical strains were observed to display a 

high frequency of persister formation in the presence of meropenem. The persister fractions 

were further isolated by washing with 1X PBS and treated with 0.5X and 1X MIC of thymol 

for 12 h. Thymol caused a significant decrease in the persister populations of all the MDR A. 

baumannii isolates also leading to complete eradication in some strains (p <0.0001) (Fig. 7.28). 

These observations highlight the potential of thymol to be used as an anti-persister compound 

in the clinics. 

 

 

Table 7.3: MIC of meropenem, tigecycline, polymyxin B and rifampicin against clinical isolates of 

A. baumannii. 

 

 

 

 

Minimum Inhibitory Concentration (µg/mL) 

 

Strain no. Meropenem Tigecycline 

 

Polymyxin B Rifampicin  

 

 

RPTC 8 

 

4 

 

0.25 

 

0.5 

 

0.5 

RPTC 27 4 0.5 0.5 32 

RPT U59 16 0.5 0.25 64 

RPTC 10 16 0.5 0.5 0.25 

RPTC 11 2 0.06 0.25 0.25 

RPTC 22 4 0.25 0.25 0.25 

RPTU 61 16 0.25 0.25 0.125 
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Figure 7.28: Anti-persister activity of Thymol against clinical isolates. Stationary phase cells of A. 

baumannii AYE were treated with  Rifampicin, Tigecycline and Polymyxin B for 12 h followed by 

treatment with thymol at at indicated concentrations in the absence and presence of  respective 

antibiotics. After 12 h of incubation, the cells were plated to ennumerate the number of viable 

colonies. P values were determined by one-way ANOVA followed by Tukey’s multiple comparison 

test (*, P<0.05; **, P<0.01; ***, P<0.0001). 
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7.2.25 Thymol exhibits anti-persister activity against two other ESKAPE pathogens: 

Klebsiella pneumoniae and Pseudomonas aeruginosa  

 

As thymol exhibited an excellent inhibitory potential against the nosocomial pathogen, 

Acinetobacter baumannii, I further sought to examine its activity against other serious 

ESKAPE pathogens, namely Klebsiella pneumoniae, Pseudomonas aeruginosa and 

Staphylococcus aureus. 

 

Klebsiella pneumoniae is a Gram-negative opportunistic pathogen responsible for causing a 

wide range of infections such as urinary tract infections, pneumonia, and surgical wound 

infections [329]. Antibiotic treatment failure of K. pneumoniae infections has been attributed to 

the presence of both resistant and tolerant strains in the clinical settings [324].  Carbapenem 

antibiotics are frequently used to treat K. pneumoniae infections either as a monotherapy or in 

combination with other antibiotics [330]. Hence, I isolated meropenem induced persisters of K. 

pneumoniae ATCC 700698 at 100X MIC (MIC: 0.03 µg/mL) and treated them with increasing 

concentrations of thymol. As shown in Fig. 7.29, thymol completely eradicated all K. 

pneumoniae persisters at concentration as low as 0.25X of its MIC (i.e. at 0.5 mg/mL) 

(p<0.0001). 

 

P. aeruginosa is another major ESKAPE pathogen known to cause chronic airway infections in 

patients with cystic fibrosis. Survival of P. aeruginosa in lungs is supported by small fractions 

of antibiotic tolerant subpopulations which are responsible for infection relapse. Carbapenems 

antibiotics such as imipenem and meropenem are frequently used for the treatment of P. 

aeruginosa infections[331]. Stationary phase cells of P. aeruginosa MTCC 2453 were exposed 

to 100X MIC of meropenem (MIC: 0.25 µg /mL) for 12 h and high fractions of persister cells 

were obtained. Complete eradication of the isolated persisters upon treatment with the potential 

anti-persister compound, thymol was observed at 0.25X MIC (i.e. 2 mg/mL) (Fig. 7.29). 

 

S. aureus is a Gram positive ESKAPE pathogen responsible for causing endocarditis, 

osteomyelitis and several chronic infections that are complicated by frequent relapses through 

the formation of persister bacterial cells against conventional antibiotics. Vancomycin is a 

glycopeptide antibiotic which is a gold standard for treatment of severe Methicillin Resistant 

Staphylococcus aureus infections[332]. However, the emergence of Vancomycin tolerant 

strains in the clinic present a major challenge for effective antibiotic treatment. Vancomycin 

tolerant cells of S. aureus ATCC 29213 were isolated by exposing stationary phase bacteria to 
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50 µg/mL of vancomycin (MIC: 0.5 µg/mL).  Isolated persisters were treated with IX MIC of 

thymol (MIC: 128 µg/mL) and the number of surviving bacteria were enumerated (Fig. 7.29). 

Thymol however did not display inhibitory potential against the vancomycin induced S. aureus 

persisters and thus its activity was observed to be more specific to the Gram negative 

pathogens. 

 

 
Figure 7.29: Anti-persister activity of Thymol against ESKAPE pathogens (A) Klebsiella 

pneumoniae ATCC 700698 (B) Pseudomonas aeruginosa MTCC 2453 (C) Staphylococcus aureus 

ATCC 29213. Stationary phase cells were treated with meropenem at 100X MIC for 12 h.  

Antibiotic induced persisters were treated with indicated concentrations of thymol, in the absence 

and presence of respective antibiotics. After 12 h of incubation, number of viable colonies were 

enumerated by plating. P values were determined by one-way ANOVA followed by Tukey’s 

multiple comparison test (*, P<0.05; **, P<0.01; ***, P<0.0001).  
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   7.3 Discussion 

 

Besides the rapidly increasing problem of multidrug resistance, treatment of infections 

caused by ESKAPE pathogens is compromised by the ability of these organisms to form 

biofilms and comprise of antibiotic-tolerant persister populations [109]. Persister cells are 

able to withstand antibiotic treatment, thereby contributing to the recalcitrant nature of 

chronic infections and increasing the chances of resistance development [313].  

 

In this study, the characteristics and mechanisms of persistence in the ESKAPE pathogen, 

A. baumannii were determined in response to the last resort antibiotic, meropenem. In 

response to antibiotic stress, A. baumannii persisters were observed to modulate their 

proton motive force and upregulate efflux mechanisms. Membrane depolarization and 

efflux mechanisms for antibiotic tolerance have been implicated in E. coli, P. aeruginosa 

and Mycobacterium species. To our knowledge, this is the first study that highlights the 

role of similar mechanisms for persistence in A. baumannii. 

 

This study further identified the anti-persister activity of thymol, a plant-derived 

antimicrobial that can be used as monotherapy or in combination with antibiotics against 

bacterial infections. Thymol (2-isopropyl-5-methylphenol) is a monoterpene phenol 

isolated from plants belonging to the Lamiaceae family or can also be chemically 

synthesized [333]. The use of Thymol as a flavouring agent and food preservatives is 

long known such that it has been bestowed the GRAS (generally recognized as safe) 

status by the Food and Drug Administration (FDA), agency of the United States 

Department of Health and Human Services (Thymol: 21CFR172.515) [334]. Thymol has 

been known to possess antibacterial activity against both Gram negative and Gram 

positive pathogens such as Escherichia coli, Salmonella typhimurium, E. 

coli O157:H7, Proteus mirabilis, Staphylococcus aureus and Listeria innocua etc. [335]. 

Only few studies so far have reported the antibacterial activity of thymol or its derivatives 

against A. baumannii [336],[337]. However, none of the studies evaluated the inhibitory 

potential of thymol against A. baumannii persisters.  

 

In my study, Thymol was observed to inhibit and eradicate all the ―viable‖ cells in the 

antibiotic exposed populations, irrespective of their culturability. Thymol retained its 

activity against both non-dividing and dividing or both culturable and non-culturable 
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populations of A. baumannii by causing membrane permeability, dissipating their 

membrane potential and inhibiting the efflux machinery as well as respiratory activity. It 

was intriguing to observe that although carvacrol is an isomer of thymol, but its anti-

persister activity wasn‘t observed to be at par with thymol. This could be again attributed 

to the superior efflux inhibitory activity of thymol than carvacrol, as evident from the 

EtBr efflux assay. Thymol was observed to have a rapid killing potential and a broad 

spectrum activity inhibiting three notorious Gram negative ESKAPE pathogens. 

Moreover, it did not exhibit the generation of resistant mutants in A. baumannii AYE 

upon prolonged exposure  

 

Thymol is an attractive compound having its use as a food additive in the food industry 

and a potential bioactive compound in the pharmaceutical industry. In support of its 

GRAS status, recent reports have have displayed  no associated toxicity in rat models, 

with LD50 as high as    4000mg/kg, when administered orally [335]. The possibility of 

combining thymol with mechanistically different classes of antibiotics and its broad 

spectrum anti-persister activity, indicates thymol to have immense potential to act either 

alone or serve as an adjunct molecule in combination therapies against mixed bacterial 

infections This study encourages further research into it and the development of novel 

antibacterial strategies in the fight against chronic infections. 
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7.4 Experimental procedures 

 

7.4.1 Bacterial strains and reagents 

The strains used for the study were Acinetobacter baumannii AYE, Klebsiella pneumoniae 

ATCC 700698, Pseudomonas aeruginosa MTCC 2453 and Staphylococcus aureus ATCC 

29213. The growth medium used was either Luria Bertani (LB) broth or LB agar. Antibiotics 

used in this study were procured from Sigma-Aldrich Corporation and Tokyo Chemicals 

Industries Limited (TCI) and were stored at conditions recommended by the seller brand. The 

stock solutions were prepared in water or DMSO as prescribed. Fluorescent dyes Dichloro-

dihydro-fluorescein diacetate (DCFH-DA), DiBAC4(3), FM4-46FX , SYTOX green and 

SYTOX orange were procured from Thermofisher Scientific. BOCILLIN
TM

 FL Penicillin 

(BOCILLIN) was also purchased from Thermofisher Scientific. The A. baumannii clinical 

isolates used in the study were procured from AIIMS, Bhopal and Government Medical 

College and Hospital, Chandigarh, India.  

 

7.4.2 Determination of Minimum Inhibitory Concentration (MIC) of antibiotics and 

GRAS compounds 

The MIC is defined as the lowest concentration of antibiotic that completely inhibited the 

growth of the organism as detected with the naked eye. Serial twofold dilutions of each drug in 

96 well plate was prepared according to the recommendations of CLSI immediately prior to 

testing. The overnight grown cultures of the required strains were sub-cultured in sterile culture 

tubes and were incubated at 37°C and 200 rpm, till the OD of 0.5 at 600 nm was obtained. 

Cultures were subsequently diluted 1000 times to achieve inoculum of 5 × 10
5
 CFU/ml and 

were added to the 96 well plates containing the serially diluted antibiotics. The absorbance of 

the plates was recorded on a plate reader (SpectraMax M2e) at 600 nm after 12 h of incubation. 

 

7.4.3 Inner Membrane Permeability Assay 

The membrane permeability assay was determined with the fluorescent dye Sytox Orange 

nucleic acid stain (Thermofisher), which fluoresces upon binding to DNA. A. baumannii AYE 

cells were grown overnight in 5 ml of Luria Bertani media. The cells were then diluted 1:100 in 

fresh media and allowed to grow until the OD600 reached 0.4-0.5. Cells were then washed thrice 

with 1X PBS buffer and resuspended in 1X PBS to an optical density taken at 600 nm of 0.3. 

Sytox Orange was added to the cells at concentration of 1 µM and were incubated with 

constant stirring, to let the dye stabilize. Compounds (at 0.25X MIC) were then added to the 
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96-well opaque half area plates and fluorescence was measured at the excitation and emission 

wavelengths of 488 and 570 nm respectively using a plate reader (SpectraMax M2e). 

 

7.4.4 Outer Membrane Permeability Assay 

N-phenyl-1-napthylamine (NPN) dye was used to assess the outer membrane permeability in 

the presence of compounds. NPN binds to the outer leaflet of the cell membrane and fluoresces 

when in the hydrophobic environment. Overnight grown cultures of A. baumannii AYE were 

sub-cultured in fresh medium and incubated at 37°C and 200 rpm, till an OD600 of 0.4 was 

reached. These cells were then washed and resuspended in 5mM HEPES buffer to an OD600 of 

0.3. and incubated with 0.25X MIC of the compounds for 30 minutes. To the Corning half area 

black plate, NPN dye was added (at 10 µM) to treated cells and fluorescence was immediately 

measured at an excitation/emission wavelengths of 350/420 nm respectively using a plate 

reader (SpectraMax M2e).  Relative Fluorescence Units (RFU) were calculated by dividing the 

fluorescence values obtained by the absorbance at 600 nm. 

 

7.4.5 Reactive Oxygen Species (ROS) Production Assay 

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) was used for the ROS detection assay. The 

overnight grown cultures of A. baumannii AYE were sub-cultured and incubated at 37°C and 

180 rpm, till an OD600 of 0.4 was reached. These cells were then washed and resuspended in 1X 

PBS to an OD600 of 0.3 and then incubated with Dichloro-dihydro-fluorescein diacetate 

(DCFH-DA) at 10µM for 30 minutes at 37ºC following which they were added to the 

compounds (at 0.5X MIC) in the Corning half area black plate and a kinetic fluorescence 

spectrum was run at excitation wavelength of 485 nm and emission wavelength of 528 nm for 2 

h with readings taken every 5 minutes using a plate reader (SpectraMax M2e). The values 

obtained at the end of 2 h were plotted for comparison. 

 

7.4.6 Ethidium Bromide Efflux Assay 

Ethidium Bromide acts as a general substrate for efflux pump and hence can be used to 

measure the cell‘s efflux activity. If a molecule acts as an efflux pump inhibitor it would show 

relatively higher fluorescence as compared to those which don‘t. The overnight grown cultures 

of the required strains were sub-cultured in sterile culture tubes and were incubated at 37°C and 

200 rpm, till an OD600 of 0.4 was reached. These cells were then washed and resuspended in 

PBS to an OD600 of 0.3 and 10 µg/mL of Ethidium Bromide was added and incubated at 37ºC 
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for 20 minutes. The compounds were added with treated cells to the Corning half area black 

plate at sub-inhibitory concentrations (at 0.25X MIC) and their fluorescence was measured at 

excitation wavelength 480 nm and an emission wavelength of 610 nm using a plate reader 

(SpectraMax M2e). The fluorescence values obtained at the end of 2 h were plotted for 

comparison. 

 

7.4.7 Determination of the levels of persistence in A. baumannii against meropenem and 

other clinically relevant antibiotics 

A single colony of A. baumannii from a freshly streaked plate was inoculated in LB medium 

for 12 h at 37°C and 180 rpm. The cells were 100 times diluted into fresh media and further 

grown for 12 h under similar conditions. The antibiotics meropenem, tigecycline (at 100X 

MIC), rifampicin (at 50 X MIC) and polymyxin B (40X MIC) were added to the culture and 

incubated at 37°C under shaking conditions. The number of surviving persister fractions upon 

meropenem treatment were enumerated at regular intervals by the drop plate method. In case of 

tigecycline, rifampicin and polymyxin B, the number of surviving persister fractions were 

determined after 12 h of antibiotic exposure. 

 

7.4.8 Determination of the levels of meropenem persistence in A. baumannii under biofilm 

conditions 

A. baumannii cells were grown overnight in LB medium and were 100 fold diluted into fresh 

media until they reached OD600 of 0.4. Cells were added to 96-well plates and biofilms were 

allowed to form for 48 h at 37°C under static conditions. Planktonic cells were washed thrice 

with PBS and 100X MIC of meropenem in LB medium was added to the plates for 12 h. 

Biofilm were washed and disrupted by sonication using a bath sonicator (at 50 KHz for 10 

minutes at room temperature). The number of biofilm associated A. baumannii cells that 

survived meropenem exposure was determined in comparison to untreated control.  

 

7.4.9 Tolerance of meropenem induced A. baumannii persisters to other clinically relevant 

antibiotics 

Meropenem induced persisters were isolated by the following protocol. A single colony of A. 

baumannii from a freshly streaked plate was inoculated in LB medium for 12 h at 37°C and 

200 rpm. The cells were 100 times diluted into fresh media and further grown for 12 h at 

similar conditions. 100X MIC of meropenem was added to them and incubated further at 37°C 
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under shaking conditions for 12 h. The isolated persisters were washed thrice and resuspended 

in PBS preventing their reversion back to the normal population. To assess if meropenem 

induced persisters could tolerate bactericidal concentrations of other clinically relevant 

antibiotics, survival of A. baumannii cells upon exposure to high concentrations of tigecycline 

(50X MIC), rifampicin (50X MIC) and polymyxin B (40X MIC) was observed. The numbers 

of surviving persisters were enumerated after 12 h of antibiotic exposure. 

 

7.4.10 Treatment of antibiotic induced persisters with screened natural products  

Antibiotic induced persisters were isolated by the following protocol. A single colony of A. 

baumannii was inoculated in LB medium for 12 h at 37°C and 200 rpm. The cells were further 

100 times diluted into fresh media and grown for 12 h at similar conditions. 100X MIC of 

meropenem, tigecycline; 50X MIC rifampicin and 40X MIC of polymyxin B were added to 

individual tubes and incubated under shaking conditions for 12 h. The isolated persisters were 

washed thrice and resuspended in PBS followed by treatment with 0.25X, 0.5X, 1X MIC and 

2X MIC of individual natural compounds for 12 h. The numbers of surviving persisters after 

natural compound treatment were enumerated.  

 

7.4.11 Fluorescence Microscopy to assess changes in cellular morphology  

Fluorescence microscopy was used to evaluate the morphological changes in A. baumannii 

AYE cells after treatment with 100X MIC of meropenem. A. baumannii AYE persister cells 

were made as per the method described above and was compared with that of the control cells. 

Agarose pads were made using 1 % agarose. 1 µg/ml of FM
 

4-64FX (N-(3-

Triethylammoniumpropyl)-4-(6-(4-(Diethylamino)-Phenyl)-Hexatrienyl)-Pyridinium 

Dibromide), a membrane staining dye was added to the control as well as persister cells and 

incubated for 15 minutes at room temperature. 10 µL of cells was added to the agar pad and it 

was covered with a cover slip and observed under AXIO A1 ZEISS fluorescence microscope. 

 

7.4.12 Scanning Electron Microscopy to assess changes in cellular morphology 

SEM was performed to evaluate the morphological changes in stationary phase A. baumannii 

AYE cells after treatment with thymol. For SEM sample preparation, A. baumannii AYE was 

exposed to thymol (1X and 2X MIC) for 12 h. Treated cells were washed thrice with 1X PBS 

and centrifuged at 8000 g for 4 min and fixed overnight at 4 °C with 2.5% glutaraldehyde. 

Fixed cells were further dehydrated with an ethanol gradient (20%, 40%, 60%, 80%, 90%, and 
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100%). The samples were then coated with a layer of gold and visualized under SEM. Detailed 

protocol has been mentioned in the experimental procedures section of chapter 4.  

 

7.4.13 Checkerboard assay for determination of interaction between meropenem and 

thymol 

Drug combination interactions are assessed using fractional inhibitory index (FIC) values. The 

ΣFICs were calculated as follows: FICI = FIC A + FIC B, where FIC A is the MIC of drug A in 

the combination/MIC of drug A alone, and FIC B is the MIC of drug B in the combination/MIC 

of drug B alone. The combination is considered synergistic when the FICI is ≤0.5, 

indifferent/additive when the FICI is >0.5 to <2, and antagonistic when the FICI is ≥2. A total 

of 100 μl of LB broth was distributed into each well of the microdilution plates. Meropenem 

was serially two-fold diluted along the ordinate, while thymol was diluted along the abscissa. 

100 μL of A. baumannii AYE cells (5 × 10
5
 CFU/ml) in LB medium were added to the 96-well 

microtiter well plates and incubated at 37°C for 16 h. 

 

7.4.14 Killing assays to assess anti-persister potential of GRAS compounds against A. 

baumannii AYE  

In order to assess the anti-persister potential of test compounds against A. baumannii AYE  

in planktonic phase, stationary phase cells or meropenem induced persisters were incubated 

with varying concentration of test compounds (0.25X, 0.5X, 1X and 2X MIC) with or without 

the presence of meropenem (at 100X MIC). The number of viable bacteria were enumerated 

after 12 h of incubation. For killing assays under biofilm conditions, 48 h old A. baumannii 

AYE biofilms were treated with meropenem alone (at 100X MIC), GRAS compounds (at 

0.25X MIC, 0.5X MIC, IX MIC and 2X MIC) or a combination of both. After 12 h of 

incubation, biofilm associated cells were dislodged and plated to enumerate the number of 

viable colonies. To study the kinetics of killing of A. baumannii in the presence of meropenem, 

upon addition of thymol at different time intervals the following protocol was followed. 

Stationary phase cells of A. baumannii AYE were treated with meropenem (100X MIC) or 

combination of meropenem and 1X MIC of thymol. Thymol was added to the cultures at 

different time points t = 0 h, 3 h and 6 h. The number of viable cells was determined at regular 

intervals in terms of CFU/mL. In order to study the Anti-persister activity of Thymol in A. 

baumannii AYE persisters of Rifampicin, Tigecycline and Polymyxin B the following 

procedure was followed. Stationary phase cells of A. baumannii AYE were exposed to 
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Rifampicin (50X MIC), Tigecycline (100X MIC) and Polymyxin B (40X MIC) for 12 h to 

induce persister formation. Isolated persisters were then treated with thymol at 0.25X, 0.5X and 

1X MIC in the absence and presence of respective antibiotics at respective concentrations. 

After 12 h of incubation, the cells were plated to enumerate the number of viable colonies. 

 

7.4.15 Fluorescence microscopy studies to assess the accumulation of BOCILLIN
TM

 FL 

Penicillin 

Isolated meropenem induced A. baumannii AYE persisters in IX PBS were incubated with 

BOCILLIN
TM

 FL Penicillin (10 µg/ml) for 30 minutes in the presence of meropenem (15 

µg/ml) to maintain persistence. Cells were then washed with IX PBS, deposited on 1% agarose 

pads and visualised under a Zeiss Axioscope A1 fluorescence microscope equipped with an 

AxioCam MRC digital camera using EC Plan-Neofluar 100X objective. Stationary phase 

cultures of A. baumannii AYE were similarly washed and resuspended in 1X PBS and 

incubated with BOCILLIN for microscopy studies. 

 

7.4.16 Membrane depolarization assay 

A. baumannii AYE cells in the log Phase (OD600 = 0.5), stationary phase (12 h old) and 

meropenem induced persisters fractions were washed thrice with IX PBS and resuspended in 

the same buffer. The cells were then incubated with 10 µM DiBAC4(3) for 30 minutes and 

washed with 1X PBS. Fluorescence was recorded at excitation-emission wavelength of 490/516 

nm in 96-well Corning half area opaque plates. Relative fluorescence unit (RFU) was 

calculated by dividing the fluorescence values with absorbance at 600 nm. 

 

7.4.17 Assay for respiratory activity Tetrazolium salt (XTT) reduction assay 

Meropenem induced A. baumannii AYE persisters, log phase and stationary phase cells of A. 

baumannii AYE were washed thrice with 1X PBS and resuspended in the same buffer. The 

CFU/mL of log phase and stationary phase cells were normalized in comparison to the 

CFU/mL of isolated meropenem persisters. XTT {2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-

[(phenylamino)carbonyl]-2H-tetrazolium hydroxide} (XTT) dye (0.5 mg/ml) in combination 

with menadione (50 μM) was added to the cells resuspended in 1X PBS and incubated for 2 h. 

Absorbance was read at 450 nm to assess the reduction of XTT dye and the formation of 

soluble formazan.  

 



191 

 

7.4.18 Live-Dead staining to assess cell viability 

Thymol treated A. baumannii AYE at 1x and 2X MIC were harvested  and stained with 

membrane dye FM™ 4-64FX (1 μg/mL) and nucleoid stain Sytox green (1 µM) at room 

temperature for 15 minutes. A small volume (5µl) of cells was deposited on agarose pad and 

sealed with a clean coverslip. The cells were then observed under a Zeiss Axioscope A1 

fluorescence microscope equipped with an AxioCam MRC digital camera using EC Plan-

Neofluar 100X objective to assess viability. 

 

7.4.19 Frequency of resistance (FOR) of thymol against A. baumannii AYE 

A log phase culture of A. baumannii AYE (OD600 = 0.5) was centrifuged at 7000 rpm for 4 

minutes and resuspended in fresh LB medium at 1/10
th
 the original volume in order  to obtain    

10
10

 CFU/ml of cells as the starting inoculum. The cells were also serially diluted and plated to 

confirm the initial CFU count. The cell suspension was then divided into 1 mL fractions and 

exposed to thymol at 1X and 2X MIC for 72 h at 37°C under shaking condition. Rifampicin at 

2X MIC served as the positive control for the assay. At the end of 72 h, the treated and 

untreated cells were serially diluted and plated. Frequency of Resistance was calculated by 

dividing the number of colony forming units obtained on the drug treated cultures by the 

number of bacteria in the untreated populations. 
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8     Conclusions and Future perspectives 

 

 

The results of the work carried out in this thesis led to some important conclusions and opened 

up new avenues for more research and experimentation in the area of antibacterial drug 

discovery. 

 

8.1 IITR06144 is a novel broad spectrum antibacterial displaying most 

features of a “theoretically ideal” antibiotic. 

 

To address the need for compounds that can penetrate the complex envelope architecture of 

Gram negative bacteria, a small molecule screening of 11,000 compounds was previously 

performed in the lab against E. coli. This led to the identification of 30 antibacterial hits, out of 

which 4 molecules with significant antibacterial activity were observed to contain the 

nitrofuran nucleus. Nitrofuran compounds are prodrug antibacterials which undergo biological 

reduction within the host to yield active intermediates that can act on multiple cellular targets 

[303]. With the increasing prevalence of chronic infections and lack of novel antibiotic 

scaffolds, screening and identification of prodrug antibacterials is increasingly being sought 

[44]. Owing to their broad spectrum activity, multi-targeting nature, non-toxicity and ability to 

inhibit both growing and dormant persister cells, prodrugs have been considered as 

―theoretically ideal‖ antibiotics [303]. 

 

IITR06144 was observed to be structurally related to nitrofurantoin, an old prodrug antibiotic 

which has recently undergone revival as a frontline agent against uncomplicated Urinary Tract 

Infections (UTIs) [233]. However, rampant empiric use and increased over the counter (OTC) 

sales has led to increased percentage of nitrofurantoin resistance [338]. Moreover, 

nitrofurantoin failed to inhibit persistent uropathogenic E. coli (UPEC) infections and has been 

associated with frequent cases of infection relapse [207].   

 

In comparison to nitrofurantoin, IITR06144 showed a broad spectrum activity and a superior 

killing ability against E. coli cells. IITR06144 eradicated UPEC associated biofilms and 

displayed a remarkable anti-persister activity along with the lack of spontaneous resistance 

development. IITR06144 displayed a longer PAE and a lack of cross resistance or antagonism 
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to clinically relevant antibiotics. IITR06144 possessed a large therapeutic index with no 

associated toxicity and exhibited in vivo efficacy in mice model. Thus, IITR06144 was 

observed to out-compete the existing nitrofuran antibiotics in most of the aspects studied. 

Moreover, IITR06144 retained its potency against nitrofurantoin resistant bacteria isolated 

from the clinics thereby demonstrating its potential to bypass the canonical mechanisms of 

nitrofurantoin resistance. Considering its superior in vitro and in vivo properties, further studies 

to determine the feasibility of IITR06144 as a therapeutic agent need to be undertaken in future.  

These could include studies to assess the in vivo pharmacokinetic parameters of IITR06144 

followed by efficacy studies in different in vivo mice infection models such as urinary tract 

infection, wound infection, or topical infection. Since IITR06144 also exhibited excellent 

activity against anaerobic bacteria (Clostridium difficile in particular) in vivo studies in mice 

models of Clostridium difficile associated diarrohea (CDAD) infection could also be carried 

out. Furthermore, Structure Activity Relationship (SAR) studies can also be performed to 

optimize and enhance its in vivo antibacterial potential. 

 

8.2 The combination of IITR06144 and vancomycin can inhibit Methicillin 

resistant Staphylococcus aureus (MRSA) isolates that are hVISA or VISA. 

Vancomycin has been considered the ―gold standard‖ antibiotic for the treatment of MRSA 

infections. However, excessive vancomycin use has led to the emergence of clinical MRSA 

isolates with reduced vancomycin susceptibility, such as heterogeneous vancomycin-

intermediate S. aureus (hVISA) and vancomycin-intermediate S. aureus (VISA) [276]. 

Difficulties associated with clinical detection along with the presence of limited treatment 

options against hVISA/VISA infections has further complicated the problem. Therefore, 

combination therapy can provide a potential treatment option to tackle the threat posed by 

hVISA/VISA isolates. The synergistic effect of antibacterial small molecule IITR06144 with 

vancomycin was evaluated against MRSA strains which displayed varying levels of 

susceptibility to vancomycin.  

Time kill kinetics studies demonstrated their superiority over the classical chequerboard 

method to identify probable synergistic interactions and IITR06144 exhibited synergistic 

interaction with vancomycin in more than 50% of the isolates studied. IITR06144-vancomycin 

combination was observed to be bactericidal and demonstrated favourable in vitro 

pharmacodynamics properties. IITR06144 belongs to the nitrofuran class of antibiotics which 
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are commonly prescribed for the treatment of uncomplicated Urinary tract infections. This is 

the first report which studies the combinatorial effect of a nitrofuran antibacterial with 

vancomycin against Staphylococcus aureus. The synergistic combination of IITR06144 and 

vancomycin reported here need to be validated further using larger no. of clinical isolates, both 

of VISA and hVISA. Moreover since, IITR06144 was observed to possess anti-persister 

activity against E. coli (Section 4.3.9), future studies to assess the activity of IITR06144 against 

S. aureus persisters can be carried out, and more so in combination with antibiotics frequently 

administered in clinics against S. aureus infections. These could be followed by studies 

evaluating the in vivo efficacy of the combination in mice models of S. aureus infections. 

However, the pharmacokinetic parameters of both vancomycin and IITR06144 are diverse and 

do not overlap, which could affect their in vivo efficacy [339]. Therefore, in vivo combination 

studies could be carried out against topical infection mice models, in order to overcome the 

pharmacokinetic barrier and evaluate its efficacy against persistent bacterial populations 

associated with wound/skin infections. 

 

8.3 IITR07865 is a novel antibacterial small molecule representing a new 

class of cell wall inhibitors. 

 

Chemical-chemical profiling is an unconventional approach that is used to link compound 

interactions with their mode of action [31]. Herein, this strategy was exploited to study the 

interaction profiles of 12 novel antibacterials with a panel of 14 known bioactives against E. 

coli MC1061. One of these small molecules, IITR07865 targeted the bacterial cell wall 

synthesis and cell membrane, which are considered to be attractive targets for antibacterial drug 

discovery. IITR07865 inhibited the growth of several Gram negative and Gram positive 

bacteria, displayed favourable pharmacodynamic properties and interacted synergistically with 

meropenem in time-kill kinetic studies. However, the Minimum Inhibitory Concentration of 

IITR07685 was high against most pathogens (MIC in the range 32-128 µg/ml) and Structure 

Activity Relationship (SAR) studies would be needed in future to improve its antibacterial 

potential. Interestingly, IITR07865 also displayed excellent anti-persister activity against E. 

coli and this property could further be explored against a broader panel of pathogenic strains in 

combination with clinically relevant antibiotics, more importantly carbapenems. 

This study also discovered a few other molecules that act on the bacterial cells by enhancing 

membrane permeability and causing membrane depolarization. The compounds IITR00205, 
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IITR06033 and IITR07806 were found to be potential dissipaters of electric potential (ΔΨ) of 

the bacterial membrane, while the molecules IITR07347 and IITR08276 acted by affecting the 

transmembrane proton gradient (ΔpH). Previous studies have reported the strategic use of 

combinations of modulators of ΔΨ and ΔpH against the Gram positive pathogen, S. aureus 

[14]. Hence, the PMF modulators discovered in this study could also be further screened for 

their synergistic activity against antibiotic resistant and tolerant pathogens. The small 

molecules which dissipated the bacterial membrane potential could be also evaluated for their 

efflux inhibitory activity in combination with antibiotics against multidrug resistant bacteria. 

 

8.4 Meropenem tolerant A. baumannii persisters exhibit active efflux 

mechanisms and the plant derived natural product, thymol possess excellent 

anti-persister activity against A. baumannii persisters. 

 

Persister cells are known to be the major culprits for the recalcitrant nature of chronic 

infections and present a serious threat to clinical therapy [313]. A. baumannii is a notorious 

Gram negative ESKAPE pathogen which evade antibiotic action due to the occurrence of 

persister populations within biofilms or host environment. This study made an attempt to 

characterise the mechanisms of persistence in A. baumannii in response to the last resort 

antibiotic, meropenem. Meropenem induced A. baumannii persisters were observed to exhibit a 

multi-drug tolerance phenotype, depolarized membrane and upregulated efflux mechanisms. So 

far, this is the first study to characterise the mechanisms which confer the persistent phenotype 

to A. baumannii. Future studies could be aimed at further delineating the complex mechanisms 

of A. baumannii persiter formation by performing transcriptome analysis or the use of deletion 

mutants of the Toxin/Antitoxin genes, global regulators or ppGpp etc. This could facilitate the 

design and development of efficient strategies to eradicate them. 

 

This study further identified the anti-persister activity of thymol, a plant-derived antimicrobial 

that could be used as monotherapy or in combination with antibiotics against A. baumannii 

infections. The GRAS (generally recognized as safe) status compound, Thymol was observed 

to inhibit both non-dividing and dividing as well as both culturable and non-culturable 

populations of A. baumannii. It was observed to act by increasing membrane permeability, 

dissipating the membrane potential and inhibiting the efflux machinery as well as respiratory 

activity in A. baumannii persisters.  Nonetheless, it displayed no potential for resistance 
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generation, antibiotic independent activity and inhibitory potential against persister populations 

of P. aeruginosa and K. pneumoniae.  

 

This indicates thymol to have an immense potential to act either alone or as an adjunct in 

combination therapies against mixed bacterial infections. The anti-persister activity of thymol 

could further be evaluated in appropriate chronic in vivo infection models such as mice, C. 

elegans or Zebrafish. Structure activity Relationship (SAR) studies can be also carried out 

followed by the synthesis of thymol derivatives with improved antibacterial activity.  

 

Moreover, this study devised a mechanism based screen to identify potent anti-persister 

compounds based on their ability to target the bacterial membrane, cause increased ROS 

production and inhibit multidrug efflux pumps. This strategy could be further utilized to screen 

FDA approved libraries or other available resources in order to identify novel anti-persister 

compounds or aid the repurposing of already approved drugs. 
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9     Appendices 

 

 

Appendix 9.1 Strains used in the study. 

 

Lab stock Strain/Relevant genotype Source/Reference 

RPT 67 E. coli ATCC 25922 Lab collection 

RPT 2 E. coli BL21 DE3 Lab collection 

RPT 71 A. baumannii ATCC 17978 ATCC, USA 

RPT 73 Acinetobacter baumannii 

AYE 

ATCC, USA 

RPT 80 Shigella flexneri  ATCC 

9199 

ATCC, USA 

RPT 78 Burkholderia  cepacia  

ATCC 25416 

ATCC, USA 

RPT 81 Salmonella choleraesuis  

ATCC 10708 

ATCC, USA 

NKN 5 Salmonella  enterica 

Serotype Typhimurium 

Lab collection 

RPT 69 Vibrio  fluvialis  (BD-146) Lab collection 

RPT 68 Vibrio  fluvialis  (L-15318) Lab collection 

RPT 76 Staphylococcus aureus  

ATCC 29213 

ATCC, USA 

NKN 4 Bacillus cereus ATCC 

11778 

ATCC, USA 

NKN 8 
Listeria monocytogenes 

Lab collection 

NKN 24 
Enterococcus faecium FH99 

Lab collection 

RPT 45 
Mycobacterium smegmatis 

Lab collection 

RPT 313 
Mycobacterium tuberculosis 

H37Ra 

IMTECH, 

Chandigarh, India 
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RPT 314 
Mycobacterium bovis BCG 

IMTECH, 

Chandigarh, India 

RPT 315 E. coli BW 25113 Lab collection 

RPT 44 Bacillus subtilis Lab collection 

NKN 7 Cronobacter sakazakii Lab collection 

RPT 58 Pseudomonas aeruginosa 

MTCC 2453 

MTCC, India 

JW0835 E. coli ΔnfsA 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

ΔnfsA752::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Keio collection 
1
 

JW4019 E. coli ΔuvrA 

F-,Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

rph-1, Δ(rhaD-rhaB)568, 

ΔuvrA753::kan, hsdR514 

Keio collection 
1
 

JW2669 E. coli ΔrecA 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

ΔrecA774::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Keio collection 
1
 

JW3677 E. coli ΔrecF 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

rph-1, ΔrecF735::kan, 

Δ(rhaD-rhaB)568, hsdR514 

Keio collection 
1
 

JW3610 E. coli ΔmutM 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

ΔmutM744::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Keio collection 
1
 

JW2703 E. coli ΔmutS 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

ΔmutS738::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Keio collection 
1
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JW1625 E. coli Δnth 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

Δnth-782::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Keio collection 
1
 

JW0704 E. coli Δnei 

F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), Δnei-

764::kan, λ-, rph-1, Δ(rhaD-

rhaB)568, hsdR514 

Keio collection 
1
 

RPT 308 

 

E. coli MTCC 729 MTCC, India 

RPT 309 E. coli MTCC 4296 MTCC, India 

RPTC 1-25 

 

A. baumannii clinical 

isolates 

Dr. Varsha Gupta, 

GMCH, Chandigarh, 

India 

RPT U6 

RPT U7 

RPT U10 

RPT U11 

RPT U14 

RPT U16 

S. aureus clinical isolates Lab collection 

RPT U20 

RPT U23 

RPT U26 

RPT U44 

K. pneumoniae clinical 

isolates 

 

 

 

Lab collection 

RPT U45 

RPT U46 

RPT U50 

RPT U53 

RPT U54 

E. coli clinical isolates Lab collection 

NKN 51    Lactobacillus fermentum Lab collection 

NKN 52    Lactobacillus brevis Lab collection 
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NKN 54   
 

Lactobacillus plantarum Lab collection  
 

NKN 57 Lactobacillus gasseri  Lab collection 

NKN 63   Lactobacillus cassei  Lab collection 

NKN 189 Lactobacillus rhamnosus  Lab collection 

  

NKN 188  

  

   

   
 

Streptococcus thermophiles 

NCDC 74 

 Lab collection 

NKN 190   
 

Leuconostoc mesenteroides 

NCDC 29 

 Lab collection 

  Strain collection at AIIMS, New     

  Delhi 

Clostridium difficile  ATCC 

9689 

Dr. Rama Chaudhry, 

AIIMS, New Delhi 

  Strain collection at AIIMS, New     

  Delhi 

Clostridium perfringens  

ATCC 3629 

Dr. Rama Chaudhry, 

AIIMS, New Delhi 

  Strain collection at AIIMS, New     

  Delhi 
Clostridium tetani Dr. Rama Chaudhry, 

AIIMS, New Delhi 

  Strain collection at AIIMS, New     

  Delhi 
Bacteroides  fragilis Dr. Rama Chaudhry, 

AIIMS, New Delhi 

 RPT U2 
Proteus mirabilis clinical 

isolate 

Lab collection 

 

 

 

Appendix 9.2: Plasmids used in the study. 

 

Plasmids Origin Resistance marker Source or Reference 

pET28a FtsZ  f1; pBR322 Kanamycin Lab collection 

pHN678 P15A ori Chloramphenicol Dr. Liam Good, UK [253] 

pHN678 ftsZ P15A ori Chloramphenicol Lab collection 

pHN678 murA P15A ori Chloramphenicol Lab collection 

pNYL GFP ColE1 Kanamycin Lab collection [340] 
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