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Abstract: The antibiotics are destined for obsolescence as microbes would find a way to 
deal with them either by innate or by acquired genes. It is truly said that the power of 
bacteria should never be underestimated. There is a constant race between the humans for 
design and use of new drugs and the acquisition of genes by bacteria to render these novel 
drugs harmless. Situation has worsened with the indiscriminate use of antibiotics in human 
and animal health, agriculture, aquaculture and poultry. There have been reports of 
extremely drug resistant (XDR), totally drug resistant (TDR) bacteria and superbugs that 
have complicated the treatment of infectious diseases. Methicillin–resistant Staphylococcus 
aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) recognized as the bane of 
hospitals are some of the most dreaded bugs. This chapter discusses various mechanisms of 
multiple drug resistance (MDR) in bacteria and the limitations of antibacterial chemotherapy 
due to MDR. Various innate and acquired mechanisms of drug resistance like integrons, 
SXT elements, efflux pumps and quinolone resistance mechanisms are described in details. 
Some of the important databases related to these genetic factors have also been described 
here. The possibility of attacking the virulence of bacteria rather than the bug itself in order 
to circumvent the crisis of MDR has been discussed. It further highlights some of the novel 
strategies such as efflux pump inhibition and quorum sensing inhibition as anti-virulence 
strategies. It is advocated that this never-ending war with bacteria would probably require 
multifaceted approach combining antibacterial, antivirulent regimes in addition to the 
constant search for novel drug targets and newer drugs by the pharmaceutical companies. 
Success of these strategies would involve cumulative and strenuous efforts from public, 
policy makers, research community, clinicians and pharmaceutical companies. 
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INTRODUCTION 

This chapter highlights the causes and implications of antimicrobial resistance. 
This text is documented at a time when the crisis due to resistant bacteria looms 
large in front of mankind and Centers for Diseases Control and Prevention (CDC), 
World Health Organization (WHO) have seriously recognized the impending 
catastrophe and The Lancet Infectious Diseases launches a Commission, entitled 
Antibiotic resistance – the need for global solutions [1-3]. Antimicrobial 
resistance is a global concern and has serious social, economic and clinical 
consequences. When any microorganism like bacterium, fungus, virus or parasite 
becomes resistant to an antimicrobial drug to which it was originally sensitive, 
that organism is said to display antimicrobial resistance. In case of a pathogen that 
may cause disease to humans, plants or animals, this property of drug resistance 
often renders the drug ineffective and leads to treatment failure. The problem is 
compounded when such organisms acquire resistance to a large array of 
antibiotics/antimicrobials/drugs which is known as multidrug resistance (MDR). 
This seriously hampers the treatment of diseases caused by these invincible 
microbes. In recent times, with indiscriminate use of antibiotics in human health, 
poultry, agriculture and aquaculture, lots of pathogens have accumulated a large 
battery of genes responsible for conferring these bugs resistance to almost all the 
drugs used clinically. This has spawned another generation of microbes that are 
extensively drug resistant (XDR) or totally drug resistant (TDR) and therefore, 
untreatable by all first-line and second-line drugs. For example, tuberculosis 
bacterium has been reported in all the three forms, MDR, XDR and TDR. 
According to WHO report, there were 6,30,000 (52.5%) cases of MDR-TB in 
2011 out of a total of 12 million cases of TB (tuberculosis). XDR-TB has been 
reported from 84 countries and TDR-TB from countries like Iran, India, Italy and 
South Africa. These superbugs fail to respond to antimicrobial treatments 
resulting in higher treatment costs, prolonged hospital stay and high case fatality 
rates. Many ailments such as tuberculosis, malaria, influenza, diarrhoea, 
gonorrhea and nosocomial infections can no longer be vanquished due to the 
problem of antimicrobial resistance. Therefore, it becomes imperative to 
understand various factors that have led to the problem of antimicrobial resistance 
and assess different alternatives in the scenario of failed antibiotics. In this 
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chapter, the focus will be on antibiotic resistance mechanisms exhibited by 
bacteria and alternative strategies that could be ventured in case of ineffective 
antibiotics [1-3]. 

ANTIBIOTIC RESISTANCE 

Development of antimicrobial resistance is a natural phenomenon that every 
organism undergoes for evolutionary fitness. Greater is the number and 
generations of antimicrobials, natural or manmade, faster is the development of 
new resistance mechanisms in a pathogen to counteract these drugs. Many 
bacteria including clinically significant pathogens have been reported to display 
MDR. Some of these pathogens are: Mycobacterium tuberculosis (M. 
tuberculosis), Pseudomonas aeruginosa (P. aeruginosa), Klebsiella pneumoniae 
(K. pneumoniae), Escherichia coli (E. coli), methicillin-resistant Staphylococcus 
aureus (MRSA), Shigella dysenteriae (S. dysenteriae) and Vibrio cholerae (V. 
cholerae). These organisms are found in hospitals as a source of nosocomial 
infections and they are also prevalent in communities leading to community-
acquired infections. Antibacterial resistance gets aggravated due to a wide variety 
of genetic and non-genetic (like social, political, clinical malpractice) factors. 
Accordingly, to overcome this problem, multiple interventions are required at 
various levels. 

GENETIC FACTORS/MECHANISMS GOVERNING MDR IN BACTERIA 

Antibacterials kill or retard the bacteria by targeting the cellular processes or 
structures in bacteria which differ greatly from that of their host counterparts. The 
antimicrobial compounds that kill bacteria are called bactericidal while the others 
that merely retard the growth of bacteria are called bacteriostatic compounds. 
These drugs interfere with the vital housekeeping processes such as cell wall 
synthesis, protein, DNA and RNA synthesis or inhibiting the key enzymes of 
metabolic pathways [4]. To counteract these drugs, bacteria evolve different 
mechanisms and employ large battery of genes to affect these mechanisms. These 
resistance mechanisms could be intrinsic/innate (chromosome-borne) or acquired 
(borne on mobile genetic elements {MGE}). Though innate resistance allows a 
bacterium to adapt to the changing environment, it gets restricted to that particular 
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bacterium and only gets transferred to the progeny by a process called vertical 
gene transfer. In contrast to this, the acquired resistance leads to the resistance 
genes being disseminated quickly within different bacteria crossing the species 
and genera barriers. This process is carried out by horizontal gene transfer (HGT) 
and could be mediated through different vehicles like plasmids, integrons, 
transposons and mechanisms of transduction, conjugation and transformation. The 
other mechanisms through which bacteria mediate resistance to antibiotics are: 
chromosomal mutations at the antibiotic target sites, restricting the access of the 
antibiotics through porins and efflux pumps, enzymatically inactivating the 
antibiotics, modifying or protecting the antibiotic target and by hindering the 
activation of antibiotic [4-6]. Often, a bacterium counteracts an antibiotic by 
synergistic action of more than one of the above mentioned resistance 
mechanisms [7-10]. For example, resistance of P. aeruginosa to ticarcillin has 
been attributed to overexpression of outer membrane protein OprM, production of 
β-lactamase and overexpression of AmpC cephalosporinase [7]. Similarly, 
resistance to tetracycline is often a result of synergy between the efflux pumps 
(encoded by tetA to tetG, tetK, tetL), oxidation of tetracycline and cytoplasmic 
proteins (encoded by tetM, tetO, tetQ) that confer protection to ribosomes from 
tetracycline [5]. In many cases, acquisition of a single gene/single mutation can 
offer protection against many different classes of antibiotics. For example, the 
efflux pumps with specificity for many different antibiotics can lead to resistance 
for all these antibiotics on overexpression or mutations. Similarly, the enzyme 
rRNA methylase (encoded by ermA, ermB, ermF, ermG) methylates an adenine 
on 23S rRNA that lies within a region that binds to three classes of antibiotics; 
macrolides, lincosamides and streptogramins. Therefore, a single gene of this 
methylase confers resistance against these three structurally distinct classes of 
antibiotics [5]. 

It can be envisaged that the source of antibiotic resistance genes could be the 
bacteria that produce antibiotics. In such producers, these resistance genes provide 
protection to bacteria from the antibiotics produced by them. Another possible 
source of these resistance genes could be the organisms naturally resistant to some 
of the antibiotics. For example, Lactobacillus species do not use D-Ala-D-Ala 
dipeptide as part of their muramyl dipeptide and therefore, they are naturally 

king
Highlight

king
Highlight

king
Highlight

king
Highlight

king
Highlight



76    Frontiers in Anti-Infective Drug Discovery, Vol. 3 Bhardwaj et al. 

refractory to the glycopeptide antibiotic vancomycin. Vancomycin prevents 
crosslinking of peptidoglycan by binding to the D-Ala-D-Ala of the muramyl 
peptide. Resistance to vancomycin arises due to replacement of this peptide with 
D-Ala-D-lactate, a dipeptide that does not bind to vancomycin [5]. 

Bacteria possess an exquisite ability to adapt rapidly to the changing 
environments and this property is mediated by a large number of genetic elements 
that contribute to the genome plasticity. In the ensuing sections, two mobile 
genetic elements for MDR, integrons and SXT elements, are discussed in detail. 
Subsequently, efflux pumps have been explained as a general mechanism for 
MDR. 

Integrons 

Study of drug resistance mechanisms and their dissemination became important 
since discovery of MDR bacteria during mid 1950s [11]. In 1970s, in many cases, 
MDR was found to be associated with transmissible plasmids and/or with 
transposons [12, 13]. Integrons were discovered later in 1980s [14] and these 
mobile genetic elements harbouring antibiotic resistance gene cassettes are now 
known in clinical as well as agricultural and environmental samples [15-17]. The 
term chromosomal integron (CI) was introduced in late 1990s with the discovery 
of V. cholerae super integron [18]. CIs were found to be sedentary in nature and 
they were not involved in resistance phenotype. The evolutionary history of CI 
suggested that these elements helped in adaptation along with the change in 
environment as well as it was the main source of mobile integron’s backbone and 
antibiotic resistance gene cassettes [19]. 

Structure of Integrons 

Integron is a very common tool for antibiotic resistance gene capture and 
dissemination. It is the platform to acquire open reading frames (ORFs) by site-
specific recombination and convert them to functional forms by their expression 
[19, 20]. Most of the integrons have three key components: 1) an Integrase (intI) 
belonging to tyrosine recombinase family; 2) a promoter (Pc) that directs the 
expression of the captured genes and 3) a primary recombination site (attI). 
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Additionally, all gene cassettes that incorporate in the integron share some 
specific characteristics at 3’ end of the gene which are mostly imperfect repeats 
called attC (also called 59- base element) [19, 20]. 

Integrases 

Integrases belong to site-specific recombinases known as tyrosine recombinases. 
Tyrosine recombinase includes a wide variety of enzymes that use a tyrosine 
residue as the nucleophile in their strand exchange reactions [21, 22]. It is 
involved in integration and excision or inversion of gene cassettes. The catalytic 
domain of integrase contains conserved amino acids Arg(R)-His (H)-Arg(R) and 
the nucleophilic tyrosine, Tyr (Y) [22, 23]. 

Promoter 

Cassettes are generally promoterless but few reports revealed that some of the 
gene cassettes have their own promoter. For example, cmlA cassettes have both 
promoter and translational attenuation signals, V. cholerae qnrVC genes have 
their own internal promoter and the qacE cassettes have a weak promoter [24-26]. 
The expression of majority of promoterless cassettes is hence dependent on 
proximity of an external promoter located either in the integrase gene or on attI 
site [27-29]. 

Primary Recombination Site (attI) and 59-Base Element (attC) 

Integrase recognizes and recombines two types of sites that have different 
structures, the attI type (non-palindromic) of site found in the integrase gene and 
attC/59-base elements (palindromic) found on the gene cassettes. The attI and 
attC sequences are complex attachment sites that include the crossover site and 
additional binding sites and integrase monomers act as accessory factors at these 
additional sites [30-32]. The attI sites are located at the end of the 5’ conserved 
region (5’CS) of integrons and their sequences vary considerably. The attC sites 
share a common set of characteristics that enable them to be identified despite the 
diversity of their sequences and sizes [30, 33]. They are characterized by a 
palindrome of variable length and sequence between the RYYYAAC (R= 
Purines; Y= Pyrimidine) inverse core site and the GTTRRRY core site [33]. The 
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size of these recombination sites vary in length from 57 to 141 bp [34]. Mostly 
gene cassettes are found integrated in variable region of integrons or they can 
exist as covalently closed circular intermediates. The integrase recognizes attC 
and attI sites. In the event of integration attI×attC recombination occurs and that 
allows expression of genes that are downstream to the promoter. In excision, 
attC×attC recombination occurs [20, 35]. 

Types of Integrons 

Two types of integrons are mobile integrons and chromosomal integrons. 

Mobile Integrons (MI) 

Integrons associated with mobile DNA elements and primarily involved in the 
spread of antibiotic resistance genes correspond to the mobile integrons [20]. The 
bacteria of same species or different species use these elements as natural genetic 
vehicles to transfer a wide array of genes including antibiotic resistance genes. 
More than 130 different antibiotic resistance cassettes have been identified in MIs 
[16, 36]. These cassettes have resistance genes for the majority of antibiotic 
classes like β-lactams, aminoglycosides, chloramphenicol, trimethoprim, 
streptomycin, quinolones, rifampin, erythromycin and antiseptics of the 
quarternary ammonium compound family [16, 19, 36]. Five classes of MIs have 
been well defined to date based on integrase sequences with ~40-58% identities 
[19, 20]. In this chapter, only three integron classes (class 1, 2 and 3) have been 
described. 

Class 1 integrons are the most widespread and well characterized. They are 
widely distributed in animal and human clinical strains of Gram–negative bacteria 
[37, 38] and also in some of the Gram–positive bacteria [39-42]. Class 1 integrons 
consist of two conserved segments (CS) at 5′- and 3′ ends, separated by a variable 
region that usually comprises of one or more gene cassettes (Fig. 1). The 5′CS 
region contains the integrase gene (intI1), the integration site (attI1) and a 
promoter region (Pc) that allows expression of any number of gene cassettes 
inserted at the attI1 site in a suitable orientation. The 3′CS region usually 
comprises of qacEΔ1 encoding resistance to quaternary ammonium compounds 
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and sul1 encoding resistance to sulphonamides [34, 43]. Class 1 integrons are 
embedded within larger transposon Tn 21 [12]. 

 

Fig. (1). Structure of a class 1 integron. Integrons consist of a gene intI1 encoding a site-specific 
recombinase called “integrase” belonging to tyrosine-recombinase family and a recombination site 
attI1 into which the exogenous gene cassettes (X and Y) harbouring the recombination site attC 
are inserted through site-specific recombination. In the 5’conserved sequences (5’CS), a promoter 
Pc located within intI1 drives transcription of the captured genes. qacEΔ1 and sul1 are conserved 
regions in 3’conserved sequences (3’CS) which contribute resistance to ethidium bromide and 
sulfonamides. 

Class 2 integrons are associated with Tn7 transposons. They have been found in 
several species of Gram-negative bacteria isolated from human, animal and 
environmental sources [37, 44]. Class 2 integrons have also been shown to carry 
three resistance gene cassettes, dfrA1, sat1 and aadA1, that confer resistance to 
trimethoprim, streptothricin and streptomycin/spectinomycin, respectively [45]. 
The gene encoding class 2 integrase contains a nonsense mutation in codon 179 
(ochre 179) and thereby it yields a truncated, non-functional protein which can be 
recovered by a single mutation. Mutation of the ochre179 codon to glutamic acid 
encoding codon produces an integrase with full recombinase activity [45]. It is not 
clear whether the cassette recombination in different Tn7 derivatives is due to 
natural suppression of the ochre 179 codon producing an active integrase or due to 
trans-acting recombination activity of other integrase which recognizes and 
recombines the attI2 site [45, 46]. In addition, functional class 2 integrases have 
been reported in some instances [47-49]. In one case, class 2 integron was 
associated with four non-antibiotic resistance gene cassettes while in second case, 
class 2 integron carried dfrA14 and a novel lipoprotein signal peptidase gene 
cassettes [47, 48]. In a recent report, a functional class 2 integron carrying dfrA14 
and three novel gene cassettes with unknown functions was found in 38 clinical 
isolates of Proteus mirabilis [49]. 
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Class 3 integron was first reported in Serratia marcescens strain in 1995 [50] and 
characterized later in 2002 [51]. The configuration of the three potentially 
definitive features of the class 3 integrons, the intI3 gene, the adjacent attI3 
recombination site and the Pc promoter that directs transcription of the cassettes 
was similar to that found in class 1 integron module. The IntI3 integrase was 
active and able to recognize and recombine known types of IntI-specific 
recombination sites, the attI3 site in the integron and different cassette-associated 
59-base sites. Both integration of circularized cassettes into the attI3 site and 
excision of integrated cassettes were catalyzed by IntI3 [51]. Class 3 integron with 
its genes encoding blaGES-1 and OXA/AAC(6’)-Ib responsible for the β-lactam 
and aminoglycoside resistance have been reported [50, 52]. 

Chromosomal Integrons (CIs) 

Chromosomal Integrons or super-integrons (SIs) are located on the chromosomes 
of large number of bacteria [18, 53-55]. SIs are distinguished from conventional 
integrons by their size, placement of promoters, chromosomal location, and the 
nature of gene cassettes they carry [54]. It has been proposed that MDR integrons 
arose from SIs by the entrapment of intI genes and their related attI sites on 
MGEs such as transposons. The gene cassette reservoirs of SIs provide a source 
of gene cassettes that are recruited by multi-resistant integrons [56]. 

CIs have been found in bacteria belonging to families such as Vibrionaceae, 
Pseudoalteromonas, Xanthomonadaceae, Alteromonadaceae, Pseudomonadaceae 
and Spirochaetales [19, 20]. All of them share general characteristics like they are 
large (>20 gene cassettes and upto 200) and have homology between the attC sites 
of their endogenous cassettes. The first SI was discovered in V. cholerae 
chromosome II in a clustered region spanning 126 kb. It harbored 214 ORFs out 
of which the functions for 179 cassettes have not been assigned [56]. 

The difference between MIs and CIs is as follows [56]: 

1. MIs contain <20 gene cassettes while SIs/CIs contains >20 gene cassettes. 

2. In MIs, the cassettes typically code for antibiotic resistance genes whereas 
those of SIs are mainly unknown functions. 
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3. MIs are associated with mobile elements while the SIs coevolved with their 
host genomes which strongly suggest that SIs are sedentary. 

4. The attC sites of the gene cassettes of MIs are highly variable in length and 
sequence while the attC sites of CI gene cassettes are closely related and 
species-specific. 

5. Finally, there is evidence that not all of the gene cassettes but only few 
associated with CIs are significantly expressed. 

Gene Cassettes 

As described in the earlier section, more than 130 gene cassettes in MIs are 
known for antibiotic resistance genes [20]. For example, resistance to 
chloramphenicol is due to acetylation of the antibiotic (catB gene) and for the 
aminoglycosides, due to modification of antibiotic by acetylation (aacA and aacC 
genes) and adenylation (aadA and aadB genes). The β-lactamases encode three 
distinct families; class A (blaP genes), class B metallo β-lactamase (blaIMP genes) 
and class D (oxa genes) which inactivate the β-lactam drugs. The dfrA and dfrB 
genes code for dihydrofolate reductase conferring trimethoprim resistance. Apart 
from antibiotic resistance genes, many unknown ORFs have also been reported 
and these ORFs are assigned letters in the order of their identification like orfA, 
orfC and orfD [34]. 

In contrast to MIs, CIs contain highly diverse cassettes, mostly of unknown 
functions. In 2007, 1677 cassettes were identified by the analysis of Vibrionales 
genome [57]. Among these, 75% of the cassette pool corresponded to accessory 
genes of unknown functions. Remaining 25% of the cassettes contained genes like 
phage-related proteins, toxin-antitoxin (TA) systems, acetyltransferases, DNA 
modification systems, virulence and experimentally confirmed restriction 
modification systems, lipases, dNTP pyrophosphohydrolases, polysaccharide 
biosynthesis and sulphate–binding proteins [58-60]. CIs also carry several 
resistance gene arrays. Many dfr cassettes in different environmental isolates of V. 
splendidus have been found while catB9, carb7, carb9 (encoding carbenicillin 
resistance) and qnr (encoding resistance to quinolones) cassettes have been 
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identified in V. cholerae CI [56, 61-64]. Altogether, CIs are involved not only in 
acquisition of antibiotic resistance genes but also widely in the adaptation of 
bacteria in different environments [20, 35]. 

Toxin- Antitoxin (TA) Genes 

The gene content of SI can be ~3% of the bacterial genome content [54, 65]. The 
cassette array of SI implies either existence of selective pressure to maintain the 
gene cassettes or mechanisms that promote their persistence in the absence of 
selection [20]. These addiction modules are selfish genetic elements. Two classes 
of addiction modules are known i.e. toxin/antitoxin (TA) and restriction 
methylation systems (RMS) [66-68]. TA loci are commonly found on plasmids or 
within prophages where they have been found to enhance plasmid and phage 
maintenance by preventing the multiplication of plasmid-free or phage-free 
progeny in bacterial populations. TA system consists of two ORFs and is 
organized as an operon. One ORF codes for stable toxin while the other codes for 
unstable antitoxin. Disruption in expression of TA system leads to the 
accumulation of free toxin due to loss of antitoxin neutralizing activity and 
inhibits the multiplication of bacterial growth (devoid of plasmids/ prophages). 
The TA systems have been proposed to stabilize chromosomal regions by 
preventing the accidental deletions, when located in unstable segments like 
MGEs. There are reports of SIs containing the TA cassettes. Thirteen TA 
cassettes have been reported in the V. choerae N16961 SI [54, 69, 70]. Functional 
analysis of TA cassettes in SI was also carried out in other groups of Vibrios like 
V. vulnificus, V. metschnikovii and V. fischeri [70-72]. Similarly, another 
addiction module RMS consists of long half-life restriction enzymes and 
comparatively short half-life modification methylases which maintain plasmid 
stability by post segregational killing [67]. The RMS acquired by bacterium 
begins to depend on this system for its survival, as the methylase protects the host 
genome along with RMS cassettes by methylating the specific sequences that 
could be recognized and cleaved by restriction enzyme. Loss or disruption of 
expression of RMS systems results in cell death. Thus even in the absence of 
antibiotic exposure, the resistance conferring gene cassettes linked with this RMS 
system will be maintained [67]. Xanthomonads and Pseudomonads SIs contained 
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RMS systems which may stabilize the cassette array in the absence of selection 
[70, 73]. 

SXT Element 

SXT element (deriving its name due to encoded resistance to sulfa and 
trimethoprim), an Integrative and Conjugative Element (ICE), is a conjugative, 
self-transmissible integrating element that shows similarity to conjugative 
transposons. It is an important vehicle for spreading of antibiotic resistance in 
bacteria like V. cholerae, Providencia alcalifaciens and P. rettgeri [74, 75]. ICEs 
are a group of MGEs that contain programmes to determine their excision and 
integration and play important role in genome flexibility of numerous Gram-
positive and Gram-negative bacteria [76]. These elements can integrate into the 
bacterial genomes, replicate as part of host chromosome, get excised and then 
disseminate to new host genomes by conjugation (Fig. 2). ICEs help bacteria to 
adapt to new ecological conditions, to colonize in new niches, to survive in stress 
conditions like antibiotic exposure and play a very important role in reshaping 
bacterial genomes [77]. SXT element is also known as constin (conjugable, self-
transmissible, integrating element) that helps in bacterial adaptation, evolution 
and expansion [78]. This MGE harbors a diverse array of genes such as antibiotic 
resistance genes, genes for complex degradation pathways for toxic compounds 
and genes for tolerance to heavy metals. Unlike plasmids, SXT elements are not 
capable of autonomous replication, so they mingle into the host chromosome for 
their replication and get transferred intracellularly and intercellularly [79]. ICEs 
combine within them, the properties of plasmids as well as phages. They are 
transferred to another bacterium through conjugation like a plasmid. Similar to 
phages, they have the property of integrating into the host genomes and getting 
excised under certain circumstances. SXT was identified for the first time in V. 
cholerae O139 serotype of MO10 isolated from Madras, India in 1992, where it 
was responsible for epidemic condition like the one caused by O1 serotype of V. 
cholerae [74]. Because this element was identified in V. cholerae MO10, the 
name was given SXTMO10 [74, 80] and it was found to encode resistance property 
for chloramphenicol, streptomycin, sulfamethoxazole and trimethoprim [74]. 
Apart from this report, SXT element was also reported in non-O1, non-O139 
strains isolated before 1992 from Varanasi [81]. These strains were resistant to co-
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trimoxazole, trimethoprim, streptomycin, furazolidone and ampicillin. The 
presence of SXTMO10 was observed in other O139 serotypes isolated earlier, 
whereas this element was not present in O1 serotype of  
V. cholerae [82]. V. cholerae O1 El Tor that reappeared dominantly by 1994 in 
Indian subcontinent showed resistance property for the four antibiotics 
characteristic of O139 isolate, where the corresponding genes were transferred 
through ICE. This element was designated as SXTET [80, 83, 84]. Since 1994, the 
V. cholerae O1 strains carrying SXT element have been reported from various 
geographic locations like Bangladesh, Mozambique, Laos and India [82, 84-87]. 
Concurrent with emergence of SXT-harboring O1 strains, the V. cholerae O139 
strains have been reported with antibiotic resistance profiles different from the 
earlier O139 strains. These recent O139 strains showed resistance to streptomycin 
but were found to be sensitive to trimethoprim and sulfamethoxazole [88-90]. 
Those ICE elements which belong to the same ICE family usually share the same 
integration site and augment intra-species variability. There are various hot 
regions in bacterial genome that provide a dramatic illustration of how ICEs 
generate intra-species diversity at particular locus and inter-genus locus variability 
[79]. The recombinase and insertion sequences facilitate ICE evolution by 
acquisition and dissemination of genomic islands due to the effect of variable 
conditions [91]. Though the SXT element was discovered in 1992 and sequenced, 
the putative ORFs are still not eloquently characterized [92]. SXTMO10, SXTET, 
SXTHN1, SXTKN14, SXTMCV09 and SXTLAOS are the known SXT elements which 
bear different antibiotic resistance genes (http://db-mml.situ.edu.cn/ICEberg). 

Origin of SXT Element 

Deciphering the evolutionary history of SXT element is much difficult because 
there may be many recombination processes that seem to have taken place in past, 
between plasmid, phages and other ICEs. As there is great diversity among ICEs 
(total reported till date 460), it seems that they do not come from common 
ancestor but arose independently. DNA sequence-based study of SXT element 
revealed that this element of approximately 100 kb was composed of genes that 
could have been derived from plasmids, bacteriophages and many additional 
diverse unknown sources. The comparison between % GC content of SXTMO10 

element (47.1%) and V. cholerae genome (47.6%) showed almost similar value 
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indicating that SXT element could have been derived from V. cholerae genome 
though it also contained several regions with significantly different GC content 
[84, 92]. This again indicated that SXT has captured its gene content from varied 
sources. For example, an insertion with GC content of 42% observed in the 
transfer region showed sequence similarity to Ti plasmid from Agrobacterium 
tumifaciens [92]. 

Structure of SXT Elements 

Typically, the SXT elements show modular organization and harbor three 
modules responsible for their maintenance, dissemination and regulation [77]. 
Maintenance module consists of Int gene encoding a recombinase that catalyses 
recombination between attP site on SXT and an attB site on the target bacterial 
chromosome. Recombination occurs through an extra chromosomal circular 
intermediate of SXT generating two junctions attL and attR (Fig. 2a). The 
intermediate can only express its function on being integrated into the 
chromosomal DNA. SXT also encodes a protein Xis required for excision of this 
element from the host genome [93]. The recombinases could most often be 
tyrosine recombinases like in integrons and could sometimes be serine 
recombinases like in Tn5397 from Clostridium difficile [94]. Apart from Int, Xis, 
attB and attP, ICEs may also contain additional mechanisms to ensure their 
stability through bacterial generations even in the absence of factors favoring their 
selection. For the dissemination of ICE, they encode proteins that promote 
conjugation between the donor and the recipient bacteria. Conjugative transfer is 
initiated at a cis-acting 299 bp locus called the Origin of transfer (OriT) that is 
nicked by a putative relaxase called TraI to produce single-stranded DNA. This 
DNA gets translocated to the recipient bacterium through a mating pore [95]. This 
single-stranded DNA gets converted into double-stranded DNA in the host, re-
circularized and finally gets recombined/integrated into the host genome [95]. The 
transfer of ICE elements therefore could be mostly in the form of single-stranded 
DNA and also sometimes in the form of double-stranded DNA like in the case of 
pSAM2 from Streptomyces ambofaciens [96]. Regulation of ICE mobility could 
be induced by various environmental or stress factors that promote their 
dissemination to new host providing these hosts the ability to survive these stress 
conditions. 
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Factors Responsible for Maintenance, Acquisition and Dissemination of SXT 
Element 

As mentioned in earlier sections, the SXT element basically requires three 
functionally conserved key genetic components: integration and excision 
component, conjugation component and regulation component. This conserved 
backbone can acquire other genes through insertion sequences, transposons and 
recombinases. The integration of SXT element in bacterial chromosome is site-
specific unlike the other conjugative transposons that can integrate into many 
different sites in the bacterial genome. Integration and excision at 5’end of prfC 
region encoding peptide chain releasing factor 3 involved in termination of 
translation, occurs through non-replicative circular intermediate [97]. The SXT-
encoded recombinase Int is mainly responsible for integration and excision from 
chromosome and is activated by SetC and SetD but Int alone does not promote 
efficient excision (Fig. 2b). SetC and SetD, two loci of SXT element, which are 
similar to master activators of flagellar transcription FlhC and FlhD, are required 
for int expression by regulating host promoter [79, 92]. A repressor molecule 
SetR from V. cholerae SXT, homologous to lambda repressor cI, controls the 
dissemination of SXT DNA. ICE loss frequency increased when mosT and mosA 
genes were deleted [95]. MosT and MosA toxin-antitoxin proteins promote the 
maintenance of SXT element [98-100]. Although, SXT element’s low frequency 
loss occur even in the absence of mosT and mosA genes, it suggests that SXT 
element may encode additional factors to promote its conservation [101]. As 
described above, conjugative transfer of SXT element is dependent on SXT 
relaxase TraI that binds covalently to well conserved SXT oriT present between 
s003 and rumB [102]. During SOS responses, repression by SetR is lifted leading 
to dissemination of SXT element to a new host [77]. Mitomycin C treatment of 
cells harboring SXT elements has been shown to induce transfer of this element 
400-folds [103]. Hence, the DNA damaging agents Mitomycin C and quinolone 
antibiotics promote the spread of SXT and equivalent ICEs [103]. prfC region, the 
major integration module of V. cholerae and other γ-proteobacteria, is also 
responsible for integration of closely related ICEs including R391, R997 and 
pMERPH. In the absence of prfC region, SXT can preferentially integrate in 
others alternative sites, such as the 5’ end of pntB which encodes a pyrimidine 
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nucleotide transhydrogenase [79, 104, 105]. The Recombination Directionality 
Factor (RDF)-like factor which is encoded by novel SXT Xis (excisionase) 
facilitates more prominently excision of SXT element [77, 79]. 

 

Fig. (2). Horizontal gene transfer in bacterial population containing SXT element. a. Donor 
bacterium transferring chromosomal ICE SXT element to recipient bacterium by conjugation. b. 
Circular intermediate of SXT element contain conjugative machinery, UV repair DNA polymerase 
genes (rumA, rumB), regulatory genes (int, setC, setD, setR). Between rumA and rumB, antibiotic 
resistance genes sulII, strA, strB, dfr18 are located. This circular intermediate gets integrated at 
prfC (encoding peptide chain releasing factor 3) region of chromosomal DNA in bacterium; c. 
Effect of SOS response on SXT regulation and expression: SOS response in bacterial cell mediates 
auto-proteolysis of setR due to activation of recombinase A. This in turn activates setC and setD 
leading to increased expression of integrase gene int (responsible for integration and excision). 
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SXT/R391Family 

Till date, a total of 28 ICE families have been defined based firstly on integrase 
similarity and secondarily on core structure synteny [106]. SXT/R391 is the 
biggest and most widespread of these 28 families and has SXT and R391 elements 
as its original members. Some other previously identified families also included 
Tn916, Tn4371, CTnDOT/ERL and ICE6013 [106]. R391 was reported from a 
clinical isolate of P. rettgeri in South Africa in 1972 where it encoded resistance 
to mercury and kanamycin [107]. The mechanisms of R391 and SXT integration 
into the 5’ end of prfC gene and their excision were found to be similar [104]. 
Nucleotide sequence analysis of 99.5 kb SXT and 89 kb R391 revealed close 
similarity between these elements which shared about 65 kb of DNA. This 
conserved sequence included the machinery for mobility of these elements 
including the genes for conjugative transfer, integration, excision and regulation 
of these events [75]. The SXT/R391 family was then defined by Burrus et al. in 
2006 where they proposed that any ICE that encodes an integrase gene closely 
related to intSXT and that integrates into prfC be considered part of the 
SXT/R391 family of ICEs [85]. In addition the tra genes, which encode the ICE 
conjugation apparatus, are also a defining feature of this family of ICEs. The 
ICEVflInd1 of this family was reported to facilitate excision of genomic islands 
including some pathogenicity islands from three species of Vibrios and their 
conjugative transfer by recognition of a similar OriT in these islands as that of the 
SXT/R391 family [108]. This finding has again emphasized the importance of 
ICEs in genome plasticity/evolution. These ICEs have five hotspots (HS1-HS5) 
for DNA insertion and four minimal gene set modules: int-xis (integration and 
excision module); mob (DNA mobilization and processing module); mfp (mating 
pair formation module); reg (regulation module) which are required for integrity 
of these elements [101]. On the basis of acquisition of another member, 
SXT/R391 family was divided in two groups S and R. The S group SXT/R391 
limits the acquisition of another S group but did not limit the acquisition of R 
group SXT/R391 ICE [109]. The TraG and entry exclusion protein Eex are inner-
membrane proteins that promote exclusion activity of SXT/R391 ICEs [109]. 
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Efflux Pumps 

Efflux pumps are one of the major determinants of MDR in various pathogenic 
microorganisms. They play variety of important biological roles across all 
kingdoms of life from prokaryotes to eukaryotes with functions ranging from 
simple transport to secretion of a diverse range of secondary metabolites as a 
defense against herbivores and microbial pathogens in plants [110]. They also 
play a vital role in bacterial survival and pathogenicity. Based on sequence 
similarity with known transporters, it has been estimated that 15–20% of E. coli or 
Saccharomyces cerevisiae genome codes for these type of proteins [111]. The size 
of genomes have been found to be directly proportional to the number of efflux 
pump genes harbored by them indicating that these proteins are crucial for cell 
survival [112-114]. 

Efflux pumps are universal transport systems present both in antibiotic susceptible 
and resistant bacterial strains. Efflux pump-encoding genes could be present in the 
chromosome or could reside on MGEs like plasmids, transposons and integrons, 
which allow faster dissemination of these genes in the bacterial population [6, 15, 
115-117]. These pumps enable microbes to extrude structurally diverse 
antimicrobials, facilitating their survival in toxic environments. Efflux pumps also 
have important physiological functions like bile tolerance in enteric bacteria, 
colonization, invasion and survival in host [113, 115, 118, 119]. Efflux as a 
mechanism of antibiotic resistance was first described against tetracyclines but 
now numerous efflux pumps have been discovered and fully characterized in 
terms of their structure and degree of resistance they confer towards variety of 
substrates [113, 115, 120-124]. Some of the efflux pumps like TetA and CmlA are 
specific for the antibiotics tetracycline and chloramphenicol respectively, but a 
large number of pumps like MexAB-OprM, NorA and BmrA can recognize and 
efflux out a diverse array of structurally unrelated compounds [6]. The latter type 
are called MDR pumps [115]. Efflux pumps confer relatively low to moderate 
degree of drug resistance (1- to 64-fold increase in minimum inhibitory 
concentration {MIC}) that makes their clinical relevance debatable [125-127]. 
However, different types of efflux pumps in synergy with other known drug 
resistance mechanisms like quinolone resistance proteins, β-lactamases and 
mutations in topoisomerase genes, contribute immensely towards MDR leading to 
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clinically significant MIC values [8, 10]. These pumps have also been shown to 
play vital role in the antibiotic resistance displayed by biofilms [128]. Efflux is a 
dynamic process and regulation of efflux is still not completely understood. These 
efflux pumps genes are regulated by a master operon which overexpresses efflux 
pump genes but in turn also downregulates porin activity. Chromosomally 
encoded local and global regulatory proteins controlling the expression of MDR 
pumps have been studied extensively in bacteria [111]. 

Classification and Structure of Efflux Pumps 

Efflux pumps usually consist of a monocomponent protein with several 
transmembrane spanning domains. However, in Gram-negative bacteria, which 
are protected by an outer membrane, efflux transporters can be organized as 
multicomponent systems [129]. These efflux pumps could either be primary 
transporters that utilize energy derived from ATP hydrolysis, or they could be 
secondary transporters that utilize proton motive force (PMF) [111]. These efflux 
pump genes are classified based on sequence homology and utilization of energy 
[6, 115]. There are essentially five different families of efflux pump proteins in 
bacteria; ABC (ATP-binding cassette) transporters, SMR (small multidrug 
resistance) pumps of the drug/metabolite transporters (DMT) superfamily, MFS 
(major facilitator superfamily), RND (resistance nodulation division) family 
exclusive to Gram-negative bacteria and MATE (multidrug and toxic compound 
extrusion) pumps of multidrug/oligosaccharidyl-lipid/polysaccharide flippases 
(MOP) superfamily. The characteristics of each pump are described below. 

ABC Transporters 

The ABC-type efflux pumps are symporters that transport a diverse array of 
substrates where extrusion occurs by energy derived from ATP hydrolysis. In 
these transport proteins, a transport channel is made by two transmembrane 
domains (TMDs) that are composed of alpha helical membrane spanning regions 
[130]. These TMDs show variability in different ABC pumps. TMDs work in 
conjunction with two highly conserved nucleotide-binding domains (NBDs) 
which bind to ATP and hydrolyse it to produce energy facilitating the transport 
process [130]. NBDs are comprised of Walker A and B motifs characteristic of all 



Strategies to Combat Multiple Drug Resistance Frontiers in Anti-Infective Drug Discovery, Vol. 3    91 

the ATP-binding proteins. They also carry within them a signature motif 
(LSGGQ) unique to the transporter family of ATP-binding proteins. The Vga (E) 
variant protein in Staphylococcus spp. conferring resistance to pleuromutilins, 
lincosamides and streptogramin A and LmrA in Lactobacillus spp. are members 
of this family of transport proteins [6, 131]. Though the role of ABC pumps in 
drug resistance in eukaryotes has been deciphered (P-glycoprotein), their role still 
remains dubious in prokaryotes in terms of MDR. They have been shown to play 
a major role in the MDR of cancer cells [6]. 

MFS Pumps 

MFS comprises a diverse family of secondary transporters. These pumps could be 
uniporters mediating transport of their substrates without parallel ion movement, 
symporters that carry out transport with concomitant movement of ions in the 
same direction as the substrate or they could be antiporters where the substrate 
transport is coupled with the movement of ions in the opposite direction [132]. 
MFS pumps comprise of 250-400 amino acid residues spanning 12-14 
transmembrane segments (TMS) [133]. These pumps play an active role in 
antibiotics export and belong to drug/ proton antiporters (DHA) superfamily 
which is subsequently divided into three major sub-families i.e. DHA1, 2 and 3 
[134]. While DHA1 and 2 are widely distributed in prokaryotes and eukaryotes 
transporting a large array of drugs, DHA3 are exclusively found in bacteria and 
are specifically involved in antibiotic transport. DHA3 pumps have been shown to 
transport macrolides and tetracycline and have been reported from Gram-positive 
as well as Gram-negative bacteria. NorA of S. aureus, PmrA of Streptococcus 
pneumoniae and EmeA of Enterococcus faecalis are some of the well studied 
MFS pumps [135-137]. 

SMR Pumps 

SMR family of pumps are prokaryotic transport systems consisting of 
homodimeric or heterodimeric structures having 100-120 amino acid residues 
with four transmembrane α-helices [138, 139]. Energy in the form of PMF 
provides the driving force for drug transport. There are very few reports of 
members of this family of transporters conferring resistance to antibiotics. EmrE 
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of E. coli [140] and AbeS of Acinetobacter baumannii [141] are members of this 
family of transporter proteins. 

RND Pumps 

Efflux pumps of this class have been shown to play a significant role in conferring 
MDR in Gram-negative bacteria [129]. They are proton antiporters that use the 
proton gradient across the membrane to power efflux exchanging one proton for 
one drug molecule. They have tripartite organization where the efflux pump in 
cytoplasmic membrane works in conjunction with a periplasmic adapter protein 
and an outer membrane channel. This allows any drug/substrate of these pumps to 
be expelled directly outside the cell rather than in the periplasmic space. MexAB-
OprM of P. aeruginosa and AcrAB-TolC of E. coli are the most studied 
transporters of this family of efflux pumps where MexB and AcrB are the RND 
pumps, OprM and TolC are the outer membrane proteins and MexA and AcrA are 
the periplasmic adapter proteins. Some of these RND pumps such as AcrB display 
wide substrate specificity and efflux out not only the antibiotics but also dyes, 
detergents and solvents. The genes encoding the RND efflux pumps are organized 
as well regulated operons and the outer membrane proteins may or may not be co-
located with the other genes in the operons [113]. 

MATE Pumps 

MATE family of efflux pumps includes functionally characterized multidrug 
efflux systems. The prototype member was NorM from V. parahaemolyticus 
[142]. Subsequently, several homologues from other closely related bacteria were 
reported that function by a drug:Na+/H+ antiport mechanism. These include a 
putative ethionine resistance protein of S. cerevisiae, a cationic drug efflux pump 
from Arabidopsis thaliana and the DNA damage-inducible protein F (DinF) of  
E. coli [121]. These proteins are ~450 amino acid residues long and exhibit 10-12 
putative TMS. They arose by an internal gene duplication event from a primordial 
6 TMS-encoding genetic element. The family is conserved in bacteria, archaea 
and all eukaryotic kingdoms and includes hundreds of functionally 
uncharacterized but sequenced homologues [143]. MATE family proteins exhibit 
similar topological features as MFS but form a distinct group due to relatively low 
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degree of homology at the level of amino acid residues. NorM from E. coli and V. 
cholerae, YdhE from E. coli and VFH and VFD from V. fluvialis are some of the 
examples of MATE pumps [115, 142, 144, 145]. These are the most recently 
identified group of efflux pumps assessed for their role in multidrug resistance. 
They transport fluoroquinolones, aminoglycosides, and cationic dyes. 

Regulation of Efflux Pump Expression 

Complex regulatory operons/mechanisms control the expression of proteins that 
are responsible for influx and efflux of the drugs thus maintaining the intracellular 
concentration of these compounds. The mar (multiple antibiotic resistance) locus 
in E. coli is known to accumulate mutations leading to the acquisition of MAR 
phenotype. While the marR gene encodes a repressor for this operon and 
accumulates mutations, the marA gene product is known to activate a plethora of 
genes related to antibiotic resistance and oxidative stress. MarA regulator controls 
the expression of porins and efflux pumps and the expression of this regulator is 
in turn controlled by some antibiotics. For example, imipenem that is not a 
substrate of an efflux pump in Enterobacter aerogenes results in expression of the 
gene encoding marA regulator and alters the permeability of the membrane for 
some other antibiotics leading to increased resistance towards chloramphenicol, 
quinolones and tetarcyclines [146]. Therefore, even though marRA does not 
encode a multidrug efflux system/porin, the marRAB locus confers resistance to 
compounds like tetracycline, chloramphenicol, fluoroquinolones, nalidixic acid 
and rifampin because it controls the expression of other loci important in 
mediating drug resistance e.g. the porin OmpF and acrAB gene for AcrAB efflux 
pump [121]. 

Role of Porin and Efflux Pump Mutations in MDR 

The bacterial cell envelope acts as a semipermeable membrane composed of 
porins and efflux pumps. These porins and efflux pumps together help in 
determining the effective concentration of antibiotics inside a bacterium. Thus, 
presence of their number determines the membrane permeability and in turn 
decides the fate of the bacterium i.e. antibiotic susceptible or resistant 
microorganism. Innate resistance to various antibiotics in many microbes like  
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P. aeruginosa can be attributed to low membrane permeability. Therefore, 
susceptibility of a bacterium is a direct correlation of mutations affecting the 
expression and function of porins as well as efflux pumps [134]. 

Porins are proteins that act as channels for uptake of nutrients and a variety of 
other compounds including antibiotics. These were first reported from E. coli 
[147]. Mutations in porins could have variable effects on their structure and 
functions such as complete loss of porins, change in the size of these channels or 
their conductance and their altered expression. These consequently result in 
reduced uptake of antibiotics into bacterial cells leading to decrease in cell death. 
Such porin-related mutations have been shown to accentuate resistance towards 
various antibiotics. Loss of OmpF porin from E. coli was shown to confer 
resistance towards β-lactams and subsequently role of porins in MDR was 
established in other bacterial species [148]. Loss of a porin could be due to 
deletion in its gene, a point mutation resulting in translation termination, an 
insertion element disrupting the porin gene and mutations in the regulatory genes 
or the promoter regions [149, 150]. As described above, mutations may affect the 
expression of porins, but some of the mutations could also alter the function of 
porin channels without affecting their expression. For example, a mutation 
Asp116Ala in the putative antibiotic-binding site of OmpU porin in V. cholerae 
was shown to reduce uptake of cephalosporins and increase the bacterial 
resistance towards these drugs [151]. Apart from the antibiotic-binding site, the 
scaffold provided by other parts of porin also plays a vital role in its function. The 
imipenem binding sites of OprD porin of P. aeruginosa requires the intact 
scaffold provided by loops 2 and 3 [152], while regulation of porin size is 
achieved by external loops 5, 7 and 8 [153]. 

As described above, similar to porins, efflux pumps are also the major 
determinants of antibiotic concentration inside a bacterium. Therefore, mutations 
in these efflux pumps would affect the resistance status of the host bacterium. 
These mutations could be localized in the structural genes, their promoter regions 
or in the genes encoding regulatory proteins [154, 155]. The clinical isolates of  
P. aeruginosa obtained from cystic fibrosis patients were found to have mutations 
in the MexY structural gene. The resulting amino acid change increased the efflux 
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activity of this RND pump leading to resistance towards many antibiotics that 
were the substrates for MexXY pump [154]. 

AN INTERESTING EXAMPLE OF CONTRIBUTION OF DIFFERENT 
MECHANISMS: RESISTANCE TO QUINOLONES 

Resistance mechanisms for different classes of antibiotics vary. β-lactamases 
inactivate the β-lactam group of antibiotics by hydrolyzing the lactam ring. 
Aminoglycosides are inactivated by the enzymatic modification of the antibiotics 
by phosphoryl, adenyl, or acetyl groups. Chloramphenicol is rendered ineffective 
by the modifying enzyme chloramphenicol acetyl transferase that adds an acetyl 
group to the antibiotic [5]. Apart from these mechanisms specific for a particular 
class of antibiotics, all the antibiotics can also be made ineffective by combination 
of several other general mechanisms such as mutations in porins or efflux  
pumps. In this section, quinolone class of antibiotics has been discussed in details 
vis-à-vis their structure and different drug resistance mechanisms that operate in 
synergy to decide the quinolone resistance phenotype. 

The emergence of drug resistance, since the introduction of antibiotics had made 
the humans to continuously seek for new antibiotics which overcome the evolving 
pathogens. This paved way for the development of various synthetic and semi-
synthetic antibiotics with improved efficacy and extended target coverage. 
Among different synthetic antibiotics like sulfonamides, quinolones and 
oxazolidinones, quinolones gained popularity because of their wider application, 
broader spectrum of activity and drug safety [156-158]. In addition, it was 
hypothesized that resistance would not be mounted against the synthetic 
compounds which are not seen by bacteria in natural ecosystem. In this section, 
the focus would be on quinolone class of antibiotics and the bacterial resistance 
machinery against these widely used synthetic antibiotics. 

Quinolones are a class of antibiotics which specifically kill bacteria by inhibiting 
the synthesis of nucleic acids. The parent compound of quinolones, nalidixic acid, 
was derived from the antimalarial drug chloroquine in 1962 [159, 160]. Nalidixic 
acid is composed of naphthyridine ring having ethyl and methyl group attached to 
its N1 and C7 position respectively along with keto and carboxyl group attached 
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to its C4 and C3 positions respectively (Fig. 3). Though it had narrow spectrum 
antibacterial activity, it was widely used for urinary tract infections and diarrhoea 
until the introduction of broad spectrum fluoroquinolones [161, 162]. Fluoroquinolones 
were derived from nalidixic acid by the introduction of a fluorine atom at C6 
position of naphthyridine ring and also replacing the N8 by a carbon atom (Fig. 3) 
[163]. 

 

Fig. (3). Structures of nalidixic acid and some of the fluoroquinolones. Derivation of 
fluoroquinolones from parent quinolone (nalidixic acid) by the addition of a fluorine atom (shown 
in red) at C6 position of naphthyridine ring and by replacing N8 by a carbon atom (shown inside 
circles) 

All the available quinolones are grouped into four generations based on their 
spectrum of activity [159, 164]. The first generation quinolones like nalidixic acid 
and cinoxacin were active against aerobic Gram-negative bacteria, but showed 
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little activity against aerobic Gram-positive bacteria or anaerobes. The second 
generation quinolones include fluoroquinolones such as norfloxacin, 
ciprofloxacin, ofloxacin, lomefloxacin and levofloxacin which showed broader 
Gram-negative spectrum and moderately increased Gram-positive spectrum. 
Piperazine moiety at C7 position of quinolone nucleus is the general feature of 
second generation quinolones which increased activity against P. aeruginosa. 
Sparfloxacin, gatifloxacin and grepafloxacin fall under third generation 
quinolones that showed greater potency against Gram-positive organisms. A 
superior coverage against pneumococci and anaerobes were achieved by fourth 
generation quinolones like trovofloxacin, moxifloxacin, gemifloxacin and 
garenoxin [159, 160, 164]. Although many of the quinolone derivatives were 
removed from the market because of some safety concerns, remaining drugs 
which are proved as safe, gained widespread use due to its favorable 
pharmacokinetics and broad antimicrobial spectra [159]. 

Quinolone Targets and Their Action 

Quinolones target two enzymes DNA gyrase and topoisomerase IV which are 
essential for the vital activities of bacterial cell like DNA replication, 
transcription, recombination and repair. DNA gyrase is a special type II 
topoisomerse which is present in prokaryotes only and it introduces negative 
supercoiling rather than removing it [165]. During replication and transcription, 
the double stranded DNA are separated by helicase action that causes a reduction 
in linking number which in turn results in positive supercoiling in front of the 
replication fork. DNA gyrase removes the positive supercoiling ahead of the 
replication fork by introducing negative supercoiling and thereby renders an 
uninterrupted movement of replication fork. The topoisomerase IV enzyme is 
known for unlinking of daughter chromosomes after replication (decatenation). 
DNA gyrase is a tetrameric protein having two A (GyrA) and two B (Gyr B) 
subunits which wrap DNA into a positive supercoil. The active site of the enzyme 
consists of tyrosine, which breaks the phospodiester bond of a duplex DNA and 
forms phospho-tyrosine bond through its hydroxyl group. The other end of the 
DNA is also held by the enzyme to form a protein bridge. Another region of DNA 
is passed through the nick created by DNA gyrase and then the nick would be 
resealed [162, 165]. Both DNA gyrase and topoisomerase IV create double strand 



98    Frontiers in Anti-Infective Drug Discovery, Vol. 3 Bhardwaj et al. 

break and allow double strand passage and they require ATP for this action. The 
main difference in the action of these two enzymes is that gyrase wraps DNA 
around itself while topoisomerase IV does not which may lead to the functional 
differences [162]. 

It was evidenced that quinolones form a ternary complex with topoisomerase 
enzymes and DNA and cease the enzyme activity. This complex is called as 
cleaved complex as it contains broken DNA. As discussed above, type II 
topoisomerase enzymes cause a double strand break and allow the passage of 
another duplex through the nick. But the reversible binding of quinolones with the 
DNA-enzyme binary complex allows the enzyme to generate the double strand 
break only and not the passage of another duplex [166, 167]. Quinolones were 
found to interact with both the DNA and the enzyme in the cleaved complex. The 
drugs, with the help of aromatic rings stack against the DNA bases (-1 and + 1 
base pairs) at the site of cleavage and thus cause a misalignment of DNA at both 
the sides of the break which eventually prevents the religation of the cleaved 
DNA. Similarly, helix-4 of the GyrA or ParC which harbors quinolone resistance 
determining region (QRDR) of the enzymes seems to interact with drug [168-
173]. 

Though binding of quinolones to the enzyme-DNA complex leads to inhibition of 
nucleic acid synthesis, it does not cause lethality to the cells. The binding of 
quinolones just causes a bacteriostatic action as the formation of cleaved complex 
is reversible. The lethality to the cell is caused as a result of chromosome 
fragmentation and cell death induced by ROS [174]. The chromosome 
fragmentation occurs in two ways, one is protein synthesis-dependent as it 
involves proteases or nucleases in releasing DNA breaks from the cleaved 
complex and the other is protein synthesis-independent where quinolones 
facilitate the dissociation of gyrase subunits and release the double strand break 
[175-177]. The former pathway can be inhibited by chloroamphenicol and so the 
first generation quinolones like nalidixic acid fail to kill the cells in presence of 
chloroamphenicol whereas second generation quinolones like ciprofloxacin are 
not influenced by it [162, 174, 178]. The chromosome fragmentation eventually 
triggers the accumulation of highly toxic ROS which amplifies the lethal action of 
the drug ultimately causing the cell death [179-181]. 
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Quinolone Resistance Mechanisms 

Development of resistance towards quinolones started right with the introduction 
of first generation quinolone, nalidixic acid in 1962. The increased use of this 
drug led to the increased development of resistance [182]. Earlier it was believed 
that target mutations and efflux pumps were the possible mechanisms of 
quinolone resistance. Later that belief was disproved due to discovery of various 
molecular factors like target-protecting proteins, quinolone-modifying enzymes 
and efflux pumps [182, 183]. Quinolone resistance could be mediated by either 
chromosome-borne or plasmid-borne genetic elements. The chromosome-borne 
genetic factors involve, (i) mutations in the DNA gyrase (gyrA and gyrB) and (or) 
topoisomerase IV (parC and parE) genes, (ii) chromosomal efflux pumps genes 
and (iii) chromosomal quinolone resistance (qnr) genes. The plasmid-mediated 
quinolone resistance (PMQR) has also been described with three mechanisms, (i) 
a quinolone-resistance/topoisomerase-protection mechanisms encoded by the qnr 
genes, (ii) a ciprofloxacin-modifying enzyme encoded by aac(6’)-Ib-cr gene 
[184]; and (iii) plasmid borne-efflux pumps [185, 186]. These PMQRs are 
transferable traits and also play a main role in quinolone resistance. In the 
following sections, all these mechanisms are discussed in detail. 

Mutations in the Topoisomerase Genes 

Mutations in the genes of topoisomerase enzymes are the main cause of quinolone 
resistance. Such spontaneous mutations occur as a result of replication error in a 
bacterium, at rates as high as 1 in 106 to 1 in 109 [187]. A mutant bacterium having 
alteration in topoisomerase enzymes could withstand antibiotic stress and evolves 
as a resistant bug. Mutations tend to cluster in regions called the QRDRs of subunits 
of DNA gyrase or topoisomerase IV which results in reduced drug affinity of those 
enzymes [161, 182, 188, 189]. Mutations in gyrA, gyrB, parC and parE genes have 
variable effects on MICs in different species of bacteria. In Gram-negative bacteria, 
high level quinolone resistance is mainly due to the mutations in the genes encoding 
gyrase subunits, gyrA and gyrB (mainly in gyrA), whereas mutations in genes 
encoding topoisomerase IV subunits parC and parE are prevalent in Gram-positive 
bacteria [183]. Mutations conferring resistance typically occur in stepwise manner. 
Generally, the initial mutation occurs in gyrA (in case of Gram-negative bacteria) or 
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parC (in case of Gram-positive bacteria) genes [161, 162]. The first mutation helps 
to select the bacteria in quinolone stress by reducing the susceptibility of 
topoisomerase to the drug and allows accumulation of more mutations in the 
subunits of same or other target enzyme. The accumulation of multiple mutations in 
the drug target facilitates the development of high-level resistance to quinolones in 
bacteria [161, 162, 182, 190]. The type of bacterial species and the kind of 
quinolone used determine the order in which mutations occur and the quantum of 
change in MIC [191]. Clinical failure of quinolones can occur as a result of many 
such bacterial mutations. The mutations at amino acid positions 83 and 87 of GyrA 
and positions 80 and 84 of ParC have been reported as a cause for reduced 
susceptibility of bacteria towards quinolones [9, 87, 162, 174, 192, 193]. The 
substitution of hydrophilic amino acid (serine) by hydrophobic residues (leucine or 
isoleucine), or substitution of acidic residue (aspartic acid) by basic amino acid 
(asparagine) or substitution of negatively charged amino acid (glutamic acid) by 
positively charged residue (lysine) are the well documented substitutions which 
reduce the susceptibility of the target enzymes to quinolones. These residues are 
known to interact with the drug at quinolone binding pocket (QBP), the region 
where quinolones interact with both QRDR of enzyme and cleaved DNA [194]. 
The alteration in the residues of QRDR of topoisomerase enzymes causes a 
conformational change in QBP, which eventually prevents the binding of drug in 
the pocket [194]. 

Generally, these mutations occur as a replication error prior to the antibiotic 
exposure and at the time of antibiotic pressure, it helps the cells to resist the drug 
beyond the concentration required to kill wild type cells. The wild type cells fail 
to form colony at or above MIC. The selective enrichment of resistant mutants 
occurs only above MIC and the concentration where the colony recovery of 
mutants ceases is called mutant prevention concentration (MPC). Additional 
mutation is required for the bacteria to withstand the concentration beyond MPC, 
which is a rare phenomenon. So the drug concentration range which favors the 
selection of mutants, between MIC and MPC is called Mutant selection window 
[195]. As described above, the resistance conferring mutations occur in stepwise 
manner and at each step of acquisition of mutations, the values of MICs and  
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MPCs increase [196, 197]. In other words, selection window increases at each 
step of mutation acquisition. Hence, mutant selection window is important to 
optimize antimicrobial dose regimens and to avoid the emergence of resistant 
mutants [195]. 

Efflux Pumps (Chromosome- and Plasmid-Borne) 

The second resistance mechanism involves expression/over expression of efflux 
pumps that transport quinolones and other antibiotics out of the cell. Efflux pumps 
are ubiquitous and are encoded either by chromosomal genes or by genes 
associated with mobile genetic elements. These genes are responsible for intrinsic 
resistance under constitutive expression and cause low to moderate level of 
quinolone drug resistance under induced or activated conditions [161]. Mutations 
that occur in the regulatory elements of efflux pumps lead to overexpression of 
pumps which ultimately causes increased efflux activity [198-201]. Quinolone-
specific efflux pumps have been reported and characterized (like SmrA, PmrA, 
NorA, NorM, PmpM, AcrB, VcrM, VcmA, BmrA, MepA, VCH and VFH) from 
different bacterial species [115, 145, 161, 202]. The MATE family efflux pumps 
like NorM, VCH, VFH are known to effectively efflux out hydrophilic quinolones 
like norfloxacin, ciprofloxacin and ofloxacin and not the hydrophobic quinolones 
such as sparfloxacin, nalidixic acid and moxifloxacin [145, 190, 202]. Resistance 
due to efflux pumps causes only low to moderate level of resistance but they favor 
the emergence of resistance mutants by rendering the surviving ability to the cells 
at suboptimal concentration of antibiotics [125, 161,190]. 

Two plasmid-mediated quinolone transporters (OqxAB and QepA) have been 
described [117, 186, 203-206]. The presence of qepA in Enterobacteriaceae and 
Vibrionaceae was reported from different parts of the globe [203, 207-209]. QepA 
is a 511-amino acid protein belonging to MFS transporters and shown to efflux 
out mainly norfloxacin, ciprofloxacin, nalidixic acid and also other compounds 
like erythromycin, acriflavine and ethidium bromide. The RND family pumps 
OqxAB confer resistance to Olaquindox (a quinoxaline derivative), nalidixic acid 
and ciprofloxacin [204-206, 210, 211]. 
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Qnr Genes (Chromosome- and Plasmid-Borne) 

Qnr proteins belong to pentapeptide repeat family and are capable of protecting 
DNA gyrase from quinolone action. These proteins are characterized by five 
semi-conserved tandem repeat motifs represented by [Ser, Thr, Ala or Val] [Asp 
or Asn] [Leu or Phe] [Ser, Thr or Arg] [Gly] [210-212]. Qnr proteins consist of 
two domains of pentapeptide repeats separated by a single amino acid, usually 
glycine [211, 212]. Qnr acts by protecting DNA gyrase and topoisomerase IV 
from quinolones by binding to the enzyme prior to the binding of DNA [213]. 
These proteins mimic the structure of DNA and they compete with the DNA for 
enzyme binding. As Qnr occupies the DNA binding site of the enzyme, it prevents 
the binding of DNA to the enzyme and hence the number of enzyme-DNA 
complexes, the target of quinolone is reduced. As a result of this, the formation of 
cleaved complex is minimized and eventually cells are protected from the lethal 
action of quinolones [214, 215]. Several qnr genes have been widely reported 
from Enterobacteriaceae and Vibrionaceae families and Vibrionaceae family was 
found to be a possible reservoir for Qnr-like quinolone resistance determinants 
[216]. So far, five families of qnr (qnrA, qnrB, qnrC, qnrD and qnrS) have been 
reported in plasmids among the bacterial species [210, 211]. Both qnrA and qnrS 
genes encode 218-amino acid proteins and exist as seven and nine alleles 
respectively. The qnrC gene encodes 221-amino acid protein whereas qnrD 
encodes 214-amino acid peptide and the allelic forms of these two genes were not 
reported so far. The 214-amino acid protein encoding qnrB genes are found to 
exist in seventy three allelic forms [http://www.lahey.org/qnrStudies/] [210, 211, 
217]. 

Genes for pentapeptide repeat proteins with sequence similarity to plasmid-borne 
Qnr proteins have been reported on the chromosomes of both Gram-positive and 
Gram-negative bacteria [211]. The chromosome borne qnr-like genes were 
largely reported in Vibrionaceae family (V. vulnificus, V. fisheri and 
Photobacterium profundum) [216, 218, 219]. qnrVC1 isolated from V. cholerae 
O1 from a cholera epidemic in Brazil was found as gene cassette in chromosomal 
class 1 integron [25]. The origin of these qnr genes is likely to be the 
chromosomes of aquatic environmental organisms. Accumulation of quinolones 
in the environment enriched the organisms having qnr genes and that acted as a 
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reservoir from where other pathogenic organisms acquired these genes [210, 211]. 
A recent study has shown that the qnrVC5 gene of chromosomal origin was 
associated with a transferrable plasmid from a clinical isolates of V. fluvialis [9]. 
This study showed that these genes are of chromosomal origin and circulating 
among the bacterial community through plasmids. Qnr proteins are found to have 
functional similarity with other well-studied pentapeptide repeat proteins like 
MfpA and McbG having amino acid identity 18.9% and 19.6% respectively with 
that of QnrA. The organisms producing the microcin B17, a topoisomerase 
poison, also produce McbG to protect its own DNA gyrase from the toxic effect 
of microcin B17 [220, 221]. So it is evident that the pentapeptide repeat proteins 
are generally evolved for protecting topoisomerases from the naturally occurring 
toxins that inhibit those enzymes and also evolved to protect the enzymes from 
other topoisomerase inhibiting agents like quinolones. Though higher-level qnr-
mediated resistance has not been reported, they could help the isolates to attain 
clinical breakpoint of resistance in combination with the other mechanisms [8, 9, 
193, 222].  

Ciprofloxacin Modifying Enzyme (AAC (6’)-Ib-Cr) 

AAC(6’)-Ib-cr, a variant aminoglycoside acetyl transferase, capable of reducing 
ciprofloxacin activity in addition to modifying aminoglycosides, is carried on 
plasmids and more prevalent than Qnr proteins [184]. This enzyme has acquired 
the ability to inactivate quinolones (ciprofloxacin and norfloxacin) by N-
acetylating the amino nitrogen on its piperazinyl group. Two amino acid changes 
(Trp102Arg and Asp179Tyr) rendered the ability of the enzyme to additionally 
inactivate quinolones apart from aminoglycosides. The effect on MIC by AAC 
(6’)-Ib-cr is less than that conferred by Qnr protein and the drug spectrum covered 
by this enzyme is also small (ciprofloxacin and norfloxacin only). 

It is reasonably well documented that quinolone resistance in pathogenic bacteria 
through intrinsic and acquired traits causes a major health problem. The 
synergistic action of all these chromosomal and plasmid-borne factors helps the 
pathogen acquire higher-level resistance towards quinolones, as described by 
many researchers [8, 222-224]. 
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OTHER FACTORS RESPONSIBLE FOR MDR 

There are many other social/clinical/policy-related factors that lead to the 
emergence and dissemination of antibiotic resistant bacteria at a particular 
geographical location. These include the indiscriminate use of antibiotics, poor 
surveillance systems for various epidemics/pandemics, absence of comprehensive 
and coordinated response by government in case of spread of a serious infection, 
lack of preparedness in terms of efficient diagnostics, prevention and therapeutic 
tools [3]. In addition to this, the pharmaceutical companies have lost interest in 
the development of new antibiotics as this research is no longer lucrative. As anti-
infective drugs are taken for shorter times till the infection persists, the companies 
refrain from investments on these pharmacologically active agents as compared to 
blockbuster drugs for lowering the cholesterol levels, for hypertension, diabetes 
etc. which are taken for prolonged periods and mostly lifelong. Accordingly, the 
government funding in this area has also been diminishing. There has been a 
drastic cutdown on antibiotic discovery programmes [225]. This amounts to the 
use of same old antibiotics in clinics and hospitals leading to development of 
bacterial resistance against them. 

ANTIBIOTICS INDUCE SOS RESPONSE LEADING TO THE 
EVOLUTION OF ANTIBIOTIC RESISTANCE MECHANISMS 

Before we embark on our journey to understand various strategies to combat 
MDR bacteria, it must be understood that the challenge of a bacterial cell with an 
antibiotic is similar to an SOS response. A bacterium will resort to a series of 
changes to overcome the effect of a drug that challenges its existence. Any type of 
horizontal gene transfer through conjugation, transformation and transduction or 
any type of antibiotic challenge induces SOS response through events mediated 
by single-stranded DNA, RecA protein and LexA repressor [35]. The LexA 
repressor has been shown to bind the promoter of the integrase of an integron. 
RecA activation leads to autoproteolysis of LexA repressor that keeps the SOS 
regulon in the repressed state under normal conditions. During SOS, this repressor 
gets inactivated leading to the expression of a diverse array of genes that were 
repressed by LexA. Integrases are one such genes that gets activated during SOS 
leading to the expression of gene cassettes harbored by integrons [35]. Similar to 
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the integrons, the activation of SXT, their excision, integration or dissemination 
events are triggered during SOS response. The expression of SXT integrase 
requires two transcriptional activators, setC and setD which are in turn controlled 
by the repressor setR rather than LexA. During SOS response, when single-
stranded DNA is bound to recA, setR concentrations are depleted which results in 
the activation of SXT integrases and formation of hybrid ICE elements [226]. 
This clearly shows that SOS response leads to reshaping of the bacterial genomes 
through integrons as well as ICE elements. The direct regulation of SOS response 
by antibiotics itself has also been described [227]. The regulation of expression of 
qnrB2 (a quinolone resistance determinant) through SOS response is induced by 
ciprofloxacin in LexA/RecA-dependent manner. Even sub-inhibitory concentrat-
ion of ciprofloxacin was found to cleave LexA repressor so that it was prevented 
from binding on the LexA binding site present in the promoter region of qnrB2 
gene [227]. 

DATABASES OR TOOLS RELATED TO ANTIBIOTIC RESISTANCE 
MECHANISMS 

As described in earlier sections, genes related to various mechanisms and factors 
responsible for drug resistance have been compiled by various workers for easy 
referencing. Compilation of data in form of databases is freely available on web. 
These databases and tools help a researcher to share the knowledge and to 
systematically analyze their data in easier way. The databases encompassing 
various genetic elements especially integrons, ICEs, efflux pumps and quinolone 
resistance mechanisms have been described below. 

INTEGRALL (http://integrall.bio.ua.pt) 

It is a database and search engine for integrons, integrases and gene cassettes 
found in integrons. It is a web-based platform developed by microbiologists and 
computer scientists. Initially in the year of 2009, the database contained more than 
4800 integron sequences out of which ~70% corresponded to uncultured bacteria 
and 27% belonged to γ-proteobacteria. Remaining 3% constituted integron 
sequences from ά-, β-, δ- and ε-Proteobacteria, Actinobacteria, Firmicutes, 
Cyanobacteria etc. Thus, though integrons have a broad host range, higher 
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occurrence of integrons has been reported in γ-proteobacteria. The database 
provides a public genetic repository for integron sequence data, their 
nomenclature, genetic contexts and molecular arrangements [228]. As of 31st 
December 2013, the database consists of 6777 entries of integrons, 1498 integrase 
genes, 8522 gene cassettes from 119 genera and 250 species. 

Annotation of Cassette and Integron Data (ACID) (http://integron.biochem. 
dal.ca/ACID/login.php) 

It compiles and annotates integron-integrase genes and non-coding cassettes-
associated attC recombination sites and all publicly available sequence 
information regarding these genetic elements. Manually curated open access 
database information was used for automated detection, annotation of integrons 
and their gene cassettes. ACID enables future sequence data to be incorporated 
easily. This database allows its users to annotate and save their data. They can 
also send the data to curators for its addition to the main database. In the first 
version of ACID, 5622 gene cassettes and 471 integrase sequences have been 
documented and new sequences are continuously updated [229]. 

Repository of Antibiotic Resistance Cassettes (RAC) (http://www2.chi.unsw. 
edu.au/rac) 

Archive of gene cassettes which include alternative gene names are made available by 
RAC databases. Information regarding gene cassettes help to determine new gene 
cassettes. The automatic annotation engine allows users to easily and accurately access 
and annotate cassette arrays in bacterial DNA sequences. It also provides a process for 
assignment of unique name for newly sequenced antibiotic resistance cassettes in 
mobile resistance integrons consistent with existing nomenclature systems [230]. RAC 
now has a conglomeration of 387 antibiotic resistance gene cassettes. 

Integron Analysis and Cassette Identification (XXR) (http://mobyle.pasteur. 
fr/cgi-bin/portal.py?forms=xxr) 

The program detects the attC sites of integron gene cassette arrays. The software 
utilises the data from previously known sequences of integrons to predict putative 
cassette structures [70]. 
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Antibiotic Resistance Genes Database (ARDB) (http://ardb.cbcb.umd.edu) 

The database consolidates most of the publicly available antibiotic resistance 
genes and provides a reliable annotation with rich information, resistance profile, 
mechanism of action, ontology, Clusters of Orthologus Groups of proteins (COG) 
and Conserved Domain Database (CDD) annotation [231]. It also provides 
external links to sequence and protein databases. The information provided by the 
database can be used for further identification of the resistance genes of newly 
sequenced genes, genomes or metagenomes. As of 31st December 2013, ARDB 
contains a total of 23,137 genes, 380 types of gene cassettes for 249 antibiotics 
from 1737 species and 267 genera. It also contains pre-annotated 2881 
vectors/plasmids and 632 genomes conferring resistance to various antibiotics. 

ICEberg (http://db-mml.sjtu.edu.cn/ICEberg/) 

On 13th August 2011, this database was mainly dedicated to ICEs which 
incorporated in bacterial genomes. This is a PostgreSQL-based database; that 
facilitates resourceful knowledge for ICEs like their integrative conjugative 
machinery, putative ORFs, antibiotic drug resistance gene cassettes and virulence 
determinants [106]. ICEberg provides information about predicted as well as 
experimentally proved ICE-related data. As of 31st December 2013, the database 
has a collection of 460 ICEs. 

Insertion Sequence [IS] Finder (www-is.biotoul.fr) 

This is another database dedicated to Insertion Sequences [IS], a type of short 
DNA sequences that act as transposable genetic elements [232]. IS finder is the 
tool for IS elements which are found in various mobile genetic elements like 
bacteriophages, conjugative transposons, integrons, unit transposons, composite 
transposons and insertion sequences (ISs). IS finder allows researchers to have 
coherent nomenclature for IS. It also includes detailed information about the IS of 
the repository like its DNA sequences, ORFs, end sequences, target sites of these 
elements, their origin, distribution and bibliography. It also imparts knowledge 
about the updated comprehensive grasping and the phylogeny of ISs [232]. The 
latest updated database constitutes 4115 insertion sequences. 



108    Frontiers in Anti-Infective Drug Discovery, Vol. 3 Bhardwaj et al. 

Pathogenicity Islands Database (PAIDB) (http://www.gem.re.kr/paidb) 

PAIDB is a comprehensive database for all those reported genetic elements whose 
products are essential to the process of disease development [233]. These PAIs 
horizontally transfer among microbes and contribute to the evolution of 
pathogenicity. This database provides convenient graphical presentation for name, 
host strain, function, insertion site and associated GenBank accessions which are 
helpful for phylogenetic as well as bioinformatic analysis. The latest version of 
PAIDB (31st December, 2013) has 112 kinds of PAIs, 889 GenBank accessions, 
2681 virulence genes and total 7842 ORFs from 497 pathogenic strains. Also it 
has 743 PAI-like regions from 115 pathogenic strains having atleast one PAI-like 
region and 259 PAI-like regions from 77 non-pathogenic organisms with 
unconfirmed pathogenicity. 

A Classification of Mobile Genetic Elements (ACLAME) (http://aclame.ulb.ac.be) 

ACLAME is a database which provides classification and collection of Mobile 
Genetic Elements (gene sequences and proteins) from phages, transposons and 
plasmids. This database was first released in 2004. At that time, database 
classified 5069 MGE-associated proteins from 119 DNA bacteriophages into over 
400 functional families. This database is publicly accessible in which TRIBE-
MCL, a graph-theory-based Markov clustering algorithm was used to classify 
MGEs and proteins. Different evolutionary database versions like 0.1, 0.2, 0.3 and 
0.4 have been released, in which 0.4 is the latest version which contains 122154 
proteins from 2326 MGEs of 811 host organisms. Proteins have been clustered 
into families that are as follows; Prophages with 6822 clusters, Plasmids with 
18228 clusters, Viruses and prophages with 16057 clusters and Viruses with 
11503 clusters with a total of 32919 clusters. Evolutionary Cohesive Modules 
(ECMs) were generated for phages, which share replication, lysis/lysogeny, DNA 
packaging, and head and tail morphogenesis with reticulate relationship. These 
ECMs, helpful in studying phylogenicity, are stored in the ACLAME database 
[234]. They are accessible on the web site through the MGE viewer, following the 
link ‘ECM’. The advance 0.4 version of ACLAME database is now running under 
the PostgreSQL relational database management system (RDBMS) version 8.3 
(http://www.postgresql.org) [235]. 
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Type-2 Toxin-Antitoxin Loci Database (TADB) (http://bioinfo-
mml.sjtu.edu.cn/TADB/) 

It is a comprehensive database for type 2 toxin-antitoxin loci distributed in 
bacterial and archaeal genomes. This database contains unique compilation of 
both predicted and experimentally supported Type 2 TA gene pairs identified 
within 1240 prokaryotic genomes and details of over 240 directly relevant 
scientific publications [236]. TADB provides a web-interface, allowing users to 
view an entire genome’s TA loci repertoire within the context of the whole 
replicon and to access individual pages dedicated to each TA locus pair, toxin and 
antitoxin as required. TADB allows researchers to gain insight into the cognate 
TA proteins that are either hypothesized or proven to play vital role in 
stabilization of horizontally acquired genetic elements. As of 31st December, 
2013, 6757 TA loci found in 750 genomes have been organized into the 44 toxin-
antitoxin domain pair groupings. 

Transporter Classification Database (TCDB) (http://www.tcdb.org) 

TCDB is an online, curated repository of comprehensive database containing 
sequences, classification, structural, functional and evolutionary information 
about transporters from various living organisms. Originally in 2006, the database 
was a congregative repository for factual information compiled from >10 000 
references with ~3000 representative transporters and putative transporters 
classified into >400 families. The database categorizes transporters as Enzyme 
Nomenclature on Recommendations of the Nomenclature Committee of the 
International Union of Biochemistry and Molecular Biology [237]. As efflux 
pumps are integral part of transporters, TCDB can be considered as a 
conglomerate of all known and putative efflux pumps. The database offers several 
different methods for accessing the data including step-by-step access to 
hierarchical classification, sequence information or TC (Transporter 
Classification) number and full-text searching. The database is based on 
functional ontology algorithm that facilitates powerful query searches and yields 
valuable data in a quick and easy way. The TCDB website also provides several 
tools specifically designed for analyzing the unique characteristics of transport 
proteins. TCDB is not only a repository of curated information about classifying 
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newly identified membrane proteins; it also serves as a genome transporter 
annotation tool. As of 31st December, 2013, it contains over 10000 published 
references of about 5600 unique protein sequences which are classified into over 
600 transporter families based on the TC system. 

Databases Available for Quinolone Resistance Genes 

Since the discovery of first PMQR resistance gene qnrA1 in 1998, a considerable 
number of qnr genes and other PMQR genes have been discovered and reported 
in last decade. The qnr genes reported from several parts of the globe lacked a 
standard nomenclature or numbering system which created a chaos. In order to 
avoid the ambiguity and to systematically name the qnr genes of varying 
sequences, Jacoby et al., attempted to frame the criteria based on which the genes 
could be classified [217]. They have created a database where all the newly found 
qnr alleles can be verified and numbered accordingly (http://www.lahey.org/qnr 
Studies/). It is having a collection of 71 alleles of QnrB as of 31st, December, 
2013. Similarly, in order to find the qnr genes in a fragmented nucleotide 
sequence of metagenomic data set, a tool/software was developed by Systems 
Biology and Bioinformatics group of University of Gothenburg, Sweden [238] 
(http://bioinformatics.math.chalmers.se/qnr/index.html). They have developed this 
tool in order to understand the role of environment as reservoir of these kinds of 
genes and to focus on their routes of transfer. 

STRATEGIES TO COMBAT THE PROBLEM OF MDR 

From the above discussion, it might appear that the antibiotics are no longer the 
magic bullets that they were once thought to be. It also leads to an apprehension 
in community that we are at the end of antibiotic era. As described in the sections 
above, bacteria employ various tactics to keep them alive in the varying 
environments. An insight into these mechanisms can lead to the development of 
various strategies to circumvent the problem of MDR. The strategies could be 
antibacterial meant to kill the bacterium itself (whether antibiotic resistant or 
antibiotic susceptible) or they could be antivirulent. In antivirulent regimes, 
instead of attacking the vital life processes of bacteria (antibacterial), it is aimed 
to target the virulence factors elaborated by bacteria. This results in control of the 
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pathogenicity caused by these bugs. In the subsequent sections, the antibacterial, 
antivirulent and other general strategies are discussed in light of their use in 
combating the diseases caused by MDR pathogens. 

Antibacterial Therapies 

Some of the antibacterial therapies have been reviewed that target transcriptional 
regulators, toxin-receptor binding or replication initiation in the bacterial cell 
[225, 239]. Kibdelomycin, a novel inhibitor of type IIA topoisomerase of S. 
aureus has been proposed to control the bacteria as well as its drug resistance. 
This antibiotic is produced by a new member of the genus Kibdelosporangium 
and found to inhibit the ATPase activity of topoisomerase enzymes [240]. NXL 
101, an inhibitor of topoisomerase IV was found to be effective against Gram-
negative bacteria with mutations in the gyrase enzyme [225]. A large number of 
loci and protein-coding genes have been identified as drug targets to control 
bacterial growth [241, 242]. Some of the other antibacterial therapies would be 
described in the ensuing sections. 

Phage Therapy 

Phage therapy has been used to cure a large number of bacterial infections such as 
cholera, typhoid and plague [239, 243, 244]. MDR strains, where most of the 
antibiotics fail to work, could be killed by the phages. Phages kill the pathogenic 
bacteria reducing the toxin load that leads to the control of disease transmission. 
Especially interesting in this case are superficial infections easily accessible for 
phages. These infections include infected wounds in case of diabetes and burns. 
Either single phage drugs or phage cocktails could be used in such cases. The 
bottleneck in phage therapy is to find the phages that could treat the variant strains 
of the same pathogen like S. aureus and the apprehension that the phage resistant 
strains may emerge in due course of time. Phage therapy in humans is still a 
debatable issue for the fear of toxicity of phage-based drugs. Most of the phage 
therapy research has therefore been carried out in veterinary medicine and funding 
for its human application has been limited A phage enzyme used for dissolving 
anthrax bacteria has been shown to be effective in animal experiments [245]. A 
phage enzyme has also been used to dissolve Listeria monocytogenes in a highly 
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specific manner in order to keep cheese rinds free of the bacteria. This bacterium 
spreads through contaminated vegetables and dairy products and is harmful as it 
also multiplies in the refrigerator [245]. A phage preparation for Xanthomonas 
campestris infections in tomatoes is available for purchase in the US. Inspite of 
many bottlenecks described above, there have been some success stories of phage 
therapy in human trials [243]. The phages were reported to be effective in treating 
children with dysentery in Georgia in 1963. The phase I and phase II clinical trials 
for safety and efficacy of phages were reported in 2005 and 2009 respectively. In 
2009 trial, phages were shown to be effective in treating chronic drug-resistant ear 
infections of P. aeruginosa [243]. 

Phage therapy has its own advantages and disadvantages, which are described 
below [245]. 

Advantages 

a. Phages are highly specific for the bacterium they infect and therefore, they 
do not interfere with the growth of other microbiota and thus do not cause 
selection of antibiotic resistance traits in them. This means that the therapy 
would have no side effects like diarrhoea or secondary infections which are 
common during antibiotic treatments. 

b. Phages are generally innocuous to humans and animals and therefore, they 
can also be used for combating harmful bacteria in fattening animals and 
food. 

c. Bacteria that become resistant to one kind of phage do not acquire resistance 
to the other type of phage and therefore, are not invincible. 

d. Since nature is full of phages, it is easier to find new phages as compared to 
finding new antiobiotics. 

e. Phages could provide an inexhaustible supply of reagents that can rapidly 
evolve and can be genetically modified to meet the challenges of antibiotic 
resistant bacteria. 
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f. As described above, phage products like lysins can also be used to treat 
bacteria. 

g. Phage therapy is effective for antibiotic resistant as well as sensitive 
bacteria. 

Disadvantages 

a. There is a paucity of data to support phage therapy in humans though it has 
been extensively tried in case of animals. 

b. Resistance of bacteria to phages could again be a problem in successful 
phage therapy. 

c. Phages could prove ineffective in case of infections caused by the bacteria 
that take refuge inside the human cells and therefore may be inaccessible to 
the phages that are larger in size as compared to the small drug molecules. 

d. Phages injected in the bloodstream are recognized by human immune 
system as foreign and this elicits immune responses against these phages 
followed by their disposal outside the human body. Humoral and cellular 
immune responses generated against therapeutic phages could therefore 
compromise their efficacy. 

e. Administration of therapeutic phages is more difficult than administration of 
antibiotics. Hence it requires special skills and training for the physicians. 

f. A lot of research still needs to be done to assess the shelf life of phages. 

Vaccines 

Vaccination is another antibacterial strategy that would control bacteria 
irrespective of their resistance to antibiotics. Vaccination interrupts transmission 
of the causative organism and the communities may develop herd immunity. 
Vaccines could also be antivirulent for example passive immunization in case of 
diphtheria. Here, the antibodies neutralise the diphtheria toxin and save the 
patients. In case of tetanus, the antibodies bind to and neutralize the circulating 
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tetanus toxin leading to the survival of patient. Similarly, for prevention of 
cholera, oral cholera vaccines are used. In case of V. cholerae, the cholera toxin 
(CT), flagella, fimbriae and lipopolysaccharides have been shown to be the 
antigens involved in protective immunity. Though cholera pathogenicity has been 
attributed to CT, the protective immune responses have been shown to be 
antibacterial rather than antitoxic [246, 247]. The vaccine formulations for this 
pathogen involved recombinant B subunit killed whole cell (rBS-WC) vaccine 
and the live attenuated CVD 103-HgR vaccine. One of the vaccines recommended 
by WHO is Dukoral which consists of mixture of virulent V. cholerae cells 
belonging to both the classical and El Tor biotype and an inactive B subunit of 
cholera toxin. Whole cell killed bivalent vaccines mOrvac and Shanchol have 
resulted from a technology transfer from Sweden to India (Shantha Biotech, 
Hyderabad) and Vietnam (National Institute of Hygiene and Epidemiology, 
Hanoi). These vaccines are comprised of whole cell killed V. cholerae serogroups 
O1 and O139, and do not contain recombinant B subunit, due to which they do 
not need to be reconstituted in a buffer solution [248]. A vaccine not only limits 
the total number of cases but could also offer additional benefit of lowering the 
resistant bacteria. Pneumococcal conjugate vaccine has been shown to be highly 
effective in controlling resistant Streptococcus pneumoniae [249, 250]. Vaccine 
for Haemophilus influenzae has been successful in treating meningitis. Therefore, 
vaccination could prove to be an effective tool to contain the infections caused by 
MDR bacteria thus not only facilitating the containment and emergence of 
infections but also making organ transplantations and cancer chemotherapy more 
successful and safe. 

Antivirulent Therapies-New Horizons 

Quorum Sensing Inhibition (QSI) 

Quorum sensing (QS) is a process that bacteria employ for ensuring that they are 
present in sufficient numbers to elicit a biological response to any external 
stimulus. QS involves generation of signal molecules upto certain threshold 
concentration and their recognition by the receptors in bacterial cell. This signal 
transduction leads to the expression of a diverse array of genes that are utilized by 
bacterium for various processes like biofilm formation, virulence, spore 
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formation, evasion of host defenses, swarming and motility, to name a few [251]. 
QS has been studied in many bacteria including V. fischeri, V. harveyi,  
V. cholerae, S. aureus, P. aeruginosa and E. coli. The signal molecules produced 
during QS are called autoinducers (AIs) and there are many types of QS systems 
known in microorganisms based on the kind of AI employed in each [251, 252]. 
For Autoinducer type 1 (AI-1) system, N-acyl homoserine lactone (AHL) class of 
molecules act as signal molecules. These molecules are composed of a 
homoserine lactone (HSL) ring with an acyl chain that varies in the chain length, 
the degree of saturation and the number of oxygen substitutions. Though AHLs 
with small fatty acid chains can freely diffuse through the bacterial cell 
membrane, AHLs with long fatty acid side chains require efflux pumps to 
permeate outside the cell. AI-2 system was discovered in marine bioluminescent 
bacteria V. harveyi. It utilizes a receptor kinase network and the signal molecule 
made up of complex, multi-ringed, cyclical furanosyl molecules containing a 
boron atom. These interconvertible furanosyl molecules are derived from 
spontaneous cyclisation of DPD (S-4, 5-dihydroxy-2, 3-pentanedione) due to high 
reactivity of its 2, 3-dicarbonyl motif. Bacteria use AI-2 signals from other 
bacterial species to hijack their signal system and AI-2 is therefore considered as a 
mode for inter-species communication while AI-1 is used as intra-species 
communication. AI-3 is composed of two component receptor kinase intracellular 
signaling complex where the signal molecule is probably similar to 
catecholamines. AI-3 is also involved in interspecies and inter-kingdom 
communication [253]. QS in Gram-positive bacteria utilizes short cyclical 
autoinducing peptides (AIPs) as signal molecules. These AIPs are synthesized as 
propeptides that are further modified before being transported out of the bacterial 
cell by transport systems [254]. S. aureus is divided into four specificity groups 
based on the identity of AIP [255]. This system is referred to as accessory gene 
regulator system (agr) in Staphylococci and as Enterococcus faecalis regulator 
system (frs) in Enterococci [256, 257]. Agr locus consists of two operons, RNAII 
and RNAIII. While RNAII constitutes agrA to agrD genes involved in the 
synthesis of AIP system, the transcribed product of RNAIII functions as 
regulatory RNA sequence controlling genes of the virulome. Apart from these 
four QS systems described above, other systems are also known to act in synergy 
with these systems and utilize the signal molecules like diketopiperazines (DKPs) 
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and quinolone signals (PQS) in P. aeruginosa [251, 253]. In V. cholerae, the CAI-
1 (Cholerae Auto Inducer-1) system comprising of (S)-3-hydroxytridecan-4-one, 
acts in synergy with AI-2 pathway [258]. 

QSIs, also called quorum quenchers (QQ) are attractive alternatives for inhibiting 
QS and its related processes to control not only the MDR bacteria but also 
different strains and serogroups of the pathogens [259-262]. QSIs do not threaten 
bacteria with life-or-death situation and therefore do not suffer from the problem 
of resistance of bacteria against them. QSI also offers the advantage of high 
specificity as QS is only found in bacterium and not in the human host. These 
inhibitors could either be natural or man-made and manifest their activity by 
interfering with any of the processes involved in QS. These could be: 

a. Generation of the signal molecule/AI. 

b. Activity of the AI. 

c. Detection of AI by its receptor. 

The QS systems and QSIs have been extensively reviewed and can be referred for 
more details [251, 253, 259-268]. Furanones are one of the most well studied 
QSIs. The natural compound (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone also called furanone 1 has been shown to inhibit swarming and biofilm 
formation in E. coli at concentrations non-inhibitory to planktonic growth [269]. 
AHL as well as AI-2 based QS systems are inhibited by furanones as these 
compounds are structural mimics of QS signals (lactones and tetrahydrofuran 
rings) in both these QS systems [269]. The enzymes AHL lactonase, AHL-acylase 
and paraoxonases (PONs) degrade the QS signals by either hydrolyzing the 
lactone ring of AHL, by hydrolyzing the amide bond of AHLs producing the fatty 
acid component and the homoserine lactone respectively. Small molecule like 
triclosan inhibits enoyl-ACP reductase required for synthesis of an intermediate in 
AHL biosynthesis [270]. Another molecule closantel inhibits histidine kinase 
sensor [271]. Some compounds have been designed that are analogues of the 
signals generated during AI-1 or AI-2 [272, 273]. They compete with native 
signals for binding to the receptor thus inhibiting QS. For example, library of HSL 
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analogues has been screened for AHL inhibitors and the QSI compounds found by 
this method inhibited the expression of Green Fluorescent Protein (GFP) by 50% 
[274, 275]. Boronic acids and DPD analogues have been used as AI-2 antagonists 
[276-279]. Garlic extract was used as QSI in a first human clinical trial with 26 
cystic fibrosis patients. The extract was shown to improve the lung function, 
weight and symptom score [280]. A recent study has shown that a sulfur-rich 
compound from garlic extract called ajoene is involved in QSI [281]. Synthetic 
peptides, antibodies and antibiotics have also been used in several cases as QSIs. 
Synthetic AIP targeting all four AIP-types of S. aureus were designed as universal 
inhibitors [282]. As described above, as RNAIII product plays a regulatory role in 
mediating quorum sensing and biofilm formation in staphylococci, an RNAIII-
inhibiting peptide was shown to inhibit the agr-mediated biofilm formation in 
drug resistant S. epidermidis thus acting as a QSI [283]. Antibodies generated 
against QS signals can also be used as QSIs as they would block the QS signal 
and its activity. Antibodies against AI-1 signal molecules have been shown to 
disrupt QS and render protection in mice against lethal lung infection by P. 
aeruginosa [284]. Many antibiotics like macrolides, ceftazidime, ciprofloxacin, 
azithromycin have been used to inhibit QS in P. aeruginosa [285, 286]. This 
indicated that antibiotics also interfere with the process of QS and biofilm 
formation thus directly influencing bacterial virulence. 

The advantage of QSI is that they do not kill the pathogen directly but act in 
synergy with the antibiotics and host immune system to control the bacterial 
virulence. QSIs have been shown to be useful in controlling plant pathogens, 
nematodes and pulmonary infection in mice models [251]. Apart from controlling 
the virulence of the bacteria, they offer additional advantages like softening of the 
bacterial biofilms to make them susceptible to antibiotics and the host immune 
system. 

For anti-virulence strategies, one could also think of using inhibitors of the toxin 
receptor as a therapeutic agent [239]. Also, molecules like virstatin have been 
tested for controlling the virulence and intestinal colonization of V. cholerae 
[287]. Virstatin acts by inhibiting the transcriptional regulator ToxT and 
downregulates the expression of cholera toxin and toxin corregulated pilus. 
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Efflux Pump Inhibition 

Efflux of antibiotics to decrease the intracellular concentration of these drugs by 
efflux pumps has been a major determinant of drug resistance exhibited by the 
bacteria. Efflux pump inhibition has been pursued as a promising approach to 
restore the efficacy of those antibiotics that are substrates for the efflux pumps [6, 
288, 289]. EPIs have been used as adjuvants in antibiotic therapy and also as 
diagnostic tools for detection of antibiotic resistance due to the efflux pumps. As 
these pumps have been shown to be crucial for bacterial survival, virulence and 
pathogenicity, EPIs could be used to control the bacterial virulence [113, 115]. A 
variety of EPIs have been derived from natural sources, screening of libraries of 
chemical compounds and secondary evaluation of current therapeutics [288, 289]. 
For achieving inhibition of efflux pumps, the strategies devised have been 
described below along with the examples of EPIs that have been designed based 
on that strategy: 

Designing New Antibiotics or Modification of the Existing Antibiotics in Such a 
Way that they are Refractory to Recognition by Efflux Pumps 

Glycylcyclines and ketolides have lower affinity for the efflux pumps. 
Tigecycline bypasses MFS pumps specific for tetracycline [290]. Telithromycin 
bypasses MefA/E and AcrAB systems [291]. Levofloxacin, moxifloxacin and 
gatifloxacin are not affected by NorA and PmrA efflux pumps [6]. 

Interfering with the Assembly/Functioning of the Efflux Pumps 

In case of tripartite efflux pumps like RND pumps, blocking the outer membrane 
channel can lead to the inhibition of pump activity [292, 293]. 

Interfering with the Regulatory Steps in the Expression of the Efflux Pump 
Genes so that Expression of the Efflux Pumps Declines 

The membrane permeability of a bacterial cell is often under complex regulatory 
mechanisms that control the expression of the porins and the efflux pumps 
simultaneously to achieve certain standards of permeability. These regulators 
termed as Mar regulators can be targeted to control the efflux pump expression. 
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For example, MarA regulator that controls the membrane permeability in E. 
aerogenes regulates the expression of both the porins as well as AcrAB-TolC 
efflux pump, and can be affected by imipenem. Though this antibiotic is not a 
substrate for this efflux pump, in the presence of this drug, the bacterium becomes 
resistant to quinolones, tetracycline and chloramphenicol thus leading to cross 
resistance [146]. Mutations in Mar regulator often causes resistance to many 
classes of antibiotics [294]. Interference with these regulatory steps therefore 
could be used to decrease the expression of efflux pumps thus restoring the 
antibiotic activity. 

Blocking the Energy Required by the Efflux Pumps to Operate 

Energy decouplers can be used as a general mechanism to dissipate the energy 
gradients driving the efflux pumps [288, 295]. As most of the efflux pumps utilize 
the PMF as their energy source, any compound that dissipates this PMF will act as 
an inhibitor of the efflux pump [295, 296]. Examples include Carbonyl Cyanide 
m-ChloroPhenyl-hydrazone (CCCP), valinomycin and dinitrophenol (DNP). 
However, these compounds do not directly bind the efflux pumps to cause their 
inhibition. They dissipate the PMF by modifying the trans-membrane 
electrochemical potential. This class of molecules have not been used clinically or 
patented due to cytotoxicity issues [297]. 

Competitive/Non-Competitive Inhibition of Efflux Pumps 

These inhibitors are beneficial in many ways clinically as they not only 
circumvent the problem of bacterial resistance to antibiotics by inhibiting efflux 
pumps, they also reverse the acquired resistance associated with the 
overexpression of efflux pumps and suppress the emergence of mutations leading 
to resistance [295, 297-300]. Example of competitive inhibitor is MC-207, 110 
(Phenylalanine Arginyl β-Naphthylamide/PAβN). This compound has been 
shown to decrease the frequency of the emergence of highly levofloxacin resistant 
P. aeruginosa strains and reduced the intrinsic resistance of the bug to 
levofloxacin 8-folds [301-303]. MC-207, 110 is a competitive inhibitor of the 
efflux pumps and acts by binding to the same pocket or at a site closer to the 
antibiotic substrate binding site [295, 300]. The compound has not only restored 
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the activity of levofloxacin but has also been found to potentiate the activity of 
other antibiotics like oxazolidinones, chloramphenicol, rifampicin, macroliodes/ 
ketolides [289, 304]. Also, it has been shown to be effective not only for P. 
aeruginosa, but also for K. pneumoniae, C. jejuni, E. coli, S. typhimurium and E. 
aerogenes [296, 302, 305-307]. To summarise, PAβN appears to be a promising 
inhibitor with a broad host as well as antibiotic range and an effective mode of 
efflux pump inhibition. The derivatives of PAβN have been produced by 
substitution of amino acid or use of D-amino acids [302, 308-310]. As their 
toxicity has limited their clinical applications, to circumvent this problem, MC-04, 
124 compound has been designed with lesser toxicity and higher stability [311]. 

Blocking the Efflux Pump Protein or Gene 

This falls under the category of biological inhibition of efflux pumps. Efflux 
pumps could be deactivated with the means of specific antibodies [293]. A 
monoclonal antibody was synthesized and used to block the E2 loop of the 
extracellular domain of OprM pump of MexAB-OprM tripartite pump in  
P. aeruginosa. This antibody/its variant without Fc domain/ humanized antibody 
were administered with the antibiotic, and an increase in the efficacy of this 
antibiotic was observed. These formulations could also contain a 
pharmaceutically acceptable carrier along with the antibiotic and the antibody and 
could be used to inhibit the OprM subunit in both MexAB-OprM and MexXY-
OprM. 

Alternatively, the genes encoding these pumps or their regulators could be 
blocked using antisense strategies. The antisense approach has been shown to 
work for AcrAB efflux pump in E. coli and has also been patented [312, 313]. 
These antisense oligonucleotides hybridise with nucleic acids encoding efflux 
pump AcrB or with nucleic acids regulating the expression of an efflux pump 
(marA, rob or soxS). Other EPIs included ribozymes directed against the above 
mentioned genes or antibodies to the efflux pump or proteins that regulate the 
expression of this efflux pump. 

Both QSIs and EPIs can be used as adjuvants with the antibiotics to increase their 
efficacy [6, 251]. Still, caution needs to be exercised in using these reagents for 
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controlling bacterial virulence as they suffer from some disadvantages. For 
example, emergence of resistance to QSIs or EPIs cannot be ruled out [6, 251]. 
QSIs based on lactone rings like AHL-analogues could present the problem of 
low stability due to the degradation of lactone ring by lactonases [314]. 

Other General Strategies 

To successfully circumvent the problem of MDR, awareness and concerted efforts 
are required from the community, clinicians, pharmaceutical industry, 
governments and scientists. Some of the general strategies to be employed by 
them are described below: 

• Improved water, sanitation and hygiene could help to control the water- and 
food-borne infections. Continuous surveillance is very critical to determine 
the prevailing patterns of antibiotic resistance in a given geographical 
location and thus to assess which of the antibiotics are still active. It is also 
important to continuously monitor the changes in the antibiotic sensitivity 
patterns in that location to keep pace with the ever changing pathogens [3]. 

• Representative strains with MDR phenotypes should be studied carefully in 
the laboratories to understand the kind of resistance mechanisms adopted by 
bacteria. 

• In addition, we need to improve the existing antibiotics and develop new 
antibiotics which are inevitably costlier than the already existing drugs. The 
situation of funding in the area of antibiotic research and development needs 
to be improved to provide incentives to big and small pharmaceutical 
companies and research labs for carrying out research in this field. 

• One of the other interventions for reversing antibiotic resistance is to relieve 
the antibiotic pressure in the ecological niches of bacteria like 
environmental water in case of V. cholerae and animal reservoirs in case of 
Campylobacter jejuni. This way, the bacteria would shed the extra genetic 
baggage that it required to deal with these antibiotics. Appropriate policies 
should be devised to stop the indiscriminate use of antibiotics after 
consultation of government agencies, pharmaceutical industries, researchers 



122    Frontiers in Anti-Infective Drug Discovery, Vol. 3 Bhardwaj et al. 

and clinicians. It should be seen that the antibiotics used in animals are 
different from those used in humans. In addition to this, the use of 
antimicrobials in the case of upper respiratory tract infections or other 
infections of viral origin should be discouraged as should be the empirical 
therapy and broad spectrum antimicrobials-based therapy [315]. 

• Novel drug targets combined with new drugs, efficient diagnostic 
techniques and vaccine could provide a new hope to curb these pathogens 
[315]. 

• In this era, use of bioinformatics tools like in silico target identification, 
design of small drug molecules, and docking studies to predict their binding 
to target could aid in achieving this aim faster. Some companies like 
Intercell are employing anti-genome technology to identify new targets for 
vaccines and drugs. Projects have been initiated to identify novel targets in 
S. aureus, S. pneumoniae and S. pyogenes [315]. The advent of technologies 
based on genomics, proteomics, combinatorial chemistry and high 
throughput screening could lead to success stories inspite of the large funds 
required for them. 

• The governments should realize the seriousness of impending disaster due 
to MDR bacteria and urgency of the situation due to their limitations in 
controlling the diseases caused by MDR bacteria [315]. Accordingly, the 
new policies should be made to deal with this problem. For example, 
American Society of Microbiology (ASM) set up a task force on 
antimicrobial resistance in 1995, The CDC published their “Guidelines for 
the Evaluation of Surveillance Systems” in 1998 and CDC also issued a 
Public Health Action Plan to combat Antimicrobial resistance in June 2000. 
The Infectious Diseases Society of America produced a shocking report in 
2004 to draw the attention of the government towards the problem of MDR 
and to draw the attention of dwindling funds in research and development of 
new anti-infective agents by pharmaceutical industries. The report was titled 
“Bad Bugs, No Drugs: As Antibiotic Discovery Stagnates------- A Public 
Health Crisis Brews”. Similarly, the UK Department of Health issued an 
“Antimicrobial Resistance Strategy and Action Plan’ in 2000. An efficient 
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surveillance system has been set up in Europe by the name of European 
Antimicrobial Resistance Surveillance System (EARSS) 
(http://www.rivm.nl/earss). In India, national policy has been made for 
containment of antimicrobial resistance by Directorate General of Health 
Services (2011) when the superbug carrying New Delhi metallo-beta 
lactamase was reported in a Swedish patient of Indian origin. A task force 
was constituted to work on various aspects related to national surveillance 
system for antibiotic resistance, enhancing regulatory provisions for use of 
antibiotics in human, veterinary and industrial use, to enhance the rational 
use of antibiotics and strengthen the diagnostic methods for antimicrobial 
resistance monitoring. Health ministry has also approved an antimicrobial 
resistance programme that will be monitored and reviewed by The National 
Centre for Disease Control (NCDC). Global Antibiotic Resistance 
Partnership (GARP) develops different policy proposals on antibiotic 
resistance for low-and middle-income countries. Phase 1 of GARP has been 
initiated in India, Kenya, South Africa and Vietnam. In addition to this 
endeavour, in August 2012, the annual conference of Clinical Infectious 
Disease Society was held at Chennai, India. In this meeting of medical 
societies of India which also had many national and international 
representatives, a roadmap was made to tackle the problem of antimicrobial 
resistance in India. The document resulting from the discussions held at this 
meeting was named “Chennai Declaration”. The recommendations made in 
Chennai Declaration would be considered by Indian Ministry of Health for 
formulating a national antibiotic policy. 

CONCLUDING REMARKS 

Considering the resilience of bacteria, it is imminent that other strategies and 
avenues apart from antibiotics be explored to control the MDR bacteria. As 
described in the section above, a multifaceted approach is perhaps required to 
vanquish these bugs. To conclude this chapter, the statement by Dr. Joshua 
Lederberg seems appropriate to describe the current situation. 

The future of microbes and mankind will probably unfold as episodes of a 
suspense thriller that could be entitled “Our wits versus their genes” 
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