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Foreword I

This book summarizes different mechanisms of drug resistance in Gram-negative
bacteria and associated antibiotic resistance genes which is a cause of growing
worldwide concern. The ability of different bacterial species to resist antimicrobial
agents has become a global problem. As a result, the book offers a detailed review of
developments in the knowledge of the root and mechanism of resistance, addresses
the modern definition of antibacterial resistance, their biochemical and genetic basis,
and emphasizes the clinical consequences of the increased prevalence of antimicro-
bial resistant pathogens and their ecotoxic impact. It also reviews various new drugs
in pipeline for the treatment of these dreaded pathogens. Antibiotic resistance
spreads internationally because of overuse and abuse of these drugs; thus, attempts
must be made to educate people and introduce new policies and management
systems about how to use and dispense antibiotics. Gram-negative resistant bacteria
are the most dangerous type of MDR bacteria, and all of these new therapies and
methods are needed to keep antimicrobial resistance to a minimum. Readers,
especially students, will be benefitted by this concise book in which they can
get all the different mechanisms of Antibiotic Resistance in Gram-Negative Bacteria
at a single place. I wish students a happy learning and best wishes to authors and
editors.

College of Medicine and Medical Sciences,
Arabian Gulf University
Manama, Bahrain

Abdelhalim Deifalla
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Foreword II

I congratulate the editors for selecting such a timely topic for their book. Antimicro-
bial resistance is a major global health problem and one of humanity’s most severe
challenges today. Antibiotic resistance has been developed by certain bacterial
strains. As a result, new antibacterial agents are urgently needed to combat resistant
bacteria. Beta-Lactam Resistance in Gram-Negative Bacteria: Threats and
Challenges serves as a refresher for doctors, a starting point for postgraduate
students interested in solving the resistance crisis, and a text for a course on
antibiotic resistance. The biological basis of drug resistance in Gram-negative
bacteria and their various strategies to acquire drug resistance are the focus of this
book. With the development of more drug-resistant species, the approach to com-
bating drug resistance must include research into various aspects of bacterial resis-
tance mechanisms and resistance gene dissemination, as well as research using new
genomic information on the development of newer antimicrobials. Readers who are
not acquainted with microbiology will gain a better understanding of a medical
problem that promises to be one of the most pressing issues of our time.

Department of Microbiology,
JNMCH, AMU,
Aligarh, India

Haris M. Khan
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Preface

Every year in November the World Health Organization celebrates “the World
Antimicrobial Awareness Week” to increase global awareness about antimicrobial
resistance among general public, health care workers, policy makers, and other
stakeholders to curb its emergence and further spread of drug-resistant infections.
This encouraged us to design and work on a book proposal which can also help to
generate awareness in people about this pressing issue of antimicrobial resistance.

Antibacterial agents are in use for decades to treat bacterial infections. However,
use of these therapeutic agents also developed some drastic changes in the genes of
bacteria. Beta-lactams are the commonly used antibiotics to treat bacterial infections
worldwide. Most of the people use these antibiotics to treat minor and major
infections with or without any prescription. The misuse of antibiotics is continuously
increasing which leads to changes in resistance pattern in the bacterial population,
due to which these resistant infections become difficult to treat. This resistant pattern
in bacteria can disseminate clinically as well as at the environmental level. In the
present era it is difficult to understand precisely which reservoir is exactly responsi-
ble for disseminating these resistance markers, i.e., clinical misuse, increasing
use/misuse in animal sector, or at the environmental level, including improper
medical/therapeutic waste disposal. Bacteria primarily generate beta-lactamase
enzymes to destroy the therapeutic activity of beta-lactams, and this causes a big
hindrance to treatment.

As titled, the book focuses on beta-lactam resistance in Gram-negative bacteria.
We incorporated relevant possible topics to understand the drug resistance in Gram-
negative bacteria and the potential threats and challenges towards this threatening
issue of antibiotic resistance. This book facilitates the reader to understand the
mechanism of beta-lactamase production, their classification systems; older and
newer classification systems, detailed description of different classes of beta-
lactamases, and genetic environment of bacteria that is responsible for the migration
of beta-lactamase genes in Gram-negative bacteria. This book will provide complete
knowledge of phenotypic and molecular detection methods to detect resistant bacte-
ria. A brief description of newer antibiotics is also included in this book to under-
stand the current therapeutic scenario. Moreover, addressing the issue of antibiotic
resistance at the environmental level is also attempted.
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In the era of the COVID-19 pandemic, this book proposal was a difficult task to
compile because every Microbiologist was busy in COVID diagnostics providing
medical services to mankind. Eminent Scientists and Microbiologists working in the
field of Medicine, Microbiology, Biotechnology, and Agriculture/Environmental
Sciences were requested to contribute their contributions. The editors are thankful
to all the authors for providing their valuable contributions and for their continuous
support during the compilation process. We hope from this book readers in the field
of Medical Microbiology, other relevant branches of science, health care workers,
and policy makers can benefit towards this relevant topic. This book will also serve
students in the medical field to gain a complete knowledge of beta-lactamases in
Gram-negative bacteria.

We hope the book will provide material in academics particularly for those who
are working in the field of medical science and Microbiology and particularly on
antibiotic resistance in Gram-negative bacteria.

Manama, Bahrain Mohammad Shahid
Uttar Pradesh, India Anuradha Singh
Uttar Pradesh, India Hiba Sami
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An Overview on Antibiotic Resistance
in Gram-Negative Bacteria 1
Anuradha Singh, Mohammad Shahid, Parvez Anwar Khan,
Haris M. Khan, and Hiba Sami

Abstract

Antimicrobial agents have been in use since ages in various forms in curing
bacterial infections. Gram-negative bacteria cause a wide range of infections in
human as well as in animals. The continuous use of antibacterial agents in treating
humans and animals may generate resistance towards antibiotics. Antibiotic
resistance in bacteria occurs due to various mechanisms adopted by bacteria to
make them safe from therapeutic activity of antibiotics. With the beginning of
historical perspective of antibiotics, this chapter will describe structure and
nomenclature of beta-lactams and the phenomenon how beta-lactams work on
bacterial cell to diminish their activity. The four most common mechanisms
adopted by bacteria for evading lethal effect of antibiotics, viz. modification of
target site of antibiotics, modification of penicillin binding proteins, permeability-
based resistance, and efflux pump, are also described briefly. This chapter will
describe various mechanisms of bacteria which are responsible for dissemination
of antibiotic resistance among bacterial population.
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1.1 Introduction: Historical Perspective

Antimicrobials have been in use for decades in various setups. In the early twentieth
century, Selman Waksman defined the term antibiotic as chemical substance pro-
duced from microorganisms that can kill other microbes (Hopwood 2007; Davies
and Davies 2010). Most of the antibiotics that are in use today have been derived
from the phylum Actinobacteria. Approximately 80% of antibiotics obtained from
actinobacteria were made from soil dwelling bacteria of genus Streptomyces (Barka
et al. 2016). The initial discovery of antibiotics is generally attributed to Alexander
Fleming in 1929, who observed a diffusible bacteriolytic substance produced by a
mould strain, contaminant of an agar plate inoculated with Staphylococcus aureus.
Some synthetic chemicals include salvarsan, sulpha drugs and quinolones used as
chemotherapeutic medicines prior to the discovery of natural antibiotics (Aminov
2010). Alexander Fleming in 1928 discovered the first natural antibiotic penicillin
accidentally on culture plate in his laboratory. Because the contaminant mould was
identified as a Penicillium sp., he named this bacteriolytic substance penicillin
(Fleming 1929). Using the filtrate of liquid cultures of Penicillin notatum, he
determined the antibacterial activity of this antibiotic in vitro, as well as its
non-toxicity when injected into mice and rabbits. Nevertheless, since no studies
with bacterial infected animals were performed, Fleming failed to demonstrate the
penicillin’s ability to overcome these types of infections (Rolinson 1998). With yet
weak techniques, attempts to obtain purified penicillin in the 1930s were mostly
ineffective, and interest in penicillin had almost vanished. However, a study in 1940
by Florey and his associates at Oxford University isolated the active ingredients and
used the crude material clinically. A decade later, penicillin became a medicinal
semisynthetic agent and found as an effective antibacterial agent against a strepto-
coccal infection in mice (Abraham and Chain 1940).

Penicillins are a class of β-lactam antibiotics of related structure with slightly
different properties and activities. The subsequent introduction of penicillin into
clinical use in humans motivated the discovery of other antibiotics (Shahid et al.
2009). In 1948, the Sardinian scientist Giuseppe Brotzu identified cephalosporin
chemicals from marine fungal crops, Cephalosporium acremonium from a sewer
(Podolsky and Lawrence 1998). He realized that these crops produced chemicals
beneficial for β-lactamase-causing typhoid fever causing bacteria Salmonella
enterica serovar typhi. The cultivation of the fungus contained three distinct
antibiotics named as Cephalosporin P, N and C. These antibiotics were effective
against Gram-positive and Gram-negative bacteria and had similar properties as
semisynthetic penicillins. The expansion of β-lactams started only in the early 1960s
with semisynthetic penicillins and semisynthetic cephalosporins, followed by
β-lactam antibiotics (Rolinson 1998). Hermann Staudinger produced the first syn-
thetic β-lactam by the reaction of the aniline and benzaldehyde base Schiff with
diphenylketene in 1907 (Staudinger 1907; Tidwell and Thomas 2008; https://upload.
wikimedia.org/wikipedia/commons/5/5b/StaudingerLactam.svg) in a [2+2] cyclo
addition (Fig. 1.1).
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1.2 b-Lactam Antibiotics

1.2.1 Structure of b-Lactams

The composition of β-lactam antibiotics is of either isolated ring, as in monobactams,
or bicyclic ring structures as seen in other classes. Penicillins are natural or semisyn-
thetic antibiotics where the β-lactam ring is fused with a thiazolidine ring.
Cephalosporins have β-lactam ring which is merged with a dihydrothiazine ring
(Fig. 1.2). In the carbapenems, the β-lactam ring is combined with a hydroxyethyl
side chain, lacking an oxygen or sulphur atom in the bicyclic nucleus. Overall,
modifications of the R and R0 groups (Fig. 1.3) alter the pharmacokinetic and
antibacterial properties in different β-lactam antibiotics. For example, modifications
at position 7 of cephalosporins increase the penetration into the periplasmatic space
and the stability against β-lactamases, but may reduce antibiotic activity (Donowitz
and Mandell 1988). In contrast to the antibiotic, the clavulanic acid, a β-lactamase
inhibitor, is composed of a β-lactam ring fused with an oxazolidine ring and does not
possess an amide function.

1.2.2 Nomenclature of b-Lactams

β-lactam antibiotics are classified according to their core ring structure (Ana and
Faisca Phillips 2021) depending on β-lactams fused to specific ring structures
(Fig. 1.2) as discussed below:

• Fused to five-membered rings (saturated), such as:
– Containing thiazolidine rings which are named as penams, i.e. penicillin.
– Containing pyrrolidine rings which are named as carbapenams, i.e. imipenem.
– Fused to oxazolidine rings which are named oxapenams or clavams,

i.e. clavulanic acid.
• Fused to five-membered rings (unsaturated), such as:

– Containing 2,3-dihydrothiazole rings which are named penems,
i.e. faropenem.

– Containing 2,3-dihydro-1H-pyrrole rings which are named carbapenems,
i.e. meropenem.

Fig. 1.1 Schiff base reaction
of aniline and benzaldehyde
with diphenylketene to form
synthetic β-lactam
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• Fused to six-membered rings (unsaturated), such as:
– Containing 3,6-dihydro-2H-1,3-thiazine rings which are named cephems,

i.e. cephalosporins and cephamycins.

Fig. 1.2 The beta-lactam core structures: (a) penam, (b) carbapenam, (c) oxapenam, (d) penem, (e)
carbapenem, (f) monobactam, (g) cephem, (h) carbacephem, (i) oxacephem (adapted from
Wikipedia (https://en.wikipedia.org/wiki/β-lactam_antibiotic))

Fig. 1.3 Structure of
cephalosporins
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– Containing 1,2,3,4-tetrahydropyridine rings which are named carbacephems,
i.e. lobacarbef.

– Containing 3,6-dihydro-2H-1,3-oxazine rings which are named oxacephems,
i.e. moxalactam and flomoxef.

• Not fused to any other ring which are named monobactams, i.e. aztreonam.

1.3 Cephalosporin Chemistry

Cephalosporin C (CC) comprises a side chain which is obtained from
D-α-aminoadipic acid. It is condensed with a dihydrothiazine β-lactam ring system,
i.e. 7-aminocephalosporanic acid. CC may be decomposed by acid leading to
7-aminocephalosporanic acid (Fig. 1.3). Discovering the nucleus
(7-aminocephalosporanic acid) made possible, the introduction of semisynthetic
compounds possessing antibacterial activity more than the parent material; this
was achievable by addition of side chains (Abraham 1962; Flynn 1972). Subsequent
modifications were made by the insertion of different side chains to develop a whole
family of cephalosporin antibiotics (Mandell et al. 1996). The cephamycin is
structurally identical to the cephalosporin, but it has an aminocephalosporanic acid
nucleus methoxy group at position 7 of the β-lactam rings (Shahid et al. 2009).

1.4 Mechanism of Action of b-Lactam Antibiotics on Bacteria

β-Lactam antibiotics act on bacteria by inactivating the enzyme located in the
cytoplasmic membrane which catalyses synthesis of the cross-linked peptidoglycan,
which is an essential component of the bacterial cell wall. For their normal growth
and development, the cell walls of bacteria are crucial. Peptidoglycan is a
heteropolymeric component that forms the cell wall, and its highly interconnected
grid structure gives it robust mechanical stability. The wall structure of Gram-
positive and Gram-negative bacteria is different; the peptidogylcan in Gram-positive
bacteria is 50–100 layers thick, while in Gram-negative bacteria it is only 1 or
2 layers thick (Fig. 1.4).

The peptidoglycan is composed of glycan chains, which are linear strands of two
alternating amino sugars: N-acetylglucosamine (NAG) and N-acetylmuramic acid
(NAM) linked by β-(1,4)-glycoside units (Fig. 1.5).

Biosynthesis of peptidoglycan involves numerous enzymes (~30) and completes
in at least three stages. The primary stage occurs in cytoplasm leading to accumula-
tion of uridine diphosphate (UDP)-acetylmuramyl-pentapeptide, accumulates in
cells. The final reaction in the synthesis of this compound is by addition of a
dipeptide D-alanyl-D-alanine synthetase. D-Cycloserine is a structural analogue of
D-alanine and acts as a competitive inhibitor of both the racemase and the synthe-
tase. In the reactions of the second stage, UDP-acetylmuramyl-pentapeptide and
UDP-acetylglucosamine are linked to form a long polymer with the release of
uridine nucleotides. In the final stage for the completion of cross-link, a
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transpeptidation reaction occurs outside the cell membrane, with the help of mem-
brane bound transpeptidase. The terminal glycine residue of the pentaglycine bridge
is linked to the fourth residue of the pentapeptide (D-alanine), releasing the fifth
residue (also D-alanine). D-Carboxypeptidases are responsible for the removal of the
terminal D-alanine from the peptide chain, which could become a donor in the
transpeptidation reaction. This is the last step of peptidoglycan synthesis that is
inhibited by the β-lactam antibiotics. The penicillin-binding proteins (PBPs),
transpeptidase and carboxypeptidase, are involved in the final stages of the synthesis

Fig. 1.4 Structure of cell wall of Gram-positive and Gram-negative bacteria

Fig. 1.5 Structure of peptidoglycan monomer
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of peptidoglycan. These PBPs are subject to inhibition by β-lactam antibiotics,
because penicillins act as an analogue of D-alanyl-D-alanine (Tipper and Strominger
1965). These transpeptidase and carboxypeptidases react with acyl-D-alanyl-D-
alanine. β-Lactam-enzyme complex, formed after interaction between the enzyme
and the β-lactam-enzyme complex, would act as participant to the formation of the
normal acylated enzyme. The β-lactam-enzyme complex is very stable and
terminates with the inactivation of the PBP’s functions (Ghuysen 1988), which
results in cellular lysis by interference in normal cross-linking of cell wall synthesis.
In addition of transpeptidase and carboxypeptidase functions, PBPs also have
transglycosylase function, which is responsible for the polymerization of glycan
chain in peptidoglycan, which is not sensitive to β-lactams (Waxman and Strominger
1983). Various bacterial strains have diverse PBPs, which are polypeptides with
40–120 kDa. In Enterobacteriaceae, the number of PBPs varies from six to eight,
Escherichia coli shows seven enzymes while Klebsiella pneumoniae shows six
(Georgopapadakou and Lin 1980; Spratt 1983). In E. coli, the inactivation of
PBPs with higher molecular weight, normally with transpeptidase or
transglycosylase domains, leads in bacterial death. The inhibition of PBP1 results
to cellular lysis (Spratt 1983), inhibition of PBP2 effects the formation of spherical
cells while PBP3 effects the formation of filaments (Spencer et al. 1987). The
inactivation of low molecular weight PBPs with lower molecular weight, normally
with carboxypeptidase functions, does not found lethal to the cell (Spratt 1983).

PBPs have different affinities towards β-lactams, on the bases of substitutions
present in the β-lactam ring. In E. coli, penicillin-derived β-lactams show higher
affinities to PBP1 (amoxicillin), PBP2 (mecillinam and piperacillin), PBP3
(mezlocillin and piperacillin) and to PBP4, all cephalosporins show higher affinities
to PBP1, while some of them like cefotaxime shows affinity to PBP2 and PBP3 and
ceftazidime to PBP3 (Bryan and Godfrey 1991).

1.5 Mechanism of Resistance Against b-Lactam Antibiotics

After a successful decade of antibiotic therapy, the accelerating increase in antibiotic
resistance among significant human pathogens and the paucity of the developing
novel new anti-infective drug families now confronts us with a troublesome condi-
tion. With the beginning of semisynthetic penicillins in 1950–1960, followed by
cephalosporins and by the other β-lactam antibiotics in 1970–1980, bacterial cells
continuously evolved due to some mechanisms of mutations, genetic transference
and natural selection (Frere et al. 1991; Jacoby and Archer 1991). There are usually
four mechanisms which are responsible for bacterial resistance to antibiotics (Babic
et al. 2006). These are briefly described below and further elaborated in Fig. 1.6).
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1.5.1 Modification of Target Beta-Lactam Antibiotics

The most common and important machinery by which pathogenic bacteria becomes
resistant to antibacterial drugs is by acquiring genes coding for enzymes which
modify/destroy the target antibiotics. These resistance genes (RGs) are primarily
located on mobile genetic elements such as plasmids and transposons; however, they
may also be located on bacterial chromosomes. The transposable element RGs can
transfer between the chromosomal and other replica, including plasmids. Moreover,
RGs can also incorporate into bacterial chromosomes on plasmids. Bacteria become
resistance to antibiotics due to the production of β-lactamase, an enzyme that
dissects the β-lactam bond in β-lactam antibiotics such as penicillins or
cephalosporins (Fig. 1.6). This bond is important for the activity of the antibiotics
because it acts as an analogue of the peptide bond which joins the terminal D-alanine
to the peptidoglycan monomer. The β-lactamases are comprised of a huge family of
enzymes which eventually cleave β-lactam bond (β-lactam ring) to render them
inactive (Fig. 1.7). Earlier β-lactamases had a narrow-spectrum activity; however
recently, many broad-spectrum β-lactamases have evolved inactivating many of the
penicillins and cephalosporins. Many of these families were found to accumulate
point mutations in the penicillinase genes. In addition, many new enzymes are
currently encoded using auto-transmissible plasmids, which allow these new
determinants to spread quickly.

Fig. 1.6 Antibiotic resistance mechanisms in bacteria
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1.5.2 Modification in Active Site of Penicillin Binding Proteins

Modifications of the active site of penicillin binding proteins (PBPs) in bacteria can
lower cell wall affinity to β-lactam antibiotics, thus rendering bacteria to become
resistant to these agents as seen in PBP2x of Streptococcus pneumoniae (Laible et al.
1994). Similarly, Neisseria spp. and Streptococcus spp. have acquired low affinity to
PBPs through natural transformation and recombination with DNA from other
organisms (Bowler et al. 1994; Page 2007; Zapun et al. 2008). In other organisms
such as Streptococcus mitis, Streptococcus sanguis, and Streptococcus oralis, the
penicillin resistance had developed due to horizontal transfer of a PBP2b gene from
Streptococcus pneumoniae (Dowson et al. 1990; Potgieter and Chalkley 1995).
Recently, resistance to methicillin in Staphylococcus spp. has also appeared as a
significant clinical challenge. While there may be many reasons for this resistance,
primarily the resistance is conferred by acquisition of the mecA gene which is
responsible for modification of PBP2a (Chambers 1999).

1.5.3 Permeability-Based Resistance

Another possible mechanism is by lowered expression of outer membrane proteins
(OMPs). The β-lactams should spread or cross the porin channels in the bacterial cell
walls in order to access PBPs on the internal plasma membranes. Enterobacterales
such as Enterobacter spp., Klebsiella pneumoniae, and Escherichia coli exhibit
resistance to carbapenems due to loss of OMPs. Loss of OprD has been reported
to be associated with imipenem-resistance and reduced susceptibility to meropenem
in the non-fermenter Pseudomonas aeruginosa (Nikaido 1994; Livermore 2001;
Jacoby et al. 2004; Oteo et al. 2008). Imipenem and meropenem resistance has also
been related with CarO OMP loss in clinical isolates of multidrug-resistant

Fig. 1.7 Site of action of β-lactamase on penicillin
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Acinetobacter baumannii (Mussi et al. 2005; Poirel and Nordmann 2006). The
penetration of β-lactams is usually through porins, OMPF and OMPC, which are
proteins inserted into the outer membranes that act as water filled, nonspecific,
transmembrane diffusion channels for hydrophilic molecules (Sawai et al. 1982).
OMPF is larger than OMPC, which is a major porin responsible for penetration of
β-lactam antibiotics. Overall, hydrophobicity, size, and charge of the molecules are
responsible to control the rate of penetration, such as cephalosporins are less
hydrophobic than penicillins so they have a better penetration rate (Nikaido 1989).
Point mutations or insertion sequences in porin genes can produce proteins with a
lesser function and result in less permeability to β-lactams (Doumith et al. 2009).

1.5.4 Efflux Pump

The balance in membrane permeability controlling inward and outward traffic of
molecules plays a key role in the influx and efflux of antibiotics. The cell wall of
Gram-negative bacteria is quite complex containing various protein channels which
are involved in inward and outward movement (influx and efflux) of nutrients and
also in the movement of noxious compounds like metabolites and drugs. One of
these carriers is the efflux pump, which recognizes hazardous substances such as
antibiotics and pumping the agent from the periplasm into the cell's environment
(Poole 2004), to reduce the intracellular accumulation of the agent. A characteristic
of efflux pumps is the range of molecules they can transport, due to poor substrate
specificity. This multidrug efflux system plays an important role in providing
resistance to a very wide range of compounds in Gram-negative bacteria (Nikaido
1996), particularly in P. aeruginosa and Acinetobacter spp. Phylogenetically, bac-
terial antibiotics belong to five families: (1) ABC (ATP-binding cassette); (2) SMR
(small multidrug resistance) subfamily of the DMT (drug/metabolite transporters)
superfamily; (3) MATE (multi-antimicrobial extrusion) subfamily of the MOP
(multidrug/oligosaccharidyl-lipid/polysaccharide flippases) superfamily; (4) MFS
(major facilitator superfamily) and (5) RND (resistance/nodulation/division super-
family), which all are secondary ion-driven active transporters (Mahamoud et al.
2007). One of these multidrug efflux pumps, RND pumps are only found in Gram-
negative bacteria and demonstrate a wide range of substrates, including antibiotics,
antiseptic compounds, dyes or detergents (Levy 2002; Li and Nikaido 2004;
Lomovskaya and Totrov 2005; Poole 2005; Piddock 2006). Genome of E. coli has
the AcrAB-Tol C System; P. aeruginosa has the Mex AB-OprM, Mex CD-Opr J,
Mex EF-OprN, Mex XY, Mex JK, Mex GHI-Opm D and Mex VW Systems. While
other Gram-negative bacteria, such as B. cepacia complex with emerging resistance
in patients with cystic fibrosis, S. maltophilia and Neisseria gonorrhoeae may have
Ceo AB-Opc M, Amr AB-Opr A, Sme ABC, Sme DEF or Mtr CDE Systems,
respectively (Shahid et al. 2009).
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1.6 Genetic Mechanisms of Resistance

By acquiring new genetic material from other resistant organisms, bacteria can also
gain resistance. This is called horizontal development and may occur between
distinct species or genera or between the same species. Bacterial genetic inheritance
can occur due to changes in two ways: (1) these modifications could be base
changes, deletions of DNA and inversions by mutations that affect the cell's existing
DNA (Avison and Bennett 2005), and (2) acquisition of new genetic material like
catching new genes in the genome expanding cell. In this phenomenon of acquisi-
tion, gene transfer occurs from any outside source, like other bacteria. The
mechanisms responsible for genetic exchange between same or different bacterial
species include transduction, transformation and conjugation (see Chap. 8).
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Trends in Βeta-Lactamase Classification 2
Ronni Mol Joji, Ali Al-Mahmeed, Fazal K. Dar,
and Mohammad Shahid

Abstract

β-Lactamases are the primary resistance determinants for β-lactam antibiotics in
Gram-negative bacteria. These enzymes were first discovered in Escherichia coli
even before the widespread use of penicillin and named “penicillinase.” Several
studies and attempts have been made since then to meaningfully group Gram-
negative rods using substrate profile, immunological studies, isoelectric point and
molecular weight determinations, and nucleotide sequencing. Shortly after a new
β-lactam drug is approved for therapeutic use, a new β-lactamase with the ability
to destroy this activity is discovered. To date, β-lactamase classification includes
17 functional groups and four designated molecular classes. The β-lactamase
classification systems will continue to evolve as and when new enzymes are
detected.

Keywords
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classification · Functional group

2.1 Introduction

β-Lactamases are ancient enzymes that have by inference been around for millions of
years (Bush 2018). Many antimicrobial therapy failures are due to beta-lactam
antibiotic hydrolysis, which is caused by these enzymes (Bush 1989a). In
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Gram-negative bacteria, β-lactamases are the primary resistance determinants for
β-lactam antibiotics. These enzymes, which are around 2771, most likely evolved
under selection pressure of natural β-lactams in the environment. Their precursors
were most likely penicillin-binding proteins with sequence homology to
β-lactamases with an active serine site. There are also metallo-β-lactamases, which
contain one or two catalytically active zinc ions (Bush 2018).

Prior to the worldwide clinical use of penicillin for bacterial pathogens, Abraham
and Chain observed one of the very first enzymes in Escherichia coli in 1940.
Because cephalosporins were unknown at the time, they named these enzymes
“penicillinase,” and the enzymes were thought to be specific for the penicillin
beta-lactam bond (Richmond and Sykes 1973). Although the first described
β-lactamase was predominantly effective at penicillin hydrolysis, many similar
enzymes with varied substrate specificities have since been discovered. Tellingly,
immediately as a novel β-lactam antibiotic is approved for use, some previously
unknown β-lactamase is discovered to have the ability to destroy this antibacterial
activity (Bush 1989a).

2.2 b-Lactamase Classification

Shortly after ampicillin was first used in clinical practice, Ambler (1980) made the
first attempt to classify β-lactamases from Gram-negative bacteria. The two enzymes
studied in this case were penicillinases, though Fleming and his colleagues had
described a β-lactamase that was primarily active against cephalosporins (Fleming
et al. 1963). Since then, a wide range of beta-lactamase profiles in enteric bacteria
and pseudomonads have been discovered (Richmond and Sykes 1973). Several
studies (Sawai et al. 1968; Jaurin and Grundström 1981; Richmond and Sykes
1973) attempted to meaningfully group known β-lactamases based on functionality
and biochemical characteristics (Bush 2018).

Sawai et al. (1968) classified β-lactamases into three groups based on substrate
profile and response to antisera: (1) Typical cephalosporinase that does not hydro-
lyze penicillins but hydrolyzes cephaloridine. This enzyme was inducible and was
detectable in strains of E. freundii, P. morganii, A. aerogenes. (2) Cephalosporinase,
which has the inducible property of penicillinase, with the probability that this type
of β-lactamase is a combination of two inducible β-lactamases, penicillinase and
cephalosporinase. These enzymes were found in P. vulgaris strains as well as
Serratia group strain GN629. (3) Penicillinase which was found in
K. pneumoniae, P. mirabilis, and E. coli strains. This enzyme was discovered to
be a constitutive enzyme (Sawai et al. 1968).

In 1970, Jack and Richmond suggested a classification based on substrate profile,
cloxacillin inhibition and inhibition by p-chloromercuribenzoate, response to antise-
rum and electric charge: (1) Class I: cephalosporins; (2) Class II: enzymes primarily
active against penicillins; (3) Class III: enzymes with relatively similar activity
against penicillins and cephalosporins, but with cloxacillin sensitivity and resistance
to p-chloromercuribenzoate; (4) Class IV: enzymes having substrate profile
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comparable to Class III but cloxacillin resistant and sensitive to
p-chloromercuribenzoate. Cloxacillin is hydrolyzed by some of the enzymes in
this class (Richmond and Sykes 1973). Here Richmond and Sykes (1973) suggested
the presence of eight types of β-lactamases adding a fifth class and basing their
characterization on substrate profile including cloxacillin and
p-chloromercuribenzoate inhibition and on electric charge, and molecular weight.
Thus, Class V included enzymes with a penicillinase profile that are resistant to
sulfhydryl agents (Richmond and Sykes 1973). These classifications have
undergone considerable revision over time.

In 1976, Sykes and Matthew also grouped β-lactamases into five classes by taking
into account substrate profiles, cloxacillin and p-chloromercuribenzoate inhibition,
molecular weight determination, immunological studies, analytical isoelectric focus-
ing with two subgroups of (1) chromosomally mediated: (a) penicillinases,
(b) cephalosporinases, and (c) broad spectrum β-lactamases; and (2) R plasmid
mediated: (a) enzymes that will not lyse isoxazoyl β-lactam substrates,
(b) enzymes that will hydrolyze both isoxazoyl β-lactam substrates and methicillin,
and (c) R plasmids specified other β-lactamases. This included at least five other
β-lactamases. This categorization was completely different from the earlier classifi-
cation proposed by Richmond and Sykes in 1973 (Sykes and Matthew 1976).

In light of the molecular structure, four classes of β-lactamases were proposed
between 1980 and 1988: (1) Ambler (1980) proposed class A serine penicillinases
and class B metalloenzymes based on amino acid sequences of purified proteins
(Ambler 1980); (2) Jaurin and Grundström (1981) proposed class C serine
cephalosporinases based on sequence of amino acid, from ampC nucleotide
sequence translation. According to their study, ampC beta-lactamases with
cephalosporins specificity had no remarkable sequence similarity to penicillinase
or D-alanine carboxypeptidases (Jaurin and Grundström 1981). Nevertheless, the
ampC beta-lactamase region near serine-80 shared wide resemblance with
cephalosporinase active-site area, of Pseudomonas aeruginosa, prompting Jaurin
and Grundstrom to suggest that the ampC and associated cephalosporinases form a
separate group of serine beta-lactamases with a specific evolutionary beginning than
the serine penicillinases (Jaurin and Grundström 1981); and (3) Huovinen et al.
(1988) proposed class D oxacillin hydrolyzing serine-lactamases based on its amino
acid sequence. They concluded that there was a homology between PSE-2 and
OXA-2, as well as lack of structural similarity with ampC β-lactamases or TEM-1,
and thus suggested that these PSE and OXA enzymes have a specific evolutionary
beginning and ought to belong to a new class, under class D in Ambler’s scheme
(Huovinen et al. 1988).

Bush (1988) proposed a functional β-lactamase classification scheme for
28 enzymes. He used substrate profiles and inhibition by clavulanic acid and
aztreonam as criteria in a semiempirical classification scheme. (1) Class
1 cephalosporinases: inhibited strongly by aztreonam but only weakly by
clavulanate, (2) Class 2 penicillinases and broad-spectrum beta-lactamases: show
low affinities for aztreonam but are inhibited by clavulanic acid, (3) Class
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3 metalloenzymes (Bush 1988). Bush (1989a, b, c) further proposed a functional
classification of four groups as shown in Table 2.1 (Bush 1989b, c).

The major groupings in the 1989 Bush outline were attempted to be preserved.
Three changes, however, were noted. Due to the increasing number of β-lactamases
such as SHV and TEM, it was agreed to categorize these enzymes into groups with
“2b” prefix. Instead of the previous group “2b” designation, the 2be group is
assigned to extended-spectrum β-lactamases, implying that these are group 2b
enzymes derivatives and have a broader range of activity (Bush et al. 1995). Thus,
Bush in alliance with Jacoby and Medeiros in 1995 recommended a functional
classification (Table 2.2) for groups 1–4 comprising 217 enzymes, associated with
118 enzymes in molecular classes (Bush 2018).

Rasmussan and Bush in 1997 defined three major subgroups in group 3 MBLs
(metallo-β-lactamases) based on substrate profiles: (1) Subgroup 3a:
metallo-β-lactamases with a broad range of hydrolytic activity, including hydrolysis
of penicillins or cephalosporins at the rate of 60% that of imipenem. They are known
to need Zn2+ to function optimally. (2) Subgroup 3b: metallo-β-lactamases that
hydrolyze carbapenems selectively. (3) Subgroup 3c which includes one enzyme
that hydrolyze ampicillin rapidly and, in particular, cephaloridine. This enzyme was
notable for its high activity of cephalosporins hydrolysis, as well as of cephamycins
and extended-spectrum cephalosporins (Rasmussen and Bush 1997).

In 2005, Hall and Barlow suggested revising Ambler’s classification. They
proposed that two major groups be designated: S, for serine β-lactamases which
includes SA, SC, and SD, which corresponds to the current class A, class C, and
class D, respectively, and M, for metallo-β-lactamases including class MB and class
ME, which correspond to the current class B subgroups B1 and B2, respectively, and
subgroup B3. They came to the conclusion that this classification would enable the
inclusion of any newly found groups within the metallo-β-lactamases or serine
β-lactamases and ease the identification of any major subdivisions within any class
(Hall and Barlow 2005).

Table 2.1 Classification of bacterial β-lactamases (Bush 1989a)

Group Defining characteristics

1 Hydrolyze cephalosporins and are uninhibited by 10 μM clavulanic acid

2a Classical penicillinases

2b Traditional broad-spectrum β-lactamases

2b0 “Extended-broad-spectrum” β-lactam antibiotics hydrolysis, like ceftazidime,
cefotaxime, or aztreonam

2c Penicillinases that hydrolyze carbenicillin

2d Penicillinases that hydrolyze cloxacillin

2e Cephalosporinases sensitive to clavulanic acid and have immunological properties
similar to penicillinases

3 Enzymatic activity requires a metal ion; all are uninhibited by clavulanic acid

4 Penicillinases resistant to clavulanic acid
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Due to the complexities of β-lactamase classification, Giske et al. (2009) pro-
posed a more practical scheme that would be useful for health care professionals.
They recommended 2be β-lactamases of the functional class be referred to as “class
A extended spectrum beta lactamases” (ESBLA), while OXA-ESBLs and plasmid-
mediated AmpC be referred to as “miscellaneous ESBLs” (ESBLM). The
recommendations for ESBL detection would continue to be applied to the category
ESBLA, whereas both genotypic and phenotypic methodologies may be required for
the identification and definition of ESBLM enzymes. To enhance semantic accuracy
within the novel classification, the ESBLM class may be divided into two groups:
ESBLM-C (plasmid-mediated AmpC; class C) and ESBLM-D (OXA-ESBLs; class
D) (Giske et al. 2009). Bush (2018) has argued that such classification would be
puzzling, especially in circumstances where pathogens producing ESBLs treated
with carbapenems, would be rendered ineffective against carbapenemase-producing

Table 2.2 Modifications of bacterial β-lactamase classifications by Bush et al. in 1995 and 2009
(Bush and Jacoby 2010)

Bush et al.
(2009)

Bush et al.
(1995) Defining characteristics

1 1 Greater hydrolysis of cephalosporins than benzylpenicillin;
cephamycin hydrolysis

1e Not
included

Ceftazidime and other oxyimino-β-lactams hydrolysis at an
increased rate

2a 2a Benzylpenicillin hydrolysis is greater than cephalosporins

2b 2b Hydrolysis of cephalosporins and benzylpenicillin are similar

2be 2be Oxyimino-β-lactams hydrolysis at an increased rate (cefotaxime,
cefepime, ceftriaxone, ceftazidime, aztreonam)

2br 2br Tazobactam, sulbactam, and clavulanic acid resistance

2ber Not
included

Oxyimino-β-lactams hydrolysis along with tazobactam,
sulbactam, and clavulanic acid resistance

2c 2c Carbenicillin hydrolysis

2ce Not
included

Carbenicillin, cefpirome and cefepime hydrolysis

2d 2d Oxacillin or cloxacillin hydrolysis

2de Not
included

Oxacillin or cloxacillin hydrolysis and hydrolysis of
oxyimino-β-lactams

2df Not
included

Oxacillin or cloxacillin hydrolysis and hydrolysis of carbapenems

2e 2e Cephalosporins hydrolysis. Sensitive to clavulanic acid but not
aztreonam

2f 2f Increased hydrolysis of oxyimino-β-lactams, cephamycins, and
carbapenems

3a 3 Hydrolysis of broad-spectrum involving carbapenems but no
hydrolysis of monobactams

3b 3 Carbapenems preferential hydrolysis

Not
included

4
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pathogens if carbapenemases too were referred to as ESBLs (Bush 2018). Bush et al.
(2009) in concordance with Bush and Jacoby (2010) agreed that the current classes
of carbapenemase, AmpC β-lactamase, and ESBL should be maintained as they are
adequately explanatory and comprehensive with well-understood therapeutic effects
(Bush et al. 2009).

The Bush and Jacoby (2010) collaboration had expanded and updated the classi-
fication of major β-lactamase families, adding new functional subgroups to the
scheme (Table 2.2). Group 4 β-lactamases, included in the 1995 functional classifi-
cation, were thus removed from the new current classification. As more information
about these enzymes became available, they may be included in one of the existing
enzyme groups. Further categorization would await a further characterization of
these enzymes (Bush and Jacoby 2010).

The updated scheme of Bush et al. (2009) has since been broadened, with the
inclusion of a differentiating inhibitor called avibactam to separate serine
carbapenemases from metallo β-lactamase (Bush 2018). Philippon et al. in 2016
suggested segregation of class A β-lactamases into A1 and A2 subclasses based on
the similarities of amino acid sequences of 285 class A β-lactamases (Philippon et al.
2016). More recent classification schemes, particularly for class A/group
2 β-lactamases, are based on the correlation of three dimensional structures and
functional information. Structural–functional relationships will become more uni-
versal as crystallographic analyses of β-lactamases become available (Bush 2018).
Silveira et al. (2018) proposed a five hierarchical grouping levels and a newer
β-lactamase class with fused domains, defined by sequence similarity as shown in
Fig. 2.1. They suggested that this grouping offers a sound foundation for forthcom-
ing research into the diversity, prevalence, spreading, and advancement of the
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Fig. 2.1 Beta-lactamase hierarchical classification modified from Silveira et al. (2018) (Dotted
subclasses are new groups proposed by Silveira et al. (2018))
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various groups and subgroups of this significant enzymatic activity (Silveira et al.
2018).

2.3 Conclusion

In nutshell, since the discovery of β-lactamases, they have been extensively explored
as antibiotic resistance determinants. Till date for the β-lactamase classification,
17 functional groups have been identified with four molecular classes. The classifi-
cation schemes for β-lactamases will change over time, as and when new enzyme
variants are described.
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Beta-Lactamases and Their Classification:
An Overview 3
Anees Akhtar, Nazish Fatima, and Haris M. Khan

Abstract

The discovery of penicillin in 1929 and its introduction in the clinical practice in
1940 were a significant milestone in our ability to treat bacterial infections. While
significant studies in the development of newer antimicrobial drugs have been
made over time, the beta-lactams remain a mainstay in the antibacterial arsenal.
There are primarily four mechanisms by which bacteria can counter and neutral-
ize the effect of beta-lactam antibiotics. The first classification of beta-lactamases
was formulated to differentiate beta-lactamases with high hydrolysis rates for
cephalosporins from penicillinases which has penicillin-hydrolysing activity.
Molecular structure classifications were initially proposed by Ambler in 1980
when only four amino acid sequences of beta-lactamases were known. The
conventional system of classification divided beta-lactamases either based on
the functional characteristics of the enzymes or based on their primary structure.
Another approach towards classifying beta-lactamases is by grouping these
enzymes according to their clinical role. This functional classification, albeit a
more subjective system, aids the clinician and microbiologist to understand and
correlate the properties of a specific enzyme with the observed microbiological
resistance profile.
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3.1 Beta-Lactam Antibiotics: A Short Introduction

The advent of Penicillin in 1921 revolutionized the medical science in relation to
antimicrobial treatment. Over the years that followed, vast number of antibiotics
were developed but beta-lactams have their own important significance. With
continuous research into the field, beta-lactams have been modified in order to
improve its clinical usefulness in terms of potency, spectrum, pharmacokinetics
and ability to counter antimicrobial resistance (Fleming 1929).

At present, beta-lactams consist of four primary groups based on their chemical
structure: The penicillins, the cephalosporins, the carbapenems, and the
monobactam. Penicillins have four-membered beta-lactam rings fused to a
thiazolidine ring. In cephalosporins, the thiazolidine ring is substituted by
dihydrothiazine. Carbapenems on the other hand possess pyrroline which completes
the bicyclic conformation. Monobactams, in contrast to the above three bicyclic
groups, have a monocyclic structure. The above-mentioned groups were earlier
derived naturally but many semi-synthetic derivatives are presently available (Neu
1986).

3.2 How Beta-Lactam Antibiotics Act?

Bacterial cell wall integrity is maintained by the peptidoglycan layer, and beta-
lactams suppress the synthesis of this peptidoglycan layer. Penicillin binding
proteins (PBPs) are transpeptidases that play important role in the final step of
peptidoglycan synthesis by transpeptidation reaction. D-alanyl-D-alanine—the termi-
nal amino acid residues of the nascent peptidoglycan layer is mimicked by beta-
lactam antibiotics; because of this molecular mimicry beta-lactam molecule binds to
PBP active site in an irreversible way. The irreversible inhibition of the PBPs
prevents the final crosslinking (transpeptidation) of the nascent peptidoglycan
layer and disrupts cell wall synthesis so the bacterial cell is not able to survive in
this environment.

3.3 Resistance Mechanisms Among Beta-Lactam Antibiotics

Antibiotic resistance to beta-lactams has been shown to develop through four
primary mechanisms. The first mechanism is induction of changes in the active
site of PBPs, thus decreasing the affinity and increasing resistance. Another mecha-
nism is modification of porin proteins leading to production of these proteins lacking
full activity. The modifications of these proteins located on the outer membrane of
the Gram –ve bacterial cell walls obstruct the transport of beta-lactams to the PBP
which are located on the inner membrane. Porins are reduced or lost in some resistant
Gram –ve bacteria. For example, loss of OprD in Pseudomonas aeruginosa is
responsible for its resistance against imipenem. The third mechanism involves
development of drug efflux pump systems (mex) which move the antibiotic from
the microbial periplasm to the surrounding environment. This efflux pump may be
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responsible for multidrug resistance in bacterial pathogens. The fourth mechanism is
production of an enzyme called beta-lactamase by the micro organisms. The
enzyme, which is a bacterial hydrolase, first binds and acylates the beta-lactams
and then hydrolyses it leading to its inactivation (Drawz and Bonomo 2010; Papp-
Wallace et al. 2011).

3.4 A Short History of Classification Schemes

Earliest classification systems of beta-lactams were devised to differentiate beta-
lactamases having high hydrolysis potential for cephalosporins from penicillinases.
This categorization based on function was incorporated in classification by Sawai
et al. (1968), where an additional discriminator in terms of response to antisera was
also used. Richmond and Sykes also agreed on this functional classification and
classified all the known beta-lactamases into five major groups based on their
substrate profile. Sykes and Matthew further extended the Richmond and Sykes
scheme in 1976 highlighting the use of isoelectric focusing to differentiate plasmid
mediated beta-lactamases. Furthermore, Mitsuhashi and Inoue added ‘cefuroxime-
hydrolyzing beta-lactamase’ to the ‘penicillinase and cephalosporinase’ classifica-
tion. Another functional classification by Bush in 1989 correlated the substrate and
inhibitory properties with molecular structure (Fleming et al. 1963; Sawai et al.
1968; Richmond and Sykes 1973a, b). Ambler first proposed classification based on
molecular structure in 1980 at a time when only four amino acid sequences of beta-
lactamases were known. This classification scheme included the class A beta-
lactamase produced by Staphylococcus aureus, PC1 penicillinase; and class B
metallo-beta-lactamase from Bacillus cereus. Jaurin and Grundstorm added the
class C cephalosporinases in 1981, and class D oxacillin-hydrolysing enzymes
were segregated from the other serine beta-lactamases (Class A, B and C) in the
late 1980s.

In the contemporary scenario, the classification systems incorporate both the
functional and molecular characteristics. Until now, 17 functional groups have
been identified with four molecular classes. The beta-lactamases are categorized
on the basis of their substrate (penicillins, cephalosporins, carbapenems and
monobactams). The reactions with clavulanic acid, avibactam and EDTA are utilized
for further differentiation (Barthelemy et al. 1988; Baumann et al. 1989).

3.5 Updated Functional Classification of Beta-Lactamases

In the conventional practice, beta-lactamases are classified based on either their
primary structure or functional characteristics. On the basis of the protein sequence,
beta-lactamases have been divided into four classes from A to D. Classes A, C and D
hydrolyse their substrates by forming an acyl enzyme through an active site serine,
whereas class B beta-lactamases which are metallo-enzymes utilize at active site zinc
ion to facilitate hydrolysis of their substrate.
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Classification on the basis of function, based on hydrolytic and inhibitory
properties is more practically acceptable as it makes it easier for the clinician to
understand and correlate the enzymatic properties with observed resistance profiles
of the microorganisms.

The classification suggested by Bush et al. (1995) was further extended by Bush
and Jacoby (2010). Newer functional subgroups were later added to the classification
scheme, and major families of beta-lactamases were reviewed (Bush and Jacoby
2010). The classification is based on the ability of the enzymes to hydrolyse specific
beta-lactam classes and on the inhibition capabilities of beta-lactamase inhibitors
clavulanic acid, sulbactam and tazobactam (Bush et al. 1995; Ambler 1980;
Richmond and Sykes 1973a, b). Overview of these groups/subgroups is discussed
in subsequent sections.

3.6 Group 1 Cephalosporinases

Enterobacteriaceae and a few other microorganisms produce this enzyme which
belongs to molecular Class C. They are more active against cephalosporins than on
benzylpenicillin, and they demonstrate resistance to inhibition by clavulanic acid.
Further, they demonstrate a high affinity for aztreonam. Microorganisms like Pseu-
domonas aeruginosa, Enterobacter cloacae, Serratia marcescens, and Citrobacter
freundii have low but inducible AmpC on encounter to particular beta-lactams, such
as clavulanic acid, ampicillin, imipenem and amoxicillin. On the other hand,
Escherichia coli and Acinetobacter baumannii lack one or more components of
the induction system. When produced in large quantity in a host with reduced
accumulation of beta-lactams, these enzymes may also generate resistance against
carbapenems (Jacoby 2009; Bush 1988; Bush et al. 1985).

Subgroup 1e or extended-spectrum AmpC (ESAC) beta-lactamase has been
added in Group 1 as it demonstrates higher activity on ceftazidime and other
oxyimino-beta-lactam amino acids. It includes GC1 in E. cloacae and plasmid-
mediated CMY-10, CMY-19, CMY-37 and others. Recently, an AmpC variant
has been discovered in P. aeruginosa which can act against imipenem. Clinically
significant resistance may arise if there is associated porin mutations within the
microorganism (Nordmann and Mammeri 2007; Mammeri et al. 2008).

3.7 Group 2 Serine Beta-lactamases

With continuous identification of ESBLs during the past two decades, this group has
become the largest group of beta-lactamases. It includes the molecular classes A
and D.

Subgroup 2a penicillinases: A small group with a weak hydrolytic property, are
the main beta-lactamases in Gram-positive cocci like staphylococci and enterococci.
They are inhibited by clavulanic acid and tazobactam. With the exception of some
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staphylococcal penicillinase encoded by plasmid, these enzymes are primarily
encoded within the chromosomes (Kernodle et al. 1989).

Subgroup 2b b-lactamases: This group possesses strong hydrolytic action against
penicillins and early cephalosporins and demonstrates strong inhibition by
clavulanic acid and tazobactam. It consists of the TEM-1, TEM-2 and SHV-1
enzymes. Over the past 25 years, at least 9 TEM and 29 SHV 2b enzymes have
been reported often while characterizing other b-lactamases in unusually resistant
clinical isolates (Matthew 1979).

Subgroup 2be: This subgroup includes the extended-spectrum beta-lactamases
(ESBLs). These enzymes have the additional ability to hydrolyse some oxyimino-
beta-lactams, such as cefotaxime, ceftazidime and aztreonam apart from its activity
against penicillins and cephalosporins. The largest subset of subgroup 2be has a
wider spectrum of substrate activity but a lower capacity to hydrolyse
benzylpenicillin and cephaloridine. This arises due to amino acid substitutions in
TEM-1, TEM-2 and SHV-1. ESBLs are functionally homologous CTX-M enzymes
that are related to chromosomally determined beta-lactamases in species of
Kluyvera. Most of the CTX-M enzymes exhibit greater activity against cefotaxime
than ceftazidime. Many demonstrate activity against cefepime also. CTX-M
enzymes are potentially inhibited by tazobactam than clavulanic acid. The subgroup
also includes less common ESBLs like BEL-1, BES-1, SFO-1, TLA-1, TLA-2 and
members of the PER and VEB enzyme families. Inhibition by clavulanic acid is a
characteristic common to this subgroup (Queenan et al. 2004; Bonnet 2004).

Subgroup 2br: This group comprises of broad-spectrum beta-lactamases with
subgroup 2b activity and acquired resistance to clavulanic acid and related
inhibitors. Thirty-six (including TEM-30 and TEM-31) out of 135 TEM enzymes
express this characteristic. Also, five of the corresponding functionally characterized
72 SHV enzymes (e.g. SHV-10) demonstrate this characteristic.

Subgroup 2ber: Consists of TEM enzymes with an extended spectrum and
relative resistance to clavulanic acid inhibition. All the enzymes in this subgroup
have clavulanic acid IC50s greater than that of TEM-1 with some demonstrating a
more modest increase and referred to as CMT (complex mutant TEM) beta-
lactamases. This subgroup consists of TEM-50 (CMT-1) (Robin et al. 2005).

Subgroup 2c penicillinases: Characterized by its ability to hydrolyse carbenicillin
or ticarcillin by at least 60% faster rate than benzylpenicillin. On the other hand,
cloxacillin or oxacillin is hydrolysed at half the rate of that of benzylpenicillin. These
are easily inhibited by clavulanic acid or tazobactam. Due to sparse utility of
carbenicillin in current clinical practice, newer 2c beta-lactamases have not evolved
in the past several year (Bush et al. 1995).

Subgroup 2ce contains the recently described extended spectrum carbenicillinase
RTG-4 (CARB-10). It demonstrates expanded activity against cefepime and
cefpirome (Potron et al. 2009).

Subgroup 2d: Also referred as OXA enzymes, these constitute the second largest
family of beta-lactamases. Characterized by the ability to hydrolyse cloxacillin or
oxacillin at a rate of more than 50% that for benzylpenicillin, these enzymes are
however primarily identified by their structural amino acid motifs rather than by their
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functional attributes. NaCl can inhibit a significant number of enzymes of this
category.

Oxyimino-beta-lactams which are cloxacillin- or oxacillin-hydrolysing enzymes
with an extended spectrum are included in the new subgroup 2de. Most of the 2de
enzymes, for example OXA-11 and OXA-15 are derived by substituting 1–9 amino
acid from OXA-10. They have been identified to be produced by P. aeruginosa
which produces much higher level of resistance than that expressed by E. coli. This
subgroup demonstrates significantly higher resistance to ceftazidime compared to
that of cefotaxime or aztreonam. However, organisms producing a few oxacillinases,
such as OXA-1 or OXA-31, may be susceptible to ceftazidime but resistant to
cefepime (Aubert et al. 2001).

Acinetobacter baumannii species produce chromosomally encoded OXA
enzymes which are included in the subgroup 2df. The plasmid of
Enterobacteriaceae encodes OXA-23 and OXA-48 enzymes. This subgroup
hydrolyses carbapenems. These have been categorized into nine clusters based on
the structural configuration of amino acid homologies. The enzymes of this subgroup
have not been adequately tested using cloxacillin or oxacillin. Although the
organisms producing these enzymes are generally highly resistant to carbapenems,
E. coli transformants or transconjugants that produce these enzymes are usually
susceptible to the carbapenems. These enzymes are not inhibited by clavulanic acid
(Walther-Rasmussen and Høiby 2006).

The subgroup 2e cephalosporinases possess the property of hydrolysing extended
spectrum cephalosporins while being inhibited by clavulanic acid or tazobactam.
These enzymes can be misinterpreted as group 1 AmpC enzymes or ESBLs as they
can appear in similar organisms and with comparable resistance profiles. Their poor
affinity for aztreonam is the distinguishing feature to differentiate them from Amp C
(Bush 1989).

Subgroup 2f: It acts mainly on carbapenems and consists of serine
carbapenemases from molecular class A. Tazobactam is more active against these
enzymes than clavulanic acid. Extended spectrum cephalosporin may not be effec-
tively hydrolysed by SME and IMI-1 enzymes but most of these enzymes barring
GES-3 and GES-4 can hydrolyse aztreonam. The SME family and IMI-1 and
NMC-1 beta-lactamases are chromosome encoded. Plasmid encodes KPC and
some GES enzymes. KPC carbapenemases has been found to be associated with
multidrug-resistant Gram-negative infections outbreaks in hospitals worldwide
(Naas et al. 2005).

3.8 Group 3 MBLs

This group consists of metallo-beta-lactamases (MBLs) characterized by their need
for zinc ion at the active site. Earlier, the ability of these enzymes to hydrolyse
carbapenems was used as a distinguishing trait, but it has been shown that serine
beta-lactamases can also possess this characteristic. They have limited hydrolytic
activity against monobactams and are not inhibited by clavulanic acid or tazobactam.
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This characteristic can be utilized to differentiate it from serine proteases which are
inhibited by metal ion chelators such as EDTA, dipicolinic acid, or 1,10-o-
phenanthroline. The structural classification includes B1, B2 and B3 while func-
tional categorization includes 3a, 3b and 3c. Initially MBLs were determined as
chromosomally encoded enzymes expressed in Gram-positive or in a few Gram-
negative bacilli, such as Bacteroides fragilis or Stenotrophomonas maltophilia.
Those discovered on transferable elements demonstrated the ability to frequently
exchange hosts and underwent genetic transformation leading to the development of
enzyme families with several unique variants (Laraki et al. 1999; Queenan and Bush
2007; Garau et al. 2004).

Classification of MBLs into two functional subgroups based on their biochemical
characteristics has been proposed.

Subgroup 3a has subclass B1 and has two zinc ions joined with consensus amino
acid. This subgroup includes the major plasmid-encoded MBL families, such as the
IMP and VIM enzymes that have been reported frequently in non-fermentative
bacteria as well as in Enterobacteriaceae. L1 MBL from S. maltophilia as well as
the subclass B3 MBLs, such as CAU-1, GOB-1 and FEZ-1, have also been added to
subgroup 3a. The differentiating characteristic of these enzymes from those of
subgroup 3a is the difference in the amino acids involved in binding to zinc.
However, the need for two bound zinc ions is a prerequisite in both structural
subclasses for maximal enzymatic activity. Subgroup 3b is a smaller group of
metallo-beta-lactamases that hydrolyse carbapenems more often than penicillins
and cephalosporins. These enzymes have been detected with difficultly when chro-
mogenic cephalosporins, such as nitrocefin, are used to monitor the presence of beta-
lactamase activity so the chromosomal metallo-beta-lactamases in Aeromonas spp.
were often missed in carbapenem-resistant isolates because the enzymes did not
react with nitrocefin. Carbapenems inhibit their activity when only one zinc binding
site is occupied but when the second zinc ion is also present, its inhibitory activity is
significantly reduced (Yang and Bush 1996).

Group 4 beta-lactamases have been eliminated from the current classification
system as these enzymes have not been completely characterized.
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Abstract

Extended-spectrum beta-lactamases are able to hydrolyze oxyimino-
cephalosporins and monobactams but not carbapenems or cephamycins.
Richmond and Sykes (Adv Microb Physiol 9:31–88, 1973) scheme is one out
of various functional classification schemes which comprises of all the
β-lactamases classified into five major groups based on their substrate profile,
some other very commonly used classification systems are Ambler Molecular
Classification System and the Bush-Jacoby-Medeiros functional classification
system. As per the most commonly used classification scheme, the Ambler
classification system, beta-lactamases are classified into Class A, B, C, and
D. This chapter will describe class A type beta-lactamases. The most common
types of class A ESBLs disseminated worldwide are CTX-M, TEM, and SHV.
This chapter will provide significant information regarding nomenclature and
variants of class A type beta-lactamases.
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4.1 Extended-Spectrum Beta-Lactamases

It was in 1983, when first ever plasmid-encoded ß-lactamase with the ability to
destroy extended-spectrum ß-lactam antibiotics was described in Germany (Bush
and Sykes 1983). ESBLs as mentioned can hydrolyze oxyimino-cephalosporins
(e.g., cefotaxime, ceftazidime) and monobactams (e.g., aztreonam), but they cannot
hydrolyze the drugs like cephamycins or carbapenems (Bradford 2001). Although
ESBLs are frequently identified in Escherichia coli and Klebsiella pneumoniae,
these however have also been described in a range of Enterobacteriaceae and
Pseudomonadaceae across the globe. ESBLs are commonly defined as
ß-lactamases, which are able to confer bacterial resistance to the penicillins,
aztreonam, and first-, second-, and third-generation cephalosporins but not to
carbapenems or cephamycin. The mechanism of action is by hydrolysis of
antibiotics, but this action is inhibited by ß-lactamase inhibitors such as clavulanate
(Paterson and Bonomo 2005; Bonomo 2014). The scheme of Richmond and Sykes
(1973) is one out of various functional classification schemes which includes all the
β-lactamases, classified into five major groups based on their substrate profile. Other
commonly used classification systems are Bush-Jacoby-Medeiros functional classi-
fication system and the ambler molecular classification system (Bush and Jacoby
2010; Ambler 1980), of which Ambler Classification System is the one used widely.
According to Ambler’s system beta-lactamases are classified into four classes A,
B, C, and D. In this chapter, we will discuss about class A-type beta-lactamases.

4.2 Nomenclature of Class A-Type b-Lactamases

β-Lactamases initially were designated as per the names of strains or plasmids which
produced these β-lactamases. After that, nomenclature systems have evolved based
on biochemical properties, substrates, location of their discovery, gene location on
chromosome, peculiarities of sequence, strains of bacteria, and even based on
patient’s name and to least moderately the name of investigators who illustrate
them (Table 4.1). Lately, the use of letters has been started instead of the strain
numbers of the families differing by only one through seven amino acids, it is also to
be noted that the families of CTX-M and IMP differ from each other by as much as
20% in composition of amino acids. In the early 1960s, TEM-1 was the first plasmid-
mediated β-lactamase enzyme originated in Gram-negative bacteria (Datta and
Kontomichalou 1965). Originally, it was detected in a strain of E. coli cultured
from the blood of a patient named Temoniera, in Athens, Greece, so named as TEM
(Medeiros 1984). TEM-1 spread to other bacterial species due to plasmids and
transposons. TEM-1 became cosmopolitan just after a few years of its isolation,
spreading worldwide and currently being found in several different species of
Enterobacteriaceae, Pseudomonas aeruginosa, Neisseria gonorrhoeae, and
Haemophilus influenzae. SHV-1 (for sulfhydryl) is another common plasmid
mediated β-lactamase emerged in Klebsiella pneumoniae and Escherichia coli. It
is a chromosomally mediated enzyme in majority of K. pneumoniae isolates, in
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contrast to E. coli where it is usually a plasmid-mediated enzyme. β-Lactamases led
to quick development of resistance to expanded-spectrum β-lactam antibiotics.
SHV-2, isolated from a strain of Klebsiella ozaenae in Germany, was one of the
first of these enzymes capable to hydrolyze the newer β-lactams (Kliebe et al. 1985).
Their increased activity against oxyimino-cephalosporins led them to be included in
extended-spectrum β-lactamases (ESBLs). It was CTX-M (Bauernfeind et al. 1990)
which came to designate that family of enzymes. Later, MEN (Bernard et al. 1992)
or TLB and Toho-1-like β-lactamase (Yagi et al. 1997) appeared. Recently, Toho
enzymes have been assigned CTX-M numbers (http://www.lahey.org/studies). Their
designation as CTX is given because of their activity against cefotaxime and because
of their first isolation from Munich, they are called as CTX-M (Jacoby 2006). BlaL
and blaU were cloned independently in Liège and in Umeå, from Streptomyces
cacaoi, both beta-lactamases belonged to the class A of beta-lactamases (active-site
serine penicillinases) (Magdalena et al. 1992). In May 2004, BEL-1 was found in
P. aeruginosa which was isolated from a scrotal swab of a 72-year-old patient
hospitalized for a dissecting aneurism of the left arteria renalis at the Heilig
Hartziekenhuis, Roeselare, Belgium (Poirel et al. 2005). A novel β-lactamase gene
of class A, blaPAU-1, associated to mobile genetic elements was detected on a
transferable plasmid of P. aeruginosa clinical isolate (Wang et al. 2019). Some of
these enzymes designated with more than one name for example β-lactamase CTX-1
and CTX-2 were also preferred with one more name TEM-3 and TEM-25, respec-
tively (Bonnet 2004; Shahid et al. 2011). While, CTX-M-1, CTX-M-44, and
CTX-M-45 were preferred for MEN-1, Toho-1, and Toho-2, respectively.

4.3 Description of Representative Class A-Type
Beta-Lactamases and Their Variants

TEM, SHV, and CTX-M are the most common class A-type beta-lactamases and
have higher number of variants. Table 4.2 shows various types of class A beta-
lactamases and their existing number of variants. Table 4.3 shows various types of
class A beta-lactamases and their KEGG Orthology. Phylogenetic details of various
types of Class A beta-lactamases can be checked from webpage https://www.
genome.jp/kegg/annotation/br01553.html.

4.4 TEM b-Lactamases

The TEM family is one of the most diverse families of β-lactamases, having about
227 different enzymes (https://www.genome.jp/kegg/annotation/br01553.html) (last
accessed April 11, 2020). Table 4.4 shows different variants of TEM searched from
the GenBank with details of their GenBank accession number, source organism, and
country. Figure 4.1 demonstrates the dendrogram prepared from the available
sequences in the GenBank showing genetic relatedness of these TEM enzymes
(CLUSTALW was used for the phylogenetic analysis and constructing the
dendrogram).
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Table 4.2 Representative class A type ESBLs and their variants

β-lactamase name No. of variantsa,b Origin of the name

SHV type ~199 Sulfhydryl variable

TEM type ~227 Patient’s name: Temoneira

CTX-M-1 group ~245 Cefotaximase—Munich

CTX-M-2 group

CTX-M-8 group

CTX-M-9 group

CTX-M-25 group

SFO-1 1 Serratia fonticola

TLA-1 1 Tlahuicas (Inca tribe)

PER 9 Pseudomonas extended resistance

VEB 19 Vietnam extended-spectrum β-lactamase (ESBLs)

BES-1 1 Brazilian ESBLs

GES 33 Guyana ESBLs

BEL-1 9 Belgium ESBLs

TLA-2 1 Amino acid identity with TLA-1

CARB 49 Carbenicillin

LEN 31 Strain name LEN-1

IMI 16 Imipenem

KPC 32 Klebsiella pneumoniae carbapenemase

SME 5 Serratia marcescens ESBL

LAP 2 Author’s name (Laurent Poirel)
a Details as last accessed on 28 April 2011 at Lahey clinic website (http://www.lahey.org/studies)
b Last accessed on 11 April 2020 as updated by KEGG website (https://www.genome.jp/kegg/
annotation/br01553.html)

Table 4.3 Beta-lactamase KEGG Orthologys (KOs) for gene variant groups (https://www.
genome.jp/kegg/annotation/br01553.html)

Ambler class Bush-Jacoby group KO

Class A Serine beta-lactamase 2b K18698 (TEM)

K18699 (SHV)

K18796 (LEN)

K18767 (CTX-M)

K18797 (PER)

K19097 (VEB)

K19317 (BEL)

2f K18768 (KPC)

K18970 (GES)

K19316 (IMI)

K22346 (SME)

2c K18795 (CARB-1)

K19218 (CARB-5)

K19217 (CARB-17)

Unclassified K17836 (PenP)

Adapted from https://www.genome.jp/kegg/annotation/br01553.html
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Table 4.4 Different variants of TEM searched from the data available in GenBank with details of
their accession number, source organism, and country

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-1 NG_050145 Escherichia coli Plasmid Canada 2016

TEM-2 NG_050234 Pseudomonas
aeruginosa

– – 2016

TEM-3 NG_050259 Klebsiella
pneumoniae

Plasmid – 2016

TEM-4 NG_050265 Klebsiella
pneumoniae

Plasmid Spain 2016

TEM-6 NG_050277 Escherichia coli – – 2016

TEM-8 NG_050289 Klebsiella
pneumoniae

– – 2016

TEM-9 NG_056168 Escherichia coli – – 2018

TEM-
10

NG_050146 Morganella
morganii

– – 2016

TEM-
11

NG_050155 Proteus mirabilis - Hong Kong 2016

TEM-
12

NG_050163 Klebsiella oxytoca – – 2016

TEM-
15

NG_050193 Haemophilus
parainfluenzae

Plasmid South Africa 2016

TEM-
16

NG_050204 Klebsiella
pneumoniae

– – 2016

TEM-
17

NG_050213 Capnocytophaga
ochracea

– – 2016

TEM-
19

NG_050227 Acinetobacter
baumannii

– – 2016

TEM-
20

NG_050235 Escherichia coli – – 2017

TEM-
21

NG_050242 Pseudomonas
aeruginosa

– – 2017

TEM-
22

NG_050252 Klebsiella
pneumoniae

– – 2016

TEM-
24

NG_050255 Klebsiella
pneumoniae

– – 2016

TEM-
26

NG_050256 Enterobacter kobei – USA 2016

TEM-
28

NG_050257 Escherichia coli – – 2016

TEM-
29

NG_050258 Pseudomonas
aeruginosa

Plasmid China 2016

TEM-
30

NG_050260 Escherichia coli Plasmid Portugal 2016

TEM-
32

NG_050261 Shigella sonnei – Israel 2016

(continued)

4 Class A Type Β-Lactamases 47



Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
33

NG_050262 Escherichia coli Plasmid – 2016

TEM-
34

NG_050263 Haemophilus
parainfluenzae

Plasmid Spain 2016

TEM-
35

NG_050264 Escherichia coli – Netherlands 2016

TEM-
36

NG_052650 Escherichia coli – – 2017

TEM-
40

NG_050266 Escherichia coli – Italy 2016

TEM-
43

NG_050267 Klebsiella
pneumoniae

– – 2016

TEM-
45

NG_050268 Escherichia coli Plasmid – 2016

TEM-
47

NG_050269 Klebsiella
pneumoniae

– Poland 2016

TEM-
48

NG_050270 Klebsiella
pneumoniae

– Poland 2016

TEM-
49

NG_050271 Escherichia coli – Poland 2016

TEM-
52

NG_050272 Klebsiella
pneumoniae

– – 2016

TEM-
53

NG_050273 Klebsiella
pneumoniae

– – 2016

TEM-
54

NG_050274 Escherichia coli – – 2016

TEM-
55

NG_050275 Escherichia coli – South Africa 2016

TEM-
57

NG_050276 Escherichia coli Plasmid China 2016

TEM-
60

NG_050278 Providencia stuartii Plasmid – 2016

TEM-
63

NG_050279 Escherichia coli – South Africa 2016

TEM-
67

NG_050280 Proteus mirabilis Plasmid – 2016

TEM-
68

NG_050281 Klebsiella
pneumoniae

Plasmid Poland 2021

TEM-
70

NG_050282 Escherichia coli Plasmid – 2016

TEM-
71

NG_050283 Klebsiella
pneumoniae

Plasmid – 2016

TEM-
72

NG_050284 Morganella
morganii

Plasmid Italy 2016

(continued)
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Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
76

NG_050285 Escherichia coli – France 2016

TEM-
77

NG_050286 Escherichia coli – France 2016

TEM-
78

NG_050287 Escherichia coli – France 2016

TEM-
79

NG_050288 Escherichia coli – France 2016

TEM-
80

NG_050290 Enterobacter
cloacae

Plasmid – 2016

TEM-
81

NG_050291 Escherichia coli – France 2016

TEM-
82

NG_050292 Escherichia coli – – 2016

TEM-
83

NG_050293 Escherichia coli – France 2016

TEM-
84

NG_050294 Escherichia coli – France 2016

TEM-
85

NG_050295 Klebsiella
pneumoniae

Plasmid Poland 2016

TEM-
86

NG_050296 Klebsiella
pneumoniae

Plasmid Poland 2016

TEM-
87

NG_050297 Proteus mirabilis Plasmid Italy 2016

TEM-
88

NG_050298 Klebsiella
pneumoniae

Plasmid Korea 2016

TEM-
90

NG_050299 Escherichia coli Plasmid – 2016

TEM-
91

NG_050300 Escherichia coli – – 2016

TEM-
92

NG_050301 Proteus mirabilis – – 2016

TEM-
93

NG_050302 Escherichia coli Plasmid Poland 2016

TEM-
94

NG_050303 Escherichia coli Plasmid Poland 2016

TEM-
95

NG_050304 Escherichia coli – Spain 2016

TEM-
96

NG_050305 Escherichia coli Plasmid United
Kingdom

2016

TEM-
97

NG_050306 Escherichia coli – Ireland 2016

TEM-
98

NG_050307 Escherichia coli – Ireland 2016

(continued)
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Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
99

NG_050308 Escherichia coli – Ireland 2016

TEM-
101

NG_050147 Escherichia coli Plasmid – 2016

TEM-
102

NG_050148 – Plasmid – 2016

TEM-
104

NG_050149 Klebsiella
pneumoniae

– – 2016

TEM-
105

NG_050150 Escherichia coli – – 2016

TEM-
106

NG_050151 Escherichia coli – Korea 2016

TEM-
107

NG_050152 Klebsiella
pneumoniae

– Korea 2016

TEM-
108

NG_050153 Salmonella enterica
subsp. enterica
serovar
Typhimurium

– – 2016

TEM-
109

NG_050154 Escherichia coli – – 2016

TEM-
110

NG_050156 Klebsiella
pneumoniae

– – 2016

TEM-
111

NG_050157 Escherichia coli – – 2016

TEM-
112

NG_050158 Escherichia coli – France 2016

TEM-
113

NG_050159 Proteus mirabilis – France 2016

TEM-
114

NG_050160 Klebsiella
aerogenes

– France 2016

TEM-
115

NG_050161 Klebsiella
pneumoniae

– Canada 2016

TEM-
116

NG_050162 Staphylococcus
aureus

Plasmid – 2016

TEM-
120

NG_050164 Klebsiella oxytoca – Canada 2016

TEM-
121

NG_050165 Escherichia coli – – 2016

TEM-
122

NG_050166 Escherichia coli – United States 2016

TEM-
123

NG_050167 Proteus mirabilis – – 2016

TEM-
124

NG_050168 Morganella
morganii

– – 2016

(continued)
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Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
125

NG_050169 Escherichia coli – – 2016

TEM-
126

NG_050170 Escherichia coli – France 2016

TEM-
127

NG_050171 Escherichia coli Plasmid Denmark 2016

TEM-
128

NG_050172 Escherichia coli Plasmid Denmark 2016

TEM-
129

NG_050173 Klebsiella oxytoca – France 2016

TEM-
130

NG_050174 Klebsiella
pneumoniae

– France 2016

TEM-
131

NG_050175 Salmonella enterica
subsp. enterica
serovar
Typhimurium

– South Africa 2016

TEM-
132

NG_050176 Klebsiella
pneumoniae

Plasmid Slovakia 2016

TEM-
133

NG_050177 Klebsiella
pneumoniae

– Spain 2016

TEM-
134

NG_050178 Citrobacter koseri – – 2016

TEM-
135

NG_050179 Salmonella enterica
subsp. enterica
serovar
Typhimurium

Plasmid Italy 2016

TEM-
136

NG_050180 Klebsiella
pneumoniae

– – 2016

TEM-
137

NG_050181 Shigella sonnei – Haiti 2016

TEM-
138

NG_050182 Salmonella enterica Plasmid – 2016

TEM-
139

NG_050183 Klebsiella
pneumoniae

Plasmid Bulgaria 2016

TEM-
141

NG_050184 Enterobacter
cloacae

Plasmid China 2016

TEM-
142

NG_050185 Escherichia coli Plasmid Germany 2016

TEM-
143

NG_050186 Escherichia coli – – 2016

TEM-
144

NG_050187 Salmonella enterica
subsp. enterica
serovar Derby str.
D1

– Uruguay 2016

(continued)
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Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
145

NG_050188 Escherichia coli – South Africa 2016

TEM-
146

NG_050189 Escherichia coli – South Africa 2016

TEM-
147

NG_050190 Pseudomonas
aeruginosa

Plasmid China 2016

TEM-
148

NG_050191 Escherichia coli – Portugal 2016

TEM-
149

NG_050192 Klebsiella
aerogenes

– – 2016

TEM-
150

NG_050194 Escherichia coli – Portugal 2016

TEM-
151

NG_050195 Escherichia coli – – 2016

TEM-
152

NG_050196 Escherichia coli – – 2016

TEM-
153

NG_050197 Escherichia coli – Portugal 2016

TEM-
154

NG_050198 Escherichia coli – Portugal 2016

TEM-
155

NG_050199 Proteus mirabilis – – 2016

TEM-
156

NG_050200 Proteus mirabilis – Portugal 2016

TEM-
157

NG_050201 Enterobacter
cloacae

– China 2016

TEM-
158

NG_050202 Escherichia coli – – 2016

TEM-
159

NG_050203 Proteus mirabilis – – 2016

TEM-
160

NG_050205 Proteus mirabilis – – 2016

TEM-
162

NG_050206 Acinetobacter
haemolyticus

Plasmid India 2016

TEM-
163

NG_050207 Escherichia coli – Buenos Aires 2016

TEM-
164

NG_050208 Klebsiella
pneumoniae

Plasmid Tunisia 2016

TEM-
166

NG_050209 Escherichia coli – China 2016

TEM-
167

NG_050210 Escherichia coli – Algeria 2016

TEM-
168

NG_050211 Escherichia coli – – 2016

(continued)
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Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
169

NG_050212 Escherichia coli Plasmid – 2016

TEM-
171

NG_050214 Escherichia coli Plasmid – 2016

TEM-
176

NG_050215 Escherichia coli – Peru 2016

TEM-
177

NG_050216 Proteus mirabilis – Italy 2016

TEM-
178

NG_050217 Serratia
marcescens

– – 2016

TEM-
181

NG_050218 Escherichia
sp. Sflu5

Plasmid – 2016

TEM-
182

NG_050219 Haemophilus
parainfluenzae

– Spain 2016

TEM-
183

NG_050220 Klebsiella
pneumoniae

– – 2016

TEM-
184

NG_050221 Escherichia coli Plasmid Italy 2016

TEM-
185

NG_050222 Escherichia coli – – 2016

TEM-
186

NG_050223 Escherichia coli Plasmid Switzerland 2016

TEM-
187

NG_050224 Proteus mirabilis Plasmid France 2016

TEM-
188

NG_050225 Salmonella enterica – Algeria 2016

TEM-
189

NG_050226 Escherichia coli – USA 2016

TEM-
190

NG_050228 Escherichia coli – United
Kingdom

2016

TEM-
191

NG_052865 Acinetobacter
baumannii

– Turkey 2017

TEM-
193

NG_050229 Acinetobacter
baumannii

– – 2016

TEM-
194

NG_050230 Acinetobacter
baumannii

– – 2016

TEM-
195

NG_050231 Acinetobacter
baumannii

– – 2016

TEM-
196

NG_055646 Shigella sonnei Plasmid South Korea 2017

TEM-
197

NG_050232 Klebsiella
pneumoniae

– Brazil 2016

TEM-
198

NG_050233 Klebsiella
pneumoniae

– Japan 2016

(continued)
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Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
201

NG_050236 Escherichia coli Plasmid Portugal 2016

TEM-
205

NG_050237 Pseudomonas
aeruginosa

– 2016

TEM-
206

NG_050238 Escherichia coli Plasmid – 2016

TEM-
207

NG_050239 Escherichia coli – – 2016

TEM-
208

NG_050240 Escherichia coli – – 2016

TEM-
209

NG_050241 Klebsiella
pneumoniae

– Czech
Republic

2016

TEM-
210

NG_050243 Escherichia coli Plasmid Switzerland 2016

TEM-
211

NG_050244 Proteus mirabilis – – 2016

TEM-
212

NG_050245 Providencia stuartii – – 2016

TEM-
213

NG_051939 Klebsiella
pneumoniae

– South Africa 2016

TEM-
214

NG_050247 Escherichia coli – – 2016

TEM-
215

NG_050248 Escherichia coli – – 2016

TEM-
216

NG_050249 Escherichia coli – China 2016

TEM-
217

NG_050250 Enterobacter
cloacae

– France 2016

TEM-
219

NG_050251 Escherichia coli – India 2016

TEM-
220

NG_050253 Neisseria
gonorrhoeae

– – 2016

TEM-
224

NG_050254 Klebsiella
pneumoniae

– Italy 2016

TEM-
225

NG_052651 Escherichia coli – Netherlands 2017

TEM-
226

NG_054684 Escherichia coli – Japan 2017

TEM-
227

NG_054696 Escherichia coli – France 2017

TEM-
229

NG_056416 Acinetobacter
haemolyticus

– Mexico 2018

TEM-
230

NG_056417 Escherichia coli – – 2018
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In 1965, TEM-1 is the first member of the TEM family, reported first time from an
Escherichia coli isolate, with similar substrate and inhibition profiles as of SHV-1
(Datta and Kontomichalou 1965). The production of TEM-1 confers up to 90% of
ampicillin resistance to E. coli (Livermore 1995). TEM-1 can hydrolyze ampicillin at
a rate greater than the likes of carbenicillin, cephalothin, or oxacillin. It shows mild
activity against extended-spectrum cephalosporins and is inhibited by clavulanate.
Plasmid-mediated TEM-1 is one of the parental enzymes of TEM type ESBLs, and
it, in fact, is the most prevalent β-lactam inactivating enzyme found in enteric bacilli
(Liu et al. 1992). The second parental enzyme of this family is TEM-2 which differs
from TEM-1 at position 39 (Gln39Lys) by an amino acid substitution, while
conferring a similar type of resistance (Ambler and Scott 1979; Jacoby and Sutton
1985; Jacoby and Carreras 1990). This substitution also causes a change in the
isoelectric point from 5.4 in TEM-1 to 5.6 in TEM-2 (Bradford 2001). Another
difference between TEM-1 and TEM-2 is the strength of the promoters present
upstream of blaTEM genes, which encode these β-lactamases. BlaTEM-2 gene has a
stronger promoter than the promoter for the blaTEM-1. TEM-2 enzyme also shows a
higher enzymatic activity when compared to TEM-1 producing strains (Chaibi et al.
1996; Jacoby and Carreras 1990). TEM-3 (originally reported in 1989) was the first
enzyme of TEM family to display the ESBL phenotype (Sougakoff et al. 1988). A
distinct feature related to genetic environment of the blaTEM genes is seen with the
blaTEM-6 gene, which shows a 116 bp IS1-like element upstream of coding region
(Goussard et al. 1991). This element is responsible for the synthesis of this enzyme at
high-level. TEM variants are derived from parental enzymes TEM-1a to TEM-1h
and TEM-2, and three transposons, Tn3, Tn2, and Tn1 are encoded from these
TEM-1a, TEM-1b, and TEM-2, respectively (Archambault et al. 2006; Partridge and
Hall 2005). K. pneumoniae isolates showing resistance to multiple antibiotics
including oxyimino-cephalosporins were detected in 1987 and these were found to
produce CTX-1 β-lactamase with activity against cefotaxime (Sirot et al. 1987).

Table 4.4 (continued)

TEM
variants

Accession
number Organisms

Plasmid
origin

Country of
origin (based
on GenBank
data)

Year of
submission/
publication in
GenBank

TEM-
231

NG_056418 Escherichia coli – – 2018

TEM-
232

NG_057472 Klebsiella
pneumoniae

– USA 2018

TEM-
233

NG_057581 Escherichia coli – – 2018

TEM-
234

NG_057609 Pseudomonas
aeruginosa

– Kazakhstan 2018

TEM-
236

NG_061611 Escherichia coli Plasmid – 2018

TEM-
237

NG_062250 Escherichia coli Plasmid – 2018
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Fig. 4.1 Phylogenetic
relation of TEM beta-
lactamases
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Sequencing of the gene encoding enzyme CTX-1 was related to TEM-2 and was
different from its parent enzyme by two amino acids: Glu102Lys and Gly236Ser
(Sougakoff et al. 1988). Some variants of TEM family have been characterized by
inhibitor resistance β-lactamases; however, most of the enzymes of TEM family
show ESBL activity (Canton et al. 2008). Similar to those observed in SHV ESBLs,
mutations at several key amino acid residues like Glu104Lys, Arg164Ser,
Gly238Ser, and Glu240Lys are important for ESBL activity. Discovery of
β-lactamases resistant to clavulanic acid took place in early 1990s. Sequencing
revealed that these enzymes were variants of the TEM-1 or TEM-2 β-lactamases.
Therefore, initially these enzyme variants were named as IRT (inhibitor-resistant
TEM β-lactamase); however, these have later been assigned with numerical TEM
designations. These IRT-β-lactamases were found mainly in clinical E. coli isolates,
but also in some strains of Klebsiella oxytoca, K. pneumonia, Citrobacter freundii,
and P. mirabilis (Lemozy et al. 1995; Bret et al. 1996). Inhibitor-resistant TEM
variants were found resistant to inhibitors clavulanic acid and sulbactam, thus
showing clinical resistance to the β-lactam–β-lactamase inhibitor combinations of
ticarcillin–clavulanate, amoxicillin–clavulanate, and ampicillin–sulbactam; how-
ever, they still remain susceptible to inhibition by tazobactam and thus also to the
piperacillin/tazobactam combination (Bonomo et al. 1997; Chaibi et al. 1999).
Complex mutant of TEM enzymes (CMT) is the assigned name to a group that
comprises of the combination of substitutions associated with ESBL phenotypes and
substitutions related with IRT phenotypes. The first appearance of CMT-1, also
known as TEM-50 was described in France, in 1997, and represented the ESBL
substitutions of TEM-15 and the IRT-substitutions of IRT-4, respectively (Sirot et al.
1997). Other enzymes presenting amino acid substitutions of ESBL and IRT
enzymes have also been described in Poland and regions of France (Fiett et al.
2000; Poirel et al. 2004; Robin et al. 2007).

4.5 SHV b-Lactamases

As on April 11, 2020, 199 different enzymes of SHV family have been identified—
KEGG database (https://www.genome.jp/kegg/annotation/br01553.html). Table 4.5
shows different variants of SHV searched from the GenBank with details of their
GenBank accession number, source organism, and country. Figure 4.2 demonstrates
the dendrogram prepared from the available sequences in the GenBank showing
genetic relatedness of these SHV enzymes (CLUSTALW was used for the phyloge-
netic analysis and constructing the dendrogram).

Under Bush-Jacoby-Medeiros classification scheme, SHV enzymes are classified
in groups 2b and 2be, and under Ambler classification, these are classified as Class-
A ESBLs. These enzymes are found in majority of K. pneumoniae strains which
possess chromosomal-mediated β-lactamases (Babini and Livermore 2000). SHV-1
(sulfhydryl variable)-type β-lactamase was showing activity against penicillins and
against narrow-spectrum cephalosporins, for example, cephalothin and cephalori-
dine (Livermore 1995). This enzyme was first designated as PIT-2 (from the author’s
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Table 4.5 Different variants of SHV searched from the data available in GenBank with details of
their accession number, source organism, and country

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-1 NG_049989 Escherichia coli HB101 2016

SHV-
1b-b

NG_050059 Klebsiella
pneumoniae

Plasmid 2016

SHV-2 NG_050060 Escherichia coli 2016

SHV-
2a

NG_050067 Klebsiella
pneumoniae

Plasmid Switzerland 2016

SHV-3 NG_050068 Klebsiella pneumoniae 2016

SHV-5 NG_050087 Klebsiella
pneumoniae

Plasmid 2016

SHV-7 NG_050104 Escherichia coli 2016

SHV-8 NG_050115 Escherichia coli 2016

SHV-9 NG_050122 Klebsiella
pneumoniae

Plasmid 2016

SHV-
11

NG_050000 Klebsiella
pneumoniae

Plasmid Switzerland 2016

SHV-
12

NG_050590 Enterobacter
cloacae

Plasmid China 2016

SHV-
13

NG_050008 Klebsiella
pneumoniae

Plasmid Netherlands 2016

SHV-
14

NG_050014 Klebsiella pneumoniae Netherlands 2016

SHV-
15

NG_050024 Escherichia coli India 2016

SHV-
16

NG_050035 Klebsiella pneumoniae 2016

SHV-
18

NG_050047 Klebsiella
pneumoniae

Plasmid 2016

SHV-
24

NG_050061 Escherichia coli 2016

SHV-
25

NG_050062 Klebsiella pneumoniae Taiwan 2016

SHV-
26

NG_050063 Klebsiella pneumoniae Taiwan 2016

SHV-
27

NG_050064 Klebsiella pneumoniae Brazil 2016

SHV-
28

NG_051877 Klebsiella pneumoniae India 2016

SHV-
29

NG_050066 Klebsiella pneumoniae 2016

SHV-
30

NG_050069 Enterobacter
cloacae

Plasmid USA 2016

SHV-
31

NG_050070 Klebsiella pneumoniae Netherlands 2016

(continued)
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Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
32

NG_050071 Klebsiella pneumoniae Spain 2016

SHV-
33

NG_050072 Klebsiella pneumoniae Spain 2016

SHV-
34

NG_050073 Escherichia
coli

Plasmid USA 2016

SHV-
35

NG_050074 Klebsiella
pneumoniae

Plasmid 2016

SHV-
36

NG_050075 Klebsiella
pneumoniae

Plasmid United Kingdom 2016

SHV-
37

NG_050076 Klebsiella pneumoniae United Kingdom 2016

SHV-
38

NG_050077 Klebsiella pneumoniae 2016

SHV-
40

NG_050078 Klebsiella pneumoniae Canada 2016

SHV-
41

NG_050079 Klebsiella pneumoniae Canada 2016

SHV-
42

NG_050080 Klebsiella pneumoniae Canada 2016

SHV-
43

NG_050081 Klebsiella
pneumoniae

Plasmid China 2016

SHV-
44

NG_050082 Klebsiella pneumoniae 2016

SHV-
45

NG_050083 Klebsiella pneumoniae Brazil 2016

SHV-
46

NG_050084 Klebsiella
oxytoca

Plasmid-
encoded

SHV-
48

NG_050085 Klebsiella
pneumoniae

Plasmid 2016

SHV-
49

NG_050086 Klebsiella pneumoniae 2016

SHV-
50

NG_050088 Klebsiella pneumoniae Canada 2016

SHV-
51

NG_050089 Klebsiella pneumoniae Canada 2016

SHV-
52

NG_050090 Klebsiella pneumoniae Spain 2016

SHV-
55

NG_050091 Klebsiella pneumoniae 2016

SHV-
56

NG_050092 Klebsiella pneumoniae 2016

SHV-
57

NG_050093 Escherichia
coli

Plasmid 2016

(continued)
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Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
59

NG_050094 Klebsiella
pneumoniae

Plasmid China 2016

SHV-
60

NG_050095 Klebsiella pneumoniae Portugal 2016

SHV-
61

NG_050096 Klebsiella pneumoniae Portugal 2016

SHV-
62

NG_050097 Klebsiella pneumoniae Portugal 2016

SHV-
63

NG_050098 Klebsiella pneumoniae Russia 2016

SHV-
64

NG_050099 Klebsiella pneumoniae China 2016

SHV-
65

NG_050100 Klebsiella pneumoniae China 2016

SHV-
66

NG_050101 Klebsiella pneumoniae China 2016

SHV-
67

NG_050102 Klebsiella pneumoniae China 2016

SHV-
69

NG_050103 Klebsiella pneumoniae China 2016

SHV-
70

NG_050105 Enterobacter
cloacae

Plasmid China 2016

SHV-
71

NG_050106 Klebsiella pneumoniae Portugal 2016

SHV-
72

NG_050107 Klebsiella pneumoniae Portugal 2016

SHV-
73

NG_050108 Klebsiella pneumoniae Portugal 2016

SHV-
74

NG_050109 Klebsiella pneumoniae Portugal 2016

SHV-
75

NG_050110 Klebsiella pneumoniae Portugal 2016

SHV-
76

NG_050111 Klebsiella pneumoniae Portugal 2016

SHV-
77

NG_050112 Klebsiella pneumoniae Portugal 2016

SHV-
78

NG_050113 Klebsiella pneumoniae Portugal 2016

SHV-
79

NG_050114 Klebsiella pneumoniae Portugal 2016

SHV-
80

NG_050116 Klebsiella pneumoniae Portugal 2016

SHV-
81

NG_050117 Klebsiella pneumoniae Portugal 2016
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Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
82

NG_050118 Klebsiella pneumoniae Portugal 2016

SHV-
85

NG_050119 Klebsiella pneumoniae Brazil 2016

SHV-
86

NG_050120 Klebsiella pneumoniae Colombia 2016

SHV-
89

NG_050121 Klebsiella
pneumoniae

Plasmid China 2016

SHV-
92

NG_050123 Klebsiella
pneumoniae

Plasmid Spain 2016

SHV-
93

NG_050124 Klebsiella pneumoniae China 2016

SHV-
94

NG_050125 Klebsiella pneumoniae China 2016

SHV-
95

NG_050126 Citrobacter freundii Shanghai 2016

SHV-
96

NG_050127 Acinetobacter baumannii Shanghai 2016

SHV-
97

NG_050128 Enterococcus faecalis China 2016

SHV-
98

NG_050129 Klebsiella pneumoniae Algeria 2016

SHV-
99

NG_050130 Klebsiella pneumoniae Algeria 2016

SHV-
100

NG_049990 Klebsiella pneumoniae Algeria 2016

SHV-
101

NG_049991 Klebsiella pneumoniae France 2016

SHV-
102

NG_049992 Escherichia coli Spain 2016

SHV-
103

NG_049993 Klebsiella pneumoniae Tunisia 2016

SHV-
104

NG_049994 Klebsiella
pneumoniae

Plasmid 2016

SHV-
105

NG_049995 Klebsiella pneumoniae 2016

SHV-
106

NG_049996 Klebsiella pneumoniae Portugal 2016

SHV-
107

NG_049997 Klebsiella pneumoniae Portugal 2016

SHV-
108

NG_049998 Klebsiella pneumoniae Portugal 2016

SHV-
109

NG_049999 Klebsiella pneumoniae Australia 2016

(continued)
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Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
110

NG_050001 Klebsiella pneumoniae Brazil 2016

SHV-
111

NG_050002 Klebsiella pneumoniae Egypt 2016

SHV-
119

NG_050003 Klebsiella pneumoniae China 2016

SHV-
120

NG_050004 Escherichia
coli

Plasmid 2016

SHV-
121

NG_050005 Klebsiella pneumoniae Germany 2016

SHV-
128

NG_050006 Enterobacter
cloacae

Plasmid 2016

SHV-
129

NG_050007 Escherichia
coli

Plasmid 2016

SHV-
132

NG_050009 Klebsiella pneumoniae 2016

SHV-
133

NG_050010 Klebsiella pneumoniae 2016

SHV-
134

NG_050011 Klebsiella pneumoniae 2016

SHV-
135

NG_050012 Escherichia coli China 2016

SHV-
137

NG_050013 Klebsiella pneumoniae China 2016

SHV-
141

NG_050015 Klebsiella pneumoniae India 2016

SHV-
142

NG_050016 Klebsiella pneumoniae China 2016

SHV-
143

NG_050017 Klebsiella pneumoniae Taiwan 2016

SHV-
144

NG_050018 Klebsiella pneumoniae Malaysia 2016

SHV-
145

NG_050019 Klebsiella pneumoniae Portugal 2016

SHV-
146

NG_050020 Klebsiella pneumoniae China 2016

SHV-
147

NG_050021 Klebsiella pneumoniae USA 2016

SHV-
148

NG_050022 Klebsiella pneumoniae USA 2016

SHV-
149

NG_050023 Klebsiella pneumoniae USA 2016

SHV-
150

NG_050025 Klebsiella pneumoniae USA 2016
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Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
151

NG_050026 Klebsiella pneumoniae USA 2016

SHV-
152

NG_050027 Klebsiella pneumoniae USA 2016

SHV-
153

NG_050028 Klebsiella pneumoniae USA 2016

SHV-
154

NG_050029 Klebsiella pneumoniae USA 2016

SHV-
155

NG_050030 Klebsiella pneumoniae USA 2016

SHV-
156

NG_050031 Klebsiella pneumoniae USA 2016

SHV-
157

NG_050032 Klebsiella pneumoniae USA 2016

SHV-
158

NG_050033 Klebsiella pneumoniae USA 2016

SHV-
159

NG_050034 Klebsiella pneumoniae USA 2016

SHV-
160

NG_050036 Klebsiella pneumoniae USA 2016

SHV-
161

NG_050037 Klebsiella pneumoniae USA 2016

SHV-
162

NG_050038 Klebsiella pneumoniae USA 2016

SHV-
163

NG_050039 Klebsiella pneumoniae USA 2016

SHV-
164

NG_050040 Klebsiella pneumoniae 2016

SHV-
165

NG_050041 Klebsiella pneumoniae USA 2016

SHV-
168

NG_050042 Klebsiella pneumoniae Canada 2016

SHV-
172

NG_050043 Klebsiella pneumoniae 2016

SHV-
173

NG_050044 Klebsiella pneumoniae 2016

SHV-
178

NG_050045 Klebsiella pneumoniae 2016

SHV-
179

NG_050046 Klebsiella pneumoniae 2016

SHV-
180

NG_050048 Klebsiella pneumoniae 2016

SHV-
182

NG_050049 Klebsiella pneumoniae 2016

(continued)

4 Class A Type Β-Lactamases 63



Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
183

NG_050050 Enterobacter cloacae Slovenia 2016

SHV-
185

NG_050051 Klebsiella pneumoniae India 2016

SHV-
186

NG_050052 Klebsiella pneumoniae 2016

SHV-
187

NG_050053 Klebsiella pneumoniae 2016

SHV-
188

NG_050054 Klebsiella pneumoniae 2016

SHV-
189

NG_050055 Klebsiella pneumoniae 2016

SHV-
190

NG_050056 Klebsiella pneumoniae China 2016

SHV-
191

NG_050057 Klebsiella pneumoniae China 2016

SHV-
193

NG_050058 Klebsiella pneumoniae China 2016

SHV-
194

NG_051169 Klebsiella pneumoniae Portugal 2016

SHV-
195

NG_051484 Klebsiella pneumoniae 2016

SHV-
196

NG_051521 Klebsiella pneumoniae 2016

SHV-
197

NG_052582 Escherichia coli China 2017

SHV-
198

NG_055284 Klebsiella pneumoniae Turkey 2017

SHV-
199

NG_055503 Escherichia coli DR of Congo 2017

SHV-
200

NG_055588 Klebsiella
pneumoniae

Plasmid 2017

SHV-
201

NG_062244 Klebsiella pneumoniae Bangladesh 2018

SHV-
202

NG_062245 Klebsiella pneumoniae Bangladesh 2018

SHV-
203

NG_055668 Klebsiella pneumoniae Canada 2017

SHV-
204

NG_057611 Klebsiella pneumoniae Canada 2018

SHV-
205

NG_062276 Klebsiella pneumoniae Mexico 2018

SHV-
206

NG_062278 Klebsiella
pneumoniae

Plasmid Indonesia 2018
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Table 4.5 (continued)

SHV
variants

Accession
number Organisms

Plasmid
origin

Country of origin
(based on GenBank
data)

Year of
submission in
GenBank

SHV-
207

NG_062279 Klebsiella
pneumoniae

Plasmid France 2018

SHV-
208

NG_062280 Klebsiella
pneumoniae

Plasmid Taiwan 2018

SHV-
209

NG_062281 Klebsiella
pneumoniae

Plasmid France 2018

SHV-
210

NG_062282 Klebsiella
pneumoniae

Plasmid 2018

SHV-
211

NG_062283 Klebsiella
pneumoniae

Plasmid France 2018

SHV-
212

NG_062284 Klebsiella
pneumoniae

Plasmid Madagascar 2018

SHV-
213

NG_062285 Klebsiella
pneumoniae

Plasmid Madagascar 2018

SHV-
214

NG_062286 Klebsiella
pneumoniae

Plasmid Madagascar 2018

SHV-
215

NG_062287 Klebsiella
pneumoniae

Plasmid Madagascar 2018

SHV-
216

NG_062288 Klebsiella
pneumoniae

Plasmid Cambodia 2018

SHV-
217

NG_062289 Klebsiella
pneumoniae

Plasmid Cambodia 2018

SHV-
218

NG_062290 Klebsiella
pneumoniae

Plasmid Cambodia 2018

SHV-
219

NG_062291 Klebsiella
pneumoniae

Plasmid Cambodia 2018

SHV-
220

NG_062292 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
221

NG_062293 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
222

NG_062294 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
223

NG_062295 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
224

NG_062296 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
225

NG_062297 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
226

NG_062298 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
227

NG_062299 Klebsiella
pneumoniae

Plasmid Senegal 2018

SHV-
228

NG_062300 Klebsiella
pneumoniae

Plasmid Senegal 2018
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Fig. 4.2 Phylogenetic
relation of SHV beta-
lactamases
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name Pitton) and was also detected in other Enterobacteriaceae as a
plasmid-mediated β-lactamases (Matthew 1979; Pitton 1972). In 1983, the first
plasmid-mediated resistance mechanism against oxyimino-cephalosporins appeared
in clinical isolates of S. marcescens, Klebsiella ozaenae, and K. pneumoniae
(Knothe et al. 1983). Many of K. pneumoniae strains are equipped with a chromo-
somal copy of either blaSHV-1 or blaSHV-11 or close relatives, which encode for non-
extended-spectrum enzymes (Chaves et al. 2001; Lee et al. 2006). It has been
suggested that blaSHV genes originated from the chromosome of K. pneumoniae
and descended to plasmid by IS26-mediated mobilization events (Ford and Avison
2004). Some studies have reported the presence of blaSHV-5 between two IS26
elements together with the sequences identical to part of the K. pneumoniae chro-
mosome (Preston et al. 2004; Miriagou et al. 2005). Plasmid-mediated SHV-2a,
SHV-11, and SHV-12 bear evidence to IS26 insertion into the blaSHV promoter in
the plasmid (Podbielski et al. 1991; Nuesch-Inderbinen et al. 1997). Some studies
have shown that promoter strength is increased by this IS26 insertion through the
introduction of a different 35 regions (Podbielski et al. 1991). SHV type enzymes
probably owe its origin to the antibiotic era from a common ancestor, and these
descendants include both penicillinases and extended-spectrum β-lactamases (Hall
and Barlow 2004). Sequence identity of SHV shared with TEM enzymes is about
67%. In fact, substrate binding cavity of SHV-1 is just 0.7–1.2 Å larger than in
TEM-1 (Kuzin et al. 1999; Reynolds et al. 2006). SHV-type β-lactamases can have
amino acid substitutions which can render an increased resistance level to both
narrow and extended-spectrum cephalosporins and to monobactams and
β-lactamase inhibitors too. Amino acid substitutions in residues Asp179, Gly238,
and Glu240 have been identified as responsible for third generation cephalosporins
resistance in clinical strains. Residue Asp179, associated to the ESBL phenotype, is
found to be located in the Ω loop of the SHV active site. Probably, the movement of
the Ω loop is increased by amino acid substitution of Asp179 by Ala (SHV-6), Asn
(SHV-8), and Gly (SHV-24) (Knothe et al. 1983), which confer high resistance to
ceftazidime but not to cefotaxime in the enzymes isolated in Japan (SHV-24), France
(SHV-6), and the United States (SHV-8) (Arlet et al. 1997; Rasheed et al. 1997;
Kurowaka et al. 2000). SHV β-lactamase substitutions in the residue Gly238 play a
significant part in conferring high-level resistance against extended-spectrum
cephalosporins. It is by the substitution Gly238Ser that pushes the β-strand out
and away from the reactive Ser70, which thus expands the active site to permit
greater substrate versatility against penicillins and cephalosporins (Hujer et al.
2001). Higher resistance to cefotaxime than to ceftazidime is conferred by enzymes
like SHV-2, SHV-2A, and SHV-3 (Barthelemy et al. 1988; Podbielski et al. 1991). It
is by the substitution of residue Glu240 that increases the hydrolyzing activity
against ceftazidime. In fact, enzymes such as SHV-5 and SHV-12 show increased
resistance to ceftazidime by holding at least both Gly238Ser and Glu240Lys
substitutions (Gutmann et al. 1995; Nuesch-Inderbinen et al. 1997). In SHV-26, an
amino acid substitution, Ala187Thr, has also been shown to have low level resis-
tance to β-lactamase inhibitors (Chang et al. 2001). Enzymes like SHV-2, SHV-2A,
SHV-5, and SHV-12 were detected in strains of Pseudomonadaceae,
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Moraxelleceae, and Enterobacteriaceae isolated in hospitals, in the community
settings, animals, and food samples from Africa, Asia, Europe, and Oceania
(Paterson and Bonomo 2005; Damjanoba et al. 2007; Jouini et al. 2007; Chiaretto
et al. 2008).

4.6 CTX-M-Type b-Lactamases: Brief Description

Recent years have seen the emergence of a novel family of plasmid-mediated
ESBLs, CTX-M-type ESBLs. CTX-M-type ESBLs form a distinct lineage of
molecular class A β-lactamases and are a quickly expanding group. A clinical
isolate of E. coli was found in 1989, to produce a non-TEM, non-SHV ESBL and
was designated as CTX-M-1 due to its hydrolytic activity against cefotaxime
(Bauernfeind et al. 1990). Quintessential characteristic of all CTX-M producing
isolates is the higher resistance to cefotaxime in comparison to ceftazidime
(Bonnet 2004; Chen et al. 2005). Chromosomal genes present in the members of
the genus Kluyvera is the source of CTX-M determinants. The genus Kluyvera
includes several environmental species with few to non-pathogenic activity
against humans. CTX-M-type enzymes were found in Salmonella enterica
serovar, S. typhimurium, and E. coli strains mainly although this group was also
found even in other Enterobacteriaceae species (Bradford 2001). Recently, this
group of ESBLs has emerged as the predominant type in many parts of the world,
including Canada, Europe, South America, India, and parts of the United States
(Lewis et al. 2007; Livermore et al. 2007; Pitout et al. 2007; Rossolini et al. 2008;
Shahid et al. 2011).

4.7 Classification and Origins of CTX-M ß-Lactamases

The CTX-M ß-lactamases are now exceedingly over 245 different variants (https://
www.genome.jp/kegg/annotation/br01553.html). Table 4.6 shows the variants of
CTX-M which were updated from the NCBI based on the data available till March
2021. On the basis of their amino acid identities, they can be classified into five
genogroups (Bonnet 2004): the CTX-M-genogroup-1 includes CTX-M-1, -3, -10,
-11, -12, -15 (UOE-1), -22, -23, -28, -30, -28, -29, -30, -32, -33, -36, -54; the
CTX-M-genogroup-2 includes CTX-M-2, -4, -5, -6, -7, -20, -31, -44 (previously
Toho-1), and FEC-1; the CTX-M-genogroup-8 includes CTX-M-8, -40; the
CTX-M-genogroup-9 includes CTX-M-9, -13, -14 (UOE-2 and Toho-3), -16,
-17,-18, -19, -21, -24, -27, -45 (formerly Toho-2), -46, -47, -48, -49, -50; and the
CTX-M-genogroup-25 with CTX-M-25, -26, -25, -39, -41. CTX-M-14 was later
found identical to CTX-M-18 (Shahid et al. 2011). But lately CTX-M-45 is being
considered as a distinct group of CTX-M type β-lactamases (Rossolini et al. 2008).
Studies suggest that β-lactamases of CTX-M genogroups are in fact structurally
related to the naturally produced β-lactamases present in various Kluyvera species
(Decousser et al. 2001; Humeniuk et al. 2002; Poirel et al. 2002; Olson et al. 2005;
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Table 4.6 Different variants of CTX searched from the data available in GenBank with details of
their accession number, source organism, and country

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-1 X92506 Escherichia coli Muenchen FRG 18-Apr-2005

CTX-M-2 X92507 Salmonella
typhimurium

Muenchen FRG 18-Apr-2005

CTX-M-3 Y10278 Citrobacter freundii Poland 18-Apr-2005

CTX-M-4 Y14156 Salmonella
typhimurium

Greece 18-Apr-2005

CTX-M-5 U95364 Salmonella
typhimurium

Latvia, USA 26-Aug-1998

CTX-M-6 AJ005044 Salmonella
typhimurium

Greece 15-Apr-2005

CTX-M-7 AJ005045 Salmonella
typhimurium

Greece 15-Apr-2005

CTX-M-8 AF189721 Citrobacter
amalonaticus

Brazil 7-Jul-2000

CTX-M-9 AF174129 Escherichia coli Spain 1-Aug-2002

CTX-M-10 AF255298 Escherichia coli Spain 1-Mar-2001

CTX-M-11 AY005110 Klebsiella pneumoniae China 1-Aug-2000

CTX-M-12 AF305837 Klebsiella pneumoniae Kenya 19-June-2001

CTX-M-13 AF252623 Klebsiella pneumoniae China 2-May-2003

CTX-M-14 AF252622 Escherichia coli China 22-Dec-2006

CTX-M-15 AY044436 Escherichia coli India 11-Jan-2007

CTX-M-16 AY029068 Escherichia coli France 3-Oct-2001

CTX-M-17 AY033516 Klebsiella pneumoniae France 30-Sep-2003

CTX-M-18 AF325133 Klebsiella pneumoniae France 21-Nov-2001

CTX-M-19 AF325134 Klebsiella pneumoniae France 21-Nov-2001

CTX-M-20 AJ416344 Proteus mirabilis France 15-Apr-2005

CTX-M-21 AJ416346 Escherichia coli France 15-Apr-2005

CTX-M-22 AY080894 Klebsiella pneumoniae China 4-Jan-2007

CTX-M-23 AF488377 Escherichia coli Germany 9-Aug-2004

CTX-M-24 AY143430 Klebsiella pneumoniae China 4-Jan-2007

CTX-M-25 AF518567 Escherichia coli Canada 29-Nov-2004

CTX-M-26 AY157676 Klebsiella pneumoniae UK 7-Mar-2003

CTX-M-27 AY156923 Escherichia coli France 1-Jul-2003

CTX-M-28 AJ549244 Escherichia coli France 15-Apr-2005

CTX-M-29 AY267213 Escherichia coli China 4-Jan-2007

CTX-M-30 AY292654 Citrobacter freundii Canada 27-Oct-2004

CTX-M-31 AJ567481 Providencia sp. Argentina 15-Apr-2005

CTX-M-32 AJ557142 Escherichia coli Spain 15-Apr-2005

CTX-M-33 AY238472 Escherichia coli Greece 14-May-2007

CTX-M-34 AY515297 Escherichia coli China 12-Dec-2005

CTX-M-35 AB176534 Klebsiella oxytoca Canada 6-Jan-2005
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Table 4.6 (continued)

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-36 AB177384 Escherichia coli Argentina 17-Apr-2004

CTX-M-37 AY649755 Enterobacter cloacae Mongolia 26-Jul-2004

CTX-M-38 AY822595 Klebsiella pneumoniae China 29-Nov-2004

CTX-M-39 AY954516 Escherichia coli Israel 27-Oct-2005

CTX-M-40 AY750914 Escherichia coli UK 13-Jun-2006

CTX-M-41 DQ023162 Proteus mirabilis Israel 22-May-2005

CTX-M-42 DQ061159 Escherichia coli Russia 25-Jun-2005

CTX-M-43 DQ102702 Acinetobacter
baumannii

Bolivia 16-May-2006

CTX-M-44 D37830 Escherichia coli Japan 18-Jun-1999

CTX-M-45 D89862 Escherichia coli Japan 20-May-1998

CTX-M-46 AY847147 Klebsiella pneumoniae China 18-Dec-2004

CTX-M-47 AY847143 Escherichia coli China 18-Dec-2004

CTX-M-48 AY847144 Klebsiella pneumoniae China 18-Dec-2004

CTX-M-49 AY847145 Klebsiella pneumoniae China 18-Dec-2004

CTX-M-50 AY847146 Klebsiella pneumoniae China 18-Dec-2004

CTX-M-51 DQ211987 Escherichia coli Spain 11-Oct-2005

CTX-M-52 DQ223685 Klebsiella pneumoniae Beijing PRC 29-Oct-2005

CTX-M-53 DQ268764 Salmonella enterica France 19-Nov-2005

CTX-M-54 DQ303459 Klebsiella pneumoniae Korea 26-July-2006

CTX-M-55 DQ885477 Escherichia coli Thailand 30-Oct-2007

CTX-M-56 EF374097 Escherichia coli Latin America 7-Aug-2007

CTX-M-57 DQ810789 Salmonella enterica UK 4-Jan-2008

CTX-M-58 EF210159 Escherichia coli Germany 3-Feb-2007

CTX-M-59 DQ408762 Klebsiella pneumoniae Brazil 30-Apr-2008

CTX-M-60 AM411407 Klebsiella pneumoniae Colombia 8-Jan-2007

CTX-M-61 EF219142 Salmonella
typhimurium

France 6-Feb-2007

CTX-M-62 EF219134 Klebsiella pneumoniae Australia 24-Jan-2008

CTX-M-63 AB205197 Klebsiella pneumoniae Japan 2-Nov-2006

CTX-M-64 AB284167 Shigella sonnei Japan 20-Jan-2009

CTX-M-65 EU213262 Escherichia coli USA 3-Mar-2008

CTX-M-66 EF576988 Proteus mirabilis Taiwan 10-Apr-2008

CTX-M-67 EF581888 Escherichia coli Spain 2-Dec-2008

CTX-M-68 EU177100 Klebsiella sp. ARS06-
441

New Zealand 7-Oct-2007

CTX-M-69 EU402393 Escherichia coli China 9-Feb-2008

CTX-M-70 Not
assigned

CTX-M-71 FJ815436 Klebsiella pneumoniae Bulgaria 24-Sep-2009

CTX-M-72 AY847148 Klebsiella pneumoniae China 10-Jul-2009
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Table 4.6 (continued)

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-73 Not
assigned

CTX-M-74 GQ149243 Enterobacter cloacae Brazil 29-Oct-2009

CTX-M-75 GQ149244 Providencia stuartii Brazil 29-Oct-2009

CTX-M-76 AM982520 Kluyvera ascorbata Argentina 29-Jun-2008

CTX-M-77 AM982521 Kluyvera ascorbata Argentina 29-Jun-2008

CTX-M-78 AM982522 Kluyvera ascorbata Argentina 7-Oct-2008

CTX-M-79 EF426798 Escherichia coli China 7-Oct-2008

CTX-M-80 EU202673 Klebsiella pneumoniae China 11-Aug-2008

CTX-M-81 EU136061 Klebsiella pneumoniae Southern China 3-Nov-2008

CTX-M-82 DQ256091 Escherichia coli China 17-Apr-2009

CTX-M-83 FJ214366 Salmonella enterica China 15-Dec-2008

CTX-M-84 FJ214367 Salmonella enterica China 15-Dec-2008

CTX-M-85 FJ214368 Salmonella enterica China 15-Dec-2008

CTX-M-86 FJ214369 Salmonella enterica China 15-Dec-2008

CTX-M-87 EU545409 Escherichia coli China 11-May-2009

CTX-M-88 FJ873739 Salmonella enteric Iran 25-Apr-2009

CTX-M-89 FJ971899 Proteus mirabilis Pennsylvania,
USA

1-Sep-2009

CTX-M-90 FJ907381 Salmonella sp. China 22-Jul-2009

CTX-M-91 GQ870432 Proteus mirabilis (NCBI) USAa 6-Oct-2009

CTX-M-92 GU127598 Escherichia coli Lithuania 15-Nov-2009

CTX-M-93 Not
assigned

CTX-M-94 HM167760 Escherichia coli Belgium 14-Jul-2010

CTX-M-95 FN813245 Kluyvera ascorbata Argentina 23-Oct-2010

CTX-M-96 AJ704396 Klebsiella pneumoniae Argentina 15-Apr-2005

CTX-M-97 HM776707 Escherichia coli Israel 21-Aug-2010

CTX-M-98 HM755448 Escherichia coli China 11-Oct-2010

CTX-M-99 HM803271 Klebsiella pneumoniae France 11-Aug-2010

CTX-M-100 Not
assigned

CTX-M-101 HQ398214 Escherichia coli China 27-Feb-2011

CTX-M-102 HQ398215 Escherichia coli China 27-Feb-2011

CTX-M-103 Not
assigned

CTX-M-104 HQ833652 Escherichia coli South China 27-Feb-2011

CTX-M-105 HQ833651 Escherichia coli South China 27-Feb-2011

CTX-M-106 HQ\\913565 Escherichia coli China 14-Mar-2011

CTX-M-107 JF274244 Shigella sp. China 27-Oct-2011

CTX-M-108 JF274245 Shigella sp. China 27-Oct-2011

CTX-M-109 JF274248 Shigella sp. China 27-Oct-2011
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Table 4.6 (continued)

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-110 JF274242 Shigella sp. China 27-Oct-2011

CTX-M-111 JF274243 Shigella sp. China 27-Oct-2011

CTX-M-112 JF274246 Shigella sp. China 27-Oct-2011

CTX-M-113 JF274247 Shigella sp. China 27-Oct-2011

CTX-M-114 GQ351346 Providencia rettgeri Korea 6-May-2011

CTX-M-115 KJ911020 Acinetobacter
baumannii

Russia 26-Jul-2016

CTX-M-116 JF966749 Proteus mirabilis Russia 25-Jul-2016

CTX-M-117 JN227085 Escherichia coli Switzerland 25-Jul-2016

CTX-M-118 Not
assigned

CTX-M-119 Not
assigned

CTX-M-120 Not
assigned

CTX-M-121 JN790862 Escherichia coli China 26-Jul-2016

CTX-M-122 JN790863 Escherichia coli China 26-Jul-2016

CTX-M-123 JN790864 Escherichia coli China 26-Jul-2016

CTX-M-124 JQ429324 Escherichia coli France 22-Apr-2012

CTX-M-125 JQ724542 Enterobacter cloacae China 26-Jul-2016

CTX-M-126 AB703103 Escherichia coli Japan 25-Apr-2014

CTX-M-127 MF196229 Escherichia coli Denmark 22-Jun-2017

CTX-M-128 Not
assigned

CTX-M-129 JX017364 Escherichia coli China 26-Jul-2016

CTX-M-130 JX017365 Escherichia coli China 26-Jul-2016

CTX-M-131 JN969893 Providencia rettgeri Brazil 22-May-2015

CTX-M-132 JX313020 Escherichia coli China 16-Jul-2014

CTX-M-133 Not
assigned

CTX-M-134 JX896165 Escherichia coli IHMA, USAa 20-Nov-2012

CTX-M-135 Not
assigned

CTX-M-136 KC351754 Proteus mirabilis Russia 26-Jul-2016

CTX-M-137 KF790923 Escherichia coli China 12-Aug-2014

CTX-M-138 KF526119 Escherichia coli China 16-Jul-2014

CTX-M-139 NG_048928 Escherichia coli France 8-Jun-2016

CTX-M-140 NG_068166 Proteus mirabilis China 21-Apr-2020

CTX-M-141 KC964871 Klebsiella pneumonia Brazil 5-Jun-2013

CTX-M-142 KF240809 Escherichia coli India 25-Sep-2013

CTX-M-143 MN715319 Escherichia coli Jordan 27-Nov-2019

CTX-M-144 KJ020573 Escherichia coli China 26-Jul-2016
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Table 4.6 (continued)

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-145 Not
assigned

CTX-M-146 KY938173 Escherichia coli Germany 30-Dec-2017

CTX-M-147 KF513180 Klebsiella pneumonia IHMA, USAa 24-Nov-2013

CTX-M-148 KJ020574 Escherichia coli South China 26-Jul-2016

CTX-M-149 Not
assigned

CTX-M-150 NG_048936 Escherichia coli France 8-Jun-2016

CTX-M-151 AB916359 Salmonella enterica Japan 23-Aug-2014

CTX-M-152 KJ461948 Kluyvera sp. India 4-May-2014

CTX-M-153 MT156338 Escherichia coli China 21-Mar-2020

CTX-M-154 MN752689 Klebsiella pneumoniae Denmark 10-Dec-2019

CTX-M-155 KM211508 Klebsiella pneumoniae India 12-Nov-2014

CTX-M-156 KM211509 Klebsiella pneumoniae India 12-Nov-2014

CTX-M-157 KM211510 Klebsiella pneumonia India 12-Nov-2014

CTX-M-158 KM211691 Escherichia coli Germany 10-Feb-2015

CTX-M-159 NG_048943 Klebsiella pneumonia Japan 8-Jun-2016

CTX-M-160 KP050493 Proteus mirabilis IHMA, USAa 14-Dec-2015

CTX-M-161 NG_048946 Escherichia coli NCBI, USAa 8-Jun-2016

CTX-M-162 NG_048947 Klebsiella oxytoca Russia 8-Jun-2016

CTX-M-163 KP681698 Escherichia coli Russia 23-Nov-2016

CTX-M-164 KP727571 Proteus mirabilis Russia 23-Nov-2016

CTX-M-165 KP727572 Klebsiella pneumonia Chile 23-Nov-2016

CTX-M-166 LN830266 Escherichia coli Portugal 12-May-2015

CTX-M-167 KR537428 Proteus mirabilis Lithuania 23-Nov-2016

CTX-M-168 KR537429 Escherichia coli Viet Nam 23-Nov-2016

CTX-M-170 NG_048956 Escherichia coli Russia 8-Jun-2016

CTX-M-171 NG_051164 Proteus mirabilis Chile 4-Aug-2016

CTX-M-172 NG_048957 Escherichia coli NCBI, USAa 8-Jun-2016

CTX-M-173 NG_048958 Klebsiella pneumoniae Kuwait 8-Jun-2016

CTX-M-174 NG_048959 Escherichia coli Viet Nam 8-Jun-2016

CTX-M-175 NG_048960 Escherichia coli Poland 8-Jun-2016

CTX-M-176 NG_048961 Klebsiella pneumoniae Italy 8-Jun-2016

CTX-M-177 NG_048962 Enterobacter cloacae Chile 8-Jun-2016

CTX-M-178 NG_056408 Escherichia coli China 26-Jun-2018

CTX-M-179 NG_048963 Escherichia coli South Korea 8-Jun-2016

CTX-M-180 NG_048964 Escherichia coli Guatemala 8-Jun-2016

CTX-M-181 KX056900 Escherichia coli USA 8-Jun-2016

CTX-M-182 NG_048966 Escherichia coli Thailand 8-Jun-2016

CTX-M-183 NG_050812 Klebsiella pneumoniae Lithuania 9-Nov-2018

CTX-M-184 NG_050813 Escherichia coli NCBI, USAa 9-Nov-2018
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Table 4.6 (continued)

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-185 NG_050944 Kluyvera ascorbata NCBI, USAa 4-Aug-2016

CTX-M-186 NG_051165 Escherichia coli Pakistan 9-Nov-2018

CTX-M-187 NG_056409 Enterobacter cloacae China 26-Jun-2018

CTX-M-188 NG_051467 Escherichia coli Canada 19-Sep-2016

CTX-M-189 NG_051468 Escherichia coli NCBI, USAa 19-Sep-2016

CTX-M-190 NG_051509 Escherichia coli China 19-Sep-2016

CTX-M-191 NG_056165 Escherichia coli NCBI, USAa 25-Jan-2018

CTX-M-192 NG_056166 Escherichia coli NCBI, USAa 25-Jan-2018

CTX-M-193 NG_052899 Escherichia coli USA 23-Feb-2017

CTX-M-194 NG_052900 Escherichia coli Thailand 23-Feb-2017

CTX-M-195 NG_052901 Escherichia coli France 23-Feb-2017

CTX-M-196 NG_052902 Escherichia coli Austria 23-Feb-2017

CTX-M-197 NG_054686 Klebsiella pneumoniae Czech Republic 13-Jun-2017

CTX-M-198 NG_054687 Escherichia coli Russia 13-Jun-2017

CTX-M-199 NG_054961 Escherichia coli China 13-Jun-2017

CTX-M-200 NG_054961 Escherichia coli Ecuador 10-Aug-2017

CTX-M-201 NG_055501 Klebsiella pneumoniae Taiwan 10-Aug-2017

CTX-M-202 NG_055502 Klebsiella pneumoniae Canada 10-Aug-2017

CTX-M-203 NG_055272 Escherichia coli Denmark 10-Aug-2017

CTX-M-204 NG_055283 Klebsiella pneumoniae Germany 10-Aug-2017

CTX-M-205 NG_055667 Kluyvera georgiana Canada 21-Aug-2017

CTX-M-206 NG_056171 Pseudomonas
aeruginosa

France 25-Jan-2018

CTX-M-207 NG_056173 Escherichia coli Japan 25-Jan-2018

CTX-M-208 NG_057474 Klebsiella pneumoniae France 26-Jun-2018

CTX-M-209 NG_057475 Klebsiella pneumoniae Kuwait 26-Jun-2018

CTX-M-210 NG_057476 Klebsiella pneumoniae Poland 26-Jun-2018

CTX-M-211 NG_057477 Escherichia coli Poland 26-Jun-2018

CTX-M-212 NG_057478 Proteus mirabilis Chile 26-Jun-2018

CTX-M-213 NG_057473 Kluyvera ascorbata Spain 26-Jun-2018

CTX-M-214 NG_057483 Escherichia coli UK 26-Jun-2018

CTX-M-215 NG_063838 Escherichia coli China 17-Jan-2019

CTX-M-216 NG_057608 Escherichia coli Thailand 26-Jun-2018

CTX-M-217 NG_057610 Providencia stuartii Brazil 26-Jun-2018

CTX-M-218 NG_057613 Escherichia coli Mexico 26-Jun-2018

CTX-M-219 NG_059336 Klebsiella pneumoniae Germany 26-Jun-2018

CTX-M-220 NG_060560 Klebsiella pneumoniae Slovenia 26-Jun-2018

CTX-M-221 NG_061413 Serratia marcescens Poland 1-Aug-2018

CTX-M-222 NG_061609 Escherichia coli Netherlands 23-Aug-2018

CTX-M-223 NG_062275 Escherichia coli Canada 7-Nov-2018
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Pitout et al. 2005). CTX-M-genogroup-1 ß-lactamases are closely related to the
ß-lactamases of Kluyvera cryocrescens (Decousser et al. 2001) while CTX-M-
genogroup-2 enzymes show structural relationship with the naturally produced
ß-lactamase of Kluyvera ascorbata (Humeniuk et al. 2002). An enzyme identical
to CTX-M-3 was also isolated from a K. ascorbata strain (Rodriguez et al. 2004).
The precursors of CTX-M-8 and CTX-M-9 genogroups are related to ß-lactamase of
Kluyvera Georgiana (Poirel et al. 2002; Olson et al. 2005). The CTX-M-genogroup-
9 is related to enzymes from Kluyvera spp. isolated in Guyana, which is identical
with CTX-M-14 (Boyd et al. 2004).

Figure 4.3 demonstrates the dendrogram prepared from the available sequences in
the GenBank showing genetic relatedness of these CTX enzymes (CLUSTALWwas
used for the phylogenetic analysis and constructing the dendrogram).

Table 4.6 (continued)

CTX-M type
Accession
no. Source organism

Country of
publication/
origin

Publication
date

CTX-M-224 NG_062241 Enterobacter kobei Brazil 7-Nov-2018

CTX-M-225 NG_064720 Escherichia coli India 1-May-2019

CTX-M-226 NG_064721 Escherichia coli China 1-May-2019

CTX-M-227 NG_065865 Escherichia coli Mexico 26-Aug-2019

CTX-M-228 NG_065866 Enterobacter cloacae NCBI, USAa 26-Aug-2019

CTX-M-229 NG_065867 Pseudomonas
aeruginosa

Brazil 26-Aug-2019

CTX-M-230 NG_067139 Escherichia coli Mexico 12-Dec-2019

CTX-M-231 NG_067140 Klebsiella pneumoniae Netherlands 12-Dec-2019

CTX-M-232 NG_067141 Escherichia coli Canada 12-Dec-2019

CTX-M-233 NG_067142 Escherichia coli South Korea 12-Dec-2019

CTX-M-234 NG_068168 Escherichia coli China 21-Apr-2020

CTX-M-235 NG_068169 Escherichia coli Netherlands 21-Apr-2020

CTX-M-236 NG_068506 Klebsiella pneumoniae Taiwan 21-Apr-2020

CTX-M-237 NG_070730 Klebsiella pneumoniae Italy 21-Sep-2020

CTX-M-238 NG_070731 Escherichia coli Japan 21-Sep-2020

CTX-M-239 NG_070732 Escherichia coli Portugal 21-Sep-2020

CTX-M-240 NG_070733 Escherichia coli Russia 21-Sep-2020

CTX-M-241 NG_070734 Escherichia coli USA 21-Sep-2020

CTX-M-242 NG_070784 Escherichia coli Denmark 9-Nov-2020

CTX-M-243 Not
assigned

CTX-M-244 NG_073460 Escherichia coli Denmark 24-Feb-2021

CTX-M-245 MN928785 Serratia marcescens Iraq 9-Mar-2021
a Submitted to: International Health Management Associates (IHMA); National Centre for Biotech-
nology Information (NCBI)
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Fig. 4.3 Phylogenetic
relation of CTX-M beta-
lactamases
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Abstract

Improper usage of antibiotics in treatment of patients as well as in farming serves
as major impetus responsible for increase in antibiotic resistance. Moreover,
programs and interventions implemented locally and internationally aiming at
improving the usage of antimicrobials are collectively termed as “antimicrobial
stewardship.”

Class A carbapenemases (KPC and GES) showed an inhibitory effect on
clavulanic acid and tazobactam. The class C cephalosporinases are encoded by
chromosomal ampC gene of Enterobacterial isolates. Furthermore, β-lactamase
class D are oxacillinases that are located both on chromosomes (carbapenem-
resistant A. baumannii) and intestinal bacterial plasmids. The class B beta-
lactamase possess a double zinc moiety as a characteristic feature, and hence,
the term metallo-beta-lactamase (MBL) was assigned. They show strong inhibi-
tory action against carbapenems and cephalosporins but are unable to hydrolyze
monobactams (e.g., Aztreonam).

MBLs are grouped in three different subclasses (namely B1–B3) according to
the sequence of their amino acids. The enzymes NDM, VIM, and IMP were
included in Subclass B1. In addition, in the active center, subclass B2 has a
zinc2+ moiety and hence demonstrates a narrow range of activities. The third
subclass, i.e., B3 displays more extensive degradation of substrates as it possess
two zinc molecules (Zn1, Zn2).
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5.1 History of Carbapenems

Carbapenems are the β-lactams which possess a β-lactam ring along with a five-
membered unsaturated ring having a carbon in place of sulfur; hence, they are
different from penicillin (Brunton et al. 2018; Walsh 2003). This unique structure
also provides them remarkable stability against ESBLs (El-Gamal et al. 2017;
Meletis 2016). The first carbapenem was Thienamycin that was discovered in
1976; this was a compound naturally derived from Streptomyces cattleya (Birnbaum
et al. 1985; Kahan et al. 1979). Thienamycin was shown to be unstable in water, and
this feature limits its clinical use (Lee and Bradley 2019). Later on, a semisynthetic
compound, N-formimidoyl derivative was produced to overcome this instability, and
this compound was named as imipenem (Foye et al. 2013; Grayson 2012). More-
over, dehydropeptidase (a renal tubular dipeptidase enzyme) degrades imipenem,
and hence, cilastatin (a competitive antagonist) is co-administered with imipenem as
it prevents the degradation of imipenem by dehydropeptidase and the patients’
kidney also get protected from toxicity due to higher doses of imipenem (Grayson
2012; Buckley et al. 1992; Fischer and Ganellin 2006). Thienamycin displayed an
unusually broad-spectrum activity ranging against majority of Gram-positive bacte-
ria (GPB) and Gram-negative bacteria (GNB), most strikingly against Pseudomonas
aeruginosa (WHO 2018), and this unique property differentiates it from another
natural antibiotic. Interestingly, beta-lactamase that is effectively inhibiting penicil-
lin and cephalosporin does not affect its activity, and thus, it began a potentially
promising era of chemotherapy by beta-lactams (Holmes et al. 2016). However,
chemical instability and restricted solubility of thienamycin prevented their medici-
nal development. On the other hand, it displays unique affinity to PBP and inhibit
beta-lactamase effectively, and these features fostered concern in the derivatives of
thienamycin (Tenover 2006).

Imipenem became the first commercially available carbapenem in 1985 (Walsh
2003), but in the same year, there was an initial emergence of beta-lactamases, SHV
and TEM families (class A ESBLs) among Enterobacterial isolates. However,
Imipenem (the first market-driven carbapenem) results in the treatment of ESBL-
producing Enterobacterales infections (El-Gamal et al. 2017). During the last three
decades, meropenem, ertapenem, and doripenem (and other carbapenems) have
played a vibrant role in tackling of serious infections in critically ill patients caused
by drug-resistant microorganisms. Unfortunately, the usefulness of carbapenems is
now severely compromised due to the emergence of carbapenem-resistant bacteria,
more specifically in Enterobacterales (CRE).

CRE infections are mostly associated with poor clinical outcome. More often,
carbapenem-resistant bacterial isolates affect chronically and critically ill patients as
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well as elderly and immunosuppressed. Most of the CRE infections are linked to
significant healthcare-related exposures (Birnbaum et al. 1985; Lee and Bradley
2019) and CRE-transmissions in the post-acute care services, which contributes
significantly to the CRE epidemiology (Foye et al. 2013).

Changes in carbapenem permeability in bacterial cell is blamed for resistance in
CREs, which is caused due to alterations in porins [outer membrane proteins
(OMPs)] such as OmpK35 and OmpK36. Furthermore, in some situations, increas-
ing control of efflux pumps (like AcrABTolC), particularly when paired with
cephalosporinases, is increasingly described as contributing factor to carbapenem
resistance (e.g., CTX-M-15, SHV-5, ACT, DHA, and CMY). However, intrinsic
carbapenemase activity has not been observed in these enzymes (Yang et al. 2009;
Tzouvelekis et al. 2012; Blair et al. 2015; Durante-Mangoni et al. 2019).

5.2 Antimicrobial Drug Resistance

Antimicrobial resistance or AMR can be defined as the potential of human patho-
genic organism to resist the effect of antibiotics and is considered as one of the
biggest crises encountered by humanity in the twenty first century. This situation
occurs due to various reasons. One aspect could be overpopulation that results in
quick spread of bacterial diseases among humans, and between animals and humans,
which could get worsened by the ease of crossing international boundaries.

The most often used antibacterial agents are β-lactam antibiotics belonging to
penicillin-, cephalosporin-, and carbapenem-groups; β-lactam and carbapenem were
developed as specific agents to treat penicillin-resistant bacteria. Pressed with
continuously increasing usage of carbapenems in healthcare settings, resistance to
carbapenems appeared too. The resistance to carbapenem consequently represents a
significant hazard to immunocompromised patients who are susceptible to multi-
drug-resistant bacteria infection worldwide.

5.3 Beta-Lactamases

Beta-lactamases are classified into four classes (Class A–D) depending on the
protein motifs in Ambler classification. The β-lactamase enzymes belonging to
classes A, C, and D utilizes “serine” as an enzyme-active center, on the other hand
those of class B utilizes “zinc ion.” The functional classification of β-lactamases was
given by Bush-Jacobi-Medeiros; the β-lactamases were categorized into groups 1–3.
Group 1 consists of cephalosporinases (grouped under class C in molecular/struc-
tural classification). Group 2 comprises non-Group 1 β-lactamases (possess serine
and included classes A and D of molecular/structural classification). Moreover,
Group 3 represents metallo-beta-lactamases (commonly called as MBLs) which
corresponds to class B of Ambler classification. This functional classification of
β-lactamases depends on β-lactam substrate degradation and effect of inhibitors.

5 Class B-Type Beta-Lactamases: Treatment Strategies 83



Class B type of β-lactamase is an MBL which possesses the Zn2+ at an active site
(Palzkill 2013). P. Aeruginosa harboring the MBL destroys all β-lactam drugs
except monobactams. The activity of class B β-lactams can be suppressed by the
chelating substance (ethylene-diamine-tetraacetic acid or EDTA) as it links with
metal ion situated at the enzyme active site. Interestingly, an MBL gene can be
located on various genetic structures like integron, transposon, plasmid or chromo-
some. In 1989, the components of an integron carrying antibiotic-resistant genes
belonging to class B MBLs and extended-spectrum beta-lactamases (ESBLs)
belonging to classes A and D were reported (Stokes and Hall 1989; Gillings 2014;
Deng et al. 2015). Gene cassettes have usually been integrated into the genome by
interacting attI with attC, and the genetic recombination has been mediated by the
integrase enzyme. Usually, the promoter is present upstream of insertion site (in the
integrase gene) and thereby controls the expression of inserted antibiotic resistance
genes embedded in the gene cassette. IMP, VIM, SPM, GIM, NDM, and FIM are the
carbapenem-resistant MBLs reported to date. The earliest MBL, found in the 1990s,
were the IMP and VIM-type, and their new variants are constantly being identified.
Variant mutations influence the spectrum of activity of carbapenem (e.g., activity
against meropenem, imipenem, and doripenem). For instance, in IMP-6, there is
only one amino acid substitution of IMP-1 (serine to glycine at 214), but it enhances
meropenem resistance. Similarly, VIM-4 only has an insertion of an amino acid
“arginine” at position 44 and a substitution of amino acid “serine” with “arginine” at
position 265, from VIM-1.

NDM-1 was isolated in E. coli and Klebsiella obtained from patient who came
back to Sweden in 2008 after vacation to India. In them, blaNDM-1 gene was found to
be located on the plasmid. Interestingly, NDM was not noticed in the integron
structure, whereas VIM and IMP were usually located there.

MBLs are grouped into three subclasses, namely B1–B3 depending on amino
acid sequences (Rasmussen and Bush 1997; Palzkill 2013). NDM, IMP, VIM, and
SPM were categorized into subclass B1, and subclass B3 includes GOB-1, CAU-1,
and FEZ-1, both possess double Zn2+ molecules in the enzyme-active center (i.e.,
Zn1 and Zn2), and were classified as subgroup 3a in Bush-Jacoby functional
classification system (Palzkill 2013). Moreover, the binding site for Zn1 in the
B1-enzyme involves three histidine proteins (namely His116, His118, and His196)
(Cadag et al. 2012). Aspartate, cystine, and histidine are the binding sites for Zn2 of
B1 (DCH, Asp-120, Cys-221, His-263) (Cadag et al. 2012). CphA, Sfh-I, and ImiS
are subclass B2 mbls with one Zn2+ at the active center and display range of target
degradation substrate (Garau et al. 2005; Fonseca et al. 2011).

5.4 Treatment Options for Class B Beta-Lactamase-Producing
Organisms

The outbreaks of carbapenemase-producers and bacteria resistant to extended-
spectrum β-lactams are becoming a major concern that not only makes the patient’s
harder to treat but also worsen prognosis of sick people. The hydrolytic activity of
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ESBLs and carbapenemases is responsible for beta-lactam resistance in Gram-
negative bacteria. Hence, the combination of beta-lactam/beta lactamase inhibitor
proved successful, but later on they lost their effectiveness in the bacterial isolates
that possess multiple beta-lactamase in one organism.

5.5 Currently Available Beta-Lactams and Their Spectrum
of Activity

The latest developed β-lactams are carbapenems (imipenem/cilastatin, meropenem,
doripenem, and ertapenem) which are frequently considered as last resort available
for use. They showed a vast range of activity, and hence, they are generally kept
reserved for the patients having infections caused by MDR pathogens.

Imipenem/cilastatin is currently considered in the treatment of a wide range of
bacterial infections, such as infections of the urinary tract and lower airways,
particularly those caused by bacteria which are resistant to cephalosporins. There
is no need to prescribe meropenem with cilastatin because it is not hydrolyzed by
dehydropeptidase I enzyme. Moreover, meropenem displayed better activity than
imipenem against Gram-negative bacteria (GNB) but is less active against Gram-
positive bacteria (more specifically Enterococcus). The pyrrolidinyl substituent
which is at the second position of the side chain of meropenem was proved to be
responsible for better activity against GNB as well as improved stability toward
dehydropeptidase enzyme.

Doripenem’s range of activity is found to be somewhat comparable to
meropenem, but it shows improved action against some resistant Pseudomonas
strains. Ertapenem nevertheless has less activity than imipenem and meropenem
against Pseudomonas aeruginosa, Enterococcus, and Acinetobacter spp., but has a
longer half-life, allowing treatment once every day. In addition, ertapenem has fair
anti-anaerobic bacteria activity and also active against Enterobacterial isolates.
Additionally, the Infectious Disease Society of America (VA, USA) recommends
it as a first-line drug for community-acquired intra-abdominal infections. Whereas,
high-risk community-acquired as well as nosocomial and abdominal infections can
be treated by doripenem, imipenem, and meropenem.

The sub-inhibitory concentrations of plazomicin along with colistin, meropenem,
and fosfomycin have been reported displaying synergistic bactericidal activity
against carbapenemase-producing K. pneumoniae. Interestingly, the action of KPC
and ESBLs has been counteracted by the vaborbactam, the avibactam, and the
relebactam (novel inhibitors of β-lactamase). USFDA (MD, USA) approved another
recently discovered β-lactam/β-lactamase inhibitor combination (ceftazidime/
avibactam, meropenem/vaborbactam, and imipenem/cilastatin/relebactam) for the
treatment of infections caused by CREs. Cefiderocol (S-649266) was recently
developed to treat antibiotic-resistant organisms as an additional cephalosporin. By
active transportation, the siderophores reach the periplasmic region, connect addi-
tionally to PBP3 from Gram negative bacteria and hinder the production of the cell
wall. It was reported as stable against carbapenemases and other ESBLs, whereas
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eravacycline is a novel tetracycline having broader spectrum of activity, active
against CRE too.

5.6 New Carbapenemase Inhibitors

The major new groups of recently discovered inhibitors are diazobicyclooctanes
(DBOs) and boronic acid derivatives (Tehrani and Martin 2018; González-Bello
et al. 2020). Avibactam and relebactam are the only approved diazobicyclooctanes,
whereas vaborbactam is the boronic acid derivative that has been approved. How-
ever, these new inhibitors have been developed and commercialized, but still there is
a need of newer compounds. The extremely limited treatment options and more often
the unavailability of options for carbapenemase carrying microorganism maintain
beta-lactam resistance (more specifically carbapenems) as one of the major issues
globally in the healthcare sector (Somboro et al. 2018; Arca-Suárez et al. 2019;
Papp-Wallace 2019).

5.7 Avibactam (Aztreonam/Avibactam)

Avibactam exhibits inhibitory effect against AmpC, ESBLs, and carbapenemase-
producing Enterobacterales but was found unable to inhibit MBLs produced by
Enterobacterales (Ehmann et al. 2013; Livermore et al. 2018; Tsivkovski et al.
2020). Recently, a combination was developed targeting MBLs. Aztreonam, the
only approved monobactam to date was selected as it evades the MBL's action by
showing low affinity (Drawz et al. 2014; Shields and Doi 2020). Moreover, ESBLs
and AmpC enzymes can hydrolyze aztreonam, so the combination of aztreonam/
avibactam displays benefit over the combination of ceftazidime/avibactam, as it acts
against class-B-carbapenemase-producing strains also. It is considered as a very
noteworthy option as it is a combination of double drugs which has been accepted
already for clinical use. But further research still is need to assess the activity of
avibactam against P. aeruginosa strains producing MBL, as it can turn out as a
potential combination against MBL-producing enterobacteria (Wenzler et al. 2017;
Lee et al. 2020). Moreover, an alternative combination (ceftazidime/avibactam)
along with aztreonam showed promising results for the treatment of infections
caused by strains carrying various classes of β-lactamases, including MBLs (Shaw
et al. 2018; Benchetrit et al. 2020; Sieswerda et al. 2020). The well-established
efficacy and safety of both compounds in this combination is another favorable
aspect for this combination.
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5.8 Taniborbactam (Cefepime/Taniborbactam)

A cyclic boronate compound (Taniborbactam, formerly VNRX-5133) displayed
broad-spectrum activity against OXA-48, KPC, and MBLs like NDM and VIM,
but not against IMP (Krajnc et al. 2019; Wang et al. 2020). It is probably the first
inhibitor to show direct inhibition of all four types of Ambler Classes (Class A, B, C,
and D). Taniborbactam used two distinctive mechanisms for inhibition of serine-
beta-lactamases (SBL) and metallo-beta-lactamases (MBL). The SBLs are slowly
dissociated and are used as a competitive inhibitor for reversible MBLs with quick
dissociation and low inhibitor constant (ki) for MBLs (Hamrick et al. 2020).
Taniborbactam was developed for treating complicated infections by MDR
pathogens along with cefepime and meropenem.

5.9 QPX7728 (Meropenem/QPX7728)

QPX7728 is an ultra-wide-spectrum cyclic boronic acid β-lactamase inhibitor, which
is active against both MBLs and SBLs (Tsivkovski et al. 2020). Meropenem/
QPX7728 was reported as an effective β-lactam–β-lactamase inhibitor combination
that was tested against majority of carbapenem-resistant groups in Enterobacterales
having multiple resistance mechanisms (like KPC and MBL carbapenemases)
(Nelson et al. 2020). This combination of Meropenem/QPX7728 showed antimicro-
bial activity against KPC-producing P. aeruginosa strains and on collection of
carbapenem-resistant A. baumannii isolates which were producing NDM, CHDLs,
and KPC carbapenemases also (Nelson et al. 2020; Lomovskaya et al. 2020). This
inhibitor displays exceptional affinity for significant carbapenemases (NDM-1,
KPC-2, OXA-23, IMP-1, VIM-1, and OXA-48), with low Ki values. The
combinations of QPX7728 with ceftibuten and tebipenem have also been tested
against carbapenem-resistant Enterobacterial isolates (Rubio-Aparicio et al. 2019).

5.10 Other Promising MBL Inhibitors

Any clinically useful inhibitors of the MBL enzymes have not been approved yet. In
recent years, new structures focusing on the inhibition of MBLs have been devel-
oped. Probably ANT2681 (Antabio) represents one of the most promising
compounds. It displays the inhibitory activity of MBLs by interacting with Zn2+

cluster located at the active site of these enzymes (Everett et al. 2018). Interestingly,
it shows the highest affinity for NDM-1, lower affinity for VIM-1, but very poor
affinity for IMP-1. Although meropenem was found to be ineffective in dropping
tissue burden but its co-administration with Antabio yielded a statistically significant
decline in colony-forming units. Hence, ANT2681 is undergoing preclinical evolu-
tion in combination with meropenem and could be used for targeting serious
infections caused by MBL-producing CRE. Interestingly, the combination of several
bicyclic and tricyclic heterocycles with 6-methylidine penem results in improved
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action against class B carbapenemases (Venkatesan et al. 2004, 2006; Weiss et al.
2004). Furthermore, CcrA and IMP-1 were found to be inhibited by J-110,441,
which is a 1β-methylcarbapenem with a benzothenyl moiety at the C-2 position
(Nagano et al. 1999). IMP-1 gets inhibited by J-111,225 also which is a new
1β-methylcarbapenem possessing a trans-3,5 disubstituted pyrrolidinylthio moiety
in C-2 (Nagano et al. 2000a, b). There are cephalosporin-derived molecules named
as “Reverse hydroxamates” that showed activity against the MBL, GIM-1 (Ganta
et al. 2009). A new class of dipicolinic acid derivatives inhibitors against MBLs is
also being used for fragment-based drug development (Chen et al. 2017). Triazole
inhibitors are other most recently developed inhibitors against MBLs, whose effi-
cacy remains yet to be established in preclinical trials (Muhammad et al. 2020).

5.11 Major Pitfalls in the Development of New Carbapenemase
Inhibitors

The most difficult challenge is probably to develop inhibitors of MBL type and
A. baumannii CHDL enzymes. The vast range of genetic diversity in the enzymes
could be considered as one of the major difficulties in designing beta-lactamase
inhibitors for class B enzymes, for example, NDM and VIM can be inhibited by
taniborbactam, but it cannot inhibit IMP enzymes. In contrast, tiny compounds
capable of binding and chelating zinc inhibiting MBLs have been described; how-
ever, they also block human metalloenzymes and could therefore likewise be
hazardous to live tissues (Somboro et al. 2019; Boyd et al. 2020). Moreover, there
is a great variance between the in vitro conditions used for determining antibiotic
susceptibility, and the actual situation at the site of infection (Asempa et al. 2020).
Hence, it seems quite challenging to design and then evaluate these inhibitors against
MBLs, thus suggesting a need for further research in this area. A CHDL-producing
A. baumannii, was found to be resistant to the action of most classical inhibitors
(Evans and Amyes 2014). Durlobactam (Durand-Réville et al. 2017) and LN-1-255
(Vázquez-Ucha et al. 2017) are the only two compounds that showed useful activity
against these enzymes. Besides, co-occurrence of various β-lactamases in the same
pathogen is another important challenge. Future inhibitors must be highly effective
and must be able to simultaneously inhibit different kinds of lactamases, which need
significant structural and biochemical development (Spyrakis et al. 2020).

5.12 Conclusion

Carbapenems are considered as the most effective β-lactam antibiotics which
showed a broad-spectrum of antibacterial activity, and they do not cause any adverse
reaction also. Their molecular structure is responsible for providing great stability
against hydrolysis. Hence, these compounds serve as the most suitable last-resort
treatment for severe infections. For such reasons, carbapenem resistance mediated
by carbapenemases is seen as a major public health problem of global concern. It

88 F. Sobia et al.



compromises treatment options for infections caused by carbapenem-resistant bac-
teria. Unfortunately, co-occurrence of genetic determinants for resistance to another
antibiotic (e.g., aminoglycoside and quinolone) and to carbapenem antibiotics have
also been noticed quite often. The bacteria are therefore often found susceptible only
to fosfomycin and colistin, but these antibiotics have issues related to toxicity and
effectiveness. The only rescue medication available could be tigecycline; however,
resistance to this medicine has also developed. In reducing resistance, a major role
will be played by sensible use of carbapenems and proper control and preventative
measures of infection.
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Abstract

β-lactams are the drug of choice for Gram-negative bacterial infections. The most
common primary resistance determinants to β-lactams are the presence of
extended-spectrum beta-lactamases (ESBLs) and AmpC enzymes. AmpC resis-
tance can be grouped into three categories including inducible resistance by the
encoding of chromosomal AmpC genes, chromosomal resistance that is not
inducible due to the mutation of the promoter and/or attenuator, and plasmid-
mediated resistance. Plasmid-mediated AmpC β-lactamases (pAmpC) include
MIR/ACT, ACC, DHA, FOX, CIT, and MOX. AmpC isolates have been
identified in cultures from rehabilitation facilities and health care centers. There
are no Clinical Laboratory Standards Institute (CLSI) recommendations or other
accepted standards for AmpC detection. Various phenotypic tests are used for
AmpC detection. The gold standard for the identification of AmpC producers is
the molecular method (PCR). A significant alarm has been raised in several
studies for the management of diseases caused by AmpC strains. Therefore, lab
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diagnosis and treatment should be performed with caution. For AmpC beta-
lactamases, carbapenems are the drug of choice including alternatives like the
cefepime and beta-lactam/beta-lactamase inhibitors.

Keywords

AmpC resistance · Carbapenems · Cefoxitin resistance · Plasmid-mediated AmpC
β-lactamases

6.1 Introduction

The antibiotic discovery was a significant moment in human history that modernized
medicine and saved countless lives. Unfortunately, these “magic bullets” were
followed by the budding of resistant pathogenic strains. Currently antimicrobial
resistance is a major public health issue worldwide (Aslam et al. 2018). In this age
of growing antibiotic resistance, monitoring and surveillance activity is yet neces-
sary because failure to identify antibiotic resistant determinants can lead to the global
spread of resistant microbes and can indirectly complicate patient therapy (Mohd
Khari et al. 2016).

β-lactams are the drug of choice for Gram-negative infections due to their limited
side effects and good bactericidal properties. In Gram-negative bacteria,
β-lactamases are the primary resistance determinants to β-lactams. The development
of extended-spectrum β-lactamases (ESBLs) and AmpC enzymes are the most
common β-lactamases (Mohamudha Parveen et al. 2010). Even in initially sensitive
strains, β-lactam drug exposure can result in significant resistance to β-lactam and
AmpC development. The chance of AmpC induction varies according to the species
and β-lactam drugs and makes treatment decisions more challenging (Tamma et al.
2019).

AmpC β-lactamase of Escherichia coli (E. coli) was the first of its kind that
destroyed penicillin (Jacoby 2009). In 1965, a research conducted on the genetic
makeup of E. coli for penicillin resistance reported resistance which was termed amp
A and amp B (Eriksson-Grennberg et al. 1965). An amp A mutation which showed
reduced resistance was termed AmpC (Jacoby 2009). AmpC enzymes are of Class C
β-lactamases in the Ambler structural classification while they are of category 1 in
the Bush et al. functional classification system (Jacoby 2009; Bush et al. 1995).
These enzymes contain serine deposits at their active catalytic site under the Ambler
classification scheme. AmpC resistance can be grouped into three classes: (1) Induc-
ible resistance by the encoding of chromosomal AmpC genes (e.g. Citrobacter
freundii, Pseudomonas aeruginosa, Serratia marcescens, Enterobacter cloacae,
etc.), (2) Chromosomal resistance that is not inducible due to the mutation of the
promoter and/or attenuator (e.g. Shigella species, Escherichia coli, Acinetobacter
baumannii), (3) Plasmid-mediated resistance (e.g. Klebsiella pneumoniae, E. coli,
Salmonella species, etc.) (Tamma et al. 2019).

94 P. Ronni Mol et al.



Most of the chromosomal mediated AmpC enzymes can be found in
Enterobacteriaceae of group II like Enterobacter spp., Citrobacter freundii,
Providencia spp., Hafnia alvei, Serratia spp., Morganella morganii, and in other
Gram-negative bacteria like Acinetobacter spp. and Pseudomonas spp. (Rensing
et al. 2019). In the beginning it was considered that AmpC genes are transmitted
from chromosomal source of Enterobacteriaceae to mobile elements enabling the
dissemination of enzymes. Accordingly, nowadays they are found in bacteria that
have no or low expressions of chromosomal AmpC gene like Escherichia coli,
Klebsiella spp., Proteus spp., Salmonella spp., and Shigella spp., which belongs to
Enterobacteriaceae group I (Halat et al. 2016; Rensing et al. 2019). Acinetobacter
spp. has various acquired β-lactamases, but their AmpC enzyme is mostly due to the
oxyimino-β-lactam resistance. Usually, the enzyme expression is low and is
uninducible, but excessive expression occurs due to upstream addition of ISAba1,
an insertion element (Jacoby 2009). AmpC enzyme overexpression also plays a key
role in the rising resistance of P. aeruginosa, besides porins, pumps, and acquired
β-lactamases, which are also significant. Since P. aeruginosa possesses minimum of
three ampD genes, increased development of AmpC occurs stepwise, generating
resistance to oxyimino-cephalosporins, antipseudomonal penicillins, and, with com-
plete depression, cefepime (Juan et al. 2006).

pAmpC enzymes have been discovered all over the world, including DHA, CIT,
ACC, MOX, and FOX as well as MIR/ACT, which are derivatives of
Enterobacteriaceae chromosomal AmpC genes. Plasmid-mediated class C enzymes
are named based on the type of β-lactamase, such as Ambler class C (ACC) or AmpC
type (ACT), and to the resistance produced to moxalactam (MOX) or latamoxef
(LAT), cefoxitin (FOX), cephamycins (CMY), to the location of discovery, such as
the Dhahran hospital (DHA) in Saudi Arabia or the Miriam Hospital in Providence,
R.I. (MIR-1) and even named after a patient (Bilal) like BIL-1 (Philippon et al.
2002). Plasmid-mediated AmpCs are derived from chromosomal enzymes and may
coexist in positive chromosomal species, like E. Coli, to increase their expression.
The first pAmpC was discovered in South Korea (CMY-1) (1989). Subsequently,
many more of pAmpCs (FOX, CIT, MOX, DHA, EBC, and ACC) have been
characterized, with the CMY-2 enzyme (CIT-type) being the most frequent subtype
(Oliveira et al. 2019). Table 6.1 provides information on some of the AmpC types
(chromosomal/plasmid mediated) detected from several Gram-negative bacteria, as
well as their accession numbers, year, and native country. Figure 6.1 exhibits the
phylogenetic relation of these AmpC types (CLUSTALW was used for the phylo-
genetic analysis and constructing the dendrogram).

Three proteins, namely ampG, ampD, and ampR, control the expression of
AmpC. Firstly, AmpG is a permease which is membrane-bound that permits the
access of 1,6-anhydromuropeptides. Secondly, N-acetyl-muramyl-l-alanine amidase
(AmpD) is a protein in the cytoplasm that forms a peptide from
1,6-anhydromuropeptides which is transformed to UDP-N-acetyl-muramic acid
(UDP-NAM) a cell wall precursor. Lastly, AmpR is an AmpC expression transcrip-
tional regulator (Mizrahi et al. 2020). In a wild-type isolate, AmpC transcription is
suppressed due to the bonding of ampR to UDP-NAM (Jacobs et al. 1995). In the
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Fig. 6.1 Phylogenetic
relation of AmpC type beta-
lactamases
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basal state, degradation products of the cell wall enter via ampG and are transformed
by ampD into UDP-NAM. The interaction between the degradation product
(1,6-anhydromuropeptides) and ampR is then exhibited at a low level (Mizrahi
et al. 2020). Several opportunistic Gram-negative pathogens carry chromosomal
Amp C genes that are not expressed under normal conditions. However, derepres-
sion of these, due to genetic mutations that mark the AmpC regulation and transcrip-
tion or through specific β-lactams induction, can result in high-level expression of
AmpC with a subsequent rise in MICs for susceptible β-lactam drugs (Tooke et al.
2019).

Overproduction of AmpC not only induces resistance to cephalosporins,
cephamycin, and monobactams but is also responsible for carbapenem resistance
(Mirsalehian et al. 2014). Overexpressions of AmpC enzymes do not develop
resistance to cefepime, cefpirome and are usually resistant to classical β-lactamase
inhibitors. Overproduction of AmpC occurs either from temporary transcription
induction of AmpC as a reaction to β-lactams exposure or from the failure of the
AmpC regulation system due to one of the regulatory genes mutation controlling the
AmpC expression (Mizrahi et al. 2020). Similar to other β-lactamases, they can
develop mutations of single amino acid, thereby expanding their specificity to
various substrates (Beceiro and Bou 2004; Pérez-Pérez and Hanson 2002). The
medical importance of class C enzymes is further augmented by the spread of
DHA, FOX, and CMY enzymes, to mobile genetic elements in Gram-negative
organisms (Tooke et al. 2019).

Plasmids mediated AmpC enzymes exhibit similar biochemical characteristics
and resistance as that of chromosome types, and the same active sites are identified
by the sequence analysis of amino acids, containing Ser-X-X-Lys at position
64, Lys-Ser/Thr-Gly at position 315–317, and tyrosine residue at position 150.
Certain cephalosporins induce AmpC expression leading to its resistance. The
resistance genes are mobilized between the chromosome and the plasmid via
insertion sequences, integron, and transposon; thus, pAmpC resistance causes
more damage than that caused by the chromosome-mediated AmpC (Luan et al.
2015). pAmpC reported are E. coli (CMY-4, CMY-9, CMY-7, CMY-6, FOX-4,
FOX-2, LAT-3, LAT-4, and BIL-1), K. oxytoca (FOX-3 and CMY-5), Klebsiella
pneumoniae (CMY-1, CMY-8, CMY-2, LAT-1, LAT-2, LAT-2b, MOX-1, MOX-2,
ACT-1, MIR-1, FOX-1, FOX-5, and ACC-1), and Salmonella enteritidis (DHA-1)
(Lee et al. 2003).

6.2 Epidemiology

The worldwide distribution of pAmpC generating isolates has increased (Rizi et al.
2020). pAmpC can pose danger as they are effectively adaptable among species and
can cause an increase in nosocomial infections. In the Netherlands, the prevalence
was stated to be 0.6% and 1.3% among non-hospitalized individuals (Rensing et al.
2019). Studies performed in Iran (1.5%) (Elham and Sajedeh 2016), Nigeria (15.2%)
(Ogefere Ho and Omoregie 2016), Spain (14.2%) (Gómara-Lomero et al. 2018), and
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India (37%) (Shivanna 2017) revealed a greater number of AmpC-producing GNB
(Tekele et al. 2020). The pAmpC prevalence has been stated to be 0.59% in Tunisia,
0.09% in Canada, 12% in Pakistan. pAmpC prevalence rates have risen globally
over the last decade, including rises from 0.07 to 0.4% in New Zealand, 2.6 to 9.3%
in China, 0.32 to 13.2% in the USA, and 0.6 to 4.3% in Korea. There are limited
details on the occurrence of pAmpC-β-lactamases in Saudi Arabia and the other Gulf
States (Abdalhamid et al. 2017). Explanations for these various findings may be
linked to the methods of detection used, participants in the research, geographical
area, and the difference in prevalence of AmpC genes (Tekele et al. 2020).

At the species level, research in Denmark, the Czech Republic, and France found
that 0.06%, 1.3%, and 0.09% of E. coli were pAmpC producers, respectively. In
Asia, pAmpC-positive strains of E. coli range over a wider spectrum (Rensing et al.
2019). The lowest prevalence was recorded 0.12% and 1.7% of E. coli in Japan, 2%
of E. coli in China and Iran, 2.8% of E. coli in Iran. 10.9% of E. coli isolates were
pAmpC positive in a sample in Turkey (Yamasaki et al. 2010). Tekele et al. in
Ethiopia observed that the major AmpC generating GNB was E. coli (2.2%) and
K. pneumoniae (7.3%) (Tekele et al. 2020). Similar results were also found in
research conducted in Turkey (Yilmaz No et al. 2013) and Spain (Gómara-Lomero
et al. 2018). Several other Indian researches have reported 20.7% of Gram-negative
species (Aligarh), 20% of P. aeruginosa (Delhi), and 47.8% of E coli, 13% of
K. pneumoniae, and 17.3% of P. aeruginosa (Kolkata) as AmpC β-lactamase
producers (Jamali et al. 2015). This may be linked to the fact that these genes are
present in GNB and are horizontally transferred (Tekele et al. 2020).

Geographical dissemination of various pAmpC types indicates CMY-2 type as
the most common, especially in Europe (e.g. Italy, Spain, France, Turkey),
Argentina, Canada, Tunisia, Korea, and China. These pAmpC enzymes have been
found in Enterobacteriaceae, in particular in Klebsiella pneumoniae, Escherichia
coli, etc., and even in naturally occurring AmpC producers such as Enterobacter
aerogenes, Enterobacter cloacae, and C. freundii (Chérif et al. 2016). In
Amsterdam, a study reported the occurrence of pAmpC (blaFOX, blaMOX,
blaDHA, blaACT, blaCMY, blaMIR, and blaACC) among community strains.
Studies from Iran and Portugal reported blaDHA, blaCMY, and blaCIT pAmpC in
Escherichia coli, Klebsiella pneumoniae, and Proteus mirabilis (Santiago et al.
2020). In India, Gajamer et al. reported that genes encoding CIT enzymes were
more prevalent among isolates producing AmpC, while Jean et al. found blaCMY-
2 (Gajamer et al. 2020), Govindaswamy et al. observed predominance of FOX gene
(21.9%), followed by CIT (9.19%). Similar research conducted by Manoharan et al.
(2016) also found FOX (43.7%) among E. coli isolates (Govindaswamy et al. 2018).
There are studies of pAmpC genes in Enterobacter species including DHA-type
genes from Malaysia (Mohd Khari et al. 2016), Spain (Pérez-Llarena et al. 2014),
and Taiwan (Kao et al. 2010); CIT and ACC genes in Thailand (Kiratisin and
Henprasert 2011); and CIT followed by DHA genes identified in Egypt (Rensing
et al. 2019). Though CMY-1/MOX enzymes are thought to be originated from the
Aeromonas species chromosome ampC gene, significant data is missing. Several
types of CMY/MOX-family enzymes have been reported from East Asia and Europe
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(CMY-1, MOX-1, CMY-8 to CMY-11, CMY-19), Taiwan/Japan/Korea,
K. pneumoniae, K. aerogenes, E. coli and S. marcescens; Italy, MOX-9, Citrobacter
freundii; Greece, MOX-2, K. pneumoniae; and China, MOX-4, Aeromonas caviae),
were available (Ebmeyer et al. 2019). While there is a lack of mobility information
for others (Aeromonas spp. and A. caviae, Spain, MOX-3/-5/-6/-7; and A. caviae,
Thailand, MOX-8), some other enzymes such as CMY-1/MOX-1 are very wide-
spread in East Asia and compromise the β-lactam drug efficiency, while some are
found less frequently (MOX-2 to MOX-9) (Ebmeyer et al. 2019). While plasmids
are the primary cause of quick spread of ampC genes, we must be aware that the
mobilization of these genes may involve conjugative and integrative elements also
(Mata et al. 2012).

6.3 Genetic Environment of AmpC Genes

Plasmid-coded AmpCs are now widespread; they emerge from chromosome
variants, comprise other regulatory options, and occur together, inducible, and
permanently depressed (Hennequin et al. 2018). They have been disseminated
through insertion sequence (IS) elements and transposons and are often associated
with integrons. These elements (e.g. IS26, ISEcp1, or ISCR1) have been integrated
in near proximity or in an integron and form larger complex forms with other mobile
genetic elements (Bohm et al. 2020). Integrons are genetic elements consisting of an
intI genes coding an integrase, flanked by a recombination site attI and a powerful
promoter gene, whereas mobile gene cassettes, mainly comprising antibiotic resis-
tance factors, can be incorporated or removed by a site-specific recombination
system catalyzed by integrase. Integrons carry dissimilar gene cassettes which are
reorganized under specific antibiotic pressure (Goudarzi et al. 2016).

Class 1 integrons, from chromosome structures, are rapidly spread because of
natural selection and co-selection (Ghaly et al. 2017). Various ampC genes, such as
blaDHA-1, blaMOX-1, blaFOX-4, blaCMY-1, and blaCMY-8, have been stated in a
specific class 1 integron, primarily defined in In6 and In7, which contains 2 partial
copies of the 30-CS1 and 30-CS2 conserved segments all-encompassing the common
area and the antibiotic resistance gene (Shahid et al. 2009). Other antimicrobial
resistance genes were identified comparatively close to the CR of closely related
integrons, including blaCTX-M-9 in In60, qnr in In37, dfrA10 in In34, blaCMY-9 in
pCMXR1 in Escherichia coli, dfrA10 in Salmonella enterica serovar Agona, and
catA2 in pAr-32 in Aeromonas salmonicida (Shahid et al. 2009). Partridge and Hall
have shown that CR1 containing the open reading frame (ORF) orf513, CR3
(containing orf2), and CR2 (containing orfA) form a genetic element family that is
engaged in the mobility of resistance genes in Gram-negative bacteria. It has been
suggested that orf513 facilitates the addition of the resistant genes at the 30 end of the
CR (Partridge and Hall 2003). Many existing resistance gene cassettes and
associations to transposable elements have made this process feasible, considerably
enhanced by usage of antimicrobials and disinfectants (Bohm et al. 2020).
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A few class A β-lactamases, such as BEL, KPC, and GES, and certain class D
β-lactamase OXA, are quite well documented as resistance gene cassettes. Class B
metallo-β-lactamases, such as VIM or IMP, also are ubiquitous in class 1 integron
cassettes (Bohm et al. 2020). A study by Bohm et al. published the first explanation
for class C β-lactamase, the blaIDC family (IDC-1, IDC-2), expressed as gene
cassettes under class 1 integron (Bohm et al. 2020). These two novel gene cassettes
are different from the previously identified ampC genes. Although not detected so far
in clinical samples, they are present in hospital and municipal wastewater
contaminated samples, revealing their ability to disseminate to human
pathogens—or that they are previously present but have evaded detection (Böhm
et al. 2020).

As plasmids are the main means of disseminating a wide range of resistance
genes, their research and analysis are crucial to changing the rising trend in antibiotic
resistance rates globally (Mata et al. 2011a). AmpC genes are noticed on plasmids of
the size 7–180 kb (Shahid et al. 2009). Many of the plasmid-coded AmpC enzymes
have amino acid sequences similar to chromosomal AmpC enzymes. The pAmpC
enzymes of subclass 1 g (DHA-1) are quite like Morganella morganii AmpC-
SLM01; subclass 1h (MIR-1and ACT-1) are alike to AmpC enzymes (AmpC-
MHN1, AmpC-P99, and AmpC-Q908R) of E. Cloacae; subclass 1j (BIL-1,
CMY-2 to CMY-7, LAT-1, LAT-2, and LAT-3) are relatively comparable to
Citrobacter freundii AmpC-OS60 (Lee et al. 2003).

The most common blaCMY-2 gene has been found all over the world. This gene
is observed in a variety of plasmid environments, implying its mobilization as
portion of a smaller transferable fragment. The global spread of plasmid CMY-2
among Enterobacteriaceae can be directly related to ISEcp1. Citrobacter freundii
chromosome blaCMY-2 was believed to be mobilized by ISEcp1 (Helmy and Wasfi
2014). Plasmids carrying blaCTX-M or blaCMY β-lactamase genes are being
correlated with transferable replicate types IncA/C or IncI1 (Tran et al. 2020).

A high degree of resemblance between CMY-10 and CMY-1 is also seen which
suggests that CMY-10 may be derived from CMY-1. There are reports of MOX-1,
CMY-1, and CMY-8 to CMY-10 from East Asia (Lee et al. 2003). The presence of
numerous plasmid cephamycinase producers increased the likelihood that
cephamycin-resistant genes might disperse to the Enterobacteriaceae family,
which has been proved by the finding of blaCMY-10, a plasmid cephamycinase
gene in Ent. aerogenes K9911729 (Lee et al. 2003). There are reports stating the
horizontal transfer of beta-lactamase genes mediated by IncF and IncK plasmids in
bloodstream isolated E. coli strains (Xiao et al. 2019). A study by Mata et al. has
stated a close correlation between the plasmid involved and each ampC gene.
Plasmids relating to the I1 Inc and A/C groups are the most observed blaCMY-
2 carriers followed by IncK plasmids (Mata et al. 2011a). A study by Manageiro
et al. described two novel CMY-2-type genes in C. freundii fragment. Their research
of the sequences around the bla CMY-50 and the bla CMY-46 reported the existence
of the sugE gene (coding a small MDR protein) and blc gene (coding outer
membrane lipoprotein) in the direction of their open reading frames (Manageiro
et al. 2015).
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DHA-1, first identified in Salmonella enteritidis, can hydrolyze broad-spectrum
cephalosporin, penicillins, having left healthcare professionals with restricted anti-
microbial selections (Ingti et al. 2017). It was the first inducible plasmid-encoded
β-lactamase discovered and it can be expressed at a high level. Up to now 24 gene
types have been reported from DHA family. The expression of this enzyme is
intimately associated with recycling of the cell wall and is regulated by at least
three genes: ampG, ampR, and ampD (Ingti et al. 2017). The blaDHA-1 gene was
primarily associated with IncFII plasmids and IncL/M replicates (Mata et al. 2011a).
DHA-1 enzymes mobilization has been correlated (Mata et al. 2011a) with IS26 or
ISCR1 elements. SXT/R391-like mobile genetic elements carrying blaCMY-2 is
noticed in Proteus mirabilis (Mata et al. 2011b). DHA-2-type in K. pneumoniae is a
strain with point-mutation of DHA-1 enzyme and has a 99% similarity with
M. morganii (Luan et al. 2015).

There are evidences that indicate that CMY-3 and CMY-4 are also transposon-
mediated: CMY-3 since its gene is positioned on P. mirabilis chromosome which
lacks the native AmpC gene, and CMY-4 in E. coli, a CMY-4 probe is hybridized to
both 45-kb and 7-kb plasmids, a twin location that can be described by
transposability (Philippon et al. 2002). The MIR-1 gene is found closely related to
the transposase insertion sequence, but attempts to establish the transposability of
MIR-1 or BIL-1 (CMY-2) have been unsuccessful (Philippon et al. 2002). The
E. cloacae ampC gene is generally expressed at a low but in an inducible level.
Certain pAmpC genes are inducible but in E. coli, MIR-1 is not inducible (Jacoby
and Tran 1999). E. coli, however, lacks the ampR locus which is required for
induction. Consequently, pMG230 was moved to E. coli SNO3/pNU311. SNO3 is
an ampC8, so E. coli chromosomal β-lactamase cannot be expressed, while pNU311
carries ampR gene of Citrobacter freundii. In this strain, MIR-1 was uninducible
with imipenem or cefoxitin, signifying that there were few nucleotide dissimilarities
between the blaMIR-1 promoter regions and the chromosomal AmpC genes of
E. Cloacae are responsible for the induction control escape (Jacoby and Tran 1999).

6.4 Clinical Significance of AmpC Producers

The recovery of AmpC isolates from hospitalized patients after several days of
hospitalization has been shown in various epidemiological studies. The affected
patients have had a long stay (Mohamudha Parveen et al. 2010). AmpC-producing
isolates have also been identified in isolates from rehabilitation centers and outpa-
tient departments in hospitals (Cheng et al. 2019). This resistance mechanism is also
known to cause hospital acquired infections, appears to increase the occurrence, and
warrants further analysis to determine the best alternatives for detection and man-
agement (Mohamudha Parveen et al. 2010).

pAmpC β-lactamases are found globally and E. coli tends to be less frequently a
source of cefoxitin resistance than increased chromosome production of AmpC
enzymes (Jacoby 2009). pAmpC β-lactamases encoding organisms can cause both
hospital acquired infections and community infections, including blood stream
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infections, urinary tract infections, central nervous system infections like meningitis,
wound infections, and respiratory tract infections such as pneumonia. Moreover,
various outbreaks have been reported worldwide because of pAmpC β-lactamase
harboring organisms (Abdalhamid et al. 2017). Patients with pAmpC producers are
frequently affected by co-morbidities (chronic renal disease, diabetes mellitus,
abdomino-biliary, and neoplastic) and by invasive procedures including urinary
catheterization or the insertion of nasogastric tubes or are artificially ventilated
(Conen et al. 2015).

Not only do these infections increase morbidity and mortality, but they are also an
infection control concern, as these genes are plasmid-mediated and can be trans-
ferred from one organism to another (Abdalhamid et al. 2017). All such genes often
are associated with several other resistance determinants such as extended-spectrum
β-lactamases (ESBLs), aminoglycoside-modifying enzymes (AMEs), and plasmid-
mediated quinolone resistance (PMQR) that cause resistance to beta-lactams,
aminoglycosides, and fluoroquinolones, respectively (Abdalhamid et al. 2017).

DHA-1, of the DHA family, has extremely been found among
Enterobacteriaceae globally and has been extremely worried in the field of medicine
as it leads to therapeutic failure (Ingti et al. 2017). DHA-1 is originating from the
M. Morganii AmpC chromosomal gene. Research conducted by Moland et al. has
shown that the mortality rate of patients infected with DHA-1 producing organisms
is high when compared to the patients infected with CMY-1 producing pathogens
and that there is a concern about the dissemination of this inducible enzyme (Helmy
and Wasfi 2014; Moland et al. 2008).

Several risk factors for AmpC Enterobacteriaceae blood stream infections (BSI)
are being recognized, such as hospital stay, prior antibiotic use, in particular
fluoroquinolones, renal transplantation, improper empiric therapy, and presence of
vascular and urinary catheters (Chavada et al. 2018). Chaubey et al. observed that
patients previously treated with oxyimino-cephalosporins had poorer outcomes
when the same drugs were used as empiric therapy for AmpC Blood Stream
Infections (Chaubey et al. 2014). Related studies in Europe have noticed E. coli
producing blaCMY–2 in clinical bloodstream infections, whereas Xiao et al.
detected and proved a case of E. coli producing blaADC–162 from clinical blood
stream infections (Xiao et al. 2019). In a study from Taiwan, the authors reported a
clonal spread of Klebsiella pneumoniae producing CMY-2 in surgical ICU and that
the transmission risk increased due to surgeries (Ko et al. 2009).

Akinyami et al. reported the highest incidence of AmpC fox genes (43.8%) in
S. typhi strains followed by S. typhimurium (25%) (Akinyemi et al. 2017). They also
noticed varying capacity of Salmonella serotypes to express FOX genes. To give an
example, fox gene was found in three ESBL producing S. typhi strains, but not
expressed. And the same was also noticed in two ESBL producing S. typhimurium
isolates. These findings may be due to other mechanisms or AmpC types that
mediate resistance to cefoxitin in Salmonella isolates (Akinyemi et al. 2017).
Another study found that 30.4% of AmpC producers had fox genes, 73.9% had
MOX genes (including CYM-1), and 56.5% had CIT genes (including CMY-2) in
clinical strains of Enterobacteriaceae (El-Hady and Adel 2015).
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Urinary tract infections are the most common community acquired infections.
The prevalence of AmpC genes among Enterobacteriaceae is reported in the USA,
Korea, India, China, etc., ranging between 1.2% and 2.79% (Lee et al. 2015). Lee
et al. observed that the prior history of cerebrovascular accidents and previous use of
fluoroquinolones and cephamycins were related with the acquirement of plasmid-
mediated Enterobacteriaceae-producing AmpCs in urinary tract infections. The
most frequently identified pAmpC gene was blaCIT, followed by blaDHA, blaEBC,
and blaMOX (Lee et al. 2015). Several studies from Japan, Spain, and Thailand
reported CMY-2 as the predominant gene among E. coli AmpC producers (Lee et al.
2015).

Multiple drug-resistant organisms carrying such plasmids are major concern as
these plasmids may be transmitted between organisms and patients in hospital
settings that cause nosocomial outbreaks and pose significant challenges to infection
control (Jacoby 2009). These challenges are becoming more difficult, given the fact
that there are no standardized procedures for the detection of pAmpC-borne
organisms. Adding on, these multiple drug-resistant organisms have also been
isolated from farm animals, such as dogs, food products, drinking water supplies
and rivers beaches. These sources may be reservoirs for organisms encoding
pAmpC, which contribute to their spread and acquisition in both the community
and hospitals (Abdalhamid et al. 2017).

6.5 Laboratory Detection of AmpC Producers

The identification of pAmpC is useful for the hospital infection control, as well as for
epidemiological studies to prevent hospital acquired infection outbreaks (Rizi et al.
2020). Technical methods to identify AmpC producers are not yet standardized for
the laboratories; hence the resistance mechanism is underestimated (Gupta et al.
2014). Reporting of antimicrobial susceptibility results for Enterobacteriaceae
including Enterobacter spp., Citrobacter spp., and Serratia spp. is indicated by
the Clinical and Laboratory Standard Institute (CLSI) strategies depending on
phenotypic tests (Cheng et al. 2019). Although these species may become resistant
after treatment initiation, initial supplemental tests for inducible resistance are not
recommended by the CLSI guidelines (CLSI 2019). Isolates that yield a zone
diameter of �18 mm for cefoxitin by Kirby Bauer method are considered to be
possible AmpC producers (Pal et al. 2016) and further proved by phenotype methods
(inhibitor-based assay, disc approximation test, AmpC disk test, modified three-
dimensional tests (M3DT)) and molecular methods.

6.5.1 Antibiotic Susceptibility Testing

Initial screening for AmpC is done by the Kirby Bauer method. Susceptibility testing
is performed on Mueller-Hinton agar (MHA). The bacterial inoculum is swabbed on
MHA plate and cefoxitin (30 μg/disk) and cefotetan (30 μg/disk) discs are placed on
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the agar plate. Incubate the plate at 35 �C for 16–18 h. For cefoxitin and cefotetan,
screening cutoffs of �18 and �16 mm, respectively, are used as per Clinical and
Laboratory Standards Institute (CLSI) guidelines (Polsfuss et al. 2011).

6.5.2 Inhibitor-Based Assay

MHA plates are swabbed with the test isolate. Cefoxitin-boronic acid disks are
prepared as mentioned by Coudron (2005). Cefoxitin and cefoxitin with boronic
acid discs are placed on the inoculated plates followed by incubation of the plates at
37 �C for 16–18 h. An AmpC producer is a test strain that has a zone diameter of
�5 mm in the presence of boronic acid when compared to cefoxitin alone (Gupta
et al. 2014).

6.5.3 Disc Approximation Test

MHA plates are swabbed with the test strains. In the center of the swabbed plate, a
ceftazidime disk (30 μg) is placed. Imipenem (10 μg), cefoxitin (30 μg), and
amoxicillin/clavulanate (20/10 μg) disks are then placed at 20 mm from the center
of the ceftazidime disk. The inoculated plates are incubated at 37 �C for 16–18
h. Following incubation, if the test isolate shows flattening or an obvious blunting of
the zone of inhibition between the ceftazidime disk and the inducing substrates, the
isolate is classified as an AmpC producer (El-Hady and Adel 2015).

6.5.4 Modified Three-Dimensional Tests (M3DT)

With the test strain, MHA plates are inoculated and the cefoxitin 30 μg disc is placed
in the center of the plate. Using a sterile blade, a 3 cm linear slit is cut, 3 mm away
from the cefoxitin disc. At the other end of the slit, a small circular well is rendered
using the No-18 shaft needle. The AmpC β-lactamases enzyme extract is prepared by
freezing and thawing the test strain 7-8 times and then by centrifugation (2000 rpm
for 15 min). This releases the enzymes into the fluid that suspends them. In the well,
a total of 20–30 μl of supernatant containing the extract is loaded. To allow the
enzyme extract to seep and disperse into the slit, the plates are held for 5-10 min and
then incubated at 37 �C for 24 h. The positive result is interpreted as a small heart-
shaped indentation towards the cephalosporin disc seen at the split junction along the
inhibition axis (Maraskolhe et al. 2014).

6.5.5 AmpC Disk Test

Preceding use, AmpC disks are rehydrated with saline (20 μl) and many colonies of
the test isolates are added to the disk. A cefoxitin disc (30 μg) is placed on the
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swabbed MHA plate. The inoculated AmpC disk is then placed in contact with the
antibiotic disk. The plate is incubated at 35 � C overnight. After incubation, plates
are inspected for indentation or flattening of the zone of inhibition, indicating AmpC
positive isolate or for lack of distortion, indicating AmpC negative strain (Black
et al. 2005).

6.5.6 Molecular Detection of pAmpC Genes

Multiplex polymerase chain reactions (PCR) are used to identify the pAmpC genes:
ACC (expected base pair amplicon size 346), FOX (expected base pair amplicon size
190), MOX (expected base pair amplicon size 520), DHA (expected base pair
amplicon size 405), CIT (expected base pair amplicon size 462), and EBC (expected
base pair amplicon size 302). Table 6.2 gives the set of PCR primers that are unique
to the respective organisms (Pérez-Pérez and Hanson 2002).

DNA template preparation: From a blood agar plate, a colony is inoculated into
Luria-Bertani broth (5 ml) and incubated with shaking for 20 h at 37 �C. At
centrifugation of 17,310 � g for 5 min, cells from 1.5 ml of overnight culture are
collected. The pellet is suspended again into distilled water (500 μl). The cells are
lysed at 95 �C for 10 min, and the cellular debris is extracted by centrifugation
(17,310 � g) for 5 min. Two microliter supernatant is used as the amplification
template source (Pérez-Pérez and Hanson 2002).

PCR protocol: PCR is performed in thin-walled tubes (0.5 ml) with 50 μl final
volume. Each reaction includes 20 mM Tris-HCl; 0.2 mM deoxynucleoside triphos-
phate; 1.5 mM MgCl2; 50 mM KCl; 0.4 μM (FOXMF and FOXMR primers); 0.5
μM (EBCMF, EBCMR, ACCMF, and ACCMR primers); 0.6 μM (MOXMF,
MOXMR, CITMF, CITMR, DHAMF, and DHAMR primers); and 1.25 U of Taq
DNA polymerase primers. In 48 μl of the master mixture, template DNA (2 μl) is
added and then covered with mineral oil. The PCR program consists of an initial

Table 6.2 Polymerase chain reaction primers for amplification of AmpC genes (Pérez-Pérez and
Hanson 2002)

Primers Amplicon size (bp) Sequence (50–30)
MOX 520 Forward: GCT GCT CAA GGA GCA CAG GAT

Reverse: CAC ATT GAC ATA GGT GTG GTG C

CIT 462 Forward: TGG CCA GAA CTG ACA GGC AAA
Reverse: TTT CTC CTG AAC GTG GCT GGC

DHA 405 Forward: AAC TTT CAC AGG TGT GCT GGG T
Reverse: CCG TAC GCA TAC TGG CTT TGC

ACC 346 Forward: AAC AGC CTC AGC AGC CGG TTA
Reverse: TTC GCC GCA ATC ATC CCT AGC

EBC 302 Forward: TCG GTA AAG CCG ATG TTG CGG
Reverse: CTT CCA CTG CGG CTG CCA GTT

FOX 190 Forward: AAC ATG GGG TAT CAG GGA GAT G
Reverse: CAA AGC GCG TAA CCG GAT TGG
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denaturation for 3 min at 94 �C; 25 DNA denaturation cycles at 94 �C for 30 s;
primer annealing for 30 s at 64 �C; primer extension for 1 min at 72 �C; and a final
extension phase at 72 �C for 7 min. The PCR product (5 μl) is analyzed by gel
electrophoresis using 2% agarose. The gels are stained with ethidium bromide
(10 μg/ml) and visualized by UV light. As a marker, a 100-bp DNA is used.
Water is used as the negative control (Pérez-Pérez and Hanson 2002). PCR amplicon
sequence analysis can be conducted and analyzed using the GenBank database.

PCR amplicons can be sequenced with the amplification primers and the
sequences can be analyzed for similarities by using the GenBank database, the
National Center for Biotechnology Information (NCBI) (Polsfuss et al. 2011).

6.6 WAVE DNA Fragment Analysis

It is a nucleic acid analysis technology which is based on high-pressure liquid
chromatography used to decrease the total analytical time required without losing
sensitivity or specificity. It detects six amplicons in a single multiplex PCR sample.
Peaks are observed here, with the retention time of each peak equal to that observed
in a single template amplification, and thus the PCR products can be correlated with
the chromatogram in the WAVE analysis (Pérez-Pérez and Hanson 2002).

6.7 Multiplex Asymmetric PCR-Based Oligonucleotide
Microarray (MAPCR)

Microarray technology enables the continuous processing of a large amount of
genetic data in a single assay and eliminates the necessity of gel electrophoresis
for analysis of fragment size in order to detect gene variants (Zhu et al. 2007).
MAPCR developed by Zhu et al. detected ten known ESBLs and pAmpC in Gram-
negative bacteria (Zhu et al. 2007). MAPCR promotes the buildup of single stranded
amplifiers suitable for microarray hybridization (Shahid et al. 2009). The simplicity,
processing rate, and consistency of this assay make it a valuable tool for major
research in epidemiology of pAmpC and ESBL enzymes and can also be a beneficial
instrument to support phenotypic testing in clinical laboratories (Zhu et al. 2007).

6.8 Optimal Treatment of Infections Caused by AmpC
Producers

A significant alarm has been raised in several studies for the treatment of infections
caused by AmpC producers (Rizi et al. 2020). Concerns about persistent antibiotic
efficacy against high-level species or the possibility for high-level expression of
AmpC make treatment decisions difficult and worrisome (Tamma et al. 2019). If the
AmpC production is repressed, the isolates will test as susceptible to cephalosporins
but resistance may develop during treatment with these drugs (Jacoby 2009).
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pAmpC pose a new threat as they impart cephamycin resistance but do not effec-
tively hydrolyze cefepime (Mohamudha Parveen et al. 2010; Rodríguez-Baño et al.
2018). For AmpC beta-lactamases, carbapenems are the drug of choice including
alternatives like the cefepime and beta-lactam/beta-lactamase inhibitors (Rodríguez-
Baño et al. 2018).

Carbapenems are stable and are less likely to induce AmpC enzymes, they are
considered as the drug of choice for AmpC-producing Enterobacteriaceae (Tan
et al. 2017). This has contributed to a substantial rise in the worldwide intake of
carbapenem, which could be partially attributed to the subsequent dissemination of
carbapenem resistance (Van Boeckel et al. 2014). Certain species exhibit
carbapenem resistance due to mutations that reduce influx or increase efflux (Jacoby
2009). pAmpC is frequently associated with multidrug resistance and when com-
bined with porin loss can result in carbapenem resistance. As a result,
Enterobacteriaceae-producing pAmpC-infections have high rates of therapy failure
and mortality (Rizi et al. 2020). Concerning Enterobacteriaceae containing chro-
mosomal AmpC, recent research reported that carbapenem activity was similar to
fluoroquinolones, beta-lactam beta-lactamase inhibitors, or cefepime (Harris et al.
2016). Increasing prevalence of carbapenem resistance worldwide implies a need to
look for potential alternative antibiotics (Rodríguez-Baño et al. 2018).

Cefepime is a zwitter ion. It can rapidly penetrate the bacterial outer membranes
and is found to be more stable against AmpC enzymes (Cheng et al. 2017). A study
by Tamma et al. has stated that the efficacy of cefepime in Enterobacter spp.
bacteremia is comparable to carbapenems. On comparing cefepime with carbapenem
use, they found no difference in the duration of the disease, mortality, or duration of
hospital stay (Tamma et al. 2019). Another study on the meta-analysis of blood-
stream infections (BSI) caused by Enterobacteriaceae harboring chromosomal
AmpC found no significant changes in patient outcomes when treated with cefepime
or carbapenems (Harris et al. 2016). D’Angelo et al. have also reported the clinically
use of cefepime as a carbapenem-sparing substitute. They stated that both
carbapenems and cefepime have similar structural characteristics with respect to
AmpC β-lactamases susceptibility (D’Angelo et al. 2016). In summary, cefepime
appears to be a fair alternative to carbapenems for the treatment of chromosomally
mediated AmpC Enterobacteriaceae infections. There is very little understanding of
cefepime efficacy against pAmpC producers (Rodríguez-Baño et al. 2018).

Broad-spectrum Beta-lactam/Beta-lactamase inhibitors (BLBLI) have been pro-
posed as a substitute in the treatment of AmpC producers. A survey has showed a
treatment preference with carbapenems (58%) and cefepime (19%) in Enterobacter
spp. bacteremia, and a small minority prescribed piperacillin-tazobactam (Harris
et al. 2016). In a retrospective study, Cheng et al. found no substantial difference in
the mortality rate between patients treated with piperacillin-tazobactam and also with
cefepime or meropenem, in Enterobacteriaceae-infected cases. These reports sup-
port the clinical use of piperacillin-tazobactam as a therapeutic choice for treating
bloodstream infections by AmpC strains (Cheng et al. 2017). Since Piperacillin-
tazobactam is a weak AmpC inducer, they can be used as a potential alternative.
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Nevertheless, the efficacy of this combination has not been fully explained
(Schwaber et al. 2003; Cheng et al. 2017).

Temocillin, a 6-α-methoxy derivative of ticarcillin, available only in some parts of
the world is also active in vitro against Enterobacteriaceae (AmpC producers)
(Jacoby 2009). No clinical trials have been found to equate temocillin with
carbapenems or other antimicrobials in AmpC-producing Enterobacteriaceae
infections (Rodríguez-Baño et al. 2018).

Tigecycline, a glycylcycline, is another alternative drug which has exhibited
strong in vitro activity against AmpC-hyper-producing strains of E. coli, Klebsiella
spp., Enterobacter spp., Citrobacter spp. from the UK (Jacoby 2009). Importantly,
both the United States Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) provided alerts that the medication was associated with
clinical failure and an increased risk of mortality in randomized trial meta-analysis.
Tigecycline is therefore recommended only if other solutions are not suitable or not
available (Rodríguez-Baño et al. 2018; Shen et al. 2015).

In summary, AmpC producers play a significant role in therapeutic decisions.
There is no Clinical Laboratory Standards Institute (CLSI) guidelines or other
accepted criteria for AmpC detection. Therefore, lab diagnosis and treatment should
be performed with caution. While there are no persuading clinical evidence
recommending that carbapenems are better than other elective medications for
infections caused by AmpC producers, carbapenem treatment could be a powerful
treatment of decision dependent upon the patients’ illness.
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Abstract

Among various β-lactam hydrolyzing enzymes, classified from group A to D, the
most genetically as well as biochemically diverse is the class D β-lactamases
(DBL), few of which can incapacitate the complete spectrum of β-lactamases.
DBLs, like class A and C, are active serine site enzymes, differing from them in
amino acid structure. The DBLs form an enzyme substrate complex with β-lactam
antibiotics in the periplasmic space leading to their hydrolysis with Ser70 serving
as the active site. DBLs can be acquired and natural. Acquired DBLs are
classified into narrow spectrum, extended spectrum, and carbapenem-
hydrolyzing β-lactamases (CHDLs). Detection of class D β-lactamases is crucial
yet challenging due to the lack of appropriate and standardized phenotypic
assays. However, currently, molecular detection of the DBL genes is the only
standardized method of identification of class D β-lactamases. Intensive research
is required for developing rapid and easy detection tools for DBLs and for the
discovery of class D specific inhibitors.
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7.1 Introduction

β lactam antibiotics have had been the vanguard of antimicrobial chemotherapy
despite their use of over half a century. Of late, majority of these antibiotics are
rendered ineffective due to the increasing antimicrobial resistance. Of the various
mechanisms of the antimicrobial resistance, presence of bacterial enzymes remains
the smartest and traditional mechanism of acquired as well as innate resistance.
Among the various β lactam hydrolyzing enzymes, classified from group A to D, the
most genetically as well as biochemically diverse is the class D β lactamases (DBLs),
few of which can incapacitate the complete spectrum of β lactamases (i.e.,
penicillins, cephalosporins, and carbapenems) (Leonard et al. 2012; Poirel et al.
2010). Clinically they may be signified into narrow spectrum (effective against
earliest generation penicillins and cephalosporins), extended spectrum (hydrolyze
later generation cephalosporins), and the most concerning are the DBLs that hydro-
lyze clinically important carbapenems (e.g., imipenem). They are the largest grow-
ing family of β lactamases based on the percentage of new enzymes and their
variants (Bush 2013). Their genes may be chromosomal or may be located on
plasmids of gram-negative pathogens like Acinetobacter, Shewanella, Pseudomo-
nas, Burkholderia, and few gram-positive microbes also (Sanschagrin et al. 1995;
Poirel et al. 2010; Toth et al. 2016). These enzymes are easily transferred between
the species due to their association with integrons, insertion sequences, and
transposons and are a formidable threat to hospitalized patients (Naas and Nordmann
1999). When associated with other enzymes on the same plasmid they result in
synergized phenotypic resistance spectrum narrowing the treatment options (Mendes
et al. 2009).

7.2 General Properties

DBLs, similar to class A and C, are active serine site enzymes differing from them in
amino acid structure. In contrast, class B β lactamases have a Zn2+ ion(s) at the active
site and are considered as metallo-enzymes (Ambler 1980; Jaurin and Grundstrom
1981; Lamotte-Brasseur et al. 1994). DBLs are highly diverse in sequence and show
less than 20% homology with class A and C enzymes (Couture et al. 1992).
However, the topological fold is preserved among the three classes and more so
within class D (Fisher et al. 2005).

Also known as OXA-type enzymes or oxacillinases, DBLs include more than
400 genetically diverse enzymes described (Bush 2013) predominantly in gram-
negative pathogens (e.g., Acinetobacter spp., Pseudomonas aeruginosa, and
Enterobacterales), along with the gram-positive pathogens (Walther-Rasmussen
and Høiby 2006; Bush and Fisher 2011).

Majority DBLs hydrolyze cloxacillin or oxacillin at a rate of more than 50%
higher than that for benzylpenicillin, although this generalization is no longer valid
(Fisher et al. 2005; Walther-Rasmussen and Høiby 2006). They are characteristically
not inhibited by β-lactamase inhibitors such as clavulanic acid, tazobactam, and
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sulbactam (Payne et al. 1994; Bush et al. 1995), with a few exceptions, such as
OXA-2, OXA-29, and OXA-32 inhibited by tazobactam, and OXA-53, inhibited by
clavulanic acid (Franceschini et al. 2001; Mulvey 2004; Naas and Nordmann 1999).
However, they are susceptible towards the recently developed inhibitors like
avibactum and vaborbactam (Voha et al. 2006; Schneider et al. 2006).

7.3 Occurrence of DBLs

DBLs genes have been shown to be acquired as well as are naturally present in
pathogens as well as environmental microbes (Poirel et al. 2010). The naturally
occurring OXA β lactamases are found as cluster in bacterial species (Yoon and
Jeong 2020). Few notable innate DBLs include OXA-22 in Ralstonia species
(Nordmann et al. 2000; Jiang et al. 2020), OXA-42 like enzymes in Burkholderia
pseudomallei (Niumsup and Wuthiekanun 2002), OXA-12 like subfamilies in
Aeromonas species (Walsh et al. 1995), OXA-22 subfamilies in Acinetobacter
species (Tian et al. 2018; Périchon et al. 2013). Mostly the innate DBLs occur as
survival machinery in environmental bacteria (Yoon and Jeong 2020).

Rampant antimicrobial use/misuse/overuse creates a castigatory environment for
the clinical bacterial isolates, which thus acquire various resistance mechanisms. The
attainment of resistance genes for DBLs is mostly through mobile genetic elements
like ISs using transposons or integrons and less commonly by homologous recom-
bination (Yoon and Jeong 2020). The genes for NS and ES DBLs are frequently
found as gene cassettes on class 1 integrons or less commonly on class 3 integrons,
whereas genes for CHDLs are usually associated with ISs associated with
transposons (Yoon and Jeong 2020).

7.4 Mechanism of Action

The DBLs form an enzyme substrate complex with β-lactam antibiotics in the
periplasmic space leading to their hydrolysis. Like other beta-lactamases OXA-β
lactamases or DBLs also have Ser70 that serves as the active site. However, DBL has
a special hydrophobic active site compared to other β-lactamases.

Lys73 present in the Ser70-X-X-Lys motif in the DBL undergoes
N-carboxylation post-translationally to become carbamylated lysine. A strongly
hydrophobic active site helps create the conditions that allow the lysine to combine
with CO2, and the resulting carbamate is stabilized by a number of hydrogen bonds
(Leonard et al. 2012). Trp158 interacts with the carboxylate group of carbamylated
Lys73 to form the active site channel. The Ser70 active site in DBL undergoes
transient acylation and mimics the penicillin binding proteins (PBPs). The lysine
carbamate is essential in acetylation and diacylation step in DBL catalysis, it serves
as a general base to activate the serine nucleophile in the acylation reaction and the
deacylating water in the second step.
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7.5 Classification

The two classic and most frequently schemes for classification of β lactamases
include molecular structure classification using the Ambler method (Ambler 1980)
and functional classification using the Bush–Jacoby–Medeiros method (Bush 2013;
Bush et al. 1995). β-lactamases are divided into four classes A, B, C, and D in the
Ambler classification, by motifs composed of primary sequences constituting the
protein molecules. Class A, C, and D β-lactamases use serine at the enzyme active
center, whereas class B β-lactamases use metal zinc ions. In functional classification
using the Bush–Jacoby–Medeiros method, β-lactamases are classified into groups
1–3 based on the hydrolysis of β-lactam substrates and the effect of the inhibitor.

According to the Bush–Jacoby classification based on substrate hydrolysis, DBLs
are classified into group 2d. Those hydrolyzing extended spectrum cephalosporins
into 2de, carbapenems into 2df and those hydrolyzing both extended spectrum
cephalosporins and carbapenems in group 2def (Bush 2013).

DBLs can be divided into acquired and natural. Acquired DBLs are classified into
narrow spectrum, extended spectrum, and carbapenem hydrolyzing β lactamases
(CHDLs).

1. Acquired narrow spectrum class D β lactamases (NS-DBL): Important examples
include OXA 1, OXA 2, OXA 10 (Poirel et al. 2010). Others acquired narrow
spectrum DBLs include OXA 9, 18, 12, 20, LCR 1, NPS 1 (Poirel et al. 2010).
OXA 30 and 1 are the same, due to an original sequencing error during identifi-
cation leading to a mistake (Boyd and Mulvey 2006).
OXA 1 has less than 30% homology with plasmid and chromosomal DBLs
(Antunes et al. 2014). Since it is a narrow spectrum DBL it hydrolyses amino
and ureidopenicillins and decreases the susceptibility to cephalothin, cefotaxime,
and cefepime. However, it has no effect on carbapenems and ceftazidime. OXA
1 and OXA 31, which differ from it by two amino acid sequences, possess the
ability to hydrolyze cefepime and cefpirome slightly. These can be considered to
be extended spectrum DBLs for bacterial species with high level intrinsic imper-
meability (e.g. Pseudomonas species) and not on bacterial species with low level
intrinsic permeability (e.g. E. coli) (Poirel et al. 2010). The OXA 1 gene is allied
with class 1 integrons and is surrounded by the integrase and aminoglycoside
aminoacyl transferase gene (Siu et al. 2000; Moura et al. 2012).

OXA 2 shares another cluster with its derivatives OXA 3, OXA 15, OXA
21, OXA 32, OXA 34, OXA 36, and OXA 53 and has 30% homology with OXA
1 (Kratz et al. 1983). OXA 2 has been identified in varying clinical species like
Pseudomonas aeruginosa, Salmonella Typhimurium, Morganella morganii,
Klebsiella pneumoniae, Bordetella bronchiseptica, Aeromonas hydrophila, and
even gram-positive microbes like Corynebacterium amycolatum. OXA 2 is his-
torical and can be tracked back to 1970s, characterized by hydrolysis of oxacillin
many times higher than for benzylpenicillin (Suzuki et al. 2015). Although
grouped with the narrow spectrum DBLs, studies have shown that OXA 2 is a
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CHDL (Antunes et al. 2014). Unlike other DBLs, it is inhibited by clavulanic acid
and tazobactam.

OXA 10 The OXA 10 DBL (formerly known as PSE-2), originally found in
Pseudomonas (Matthew and Sykes 1977), is now detected in a wide variety of
gram-negative bacterial pathogens (Fournier et al. 2006; Centron and Roy 2002;
Kumar and Thomas 2011). It hydrolyses cephalosporins including cefotaxime,
ceftriaxone, aztreonam, but not ceftazidime, cephamycins, and carbapenems
(Huovinen et al. 1988). Point mutation derivatives of OXA 10 (OXA 11, 13,
16, 28, 35, and 74) show extended spectrum of activity against cephalosporins
(Poirel et al. 2010).

Other narrow spectrum DBLs include LCR-1, NPS-1, OXA 20, and OXA 46.
2. Extended spectrum class D β lactamases (ES-DBL): These are mostly point

mutation (clustered around the active site tryptophan) derivatives of the narrow
spectrum DBLs and obviously pose a greater clinical challenge as they hydrolyze
later generation cephalosporins that contain bulkier side chain constituents
(e.g. cefotaxime, ceftazidime, and cefepime) (Leonard et al. 2012). Generally,
members of the NS-OXA and CHDL transform their substrate profile to that of
ES-DBLs. OXA-2 like and OXA-10 like subfamilies primarily consist of
ES-DBLs (Yoon and Jeong 2020). OXA 15, derivative of OXA 2, was the first
ES-DBL described (Gly replacing Asp at 150 position in the DBL numbering
system) (Danel et al. 1997). OXA 32 is another derivative of OXA 2 (Leu 169 Ile
substitution) (Poirel et al. 2002). A number of ES-DBL variants of OXA-10 have
been identified, which include OXA 11 (with two substitutions at 146 and
167 BDL numbering system) (Hall et al. 1993), OXA 14 (Gly 167 Asp change)
(Danel et al. 1995), OXA 16 (Ala114Thr and Gly167 Asp changes) (Danel et al.
1998), OXA 17 (Asn 76 Ser change) (Danel et al. 1999).
Other ES-DBLs like OXA 18, OXA-45 and OXA- 53 are extended spectrum β
lactamases which are not structurally related to narrow spectrum OXAs. OXA 18
displays resistance to high level cephalosporins, but not cephamycins and
carbapenems and unlike classic OXA DBLs are inhibited by clavulanic acid
(Philippon et al. 1997). OXA 45 and OXA 53, similar to OXA 18 confer
resistance to wide range of cephalosporins and are inhibited by clavulanic acid.
OXA 18 is chromosomal (Naas et al. 2008), OXA 45 plasmid, while OXA 53
gene is plasmid and integron borne (Mulvey 2004).

3. Acquired carbapenem hydrolyzing class D β lactamases (CHDLs): Of most
concern are DBLs with the ability to hydrolyze carbapenems leading to treatment
failures. Most of the CHDLs are found in Acinetobacter species. Of note is these
carbapenem hydrolyzing CHDLs is the inability or low capacity to hydrolyze
expanded spectrum cephalosporins (Poirel et al. 2010). OXA 23 (also known as
ARI-1) was the first reported CHDL, detected in Acinetobacter baumannii isolate
from Scotland and was found to be plasmid mediated (Dortet et al. 2008).
The CHDLs are divided into four subfamilies (OXA 23 like, OXA 24 like,
OXA 48 like, and OXA 58 like) based on their phylogenetic origin, and they
cluster according to their source of bacterial genera. These CHDLs are encoded as
mobile gene in plasmids as identified in clinical strains, whereas the other CHDLs
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are generally immobile (Yoon and Jeong 2020). Clinically challenging bacteria
possessing CHDLs include OXA 23 producing Acinetobacter baumannii,
OXA 24 producing Acinetobacter baumannii, OXA 48 producing
Enterobacterales, and OXA 58 producing Acinetobacter species (Yoon and
Jeong 2020).
a. OXA 23 like subfamily: This subfamily consists of 41 members, most of which

are carbapenemases, with the exception of OXA 105 and OXA 481, which are
yet to be described (Yoon and Jeong 2020). OXA 23 was the first CHDL to be
identified as mentioned above. The other significant member of the first group
of CHDLs is OXA 27, identified from Singapore in Acinetobacter baumannii
isolate (Afzal-Shah et al. 2001). OXA 27 has been identified in a single isolate
as of yet, whereas OXA 23 is widespread clinically in Acinetobacter isolates
and has been reported from different parts of the world (Corvec et al. 2007;
Stoeva et al. 2008; Feizabadi et al. 2008; Mugnier et al. 2008; Mansour et al.
2008; Dalla-Costa et al. 2003; Valenzuela et al. 2007). Despite the widespread
resistance in Acinetobacter species, the inadequacy of OXA-23 to confer
resistance to carbapenems in Enterobacterales may be due to their low turn-
over and high affinity for carbapenems, resulting in weak hydrolysis (Antunes
et al. 2014).

b. OXA 24 like subfamily: The group consists of 18 members, all of which have
been identified as CHDLs. Few significant enzymes of the group include,
OXA-24 (now OXA 40), OXA 25, OXA 26, OXA 72 (Poirel et al. 2010). An
original sequencing error in the index type OXA 24 identified later makes it
now OXA 40 (Lopez-Otsoa et al. 2002). In contrast to other subfamilies, the
genes for OXA 24 like subfamily are not associated with the ISs or integron
associated components but are flanked by inverted repeats homologous to the
XerC/XerD binding sites, signifying mobilization of gene by site specific
recombination (Merino et al. 2010; D’Andrea et al. 2009). OXA 24 like
producing isolates are found to be endemic in Portugal since the mid-1990s
(Grosso et al. 2011); however, recently they have been disseminated in other
regions of the world leading to clinical concerns (Dortet et al. 2016; Pagano
et al. 2017).

c. OXA-58 like subfamily: The third identified group, with a total of seven
carbapenem members, also found only in Acinetobacter species has OXA-58
as its prototype and has been often associated with hospital outbreaks. All the
seven members are CHDLs. OXA 58 hydrolyses penicillins and carbapenems,
but not cefepime, ceftazidime, and cefotaxime, whereas cefpirome hydrolyzed
only weakly (Poirel et al. 2005). OXA-58 producing isolates have been
isolated from different regions among different bacterial species, with
Acinetobacter baumannii global clone 2 being the major host carrying genes
for OXA-58 like enzyme (Hamidian and Nigro 2019; Lowe et al. 2018;
Taşbent and Özdemir 2015; Higgins et al. 2010).

d. OXA-48 like subfamily: OXA-48 was first identified in plasmid carried gene, in
a carbapenem resistant Klebsiella pneumoniae isolate from Istanbul, Turkey in
2001 (Poirel et al. 2004). The OXA-48 subfamily has been merged with
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OXA-548 subfamily and together comprises 101 enzymes (Yoon and Jeong
2020). OXA-48 is a DBL with highest catalytic activity against imipenem, but
is unable to hydrolyze extended spectrum cephalosporins (Zong 2012).
OXA-48 occurs primarily in Enterobacterales. Nonetheless, occurrence of
chromosomal OXA-48 in Shewanella species is intrinsic (Zong 2012).
OXA-48 has been reported in various hospital outbreaks and is reported
frequently with NDM-1 producing Enterobacterales (Balm et al. 2013; Avolio
et al. 2017).

7.6 Naturally Occurring Class D b Lactamases

Naturally occurring chromosomal class D β lactamase genes have been described in
several species, first one being identified in Aeromonas jandaei (Poirel et al. 2010).
OXA-12 (inducible) and AmpS are the two DBLs produced by Aeromonas jandaei
(Rasmussen et al. 1994; Walsh et al. 1995). Chromosomally located OXA-22 is
found in Ralstonia pickettii, leading to intrinsic resistance to penicillins, narrow
spectrum cephalosporins, ceftazidime, and aztreonam (Nordmann et al. 2000).
OXA-61 is identified in chromosome of Campylobacter jejuni, OXA-62 in
Pandoraea species, and OXA-42 in Burkholderia pseudomallei (Walsh et al.
1995; Alfredson and Korolik 2005; Nordmann et al. 2000). A number of other
naturally occurring DBLs are reported across several bacterial species and are
considered as their survival mechanism against the environment.

7.7 Class D b lactamases in Gram-Positive Organisms

DBLs are occur frequently in the Bacillaceae family and the environmental isolates
of family Clostridiaceae and Eubacteriaceae (Toth et al. 2016). Due to the lack of an
arginine residue conserved in all known serine β lactamases, the DBLs in gram-
positive organisms engage a unique substitute binding mode. This binding mode
differentiates them not only from the DBLs of gram-negative bacteria but also from
class A and C enzymes (Toth et al. 2016). DBLs among gram-positive cocci are not
yet reported.

7.8 Detection of Class D b lactamases

Detection of class D β lactamases is crucial yet challenging due to the lack of
appropriate and standardized phenotypic assays unlike various rapid and easy tests
available for class A, B, and C enzymes. However, few properties of DBLs can be
utilized for their early detection.
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1. Inhibition of OXA-13 and its variant OXA-19 by imipenem: placing an
imipenem disc in proximity to cefsulodin (which is easily hydrolyzed by
OXA-13 in the absence of imipenem), decreasing the zone of inhibition of
cefsulodin can be used for identification of these DBLs (Mugnier et al. 1998).
This feature is also shown by other DBLs like OXA-10 and can be utilized for
their identification (Poirel et al. 2010).

2. Synergy tests using clavulanic acid discs: DBLs whose activity is inhibited by
clavulanic acid or tazobactam (OXA-12, 18, 45, 46) may be identified by synergy
tests using clavulanic acid containing discs (Poirel et al. 2010). Nevertheless,
differentiating these from class A ESBL producers is vital.

3. Spectrophotometric analysis: Well-equipped laboratories can utilize crude
extracts and UV spectrophotometry to assess the capacity to hydrolyze oxacillin.
NaCl inhibition property can be evaluated with a reference substrate like benzyl-
penicillin.
However, various drawbacks of this methods are that all DBLs do not hydrolyze
oxacillin, in vitro inhibition of OXA enzymes activity is difficult, coproduction of
other enzymes which interfere in correct identification.

Currently molecular detection of the DBL genes is the only standardized
method of identification of class D β lactamases.

7.9 Treatment of Class D b-lactamases

In contrast to other class of β-lactamases, no specific inhibitor has had been identified
for DBLs. Nevertheless, a number of potential candidates have shown inhibitor
activity and can be utilized for degrading these enzymes.

Potential class D β-lactamases inhibitors can be classified into those:

1. Derived from β-lactams includes methylidene penems, penicillin sulfones and
2. Non-β lactams derived include avibactam, phosphonates, boronic acid.

Methylidene penems are potent inhibitors of OXA 1 and given with β-lactams.
Penicillin sulfones (Drawz et al. 2010) are active against OXA1, extended

spectrum β-lactamases (OXA10, OXA14, OXA17), and OXA24/40. These
inhibitors act by preventing the attack of deacylating water molecule. Their nega-
tively charged sulfinate group mimics C3/C4 carboxylate group of penicillins and
interact with a carboxylate recognizing residue on DBL. Studies show that C2
substituted 6-alkylidine penicillins were better than C3 substituted 7-alkylidene
cephalosporins sulfones (Pattanaik et al. 2009).

Avibactam has activity against OXA48, given in combination with ceftazidime,
ceftaroline, aztreonam (Livermore et al. 2011; Mushtaq et al. 2010) it forms a
covalent complex in complex with OXA10 and OXA48 and undergoes ring opening
reaction (Docquir et al. 2010).

Phosphonates and boronic acid are novel inhibitors of DBL that do not resemble
β-lactams (Antunes and Fisher, 2014). Thiophenyl oxime derived phosphonates and
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4,7-dichloro-1-benzothien-2yl-sulfonyl-aminomethyl boronic acid are inhibitors of
OXA24/40 (Majumdar et al. 2005; Tan et al. 2011). They work by acylating the
enzyme by acting as transition state analogue inhibitors and forming a reversible
covalent bond with catalytic serine of enzyme with their phosphorus and boron
atom, respectively. Thiophenyl oxime exhibits synergy in combination with
imipenem (Tan et al. 2010).

Polycarboxylates are active against OXA46. They work by forming hydrogen
bond with active site residues on enzyme, one of the carboxylates also makes ionic
interaction with a residue that recognize C3/C4 carboxylate group of β-lactams.
Other polycarboxylates, lipophilic aminocitrate, and aminoisocitrate derivatives also
inhibit OXA10 (Beck et al. 2009).

Yet, none of the compounds is able to inhibit the entire class D enzymes. This can
be attributed to the magnanimous size of the family and the diversity of the members
of the group. More research is thus required, to explore inhibitors for the subfamilies
existing in the class, if not for the entire family.

7.10 Conclusion

Class D β lactamases are the largest and most diverse, yet most neglected group of β
lactamases. Clinically they should be considered a threat similar to or even greater
than other β lactamases, since lack of detection may augment their unseen and rapid
spread among the clinical settings. Intensive research is required for developing
rapid and easy detection tools for DBLs and also for the discovery of class D specific
inhibitors.

Seeing the magnanimous and diverse range of members of this group, and for the
unification of the subfamilies, new scheme for their classification should be
considered.
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Abstract

Irresponsible use of antimicrobial agents to treat bacterial infections led to
development of multidrug resistance in bacteria. The presence of MDR Gram-
negative bacilli among hospitalized patients brought the attention of
microbiologists and clinicians to understand why this change occurred. It is
now documented that capture, accumulation, and dissemination of resistance
genes can occur due to mobile genetic elements (MGE). These MGEs are genetic
elements that have ability to move from chromosome to a plasmid, or between
plasmids within the species, or from one species to another through any mode of
genetic transfer. These mobile genetic elements include plasmids, transposons,
insertion sequences, gene cassettes, and integrons. Brief description of various
types of mobile genetic elements is given in this chapter.
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8.1 Introduction

Constant and more often irresponsible use of antimicrobial agents to treat bacterial
infections has led to the emergence of multidrug resistant (MDR) strains. In recent
years, the trend of high morbidity and mortality among hospitalized patients,
associated with MDR Gram-negative bacilli has increasingly gained attention world-
wide. The capture, accumulation, and dissemination of resistance genes can be due
to the actions of mobile genetic elements (MGE). The term mobile genetic elements
is used for the genetic elements that have intracellular mobility from chromosome to
a plasmid or between plasmids or can be transferred from one species or cell to
another. MGEs including plasmids, transposons, insertion sequences, gene cassettes,
and integrons may play an important role in evolution. MGEs like insertion
sequences (IS) and transposons (Tn) comprise those segments of DNA which are
able to transfer themselves and associate resistance genes to new locations in the
same or different DNA molecules within a single cell. Integrons comprise an
important part of these elements and have been found in plasmids and/or transposons
that enhance the spread of resistance genes. Integrons use site-specific recombination
to move resistance genes between defined sites. Multiple copies of different types of
mobile genetic elements are frequently present in different locations in a genome
(Partridge et al. 2018). In evolutionary context, MGEs can transport virulence factors
and antibiotic resistance genes with neighboring bacteria. Class 1 integrons are most
frequently isolated from MDR pathogens, and the ongoing use of antibiotics has
increased their numbers in recent years (Wu et al. 2012). Intercellular genetic
exchange includes conjugation, transduction, and transformation. In this chapter
we will briefly discuss about various mobile genetic elements associated with
resistance in bacteria.

8.2 Genetic Mechanisms of Resistance

Bacteria may also develop resistance by acquiring new genetic material from other
organisms which are already resistant. This has been called as horizontal evolution,
and it may take place between the members of same species or among the members
of different species or genera. Genetic inheritance in bacteria may occur in two
manners: (1) Mutations altering the pre-existing DNA—these alterations could be
base changes, DNA deletions or inversions (Avinson and Bennett 2005) and by
(2) Acquisition of new genetic material such as expansion of the genome in the cell
by capture of new genes. In this phenomenon of acquisition, gene transfer is from
any outside source, like other bacteria. These mechanisms of genetic exchange
include transduction, transformation, and conjugation between same or different
bacterial species (McManus 1997).

Conjugation The process comprises DNA transfers from a donor to a recipient by
direct cell-to-cell contact. It so happens by allowing the passage of more than one
functional gene at a time rendering the development of multiple resistances within a
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single step. Many different organisms act as recipients, allowing reception of DNA
(resistant genes) freely from different sources. This is evident in the instances like
resistance being transferred from commensals in the gut to a pathogen existing in the
same environment. Conjugation is a highly efficient and important process for
transferring and acquisition of resistant genes by most of the pathogens.

Transduction Transduction is a process in which DNA is transferred from a donor
to a recipient with the help of a host/phage. However, it is still unclear, whether this
process is solely responsible for clinically observed resistance to antibiotics. Since
transduction is highly dependent on bacterial phages, so it may occur only in specific
bacterial species. A restricted amount of DNA can be packed into the head of a phage
to transfer. Therefore, transduction is usually not responsible for development of
multiple drug resistance.

Transformation The process of transformation involves the passage of DNA to a
recipient via a specific medium. This process of transfer of genetic material is mostly
observed in vitro by using molecular techniques in the molecular biology laboratory.

8.3 Mobile Genetic Elements

A variety of immoral gene transfer systems, such as bacterial conjugative plasmids,
transposable elements, and integron systems can move genes from one DNA system
to another and from one bacterial cell to another, not necessarily one related to the
gene donor greatly aid in acquisition of bacterial genes needed to elaborate various
mechanisms. Mobile genetic elements include bacterial plasmids, integrons includ-
ing gene cassettes, transposons, and insertion sequences promoting gene mobiliza-
tion. Plasmids and conjugative transposons with their ability of replication can
transfer from one cell to another, while transposons, gene cassettes, and ISCR-
mediated gene transfer do not necessarily need replication, rather they require
some form of recombination which may or may not include replication (Bennett
2005).

8.4 Bacterial Plasmids

The elements that use the mechanism of horizontal gene transfer, move many
bacterial genes from one bacterial cell to another are called as bacterial plasmids
or conjugative plasmids. These plasmids can promote their own transfer and transfer
of other plasmids as well from one bacterial cell to another. Most of the plasmids are
circular, double-stranded DNA molecule with the ability of autonomous replication.
Plasmids have been assigned to a special biological category of extra-chromosomal,
accessory DNA elements (Reanney 1976; Campbell 1981). Plasmids have been
defined as the genetic elements which do not carry genes essential for growth of
their host under non-stressed conditions. These special abilities of the plasmids make
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them an important part of scientific research as they provide an excellent model of
DNA replication. In size, the plasmids may range from 2 to 3 kb (with just 2 or
3 genes) to elements as large as 10% or more relative to the host chromosome to
accommodate even 400 or more genes. Resistance plasmids are known to carry one
or more resistance genes. Plasmid-encoded antibiotic resistance comprises many
classes of antibiotics, like cephalosporins, fluoroquinolones, and aminoglycosides.
Most often, resistance plasmids are conjugative as they have the ability to encode the
functions necessary to promote cell-to-cell DNA transfer and chiefly their own
transfer. Plasmids are usually classified in Incompatibility (Inc) groups, with incom-
patibility being defined as the inability of two plasmids to be propagated stably with
in the same cell line. “Inc” is the manifestation of relatedness, as these share equal
partitioning elements or common replication controls (Couturier et al. 1988). Anti-
microbial resistance on plasmids originates from a complex multi-factorial process
supported by panoply of mobile genetic elements which can transfer resistance
determinants by assemblage of modular components, by homologous recombina-
tion, transposition, and improper recombination events (Bennett 2004). Multiple
genes present on a plasmid, conferring resistance to different classes of antibiotics
may provide a selective advantage to the bacterial host when different antimicrobials
are simultaneously administered. Once selected by the bacterial host, these
determinants can evolve further and then transferred to other bacterial populations,
rendering them the ability to penetrate into niches (Carattoli 2008). A variety of
insertion sequences (IS) are involved in the assembly of a Resistance Island. Such as
IS26 can mobilize sulII-strA-atrB resistance determinants from the IncQ RF1010
broad-host range plasmid and acquired on the pHCM1 scaffold. Transposition-
recombination events may even mobilize other resistance determinants, like chlor-
amphenicol (cat1) and β-lactams (blaTEM-1) genes, and the mer operon (mercuric
ions) inserted into the resistance island of the pHCM1 plasmid (Miriagou et al. 2006;
Wain et al. 2003). Bacteria can possess plasmids that encode for more than one
β-lactamase in addition to their expression of chromosomal enzyme. Due to the
presence of plasmids in bacteria and the immoral promiscuous exchange of genetic
material between unrelated bacteria, these antibiotic resistance genes have spread
widely (Lee et al. 2001). First plasmid mediated β-lactamases were recognized in
early 1960s, in Gram-negative bacteria (Livermore 1993). Even the CTX-M
encoding genes are commonly located on plasmids which vary in size from 7 kb
to 200 kb (Bonnet 2004; Novais et al. 2007; Coque et al. 2008).

8.5 Transposons

Resistance transposons are also called as jumping gene systems with incorporation
of a resistance gene within their element. These elements are able to move both intra-
and inter-molecularly. They can jump from one site to another within the same DNA
molecule or from one DNA molecule to another such as from one plasmid to a
chromosome or from a bacterial plasmid to another and vice versa. Transposons
belong to the set of mobile elements designated as transposable elements. This
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designation covers small cryptic elements like transposons, transposing
bacteriophages, and insertion sequences (IS elements) (Bennett 2004). A transposon
differs from an IS element by the ability to encode at least one function that changes
the phenotype of the cell, for example, a resistance transposon conferring resistance
to a particular antibiotic. Transposons are constructed from a pair of IS elements and
a central DNA sequence that is not inherently able to transpose; however, the
expression of which alters the cell phenotypically (Bennett 2008). Some well-
known transposons areTn3, Tn5, Tn10, and Tn21. Tn5 encodes resistance to
aminoglycosides (Kanamycin and neomycin). Tn10 encodes resistance to tetracy-
cline, while Tn3 encodes resistance to some β-lactams including ampicillin, and
Tn21 is able to encode resistance to streptomycin, spectinomycin, and sulfonamides
as well as mercuric ions are examples of complex transposons, found on the
plasmids in the members of Enterobacteriaceae.

8.6 Insertion Sequences

Rapid dissemination of β-lactamases involves strain or plasmid epidemics, but these
also involve some important mobile elements like insertion sequences. Initially
recognized during the studies of model genetic systems, bacterial insertion
sequences showed the capabilities to generate mutations due to their translocations.
Scholars’ interest in antibiotic resistance and transmissible plasmids subsequently
revealed the important role for these mobile elements in promotion of gene acquisi-
tion and in dissemination of resistance genes (Mahillon and Chandler 1998). It was
recently reviewed by Partridge et al. (2018) that insertion sequences are small mobile
elements that carry more than one transposes (tnp) gene. These are divided into
groups based partially on active site motifs of Tnp and designated according to
amino acids of active site, most commonly DDE (Asp, Asp and Glu) but also DEDD
and HUH (two His residues separated by large hydrophobic amino acid) (Hickman
and Dyda 2015) which is based on whether transposition is a conservative, cut-and-
paste mechanism (IS excised from donor and inserted into the recipient) or by
replicative mechanism. Replicative transposition includes copy-and-paste mecha-
nism in which IS is replicated to join the donor and recipient in a co-integrate that is
resolved to give donor and recipient with the IS (Hallet and Sherratt 1997) or a copy-
out-paste-in mechanism, in this IS is replicated into a double-stranded circular
intermediate that then integrates into the recipient (Chandler et al. 2015). These
insertion sequences comprise the ISAPl1, the ISCR1 element (previously called
ORF513), and ISEcp1-like insertion sequences (Rossolini et al. 2008; Toleman
et al. 2006). IS26 is 820 bp long insertion sequence that characteristically generates
8bp target duplication upon transposition (Mollet et al. 1983). ISEcp1-like insertion
sequence captures and mobilizes a number of unrelated antibiotic resistance genes
including blaCTX-M groups (Rossolini et al. 2008; Shahid et al. 2011). The most
common type of insertion sequence, DDE is bound by 14-bp terminal inverted
repeats, IRL at the left side and IRR at the right side with respect to the direction of
transcription of the transposes gene. Binding of the IR by the Tnp protein is involved
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in transposition, during this process as a result of repair of staggered cuts in different
DNA strands, many IS creating short-flanking direct repeats on insertion (DR;
typically ~3 to 14 bp, but the length is characteristic for each IS). These are also
referred to as target site duplications (TSD), while most of the IS do not appear to
target specific sequence motifs. While some IS types may not have IR or create TSD.
Because frequent transposition may be deleterious, expression of active transposase
may be controlled by a programmed frameshift to create a complete Tnp protein
(Chandler and Fayet 1993). The frameshift typically occurs within a “slippery
codon” region, e.g., AAAAAAA in ISAba1 (Mugnier et al. 2009).

8.7 IS26 and Composite Transposon

IS6 family elements IS26 (also known as IS6, IS15Δ, IS46, IS140, IS160, IS176,
and IS1936) (Harmer et al. 2014) have played an essential role in the dissemination
of resistance determinants in Gram-negative bacteria. These IS encode a single
transposase, and the terminal IR of IS26 and IS257 both contain a -35 consensus
(TTGCAA) that can create a hybrid promoter if accidentally positioned (with an
~17-bp spacer) near a -10 sequence upstream of the gene (Vandecraen et al. 2017).
Movement of these IS was originally demonstrated to occur by replicative transpo-
sition (Mollet et al. 1985; Needham et al. 1995; Firth and Skurray 2006). This results
in cointegration of the donor and recipient molecules with a directly repeated copy of
the IS at each junction, creating a “composite transposon”-like structure flanked by
characteristic 8-bp TSD.

8.8 ISEcp1 and Related Elements

ISEcp1 (IS1380 family; encodes a DDE-type transposase), first identified in E. coli,
has 14 bp inverted repeat (IR) and creates 5-bp TSD on transposition. ISEcp1
appears to be able to use IRL (inverted repeat left) in combination with a sequence
beyond its IRR (inverted repeat right) end to move an adjacent region, creating 5-bp
(or occasionally 6-bp) TSD flanking the whole “transposition unit” (TU) (Boyd et al.
2004). Upstream insertion of ISEcp1 of a chromosomal blaCTX-M-2 gene in Kluyvera
and consequent movement to a plasmid have been demonstrated (Lartigue et al.
2006), but the exact mechanism and any important characteristics of the sequences
that can be used as alternatives to IRR have not been determined. While ISEcp1
generally makes use of IRL in conjunction with alternative sequences resembling
these IR to mobilize adjacent regions, to generate 5-bp duplications of flanking
sequence on transposition (Lartigue et al. 2006; Poirel et al. 2003, 2005; Wachino
et al. 2006). As illustrated by transposition of “hybrid” units that include adjacent
vector sequence from cloned ISEcp1-resistance gene combinations, ISEcp1 is able
to mobilize the same adjacent gene as part of different-size “transposition units”
(Poirel et al. 2005; Wachino et al. 2006).
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8.9 ISCR1 and Related Elements with Antibiotic
Resistance Genes

An element, ORF513, has increasingly been associated with class 1 integrons, this
element shows IS91-like characteristics, and it can mobilize adjacent DNA
sequences via rolling circle replication process. Hence this element was aptly
named as “insertion sequence CRs” (ISCRs), which is a reflection of their name
appropriate structure–function properties (Toleman et al. 2006). The first CR ele-
ment (ISCR1) was discovered in the early 1990s. It was reported as a sequence of
DNA with size of 2154 bp, incorporating ORF513, which is inserted beside the sul1
genes of class 1 integrons; In6 and In7 (Hall and Stokes 1993). To distinguish it from
the 50 and 30 conserved sequences (CS) of class 1 integrons, this sequence was
termed as CR (common region). ORF513 (also known as ISCR1) has been found
related to a number of different antibiotic resistance genes, with most of them being
closely associated with class 1 integrons and called as complex class 1 integron
(Toleman et al. 2006). The sequence is an example of a CR (common region)
element, which is a group of putative “mobile” genetic elements, found in “Salmo-
nella genomic islands” (SGIs) and on the integrative conjugative element SXT of
Vibrio cholerae (Beaber et al. 2002). ISCR1 belongs to a family of unusual insertion
sequences, typified by IS91 (Garcillan-Barcia et al. 2002) and is closely associated
with many antibiotic resistance genes. ISCR1 is associated with genes encoding
resistance to chloramphenicol (catAII), trimethoprim (dfrA10, dfrA23, dfrA3b,
dfrA19) and aminoglycosides (armA), and also with class A (blaCTX-M-2, blaCTX-
M-9, blaCTX-M-20, blaPER-3, blaVEB-3) and class C (blaDHA-1, blaCMY-1, blaCMY-8,
blaCMY-9, blaCMY-10, blaMOX-1) β-lactamases. The recently discovered gene, qnr,
which confers resistance to quinolones and reduced susceptibility to
fluoroquinolones, is also closely linked to ISCR1 (Mammeri et al. 2005).

8.10 Integrons

Antibiotic resistance genes have frequently been found to be encoded by the
determinants carried on mobile genetic elements, such as integrons, plasmids, and
transposons which then help in the horizontal transfer of antibiotic resistance genes
(Ploy et al. 2000). Integrons are the mobile elements defined by their ability to
participate in a powerful site-specific recombination system to capture, accumulate,
excise, and organize gene cassettes and then convert them into functional genes by
ensuring their correct expression and thus making it the natural expression vectors of
these genes (Hall and Collis 1995; Bennet 1999; Carattoli 2001; Mazel 2006).
Integrons play a dominant role in spreading antibiotic resistance genes as found in
Gram-negative bacteria as a part of the gene cassette inserted into an integron (Fluit
and Schmitz 1999; Yu et al. 2004). Five different classes of mobile integrons have
been identified on the basis of the sequences which encode integrases (40–58%
identity), while only first three classes class 1, class 2, and class 3 are involved in the
spread of multi-resistance phenotypes (Mazel 2006), class 4 is a distinctive class
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found in Vibrio cholera as it is not associated with antibiotic resistance (Mazel et al.
1988). Being detected in 22–59% of Gram-negative isolates, Class 1 integrons are
the most widespread and clinically more important (Labbate et al. 2009), these have
also been reported in environmental isolates of Gram-negative bacilli (Jones et al.
1997; Fluit and Schmitz 1999). Class 1 type integrons are formed of two conserved
segments flanking each other; these have variable length, within which antibiotic
resistance gene cassettes are found (Reanney 1976; Fluit and Schmitz 1999). The 50

conserved segment (50CS) of class 1 integrons encodes a DNA integrase (IntI1)
which mobilizes and inserts gene cassettes through a site-specific recombination
mechanism at a specific site (att1) adjacent to the Int1 gene (Hall and Stokes 1993).
This 50 CS region of integron acts as a receptor for gene cassettes, it also contains
promoters Pint and Pc (P1) making it possible to transcribe both the integrase and
gene cassettes and also to express most of the genes carried on cassettes (Carattoli
2001; Mazel 2006). Three versions of P1 are known to exist, with different
combinations of 210 and 235 sequences in comparison to consensus sequences.
These are TTGACAN17TAAACT (a strong promoter), TGGACAN17TAAGCT
(a weak promoter), and TGGACAN17TAAACT (a hybrid promoter) (Stokes and
Hall 1989; Levesque et al. 1994). Such sequence changes raise the suspicion of a
crude mechanism of control of gene expression. In addition to this, the insertion of
three guanosine molecules, 119 bases downstream of the promoter P1 creates a
downstream secondary weak promoter, P2, resulting in a second initiation point of
transcription, thereby increasing the expression of inserted gene cassettes (Levesque
et al. 1994; Collis and Hall 1992a, 1992b). The 30 conserved segment (30CS) of class
1 integrons comprises a truncated antiseptic resistance gene (qacEΔ1), a sulfonamide
resistance gene (sul1), and an open reading frame (orf5) of unknown function
(Reanney 1976).

8.11 Gene Cassettes and Their Mobility

Gene cassettes, mostly encoding for antibiotic resistance, consist of one coding
sequence; a 59-base element located at the 30 end of this sequence. These may also
contain a variable number of non-translated nucleotides. Recently a number of gene
cassettes have been reported (Fluit and Schmitz 1999; Partridge et al. 2009), most of
these have been found to encode proteins, involved in the resistance to antibiotics.
Gene cassettes encoding resistance against antibiotics may cover a wide range of
antibiotics and antibiotic classes (Partridge et al. 2009). Gene cassettes mobilization
is mediated by the intI1 gene encoded IntI1, which belongs to the Integrase family.
The integrase excises the gene cassettes as covalently closed supercoiled circular
molecules (Collis and Hall 1992a), even these circular molecules can also be made to
integrate. Deletions, duplications, and rearrangements of gene cassettes in integrons
have been observed (Collis and Hall 1992b). The formation of co-integrates between
plasmids has been also found to contribute gene cassette exchange (Martinez and de
la Cruz 1990). Besides the integrase, the attI and 59-base elements are also involved
in gene cassette mobility. Gene cassettes are promoter-less genes which contain an
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attC recombination site. The attC, also known as 59-base elements, is considerably
variable in length (Fluit and Schmitz 1999). As reviewed by Partridge et al. (2009),
compilation of the attC sites has inverted repeats with two 7bp core regions, having
the consensus GTTRRRY/RYYYAAC for right-hand/left-hand ends (Hall et al.
1991). Analysis of right-hand consensus sequences which were observed initially
indicated GTTAGGC, GTTAGCC, and GTTAGAC as dominant sequences. As
demonstrated, in these, “A” is the most common nucleotide present at fourth position
but recently G and C have also been seen at this position in one example (gcu13,
GTTCTGT); therefore, the final nucleotide of right hand was A/G, rather than T/C in
a number of attC sites but few were found mismatched between 1R and 1L. GTTA
and GTTG sequences have been found to play a dominant role in the binding of the
four integrase molecules to the attI1 site; however, it is yet to be ascertained whether
all of the four are necessary for recombination (Fluit and Schmitz 1999). One study
from China reported that the gene cassettes included those encoding resistance to
trimethoprim (dfrA1, dfrA5, dfrA12, dfrA15, dfrA16, dfrA17, and dfrA27),
aminoglycosides [aadA, aadA1, aadA2, aadA5, aadA12, aadA13, aadA22, aadB,
aac(60)-II, aac(60)-Iid, aac(60)-Ib, aacA4, aacC, aacC1, aacC4 and ant(300)-Ih], the
β-lactamase (blaPSE-1, blaOXA-4, blaOXA-10, blaOXA-30, blaIMP-9 and blaIMP-25), chlor-
amphenicol (cmlA1, cmlA6, cmlA8, catB3, and catB8), quinolones (qnrVC-like),
and rifampicin (arr-3). Detection of three gene cassettes (ΔMFS-1, HAD-like, and
qnrVC-like) in integrons indicated that integrons can efficiently capture and inte-
grate genes. The qnrVC-like gene was included in the catB3-qnrVC-like-aacA4
array that showed 98% identity with the functional qnrVC genes, which differed
by 14 and 15 nucleotides compared with qnrVC1 and qnrVC3, respectively. The
predicted protein sequence differs from the qnrVC3 sequence only at position
71 (asparagine ! aspartic acid). The putative promoter (Pc: -35 TTGACA and
-10 TAGTCT) was found in the qnrVC-like cassette with one mutation (C-G) in the
-35 motif compared with the functional qnrVC gene promoter (Pc: -35 TTCACA
and -10 TAGTCT) (Wu et al. 2012).
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Abstract

Different resistance components are capable of resistance in Family
Enterobacteriaceae, among which plasmid-encoded extended-spectrum beta-
lactamase (ESBL) and AmpC beta-lactamase are the most significant.
Extended-spectrum β-lactamases (ESBLs) are a differing, complex, and quickly
advancing bunch of plasmid-mediated proteins that are displaying a major helpful
challenge within the care of hospitalized and community-based patients nowa-
days. ESBL-related infections range from uncomplicated infections of the urinary
tract to life-threatening sepsis. Enterobacteriaceae have been identified as a major
cause of hospital-acquired infections since the 1980s, particularly Klebsiella spp.
harboring enzyme ESBLs such as SHV and TEM forms. Resistance to unrelated
antibiotics is often co-transferred by plasmids encoding extended-spectrum beta-
lactamases; therefore, plasmid profiling is a valuable diagnostic method as well as
an effective tool for epidemiological typing.
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9.1 Introduction

A plasmid could be a small extrachromosomal DNA entity ranging in size from
1 kbp to 200 kbp that is physically isolated from chromosomal DNA and can
replicate independently. The number of indistinguishable plasmids in a single cell
can extend from one to thousands in a few cases. Naturally, plasmids bear qualities
that help the organism’s survival and give a specific advantage, such as antimicrobial
resistance. Not at all like chromosomes, which are expansive and contain all of the
hereditary material required for ordinary life, plasmids are as a rule small and contain
extra genes that will be valuable in specific circumstances or conditions. Later
research revealed that plasmids were self-replicating DNA molecules capable of
cell-to-cell self-transmission and of mobilizing chromosome segments via a mecha-
nism known as high-frequency recombination (Hfr) (Adelberg and Pittard 1965).
Nowadays man-made plasmids are being used as vectors in molecular cloning.
Plasmids can be inserted into a cell through transformation in the laboratory
(Fig. 9.1).

9.2 Plasmid’s Significance in Antibiotic Resistance

The development and spread of antibiotic-resistant bacteria have become a major
concern in hospital infection control in the last decade (Rajaee Behbahani et al.
2019). Knowledge of the resistance mechanism is essential to plan stewardship
programs to curtail the spread of these resistant pathogens. Antibiotic resistance
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genes are found on the genetic components of bacteria, such as chromosomes and
plasmids. Resistance transmission is increased by genes on plasmids frequently
observed in nosocomial infections because of the high transferability of these genetic
materials (Lerminiaux and Cameron 2019). In Gram-negative bacteria, plasmid-
defined β-lactamase activity is usually the source of high-level resistance to broad-
spectrum β-lactam antibiotics (Foster 1983). In hospital and community-acquired
infections, E. coli and Klebsiella pneumoniae pose the greatest threat of plasmid-
mediated drug resistance (Schultsz and Geerlings 2012).

9.3 Mechanism of Drug Resistance in Plasmids

Plasmids use four classic resistance mechanisms:
(1) Drug inactivation, (2) decreased cell permeability, (3) bypass, and

(4) repositioning of the target (Davies and Smith 1978) as shown in Fig. 9.2.
Some authors have given plasmid-specific Gram-negative bacteria enzymes

names based on the bacterial host from which they were isolated or the β-lactam
drug that they better hydrolyze.

9.4 Why to Study Plasmids?

Plasmids are the ideal vectors for the spread of antibiotic resistance because of their
ability to acquire new genes via transposons or insertion sequences, which are
mobile genetic elements, in addition to their ability to propagate in a variety of
hosts. In the 1980s, Cephalosporins, carbapenems, and monobactams, which have a
higher β-lactamase stability, were introduced. Small RNAs (sRNA) resistance first
appeared in organisms including Enterobacter cloacae, Citrobacter freundii,
Serratia marcescens, and Pseudomonas aeruginosa, which were able to
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overproduce their chromosomal AmpC β-lactamase (also known as class C or group
1) via mutation, resulting in resistance to both oxyimino- and 7-methoxy-
cephalosporins as well as monobactams (Sanders 1987). Resistance was later dis-
covered in bacteria lacking an inducible AmpC enzyme, such as Klebsiella
pneumoniae, Escherichia coli, Salmonella spp., and Proteus mirabilis, and it was
discovered that this resistance was mediated by plasmids encoding extended-
spectrum β-lactamases (ESBLs), which are enzymes that developed from mutations
in TEM or SHV β-lactamases with less hydrolytic capacity (Philippon et al. 2002).
As a result, identifying plasmid features and behavior in various bacterial hosts
provides critical information about AMR transmission.

9.5 Plasmids Linked to b-lactamases in Gram-Negative
Bacteria

In Gram-negative bacteria, plasmid-controlled β-lactamase activity is frequently the
source of high-level resistance to broad-spectrum β-lactamase antibiotics. Table 9.1
summarizes some common β-Lactamases transferred through plasmids.

9.5.1 TEM ESBLs

In Gram-negative bacteria, the TEM enzyme was the first R-plasmid-linked
β-lactamase to be discovered. The RTEM plasmid inspired the enzyme’s name.
TEM-1 and TEM-2 are two varieties that can be identified by isoelectric focusing
(Foster 1983). Their ubiquitous occurrence is due to transposons carrying the TEM
β-lactamase gene.

Table 9.1 Common β-Lactamases transferred through plasmids

Plasmid-mediated β-lactamases Commonly found in species

TEM Klebsiella pneumoniae, Escherichia coli

SHV-1 Klebsiella pneumoniae

AmpC-type Klebsiella pneumoniae

CTX-M Klebsiella pneumoniae, Escherichia coli

Plasmid-encoded MBL (IMP-1) Pseudomonas aeruginosa

OXA-1 Klebsiella pneumoniae

OXA-48 carbapenemase Klebsiella pneumoniae

PSE-1 Pseudomonas aeruginosa

PSE-4 Pseudomonas aeruginosa

CEP-1 Proteus mirabilis

MCR-1 Escherichia coli

HMS-1 Proteus mirabilis

ROB Haemophilus influenzae type b

VIM, IMP, NDM Klebsiella pneumoniae, Escherichia coli
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9.5.2 SHV ESBLs

Klebsiella species have developed resistance to a wide spectrum of antibiotics in
recent years. The penicillinase enzyme SHV-1 has been found to confer resistance to
penicillins, particularly ampicillin and carbenicillin, in Klebsiella. K. pneumoniae
carbapenemases are a unique carbapenem resistance mechanism established by
K. pneumoniae (KPCs). Antibiotic tolerance is conferred by a plasmid-encoded
KPC that can hydrolyze cephalosporins, monobactams, and even carbapenems. It
has been reported that these resistance plasmids have spread to other Gram-negative
bacteria such as Enterobacter, K. oxytoca, E. coli, Serratia marcescens, and Pseu-
domonas species. In Enterobacteriaceae, a mutant blaSHV-27 (Corkill et al. 2001) has
been discovered on various plasmids and has been connected to a wide range of
antibiotic resistance genes (blaDHA1, blaTEM-1, blaTEM1b, blaCMY-2, blaIMP, blaCTX-
M-14, blaCTX-M-15, blaSHV-12, blaSHV (Liakopoulos et al. 2016; Muratani et al. 2006).

9.5.3 Pseudomonas-Specific Enzymes (PSE)

Carbenicillin is hydrolyzed at a faster rate than penicillin by certain plasmid-specific
β-lactamases. They are named pseudomonas-specific enzymes (PSE) because they
were found in P. aeruginosa. The PSE-1/CARB-2 enzyme was first identified as a
determinant of P. aeruginosa IncP2 plasmids with a confined host range; however, it
has recently been found in intestinal bacteria and connected to transposons. The
CARB-4/PSE-3 gene is controlled by a single plasmid in P. aeruginosa (Foster
1983).

9.5.4 CEP-1

There have been reports of β-lactamases with plasmid-specificity that primarily
hydrolyze cephalosporins. The CEP-1 determinant was passed from Proteus
mirabilis to Escherichia coli, where it was identified as a β-lactamase with properties
that were similar to the chromosomal Amp C enzyme in E. coli (Philippon et al.
2002).

9.5.5 Amp C b-lactamases Mediated by Plasmids (pAmpC)

Plasmids that transmit class C β-lactamases appeared as a result of the therapeutic
use of 7-methoxy-cephalosporins (cefoxitin and cefotetan) and the advent of
β-lactamase inhibitor combinations (amoxicillin or ticarcillin plus clavulanate,
sulbactam plus ampicillin, and tazobactam plus piperacillin) (Medeiros 1997).
While the chromosomal mediated AmpC is mainly present in members of the
Enterobacteriaceae family’s group II (like Enterobacter spp., Serratia spp.,
Citrobacter freundii, Providentia spp., Morganella morganii, and Hafnia alvei)
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making them resistant to third generation cephalosporins (Rensing et al. 2019). The
pAmpC (plasmid-mediated AmpC) plasmids were first found in Enterobacteriaceae
that either have reduced expression of chromosomally encoded AmpC or do not
have it at all (such as Klebsiella spp., Escherichia coli, Proteus spp., Salmonella
spp., and Shigella spp.) (Jacoby 2009). pAmpC can also provide carbapenem
resistance in a strain with reduced outer membrane permeability, as shown by the
results of an epidemic in New York, where a large number of K. pneumoniae isolates
were collected and studied (Bradford et al. 1997). TEM-1, TEM-2, or even an ESBL,
such as SHV-5, are produced by many strains having plasmid-determined AmpC
enzymes (Philippon et al. 2002).

9.5.6 CTXM Enzymes

Class A extended-spectrum β-lactamases (ESBLs) are a subset of CTX-M-type
enzymes that are rapidly proliferating in Enterobacteriaceae. Around 50 different
alleles have been described, and six distinct sub-lineages have been established. One
such paper reports the isolation of the CTX-M-encoding genes from Kluyvera
species and demonstrates that these genes can be distributed through pathogenic
enterobacteria (Jiang et al. 2017). CTX-M elements can be distributed through a
variety of genetic mechanisms. A newly discovered ISEcp1 insertion sequence is a
transposable element that can mediate the movement of flanking DNA segments
through a one-ended transposition mechanism (CTX-M-1, CTX-M-2, CTX-M-9,
and CTX-M-25). Inter-replicon transmission possibly included the assistance of
ISEcp1 and the CR1-associated recombination mechanism in the capturing of
blaCTX-M genes by conjugative plasmids, which were then distributed between the
replicons by way of Tn402-like backbone interactions. The importance of plasmids,
which are mostly self-conjugative and contain additional resistance markers, in the
horizontal transfer of blaCTX-M genes is well-known (Bonnet 2004).

9.5.7 Carbapenemases

Plasmids are increasingly essential for the successful transmission of
carbapenemases, particularly the VIM, IMP, and NDM metallo-β-lactamases
(MBL), the serine-carbapenemase KPC, and carbapenem-hydrolyzing class D
OXA β-lactamases (CHDLs). The blaNDM-1 gene is present primarily on plasmids,
but various plasmid varieties, including IncL/M, IncA/C, IncF, IncHI1, and distinct
IncN and IncHI1 plasmid variants, were mainly responsible for the distribution of
the blaNDM-1 gene in nonclonally associated enterobacterial isolates (Carattoli 2013).
blaNDM is present on bacterial chromosomes, but most carriage occurs on plasmids,
which aid its dissemination. blaNDM has been found on plasmids carrying a variety
of replicon types (Wu et al. 2019).

158 H. Sami et al.



9.5.8 Plasmid Typing

Datta and Hedges developed the first plasmid typing scheme in 1971 (Datta and
Hedges 1971). By classifying plasmids into various kinds based on their phyloge-
netic relatedness, the epidemiology of antibiotic resistance mediated by plasmids has
been better understood. Presently the common typing methods use either replication
fork loci (replicon typing) or plasmid mobility (MOB typing). For plasmid typing,
traditional PCR-based approaches are still commonly employed (Orlek et al. 2017).
Table 9.2 shows a list of some common plasmids.

9.6 Replicon Typing Scheme

9.6.1 Incompatibility (Inc) Grouping

Inc typing is a method of classifying plasmids based on their ability to live in a stable
manner in the same bacterial strain as other plasmids, which is determined by their
replication machinery. When coresident plasmids have the same replication machin-
ery, they are incompatible. Because the Inc group is determined by the plasmid
replicon type, the terms Inc and Rep type are interchangeable when describing
plasmid kinds (Johnson and Nolan 2009). Plasmids from the Enterobacteriaceae
family have been assigned to the Inc group, Pseudomonas aeruginosa, and Staphy-
lococcus aureus (Datta and Hedges 1971; Taylor et al. 2004). The approach has been
useful in tracing the transmission of plasmids that confer antimicrobial resistance, as
well as in tracking the evolution and dissemination of new plasmids (Carattoli et al.
2005).

9.6.2 PCR-Based Replicon Typing (PBRT)

The presence of several plasmids inside a single cell will make plasmid recognition
challenging, rendering it difficult to determine a bacterial strain's total plasmid
content. To overcome this PBRT has been widely used. This technique has been
estimated to have screened thousands of strains, permitting the detection of supposed
“epidemic” plasmids that dispersed in Enterobacteriaceae beyond the limits of
organisms and at far-flung topographical locations (Carattoli 2013). The PBRT-
defined replicon content has been utilized to investigate outbreak clones
microbiologically and track the transmission of certain resistant determinants in
groups of epidemiologically related but genetically unrelated bacterial isolates
(Carattoli 2013). PBRT now detects 28 replicons in plasmids from the well-studied
Enterobacteriaceae family (dependent on many genetic loci, including replication
regulatory sequences and rep genes) (Orlek et al. 2017). In a recent study, in silico
research revealed 22 replicons, and 5 more were discovered and cloned from
previously unidentified A. baumannii resistance plasmids containing the
carbapenem-hydrolyzing oxacillinase OXA-58 (Bertini et al. 2010).
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Table 9.2 Summary of plasmids associated with β-lactamases

Plasmid Characteristics Host range and transferability

IncF plasmids Conjugative plasmids with low copy
number that vary in size from 45 to
200 kb (classified as MOBF

according to relaxase typing)
(Garcillán-Barcia et al. 2011). The
most frequently mentioned resistance
genes on IncF plasmids are ESBL
genes, carbapenemase genes,
aminoglycoside-modifying enzyme
genes, and plasmid-mediated
quinolone resistance (PMQR) genes
(Rozwandowicz et al. 2018)

Enterobacteriaceae; conjugative

IncI plasmids IncI, also known as MOBP, is a
family of low copy number, plasmids
that vary in size from 50 to 250 kb
(Garcillán-Barcia et al. 2011). blaCTX-
M-1 is the most frequently found gene
on IncI plasmid ST7 and 3 and it has
been related to E. coli strains ST10,
58, 117, and 131 (Leverstein-van Hall
et al. 2011; Wang et al. 2014). IncI2
plasmids were recently discovered to
be linked to the mcr-1 colistin
resistance gene and its counterparts
mcr-1.3 and mcr-1.5 (Yang et al.
2017; Tijet et al. 2017)

Limited; conjugative

I-plasmid
complex

I-Plasmid complex comprises IncK,
IncB/O, and IncZ plasmids. The
resemblance of the IncK, IncB/O, and
IncZ RNAI sequences, which are
targets in the PBRT system, makes
their typing problematic. In Europe,
IncK plasmids are mostly linked to
the dissemination of the blaCMY-2 as
well as blaCTX-M-14 genes
(Rozwandowicz et al. 2018)

Limited; conjugative

Inc A/C
plasmids

IncA/C is a family of low copy
number plasmids that range in size
from 40 to 230 kb; however, smaller
conjugative variations of 18–25 kb
have also been found (Lee et al.
2014). Classified as MOBH in
relaxase typing (Garcillán-Barcia
et al. 2011). IncA/C plasmids
replicate not only in
Enterobacteriaceae but also in
Pseudomonas and other bacteria like
Photobacterium damselae. These
plasmids include resistance
determinants to aminoglycosides,

Limited; conjugative

(continued)
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Table 9.2 (continued)

Plasmid Characteristics Host range and transferability

sulfonamides, trimethoprim, and
chloramphenicol, as well as
restriction enzymes, antirestriction
DNA methylases, and partitioning
mechanisms, which help in their
persistence and durability (Johnson
and Lang 2012)

IncH IncH is a family of low copy number,
plasmids that range in size from 75 to
400 kb. Classified as MOBH in
relaxase typing (Garcillán-Barcia
et al. 2011). IncHI1 plasmids, which
were historically only present in
Salmonella isolates and have a
transition temperature of 22–30 �C,
have now been discovered in other
bacteria, raised the possibility that
they could help spread the blaNDM-1

gene among bacteria in environment
(Dolejska et al. 2013)

Enterobacteriaceae, many Gram-
negative species as Aeromonas spp.,
Vibrio spp., etc; conjugative

IncP plasmids IncP (MOBP) is a group of broad host
range, low copy number plasmids,
70–275 kb in size. These plasmids are
designated as IncP in
Enterobacteriaceae and IncP-1 in
Pseudomonas spp. The IncP plasmid
has recently been related to the
colistin resistance gene mcr-1 and its
variant mcr-1.6. The resistance genes
dfrA1, tet(A), and sul1 were all found
on this plasmid (Malhotra-Kumar
et al. 2016; Lu et al. 2017)

Broad; conjugative

IncL/M
plasmids

IncL/M, often known as MOBP due
to its relaxase type, is a collection of
broad host range plasmids with sizes
ranging from 50 to 80 kb and low
copy numbers (Garcillán-Barcia et al.
2011). The ArmA 16S RNA
methylases were carried on pCTXM-
3, a self-transmissible plasmid of the
IncL/M family that propagated the
blaCTX-M-3 gene in Europe and China
(Gołębiewski et al. 2007). pCTX-M-
3 is closely linked to the IncL/M
plasmids that have been linked to
NDM-1 and ArmA. Globally,
blaOXA-48 has been linked to a 60 kb
IncL plasmid, formerly known as
IncL/M, while this gene has also been
found on IncF and IncP plasmids.

Broad; conjugative

(continued)
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Table 9.2 (continued)

Plasmid Characteristics Host range and transferability

Nosocomial infections are believed to
be caused by K. pneumoniae bearing
these IncL plasmids with blaOXA-48
(Potron et al. 2013)

IncN plasmids IncN, also known as MOBF in
relaxase typing, is a family of broad-
host range plasmids with size ranging
from 30 and 70 kb whose copy
number is regulated by iterons
(Garcillán-Barcia et al. 2011). Unlike
NDM-1, which is transferred by a
broad range of plasmids, MBL
VIM-1 is spread by a limited number
of plasmids. The blaVIM-1 gene was
found in abundance on various IncN
family variants in Italy and Greece.
VIM-1-IncN plasmids spread in
unlinked Klebsiella spp. bacteria,
staying in different hospitals for
lengthy periods of time and gaining
PMQR genes and added resistance
determinants (Carattoli 2013)

Broad; conjugative

Colicinogenic
plasmids

Colicins, which are members of the
bacteriocin family, are proteins
formed by some E. coli strains that
are fatal to linked E. coli bacteria
(Cascales et al. 2007). Colicins are
primarily encoded by genes found on
plasmids. The ColE1 plasmid is the
source of the majority of qnr-carrying
plasmids conferring quinolone
resistance. They are most commonly
found in strains of S. enterica
recovered from human samples

Limited; mobilizable

IncX IncX is a set of narrow-host range
plasmids classified as MOBP by
relaxase typing. There are six known
subtypes of IncX plasmids (X1–X6),
with sizes from 30 to 50 kb range
(Garcillán-Barcia et al. 2011).
Salmonella strains obtained prior to
the widespread use of antibiotics
included IncX plasmids (Jones and
Stanley 1992). IncX plasmids are
now mostly obtained from both
human and animal sources of
Salmonella and E. coli (Norman et al.
2008). These plasmids largely encode
antimicrobial resistance determining
factor for extended-spectrum

Limited

(continued)

162 H. Sami et al.



9.6.3 Southern Blot Hybridization with Replicon Probes

Plasmids can be also classified based on hybridization using replicons as probes but
this method is now obsolete. When closely similar replicons are present, probe
hybridization loses specificity, and it is no longer extensively employed unless in
the context of PCR-based replicon typing (PBRT), a technique that uses PCR
amplicons as probes to sort plasmids separated on a gel (Orlek et al. 2017).

9.7 MOB Typing Scheme

The relaxase (relaxases are required for the conjugation of plasmids) genes
expressed by transmissible plasmids are detected by degenerate primer MOB typing
(DPMT) using PCR. Since the genes for relaxase (also known as Mob proteins) are
more conserved than those for repA, this technique has the ability to detect all
proteobacterial transmissible plasmids and classify them into one of five phyloge-
netic relaxase MOB groups (Carattoli et al. 2005). MOB typing is more sensitive but
has a low resolution, and it cannot be used on plasmids that do not contain the
relaxase gene. pMLST techniques for plasmid subtyping have been developed for
enterobacteria plasmid families.

9.8 Plasmid Multilocus Sequence Typing (pMLST)

For pMLST review, a weekly modified database was developed from www.pubmlst.
org and incorporated into a web program called in silico pMLST. PlasmidFinder and
pMLST are web-based applications that allow users to search WGS data from a
variety of genome sequencers and extract plasmid data for clinical and epidemiolog-
ical research (Carattoli et al. 2014).

Table 9.2 (continued)

Plasmid Characteristics Host range and transferability

b-lactams and quinolones. IncX
plasmids can also carry resistance
genes for tetracycline and
trimethoprim. Carbapenemase genes
(mostly blaKPC and blaNDM) have
been found on IncX plasmids (Pál
et al. 2017) (Venditti et al. 2017). The
colistin resistance genes mcr-1 and
mcr-2 have recently been linked to an
IncX4 plasmid (Xavier et al. 2016)
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9.9 Restriction Fragment Length Polymorphism (RFLP) Typing
of Plasmids

Since the early 1970s, plasmid profile typing (size and number) and plasmid
fingerprinting (processed plasmid DNA) are commonly used to examine the links
between epidemiologically associated Gram-positive microbe strains and to monitor
the transfer of genes of public health significance like antibiotic resistance, Bacteri-
ocin production, etc. The use of restriction endonuclease analysis can substantially
improve the investigator's capacity to distinguish strains that only have one plasmid.
At what is known as a restriction site, a restriction enzyme chops DNA segments
within a specified nucleotide sequence. These recognition sequences are usually
four, six, eight, ten, or twelve nucleotides long and palindromic (that is, they all have
the same nucleotide sequence in the 50–30 direction). Plasmid fingerprinting is
frequently the only distinguishing feature for strains engaged in outbreaks (Tenover
1985).

9.10 Conclusion

The evidence clearly shows that some plasmid families are more widely diffused and
scattered among bacteria in nature, while others show distinct differences in the
distributions in pathogens and commensal bacteria. Epidemic plasmids linked to the
propagation of resistance through β-lactamases like CTX-M-1, CTX-M-15, NDM-1,
OXA-48, and VIM-1 have been found in genetically diverse strains discovered over
vast distances with no apparent epidemiological linkages. Plasmids are the most
difficult threat to antimicrobial resistance spread because they contribute to the
evolution and emergence of evolving and relevant resistance traits, are highly suited
to the host, and are hard to cure or prevent with existing therapies.
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Abstract

Transposons are a group of mobile genetic elements. Transposons can switch
among various places of the genome, hence also called as jumping genes. They
are divided into two main groups: retrotransposons (classified) and DNA
transposons (classified). While retrotransposons are mainly present in eukaryotes,
they can be found in prokaryotes also. Transposons may shift from one plasmid to
another or from a chromosome to a plasmid and the other way round, causing
genes of antibiotic resistance in bacteria to be transmitted. In Gram-negative
bacteria, some examples of composite transposons are Tn5, Tn9, Tn10, Tn903,
Tn1525, and Tn2350. Most studied Tn21 bear determinants of OXA
(a carbapenem, possessing oxacillinase activity) and PSE (β-lactam gene Pseu-
domonas specific enzyme) PSE (Pseudomonas unique enzyme-lactam gene)
makes them resistant to aminoglycoside antibiotics.

Keywords

Transposons · Jumping genes · Antibiotic resistance · Gram-negative bacteria

10.1 Introduction

A transposable element, also known as TE or transposon or jumping gene, is a
sequence of DNA that can change its location within a genome and thus can cause or
reverse a mutation and alter the genetic identity and size of the cell. Antibiotic-
resistant bacteria are a significant source of infections associated with health care
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settings. Morbidity, mortality, and health care costs are greatly increased by
infections caused by these multi-resistant species. The selection, accumulation,
and distribution of resistant genes are mainly because of the behaviour of mobile
genes.

10.2 Historical Perspective

Zea mays was the first cereal crop to be found as having transposable elements
(TEs). McClintock was working with broken-segmented chromosome in maize
plants (McGrayne 2001). She reported that the variable colour patterns on corn
kernels were due to the action of some distinct genetic units which can shift from one
site to another on different chromosomes of maize. The placement of these genetic
units into genes switches the expression of genes on or off, controlling thereby their
expression. She identified them as elements of power. This Barbara McClintock
discovery earned her a Nobel laureate (McClintock 1950).

Structure of transposon: the basic structure of transposon is shown in Fig. 10.1.

10.3 Classification

TEs are classified into two groups based on their function in recognising and
recombining unique sequences:

1. Composite transposons or class I transposons are those holding a variety of
resistance genes possessing similar structural and functional characteristics.
However, there is just a small amount of DNA homology.

2. Complex transposons or class II transposons possess dissimilar but
interconnected families—Tn3, Tn21, and Tn2501.

Inverted IS

Inverted Repeats

Genes For Transposi on
Structural Genes

Fig. 10.1 A bacterial DNA transposon
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10.4 Autonomous and Non-autonomous

In both class I and class II TEs, transposition may be defined as either “autonomous”
or “non-autonomous.” Autonomous TEs are capable of travelling on their own,
whereas non-autonomous TEs need another TE to be present for movement. This is
quite frequent due to lack of reverse transcriptase in class I or transposes in class II
TEs. For example, dissociation elements (Ds) are non-autonomous TEs, while
activator elements (Ac) are autonomous.

10.5 Mechanism of Action of Transposons

The primary transposition mechanisms have been discovered through the investiga-
tion of a limited number of transposons, demonstrating that transposition is mediated
by a small number of mechanisms that are applied in various combinations. These
transposons are characterised by several inherent properties, including their length
and sequence of their ends, their intermediary forms, and the sequences that they
target (Curcio and Derbyshire 2003; Siguier et al. 2015).

Their capacity to incorporate into foreign DNA sequences is the fundamental
property of transposons. This non-homologous recombination varies from the nor-
mal recombination mediated by the host’s recA framework catalysed by the
transposon-encoded transposase. Conservative transposition and replicative transpo-
sition are two strategies of transposon insertion into foreign DNA. In conservative
transposition, the transposing factor moves from a donor to a recipient site as a
physical object. The donor replicon may be destroyed after the transposition, or the
damage caused by the loss of the transposon may be restored, but the exact fate is
unknown, in replicative transposition, the transposon is copied while in motion,
leaving one copy at the original location and a new copy at a new location.

The events in conservative and replicative transposition can be described using a
variety of models (Grindley and Reed 1985). The first step in both modes of
transposition is transposon cleavage at both ends and cleavage of the target molecule
at 5–9 bp-spaced sites. The transposon is then connected to one of the target’s Sticky
single stands, forming an intermediate between the donor and recipient replicon. In
conservative transposition, the second stage involves filling the phased cuts of the
receiver replicon. As a result, the finished product is a replicon, with the transposon
inserted between direct repeats of the target sequence. For class I transposons,
conservative replication is common. In the second stage, the transposon is replicated
in replicative transposition, and an intermediate cointegrate is formed. The
cointegrate is resolved in a reaction called resolution, which involves the enzyme
resolvase, after the two copies of the transposable element have been recombined at
the res site. As a result, the donor replicon and a receptor replicon with the
transposed sequence flanked by direct repeats are obtained. For class II transposons,
replicative transposition is common. Transposable components may be randomly
inserted into different receptor replicon loci; some show a preference for hot spots
(for example, A-T rich regions) and just a few inserts in specific areas.
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10.6 Transposons and Antibiotic Resistance in Gram-Negative
Bacteria

TEs in bacteria typically have an extra gene for roles other than transposition that are
usually those involved in antibiotic resistance. Transposons in bacteria can jump
back and forth between chromosomal and plasmid DNA, allowing for the permanent
addition and transition of genes such as those that code for antibiotic resistance (this
method can create multi-antibiotic-resistant bacterial strains). This type of bacterial
transposon belongs to the Tn family. Insertion sequences are transposable elements
that do not have any extra genes. Different transposons classes and their role in
antibiotic resistance is summarised below.

10.7 Retrotransposons (Class I Transposons)

RTNs can be transmitted by reverse transcriptase, a process termed transposition.
Retrotransposons are classified as autonomous and non-autonomous. Autonomous
RTns have genes (gag and pol), and an open read framework (ORF), which encodes
proteins for transposition. Non-autonomous RTns cannot encode these proteins and
hence utilise the existing autonomous RTn proteins (Wessler 2006). Long terminal
repeat (LTR) and non-LTR retrotransposons are further subtypes of retrotransposons
(Han 2010).

10.8 DNA Transposons (Class II Transposons)

Most DNA Tns are transferred through the cut-and-paste mechanism and are usually
shorter than RTns (Skipper et al. 2013). DNA sequences comprising inverted repeats
(IRs) and a gene for manufacturing Tase enzyme are typically found in the two ends
of DNA Tns (Skipper et al. 2013). In the cut-and-paste method, the sequences of IRs
are identified by Tase, then Tns are incorporated into the target site (Babakhani and
Oloomi 2018). DNA transposons are divided into four different categories in
bacteria, namely composite and non-composite transposons, transposable phage
Mu, and insertion sequences (IS). Bacterial transposons are further divided into
replicative (Tn3 and Mu Phage) and non-replicative transposons (IS10, Tn5, Tn7,
and Tn10).

10.9 Insertion Sequence (IS)

Insertion sequences (ISs) are perhaps the minutest and most abundant autonomous
transposable elements (TEs) (Siguier et al. 2014). In the insertion site ISs may trigger
gene inactivation by direct inclusion and together with a composite Tn can cause
antibiotic resistance genes dissemination to different bacteria. For example, IS256,
which is part of the Tns of Tn4001, has a role in antibiotic resistance (Babakhani and
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Oloomi 2018). Acinetobacter baumannii resistance gene expression is ascribed to
ISAba1. Among all bacteria, IS26 (which belongs to the IS6 family) is a crucial
component in antibiotic resistance (Mugnier et al. 2009). One of the primary
functions of the insertion sequence IS26 is to move antibiotic resistance genes
creating regions of higher antibiotic resistance that are located next to and edged
with copies of IS26 (Harmer et al. 2014). The antibiotic resistance of ISs is mostly
linked to their presence in TNs, such as Tn10 and Tn902, which have tetracycline
and kanamycin resistance genes, respectively. Tn10 and Tn902 are supported,
respectively, by IS10 and IS903 (Mahillon and Chandler 1998). An insertion
element ISPa133 has been demonstrated to create Pseudomonas aeruginosa PrD
protein, which results in carbapenems resistance (Ruiz-Martínez et al. 2011).

10.10 Composite Transposons

A composite transposon is made up of two inverted repetitions from two different
transposons that move together as one unit and transport DNA (Clark et al. 2019).
These transposons are flanked by insertion sequences. They are carriers of antibiotic
resistance genes. Tn5, Tn6, Tn9, Tn10, Tn903, Tn1525, Tn2010, Tn2680, Tn4001,
Tn4003, Tn2700, and Tn3411 are all composite types. Tn5 (Kanamycin Resistance),
Tn9 (chloramphenicol resistance), Tn10 (tetracycline resistance), and Tn903 being
most important in mediating antibiotic resistance especially in E. coli (Goryshin
et al. 1998).

Tn5
Tn5 was among the first transposons to be discovered to carry antibiotic resistance.
IS50R and IS50L are to the right and left of Tn5 and contain neomycin/kanamycin
resistance genes, bleomycin (bleR), and streptomycin (Babakhani and Oloomi
2018).

Tn10
Tn10 is edged by IS10R and IS10L, and it also comprises tetA (involved in
tetracycline outflow pump), tetR (which controls transcription of tetracycline-
responsive genes), tetC (which regulates transcription of tetracycline-responsive
genes), and tetD resistance genes (Partridge 2011).

Tn9
Chloramphenicol acetyltransferase (CAT) resistant gene which confers chloram-
phenicol resistance is carried by Tn9, which is located between IS1, which is the
smallest insertion sequence found in bacteria (Alton and Vapnek 1979).

Tn6
The Tn6 molecule carries the kanR gene and has a length of roughly 5 kilobases. It is
fringed by IS26 (Mollet et al. 1985).
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Tn1
Ampicillin resistance is conferred by the blaTEM genes located on Tn1. Tn1 is
located on the plasmids PR1, PR4, R8, and R68. The tnps Tase and Rvase, in
addition to blaTEM, are also present (Bailey et al. 2011).

Tn 903
Tn903 transports two IS903. The IS903 is located on the ColE1-like plasmid found
in Salmonella serotypes. This plasmid has the kanamycin resistant gene (Gray and
Fitch 1983).

10.11 Non-composite Transposons

Non-composite Tns are also known as the Tn3 family, as opposed to composite Tns,
these lack IS. Even though it lacks the IS parts, it features inverted repeats on both
ends. Tn3 is the best example of a non-composite TE.

Unit transposons as originally described are the unit or complex transposons
(Tn) of the Tn3 family which besides encoding the functions of transposition are
larger than insertion sequences and also bear antibiotic resistance and/or other genes
(Partridge 2011). Tn3-like and Tn21-like transposons are two subgroups of the Tn3
transposon family (Grindley 2002). Both forms have a resolution gene, transposase
A (tnpA), and a resolution site bound by a 38-bp IR (Partridge 2011). These
transposons are transferred through a replicative process involving TnpA’s identifi-
cation of the inverted repeats (IR) and the generation of a cointegrated intermediate
consisting of two copies of the transposon separated by the donor and the recipient
molecules. The cointegration is resolved by site-specific recombination between the
two directly oriented sites, which is accelerated by TnpR, a resolvase gene (Grindley
2002). Differences in both sequence and organisation differentiate the two
subgroups. In Tn3-like subgroup members, Res is located between tnpA and tnpR,
both of which face in opposite directions (Grindley 2002) as shown if Fig. 10.2. In
Tn21-like subgroup transposons, TnpA and tnpR have the same orientation, with res
at the beginning of tnpR (Partridge 2011). The resistance gene(s) in Tn3-like and
some Tn21-like transposons are found outside of tnpR, but how they were captured
is unknown. Transposons Tn21 and similar transposons frequently carry a mercury
resistance (mer) operon, these transposons are significant in antibiotic resistance
movement (Partridge et al. 2018).

The tetracycline resistance determinant is an excellent example of resistance
genes spreading widely via transposons (Kayser and Berger-Bächi 1989). In
Gram-negative bacteria, five groups of determinants (tetA-E) which are frequently
found on transposons have been identified. The class B determinant can be found in
Enterobacteriaceae and Haemophilus organisms, where it is part of a transposon
that is similar to Tnl0, which was first discovered in Enterobacteriaceae. Several
genetic studies on beta-lactamase-producing Haemophilus Influenzae indicate that
the antibiotic-resistant transposon Tn3 was introduced from Enterobacteriaceae into
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phenotypically cryptic plasmids found naturally in a few Haemophilus strains
(Kayser and Berger-Bächi 1989).

Tn3
Tn3 is the ampicillin resistance gene carrier found in both Gram-negative and Gram-
positive bacteria. In Gram-negative bacteria, Tn3 acts as a carrier of β-lactamase
genes (e.g. blaTEM-1) (Gómez-Lus 1998).

Tn7
Being a non-composite transposon, majority of antibiotic resistance genes are carried
by Tn7. Resistance to streptomycin, trimethoprim, as well as spectinomycin is
caused by this Tn (Waddell and Craig 1988).

Tn21
Tn21 being significantly investigated carries carbapenemase having oxacillinase
activity (OXA) and Pseudomonas specific enzyme (PSE) determinants that renders
them resistant to aminoglycosides (Sultan et al. 2018).

Tn501 and Tn5053
Found in P. aeruginosa and E. coli, respectively, they carry Mercury Resistant
Genes (Babakhani and Oloomi 2018).

Tn3 Family

Tn21 subfamily

TnpA and TnpR have the same orientation, with res at the beginning of TnpR

Res is located between TnpA and TnpR, both of which face in opposite directions 

Fig. 10.2 Diagrammatic representation of orientation of Res, TnpA, and TnpR in Tn3 and Tn21
transposons
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10.12 Transposable Phage Mu

Transposable phage Mu is a member of theMyoviridae family and is responsible for
the spread of resistant genes among bacteria. Bacteriophage Mu, which infects
bacteria, was found in E. coli in 1950s. Since the discovery of bacteriophages, the
intricacy and their role in gene transmission have been better understood (Harshey
2014). Due to the dual transposition mechanisms used by Mu phage, it is particularly
notable as a transposable element that undergoes both lytic and lysogenic (infec-
tious) cycles (Mitkina 2003).

Examples of transposons in gram-negative bacteriaa

Element Gene Resistance transferred

Tn2003 blaSHV β-Lactams

cfr Phenicols/lincosamides/oxazolidinones/pleuromutilins/
streptogramin A

Tn5 aph(30)-IIa-ble-aph
(6)-Ic

Kanamycin, bleomycin, streptomycin

Tn903 aphA1 Kanamycin

Tn1999 blaOXA-48-like Carbapenems

Tn6330 mcr-1 Colistin

mcr-2 Colistin

TnaphA6 aphA6 Kanamycin

Tn2006 blaOXA-23 Carbapenems

blaOXA-237 Carbapenems

Tn125 blaNDM Carbapenems
aSee the Tn registry (http://transposon.lstmed.ac.uk/) for further details

10.13 Conclusions

Bacterial infections are now one of the most common causes of morbidity and death
around the world. The rate of resistance growth has increased as a result of excessive
and imprudent antibiotic usage, as well as widespread distribution of resistant
determinants as part of mobile genetic elements. Over the past years, biological
research has discovered key information on how antibiotic resistance genes spread
and the process by which they are passed on. Apart from insertion, other forms of
DNA rearrangements that can affect the host’s resistance phenotype include dele-
tion, inversion, excision, and replicon fusion, which are all promoted by
transposable DNA. While antibiotic resistance is provided by transposons due to
the presence of an extra gene on a plasmid, transposons may jump from chromo-
somal DNA to plasmid DNA and vice versa for resistance growth (Wagner 2006).
The potential for recombination of genes from different bacterial populations is
enormous, and it appears that bacteria do not take long to acquire the genetic
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resources they need to thrive in environments that would otherwise stifle their
growth. Mutations in the resistance genes located on transposons may result in the
evolution of novel markers encoding resistance to new drugs when antibiotics
provide the necessary selective pressure, as shown by the production of resistance
to third generation cephalosporins (Sultan et al. 2018). In order to combat the threat
of antibiotic resistance, it seems that we should have a basic understanding of the
mechanisms in order to ensure effective antibiotic use from the environment and to
halt the spread of antibiotic-resistant supergerms.
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Integrons and Insertion Sequences
Associated with Beta-Lactamases 11
Sana Jamali

Abstract

As there is a rising concern about multi-drug resistant bacteria striking a threat to
life, integrons and insertion sequences (Is) have emerged as important causative
factors for wide dissemination of resistance genes among gram-negative
pathogens in association with beta-lactamases. These mobile genetic elements
are capable of capturing drug-resistance genes and hence play an important role in
life-threatening bacterial infections caused by antibiotic resistant bacteria. To
effectively combat this major global health crisis, joint effort from across the
world is highly needed to put more emphasis on genetic based research work in
this field on priority basis, particularly at the level of diagnostics, so that more
effective measures can be taken to monitor and control spread of this global
problem of antibiotic resistance.

Keywords
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11.1 Introduction

Resistance to antibiotics, particularly multi-drug resistance is increasingly posing a
great threat to the world. The present scenario on the ineffectiveness of the available
pool of antibiotics to pathogenic gram-negative bacteria is quite alarming across
different parts of the world. It is high time to introspect the various mechanisms
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utilized by bacteria to make themselves antibiotic resistant, so as to avert the more
dire consequences of this major public health problem in the near future.

Variety of gram-negative bacterial species has evolved dramatically to effectively
combat antimicrobial chemotherapy by producing beta-lactamases. Diverse
mechanisms to capture the genes expressing these enzymes have a significant role
in horizontal spread of antibiotic resistance among gram-negative pathogenic micro-
organisms. Mobile genetic elements such as integrons and insertion sequences (ISs)
have been reported to facilitate the expeditious dissemination of beta-lactamases and
thus antimicrobial resistance among bacteria.

11.2 Integrons

Integrons are DNA elements possessing the unique property of capturing gene
cassettes and thus capable of acquiring antibiotic resistance genes and disseminating
them with the help of mobile genetic elements (Stokes and Hall 1989). They are
characterized by a variable region containing the gene cassettes and two conserved
regions (50-CS and 30-CS) on either side of it. There are three essential components
of integron at 50-CS end, which are (1) the int gene which codes for an integrase
enzyme, belonging to tyrosine-recombinase family; (2) attI site for primary recom-
bination (attI); and (3) a promoter (Pc), which helps in the expression of the cassette
genes. Conversely, 30-CS conserved part is constituted by (1) a truncated gene
qacED1, which encodes resistance to quaternary ammonium compounds, (2) sul1
gene, expressing sulfonamide resistance, and (3) an orf5 site, whose function is still
unknown (Galani et al. 2006). Site-specific recombination mechanisms used by
integrons play a crucial role in mobilizing resistance genes between defined sites.
Multi-resistance in bacteria could be due to the insertion of multiple cassettes into the
same integron (Partridge et al. 2009).

11.3 Classification of Integrons

Sequence analysis of IntI, led to the classification of integrons into different classes,
termed as IntI1, IntI2, IntI3, etc., with cognate attI1, attI2, and attI3 sites (Escudero
et al. 2015; Hall 2012; Partridge et al. 2009).

Most of the integron classes, which are at least 90 in numbers, have chromosomal
existence and approximately 10% of bacterial genomes carrying these elements have
been sequenced (Barlow et al. 2004; Mazel 2006).

Class 1 (intI1) and class 2 (intI2) integrons have been reported to be associated
with majority of the cases of antibiotic resistances across the world (Fluit and
Schmitz 2004; Kaushik et al. 2018; Machado et al. 2005; Odetoyin et al. 2017;
Saenz et al. 2004).
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11.4 Class 1 Integrons

The promoter component, i.e., Pc in class 1 integrons is incorporated in the int1
gene, and Pc strength and IntI1 activity become inversely proportional to each other
due to any minor variations in sequence (Jove et al. 2010). Some portion of the tni
region has been substituted by the (30-CS) in the more commonly found “clinical” or
“sul1-type” class 1 integrons.

The term “class 1 In/Tn” has been coined to include structures having intI1/attI1/
Pc and either a full or truncated tni region (Partridge 2011). 50-conserved segment
(50-CS) of class 1 In/Tn includes the region extending from IRi to the end of the
attI1. The 25-bp IR termed as IRi is found at the integrase end whereas IRt has been
described at the tni end. Though, in few classes 1 In/Tn, tni transposition functions
are absent, supporting evidences are there that they can be shifted, presumably with
the help of compatible Tni proteins present in the same cell (Petrovski and Stanisich
2010).

As class 1 integrons have evolved themselves to acquire and express numerous
kinds of resistance genes, they are causing major crisis in the treatment of life-
threatening infections by drug-resistant bacteria. Apart from this, their location on
mobile genetic elements as plasmids and transposons facilitates the rapid dissemina-
tion of transferable antibiotic resistance (Davies 2007; Rowe-Magnus et al. 2002).
They are found extensively in gram-negative isolates. A high percentage of gram-
negative pathogens (40–70%) isolated from clinical specimens have been reported to
harbor class 1 integrons (Essen-Zandbergen et al. 2007; Martinez-Freijo et al. 1998).

11.5 Class 2 and Other Integron Classes

In contrast to class 1 integrons, there is paucity of information related to distribution
of class 2 Integrons. Conversely, Tn7 transposons have been studied extensively,
which are closely linked with class 2 integrons (Peters and Craig 2001; Waddell and
Craig 1998; Wolkow et al. 1996). This class of integrons possesses a limited variety
of gene cassettes because of an internally situated stop codon, which makes IntI2
gene nonfunctional (Ramírez et al. 2010).

Class 3 integrons mostly carrying cassettes encoding beta-lactamases have got
connection with Tn402-like transposons and are more or less similar to class
1 integrons (Collis et al. 2002).

Class 4 integron was formerly referred to the one discovered in V. Cholerae.
Though they contain vast array of cassettes, resistance gene containing cassettes
constitute a minor part of “sedentary chromosomal integrons” (SCI; formerly called
CI) (Escudero et al. 2015). Occurrence of class 4 and 5, which are “Mobile” Integron
types, is rare (Escudero et al. 2015).
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11.6 Integron Association with Beta-lactam Resistance

Recently Bohm et al. from Sweden reported about a novel class 1 integron regulated
class C beta-lactamase. During their research work, they recognized two integron-
derived cephalosporinase blaampC genes, blaIDC-1, and blaIDC-2, having amino acid
sequence similarity under 85%, when compared with already annotated AmpC
sequence beforehand (Böhm et al. 2020a). In addition to this, they also identified
an integron-derived gene cassette which codes for a protein with a garosamine
moiety in high-level aminoglycoside resistant E. coli strains. The gene is known as
garosamine-specific aminoglycoside resistance (gar) against its specificity (Böhm
et al. 2020b).

Previous studies have also well documented the more common association of
class 1 integron with blaCTX-M-15 gene expressing cefotaximases, as compared to
class 2 integron (Zhao and Hu 2013; Kaushik et al. 2018).

Similarly, occurrence of class 1 (intI1) and class 2 (intI2) integrons was found to
be 91.7% and 5.5%, respectively, among ESBL producing E. coli isolates (Pérez-
Etayo et al. 2018).

Furthermore, a study carried out on drug-resistant clinical strains of
K. pneumoniae in Tehran, Iran demonstrated a high level of class I integrons (8%)
and blaTEM (38%), blaVIM (33%), beta-lactamases, suggesting that genes
constituting class I integrons might have a significant contribution in the expression
of β-lactamase-encoding genes among these clinical isolates resistant to β-lactam
group of antibiotics. However, these class 1 integron rich isolates were found to be
devoid of class II and III integrons (Sedighi et al. 2017).

A similar study carried out in Iran demonstrated a higher prevalence of class
1 integron among ESBL positive isolates of E. coli suggesting the importance of
integron-mediated resistance profile in these gram-negative strains (Mehdipour
Moghaddam et al. 2015).

Though, there are few reports about the distribution of integrons belonging to
class 2, study by Ramirez et al. from Argentina and Uruguay showed its high
prevalence (36.61%) among multi-drug resistant isolates of A. baumannii (Ramírez
et al. 2012).

Few years back, a gene cassette in class 2 integron expressing β-lactamases was
reported. Carbenicillin-resistant β-lactamase gene blaCARB-4 was demonstrated, and
variable region constituted novel class 2 integron arrays among A. baumannii
isolates. Though class 1 integrons are widely disturbed among gram-negative
pathogens, this study reported class 2 integrons in abundance among clinical isolates
of Acinetobacter baumannii and Enterobacter cloacae (Ramírez et al. 2010).

Mavroidi et al. from Greece characterized an extended-spectrum β-lactamase,
IBC-2, among isolated pathogenic strains of Pseudomonas aeruginosa. It was found
that class 1 integron harbors blaIBC-2 as a sole gene cassette, within its variable
region, most probably located in the chromosome (Mavroidi et al. 2001).

There are reports about the occurrence of class 3 integrons in few pathogens such
as Acinetobacter spp., Alcaligenes, Citrobacter freundii, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Pseudomonas putida, Salmonella spp, and
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Serratia marcescens. They mostly confer resistance by expressing IMP-1 metallo-
beta-lactamases. Furthermore, they have also been detected in E. coli in association
with blaGES-1 (Arakawa et al. 1995; Ploy et al. 2003; Rowe-Magnus et al. 1999,
2001). Even, isolates highly resistant to ceftazidime and sulbactam-cefoperazone
have been reported to harbor class 3 integrons (Rowe-Magnus et al. 2001).

Like class 3 integrons, class 4 have been limited to a few micro-organisms,
namely Vibrionaceae, Shewanella, Xanthomonas, Pseudomonad, and other
proteobacteria (Rowe-Magnus and Mazel 2001; Poirel et al. 2010; Clark et al.
2000). Gene cassettes in connection with class 4 integrons have been reported to
impart resistance against chloramphenicol and fosfomycin (Fluit and Schmitz 2004).

There are reports of MBL association with integrons too. Coexistence of
MBL-encoding genes among all the 10.3% carbapenem resistant strains of
P. aeruginosa mediated by class I integron was reported in an Indian study
(Mohanam and Menon 2017).

Efforts of Sobia et al. from Aligarh, India also paved the way to the demonstration
of integron carrying plasmids in association with β-lactamase genes. Thus, isolates
harboring integron were found to be highly resistant to β-lactam antibiotics of
various classes (Sobia et al. 2016).

In another similar study on VEB-1 ESBL producing clinical isolates of Pseudo-
monas aeruginosa (n ¼ 14) from India, which were only polymyxin B sensitive,
class 1 integron harboring VEB-1 within variable regions was detected (Maurya
et al. 2014).

11.7 Insertion Sequences (Is)

Insertion sequences (IS) are undoubtedly the smallest transposable or mobile genetic
elements (MGEs) having size under 2.5 kb and their main classification system into
different families is based on enzymes involved in catalyzing their movement, i.e.,
transposases (Mahillon and Chandler 1998; Zhao and Hu 2013). Usually, they are
non-expressive except those related to their mobility. Two main factors in cis
facilitating their mobility are recombinant-active DNA sequences describing the
terminals of the elements, and Tpase enzyme, which has got the role of recognition
followed by processing of these ends. Many IS elements have also got the unique
property to turn dormant adjoining genes into active expressive forms (Mahillon and
Chandler 1998).

They were first reported in the year 1989 (Berg and Howe 1989) and since then
several continuous research works in this area led to the discovery of over 500 dis-
tinct IS (Siguier et al. 2006).

Studies related to bacterial drug resistance and transmissible plasmids project a
very prime role of these mobile genetic elements in acquisition and transmission of
genes encoding antibiotic resistance. Strikingly, it was noticed that within plasmid
genomes, diverse form of elements often congregates together to form “islands,”
which aids in the integration and excision of plasmid (Bukhari et al. 1997).
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Genetically, the most common combination involved in antimicrobial resistance
to beta-lactam group of antibiotics is IS26, ISEcp1, ISCR1, and IS903, with class
1 integrons (Arduino et al. 2002; Cheng et al. 2016; Cullik et al. 2010; Diestra et al.
2008; Eckert et al. 2006).

11.8 Insertion Sequence Families

Though there are a number of software tools for searching sequence databases, IS
finder defines IS families using an initial manual BLAST (Basic Local Alignment
Search Tool) survey, thereafter reiterative BLAST analyses with the initial
transposase enzyme sequence of representative elements used as a query during a
BLASTP (Altschul et al. 1990) exploration of genomes constituting micro-
organisms.

In spite of limitations, Mahllon and Chandler characterized a collection of
443 members, into 17 families (IS1, IS3, IS5, IS6, etc.) based on the four criteria:
first, on the basis of resemblance in the arrangement of ORFs (open reading frames),
i.e., genetic organization; second, significant similarities in their common domains
or motifs, i.e., Tpases; third criteria was based on similarities of their terminal IRs
and the last criteria regarding nucleotide sequence fate of their target sites, i.e.,
production of a target duplication of determined length directly, was taken into
account. Out of 500 ISs in the database, 54 are unclassified. Out of these,
33 remained unclassified due to complete absence of knowledge about nucleotide
sequence of these elements or having restricted information about the sequence,
making them unfit to allot any distinct family or elements having complete informa-
tion about their nucleotide sequence but exhibiting no significant association with
more than one other element (out of 21 ISs, 5 are isoforms) (Mahillon and Chandler
1998).

Of all the ISs, IS1 was the first insertion sequences which was isolated and
characterized in bacteria (Fiandt et al. 1972; Hirsch et al. 1972).

11.9 Insertion Sequence Association with Beta-lactam
Resistance

Remarkably, in a study carried out on E. coli isolates producing extended-spectrum
beta-lactamases, prevalence of insertion sequences IS26, ISEcp1, IS903, and ISCR1
was analyzed to be 100%, 72.3%, 91.6%, and 25%, respectively (Pérez-Etayo et al.
2018).

Montana et al. during their study on extensively drug-resistant (XDR)
Acinetobacter spp. isolates recovered from various clinical specimens observed a
high prevalence of IS26 (93%) and ISCR2 (66%) among these nosocomial
pathogens suggesting a possible association of IS26 and ISCR2 with genes confer-
ring drug resistance in Acinetobacter spp. (Montaña et al. 2017).
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Research work by Poirel et al. exhibited that the ISEcp1B factor played an
important role in the dispersal of cefotaximases-type β-lactamase genes. This
study also pointed out that ISEcp1B acted as one of the strong positive factors in
controlling the blaCTX-M-19 gene encoding (Poirel et al. 2010).

In another similar study on multi-drug resistant clinical isolates of E. coli, linking
drug-resistance genes with insertion sequence was carried out in Kenya, and surpris-
ingly occurrence of Tn21, ISEcp1, ISCR1, and IS26 was found in 22%, 10%, 15%,
and 7% of the isolates, respectively (Kiiru et al. 2013).

Insertion element, ISAba1 plays a key factor in the transmission of genes
expressing metallo-beta-lactamases such as carbapenemases. This insertion element,
ISAba1 has been described among A. baumannii isolates in association with
carbapenem resistance genes blaOXA-51 like, blaOXA-23 like, and blaOXA-58 and
thus exposing its major contribution in the transfer as well as expression of genes
responsible for carbapenem resistance (Pagano et al. 2016; Turton et al. 2006).

Vijayakumar et al. noted high frequency of blaOXA-23 (29%) in imipenem and
meropenem drug-resistant Acinetobacter baumannii clinical isolates and all these
extensively drug-resistant A. baumannii isolates were positive for ISAba1 as well for
ISAba1 insertion elements along with blaOXA-23 like, and blaOXA-5 1 like gene.
Thus, this study also demonstrates the association of ISs with beta-lactamase genes
(Vijayakumar et al. 2020).

In south India, another similar study was conducted on resistant gram-negative
bacterial isolates, and it was found that 39 blaNDM-1 gene positive isolates harbored
at least one of the ISs (ISAba125, ISEc33, ISSen4), with ISAba125 (53%) being the
most commonly encountered insertion sequence (Jose et al. 2017).

Notably, Shahid et al. in their study on Escherichia coli and Klebsiella
pneumoniae isolates from an Indian tertiary care center uniquely demonstrated the
association of blaampC families and blaCTX-M genogroups with Mobile Genetic
Elements ISEcp1, IS26, ISCR1, and sul1-type class 1 integrons (Shahid et al. 2012).

Similar research work was carried out on Citrobacter spp. isolates and interest-
ingly, coexistence of blaTEM, blaSHV, blaampC, and blaCTX-M on class 1 Integrons
was described. sul1-type integrons were commonly detected in isolates positive for
both blaCTX-M and blaampC genes (69.2%; 9/13), followed by isolates housing only
blaCTX-M and blaampC is absent (46.2%; 6/13). All the isolates harboring blaampC

solely were devoid of sul1 integrons. Same study also reported the possible modifi-
cation in the genetic constitution of blaCTX-M-15 via IS26 and orf513 insertion
(Shahid 2010).

11.10 Conclusions

Acquisition of drug-resistant genes with the help of mobile genetic elements such as
integrons and insertion sequences is the most evolutionary measure developed by
bacteria to survive under various environmental challenges including exposure to
current antimicrobials. It is a matter of great concern that there is a strong
relationship between these mobile genetic elements in gram-negative bacteria and
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beta-lactam resistance and thus facilitating the dissemination of antibiotic resistance.
To combat life-threatening sequelae arising due to multi-drug resistant bacterial
infections, there is need that whole world comes together to put more emphasis on
genetic based research work in this field on priority basis, particularly at the level of
diagnostics, so that more effective measures can be taken to monitor and control
spread of this global problem of antibiotic resistance.
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Phenotypic Methods of Detection
of Beta-Lactamases 12
Nusrat Perween

Abstract

Extended-spectrum beta-lactamases have the capability to hydrolyze oxyimino-
cephalosporins such as Ceftazidime, Cefotaxime, and Monobactams; however,
they may not hydrolyze cephamycins or the carbapenems. There are three major
types of beta-lactamases commonly encountered in our laboratories while
processing Gram-negative bacteria and these are extended-spectrum beta-
lactamases, AmpC beta-lactamases, and Carbapenemases. The previous chapters
have described about beta-lactamases and their different classes. Disk diffusion
and MIC methods are commonly used methods for the detection of beta-
lactamases. This chapter will discuss various phenotypic detection methods to
identify producers of different types of beta-lactamases.

Keywords

Phenotypic detection · ESBL · AmpC · Beta-lactamases · MIC method ·
Carbapenemase detection

12.1 Introduction

Disk diffusion and MIC methods are the methods which are commonly used
methods for the detection of beta-lactamases. Here, this chapter will also discuss
various other phenotypic detection methods to identify producers of different types
of beta-lactamases including some CLSI recommended methods as well as research
based methods.
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12.2 Detection of ESBLs

12.2.1 Screening Methodologies

12.2.1.1 By Disk Diffusion Method
The production of ESBL can be screened via disk diffusion methods by screening
specific zone diameters of third generation Cephalosporins like Ceftazidime/
Cefpodoxime/Cefotaxime and Aztreonam; using more than one antibiotics will
improve the sensitivity of ESBL detection. Once screening raises suspicion for
ESBL production based on zone diameters, phenotypic confirmation is performed.
Therefore, the CLSI 2020 recommends isolates with a Ceftazidime zone diameter of
�22 mm or Cefpodoxime �17 mm or Aztreonam and Cefotaxime �27 mm or
Ceftriaxone �25 mm should undergo phenotypic confirmation (Clinical and Labo-
ratory Standards Institute 2020).

12.2.1.2 By Dilution Method
CLSI has also recommended dilution method for screening of ESBL production.
Cefotaxime, Ceftriaxone, Ceftazidime, Aztreonam may be used in a concentration of
1 μg/ml. Appearance of bacterial growth at this antibiotic concentration, i.e., MIC of
the Cephalosporins �2 μg/ml is considered as potential ESBL producers (Clinical
and Laboratory Standards Institute 2020).

12.2.2 Phenotypic Confirmation of the ESBLs

12.2.2.1 By Cephalosporin–Clavulanate Combined Disk Method
Thirty microgram of Ceftazidime or Cefotaxime disks are used with and without
10 μg of Clavulanate for phenotypic confirmation of the presence of ESBLs. As per
the CLSI recommendation, this method is performed on a confluent bacterial growth
cultured on Mueller-Hinton agar (MHA) and an increase of �5 mm in the zone
diameter of Cephalosporin–Clavulanate combined disks, as opposed to Cephalospo-
rin disks alone, is considered as potential producers of ESBLs (Clinical and Labora-
tory Standards Institute 2020).

12.2.2.2 By Broth Microdilution Method
Phenotypic confirmation of ESBL production may be done via broth microdilution
procedure by using Cefotaxime (0.25–64 μg/ml) and Cefotaxime plus clavulanate
(0.25/4 to 64/4 μg/ml), Ceftazidime (0.25–128 μg/ml), Ceftazidime plus clavulanate
(0.25/4 to 128/4 μg/ml). Using both the Cephalosporins is suggested for better
results. Broth microdilution method should be performed using the standard proto-
col. A decrease of �3 twofold serial dilution in MIC of either Cephalosporins in the
presence of clavulanic acid when compared to their MICs (when tested alone) is
considered as phenotypically confirmed ESBL producers (Clinical and Laboratory
Standards Institute 2020).
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12.2.3 Other Methods

Furthermore, some other methods to confirm ESBL producers are as follows:

12.2.3.1 By Double-Disk Synergy Method
On the inoculated MHA plates, third generation Cephalosporins and Augmentin
disks (having Clavulanate as an ESBL inhibitor) are placed about 30 mm apart from
their centers (Jarlier et al. 1988). Enhancement of the edges of zone of inhibition of
Cephalosporin disks towards Augmentin disks is indicative of ESBL production.
Sometimes, false-negative results can be observed in the isolates harboring SHV-2
(Thomson and Sanders 1992; Ho et al. 1998; Randegger et al. 2001; MacKenzie
et al. 2002), SHV-3 (Ho et al. 1998), or TEM-12 (Vercauteren et al. 1997). Repeat
testing should be done in such isolates suspicious of ESBL production but are false
negative with the standard spacing (Ho et al. 1998; Randegger et al. 2001;
MacKenzie et al. 2002).

12.2.3.2 By Three-dimensional Method
In this method, the culture sensitivity plate (MHA) is inoculated with standard E. coli
ATCC strain. Then, a slit is cut in agar homocentric with the margin of the culture
plate and a test inoculum measuring around 109 to 1010 CFU/ml is poured in the slit
with the help of a pipette. Beta-lactam disks are then put on the agar, approximately
3 mm away from the inoculated slit. A distortion in the usual circular inhibitory zone
or the production of discrete colonies in the vicinity of the inoculated slit is indicative
of beta-lactamase (ESBL) production (Thomson and Sanders 1992; Rawat and Nair
2010).

12.2.3.3 By Inhibitor Potentiated Disk Diffusion Method
Another disk diffusion methodology for phenotypic detection of ESBL producers is
suggested by the British Society for Antimicrobial Chemotherapy (BSAC) where
Ceftazidime-Clavulanate and Cefotaxime-Clavulanate combination disks are used
with semiconfluent growth on iso-sensitest agar. If the ratio of inhibition zone size of
Cephalosporin-Clavulanate with the zone size of Cephalosporin alone is 1.5 or
greater, it is considered as ESBL producer (M’Zali et al. 2000).

12.2.3.4 By Disk Approximation Method
An inducer disk (usually Cefoxitin) is put at a distance of 2.5 cm from a third
generation Cephalosporin disk (Revathi and Singh 1997). Flattening of >1 mm of
the zone of inhibition of Cephalosporin towards the inducer disk is suggestive of
inducible ESBL production.
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12.2.4 Commercially Available Test Methods for ESBL Detection

12.2.4.1 By Vitek ESBL Test
An FDA approved automated Vitek card test that tests for ESBLs has now been
commercially available. The Vitek ESBL test utilizes Cefotaxime or Ceftazidime
alone (at 0.5 μg/ml) and in combination with Clavulanate (at 4 μg/ml). Inoculation of
this card is done as it is done for other routine Vitek cards. Analysis is performed
automatically when the growth control well reaches a threshold set value (usually
4–15 h of incubation). A reduction in the bacterial growth of the wells that contained
Cephalosporins plus Clavulanate as compared to the bacterial growth in the wells
with Cephalosporin alone is indicative of the presence of ESBL (Sanders et al.
1996).

12.2.4.2 By E-Test
The E-test ESBL strip carrying two gradients: Ceftazidime alone on the one end and
Ceftazidime plus Clavulanate on the opposing end is used (Vercauteren et al. 1997).
Minimum inhibitory concentration (MIC) is determined by locating the point of
intersection of the zone of inhibition with the E-test strip edge. If ratio of the MIC of
Ceftazidime to the MIC of Ceftazidime-clavulanate is �8, then it indicates the
presence of ESBL.

12.2.4.3 By MicroScan Panels
MicroScan panels comprise dehydrated panels for microdilution antibiotic suscepti-
bility testing using combinations of Cefotaxime or Ceftazidime plus beta-lactamase
inhibitors. It has received FDA approval and has appeared to be highly reliable in
large numbers of ESBL-producing isolates (Paterson and Yu 1999; Pagani et al.
2002; Komatsu et al. 2003).

12.2.4.4 By BD Phoenix Automated Microbiology System
To detect the production of ESBLs, the Phoenix ESBL test system uses growth
response to third generation Cephalosporins with or without clavulanic acid. In
2003, the test algorithm has been delineated (Sanguinetti et al. 2003).

12.3 Detection of AmpC Producers

AmpC β-lactamase producers can show positive results on ESBL screening tests but
come negative on its confirmation (Bell et al. 2007; Steward et al. 2001). There is no
any recent CLSI recommended method at present for detection of AmpC
β-lactamases. However, there are some study-based methods suggested for its
detection. Cefoxitin-resistance test has been suggested for the screening of AmpC
β-lactamase producers in the Enterobacteriaceae. And for confirmation, disk assays
with combinations of beta-lactams (for example, Cloxacillin) with inhibitors such as
boronic acid were suggested (Coudron et al. 2003; Qin et al. 2004; Yagi et al. 2005;
Brenwald et al. 2005). D69C, which is a commercially available kit, has also been
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validated for the detection of plasmid- and chromosomal-mediated AmpC
β-lactamases in the Enterobacteriaceae (Halstead et al. 2012).

Some of the suggested methods for the detection of AmpC producers are as
follows:

12.3.1 Screening Method for AmpC Detection

Screening of the Enterobacterales for AmpC β-lactamases is performed with
Cefoxitin (Ratna et al. 2003; Coudron et al. 2003). Those isolates that yield a zone
diameter of <18 mm are considered AmpC screen-positive. Both screen-positive
and screen-negative isolates are then subjected to phenotypic confirmation.

Resistance to Cefoxitin or Oxyimino-β-lactams is suggestive of an AmpC
enzyme. However, its specificity is low as certain Carbapenemase producing bacte-
ria, a few class A β-lactamases, some strains of K. pneumoniae and E. coli due to
decreased levels of production of outer membrane porins may also show cefoxitin
resistance (Martínez-Martínez et al. 1996, 1999; Hernández-Allés et al. 1991, 2000;
Poirel et al. 2000; Wachino et al. 2004). So, various other confirmatory tests
designed for AmpC detection will be discussed as follows:

12.3.2 Phenotypic Confirmation of AmpC Beta-lactamases

12.3.2.1 AmpC Disk Test
Tris-EDTA permeabilizes a bacterial cell leading to release β-lactamase enzymes
externally into the environment. This AmpC Disk test is solely based on the use of
Tris-EDTA. Commercially available filter paper disks containing Tris-EDTA can be
used or can also be made by pouring 20 μl of a 1:1 mixture of saline and 100� Tris-
EDTA (catalog code T-9285; Sigma-Aldrich Corp. as recommended by NCCLS,
2003) onto sterile filter paper disks. These disks are then air-dried and further stored
at 2–8 �C. Subsequently, MHA plates are inoculated as a carpet culture of cefoxitin-
susceptible E. coli ATCC strain 25922 (NCCLS 2003). AmpC disks are rehydrated
with 20 μl of saline and sufficient number of colonies of each test organism is applied
to a disk just before its use. A disk of cefoxitin (30 μg) is placed on respective
inoculated plates of MHA. Subsequently, the inoculated AmpC disk is then placed
just adjacent to Cefoxitin disk with the inoculated side of disk in contact with the
agar surface. The plate is then incubated overnight at 35 �C in ambient air. After
incubation, an indentation or a flattening of the zone of inhibition indicates enzy-
matic inactivation of Cefoxitin by AmpC producer test organism (positive result) or
absence of any distortion indicates absence of AmpC enzyme in the test organism
(negative result).

12.3.2.2 Inhibition Based Method Using Boronic Acid (BA)
AmpC beta-lactamase production can be detected by IBM method using disk
containing BA as per the method used by Hemalatha et al. (2007). A 30 μg Cefoxitin
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(CX) disk and a disk containing 30 μg of CX plus 400 μg of BA are placed on the
MHA agar plate 30 mm apart. Inoculated plates are then incubated overnight at a
temperature of 37 �C. An increase of�5 mm in zone size around the disk containing
CX plus BA than the zone of the disk containing CX alone is considered as AmpC
producer.

12.3.2.3 Three-Dimensional Test (3D Test)
This 3D test was designed for detection of AmpC as well as ESBL. In the Conven-
tional 3D test for the detection of AmpC, a disk diffusion test is carried out with
E. coli ATCC 25922 and a suspension of test organism is poured in a circular slit in
the agar which is 3 mm apart from the Cefoxitin disk. As Cefoxitin gets hydrolyzed
by an AmpC enzyme. So, any distortion in the zone of inhibition indicates a positive
3D test (Thomson and Sanders 1992).

However, a variation in the existing three-dimensional test was done by
Kuwabara and Abraham in which the plate was inoculated with a sensitive standard
strain on an agar plate inoculated with 4 μg/ml of Cefoxitin and then the cell extract
of the test organism derived by repeated freeze-thawing was added to a circular slit in
the plate. Any growth around the well after incubation was suggestive of production
of a Cefoxitin hydrolyzing AmpC enzyme by the bacteria (Kuwabara and Abraham
1967). Multiple samples can be tested per plate via this method.

Further modifications were done in this method by Manchanda and Singh in
2003. In place of intact cells of the test organisms, centrifuged and concentrated
pellets were used. The pellets were then freeze-thawed approximately 5–7 times in
order to release β-lactamase and were added to a radial slit rather than the circular slit
(Coudron et al. 2000).

In 2005 another modification was also given by Lee et al. (2005), in which a
heavy inoculum of the test organism was radially streaked from the edge of the
Cefoxitin disk onto the surface of agar plate without using any type of slit.

12.3.2.4 E-Strip Test Method for AmpC Detection
E-strips having a gradient of Cephamycin and Cephamycin combined with a gradi-
ent of Cloxacillin on respective half of the E-strips are used for the detection of
AmpC producers (Bolmstrom et al. 2006). A reduction in the MIC of Cephamycin
for at least three dilutions or deformation of its zone of inhibition or a “Phantom
zone” suggests the presence of AmpC enzyme producers.

12.3.2.5 Spot Inoculation Method
On a lawn culture of E. coli ATCC 25922, bacterial cells and freeze-thawed
preparations of bacterial cells as the source of beta-lactamases were strategically
applied as “spots” on the surface of culture plate near Ceftazidime or Cefoxitin disks
at a distance of 5 mm. Plate is then incubated overnight at 37 �C. Enhanced growth
of the surface organisms of the test spot at the point of intersection with the zone of
inhibition of Cefoxitin/Ceftazidime is interpreted as the evidence for the presence of
AmpC beta-lactamases (Shahid et al. 2004).
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12.4 Detection of Carbapenemases

12.4.1 For Routine Laboratories Procedures

As per CLSI guidelines, Gram-negative isolates are subjected to Kirby Bauer disk
diffusion susceptibility testing (Clinical and Laboratory Standards Institute 2020).
The isolates with zone of inhibition�23 for Imipenem, Meropenam, and Doripenem
or �22 mm for Ertapenem and also resistant to Cephalosporins subclass III are
considered as Carbapenemase producers.

12.4.2 Older Methods for the Confirmation of MBL
(Carbapenemases)

12.4.2.1 Imipenem and EDTA Combined Disk Synergy Test
In this test two Imipenem disks (10 ug) are placed on MHA inoculated with the test
organism. Then 10 μl of a 0.5M EDTA solution is added to one of them so as a
desired concentration of 750 ug is obtained. Plates are then incubated for 16–18 h at
37 �C. It is suggestive of MBL producer if the zone of inhibition of Imipenem—

EDTA disk is �7 mm in comparison with Imipenem disk alone (Yong et al. 2002).

12.4.2.2 Imipenem and EDTA Double-Disk Synergy Test
An imipenem disk (10 ug) and a disk (as blank) containing 10 μl 0.5M EDTA
(750 ug) are placed 20 mm apart center to center. Plates are incubated for 16–18 h at
37 �C. Test strain showing enhancement of the zone of inhibition between Imipenem
and EDTA disks is considered as MBL producer (Yong et al. 2002).

12.4.2.3 Ceftazidime and EDTA Combined Disk Synergy Test
Method and interpretation of this test are similar to Imipenem and EDTA combined
disk synergy test except using Ceftazidime (30 ug) disk in place of Imipenem
(Galani et al. 2008).

12.4.2.4 Ceftazidime and EDTA Double-Disk Synergy Test
Method and interpretation of this test are similar to that of the double-disk synergy
test performed using Imipenem and EDTA except using Ceftazidime (30 ug) disks in
place of Imipenem (Galani et al. 2008).

The above methods are obsolete nowadays. According to CLSI, just the Kirby
Bauer susceptibility testing is enough for the detection of Cabapenemases. But for
the epidemiological purposes, infection, prevention, and research procedures, CLSI
has recommended some newer methods for the detection of Carbapenemases. These
are as follows:
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12.4.3 For Epidemiological and Infection Prevention Purposes

Isolates those are screened positive for Carbapenemases via Kirby Bauer disk
diffusion testing as discussed above are then confirmed phenotypically with addi-
tional tests like Carba NP test, eCIM, and mCIM (Clinical and Laboratory Standards
Institute 2020).

mCIM is done to detect Carbapenemases in Enterobacterales and Pseudomonas
aeruginosa, whereas eCIM is done in addition to mCIM to differentiate between
metallobetalactamases and Serine Carbapenemases in Enterobacterales. eCIM is
valid only if mCIM comes positive.

12.4.3.1 CarbaNP Test
The Procedure is described in detail in the document of Clinical and Laboratory
Standards Institute (2020). Briefly, it is summarized below:

• Two microcentrifuge tubes are labeled (for instance, “a” and “b”) for each patient
isolate, uninoculated reagent control, and QC organism.

• 100 μL of bacterial protein extraction reagent is added to each tube.
• A loopful of 1-μl loop of individual bacteria to be tested is emulsified from an

overnight blood agar plate in respective tubes (“a” and “b”). Each tube is vortexed
for 5 s. Kindly note that uninoculated reagent control tube does not contain any
organism (rather contains only bacterial protein extraction reagent).

• 100 μL of solution A of CarbaNP test is added in first labeled tube and 100 μL of
solution B is added in second labeled tube.

• The tubes are vortexed well and then incubated at 35 �C � 2 �C for up to 2 h.

Isolates that demonstrate positive results before 2 h can be reported as
“Carbapenemase producers” (Table 12.1).

12.4.3.2 mCIM Test (Modified Carbapenem Inactivation Method)
Procedure: As described by Clinical and Laboratory Standards Institute (2020)

Table 12.1 Test interpretations: as stated by Clinical and Laboratory Standards Institute (2020)

Tube “a”: solution A which acts
as an internal control Tube “b”: solution B Interpretation

Showing red or red-orange color Showing red or red-orange
color

Negative test, i.e.,
non-Carbapenemase-
producer

Showing red or red-orange color Showing light orange, dark
yellow, or yellow color

Positive test, i.e.,
Carbapenemase-producer

Showing red or red-orange color Showing orange color Invalid test

Showing orange, light orange,
dark yellow, or yellow color

Showing any color Invalid test
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1. Loop full of bacteria for each isolate of Enterobacterales or 10 μl loop full of
Pseudomonas aeruginosa isolate is emulsified from overnight cultured blood
agar plate in 2 ml of TSB.

2. It is vortexed approximately 10–15 s.
3. A 10 μg antibiotics disk of Meropenem is added to each tube by using sterile disk

dispenser or forceps ensuring that the disk is completely immersed in the tube.
4. They are incubated at 35 � 2 �C for 4 h � 15 min.
5. Before incubation of Meropenem disk suspension, a 0.5 McFarland turbid inocu-

lum of E. coli ATCC (25922) is prepared in saline or nutrient broth.
6. MHA plates are inoculated with the above E. coli suspension as is done for

routine antibiotics disk diffusion procedure. The plates are allowed to dry for
5–10 min.

7. Meropenem disks are removed from its disk suspension using 10 μl loop and are
placed on the MHA plates that are prior inoculated with E. coli ATCC Strain.
4 disks are placed on a 100 mm plate or 8 disks may be placed on a 150 mm plate.

8. The MHA plates are kept inverted and incubated at 37 �C in air for 18–24 h.
9. Following the incubation, the zone size around each Meropenem disks is

measured and then interpreted accordingly.

Interpretation

a. A 6–15 mm zone diameter or the presence of colonies (pinpoint) within the area
of zone of 16-18 mm is considered as Carbapenemase positive, i.e., because of the
presence of Carbapenemase the Meropenem disk gets inactivated.

b. A clear zone of 19 mm or more is considered as Carbapenemase Negative, i.e.,
the strain is not producing Carpapenemase enzyme that’s why the disk did not get
inactivated.

c. Zone diameter of 16–18 mm or zone �19 mm with presence of pinpoint colonies
inside the zone is considered as Carbapenemase intermediate test, i.e., presence/
absence of Carbapenemase cannot be confirmed.

12.4.3.3 eCIM Test (EDTA-Modified Carbapenem Inactivation Method)
Procedure:

• For any isolate to be tested for this test, another tube (tube number 2) of 2 ml
having TSB is labeled for this test (eCIM test).

• 20 μl of 0.5M EDTA is added to this 2 ml TSB tube so that a final suspension of
5 mM EDTA is prepared.

• Steps from 1 to 9 are followed as above for mCIM test procedure above. The
mCIM and eCIM tests are processed in parallel.

• The disks of Meropenem from these two tubes (from mCIM and eCIM tubes) are
placed on the same MHA plate which is inoculated with E. coli ATCC Strain
susceptible to Meropenem.

Interpretation

12 Phenotypic Methods of Detection of Beta-Lactamases 201



a. An increase of 5 mm (or more) of zone diameters of Carbapenems in eCIM test as
compared to mCIM test is considered as metallo-beta-lactamase positive (because
the test isolate produces metallo-beta-lactamases, hence, the activity of MBL
Carbapenemases gets inactivated with the use of EDTA).

b. An increase of 4 mm or less in the zone diameters of Carbapenems in eCIM test as
compared to mCIM test is considered as metallo-beta-lactamase negative (the test
isolate produces a Serine Carbapenemases so its activity is not affected
with EDTA).

Reporting after eCIM and mCIM tests

a. If both mCIM and eCIM tests are negative, it will be reported as Carbapenemase
not detected.

b. If mCIM is positive but eCIM is negative, it will be reported as Serine
Carbapenemase detected.

c. If both mCIM and eCIM are positive, it will be reported as metallo-beta-lactamase
detected.

d. If mCIM is intermediate, test is considered as inconclusive for the detection of
Carbapenemase. Repeat testing can be done to recheck. If again intermediate
result comes, a different phenotypic test can be done for detecting
Carbapenemase production.
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Molecular Methods for Detection
of Βeta-Lactamases 13
Asfia Sultan and Fatima Khan

Abstract

Gram-negative bacterial infections are a substantial cause of health care
associated morbidity and mortality among patients. β-lactam antibiotics are
proven effective agents against these infections. However, with the increased
use of these agents, bacteria acquired and developed resistant mechanisms to
inactivate these antibiotics, most common being production of extended spectrum
β-lactamases (ESBLs) which leads to hydrolysis of β-lactam ring. Numerous
types of ESBLs exist and tend to evolve rapidly showing huge diversity due to
point mutations, leading to various gene subtypes. Phenotypic methods are
generally used for detection of ESBLs as they are cheap and easy to perform,
but these lack coverage on mechanism and patterns of resistance. The basis of
employing molecular method is to recognize the epidemiological diversity of
different types, their patterns and presence on chromosome or plasmids.

Vast majority of methods are available for profiling of these ESBLs ranging
from simplex PCR to randomly amplified polymorphic DNA (RAPD) and
restriction fragment length polymorphism (RFLP), etc. Commonest is PCR and
its modifications in the form of RAPD, PCR-SSCP, etc. Tests based on combina-
tion of various molecular principal techniques are now being used, i.e.:
PCR-RFLP, restriction site insertion PCR (RSI-PCR). Latest in the list are line
probe assays, multilocus gene sequencing, and microarrays. This chapter will
discuss about the currently available molecular techniques involved in study of
ESBLs along with their advantages and disadvantages.
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13.1 Introduction

Gram-negative bacteria are substantial cause of infections throughout the world and
also have a vital role in healthcare-associated infections. β-lactam antibiotics are the
most commonly used agents to treat these infections. Emergence of resistance to
these antimicrobial agents leading to increased rate of morbidity and mortality
especially in the intensive care unit is of major concern. The most common resis-
tance mechanism to β-lactams involves hydrolysis by β-lactamases resulting in the
inactivation of the antibiotic (Nordmann et al. 2012). ESBLs are the most abundant
enzymes in Enterobacteriaceae, with approximately 600 natural variants (http://
www.lahey.org/Studies/). Among ESBLs the CTX-M family is the most predomi-
nant and widely distributed group (Canton 2008; CLSI 2020).

Other β-lactam resistant mechanisms such as decreased porin function or
increased efflux may also increase the level of antimicrobial resistance. In many
Gram-negative pathogens, a combination of β-lactamase production and porin
deletions contributes to the overall resistance profile (Blair et al. 2015). The most
common ESBL types are TEM, SHV, and CTX-M (Pitout and Laupland 2008).

However, numerous other types also exist and tend to evolve rapidly showing
huge diversity due to point mutations, leading to various gene subtypes. The genes
of resistance towards antimicrobial agents can either be coded on the chromosome or
on mobile genetic elements. These could be plasmids, transposons, or integrons. The
most agonizing part is that these mobile elements often harbor resistance
determinants to multiple classes of antibiotic leading to the emergence of progeny
virtually resistant to almost all antibiotics (Bush 2010).

For detection of antimicrobial resistance, traditional phenotypic methods are
commonly employed in most microbiology laboratories (Rood and Li 2017). Even
though these methods are comparatively cheap and easy to perform, but turnaround
time is generally long and does not give any information regarding mechanism and
pattern of resistance. For better and improved understanding of antimicrobial resis-
tance development mechanisms various genotypic and molecular detection methods
are developed.

The basis of employing molecular method is to recognize the epidemiological
diversity of different types. These can either be present on chromosome or plasmid,
significance of being on chromosome or plasmid is the likely spread of these ESBLs
to other organisms. Their presence on plasmids is often convoy with resistance to
several other antibiotic classes as well.

Vast majority of methods have been developed for profiling of these ESBLs
ranging from simplex PCR to RAPD and restriction fragment length polymorphism
(RFLP), etc. Following are description of techniques developed over course of time.
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13.2 Isoelectric Point and DNA Probes

Early studies on ESBLs used determination of the isoelectric point to identify the
ESBL. However, with several types and subtypes of β-lactamases with identical
isoelectric points, determination on the basis of isoelectric point is no longer possible
(Bradford 2001).DNA probes are stretches of single-strandedDNA used to detect the
presence of complementary nucleic acid sequences by hybridization. DNA probes
were initially developed to detect β-lactamase genes specific for TEM and SHV
enzymes but use of this method was sometimes labor intensive (Huovinen and
Jacoby 1988).

13.3 Oligotyping

The oligotyping method was earlier developed by Ouellette et al., to discriminate
between TEM-1 and TEM-2. This method used oligonucleotide probes labeled with
radioisotope or biotin molecule that are designed to detect point mutations under
stringent hybridization conditions (Ouellette et al. 1998). Several new TEM variants
were identified using this method, but this method is less sensitive for the detection
of mutations (Bradford 2001).

13.4 Polymerase Cain Reaction (PCR)

PCR is a revolutionary technique developed by Kary Mullis in 1983. It is an in vitro
method which exploits DNA polymerase to synthesize complementary strand of
DNA to the offered template strand in the presence of primers and nucleotides.
Through this method, it is possible for a researcher to isolate and amplify a specific
region (amplicons) of template sequence (Polymerase chain reaction (PCR): https://
www.ncbi.nlm.nih.gov/probe/docs/techpcr/).

Conventional/simplex PCR with oligonucleotide primers specific to β-lactamase
gene is the easiest and most common molecular method used for detection of
β-lactamases (Wu et al. 2001), whereas multiplex PCR is the technique where two
or more genes of interest are amplified and detected simultaneously. Various studies
have utilized these techniques for detection of β-lactamases (Lalzampuia et al. 2013;
Bijllaardt et al. 2018). Most commonly detected β-lactamases by this technique are
CTX-M, SHV, TEM, etc. However, PCR does not discriminate between different
variants of ESBLs and non-ESBL enzymes (Fluit et al. 2001; Bradford 2001).
Another disadvantage is that it does not give any idea about the quantification and
the exact location of amplicon. However, chromosomal and plasmid locations can be
detected by separating chromosomal and plasmid DNA before the procedure and
then carrying out the PCR on separate DNA template (Lalzampuia et al. 2013).

Real-time PCR is the modification where simultaneous quantification of gene of
interest is done along with amplification. Researchers have employed combination
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of multiplex PCR along with real-time PCR to quantify and detect ESBLs from
clinical samples (Alfaresi and Elkoush 2010; Reid and Samaras 2018).

13.5 Molecular Beacons (MB)

MB are oligonucleotide hybridization probeswith an internal quencher molecule.
These are hairpin like structure in native state and fluoresce upon hybridization to the
target nucleic acid sequence. Use of DNA probes and molecular beacons is the
recent development in making real-time PCR more sensitive and quick for detection
of ESBLs (Willemsen et al. 2014). Recent study employed the combination of
molecular beacon probes, multiplex PCR and real-time PCR techniques for rapid
detection of ESBLs (Chavda et al. 2016). In the early twenty-first century,
Randeggar and Haechler developed a technique using real-time PCR monitored
with fluorescently labeled hybridization probes for differentiation of SHV variants
and to discriminate between non-ESBLs and ESBLs (Randegger and Hachler 2000).

13.6 PCR-Single-Strand Conformation Polymorphism
(PCR-SSCP)

This method was developed by M’Zali et al. in the late 1990s for detection of SHV
subtypes (M’Zali et al. 1996). Single-strand conformational polymorphism (SSCP)
analysis is a simple and sensitive technique for detection of mutation. This method
relies on the observation that point mutations can lead to changes in the migration of
small single-stranded DNA molecules in non-denaturing gels. Therefore wild-type
and mutant DNA samples display different band patterns on electrophoresis (Dong
and Zhu 2005). In this technique, amplified product of PCR is denatured by heating,
then cooled for self-annealing and lastly mobilized on electrophoresis for detection
of mobility differences due to mutations (Dong and Zhu 2005). This method has
been used to detect a single base mutation at specific location within the beta-
lactamase genes with satisfactory results (Kim and Lee 2000). This technique allows
detection of single base mutations but fails to give information about the nature of
alteration in the genetic code (M’Zali et al. 1996). Later, researcher utilizes the
combination of PCR-SSCP with PCR-restriction fragment length polymorphism
(PCR-RFLP) for the rapid identification of newer SHV variants (Chanawong et al.
2000).

13.7 Randomly Amplified Polymorphic DNA (RAPD)

Several modifications of PCR have been applied to the typing of β-lactamases. One
of this is randomly amplified polymorphic DNA (RAPD), which is also known as
arbitrarily primed PCR (Kumari and Thakur 2014). In this method simple arbitrary
sequence of DNA (8–12 nucleotide long) is used as primers and can hybridize
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randomly to the complementary sites of target DNA molecule with sufficient affinity
to permit the initiation of polymerization. The template is thus amplified and
subjected to electrophoresis. The quantity and position of these random sites (and
therefore the number and sizes of fragments) will vary among different strains of the
same species (Arbeit 1999). This is the most popular method used to evaluate the
genetic relatedness of ESBL-producing strains (Paterson and Bonomo 2005). Whole
lot of literature is available on exploit RAPD in profiling of ESBLs like SHV, TEM,
and KPCs (Eftekhar and Nouri 2015; Farivar et al. 2017). The major advantage of
RAPD is its utility in identifying genetic variation without the need for
pre-sequencing of DNA (Kumari and Thakur 2014). The limitation is the reproduc-
ibility of results as it depends on quality and concentration of template DNA, PCR
components, and cycling conditions. Thus, the RAPD is a laboratory dependent
technique and needs extensively validated laboratory protocols to be reproducible
(Kumari and Thakur 2014).

13.8 PCR-Restriction Fragment Length Polymorphism
(PCR-RFLP)

Another advancement in characterization of β-lactamases is the combination of
restriction fragment length polymorphism analysis to PCR (PCR-RFLP). In this,
amplified DNA segment is subjected to restriction enzymes and then the product is
analyzed by gel electrophoresis. The sizes of the fragments generated by each
restriction enzyme indicate point mutations. This method has been employed in
detection of TEM and SHV mutations (Sharma et al. 2010a, b; Chroma et al. 2007).
Although this method cannot determine which SHV-type ESBL is present but can
detect the specific position of mutation (Arlet et al. 1995). It has good reproducibility
of results and is highly specific but costly as compared to RAPD and other PCR
based techniques.

13.9 Plasmid Profile Analysis

It is already known that vast majority of ESBL genes are coded on plasmid, plasmid
profile analysis has been utilized to study ESBL-producing organisms (Motayo et al.
2013; Olukoya and Oni 1990; Sharma et al. 2010a, b). It is a simple method which
distinguishes the number and size of the plasmids carried by the organism by
extracting plasmid from bacterial cell and subjecting it to agarose gel electrophore-
sis. This method can be improved by digesting plasmid extracts by restriction
enzymes before performing agarose gel electrophoresis. This modification and the
analysis of the size and number of the resulting restriction fragment of plasmids are
referred as restriction enzyme analysis of plasmids. A drawback in plasmid profile
analysis is that plasmids may be lost after storage, so extraction method should be
standardized for better results (Paterson and Bonomo 2005).
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13.10 Pulsed-Field Gel Electrophoresis

In 1984, David C. Schwartz and Charles Cantor developed this technique which is a
variation of standard gel electrophoresis. Since larger DNA molecules move
irrespective of their size in presence of constant unidirectional current, the resolution
of larger molecules can be improved by introducing an alternating voltage gradient
(Schwartz and Cantor 1984). In this process the extracted DNA is exposed to
restriction enzymes followed by subjecting these restriction fragments to electro-
phoresis in which the voltage is periodically switched among three directions. Main
advantage is that it yields stable and reproducible DNA patterns and can be success-
fully utilized in epidemiological typing. It is time-consuming and inferior to genome
sequencing (PFGE 2016). Pulsed-field gel electrophoresis of chromosomal DNA is
probably the most widely used molecular method to determine the relatedness of
ESBL-producing organisms (Liu et al. 1998; Nemoy et al. 2005; Kao et al. 2016).

13.11 Ligase Chain Reaction (LCR)

The LCR is based on the principle of ligation of two adjacent synthetic oligonucleo-
tide primers, which uniquely hybridize to one strand of the target DNA (Wiedmann
et al. 1994). LCR is a chain reaction that differs from polymerase chain reaction in
the involvement of two thermostable enzymes, ligase along with polymerase to carry
out the amplification. This reaction was first developed by Barany (1991b). In this
process first a thermostable ligase is utilized to join two probes or molecules together
flowed by amplification by standard PCR technique of the joined product which
serves as template (Barany 1991a). LCR was originally developed to detect point
mutations (Kim and Lee 2000). If the mutation is present in the form of single base
mismatch at the junction of the two probe molecules it prevents ligation. LCR will
thus amplify template molecules that have been successfully ligated and result in a
large amount of product with even greater specificity than PCR. The absence of the
ligated product therefore indicates at least a single base-pair change in the target
sequence (Wiedmann et al. 1994). Thus, LCR is not necessarily an alternative, but
rather a complement, to PCR. The ligase chain reaction (LCR) is used for the
identification of SHV genes. Ligase chain reaction (LCR) allows the discrimination
of DNA sequences that differ by a single base pair (Wiegand et al. 2007). Ligase
detection reaction (LDR) is similar to LCR where only one pair of adjacent primers
is used which hybridizes to one of the target strands in order to achieve a linear
amplification. LDR coupled with PCR has been utilized to detect multiple mutations
at a time (Barany 1991a LCR). Niederhauser et al. used LDR-PCR for identification
of SHV variants (Niederhauser et al. 2000).

210 A. Sultan and F. Khan

https://en.wikipedia.org/wiki/Charles_Cantor
https://en.wikipedia.org/wiki/Alternating_current
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/point-mutation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/point-mutation


13.12 Nucleotide Sequencing

DNA sequencing is the process of determining the nucleic acid sequence via
determination of physical order of bases in a DNA molecule (Behjati and Tarpey
2013). Through this technique the sequence of individual genes, larger regions
(cluster of genes), or entire genome of any organism (whole-genome sequencing)
can be determined. In order to determine the presence of specific β-lactamase gene in
an organism, nucleotide sequencing is the standard method. However, results may
vary with the difference in technique used. This variability in results may occur due
to compressions or difficulty in reading in older sequencing methods (Bradford
2001). This technique has been employed in typing relationship of β-lactamases of
Gram-positive and Gram-negative bacteria (Wang and Novick 1987; Zscheck and
Murray 1991). Other researchers have utilized this technique for characterization of
specific β-lactamase type (Oliver et al. 2001; Wu et al. 2018; Barnaud et al. 1997).

13.13 Multilocus Gene Sequencing (MLST)

MLST is based on principle of multilocus enzyme electrophoresis in which high
levels of discrimination are achieved through analysis of various patterns of
housekeeping loci of an organism. In this method alleles are assigned for multiple
housekeeping loci through DNA sequencing. This approach overcame the difficulty
in comparisons of results of two different laboratories or sources, etc. (Maiden et al.
1998). This has been used recently for typing and characterization of β-lactamases
(Nemoy et al. 2005; Seenama et al. 2019). Although MLST discriminates well but is
expensive and labor intensive. Whole-genome multilocus sequence typing
(wgMLST) is the recent modification which is more specific for discrimination of
β-lactamases as compared to MLST (Kluytmans-van den Bergh et al. 2016).

13.14 Ribotyping

Ribotyping has also been utilized in study of CTX-M, SHVs, and other ESBLs
(Shen et al. 2001; Costa et al. 2000). It is a modification of RFLP in which after
digestion with restriction endonucleases and separation by electrophoresis, the
separated fragments are hybridized to nitrocellulose membrane labeled with ribo-
somal RNA (Grimont and Grimont 1986). It is potentially a very useful tool in
typing of β-lactamases.

13.15 Microarray

It is an advanced tool developed nearly a decade ago which enables the detection of
thousands of genes at the same time. These are microchips with multiple spots, each
coded with DNA sequences at specific locations. To these spots the extracted cDNA
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labeled with fluorophore is hybridized and development of fluorescence is read
(Nature 2014). This technology is helpful in rapid detection of various ESBLs,
AmpC, KPCs and other carbapenemases, etc. in an organism (Cuzon et al. 2012;
Naas et al. 2010; Stuart et al. 2010).

13.16 Line Probe Assay

It is a kind of hybridization method which utilizes the mobilization of PCR product
to nitrocellulose membranes coded with designed probes for detection of particular
gene. Various line probe assays have been developed for rapid detection of ESBLs,
i.e.: AID line probe assay for detection of SHV, TEM, CTX-M, etc. (Bloemberg
et al. 2014).

13.17 Combination Techniques

Restriction site insertion PCR is a recently developed technique for rapid and reliable
detection of point mutations. This technique was first utilized for discrimination
between various SHV variants by Chanawong et al. (2001). The author also com-
bined RSI-PCR with PCR-RFLP for quick and valid characterization of different
SHV variants. This is an efficient tool for epidemiological typing of SHV types and
has a potential for determination of other resistance determinants (Chanawong
et al. 2001).

Earlier same researchers used successfully the combination of PCR-single strand
conformational polymorphism and PCR-restriction fragment length polymorphism
(Chanawong et al. 2000). Using this combination, the genes encoding for 12 SHV
types were distinguished (Chanawong et al. 2000).

Another approach could be a sequence-specific peptide nucleic acid (PNA)-based
multiplex PCR detection which allows a precise identification of bla (GES-2)
(Bauernfeind et al. 1992). Recently peptide nucleic acid (PNA) has been combined
with multiplex real-time PCR method for accurate and simultaneous evaluation of
various carbapenemases (Jeong et al. 2015).

Variety of methods are available and being used for characterization of
β-lactamases. The major advantage of using molecular method is quick and accurate
results as compared to phenotypic methods. However, molecular methods cannot
replace conventional methods for antimicrobial resistance detection. These methods
could potentially be utilized as a tool in improving infection control practices
because of rapid turnaround time leading to early containment of resistant organisms
(Ducomble et al. 2015; Suzuki et al. 2015). Molecular methods are mainly a tool for
epidemiological studies. For effective utilization of molecular techniques in clinical
practice there should be a correlation with clinical scenario. However, a good
knowledge of the local gene pool is really important in implementing a molecular
method.
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Epidemiology and Prevalence
of Beta-Lactamases and Recent Resistance
Pattern in Gram-Negative Bacteria from
Environmental Reservoirs
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Abstract

Antibiotic resistance has largely been studied in the context of clinical settings,
but subsequently with time it is being realized that bacteria present in the natural
environment can be resistant to a large number of antibiotics, which make us
ponder that antibiotic resistance in bacteria encountered clinically may have
originated in environmental bacteria and transferred overtime. Globally, among
animals, environment, and humans there has been a rapid emergence and dissem-
ination of resistant bacteria and genes, therefore antibiotic resistance is now
considered as a One Health Challenge. Prevalence of ESBL-producing
Enterobacterales has seen a rapid increase in water, wastewater, fresh vegetables,
food-producing animals and soil, and is not limited to only hospital
environments. The environment sources have become potential reservoir of
resistant bacteria harboring resistant genes that can be mobilized to the microbes
dangerous for human health. Study of this reservoir could provide an early
warning system for future clinically relevant antibiotic resistance mechanisms.
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14.1 Introduction

Use, misuse, irrational use, and overuse of antimicrobial agents in a given environ-
ment ultimately lead to antimicrobial drug resistance and it has gained a particular
importance among β-lactam family of antimicrobial agents.

Antibiotic resistance has largely been studied in the context of clinical settings,
but subsequently with time it’s being realized that bacteria present in the natural
environment can be resistant to a large number of antibiotics, which make us ponder
that antibiotic resistance in bacteria encountered clinically may have originated in
environmental bacteria and transferred overtime to humans (D’Costa et al. 2006;
Riesenfeld et al. 2004).

Worldwide, among humans, animals, and environment there has been a rapid
emergence and dissemination of resistant bacteria and genes, therefore antibiotic
resistance is now considered as a One Health Challenge (Robinson et al. 2016). The
One Health Approach is defined as “the collaborative effort of multiple disciplines—
working locally, nationally, and globally—to attain optimal health for people,
animals, and our environment.” It concedes that health of humans is related to health
of animals and the environment (American Veterinary Medical Association 2008).
The conceptual framework of One Health and its interrelatedness is depicted in
Fig. 14.1.

Apart from hospital environments, ESBL-producing Enterobacteriaceae are
becoming increasingly prevalent in water, wastewater, soil, and food such as fresh
vegetables and meat (Abayneh et al. 2019; Bréchet et al. 2014; Kluytmans et al.
2013). All food-producing animals have shown to be carrying ESBL/AmpC-
producing isolates (Carattoli 2008a), including all kinds of meats sold at retail

Wildlife(rodents, birds, etc) Companion animals

HumansCommunity                Health systemFood animals

EnvironmentWater                                     Soil Vegetables and crops andfruits
Fig. 14.1 Interrelationship and complexity of various sectors (human, animal, and environment)
involved in One Health Approach
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(Cohen Stuart et al. 2012; Leverstein-van Hall et al. 2011; Overdevest et al. 2011a)
and in vegetables (Egea et al. 2011).

14.2 Water Environment and Antimicrobial Resistance

Very few studies are there that have examined role of water environments such as
wastewaters, sludge, freshwater, and aquaculture as “mixing pots” and transporters
of genes from environmental bacteria to the bacteria of human diseases as these
environmental water sources are prime sites for gene exchange (Marshall
et al. 2009).

Pharmaceutical waste and hospital effluents which are released in the water
bodies without treatment seem to be the major cause of antimicrobial resistance in
the environment. Presence of antibiotic residue in the water bodies is a matter of
concern which may lead to toxicity to aquatic communities, development of resis-
tance in microorganisms and ultimately impact public health. Several studies have
reported bacteria having genes coding for resistance to numerous antibiotics from
different water sources of India. Irrational dumping and spillover of antibiotics in the
environment via pharmaceutical waste and hospital effluents have accelerated the
development, selection and/or horizontal plasmid-mediated transfer of antibiotic
resistance genes among environmental bacteria and bacteria of human importance
(Allen et al. 2010; Taneja and Sharma 2019).

From Indian perspective, this problem can be huge as most of the wastewater in
India does not undergo any pretreatment before being discharged and ultimately
reaching river, lakes, reservoirs, etc. It can be argued that antibiotics do not reach the
therapeutic concentration in these water bodies as they are diluted during the course.
However, subtherapeutic exposure over a long period of time may be the ideal
environment for the bacteria to acquire resistance genes and their genetic transfer to
the other bacteria (Diwan et al. 2010).

Akiba et al. in 2016 reported more than half E. coli isolated from various water
sources all over India were resistance to eight or more antimicrobials. 66.3% of
E. coli isolates had blaCTX-M gene of which (108/112) were blaCTX-M-15 and (4/112)
blaCTX-M-55. Carbapenem-resistant E. coli isolates with blaNDM-1 in two isolates,
blaNDM-5 in seven isolates, and blaNDM-7 in five isolates were also seen.
Distributions of other resistance genes like TEM, OXA, and CMY were 43.8%,
39.6%, and 40.2%, respectively. On comparison of the DNA sequences of the
blaNDM-positive plasmids detected in this study with known sequences of related
plasmids suggested that various mutation events facilitated the evolution of the
plasmids and that plasmids with similar genetic backgrounds have widely
disseminated in India (Akiba et al. 2016).

Diwan et al. from Ujjain district of Madhya Pradesh in 2010 reported presence of
fluoroquinolones in hospital effluents. High residue levels of these antibiotics in
aquatic environment can modify bacterial strains like Salmonella typhimurium and
also lead to genotoxic effects. They also found blaCTX-M-15, blaTEM-1 genes in E. coli
isolated from the hospital waste water (Diwan et al. 2010).
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Another study from Ujjain district of central India reported 44% were resistant to
both cephalosporins and quinolones and 3% to imipenem in the wastewater of two
hospitals. Phenotypically 96% of the E. coli isolates were ESBLs having genes
blaCTX-M (87%) and blaTEM (63%) (Chandran et al. 2014). Plasmid-mediated
blaNDM-1 gene that encode NDM-1 metallo-β-lactamases resulting in resistance to
carbapenems, which is one of the last resort drugs, can be readily transferred from
one bacterium to other. Presence to bacteria having these notorious genes in the
headwaters of Upper Ganges River is matter of concern (Ahammad et al. 2014).
Also, blaNDM-1 was reported in seepage water (i.e., water pools in streets or rivulets)
and public tap water samples from New Delhi, India (Walsh et al. 2011).

From river Yamuna traversing through Delhi extended-spectrum β-lactamase
(ESBL) and AmpC-producing E. coli was reported having blaCTX-M, blaSHV, and
blaTEM genes. They reported blaTEM as the most widespread (100%) gene followed
by blaCTX-M (16%), and plasmid-mediated ampC (3%). blaCTX-M-15 and blaCMY-42

were identified as the genes encoding CTX-M type ESBL and CIT type AmpC
β-lactamases, respectively. CTX-M-15 ESBL phenotype was most common in
phylogroup D (50%), followed by phylogroups B1 (30%), and A (20%) (Bajaj
et al. 2015).

Resistance to cefadroxil among E. coli isolates from drinking water and recrea-
tional sources, e.g., hand pumps, ponds, river, kunds, dug wells and piped supply in
Ayodhya-Faizabad district of Eastern Uttar Pradesh, India was 88.89%, while in
Enterobacter, Klebsiella, and Salmonella it was 86.75%, 83.33%, and 100% respec-
tively. Also, resistance to cefaclor and cefuroxime was seen 94% in Shigella spp.
Authors suggested the transmission of bacterial isolates from one to other water
sources on the basis of RAPD pattern analysis (Kumar et al. 2013).

Shahid M. et al. among isolates from environmental samples (drinking water,
drain, sewage) in Aligarh region of western Uttar Pradesh reported the maximum
resistance was noticed for ceftazidime (52%), resistance to a fourth-generation
cephalosporin, cefepime, was noticed in 24% isolates. Prevalence of bla genes
were as follows blaampC (48.15%), blaSHV 18.52%, blaCTX-M (11.11%), and blaTEM
(11.11%) respectively (Shahid et al. 2014). Resistance to cefotaxime was seen 7% in
E. coli and 16.7% in Salmonella isolated from different sources of water supply (Dal
Lake, streams, community supply water and tube wells) in Kashmir, India (Rather
et al. 2012).

Isolates of Salmonella and Shigella from environmental water source in Sikkim
were resistant to cefixime (34.5%), ceftazidime (26.3%), however no resistance to
imipenem and piperacillin/tazobactam was seen (Poonia et al. 2014).

Contamination from antimicrobials were seen among all the water samples
collected from Hyderabad and nearby villages, the Musi River, and direct environ-
ment of pharmaceutical facilities, and the two sewage treatment plants vicinity. Also,
more than 95% of the samples had ESBL and Carbapenemase-producing
Enterobacteriaceae and non-fermenters (carrying mainly bla OXA-48, bla NDM,
and bla KPC) (Lübbert et al. 2017).

To summaries prevalence of antibiotic resistance bacteria from various water
sources like river, ponds, lake, hand pump, waste water from hospitals,

222 U. Tayyaba and S. Ahmed



pharmaceutical industry etc. all over India, 17.4% of gram-negative bacteria isolated
from Ganges and Yamuna river were ESBL producer (Ahammad et al. 2014),
resistance to third-generation cephalosporin among E. coli isolates were 100%
from river Cauvery in Karnataka (Skariyachan et al. 2015), 100% from Hyderabad
(South India) (Lübbert et al. 2017), 7% from Kashmir (North India) (Rather et al.
2012), 17% from Faizabad (North-Central India) (Kumar et al. 2013), 52% from
Aligarh (North-Central India) (Shahid et al. 2014), 50% from Sikkim (East India)
(Poonia et al. 2014), and 44% from Ujjain (central India) (Akiba et al. 2016).

Antimicrobial resistance among environmental isolates has been reported all
around the world. A very high (78.8%) resistance to cefoxitin and meropenem
followed by 73.2% to cefoxitin, cefotaxime, and 72% to piperacillin/Tazobactam,
respectively was reported from Colombia. Also, at least one type of bla gene was
detected (75% and 88.4%) in the dry and wet seasons, respectively, among all the
isolates identified. On genotyping which were found to be (49.4%) blaVIM-2,
(45.2%) blaTEM-1, (22.9%) blaIMP-1, (20.5%) blaampC, (14.5%) blaCTXM-9,
respectively (Chavez et al. 2019).

A study from Ethiopia reported 9.4% as overall prevalence of ESBL-producing
Enterobacteriaceae in drinking water (Abera et al. 2016). Treated wastewater from
12 different treatment plants in Tokyo, Japan showed 5.7% resistance to cefotaxime
and 5.3% of ESBL-producing E. coli in total E. coli isolates (Urase et al. 2020).

Factors responsible for development of antimicrobial resistance in environment
1. India hosting a large pharmaceutical Industry (Rehman et al. 2015). Antibiotic

residue contaminating the environment via industrial wastewater is a potential
source of development of antimicrobial resistance (Ashbolt et al. 2013; Taneja
and Sharma 2019).

2. Treatment of the Municipal wastewater is not effective enough to eliminate the
resistant organisms. These wastewater on reaching the nearby water bodies
contaminate them with antimicrobial resistant organisms (Lundborg and
Tamhankar 2017; Taneja and Sharma 2019).

3. Hospital effluents carrying patient secretions or discarded unused medications are
important source of generation of antimicrobial waste (Mutiyar and Mittal 2014;
Taneja and Sharma 2019). It’s a greater threat in India as only less than 45% of
health care facilities have adequate wastewater treatment (WHO and UNCF
2015).

4. Animal excreta mainly from food-producing animals like cattle, poultry, pig etc.
can contaminate the environment either with antimicrobial resistant bacteria
directly or with presence of antimicrobial residue (Taneja and Sharma 2019;
Wichmann et al. 2014).

5. Agricultural manure and sludge rich microorganism and undegraded
antimicrobials when used in farms can provide an environment of development
and transfer of resistant genes among bacteria (McClellan and Halden 2010;
Taneja and Sharma 2019).
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6. Sea food industry—irrational/overuse of antimicrobials in farmed sea food is an
emerging source of antimicrobial resistance in the environment (Taneja and
Sharma 2019).

14.3 Food-Producing Animals and Antimicrobial Resistance

Although for sustainable production of food-producing animals and for the control
of infections in animals that can affect humans also, antimicrobials have proved to be
critical, however irrational use has also lead to concern of antimicrobial resistance
(World Health Organization Division of Emerging and other Communicable
Diseases Surveillance and Control 1997).

Ideally, antimicrobial susceptibility test should accompany the therapeutic use of
antimicrobials in animal husbandry. However, in the presence of clinical symptoms
of infection in few animals, the whole flock is often treated to prevent the dissemi-
nation of illness in the flock for infectious diseases. This is termed as
METAPHYLAXIS, in which usually high doses of antibiotics are administered for
a short duration. However there is no clear cut red line between use of antibiotics for
treatment or prevention (“Antibiotics in Animal Farming” 2011; Center for Veteri-
nary Medicine and FDA 2012).

However, this surplus and uncontrolled use of antibiotics in animals lead to
serious consequences on public health, via spreading of antibiotic resistant strains
of nonpathogenic and pathogenic bacteria into the surrounding habitat and in turn
leading to their further transmission to humans via food chain (Apata 2009).

14.3.1 Antimicrobial Consumption in Food Animals

Rise in demand of food animals worldwide has also led to rise in use of
antimicrobials in food animals worldwide. Due to low productivity of livestock
animals, protests and riots took place in America in 1910, which in turn led to start of
antimicrobials use in animal production (Ogle 2013). Use of antimicrobials enabled
the production of more meat at a relatively cheaper cost (Dibner and Richards 2005).

However, antibiotic usage was banned in some countries as global threat of
antibiotic resistance and treatment failure increased day by day. Sweden was the
first country to implement the ban followed by Denmark, the Netherlands, the United
Kingdom, and other European Union countries (Castanon 2007; Choct 2001;
Cogliani et al. 2011). To combat the problem of antimicrobial resistance, structures
have been set up to regulate the use of selected antibiotics in animal production and
some classes of antibiotic have been withdrawn from several countries (Choct 2001).

Even after enforcing all the precautionary measures it is estimated that use of
antibiotics in livestock production, including poultry, is over 60% of all antibiotics
produced (Boeckel et al. 2014; Van Boeckel et al. 2015), as it is favorable for
farmers and for economy of the country. According to Food and Drug Administra-
tion (FDA), Antimicrobial Usage in food animals in USA was estimated to account
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for 80% of the total nations annual antimicrobial consumption (Center for Veterinary
Medicine 2019).

Van Boeckel et al. in a global analysis of antimicrobial usage, estimated the
consumption of antimicrobials in food animal production at �57,000 tonnes world-
wide (1 tonne ¼ 1000 kg) and projected a 67% increase in total usage by 2030 to
�95,000 tonnes. Van Boeckel et al. projected that by 2030, the top countries
consuming antimicrobials in livestock production will be China, the US, India,
Brazil, and Germany, with 23% of global consumption by China only (Van Boeckel
et al. 2015).

Almost every class of antimicrobials are used in livestock animals, even those
antimicrobials which are abundantly required for human usage, like penicillins,
cephalosporins, sulphonamides, tetracyclines, fluoroquinolones, and
aminoglycosides (Marshall and Levy 2011; Schwarz et al. 2001; Silbergeld et al.
2008).

As antibiotics consumption are more in food animals than in humans, animal gut
microbiomes have been shown to harbor higher amount and more diversified
antibiotic resistance genes (Berendonk et al. 2015; Boeckel et al. 2019; Liu et al.
2016; Munk et al. 2018; Xiao et al. 2017).

14.3.2 Problem Statement in India

As per the 2015 data, India was at second in the production of fish, while leading in
the production of milk worldwide. Further, a 577% enhancement is estimated
between the year 2000 and 2030 in consumption of poultry in India. With such a
huge potential of food animal industry, overuse of antimicrobial agents to increase
the productivity is more likely (Taneja and Sharma 2019).

India accounts for 3% of global consumption of antibiotic use in poultry and
cattle as estimated by a study in 2010. Along with China, the United States, Brazil,
and Germany; India is among the top consumers of antibiotics use in animals. Van
Boeckel et al. 2015 has further estimated that by 2030 there will be increase of about
two-thirds consumption of antibiotic worldwide in the animals. In India, 82%
increase in use of antibiotics in animal feed by 2030 is estimated. Penicillins,
tetracyclines and quinolones are most widely used antibiotics globally in animal
feeds (Van Boeckel et al. 2015).

Surplus use of antimicrobial in food animal in India have led to presence of
antimicrobial residues in food animal products like chicken, meat, and milk (Basnyat
2014; Brower et al. 2017a; Kakkar and Rogawski 2013; Maron et al. 2013).

For estimation of AMR in livestock, samples of milk from cows and buffaloes of
West Bengal were analyzed, and it was found that 48% of gram-negative bacilli
isolated were extended-spectrum β-lactamases (ESBL) producers (Mesa et al.
2006a).
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14.3.3 Antibiotic Resistance Dissemination from Food-Producing
Animals to the Environment

The potential pathways for transmission of antimicrobial resistance from dairy farm
environment to humans have been identified but they are complex in nature (Collis
et al. 2018). Some of the theoretical pathways for AMR transmission from dairy
cattle and their environment to humans are through food chain, feco-oral route, and
clinical contact, between farmers and animals (Boerlin and Reid-Smith 2008).
However, the actual contribution of each pathway is undetermined. Evidence of
this transmission is still equivocal; however, poultry and swine seem to be more
likely source compared to cattle (Lazarus et al. 2015), probably because of the
routine use of antimicrobials in these production systems. Human to human trans-
mission is also a possibility as ESBL-producing Enterobacteriaceae were also
isolated from humans and human sewage (Mesa et al. 2006a).

Dahms et al. 2015 assessed risk of animal and human direct contact for the
transmission of ESBL-producing Enterobacteriaceae indicated potential zoonotic
transfer (Dahms et al. 2015). However, Wu et al. 2013 showed little similarity
between ESBL and AmpC-producing E. coli from animal derived food products,
animal gut microbiota and human clinical isolates (from Germany, Netherland, and
the UK) using Multilocus sequence typing (MLST) and virulence and resistance
gene microarrays, only 1.2% of animal isolates shared same MLST with human ones
(Wu et al. 2013).

Also, a study done in North-Indian district region by Shahid et al. 2014, on
clinical isolates and environmental samples (water, sewage, drain). On comparing
the banding profile of the environmental and clinical isolates by RAPD typing, the
isolates could not be genetically related as they showed the diversity in the banding
profile (Shahid et al. 2014).

Karanika et al. 2016 in a systemic and meta-analytic review reported that no
apparent association was found with animal contact. However, they also concluded
that colonization rate of ESBL is increasing over time and healthy individuals are an
important reservoir of ESBLs (Karanika et al. 2016).

Lazarus et al. 2015 in its systematic review studied whether food-producing
animals (FPAs) are a source of extraintestinal expanded-spectrum cephalosporin-
resistant Escherichia coli (ESCR-EC) infections in humans and found that six
molecular epidemiology studies were in support while 17 did not support the
whole bacterium transfer of resistance. Similarly, 13 molecular epidemiology studies
were in support of transfer of resistance by mobile genetic elements, while two were
not in support. Zoonotic transmission was backed up by four observational epidemi-
ology studies. Overall, they concluded that FPAs are a source of origin for a
proportion of human extraintestinal ESCR-EC infections, with special emphasis
on Poultry being the most important culprit. However further investigation and
large scale studies are required to determine the quantitative and geographical extent
of the problem (Lazarus et al. 2015).
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14.3.4 Prevalence of Beta-Lactamases in Food Animals

All food-producing animals have shown to be carrying ESBL/AmpC-producing
isolates (Carattoli 2008a), and all kinds of meats sold at retail (Cohen Stuart et al.
2012; Leverstein-van Hall et al. 2011; Overdevest et al. 2011a) and in vegetables
(Egea et al. 2011).

ESBL/AmpC-producing isolates from poultry and poultry meat are highly preva-
lent for quite some time now (Cohen Stuart et al. 2012; Dierikx et al. 2013; Mesa
et al. 2006b; Smet et al. 2008). Isolates carrying similar ESBL genes have been
found in clinical isolates in humans and isolates from broiler and broiler meat
(Leverstein-van Hall et al. 2011; Overdevest et al. 2011a), moreover similar plasmid
(mainly incI1) carrying ESBL genes are found in both broiler and human clinical
isolates (Leverstein-van Hall et al. 2011). This suggests that contamination of
broilers and broiler meat with ESBL/AmpC-producing isolates lead to human
colonization resulting in human infection with ESBL/AmpC-producing pathogens.
Broiler farms in Spain, Belgium, and the Netherlands have shown a strong evidence
of ESBL/AmpC-producing E. coli shedding (Dierikx et al. 2013; Mesa et al. 2006b;
Smet et al. 2008). Food-producing animals like broilers may pose a human health
hazard due to the presence of ESBL/AmpC genes in commensal E. coli (Laube et al.
2013).

However, India being a developing countries, where sanitation standards are low
and self-medication is quite high, and malpractices like inappropriate use of veteri-
nary antibiotics and easy availability of over-the-counter drugs without prescription,
these could be considered high source of antibiotic resistance (Falgenhauer et al.
2019; Mainda et al. 2015). But contrasting findings have been also seen in a recent
review where developed countries like Netherland (77%) and Spain (84–93%) have
shown high prevalence of ESBL/AmpC in E. coli among poultry meat products as
compared to African countries (average 16.3%) (Alonso et al. 2017; Falgenhauer
et al. 2019). It can be assumed that inter host transmission in rural areas of
sub-Saharan Africa is more likely to happen as they are mainly agricultural based
communities and people live in close contact with animals when compared to
industrialized countries (Alonso et al. 2017; Falgenhauer et al. 2019). However,
large scale studies are required to adequately address the bacterial transmission of
poultry and human in this region (Alonso et al. 2017; Falgenhauer et al. 2019).

Kar et al. 2015 from Orissa showed 6% prevalence of ESBL-producing E. coli in
food-producing animals (poultry and cattle) (Kar et al. 2015). However, Brower
et al. 2017 from Punjab showed a very high prevalence of ESBL-producing
Enterobacteriaceae. Also, they compared broiler farms and layers farms with layer
farms further categorized into contracted and independent. They depicted prevalence
of ESBL-producing Enterobacteriaceae was higher for broiler farms (87%) than
layer farms (42%), and for contracted layer farms (49%) than independent layer
farms (38%) (Brower et al. 2017b).

Kola et al. 2012 from Germany detected 43.9% ESBL Enterobacteriaceae
predominantly E. coli from poultry meat samples (Kola et al. 2012). Friese et al.
(2013) from Northern and eastern part of Germany, showed prevalence of ESBL

14 Epidemiology and Prevalence of Beta-Lactamases and Recent Resistance. . . 227



producers as 60% from cattle and 100% in broiler (Friese et al. 2013). Other studies
also showed a high prevalence of ESBL-producing E. coli (93.3%, 94%) (Cohen
Stuart et al. 2012; Egea et al. 2012). Gay Noellie et al. 2018 from Madagascar
showed prevalence of ESBL-producing Enterobacteriaceae to be high (71%) in
poultry than in cattle (46.2%) (Gay et al. 2018). Madec et al. 2008 from France
showed a prevalence of ESBL-producing Enterobacteriaceae in fecal isolates as
6.2% in sick and 5.8% in healthy cattle (Madec et al. 2008). Schmidt et al. 2013
found ESBL-producing E.coli even on farms that did not use the antibiotics of these
groups (Schmid et al. 2013). One possible reason could be that since the resistant
determinants against cephalosporins, aminoglycosides, tetracycline and
sulphonamide are often situated in same plasmid (Jacoby and Sutton 1991). Use of
non β-lactam antibiotics can co-select for other ones.

14.3.5 Distribution of ESBL Types in Food-Producing Animals

Several studies has delineated the occurrence of ESBL/AmpC-producing E. coli and
strains pertinent to human health from food-producing animals and companion
animals (Overdevest et al. 2011b; Ewers et al. 2011; Hasman et al. 2005; Carattoli
2008b; Smet et al. 2010).

Briñas et al. (2003) was first to report CTX-M producing, SHV-12 producing and
CMY-2 producing E.coli in healthy chicken from Spain between 2000 and 2001
(Briñas et al. 2003). Similarly Kojima et al. 2005 depicted CTX-M 14, CTX-M 2 and
CMY-2 from healthy poultry in Japan (Kojima et al., 2005). Ewers et al. 2012 in its
review article observed the prevalence of various ESBL/AmpC types ranging
between 0.6% and 44.7% (studies mostly from European countries), from Asia it
was 1.7% to 11.8% of ESBL/AmpC-producing E.coli and Salmonella species
(Ewers et al. 2012). As we can see Asia had relatively low prevalence than Europe.
They also depicted CTX-M 14 and CTX-M 15 to be the most common types
regardless of the geographical origin. However European countries also showed
high prevalence of CTX-M 1 which was rarely reported from other regions. In Asia,
most prevalent type reported was CTX-M 14 (30–33%) in poultry and around (14%)
in cattle (Ewers et al. 2012).

In contrast Schmid et al. 2013 showed a higher prevalence of blaCTX-M gene
(93.4%) in isolates from cattle farms (Schmid et al. 2013). Madec et al. 2008 from
farm showed presence of genes blaCTX-M highest followed by blaTEM and blaSHV in
healthy cattle fecal isolates (Madec et al. 2008). Karanika et al. 2016 in a systematic
and meta-analysis review depicted CTX-Ms were the prevalent ESBL enzyme
(69%) (Karanika et al. 2016). Dandachi et al. 2018 from Lebanon reported that
CTX-M type beta-lactamases followed by CMY-ampC type beta-lactamases are the
most dominant genes in Labanese chickens (Dandachi et al. 2018). Hordijk et al.
2019 from dairy farms in Netherland noted that the most frequently observed ESBL/
AmpC gene variants were blaCTX-M-1, blaCTX-M-14, blaCTX-M-15, blaCTXM-32 and
blaCMY-2. Less frequently observed gene variants were blaCTX-M-2, blaCTX-M-3,
blaTEM-52c and an inhibitor resistant TEM, blaTEM-79 (Hordijk et al. 2019). The

228 U. Tayyaba and S. Ahmed



most frequent genes associated with this resistance among livestock and companion
animals encode various CTX-M enzymes, followed by blaTEM-52 and blaSHV-12;
other TEM and SHV types are also observed (Ewers et al. 2011, 2012; Overdevest
et al. 2011b; Smet et al. 2010).

Valentin et al. 2014 reported that more than 70% of the animal isolates and more
than 50% of the human isolates contained the broadly distributed ESBL genes
blaCTX-M-1, blaCTX-M-15, or the combinations blaSHV-12+ blaTEM or blaCTX-M-1+
blaTEM. blaCTX-M-1 was in majority seen in 37.5% of animal isolates and the
combination blaCTX-M-1+ blaTEM was seen in 25.8% of isolates. However, majority
of human isolates carried blaCTX-M-15 (28.2%) and only 10.8% of the animal isolates
had blaCTX-M-15 gene (Valentin et al. 2014).

Valentin et al. 2014 showed presence of blaCTX-M-1, blaCTX-M-15, blaCTX-M-14 in
animals (livestock + companion) and human isolates as 63.3% and 29.3%, 17.3%
and 48%, 5.3% and 8.7%, respectively. They also depicted resistant rates in isolates
from livestock animals were below that from human isolates but among livestock,
cattle isolates yielded the highest resistance rates. Valentin et al. 2014 showed that
blaCTX-M-1 was the dominating ESBL gene in German cattle and pig feces (Valentin
et al. 2014).

Falgenhauer et al. (2019) from Ghana depicted blaCTX-M-15 as the most predomi-
nant ESBL-producing genotype both in broiler (96%) and human (97%), while
blaSHV-12 was exclusively found in broiler and blaCTX-M-14 in human isolates
(Falgenhauer et al. 2019). Alonso et al. 2017 from Africa showed predominance
of blaCTX-M-15 in poultry fecal isolates (Alonso et al. 2017).

Valentin et al. 2014 also found that blaCTX-M-15 is one of the most frequent ESBL
type causing human infection (Valentin et al. 2014). blaCTX-M-15 is mainly identified
gene in human both in hospital and community, its presence in poultry and cattle
probably indicate a common past source of contamination with introduction of
ESBL-producing Enterobacteriaceae carriers and diffusion due to close contact in
livestock.

14.3.6 Action Plan to Control the Menace of Antibiotic Resistance

Various international organizations, such as the World Health Organization (WHO),
Infectious Diseases Society of America (IDSA), Centers for Disease Control and
Prevention (CDC), and World Economic Forum have already declared antibiotic
resistance as “global public health concern.” (Michael et al. 2014; Spellberg et al.
2016). The World Health Assembly have requested WHO to propose a global action
plan to fight the antibiotic resistance problem (Hoffman et al. 2015). To combat
AMR India has also framed its National Action Plan (NAP) (Govt of India
(NAP-AMR) 2017). The National Health Policy 2017 highlights the problem of
antimicrobial resistance and calls for a rapid standardization of guidelines regarding
antibiotic use, limiting the use of antibiotics as over-the-counter medications, ban-
ning or restricting the use of antibiotics as growth promoters in animal livestock, and
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pharmacovigilance including prescription audits inclusive of antibiotic usage—in
the hospital and community.
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Environmental Biofilms as Reservoir
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Abstract

The global emergence and spread of antimicrobial resistance (AMR) within
bacterial species have reached an alarming stage. These drug resistant bacteria
are often resistant to variety of antimicrobial drugs and hence, referred to as
multidrug resistant (MDR). The problem from drug resistant bacteria is not only
the matter of concern for human health but also to the environment and food
industry. The development of AMR is favored by the biofilms. Bacteria conven-
tionally inhabit as communities usually attached to solid surface. Once attached,
they establish themselves to form biofilms that provide protection from environ-
mental threats thereby acting as an extremely beneficial survival strategy. Bacte-
rial species exhibit distinct features in biofilms that are not present in a planktonic
state among which enhanced tolerance to antibiotics is a very prominent phenom-
enon. Biofilms through horizontal gene transfer leads to the enhanced spread of
antibiotic resistance genes including to β-lactam antibiotics and development of
resistance among bacterial populations have been documented. The biofilms
formed in environment are unique in diversity and exchange of genetic material
coding for resistance and other straits with in participating compatible microbial
populations becomes easier. In bacterial biofilms, the emergence and spread of
antibiotic resistance whether through horizontal transfer of genes or mutations, is
a serious threat to public health that requires rapid attention. In this chapter, the
above aspects of biofilms have been reviewed in the light of current understand-
ing on biofilms as hotspot for gene exchange with special reference to β-lactam
antibiotics.
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15.1 Introduction

The continuous rise in emergence and transmission of multiple drug resistant
bacteria has created immense clinical issue in the management of bacterial
infections. In the treatment of bacterial infections, there is a clinical issue. It takes
a long time to develop new antibiotics with novel modes of action (Ahmad et al.
2019). Common community acquired infections which were earlier treatable by
antibiotics have now become unresponsive to available recommended drugs
resulting in threat to human health and well-being. Patients receiving chemotherapy
for cancer treatment, organ transplants and other advanced therapies are particularly
more susceptible to such infections (Ahmad and Aqil 2008). In the last few decades
rise in nosocomial infections caused by many problematic MDR bacteria belonging
from the group ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.) has recently attracted worldwide attention (Ma et al. 2020). In
additional, drug resistance has also grown among veterinary pathogens, notably
those related from poultry production and livestock farming. For example, Cam-
pylobacter spp. and Salmonella enterica are major zoonotic pathogen of concern
(Uruén et al. 2020). Because of drug resistant bacterial infections, 700,000 people
die each year globally which may surpass to ten million deaths worldwide by 2050
(O’Neill 2016; Aslam et al. 2018). The resistance emergence of quinolones,
carbapenems and third generation of cephalosporin antibiotics in community has
become a major cause of concern (Colpan et al. 2013).

Besides the well-established mechanisms of antibiotic resistance and horizontal
transfer of genes for the transmission between closely or distantly related bacterial
species, other strategy such as biofilm development further enhanced the resistance
capacity to many folds to evade the action of antimicrobial drugs (Uruén et al. 2020).
The formation of biofilm is an ancient practice for the adaptation of bacterial species
that directly leads to the survival of the bacterium because of their recalcitrance to
antimicrobial treatments (Jorge et al. 2019). Many mechanisms, including stress
responses, metabolic heterogeneity, efflux pump regulation, antibiotic entrapment
and inactivation in extracellular matrix, increased mutability, and inter-bacterial
communication are involved in biofilm recalcitrance, which lead to a rise in the
number of antibiotic resistant strains (Jorge et al. 2019). Horizontal gene transfer and
or hypermutability are more favorable within the biofilms and therefore are known as
storehouse of antibiotic resistant genes (Olsen 2015; Maheshwari et al. 2017).
Biofilm engaged in a wide spectrum of infections, the most of which result in high
death and morbidity rates, notably those caused by gram-negative bacteria (Jorge
et al. 2012). Bacterial biofilms are known to be shown extreme resistant toward
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antibiotic therapy. Despite this, using antibiotics in microbial infections is the most
effective method in curbing infections, antibiotic treatments have negligible effect
on the established biofilms (Høiby et al. 2011). A considerable amount of data on
environmental biofilms and its significance have been documented, however our
understanding on the role of biofilms as reservoir of AMR and genetic exchange is
poorly understood in the environmental context. Therefore, in this chapter, we have
given the significance of biofilm as reservoir of the AMR especially in environmen-
tal settings, genetic exchange across bacterial species, transforming biofilms into
antibiotic resistance hotspots with specific reference toward antibiotics including
β-lactam drugs in gram-negative bacteria.

15.2 General Characteristics of Bacterial Biofilms

Bacteria may grow in virtually any environmental conditions and often get attached
to the surfaces they grow upon. Biofilm development not only permits cells to
survive in adverse conditions but also allow microorganisms to disperse from their
clusters and colonize to new niches representing a protected way of lifestyle. This
habitat enables microorganisms to communicate as functional unit to perform tasks
that are not achievable when microorganisms are either outside of biofilms or in
planktonic state (Ahmad et al. 2017). Formation of biofilm appears to be an ancient
and basic feature of life cycles in many microbes, and it is required for survival in a
variety of environmental settings (Hall-Stoodley et al. 2004). Bacteria can establish
biofilms on various surfaces like riverbeds, soil, deep-sea vents, and within the plants
and animal including humans. The cell aggregates formed embedded in self-
produced ECM (extracellular matrix) is termed as a biofilm (Wimpenny and Gass
2000). Biofilm can be formed by single type of bacteria (mono-biofilm) or can be
polymicrobial in nature (mixed biofilm) (O’Toole et al. 2000; Stoodley et al. 2002).
When planktonic cells are subjected to stress conditions such antibiotic pressure,
adverse environmental conditions, nutrient unavailability or exposure to heavy
metals, organic compounds and other chemical entities etc., the process of biofilm
formation is initiated via gene expression and regulation (Lopez et al. 2010). Factors
like nutrient availability, oxygen concentration, the age of biofilm, heterogeneous
microbial interactions, ECM aggregates, waste products accumulation, mechanical
signals, signals of host cells, antimicrobial drugs, concentration of metal ions, etc.
greatly influence biofilm formation (McDougald et al. 2012; Beauregard et al. 2013;
Velmourougane et al. 2017). Biofilm formation and their inhibition or eradication
are serious matter of concern in food, environment and biomedical fields (Islam et al.
2008; Cha et al. 2013). More than 80% of chronic infections are associated with
biofilm-forming bacteria which leads to increased mortality and morbidity in
humans besides elevated healthcare cost (Davies 2003; Fey 2010). Biofilm forma-
tion also takes place on medical equipment such as orthopedic prostheses, artificial
heart valves, intravascular and urinary catheters, neurosurgical, cochlear, dentures,
breast implants, ophthalmic devices, etc. (Jorge et al. 2012). Surface coatings, in
addition to surface composition, can influence biofilm growth. The fibrin sheath that
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promotes adherent growth mode across and into the air-deprived lumen of central
venous catheters is composed of blood components (collagen, fibrin, fibronectin,
laminin, and immunoglobulins) (CVC). Although results from in vitro and in vivo
investigations on fibrin sheath-coated surfaces are inconclusive, reports of increased
incidence of persistent bacteremia for select species indicate the biofilm formation
related to fibrin coating (Jamal et al. 2018). Biofilms can cause infection in upper and
lower respiratory tracts, ocular region, chronic wounds, urinary tracts, periodontitis,
etc. (Wu et al. 2015).

15.2.1 Biogenesis of Biofilm

The biogenesis of bacterial biofilms relies on the interaction between the bacterial
cells and substrate (Van Houdt and Michiels 2010). Biofilm formation on a solid
surface is a sequential process that starts from reversible adherence or attachment of
bacterial cells and then production of extracellular matrix takes places, enabling the
bacteria to attach on a surface followed by its maturation and detachment (Bogino
et al. 2013; Laganà et al. 2018). Broadly, the following major steps are involved in
the biofilm development.

1. Attachment: The first and foremost stage in the biofilm formation involves
adhering and binding of the cells leading to the attachment on the surface/
substratum. The process of attachment is generally favored by filamentous fibers
such as pili flagella or fimbriae, that arise from surface of bacterial cell (Jamal
et al. 2018).

2. Growth and maturation: Once the cells start to attach, they begin to produce
extrapolymeric substances which forms the biofilm matrix. These extrapolymeric
substances are termed as extracellular matrix (ECM). ECM serves as glue and
helps in increasing and stabilizing interbacterial interactions. The cells grow from
the microcolonial structures and further mature into cell clusters (Donlan 2002).

3. Detachment and dispersal: After maturation of biofilms, planktonic cells dissemi-
nate from the biofilm structure in order to release the cells and form biofilms in
other settings. The shelf life of any mature biofilm depends on the extent of
nutrient availability in surrounding environment. Once the nutrients start to
exhaust, the outermost layer of biofilms begins to release planktonic cells,
escaping the biofilms that are capable of colonizing other surfaces. Detachment
processes are further classified into two types: active and passive (Kaplan 2010).
In active mechanism, there is nutrient unavailability or cell mass increases up to a
limit which is facilitated the production of biofilm degrading enzymes. On
contrary, passive detachment is mediated by external forces like fluid shear,
surface tension or intervention by humans and other organisms. The schematic
diagram of biofilm lifestyle is represented in Fig. 15.1.
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15.3 Evolution of Antimicrobial Resistance (AMR) in Biofilms

Despite the fact that the developmental phases leading to biofilm formation seems to
be conserved across all bacterial species (or consortium of species in the case of
polymicrobial biofilms). This secure network is capable of evading environmental
hazards such as antimicrobial therapy and host defense mechanisms (Magana et al.
2018). Biofilms are made on numerous settings such as water treatment plants,
microplastics rock surfaces, hot springs, and many others (Oberbeckmann et al.
2014; Besemer 2015; Michels et al. 2018). The antibiotic resistance genes such as
for tetracycline tet(M), tet(S), genes for sulphonamide resistance sul1–sul3 and beta-
lactam resistance genes such as bla NDM-1, blaOXA-32 moves and accumulate
downstream of biofilms. A study performed by Sugimoto et al. (2017) documented
the occurrence of floR, tet(B), tet(M), sul2, β-lactamase gene (blaCARB-9), and
resistance toward macrolide genes mef(C) and mph(G) found in many aquatic
habitats of Taiwan, Japan, and Thailand (Sugimoto et al. 2017). In another study
biofilm-forming Klebsiella pneumoniae and E. coli isolated from cattle was found to
express most frequently blaCTX-M gene followed by blaAmpC blaTEM1,
blaCMY-6, blaOXA1, and blaPER. In addition, plasmid-mediated qnrB, qnrS,
qnrA, and qepA were also detected in some bacterial isolates (Bandyopadhyay
et al. 2021). Some findings of antibiotic resistance and their associated genes
found in biofilms of different environmental settings is presented in Table 15.1.

AMR has been referred to as the ability of microorganism to sustain and survive
at elevated antibiotic concentrations for prolonged periods, and is quantified by
determining minimum inhibitory concentration (Kidd et al. 2018). AMR is one of
biggest challenges that world is facing present time. In last two decades, emergence

Fig. 15.1 Diagrammatic representation of different stages of biofilm formation
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and spread of AMR among pathogenic bacteria has been a major cause of concern
for public health (Roca et al. 2015; Ferri et al. 2017). The most evident cause of
antimicrobial resistance emergence and transmission, is the inappropriate or abrupt
use of antibiotics in both in clinical settings and food industry (Laxminarayan and
Chaudhury 2016).

In the spread of AMR, the mobile genetic elements or HGT mechanism also play
a crucial role. Such mobile genetic elements containing drug resistant genes are
called R-plasmids (Carattoli 2013). There are no solid boundaries separating animal
microbiota from human microbiota. The external environment is another source of
resistance, both as a pathogen transmission pathway and as a repository of resistance
genes. Many resistant genes from harmless environmental bacteria end up through
horizontal transfer of genes in bacterial pathogens (Tacconelli et al. 2018). The
principle of AMR is quite simple whenever antibiotic stress conditions are created in
an environment, growth of resistant microorganisms is favored over the sensitive
ones by the evolutionary mechanism (Rawson et al. 2016).

15.3.1 Antibiotic Resistance Mechanisms

A resistance mechanism interacts with the drug and prevents its action on the cell via
different ways. These reactions can either occur within the cell or outside the cell if
the enzymes are secreted. A change in the chemical composition or thickness of the
bacterial cell envelope reduces the rate of diffusion of antibiotics into the cell.
Sometimes the diffusion of drugs is completely inhibited by this mechanism.
Additionally, cell membranes often contain drug dedicated or general pumps called
Efflux pump whose function is to propel out the drug from cell. Other protective
mechanisms may prevent drug accumulation by chemically targeting the drug
designated enzymes either by modifying them or even by hydrolyzing the drug
itself. The last line of defense can be avoiding the toxic effect of target binding by
bypassing the need for the chemical reaction in which the target is involved, or even
by changing the chemical composition of the cell (Yelin and Kishony 2018; Peterson
and Kaur 2018).

Antimicrobial resistance offers additive advantage to the bacterium with a means
of surviving in a hostile environment, which making bacterial chemotherapy more
difficult (Ahmad 1993; Reygaert 2018). A principal mechanism for the rapid spread
of antibiotic resistance genes through bacterial population is that such genes get
collected on plasmid that are independently replicated within and passed on to
bacterial cells and species. The global spread of resistance is attributed to plasmids
that enable horizontal transfer of plasmid-borne genes. Resistance plasmids (which
confer antibiotic resistance) are generally conjugative and migratory. Conjugative
plasmids have a wide host range (no host limitation within the division) as well as a
confined host range (shifting limited to a few related bacterial taxa) (Nonaka et al.
2018).

Genes acquired from the host chromosome by homologous recombination,
integration, and excision are conjugated from donor to recipient cells. These
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plasmid-encoded complexes assist the contributor by connecting to a potential
recipient, resulting in the creation of secured connection, which is essential prior
to DNA translocation. Plasmids that are unable to be relocated using this method are
transferred to conjugative elements via transitory or stable fusions known as
co-integrates. Plasmids also promote cell contact growth by producing microfibrillar
external covering components that are influenced by pheromones (San Millan 2018).

Gram-negative bacteria are often linked to ARGs that pose a severe threat to
human medicine. Genes encoding extended spectrum-lactamases are among them.
These include genes coding for extended spectrum β-lactamases (ESßL) (e.g.,
CTX-M), carbapenemases enzymes (like, NDM, KPC, and OXA-58) as well as
colistin resistance like MCR-1 (Li and Yan 2021). Many gram-negative bacteria
have been shown to produce beta-lactamase, which gives them acquired resistance
toward antibiotics of beta-lactam class. Genes for β-lactamases can be passed around
on plasmids (plasmid mediated) or encoded in the chromosome of an organism
(chromosomally mediated) (Zhou and Zhong 2015). Transferrable plasmid-
mediated genes frequently encode for a variety of resistance mechanisms, allowing
them to display resistance to many drugs (Bello-López et al. 2019). The Ambler and
Bush-Jacoby classification schemes are the most used schemes for classification.
The Bush-Jacoby classification divides enzymes into four categories based on
molecular class and functional groups, whereas the Ambler system classifies
enzymes into four type of groups depending upon genetic amino acid sequences
and phenotypic features (Bush and Jacoby 2010). ESBLs are among the lactamases
that have attracted the interest of scientific community in recent decades. ESBLs are
plasmid-borne bacteria that can hydrolyze cephalosporin antibiotics belonging to
third and fourth generation (oxyimino-cephalosporins) including monobactams,
excluding cephamycins like cefoxitin or carbapenems like imipenem, meropenem,
doripenem, and ertapenem. The two main schemes of ESBL evolution involves first
the ability to obtain and integrate novel resistant genes from the ecological
metagenome, as well as the selection of enzyme mutants with the potential to extend
substrate from already abundantly accessible plasmid-mediated TEM and SHV type
-lactamases (Lambert et al. 2011). Because of these characteristics, ESBL is by far
the most effective for disseminating in the environment and in clinical settings.
AMR traits are incorporated into mobilizable genetic elements, allowing for the
uniform spread of the AMR trait pool across ecosystems in many sectors such as
human medicine, veterinary medicine, and the environment (ter Kuile et al. 2016;
Gay et al. 2017). A recent study carried out by (Darphorn et al. 2021) represented
that isolated E. coli strain from meat sample possess large plasmids with multiple
antibiotic resistant genes including extended spectrum beta-lactamase genes belong-
ing to blaCTX-M-1, blaCMY-2, and blaTEM family genes (Darphorn et al. 2021). The
epidemiology of ESBL is complicated by a number of factors, including geographi-
cal locations such as country, hospitals, communities, and so on, as well as the
capacity of mobile resistant elements to travel across the environment, water, and
wild animals, and even from food animals to human. The situation was made worse
by coselection with other resistances, particularly to aminoglycosides,
fluoroquinolones, and sulfonamides. The emergence of widespread clones that
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hide multiple beta-lactamases (ESBLs, metallo-beta-lactamases, or cephamycinases)
at the same time, as well as new mechanisms of resistance to fluoroquinolones and
aminoglycosides, highlights the importance of controlled and concise future surveil-
lance studies (Schrijver et al. 2018).

The intricacy of AMR plasmids contributes to the problems that they cause.
Plasmids are notoriously plastic, with regular DNA insertions, deletions, and
rearrangements, as well as modifications to specific ARGs. The blaCTX-M gene,
for example, is extremely variable, and the CTX-M family of ESßLs is routinely
coded for by numerous plasmids, including pCTX (Bevan et al. 2017).

Approximately 207 variants of blaCTX-M have been identified indicated by the
Beta-Lactamase database. Another example of firstly identified in 2016 plasmid-
mediated ARG is the mcr-1 gene, on a transmissible plasmid, pHNSHP45. Since
then, mcr-1 and its related variants have been identified on multiple plasmid
backbones and host strains. Among them, of concern are isolates carrying colistin
and carbapenem ARGs, as few treatment options would remain for infections caused
by such bacteria (Powell et al. 2021). In addition to these examples, plasmids can
carry a variety of other resistance genes, including qnr variants aac(60)-lb-cr and
plasmid-mediated efflux pump genes like qepA and oqxAB which impart decreased
level of resistance toward antimicrobial. Therefore, research on ARGS should be
taken into consideration as they have frequent mobilization and transmission
between bacteria (Wang et al. 2016a).

Since 2007, the National Veterinary Research and Quarantine Service (NVRQS)
of South Korea has discovered a high incidence of multidrug resistant E. fergusonii
in fecal samples of clinically unwell pigs at their laboratory. Antibiotic resistance is
widespread among these isolates. In addition to antibiotic resistance genes, plasmids
may also bear important toxin genes that could be maintained and disseminated to a
wide range of microbes, especially members of the Enterobacteriaceae, from farm
animals that share common environmental niches (Zhou et al. 2017).

15.3.1.1 Role of Extracellular Matrix (ECM) in Antibiotic Resistance
The extracellular matrix (ECM), which is formed by the microorganism in the
biofilm, is the immediate habitat for the biofilm bacteria (Dragoš and Kovács
2017). The main purpose of this matrix is to impart stability and protection to the
microorganism against a variety of environmental challenges. The extra roles of
ECM components such as proteins, exopolysaccharides, and eDNA go beyond
providing structural support have been widely explored (Yin et al. 2019). Antibiotic
effectiveness on biofilm-forming cells is influenced by component of ECM.
Although individual components have been shown to contribute to antibiotic resis-
tance evolution, the interaction of matrix as a whole contributes to enhanced antibi-
otic resistance (Hall and Mah 2017). The ECM plays a major role in the biofilm
architecture, which in turn prevents the entry of antibiotics in the biofilm structure by
making dispersions (Lopez et al. 2010). The passage of chemicals through biofilm
isn’t always consistent. Antibiotics can thus pass quickly across the biofilm’s
channels, although they may be trapped locally in cell aggregates (Kour et al.
2020). The passage of chemicals through biofilm is not always consistent.
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Antibiotics can thus pass quickly across the channels of biofilm, although they may
be trapped locally in cell aggregates (Donlan 2002). Antimicrobial activities further
encourage the emergence of extracellular DNA (eDNA) within the matrix. For
example, treatment with vancomycin increased the level of eDNA in
S. epidermidis biofilms. The eDNA that has been released binds to positively
charged antibiotics which inhibit it to reach the cells thereby hindering the activity
of antimicrobials (Uruén et al. 2020).

15.3.1.2 Cell-to-Cell Communication in Biofilms (Quorum Sensing)
QS is a cell–cell communication mechanism in which microbes coordinate the
expression of and certain set of genes. Bacteria secrete curtain signal molecules
and senses its concentration in surroundings. These signal molecules are called as
auto-inducers (AIs). In gram-negative bacteria, acyl-homoserine lactones (AHLs)
are the signal molecules. The short peptides or oligopeptide are the AIs of gram-
positive bacteria (Mukherjee and Bassler 2019). The QS system mediated by AHLs
controls genes that are essential for facilitating colonization in a high-cell-density
environment, such as biofilms. The biofilms development is also believed to be
influenced by QS. Moreover, it has been reported that the biofilms are closely
connected with quorum sensing (QS) of bacteria (Parsek and Greenberg 2005). QS
signals are known to regulate conjugation, transformation, and phage induction.
Experimentally, it was determined that the transfer of model RP4 plasmid was
strongly affected by QS between specific bacteria in the biofilms and shown the
existence of AHLs and their producers in BAC biofilm. The study also explored the
molecular mechanisms that contribute to conjugative transfer of ARGs for mRNA
expression levels of conjugative transfer related genes and further investigated the
effects of AHL-secreting bacteria and several QSIs. The results revealed that
AHL-secreting bacteria facilitated the dissemination of ARGs, while QSIs inhibited
this process (Papenfort and Bassler 2016).

15.3.2 Biofilms as Reservoir of Genetic Diversity

Genetic diversity provides bacterial adaptation, evolution, and survival in adverse
environments. Biofilms are considered a reservoir of huge genetic diversity. In
biofilm the genetic modifications can contain small variations like single point
mutations or large structural rearrangements of genomic regions as in deletions,
insertions, duplications, inversions, translocations, etc. (Aminov 2011).

In addition, bacteria also obtain a significant proportion of their genetic diversity
through lateral acquisition of gene sequences from distantly related organisms. HGT
occurs at an increased frequency in biofilm compared to planktonic cells and is
carried out via different mechanisms, named as conjugation (direct mechanism of
gene transfer between cells), transformation (acquisition of DNA from the environ-
ment), and transduction (gene transfer between cells via bacteriophages)
(Maheshwari et al. 2017; Abe et al. 2020).
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Conjugation: Discovered in 1946 by Lederberg requires living donor cells and
cell-to-cell contact between two cells for transfer of the DNA. Conjugation is carried
out through a proteinaceous apparatus called as conjugation pilus, which connects
the donor and recipient cells physically. Following the retraction of the pilus, close
contact between the donor and the recipient enables transfer of DNA. Conjugation
occurs more intensely in biofilms than in free-living bacteria because of the attach-
ment of cells to the matrix and thus enhancing the proximity between them (Nesse
and Simm 2018). Under laboratory conditions, the transfer of resistance genes for
gentamicin and trimethoprim present on conjugative plasmid (pGO1) has been
increased in Staphylococcus aureus biofilms leading to increment in transfer rates
of up to �16,000-fold as compared to planktonic cells. Under aquatic settings, the
horizontal transmission of a conjugative plasmid (pKJK5) containing a tetA and
trimethoprim resistance gene (dfrA1) into microplastic-localized biofilms composed
of diverse species was demonstrated in lake water. Similarly, in in vitro biofilm
experiment conjugation of a blaNDM-1 gene producing carbapenemase from
Enterobacteriaceae into P. aeruginosa and A. baumannii resulted in inter-family
transmission (Uruén et al. 2020).

Transformation: Historically, it was the first HGT mechanism identified by
Griffith and the process of natural transformation involves i) exogenous DNA
taken up by the competence machinery, which is made from of transformation
pilus and a DNA transporter ii) integration of incorporated DNA into the bacterial
chromosome by homologous recombination, or the introduced DNA autonomously
replicating and being able to function as an episome, and iii) phenotypic expression
of the acquired genetic material (Hasegawa et al. 2018).

According to an experiment, the transfer efficiency of two resistance genes, ermC
and aadA, was greater at early phases of biofilm development, comparing the
transformation rate in planktonic and biofilm cells of Neisseria gonorrhoeae. Even
conjugative transposons from the Tn916 family, which code for tetracycline resis-
tance, were capable of serving as a donor during transformation in multispecies oral
bacteria biofilms generated in vitro (Nonaka et al. 2018).

Transduction: Bacteriophage being the most abundant biological entity on this
planet is an important DNA reservoir in natural environments. The DNA packaged
in phages avoids digestion by nucleases and hence, remains stable (Calero-Cáceres
et al. 2019). HGT by transduction occurs when a bacteriophage transfers gene from
one bacterial cell to another. Phage-mediated HGT can occur through two
mechanisms: generalized or specialized transduction. Phages can transfer non-viral
DNA, chromosomes, transposons, and plasmids acquired from bacteria in addition
to their own genomes. Metagenomic stud that various ARGs have been discovered
in phage fractions recovered from environmental water samples, including gene
products resistance to aminoglycosides, β-lactams, macrolides, and quinolones
sulphonamide, and tetracycline antibiotics from sewages, river water, seawater,
and WWTPs (von Wintersdorff et al. 2016).
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15.4 Environmental Biofilms as a Cause of Concern
in Spreading AMR

The ability of microorganisms to evolve and adapt to the changing environmental
conditions has resulted in a public health concern, as microbes have developed
resistance toward variety of commercial antibiotics. In developing countries like
India, the prevalence of drug resistant bacteria is predicted to be significantly higher.
This is mainly due to the lack of awareness about safe and judicious uses of
antibiotic, problems like unhygienic conditions, overcrowding, malnutrition, pov-
erty, lack of proper quality control further worsen the possibility of the control of
infections (Bürgmann et al. 2018). As per the report of CDC 2019, majority of
pathogens that falls under the category of urgent threats and serious threats of AMR
are the one belonging to family of Enterobacteriaceae along with A. baumannii,
P. aeruginosa, S. aureus, etc. and also include fungi typically C. auris. These
microorganisms are readily found in environment and are also known to have strong
to moderate biofilm-forming capabilities which makes the situation more compli-
cated. Environment plays a significant role in the emergence and spread of multidrug
resistant bacteria. Antibiotics used in hospitals, released into effluents either by
patient’s excreta or by direct deposition impose a selection pressure on bacteria
(Wright 2016). Antibiotics or their residues can enter the water and land environ-
ment through various pathways such as the discharge of municipal sewage, pharma-
ceutical industry, animal husbandry, and landfill leachates of antibiotic disposal.
Other sources may include runoff from agricultural field containing livestock
manure, aquaculture ponds, and more commonly irrigation with treated waste
water and fertilization with livestock manure is also the critical pathway of resistance
genes transmission in agro ecosystem (Ashbolt et al. 2013). This results in evolution
of new resistance mechanisms which can be easily transmitted into either susceptible
bacteria or clinically relevant pathogens of human populations (Dantas 2017).
Additionally, wastewater is a meeting point for antibiotics, disinfectants, and toxic
substances such as metals which could favor evolution and emergence of
co-resistance to metal and antibiotics even at low concentration. This increases the
number and mobilization of resistance genes in the resistome, which is critical for the
development of clinical resistance and the transfer of antibiotic resistance genes
exchange between bacteria (Karkman et al. 2019). The burden of antibiotic resis-
tance genes (ARGs) Due to the possible transmission of ARGs from environmental
bacteria to human pathogens, in the environment has a major impact on public
health, resulting in decreasing antibiotic efficacy and eventually threatening human
life (Qiao et al. 2018).
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15.5 Resistance Mechanism in Biofilm Communities and Their
Genetic Transfer

The mechanisms that impart bacterial antibiotic resistance have been studied exten-
sively. Biofilms not only function as barrier of antibiotic diffusion, but they also
utilize other resistance mechanisms within the microbial populations
(Gebreyohannes et al. 2019). Antibiotic penetration, antibiotic-modifying enzymes,
efflux pumps, hypoxia, biofilm heterogeneity, and decreased growth rates are all
examples of these processes. Effect of tobramycin on P. aeruginosa is a good
illustration of decreased penetration of antibiotic becoming a determinant of biofilm
tolerance. Tobramycin penetration was slowed by P. aeruginosa biofilms, but this
obstacle to penetration could be resolved by adding cations to the growth medium
(Tseng et al. 2013). The findings indicate that the tobramycin molecule (positively
charged) combines with matrix components like phage particles and eDNA, and that
decreased penetration can explain P. aeruginosa biofilm resistance toward
aminoglycoside (Tseng et al. 2013; Secor et al. 2015). Bacterial strains that develop
despite being given minimum inhibitory concentrations of bactericidal or bacterio-
static antibiotics are referred to as resistant (Gebreyohannes et al. 2019). Mutations
in strains or the exchange of genetic elements conferring acquired resistance may be
to account for this resistance. Resistance is gained as a result of genetic, environ-
mental, and cultural factors (Wang et al. 2015). Antibiotics are unable to effectively
kill the biofilm population because of the protection conferred by the biofilm (Olsen
2015). Various methods have been hypothesized to explain the establishment of this
resistance; for example, bacteria deep within the biofilm proliferate at a slower rate,
making them less sensitive to antibiotic treatment. Antibiotics that enter more slowly
have been proposed as having the potential to increase tolerance by allowing time for
an adaptive phenotypic response (Tseng et al. 2013). This is due in part to the EPS’s
structure and material. The change from planktonic to biofilm lifestyle depicts
various physiological differences, including the appearance of efflux pumps and
other mechanisms that respond to oxidative stress. The diagrammatic representation
of resistance mechanism in biofilms and genetic transfer of resistance gene between
the biofilm cells is represented in Fig. 15.2.

15.5.1 Extracellular DNA

The bacterial biofilm matrix contains DNA, which is an essential and universal
component. In P. aeruginosa, the molecular function of eDNA involved in resis-
tance and tolerance in biofilm have been intensively investigated, despite the fact
that it is an integral ingredient of most, if not all, bacterial biofilms. At infection site,
from polymorphonuclear leukocytes, eDNA can be produced from outer membrane
vesicles (MVs), release via quorum-sensing mechanism, and altruistic or fratricidal
lysis in subpopulations of biofilm cell. eDNA enhances biofilm tolerance to some
antimicrobial agents irrespective of whether the origin of the eDNA is exogenous or
endogenous (Chiang et al. 2013). In P. aeruginosa biofilms applied exogenous DNA
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to may be incorporated into the biofilm matrix, resulting in a threefold raise in
tobramycin resistance and a two-fold rise in gentamicin resistance (Chiang et al.
2013). The alteration of the extracellular environment is one mechanism by which
eDNA leads to biofilm resistance. Since eDNA is an anionic macromolecule, it also
can chelate cations like magnesium ions, making decrease concentration of Mg2+ in
the atmosphere (Okshevsky and Meyer 2015). Magnesium deficiency is an environ-
mental signal that activates two-component systems in P. aeruginosa and Salmo-
nella enterica serovar Typhimurium such as PhoPQ and PmrAB (Johnson et al.
2013). Recent research has also suggested that P. aeruginosa biofilms produce
acidic microdomains (pH 6.0–6.2) that form as eDNA accumulates locally (Wilton
et al. 2016). This low pH is a second signal generate in biofilm environmental that
works in concert with deficiency of Mg2+ to stimulate the PhoPQ and PmrAB
signaling pathways, resulting in antimicrobial resistance. eDNA has been linked to
the horizontal transfer of antibiotic resistance genes within a biofilm of naturally
competent cells, beside acting as physical role in antibiotic resistance. When com-
pared to planktonic cultures, Streptococcus pneumoniae forms biofilms in the
nasopharynx with eDNA formed by fratricide (Trappetti et al. 2011), and natural
transformation of antibiotic resistance genes is facilitated in these biofilm
communities (Cowley et al. 2018). Higher competence of S. pneumoniae cells in a
biofilm has been linked to sustained overexpression of the competence genes comD
and comX (Cowley et al., 2018). Additionally, capsule, which is known to prevent
pneumococcal transformation, was significantly downregulated in S. pneumoniae
biofilm cells compared to planktonic cells (Marks et al. 2012; Cowley et al. 2018).
As a result of the exchange of resistance genes in eDNA between certain bacterial

Fig. 15.2 (a) Different mechanism of antibiotic resistance in mature biofilm. (b) Mechanism of
mechanism of gene transfer or antibiotic resistant genes in biofilm cells
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species living in biofilms, antibiotic resistance can arise in surface-attached bacterial
populations.

15.5.2 Antibiotic-Modifying Enzymes

Antimicrobials can be degraded by enzymes found in the biofilm matrix, such as
secreted β-lactamases, preventing them from meeting their cellular targets. For
example, the β-lactamase secreted in K. pneumoniae biofilms, has been shown to
rapidly hydrolyze ampicillin and preventing to reach the biofilm cells (Murphy and
Clegg 2012). K. pneumoniae biofilm cells, on the other hand, have many other
mechanisms that minimize their resistance toward ampicillin, without having
β-lactamase in the matrix they’re still much more resistant to ampicillin as compared
to planktonic counterparts (Landis, 2019). In P. aeruginosa biofilm matrix, secreted
AmpC-lactamase, which is chromosomally encoded, is an essential and clinically
significant resistance determinant of β-lactam antibiotic in this pathogen. ampC
expression was insignificant in P. aeruginosa biofilms in the absence of imipenem
and ceftazidime, but their presence promotes ampC expression, as assessed by a
translational fusion of ampC with an unstable reporter protein (green-fluorescent
protein). Despite the fact that the cells in the biofilm core and at base were
physiologically active, ampC expression was limited to the biofilm periphery in
the presence of a low concentration of imipenem. However, when the concentration
of imipenem was increased, the reporter was fully inducted throughout the biofilm,
showing that at high dosages, imipenem may be able to overcome the degradative
capabilities of β-lactamases (Hall and Mah 2017). Mature P. aeruginosa biofilms are
more resistant to ceftazidime and meropenem compared to newly produced biofilms
due to the higher amount of β-lactamases in the matrix (Ciofu and Tolker-Nielsen
2019).

15.5.3 Efflux Pumps

Multidrug efflux pumps have been identified as important determinants of AMR in
regulating the influx and efflux of a compound or drug. The efflux pumps prevent
antimicrobial compounds from interacting with their target by reducing their influx.
In addition to the traditional role of antibiotic efflux, these efflux pumps play a
crucial role in the export of hazardous substrates and different quorum-sensing
signaling chemicals into the biofilm milieu (Alav et al. 2018). While no direct link
between efflux pumps expression and biofilm formation has been discovered, an
investigation in P. aeruginosa suggested inhibition of efflux pumps reduced biofilm
formation (Rampioni et al. 2017). The overexpression of multidrug efflux pump
PA1875-1877 related with biofilm has been described by Zhang and Mah, is a good
example of an efflux pump that contributes to biofilm resistance in P. aeruginosa
(2008). PA1874-1877 is a four-gene operon that was found to be ten times more
strongly expressed in biofilms of P. aeruginosa than in planktonic cells (Zhang and
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Mah 2008). Even though PA1874, a large outer membrane protein has sequence
similarity to the biofilm associated protein (Bap) involved in Staphylococcus aureus
biofilm formation without any known role in P. aeruginosa (Valle et al. 2012; Zhang
and Mah 2008), deletion of the PA1874-1877 operon had no effect on biofilm
formation. In biofilms, deletion of PA1875, PA1876, or PA1877 resulted in
two-to-four-fold rise of sensitivity to gentamicin, tobramycin, and ciprofloxacin,
while planktonic susceptibility was unchanged. Furthermore, the presence of either
the MexAB-OprM or MexCD-OprJ efflux pumps was needed for P. aeruginosa
biofilm resistance to macrolide, azithromycin, and exposure of azithromycin trig-
gered induction and expression of mexC in biofilm cells (Poole 2011). Tolerance to
colistin was also reliant on multidrug efflux pumps in metabolically active cells in
P. aeruginosa biofilms (Chiang et al. 2013). Multidrug efflux transporters are also
essential for biofilm resistance in various other bacterial species. When compared to
planktonic cells, the expression of four RND transporters was significantly higher in
biofilm cells of Helicobacter pylori, and this elevated expression of efflux pump
gene could form the basis in explaining why H. pylori biofilms are more resistant to
clarithromycin antibiotic (Yonezawa et al. 2013). Major efflux associated proteins or
pumps found in different bacterial pathogens during biofilm or planktonic state have
been listed in Table 15.2.

15.5.4 Persister Cells

Usually in biofilm Pseudomonas aeruginosa cells are as vulnerable to antibiotics as
planktonic cells, and the improved antibiotic tolerance of biofilms is attributed to
higher quantities of persister cells retrieved from communities of biofilm compared
planktonic state (Conlon et al. 2015). Toxins from redundant toxin-antitoxin
(TA) modules have been related to the development of persister cells, such as
MazF and RelE (Wang and Wood 2011). Persistent cells are frequently
misunderstood for dormant cells. The difference between persistence and dormancy
has been a point of debate. Despite common belief that persister cells are inactive,
many studies show that this is not the case (Ayrapetyan et al. 2018; Kim and Wood
2016). Persister cells have demonstrated a very low level of metabolic activity. It’s
essential to remember that persisters are created by morphological changes rather
than mutations. Toxins induce dormancy by interfering with a critical process such
as protein synthesis, resulting in tolerance because antibiotics cannot contaminate
the work of an inactive process (Kasari et al. 2013). In planktonic cells, the molecu-
lar mechanisms of persister cell production have been researched extensively in
recent years. Since planktonic and biofilm cultures reflect different lifestyles, it is
essential not to consider the mechanisms of persister generation in both states are the
same. While more biofilm-specific research is needed, although persistent cell
growth in biofilms has been studied in the literature. The yafQ gene, for example,
codes for a toxin that is necessary for persister cell formation in E. coli biofilms
(Harrison et al. 2009). Overexpression of yafQ in biofilm cells enhanced the number
of persister cells sustaining elevated exposure of antibiotic, and the yafQ strain
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Table 15.2 Common efflux pump in certain bacterial species and their resistance toward
antibiotics

Bacteria

Associated
efflux pump or
genes Resistance toward antibiotics References

Pseudomonas
aeruginosa

MexAB-
OprM

β-Lactams, fluoroquinolones,
macrolides, triclosan, acylated
homoserine lactones tobramycin,
ceftobiprole, ofloxacin,
ciprofloxacin, gentamicin,
novobiocin, macrolides

Poole (2011),
Verchère et al.
(2015)

MexCD-OprJ β-Lactams, fluoroquinolones,
tetracycline, acriflavine

Jeannot et al.
(2008)

MexEF-OprN Aromatic hydrocarbons,
fluoroquinolones, chloramphenicol

Olivares et al.
(2012)

MexJK Erythromycin, tetracycline Poole (2011)

Czm-OpmN Zinc, cadmium Kumar et al. (2008)

PA1875-1877 Gentamycin, ciprofloxacin,
tobramycin

Zhang and Mah
(2008)

Staphylococcus
aureus

Smr, QacH,
QacG, MepA,
NorA, NorC

Fluoroquinolones, glycylcyclines Costa et al. (2013)

NorB Moxifloxacin Ding et al. (2008),
Costa et al. (2013)

MdeA Novobiocin, fusidic acid Costa et al. (2013)

Tet38 Tetracyclines Costa et al. (2013)

Bacillus subtilis Blt, Bmr3,
Bmr, LmrB,
ImrA

Lincosamides and fluoroquinolones Sun et al. (2014)

Streptococcus
pneumoniae

PmrA, Msr(D) Macrolides, ketolides ciprofloxacin,
Norfloxacin

Cherazard et al.
(2017)

Staphylococcus
haemolyticus

qacG, qacH,
qacA, MdeA

Lincosamides, type A
streptogramins, macrolides

Correa et al. (2008)

Burkholderia
cepacia

BCAL1672-
1676

Ciprofloxacin, tetracycline Buroni et al.
(2014)

Burkholderia
pseudomallei

BPSL1661,
BPSL1664,
BPSL1665

Doxycycline, imipenem,
ceftazidime

Kumar et al. (2008)

Helicobacter
pylori

HP1327,
HP971,
HP1489,
HP607

Clarithromycin Yonezawa et al.
(2013)

Clostridium
botulinum

CdeA Fluoroquinolone Harnvoravongchai
et al. (2017)

Listeria
monocytogenes

FepA Fluoroquinolone Guérin et al. (2014)
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formed biofilms that were significantly less resistant to cefazolin and tobramycin
compared to wild type (Harrison et al. 2009). When comparing planktonic and
biofilm cells in Burkholderia cenocepacia, the majority of toxin genes were tran-
scriptionally increased in biofilm state (Van Acker and Coenye 2016). In
B. cenocepacia biofilms, overexpression of certain toxins resulted in increased
toxicity. In biofilms, persister cells, on the other hand, may not be mainly account-
able for antibiotic tolerance, but rather play a supporting function (Aristizábal-Hoyos
et al. 2019).

15.6 Role of Membrane Vesicles (MVs) and Nanotube in ARGs
Exchange

Gram-negative bacteria produce OMVs by blabbing from the outer membrane,
which are small spherical structures. Proteases, alkaline phosphatase, lipases, toxins,
and some outer membrane proteins are common periplasmic and cytoplasmic
contents (OMPs) (Jan 2017). MVs have been found biofilms, as well as planktonic
cells. Pseudomonas aeruginosa (Murphy and Clegg 2012), E. coli (Tang et al.
2020), Staphylococcus aureus (Sugimoto et al. 2017), Helicobacter pylori
(Yonezawa et al. 2013), and B. subtilis (Brown et al. 2014) have all been found to
produce MVs in biofilms. In Neisseria gonorrhoeae the mobilization of R-plasmid
having bla gene was the first evidence of MV-mediated gene delivery (Dorward
et al. 1989). Various laboratory investigations have analyzed the role of
MV-mediated mobilization of ARGs in number of bacteria since that first discovery
(Domingues and Nielsen 2017). Though horizontal gene transfer mediated via MVs
in natural environments has not completely understood. In experiments with
A. baumannii with pMMA2 and pMMCU3 carrying blaOXA-2 gene (Rumbo
et al. 2011), in Thermus spp. plasmid pMKPn carrying kanamycin resistance gene
(Blesa et al. 2018), and pBBRMCS with chloramphenicol resistance gene in
Buttiauxella agrestis (Tashiro et al. 2017). In gram-negative bacteria like
P. aeruginosa, (Toyofuku et al. 2019; Morinaga et al. 2018), Paracoccus sp. and
Vibrio spp. (Morinaga et al. 2018), MVs can transmit quorum-sensing (QS) signals.
Conjugation, transformation, and phage induction are all known to be controlled by
QS signals (Laganenka et al. 2019). Therefore, MVs have the potential to play key
role in the control of both HGT and DNA transport.

Nanotubes, an elongated extracellular structure, have recently been identified as
another mechanism of transfer of DNA in Bacillus subtilis; nanotubes are used in
direct cellular interaction (Hurtig et al. 2010; Dubey et al. 2016).

The membranous structures called nanotubes differ from conjugation pili, that are
protein-based structures. Nanotubes were often shaped in a cross-species manner,
implying that they can be used to transport constituents both within and across
species (Dubey and Ben-Yehuda 2011). Unlike conjugation pili, the cytoplasmic
interchange of metabolites like nutrients and fluorescent marker proteins between
different bacterial species has been documented, and it has been linked to nanotube-
like structures (Shitut et al. 2019). As a result, nanotubes are likely to play an
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important role in the localization and movement of biomaterials within bacterial
communities in addition to ARGs alone (Fritts et al. 2021) s demonstrated that
nanotubes act as gateways for intercellular exchange of cytoplasmic molecules and
non-conjugative plasmids using Bacillus subtilis where YmdB act as a component
required for the formation of nanotube and molecular exchange between cells
(Dubey et al. 2016).

15.7 Conclusions

Bacteria in biofilm exhibit increased degree of resistance as compared to planktonic
state. Other than intrinsic mechanisms of bacteria, ECM and QS play a major role in
promoting AMR in biofilms. Increased HGT rates in biofilm are responsible for
dissemination of ARGs in environment. Resistance toward β-lactam antibiotics
seems to more frequently emerged and disseminated with in bacterial population
both in planktonic and biofilms. Environmental biofilms are expected further
provides opportunity to microbial community to greater gene exchange and
spread AMR.

Understanding the mechanisms that cause recalcitrance will undoubtedly help to
guide therapy methods for biofilm infections. These should be supplemented by
diagnostic procedures for biofilm infections quickly and determining in vivo
biological composition of biofilms. Furthermore, the availability of a panel of
compounds that can prevent and dispersed biofilms will aid in the selection of
effective treatment options for biofilm-based infections.
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b-Lactamase Inhibitor Combinations
Targeting Antibiotic Resistance
in Gram-Negative Bacteria

16

Nabeela Farhat and Asad U. Khan

Abstract

Antibiotic resistance induced by β-lactamase is posing a significant problem to
the pharmaceutical industry. For the last 30 years, only a few inhibitors of
β-lactamase were released in the market. The first-generation β-lactamase
inhibitors include sulbactam, tazobactam, and clavulanic acid which are
derivatives of β-lactams. They mainly function by serine β-lactamases (SBL)
inactivation. The next generation of inhibitors of β-lactamase (such as
vaborbactam and avibactam) are non-β-lactam derivatives with a broad inhibition
range (including KPC, a major class A carbapenemase). Current inhibitors, on the
other hand, are resistant to all clinically significant class B β-lactamases and
certain class D β-lactamases. This chapter gives information on current research
activities aimed at discovering and developing new β-lactamase inhibitors, as
well as a summary of recent β lactam/lactamase inhibitor combinations approved
by FDA.

Keywords

β-Lactams · Inhibitors · Multiresistant bacteria · Combination therapy

16.1 Introduction

The antibiotic discovery has succeeded in curing diseases which were earlier deadly,
resulting in increased life expectancy, but now it has less potential because of the
emergence and spread of multiresistant bacteria worldwide (Gilbert 2018; Sommer
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et al. 2017; Brown and Wright 2016; Bengtsson-Palme et al. 2018; Satyanarayana
2018; McKenna 2013; Martinez 2014; Levin-Reisman et al. 2017; Vikesland et al.
2019; Thayer 2016). The bacteria possess innate ability to resist treatment and
transmit genetic material to other bacteria, making it drug resistant (D’Costa et al.
2011). Now resistant bacterial infections are very common, and some of the bacteria
have become multidrug resistant, in such cases very few or no treatment options are
present. Current condition has been reached because of (1) the excessive and
inappropriate usage of antibiotics in different field over the years like medicine,
the veterinary and agriculture. These drugs are used even for nonbacterial infections
treatment; (2) lack of development of new antibiotics due to not getting adequate
profit; and (3) absence of new and inventive strategies of new antibiotics develop-
ment (Wright 2007; Theuretzbacher 2016).

In current situation, the most effective strategy for multidrug-resistant bacterial
infections treatment is the combination therapy. This type of combination therapy
has two components an antibiotic and resistance mechanism inhibitor, restoring the
effectiveness of antibiotic (Brown 2015; Douafer et al. 2019; Chakradhar 2016; Gill
et al. 2015; Kalan and Wright 2011; Farha and Brown 2013;Bush 2015;
Worthington and Melander 2013; Wright 2016; Melander and Melander 2017;
Schillaci et al. 2017; Tyers and Wright 2019; Docquier et al. 2018; Tooke et al.
2019; Laws et al. 2019). Benefit with the use of inhibitors are: (1) it repurposes the
drugs clinically available which were safe and effective, and (2) it avoids efforts,
challenges, and expenses of new therapeutic targets validation and identification
(Tyers and Wright 2019).

The bacterial resistance mechanisms as shown in Fig. 16.1 are (1) cellular target
modification altering binding of antibiotic resulting in reduced efficacy; (2) changes

Fig. 16.1 Bacterial resistance mechanism (1) cellular target modification; (2) alteration in the
permeability of the outer membrane; (3) activation of efflux pump; and (4) inactive forms of drug by
enzymatic degradation
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in the terminal moieties results in alteration of the outer membrane permeability
which in turns decreased uptake; (3) increase antibiotic ejection due to activation of
efflux pump; and (4) generation of inactive forms of drug by bacterial enzymes
degradation (Khameneh et al. 2016).

The classification of inhibitors for overcoming bacterial resistance
mechanisms are:

(a) Inhibitors of efflux pump;
(b) Permeabilizers of outer membrane; and
(c) Inhibitors of β-lactamase.

This chapter emphasizes on the inhibitors of β-lactamase, which overcome
predominant source of drug resistance in Gram-negative bacteria (that is β-lactam
antibiotic inactivation due to the production of β-lactamases). β-Lactam antibiotics
safety, efficacy and broad-spectrum activity makes it the most commonly prescribed
antibiotic in the clinical setting. The four main classes of β-lactams containing four-
membered azetidinone ring structure are penicillins, cephalosporins, carbapenems
and monobactams. Their mechanism of action is also similar involving
transpeptidases inactivation. These transpeptidases are essential for the synthesis
of cell wall terminal step. These transpeptidases are included in penicillin-binding
proteins (PBPs), β-lactam acylate active site serine residue, which is irreversible
resulting in inactivation of β-lactam antibiotics due to the production of
β-lactamases.

Active site of β-lactamases contains either one divalent zinc atom (MBLs) or a
serine residue (SBL). Fig. 16.2 shows the active sites for SHV beta-lactamase and
NDM-1 metallo-beta-lactamase. Arrival of ‘penicillinase-stable’ penicillins shifts
importance towards β-lactamases encoded by both plasmid and chromosome in
Gram-negative bacteria. Presently, over 2770 different, naturally occurring
β-lactamases have been reported (Levin-Reisman et al. 2017).

16.2 b-Lactamase Nomenclature

Both the functional approach (Bush-Jacoby-Medeiros) and the structural approach
(Ambler) (Ambler 1980) are used for the β-lactamase classification. Therefore, the
focus of this review is β-lactamases description based on the Ambler classification.

Class A (serine carbapenemases). Class A includes common β-lactamases like SHV
and TEM that inactivate penicillins and narrow spectrum cephalosporins. Many
of them, in addition to CTX-M family, are effective against extended-spectrum
β-lactams, which is the reason for them being referred as extended-spectrum
β-lactamases (ESBLs). Carbapenemases like KPC, IMI and SME (Drawz et al.
2010; Bush 2018) are also included as class A.

Class B metallo-β-lactamases. Metalloenzyme active site contains zinc ions, and so,
class B β-lactamases are also considered as metalloenzymes. Unlike class A, C or
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D that hydrolyses β-lactams by serine nucleophile action, metallo-β-lactamases
serve as nucleophile by water molecule present in the active site. By coordinating
with zinc, water molecule is activated, hydrolysing the β-lactam ring making
antibiotic ineffective. Except for monobactams, all classes of β-lactams are
hydrolysed by class B metallo-β-lactamases (MBLs). Most clinically important
MBLs possessing carbapenemase activity are VIM and IMP along with rapidly
emerging NDM (Wang and Chou 2013; Shakil et al. 2011; Johnson and
Woodford 2013; Wang et al. 1999).

Fig. 16.2 Active site of β-lactamases: (a) NDM (metallo-β-lactamases (MBLs)), (b) SHV (serine
β-lactamases)
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Class C serine cephalosporinases. ACT, CMY and DHA are also some
representations of class C (AmpC β-lactamases), and Gram-negative bacteria
yielding class C enzymes are frequently resistant to certain cephalosporins and
penicillins.

Class D serine oxacillinases. Class D comprises OXA, few are cephalosporin,
carbapenem and penicillin resistant. However, occurrence of Pseudomonas
aeruginosa and Acinetobacter baumannii producing OXA is of great alarm
(Potron et al. 2015).

16.3 b-Lactamase Inhibitors

Among the most prevalent resistance mechanisms in Gram-negative bacteria is the
production of β-lactamases (Neu 1990; Prabaker and Weinstein 2011; Harris et al.
2015). In the mid-1970s, for the identification of a potent inhibitor of the enzyme
TEM-1 β-lactamase, many pharmaceutical companies began many research
(Eisenstein et al. 1977; Medeiros and O’Brien 1975).

The selection of β-lactam which has pharmacokinetic properties similar to the
inhibitor is the utmost important consideration in developing a BL–BLI combina-
tion. Combinations of β-lactam with BLI introduced into clinical practice are
clavulanic acid–amoxicillin (oral bioavailable agent); sulbactam–ampicillin (paren-
terally administered for the therapy of intra-abdominal infections and urinary tract
infections (UTIs)); clavulanic acid–ticarcillin (for parenteral delivery covering
infections caused by Gram-negative bacteria) and piperacillin–tazobactam (cover
staphylococcal infections, Gram-negative and pseudomonal infections including soft
tissue and lower respiratory tract infections and intra-abdominal infections among
inpatients) (Charbonneau 1994).

Optimal dosing of a BL–BLI combination is patient specific. It is dependent on
the pathogen, β-lactamase involved, β-lactamase transcription, the microbial load at
the infection site, the engagement of other mechanisms of resistance, the effective-
ness of the inhibitor and β-lactam, the pharmacokinetics/biodistribution of the
β-lactamase inhibitor and β-lactam (FDA 2014).

Some of the β-lactamase inhibitors are summarized in Table 16.1 along with their
chemical class, trade names and clinical developmental stages.

16.4 b-Lactamase Inhibitors: Mechanistic Considerations

An effective strategy for fighting resistance mediated by β-lactamase is using agents
that bind to the active site (commonly β-lactams). This can be accomplished in two
ways. The first method is to develop substrates that can bind the enzyme with great
affinity reversibly and/or irreversibly, forming unfavourable steric interactions as the
acyl-enzyme forms acyl-enzymes and accept catalytically inept conformations that
are hydrolysed poorly, such as carbapenems, extended-spectrum cephalosporins or
monobactams. The other technique is the creation of mechanism-based or
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irreversible ‘suicide inhibitors’, which can irreversibly inactivate the β-lactamase by
causing secondary chemical events in the enzyme active site (Bush 1988). Inhibitors
of class A, such as clavulanic acid, sulbactam and tazobactam, are examples. They
are characterized by first-order rate constants for inhibition (kinact, the inactivation
rate attained at ‘infinite’ concentration of inhibitor) and KI values (the inhibitor
concentration results in an inactivation rate that is half the value of kinact) and KI
values (the inhibitor concentration yields an inactivation rate that is half the value of
kinact). Bush (1986) and Copeland (2005) are two examples of this. The IC50 (50%

Table 16.1 Inhibitors in clinical development phases

Inhibitor Chemical class Clinical development stage Trade name

Clavulanic acid Clavam Approved in combination with
amoxicillin
Approved in combination with
ticarcillin

Augmentin
Timentin

Sulbactam Penicillanic acid
sulfone

Approved in combination with
ampicillin

Unasyn

Tazobactam Penicillanic acid
sulfone

Approved in combination with
piperacillin
Approved in combination with
cefepime
Approved ceftolozane

Zosyn/
Tazocin
–

Zerbaxa

Enmetazobactam Penicillanic acid
sulfone

Phase II in combination with
cefepime

Avibactam DBO Approved in combination with
ceftazidime
Phase III in combination with
aztreonam
Phase II in combination with
ceftaroline fosamil

Avycaz/
Zavicefta

Relebactam DBO Phase III in combination with
imipenem

Nacubactam DBO Phase I in combination with
meropenem

Zidebactam DBO Phase I in combination with
cefepime

ETX2514 DBO Phase II in combination with
sulbactam

Vaborbactam Boronic acid Approved in combination with
meropenem
Phase I in combination with
biapenem

Vabomere

VNRX-5133 Boronic acid Phase I in combination with
cefepime

ANT431 Pyridine-2-
carboxylic acid

Preclinical in combination with
meropenem

AAI101 Penam sulfone Phase II in combination with
cefepime

274 N. Farhat and A. U. Khan



inhibitory concentration) is the inhibitor concentration necessary to reduce enzyme
activity by 50% as compared to unregulated velocity. The IC50 value reveals the
inhibitor’s affinity or the kcat/kinact ratio, although these values are not always the
same. An inhibitor can have low ‘affinity’ and acylate the enzyme slowly, but still
have a low IC50 due to very low deacylation rates.

16.5 Recent BL/BLI Combinations Approved by FDA

16.5.1 Vabomere

Vaborbactam (RPX7009) contains a cyclic boronate pharmacophore and is the first
β-lactamase inhibitor which is approved by FDA (Lee et al. 2018; Jorgensen and
Rybak 2018; Farrell et al. 2013; Cho et al. 2018). Vaborbactam forms a covalent
adduct with CTX-M-15 and AmpC catalytic serine residue, and it is confirmed by
X-ray crystallography studies. Vaborbactam inhibits a variety of β-lactamases with
sub-μM IC50 values (Class A/C enzymes) (Hecker et al. 2015). And over 300 clini-
cal strains of Enterobacteriaceae (greater part of which contained the KPC genes)
were used to test the vaborbactam and meropenem combination. A fixed activity of
meropenem was potentiated by vaborbactam (8 μg/mL) by a minimum of 64-fold,
giving rise to MIC50 of �0.06 and MIC90 of 1 μg/mL, respectively (Castanheira
et al. 2016). Lomovskaya and co-workers used clone E. coli strains which produce
Ambler β-lactamases of all four classes to check vaborbactam’s capability of
potentiating various antibiotics (Lomovskaya et al. 2017). Most of the Ambler
class A and C β-lactamase-producing strains are susceptible to meropenem. Addition
of ceftazidime and aztreonam fully characterizes inhibitory activity spectral range of
vaborbactam combinations. Their findings disclose that when 4 μg/mL vaborbactam
is combined with aztreonam, meropenem or ceftazidime, it has a wide range of
synergistic activity against Escherichia coli, producing β-lactamases of Ambler class
A including KPC, SME, etc., and class C including DHA, MIR, FOX, etc.
Meropenem-vaborbactam demonstrated promising in vitro activity that resulted in
clinical studies indicating its effectiveness, safety and reduced side effects (Griffith
et al. 2016; Kaye et al. 2018). Vaborbactam-meropenem (Vabomere) was FDA
authorized in 2017 for UTIs and is promoted as injectables by Melinta therapeutics
with 1:1 ratio of meropenem and vaborbactam (vabomere, www.Vabomere.com).
Presently, new combinations of vaborbactam and antibiotic are under clinical
assessment.

16.5.2 Avycaz

The combination of avibactam/ceftazidime is marketed as Avycaz. It received FDA
approval in 2015 for the treatment of problematic intra-abdominal infection (cIAI)
and complex urinary tract infection (cUTI). Ehmann and colleagues discovered that
avibactam (formerly known as NXL104) has a mechanism based on TEM-1
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covalent inhibition with slow regeneration of the inhibitor using a range of biophys-
ical techniques. Testing avibactam against P. aeruginosa PAO1 AmpC,
Enterobacter cloacae P99 AmpC, class A (TEM-1, KPC-2, CTX-M-15) and class
D (OXA-48, OXA-10) revealed that avibactam inhibits enzymes through acylation
followed by delayed release of inhibitor by cyclization (Ehmann et al. 2013);
however, in KPC-2, inhibition mechanism of avibactam was found to be different
and recyclization competes with desulphation following further degradation steps
(Ehmann et al. 2013). A number of in vitro studies of avibactam activity in combo
with carbapenems, cephalosporins and monobactams against both Gram-positive
and Gram-negative pathogens are reported. P. aeruginosa clinical isolates tested
reduced the MIC90 of ceftazidime in combination with avibactam (4 μg/mL) to a
greater extent than clavulanic acid and tazobactam. Another study reported
ceftazidime–avibactam showed poor potency against A. baumannii strains produc-
ing PER-1, OXA-51 and OXA-58, whereas favourable effectiveness was detected
against CTX-M-15 or OXA-48 producing Klebsiella pneumoniae strains and
CTX-M-15 producing E. coli strains (Aktaş et al. 2012).

16.5.3 Zerbaxa

In 2014, Zerbaxa was FDA approved and recognized as β-lactamase inhibitor for the
BL/BLI combination of antibiotic ceftolozane and tazobactam. Ceftolozane was
discovered by the efforts of medicinal chemistry, aiming to develop
cephalosporin-enhanced effectiveness against P. aeruginosa AmpC strains (Toda
et al. 2008; Murano et al. 2008; Takeda et al. 2007). The inhibition activity of
tazobactam is maximum against CTX-M, TEM, SHV enzymes (Drawz et al. 2010).
Tazobactam in combination with ceftolozane strongly increases the ceftolozane
spectrum activity against AmpC-hyperproducing and ESBL-producing Gram-nega-
tive bacteria. KPC producing strains were not susceptible to the combination
(Livermore et al. 2010) Farrel and colleagues reported that ceftolozane–tazobactam
(TOL-TAZ) demonstrated potent activity, after testing 7071 Enterobacteriaceae
isolated from hospitals in the United States. The combination of ceftolozane–
tazobactam was also found to be effective against ESBL phenotype producing
E. coli isolates, as well as 1971 tested P. aeruginosa isolates and 2435
P. aeruginosa strains in Canadian hospitals (Walkty et al. 2013). About 605 anaero-
bic isolates were obtained by Snydman and colleagues. They reported that
TOL-TAZ has a great activity against Bacteroides spp. (particularly Bacteroides
fragilis), exceptional activity against Prevotella spp. and Fusobacterium spp., and
very low activity against Clostridium spp., according to the researchers (Snydman
et al. 2014). TOL-TAZ with metronidazole was tested in patients with severe intra-
abdominal infections in the ASPECT-cIAI phase III clinical trial (cIAI) (Solomkin
et al. 2015). The mix is effective against Enterobacteriaceae infections that produce
CTX-M-type ESBLs. Another phase III clinical trial, ASPECT-cUTI, was done to
test the efficacy of TOL-TAZ with levofloxacin in the treatment of cUTI, including
pyelonephritis. TOL-TAZ was found to be more potent than levofloxacin, with just
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minor side effects (Wagenlehner et al. 2015). Merck makes Zerbaxa, a powder for
injection that contains a 2:1 blend of ceftolozane and tazobactam.

16.6 Ongoing Developments of SBL Inhibitors

Many SBLI clinical trials have been active for the past 10 years, and these can be
categorized into β-lactams and non-β-lactams. Clavulanic acid, sulbactam and
tazobactam are examples of β-lactam inhibitors. The phase II clinical trial for the
tazobactam structural analogue AAI101 was successfully completed (EudraCT
Number: 2016-005161-31). Diazabicyclooctanes (defined by avibactam) and cyclic
boronates (defined by vaborbactam) have been added to the list.

16.6.1 b-Lactams

AAI101 is being tested in clinical studies in combination with cefepime (EudraCT
Number: 2016-005161-31). The outcomes of MIC screening shows synergy for the
combination of cefepime and AAI101 at various concentration against carbapenem-
resistance E. coli and K. pneumoniae strains. Pattanaik and co-workers found
penicillin sulfone inhibitor LN-1-255 inactivates SBLs like SHV-1 and SHV-2
(class A) and increases the activity of ceftazidime against TEM, SHV, CTX-M
and Sme-1 enzymes producing strains (Pattanaik et al. 2009). Crystallographic
evidence for SHV-1 confirms that LN-1-255 acylates the enzyme before rearrange-
ment to a bicyclic indolizine adduct (Pattanaik et al. 2009). It also has potential
efficacy against several OXA enzymes and has been shown to lower carbapenem
MICs in OXA-producing E. coli, K. pneumoniae and A. baumannii strains (Drawz
et al. 2010; Vallejo et al. 2016; Vázquez-Ucha et al. 2017).

16.6.2 Diazabicyclooctanes

Relebactam. Zhanel and co-workers reported that the analogue of
diazabicyclooctane (DBO) relebactam has β-lactamase inhibition activity like an
SBL inhibitor avibactam. Relebactam is effective against class B and class D
OXA-type enzymes, but not against Ambler class A β-lactamases like KPC
carbapenemase and class C (Zhanel et al. 2018). Susceptibility screenings with
relebactam (4 μg/mL) and imipenem show that this inhibition scale is well shown
against Gram-negative clinical isolates (Lapuebla et al. 2015). According to the
Gram-negative isolates from the US and European hospitals, A. baumannii and other
metallo-beta-lactamases or OXA-type enzymes produced pose a challenge for
imipenem-relebactam use (Lob et al. 2017; Karlowsky et al. 2017). Phase III clinical
evaluation of relebactam combination with imipenem–cilastatin is presently in
progress (ClinicalTrials.gov identifier: NCT03293485).
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Zidebactam. PBP inhibitors include the acyl hydrazide DBO, a zidebactam
analogue of the DBO family. The zidebactam and cefepime combination efficiently
inhibits the PAO1 P. aeruginosa strain and its knockouts with faulty porins
(Karlowsky et al. 2017). The increased activity of zidebactam–aztreonam combina-
tion with selected β-lactams against VIM-1/VIM-2 P. aeruginosa producing clones
was also intriguing (Karlowsky et al. 2017). Likewise, zidebactam (8 μg/mL) has
been shown to lower cefepime and sulbactam MIC against A. baumannii which
produce OXA-23. PBP (but not β-lactamase) is inhibited by zidebactam, which
improves antibiotic efficacy. At this time, two phase I clinical trials assessing
zidebactam’s safety, tolerability and pharmacokinetics have already been finished,
with a third study presently attempting to recruit patients.

Nacubactam. CTX-M, TEM, KPC-2 (class A), AmpC, CMY-2 (class C) and
PBP2 are all inhibited by nacubactam (OP0595), an aminoethoxy substituted ana-
logue of avibactam. It weakly inhibits OXA enzymes and does not show any activity
against IMP-1 (Morinaka et al. 2015). However, when tested alone, nacubactam is
found to have antibacterial activity (Morinaka et al. 2016, 2017; Livermore et al.
2015). In comparison to ceftazidime–avibactam, nacubactam significantly increased
the activity of aztreonam, cefepime, biapenem and piperacillin against
Enterobacteriaceae producing carbapenemases (KPC, OXA-48 and MBLs) in a
concentration-dependent manner (Livermore et al. 2015).

ETX2514, a reversible DBO inhibitor, was explicitly designed for class D, class A
and class C β-lactamases inhibition (Shapiro et al. 2017; Durand-Réville et al. 2017).
ETX2514 and OXA-24 molecular modelling shows tighter covalent binding at the
active site as compared to avibactam (Durand-Réville et al. 2017). Acinetobacter
spp. producing OXA β-lactamases are targeted by using ETX2514. ETX2514 is used
in combination with sulbactam, making it more potent as sulbactam has exceptional
characteristic feature of binding to important PBPs in H. influenza, N. gonorrhoeae
and Acinetobacter spp., and exhibits better activity against multidrug-resistant
A. baumannii (Durand-Réville et al. 2017; Higgins et al. 2004). Sulbactam–

ETX2514 has completed a phase II clinical trial for safety and efficacy in cUTIs as
a narrow-spectrum agent targeting Acinetobacter spp.

16.6.3 Boronates

When the nucleophilic serine of β-lactamases attacks β-lactam ring, it generates a
tetrahedral intermediate that looks like boronate-based β-lactamase inhibitors
(Ke et al. 2011). As a result, these BLIs are known as boronic acid transition-state
inhibitors (BATSIs) (Trippier and McGuigan 2010). Various boronates, such as
acyclic boronic acids, are examined for SBL inhibition (Powers et al. 2014; Nguyen
et al. 2016; Bouza et al. 2018) or cyclic boronate analogues (Werner et al. 2017;
Brem et al. 2016a, b; Cahill et al. 2017). Acyclic boronic acids show inhibition of
class B VIM-2 enzyme as well as some SBLs (Bonomo et al. 2017). Cyclic
boronates also show sub-μM IC50 values for both SBLs and MBLs (Reddy et al.
2014, 2016; Burns et al. 2014a, b, 2016). Brem and co-workers after screening a
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number of cyclic boronates found a number of SBL inhibitors which have potency
against MBLs, specially VIM-2 and NDM-1 (Brem et al. 2016a, b). X-ray crystallo-
graphic investigations on BcII, OXA-10, PBP-5 and VIM-2 have revealed that the
cyclic boronate comes in contact with the critical residues of β-lactamase and
coordinates with metallo beta-lactamases Zn2+, reflecting the high energy transition
state intermediates (Brem et al. 2016a, b).

Vaborbactam. The first BLI developed from boronic acid is vaborbactam (for-
merly known as RPX7009). It has activity against other class A and class C
β-lactamases but was specifically designed to inhibit KPC carbapenemases and
functions as a competitive inhibitor by forming a reversible covalent bond with the
targeted β-lactamase (Burns et al. 2016). Recent approval to use of Meropenem–

vaborbactam passed phase III clinical trials for UTIs (Burns et al. 2014a, b; Kaye
et al. 2018).

VRNX-5133. A new boronic acid BLI is in experimental development. It is used
against NDM (class B MBLs) in CRE and P. aeruginosa (Mushtaq et al. 2018).
CTX-M-15-VNRX-5133 and VIM-2-VNRX-5133 combination with X-ray crystal
structure showed that the inhibitor was bound covalently to CTX-M-15 (catalytic
serine residue) and the boron hydroxyl groups interacted with the conserved Asn233
of VIM-2 and Zn1 (Docquier et al. 2018). Both in vitro and in vivo activity, the
combination of cefepime–VNRX-5133 has shown good results, against ESBL-
producers and P. aeruginosa and carbapenemase-producing Enterobacteriaceae
(Donnelly et al. 2018; Weiss et al. 2018; Georgiou et al. 2018).

16.6.4 Other Inhibitors

Entmetazobactam. It was earlier known as AAI101 and is a methylated penicillanic
acid sulfone BLI that shows activity against many serine β-lactamases, particularly
ESBLs. Enmetazobactam cefepime combination showed good in vitro activity
against E. coli strains producing clinically relevant β-lactamases and
Enterobacteriaceae producing ESBL clinical isolates (Papp-Wallace et al. 2017;
Huband et al. 2018) According to one study, the combination of cefepime–
enmetazobactam was eight times more potent than piperacillin–tazobactam. It also
showed good in vivo efficacy by reducing neutropenic mouse bacterial infection
>0.5 log10 CFUs among 12 out of 20 carbapenemase-producing E. coli and
K. pneumoniae isolates (Crandon and Nicolau 2015). In cUTIs, enmetazobactam
has successfully completed a phase II clinical trial.

ANT431, a novel pyridine-2-carboxylic acid ANT431 was specially designed for
MBL inhibition, and in a biochemical assay, the inhibitory activity against purified
NDM-1 and VIM-2 was sub-micromolar. It is currently in preclinical development
(Everett et al. 2018). ANT431 meropenem combination shows good activity against
many NDM-1 producing Enterobacteriaceae clinical strains. It shows low potency
against other variants producing MBL (Everett et al. 2018).
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16.7 Ongoing Development of MBL Inhibitors Based on Zinc
Chelation

As serine β-lactamases and metallo-β-lactamases, the classification of β-lactamases
is based on catalytic activities. MBL active site contains zinc ion(s) which is
stabilized by aspartate residues, cysteine and histidine. The zinc ion responsible
for hydrolysis of the β-lactams is also attached to an active molecule of water. The
subclasses of MBLs are further subdivided into B1, B2 and B3, containing two zinc
ions are class B1 and B3 and B2 contains just one (Somboro et al. 2018; Wang and
Chou 2013). Class B1 includes NDM, IMP and VIM enzymes which have a low
affinity for monobactams and so are the most clinically relevant MBLs as they
deactivate a wide range of β-lactams (King and Strynadka 2013). Gram-negative
bacteria caused infection’s treatment, MBLs poses a serious test due to their rapid
dissemination and carbapenemase activity. Designing and developing broad-
spectrum MBL inhibitors become a big challenge for this family because of the
high active site (Drawz et al. 2010; Wang et al. 1999; Fast and Sutton 2013; Ju et al.
2018). There are currently no specific MBL inhibitors in clinical use.

Klingler and co-workers reported thiorphan (the active metabolite of the
antidiarrheal racecadotril) inhibits low-μM IC50 producing VIM-1, NDM-1 and
IMP-7 and increases the imipenem activity against MBL-producers. An anti-
hypertensive drug named Captopril (FDA-approved) inhibits NDM-1
(IC50 ¼ 7.9 μM) (Klingler et al. 2015). As reported by Brem and colleagues, the
D-captopril MBL inhibition as opposed to its other stereoisomers is greater when
valued against NDM-1, BCII, SPM-1,VIM-2, and IMP-1, X-ray crystallography
further supported these findings (Brem et al. 2016a, b).

In MBL catalytic activity, Zn2+ plays an important role, and a number of chelating
agents are reported as inhibitor of this enzyme class resulting in bringing back the
efficiency of β-lactam antibiotics against pathogens producing MBL. King and
co-workers reported aspergillomarasmine A (AMA) as inhibitor of NDM-1
(IC50 ¼ 4.0 μM) and VIM-2 (IC50 ¼ 9.6 μM) after screening fungal extract
collection for meropenem synergistic activity using a phenotypic assay (King et al.
2014). AMA is shown to reduce the MIC of meropenem against NDM and VIM
producing Gram-negative bacteria (5 to �2 μg/mL). It also shows encouraging
results in vivo (King et al. 2014). Presently multiple chemical (Liao et al. 2016;
Koteva et al. 2016; Albu et al. 2016; Zhang et al. 2017a, b) and chemoenzymatic
(Fu et al. 2018) methodologies have been developed for the synthetization of AMA
and its closely associated analogues, and it was reported that the AMA diastereomers
also had comparable actions against VIM-2 and NDM-1 (Koteva et al. 2016). Metal-
chelators described as MBL inhibitors are 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) and their analogues. Against NDM, IMP or VIM producing Gram-negative
strains, these have an ability to potentiate carbapenems (Somboro et al. 2014; Zhang
et al. 2018). Likewise, the N,N,N0,N0-tetrakis-(2-pyridylmethyl)ethylenediamine
(TPEN) shows synergy with β-lactam antibiotics acting as MBL inhibitor (Azumah
et al. 2016), in vitro it is explained as nonhemolytic and nonhazardous to mammalian
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cells, but for clinical application, there is a risk because of lack in target specificity.
Some sulphonamides possess anti-MBL activity reported by researchers at Merck.
They have also assessed numerous patent compounds such as
2-tetrazolylbenzenesulfonamides (Giacobbe et al. 2018; Mandal et al. 2016; Bennett
et al. 2016) as effective inhibitors of VIM-1, IMP-1 and NDM-1. Furthermore, the
discovery by screening approaches of MBL inhibitors, other compounds also pos-
sess MBL inhibitory activity such as the β-lactam antibiotic cefaclor (Thomas et al.
2014), 3-formylchromone (Christopeit et al. 2016), ebselen (Chiou et al. 2015),
many hydrazones (Brindisi et al. 2016), phosphonic acids (Zhang et al. 2017a, b),
oxoisoindolines (Li et al. 2017), diphenylpyrroles (McGeary et al. 2017) and
bismuth complexes (Wang et al. 2018).

Antabio Inc. reports a discovery of ANT431 (small sulphonamide molecule)
which evolved from 2-picolinic acid (47) (Everett et al. 2018). It showed strong
inhibition of VIM-2 (Ki ¼ 0.19 μM) and NDM-1 (Ki ¼ 0.29 μM) and potentiate
meropenem activity against the BL21 E. coli producing these enzymes. ANT431
was tested against 94 clinical isolates of Enterobacteriaceae family that produce
MBL, and 72% isolates were resensitized to meropenem when used at 30 μg/mL. It
is also reported to show good in vivo efficacy of NDM-1 producing E. coli infection
in a mouse model (Everett et al. 2018).

16.8 Conclusion and Outlook

In Gram-negative bacteria, the most common causes for β-lactam resistance are
ESBLs, serine carbapenemases, hyperproduced AmpC cephalosporinases and
MBLs For the counteraction of many organisms which produces serine
β-lactamases, the new BLIs like DBO and boronic acid are helpful. The compounds
of the advanced generation DBO analogues are successful in achieving broad-
spectrum SBL inhibitors, and D OXA enzymes and PBPs are clinically covered
important class. The analogues of cyclic boronate could lead to broad-spectrum
β-lactamase inhibitors due to its structural similarity to the common transition state
of SBL- and MBL-mediated β-lactam hydrolysis. Designing inhibitors with Site-
specificity (as for metal chelators) and physiological stability (i.e. for thiol-based
inhibitors), inhibition of class B MBLs is a great current challenge. MBL inhibitors
like ANT431 are still in some preclinical trial, but it is not required by them to go on
for a complete development for phase II or III clinical protocol. For the upcoming
times, we can believe for the emergence of other unique β-lactamases together with
the current MBLs which will have intrinsic resistance towards the new inhibitors.
So, the cyclic boronate taniborbactam (boron-based compounds), against a wide
range of serine-β-lactamases, when shared with cefepime proved to have a broad-
spectrum of activity, as well as relevant metallo-β-lactamases, representing the
current hope.
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Abstract

The incidence of resistance development against antimicrobial agents is increas-
ing in Gram-negative bacteria (GNB) worldwide. This has resulted into great
threat in managing infections acquired from hospital. Early intervention with
appropriate antibiotic reduces the emergence of drug resistance. As per several
reports of the World Health Organization (WHO), antimicrobial resistance affects
both health and economy. Newer agents are the need of hour to tackle the multi-
drug resistant (MDR), extensively drug resistant (XDR), and pan drug resistant
(PDR) pathogens, having acquired newer mechanisms of resistance. Clinical
outcomes are grave due to decreasing options therapeutically. Novel agents
have shown potential for carbapenem-resistant Enterobacterales (CRE) and
carbapenem-resistant Pseudomonas aeruginosa (CRPA) but lesser for
carbapenem-resistant Acinetobacter baumannii (CRAB). The action of newer
β-lactam/β-lactamase inhibitors (BL-BLI) against CRE depends on the variety
of carbapenemases providing resistance. Newer agents like ceftazidime/
avibactam, meropenem/vaborbactam, ceftolozane/tazobactam, eravacycline,
plazomicin, etc. are approved for treating resistant bacteria. Few pathogens
have demonstrated some resistance against these newer agents too. Therefore,
these agents should be used with caution. The management of infections by
MDR-GNB is very complex. It requires expertise and updated knowledge.
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17.1 Introduction

The incidence of resistance development against antimicrobial agents is increasing
in Gram-negative bacteria (GNB) worldwide. This has resulted into great threat in
managing infections acquired from hospital. As per several reports of the World
Health Organization (WHO), antimicrobial resistance affects both health and econ-
omy (World Health Organization 2011). Newer agents are the need of hour to tackle
the multi-drug resistant (MDR), extensively drug resistant (XDR), and pan drug
resistant (PDR) pathogens, having acquired newer mechanisms of resistance.
Carbapenem resistance, along with all beta-lactams, due to production of
carbapenemases has led to the generation of XDR pathogens. Enterobacteriaceae
members such as Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Acinetobacter baumannii are the important pathogens having carbapenemases.
The drug resistant ones are known as carbapenem-resistant Enterobacterales
(CRE), carbapenem-resistant P. aeruginosa (CRPA), and carbapenem-resistant
Acinetobacter baumannii (CRAB) (Hawkey et al. 2018). Clinical outcomes are
grave due to decreasing options therapeutically. Novel agents have shown potential
against CRE and CRPA but lesser against CRAB. The action of newer
β-lactam/β-lactamase inhibitors (BL-BLI) against CRE depends on the variety of
carbapenemases providing resistance. Few pathogens have demonstrated some
resistance against these newer agents too. Therefore, these agents should be used
with caution. The management of infections by MDR-GNB is very complex. It
requires expertise and updated knowledge (Karaiskos et al. 2019).

17.1.1 Colistin

It is administered systemically. It is a prodrug. It exerts bactericidal action due to its
detergent-like action on the outer membrane of GNB. In the past few years, they
were frequently used for the treatment of CRE, CRAB, and CRPA. They are one of
the first-line therapies for CRAB infections. The already available novel agents are
preferred over them for CRE and CRPA due to nephrotoxicity and suboptimal
concentrations, mainly in lung.

As per the INFORM studies, in vitro efficacy of ceftazidime+avibactam was best
against Enterobacteriaceae isolates as compared to colistin (Kazmierczak et al.
2018). In clinical practice, a loading dose along with daily maintenance doses of
colistin is administered. But a high CrCL reduces colistin levels as more of colistin is
cleared by the kidneys. So, there is a need of combinations or higher dosing.

In CRE, colistin+meropenem has been found to be beneficial in relation to
survival. Colistin single use is a treatment of choice in lower risk blood stream
infections (BSIs) and non-bacteremic infections of abdomen and urinary tract.
Presently there is lack of clinical evidence to suggest that monotherapy is better
than combination therapy in managing CRPA. Therefore, due to poor pharmacoki-
netics colistin is often used in combination for CRAB treatment. Due to high rates of
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clinical failures, it is necessary to search for newer agents to combat CRAB
infections effectively.

17.1.2 Fosfomycin

It is bactericidal. It inhibits the beginning step in synthesis of peptidoglycan. It
interferes with the generation of UDP N-acetylmuramic acid, a precursor of pepti-
doglycan. It has high concentrations in serum as well as urine which is above the
MIC of susceptible organisms. It is administered intravenously. Hypokalaemia and
sodium overload are the important adverse effect. It is often administered in
combinations for the therapy of drug-resistant GNB due to the development of
resistance. Along with resistance development, there is lack of high-quality evidence
of efficacy and difficulties of unobstructed fosfomycin supply (Vardakas et al. 2016).

In previous in vitro studies, fosfomycin was found active against Enterococcus
faecium, Staphylococcus aureus, extended-spectrum beta-lactamases synthesizing
K. pneumoniae and E. coli and less against CRKP. In ICU, fosfomycin is used
against CR infections. Fosfomycin is active against CRE infections, mainly those
producing metallo-β-lactamases. For CRPA infections, fosfomycin MIC is high, and
better agents are available. Fosfomycin is highly active in the urinary tract. Its
combination with aminoglycosides has high efficacy, and fosfomycin decreases
aminoglycoside toxicity. Studies have demonstrated its synergy with carbapenems
(Vardakas et al. 2016).

17.1.3 Aminoglycosides

Aminoglycosides act by inhibiting 30S ribosomal subunit of the bacteria. They are
often used in case of polymyxin resistance to treat various CR-GNB. Two limiting
factors associated with the use of aminoglycosides (gentamicin, amikacin,
tobramycin) for the MDR-GNB infections treatment are: (a) nephrotoxicity and
lesser lung concentrations and (b) higher resistance chances due to 16S rRNA
methyltransferase expression (Doi et al. 2016).

Aminoglycosides are often part of combination regimens and used as
monotherapy only in UTI. Treating other compartments of the body is poor due to
PK/PD drawbacks associated with it. For VAP, aerosolized aminoglycosides over-
come the PK/PD drawbacks of IV administration (Almaghrabi et al. 2014).

Less nephrotoxicity develops when once-daily doses of aminoglycosides are
given as a short course (5–7 days). The high doses of the drug is well tolerated
despite associated risk of nephrotoxicity. Therefore, therapeutic monitoring of drug
is needed to maintain levels in therapeutic range. As shown in Table 17.1, gentami-
cin is administered once daily. High doses are used for treating severe CRE
infections. The synergy between aminoglycosides and carbapenems was
demonstrated beneficial in CRE. Further clinical evidence is needed (Almaghrabi
et al. 2014).
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17.1.4 Tigecycline

It is a glycylcycline antimicrobial agents administered intravenously. After binding
to 30S subunit of ribosome, it blocks interaction between aminoacyl-tRNA and
ribosomal A site and inhibits protein synthesis. Tigecycline has been used as a

Table 17.1 Antimicrobial agents (intravenous) against drug-resistant Gram-negative pathogens

Drugs Dose Dose adjustment based on CrCl

Colistin • Loading dose: 9 MIU as an
infusion for 30 min to 1 h
• Maintenance dose: 4.5 MIU
every 12 hourly after 12 h

Daily dose divided by two:
�90: 10.9 MIU
80–90: 10.3 MIU
60–70: 8.35 MIU
70–80: 9.00 MIU
50–60: 7.40 MIU
40–50: 6.65 MIU
30–40: 5.90 MIU
20–30: 5.30 MIU
10–20: 4.85 MIU
05–10: 4.4 MIU
Haemodialysis: 3.95 MIU and extra dose of
1.2–1.6 MIU (post haemodialysis)

Fosfomycin 6–8 g every 8 h 40: Reduced to 70%
30: Reduced to 60%
20: Reduced to 40%
10: Reduced to 20%
Haemodialysis: 2 g every 48 h (post
haemodialysis)

Gentamicin 5 mg/kg/day (7 mg/kg/day when
critically ill)

>80: 5 mg/kg/day
60–80: 4 mg/kg/day
40–60: 3.5 mg/kg/day
30–40: 2.5 mg/kg/day
20–30: 4 mg/kg every 48 h
10–20: 3 mg/kg every 48 h
0–10: 2 mg/kg every 72 h
Haemodialysis: 2 mg/kg every 72 h (post
haemodialysis)

Tigecycline Loading dose: 200 mg,
maintenance dose: 100 mg

No dose adjustment

Meropenem 2 g every 8 hourly �50: 2 g every 8 h
30–49: 1 g every 8 h
10–29: 1 g every 12 h
<10: 1 g/day
Haemodialysis: 1 g/day (post haemodialysis)

Ertapenem 1 g/day 30–90: No dose adjustment
<30: 0.5 g/day
Haemodialysis: 0.5 g/day (post
haemodialysis)

Modified from Karaiskos I, Lagou S, Pontikis K, Rapti V, Poulakou G (2019). The “Old” and the
“New” Antibiotics for MDR Gram-Negative Pathogens: For Whom, When, and How. Frontiers in
Public Health June 7
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rescue treatment against CRE and CRAB but not CRPA. In combinations, it has
been used for severe CRE and CRAB infections (Betts et al. 2014). It has to be used
cautiously for VAP as increased mortality when compared to other regimens has
been reported. The higher dose therapy (HDT) (200 mg as loading dose and then
100 mg twice a day) of tigecycline is used in pneumonia to attain PK/PD targets. A
reduction in fibrinogen levels has been seen with higher dosage of tigecycline. With
HDT, there is higher occurrence of nausea, diarrhoea, and vomiting (Ramirez et al.
2013).

Combination of tigecycline with other agents is essential due to the above
reasons. There is higher mortality, especially in critically ill ones, when administered
as monotherapy. Colistin-tigecycline combination in CRE associated BSI was found
better than colistin only in terms of mortality. It is useful against A. baumannii.
Reports on synergy with newer agents need further analysis to get newer
combinations (Pournaras et al. 2011).

17.1.5 Carbapenem Containing Combinations (CCC) and Double
Carbapenem Combination (DCC)

Carbapenems in infections caused by carbapenemases producing pathogens were
lifesaving drugs. They are active against KPC producers. This is due to achieving
sufficient carbapenem concentrations and also synergistic effects. Along with other
active agents, higher doses and extended infusions of carbapenems have been used
(mainly for meropenem). Treating patients such as in septic shock, these
combinations were found very benificial. Meropenem administration requires thera-
peutic drug monitoring. Newly developed antibiotics having activity against Klebsi-
ella pneumoniae carbapenemase (KPC), replaced carbapenems.

Double carbapenem combination (DCC) is a rescue therapy against XDR and
PDR CRE (Poirel et al. 2016). Ertapenem due to high affinity to KPCs acts as a
‘suicide inhibitor’. Due to this, the other carbapenem remains active and intact. The
commonest combination is ertapenem (1 g every 24 h IV, infused in half
hour) + meropenem (2 g every 8 h, infused in 3 h). DCC (with or without colistin)
is administered in infections due to resistant pathogens with serine-carbapenemases.
Further RCTs need to be done to assess the role of DCC in resistant pathogens (Bulik
and Nicolau 2011).

17.2 Newer Antibiotics

17.2.1 Ceftazidime–Avibactam (CAZ/AVI)

Avibactam is a newer BLI and a non-β-lactam. The combination inhibits most
β-lactamases, CRE, and some CRPA strains (as they have metallo-β-lactamases
like VIM-2). FDA and EMA have approved CAZ/AVI for cUTIs, cIAIs, hospital
acquired, and ventilator-associated pneumonia (HAP/VAP), and aerobic
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Gram-negative pathogen-associated infections. The combination has lower activity
against CRAB due to susceptibility of avibactam by OXA-type carbapenemases
present in A. Baumannii. Addition of metronidazole along with the combination is
needed against anaerobic Gram-negative bacteria in intra-abdominal infections. It is
not active against Gram-positive cocci (Karaiskos et al. 2019).

Newer resistance to CAZ/AVI is due to KPC expression with changes in omega-
loop. This information has encouraged to search for newer agent that will overcome
this resistance. Therefore, experts suggest combination treatments (with
aminoglycoside, colistin, tigecycline) to avoid the resistance emergence.

PK/PD studies for both CAZ/AVI demonstrate linear pharmacokinetics, human
protein binding 10% and 8%, respectively, and renal excretion. Both penetrate
equally into ELF (Karaiskos et al. 2019). Dose modification as per CrCl is shown
in Table 17.2.

Table 17.2 Newer antimicrobial agents (intravenous) against drug-resistant Gram-negative
pathogens

Drug Dose Dose adjustment based on CrCl

Ceftazidime/
avibactam

2.5 g 8 hourly (infusion in 2 h) >50: 2.5 g every 8 h
31–50: 1.25 g every 8 h
10–30: 0.94 g every 12 h
<10: 0.94 g every 48 h
Haemodialysis: 0.94 g every 48 h (post
haemodialysis)

Ceftolozane/
Tazobactam

Dose in pneumonia: 3 g 8 hourly
(infusion in 1 h)

>50: 3 g 8 hourly
30–50: 1.5 g 8 hourly
15–29: 750 mg 8 hourly
<15: No data

For other indications: 1.5 g (1 g/
0.5 g) 8 hourly (infusion in 1 h)

>50: 1.5 g 8 hourly
30–50: 750 mg 8 hourly
15–29: 375 mg 8 hourly
<15: 750 mg loading dose then 150 mg
8 hourly
Haemodialysis: 750 mg as loading dose
then 150 mg 8 hourly (post haemodialysis)

Meropenem/
Vaborbactam

4 g (2 g each) 8 hourly (infusion
in 3 h)

>50: 4 g 8 hourly
30–49: 2 g 8 hourly
15–29: 2 g 12 hourly
<15: 1 g 12 hourly
Haemodialysis: 1 g 12 hourly (post
haemodialysis)

Plazomicin 15 mg/kg/day (infusion in
30 min)

�60: 15 mg/kg/day
30–60: 10 mg/kg/day
15–29: 10 mg/kg 48 hourly

Eravacycline 1 mg/kg 12 hourly (infusion in
1 h)

No dose adjustment

Modified from: Karaiskos I, Lagou S, Pontikis K, Rapti V, Poulakou G (2019). The “Old” and the
“New” Antibiotics for MDR Gram-Negative Pathogens: For Whom, When, and How. Frontiers in
Public Health June 7
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RECLAIM trials I and II showed CAZ/AVI + metronidazole is non-inferior to
meropenem for treating cIAIs patients (Qin et al. 2017). RECAPTURE I and II
studies confirmed its non-inferiority to doripenem in cUTIs patients. It has mild
adverse events such as headache, hypersensitivity reactions, constipation, and diar-
rhoea (Wagenlehner et al. 2016).

It is the first marketed product active in KPC and OXA producing pathogens.
Data are very encouraging in terms of efficacy and safety. Monotherapy is definitive
treatment for infections which are non-life-threatening. The monotherapy is used as
definitive treatment of infections in conditions shown in Table 17.3. The algorithm
for treatment of CRE is shown in Table 17.4. CAZ/AVI has a vital role in patients
with risk of MDR infections and should be reserved for treating infections caused by
pathogens producing KPC- or OXA-48 (Table 17.4).

17.2.2 Ceftolozane–Tazobactam (CLZ/TAZ)

This is a combo containing oxyimino–cephalosporin and BLI, tazobactam. It has
high activity against CRPA by attaching to penicillin-binding proteins. Common
resistance mechanisms in P. aeruginosa do not affect ceftolozane. Several mutations
are required for developing resistance against CLZ/TAZ. Tazobactam confers sta-
bility against most of the ESBLs. It is not active against CRE, staphylococci,
enterococci, and very less against anaerobes. It is used in managing cIAI and cUTI
(Solomkin et al. 2015; Wagenlehner et al. 2015). CLZ/TAZ is also useful for
respiratory infections and VAP. CLZ/TAZ dose is adjusted as per the creatinine
clearance.

The major use of CLZ/TAZ is in therapy of infections caused by P. aeruginosa
(Table 17.5). For patients with risk for MDR, CLZ/TAZ is used along with the
second agent as empirical regimen to get adequate coverage. CLZ/TAZ is the drug of
choice in infections due to CRPA without carbapenemase production (Karaiskos
et al. 2019).

Table 17.3 Conditions where monotherapy is used as definitive treatment

Antibiotic’s profile
• No toxic effect previously
• Adequate PK/PD profile
• Resistance development chances are minimal

Patient profile
• Local infection
• Without septic shock
• Improving after therapy
• No severe comorbid conditions

Healthcare facility profile
• No uncontrolled infection source
• No co-infection chances

Pathogen’s profile
• TDM available
• ADR management available

Modified from: Karaiskos I, Lagou S, Pontikis K, Rapti V, Poulakou G (2019). The “Old” and the
“New” Antibiotics for MDR Gram-Negative Pathogens: For Whom, When, and How. Frontiers in
Public Health June 7
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17.2.3 Meropenem–Vaborbactam (MER/VAB)

Vaborbactam, a cyclic pharmacophore of boronic acid and non-BL-BLI without
antibacterial activity. It is active against KPCs due to high affinity for serine
proteases. It is effective against class A ESBLs, class A carbapenemases, and class
C cephalosporinases. The combination has no add-on benefit as compared to
meropenem alone against P. Aeruginosa and Acinetobacter spp.

MER/VAB is the first available carbapenem/BLI. The common adverse reactions
are headache, diarrhoea and infusion site complications. With very high dose, mild
lethargy is seen.

MER/VAB is active against all Gram-negative pathogens. MER/VAB is
approved for cUTIs. The dosage is 4 g every 8 hourly with urinary excretion.
Other indications are cIAI, HAP, and VAP where treatment options are limited.
The major advantage of the combination is the lower resistance development
potential (Hackel et al. 2017).

Table 17.4 Treatment of CRE

Algorithm for treatment of CRE

Empiric treatment Definitive treatment

Risk factors
• Prior infection or colonisation

by CRE mainly producing KPC or
OXA-48
OR
• Local epidemiology

PLUS ANY
• Carbapenems use with/without

colistin
• ICU or long hospital stay
• Septic shock
• Multiple comorbidities

Microbiology results
• Identify
• Testing susceptibility
• Resistance mechanism detection
• MIC determination

Combination regimen (double/
triple)

Monotherapy or combination regimen

CAZ/AVI-
Or
MER/VAB-
based
combination

Colistin-based
combination

Monotherapy
(as per
Table 17.3)

CAZ/AVI- or
MER/VAB-
based
combination

Colistin-based
combination

Gentamicin/
other
aminoglycoside
Fosfomycin
Colistin
Tigecycline

Carbapenem
Gentamicin/
other
aminoglycoside
Fosfomycin
Tigecycline

CAZ/AVI
MER/VAB
Colistin
Aminoglycoside

Gentamicin/
other
aminoglycoside
Fosfomycin
Colistin
Tigecycline

Carbapenem
Gentamicin/
other
aminoglycoside
Fosfomycin
Tigecycline

Modified from:-Karaiskos I, Lagou S, Pontikis K, Rapti V, Poulakou G (2019). The “Old” and the
“New” Antibiotics for MDR Gram-Negative Pathogens: For Whom, When, and How. Frontiers in
Public Health June 7
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17.2.4 Plazomicin

It is a semisynthetic parenteral aminoglycoside and inhibiting synthesis of protein. It
is beneficial against drug-resistant Enterobacteriaceae as not destroyed by
aminoglycoside modifying enzymes. It has dose-dependent bactericidal effect. The
t1/2 is 4 h and dose is 15 mg/kg/day (Zhanel et al. 2012).

It is approved for patients above 18 years with cUTIs caused by microorganisms
like P. mirabilis, E. coli, K. pneumoniae, and Enterobacter cloacae. Nephrotoxicity,
ototoxicity, neuromuscular blockade and foetal toxicity are known adverse events.

Its high lung penetration makes it useful for the treatment of VAP specially when
monotherapy is not suitable. It is a perfect companion to new BL-BLI. In the initial
empiric regimen, it can be used in place of colistin in infections of lung due to poor
PK profile of colistin (Tables 17.4 and 17.5).

17.2.5 Eravacycline

It is a new synthetic fluorocycline. It is similar to tigecycline in action, molecular
structure, and spectrum like Gram-negative bacilli and Gram-positive. The extra
benefit over tigecycline is its effect against both Gram-positive cocci and -negative
bacilli, good oral bioavailability with lesser drug interactions (Bassetti and Righi
2014).

In comparison to tigecycline, it is administered once-daily, higher serum
concentrations, and better tolerability. It is used in therapy of MDR bacteria-related
pneumonia due to high ELF concentrations. It has been reported to be the most
potent agent in comparison to beta-lactams, tetracyclines, aminoglycosides, colistin,
etc. It is approved for cIAIs. Eravacycline has demonstrated to be active against
CRAB (Livermore et al. 2016) (Table 17.6).

17.3 Integration of Antibiotics in Clinical Practice

The newer BL/BLI combinations, like avibactam–vaborbactam, are best available
agents for treating CRE. These agents are effective against pathogens producing
AmpC, ESBL, KPC-2, and KPC-3 while avibactam only inhibits OXA-48.
CAZ/AVI is active against OXA-48 enzymes, and its antipseudomonal action is
beneficial in patients with mixed infections. MER/VAB in comparison to CAZ/AVI
has lesser chances for resistance among KPC producers. Meropenem provides

Table 17.6 Treatment of CRAB

Drugs to be used • Administer polymyxin (colistin)as main agent
• Combination of older and newer agent (eravacycline)
• Concomitant addition of inhalational polymyxin/aminoglycoside

Modified from: Bassetti M, Peghin M, Vena A, Giacobbe DR (2019) Treatment of Infections Due to
MDR Gram-Negative Bacteria. Frontiers in Public Health April 6
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excellent coverage against anaerobes and therefore useful in intra-abdominal
infections.

The epidemiological information of infections due to CRE is important in every
country. OXA-48 is more prevalent in Belgium, France, and Spain while NDM-1 in
countries such as India. In empiric therapy of CRE infections, epidemiological
profile is also taken into consideration. In KPC producing pathogens, either
CAZ/AVI or MER/VAB is indicated. But in MBLs producing pathogens, colistin
combination must be considered. Table 17.4 shows an algorithm for the treatment of
CRE. Table 17.3 enlists prerequisites for selecting monotherapy for treating MDR
pathogens.

In MDR P. aeruginosa, combination therapy is ideal in empirical treatment. The
meta-analysis data has shown no benefit of combination therapy in definite
treatment. But clinicians do not recommend monotherapy for those with risk for
mortality and septic shock. The CLZ/TAZ provides a potent backbone by expanding
beta-lactam activity in CR strains. Colistin, fosfomycin, and plazomicin acts as
adjuvants (Table 17.5).

Colistin or tigecycline is only currently available option against CRAB
(Table 17.5). The novel eravacycline holds promise, but more studies are needed
(Livermore et al. 2016). Other novel agents such as cefiderocol are expected to have
high cure rates against CRAB.

The novel combinations cannot be thought as cure for all crisis in treatment of
drug-resistant GNB. Colistin is also important against CRPA and CRAB. CAZ/AVI
and MER/VAB work as backbones in treating CRE and when used as definitive
monotherapy. CLZ/TAZ is an ideal for CRPA as well as monotherapy. Plazomicin
can reduce colistin usage, in both empiric and definitive therapy. Fosfomycin is used
as an add-on antibiotic for P. aeruginosa and CRE infections with no cross-
resistance and very less toxicity. We should be more vigilant for the emergence of
resistance. Finally, it is necessary to minimize the usage of newer agents in empiric
therapy and microbiologic documentation of infections should be focused (Wright
et al. 2017).
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Abstract

Multi-drug resistance (MDR) and extensive-drug resistance (XDR) have become
common, making care of many patients difficult. The rise in resistance mediated
through MDR and XDR organisms has led to serious implications which have
been great challenge to manage. It is a global health emergency. There is a critical
need to develop newer medications to tackle this disaster. As a result, there has
been a pressing need to create new antimicrobial agents for the treatment of
Gram-negative pathogens. The discovery and development of newer, potent, and
safer antibiotics is not an easy task. It involves a huge economic burden. This
chapter lists the antimicrobial agents, β-lactamase/β-lactam inhibitor (BL-BLI)
combinations, newer carbapenems, and newer topoisomerase inhibitors. Agents
which are in Phase 2 trials have also been included. Substitutes to antimicrobials
agents such as bacteriophages, DCAP, peptidic benzimidazoles, odilorhabdins,
quorum sensing inhibitors, metal-based antibacterial agents are being tried in
resistant cases. There has been surge in newer agents but there is still a large gap
in the pipeline of the development of new antimicrobials with MDR pathogens.
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18.1 Introduction

Multi-drug resistance (MDR) and extensive-drug resistance (XDR) have become
common, making care of many patients difficult. The rise in resistance mediated
through MDR and XDR organisms has led to serious implications which have been
great challenge to manage. It is a global health emergency. There is a critical need to
develop newer medications to tackle this disaster. As a result, there has been a
pressing need to create new antimicrobial agents for the treatment of Gram-negative
pathogens (Breijyeh et al. 2018).

18.2 Antibiotic Agents in Pipeline for MDR-GNB (Butler
and Paterson 2020)

18.2.1 Omadacycline

Omadacycline belongs to aminomethylcycline subclass of tetracycline. It has been
FDA approved recently for use in patients of community acquired bacterial pneu-
monia (CABP) and acute bacterial skin and skin structure infections (ABSSI). It acts
similarly as tetracyclines by inhibiting bacterial protein synthesis. It kills
tetracycline-resistant pathogens (efflux and ribosomal protection) (Gallagher 2019).

18.2.2 Cefiderocol

Cefiderocol is a siderophore cephalosporin that was only recently created. Its
catechol end attaches to ferric iron and crosses bacterial outer membrane using
iron transporters (Ito et al. 2016). Hence it acts by destroying cell wall synthesis.
During an acute infection, these transporters are increased. It is effective against all
carbapenemases and stable during hydrolysis by all β-lactamases, including
KPC-producing Enterobacteriaceae, MBL-producing Pseudomonas aeruginosa,
OXA-type beta-lactamase-producing Acinetobacter baumannii, and S. maltophilia.
It is one of the most promising therapeutic solutions for pathogens such as
carbapenem-resistant Enterobacterales (CRE), carbapenem-resistant Pseudomonas
aeruginosa (CRPA), and carbapenem-resistant Acinetobacter baumannii (CRAB) in
the future (Ghazi et al. 2018).

It was administered at 2 g IV infused over an hour every 8 hourly. It is mainly
discharged in urine and hence requires dose modification as per CrCl (Saisho et al.
2018). No significant drug interaction has been reported (Katsube et al. 2018).
Portsmouth et al. (2018) in a Phase II RCT demonstrated cefiderocol noninferior
in contrast with IMI for managing cUTI patients. In a Phase 3 preliminary trial, the
adequacy of cefiderocol for treatment of CRE diseases (counting HABP, VABP,
cUTI, and blood stream infections (BSI)) was assessed. In the therapy of nosocomial
pneumonia, cefiderocol + linezolid was compared to meropenem + linezolid.
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18.2.3 Imipenem Plus Relebactam

Imipenem in addition to relebactam (MK7655) is a form of present carbapenem with
a novel powerful non-β-lactam, bicyclic diazabicyclooctan with action against class
A and C beta-lactamase but not against class D and MBL carbapenemases.
Relebactam keeps up imipenem and cilastatin activity against KPC producers and
P. aeruginosa. Presently, its combination with imipenem and cilastatin is being
studied against Gram-negative microorganisms like E. coli, P. aeruginosa,
K. pneumoniae, and others. It is mainly excreted in urine and Phase I trial has
shown that PK of the individual agents is not affected significantly when given in
combination.

In two Phase 2 trials, its efficacy and safety in patients with cIAI or cUTI have
been studied. Here imipenem (500 mg 6 hourly) + relebactam at 125 mg and 250 mg
6 hourly was found similar to imipenem alone (Lucasti et al. 2016). The RESTORE-
IMI1 study assessed it against colistin/imipenem in cIAI, cUTI or HAP/VAP
patients for efficacy and safety (Motsch et al. 2018).

18.2.4 Lefamulin (BC-3781)

Lefamulin acts by hindering protein synthesis by restricting 50S ribosomal subunit.
It has speedy and excellent penetration in the lungs epithelial lining. Hence, it has
pivotal role in the treatment of infections in the respiratory tract. It also has potential
in treating ABSSSI due to rapid distribution into skeletal and fatty tissues. It is active
against all aerobic Gram-positive pathogens except E. faecalis. It is also active
against Gram-negative pathogens (aside from P. aeruginosa and A. baumannii),
some anaerobes, and against atypical pathogens (Jacobsson et al. 2017).

It is currently being studied in the management of ABSSSI and CABP. Phase
2 studies reported comparable cure by lefamulin 100 mg and 150 mg along with
vancomycin in ABSSSI patients, whereas LEAP 1, LEAP 2, and Phase 3 studies
have shown that lefamulin in treating CABP is noninferior in contrast to
moxifloxacin with/without linezolid (Alexander et al. 2018).

18.2.5 Solithromycin

Solithromycin is a fourth-generation macrolide with 67% bioavailability that is not
influenced by food. It is degraded by CYP3A4. It is primarily discharged in bile and
just 10% in urine. There is no requirement of dose adjustment in hepatic impairment.
No effect on QTc has been reported. It has important role in patients of respiratory
tract infections because it reaches in higher concentrations in ELF and alveolar
macrophages. Due to unique chemical structure, it has high intracellular accumula-
tion. Subsequently, it is active against both extra and intracellular microbes. It has
activity against Gram-positive and Gram-negative aerobes, and against Gram-
positive anaerobes (Jamieson et al. 2015).
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Investigations are being carried out for its role in CABP and urogenital gonorrhea
patients. As per SOLITAIRE studies, solithromycin’s 5 days treatment is not inferior
when compared to moxifloxacin in patients of CABP. First, 800 mg oral or IV dose
of solithromycin was given on day 1 and then 400 mg oral daily dose from day 2 to
5 (File et al. 2016; Barrera et al. 2016). In SOLITAIR-J (Phase 3) trial, once 1200 mg
oral solithromycin was compared to ceftriaxone + azithromycin in intramuscular
dose for efficacy and safety in patients of urogenital gonorrhea.

18.2.6 Sulopenem

Sulopenem is a newer carbapenem available in oral and IV dosage form. It is active
against Gram-positive and -negative pathogens and not against CRE, P. aeruginosa,
or MRSA. It is administered intravenously1000 mg/day or orally 500 mg twice a day
alongside oral probenecid 500 mg twice a day (Kosowska-Shick et al. 2009).

It is tried in patients of cIAI and CABP. In a Phase 2 study, its efficacy was
compared to ceftriaxone along with amoxy-clav in patients of CABP. A Phase III
Sulopenem for Resistant Enterobacteriaceae (SURE) trial is being conducted for
comparing it with ertapenem in patients of cIAI. Other indications are UTIs, acute
prostatitis, gonococcal urethritis, and pelvic inflammatory disease.

18.2.7 Murepavadin

It (POL7080) is a new class of antibiotics called outer membrane protein targeting
antibiotics. It produces its effect through a new mechanism by targeting
lipopolysaccharide transport protein D (LptD). LptD has role in synthesis of
lipopolysaccharide in the external membrane of P. aeruginosa. Hence, it has signifi-
cant role against P. aeruginosa. The volume of distribution is high and t1/2 of 2–5 h.
It has linear and dose-related pharmacokinetics (Martin-Loeches et al. 2018).

18.2.8 Aztreonam/Avibactam

It has efficacy against MBL-producing microbes and is destroyed by KPCs, ESBL,
and class C (AmpC) beta-lactamases. But the combination demonstrated ten times
potency against all these strains as compared to aztreonam given singly. But activity
is limited against P. aeruginosa or A. baumannii compared to aztreonam
monotherapy. It may be an effective treatment for MBL-producing pathogens related
infections (Butler and Paterson 2020).
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18.2.9 Ceftobiprole Medocaril

It is a fifth-generation cephalosporin with activity against both Gram-positive and
-negative microbes, including MRSA and Enterococcus spp. It kills MRSA by
inhibiting penicillin binding protein-2. It has activity against Streptococcus (includ-
ing those which are resistant to penicillin and macrolide), H. influenzae, and
N. gonorrhoeae. It has limited activity in A. baumannii. It is a prodrug and
500 mg is administered intravenously in 2 h, at every 8 h. It is mainly discharged
in urine, and therefore, dose is adjusted according to CrCl.

It is approved in many countries for ABSSSI. It has been demonstrated as
noninferior to vancomycin plus ceftazidime in complicated ABSSSI (Noel et al.
2008). Several double-blind RCTs have reported its efficacy in patients of pneumo-
nia. Awad et al. (2014) in a Phase 3 study showed it is noninferior to ceftazidime +
linezolid in HABP patients. Currently, Phase 3 studies are being performed to
evaluate efficacy in patients with S. aureus infections.

18.2.10 Delafloxacin

It is a fluoroquinolone inhibiting MRSA and Gram-positive pathogens. Its diverse
structure from other quinolones confers weak acidity (So et al. 2015). Subsequently,
it inhibits more infections related to S. aureus. It has more potent role in UTI. It is
active against Gram-positive, Gram-negative and anaerobic microbes. It is mainly
excreted in urine and has 58.8% bioavailability. It is administered intravenously
300 mg or orally 450 mg every 12 h. It does not increase CYP3A, prolong QTc, and
dose adjustment for hepatic dysfunction as other fluoroquinolones (Hoover et al.
2017).

It was used in the patients of ABSSSI. Phase 3 trial has shown that it is
noninferior in comparison to vancomycin plus aztreonam in the treatment of
MRSA. Phase II trial reported similar efficacy vs. tigecycline and linezolid and
higher efficacy vs. vancomycin alone. Phase 3 trials evaluated its efficacy in patients
of CABP and urogenital gonorrhea.

18.2.11 Cefepime/Zidebactam (FEP–ZID)

Cefepime/zidebactam is a novel mix of a cephalosporin, cefepime and BLI,
zidebactam. Zidebactam is a bicyclo-acyl hydrazide. Zidebactam has higher binding
for PBP2 and inhibits enzymes of class A and C. Zidebactam not only protects
cefepime from β-lactamases but also extends its spectrum of antibacterial activity
(Papp-Wallace and Bonomo 2016). It inhibits CRE, P. aeruginosa, and
A. baumannii. FEP–ZID inhibits all three Ambler classes of carbapenemases and
P. aeruginosa. FEP–ZID inhibits many MDR Gram-negative pathogens (Sader et al.
2017).
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18.2.12 Cefepime/Enmetazobactam

Enmetazobactam (earlier known as AAI101) is a new ESBL inhibitor. It is a
penicillanic acid sulfone derivative. It has activity against many beta-lactamases,
but no add-on benefits occur while treating Pseudomonas aeruginosawith cefepime.
This combination provides an option against ESBL-producing pathogens which is
carbapenem free (Papp-Wallace and Bonomo 2016). It is indicated in cUTIs includ-
ing acute pyelonephritis, cIAIs, and HABP or VABP. As per the ALLIUM Phase
3 trial, piperacillin/tazobactam was found inferior to it in cUTIs patients. With
ESBL-producing bacteria, this combination demonstrated a cure rate of 73.7% as
compared to 51.6% in patients who were on piperacillin/tazobactam.

18.2.13 Cefepime/Taniborbactam

Taniborbactam (earlier known as VNRX-5133) is a BLI that inhibits both serine-BL
and MBL. It is a newer cyclic boronate. It enhances cefepime’s potency while
treating Pseudomonas aeruginosa and Enterobacteriaceae producing beta-
lactamases such as KPC, OXA, CTX-M, VIM, and NDM-type beta-lactamases
(Papp-Wallace and Bonomo 2016). In an in vitro study, this combination showed
more potent activity as compared to ceftazidime/avibactam against various ESBL,
AmpC, and MBLs producing urinary Gram-negative bacilli. A Phase 3 RCT is
presently under process to evaluate cefepime/taniborbactam vs. meropenem in
patients of cUTIs.

18.2.14 Sulbactam/Durlobactam

Durlobactam (earlier known as ETX2514) is a newer diazabicyclooctenone BLI
which inhibits class A, C, and D BL. It inhibits Enterobacterales. In a study (Phase
2), it was contrasted to imipenem-cilastatin in cUTI patients, including AP and no
significant difference was observed. It has shown very good activity against CRAB
as compared to colistin, minocycline, amikacin, and sulbactam alone. Presently, a
Phase 3 trial is comparing sulbactam/durlobactam + imipenem/cilastatin vs. colistin
+ imipenem/cilastatin against A. baumannii-calcoaceticus complex infection (Papp-
Wallace and Bonomo 2016).

18.2.15 Dalbavancin (Butler and Paterson 2020)

It is a new second-generation semisynthetic lipoglycopeptide anti-microbial. It
belongs to the same group as that of vancomycin which is available for patients
with MRSA infection. It was developed to improve over the currently available
natural glycopeptides like vancomycin and teicoplanin. It is synthesized from a
complex glycopeptide, A-40926, which is derived from a new Actinomadura strain.
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Similar to other glycopeptides, it exerts killing of bacteria by disrupting cell wall
biosynthesis. It stops transpeptidation by binding to D-alanyl-D-alanyl residue on
growing peptidoglycan chain. Thus, peptidoglycan elongation and cell wall synthe-
sis are inhibited. It also forms dimers and anchors itself to the lipophilic membrane
of microorganisms.

It inhibits Gram-positive microbes including MRSA and MRSE. It is
administered once for 2 weeks. It has been approved for intravenous use in treating
ABSSSIs caused by MSSA and MRSA.

It is contraindicated for those who are hypersensitive such as prone to skin
reactions or anaphylaxis. Caution is to be taken for patients who are hypersensitive
to other glycopeptides.

The most well-known adverse reactions reported in Phase II and III trials were
nausea, diarrhea, headache, rash, itching. Others are hematologic disorders, bron-
chospasm, hepatotoxicity, Red Man Syndrome, C. difficile colitis, and anaphylactic
shock. Ototoxicity is not reported with it. There is no evidence of teratogenicity in
animals.

18.2.16 Oritavancin (Butler and Paterson 2020)

It is a semisynthetic glycopeptide. It has activity against serious Gram-positive
bacterial infections. Its chemical structure as a lipoglycopeptide is the same as
vancomycin. Its 40-chlorobiphenylmethyl group destroys Gram-positive bacterial
cell membrane. It also reduces transpeptidation and transglycosylation.

It is approved for treating ABSSSI. It has demonstrated rapid inhibition of both
resistant and susceptible Gram-positive bacteria, including S. aureus, MRSA,
enterococci, and streptococci. It was more active than metronidazole or vancomycin
against C. difficile strains. It is useful as a therapy for exposure to B. anthracis
causing anthrax.

18.3 Newer Carbapenems (Butler and Paterson 2020)

1. Ertapenem
It is mainly indicated in cIAIs, ABSSSI, cUTIs, acute pelvic infections, and
CABP. The net negative charge on it enhances its plasma protein binding
(95%), and therefore, it has long half-life. So, administered once a day.
P. aeruginosa, Acinetobacter spp., and B. cepacia are less inhibited by it. It has
poor activity against ESBL-producing microbes as compared to other
carbapenems, but it is approved for treating such infections. It was useful in
treating early onset VAP due to ESBL-producing microbes, with clinical and
microbiological success rate of 80% and 75%, respectively.

2. Doripenem
It is a wide range carbapenem administered parenterally. Its molecular structure
provides stability against β-lactamase and also resistance against renal DHP-I.
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Similar to imipenem or ertapenem, it inhibits Gram-positive cocci. Against Gram-
negative, the activity is same as meropenem. But it is not active against MRSA,
E. fecium, etc. It is very active against ESBL producers. Dose modification is
needed when CrCl is <30 ml/min. The most common adverse events with it are
nausea and loose stools. The chances of seizures are lower than with others.

3. Biapenem
It is a parenteral carbapenem. It is presently undergoing Phase II trials. It has
higher penetration into respiratory system and body fluids. It has activity against
Gram-positive microbes like S. pneumoniae, MSSA, and Gram-negative such as
A. baumannii, ESBL producers, S. marcescens, E. cloacae, and C. freundii. It has
been reported to have moderate activity against P. aeruginosa. The T1/2 is 1 h
and administered 300 mg two times a day. Dose is modified as per the CrCl. The
adverse events associated with it include nausea, vomiting, diarrhea, and skin
eruption.

4. Panipenem/Betamipron
Panipenem is combined with betamipron because betamipron halts renal excre-
tion of panipenem. It is indicated for LRTI, UTI, obstetric/gynecological, and
surgical infections. The recommended dose is 0.5 + 0.5 g two times a day as IV
infusion in 30–60 min. It has been reported in three different Phase 3 RCT as
efficacious when compared to imipenem+cilastatin in respiratory infections and
UTI. It is useful to treat Enterobacteriaceae and common pathogens of respira-
tory tract. But against H. influenzae, meropenem is the most active carbapenem.
P. aeruginosa is resistant to it.

5. Tomopenem
It is 1-methyl carbapenem. It acts by inhibiting PBP activity and hampers
peptidoglycan biosynthesis of cell wall in bacteria. It has lesser chances of
resistance development. It is beneficial against MRSA, P. aeruginosa
(ceftazidime resistant), and microbes producing ESBL.

6. Tebipenem
Tebipenem pivoxil (earlier known as SPR994) is an oral prodrug. It is activated in
plasma and effective against ESBL-producing pathogens. TBPM-PI-HBr is its
novel formulation. It has high stability level against DHP-I. Its metabolite is well
absorbed into the blood from intestine. It is used to treat UTIs. Various studies
reported that tebipenem has more potency than imipenem but equal to that of
meropenem against E. coli, P. mirabilis, and K. pneumoniae. It is not affected by
generation of ESBL- and AmpC-BL. Results of a Phase 3 trial (ADAPT-PO) is
pending where it was compared with ertapenem intravenous in AP or cUTI
patients.

7. Other Newer Carbapenems
(a) Razupenem (SMP-601) is under Phase 2 trials. It inhibits ESBL-synthesizers,

but not carbapenemases. Its utility can be increased by combining it with
other drugs. It has add-on effect with amikacin or ciprofloxacin against
B. cepacia and S. marcescens.

(b) 2-(Thyazol-2-ylthio)-1β-methyl carbapenems group has members such as
SM-197436, SM-232721, and SM-232724. They are very effective against
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MRSA but insufficient against E. faecium. These carbapenems are highly
inhibitory for Gram negative microbes such as H. influenzae, B. fragilis, and
M. catarrhalis. They are similarly active as imipenem against E. coli, Pro-
teus, and K. pneumoniae. Other indications include hospital acquired bacte-
rial infections by Gram-positive and -negative bacteria mainly MRSA
and VRE.

(c) CS-023 (earlier known as RO 4908463) is another new molecule which is
lesser effected by DHP-I than imipenem or meropenem. It is highly inhibi-
tory for Gram-positive and -negative microbes. Against MRSA, it seems to
be better than imipenem and meropenem. It has lower protein binding.

(d) ME 1036 (CP5609) is a carbapenem administered parenterally. It has an
excellent activity against CABP pathogens.

(e) Trinems (earlier known as tribactams): To its carbon 1 and 2, a cyclohexane
ring is attached. Sanfetrinem, as a hexatil ester, is administered orally.
Sanfetrinem inhibits potent class A β-lactamase producers such as
P. vulgaris and K. oxytoca.

18.3.1 Meropenem/Nacubactam

Nacubactam is a new intravenous BLI which acts by inhibiting serine β-lactamases
(class A and C and few class D) and PBP2 in Enterobacteriaceae. In placebo-
controlled studies, its pharmacokinetics, tolerability, and safety were evaluated in
healthy individuals. They were administered once, increasing dose from 50 to
8000 mg, multiple increasing doses from 1000 to 4000 mg every 8 hourly for
7 days, or nacubactam + meropenem 2 g each every 8 hourly for 6 days. Nacubactam
exhibited tolerance, with mild to moderate side effect of IV administration and
headache. There were no dose-related clinical changes in safety test, or any serious
or dose-limiting adverse event reported. Its pharmacokinetics was linear even after
once or multiple doses. It was excreted mainly unchanged through kidney. The
combination did not alter the pharmacokinetics of the individual drugs significantly.
The study results are encouraging, and further clinical development is needed
(Mushtaq et al. 2018).

CRE infections (KPC 2 and 3 carbapenemases) are very difficult to treat with
present agents. Nacubactam is a bridged diazabicyclooctane BLI (mainly class A
and C BL). It has also intrinsic antibiotic and BL “enhancer” activity against
Enterobacteriaceae. The combination inhibits carbapenem-resistant
K. pneumoniae. Studies also suggest that it has an alternative pathway of action as
compared to avibactam (Papp-Wallace and Bonomo 2016).
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18.4 Newer Topoisomerase Inhibitors

1. Gepotidacin (Earlier Known As GSK2140944)
It is a new type-II topoisomerase inhibitor. It interacts with DNA gyrase (GyrA
subunit) and topoisomerase IV (ParC subunit) and thereby inhibits DNA replica-
tion of bacteria. In a Phase 3 trial involving patients of cUTIs, it is being
compared with nitrofurantoin. But it has lesser activity against Gram-negative
microbes. It does not inhibit C. trachomatis. Three N. gonorrhoeae isolates are
reported to have resistance against it (Taneja and Kaur 2016).

2. Zoliflodacin
It acts by inhibiting type-II topoisomerase (GyrB sububit). The efficacy of this
mechanism has been established against ceftriaxone- and ciprofloxacin-resistant
N. gonorrhoeae and fluoroquinolone-resistant and VRSA isolates. It also inhibits
C. trachomatis, C. pneumoniae, M. genitalium, and M. ureaplasma. A Phase
2 study demonstrated that oral zoliflodacin was more efficient than ceftriaxone
alone in uncomplicated urogenital and rectal gonococcal infections but not
pharyngeal infections. A Phase 3 trial is comparing it against ceftriaxone +
azithromycin in uncomplicated gonorrhea patients (Kocsis et al. 2016).

3. Finafloxacin
It is a fluoroquinolone and inhibits bacterial type-2 topoisomerase. It is useful in
acute otitis externa caused by S. aureus and P. aeruginosa. It is very active under
acidic environment, where bacteria like H. pylori live. It inhibits both Gram-
positive and -negative microbes. It has post-antibiotic effect.

The oral bioavailability is good with T1/2 around 10 h. It is available as 0.3%
otic suspension. To prevent dizziness, it is gently warmed in hands for 1–2 min
before administering.

On topical application, ear itching and nausea have been reported. On oral or
intravenous application, patients have reported GI side effects such as nausea,
diarrhea, flatulence. Other ADRs noted are fatigue, musculoskeletal ailments,
headaches, and injection site reactions. Rhinitis and nasopharyngitis are also
noted (Kocsis et al. 2016).

18.5 Agents in Phase 2 Trials (Taneja and Kaur 2016; Vissichelli
and Stevens 2019)

1. BOS228 (earlier known as LYS228) is monobactam administered intrave-
nously. It inhibits both serine and MBL producing microbes. Its Phase 2 trial
was done for Gram negative cUTI and cIAI.

2. Benapenem resembles ertapenem structurally and has longer T1/2. In Phase
2 trial, it was used intravenously in the treatment of cUTI including pyelone-
phritis. As per the Phase I trials data supports once a day intravenous
administration.

3. Nafithromycin (earlier known as WCK 4873) is an oral ketolide. A Phase 2 trial
was done on CABP patients. It inhibits both Gram-positive (S. aureus and

308 I. A. Khan



S. pneumoniae) and Gram-negative (H. influenzae, M. pneumoniae,
M. catarrhalis, L. pneumophila, and Chlamydophila pneumoniae) bacteria.

4. MGB-BP-3 act by binding to bacterial DNA. In a Phase 2 trial it was
administered to patients of C. difficile-associated diarrhea (CDAD). Its structure
resembles the distamycin, thiazotropsin, and netropsin (lexitropsins:
actinomycetes-derived minor groove binders).

5. XF-73 (exeporfinium chloride) is a porphyrin derivative and active against
Gram-positive. It is a topically applied. In a Phase 2 trial, its effect was studied
in patients at risk of post-operative nasal infections by S. aureus. The findings of
the trial were found positive.

6. TNP-2092 (CBR 2092) is an amalgam of rifamycin-quinolizinone. In a Phase II
trial, it was administered intravenously against Gram-positive ABSSSI
infections. In another study, it was studied against infections due to catheter
and prosthetic joint. It has high potency against Gram-positive bacteria. This is
due to components: rifamycin which is an RNA polymerase inhibitor and
quinolone which is a DNA gyrase and topoisomerase IV inhibitor.

7. Auranofin is a gold complex earlier used in treatment of rheumatoid arthritis. It
inhibits thioredoxin reductase. It has gained interest for activity against
C. difficile, H. pylori, MRSA, S. pneumoniae, and E. faecalis.

8. MBN-101 (bismuth ethanedithiol, BisEDT) is under Phase 2 trial for orthopedic
infection patients. In a Phase 1b/2a trial, it is being used topically in infected
diabetic foot. It was used to treat stomach aches and travelers’ diarrhea. It is also
used in combinations for treating H. pylori infections.

9. Afabicin (AFN 1720, Debio 1450) is a prodrug. In a Phase 2 trial, it was used
against S. aureus bone or joint infection. Its Phase 2 trial for ABSSSI has
completed. It mainly inhibits FabI, an enzyme essential for final step of fatty
acid chain synthesis in S. aureus.

10. OPS-2071 is a quinolone-like agent. In a Phase 2 trial, it was used against enteric
infections and C. difficile. During another Phase 2 trial, it was evaluated as an
adjuvant agent in Crohn’s disease.

11. Delpazolid (earlier known as RMX2001, LCB01-0371) is an oxazolidinone
which inhibits Gram-positive microbes and TB. In a Phase 2 trial, it is being
evaluated orally in the patients of TB.

12. Sutezolid (earlier known as PNU-100480, PF-2341272) is an oxazolidinone
which was developed along linezolid. In a Phase 2 trial, it was administered
orally to treat TB patients. Recently, a Phase 2 trial has started to evaluate it in
combination with moxifloxacin, bedaquiline, and delamanid.

13. DNV-3837 (earlier known as MCB-3837) is a prodrug and hybrid of
oxazolidinone-quinolone. In a Phase 2 trial, it was administered IV to treat
CDI. It inhibits Gram-positive microbes such as MRSA, B. anthracis,
C. difficile, and Francisella tularensis.

14. Telacebec (earlier known as Q203) is an imidazo [1,2-a] pyridine amide. It is
administered orally. In a Phase 2 trial, it was studied in TB patients.

15. Macozinone (PBTZ169) is a benzothiazinone derivative. In a Phase 2 trial, it
was studied in the treatment of TB.
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16. OPC-167832 is an oral, 3,4-dihyrdo-carbostyril derivative. It has important role
in treating pulmonary TB. It inhibits cell wall synthesis.

17. GSK656 (earlier known as GSK3036656) is a boron containing leucyl t-RNA
synthetase inhibitor. In a Phase 2 trial, it was evaluated in pulmonary TB
patients orally.

18.6 Substitutes to Antimicrobials Agents (Taneja and Kaur
2016; Vissichelli and Stevens 2019)

1. Bacteriophages
They are bactericidal agents. These viruses infect mainly bacteria. With increas-
ing antimicrobial resistance, there is gain in interest. They inhibit many bacterial
functions and are very particular. They do not affect eukaryotes. They can enter
and inhibit biofilms.

A clinical trial studied Biophage-PA (a bacteriophage) against MDR
P. aeruginosa in chronic otitis. The P. aeruginosa number was significantly
reduced with its use. No adverse events were reported.

Two phage mixture (T4-like coliphage or commercial Russian coliphage) in
ORS was assessed against E. coli in children with acute diarrhea in another study.
There were no adverse effects reported. But the phage mixture was not found to
have significant effect over the control group in controlling diarrhea.

In a Phase 1/2 double-blind RCT, PhagoBurn (mixture of 12 anti-
P. aeruginosa bacteriophages) efficacy and tolerability for treating
P. aeruginosa-infected burn wounds were studied. It was applied directly into
the wounds.

Various studies have reported synergism between antibiotics and
bacteriophages. But the genesis of bacterial resistance to phages is unavoidable.

2. DCAP
The compound 2-((3-(3,6-dichloro-9H-carbazol-9-yl)-2-hydroxypropyl)-amino)-
2-(hydroxy-methyl) propane1,3-diol is an antimicrobial drug. It inhibits Gram-
positive and -negative bacteria like E. coli and P. aeruginosa. DCAP has two
ways leading to cell destruction. First, it improves ion movement across mem-
brane and so decreases membrane potential. Second, it hampers cell membrane
permeability. It is active against Gram-negative bacteria due to effect on inner
membrane.

It is active in dormant phase and biofilms. They do not affect RBC and destroy
mammalian cell only at high concentrations and after 6 h. Synthesis of two
analogues of DCAP have been reported. They were active against B. anthrax
and F. tularensis. It showed synergistic effects when given together with ampi-
cillin or kanamycin (targeting cell wall by different mechanism).

3. Odilorhabdins (ODLs)
Ribosomes are an important target for antimicrobials. But with increasing drug
resistance, the efficacy of antibiotics acting on ribosome is reduced. Gram-
positive Actinomycetes and Gram-negative Xenrhabdus produce a variety of
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metabolites with the help of genes which encode non-ribosomal peptide
synthetases (NRPSs) and polyketide synthases (PKSs). ODLs are modified
peptide agents produced by NRPSs gene of Xenorhabdus nematophila. They
are active against Gram-positive and -negative pathogens, including CRE. They
bind to bacterial small subunit of ribosomes and inhibit them. They bind to rRNA
or tRNA and introduce miscoding during translation process.

4. Peptidic benzimidazoles
The benzimidazole-containing agents have antibacterial, antiviral, antifungal,
anthelmintic, anticancer, and anti-inflammatory activities against various
diseases. Benzimidazole-containing agents inhibit peptide deformylase (PDF).
PDF inhibits ribosomal synthesis of protein in bacteria, protozoans, and some
fungi. Many such agents have shown in vitro activities and hence can be potent
newer agents for resistant Gram negative bacteria.

The anti-microbial activity of these agents was demonstrated against Gram
positive microbes (S. aureus and E. faecium) and Gram negative microbes (E. coli
and P. aeruginosa), C. albicans and C. tropicalis. There was low to moderate
antimicrobial activities. The antioxidant activities were also present.

5. Quorum Sensing (QS) Inhibitors
Bacterial chemical communication or quorum sensing refers to organized bacte-
rial gene activity to coordinate in process like production of virulence factor,
antibiotics damage and biofilm formation. Auto-inducers (AIs) are the molecules
which perform intra- and inter-species coordination. The most common QS
mediators in Gram positive are oligopeptides while in Gram negative are N-
acyl homoserine lactones (AHLs). (S)-4,5-Dihydroxy-2,3-pentanedione ((S)-
DPD), is a QS modifier present in both Gram positive and negative bacteria. To
activate QS, LsrK is phosphorylated to phosphoryl DPD. So, DPD derivatives act
as antimicrobial agents by inhibiting LsrK. Isobutyl-DPD and phenyl-DPD
inhibit QS when combined with gentamicin and small molecules. Modifying or
inhibiting QS has evolved as an important treatment tool that can stop several
bacterial virulence factors like biofilm formation and reduce the bad effect of
bacterial infections. QS inhibitors can be combined with other antimicrobials to
combat drug resistance.

6. Metal-Based Antibacterial Agents (Taneja and Kaur 2016; Vissichelli and
Stevens 2019)
Metal-based antimicrobials have been of great importance. They have unique
modes of action. There are many ongoing research focusing on metal-based
drugs. Ruthenium, bismuth, gallium, silver, and copper are the metals used
commonly in metal-based antibacterial agents.
(a) Ruthenium (Ru): They are active due to their ability to bind different places in

cell like nucleic acids and proteins. Ru complexes exhibits photo-physical
properties which can be utilized for knowing cellular accumulation and
localization. They too have the pivotal role as antimicrobial agents. They
inhibit Gram-negative microbes and some MDR strains due to their damag-
ing effect on microbial cell wall. Studies have tried for the activity of two Ru
complexes on Gram-positive (S. aureus and MRSA) and -negative (E. coli
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and K. pneumoniae) microbes. The inhibition was reported better than
chloramphenicol and ciprofloxacin in these resistant microbes. Hence, they
may be considered in antibiotic drug development.

(b) Gallium (Ga): Their compounds inhibit microbial iron uptake or iron metab-
olism by inhibiting iron-dependent enzymes. As they are similar to iron, they
incorporate into iron-dependent enzymes. They inhibit Gram-negative such
as K. pneumoniae, P. aeruginosa, and A. baumannii and various Gram-
positive strains. Ga(NO3)3 is currently being tested intravenously in a
Phase 2 study against P. aeruginosa infection in cystic fibrosis patients.
Ga-binding proteins in P. aeruginosa are the RpoB and RpoC, two subunits
of RNA polymerase. They demonstrated that gallium halts transcription.

(c) Bismuth (Bi): Bismuth subsalicylate, colloidal bismuth subcitrate, and raniti-
dine bismuth citrate are used in treating H. pylori infections. Bi agents inhibit
broad spectrum MBL. Bi showed potent broad-spectrum activity against
E. coli, E. faecalis, and M. smegmatis. Bi phosphinates inhibits E. coli, and
some Gram-positive such as MRSA and VRE.

(d) Silver (Ag): Silver, colloidal silver, and silver nitrate are used as wound
antiseptics. Silver sulfadiazine is used for burn wounds. Silver nanoparticles
inhibits multidrug-resistant P. aeruginosa, E. coli, and P. mirabilis strains.
N-Heterocyclic carbene–silver (Ag(I)-NHC) complexes are a new class that
inhibits antibiotic resistant bacteria.

(e) Copper (Cu): Copper (bis-thiosemicarbazone) (Cu(btsc)) inhibits Gram-
positive and -negative microbes such as N. gonorrhoeae, M. tuberculosis,
and E. coli. Some studies have synthesized copper complexes with ofloxacin
and norfloxacin. These complexes have better binding abilities to DNA.
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Abstract

Historically, one of the major challenges before humans has been the emergence
of mutated microbial pathogens. The current covid pandemic is an example of
it. But the rise of drug resistance bacteria is another global emergency. In
addition, we are not well equipped with the newer antibiotics to cope the surge
of MDR, XDR, and PDR pathogens as the potent antibiotics are depleting in
healthcare facilities. Though the situation demands a quick action to discover
novel antibiotics, some efforts have been done to save the effect of conventional
antibiotics. Adjuvants are the chemical compounds which are co-dosed with
antibiotics to treat the drug-resistant infections. Adjuvant molecules are found
to be affecting and diverting the resistance strategies of bacteria enhancing
antibiotics to contend with infections. Uninterestingly, only a few of them are
available in commercial therapeutic market. In this chapter, we compiled as much
as possible number of adjuvant/antibiotic combinations proved to be effective in
this regard. This will help readers in gaining insight on available combinations of
adjuvants and antibiotics.
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19.1 Introduction

Due to increased uptake of antibiotics, both in the clinics and in community, the
bacteria evolved to survive and turned resistant, which we in common language call
becoming as “Superbugs.” They proved to be smart enough to combat the medicinal
arsenal ceasing the effects of antibiotics. This evolution has mainly been suggested
because of an unregulated/unrecommended use of antibiotics (Raoult and Paul
2016). The more is the use of antibiotics, the more is the outcome of multidrug-
resistant (MDR) and extensive-drug-resistant (XDR) pathogens, and the more is the
paucity of novel antibiotics. Although we have some last-resort antibiotics like
colistin, tigecycline, vancomycin, etc. for usage against the resistant bacteria, these
are also losing their effect day by day (Aghapour et al. 2019; Cetinkaya et al. 2000).
Thus, the need of newer, novel, and more potent antibiotics/compounds is the
demand of the current era (Shahid et al. 2020). Moreover, the ongoing COVID
pandemic is posing another threat to exacerbate this problem of antibiotics resis-
tance, mainly due to unwanted use of antibiotics and self-medication (Lucien et al.
2021; Mahoney et al. 2021).

To respond to this threatening situation on antibiotics resistance, the global
medical research community has suggested different ways to rescue our conven-
tional antibiotics and to disarm the bacterial resistance against medicinal scaffolds.
The alternative treatment strategies suggested through the time lapse includes
synergistic combinations of antibiotics, adjuvant compounds (Bernal et al. 2013),
phage therapy, monoclonal antibodies, antimicrobial oligonucleotides (Streicher
2021), and herbal antimicrobials (Chedid et al. 2014). Out of these alternatives, we
searched online for the research work done in respect of adjuvant/antibiotic
combinations. The scientific community has reported several adjuvant compounds
to fill the gap of newer antibiotic drug discoveries (Wright 2016).

By simplified definition, an adjuvant is considered as a chemical compound given
in combination with antibiotics. To a lesser extent, an adjuvant might show some
antimicrobial activity, but when administered with antibiotics, it increases the
potential to fight against MDR bacteria (Gonzalez-Bello 2017). The adjuvant
molecules either target a specific part of bacteria bypassing its anti-antibiotic activity
or enhance the activity of antibiotics against the resistance mechanism of the
bacteria. Some adjuvants are also reported to confer the host immune system as a
potential to fight with antibiotics (Gonzalez-Bello 2017; Wright 2016).

19.2 How Adjuvants Work in Alleviating Bacterial Resistance

We cannot understand the anti-resistance property of chemical adjuvants unless we
discuss about the resistance strategies of multi-drug-resistant bacteria. The research
information produced so far depicts different types of resistance mechanisms
expressed by bacteria for their very natural Lamarckian evolution. Intrinsically,
bacteria do (1) produce different genes which confer them the ability to inhibit the
activity of antibiotic molecules, e.g., CTX-M, AmpC, IMP, NDM;

316 M. Shadab and M. Shahid



(2) overexpression of efflux pumps, e.g., Nor A, RND, ABC (Soto 2013); (3) pro-
duction of biofilms and (4) outer membrane permeability barriers; and (5) evolution
in signaling and regulatory pathways (Gill et al. 2015; Roy et al. 2018). Systemati-
cally, the adjuvant compounds act against one (or more) of the above-mentioned
resistance acquiring mechanism(s) of bacteria. Said that, they tend to alleviate the
bacterial resistance by one of the following ways (Gill et al. 2015; Gonzalez-Bello
2017; Liu et al. 2019):

(a) By reversing (or inactivating) the resistance activity of the bacterial enzymes.
(b) By permeabilizing the bacterial cell membrane.
(c) By degrading the biofilm, enhancing the accumulation of antibiotics

intracellularly.
(d) By inhibiting the efflux pumps.
(e) By modifying the signaling and regulatory pathways.

After the extensive literature search, we tried to compile the published adjuvants
along with their antibiotic combinations. Accordingly, these combinations are
organized under the respective anti-resistance mechanism(s) in Table 19.1.

19.3 Available Commercial Combinations of Adjuvants

A great effort and investment have been done so far to discover novel antibiotics as
well as adjuvants to control the multidrug-resistant infections (Gill et al. 2015). But
the published literature highlights that, despite a huge research on adjuvant
molecules, only a few of them succeeded to get approval for their therapeutic use.
Table 19.2 comprises of commercial products of adjuvant/antibiotic combinations.

19.4 Other Adjuvant Compounds

Several other chemical scaffolds have been tested with different antibiotics to see
their effects in combating bacterial resistance. The published findings suggest that
some of them can be used as an adjuvant. They either showed synergy with
antibiotics, or they help antibiotics to penetrate the bacterial cells (Dobias et al.
2017; Shahzad et al. 2018). Some of the reported adjuvants are enlisted in
Table 19.3.

19.5 Conclusion

MDR, XDR, and PDR bacterial infections are one of the current pressing problems.
This is because the gap between the clinical arsenal and new antibiotic innovations is
increasing. As discussed earlier, the adjuvant molecules when given concurrently
with antibiotics, are not only able to fight the drug resistance effectively but also
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Table 19.1 List of adjuvants and antibiotic combinations with their respective anti-resistance
mechanisms*

Mechanism(s) Adjuvants Antibiotics References

Inhibition of
resistant
enzymes

Clavulanic acid Amoxicillin
Ticarcillin
Meropenem

Bernal et al.
(2013), Liu et al.
(2019)

Sulbactam Amoxicillin
Cefoperazone
Ampicillin

Bernal et al.
(2013), Gill et al.
(2015)

Tazobactam Piperacillin
Ceftolozane

Schuetz et al.
(2018), Zhanel
et al. (2014)

Avibactam Ceftazidime
Ceftaroline
Aztreonam

Castanheira et al.
(2012), Sader
et al. (2017, 2021)

Vaborbactam (RPX7009) Meropenem
Biapenem

Goldstein et al.
(2013), Zhanel
et al. (2018)

Zidebactam Cefepime Thomson et al.
(2019)

Enmetazobactam Cefepime Morrissey et al.
(2019)

Nacubactam Meropenem Asempa et al.
(2020)

Durlobactam (ETX2514) β-Lactams
Sulbactam

Seifert et al.
(2020)

Taniborbactam (VNRX-5133) Cefepime Hamrick et al.
(2020)

Relebactam (MK-7655) Imipenem
Cilastatin

Zhanel et al.
(2018)

TFDG (Theaflavin-3,30-digallate) β-Lactams
Cephalothin

Teng et al. (2019)

Cobaltocenium-containing
metallopolymers

Penicillin-G
Amoxicillin
Ampicillin
Cefazolin

Zhang et al.
(2014)

Phthalic acid derivatives Biapenem
Carbapenem

Hiraiwa et al.
(2013)

Succinic acid derivatives Imipenem Gill et al. (2015)

NagZ inhibitor Ceftazidime Gill et al. (2015)

Siderophore monosulfactam
BAL30072

Meropenem

SA2-13
(Penam sulfones)

Ampicillin Gill et al. (2015)

Polyketides: Compounds 1 and 2 Meropenem Gill et al. (2015)

Aspergillomarasmine A Meropenem Liu et al. (2019)

FPI-1465 Meropenem
Ceftazidime
Aztreonam

Gill et al. (2015)

(continued)
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Table 19.1 (continued)

Mechanism(s) Adjuvants Antibiotics References

Copper ions Carbapenem Liu et al. (2019)

PPMOs Carbapenem
Polymyxins

Liu et al. (2019)

Stigmasterol Ampicillin Liu et al. (2019)

Pterostilbene Polymyxin B Liu et al. (2019)

QPX7728 (Boronate) Meropenem
Ceftazidime
Piperacillin
Cefepime
Ceftolozane
Ceftibuten
Cefpodoxime
Tebipenem

Lomovskaya et al.
(2020)

Tryptamine complexes Colistin Barker et al.
(2019)

Efflux pumps
inhibitors

Phenylalanine-arginine
ß-naphthylamide (PAßN)

Quinolones
Piperacillin
Cefotaxime
Ceftazidime
Ciprofloxacin

Gill et al. (2015),
Liu et al. (2019)

Peptide nucleic acids (PNAs) Ciprofloxacin
Erythromycin

Gill et al. (2015),
Liu et al. (2019)

SLUPP225/417 Erythromycin Liu et al. (2019)

MBX2319/3132/3135 Ciprofloxacin Liu et al. (2019)

A22 Novobiocin Liu et al. (2019)

Boronic acid derivatives Ciprofloxacin Gill et al. (2015)

Capsaicin Ciprofloxacin Gill et al. (2015)

(Z )-N-benzylidene-2-(tert-
butoxycarbonylamino)-1-(5-iodo-
1H-indol-3-yl)ethanamine

Ciprofloxacin Gill et al. (2015)

Pyrazolo[4,3-c][1,2]benzothiazine
5,5-dioxide analogues

Ciprofloxacin Gill et al. (2015)

Flavones & 2-(4-Propoxyphenyl)
quinoline derivatives

Ciprofloxacin Gill et al. (2015)

3-(Substituted-3,4-
dihydronaphthyl)-2-propenoic acid
amides

Ciprofloxacin Gill et al. (2015)

4-Methyl-N-[2-(1-methyl-1H-
pyrrol-2-yl)-1H-benzimidazol-5-
yl]benzenesulfonamide

Ciprofloxacin Gill et al. (2015)

3-{5-[(Z )-(3-sec-butyl-2,4-dioxo-
1,3-thiazolidin-5-ylidene)methyl]-
2-furyl}-4-chlorobenzoic acid

Ciprofloxacin Gill et al. (2015)

4-({[3-Cyano-6-ethyl-4-
(trifluoromethyl)-5,6,7,8-
tetrahydroquinolin-2-yl]thio}
methyl)benzoic acid

Ciprofloxacin Gill et al. (2015)

(continued)
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Table 19.1 (continued)

Mechanism(s) Adjuvants Antibiotics References

2-{[3-(Benzyloxy)benzyl]amino}-
1-phenylpropan-1-ol

Ciprofloxacin Gill et al. (2015)

Organotin (IV) derivatives Tetracycline Barbosa et al.
(2018)

Bacterial
membrane
permeabilizers

C12-PRP Rifampicin
Minocycline

Liu et al. (2019)

OAKs Rifampicin Liu et al. (2019)

SPR741 Rifampicin Liu et al. (2019)

B2088 Gatifloxacin
Tobramycin

Liu et al. (2019)

Vanillin Spectinomycin Liu et al. (2019)

Loperamide Tetracyclines Bernal et al.
(2013), Liu et al.
(2019)

Eugenol (from Eugenia aromatic) Vancomycin Bernal et al.
(2013)

Phenylpropanoids Amikacin
Ampicillin
Ciprofloxacin
Erythromycin
Vancomycin

Bernal et al.
(2013)

4-Hexylresorcinol Polymyxin
Gentamycin
Ciprofloxacin

Nikolaev et al.
(2020)

Biofilm
inhibitors

D-aminoacids Ciprofloxacin
Tobramycin

Bernal et al.
(2013)

Sophorolipid Kanamycin
Cefotaxime

Lydon et al.
(2017)

Nitric oxide (NO) Tobramycin Bernal et al.
(2013)

Triclosan Tobramycin Liu et al. (2019)

Peptide 1018 Ceftazidime
Tobramycin
Imipenem
Ciprofloxacin

Gill et al. (2015)

Inhibitors of
signaling and
regulatory
pathways

Phthalocyanine tetrasulfonic acid Ciprofloxacin
Ampicillin
Kanamycin

Liu et al. (2019)

Host defense
modulators

LL-37 Multi-classes Liu et al. (2019)

hLF1-11(lactoferritin derivative) Gentamicin Liu et al. (2019)

EDC34 Ceftazidime Gill et al. (2015)

Table is modified from Gill et al. (2015) and Liu et al. (2019)

320 M. Shadab and M. Shahid



proved to be saving our current antibiotic repertoire blessing them with an extended
lifespan. Researchers across the world have suggested adjuvants’ activities trigger-
ing cross mechanisms against different types of bacterial drug resistance when
administered with antibiotics. Conclusively, this is sufficient reason why we try to
enlist these adjuvant compounds. Hopefully, this will be helpful in further research
and the commercial production of new antibiotic adjuvant combinations could be
expedited.
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Table 19.2 Commercially available adjuvant/antibiotic combinations

Trade name Adjuvants Antibiotics References

Augmentin® Clavulanic acid Amoxicillin White et al. (2004)

Timentin® Clavulanic acid Ticarcillin Jacobs et al. (1985)

Elores™ Disodium
edetate + Sulbactam

Ceftriaxone Shahid et al. (2020)

Unasyn® Sulbactam Ampicillin Claussen (1993)

Zosyn® Tazobactam Piperacillin Uji and Hashimoto
(2009)

Zerbaxa™ Tazobactam Ceftolozane Cluck et al. (2015)

Vabomere™ Vaborbactam Meropenem Lee et al. (2019)

Recarbrio® Relebactam Imipenem + cilastatin Ghazi et al. (2020)

Zavicefta®,
Avycaz®

Avibactam Ceftazidime Mosley II et al.
(2016)

Fetroja® Siderophore Cephalosporin
(cefiderocol)

Dobias et al. (2017)

Table 19.3 List of other adjuvants with their antibiotic combinations

Mechanism Adjuvants Antibiotics References
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