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Foreword

When Dr. Sabu Thomas, the Editor-in-Chief approached me to write a Foreword for
his new book entitled Antimicrobial Resistance: Global Challenges and Future
Interventions I readily agreed. But with the humid weather, the assignment got
procrastinated and other matters took priority. I was jolted back to reality when
today’s newspaper (The Times of India, January 21, 2020) carried on its front page
in huge bold fonts about the drying supply of antibiotics as a cause for concern
leading the WHO Director General Tedros Adhanom Ghebreyesus to announce that
“Never has the threat of antimicrobial resistance been more immediate and the need
for solutions more urgent.”

Antimicrobial resistance or AMR as it is more commonly known has today
evolved into a major problem, the world over. The major periodicals, journals,
books, and magazines carry the bizarre truth of AMR. The most frightening aspect
is that AMR could make easily treatable diseases life-threatening and also has the
potential of converting every surgery a problem with resistance looming ahead
making antibiotics a potential death threat.

This book on AMR, therefore, comes at a very appropriate time and covers topics
ranging from origin, evolution, and adaptation of AMR in pathogens to planetary
health perspectives to tackle the AMR challenge. Fungal infections have recently
emerged as increasingly intractable predicament, and the chapter on antifungal
resistance, especially of the intractable and recalcitrant fungal infections, is of
particular interest. The topics dealt with recent advances on the influence of AMR
on gut microbiota and use of bacterial cell wall recycle inhibitors to combat AMR in
bacteria would yield new approaches. All in all, the book covers a wide range of
topics on AMR that will attract academicians, clinicians, researchers, and students.
In today’s complex world of varied health issues, this book serves as a beacon to
health care systems all over the world.

Rajiv Gandhi Centre for Biotechnology
Thiruvananthapuram, Kerala, India

G. Balakrish Nair
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Preface

Antimicrobial resistance is a global public health problem. Sir Alexander Fleming
had rightly predicted resistance to penicillin, as early as 1945, soon after its wide-
scale introduction. Indeed, the discovery of antibiotics has been a milestone and has
truly revolutionized medicine, saving countless lives. Unfortunately, the indiscrimi-
nate and inappropriate use of antimicrobials in healthcare and livestock has put
selection pressure on microbial population leading to the emergence of resistant bugs
by way of evolution and genetic jugglery. The WHO released a catalogue of
antibiotic-resistant “priority pathogens” to spur incentives and investments for
novel antibiotic discovery and research and fears the world may enter “a post-
antibiotic era” in which even common infections and minor injuries can lead to
mortality. Factors related to human, animal husbandry, agriculture, environment,
and fishery sectors drive AMR, which, therefore needs to be tackled in collaboration
with all stakeholders under the umbrella of a comprehensive One Health approach. It
includes strict infection control and legislation to check antibiotic use, increased
global surveillance, and facilitating data sharing, intensification of public funding for
R&D, as well as efforts to raise social awareness. We also need to equip ourselves by
understanding the resistant pathogens and the complexity of the environment in their
emergence and transmission. In accordance with the WHO guidelines, action plans
have been implemented by the governments at the Central and State levels in a
focused manner to keep a vigil on AMR at the grass root level.

The aim of this book was to assemble an up-to-date progress from the eminent
experts in the field. It unfolds by drawing comparisons from the human immune
system to understand how microbes defend themselves and how these brilliant
strategies have eventually led to resistance. The next chapter discusses in detail the
burden and mechanisms of resistance in Gram-negative bacteria towards
carbapenems—the last resort antibiotic available. The topics deal with recent
advances on the influence of AMR on gut microbiota and the alteration of gut
microbial composition due to antibiotics. Subsequent chapters give a comprehensive
overview of the occurrence and promulgation of antibiotic resistance genes in the
environment, the intricate interdependence of humans, animals, and the environment
requiring the concerted action of diverse partners to tackle AMR and introduce
alternative remedies in the form of traditional medicine and cell wall recycling
inhibitors to reduce antimicrobial use. The chapter on antifungal resistance is of
particular interest. The book ends by expounding the harmful effects of sub-lethal
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concentration of antibiotics and how microbes evolve resistance to it, and also
highlights the application of next-generation sequencing technologies to unravel
resistance determinants in microorganisms.

It is hoped that this book will be of extensive use for readers from a variety of
backgrounds in the medical field. I extend my sincere gratitude to all who have been
part of this endeavor. Foremost, I would like to pen my sincere gratitude to
Prof. M. Radhakrishna Pillai, Director, RGCB, and Dr. G. Balakrish Nair, Honorary
Distinguished Professor, for their consistent support and encouragement. I would
like to extend my sincere gratitude to the Department of Health and Family Welfare,
Government of Kerala, for their constant support and providing me a platform to
utilize my skill set to control the increasing AMR in the State. As an editor, I am
deeply indebted to all the contributors who pursue the AMR research with passion
and dedication. I am grateful to the editorial team and all my lab members for their
support and valuable suggestions. I sincerely thank Springer Nature Publishers for
the excellent assistance in producing this book. I also acknowledge the Department
of Biotechnology of the Govt. of India. Indeed, I hope this volume provides valuable
information on antimicrobial resistance and boost scientific interest to contribute and
remain committed to the global efforts to tackle this challenge in the context of
global/national antimicrobial resistance strategic action plan.

Thiruvananthapuram, India Sabu Thomas
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The Evolution of Microbial Defence Systems
Against Antimicrobial Agents

Archana Madhav, Robert C. Will, and Ankur Mutreja

1 Introduction

Antimicrobial resistance (AMR) has repeatedly been discussed in the context of the
growing failure of last-line therapeutics. The rapid progression of AMR is also a
testament to the success of microbial defence. In this chapter, we invite the reader to
step into the shoes of a microbe and visualise a unique approach to understanding
AMR as a microbial ‘immune response’. We also explore the evolutionary trade-offs
in developing antibiotic resistance (ABR) and how it has affected infectivity (the
ability to spread) and pathogenicity (the ability to cause disease) of microbes. These
mechanisms have developed through some remarkable adaptive and evolutionary
processes, in the lines of Darwinian survival and reproduction.

Antibiotic resistance (ABR) is a subgroup of antimicrobial resistance and the
group that poses the most clinically significant threat (Davies and Davies 2010). The
first antibiotics were introduced in the early 1940s, with warnings of resistance to
this exhaustible resource. A revolutionary discovery, antibiotics heralded a transition
from an era of high mortality where a paper cut could become infected and kill to
significantly improved longevity, health and overall quality of life. Before
antibiotics, humanity suffered some of the deadliest pandemics. The Black Death,
a plague in the mid-fourteenth century, may have wiped out nearly half of Europe’s
450 million population—a horrifying glimpse into a world with no infection control
against Yersinia pestis, the plague bacterium (Duncan 2005). These days, despite
being taken for granted and irrationally prescribed for ailments such as the common
cold and flu (both caused by viruses), antibiotics are our sole treatment strategies for
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bacterial infections. The rapidly rising rate of antibiotic resistance leaves us with a
bleak outlook. This issue needs to be addressed urgently before it grows into a public
health catastrophe.

The study of infectious diseases is at the crossroads between microbiology and
immunology. An immune system is a medium that provides a host with resistance
against infections through a network comprising of cells, tissues and molecules
(Abbas et al. 2004). The fundamental purpose of an immune system is to defend
the host by distinguishing self from non-self. In eukaryotes, the complex, multicel-
lular, multi-organ immune system coordinates efforts to shield the host from foreign
invaders. Single-celled prokaryotes, by comparison, do not have the complexity of
eukaryotes to support an immune ‘system’ but can still launch defensive responses
akin to those of an immune system. Therefore, the comparison that is proposed here
to a mammalian immune system can be used to harness the concepts and hone them
to draw parallels between the two, specifically to present similarities in function
while addressing distinct mechanistic differences (Fig. 1).

The nature of infectious diseases can be pathogen-mediated, toxin-mediated or a
combination (Alberts 2015). An immune response starts when the host detects an
invader by recognising non-self-antigens from a foreign source. It then guards the
host by limiting transmission of the foreign invader and minimising the damage to
the host.

The immune response can be broadly categorised into general ‘non-specific’
responses and more targeted ‘specific’ responses tailored to a distinct set of antigens.
In humans, the innate immune system, with a combination of physical barriers
(e.g. keratin in skin, mucous in the bronchi, acidic urine, etc.) and internal defences
(such as the inflammatory response, natural killer cells, antibody production, etc.),
acts as a first-line shield that scours for antigenic markers, prepared for any threats.
There is evidence that innate immunity has aided positive selection and its ancient
evolutionary roots can be traced to prokaryotic bacteria and archaea from around
750 million years ago (Hato and Dagher 2015). To put that into perspective, the
earliest remnants of our entire ancestral lineage, the Homo sapiens, only date back
around 300,000 years (Galway-Witham and Stringer 2018)! This infers that the
sentinel innate immune system predates our existence by several millennia,
highlighting its integral role in promoting overall host fitness and survival.

Previously, the concept of an innate and adaptive immune system in bacteria was
only described in the context of bacteriophages, i.e. viruses that can cause pathogen-
mediated infections in host bacteria (Abedon 2012; Bikard and Marraffini 2012;
Shabbir et al. 2016). Therefore, if antimicrobials can be viewed as being toxic to
microbes, we can explore AMR as the collective result of several microbial defence
mechanisms against toxin-mediated infections. It is, however, important to empha-
sise that the comparison is not only drawn to a single microbe but also to changes
that develop within microbial communities through several generations that make
them more resilient to the damage caused by antimicrobials.

2 A. Madhav et al.
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2 Bacteria

Bacteria are divided into two fundamental groups based on the differential Gram
staining result: Gram-positive bacteria retain the purple colour of crystal violet stain
in their highly cross-linked and thick peptidoglycan cell wall which leaks out from
Gram negatives, due to them having thinner layers of peptidoglycan. These thinner
layers get counterstained pink by safranin.

2.1 The Non-specific Bacterial Defence System

These mechanisms used by bacteria are not tailored specifically to the invading
agent. These can either be:

1. Intrinsic: characteristics that are inherent to the host bacterium and are likely to be
highly conserved.

2. Acquired: beneficial traits that have been obtained from other organisms or
species that increase their likelihood of survival.

2.1.1 Intrinsic

Outer Membrane of Gram-Negative Bacteria
Gram-negative bacteria harbour a characteristic outer membrane (OM) surrounded
by a capsule outside their peptidoglycan cell walls. The OM constitutes a matrix of
phospholipids, peptides and lipopolysaccharides (LPS) interspersed through the
membrane, making this asymmetric bilayer extremely hydrophobic (Fig. 2) (Delcour
2009). LPS is saturated in the OM, and neighbouring negatively charged LPS
molecules are linked together through divalent cations of Mg2+ and Ca2+ (Zavascki
et al. 2007; Delcour 2009). LPS is anchored to the cell through lipid A, with
branches extending outwards and forming an inner core that is highly conserved
among bacteria, more variable outer core and distal O antigen regions (Raetz 1993).
The OM is a selectively permeable membrane that regulates the transport of solutes
and proteins across it and is also involved in intercellular communication (Olaitan
et al. 2014).

There is some evidence indicating that the efficiency of LPS at conferring
resistance is related to the length of the chains. Due to this, many bacterial strains
have long LPS that carry the O antigen densely packed on the OM, concealing it
from several antibiotics. For instance, Gram-negative bacteria are intrinsically resis-
tant to vancomycin, since it needs to penetrate the OM to access its target—the
peptidoglycan cell wall. The same reduced outer membrane permeability has been a
recurrent observation in Pseudomonas aeruginosa isolates, resulting in resistance to
some aminoglycoside antibiotics that are frequently used to treat patients with cystic
fibrosis (Bryan et al. 1984; Wang et al. 2003). To increase the efficacy of these drugs,
they are now combined with a supplemental drug that disrupts the OM resulting in a
synergistic effect that improves access to the cell wall.

4 A. Madhav et al.



The development of a more robust outer membrane would have been evolution-
arily advantageous to bacteria. Diverse microbial communities can contain species
that naturally produce antibiotic peptides which induce a selection pressure on the
population (Miller 2016). The bacterial species that thrive in these communities must
adapt rapidly to their changing environments or risk being outcompeted. Hence, OM
plays a crucial intermediary role that facilitates communication between a bacterium
and its surrounding environment.

Porin Channels
Porins, first described in Escherichia coli (Nakae 1976), are transmembrane
channels associated with the OM that selectively transport molecules that are
oppositely charged to the overall amino acid charge of the channel (Achouak et al.
2001). They begin as pores on the surface, extending inwards into a channel that
transports ions and molecules across the OM. In addition to acting as receptors for
phage attachment and immune recognition, they operate as a molecular sieve,
obstructing the diffusion of large molecules, like antibiotics into the cytoplasm,
contributing in this way to intrinsic resistance (Fernandez and Hancock 2012). Upon
infection in vivo, Salmonella enterica serovar Typhimurium can alter specific porin
channels and regulate OM permeability when exposed to high levels of peroxide
during phagocytosis. This reduces its susceptibility to hydrophilic β-lactam

Fig. 2 Outer membrane of Gram-negative bacteria. (Adapted from Raetz 1993)
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antibiotics that require porin channels to diffuse through the OM (van der Heijden
et al. 2016).

Capsular Defences
The bacterial capsule is one of the most important virulence factors in bacteria but
plays a dual role in protecting bacteria from antimicrobial peptides (Campos et al.
2004). It is comparable to the skin and mucosal membranes in innate mammalian
immunity and blocks any interaction with receptors on the bacterial surface. The
capsule can also cast off some of its surface polysaccharides to neutralise antibiotic
molecules in the extracellular space—a mechanism seen in polymyxin resistance.
Polymyxin resistance has increased significantly in the recent past, due to the
emergence of colistin, an antibiotic within this class, being excessively used in the
agriculture, cattle and poultry rearing industries as growth promoters (Watkins et al.
2016). The level of capsule polysaccharide expressed in bacteria is positively
correlated to the level of polymyxin resistance, observed in Klebsiella pneumoniae.
Negatively charged polysaccharides shed from capsule favour binding to positively
charged polymyxin molecules in the extracellular space, reducing the amount of
antibiotic that reaches the cell (Campos et al. 2004).

Bacterial Innate Immunity to Bacteriophages
Bacteriophages are viruses that dominate the biosphere, surpassing the collective
populations of every other species on the planet (Nabergoj et al. 2018)! Bacteria
have co-evolved with bacteriophages, constantly trying to outmanoeuvre one
another by developing advantageous traits that promote virulence, pathogenicity
and internal defences (Clokie et al. 2011). The role of bacteriophages in treating
ABR bacteria is emerging rapidly as a viable solution to address the crisis with
minimal collateral damage. Traditional antibiotics annihilate all bacteria without
distinction, disrupting the human microbiota and leaving it in a state of dysbiosis,
i.e. vulnerable to infection for up to 2 years following treatment in some cases
(Jernberg et al. 2007; Jakobsson et al. 2010; Yoon and Yoon 2018). Since
bacteriophages are selective in their host range, rarely diverging from a group of
related bacterial species, it provides a unique opportunity to develop targeted
therapies for specific pathogens.

As we consider this novel approach to treating resistant infections, we must
remain cognizant of the ancient evolutionary interplay between these species.
Bacteria have evolved several mechanisms to contain phage infections and obstruct
its ability to spread or to evade infection altogether. These mechanisms include a
combination of non-specific intrinsic features such as defences during phage attach-
ment/entry, defences during replication and defences during host cell lysis. There are
also pathogen-driven adaptive responses, involving clustered regularly interspaced
short palindromic repeats (CRISPR), which are described later in the chapter.

6 A. Madhav et al.



Defences During Phage Attachment and Entry

Preventing phage attachment This can either be done using a physical barrier that
hides the receptors or by modifying the structures of the receptors so the phage fails
to recognise and bind to them. The bacterial capsule, like for antibiotics, is the first
line of defence against bacteriophages too (Shabbir et al. 2016). Many phages have
evolved to infiltrate the bacterial capsule by producing enzymes that can degrade
capsule polysaccharides (Abedon 2012). Although this makes bacteria vulnerable to
infection, there is some evidence that these phages can confer an advantageous
virulence trait to the host bacteria. For example, the capsules of pathogenic
streptococci composed of hyaluronic acid can be degraded by hyaluronidase
enzymes encoded in a prophage. When a prophage integrates into the host genome,
the bacterium can use these degrading enzymes to break down hyaluronan in
eukaryotic connective tissue to increase the efficiency of disease transmission
(Labrie et al. 2010). This improved fitness is accompanied by the added protection
from invasion from other closely related phages.

Preventing phage entry by receptor modification The O1 antigen associated with
the LPS molecules in Vibrio cholerae can be induced to undergo a process called
‘temporary phase variation’where the O1 antigen remains genetically encoded but is
not phenotypically expressed (Seed et al. 2012). The bacterium avoids being
recognised by the phage as a host target but compromises with attenuated virulence
(Dy et al. 2014). This type of evasion due to the absence of a receptor is also
mirrored in certain human infections. For example, the human CCR5 gene codes for
a co-receptor found on T-cells and is essential for HIV invasion. A Δ32 mutation in
two alleles of the CCR5 gene gives complete resistance to HIV due to the absence of
the co-receptor blocking HIV entry into the cell (Galvani and Slatkin 2003). This
mutation is, however, contained within the host genome in humans as opposed to a
phenotypic change in Vibrio cholerae.

Deceiving bacteriophages by other mechanisms Bacteria can secrete decoy
molecules such as protein A to occupy the phage receptor and prevent it from
attaching to the bacterium. Bacterial protein A secretion rates have been shown to
have an inverse relationship with the likelihood of phage adsorption (Nordström and
Forsgren 1974). Gram-negative bacteria are also capable of secreting outer mem-
brane vesicles (OMVs) with proteins from the cell membrane that mislead phages
away from the host.

Superinfection exclusion systems These are membrane-associated proteins that
create a barrier to prevent the entry of bacteriophage DNA into the host bacterium,
similar to clotting systems that minimise entry of pathogens in humans. The genes
for these proteins may have originated from prophages, with a probable role in
phage-phage recognition that has adapted to benefit the bacterium by protecting it
against co-infection by other closely related phages (Seed 2015). These systems also
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neutralise the pathogenicity of the phage, hence protecting the surrounding bacterial
population too.

Defences During Replication

Cleaving and removing DNA using restriction-modification
(RM) systems These highly sophisticated systems involve a collaborative effort
between a methyltransferase (MTase) enzyme that adds a –CH3 methyl group to the
host DNA and ignores the phage DNA, allowing its counterpart restriction endonu-
clease (REase) enzyme to detect and excise the unmethylated phage DNA (Bickle
2003; Vasu and Nagaraja 2013). This is similar to the ability of NK cells to recognise
MHC class I receptors on immune cells to classify them as self-cells and stop a
cytotoxic response (Orr and Lanier 2010). However, the existence of anti-RM
systems such as Ocr of phage T7 which allows it to circumvent host bacterial
defences and ArdA and ArdB proteins (widely distributed among bacteria) puts
the efficacy of RM systems under scrutiny (McMahon et al. 2009). These anti-RM
proteins trick RM systems and seamlessly enter the host to integrate mobile genetic
elements carrying foreign DNA, reflected in the frequency of ABR dissemination
through horizontal gene transfer.

Trade-offs during phage infection Abundant phage infection of a pathogenic
bacterium can be beneficial to human immune recognition. MR-5 phage-infected
methicillin-resistant Staphylococcus aureus (MRSA), a highly antibiotic-resistant
bacterial pathogen, shows reduced cytotoxicity towards immune cells and subse-
quently improved intracellular bactericidal killing by macrophages (Van Belleghem
et al. 2018). In these cases, the phage acts as an opsonin that coats the outer surface
of the bacterium, similar to complement proteins C3b and C4b that tag antigens in
our immune system to be recognised and destroyed by phagocytes (Kaur et al. 2014).
Phage therapy administered to mice infected with a lethal dose of S. aureus cleared
the infection within 4 days of treatment with a survival rate of 97% (Kaźmierczak
et al. 2014). As all last-line antibiotics become futile against this pathogen, these
findings have important clinical implications as the MR-5 phage has a broad host
range and is proven to be effective in both intracellular and extracellular
environments.

Similar to MRSA, carbapenem-resistant strains of Pseudomonas aeruginosa
appear as “critical” in WHO’s first ever list of antibiotic-resistant ‘priority
pathogens’. Being notorious for colonizing lung tissue and producing severe infec-
tion, these bacteria are limited in their ability to produce biofilm (discussed later in
the chapter) when associated with an abundance of a filamentous Pf phage (Secor
et al. 2017). In a murine pneumonia model, Pf phage-associated P. aeruginosa
adheres to mucin in the airway epithelium and prevents the bacterium from aggres-
sively colonising the host. The controlled inflammatory response that ensues reduces
damage to the lung due to lowered neutrophil recruitment and cytokine responses.
The phage simultaneously also protects its bacterial host from immune recognition
by macrophages, promoting pathogen survival within the host and leading to chronic

8 A. Madhav et al.



infection. This brings up an interesting catch-22, i.e. using targeted phage therapy
could ultimately reduce the severity of an infection and improve prognosis; however,
the bacterium could manage to persist within the host for a prolonged period and
move into a chronic disease state (Secor et al. 2017).

Defences During Host Cell Lysis
If all else fails, bacteria initiate programmed cell death using abortive infection
systems (Abi) to protect the surrounding population. The bacterium systematically
disassembles all cellular components and inactivates any nucleic acids present. This
provides a controlled management system instead of the chaotic host cell lysis and
dispersal of prophages into the surrounding environment. As intracellular toxins
accumulate in a bacterium, transmissible genes encoded by prophages and plasmids
are activated to initiate Abi systems (Seed 2015). These systems can directly be
compared to apoptosis in the human immune system, a final stress-related response
triggered by cell-mediated immunity (Raff 1998). From an evolutionary perspective,
this altruistic kin selection of healthy individuals has long been associated with
improved inclusive fitness of the overall population.

2.1.2 Acquired

Multidrug-Resistant (MDR) Efflux Pumps
MDR efflux pumps can be intrinsic or acquired, and their expression is regulated by
inducers in their environments. For bacteria, harbouring an MDR phenotype is
highly beneficial since it can resist damage from a wide variety of antibiotic
substrates with a single resistance mechanism. MDR efflux pumps are highly
conserved within bacterial chromosomes of a given species, stressing its evolution-
ary advantage (Poole 2007). They are categorised into five families based on their
structures and substrate specificities, but primarily all efflux pumps flush antibiotics
out of the cell before the latter undermines cell integrity. In bacteria, most of these
efflux systems exist as a triad of protein complexes consisting of a periplasmic
adaptor protein that bridges the domains of the inner and outer membrane transport
channels. This assembly is more frequently encountered in Gram-negative bacteria,
since the macromolecular system facilitates expulsion of antibiotics across the
double membrane (Li and Nikaido 2004). The five families of MDR efflux pumps
are (1) the major facilitator superfamily (MFS), (2) the resistance nodulation-
division (RND) family, (3) the small multidrug resistance (SMR) family, (4) the
multidrug and toxic compound extrusion (MATE) family and (5) the adenosine
triphosphate (ATP)-binding cassette (ABC) superfamily (Fig. 3) (Sun et al. 2014).
The MFS, RND, SMR and MATE families are examples of secondary active
transporters, more specifically antiporters that transport molecules in opposite
directions through the cell membrane. In this case, the efflux pumps take advantage
of the electrochemical gradient as an energy source to move protons into the cell
while simultaneously pumping drug molecules out, combining the processes of
facilitated diffusion and active transport (Kumar et al. 2016). The ABC superfamily
is the only group that hydrolyses ATP for energy instead (Webber 2003).
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RND efflux systems are of great clinical significance due to their versatile
substrate specificities. There is also evidence of compensatory RND efflux pump
systems that are genetically distinct which act as a reserve and are only activated if
the existing systems are inactivated or damaged (Nikaido and Pagès 2012). RND
efflux pumps have been associated with promoting the acquisition or expression of
new ABR genes that produce resistance-conferring phenotypes. It is possible that
RND efflux pumps can respond to environmental stimuli and initiate specific
pathways to enhance ABR to individual antibiotic classes. This would create an
additive resistance effect to increase the minimum inhibitory concentration of
antibiotic (MIC) that would be lethal to the bacterium. This mechanism has been
observed in P. putida and P. aeruginosa (Kim et al. 2017) where indole, a signalling
molecule (discussed in detail further in the chapter), upregulates both the expression
of RND efflux pumps (also proven in E. coli (Hirakawa et al. 2004)) and, in turn, the
production of β-lactamase enzymes when exposed to high levels of ampicillin.

Horizontal Gene Transfer
Bacteria use vectors such as extracellular DNA, plasmids and bacteriophages to
exchange genetic material with genetically unrelated species through transformation,
conjugation and transduction (discussed later in the chapter), respectively. Collec-
tively, these mechanisms mediate horizontal gene transfer (HGT), which has had
huge implications on the worldwide dissemination of ABR since resistance-
conferring genotypes can rapidly circulate to other individuals within a community
rendering the whole population resistant. The evolution of resistance-conferring
phenotypes has been observed as early as 3 years following the introduction of a
new antimicrobial (Barlow and Hall 2002). The highly prevalent TEM ESBLs have
represented this evolution through its countless allelic variants efficiently circulated
through HGT making nearly all β-lactam antibiotics ineffective.

Clinical environments provide a unique set of circumstances favouring both the
onset and spread of many resistance determinants through consistent exposure
instigating desensitisation to bactericidal substances. These conditions mirror the
evolution of bacteria in the environment (albeit significantly accelerated), promoting
the survival of those that can thrive under these conditions while providing easy
access to vulnerable hosts. A review published in May 2017 assessed the outcomes
of 32 extensive studies into hospital water systems as reservoirs for carbapenem-
resistant organisms, and their findings implicate sinks, drains and toilet bowls seeded
by infected patients as frequent offenders (Kizny Gordon et al. 2017). Additionally,
plumbing systems prone to stagnation could provide suitable conditions for a
microbiome to proliferate and form biofilms. These studies tracked pathogenic
bacterial species through infected patients within the same hospital over a long
period and used comparative genomics to determine the mode and route of resistance
transmission (Snitkin et al. 2012; Leitner et al. 2015). It was found in 41% of the
studies that all water reservoirs were positive for carbapenem-resistant P. aeruginosa
(Pitten et al. 2001).
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Transformation
Bacteria can take up free floating strands of DNA from their environment and
integrate them into their genome, a process known as transformation. Streptococcus
and Neisseria species use transformation as their primary mode of resistance-gene
uptake. Both these pathogens have undergone transformational events that added
multiple resistance determinants into their genome. In the case of Neisseria, some of
these determinants have been acquired from commensal organisms under conditions
of stress, e.g. during a course of antibiotic treatment. Pathogenic strains of certain
species can also exchange DNA with intrinsically resistant organisms present in soil
and water in the environment, picking up resistance determinants in the process.
Misuse of antibiotics and a lack of a targeted approach to treatment have now led to
infections caused by bacteria that have endured the selection pressure and evolved
phenotypes to survive under stress.

Conjugation
Within HGT, conjugation is most frequently used to disseminate ABR. Conjugation
uses mobile genetic elements (MGEs) to transport resistance genes to neighbouring
bacterial cells. MGEs can be either intracellular transposons, integrons or plasmids
that can move between organisms and species. These MGEs have accompanying
‘fitness costs’ to maintain these features and require compromises from the host such
as decreased virulence and reproducibility, hence obstructing the uncontrollable
dissemination of resistant pathogens.

Bacteria use MGEs to integrate new DNA into their chromosomes. Integrons are
mobile elements that can acquire gene cassettes with various combinations of
resistance genes. Although integrons are classified as MGEs, they cannot move
independently and require either transposon or plasmid vectors to aid their transport.
Transposons are self-contained sequences flanked by insertion sequences on either
side which carry integrons between the plasmid and the chromosome. A transposase
enzyme helps to incorporate the transposon into a plasmid or chromosome through
site-specific homologous recombination. Chromosomally encoded resistance is
concerning since it can be vertically transmitted to bacterial progeny; however,
plasmid-borne resistance is favoured in conditions of high antibiotic concentrations
since it offers increased mobility. Phylogenetic analysis of the OXA β-lactamases
highlights two ancient mobilisation events millions of years ago where the resistance
gene jumped for the first time from chromosome to plasmid, contradicting the
requirement for an antibiotic selection pressure for the event to occur. OXA
β-lactamase genes evolved independently and could have provided resistance to
naturally occurring antimicrobials or, alternatively, encoded proteins with signifi-
cantly different roles as opposed to the purpose they serve today.

Plasmids are autonomous double-stranded sections of circular or linear DNA
equipped with their own replication and transmission machinery. A troubling con-
sensus of several studies reveals that resistance determinants are now accumulating
on plasmids for ease of transmission (Rozwandowicz et al. 2018; Ragupathi et al.
2019). The acquisition of these plasmids could eventually alter the global microbiota
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such that many commensal bacterial species can harbour an MDR phenotype in the
future, making even combination drug therapy ineffective.

β-lactams and aminoglycosides are two clinically significant antibiotics whose
main resistance determinants have been transmitted through HGT. Aminoglycoside
resistance mechanisms are mainly due to aminoglycoside-modifying enzymes that
are encoded on plasmids. AAC(60)-Ib-cr confers resistance to both aminoglycosides
and fluoroquinolones simultaneously, and its prevalence is higher than qnr genes.
Random transposon insertion to knock out the resistance gene discovered a novel
variant of what was primarily an aminoglycoside acetyltransferase AAC(60), unlike
any of the variants that were previously characterised. Resistance determinants that
have risen chromosomally in the antibiotic era are more costly than other plasmid-
borne traits that have mutually adapted and circulated with their hosts (Vogwill and
MacLean 2015).

2.2 The Specific Bacterial Defence System

This section outlines more targeted mechanisms used by bacteria tailored to the
invading agent. These mechanisms can either be:

1. Intrinsic active: inherent to the host bacteria and requires active involvement of
the host to effectively remove the invader.

2. Intrinsic passive: transfer of intrinsically encoded genetic material by a third-
party bacteriophage without any direct interaction between the two bacteria
involved (transduction).

3. Acquired active: biochemical processes that lead to resistance due to MGE
acquisition and expression.

4. Acquired passive: resistance provided to sensitive bacteria from neighbouring
resistant bacterial colonies.

2.2.1 Intrinsic Active

Quorum Sensing
Within a population, bacteria communicate and respond to stimuli using extracellu-
lar signalling molecules called autoinducers through quorum sensing. When the
extracellular levels of autoinducers surpass a threshold, it allows each member of the
population to ‘sense’ its neighbours in the environment. Different classes of
autoinducer peptides are found ubiquitously among Gram-positive and Gram-
negative species, and based on these signals, bacteria manipulate gene expression
by inducing phenotypic changes such as increased virulence and biofilm formation,
which dictate the population’s susceptibility to antibiotics (Rémy et al. 2018). This
system creates an elegant equilibrium between cell population density and gene
expression. A highly effective strategy to treat resistant P. aeruginosa infections
relies on breaking down autoinducers which oppress cell-cell communication (also
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known as quorum quenching) to restore the population’s susceptibility to cytotoxic
killing by antibiotics (Mion et al. 2019).

Indole
Indole is an aromatic signalling molecule whose derivatives are ubiquitous in
eukaryotes and prokaryotes alike. In bacteria, this signalling molecule contributes
significantly to quorum sensing, and it could act as the interface between the
non-specific and specific bacterial defence responses. Indole is also known to
upregulate MDR gene expression in response to stress and trigger persister cell
formation making it a critical signalling pathway (Kim et al. 2017). This feature is
comparable to antigen-presenting cells (APCs) such as macrophages and natural
killer (NK) cells from the human innate immune system that trigger a cascade of
antigen-specific defence mechanisms.

CRISPR/Cas9
Most of today’s cutting-edge research in the field of molecular biology and genome
editing is based on the accidental discovery of the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 system in E. coli by Japanese scientists
Ishino et al. in 1987 (Ishino et al. 1987). The CRISPR locus constitutes multiple
regions of palindromic 20–40 repeated bases separated by unrelated, non-repetitive
short sequences (spacers). But it was only during the early 2000s that the true
potential of CRISPR/Cas9 as a revolutionary genome editing tool was discovered.
Seven years later, in 2007, a seminal study by Barrangou et al. established its role in
adaptive immunity of Streptococcus thermophilus against phage infection
(Barrangou et al. 2007; Fineran and Charpentier 2012). This study provided the
first evidence that strains of S. thermophilus resistant to phage carried spacer
sequences that matched the phage DNA (protospacers) (Thurtle-Schmidt and Lo
2018). In addition, researchers also found CRISPR-associated (Cas) genes translate
into a protein complex that exhibits helicase and nuclease activity for unwinding and
excision repair processes, respectively. This immune system, found to exist in both
bacterial and archaeal kingdoms, helps these microbes battle previously encountered
pathogens through accessing an immunological ‘memory’ and initiating a quicker
defence response—much like our own T and B memory cells (Abbas et al. 2004).
The CRISPR arrays can also be vertically passed on to offspring, making the
bacterial adaptive immune response arguably better.

The CRISPR/Cas9 mechanism creates a spacer-acquisition complex with Cas1
and Cas2 proteins using short sequences of phage DNA integrated into the CRISPR
loci. Any invading phage DNA is cross-referenced against the existing repertoire of
spacer regions to identify the DNA as self or foreign (primed spacer acquisition). In
case the bacterium encounters a new pathogen for which the CRISPR loci carry no
memory, it will use the spacer-acquisition complex to acquire the new phage DNA
and contain it within an unoccupied spacer region for future reference (naïve spacer
acquisition). This is similar to vaccination, where an antigen from an attenuated
pathogen (bacteria, virus, etc.) is intentionally injected into a human host to trigger
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an immune response that will stimulate the production of memory cells and
antibodies to prepare the body against infection by a wild-type pathogen.

There are limitations to this system, for example, a mutation in the invading
phage DNA that lies in the spacer reference region would allow it to escape bacterial
immune recognition by the CRISPR/Cas complex and proceed to infect the cell
(Datsenko et al. 2012). Interestingly, it has also been shown that these point
mutations can drive spacer acquisition due to the low-affinity binding of
protospacers, activating the Cas1-Cas2 spacer-acquisition complex to accommodate
new spacer regions. In this way, the bacterium becomes completely resistant by
gaining several slightly altered spacer sequences as resistance determinants
corresponding to the same phage.

Biofilm Formation and Persister Cells
Bacteria thrive within intricate networks of several microbial colonies that can
adhere to a surface, communicate with each other and proliferate. These complex
formations of aggregated bacteria are known as biofilms, characterised by their
enclosure within matrices formed by an extracellular polymeric substance (EPS;
consisting of polysaccharides, proteins and DNA) (Stewart et al. 2015), regulated
expression of specific genes and reduced metabolic activity among the bacterial cells
(Donlan 2002). Bacterial communities contained within biofilms are incredibly
robust, colonising human surfaces such as the skin and teeth and even hostile
environments covered with highly effective antimicrobial surface coatings such as
the International Space Station (Sobisch et al. 2019). Biofilm formation offers
several advantages to bacteria, from enhancing virulence and antimicrobial resis-
tance up to 1000-fold (Cepas et al. 2019) to protecting microbial communities from
predation and host immune responses. In a clinical context, biofilm formation plays a
major role in medical device-related infections including ventilator-associated pneu-
monia and catheter-associated urinary tract infections among others (Percival et al.
2015).

The organisation, metabolic activity and spatial density of cells within a biofilm
are mandated by complex intercellular signalling that adapts to environmental cues.
Within a biofilm, there can be local differences in growth conditions with altered
spatial structure and pH affecting neighbouring cells and creating different
microenvironments. Sub-MIC level antibiotic exposure can boost the rate of transfer
of resistance determinants within the biofilm by 2–5� (Salcedo et al. 2015). This is a
multifactorial phenomenon, affected by the growth conditions of the biofilm, bacte-
rial species contained within and corresponding phenotypes, stage of biofilm
formation, etc.

Notably, there is a distinct difference between bacterial cells within a biofilm that
are ‘resistant’ to antimicrobials and those that are ‘tolerant’ to them. Resistant cells
continue to grow within the biofilm in the presence of environmental antibiotic
selection pressure. The truly resilient lot are the tolerant persister cells, which are
genotypically identical to their counterparts but are phenotypically dormant and
remain metabolically inactive and unaffected by antibiotics (Wood et al. 2013).
These cells have been indicted for their roles in chronic infections, surviving waves
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of antibiotic treatment, while the remaining population is wiped out and rebuilding
the bacterial population when the antibiotics are lowered to sub-MIC levels.

2.2.2 Intrinsic Passive

Horizontal Gene Transfer

Transduction
Transduction is a form of horizontal gene transfer (HGT) mediated by
bacteriophages, and the extent of its contribution to ABR is poorly characterised.
Generalised transduction is recurrently observed in both methicillin-resistant and
methicillin-sensitive Staphylococcus aureus (MRSA/MSSA) hospital-acquired
isolates. These strains have successfully transmitted antibiotic-resistance genes,
more specifically, tetracycline- and penicillin-resistance genes, to laboratory-
grown isolates. A critical observation, however, is that the bacterial strains that are
insensitive to phage infection can also obtain resistance determinants through HGT
if phage adsorption occurs (Mašlaňová et al. 2016). A recent study emphasised the
hypermobility of genetic elements in S. aureus through newly discovered lateral
transduction when carried by highly abundant prophages and its potentially signifi-
cant implications on the dissemination of ABR determinants through HGT (Chen
et al. 2018).

2.2.3 Acquired Active

Enzymatic Degradation/Destruction
Bacteria encode resistance genes for enzymes that degrade antibiotics and prevent
them from destroying the cell. These enzymatic modifications are seen most fre-
quently among antibiotics that interrupt ribosomal activity such as aminoglycosides,
chloramphenicol, streptogramins and lincosamides (Munita and Arias 2016). The
enzymes induce either acetylation, phosphorylation or adenylation of the antibiotic
molecule, all of which ultimately result in an altered structural conformation that has
a lower affinity for the ribosomal target. In a clinical context, aminoglycoside
(Ag) resistance is predominantly dispersed by aminoglycoside-modifying enzymes
(AMEs) that are divided into three groups based on their mechanism of action: Ag
acetyltransferases (AAC), Ag nucleotidyltransferases (ANT) and Ag
phosphotransferases (APH) (Labby and Garneau-Tsodikova 2013).

Enzymatic destruction through hydrolysis of the amide bond contained within
β-lactam ring is the main mechanism of β-lactam antibiotic resistance, which is
mostly encoded by plasmids. The first β-lactamase gene discovered was TEM-1,
which hydrolyses ampicillin and was named after Temoneira, the patient it was
isolated from. β-lactamases have gradually evolved and have now been surpassed in
their spectrum of activity by extended-spectrum β-lactamases (ESBLs). TEM-3 is an
ESBL variant of TEM-1 having attained two amino acid substitutions which
provides it with the added capacity to hydrolyse third-generation cephalosporins
and aztreonam. Since then, there has been evidence of a ‘genetic fusion’ of two
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antibiotic-resistance genes which resulted in the evolution of New Delhi
metallo-β-lactamase, an ESBL which was first discovered in 2008 (Zarfel et al.
2011). This novel resistance gene would impose less fitness costs than carrying two
individual genes and has been a cause of major concern since it confers high-level
resistance to nearly all commonly used antibiotics. NDM-1 is now globally
distributed, with the largest reservoir in Asia (Khan et al. 2017).

Target Protection by Obstruction/Alteration/Mutation
Plasmids and transposons often transport resistant determinants that obstruct or alter
antibiotic target sites. In these cases, the target remains functional since the antibiotic
fails to bind or binds with lower affinity, reducing its efficacy (Blair et al. 2015). The
ermB gene uses this mechanism to provide resistance to three different classes of
antibiotics: macrolides, lincosamides and streptogramins. These genes methylate the
16s rRNA targets, altering its structure and making it suboptimal for the antibiotic to
bind with due to steric hindrance.

Alternatively, bacteria can harbour mutations that prevent antibiotics from
recognising the protein. Fluoroquinolone antibiotics are used to disrupt DNA gyrase
and topoisomerase IV enzymes in Gram-negative and Gram-positive pathogens,
respectively, and are involved in altering the conformation of DNA during DNA
replication and repair (Jacoby 2005). Fluoroquinolone resistance is mainly mediated
by amino acid substitutions in the gyrA and parC subunits of these enzymes in their
quinolone resistance-determining regions (QRDR), preventing them from being
identified as the fluoroquinolone target.

2.2.4 Acquired Passive

Co-pathogens Conferring Resistance
A bacterial defence mechanism that mimics herd immunity in humans suggests that
an established resistant bacterial population can protect an invading susceptible
co-pathogen from antibiotic treatment (Chattopadhyay and Jaganandham 2015;
Kim et al. 2018). For example, Bacteroides spp. release β-lactamase enzymes
through OMVs into the surrounding environment and hydrolyse the antibiotic
molecules before it reaches a susceptible co-pathogen (e.g. Salmonella typhimurium)
which, therefore, automatically gains resistance. This phenomenon has also been
recorded in resistant E. coli which protect susceptible E. coli colonies
through OMVs.

3 Fungi

In comparison to antibiotics, the options for antifungals are very limited (Perlin et al.
2017), and, thus, resistance development to any of the few available classes can be
catastrophic (Shor and Perlin 2015). The two mainly used drug classes for treating
fungal infections are azoles and echinocandins, and resistance to both has already
been demonstrated in several Candida species. Candida is a commensal fungi in the

The Evolution of Microbial Defence Systems Against Antimicrobial Agents 17



human microbiota and an opportunistic pathogen that targets vulnerable hosts in
healthcare environments like hospitals (Kullberg and Arendrup 2015; Nobile and
Johnson 2015; Perlin et al. 2017; Chowdhary et al. 2017). Indeed, Candida auris
strains have been demonstrated to be resistant to all four main classes of human
antifungal drugs on multiple occasions (Chowdhary et al. 2017). The risk of
untreatable superbug fungal infections is looming, and understanding resistance
patterns and evolutionary pathways is very important for future infection treatments.
This section will discuss two of the main classes of antifungals used to treat many
fungal infections and their resistance mechanisms. In addition, alternative
mechanisms of resistance including biofilm formation and mycovirus (viruses that
infect fungi) resistance will also be discussed.

3.1 Azoles

Azoles were—and in some places still are—the main frontline drug for treating
fungal infections for many years. They target the lanosterol 14 alpha-demethylase
enzyme (encoded by the ERG11 gene), part of the cytochrome P450 family of
enzymes used in biosynthesis of steroids and metabolism of organic compounds
(Ghannoum and Rice 1999; Koch et al. 2018). Fungi have become resistant to this
class through several methods, including increasing the number of drug efflux
pumps through transport gene mutation or overexpression (Schubert et al. 2011;
Perlin et al. 2017). These efflux pumps work very similarly to those mentioned
previously in this chapter (see Sect. 2.1.2), offering a potential parallel to the
non-specific acquired immunity in bacteria mentioned previously. The second
method of resistance to azoles is a change in the ERG11 target itself (White et al.
2002). This limits the action of the antifungal, as the target has an altered structural
conformation (while remaining functional to the fungi). This is analogous to the
specific acquired active immunity of bacteria (Sect. 2.2.3).

In 2002, one study analysed the genes encoding for ABC efflux pumps in clinical
C. albicans, mdr1, cdr1, cdr2 (similar to those mentioned previously in Sect. 2.1.2),
and the target encoding gene erg11 (White et al. 2002). It was found that cdr1 and
cdr2 were both upregulated in resistant strains and could be co-regulated. mdr1
upregulation was found sporadically across resistant strains, while point mutations in
erg11 were discovered in many of the samples tested which did not correlate with
increased resistance (White et al. 2002). The study showed that azole resistance is
only partially understood. In 2011 and 2012, two studies investigated transcription
factor mutations in C. albicans that could account for mutations and the upregulation
of genes (Schubert et al. 2011; Flowers et al. 2012). Some focused on erg11
mutations rather than the transcription factors and found 31 alleles of the gene,
21 of which had multiple amino acid substitutions, displaying a much higher level of
azole resistance than those with single mutations (Flowers et al. 2015). Collectively,
it can be said that multiple mutations across several genes bring about cumulative
resistance patterns (Schubert et al. 2011; Flowers et al. 2012).
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It is believed that resistance to azoles has been built up through the agricultural
industry (Denning and Perlin 2011; Perlin et al. 2017; Berger et al. 2017). Azole-
based antifungals are often dispersed across large areas of crops, and constant
exposure leads to development of resistance in many fungal species (Denning and
Perlin 2011; Perlin et al. 2017; Berger et al. 2017). Azole resistance has also been
found in Aspergillus fumigatus-infected patients that had never been treated with the
drug class, implicating an environmental pathway (Denning and Perlin 2011; Perlin
et al. 2017; Berger et al. 2017; Brilhante et al. 2019).

3.2 Echinocandins

Introduced in the early 2000s, echinocandins were the first novel class of antifungals
developed in over 15 years and are now the frontline treatment for many fungal
infections, especially candidiasis (Denning 2002; Perlin 2015). The class was
licenced in response to several aspergillosis infections where treatment with prior
available drugs had failed. The drug targets glucan synthase, a fungi-specific enzyme
that is involved in the synthesis of the cell wall polymer β-1,3-glucan (Perlin 2015).
While this target is well conserved across many fungal species, mutations in any of
the ‘hotspot’ areas of genes fks1 and fks2 (in Candida) can lead to resistance (Cowen
and Steinbach 2008). Cellular stress pathways are impacted when the organism is
under prolonged drug exposure which leads to higher mutation rates during replica-
tion and transcription (Perlin 2015). This is again similar to the target protection by
obstruction/alteration/mutation section of the bacterial model, found in the specific
acquired active immunity (Sect. 2.2.3). Resistance to echinocandins has only been
shown to develop during treatment, suggesting that these changes may have no other
benefit outside of resistance and are therefore not selected for in wild populations
(Cowen and Steinbach 2008; Perlin 2015).

Since resistance is not observed in unexposed fungi, echinocandins should
always be effective against a novel infection. However, the rate of echinocandin
resistance development in ICU environments is on the rise (Cortegiani et al. 2019).
This could be due to a higher rate of infections with prior resistant strains or because
the rate of resistance development following first exposure is on the rise. In either
case, this is a serious problem for future treatments, as echinocandins are the only
current treatment available for multi-resistant strains already resistant to the other
classes.

3.3 Other Mechanisms of Resistance

Like bacteria, fungi also form biofilms as a buffer to environmental conditions (Nett
and Andes 2015). This is another similarity to the specific intrinsic active immunity
of the bacterial immune model (Sect. 2.2.1, “Biofilm Formation”). These structures
can cluster antifungal compounds away from the fungal cells and act as a barrier
preventing drug transmission (Sanglard 2016). It has also been suggested that certain
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fungal species can sequester antifungal compounds within their own cell using a
similar mechanism, but this is not fully understood (Maebashi et al. 2002). Biofilms
can be used by multiple species in parallel, which is of increasing concern as
multidrug-resistant species could create biofilms, making any treatment with weaker
antifungals impossible (Borghi et al. 2016; Perlin et al. 2017; Sherry et al. 2017).
There is, however, development of anti-biofilm compounds, and treatment with both
an antifungal and an anti-biofilm compound is a potential avenue that may become
the norm (Nett and Andes 2015; Sherry et al. 2017).

Horizontal gene transfer can also occur in fungi as in bacteria (Sect. 2.1.2);
however, this has not been linked with transference of antifungal resistance. Instead,
the resistance develops in isolation more often (Anderson 2005; Fitzpatrick 2012).

Fungi contain a large group of potentially infectious species and genera, with few
antifungal options available. Biofilms make the situation even more challenging, and
an equivalent of phage therapy using mycoviruses is still a blue-sky challenge far
from medical implementation. While there are still antifungal compounds available
for treatment, it may not be long before the worst fungal infections are fully resistant
to everything available, or at least resistant enough that a new option will be
required.

Much like phage therapy for antibiotic-resistant bacteria (Sect. 2.2.1),
mycoviruses (viruses that infect fungi) have been demonstrated to reduce resistance
to antifungal pesticides in agricultural environments (Niu et al. 2018; Wang et al.
2019). Although mycoviral infection has not always correlated with decreased
resistance and increased susceptibility to antifungal compounds, and while this
research area has been mainly constrained within agricultural and food security
fields, the results indicate a promising way forward towards countering antifungal-
resistant clinical strains (Zoll et al. 2018). A form of mycoviral engineering was put
forward in 2016 by Zhang and Nuss, who reported a method of using mycoviruses to
attenuate virulence factors within chestnut blight (Zhang and Nuss 2016).

4 Viruses

Viruses have the most ‘uniform’ method of developing resistance across all forms,
i.e. mutation of the drug targets and pathways (Pizzorno et al. 2011; Bagaglio et al.
2017). Using the examples of influenza and hepatitis C viruses, we discuss how the
higher rate of evolutionary change impacts viruses’ resistance to antiviral
compounds, and we look at the fitness trade-offs that can arise as a result. Due to
viral resistance being so changeable, it is harder to relate to this section to the
immune system model we have been using, and it would not be incorrect to suggest
that viruses do not fit this model. Viruses that infect other microbes are not
discussed here.
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4.1 Hepatitis C

Hepatitis C affects people all over the world, and it is estimated there were over
170 million cases worldwide between 1989 and 2013 (Messina et al. 2015). This
makes resistance to any of the anti-hepatitis C drugs very important, as an
untreatable form would impact millions of people across the globe. Thankfully,
this is not yet a major problem, as combination therapies have proven to work,
although there is now a risk of failure under certain conditions, such as other
underlying health conditions (Pawlotsky 2016). Due to the high evolutionary rate,
amino acid changes occur rapidly and can lead to the gain and loss of resistance
depending on the selection pressures of the viral environment. This gain and loss of
resistance due to amino acid substitutions can occur over a short term (a few weeks)
or can remain for years, depending on the area of the viral genome in question
(Pawlotsky 2016). This makes tracking resistance very difficult, as certain virus
strains may remain resistant for several months, while others may gain and lose
resistance based on exposure and duration of antiviral treatment (Pawlotsky 2016).

Relying on combination therapy can be risky when resistance develops rapidly.
Initiating treatment before ascertaining resistance profiles carries the risk of building
up resistance to multiple compounds simultaneously (Bagaglio et al. 2017). It is
therefore important for the future that antivirals are also prescribed with resistance in
mind. Work by Ottosen et al. in 2015 demonstrated clinical and preclinical resistance
to newer anti-hepatitis C compounds and the reduced activity profile of the then-
novel antiviral drug miravirsen (Ottosen et al. 2015).

4.2 Influenza

Influenza, the causative agent of flu, affects millions of people every year, with one
study averaging ~8% incidence among the US population every flu season (Tokars
et al. 2018). Vaccines are effective and are recommended in many countries,
especially for people with pre-existing health conditions (Demicheli et al. 2018).
While there are many treatment options currently available, resistance to the main
groups of antivirals has been reported, as has the capability of the virus to retain that
resistance between seasons (Pizzorno et al. 2011; Li et al. 2015).

It is important to determine the impact of a resistance mutation on a circulating
viral population. A study by Jiang et al. investigated the ‘hotspots’ of influenza A
mutation against one of its treatment options (oseltamivir) and found that while
mutations led to resistance, they came with negative fitness costs for the virus (Jiang
et al. 2016). This has been shown in other viruses too, where resistance to antivirals
has had knock-on effects to decrease overall fitness, with respiratory syncytial virus
(a cause of pneumonia and bronchiolitis) shown to have a weaker ability to propa-
gate in vitro compared to the nonresistant wild-type (Battles et al. 2016). Jiang et al.
also showed that there was potential for multiple mutations to re-correct this
‘weakness’, and thus there is an increasing risk of fit resistant strains.
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5 Discussion and Therapeutic Strategies for the Future

Bacteria are relentless. Their survival strategies for overcoming extremely hostile
environments are extraordinary feats of adaptation and natural selection. Several
confounding factors affect ABR epidemiology. For example, some resistance genes
are more prevalent globally than others, despite producing a similar phenotype.
Although studies have indicated fitness costs associated with resistant phenotypes,
there is evidence of compensatory evolution caused by mutations that reduce the
burden of carrying resistance determinants (Durão et al. 2018). On the other hand,
antibiotic-sensitive strains flourish and outcompete resistant strains in the absence of
the antibiotic pressure—indicating that a resistance phenotype does not equal a fitter
organism. These conflicting findings highlight the current gaps in our understanding
of the dynamics of ABR acquisition, transmission and maintenance.

ABR should be approached holistically with a One Health perspective, requiring
a major collaboration between the World Health Organization (WHO), the Food and
Agriculture Organization (FAO) and the World Organisation for Animal Health
(OIE). However, this is challenging. With the threat of a post-antibiotic era, we are
faced with an urgent conundrum: to find alternatives to combat bacterial infections
because evolutionary resistance is inevitable. Pharmaceutical companies and venture
capitalists hesitate to invest in discovering and developing new antibiotics. Between
2003 and 2013, only $1.8 billion out of the total $38 billion venture capital
investment was allotted to antimicrobial development (O’Neill 2014). This is due
to the enormous time (10+ years) needed for development, high failure rate and
relatively low profit margins in this sector.

There are novel therapeutic methods that are more targeted and cause less
collateral damage to the microbiota showing promising results. Using
bacteriophages to target specific bacteria is a frontrunner among the available
options since their effectiveness has been proven in treating pulmonary infections
with no evidence of it aggravating the immune system (Rohde et al. 2018). Phage
therapy on its own would be used only as a last resort since bacteria can still develop
resistance to bacteriophages (Kortright et al. 2019); for routine treatment, they would
still need to be used with traditional antibiotics to improve their efficacy. Phages can
target MDR efflux pumps on pathogenic species to restore their sensitivity to
antibiotic treatment (Saha and Mukherjee 2019). Alternatively, specialised phages
can depolymerise the EPS matrix of biofilms, allowing antibiotics to infiltrate the
cells contained within.

There are also novel systems for delivering drugs such as nanoemulsion, which
use amphiphilic vesicles containing antimicrobial phytochemicals sourced from
plants, coated with a surfactant (Krishnamoorthy et al. 2018). Nanoemulsion has
been successfully used to deliver eugenol and methyl salicylate to E. coli to inhibit
biofilm formation and reduce virulence (Prateeksha et al. 2019). This method is
especially attractive since there is no selection pressure that could provoke the
population to evolve and develop resistance. Their use against MRSA and ESBL-
producing Klebsiella pneumoniae and Pseudomonas aeruginosa has shown encour-
aging results.
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The bacterial CRISPR/Cas9 system has also successfully been used to ‘re-
sensitise’ resistant bacterial pathogens by targeting and excising resistance genes
(Kim et al. 2016). The ability to distinguish between pathogenic and commensal
species through this technique is also very encouraging. However, there still remain
major hurdles in the way, especially with regard to mode of delivery, unknown
toxicity effects and long-term impacts of genetic manipulation on evolution that
demand further investigation (Shabbir et al. 2019).

Exciting new research published in early 2019 has identified mfd, a highly
conserved DNA translocase protein that is involved in transcription coupled repair,
as a driver of bacterial evolution. mfd promotes mutagenesis, which drives the
development of ABR through accumulating resistance-conferring mutations (Ragheb
et al. 2019). Knocking out mfd has no detrimental effects on DNA repair, suggesting
that its main role is to propagate mutagenesis so bacteria can adapt rapidly to its
environment, especially during host invasion. These findings reveal a new concept for
‘anti-evolution’ drugs that target highly conserved but ‘non-essential’ proteins that
promote ABR. However, this is not unlike the highly controversial topic of using
CRISPR for human genome editing, where the downstream effects on the individual
genome and its surrounding microbiome remain largely unknown today.

Like with bacteria, resistance is developing fast in both fungi and viruses, with
improved treatments being required all around the world. While antiviral resistance
mechanisms are more simplistic compared to bacteria and fungi, mutation-driven
resistance occurs at a faster rate. While some of these mutations impose fitness costs
that prevent a resistant strain from becoming dominant (Jiang et al. 2016; Battles
et al. 2016), the risk of compensatory polar mutations is always present. Therefore,
tracking resistance transmission in the viral population is of utmost importance,
alongside understanding the functional and immunological consequences of these
mutations on the wider virus population. This is especially true for combination
therapy, as extended exposure to the same drug cocktail could lead to multidrug
resistance developing faster.

An intriguing aspect is the use of vaccination to fight AMR. Prophylactic
vaccination can reduce the incidence of AMR and irrational use of antimicrobials
worldwide. This has been proven in Haemophilus influenzae and pneumococcal
vaccines since being included in routine immunisation, prior to which pneumococcal
β-lactamase resistance was 16.6% among strains collected from various parts of the
world. Absurdly, vaccination against viral infections such as influenza can reduce
the spread of ABR and antibiotic use since it can reduce the likelihood of acquiring
secondary bacterial infections, e.g. pneumonia (Jansen and Anderson 2018). Viral
vaccines can also prevent clinicians from incorrectly prescribing antibiotics for viral
infections that are symptomatically similar to bacterial pathologies. The net reduc-
tion in antibiotic use would also reduce the development of ABR among
commensals (Bloom et al. 2018). Additionally, antibiotics, although fast-acting,
are only effective for short-term acute bacterial infections, whereas vaccination
primes the immune system by creating a ‘memory’ of the pathogen to be able to
tackle repeated infections (Tagliabue and Rappuoli 2018). Vaccine development is
currently in its prime and a more favourable solution than the development of new
antibiotics, which has been moving at a snail’s pace for the past 40 years (Fig. 4).
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The intricate mechanisms that bacteria, fungi and viruses have evolved to protect
themselves since the dawn of their existence are truly spectacular. Their defence
systems have fascinated scientists for decades, and yet a plethora of unanswered
questions remain. Society has grossly underestimated the abilities of these
microorganisms and taken the only safeguards we currently have against them for
granted. Antibiotic obsolescence is on the horizon, and immediate measures need to
be taken to preserve their use.
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Carbapenem Resistance in Gram-Negative
Bacilli: Mechanisms and Challenges

Sarita Mohapatra and Arti Kapil

1 Introduction

Antimicrobial resistance (AMR) is an emerging global health problem which
requires immediate action. If we see the timeline of bacterial evolution, the first
antibiotic was discovered in 1937, and post 2 years, bacteria started developing
resistance against this antibiotic. The mechanism of resistance is continuing till date
after 70 years of evolution, and probably we are going to revert to pre-antibiotic era
in the near future. Bacteria possess various biologic capabilities to resist antibiotics
and cause drug-resistant infections in the community.

Lord Jim O’Neill and his team in the year 2014 published an article entitled,
“Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations,”
where he estimated that by 2050, every year approximately 700,000 people will
battle MDR infections and ten million deaths could be caused by AMR (O’Neill
2014). AMR can affect anyone at any age, in any country. Not only is the proportion
of infection due to Gram-negative bacilli higher in comparison to Gram-positive
cocci, but also the alarming rise of AMR in Gram-negative bacteria is frightening
and challenging for the clinician. In the year 2017, the World Health Organization
(WHO) prioritized 12 bacteria that pose threat to human health, wherein the majority
were GNBs (Eichenberger and Thaden 2019).

Carbapenems are the last resort drug for the treatment of bacterial infections. It is
considered to have broad spectrum of activity against both Gram-positive cocci
(GPC) and Gram-negative bacilli (GNB). However, recent emergence of multidrug-
resistant pathogens seriously threatens this group of drugs. The drastic increase and
spread of carbapenem resistance in the absence of any new antimicrobial drug has
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become a major public health concern for the clinicians, worldwide (Luepke et al.
2017). The primary mechanism of resistance to carbapenems is by the production of
carbapenemase enzymes. Carbapenem-resistant organisms (CRO) include mostly
carbapenem-resistant Enterobacteriaceae (CRE), carbapenem-resistant Pseudomo-
nas aeruginosa (CRPA), and carbapenem-resistant Acinetobacter baumannii
(CRAB). Although the discovery of carbapenemase enzymes has been made since
1990, the identification and spread of plasmid-encoded carbapenemases has recently
changed the magnitude of the problem in Gram-negative bacteria. CRE is one of the
major parts of CROs that cause serious infections and high mortality (Malchione
et al. 2019). Hence, CRE is described among the top three global priorities of
antibiotic-resistant bacteria (Laxminarayan et al. 2013). Due to the rapid spread of
resistance genes via plasmid, this clonal problem disseminates to several parts of the
world including Asia, America, and Europe, thus becoming a global problem.
Despite their menacing trend, it is important to know how best these drugs can be
used and their mechanisms of action with regard to β-lactamase inhibition and to
explore new opportunities for drug development.

2 Structure of Carbapenems

Carbapenems are the most potent members of the β-lactam group of antibiotics. The
unique molecular configuration of carbapenems is due to the presence of
carbapenem ring coupled with four-membered β-lactam ring (Fig. 1).

Carbapenems possess broad-spectrum antibacterial activity by virtue of its unique
structure. In comparison to penicillin, carbapenems have substitution of carbon for
sulfur at C-1 atom and a double bond between C-2 and C-3 atoms (Queenan and Bush
2017; van Dam et al. 2009). The hydroxyethyl side chain of thienamycin has a key
role in its action and is important for the activity that confers protection against most
of bacteria. It stabilizes carbapenems against a wide spectrum of β-lactamases. Also,
the side chain makes them active against Gram-positive cocci including streptococci,
enterococci, and staphylococci (methicillin sensitive), anaerobic bacteria, and GNB.

Carbapenems penetrate the bacterial cell wall and bind to the penicillin-binding
protein, i.e., carboxypeptidases and transpeptidases. This further inhibits the
transpeptidation process during peptidoglycan synthesis. These enzymes aid the
cross-linking of peptide covalent bond during the process of peptidoglycan synthe-
sis. Carbapenem inhibits this peptide cross-linking process which weakens the
glycan backbone resulting in autolysis and cell death (Laxminarayan et al. 2013).
Imipenem, meropenem, ertapenem, doripenem, and faropenem are currently avail-
able for clinical use.

Fig. 1 Structure of (a)
penicillin and (b) carbapenem
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3 Mechanism and Epidemiology of Carbapenem Resistance

3.1 Carbapenem-Resistant Enterobacteriaceae (CRE)

According to the mechanism of action, CRE is broadly divided into two groups:
carbapenemase-producing CRE (CP-CRE) and noncarbapenemase-producing CRE
(non-CP-CRE). The carbapenem resistance in CRE is primarily due to three
mechanisms: (1) the presence of carbapenemases which cause deactivation of the
drug, (2) decreased permeability of the drug due to mutation in the porin channels,
and (3) upregulation of efflux pumps which leads to release of drug outside the cell
(Eichenberger and Thaden 2019). The various combinations of enzymes, their level
of expression, upregulation of efflux pumps, and the presence of porin channels
determine the minimum inhibitory concentration of a particular drug against that
organism.

3.2 Carbapenemase-Producing CRE (CP-CRE)

Carbapenemases are a group of beta-lactamases produced either in constitutive or
inducible manner. These enzymes can be encoded by chromosome, plasmid, or
transposon. As per the classification of beta-lactamases, the enzymes are divided into
two groups: Ambler (molecular group) and Bush and Jacoby (functional group)
(Diene and Rolain 2014). As per the Ambler classification, carbapenemases are
further divided into four groups: A, B, C, and D. Groups A, B, and D contain a large
variety of β-lactamases, whereas the clinical relevance of group C in not known
(Table 1). Classes A and D contain serine at their active site and are called serine
carbapenemases, whereas class B contains zinc ions at their active site and are called
metallo-beta-lactamases.

3.2.1 Class A Carbapenemases
Klebsiella pneumoniae carbapenemase (KPC) is the most clinically relevant
carbapenemase enzyme placed in class A group. KPC group of enzymes has the
most extensive global distribution among all carbapenemases and is mostly found in
Enterobacteriaceae family. This was first isolated from a patient admitted to inten-
sive care unit in North Carolina in 1996 (Kelly et al. 2017). Within few years of its
discovery, New York/New Jersey area (NY/NJ) had become the global epicenter for
CRE. Plasmid-encoded K. pneumoniae carbapenemase (KPC) was identified in
2001 and turned out to be the start of major epidemic (Lutgring 2019). This
happened primarily due to the emergence of a sequence type of K. pneumoniae
(ST258) that produces KPC enzymes. Since then, KPC enzymes have disseminated
throughout the USA and have become the predominant carbapenemase enzyme in
the USA. Later on, it was reported from Colombia, Italy, Greece, Israel, Argentina,
Brazil, and China and in many other countries and became the most common
carbapenemase enzyme worldwide. Between 2001 and 2010, the incidence of
KPC increased from 1 to 12% in 42 states of the USA with 50% mortality rate
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(Codjoe and Donkor 2017). A consortium named CRACKLE was federally funded
for a prospective multicentric observational study of hospitals in Ohio,
Pennsylvania, and Michigan. This study was targeted to detect carbapenem resis-
tance among the Enterobacteriaceae such as E. coli, Klebsiella oxytoca,
Enterobacter aerogenes, Enterobacter cloacae, Citrobacter freundii, Proteus
mirabilis, Salmonella enterica, and Serratia marcescens (Yigit et al. 2001). Data
of this study showed endemicity of KPC-producing CPE primarily K. pneumoniae
of ST258 in this region. More than 90% of all CP-CRE were due to blaKPC-2 and
blaKPC-3 carbapenemase genes. Among the Mediterranean countries, Italy and
Greece have the highest incidence of KPC-producing CP-CRE. This leads to an
“endemic situation” for KPC in 2014–2015 in these regions (van Duin et al. 2014).
To date, there are 12 variants of KPC, of which blaKPC-2 and blaKPC-3 are associated
with the majority of outbreaks (Miriagou et al. 2010; Okoche et al. 2015; Boutal
et al. 2018; Fernandez et al. 2018; Abdallah and Balshi 2018). This group of
enzymes hydrolyzes carbapenems, oxymino-cephalosporins, and cephamycin.
They show variable inhibition by clavulanic acid or piperacillin-tazobactam. Cur-
rently, KPC was reported from the ICUs and wards of various medical and surgical
units of hospitals in Greece especially by the E. coli harboring KPC-2 gene (Codjoe
and Donkor 2017). Other important enzymes in class A are IMI/NMC, SME, and
GES. SME enzymes were identified in Serratia marcescens in the 1980s. It was

Table 1 Mechanisms of resistance in (a) Cp-CRE and (b) non-CP-CRE

(a) CP-CRE (carbapenemase-producing CRE)

Ambler
class

Bush and
Jacoby
class Genes

Gene
location

Inhibition
Preferred
substratesCLA EDTA AZT

A 2f bla-GES
bla-IMI
bla-SME
bla-KPC

Plas + � S Penicillin,
cephalosporin,
carbapenem

Chrom + � R

Chrom + � R

Plas + � R

B 3 bla-NDM
bla-VIM
bla-IMP

Chrom/plas � + S Most of
β-lactam
including
carbapenem

Chrom/plas � + S

Chrom/plas � + S

C – – –

D 2df bla-OXA Chrom/plas � � S Carbapenem

(b) Non-CP-CRE (noncarbapenemase-producing CRE)

Ambler class Mechanism Enzymes

A ESBL + alteration in porin/upregulation of
efflux pump

CTX-M, SHV, TEM

C AmpC + alteration in porin/upregulation of
efflux pump

Inducible AmpC
Chromosomal AmpC

C AmpC + alteration in porin/upregulation of
efflux pump

Plasmid mediated (CMY,
ACT, DHA)

CLA Clavulanic acid, EDTA Edetate disodium, AZT Aztreonam
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found to be chromosomal mediated and intermittently reported from Europe and the
USA (Luepke et al. 2017). Genes for GES enzymes are found in the integrons on
transferable plasmids in P. aeruginosa and K. pneumonia (Queenan and Bush 2017).
Strict infection control practices and regular antimicrobial surveillance are the
mainstay of containment of these drug-resistant bacteria. Countries like
New Zealand and Australia have brought down the prevalence of KPC to as low
as 1% due to implementation of strict infection control practices (Codjoe and
Donkor 2017).

3.2.2 Class B Carbapenemases
These groups of enzymes are also called metallo-β-lactamases as they contain zinc
ion at their active site. Initially, these zinc-containing β-lactamase enzymes were
considered as clinically irrelevant, occurring only in occasional clinical isolate of
Stenotrophomonas maltophilia and Bacillus spp. that rarely cause human diseases
(Albiger et al. 2015). But later on, it was realized that these groups of enzymes are
highly prevalent and are one among the major attributes for global carbapenem
resistance.

New Delhi metallo-β-lactamase (NDM) was the second most common
carbapenemase gene belonging to the metallo-β-lactamases group, i.e., group B. It
was first discovered from a Swedish patient travelling back from India and was
found encoded by a mobile genetic element. Currently, NDM is endemic in many
Asian countries including India, Pakistan, United Kingdom, USA, Kenya, Japan,
and Belgium and later on moved to Europe. These metalloenzymes have unique
configuration in terms of the presence of zinc ion at the active site. The metallo-beta-
lactamases have the potency to hydrolyze carbapenems but have poor ability against
monobactams. They are not inhibited by the β-lactamase inhibitors such as
clavulanic acid or tazobactam due to presence of Zn+2 ion at the active site but are
readily inhibited by EDTA dipicolinic acid or 1,10 o-phenanthroline. There are a
total of ten variants of NDM genes discovered till date. These genes are usually
found in the members of Enterobacteriaceae, rarely in other GNBs like
P. aeruginosa and A. baumannii. Other carbapenemase enzymes, namely, Verona
integron-encoded metallo-β-lactamase (VIM) and imipenemase metallo-β-lactamase
(IMP), were reported from many other parts of the world (Bush 2018). VIM
carbapenemase was isolated from Pseudomonas aeruginosa in an Italian patient at
Verona University Hospital. IMP was isolated from a P. aeruginosa isolate from
Japan in 1991. Since these genes are encoded by plasmids, there was a gradual
spread of these genes to other parts of the world. However, the reported outbreaks
were limited in terms of geographical area.

3.2.3 Class D Carbapenemases
Another group of carbapenemase enzyme was discovered and named as OXA. They
have the special ability to hydrolyze oxacillin or cloxacillin. These enzymes belong
to the molecular group D. It was first discovered from Turkey and later on was
endemic to Middle East, India, and North Africa. There were multiple reports of
outbreaks throughout Europe and the USA (Lutgring 2019). These enzymes do
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not confer resistance to third- or fourth-generation cephalosporins, and its
carbapenemase activity was observed to be weaker. They may or may not be
inhibited by clavulanic acid or tazobactam. These enzymes are transmitted both
chromosomally and through plasmid. Among these, OXA-23, OXA-24, and
OXA-58 are commonly found in Acinetobacter baumannii, whereas OXA-48 is
found in Enterobacteriaceae. The available β-lactamase inhibitors do not have
action against this group of enzymes. Moreover, they can mutate easily and expand
their spectrum. Hence, these enzymes possess a major concern to the clinician.

4 Noncarbapenemase-Producing CRE (Non-CP-CRE)

Apart from carbapenemase enzyme production, Enterobacteriaceae family
possesses a few alternative mechanisms that lead to carbapenem resistance. These
mechanisms are usually paired with themselves or with the carbapenemase produc-
tion resulting in varied proportions of multidrug resistance (Logan and Weinstein
2017). Unlike the carbapenemase enzymes which deactivate the drug, these
mechanisms aim to block the penetration of the antibiotic into the bacterial cell or
leakage of the drug from the cell before its action by upregulation of efflux pumps
and alteration of porin channels, respectively (Codjoe and Donkor 2017; Bialek-
Davenet et al. 2017). AcrAB-TolC RND system and Cus ABC efflux complex are a
few common examples found in various bacteria (Masi et al. 2017; Weston et al.
2018; Routh et al. 2011). The resistance genes are usually found in plasmid and can
be transmitted from bacteria to bacteria (Courvalin 1994). Alteration in the porin
channels is attributed to mutation that results in altered expression. They also
produce different types of β-lactamases, such as AmpC type, that do not degrade
carbapenems directly. The AmpC enzyme forms a bond with carbapenem molecule,
thereby preventing it from accessing its target. These are commonly plasmid-
encoded and spread globally. Common example of this type of β-lactamases is
AmpC CMY-2. It is frequently found in Enterobacteriaceae family, especially in
E. coli. Chromosomally encoded AmpC is frequently found in Enterobacter spp.
(Doumith et al. 2009).

4.1 Carbapenem-Resistant Pseudomonas (CRP)

The resistance in Pseudomonas is a combination of many mechanisms. The
overexpression of efflux pumps and loss of OprD, the outer membrane porin protein,
are the most common mechanisms of carbapenem resistance in Pseudomonas
aeruginosa (Codjoe and Donkor 2017). It is observed that the resistance to
meropenem is mainly due to overexpression of efflux pumps, whereas imipenem
is due to alteration in porin channels (Livermore 2001). Pseudomonas aeruginosa
has also the capability of degranulating the carbapenems by producing drug-
inactivating enzymes. These enzymes are either upregulated or acquired from
other microorganisms by horizontal transmission. It intrinsically possess AmpC

38 S. Mohapatra and A. Kapil



enzyme. Class A, B, and D group of β-lactamases are transferred horizontally to
various species of Pseudomonas (Eichenberger and Thaden 2019). This acquisition
of β-lactamase enzymes is also seen in the high-risk clones of Pseudomonas spp. The
three important high-risk clones of Pseudomonas that spread globally are ST111,
ST175, and ST235, among which ST 235 is most widely spread (Pena et al. 2015;
Kos et al. 2015; Correa et al. 2015; Guzvinec et al. 2014). ST 235 contains more than
35 different β-lactamase enzymes from classes A, B, and D. These enzymes are
ESBLs PER-1 and GES, VIM-1, and KPC-2.

4.2 Carbapenem-Resistant Acinetobacter baumannii (CRAB)

Carbapenem-resistant Acinetobacter baumannii is in the top of the priority list of
antibiotic-resistant pathogen prepared by the WHO. They acquire carbapenem
resistance both intrinsically and via horizontal gene transfer. As per CDC reports
(2013), 7000 infections and 500 deaths were occurring in the USA due to CRAB
every year (Bulens et al. 2018).

Class D group of enzymes are predominantly present in CRAB. OXA-51-like
enzyme is one of the oxacillinase enzymes acquired intrinsically and hydrolyze
carbapenems at a low level (Corvec et al. 2003; Turton et al. 2006). Other class D
enzymes such as OXA-23-, OXA-40-, and OXA-58-like enzymes are also com-
monly detected, of which OXA-23-like enzymes are the most widespread (Poirel
and Nordmann 2006). OXA-23-like enzymes are predominantly reported from
Europe and are mostly associated with nosocomial outbreaks. They are typically
found to be transmitted by transposons Tn2006 and Tn2007 (Poirel et al. 2010;
Corvec et al. 2007; Merino et al. 2014). Other enzymes reported from Europe are
OXA-25, OXA-26, and OXA-40 (Merino et al. 2014; Afzal-Shah et al. 2001).
OXA-72 is predominantly reported from Asia (Tada et al. 2014). Except few reports,
other classes of carbapenemases are extremely rare in CRAB. A series of reports are
published from Puerto Rico containing class A KPC-producing A. baumannii
(Robledo et al. 2010). Few reports are also showing the presence of class B IMP-,
VIM-, SIM (Seoul imipenemase)-, and NDM-type enzymes in CRAB isolates which
are wildly distributed throughout the world (Potron et al. 2015).

5 Current Resistance Status

Carbapenemase-producing organisms are very important epidemiologically because
they carry multiple resistance genes. Infection caused by these pathogens resulted in
high morbidity and mortality. They easily disseminate the resistant genes to other
bacteria causing infection in both community and healthcare settings.

The incidence of CPO is increasing day by day from all the parts of world. This
clonal increase in the resistance genes has mostly been attributed to the rapid spread
of plasmid-mediated resistance determinants encoding various enzymes. These
different carbapenemases are prevalent in different areas of the world. Among
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these, KPC has been found to be the most widely spread, whereas NDM is more
promiscuous. Later, using the molecular tool like multilocus sequence typing
(MLST), pandemicity was observed due to a particular sequence type of
K. pneumoniae, i.e., ST258 (Codjoe and Donkor 2017). K. pneumoniae was found
to be the leading cause of infections among all the carbapenem-resistant organisms
where treatment remained challenging. They carry plasmids that are invasive in
nature and hence disseminate into the community. They also harbor virulent
plasmids carrying resistance genes from the nosocomial strains.

In the last few emergences of metallo-beta-lactamases, Enterobacteriaceae has
become a concern for clinician. NDM was reported in 2009, and to date ten more
variants of NDMwere discovered from the entire world (Diene and Rolain 2014). As
discussed earlier, Oxa-48 is the third most prevalent carbapenemase reported from
Europe and North Africa. VIM and IMP are less common in comparison to other
enzymes.

Currently, the increasing reports of carriers of carbapenemase genes in the
colonizers of gut have become another concern. Gut is a large reservoir of microbes
and includes pathogen harboring various antibiotic-resistance genes, especially
among the hospitalized patients who are already on antibiotic therapy. During
their course, the multidrug-resistant pathogens get selected out and transfer these
genes to other commensal flora. Subsequently, these organisms may translocate into
the intestinal barrier causing bloodstream infection. They may also contaminate the
skin or other body sites (Gargiullo et al. 2019). KPC has become endemic in the
areas of America, China, Israel, and South Europe, whereas NDM is predominantly
found in South East Asia especially in India, Pakistan, and northern Europe. The
wide dissemination of these resistant clones in the community remains undetected
until they cause some infection. There is no clear evidence on howmany carriers will
progress into infection. The patient with carbapenem-resistance carriers should be
screened and isolated in the healthcare settings in order to prevent further dissemi-
nation of resistant clones to other patients (Tada et al. 2014).

6 Antibiotic Resistance Drivers

The important drivers of antibiotic resistance comprise excess use of antibiotics in
the animal husbandry, agriculture, and poultry sectors. Unregulated prescription also
leads to misuse and irrational usage of antibiotics in the society. So, irrespective of
the places where antibiotics are used, they accumulate and develop reservoirs of
resistance. These reservoirs subsequently disseminate the resistance genes in the
society. The prevalence and rate of increase in the resistance is observed much
higher in low- and middle-income countries in comparison to high-income countries.
It is mainly due to high population density, poor sanitation, and improper solid waste
disposal. These combinedly accelerate dissemination of resistance (Vikesland et al.
2019).
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7 Usage and Side Effects of Carbapenems

Imipenem was the first carbapenem used to be given with cilastatin as cilastatin
inhibits renal metabolism of imipenem and prolongs its half-life. Ertapenem has the
maximum in vivo half-life period of 4 h followed by imipenem (1 h), meropenem,
and doripenem. Ertapenem is least active against pseudomonal infection in compari-
son to other carbapenems. Carbapenems are metabolized in the liver, thereby
increasing the risk of being hepatotoxic, and sometimes lead to jaundice. These
drugs are prone to degradation by an enzyme dyhydropeptidase-1 (DHP-1) located
in renal tubules and are usually given with DHP-1 inhibitor such as cilastatin
(Codjoe and Donkor 2017).

8 Laboratory Detection of Carbapenem-Resistant Organism

In the past few years, carbapenem-resistant organisms have been reported from
different parts of the world. Infection caused due to CRP is difficult to treat.
Hence, there is an urgent need for a rapid and accurate detection of CRO in the
diagnostic laboratories. Several methods are available for the diagnosis of
carbapenem resistance. Identification of carbapenemase genes and the types is
very useful for the clinician to focus on enzyme-specific therapies as well as
infection control practices (Diene and Rolain 2014; http://www.cdc.gov/HAI/pdfs/
labSettings/, Lolans et al. 2010). The susceptibility of the different carbapenems
varies depending on the presence of different enzymes in addition to a combination
of other mechanisms (Aguirre-Quinonero and Martínez-Martínez 2017). Few
enzymes hydrolyze a particular carbapenem very efficiently, whereas few others
do not. Although molecular methods are considered as the gold standard for detec-
tion of these enzymes, the cost and identification of specific genes and the inconve-
nience make it less popular for routine diagnosis. Currently, different methods are
available to detect different enzymes. Broadly the tests are divided into phenotypic
and molecular tests. Many of these methods are not able to detect the carbapenemase
enzyme as varied mechanisms are involved with each type.

8.1 Detection of Carbapenemase Activity Directly from
the Clinical Specimen

8.1.1 CDC Screening Criteria
The US Centers for Disease Control and Prevention (CDC) has defined the criteria
for screening of CRE from rectal swab or perianal swab (Heritier et al. 2003). The
rectal/perianal swab collected from the suspected patient will be inoculated on
appropriate media to isolate the CRE, specially the E. coli and K. pneumoniae.
The test is easy to perform with variable sensitivity (65.6–98.8%) and specificity
(49.6–86.4%), although the generation of results will be a bit slower when compared
to chromogenic method (Potron et al. 2015; Gargiullo et al. 2019).
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8.1.2 Chromogenic Plates
Chromogenic plates are commercially available to detect the carbapenemase pro-
ducer within 18–24 h. This method is useful for rapid screening of asymptomatic
carriers among the high-risk groups. The sensitivity and specificity of various
commercial chromogenic media vary from 53 to 100% (Samra et al. 2008). Bir
et al. (2018) compared various phenotypic tests where CHROMagar was found to
have highest sensitivity followed by Carba-NP. Their activity was found weaker to
detect low hydrolytic carbapenemase enzyme such as Oxa-48. It is rapid and can be
done in any laboratory facility, the drawbacks being limited shelf life of the media,
difficulty in interpreting, and the risk of reporting false-positive result in case of
ESBLs or AmpC enzymes.

Supercarba is a novel screening nonchromogenic media which was able to detect
all carbapenemase enzymes including Oxa-48. The sensitivity of this media was
found to be 96.5%. However, only the lactose-fermenting colonies could be
detected, and the shelf life of the prepared media was observed to be 7–10 days.
Recently, modification of Supercarba medium adapting the chromogenic quality has
been developed which is called as mSupercarba. mSupercarba was found to be 100%
sensitive and specific for the detection of KPC-, Oxa-48-, and
MBL-producing CPEs.

8.2 Detection of Carbapenemase Activity in the Isolated Bacteria

8.2.1 Phenotypic Tests
Broadly phenotypic tests are divided into screening and confirmatory tests.

1. Screening tests
(a) Disk diffusion

2. Confirmatory test includes:
(a) MIC determination: microbroth dilution, agar dilution, E test, and automated

system
(b) Inhibitor-based synergy test: combined disk test and double disk synergy test
(c) Detection based on carbapenem hydrolysis:

• Modified Hodge test
• Colorimetric test (Carba-NP, Blue-Carba)
• Carbapenem inactivation method (mCIM and eCIM)
• Starch-iodine test
• Spectrophotometry
• Electrochemical assay

(d) Immunochromatography
(e) Mass spectrometry (MALDI-TOF)

42 S. Mohapatra and A. Kapil



8.2.2 Molecular Tests

1. PCR (conventional and real time)
2. LAMP
3. Microarray
4. Whole-genome sequencing using next-generation sequencer

Screening test The European Committee on Antimicrobial Susceptibility Testing
(EUCAST) or the Clinical and Laboratory Standards Institute (CLSI) has provided
break points for screening of carbapenemase activity from the bacterial isolates by
disk diffusion test. The interpretative criteria are first screened by the disk diffusion
test and further confirmed by any of the confirmatory test. The interpretative criteria
are available for imipenem, meropenem, ertapenem, and doripenem. Among the four
disks, meropenem provides the best sensitivity and specificity, whereas others suffer
from lack of specificity. CLSI breakpoints have been shown to have lower sensitivity
in comparison to the EUCAST. Difficulties are observed during the detection of
Oxa-48 carbapenemase activity.

Confirmatory test Several automated systems are available to detect minimum
inhibitory concentration such as Vitek 2 (bioMerieux), Phoenix (BD Diagnostics),
and MicroScan (Siemens). The automated systems use interpretative criteria as
defined by the specific guidelines. Inoculum size should be determined properly to
prevent false susceptibility testing result. Lastly, at least two carbapenems should be
included to confirm the result in order to achieve a higher confidence level.

E strip Antibiotic gradient diffusion strips are made up of a combination of a beta-
lactam substrate and a beta-lactam/beta-lactamase inhibitor. A fixed concentration of
EDTA or boronic acid is present which can be specifically used to detect MBL or
KPC. A reduction of�3 twofold dilutions of the carbapenemMIC in the presence of
the inhibitor or the presence of a deformed ellipse is interpreted as positive.
Meropenem-containing strips have shown to be more efficient than the ones
containing imipenem in the detection of MBL producers.

Inhibitor-based synergy test These tests are based on the ability to inhibit the
activity of carbapenemase enzymes in the presence of inhibitors such as
ethylenediaminetetraacetic acid (EDTA), dipicolinic acid (DPA), or phenylboronic
acid (PBA). The activity of MBL was found to be best detected in the presence of
EDTA and DPA (chelating agents), whereas PBA was observed to inhibit KPC
enzymes.

Combined disk test (CDT) In this test, the difference in the zone diameter of a
carbapenem disk was compared with the zone of the diameter of the disk containing
a combination of carbapenem with inhibitor after overnight incubation with the
tested strain. They have shown high sensitivities (90–100%) and specificities
(96–100%) for detection of class A carbapenemase especially among
Enterobacteriaceae.
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Double disk synergy test (DDST) This test is carried out by placing a beta-lactam
disk and beta-lactamase inhibitor disk side by side at a distance of 10 mm apart.
After the overnight incubation with the test strain, enlarged (synergistic) zone of
inhibition is interpreted as positive.

Detection based on carbapenem hydrolysis (Fig. 2).

Modified Hodge test It is otherwise known as Cloverleaf test. On a lawn of a
carbapenem-susceptible organism (E. coli ATCC 25922), a disk of either ertapenem
or meropenem was put at the center. After overnight incubation with the clinical test
isolate, the presence of an indented inhibition zone is interpreted as positive. MHT is
less specific and time-consuming. The lack of specificity may be observed for
enzymes like AmpC, whereas low sensitivity is observed for NDM group of
carbapenemases. It is proven to have the best result against KPC group of enzymes.
MHT gives a lot of false-positive result in the presence of noncarbapenemase
mechanisms such as porin channel mutation and AmpC production. Due to its
false-positive result, it was omitted from CLSI in the year 2018; however, it can
still be used as a preliminary screening test to detect carbapenem resistance.

Colorimetric test (Carba-NP, Blue-Carba) Colorimetric tests are based on the
enzymatic hydrolysis of the beta-lactam ring of a carbapenem due to the presence of
carbapenemase activity. This hydrolysis of the beta-lactam ring leads to decrease in
the pH and a subsequent shift in color. Change in pH is detected by a pH indicator
such as phenol red for Carba-NP bromothymol blue in Blue-Carba test. The biggest

Fig. 2 Different detection tests based on carbapenem hydrolysis. (a) Commercial CarbaNP test,
(b) In-house CarbaNP test, (c) Blue Carba test, (d) CHROMagar, (e) Modified Hodge test
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advantages of these tests are that they are rapid result (in <2 h), simple and easy to
perform. There are many kits available commercially by the names RAPIDEC®
CARBA-NP (bioMerieux), Rapid CARB Screen, Neo-Rapid CARB, and Rapid
CARB Blue kit (Rosco Diagnostica).

Carba-NP Nordman described the first Carba-NP test which is highly specific
(100%) and highly sensitive (ranging between 90 and 100%) for the detection of
carbapenemases in Enterobacteriaceae. These are less sensitive to detect
carbapenemases with a low hydrolytic activity, i.e., OXA-48 and GES-5 enzymes.
False-negative results in Carba-NP tests may be due to capsulated strain or the
buffer. KPC requires less than 30 min, NDM and VIM need less than 1 h, and
OXA-48 needs more than 1 h.

Blue-Carba Blue-CARBA test is a modification of the Carba-NP. This yields
similar results as the Carba-NP in terms of sensitivities of 100% and specificities
ranging between 91 and 100% in the detection of carbapenemases in
Enterobacteriaceae. The biggest advantage of Blue-Carba over Carba-NP is that it
can be directly tested on bacterial colonies and does not need bacterial extracts as
required in the Carba-NP test, thereby reducing the time for result generation.

Carbapenem inactivation method (mCIM and eCIM) In this test, a meropenem
disk (10 mg) is immersed overnight within a bacterial suspension of a test strain. If
the organism produces carbapenemase, it will result in the inactivation of the
meropenem disk. After overnight incubation, the disk is checked for its action on
an indicator strain. A zone of inhibition greater than 20 mm indicates that the test
stain lacks carbapenemase activity. CIM test can detect all the carbapenemase with
high and low hydrolytic activity like NDM, KPC, OXA-48, VIM, and IMP, except
the strains producing GES-6. The sensitivity is very high 98–100% and the specific-
ity is 100%.

Starch-iodine test Strips impregnated with imipenem and starch are used for the
test. A color shift from dark to clear is indicative of the presence of carbapenemase.
This test shows 100% sensitivity and specificity for KPC.

Spectrophotometry Recently, UV rays and mass spectrometry are used for the
rapid detection of carbapenem resistance. Mass spectrometry (MALDI-TOF MS) is
based on the degradation products of a carbapenem after bacterial hydrolysis
(Al-Zahrani 2018). First, the bacterial protein extracts are incubated with a
carbapenem substrate. Then, the carbapenem degradation products are detected by
the machine. The carbapenemase genes carried by the plasmid form peaks and are
identified by the machine. The turnaround time is approximately 4 h. Its sensitivities
range between 77 and 100% and specificities from 94 to 100%. False-negative
results are found with the organism containing Oxa-48 enzymes.

Carbapenem Resistance in Gram-Negative Bacilli: Mechanisms and Challenges 45



Electrochemical assay It is also called the BYG Carba test (Bogaerts-Yunus-
Glupczynski). This is a very rapid novel test that detects the presence of
carbapenemases in less than 35 min. It is based on the principle of measuring slight
change in pH and in redox activity following hydrolysis of imipenem, and the results
are available in real-time curves. Due to the efficient biosensing quality by the
electro-active polymer, this test is able to differentiate CPE from non-CPE. BYE
Carba test revealed a sensitivity of 95% and a specificity of 100%.

8.2.3 Molecular Test
Molecular tests are considered as the gold standards for the identification of
carbapenemase genes but require technical expertise, are expensive, and may give
false negative if the gene is not fully expressed. A number of PCR methodologies are
available to detect carbapenemase genes (Al-Zahrani 2018; Hrabak et al. 2014).
Multiplex PCR was useful and time-saving with high levels of sensitivity and
specificity for detection. However, the only problem is PCR standardization because
of the variable melting points of different genes. A multiplex PCR evaluated in a
multicentric study targeting Oxa-48, NDM-1, KPC, VIM, and IMP showed a
sensitivity and specificity of 100%. Loop-mediated isothermal amplification was
developed and found to be a highly efficient method with 100% sensitivity and
specificity for detection of carbapenemase activity.

Gene Xpert Currently, Xpert Carba-R assay is used for the detection of blaKPC,
blaNDM, blaOxa-48, blaVIM, and blaIMP. It has 100% sensitivity and specificity and is
rapid and easy to perform. This is an accurate method for detecting carbapenemase
genes from Enterobacteriaceae, P. aeruginosa, and A. baumannii complex
(Al-Zahrani 2018).

Microfluidic chip technology It allows the rapid detection of pathogens and their
resistance genes with high sensitivity and specificity (both >90%). A recently
developed microarray-based technique also known as DNA chip is available to
identify KPC, OXA, IMP, SPM, VIM, SIM, and GIM carbapenemases. These are
based on hybridization technique, and the chips are designed with microscopic DNA
spots with a unique DNA sequence. DNA of bacteria is hybridized with comple-
mentary base pairs of the chips and is detected by the machine. The biggest
advantage of microarray assays over hybridization is that it can detect as many
thousand targets in a single run in spite of being a bit expensive (Al-Zahrani 2018).

Whole-genome sequencing Whole-genome sequencing using next-generation
sequencer (NGS) is used to analyze DNA along the entire genome in a very short
time. It gives a complete genetic information and helps in rapid identification of all
known resistance mechanisms. Along with the known mechanisms, it helps to
identify other mechanisms of resistance such as mutation in the porin channels and
plasmid-carrying resistance genes, novel resistance mechanisms, or other virulence
determinants that play a role in the pathogenesis. It will be helpful for identification
of outbreaks or epidemiological investigations. NGS is still relatively expensive and
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requires an expertise in bioinformatics for the data interpretation system. Its use in
the routine laboratories in the developing countries will still take time.

9 Treatment

The global spread of carbapenem-resistant organism (CRO) infections is becoming a
threat for clinicians. The infections due to CRO are difficult to treat due to the limited
availability of therapeutic agents causing increased morbidity and mortality. This
compels the clinicians for increased usage of older drugs like polymyxin,
fosfomycin, tigecycline, and minocycline despite its toxicity, which eventually
increases resistance among these drugs (Kaase et al. 2014).

Polymyxin group of drugs are positively charged ions that bind to the negatively
charged lipopolysaccharide (LPS), thereby displacing magnesium ions. This subse-
quently leads to loss of cell wall integrity and cell death. Bacteria may change the
LPS, replacing the negatively charged phosphate ion with positive charged L-Ara4N
and PetN molecules, thereby preventing further action of colistin on the cell wall.
The modification of LPS may be due to chromosomal mechanism which is encoded
by the mcr-1 gene or may be plasmid mediated. The plasmid-mediated resistance is
observed in K. pneumoniae (mgrB, pmr A/B, pho P/Q, crr A/B/C), P. aeruginosa
(pmrA/B, pho P/Q, par R/S, col R/S, cpr R/S) and A. baumannii (pmrA/B, lpx A/C/
D, lpsB).

Minocycline has been observed to be useful for the therapeutic management of
CRO. It is an older drug belonging to tetracycline group. It is bacteriostatic and
inhibits bacterial protein synthesis. Several in vitro studies have reported the signifi-
cant bactericidal effect of a combination of meropenem and colistin. Minocycline
has shown good effect against CRE and CRAB but not against CRPA due to the
presence of intrinsic resistance.

Tigecycline is a glycylcycline, used for the treatment of complicated skin and
skin structure infections, complicated intra-abdominal infections, and community-
acquired pneumonia. It is also a bacteriostatic agent. It has good action against CRE
(except Proteus spp., Providentia spp., and Morganella morganii) and CRAB but
not against CRPA. Clinical failure was seen in patient treated with tigecycline
monotherapy.

Fosfomycin has been approved by FDA for uncomplicated urinary tract infection.
It is considered as a broad-spectrum antibiotic and observed to have good action
against many deep-seated infections. It is intrinsically resistant against Acinetobacter
baumannii but has good action against E. coli (100%) than K. pneumoniae (90.5%)
and also against CRE (Apisarnthanarak and Mundy 2012). A combination of
doripenem with fosfomycin has been shown to possess 61% clinical cure rate
without any microbiological cure rate in patients with ventilator-associated pneumo-
nia due to CRAP (Apisarnthanarak and Mundy 2010, 2012).

Recently, multiple novel beta-lactam/beta-lactamase inhibitors (BL/BLI) includ-
ing ceftazidime/avibactam, aztreonam/avibactam, meropenem/vaborbactam,
imipenem/relebactam, meropenem/nacubactam, and cefepime/zidebactam are
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under trial for approval of the clinical use against carbapenem-resistant organisms.
Among these drugs, ceftazidime-avibactam is a novel non-beta-lactam/beta-lactam
inhibitor and has been approved by the FDA. It is now available in the market. It has
action against ESBLs, AmpC, and class A carbapenemases including KPCs and
Oxa-lactamases but not against MBLs.

Ceftolozane/tazobactam is another BL/BLI having antipseudomonal activity and
has been recently approved by the FDA. It has shown in vitro action against 90%
ESBL-producing E. coli and 42–98% K. pneumoniae isolates (van Duin and
Bonomo 2016; Kullar et al. 2017). Aztreonam/avibactam and cefepime/zidebactam
are found effective against ESBL, AmpC, KPC, Oxa, and MBLs. Aztreonam/
avibactam has an advantage of being a poor substrate and is less hydrolyzed by
class B beta-lactamases. Studies done by the International Network for Optimal
Resistance Monitoring (INFORM) observed Czd/Avi has >90% susceptibility
against Oxa48-like-producing CREs.

WCK 4282 is another novel high-dose combination of cefepime/tazobactam that
has been discovered recently. It is observed 8–16 times more active than piperacillin-
tazobactam against ESBLs or any combination of ESBLs with class C β-lactamases.
It is also active against class D beta-lactamases like OXA-48/181- and
KPC-expressing Enterobacteriaceae.

10 Role of Infection Control and Antibiotic Stewardship

Antibiotic stewardship plays an important role in the reduction of transmission of
these CROs across various geographical regions. The various steps include targeted
screening of the high-risk cases, use of rapid diagnostics for detection of CROs, and
enzyme-specific targeted intervention. The high-risk cases which need to be under
regular surveillance are patients with history of recent hospitalization, recent ICU
admission, history of invasive medical devices, antibiotic exposure, and with chronic
wounds. Fecal carriage of these patients should be done at regular interval following
the CDC protocol and if detected should follow the following bundles. Bundles for
NDM and KPC include strict adherence to hand hygiene, contact precaution,
cohorting of the positive cases, enhanced environmental sampling, and antibiotic
stewardship (Lowe et al. 2013; Fournier et al. 2014; Abdallah et al. 2016).

11 Conclusion

Carbapenem-resistant Gram-negative bacteria continue to be an important health
problem in hospitals. The growing threat includes the rapid spread to the community
accelerated by the presence of transferable carbapenemase genes. Moreover, newer
resistant genes and newer mechanisms are evolving because of the frequent recom-
bination and antibiotic pressure. This pressurized usage of older drugs like colistin
unfortunately led to the development of colistin-resistant bacteria. Active surveil-
lance to detect CRE during the entry point in a healthcare setting should be the first
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step taken to contain this problem. Targeted enzyme-specific therapies are advised
for better recovery. An early and aggressive infection control measure and antibiotic
stewardship are needed to address this problem.
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Influence of Antimicrobials on the Gut
Microbiota

Goutam Chowdhury and T. Ramamurthy

1 Introduction

The human gut microbiota constitutes a diverse ecosystem that contains thousands
of different microbial species comprising bacteria, archaea, eukaryotes and viruses
(Human Microbiome Project Consortium 2012a, b; Thursby and Juge 2017). The
healthy gut microbiome is dominated by bacterial species belonging to the
Bacteroidetes and Firmicutes phyla. The remaining bacteria included within the
four major phyla are Actinobacteria, Fusobacteria, Proteobacteria and
Verrucomicrobia and other minor phyla (Rajilić-Stojanović and de Vos 2014;
Donaldson et al. 2016). Gut microorganisms carry out several functions such as
extraction of energy from the host-indigestible carbohydrates, production of
vitamins, promoting immune homeostasis and preventing the colonization of
pathogens in the gut (Ha et al. 2014; Bäckhed et al. 2012). Considering these
beneficial functions, gut bacteria are the significant contributors in numerous physi-
ological activities in the human, including the regulation of several metabolic
pathways, the barrier action against pathogens and improvement of the immune
system (Hansen et al. 2012; Jandhyala et al. 2015). The composition of an
individual’s microbiota is influenced by many factors, specifically the age, geo-
graphical location and environment, dietary habits, comorbidities and use of
prebiotics, probiotics and antibiotics (Zmora et al. 2019; Yatsunenko et al. 2012;
Sommer and Bäckhed 2013). Early attempts to identify the composition of the
microbiota relied on culture-based methods, in which 80–90% of the gut microbiota
remained anaerobic and unculturable (Furrie 2006; Lozupone et al. 2012). In recent
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years, high-throughput sequencing and bioinformatics tools have provided culture-
independent approaches to better assess and understand the contribution of the
human gut microbiome to health and their potential benefit for therapeutic
interventions (Li et al. 2015).

Antibiotic treatment shall eliminate pathogens from the gut/infection site. The
antibiotics usually prescribed for treating the infectious diseases or as prophylaxis
can also target commensal microbiota because of their wide-spectrum activity (Levy
and Marshall 2004; Kim et al. 2017). The use of antibiotics significantly alters
community structure or different effects on composition and the richness of the
gut microbiome, which is known as ‘dysbiosis’ (Yoon and Yoon 2018). As a result,
the microbiome may not perform actual functions such as the digestion of food,
synthesis of vitamins or protection against colonization of pathogens (Dudek-
Wicher et al. 2018). Gut microbiomes act as a reservoir for antimicrobial resistance
genes (ARGs) and can easily transfer host antibiotic resistance genes to pathogenic
microbes (Lange et al. 2016). The horizontal transfer of ARGs between and within
gut commensal bacterial communities to opportunistic pathogens in the gut may
promote the emergence of multidrug-resistant (MDR) nosocomial pathogens
(Jernberg et al. 2010). Hence, the main effects of gut microbiota from post-antibiotic
dysbiosis are loss of taxonomic and functional diversity combined with reduced
colonization resistance against invading pathogens, which may harbour the ARGs
(Lange et al. 2016; Kim et al. 2017). Moreover, some of these antibiotics may exert
harmful effects on gut microbiota, resulting in increased pathogenesis and disease
severity like Clostridium difficile infection, irritable bowel syndrome (IBS), inflam-
matory bowel disease (IBD), metabolic disorders or liver disease (Lange et al. 2016;
Becattini et al. 2016; Iizumi et al. 2017). This review elucidates the composition and
role of healthy human gut microbiome to understand the antibiotic-related changes
of the gut microbiota and overall consequences on health and disease conditions.

2 Human Gut Microbiota and Its Ecosystem

Different molecular techniques have endorsed the diverse composition of host-
associated gut microbial communities and the distinctive environmental
characteristics along the gastrointestinal tract resulting in the development of specific
gut microbial populations (Bik et al. 2006; Booijink et al. 2010; Walter and Ley
2011). The human gastrointestinal (GI) tract contains abundant and diverse micro-
bial communities that are composed of several species of commensal and/or symbi-
otic microorganisms, including bacteria, archaea, viruses and eukaryotic microbes
(Ley et al. 2006; Sommer and Bäckhed 2013). Different environmental factors can
affect intestinal microbial stability, which has a close relationship with human health
and disease conditions. Collectively, the human gut microbiota has even been
considered as an ‘essential organ’ (O’Hara and Shanahan 2006), carrying about
150 times more genes than are found in the entire human genome (Ursell et al. 2014).
The gut microbiota are involved in basic human biological processes, including
modulating the metabolic phenotype, regulating epithelial development and
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influencing innate immunity (Savage 1977; Ley et al. 2006), but macrobiotic
composition and functions may differ according to different geographical locations,
ages, sexes, races and diets of the host (Hollister et al. 2014). Gut commensal
bacteria colonize the host shortly after birth and progressively develop into a highly
diverse ecosystem during growth, reaching a high degree of complexity in adults
(Fanaro et al. 2003). The child’s delivery mode (vaginally delivered babies or
Caesarean section delivery) and nutritional factors are known to strongly impact
the composition of gut microbiota (Backhed et al. 2015; Dominguez-Bello et al.
2016; Balmer and Wharton 1989).

During the early stages of development, the microbiota is generally low in
diversity and is dominated by two main phyla, Actinobacteria and Proteobacteria
(Rodríguez et al. 2015). During the first year of life, the microbial diversity
increases, and the microbiota composition converges towards a distinct adult-like
microbial profile with temporal patterns that are unique to each infant (Palmer et al.
2007). Around 3 years of age, the composition, diversity and functional abilities of
the infant microbiota almost resemble to that of adults (Rodríguez et al. 2015;
Koenig et al. 2011). At the taxonomic phyla level, a healthy microbiota in adults
is principally composed of Firmicutes, and Bacteroidetes constitute more than 90%
of the total microbiota population. Most of the species under the phylum
Bacteroidetes belong to the genera of Bacteroides and Prevotella. The other gut
microbial phylum includes Actinobacteria, Proteobacteria, Fusobacteria and
Verrucomicrobia. The Firmicutes phylum is composed of over 200 different genera
such as Bacillus, Lactobacillus, Enterococcus, Clostridium and Ruminococcus.
Clostridium spp. alone represents 95% of the Firmicutes phyla. The Actinobacteria
phylum is proportionally less abundant and mainly represented by the
Bifidobacterium spp. (Ley et al. 2006; Tap et al. 2009; Arumugam et al. 2011).

In the gut environment, the microbiota develops elaborate networks through
interactions with other bacteria to obtain nutrients required for their survival, colo-
nization and proliferation (Walter and Ley 2011; Dethlefsen et al. 2006). Host-
microbial and microbial-microbial interactions establish a balanced state of micro-
bial composition in the intestinal tract (Backhed et al. 2005; Benson et al. 2010). The
gut microbiota collectively maintains intestinal relationship by repressing the inva-
sion of other microorganisms from the outside by controlling their growth in the
intestinal milieu. Symbiotic gut microbiota metabolizes indigestible compounds,
supply essential nutrients, defend against colonization by opportunistic pathogens
and contribute to the formation of intestinal architecture (Rinninella et al. 2019).

Many factors influence the gut microbial ecosystem. The density, composition
and balance of the gut microbiota are affected by food, prebiotics, probiotics,
antibiotics, steroids, alcohol abuse and immunological functions along the gut.
Other non-dietary factors, age, sex, stress, gastrointestinal disorders, lifestyle and
infection events can also play an essential role in the microbial composition
(Gagliardi et al. 2018; Marchesi et al. 2016). The allocation and abundance of gut
microbial species diverge significantly in different intestinal regions and depend on
gastrointestinal peristalsis, gastric acid secretion and mucosal secretion of IgA, as
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well as on the individual’s immune characteristics and other environmental
influences (Round and Mazmanian 2009; Dominguez-Bello et al. 2019).

3 Role of Gut Microbiota in Human Health

The gut microbiota plays a vital role in human health and disease (Cani and
Delzenne 2009). Recent studies in genome sequencing technologies, bioinformatics
and culture-based technologies have explored the microbiota with reference to their
functions at a more detailed level (Kataoka 2016). Several studies suggest that the
composition and functional role of microbiota are conserved. Under different health
conditions, the dynamic members of gut microbiota vary among infants, elderly,
indigenous tribes, etc. (Mohajeri et al. 2018). The gut microbes are very dynamic, as
they perform many basic physiological functions in the host such as strengthening
the gut integrity, digestion and use energy from food, breakdown of toxins and
xenobiotics, production of vitamins and essential amino acids, protection against
pathogens of the host and modification of neurological development and behaviour
(Sonnenburg and Fischbach 2011; Gensollen et al. 2016). The gut microbiota also
play a significant role in the extraction, synthesis and absorption of many nutrients
and metabolites, including bile acids, lipids, amino acids, vitamins and short-chain
fatty acids (SCFAs) (Stiemsma and Michels 2018). Beneficial microbiota can also
modify the virulence factor expression in pathogens by facilitating host barrier
function through upregulation of the mucus layer, induction of antimicrobial
molecules (RegIII-β and RegIII-γ) and secretion of IgA. Beneficial gut microbiota
also protect the host from pathogens and pathobionts by host immunity-mediated
resistance like leading gut macrophages promote neutrophil, upregulation of pro-IL-
1β, activation of TH17 and TH1 cells and secretion of different cytokines (IL-22).

The specific composition of the gut microbiota is influenced by many factors,
including host genotype, age, diet, localized inflammation, antimicrobial use and the
presence of pathogenic organisms (Stiemsma andMichels 2018). The gut microbiota
maintains a symbiotic relationship with the gut mucosa and regulates substantial
metabolic, immunological and gut protective functions in the healthy individual. The
gut microbiota helps to protect the body from pathogenic organisms by producing
bacteriocins, which have a crucial immune function against pathogenic bacteria
colonization by inhibiting their growth (Dobson et al. 2012). These antimicrobial
products can influence the constancy and structure of complex microbial
populations. For example, Listeria monocytogenes are inhibited by Lactobacillus
(Corr et al. 2007), and enterococci express bacteriocins which can confer competi-
tive advantages in the intestinal tract (Kommineni et al. 2015). The commensal of
human origin, Bacillus thuringiensis, produces bacteriocins that inhibit spore-
forming Gram-positive bacteria, including Clostridium difficile without affecting
other commensal microbes (Rea et al. 2010). Gut microorganisms prevent patho-
genic bacteria colonization by many antagonistic processes like nutrient metabolism,
pH modification, antimicrobial peptide secretions and influencing the cell signalling
pathways (Keith and Pamer 2019). Gut microbiota also inhibits bacteria invasion by
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maintaining the intestinal epithelium integrity and gut peristalsis, as well as
supporting the development of the enteric immune system (Canny and McCormick
2008).

The gut microbiota has an important role in human disease aetiology and pathol-
ogy (Caitriona and Paul 2013). The gut microbiota influences the development of
chronic diseases ranging from metabolic disease to gastrointestinal disorders and
colorectal cancer. The alterations in gut microbiota have been linked to several
important diseases and conditions, including obesity, Crohn’s disease, diabetes
mellitus and ulcerative colitis (Durack and Lynch 2019). The gut microbiota is
actively involved with other organ systems, including the brain, lungs, skin and
liver, by influencing their function. The other disorders associated with the gut
microbiota dysbiosis include colon cancer, IBD, hypercholesterolemia,
non-alcoholic fatty liver disease, etc. (Carding et al. 2015).

Scientific and clinical evidence in support of the functioning of the gut microbiota
has led to stimulating developments in therapeutics, such as prebiotics, probiotics,
drugs and faecal transplantation leading to improved health (Cho and Chinnapen
2018; Khoruts 2018). Moreover, the gut microbiota functions are highly conserved
between individuals, whereas each individual’s gut microbiota is characterized by a
specific combination of bacterial species due to inter-individual and intra-individual
variations throughout human life (Li et al. 2016; Khoruts 2018).

4 Metagenomic Analysis of Gut Microbiota

Metagenomic approach helps in understanding the human gut microbiome, includ-
ing the abundance and diversity of bacterial genera/species, identifying novel genes,
microbial networks, ARGs and verifying the functional dysbiosis (Mandal et al.
2015; Weinstock 2012; Song et al. 2018). Metagenomics can also promote an
understanding of the functional activity of the human gut microbiome and possibly
provide a new strategy for disease diagnosis and treatment (Wang et al. 2015;
Heintz-Buschart and Wilmes 2018). Traditional culture methods are less effective
as they could identify only 10–20% of gut microbiota (Tannock 2001). However,
16S rDNA sequence-based analysis and metagenomics can identify a large number
of human gut microbial communities (Shendure and Ji 2008; Fuller et al. 2009;
Human Microbiome Project Consortium 2012a, b). Handelsman et al. (1998) first
described the metagenomic approach to investigate the complex gut microbial
community. Several comprehensive projects, including the European Metagenomics
of the Human Intestinal Tract (MetaHIT) and the American Human Microbiome
Project (Human Microbiome Project Consortium 2012a, b), have contributed to the
generation of extensive metagenomics data and the reference gene catalogue of the
human microbiome (Qin et al. 2010; Human Microbiome Project Consortium
2012a, b). The MetaHIT project results indicated that there are more than three
million nonredundant genes in the human gut microbiome that were 150 times larger
than the human genome (Qin et al. 2010).
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In recent years, many studies have focused on function-based metagenomics of
the human gut microbiome in identifying novel genes and their functional pathways
(Qin et al. 2010). Metagenomic data provide the gene composition of the whole
microbiome, including gene expression. For example, human intestinal
microorganisms are producing carbohydrate-active enzymes (CAZymes), which
can degrade components of dietary fibre into metabolizable monosaccharides and
disaccharides. Tasse et al. (2010) identified a novel gene responsible for CAZymes
in human gut microbiota by using functional metagenomics. Gut microbial enzymes
also play a critical role in the metabolism of commonly prescribed drugs (Jia et al.
2008). Identification of individual microbial species along with its proteome and
metabolome would make it possible to target the microbiota for therapeutic
purposes. For example, the bacterial β-glucuronidase enzyme is used as an inhibitor
for the successful treatment of chemotherapy-associated diarrhoea (Wallace et al.
2010). Currently, high-throughput sequencing-based metagenomic analysis has
been widely used in ARG surveys and comparative human gut-associated resistome
(Li et al. 2015). Several ARG reference databases are available in the network,
including the Antibiotic Resistance Gene Online (ARGO) database (Scaria et al.
2005), the Antibiotic Resistance Genes Database (ARDB) (Liu and Pop 2009), the
Comprehensive Antibiotic Resistance Database (CARD) (McArthur et al. 2013),
ARG-ANNOT (Gupta et al. 2014) and PATRIC (Wattam et al. 2014).

ARGs have been reported from the faecal microbial communities of both adults
and children from different parts of the world. Prevalence of ARGs in the human gut
microbiome was first reported by Seville et al. (2009) through population-level
metagenome analysis. This study has shown the distribution of tetracycline and
erythromycin resistance genes among human faecal microbiota. Recently, Moore
et al. (2013) used functional metagenomics in faecal microbiota from healthy infants
and children to identify novel ARGs and other resistomes. Moreover, the exchange
of transposable elements and ARGs among gastrointestinal microbes can be easily
identified using metagenome analysis (Karami et al. 2007). Recent studies showed
that commensal enteric bacteria from the gut of healthy Indians carried transferable
ARGs (Bag et al. 2019). Furthermore, Sommer et al. (2009) reported that the ARGs
identified in bacteria isolated from faecal samples of individuals in the USA were
identical to the known ARGs of human pathogens.

Metagenomics can also determine the dysbiosis and novel changes in the intesti-
nal microbial community and their functions in several disease conditions, including
IBD (Bye et al. 2014), obesity (Tarantino 2014), IBS (Carroll et al. 2012), diabetes
(de Goffau et al. 2014), colorectal cancer (Ahn et al. 2013), diarrhoea (Pop et al.
2014) and liver diseases (Chen et al. 2011). In the application of metagenomic
methods, Wei et al. (2013) found an apparent change in the faecal microbiota of
hepatitis B liver cirrhosis patients and healthy controls. The application of
metagenomics has huge potential in disclosing the mechanisms and correlations
between the human intestinal microbiome and diseases (Wang et al. 2015; Feng et al.
2018).
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5 Influence of Antibiotics on Normal Gut Microbiota

The biological balance between the human gut and associated microorganisms can
be disturbed by several factors, including antimicrobial agents (Lange et al. 2016).
The effect of antibiotics on the human gut microbiota depends on both drug-related
and host-related factors. Antimicrobial agents can influence the gut microbiota in
different ways (Dethlefsen et al. 2006). The level of the antibiotic-induced
alterations in the microbiota depends on several components like class, pharmacoki-
netics, pharmacodynamics, range of action, dosage, duration of treatment, adminis-
tration route and the bacterial target (Munita and Arias 2016). Most of the
commercially available antibiotics have a broad spectrum of action, and they
influence not only on harmful bacteria but also on beneficial gut microbiota that
may lead to antibiotic-associated microbial dysbiosis (Carding et al. 2015).

Many studies have revealed that broad-spectrum antibiotics could cause micro-
bial dysbiosis, affecting the abundance of 30–40% of bacteria in the gut community.
This results in a significant drop in the bacterial richness, diversity and decreased
colonization resistance and leads to varying states of disease as well as the emer-
gence of AMR (Carding et al. 2015; Yoon and Yoon 2018). Numerous studies
described about short- and long-term impacts of antibiotic exposure on the healthy
gut microbiota including depletion of bacterial diversity, loss of potential
competitors, low expression of antibacterial and IgG and decreased neutrophil-
mediated killing of exogenous pathogens (Jakobsson et al. 2010; Jernberg et al.
2010) (Fig. 1). Dysbiosis helps in the release of antimicrobial molecules, which
intrudes the process of colonization resistance and allows the pathogens to invade
the intestinal epithelium by extraluminal translocation. With the help of MexAB-
OprM efflux pump systems, MDR Pseudomonas spp. develop quorum-sensing
machinery to recognize host stress and express multiple virulence determinants
(Hirakata et al. 2002).

Several broad-spectrum antibiotics are precisely active against anaerobic bacteria,
which are naturally abundant and play an important role in maintaining a healthy gut.
Antibiotic treatment for specific groups of anaerobic bacteria may have a substantial
consequence on the functional stability of the gut microbiota (Bartlett 2002).
Lincosamides, mainly clindamycin, are the broad-spectrum antibiotics that target
anaerobic bacteria. Clindamycin is one of the severe antibiotic risk factors on the
intestinal microbiota as evidenced by colonization and consequent progression of
C. difficile infection (Hull and Beck 2004). The abundance of C. difficile is generally
low in healthy individuals. Due to the use of clindamycin, there may be an increase
in numbers of C. difficile and reduction in normal anaerobic microbiota. Due to this
loss of stability in the intestinal flora, patients may encounter severe diarrhoea,
gastritis, fulminant colitis, toxic megacolon, bowel perforation and sepsis (Banawas
2018) (Table 1). The impacts of amoxicillin or amoxicillin with clavulanic acid are
mild to moderate on the gut microbiota. However, an increase of resistant
enterobacteria and a decrease in aerobic Gram-positive cocci in response to amoxi-
cillin have been reported (Sullivan et al. 2001). In addition, the microbial functions
such as biochemical profile, vitamin A and E levels and lipid metabolism were also
affected due to short-term exposure to amoxicillin (Marker et al. 2017).
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The impact of β-lactam combination, including ampicillin and third-generation
cephalosporins like ceftriaxone, includes a decrease in Firmicutes and an increase in
Bacteroidetes, Proteobacteria, enterococci, Candida spp. and C. difficile (Knecht
et al. 2014). Intrapartum antibiotic prophylaxis with penicillin, ampicillin or ampi-
cillin along with erythromycin led to decrease in the levels of Actinobacteria and
Bacteroidetes and an increase of Proteobacteria and Firmicutes group (Nogacka et al.
2017). Macrolides seem to make long-term changes in the gut microbiota, particu-
larly reduction of Actinobacteria and Firmicutes, total bacterial diversity and
increase in the relative abundance of Bacteroidetes and Proteobacteria (Parker
et al. 2017). The gut microbiota is also affected after treatment with fluoroquinolones
such as ciprofloxacin, levofloxacin and moxifloxacin. Recently, fluoroquinolones
are shown to increase the Bacteroidetes/Firmicutes ratio but decrease total bacterial
diversity in the gut (Panda et al. 2014). In contrast, vancomycin, a glycopeptide
antibiotic that interferes with bacterial cell wall synthesis, significantly reduces
Firmicutes, Enterococcus spp., Bifidobacteria and Bacteroides spp. and promotes
the growth of less sensitive enterococci and pathogenic Enterobacteriaceae (Isaac
et al. 2017) (Table 1).

The long-term use of antibiotics could reduce the total microbial diversity and
increase the susceptibility to infections caused by opportunistic and nosocomial
pathogens (Kim et al. 2017). The gut microbiota can also contribute to a variety of
diseases through different mechanisms, including the domination of particular
bacterial community and the production of harmful catabolites, to induce inflamma-
tion or enhance bacterial virulence (Bäumler and Sperandio 2016). Antibiotic-
associated diarrhoea due to nosocomial pathogens such as C. difficile can cause
recurrent infections and long-term persistence of pseudomembranous colitis (Bien
et al. 2013). Due to the irrational use of antibiotics, many of the MDR enteric
bacteria such as Escherichia coli, Klebsiella pneumoniae, Enterococcus faecalis
and Enterococcus faecium can cause recurrent infections, most of which are noso-
comial infections (Exner et al. 2017; Kumar et al. 2017).

Gut dysbiosis is strongly correlated with many diseases such as IBD, colorectal
cancer (CRC), obesity, non-alcoholic fatty liver disease (NAFLD) and non-alcoholic
steatohepatitis (NASH) (Keeney et al. 2014). A common feature is that many of
these diseases are linked to microbial dysbiosis with a significant reduction in
bacterial diversity (Lepage et al. 2011). Moreover, alteration in the proportion of
the two most abundant phyla, Firmicutes and Bacteroides, seems to be an important
cause in the development of these diseases (Sokol et al. 2009). Changes in these two
dominant phyla, coupled with an increase in abundance of members of the
Proteobacteria phylum, are known to play a crucial role in IBD (Hold et al. 2014)
(Table 1). Under the dysbiotic condition, the IBD metagenome contains 25% fewer
functional genes than the individuals with a healthy gut (Zuo and Ng 2018). Many
microbiome studies explored to find the relationship between dysbiosis and CRC.
The abundance or loss of certain taxa after antibiotic treatment may lead to
cancerogenesis by the interaction of the dysbiotic microbiota with mucosal immune
cells and epithelial cells (Sobhani et al. 2013). Other contributing factors comprise
genetic susceptibility and chronic colonization of B. fragilis which harbour unique
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virulence traits that can induce CRC due to epithelial cell DNA damage (Arthur and
Jobin 2011).

Turnbaugh et al. (2006) demonstrated a possible relationship between the gut
microbiome and obesity. An increase in the relative abundance of Firmicutes and a
proportional decrease in Bacteroidetes are found to be associated with obesity in
both animal models and human volunteer studies. However, in humans, the
microbiome is exposed primarily to different environmental influences, including
diet and host hormonal factors (Davis 2016). A close link between the gut and the
liver suggests that the microbiome can affect liver function at multiple levels and
contribute to the pathogenesis of various chronic liver and metabolic diseases
(Acharya and Bajaj 2017). It has been identified that dysbiosis can lead to the
development of obesity-related NAFLD and NASH (Zhao et al. 2019) (Table 1).
The gut dysbiosis may also cause abnormal accumulation of bacterial products in the
portal circulation and drive hepatic inflammation (Chassaing et al. 2014).

6 Human Gut Resistome

The emergence and spread of AMR are currently one of the greatest threats to human
health (Levy and Marshall 2004; Zaman et al. 2017). The human gut microbiota
comprises a very active microbial ecosystem with many network systems among
different species. This association offers sufficient opportunity for the horizontal
transfer of genetic materials (Francino 2016). The human gut resistome is defined as
the collection of functional genes that potentially encode for resistance to antibiotics
(Van Schaik 2015). The gut resistome is influenced by many factors including
antibiotic usage, food habits, medical history and genetic factors (Xia et al. 2019).
The diversity of gut microbiota and its resistome depend on the use of a specific
antibiotic class, potency, spectrum and duration of therapy.

Long-term usage of antibiotic is the main concern in the spread of AMR bacteria
and transmission of ARGs within the human gut (Forslund et al. 2013; Gibson et al.
2015). Several studies have shown the presence of macrolide resistance in Staphylo-
coccus epidermidis and enterococci in patients who used clarithromycin for several
years (Jernberg et al. 2010). Another study has shown the possibility of the transfer
of ARGs among bacterial populations within the gut, but the exact mechanisms are
not fully elucidated (Lester et al. 2006). The gut is an ideal milieu for effective
transmission of ARGs with nutritional and/or other favourable factors with higher
numbers of bacterial cells (Francino 2016).

The gut resistome has been detected more in both adults and children who have
undergone antibiotic treatment (Zhang et al. 2011; Gosalbes et al. 2016). ARGs
against aminoglycosides and β-lactam antibiotics were found from the gut
microbiome of 6-month-old infants without any prior exposure to antibiotics (Gib-
son et al. 2016). Commensal bacterial populations seem to be at high risk of
antibiotic pressure. Karami et al. (2007) demonstrated the transfer of a plasmid
carrying a β-lactamase gene from a resistant E. coli to a susceptible strain from a
child who was treated with ampicillin. Mobilization and horizontal transfer of ARGs
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through conjugation and transduction was found to be common among gut
microbiota (Van Schaik 2015). ARGs may also stem from an accumulation of
gene mutations, enzymatic inactivation of the antibiotic, modification of the antibi-
otic target or the prevention of the accumulation of lethal intracellular concentrations
of the antibiotic through efflux pumps (Zankari et al. 2012).

The use of antibiotics exceeding the permissible dosage or inadequate dose
during the treatment course may select MDR bacteria in the gut environment. As a
consequence, ARGs can spread between different/same members of the opportunis-
tic pathogens and gut commensal (Davies and Davies 2010; Martinez 2014).
Exchange of ARGs has been reported in the human gut between strains carrying
vancomycin and sulfonamide resistance genes in E. coli (Trobos et al. 2009). The
human gut can be considered as one of the major reservoirs of ARGs and also
conducive milieu for the transfer and spread of ARGs within different bacterial
species.

7 Infant Gut Microbiota and Antibiotics

The typical developmental progression of the infant gut microbiota is patterned, so
far extremely dynamic and individual-specific, and is shaped by many factors,
including host physiology, genetics, diet and environment (Gibson et al. 2016;
Nogacka et al. 2018). Antibiotics are the most commonly used drugs in neonatal and
paediatric populations in the developing countries (Gibson et al. 2015; Korpela et al.
2016). Treating bacterial infections with antibiotics can cause long-term changes to
the commensal microbiota, which is at its most susceptible and impressionable in
preterm infants and young children. Antibiotic perturbation of the actively develop-
ing infant gut microbiota likely has profound impacts on human health and disease
like inflammatory bowel disease, overweight and asthma throughout life, as alter-
ation of the gut microbiota during this timeframe may disrupt metabolic and immune
development (Browne 2016). Equally important is the potential enrichment of the
reservoir of antibiotic resistance genes (‘resistome’) available for transfer to
pathogens (Gibson et al. 2015), compromising the treatment of infections in vulner-
able populations. Recent studies have combined sequence-based approaches with
in vitro phenotyping to investigate the effects of treating infants with antibiotics and
have characterized variations in microbial community composition and the acquisi-
tion of antibiotic resistance genes in the gut microbiota. Antibiotic treatment can also
target specific phylogenetic subgroups of the infant gut microbiota (Coker et al.
2020). Treatment of preterm infants with a variety of antibiotics has been found to
increase the percentage of potentially pathogenic Enterobacteriaceae while lower-
ing the relative percentage of microbial taxa linked to a healthy microbiota such as
Bifidobacteriaceae, Bacilli and Lactobacillales spp. (Tanaka et al. 2009; Arboleya
et al. 2015). The intestinal microbiota of children that were recently exposed to
macrolides showed high levels of resistance to this antibiotic, as shown by
metagenomic sequencing. Furthermore, children who had been treated with
macrolides in the first 2 years of life were more likely to have developed asthma
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and to be overweight than children who had not been treated with antibiotics, which
might be caused by disruption to microbial homeostasis during this critical develop-
mental window (Trasande et al. 2013; Korpela et al. 2016).

Many studies have shown that antibiotic resistance genes in the infant gut
microbiota are likely established within the first week of life, even in the absence
of antibiotic exposure (Zhang et al. 2011; Mitsou et al. 2010). However, several
studies have found long-term microbial disruption in infant gut microbiota due to
being exposed to antibiotics. Children exposed to antibiotics in the first 6 months of
life were found to have a statistically significant increase in body mass. On the other
hand, children treated with other medications or antibiotics after 6 months of life
showed no such correlation (Trasande et al. 2013). In another study, antibiotic
exposure during the first year of life was found to be associated with being over-
weight at age 12 (Rashid et al. 2015). Similarly, antibiotics have been found to play a
role in the induction of hypersensitivity pneumonitis (Russell et al. 2015). The
phylogenetic and resistome composition of the infant gut microbiota is likely
connected, yet dynamic, with the gut environment and antibiotic pressure increasing
opportunities for horizontal gene transfer (Smillie et al. 2011; Stecher et al. 2012).
Opportunistic pathogens, such as E. coli, Enterobacter cloacae and Klebsiella
pneumoniae, were prevalent across all preterm infants that were associated with a
higher number of antibiotic resistance genes than other species. The transfer of
antibiotic resistance genes can be influenced by many factors, including antibiotic
spectrum, duration and delivery route, as well as microbial community composition
and antibiotic susceptibility (Nobel et al. 2015). Notably, the route of antibiotic
administration can strongly impact the emergence of resistant populations in the
infant gut microbiota. Significant alterations in the composition of the developing
infant gut microbiota in response to antibiotic treatment can cause a similar transfor-
mation in functional capacity, the most clinically relevant example being antibiotic
resistance (Gibson et al. 2015).

In neonates, the early development of the microbiota differs between antibiotic-
treated and non-treated infants. However, nothing is currently known about the long-
term associations between lifetime antibiotic use and gut microbiota in infants. So, it
is particularly critical to understand the short-and long-term effects of antibiotic
treatments on the gut microbiota.

8 Therapeutic Interventions of Post-antibiotic Gut
Microbiome Reconstitution

Reconstitution of the human microbiome after antibiotic treatment is often slow and
incomplete and, in many cases, may take months to years to revert to the naive
configuration (Lankelma et al. 2017). Faecal microbiota transplantation (FMT),
prebiotics and probiotics are the several approaches that have been proposed to
constitute an effective preventive treatment for antibiotic-induced dysbiosis and
associated adverse effects in healthy human gut microbiome (Olek et al. 2017;
Allen et al. 2013).
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Faecal microbiota transplantation (FMT) refers to the transplantation of func-
tional bacteria in the faeces of healthy donors into the gastrointestinal tract of the
patient to restore the stability of the intestinal microecology, which subsequently
treats diseases associated with disorders of intestinal microorganisms (Rossen et al.
2015). Now, FMT has been used experimentally to treat GI diseases including
colitis, constipation, IBD, chronic fatigue syndrome, Parkinson’s disease and multi-
ple sclerosis by the production of antimicrobials and activation of the immune
system of the mucous layer (Zhang et al. 2012). FMT was first reported as a novel
treatment and was found to be effective against pseudomembranous enterocolitis and
C. difficile infection (CDI) in 1958. The success rate of FMT on CDI patients was
found to be over 90% of cases, compared with cure rates of 26–30% with the
previous standard of care to antibiotic treatment (Eiseman et al. 1958). CDI is
typically induced by exposure to different antibiotics, which reduce the indigenous
gut flora. Disruption of the host’s gut microbiota allows opportunistic and resistant
microbes better access to intestinal nutrients. Depletion of microbial diversity also
reduces the host’s natural defences against pathogenic bacteria, including antimicro-
bial peptides and bile acids, both of which effectively control C. difficile expansion
and spore formation. Recent studies on CDI patients showed profound dysbiosis
commonly characterized by the complete disappearance of Bacteroidetes with a
marked reduction in Firmicutes and massive increases in the relative abundances
of Proteobacteria (Bagdasarian et al. 2015; Weingarden et al. 2016). FMT increased
the abundance of the family Bacteroidaceae and phylum Firmicutes and reduced the
population of Proteobacteria in CDI patients. In dysbiosis of normal microbiota in
CDI, the presence of primary bile salts such as taurocholate, cholate and
chenodeoxycholic acid stimulates the germination of C. difficile spore. In contrast,
post-FMT like bactericidal peptides such as thuricin CD, produced by Bacillus
thuringiensis, and nisin, produced by Gram-positive bacteria, both have high
potency against certain Gram-positive microbes and inhibit spore germination as
well as vegetative growth of C. difficile (Weingarden et al. 2014; Bakken et al.
2011). FMT can also increase the microbial diversity of the intestines, maintain the
intestinal microecological balance and rebuild the function of the immune system by
restoring Toll-like receptor (TLR) signalling. FMT also restores the metabolism of
secondary bile acids in the intestines, which makes the metabolism of secondary bile
acids in the gastrointestinal tract of patients similar to that of donors and improves
insulin resistance (Borody and Khoruts 2011). FMT is a highly effective therapy for
recurring and refractory CDI. However, the use of FMT requires strict principles
regarding the enhanced composition of intestinal microbiota, based on the composi-
tion and functions of microorganisms that fit the causative disease to be treated, the
age of the recipient and the stage of disease progression (Kelly et al. 1994).

While probiotics introduce beneficial bacteria into the gut, prebiotics act as a
fertilizer for the beneficial gut bacteria that is already there. Prebiotics can also be
defined as a class of compounds or food ingredient which beneficially affects the
host by selectively stimulating the growth and/or activity of one or a limited number
of beneficial bacteria in the gut and therefore improving host health (Gibson and
Roberfroid 1995; Davani-Davari et al. 2019). Several evidences demonstrate that the
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direction of different prebiotics (inulin, fructooligosaccharides) modulates the gut
microbiota by stimulating beneficial indigenous flora while inhibiting the growth of
pathogenic bacteria therein. The most efficient prebiotics may also reduce or sup-
press the numbers and activities of pathogenic organisms. Prebiotics naturally exist
in many foods (fruits and vegetables), which people may consume regularly, basi-
cally, foods that are high in fibre (Gibson et al. 2017). Two of the best-known
prebiotics are inulin and trans-galactooligosaccharides (TOS) that occur naturally in
foods such as garlic, onions, leeks, shallots, asparagus, spinach, Jerusalem
artichokes, chicory, peas, beans, lentils, oats, apples and bananas (de Cossio et al.
2017; Akram et al. 2019). Different in vitro data supporting the presence of resistant
fibres or starches in the diet have been shown to benefit or increase the numbers of
Lactobacillus and Bifidobacterium genera in the intestinal tract (Radke et al. 2017).
Different scientific studies expose that most targets for prebiotic use are Lactobacilli
and Bifidobacteria and it is mostly based on their success in the probiotic area
(Charbonneau et al. 2016). Prebiotics will then be a sole tool to create colonic
microflora with controlled compositions that will then be correlated with specific
physiological conditions (Cremon et al. 2018; Sanders et al. 2019).

Probiotics are commensal or nonpathogenic ‘live microorganisms that, when
administered in adequate amounts, confer a health benefit to the host’ (FAO/WHO
2002). Numerous probiotic strains have been investigated for clinical efficiency,
including multiple bacteria (Lactobacillus, Bifidobacteria, Enterococcus and
streptococci) and fungi (Saccharomyces boulardii and S. cerevisiae). But common
commercially available probiotics are Bifidobacterium, Lactobacillus and Strepto-
coccus genera as well as yeasts of the Saccharomyces genus either singly or in
combinations (Ni et al. 2019). The action of probiotics is ascribed through several
mechanisms such as competitive exclusion, antibacterial effects, competition with
pathogens for nutrients and receptor binding, fortification of the mucosal barrier,
promotion of innate and adaptive immune responses of the host, production of
bacteriocins and signalling molecules (Sanders et al. 2019). Probiotics have been
used with success as preventive to reduce the incidence of diarrhoea in the commu-
nity as well as hospital settings. Probiotics have also been used successfully to
reduce the severity and duration of diarrhoea, especially in children with rotavirus
infection. Lactobacillus GG and S. boulardii are the probiotic organisms used in
over 13 controlled trails whose therapeutic efficacy was most marked against
rotavirus diarrhoea as shown by Szajewska et al. (2016). A recent meta-analysis
also showed that Lactobacillus GG is associated with moderate clinical benefit in the
treatment of acute diarrhoea in children (Szajewska et al. 2006). A recent meta-
analysis has confirmed the efficiency of probiotics in the prevention of antibiotic-
associated diarrhoea (AAD) (Guo et al. 2019). Prevention of C. difficile infection has
been successfully achieved with the administration of S. boulardii and Lactobacillus
GG probiotics which were safe and had significant efficacy in the prevention of
AAD (Azad et al. 2018).
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9 Conclusion

The human gut microbiome maintains homeostasis and symbiotic relationship with
the host. Antibiotics have a tremendous impact on alteration of the gut microbiota
composition and function, i.e. dysbiosis, which may lead to several diseases, includ-
ing colon cancer, IBD, obesity, NAFLD, etc. Increasing resistance of gut microbiota
to several antibiotics is becoming a major threat to human health and also a global
challenge for infection control. Recently, metagenomic analysis has been widely
used for rapid identification of the composition of the gut microbiota and new and
unknown functional ARGs in pathogenic as well as commensal bacteria.
Metagenomic data are useful in identifying the human gut microbiome carrying
ARGs and studying the dynamics of their acquisition/exchange in the human
microbiome. Further investigations are necessary to identify synthesized molecules
of gut microbiota and their association with symbiosis, dysbiosis and diseases.
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Influence of Abiotic Factors
in the Emergence of Antibiotic Resistance

Sanjucta Dutta and T. Ramamurthy

1 Introduction

The number of bacterial species living in all biospheres may exceed one million, and
majority of them are harmless or beneficial to humans. A larger number of species
are opportunistic pathogens, which only in certain conditions cause human diseases;
and several more are just a part of the normal human flora, not linked to diseases.
With the aim of treating infectious diseases and limiting microbial proliferation,
antimicrobial agents are being developed. Many organisms produce their own
antimicrobials for self-defense that protect them from other microbes concurrently
existing in the same milieu. For the treatment of different infectious diseases, many
of these innate antimicrobial agents are characterized, studied, and modified exten-
sively to enhance the activity (Munita and Arias 2016; Aslam et al. 2018). Some of
the antimicrobial agents are very specific to pathogens or have broad-spectrum
activity affecting a wide range of microbes.

The discovery and use of antimicrobial agents have brought a big transformation
in the infection management, but simultaneously generated resistance as an adaptive
response in microbes (Cleveland et al. 2012; Alexander et al. 2013; Vale-Silva and
Sanglard 2015; Alareqi et al. 2016; Lima et al. 2016; Brinkac et al. 2017). This
mechanism is often due to acquired resistance from the same or other bacterial
species, whereas in some, innate resistance plays a considerable role in antimicrobial
resistance (AMR).

AMR dates centuries back, as footprint of tetracycline has been described from
the skeletons of Sudanese Nubia (350–500 AD) (Bassett et al. 1980). Several
antimicrobial resistance genes (ARGs) have been testified from microbiota of an
eleventh-century mummy (Santiago-Rodriguez et al. 2015), millions of years-old
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caves, and ancient permafrost sediment (D’Costa et al. 2011; Bhullar et al. 2012).
AMR is considered as one of the most important public health concerns of the
twenty-first century by the World Health Organization (WHO) and has been a cause
of huge economic burden globally (Munita and Arias 2016; Aslam et al. 2018).
AMR bacteria infect about two million people, causing 23,000 deaths each year in
the United States (Li and Webster 2018). In Europe, the fatal number is approxi-
mately 25,000 due to antibiotic resistance (Brinkac et al. 2017). Misuse or uncon-
trolled use of antibiotics in clinical settings is linked to rise in AMR in microbes.

AMR is common in the microbial community and has evolved with different
defense and adaptive mechanisms with time (Martinez 2009; Davies and Davies
2010; Leisner et al. 2016). Several species of bacteria have remarkable genomic
plasticity that helps them to survive and compete in response to antimicrobial
molecules produced by the other microbes. Due to genomic plasticity, bacteria are
flexible enough to use several different genetic mechanisms like mutation, horizontal
gene transfer (HGT) to adopt or survive the action of antimicrobials (Fletcher 2015),
and/or a wide range of adverse environmental factors. The presence of more than one
ARG coupled with other factors leads to multidrug resistance (MDR).

Recently, many studies have reported the role of the environment as an important
reservoir and in transmission of resistance (Martínez 2008; Wright 2010; Ashbolt
et al. 2013; Bondarczuk et al. 2016; Hiltunen et al. 2017; Bengtsson-Palme et al.
2018). An increase in the level of antimicrobial-resistant bacteria (ARB) carrying
ARGs, especially in water and wastewater, has been reported in several studies
(Rizzo et al. 2013; Devarajan et al. 2015; Sharma et al. 2016; Li et al. 2017). The
increasing concentration of ARB in different environmental niches like soil and
industrial and farming wastewater is a potential threat to the ecosystems (Devarajan
et al. 2015), which eventually enters the human food chain through different vectors.

Some of the ARGs found in pathogens are thought to have originated from
bacteria mostly present in the external environment that exist as a result of conjuga-
tion, where genetic materials are transferred from cell to cell or acquiring genetic
material from the virus by transduction (Martínez 2012; Wellington et al. 2013).
After the gene-acquiring process, a microbe can transform itself by incorporating
exogenous DNA from the environment into its own genome. Mobile genetic
elements (MGEs) that often contain ARGs can spread very effectively between
unrelated species. All these events are initiated to a certain extent due to selective
forces exerted by antibiotics both in clinical and natural environmental sources like
infection site, soil, water, and manure used in agriculture, which in turn results in
maintenance and spread of antibiotic resistance (Huang et al. 2012; Ashbolt et al.
2013; Berendonk et al. 2015; He et al. 2016). Many findings suggest chemicals other
than antibiotics also act as selective factors in stimulating AMR, which include
heavy metals (Baker-Austin et al. 2006; Seiler and Berendonk 2012), pesticides
(Rangasamy et al. 2018; Ramakrishnan et al. 2019), nano-materials (Qiu et al. 2012;
Ding et al. 2016), disinfectants (Guo et al. 2015; Zhang et al. 2017), cosmetics (Orús
et al. 2015), and disinfection derivatives (Lv et al. 2015; Li et al. 2016). Heavy
metals are naturally present in the environment, and studies have proved that
anthropogenic activities accelerate the release and deposition of metals in various

82 S. Dutta and T. Ramamurthy



environments (Seiler and Berendonk 2012; Rodríguez Martín et al. 2015; Wang
et al. 2015; Zhang et al. 2015; Zhang et al. 2018).

The decrease in the antibiotic use directly prevents the spread and maintenance of
antibiotic resistance in clinical and in environmental settings (Salyers and Amábile-
Cuevas 1997). The other factors like deposition of heavy metals from manure,
anthropogenic chemicals, and micro�/nanoplastic molecules should be taken into
consideration and managed accordingly. This chapter reviews different environmen-
tal factors that support in the increase of AMR.

2 Environmental Factors

It is well documented that antibiotic resistance is a serious health concern (Pruden
et al. 2006; Peak et al. 2007; Munir et al. 2011), and an increase in the spread of the
ARGs is directly responsible for the emergence of resistant bacteria. The upsurge
and dissemination of the ARGs are directly associated with the constant antibiotic
pressure. AMR bacteria are stimulated and signaled to transfer ARGs to other
bacteria with the help of MGEs (Allen et al. 2010; Rizzo et al. 2013). With
advancement of time, researchers have detected considerable rise in the level of
ARGs even in the absence of antibiotic pressure (Alonso et al. 2001; Ji et al. 2012).
Studies have also been conducted to identify other chemicals responsible for
selecting or supporting AMR in several bacterial populations. In many of these
studies, it was established that substances other than antibiotics, such as heavy
metals, pesticides, detergents, microplastics, and cosmetics, could also support the
spread of ARGs (Alonso et al. 2001; Baker-Austin et al. 2006; Ji et al. 2012). Several
studies have successfully established the relationships between heavy metals and
ARG abundance in diverse environmental compartments like soil (Zhao et al. 2019),
different types of animal manure, and water (Zhao et al. 2018; Sui et al. 2019).
Different factors and anthropogenic activities that drive antimicrobial resistance are
discussed below.

2.1 Heavy Metals

In the environment, heavy metals are naturally present in abundance or deposited by
various human activities. Some of these heavy metals are required in trace amounts
for several cellular functions. Metals are divided into four groups based on our health
requirements (Kochare and Tamir 2015): (1) Essential metals, also known as the
micronutrients, are required for cellular functions; and they are the components for
DNA and RNA polymerase, e.g., copper (Cu), zinc (Zn), cobalt (Co), chromium
(Cr), manganese (Mn), and iron (Fe). (2) Nonessential metals, e.g., barium (Ba),
aluminum (Al), and lithium (Li); (3) less toxic metals, e.g., tin (Sn) and aluminum
(Al); and (4) highly toxic metals, e.g., mercury (Hg), cadmium (Cd), and arsenic
(As), are considered as cellular toxins as they can form harmful complexes. Heavy
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metals from the environment interact with microorganisms and induce the develop-
ment of resistance.

The mechanisms underlying microbial resistance to antimicrobials are for self-
defense or expressed in response to other antibiotics/chemicals which are broadly
classified under four different categories (Krulwich et al. 2005; Baker-Austin et al.
2006): (1) reduction of membrane permeability, (2) inactivation of the antibiotic
molecules, (3) rapid efflux of the antibiotic, and/or (4) mutation of cellular targets.
Microbes adopt almost similar resistance mechanisms for heavy metals as well as
antimicrobials (Table 1). It is well known that different MGEs such as plasmids or
transposons help the bacteria to get converted to AMR phenotype. One widely
reported mechanism is integron, which is actively associated with gene transfer in
the presence of metal ions. The stress exerted by heterogeneous metal ions leads to
the selection of resistant bacteria. Heavy metals have long-term selection pressure on
ARGs compared to antibiotics because of their nonbiodegradable nature
(Stepanauskas et al. 2005). Recent studies have shown that an increase of ARGs is
related to the presence of Cu and Ni in soil samples (Hu et al. 2016, 2017). Oxides of
Cu, Zn, and Cd at higher concentrations have shown to increase the rate of horizontal
gene transfer (HGT) but decrease conjugational transfer (Martinez et al. 2006;
Suzuki et al. 2012). Few other studies have shown the increase of conjugational
transfer and HGT even at sublethal concentrations, but with a different mechanism
(Jutkina et al. 2018; Zhang et al. 2018).

Several reports emphasize the importance of co-occurrence of AMR and resis-
tance to metals in the same bacteria. When a metabolic pathway is activated as a
defense mechanism in response to two different antimicrobials, it is termed as a
cross-reaction (Baker-Austin et al. 2006; Zhu et al. 2013; Poole 2017; Ding et al.
2019) (Fig. 1). An example of a cross-reaction is an efflux pump, in which several
MDR efflux pumps help microbes sustain exposure to both antibiotics and heavy
metals. In the co-resistance category, the ARGs and metal resistance genes (MRGs)
are positioned on the same genetic element like integrons, plasmids, or transposons
(Fig. 2). Co-resistance has been reported in Salmonella enterica serotype abortus
equi that showed resistance to ampicillin, arsenic, chromium, cadmium, and mercury
positioned in a plasmid (Ghosh et al. 2000). Removal of this plasmid makes the
strain susceptible to ampicillin and all the metals (Ghosh et al. 2000).

Table 1 Similar resistance mechanisms exhibited by microbes in response to metals or antibiotics

Resistance Mechanism Antibiotics Metals References

Reduction of membrane
permeability

Cip, Tet,
β-lactams

Cu, Zn,
Mn, Co

Ruiz et al. (2003); Knapp
et al. (2017)

Inactivation of the antibiotic
molecule

β-lactams,
Chlor

As, Hg Wright (2005)

Rapid efflux of the antibiotic Chlor, Tet,
β-lactams

Cu, Co, Zn,
Ni

Nies (2003); Ma et al. (2019)

Mutation of cellular targets Cip, β-lactams,
trim

Hg, Zn, Cu Levy (2002); Baker-Austin
et al. (2006)
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Fig. 1 Co-selection of metal and antibiotic by (i) co-resistance: when resistance-conferring genes
to both antibiotics and metals are located in the same genetic element. Due to this physical linkage,
when one is expressed, it co-selects the other. pHCM1 plasmid is one such example where mercury
resistance is linked to other antibiotic resistance genes
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Fig. 2 Co-selection of metal and antibiotic by (ii) cross-regulation: when the same pathway is
activated as a defense mechanism in response to metals or antibiotics, for example, TetA(L) efflux
pump which pumps out tetracycline and heavy metal cobalt conferring cross-resistance to both
metals (cobalt) and antibiotics (tetracycline)
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Heavy metals are present in all the environmental niches. Metal atoms form
cations by losing electrons making them more bioavailable and express antimicro-
bial activity. This process is greatly influenced by several environmental
conditions modified by pH, oxygen level, or concentration of organic matter.
Generally, microbial toxicity of heavy metals is due to their chemical affinity for
thiol groups and macro-biomolecules and also depends on the solubility of the
metal compounds under physiological conditions (Lemire et al. 2013). In response
to the exposure of different toxic metals, bacterial self-defense has developed a
certain resistance mechanism to avoid cellular toxicity. This mechanism has been
divided into four groups. (1) First is complex formation or sequestration of toxic
metals (Silver and Phung 1996). By selectively binding to macromolecules as a
biochemical response, the concentration of the free toxic ions in the cytoplasm is
reduced. The addition of either metals or antibiotics to planktonic cells can
stimulate the production of extracellular polymeric substances (EPSs), which
leads to cell adhesion and ultimately the formation of a biofilm as a survival
mechanism (Teitzel and Parsek 2003). Bacterial cells within biofilm can withstand
a higher concentration of antimicrobial agents. The EPS matrix and the
polysaccharides contained in biofilm bind toxic metals (Teitzel and Parsek
2003). As a result, tolerance of bacteria to heavy metals and antibiotics is
enhanced. (2) The second mechanism is by detoxification through reduction of
intracellular ions (Nies 2003). An example is mercury reductase, encoded by the
merA gene. The MerA protein reduces Hg2+ ions to less toxic Hg (Schiering et al.
1991). (3) Third is excretion of toxic ions by efflux systems (Nies and Silver
1995). In this, the cation/proton antiporter Czc has been identified in Alcaligenes
eutrophus that mediates resistance to the metal ions Cd2+, Zn2+, and Co2+ by
removal of metals though the inner and outer membranes from the cytoplasm
(Silver and Phung 1996). Genes responsible for efflux mechanism to metal
resistance also confer resistance to antibiotics. (4) Fourth is change in morphology
and/or pigment production. To overcome environmental change due to toxic metal
contamination, a bacterial cell can undergo morphological changes and even
secretes pigments. On exposure to toxic lead, Pseudomonas aeruginosa show
pyoverdine and pyochelin pigment production (Naik et al. 2013).

In the environment, there is a continuous inflow of heavy metals due to anthro-
pogenic, industrial, agricultural, or other human activities. Use of heavy metals such
as Cd, Hg, Cu, and Zn in feeds, organic and inorganic fertilizers, and aquaculture
substances has immensely contributed to metal contamination. Along with heavy
metals, antibiotics are also used in different forms to increase agricultural or farm
produce. Many studies have proved genetic exchange of resistance genes between
environmental antibiotic-resistant bacteria and human pathogens sustained by the
heavy metals in various environmental niches.
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2.2 Pesticides

Pesticides are widely used to increase agricultural products. Improper application
and storage of pesticides often contaminate plant tissues and environments that
remain for a very long time. Pesticide contamination may cause changes at all levels
of biological organization directly or indirectly. Terrestrial and aquatic ecosystems
are polluted with pesticides due to leach-out from the agricultural fields. The
presence of pesticides in these environments can induce resistance or persistence,
even to degradation by the microbes. The pesticide-resistant microbes can use
biofilm formation, efflux pumps, enzymes, membrane transport systems, and genetic
makeup with plasmid- and chromosome-encoded catabolic genes for degradation.
These pesticide degraders may also develop antimicrobial resistance as an extra
functional trait (Ramakrishnan et al. 2019). Similar to heavy metal resistance genes,
pesticide resistance genes are also transferred as gene clusters along with the genes
crucial for antibiotic resistance. The consumption of pesticide-contaminated food
products and the use of antibiotics by humans and in livestock animals have helped
the development of antibiotic- and pesticide-resistant bacterial communities.
Pesticide-antibiotic cross-resistance and the subsequent expansion of MDR bacteria
are detailed in several reviews (Rangasamy et al. 2018; Ramakrishnan et al. 2019).

In a study, it was shown that the presence of monocrotophos insecticides in the
agricultural soil led to the development of multidrug resistance among bacteria
(Rangasamy et al. 2017). In the agricultural soil, Bacillus isolates were resistant
against monocrotophos as well as antibiotics such as chloramphenicol, ampicillin,
cefotaxime, streptomycin, and tetracycline. Involvement of plasmid in drug as well
as insecticide resistance was confirmed through plasmid curing of resistant bacterial
strains (Rangasamy et al. 2017). Several other studies also have proved that the
MDR has been increased in phyto- and human pathogenic bacteria due to the
presence of pesticides (Kurenbach et al. 2015; Patyka et al. 2016).

2.3 Anthropogenic Substances

Different anthropogenic activities lead to accumulation of substances in the environ-
ment that causes a potential rise and spread of resistant bacteria. The mode of action
involved in the selection of resistant bacteria employs one or more of the
mechanisms discussed before, i.e., “co-selection.” Polyaromatic hydrocarbons
(PAHs) enter into the environment primarily through activities like coal pyrolysis,
liquid fossil fuels, and biomass combustion (Bosch et al. 2015). Some PAHs are
considered hazardous to humans with carcinogenic, mutagenic, and genotoxic
effects. When exposed to PAH, metabolic activation of bacterial molecules with
cytochrome P450 leads to the formation of highly reactive electrophilic species
binding with DNA (Binková and Srám 2004). PAH was also responsible for causing
a major shift in the composition of the soil microbial community (Yang et al. 2014;
Gorovtsov et al. 2018). Proteobacteria are prevalent in a PAH-contaminated soil
along with the PAH-degrading Streptomyces group. This same genus of bacteria is
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reported to carry ARGs (D'costa et al. 2006). Few findings indicate decreased HGT
rate in the presence of PAH due to the formation of covalent bonding to the plasmids
(Kang et al. 2015; Chen et al. 2017). Even when the HGT is interrupted in certain
cases, the copy number of ARG can still increase with the growth of PAH-degrading
bacteria (Gorovtsov et al. 2018).

2.4 Microplastics

Microplastics of �5.0 mm in size exist as contaminants in the environment and
possess a very long half-life up to centuries (Kazmiruk et al. 2018). They are
decisively made for a specific purpose (primary microplastics) or formed through
natural degradation of plastics (secondary microplastics) (Rummel et al. 2017; Imran
et al. 2019). Millions of tons of particles are discharged into the marine environment
as industrial by-products, degraded plastic wastes, municipal wastes, fishing nets,
etc. (Cole et al. 2011; Law and Thompson 2014; Keswani et al. 2016; Arias-Andres
et al. 2018). Plastics causing marine pollution are mostly polyethylene (PE), poly-
styrene (PS), polyethylene terephthalate (PET), polyvinyl chloride (PVC), polyure-
thane (PUR), and polypropylene (PP) (Hidalgo-Ruz et al. 2012; Fok et al. 2017;
Revel et al. 2018). Due to their very small size, microplastics are accumulated by
oysters and crabs (Watts et al. 2016), get ingested by fishes, and eventually spread in
the aquatic ecosystem (Nelms et al. 2018; Revel et al. 2018). Microplastics are
considered as one of the most difficult pollutants to control with a long-lasting
reactive surface. They can adhere to or adsorb organic matter and chemical
substances like antibiotics, pesticides, heavy metals, and other xenobiotics (Hirai
et al. 2011). These microplastics support colonization by different microbial species
(Zettler et al. 2013; Oberbeckmann et al. 2016; Kettner et al. 2017), and these
communities are collectively termed as “the plastisphere” (Keswani et al. 2016).
They are also capable of changing the structure and composition of other microbial
communities present in the surrounding environment (Reisser et al. 2013; Harrison
et al. 2014; Oberbeckmann et al. 2014; Bryant et al. 2016).

It has been well documented that microplastics can adsorb antibiotics (sulfadia-
zine, ciprofloxacin, amoxicillin, trimethoprim, and tetracycline) on their surfaces and
its low density often helps them get dispersed into the food chains and humans and
animals (Li et al. 2018). Microplastics can vary in their physicochemical properties
like specific surface area, crystallinity, and pore size distribution, which determine
the adsorption capacity of each type (Li et al. 2018). It has been reported that
tetracycline-containing microplastics in the soil can stimulate bacterial phage-
mediated ARG dispersion (Sun et al. 2018). Increased proportion of HGT is reported
among phylogenetically diverse bacteria on the microplastic surface compared to the
free-living aquatic bacterial population (Arias-Andres et al. 2018). This
microsurface acts as a perfect platform for selection of AMR in the presence of
metal ions, antibiotics, and other pollutants.
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2.5 Biocides

Biocides are used to control microbial growth; and these agents are used most
commonly in antiseptics, disinfectants, and preservatives. Biocides functionally
differ from antibiotics. Unlike antibiotics, which are very precise in action, biocides
are formulated to act on multiple cellular targets and hence mostly used in higher
concentrations compared to antibiotics. Biocides mostly disturb the bacterial mem-
brane and react with the cell protein molecule or genetic material. Biocidal agents
like alcohol target the bacterial membrane, whereas aldehydes and anionic
surfactants affect the cell wall. In the case of hydrogen peroxide, acridine dyes,
and chlorine compounds, it is the nucleic acid that gets affected (Davin-Regli and
Pagès 2012).

The activity of biocides depends on the duration of contact time, pH, and
temperature, the presence of organic matter or other interfering or enhancing
materials/compounds, and the target microorganism. The most common adaptation
mechanism expressed by microbes in response to biocide exposure is the activation
of efflux pump, but some studies have observed an adaptive mechanism due to
changes in protein synthesis only when biocide is present in low concentrations
(Mutoh et al. 1999). Resistance to formaldehyde among members of
Enterobacteriaceae is plasmid mediated and in P. aeruginosa is due to chromo-
somal elements. Both these resistant forms are quite stable to even grow at a
concentration much higher than the lethal dose (Meyer and Cookson 2010). Biocides
in certain isolates can upregulate efflux pumps by activating different biochemical
pathways, which is reversed in the absence of biocides. Hence, the defense
mechanisms expressed by the microbes to biocides raise the concern of simultaneous
development of antimicrobial resistance as a co-selection mechanism as both the
antibacterial molecules at certain extent use the similar resistance mechanisms (Pal
et al. 2017; Jutkina et al. 2018; Wales and Davies 2015) (Table 2). One of the most
commonly used biocides, triclosan, has received great attention in relation to the rise
of resistant bugs. Triclosan is most commonly and widely used in disinfectants,
preservatives, toothpastes, baby toys, and many other daily products (Westfall et al.
2019). It is bacteriostatic at lower concentrations, but is bactericidal at higher
concentrations and causes cell death by affecting the plasma membrane. Just like
antibiotics but unlike other biocides, triclosan at low concentrations acts on a specific
cellular target. The most studied and mapped target site for triclosan is enoyl-acyl
carrier protein reductase (FabI), an essential enzyme in bacterial fatty acid synthesis.
Researchers have shown that mutations in FabI and its overexpression decrease
bacterial susceptibility to triclosan (Heath et al. 1999; Slater-Radosti et al. 2001).
Along with defective fatty acid synthesis, accumulation of the alarmone guanosine
tetraphosphate (ppGpp) gives rise to persistent bacterial cells which show high
resistance to antibiotics (Westfall et al. 2019). Another aspect that raises concern
in biocide use is that some antibiotics share same target site FabI-like triclosan. The
selective pressure created by its use may co-regulate resistance to both biocides and
antibiotics (Ciusa et al. 2012).
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2.6 Cosmetic Products

The development of AMR microorganisms is due to the selective pressure from
preservatives, which are added in the cosmetic formulations mainly to inhibit the
growth of microorganisms. Cosmetic products could also be a risk for the emergence
and spread of AMR bacteria. Tolerance to formaldehyde donors such as diazolidinyl
urea, imidazolidinyl urea, quaternium-15, sodium hydroxymethylglycinate, and
DMDM hydantoin by Enterobacter gergoviae, Pseudomonas putida, and
Burkholderia cepacia isolated from cosmetics products has shown cross-resistance
to antibiotics (Orús et al. 2015). Reduced susceptibility to formaldehyde donors was
detected in isolates along with increasing resistance to β-lactams, quinolones, rifam-
picin, and tetracycline. The outer membrane protein modifications and efflux mech-
anism activities were found to be responsible for the resistance traits (Orús et al.
2015). Chlorhexidine/chlorhexidine gluconate (CHG) has been used in disinfectants,
oral care, and cosmetics. In vitro exposure of Staphylococcus aureus to sublethal
concentrations of chlorhexidine showed cross-resistance to amikacin, cefepime, and
tetracycline (Wu et al. 2016). Also, studies on Klebsiella pneumoniae had shown
that bacterial exposure to CHG induced cross-resistance to colistin, which is used in
the treatment of MDR pathogens (Wand et al. 2016).

Table 2 Reduced antibiotic sensitivity on exposure to low-level biocide

Species Biocide
Reduced Sensitivity to
Antibiotics References

E. coli Benzalkonium
chloride, triclosan

Cefotaxime, ampicillin,
tetracycline, ciprofloxacin,
trimethoprim, vancomycin,
gentamicin

Soumet et al.
(2012)

Campylobacter
jejuni,
Campylobacter
coli

Didecyldimethyl
ammonium chloride
and benzalkonium
chloride

Ampicillin, tetracycline,
gentamicin, streptomycin,
erythromycin, and
enrofloxacin

Donaghy et al.
(2019)

Pseudomonas
aeruginosa

Benzalkonium
chloride

Ciprofloxacin, gentamycin,
amikacin, imipenem,
polymyxin B

Mc Cay et al.
(2010)

Salmonella
typhimurium

Benzalkonium
chloride, aldehydes,
quaternary ammonium
compounds

Chloramphenicol,
ciprofloxacin, clindamycin,
erythromycin, gentamicin,
tetracycline, nalidixic acid,
kanamycin

Donaghy et al.
(2019);
Braoudaki and
Hilton (2004)

Enterobacter
spp.

Chlorhexidine
digluconate

Cefotaxime, ceftazidime,
imipenem, sulfamethoxazole

Gadea et al.
(2017)

Salmonella spp. Triclosan Piperacillin, ceftiofur,
amikacin, Gentamicin,
kanamycin, nalidixic acid,
cefoxitin

Condell et al.
(2012)
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3 Transmission of Antibiotic Resistance from
the Environment to Humans

The environment is continuously exposed to different substances favoring the
emergence and spread of antimicrobial-resistant bacteria. Microbes work as a reser-
voir for ARGs in the environment as well as the human body. Depending on the
environmental conditions and other stress factors, different bacterial species remain
viable and act as potential carriers. Genetic elements of the dead bacterial cells also
act as probable sources of HGTs. Many human activities exert a high level of AMR
transmission (Fletcher 2015). Several abiotic stress conditions directly support the
emergence of AMR mechanism, which will be sustained through several genetic
mechanisms including HGTs. The human microbiota is under constant pressure with
several stimulating factors of AMR. Microplastics harboring AMR bacteria and/or
substances that initiate different resistant mechanisms in microbes also reach the
food chain.

4 Mitigation Policies

With the rise of the AMR issue globally, many strategies have been proposed based
on several research to clearly understand the mechanism of AMR selection and
transmission. One of the risk mitigation strategies commonly and widely focused is
on minimizing the uptake of antibiotics and reducing the spread of AMR from the
key environmental reservoirs like sewage, wastewater, manure, farms, and antibiotic
manufacture waste. The most common mitigation method is restricting the use and
release of antibiotics into the environment. The principle behind this is decreasing
the antibiotic load, thereby lowering the selection pressure for ARGs which eventu-
ally controls the risk of AMR (Bengtsson-Palme and Larsson 2016). With the rise in
risk of AMR globally, the number of research on the same aspect is numerous. A
large number of data are also available which could be translated to administer a
mitigation process (Vikesland et al. 2017).

There are uses of similar antibacterial approaches in treating human and/or animal
infections, and the rise of a resistant form of bacteria can spread from one to another
and eventually to the environment. Each plays an important role in the global spread
of AMR. With the aim of bridging the multidisciplinary knowledge gap between
humans, animals, and the environment to deal with AMR risk, a very comprehensive
and multisectoral approach is “One Health,” where humans, animals, and the
environment are considered as one. Under this initiative, the WHO, Food and
Agriculture Organization (FAO) of the United Nations, World Organisation for
Animal Health (OIE), Centers for Disease Control and Prevention (CDC), United
States Department of Agriculture (USDA), National Oceanic and Atmospheric
Administration (NOAA), and US National Environmental Health Association
(NEHA) all work together in minimizing the risk of rise and spread of AMR. But
it is to be remembered that there are also other selection pressures simultaneously
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present in the environment responsible for ARG and AMR pool, proper understand-
ing of which is also required.

5 Conclusion

The rise of antibiotic-resistant bacteria has been a major global issue for years which
is facing challenges for control due to several processes and factors. Most impor-
tantly, the microbial community acts as a reservoir, and their rapid adaptive
mechanisms to withstand environmental challenges are very high. As a result,
long-lasting solutions for the AMR control will be a challenging issue. The resistant
phenotypes will continue to occur until the establishment of a new metabolic
pathway that restricts AMR acquirement and dissemination. Limiting the use of
fertilizers and pesticides and controlling the effluents may reduce the ARGs in the
microbial community. Replacing AMR-promoting substances in different products
that causes less stress to the microbial community may limit the rise of AMR.
Understanding the role of ecological factors in AMR transfer could help us devise
strategies to control this fundamental evolutionary process. The most important
aspect is human awareness. For this, results generated from various environmental
studies should be compiled for the proper implementation of control measures.
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Polluted Coastal and Estuarine
Environments: A Potential Reservoir
for AMR Determinants in Various
Pathogenic Bacteria

Mohamed Hatha A. A., Divya Puthenkandathil Sukumaran,
Reshma Silvester, and Nifty John

1 Introduction

Antimicrobial resistance is a growing and significant threat to global public health,
requiring better understanding of the sources and mechanisms involved in its
emergence and spread. The World Health Organization (WHO) has described
antibiotic resistance as one of the greatest threats to human health. Inappropriate
and indiscriminate use of antibiotics is a known cause for the spread of antibiotic
resistance in the environment (Kummerer 2003). Antibiotics and antibiotic-resistant
bacteria (ARB) reach the environment through treated or untreated wastewater
discharges, livestock operations, aquaculture farms, and pharmaceutical and food
industries, which may exert a selection pressure that eventually promotes the
emergence, maintenance, and spread of antibiotic resistance in environmental bacte-
ria (Cabello et al. 2013; Berendonk et al. 2015; Martinez 2009).

Prophylactic and therapeutic use of antibiotics in aquaculture has resulted in the
emergence of antibiotic-resistant bacteria in aquatic systems, and thus the aquatic
environment has become a potential source of transmission of these bacteria to other
systems (Patil et al. 2016; Hafez et al. 2018). It is estimated that an increase in
antimicrobial-resistant bacteria will be problematic in the treatment of bacterial
infections, and this may lead to ten million deaths each year by 2050 (Li et al.
2019). This scenario has resulted in a crucial need for the surveillance of genes and
mutations responsible for the development of antibiotic resistance globally.

There is a rapid rise in antimicrobial resistance in many bacterial genera due to the
excessive use of antibiotics in healthcare, agriculture, and aquaculture systems
(Silvester et al. 2015). Almost 90% of antibiotics used in humans and animals are
not completely degraded within the intestine. The antibiotic residues and antibiotic-
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resistant bacteria (ARB) present in the guts of humans and animals enter the natural
environment through urine and fecal discharges (Gao et al. 2012). This makes the
natural waters a potential source of ARB in the environment. Antibiotic-resistant
bacteria are easily transmitted via humans, animals, plants, water, soil, and air,
among which water is the main route for the transfer of resistance. Natural water
bodies are potential reservoirs for horizontal gene transfer (HGT) of antibiotic
resistance genes (ARGs) between environmental bacteria and the human and animal
pathogens (Igbinosa 2014). The natural environment is a major route of transmission
of antibiotic-resistant bacteria and ARGs (Woolhouse et al. 2015). Anthropogenic
activities including daily living as well as agricultural practices and animal rearing
systems result in the release of a large quantum of wastes into the natural waters.
This waste usually carries varying concentrations of antibiotics, antibiotic-resistant
bacteria, and ARGs (Hassard et al. 2016). The anthropogenic activities are changing
the environmental reservoirs of antibiotic resistance genes (D’Costa et al. 2006).
This will increase the possibility of transfer of ARGs into clinically relevant
pathogens. Freshwater and coastal ecosystems act as a source of antibiotic-resistant
bacteria and play a pivotal role in the transmission of antibiotic resistance genes
(ARGs) among the bacteria (Lupo et al. 2012).

2 Polluted Natural Waters: An Ideal Setting for Selection
and Spread of Diverse Antibiotic-Resistant Bacteria

Uncontrolled population growth of humans across the globe has resulted in consid-
erable pressure on infrastructure, which has resulted in the release of a large quantum
of untreated and partially treated wastewater into natural waters (Borja et al. 2010;
Rodgers et al. 2019). Release of sewage causes entry of a large number of potentially
pathogenic bacteria including several antibiotic-resistant bacteria from various
sources into the natural environment. There are point and nonpoint sources of
antibiotic pollution in the environment. Point sources are defined as “any single
identifiable source of pollution from which pollutants are discharged” (Armon and
Starosvetsky 2015). Industries, household units, hospitals, slaughterhouses, and
wastewater treatment plants (WWTPs) are the major identified point sources for
antibiotic pollution. Nonpoint sources include the ballast water, septic systems,
animal wastes, agriculture, and surface runoff from land.

2.1 Wastewater Treatment Plants as a Source
of Antibiotic-Resistant Bacteria and Antibiotic Resistance
Genes (ARGs)

Despite recent advances in water quality and wastewater treatments, waterborne
diseases still continue to be a major challenge to public health worldwide (Zhou and
Smith 2002). Wastewater treatment plants (WWTPs) and untreated hospital effluents
are major “hot spots” for the selection and transmission of drug-resistant bacteria
(Rizzo et al. 2013). The wastewater treatment plants (WWTPs), drug manufacturing
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units, and agricultural effluents release huge quantities of antibiotic residues and
drug-resistant bacteria into the environment (Knapp et al. 2011). The receiving
waterbodies downstream the wastewater treatment plants/hospitals and surface
waters in and around animal feeding activities are the most vulnerable areas
contaminated with antibiotic-resistant bacteria (Silbergeld et al. 2008).

WWTPs act as one of the potential sources of antibiotic-resistant bacteria in the
environment. In WWTPs, wastewater from various sources, including
municipalities, hospitals, and industries, is mixed and treated in a multistep purifica-
tion process. Even though sewage treatment reduces the total number of bacteria in
wastewater, the effluent released from the plants usually carries a large number of
both resistant and susceptible bacteria (Siddiqui et al. 2016). Conventional waste-
water treatment processes, such as activated sludge and anaerobic digestion, provide
an ideal setting for horizontal gene transfer, which is responsible, although not
exclusively, for increasing the incidence and prevalence of antibiotic-resistant
infections (Warnes et al. 2012). Various factors contribute to the spread of
antibiotic-resistant bacteria in wastewater. It includes high levels of antibiotics and
biocides, increased concentrations of resistant bacteria, and the abundance of organic
and inorganic substrates (Gullberg et al. 2014).

From India, only limited data is available about the presence of antibiotic-
resistant bacteria associated with WWTPs. Marathe et al. (2013) studied a wastewa-
ter treatment plant (WWTP) in Patancheru, near Hyderabad, receiving wastewater
from bulk drug production facilities. The plant was observed to have high levels of
multidrug-resistant (MDR) organisms and thus could act as a breeding ground for
transfer of ARGs. Akiba et al. (2016) reported the presence of extended-spectrum
cephalosporin-resistant and carbapenem-resistant E. coli isolates from sewage treat-
ment plants (STPs) in India (Bihar, Goa, Karnataka, Tamil Nadu, and Telangana).
Lamba and Ahammad (2017) studied the route of proliferation of carbapenem
(KPC)-resistant and extended-spectrum β-lactam (ESBL)-resistant bacteria and
selected resistant genes in the samples collected from 12 sewage treatment plants
in New Delhi and reported presence of high levels of antibiotic resistance (ARB and
ARGs) in the STP effluents. Among the different ARGs, β-lactam, sulfonamide, and
tetracycline resistance genes are frequently found in wastewater (Kim et al. 2008). In
another study published in Lancet, the authors highlighted the widespread dissemi-
nation of the New Delhi metallo-β-lactamase-1 (NDM-1) genes among many bacte-
rial species in various water sources in India including the chlorinated municipal
drinking water samples (Walsh et al. 2011). High levels of beta-lactam and fluoro-
quinolone resistance genes were detected in phage DNA isolated from hospital and
urban treated effluents (Marti et al. 2013).

Various classes of antibiotics are present in treated effluents and sewage sludge
which range in concentrations from nanogam/liter to microgram/liter (Kummerer
2009). The presence of such low concentration of antibiotics in the environment
leads to selection of drug-resistant mutants. Long-term exposure of environmental
bacteria to antibiotics may speed up the evolution of resistance and accelerate the
ARG exchange between bacteria (Gillings and Stokes 2012). The co-location of
antibiotics and ARGs in WWTPs can result in the selection of novel combinations of
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antimicrobial resistance that can be transferred between microorganisms through
horizontal gene transfer (HGT), thereby increasing the prevalence and combination
of multidrug resistance in the environmental microbial flora. Micropollutants such as
antibiotics and antibiotic-resistant bacteria and genes are not completely removed by
current wastewater treatment technologies, and they enter the environment through
the effluent discharge into the water bodies (Sabri et al. 2018). Hence, improved
wastewater treatment plants that can fully remove all kinds of antibiotic residues are
highly recommended.

2.2 Hospital Wastewater as a Source of Antibiotic-Resistant
Bacteria in Natural Waters

Untreated effluents from hospital settings, especially intensive care units (ICUs), are
another potential reservoir for harmful infectious pathogens and pose risk of spread-
ing antimicrobial resistance genes in the environment (Siddiqui et al. 2016). High
rate of antibiotic consumption occurs in hospital settings which facilitate emergence
of ARB and spread of ARGs. Discharge of low concentration of unmetabolized
antibiotics into the environments from hospitals may also lead to the selection of
antibiotic-resistant mutants among natural microflora. The impact of hospital size on
the transmission of ARGs was studied by Kouyos et al. (2011), and findings revealed
that small-sized hospitals lead to considerably lower resistance levels when com-
pared to larger hospitals. A recent study reported that widespread presence of
antibiotics and ARGs in hospital wastewater and the effluents even after treatment
may contribute to antibiotic pollution and resistance in the aquatic environment
(Rodriguez-Mozaz et al. 2015). In a study by Mutiyar and Mittal (2014), alarmingly
high levels of sulfonamide, fluoroquinolone, and tinidazole residues were detected
from the hospital effluents in India. A research highlighted that the amount of
antibiotics disposed from Indian hospitals were sufficient to cause genotoxic
alterations and mutations in the bacterial strains (Diwan et al. 2010).

2.3 Pharma Industry Effluents: A Right Concoction for Selection
of AMR Bacteria and ARGs

From the onset of industrial revolution, humans have been disposing organic and
inorganic toxins, metals, disinfectants, biocides, and antibiotic residues into the
natural water bodies (Davies and Davies 2010). India, being a leading producer of
pharmaceuticals, contributes a significant part to the global rise of AMR. There was
an alarming report from Hyderabad, India, recently on the irresponsible disposal of a
large amount of ciprofloxacin (50 kg/day) by the pharmaceutical manufacturing
units into the nearby rivers (Fick et al. 2009). In another study, antibiotic residues
were detected in sewers near drug manufacturing industries in Hyderabad (Lubbert
et al. 2017). This antibiotic residue-laden wastewater is a storehouse for drug-
resistant mutants which when released into the natural waters results in the exchange
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of ARGs within them with autochthonous microflora of the receiving waters further
aggravating the problem.

2.4 Slaughterhouse Wastewater and Waste Discharges from
Animal Production Systems in the Spread of ARB and ARGs
in Natural Waters

India is a major producer of food animals (meat, meat products, and farmed seafood)
for export to the global market. Antibiotics are widely used in the Indian animal and
aquaculture farms for prophylaxis, disease prevention, and growth promotion, thus
aiming to increase the overall productivity. India is one of the largest consumers of
antimicrobials in food animals. Antibiotic use in animals is not limited to disease
treatment and prevention. It is used as a growth promoter to boost feed efficiency and
increase weight gain. Drugs such as avilamycin, bambermycin, efrotomycin and
ionophores, quinolones, macrolides, and aminoglycosides are widely used as growth
promoters in feeds (Mahalmani et al. 2019; McEwen and Fedorka-Cray 2000). In
order to curb the issue of uncontrolled consumption of antibiotics in the Indian
domestic sector, certain regulations have been framed by government authorities.
The FSSAI recently issued a regulation to ban the use of colistin in food. Accord-
ingly, colistin will be included in the list of antibiotics and veterinary drugs that are
prohibited for use in processing meat and meat products, poultry and eggs, and
seafood including shrimps, prawns, or fish and fishery products. The WHO has
marked colistin as a “highest priority critically important antimicrobial” for humans.
The main objective of the Indian National Action Plan on AMR (2017–2021) is to
slowly ban the use of critically important antibiotics in animal production.

Even though there are strict regulations on the use of antibiotics in animals meant
for export, no such guidelines are currently formulated for food animals meant for
domestic use in India. The indiscriminate use of antimicrobials in aquaculture and
agricultural systems can act as an emerging source of environmental antimicrobial
resistance. Antibiotic-resistant bacteria of animal origin have been frequently found
in the natural water systems surrounding the farming units. There are reports stating
the presence of antibiotic residues in poultry, meat, and milk from India (Chaudhry
and Tomar 2017; Sahu and Saxena 2014). The excessive use of antibiotics in the
aquaculture industry has led to the emergence of antimicrobial resistance in the
seafood bacterial pathogens. These unsustainable practices have taken the industry
on a rollercoaster ride, bringing it intermittently close to collapse.

3 The Possible Drivers for the Resistance

AMR is a complex problem with multiple and interconnected drivers, which may
include changing dynamics in travel, trade, climate change, and populations
(Hendriksen et al. 2019). According to Vikesland et al. (2019), antimicrobial
resistance is a cross-boundary challenge that is driven by clinical, biological, social,
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political, economic, and environmental drivers and affects not only humans but also
domestic and non-domestic animals and ecosystems. The increased use and misuse
of antibiotics in hospital settings is the main cause of escalating antibiotic resistance.
A study by Fischer and Bild (2019) demonstrated a high correlation between
antibiotic use in the hospital sector and population-level rates of infections with
antibiotic-resistant bacteria. Batard et al. (2013) studied the relationship between
hospital antibiotic use and quinolone resistance in E. coli and reported that the level
of clinical usage of quinolones influences the incidence of quinolone resistance in
E. coli hospital isolates. The consumption of two other classes of antibiotics,
cephalosporins and tetracyclines, is also associated with quinolone resistance.

Antibiotics are used for the treatment of bacterial infections in domestic animals
and animals raised as food. Antibiotics are also used as growth promoters in food-
producing animals such as pig, cow, and poultry. Antibiotics are also used in
aquaculture/fish farming to treat bacterial infections caused by Aeromonas,
Flavobacterium, etc., in addition to being used as fish feed. In aquaculture,
antibiotics such as tetracycline and sulfonamides are commonly used.

Antibiotic resistance can also be widely disseminated by birds; the Arctic tern
travels to up to six continents, migrates to Antarctica for winter, and is a potent driver
of antibiotic resistance (Sjolund et al. 2008). They reported that Escherichia coli
isolates originating from Arctic birds carry antimicrobial drug resistance
determinants. Dolejska et al. (2007) suggested that young black-headed gulls are
an important host reservoir of resistant E. coli strains, probably reflecting the
presence of such strains in their sources of food and/or water. Dolejska et al.
(2009) also reported that black-headed gulls were identified as important reservoirs
of antibiotic-resistant Salmonella and E. coli, including extended-spectrum beta-
lactamase-producing isolates.

4 AMR and Climate Change

MacFadden et al. (2018) suggested that the spread of antibiotic resistance may be
modified and potentially accelerated by regional temperature and future climate
change. Recently, the association of AMR with climate gained widespread attention,
since resistance increased with increasing local temperatures in the USA (ESCMID
2019). A study conducted by researchers found significant associations of
carbapenem-resistant Pseudomonas aeruginosa (CRPA), carbapenem-resistant
Klebsiella pneumoniae (CRKP), multiresistant Escherichia coli (MREC), and
methicillin-resistant Staphylococcus aureus (MRSA) with the warm-season mean
temperature, which had a higher contribution to MRSA variance than outpatient
antimicrobial drug use. They suggested that climatic factors significantly contribute
to the prediction of AMR in different types of healthcare systems and societies, while
climate change might increase AMR transmission, in particular that of carbapenem
resistance.
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5 Antibiotic Resistance-Enhancing Mechanisms

The increased dissemination of antibiotic-resistant bacteria is a serious problem
worldwide. According to Berendonk et al. (2015), the rapid dissemination of
antibiotic-resistant bacteria in environmental settings is caused by horizontal gene
transfer of ARGs, genetic mutation, and recombination. These three mechanisms can
occur in combination. Besides this, there are so many different factors responsible
for triggering the evolution of antibiotic-resistant bacteria, e.g., selective pressure
created by antibiotics, biocides, and/or heavy metals and biotic and abiotic factors.
Antibiotic resistance determinants, which are associated with mobile genetic
elements (MGEs), including integrons, transposons, and plasmids, are more prone
to be transferred via horizontal gene transfer. Due to the availability of many of the
above factors, polluted natural waters provide a congenial habitat for the selection
and spread of AMR bacteria and ARGs in the environment and food chain.

5.1 Integrons

Integrons are genetic elements of variable length that contain a 50 conserved
integrase gene (int), gene cassettes with other antibiotic resistance genes, and an
integration site for the gene cassette, attI (Babic et al. 2006). Integrons are among the
main types of mobile elements currently known to be involved in the capture,
mobilization, and spread of antibiotic resistance genes found in gram-negative
bacteria. They are genetic platforms that are responsible for integration and
rearrangements of resistance determinants called gene cassettes (Mazel 2006).
According to Fluit and Schmitz (2004), integrons can be classified into two major
groups: the resistance integrons (RIs) and the superintegrons (SIs). RIs carry mostly
gene cassettes that encode resistance against antibiotics and can be located either on
the chromosome or on plasmids. To date, four classes of resistance integrons (classes
1, 2, 3, and 4) have been found to be associated with resistance gene cassettes. Class
1 integrons are most frequently found among multiresistant gram-negative bacteria
(Fluit and Schmitz 2004). Class 1 integrase intI1 could carry diverse antibiotic
resistance genes (ARGs) and conduct horizontal gene transfer among bacteria
(Ma et al. 2017). Sulfonamide-resistant genes (sul1, sul2), tetracycline resistance
genes (tetA, tetB, tetC, tetM), beta-lactam resistance genes (VEB-1, VEB-6),
aminoglycoside resistance genes (aadA7), and trimethoprim resistance genes
(dhfrA12, dhfrA17) are usually associated with class 1 integrons (Ma et al. 2017).
Several investigators observed a significant correlation between the presence of class
1 integrons and multiresistance in gram-negative isolates (Leverstein-van Hall et al.
2003; Hansson et al. 2002; Bass et al. 1999; Martinez-Freijo et al. 1998).

Polluted Coastal and Estuarine Environments: A Potential Reservoir for AMR. . . 107



5.2 Plasmids

Plasmids are extrachromosomal genetic elements that replicate independently of
chromosomes (Lerminiaux and Cameron 2019). Plasmids often carry genes essential
for initiation and control of replication and accessory genes such as antimicrobial
resistance or virulence genes (Amabile-Cuevas and Chicurel 1992; Bergstrom et al.
2000; Thomas 1973). Antibiotic resistance determinants such as quinolone resis-
tance genes, beta-lactamase-encoding genes (blaCMY-1, blaOXA-48, blaKPC), and
extended-spectrum beta-lactamase resistance genes (blaCTX-M-1, blaCTX-M-14) are
circulated on plasmids (Blair et al. 2015). Martinez-Martinez et al. (1998) reported
the first plasmid-mediated quinolone resistance mechanism, the qnr gene, which
encodes a protein that protects type II topoisomerases from quinolones. Plasmid-
mediated resistance to quinolones is mediated by qnrA, qnrB, qnrC, qnrD, qnrS, aac
(60)-Ib-cr, and qepA. Quinolone resistance genes usually associate with β-lactam
resistance on multidrug resistance plasmids (Niero et al. 2018). Several studies have
reported the horizontal transfer of quinolone resistance genes by conjugation (Kim
et al. 2011; Yousfi et al. 2016).

5.3 Conjugative Transposons

Conjugative transposons are important for the dissemination of antibiotic resistance
genes as conjugative plasmids. Also, conjugative transposons are involved in hori-
zontal gene transfer events and contribute to long-term bacterial evolution and short-
term adaptation, enabling rapid responses to environmental changes (Scott 2002).
Stokes et al. (2007) identified aTn1403, a multiple-antibiotic resistance transposon
made up of three distinct transposons. For quinolone resistance gene aac(6’)-Ib-cr,
seven alleles were reported around the world, and these alleles are spreading in two
successful genetic platforms, class 1 integrons and Tn3-derivative transposons
(Andres et al. 2013; Quiroga et al. 2007, 2015). Tetracycline-resistant strains possess
a transposon of theTn916-1545 family, as they carry the gene int coding for the
integrase typical of these mobile elements (Clewell et al. 1995). The association of
the tet(M) gene with Tn916-1545 of transposon was confirmed by PCR (Rizzotti
et al. 2009). Tn5393 is a 6,705-bp transposon made up of a transposition module and
a module carrying the strA and strB genes with an insertion sequence (Chiou and
Jones 1993).

5.4 Single Nucleotide Polymorphisms

Whole-genome sequencing (WGS) has recently emerged as a reliable diagnostic tool
for predicting antibacterial resistance in bacterial pathogens. It gives a complete view
of the genotype of a bacterial isolate (Lauener et al. 2019). Detection of single
nucleotide polymorphisms (SNPs) in the antibacterial resistance genes within same
bacterial species is possible by this method (Mehla and Ramana 2015; Ramanathan
et al. 2017).

108 M. H. A. A. et al.



Mutations in bacterial genome can cause antibacterial resistance by several
mechanisms such as inactivation of the antibiotics and alteration or modification
of the antibiotics or by triggering alteration of membrane permeability and efflux
pumps (Alekshun and Levy 2007; Mehla and Ramana 2015). Mutations generally
occur in the genes encoding central regulatory pathways or the primary drug target
such as gyrA, parC, 23S rRNA, rpsL, rplC, rplD, gidB, rpoB, and walKR. Resistance
to major classes of antibiotics such as beta-lactams, aminoglycosides, quinolones,
glycopeptides, macrolides, rifamycins, sulfonamides, polymyxins, and lipopeptides
can all occur via mutations (Guerillot et al. 2018). SNPs in bacterial genomes have
been reported both in efflux pump genes associated with increased antibiotic resis-
tance (Kanji et al. 2017) and in the 23S rRNA, gyrA, and rpoB genes exhibiting
increased resistance to clarithromycin, levofloxacin, and rifampicin (Ramanathan
et al. 2017). Lauener et al. (2019) observed nucleotide deletions and mutations
resulting in the generation of stop codons in the antibiotic-resistant Pseudomonas
isolates compared to susceptible ones. Stepwise acquisition of mutations (beginning
with the gyrA mutation, followed by additional point mutations in topoisomerase
IV) imparting greater antibiotic resistance in Aeromonas has been reported (Beka
et al. 2018). Very low concentrations of antibiotics exerting a selection pressure on
ciprofloxacin resistance were observed by them.

Genome variations (copy number variations and structure variations) can cause
antibiotic resistance in Aeromonas hydrophila instead of single nucleotide polymor-
phism (Zhang et al. 2018).

6 AMR and ARGs Among Pathogens of Significance
in Coastal and Estuarine Waters

6.1 Vibrio spp.

Vibrios are gram-negative halophilic bacteria occurring naturally in aquatic biotopes
ranging from shallow coastal waters to the deepest parts of the ocean (Silvester et al.
2015). They are abundantly found in aquatic environments, including estuaries,
marine coastal waters and sediments, and aquaculture settings (Denner et al.
2002). There are more than 100 recognized species under the genus Vibrio (Okada
et al. 2010), among which 12 species are reported to be pathogenic to humans. It
includes Vibrio alginolyticus, V. cholerae, V. cincinnatiensis, Photobacterium
damselae (earlier V. damselae), V. harveyi, Grimontia hollisae (earlier
V. hollisae), V. fluvialis, V. furnissii, V. metschnikovii, V. mimicus,
V. parahaemolyticus, and V. vulnificus (Oliver et al. 2013).

During the past few decades, there has been a rapid emergence of antimicrobial
resistance in many bacterial genera due to the excessive use of antibiotics in humans
and agriculture and aquaculture systems (Cabello 2006). So far, research has been
mainly focused on antibiotic-resistant bacteria in clinical environments. But
recently, the rapid increase in community-acquired infections due to resistant bacte-
ria has driven the interest in antibiotic resistance in natural environments (Forsberg
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et al. 2012). The antibiotics recommended for treatment of Vibrio infections are
fluoroquinolones, tetracyclines, third-generation cephalosporins, aminoglycosides,
and folate pathway inhibitors (Daniels and Shafaie 2000). The excessive use of
antibiotics has led to the emergence of multidrug-resistant strains that exhibit
resistance to a single or a combination of antibiotics. Multiple-drug resistance
among pathogenic microorganisms like Vibrio spp. in estuarine/marine
environments will cause serious implications for those who consume seafood
contaminated with these pathogenic vibrios and also for the recreational and com-
mercial users of the aquatic environments (Shaw et al. 2014). There are numerous
studies on the prevalence of multidrug-resistant Vibrio in natural waters and food
sources from India. Table 1 gives a summary of the studies on antibiotic resistance
among Vibrio from various coastal water environments in India.

6.2 Aeromonas spp.

Coexistence of different species of Aeromonas such as A. salmonicida, A. bestiarum,
A. encheleia, A. media, and A. rivipollensis in the oligohaline area of the Seine
estuary has been reported (Chaix et al. 2017). The quality of water in the estuary was
found to be poor owing to wastewater treatment plants and was found to be
contaminated by trace metals, such as cadmium and lead, and organic compounds
such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), and pesticides (Carpentier et al. 2002). Multidrug-resistant Aeromonas
isolates in water and sediment samples of estuarine environments were also reported
(Henriques et al. 2006; Silva et al. 2014).

Exposure of bacteria to chronically low levels of biocides and metals can increase
antibiotic resistance in them. This can be due to co-selection of genes that confer
resistance to chemical hazards, biocides, antibiotics, and metals (Singer et al. 2016).
The influence of metals such as mercury and arsenic exerting a selection pressure for
antibiotic resistance in Aeromonas from environmental samples (Huddleston et al.
2006) and the presence of antibiotic-resistant Aeromonas in highly polluted river
water receiving urban effluents (Goñi-Urriza et al. 2000) have been reported. Blasco,
Esteve, and Alcaide (2008) observed that drug-resistant bacteria can occur in natural
waters even in the absence of any selective pressure.

Adaptive antibiotic resistance is the ability of bacteria to survive antibiotic stress
by altering the expression of some genes or proteins wherein global regulatory
pathways, certain porins, and efflux pumps play important roles. An increase in
translation-related proteins and a decrease in central metabolic-related proteins under
oxytetracycline stress in A. hydrophila is observed by Yao et al. (2016). They have
further observed that different exogenous metabolites such as malic acid, serine,
methionine, etc. when compounded with oxytetracycline significantly decreased the
survival capabilities of A. hydrophila. These findings are generating increasing
interest as they may provide new strategies to the treatment of antibiotic-resistant
bacterial infections. Summary of studies on AMR Aeromonas spp. from aquatic
environments in Table 2.
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6.3 Escherichia coli

E. coli, a member of the Enterobacteriaceae family, is a common inhabitant of the
human and animal gut. It is the most common cause of gram-negative nosocomial
and community-acquired infections. Lately, E. coli resistant to at least two classes of
antibiotic agents has become an ordinary finding in human and veterinary medicine
and has an increasing impact on the available therapeutic options. E. coli strains can
be classified as follows: (1) commensal, (2) intestinal pathogenic (enteric/
diarrheagenic), or (3) extraintestinal pathogenic E. coli (ExPEC) (Russo and Johnson
2000). Intestinal pathogenic E. coli can be classified into enteropathogenic E. coli
(EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC),
enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely
adherent E. coli (DAEC) (Nataro and Kaper 1998).

Water testing often uses the presence of coliforms including E. coli as an indicator
of contamination. E. coli is widely distributed in all warm-blooded animals including
humans, domestic livestock, pets, wild animals, and birds and is of interest in the
study of antibiotic resistance since they are a common carrier of resistance genes and
are capable of transferring those genes to other bacteria and bacterial species. Most
municipalities in developed countries treat human sewage to reduce the bacterial
load before releasing it into surrounding lakes, rivers, and oceans or spreading it on
land. However, studies indicate that treated sewage and the water into which it is
circulated remain heavily contaminated with antibiotic-resistant E. coli from humans
(Coleman et al. 2013) and animals (Mariano et al. 2009; Krumperman 1983).
However, in India due to population pressure and insufficient infrastructure to treat
the waste, untreated or partially treated sewage and wastewater are directly released
into the aquatic environment. Estuaries and coastal water bodies, which are the major
sources of seafood in India, are often contaminated by the activities of adjoining
populations and by the release of partially treated or untreated sewage from the
townships into these water bodies. The fish harvested from such areas often contain
human pathogenic microorganisms. In addition, poor sanitation and cross-
contamination at landing centers and the open fish markets exacerbate the situation
(Kumar et al. 2005). Summary of studies on antibiotic-resistant Escherichia coli
from various aquatic environments in India is given in Table 3.

6.4 Enterococci and Salmonella

Enterococci are gram-positive bacteria and belong to the natural microflora of the
intestinal tract of humans and animals (Facklam et al. 2002). They are ubiquitous in
the feces of warm-blooded animals and have higher survival rate and resistance level
in the environment. Hence, enterococci have been commonly used as excellent
indicators of fecal pollution of environmental waters (Lleo et al. 2005). E. faecalis
and E. faecium are the major Enterococcus species found in water systems. The
infections caused by the enterococci include urinary tract infections (UTIs), wound
infections, and bacteremia. The drug of choice for the treatment of enterococcal
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Table 3 Summary of studies on antibiotic-resistant Escherichia coli from various aquatic
environments

Organism Source of isolation Antibiotic resistance References

E. coli Hospital wastewater from
Madhya Pradesh, India

Carbapenemase resistance Chandran
et al. (2014)

E. coli Drinking water and seepage
samples in New Delhi

NDM-1 β-lactamase Walsh et al.
(2011)

E. coli Sewage treatment plants
(STPs) in South India

Third-generation
cephalosporin resistance

Akiba et al.
(2015)

E. coli Yamuna River in India 100% resistance toward
cefotaxime, ceftazidime,
cephalothin, ciprofloxacin,
imipenem, meropenem, and
nitrofurantoin

Bhardwaj
et al. (2015),
Ahammad
et al. (2014)

E. coli River Ganga water Multidrug resistance to
amoxicillin, cephalothin,
piperacillin, tetracycline, and
ciprofloxacin

Biswas et al.
(2015), Ram
et al. (2007)

E. coli Gomti river water, Lucknow Multidrug resistance Akhter et al.
(2014)

E. coli River Cauvery 96% multidrug resistance Skariyachan
et al. (2015)

E. coli Kazipally lake, Hyderabad in
India

Quinolone resistance Bengtsson-
Palme et al.
(2014)

E. coli Mula-Mutha River at Pune City
and downstream of the city

Ceftazidime and ciprofloxacin
resistance

Dhawde et al.
(2018)

E. coli Kshipra River in Central India Extended-spectrum beta-
lactamase

Diwan et al.
(2018)

E.coli Natural sources of water in east
Sikkim

Multidrug resistance Poonia et al.
(2014)

E. coli Cooum estuary, Chennai Port,
and Kasimedu fishing harbor in
Chennai

60% multidrug resistance Vignesh et al.
(2012)

E. coli Girgaon beach in the
southwest, Dadar and Mahim
beach in central, and Juhu and
Versova beach in the
northwest, Mumbai

Multidrug resistance Maloo et al.
(2018)

E. coli Water samples of Cochin
estuary

Ampicillin, tetracycline,
nalidixic acid, cefoxitin,
co-trimoxazole, trimethoprim,
and streptomycin

Divya and
Hatha (2019)

E. coli Seafood from India Cephalothin, penicillin, and
vancomycin

Kumar et al.
(2005)

E. coli Pelagic fishes in the Bay of
Bengal at Digha coast, West
Bengal, India

Ampicillin and streptomycin Ghosh and
Mandal
(2010)

E. coli Fresh seafood retail markets of
Western Mumbai

Extended-spectrum
β-lactamase

Singh et al.
(2017)

(continued)
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infections in humans is ampicillin, and vancomycin is used as an alternative (Hadi
et al. 2010). The imprudent use of vancomycin has resulted in the emergence of
vancomycin-resistant enterococci (VRE). E. faecium and E. faecalis are known as
major reservoirs of acquired glycopeptide and multidrug resistance (Van and
Willems 2010). Enterococci from nonhuman reservoirs are known to have a critical
role in the acquisition and spread of antibiotic resistance determinants (Daniel et al.
2015). They are prone to acquire a wide range of antimicrobial resistance factors
through horizontal gene transfer. Enterococci have multiple intrinsic drug resistance
mechanisms, thus conferring resistance to antibiotics such as penicillin,
monobactam, and low levels of aminoglycosides (Huycke et al. 1998). Multidrug-
resistant enterococci can be transmitted to humans via various routes including
contaminated food and water (Leclercq 2009). Enterococci can tolerate a high salt
concentration which helps them to survive longer in marine environments (Harwood
et al. 2000). A study by Carvalho et al. (2014) pointed out the existence of a
relationship between the quantum of sewage disposed into the marine environment
and the presence of multidrug-resistant enterococci in the same environment. The
presence of MDR Enterococcus spp. in coastal and estuarine waters may pose health
risk to humans exposed to such waters during recreational purposes. There are
various studies reporting the presence of multiple antibiotic-resistant Enterococcus
in the estuarine and coastal waters (Alipour et al. 2014; Belding and Boopathy 2018;

Table 3 (continued)

Organism Source of isolation Antibiotic resistance References

E. coli Tagus estuary in Portugal Streptomycin, tetracycline,
beta-lactams, and
sulfonamides

Pereira et al.
(2013)

E. coli Seine estuary in France Tetracycline, amoxicillin,
ticarcillin, chloramphenicol

Laroche et al.
(2009)

E. coli River Mur, Austria Ampicillin, piperacillin,
cefuroxime, cefotaxime,
cefepime, ceftazidime,
trimethoprim, and tetracycline

Zarfel et al.
(2017)

E. coli Surface water of Taihu Lake
Basin, China

Multidrug resistance Zhang et al.
(2015)

E. coli Coastal surface waters in
England and Wales

Third-generation
cephalosporins

Leonard et al.
(2015)

E. coli Aquaculture sites of Singapore Beta-lactamase resistance Ng et al.
(2018)

E. coli Dutch recreational waters ESBL resistance Blaak et al.
(2014)

E. coli River sources in Durban,
South Africa

Streptomycin, tetracycline,
ampicillin, novobiocin

Olaniran et al.
(2009)

E. coli River, Fayetteville, USA Trimethoprim/
sulfamethoxazole resistance

Suhartono
et al. (2016)

E. coli River Danube, Vienna ESBL and/or carbapenemase
resistance

Kittinger et al.
(2016)
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Carvalho et al. 2014; Lata et al. 2009; Moore et al. 2008; Vignaroli et al. 2018). In
most of the developing countries, water systems act as a dumping site for household
and industries. The vancomycin-resistant enterococci harboring the vanA gene were
found to be prevalent in surface waters of the river Ganga (Lata et al. 2009).
Moreover, pathogenic vancomycin-resistant E. faecalis was reported in surface
waters of the river Gomti (Lata et al. 2016).

Salmonella from the gastrointestinal tract of humans and animals are released
with feces or exudates into the environment and enter the surface waters through
rainfall and surface runoff (Wiedemann et al. 2015). The CDC ranked antibiotic-
resistant Salmonella as a “serious threat” based on the hazard level (Nair 2019).
Salmonella persists even after antibiotic treatment and is known to cause brain tissue
damage in mouse models (Chaudhuri et al. 2018). The antibiotic resistance mecha-
nism in typhoid l Salmonella is mainly through chromosomal mutation, plasmid or
transposon (Phan and Wain 2008). A previous report on the study of fecal sludge
highlights that 70% of surface water in India is polluted and contaminated (WaterAid
report 2016). These water systems have a major role in the dissemination of
multidrug-resistant Salmonella (Nair 2019). S. typhi, the causative agent of typhoid,
is often transmitted from humans to humans via contaminated waters. In India, the
antibiotic treatment of typhoid fever is becoming increasingly ineffective due to the
rapid emergence of ciprofloxacin resistance. Ciprofloxacin is the main drug of
choice for treatment of infections caused by Salmonella enterica serovar Typhi
and S. enterica serovar Paratyphi A (Dahiya et al. 2017). Drug-resistant Salmonella
has been isolated from various water sources and sewage systems worldwide
(Guillaume et al. 2000; Hassan et al. 2015; Liu et al. 2018; Mahmud et al. 2019).
Carvalho et al. (2013) isolated antibiotic-resistant Salmonella from shrimp-
harvesting waters in Brazil. Three isolated strains exhibited multiple resistance to
ampicillin, tetracycline, oxytetracycline, and nitrofurantoin. Salmonella spp. from
waters off the Veraval coast along India showed maximum resistance against
macrolides and polypeptides (Maloo et al. 2014).

7 Status of AMR from Pristine Ecosystems like the Arctic
and Antarctica

The Svalbard region (79
�
580 N) is considered as a relatively pristine environment. It

has an exceedingly small human population with no agriculture or industry. This
region never freezes due to Gulf currents, potentially receiving year-round
allochthonous inputs (McCann et al. 2019). The most plausible source of
allochthonous ARGs in this region is bird and other wildlife guano, disseminated
either by local human wastes or via direct carriage and deposition (McCann et al.
2019). Hatha et al. (2013) reported the presence of antibiotic-resistant E. coli isolates
in the droppings of migratory bird Branta leucopis, widely known as Barnacle
goose, a prominent bird population in the Svalbard region which could act as a
means of dissemination of potentially pathogenic bacteria into this environment.
Hatha et al. (2015) reported relatively high antibiotic resistance among heterotrophic
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bacteria from Arctic fjord sediments than water, indicating a better selection pressure
for drug resistance mutants in the fjord sediments. Neethu et al. (2015) reported a
positive correlation between antibiotic and metal resistance in gram-negative bacte-
ria isolated from Kongsfjord, Arctic.

McCann et al. (2019) reported accumulation of apparent allochthonous ARGs
and MGEs in the Kongsfjorden region on Svalbard. Antimicrobial resistance
determinants have been observed in Escherichia coli isolates originating from Arctic
birds (Sjolund et al. 2008). Arctic foxes prey upon these nesting birds and scavenge
human rubbish around the Kongsfjorden settlement. Further, seabirds congregate
near the wastewater outfall from the research station into the bay, presenting another
possible local AR dispersal pathway (McCann et al. 2019).

Antarctic waters are considered relatively more pristine than the other oceanic
waters experiencing anthropogenic influences only over larger timescales from the
Northern Hemisphere (Bonner 1984). Wang et al. (2016) reported that soil near
Antarctic research stations is an important environmental reservoir of antibiotic
resistance genes (ARGs), which are increasingly recognized as environmental
contaminants in Antarctica. The presence of ARGs in Antarctic soils is correlated
with the proximity to the research stations. Miller et al. (2009) reported the preva-
lence of antibiotic resistance bacteria isolated from seawater and penguin fecal
samples collected near Palmer Station, Antarctica. Lagana et al. (2019) reported
that plastics can serve as vectors for the spread of multiple resistances to antibiotics
across Antarctic marine environments. The bacteria isolated from plastic showed
resistance against cefuroxime and cefazolin (cephalosporins), cinoxacin
(quinolones) and ampicillin, amoxicillin + clavulanic acid, and carbenicillin and
mezlocillin (beta-lactams).

8 “One Health Policy” and Global Action Plans [WHO (2015)
and Government of India (2017)]

“One Health policy” is the coordinated surveillance systems of human AMR with
animal surveillance systems and AMR in environmental settings. Antimicrobials
used to treat various infectious diseases in animals may be similar to those used for
humans. Resistant bacteria arising in humans, animals, or the environment may
spread from one to the other and from one country to another. AMR does not
recognize geographic or human-animal borders. The WHO, Food and Agriculture
Organization (FAO) of the United Nations, and World Organisation for Animal
Health (OIE) speak with one voice and take collective action to minimize the
emergence and spread of AMR. Their aim is to ensure that antimicrobial agents
continue to be effective and useful for curing diseases in humans and animals,
promote prudent and responsible use of antimicrobial agents, and ensure global
access to medicines of good quality.

In 2015, the WHO launched the Global Antimicrobial Resistance Surveillance
System (GLASS), the first global collaborative effort to standardize AMR surveil-
lance. GLASS supports the strategic objective of WHO’s Global Action Plan on
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AMR (GAP-AMR) to strengthen the AMR evidence base. GLASS provides a
standardized approach to the collection, analysis, and sharing of AMR data by
countries and seeks to document the status of existing or newly developed national
AMR surveillance systems. GLASS is supported by WHO collaborating centers,
involving strong commitment from participating countries and close collaborations
with AMR regional networks.

India’s National Action Plan (NAP) on AMR was released in April 2017 by the
Union Ministry of Health and Family Welfare. The objectives of the NAP include
improving awareness, enhancing surveillance measures, strengthening infection
prevention and control, research and development, promoting investments, and
collaborative activities to control AMR. On the basis of the NAP, various states
have begun the process of initiating their State Action Plans.

9 Remedial Measures to Be Taken to Control AMR in Coastal
and Estuarine Environments

The rising spread of AMR bacteria in estuaries and coastal environments is a
reflection of discharges from municipal, industrial, and hospital wastewater. The
problem is exacerbated by agriculture, aquaculture, and poultry farms upstream
(Ghaderpour et al. 2015). Therefore, remedial measures to reduce AMR in estuaries
and coastal environments should focus primarily on the reduction/prudent use of
antibiotics in humans and animals. Increasing awareness must be generated among
all stakeholders on the risks of irresponsible use of antibiotics, leading to antibiotic
resistance, with its consequences on public health. Everybody must strictly observe
the policies governing prescriptions of antibiotics.

Proper management of domestic ARB- and ARG-containing wastes from
hospitals, industries, and agricultural sectors is another important aspect. Take-
back programs to return unused antibiotics to pharmacies are suggested by the
World Health Organization. Proper disposal of unused drugs must be implemented
in countries where such programs are not operational at large scale. Onsite treatment
plants equipped to deactivate antibiotics and resistant bacteria (OSTP-Zero ARB)
must be taken into concern (Lundborg and Tamhankar 2017). Finally, the use of
health-promoting compounds such as probiotics must be promoted.

10 Conclusion

One of the characteristic features of the coastal and estuarine environments is the
constant pollution of these natural waters. Burgeoning population of coastal cities
across the world exerts huge pressure on infrastructure to treat the wastes resulting in
the release of an enormous quantity of organic wastes including sewage into these
water bodies. With regard to the emergence and dissemination of drug-resistant
mutants of pathogenic bacteria across the globe, the polluted natural waters play a
crucial role by offering the congenial habitat for coexistence of opportunists,
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pathogens, bacteriophages, stressed hosts, and mechanisms that enhance horizontal
gene transfer. While several pathogens, both known and hitherto unknown, continue
to make their presence felt, antibiotic-resistant strains of pathogenic vibrios, motile
aeromonads, and diarrhegenic E. coli still pose a serious threat. Coastal water bodies
being highly productive support excellent fish and shellfish resources. The above
pathogens also find their way to human hosts through contaminated fish and shellfish
and those who use polluted aquatic biotopes for recreation and bathing. Emergence
of strains that are resistant to last-resort drugs such as colistin by virtue of resistance
genes on mobile genetic elements is a matter of grave concern. Concerted efforts
should be made to highlight the consequences of excessive and inappropriate use of
antibiotics to the public. Right policy decisions to control/treat and release organic
wastes and sewage to natural waters must be implemented to curb the threat of rising
AMR in bacterial pathogens.
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AMR in Animal Health: Issues and One
Health Solutions for LMICs

Robin J. Paul and Digna Varghese

1 Introduction

Antimicrobial resistance (AMR), according to the World Health Organization
(WHO), is one of 2019’s top ten threats to global health (WHO 2019) along with
others such as climate change, air pollution, noncommunicable diseases (NCDs),
global influenza pandemic, and Ebola. Also, AMR is going to be an overwhelming
burden for low- and middle-income countries (LMICs) due to issues such as
excessive antibiotic usage in humans and animals, poor infection prevention in
hospitals, lack of urban sanitation along with chronic malnutrition, privatization of
healthcare, and lack of meaningful regulations on animal antibiotic usage. However,
global agenda setting for AMR control in animal health is dominated by high-
income countries (HICs) and may not reflect priorities and needs of LMICs, where
the production systems, levels of resistance, and also the types of disease caused by
bacteria in farmed animals and poultry are different. The global plans for controls are
also hampered due to the lack of data pertaining to AMR arising from animal health
in LMICs, thereby posing a major challenge in formulating appropriate policies to
address the issue, which has to be ultimately driven by robust data.

There has been significant progress in reducing antibiotic use in agriculture,
particularly in HICs, but there is a long way to go in LMICs. There has been
progress in raising awareness on avoiding unnecessary use of antibiotics, but
questions remain about its impact and effectiveness in changing behavior. Proposals
and regulatory controls to restrict over-the-counter sales of antibiotics have foun-
dered in the face of the realities of living conditions and access to healthcare in
LMICs (Clift 2019).
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A recent study on global trends in antimicrobial resistance in animals in LMICs
indicates that the highest levels of AMR in animals are currently found in large
LMICs like China and India with massive livestock and poultry populations and
recommends that these countries should take immediate actions to preserve
antimicrobials that are essential in human medicine by restricting their use in animal
production. This study further indicates that in some middle-income countries,
particularly South America, the AMR surveillance must be scaled up to match that
of low-income African countries that are currently outperforming them despite more
limited resources (Van Boeckel et al. 2019). Though the study is an aggregation of
point prevalence surveys, it seems to be imperfect in the absence of systematic
surveillance. However, the maps provided with this study should be useful to guide
policy interventions in many LMICs.

The greatest burden of zoonotic diseases lies within poor, marginalized, rural
communities that live in close proximity with livestock and may have reduced access
to safe food and healthcare (OIE 2017). The major issue with antibiotic resistance is
that the resistant clones of several major zoonotic animal pathogens, like Salmonella,
Campylobacter, and enterohemorrhagic E. coli (EHEC), have been increasingly
isolated from the food supply, including food animals, poultry, retail meat products,
fresh produce, and seafood. All major resistance determinants, including those that
confer resistance to β-lactams, extended-spectrum β-lactams, fluoroquinolones,
aminoglycosides, tetracyclines, and chloramphenicol, have been identified in vari-
ous Salmonella serovars isolated from the food supply. It has become increasingly
clear that antibiotic resistance in food animals will remain a significant hurdle to
tackle in the near future (Nair et al. 2018).

A study by Sivalingam et al. (2019) on environmental prevalence of carbapenem-
resistant Enterobacteriaceae (CRE) in tropical ecosystems in India underscores the
urgent need for systematic surveillance studies concerning AMR bacteria in
vegetables, seafood, and fish that are in direct contact with contaminated urban
effluents, soil, and irrigation water at various stages, such as the harvesting and
postharvest levels. This study recommends the implementation of strict national
policies to curb the indiscriminate use of antibiotics in aquaculture, agriculture,
veterinary, livestock farms, poultry, food animals, and antibiotic stewardship.

There are many ways in which antibiotics in animals can affect humans, wherein
the direct contact between animals and humans is the primary cause of disease due to
resistant bacteria. The liberal use of antibiotics in pig farms, including beta-lactams,
tetracyclines, and even colistin, has been implicated in the transmission of
methicillin-resistant Staphylococcus aureus (MRSA) and other superbugs. Farmers
and livestock and meat handlers are at risk of being colonized by the livestock-
associated MRSA (LA-MRSA). Although LA-MRSA isn’t as dangerous as hospital-
associated MRSA (HA-MRSA), as it has animal adaptation and does not spread as
easily from person to person, it is estimated that 40% of commercially sold pork
meat contained methicillin-resistant Staphylococcus aureus. Though distinction
between MRSA strains from hospitals, communities, and livestock is breaking
down, LA-MRSA now poses a significant threat especially for immunocompro-
mised individuals.
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It is therefore essential to study the spread of AMR in superbugs of animal origin
such as Staphylococcus aureus, Salmonella, and multidrug-resistant
Enterobacteriaceae, especially at the human-animal-environment interface; and
this can be effectively addressed only by a sustained collaborative One Health
approach across human, animal, and environmental disciplines (Ewers et al. 2012).

2 Major AMR Drivers and Addressing Them in LMICs

Major drivers for AMR in LMICs are diverse due to the different systems of
production for each animal species, wherein animal agriculture is an ancient practice
and is closely linked with civilizations along with many socioeconomic factors, thus
making it difficult to regulate, raise awareness, and implement control programs.
This coupled with the sheer size and diversity of many LMICs calls for global
solutions along with sustained local efforts.

A recent report (Ryan 2019) reviewed evidence on the economic benefits and
costs of antimicrobials for the major food-producing animals across several
Organisation for Economic Co-operation and Development (OECD) countries as
well as Brazil and China. The findings indicate that the economic benefits are modest
in modern farming systems where good production facilities, biosecurity measures,
and management practices are in place. In large food animal-producing countries
such as Brazil, the use of antimicrobials is an important input to enhance the
competitiveness of the industry. In China, the largest producer and user of antibiotics
in animal production, antibiotics are often used as a substitute for minimal sanitary
animal production facilities and the lack of appropriate biosecurity on the farm. This
report concludes with several key policy options and practices, in particular those
that induce farmers to emphasize on the economic benefits and costs of
antimicrobials and alternative interventions in production in order to stem the rise
in antimicrobial resistance.

Existing factors driving AMR in LMICs include a high prevalence of infection
due to poor animal disease prevention, shortage of veterinary care inclusive of weak
laboratories and subsequent inadequacy in state management, shortfall in new drugs
and problems with drug quality, unsafe animal feed, and inadequate hygienic
practices in animal husbandry and industrial food animal production by a poorly
aware farming community dispersed over large geographical areas which is out of
the enforcement capacity of a weak regulator.

2.1 AMR in Animal Health: A Regulatory Problem

Antimicrobial use in livestock is legislated in HICs with the veterinary profession
being intricately involved in enforcement. In contrast, in LMICs, the scenario for
livestock production is shaped by weak regulations and regulators, irrational drug
use, and poorly educated livestock farmers. The government veterinary and live-
stock departments in LMICs are mandated to increase production of farm animals so
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as to meet the demand for high-quality animal protein, and such protein has to be
produced cheaply as it should be affordable to poorer malnourished sections of the
society. The governments and industry are hence antagonistic to the idea of
regulating production of an already scarce resource, and rightly so, as in many
LMICs, deaths due to malnutrition, especially protein deficiency and lack of access
to antimicrobials, far exceed those by AMR. This has also to be seen with an
understanding that animal protein may be the panacea for preventing malnutrition
and stunting among children especially in the first 3 years of life in LMICs of Asia
and Africa (Kaimila et al. 2019).

Even though India has one of the largest livestock and poultry populations, with
broiler poultry production almost doubling every 7 years along with the concurrent
use of antimicrobials, still like many other LMICs, there is no dedicated veterinary
regulator which regulates the production, sale, distribution, and use of antimicrobials
(Government of India 2017). As intensive animal farms are increasing due to rapid
urbanization and decreasing land availability, many food animals are being reared in
unhygienic environments, which make them more prone to infectious diseases,
thereby emphasizing the role of antimicrobials in disease prevention and growth
promotion. Significant knowledge gaps remain in areas such as the economic
contributions of antimicrobials through their reduction in livestock disease burdens
and their estimated impacts on hunger and poverty alleviation (Rushton et al. 2014).

Industrial food animal production (IFAP) is characterized by large-scale, highly
specialized, densely stocked operations designed to maximize output at minimal cost
to producers (Casey et al. 2015). Production relies heavily on inputs, including
specially formulated feeds, pharmaceuticals like antimicrobials, and synthetic
hormones (in cattle), the use of which has been implicated in the presence of
environmental, occupational, and food-borne hazards. This model has become
increasingly globalized, with multinational corporations expanding operations
from HICs to Mexico and countries in Southeast Asia, Eastern Europe, and other
parts of the world.

In a recent study (Lam et al. 2019) where the industrialization of food animal
production in ten LMICs (Ethiopia, Myanmar, India, Vietnam, Brazil, China,
Mexico, Turkey, Kenya, and Uganda) across four continents was viewed through
the perspective of environmental public health, it was concluded that industrialized
methods have increased livestock production to varying extents based on species and
location. Expansion was promoted in some countries by explicit government
policies. Animal densities, corporate structure, and pharmaceutical reliance mirrored
conditions found in HICs. There were many reported weaknesses in regulation and
capacity for enforcement surrounding production and animal welfare in LMICs.
Global trade increasingly influences the access to inputs such as feed. LMICs are
attracted to IFAP for economic development and food security, as well as the
potential for increasing access to animal-source foods and the role these foods can
play in alleviating malnutrition. This study concludes that IFAP methods are
resource intensive and likely result in serious negative public health and environ-
mental impacts in LMICs. The use of antimicrobials is always greater in IFAP
systems where antibiotics are cheap production tools to compensate for poor hygiene
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and high stocking densities in animal farms. The use of subtherapeutic doses of
antibiotics for this purpose has been widely viewed to be a driver for the emergence
of AMR in countries with intensive animal farming where the use of antibiotics for
growth promotion (AGPs) is not prohibited or controlled legally.

Also, many LMICs do not have a system that accounts for the use or consumption
of antibiotics in the animal, food, and livestock sector. Information is also lacking on
the type of antibiotics, their duration of use, method of delivery, and product labeling
since all these are not subject to regulatory controls. A lot of mislabeling and
fraudulent claims are being made on packing of medicines. In addition, feed
additives are also rampant in LMICs to entice farmers. Food production systems
in LMICs of Asia, Latin America, and Africa need to innovate farming practices on
an urgent basis in order to be more sustainable and productive, especially in the wake
of disruptions caused by climate change like frequent cyclones, floods, and drought.

Like most of the LMICs, AMR in food animals has not been documented in India
till date. Although small-scale, localized studies are available from research papers
published by students of veterinary universities as part of their research dissertation,
evidence from systematic studies that can be extrapolated to the state/national level
is lacking. Given that there are few regulations against the use of antibiotics for
therapeutic and nontherapeutic purposes in India, with no implementation protocols
or surveillance programs, the emergence of AMR from antibiotic use in the animal
sector is likely to be an unmeasured burden (Government of India 2017).

2.2 Disease Prevention for Reducing the Need of Antimicrobials
in Animal Health

AMR is not only an animal health and economic concern, with implications for
decreasing the efficiency of antimicrobial treatment in animals, but is also a public
health concern due to the transmission of antimicrobial-resistant bacteria through the
food chain. It is a well-known fact that antimicrobial usage (AMU) (e.g., in human
and veterinary medicine) drives AMR (Laxminarayan et al. 2013). The risk increases
when such antimicrobials are used inappropriately, in an untargeted manner (e.g.,
mass medication or use on non-susceptible microorganisms), at subtherapeutic
doses, repeatedly, or for inappropriate periods of time. Bacteria are becoming
resistant to antibiotics as a result of evolution, and the increased use of antibiotics
inevitably selects for bacteria that carry antibacterial resistance genes (ARGs) that
protect them against these agents.

ARGs provide bacteria with the ability to degrade and/or excrete antibiotics. They
can be exchanged between different species of bacteria through horizontal gene
transfer (HGT) allowing the resistance to spread through communities. Mechanisms
to transfer the genes by HGT from one bacterium to another involve mobile genetic
elements, and these can be transferred in three modes: (1) transformation, a process
by which free DNA is incorporated into a competent cell and brings about genetic
change in the recipient; (2) conjugation, a process of genetic transfer that involves
cell-to-cell contact; and (3) transduction, a process by which DNA is transferred by
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bacteriophage. HGT through plasmids represents one of the most difficult challenges
for counteracting the dissemination of antimicrobial resistance. They contribute to
the spread of relevant resistance determinants by promoting horizontal gene transfer
among unrelated bacteria (Carattoli 2013). Using antibiotics in animal health to treat
nonbacterial infections or to improve the growth rate of livestock will result in entry
of a large amount of antibiotics to the environment, thus creating a strong selective
pressure leading to many resistant bacteria. This resistance can develop in free-living
bacteria that perform important functions in soil or river ecosystems (Hong et al.
2013), but then spread to bacteria that cause disease within humans and animals.

Therapeutic procedures refer to antibiotic use targeting individual diseased
animals. In food animals, it is often convenient to treat entire groups by
administering medication through feed or water. Mass medication procedure called
metaphylaxis is aimed at the treatment of sick animals while medicating others in the
group that may not be sick but exposed. For animals like poultry and duck, mass
medication is the most feasible means of treatment, but this can increase the
possibility of drug dispersal into the environment. These practices are currently
considered as contributing to the emergence of antimicrobial resistance (Clement
et al. 2019).

Better management of animal health and preventing infections in the first instance
is the best way to achieve this, as reducing the number of infections reduces the
number of treatments needed. The ultimate objective is to reduce the need for
antimicrobials by preventing animal diseases which can be reasonably achieved by
ensuring biosecurity, following good farm management practices, and implementing
integrated disease control programs with an aim to minimize the occurrence of
diseases and eradicate endemic diseases.

In general, some of the measures that are being adopted by animal husbandry
systems in advanced countries and which should be urgently followed in LMICs for
preventing diseases and reducing the need to use antimicrobials in all species are the
following (European Union 2015):

1. Farm biosecurity measures and implementing hygiene such as maintaining sepa-
rate clothes and boots for each unit; limiting access; making handwashing and
hand disinfection facilities available close to the workplace; culling of sick
members of the flock, ensuring quick removal of dead animals; following a strict
schedule for cleaning and disinfecting; and performing regular disinfection across
farms.

2. Improving husbandry systems by providing appropriate housing, ventilation, and
environmental conditions for animals and using only safe, high-quality feed and
water.

3. Implementing programs to control specific animal diseases (both viral and bacte-
rial) by means of vaccination. Disease profiles can vary across LMICs, and each
country should prioritize controls based on economic assessment of disease
burden.
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4. Avoiding stressful situations which can weaken immune systems of animals and
make them more susceptible to infections (i.e., avoiding overcrowding), ensuring
that the recommended animal population density is always adhered to.

5. Implementing other scientifically proven preventive medication systems such as
probiotics, immune modulators, and herbal medication treatments to minimize
disease and as safe alternatives to antimicrobials.

6. Providing economic incentives to farmers to encourage them to adopt effective
biosecurity and preventive measures and to improve animal health which would
have a major impact on farming systems across LMICs.

2.3 Responsible or Prudent Use of Antimicrobials

In LMICs, many antimicrobials are or have been used, some of which are not used in
human medicine and some from classes that are used in humans. Overall,
tetracyclines, sulfonamides, penicillins, and enrofloxacins are the main classes
sold. However, since the use of antimicrobials varies between animal species and
even between production systems, further associations between sales and resistance
are hampered by the dearth of sales data by animal species. Bacitracin, tetracycline,
tylosin, and anticoccidials (ionophores) are used as growth promoters in poultry
production (Mehdi et al. 2018). However, some newer types of antimicrobials which
are critical for human use, such as carbapenems, are not used in food animals.

Responsible use of antimicrobials will lead to more rational and targeted use,
thereby maximizing the therapeutic effect and minimizing the development of AMR.
The final outcome of prudent use should be an overall reduction in the use of
antimicrobials, predominantly by limiting their use only to situations where they
are inevitable. In such situations, antimicrobials should be used for focused therapy
in accordance with the best practices as advised by the World Organisation for
Animal Health (OIE), i.e., based on clinical diagnosis and, whenever possible, as per
the results of microbiological susceptibility tests and by using an antimicrobial agent
of as narrow spectrum as possible.

Many of the antimicrobials used in animals are also used in humans. Some of
these antimicrobials are critical (WHO 2018) for preventing or treating life-
threatening infections in humans, while others are highest-priority critically impor-
tant antimicrobial agents (HPCIAs). Third- and-fourth generation cephalosporins
and fluoroquinolones are also of critical importance to human health. Special
consideration is necessary to ensure the continued efficacy of such antimicrobials
and to minimize the development of resistance. These agents should not be used as
preventive treatment in feed or water or in absence of clinical signs and should not be
used as first line, unless justified and supported by bacteriological tests.

Problems associated with shortage of veterinary care are very profound in many
LMICs; and treatment by quack practitioners and others, instead of registered
veterinary doctors, increases the AMR problem multifold since the responsible and
rational use of antimicrobials, proper dosages, and timely withdrawal cannot be
practiced. However, there are not enough veterinarians, and this is especially acute in
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LMICs where many animals will never see a veterinarian in their lifetime. This puts
farmers in the challenging position where they need to make medical decisions for
their livestock without adequate training. Hence, increasing access to veterinary
expertise must be at the top of the global agenda, for AMR control.

2.4 Animal Feed as a Major Route for Abuse of Antimicrobials
in LMICs

Oral antimicrobial treatment is often administered to groups of animals through
medicated feed or by adding the antimicrobial to normal farm feed. Antimicrobial
use for growth promotion was banned by the European Union in 2006 and heavily
regulated in the United States in 2017. As many antimicrobials in LMICs are easily
available directly to farmers without a valid prescription, antimicrobials often find
their way to healthy food animals as a result of group medication. Group medication
of antimicrobials should be administered only when microbial infections result in
serious mass mortality or morbidity with strict compliance to withdrawal period so
as to prevent accumulation of drug residues. Such treatment with antimicrobials via
feed or water should be limited to the animals requiring treatment, and the drug
delivery systems should be appropriate for the intended treatment. Where an antimi-
crobial is administered through medicated feed, it is important to ensure the homo-
geneity of distribution of the drug, so that each animal or bird obtains the required
therapeutic dose for treating the disease in accordance with the veterinary
prescription.

There is a major regulatory lacuna in feed safety in many LMICs as it is not
considered a priority item in contrast to food safety. Many countries lack legislations
for manufacture, sale, and distribution of animal feed. The feed business operators
producing medicated feed must ideally be approved by the drug regulator for the
manufacture of medicated feed. They must follow all legal requirements for
medicated feeds and may only produce medicated feed from authorized
antimicrobials. LMICs need to develop smart regulation for animal feed that
involves different stakeholders, encourages improvement by self-compliance, and
lowers noncompliance.

2.5 Raising AMR Awareness in Animal Health

It is only possible to minimize the development of AMR through the responsible use
of antimicrobials if all stakeholders involved are well informed. Prudent use
campaigns in the animal health sector can be targeted at specific groups, in particular
farmers, veterinarians, and other professionals involved in animal production. These
campaigns may include a number of approaches, for example, providing sectoral
guidelines on good practice, holding seminars, and displaying posters in veterinary
practices and milk collection centers.
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Relevant networks and stakeholder organizations play an important role in the
success of such campaigns, and they should also be supported by the competent
authorities. Guidelines should also provide practical tools for implementation and
should encourage the parties concerned to be proactive in taking steps to reduce the
threat of AMR (Laxminarayan et al. 2013).

Campaigns may also be targeted at consumers, to encourage them to demand
food that is produced in accordance with standards such as Codex standards which
require minimal use of antimicrobial agents. Positive examples of best practice in
animal husbandry can strengthen consumer confidence and increase public demand
for food produced with minimal use of antimicrobials. Some initiatives like Know
Your Farmer, Know Your Food, to drive locally produced fresh and wholesome
food, can be encouraged especially as in each LMIC, the production systems are
driven by socioeconomic issues influencing local patterns of consumption of animal
foods.

In Asia and Africa, most farmworkers are poorly educated, and pig and broiler
poultry integrators and their contract farmers have little awareness on AMR issues
and the harmful effects of drug residues in foodstuffs. Animals are routinely
transported live and sold through wet markets, providing opportunities for dissemi-
nation of AMR genes and organisms over large geographical areas. Further
complicating the situation is that poultry litter is widely used as a fertilizer, providing
opportunities for contamination of the food chain. In such a case, raising awareness
to bring about changes in behavior is the only practical solution for AMR control.

Given the complexity of the situation, a deeper understanding of the economic
and social drivers of behaviors and practices in LMICs that promote the emergence
and spread of AMR will be required to underpin policy interventions. Awareness
campaigns including those through social media therefore play an important role and
need to be regularly repeated and updated.

2.6 Drug Quality and New Antibiotics in the Animal Health Sector

Just like in human health, addressing resistance will require interventions aimed at
discovering newer molecules of antimicrobials. The debate tends to be dominated by
discussions around improving drug pipelines, whereas a less spoken topic is the
narrowing of the available antibiotics in animal health. For veterinary antimicrobials
that have been on the market for many years, new knowledge may emerge which
requires amendments to be made to the authorization terms. Lack of new drugs for
veterinary use and ban of the existing drugs leads to decrease in the available
antibiotics in animal health, for example, the recent ban on colistin (a common
veterinary antibiotic) for use in animal health and aquaculture sectors in China,
India, and many other countries. Gram-negative bacteria containing a gene known as
mcr-1 which confers resistance to this antibiotic had spread around the world at an
alarming rate since its original discovery a few years earlier (Wang et al. 2018). In
many LMICs, it was estimated that a quarter of hospitals possess bacteria that now
harbor this gene. Colistin is now known as the “antibiotic of last resort,” and in many
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parts of the world, hospitals have turned to its use because pan-drug-resistant (PDR)
Klebsiella and Escherichia coli were no longer responding to the last available
category of human antimicrobial agent carbapenems (Forde et al. 2018), and this
comparatively toxic veterinary antibiotic was the only hope.

The lack of profits from new antimicrobial molecules in human use was evident
since the last 20 years, which resulted in the introduction of newer molecules in
animal health to offset the cost involved in novel drug discovery. This led to the
further dissemination of AMR bacteria resistant to newer antimicrobials in animal
health and the environment. On expiry of global patents, many of the newer
molecules are being produced as generics from contaminated and spurious raw
materials and sold as poor-quality antibiotics in LMICs especially in animal health.
This coupled with poor instructional strength of regulators and political interference
in implementation by regulators has only deepened the crisis. Counterfeits and
substandard medicines may not have sufficient active ingredients to kill the micro-
organism in question. While overuse or misuse of antibiotics plays a major role in the
evolution of microbes (Davies and Davies 2010), the same is true in the use of
counterfeit and substandard medicine, and this is one of the contributing factors in
exacerbating resistance in many LMICs. This requires urgent attention from drug
regulators of LMICs for a better market surveillance of drugs, to detect and weed out
substandard versions and enforce penalties on such producers.

Extreme measures like nationalizing animal antimicrobial production and pro-
curement can also be thought about, as in most LMICs the animal healthcare for food
animal production is managed by the state and integration with drug production can
bring about strict controls on the usage patterns and prevent counterfeit and substan-
dard antimicrobials effectively.

It is also important to bring new diagnostics in animal health to market that can
identify disease more rapidly and accurately and integrate diagnostics with veteri-
nary treatments to allow for early identification and treatment, as this would mini-
mize spread and reduce the overall use of antimicrobials. This calls for urgent
research and development of new, affordable, and rapid diagnostic tests to address
LMIC needs in resource-limited settings.

2.7 Problems with Implementation of Action Plans and Weak
Veterinary Laboratories

National action plans (NAPs) are the cornerstone of country-level AMR responses,
and most of the LMICs have a national action plan inclusive of action for addressing
AMR risk in animal health. The lack of prioritization, necessary financing, and
policy framework and its poor enforcement has also contributed to reduce antibiotic
use in agriculture. At present, although there is a greater understanding of the type of
surveillance data which is required in view of the guidelines of the World Health
Organization’s (WHO) Advisory Group on Integrated Surveillance of Antimicrobial
Resistance (AGISAR) (WHO-AGISAR 2017), a comprehensive surveillance is
challenging given the complex AMR ecosystem, spanning human healthcare,

144 R. J. Paul and D. Varghese



agriculture, and the environment, and the limited understanding of how AMR arises
and is spread across these domains.

There is further limitation of laboratory support in animal health and lack of
standardized protocols inclusive of internationally harmonized clear interpretative
criteria, resulting in data from LMICs, which are already scarce, to be of a poor
quality. There is an urgent need to upgrade animal health, veterinary microbiology
laboratories doing AMR testing, and food testing laboratories doing antibiotic
residue testing in animal foods, to meet the requirements of the international
laboratory quality standard ISO/IEC 17025 and accredit themselves though their
national accreditation bodies. This will ensure the generation of quality data which
can further be used for taking regulatory action. Many LMICs are finding it difficult
to find enough resources, as upgradation of laboratory network is a costly activity,
but global aid and twining programs by the WHO, Food and Agriculture Organiza-
tion (FAO), and OIE and other international and regional donors are helping many
laboratories modernize their equipment and systems including training of
technicians. The UK government’s Fleming Fund is helping to tackle AMR through
efforts to strengthen NAPs, particularly of many LMICs in Africa (Fleming fund
2019).

3 Strategies to Control AMR in Animal Health in LMICs
Through One Health Action Plans

The greater need for highly interdisciplinary approaches, comprising humans,
animals, and the wider environment along with socioeconomic factors, makes
AMR a quintessential One Health issue. As it is already clear that LMICs face
major AMR challenges from animal health and need to take urgent action and newer
regulations, they cannot afford to wait for data from new surveillance to emerge as
additional data will not lead to immediate changes in farming systems and antibiotic
usage. Therefore, rather than waiting for data, LMIC governments need to show
commitment to implement at least the proposed national action plans as most of
these are derived from the WHO’s Global Action Plan (GAP-AMR) which is a One
Health action plan (GAP-AMR 2015).

Since the drivers of antimicrobial resistance lie in humans, animals, plants, food,
and the environment, a sustained One Health response is essential to engage and
unite all stakeholders around a shared vision and goals. National antimicrobial
resistance action plans are at the heart of a multisectoral One Health response, but
financing and capacity constraints in many LMICs need to be urgently addressed to
accelerate implementation (UN-IACG 2019). Strengthening infection prevention
and control in farms using available tools and ensuring access to clean water,
sanitation, and hygiene in farms and community settings are central to minimizing
disease transmission and the emergence and transmission of antimicrobial resistance
in humans, animals, food, and the environment. Strengthening surveillance, regu-
latory frameworks, professional education, and oversight of antimicrobial prescrip-
tion and use and increasing awareness among all stakeholders are also significant
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challenges that need to be urgently addressed to ensure the responsible use of
antimicrobials and to minimize resistance.

For the One Health approach to be applied, the actual AMR burden in the
community needs to be estimated, but only a few published reports of community-
acquired infections caused by resistant bacteria are available, but it is more likely
that the numbers of cases in disease-endemic areas are already high. The example of
the spread of extended-spectrum beta-lactamase (ESBL) producers in the commu-
nity within the past 10 years shows us that a high rate of carbapenemase producers in
E. coli have rapidly spread worldwide (Normann et al. 2011). However, current
evidence shows that humans, rather than animals and food, are the primary source of
direct ESBL resistance.

A study reported on antibiotic-resistant K. pneumoniae strains in broiler farms
which have not been reported in clinical settings. However, plasmids with resistance
genes are transferable between strains and species. Therefore, resistance-carrying
plasmids detected in food-producing animals always pose a possible risk for human
health (Daehre et al. 2018). The One Health European Joint Programme (One Health
EJP) has recently started a MedVetKlebs project studying Klebsiella pneumoniae
(One Health EJP 2019), from ecology to source attribution and transmission control
as this organism represents a significant threat to public health when associated with
multidrug resistance. K. pneumoniae is present in the gastrointestinal tracts of both
humans and animals and is a well-known accumulator of AMR genes, yet the main
reservoirs and routes of transmission between humans and animals remain unde-
fined. Such One Health studies are also urgently needed in LMICs as this is a priority
pathogen and is responsible for most of AMR deaths. Laboratory studies with
international collaborations for understanding the molecular mechanisms of resis-
tance, so as to provide insight into the factors in LMICs that promote the survival and
spread of AMR genes and resistant organisms through human, animal, and environ-
mental routes, are now the major One Health challenge. Stronger political leader-
ship, advocacy, coordination, and accountability are needed at all levels to enable a
sustained One Health response to antimicrobial resistance (UN-IACG 2019).

The National Action Plan for Brazil on Antimicrobial Resistance in Agriculture
was launched in 2018 and presents objectives, strategies, and activities to be
implemented till 2022. The plan targets health education, epidemiological studies,
surveillance and monitoring of antimicrobial use, strengthening infection prevention
and implementation of control measures, and promotion of the rational use of
antimicrobials in animals. It can be expected that the data gaps on antimicrobial
use will be solved by these activities. Moreover, the regulation of antimicrobial use,
such as the need of veterinary prescriptions, the research of alternatives for AGPs,
and education programs with the NAP Brazil, is expected to contribute to the prudent
use of antimicrobials (Cardoso 2019).

In India although health is a state subject and individual states can formulate
decisive actions, only two states out of the twenty-eight, viz., Kerala and Madhya
Pradesh, have ramped up efforts to control AMR by developing a local strategic
action plan based on the national action plan (Government of Kerala 2018). These
plans guided by the WHO initially did the identification and analysis of the relevant
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stakeholders followed by the mapping of available infrastructure and capabilities of
these stakeholders to arrive at a One Health action plan for control of AMR. Such
state-specific, locally driven One Health action plan for AMR containment based on
situational analysis could serve as a model for other LMICs. The national action
plans especially in large LMICs should ideally be an aggregation of subnational
plans for better implementation in field level.

4 Conclusions

All LMICs should urgently stop wasting the antimicrobials on the WHO list of
HPCIAs for human medicine as growth promoters and reduce mass medications
with these agents as an essential first step before moving further toward completely
phasing out the use of antimicrobials for growth promotion. Additional effort,
investments, and incentives are needed to spur innovation in antimicrobial
medicines, diagnostics, vaccines, waste management tools, farmer awareness, and
improving quality of veterinary antibiotics and safe and effective alternatives to
antimicrobials. All LMICs should begin with earnest implementation of the national
antimicrobial resistance action plans so that problems in One Health response can be
continually corrected and improved. LMICs should also encourage economic
incentives to farmers for implementing biosecurity and vaccination.

All stakeholder groups in LMICs including governments, professionals, farmers,
regulators, industry, civil society, and the private sector need to be engaged and
collaborate in a massive and unprecedented effort across the human, animal, and
environmental sectors, based on a shared vision and deliverable goals. The
challenges of antimicrobial resistance in animal health are just as complex and
multifaceted as in human medicine, but they are not unmanageable as efforts should
continue with a One Health approach to push for multilateral solutions in order to
curtail this global public health emergency.
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Antifungal Resistance: Current Concepts

Gagandeep Singh and Immaculata Xess

1 Introduction

Advances in the treatment modalities of human diseases have led to an increasing
population of critical patients and patients who are immunocompromised. These
populations are at an increased risk of multiple opportunistic infections, including
fungal diseases. The most common fungal pathogens are Candida, Aspergillus,
Mucorales, Cryptococcus, and Pneumocystis jirovecii. Candida spp. are the fourth
most common cause of bloodstream infections worldwide, with mortality as high as
50% (Wisplinghoff et al. 2004). Every case of candidemia is assessed to result in an
additional 3–13 days of hospital stay and up to $29,000 in healthcare costs. Antifun-
gal resistance is often seen with Candida infections. A few species of Candida are
increasingly showing resistance to the first- and second-line antifungal medications,
such as fluconazole and the echinocandins. C. glabrata and C. krusei together
constitute more than 70% of these resistant isolates.

C. auris is an emerging fungal infection which is multidrug resistant. In India,
majority of C. auris isolates are resistant to fluconazole, up to half are resistant to
voriconazole, and one-third are resistant to amphotericin B, usually reserved as a
last-resort treatment. Most of the C. auris isolates are susceptible to echinocandins;
however, echinocandin resistance is being increasingly reported. Infections due to
C. auris are an alarming public health issue as they are difficult to identify with
standard laboratory methods and they spread easily in healthcare settings.

An increase in the incidence of mold infections has been witnessed in recent
times, especially Aspergillus spp. where the mortality rate can cross 50%
(Maschmeyer et al. 2007). With India being the diabetic capital of the world, there
is an increase in the numbers of cases of mucormycosis in uncontrolled diabetes
(Chakrabarti et al. 2009a). Candida and Aspergillus are two important genera which
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have demonstrated a shift in drug resistance pattern recently. Among the molds,
these include the non-fumigatus Aspergillus spp. like Aspergillus terreus, Fusarium
spp., and Scedosporium spp. (Malani and Kauffman 2007). There is also emergence
of the rarer fungal species that are difficult to treat. Selective pressure due to
increased use of antifungal prophylaxis in high-risk patients and irrational use of
azoles in agriculture is an important contributory factor for this shift (Richardson and
Lass-Florl 2008; Rogers 2006).

2 Currently Available Antifungals and Mechanism of Action
in Brief

There are five major classes of antifungal agents that are used to treat invasive fungal
infections. These are azoles, polyenes, echinocandins, allylamines, and pyrimidine
analogs. Triazoles target the biosynthesis of ergosterol that catalyzes lanosterol
14α-demethylation. It is important to highlight that the azoles are widely used in
the treatment of fungal infections in crops, humans, and livestock, with 5 licensed
clinical azole antifungals and 31 for crop protection. Polyenes, such as amphotericin
B (AmB), have the ability to bind the ergosterol in the fungal cell membrane and
destabilize the membrane functions. Liposomal AmB may be used for avoiding side
effects in humans. Echinocandins inhibit β-1,3-glucan synthase enzyme, thereby
inhibiting cell wall synthesis. Pyrimidine analogs, such as 5-flucytosine (5-FC), are
converted into fluorinated pyrimidines that destabilize nucleic acids which results in
growth arrest. Allylamines, e.g., terbinafine, are used for treating superficial
dermatophytic infections; they prevent ergosterol synthesis by inhibiting squalene
epoxidase enzyme.

3 Epidemiology of Antifungal Drug Resistance

Amphotericin B deoxycholate and 5-flucytosine were the only treatment options for
invasive fungal infections for many years. Azoles were introduced in the late 1980s.
The past decades have seen the development of lipid formulations of amphotericin B
(liposomal AmB), broader-spectrum triazoles (voriconazole, posaconazole, and
isavuconazole), and the echinocandins (caspofungin, micafungin, and
anidulafungin) (Groll and Tragiannidis 2009; Pasqualotto and Denning 2008).

Intrinsic resistance to antifungals has been observed in many Candida species.
Examples of intrinsic resistance are the resistance of C. krusei to fluconazole and
many newly described C. auris strains with elevated minimum inhibitory
concentrations (MICs) to numerous classes of antifungal drugs, including azoles,
echinocandins, and polyenes. The widespread use of azoles has been associated with
the emergence of resistant (C. krusei) or less susceptible species (particularly
C. glabrata) in many patient populations (e.g., transplantation), where azoles are
used for long-term prophylaxis as well as treatment of infections. Another Candida
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species with intrinsic resistance to fluconazole as well as decreased susceptibility to
the echinocandins is Candida guilliermondii.

The overall resistance in Candida spp. to fluconazole and voriconazole is consid-
ered to be around 3–6%, and the level of resistance has remained constant over a
decade (Chakrabarti et al. 2009b; Pfaller et al. 2009). However, a multicentric study
on candidemia in India by Chakrabarti et al. had important findings. There was a vast
spectrum of agents (31 Candida species) causing candidemia, and azole resistance
and multidrug resistance were seen in 11.8 and 1.9% of isolates (Chakrabarti et al.
2014). There has also been an increase in echinocandin resistance worldwide. In a
study, C. glabrata bloodstream infection over a decade (2001–2010) was reviewed,
and treatment outcome correlated with minimum inhibitory concentration (MIC)
results, and the presence of FKS gene mutations was detected. Resistance to
echinocandins increased from 4.9% to 12.3% and FLC from 18% to 30% between
2001 and 2010, respectively. Among the 78 FLC-resistant isolates, 14.1% were
resistant to one or more echinocandins, and a total of 7.9% of isolates harbored a
FKS mutation. The predictor of a FKS mutant strain was prior echinocandin therapy
(Alexander et al. 2013).

Azole resistance in A. fumigatus can develop either during treatment or due to
excessive use in agriculture (Rivero-Menendez et al. 2016). The environmental
course of resistance development has been reported since the late 2000s and has
been reported worldwide. The emergence of multiple-triazole resistance in
A. fumigatus was reported for the first time in 2007 in patients with primary invasive
aspergillosis (IA) from six different hospitals in the Netherlands (Verweij et al.
2007). Subsequently, in 2008, 28.1% of patients with resistant IA were reported
from Radboud University Medical Center, also from the Netherlands (Snelders et al.
2008). The predominance of TR34/L98H resistance mechanism in patient isolates
from epidemiologically unrelated patients suggested the possibility of environmental
acquisition (Snelders et al. 2009, 2008). In addition, several point mutations in the
cyp51A gene have been associated with azole resistance. These have been increas-
ingly documented in patients with long-term azole therapy and patients with allergic
and chronic sinus and pulmonary aspergillosis. A study from a referral center in
United Kingdom reported azole resistance in chronic pulmonary diseases due to
Aspergillus (Howard et al. 2009). Azole resistance mechanisms show cross-
resistance to all azoles. The isolates with TR34/L98H have been found to be
pan-azole resistant, whereas A. fumigatus isolates harboring the TR46/Y121F/
T289A mechanism exhibit high VRC resistance (van Ingen et al. 2014).
Isavuconazole also showed reduced in vitro and in vivo efficacy in A. fumigatus
isolates harboring these resistance mechanisms (Gregson et al. 2013; Howard et al.
2013). These results indicate that the clinical role of azoles in the emergence of
azole-resistant aspergillosis remains limited.

Chowdhary et al. have worked extensively on azole-resistant Aspergillus
fumigatus in India (Chowdhary et al. 2011, 2013a, 2014, 2015, 2017). They
uncovered the underlying mechanism of azole resistance in Aspergillus fumigatus.
The target for azoles is the fungal lanosterol 14α-demethylase which is encoded by
cyp51A (in molds) by inhibiting the ergosterol synthesis. This leads to accumulation
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of 14α-methyl sterols that causes alterations in cell membrane permeability and
stability, thereby inhibiting fungal growth. Thus, nonsynonymous mutations in the
cyp51A gene can induce resistance to some or all triazole drugs (Chowdhary et al.
2014). They are the first ones to isolate multi-triazole-resistant A. fumigatus strains
carrying the TR34/L98H mutations from India (Chowdhary et al. 2011, 2013b) and
to characterize the susceptibility profile of isolates with these mutations by the CLSI
method (Buil et al. 2018). Specific triazole resistance mutations have been found in
isolates from patients and from environmental isolates of A. fumigatus. These
mutations comprise tandem repeat (TR) in the promoter region of the cyp51A gene
in combination with single or multiple point mutations (TR34/L98H, TR53, TR46/
Y121F/T289A) (Chowdhary and Meis 2018).

Majority of the reports of azole resistance in A. fumigatus originate from Europe.
However, azole resistance rates are relatively lower in Asian countries, the first
reports of which were published in 2005 from Taiwan and China (Chen et al. 2005;
Hsueh et al. 2005). The Indian isolates of A. fumigatus showed low azole resistance.
In a prospective study by Dabas et al. (2018) from India, the rate of azole-resistant
A. fumigatus in immunocompromised patients with invasive aspergillosis (IA) was
found to be low (0.8%). This study reported new cyp51A mutations, of which one
was at codon Y431C and other two were at hot spots G54R and P216L. Two more
studies from a single center in India reported the presence of TR34/ L98H in 2% and
1.5% of A. fumigatus clinical strains, respectively (Chowdhary et al. 2011, 2015).

It is a rare phenomenon to observe resistance to amphotericin B among Candida
spp. Increasing MICs to amphotericin B among C. krusei and C. glabrata isolates
have been reported. Intrinsic polyene resistance is frequently seen in C. lusitaniae,
A. terreus, and Trichosporon beigelii. Polyene resistance is ever more observed in
A. flavus and also in A. fumigatus. According to the SENTRY program, only 11.5%
of A. fumigatus isolates inhibited at �1 mg/mL (Castanheira et al. 2013). However,
there is a need for large longitudinal studies to establish this further. Rare Aspergillus
species, such as A. lentulus and A. ustus, showed resistance to multiple antifungal
agents. Occasionally encountered molds, such as Fusarium spp., Scedosporium
apiospermum, and Lomentospora prolificans, showed resistance to amphotericin B.

Echinocandin resistance is not a major cause of concern. Internationally, no
significant change has been observed in the susceptibility of Candida spp. to
echinocandins. Resistance to flucytosine in yeasts remains low (<2%). However,
when used alone, it can develop resistance very quickly. Therefore, it should always
be used in combination mainly with amphotericin B. By and large, the incidence of
antifungal resistance is low; however, it remains a grave threat in the management of
high-risk patients.

4 Mechanism of Antifungal Resistance

4.1 Mechanisms of Azole Resistance

There are five proposed mechanisms of resistance to azoles (Fig. 1).
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4.1.1 Efflux Pump Activation
The activation of efflux pumps causes decrease in the drug concentrations at the site
of action. The CDR genes of the ATP-binding cassette superfamily and the MDR
genes of the major facilitator class encode for efflux pumps in Candida spp.
(Sanglard et al. 1995, 1997). Upregulation of CDR1 and MDR1 has been
demonstrated in azole-resistant C. albicans (White 1997). Generally, CDR gene
upregulation confers pan-resistance to azoles, whereas MDR-encoded efflux pumps
are narrower spectrum in action and are specific only for fluconazole.

4.1.2 Mutations in the HMG-CoA Reductase-Encoding Gene, hmg1
This is a recently reported mechanism by Rybak et al. (2019). Mutations in the
HMG-CoA reductase-encoding gene, hmg1, were reported in majority of triazole-
resistant A. fumigatus clinical isolates. The mutations are seen in the conserved
sterol-sensing domain of hmg1. It is still unclear as to how the mutations in hmg1
impart triazole, the negative regulation of hmg1 activity, which is dependent on the
sterol-sensing domain. It may be altered by residue substitutions in the sterol-sensing
domain of A. fumigatus hmg1 (Rybak et al. 2019).

4.1.3 Upregulation of the Target Enzymes
A few of the Candida isolates with reduced susceptibility to azoles have higher
intracellular concentrations of ERG11p than do azole-susceptible strains. The

Fig. 1 The figure depicts the five basic resistance mechanisms of a drug; and sections I, II, and III
are the common mechanisms of azole resistance seen in A. fumigatus
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antifungal agent, therefore, can no longer effectively inhibit ergosterol synthesis.
This can be brought about through gene amplification, decreased degradation of the
gene product, etc. This mechanism contributes little to the overall resistance burden
in Candida species (Lopez-Ribot et al. 1998).

4.1.4 Target Site Variations
Mutations in ERG11, the gene that encodes for the target enzyme lanosterol 14-
α-demethylase, prevent the binding of azoles to the enzymatic site. Furthermore,
intrinsic resistance to fluconazole in C. krusei isolates has been attributed to
decreased affinity of ERG11p to the drug. Multiple amino acid substitutions in
ERG11p have been detected. Different mutations can coexist in the same gene
with additive effects (Loffler et al. 1997; Orozco et al. 1998).

4.1.5 Use of Bypass Pathways
The action of the azoles leads to decrease in ergosterol concentration in the fungal
membrane and accumulation of the toxic products which may lead to growth arrest.
Mutation of the ERG3 gene prevents the formation of 14a-methyl-3,6-diol from
14a-methylfecosterol (Kelly et al. 1997). Replacement of ergosterol with the latter
product leads to functional membranes and negates the action of azoles on the
ergosterol biosynthetic pathway.

4.2 Mechanisms of Echinocandin Resistance

Echinocandins act by inhibiting the synthesis of β-1,3-D-glucan, which is an integral
part of the fungal cell wall (Fig. 2). A defective cell wall formation leads to
destruction of yeasts and aberrant hyphal forms in the molds. Echinocandins effec-
tively inhibit Candida and Aspergillus species. C. parapsilosis and C. guilliermondii
have shown higher MICs than C. albicans isolates. However, they are not active
against Cryptococcus, Mucorales, Fusarium, Scedosporium, and Trichosporon
species.

Secondary resistance to echinocandins in Candida species is associated with
point mutations in the Fks1 gene of the β-1,3-D-glucan synthase complex. Resistance
mechanisms for C. neoformans included an echinocandin-resistant β-1,3-D-glucan
synthase target, efflux pumps, etc. Echinocandin-susceptible Candida and Aspergil-
lus isolates have the ability to grow in in vitro conditions at concentrations exceeding
the MICs of caspofungin. The “eagle-like effect” or “paradoxical phenomenon” is
said to be strain dependent and is possibly related to upregulation of efflux pumps.

4.3 Mechanisms of Polyene Resistance

The ERG3 gene is involved in ergosterol biosynthesis, and any alterations in this
gene lead to accumulation of different sterols in the fungal cell membrane. As a
result, polyene-resistant isolates of Candida, Cryptococcus, etc. have low ergosterol
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content. Other mechanisms of polyene resistance include increased catalase activity
which decreases the susceptibility to oxidative damage. Many clinicians use an MIC
of 1.0 mg/mL to indicate resistance to amphotericin B, as the exact resistance
breakpoints have not been determined yet.

Fig. 2 Echinocandin and azole resistance mechanisms in Candida spp. (a) Beta-1,3-glucan
synthesis on the fungal membrane. (b) Echinocandins block cell wall synthesis by inhibiting
beta-1,3-glucan synthase. (c) Echinocandin resistance is due to mutations of the FKS gene that
make echinocandins less effective. (d) Ergosterol synthesis at the endoplasmic reticulum and uptake
of azole antifungal drugs into the cytosol of the fungal cell. (e) Typical azole. (f) Various
mechanisms of azole resistance are shown in boxes (Adapted from Maubon et al. 2014)
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4.4 Mechanism of Flucytosine Resistance

Flucytosine is a pyrimidine analog that inhibits nucleic acid synthesis. A few yeasts
are inherently resistant to it because of a mutation in cytosine permease that leads to
impaired cellular uptake. Acquired resistance results from mutations in cytosine
deaminase or uracil phosphoribosyl transferase. However, primary resistance to
flucytosine in yeasts remains low (1–2%). Resistance to flucytosine develops very
quickly, and therefore, it is always given in combination with other antifungals, e.g.,
amphotericin B, in patients with cryptococcal meningitis.

4.5 Mechanism of Allylamine Resistance

The most commonly used allylamine is terbinafine. It is either used as monotherapy
in patients with dermatophytic infections or in combination with other drugs like
voriconazole for the treatment of fusariosis or scedosporiosis. Terbinafine acts by
inhibiting the enzyme squalene epoxidase, a key component in the ergosterol
synthesis pathway. This leads to depletion of ergosterol and inhibition of fungal
growth. Resistance to this drug has been attributed to point mutations in the target
gene of squalene epoxidase. The resistance mechanism was identified as a single
amino acid substitution in squalene epoxidase protein. Two common mutations seen
frequently (Leu393Phe and Phe397Leu) introduce missense substitutions that result
in more than a hundredfold increase in MIC than the susceptible strains.

While correlating in vitro antifungal susceptibility testing data with therapeutic
outcomes (most often with a combination of Candida species and azoles), a pattern
of “90–60” rule has been observed: fungal infections due to susceptible isolates
respond to therapy approximately 90% of the time, whereas infections due to
resistant isolates respond nearly 60% of the time.

5 Antifungal Agents and Cross-Resistance

Cross-resistance is a common occurrence among azoles as the target of action on
fungi is similar. Specific mechanisms can result in cross-resistance to multiple drugs
belonging to the same class. Expression of ABC transporters (e.g., CDR1) leads to
cross-resistance to all azoles. Similarly, peculiar FKS1 mutations in C. albicans can
produce cross-resistance to all echinocandins. Cross-resistance is not seen between
the echinocandin class of drugs and either the polyenes or azoles, as the sites of
action are different.
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6 Clinical Resistance to Antifungals

In vitro susceptibility testing alone may not be sufficient enough to predict clinical
outcomes. The majority of patients with invasive mycoses experience treatment
failure because of clinical resistance. Clinical resistance can occur due to the
following reasons: (a) incorrect diagnosis of specific fungal disease, (b) failure of
antifungal agents to overcome the state of immunodeficiency in such patients,
(c) infections due to more virulent organisms like Cryptococcus gattii,
(d) antifungal toxicities, (e) poor penetration of antifungal agents in some tissues,
(f) subtherapeutic level of the antifungal agent, and (g) suboptimal duration of the
antifungal therapy.

7 Therapeutic Drug Monitoring (TDM) of Antifungal Agents

Fluconazole, amphotericin B (all formulations), terbinafine, caspofungin,
anidulafungin, and micafungin do not need TDM to be performed either due to
reasons of concentration, efficacy, or toxicity (Table 1). The triazoles, viz.
itraconazole, voriconazole, and posaconazole, should be monitored. Flucytosine
does need monitoring.

7.1 Voriconazole

Voriconazole has nonlinear pharmacokinetics in adults and children. It takes three to
five half-lives to achieve steady-state concentrations. Therefore, TDM is usually
recommended after 5 days of starting treatment. A number of reasons can lead to
variation in drug levels which include rapid metabolism of the drug in young
children; decreased metabolism in older patients, those having hepatic impairment,
and those taking proton-pump inhibitors; etc. Drug interactions especially with anti-
tubercular drugs and anti-cancer agents also contribute to variation. The genetic
polymorphism in Cyp2C19A gene may account for up to 30% of variation. Trough
(pre-dose)-level target range is 1–5.5 mg/L. Voriconazole at plasma concentrations
>6.0 mg/L has potential for life-threatening and serious adverse events (neurotoxic
and hepatotoxic), and it is strongly recommended to lower the dosage.

Table 1 Ideal timing of performing a TDM and target levels of various antifungal agents

Antifungal Ideal time for trough samples Target trough levels (safety)

Itraconazole After 7 days 1–4 mg/L

Voriconazole After 3–5 days 1–5.5 mg/L

Posaconazole After 7 days Treatment ¼ >1 mg/L
Prophylaxis ¼ >0.7 mg/L

Flucytosine Within a week 20–40 mg/L
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7.2 Itraconazole

Itraconazole also has variable pharmacokinetics in adults because of nonlinear
clearance, variable bioavailability of different preparations, and drug interactions.
Target level by HPLC is 1–4.0 mg/L. Low levels (<0.5 mg/L) may lead to
breakthrough IFIs especially in neutropenic patients. Supra-therapeutic
concentrations may cause adverse events.

7.3 Posaconazole

Studies of posaconazole plasma levels have demonstrated large variations reflecting
defects in absorption. Target plasma levels are >1.0 mg/L. Adverse effects at supra-
therapeutic levels are not described with posaconazole.

7.4 Flucytosine

Flucytosine TDM should be performed in all patients who receive it within the first
week of initiation of therapy and 3 days for neonates and patients with impaired renal
function. Target levels are 20–40 mg/L (trough).

8 Antifungal Stewardship (AFS)

The aim of any antimicrobial stewardship program is to ensure utility of any
antimicrobial agents on a long-term basis which translates to improved patient
outcomes. AFS imbibes this concept; however, it has issues specific to the manage-
ment of IFIs which include high mortality rates, prohibitive drug costs, and
toxicities. Patients who are at a risk of developing IFIs are neutropenic patients,
patients treated with chemotherapy for malignant diseases, transplant recipients,
patients with chronic pulmonary disease, those on long-term steroids and other
immunosuppressive drugs, etc.

AFS can deliver efficiently using a multi-pronged strategy, by prospective audit
and feedback to prescribers and hospital antimicrobial teams. For the audit and
feedback, the AFS team reviews patients on antifungal treatment for the suitable
drug, dose, and duration. As the AFS is a unique entity, the team should have
members who have sufficient experience from a range of backgrounds related to
diagnosis and management of fungal infections.

Overall, there is a great need for establishing antifungal stewardships in
institutions with significant antifungal use due to the growing resistance, substantial
costs, and potential to optimize outcomes. This is a collaborative effort that requires
the teamwork of specialists in dynamic areas among physicians, pharmacists, and
microbiologists, at minimum. The success of antifungal stewardship is defined on
institution-specific needs and the epidemiology of the hospital. Documented
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inappropriate use of antifungals warrants opportunities for improvement and educa-
tion, as part of the core elements of stewardship. Opportunities include interventions
requiring infectious disease consultation for fungemia, candidemia care bundles,
appropriate use of diagnostic biomarkers, therapeutic drug monitoring, and retro-
spective audit and feedback.
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“Planetary Health” Perspectives
and Alternative Approaches to Tackle
the AMR Challenge

Padma Venkatasubramanian, S. P. Balasubramani, and Rajan Patil

1 Introduction

Antimicrobials are chemical agents that kill or stop the growth of microbes including
bacteria, viruses, fungi, and parasites. They can be natural or synthetic in origin. For
example, penicillin is a natural antibiotic derived from the fungus Penicillium
notatum, bleach is a synthetic disinfectant and sodium benzoate a food preservative.
Antibiotics are usually specific and targeted in action, whereas disinfectants,
preservatives, or antiseptics are generic antimicrobials, the latter also called biocides
(Russell 2003).

Antimicrobials have indeed played a paramount role in the prevention and
treatment of diseases in humans and animals, ever since the 1930s, when sulfon-
amide and penicillin were discovered. The 1950s and 1960s were the golden eras
when novel natural and synthetic antimicrobials were discovered against deadly
infectious diseases (Davies 2006). Drugs for tuberculosis (isoniazid, rifampicin,
etc.), malaria (chloroquine, doxycycline, etc.), leprosy (ethambutol, pyrazinamide,
etc.), cholera (erythromycin, ofloxacin, etc.), HIV (tenofovir, cotrimoxazole, etc.),
and other infectious diseases saved millions of lives and have averted major
epidemics. The antimicrobials had almost become a panacea and there was a
growing feeling of invincibility among physicians and patients alike. They were
being prescribed not only for cure of diseases but also for the prevention of
infections and as growth promoters for farm animals (Ronquillo and Hernandez
2017). Little did we realize then that the indiscriminate use and the constant
exposure of microbes to drugs hastens the natural process that favorably selects
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resistant microbes. This led to antimicrobial resistance (AMR). Even though there
are few reports indicating resistance to biocides per se, emerging evidences indicate
biocides can also catalyze AMR through enhancing cross-resistance. For example,
the antiseptic chlorhexidine induces AMR to colistin, an effective antibiotic against
Gram-negative bacteria (FAO 2016). The “cure had become the catalyst”
(Rosenblatt-Farrell 2009) and the “solution was the problem” (Landecker 2016)
were some of the apt comments made by reviewers of AMR.

Anthropogenic or man-made factors including environmental pollution; bad
water, sanitation, and hygiene (WASH) conditions; improper antibiotic prescription
and use; etc. are known to be drivers of AMR (Rosenblatt-Farrell 2009). Common
commensals like Klebsiella pneumoniae and Escherichia coli have acquired resis-
tance to antibiotics, wreaking havoc in spotless and clean hospital intensive care
units (ICUs) (WHO 2018b). There is a resurgence of Old World diseases including
malaria and tuberculosis due to multiple drug resistance (MDR) and extensive drug
resistance (XDR) of the pathogens (WHO 2018c). Based on the data collected from
129 countries, WHO warns us of an impending AMR apocalypse—a “post-antibi-
otic era”—where even common infections and minor injuries can kill (WHO 2014).

The other worry is that the last 25 years have seen a lull in the discovery of novel
antimicrobials, with hardly any new class of antibiotics discovered since 1984 (Pew
Charitable Trust Report 2016). Despite increasing R&D investments, no new anti-
biotic class has been discovered in the past 25 years. The editorial of the July 2018
issue of Nature Biotechnology observes the government-imposed control in antibi-
otic use has led to a reduction in its sales and commercial incentives, forcing
multinational companies to abandon their antibiotic R&D efforts (Anonymous
2018).

Why are we in the AMR situation at all? Why is it that the experts have put their
hands up in surrender and said that the only way to contain AMR is through rational
use of antimicrobials (WHO-IACG-Discussion Paper 2018a)?

The AMR crisis has brought in a realization about the importance of the “ecosys-
tem” or interconnectedness of organisms as well as the socioeconomic and political
contexts within which a pathogen thrives or dies. It has forced scientists, industry,
policy makers, governors, and civil society organizations to go beyond science, for
public health actions to avert the AMR catastrophe (WHO-IACG-Discussion Paper
2018a). The recommendations are for multiple sectors to work in a convergent
fashion, invest in R&D to discover new antimicrobials, increase awareness about
AMR, and control the use of antimicrobials. However, these may not be adequate to
stop the development of AMR altogether. Then, the important question remains as to
how to tackle AMR.

Perhaps we may need to complement the reductionistic approaches of antimicro-
bial drug development with more holistic ways that are in sync with nature. The
AMR crisis is a clarion call for a change from the human-centered ways that we
operate at the cost of everything else on this Earth disregarding the ways of nature.
Do we even understand the complex and dynamic interconnectedness that exists
among all living and non-living things on this Earth? Indigenous people and their
knowledge systems do seem to know, but are we willing to learn from them?
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This chapter provides an opportunity to pause and reflect on the assumptions
behind existing approaches, including the reductionistic processes involved in
antimicrobial drug discovery. The chapter stresses on simple public health efforts
that can avert infectious diseases and epidemics alongside some of the alternative
ways for disease prevention. Highlighting the emerging perspectives on “Planetary
Health” and “One Health,” the chapter emphasizes the potential benefits of revisiting
some of the principles and practices of traditional health systems that are holistic and
contextual.

2 AMR Drivers: Knowledge and Gaps

A lot is known about factors that drive AMR but there are substantial gaps in our
understanding of the complex interactions of the factors that contribute to the
emergence of AMR or acceleration of the rate of its development (Holmes et al.
2016). We now know that constant antibiotic use in hospitals and animal farms, bad
WASH conditions, socio-cultural behavior, poverty, and nutrition promote AMR
development (WHO-IACG Discussion Paper 2018a). Evidence for these
associations has mostly emerged through studies in single disciplines or a few
disciplines at a time, i.e., almost in a linear fashion. However, in nature, there are
multi-variate drivers, yet unknown to us, that work independently or interdepen-
dently. Systems biology approach and mathematical modeling provide scope for
holistic analysis and projections but may still be inadequate to explain complex real-
life situations (Raman and Chandra 2010; Fang and Casadevall 2011).

2.1 Mechanisms Behind AMR

Some of the known mechanisms of AMR include (1) impermeability to drugs by
altering the microbial cell wall (e.g., vancomycin and Gram-negative bacteria),
(2) elimination of drug through active efflux (e.g., tetracycline and Escherichia
coli), (3) inactivation of the drug through enzymatic action (e.g., lincosamides and
Staphylococcus aureus), (4) alteration of the drug receptor site through mutation
(e.g., rifampicin and Mycobacterium tuberculosis), and (5) through a catabolic
pathway that disintegrates the antibiotic (e.g., penicillin and S. aureus) (Munita
and Arias 2016).

Antibiotic resistance can spread by the horizontal transmission of specific geno-
mic resistance mechanisms and the selection/propagation of resistant strains, which
is known to occur asymptomatically between humans, animals, and the environ-
ment, through what is named as the lateral antibiotic resistance genetic transfer
(LARGT) pathways. Plasmids, integrons, and transposons can mediate LARGT
(Chamosa et al. 2017). Microbes that were originally thought of as gut commensal,
like Klebsiella pneumoniae, are now ubiquitous with high plasmid load and AMR
gene diversity and a key AMR gene “trafficker” across ecological niches (Wyres and
Holt 2018). Although inappropriate antibiotic use was considered as the main force
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behind the rise of antibiotic resistance in populations, epidemiological and other
studies correlate polluted environment and poor socioeconomic conditions to the
spread of AMR (Hinchliffe et al. 2018; MacFadden et al. 2018).

2.2 Epidemiology to Understand AMR Patterns

Per WHO, information on AMR incidence, prevalence, and geographical distribu-
tion is inadequate. Most of the epidemiological figures are sourced using data from a
dozen countries and extrapolated globally for nearly 200 countries (Matsunaga and
Hayakawa 2018). The data on AMR comes primarily from hospitals (O’Neill 2014).
Population as well as environmental prevalence studies are equally important for
understanding its burden in a given setting and for informing context-specific
treatment practices.

The earliest AMR was reported way back in 1940, 1 year before the first
administration of penicillin for human therapeutic use; two members of the team
who discovered the drug revealed that resistance to penicillin already existed
(Thakur and Gray 2019). Thus, resistance to drugs was reported almost in parallel
to its discovery (Fig. 1).

It is startling to realize that at least 30% of prescriptions are clinically inappropri-
ate, inadequate, or unnecessary. A study was undertaken in a primary care setting in
Scotland between 2005 and 2012 to determine the association between antimicrobial
stewardship, prescriptions of certain antimicrobials (against Gram-negative bacteria)
by a general practitioner, and the AMR among the patients. They found large
reductions in community broad-spectrum antimicrobial use associated with steward-
ship interventions along with a modest reduction in resistance in coliform bacteremia
and a flattening of the rising rate of AMR (Hernandez-Santiago et al. 2019).

The increase in AMR burden correlated with a 65% increase in antimicrobial
consumption in humans between 2000 and 2015 in 76 countries (Klein et al. 2018).
The BRIC countries and South Africa accounted for three-quarters of this growth. In
a few Asian countries, resistance levels were much higher than in European
countries (Matsunaga and Hayakawa 2018). However, there is also evidence that
reduction in antimicrobial use does not always lead to reduced resistance, perhaps
because microbes get well-adapted to carrying resistance (Livermore 2003).

Epidemiologically, the spread of AMR strains shows both local and global
propensities. It usually occurs in clusters, in units where the most vulnerable people
are congregated and where antimicrobial use consequently is the heaviest (Archibald
et al. 1997). Acinetobacter baumannii emerged as an opportunistic pathogen among
the wounded soldiers in the Iraq War, thus acquiring the name Iraqibacter. It is
associated with nosocomial ventilator-associated pneumonias. A similar observation
was made with the higher prevalence of methicillin-resistant Staphylococcus aureus
(MRSA) in intensive care units (ICUs), where methicillin usage was much higher,
than in general wards or outpatient departments within the same hospitals (Adame-
Gómez et al. 2018).
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Around 200 diseases are recognized by WHO to be zoonotic, i.e., transmitted to
humans from animals, and controlling them requires a consolidated approach.
Recent outbreaks of swine flu, bird flu, Ebola, etc. prove humans and animals (like
pigs, birds, and bats) share common pathogenicity pathways. Sub-therapeutic and
therapeutic doses of antibiotics as growth promoters and medicines in farm animals
cause AMR which gets transmitted to humans. There is evidence to indicate that
third-generation cephalosporin-resistant E. coli strains can spread from livestock to
humans via food consumption (Allcock et al. 2017). Analyses of genomic sequence
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data suggest that a globally distributed MRSA lineage (ST5) may have originated
from human-to-poultry transmission (Lowder et al. 2009). Conversely, studies have
also shown that various MRSA lineages from animals also appear in humans
(Baptiste et al. 2005).

The burden of MRSA is a great concern irrespective of the level of income of
countries. For instance, in 15 developed European countries, 50% of the proportion
of bloodstream S. aureus infections were caused by MRSA (O’Neill 2014). AMR
spread in the community is also favored by crowding, travel, and migration
(Livermore 2003). In the low- and middle-income countries (LMICs) that are
undergoing rapid economic development, urbanization has resulted in overcrowding
and poor water, sanitation, and hygiene (WASH) conditions that in turn increase the
risk of development and spread of AMR (Allcock et al. 2017). AMR spread is also
trans-geographical, to the extent that some resistant strains spread between countries
and continents. Multidrug-resistant pneumococci of serotype 6B were imported from
Spain to Iceland, by nasopharyngeal carriage in the children of returning
holidaymakers (Klein et al. 2018).

The emergence and spread of carbapenemases such as the New Delhi metallo-
beta-lactamases (NDM-1) have an enormous implication for worldwide healthcare
delivery and population health because they compromise antimicrobial efficacy of
almost all lactams, including the last resort carbapenems. Even though the main
reservoir of NDM-1 appears to be the Indian subcontinent, it has been detected in the
Balkans, the Middle East, and the UK as well (Johnson and Woodford 2013).
Colistin, a polymyxin kind of antibiotic, was reserved as a drug of last resort by
the WHO to combat MDR, NDM, and other AMR. However, resistance has been
reported to colistin as well and the mcr (mobilized colistin resistance) gene detected
from pigs to humans in almost every continent (Frost et al. 2019).

2.3 Climate Change and Environmental Drivers of AMR

It is now well established that warmer temperatures promote bacterial growth and
increase AMR. Several bacteria, like S. aureus, thrive in temperatures between
40 and 140 �F, a range often referred to as the “danger zone.” As temperatures
around the world continue to rise, bacteria are expected to reproduce at a faster rate,
increasing the opportunity for mutation and transmission. Studies associate the
80,000 infections and 11,000 deaths occurring every year in the USA due to
MRSA with the increase in the average annual temperature by 2.6 �F above the
twentieth-century average. MacFadden et al. (2018) report that a 10 �C increase in
temperature across the USA was associated with a 4.2%, 2.2%, and 2.7% increase in
antibiotic resistance of E. coli, Klebsiella pneumoniae, and Staphylococcus aureus,
respectively.

AMR is not a new and recent phenomenon. Like climate change, it has been
happening in nature, wherein human activity has catalyzed AMR over the last half
century (Woolhouse et al. 2015). AMR is also a One World issue apart from being a
One Health issue. The globalization of the food system, with increasing movement
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of livestock and agricultural produce, combined with increasing human travel,
facilitates the rapid spread and mixing of AMR genes that emerge (Robinson et al.
2016). Surveillance systems need to undertake environmental sampling to monitor
and combat AMR. Soil and water microflora play complex and critical roles in
ecosystem functions such as the recycling of carbon and nutrients. Disrupting these
geo-bio-chemical vital processes by creating an imbalance may threaten “Planetary
Health” (Roose-Amsaleg and Laverman 2016), potentially pushing ecosystems
beyond critical environmental thresholds.

2.4 Gaps in Our Understanding of Nature

The fittest microbes survive and thrive in an antimicrobial environment through a
natural selection process. Selection pressure of any kind, including antimicrobial
usage, can drive an organism to change, adapt, survive and reproduce, and thus be
naturally selected from its population (FAO 2016). In a pool of microbes, a few will
inherently carry gene(s) or mechanisms that lend resistance to the drug (Fig. 2), i.e.,
an organism can possess resistance to an antimicrobial even in pristine environments
not exposed to antibiotics (Knöppel et al. 2017; Martinez 2009). AMR genes have
been detected not just in hospitals, diverse environments, and soils but also in
samples from permafrost and secluded caves that have never been exposed to
antibiotics (Bhullar et al. 2012). A large-scale metagenomic analysis has shown
the presence of antibiotic resistance gene determinants (ARGDs) in almost all the
environments sampled (Nesme et al. 2014). Considering that the natural laws are not
going to change radically, AMR is here to stay. We can only hope to reduce the rate
at which AMR surfaces and manage the situation (Andersson and Hughes 2011).

By design, the epistemology as well as methodology of modern science and
biomedicine employed to “understand” nature is reductionist, focusing on cells,
molecules, human body, etc. (Beresford 2010). Scientific reasoning breaks down
the natural world into individual parts, to understand it through disciplines based on
the expertise of scientists. But, nature is integrated, with sustainability as the key to
the web of life (Hoffman 2016). Microbes have repeatedly demonstrated an utter
disregard for man-made disciplines and sectors. Perhaps tackling AMR requires a
different, more holistic approach that captures the dynamics between humans,
biodiversity, and the environment. As elegantly put by Landecker (2016), “Resis-
tance (AMR) has often flourished in blind spots generated by human categories of
knowledge and action.”

3 The Cure Lies in the Cause

Some introspection into known causes and unknown gaps can throw up sustainable
solutions to the AMR problem.
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3.1 Emerging Perspectives on “Planetary Health” and “One
Health”

Anthropogenic activities leading to soil, water, air, and space pollution have altered
global ecosystems causing climate change, which have led to biodiversity loss as
well as drastic changes to the abiotic environment.

Human gains are being pushed inequitably at the cost of the planet’s health,
without realizing the repercussions (Whitmee et al. 2015). The “One Health”
approach emerged from evidence of the impact of overuse of antibiotics in the
farm and agriculture sectors, while the “Planetary Health” perspective was based
on the impact of environmental damage on human health. The crux of both
perspectives is the interconnectedness and interdependency of human health on
biodiversity and environmental health.

“Planetary Health” is the health of human civilization and the state of the natural systems on
which it depends (Whitmee et al. 2015)

“One Health” is an approach that calls for action by governments of countries
across the world to work together in reverting AMR or at least contain the problem.

Fig. 2 Artistic impression of natural selection: a few antimicrobial-resistant microbes get selected
through a natural selection process (concept, Padma Venkatasubramanian; artist, Mr. Jaykrishnan
Menon)
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This is done so that effective antibiotics will be available for life-and-death situations
rather than to further routine commercial transactions. Following this, many EU
countries and the USA have banned the use of antibiotics as growth promoters for
the livestock industry.

WHO defines One Health as

“a concept and an approach to designing and implementing programs, policies, legislation
and research in which multiple sectors communicate and work together to achieve better
public health outcomes. (https://www.who.int/features/qa/one-health/en/)”

The World Organisation for Animal Health (OIE), an intergovernmental organi-
zation, was formed to collectively address the problem of human-animal-ecosystem
health risks. WHO advocated a ban on the use of antimicrobials as growth promoters
in animal husbandry following the steps of the EU (European Commission 2015).
However, OIE has soft-pedaled the issue by avoiding the mention of growth
promotion in the “OIE Strategy on AMR and the Prudent Use of Antimicrobials”
(OIE 2016).

The WHO Global Plan (WHO 2015) to tackle AMR under “One Health” focuses
on (1) awareness about AMR; (2) research and surveillance for knowledge and
evidence base; (3) reducing incidence through better WASH, etc.; (4) optimizing
AMD usage; and (5) developing economic models to sustain “One Health.” This is
the first formal global acknowledgment that the drivers of AMR are several includ-
ing biological, social, economic, environmental, behavioral, and other factors. Yet,
the implementation of the strategy is altogether a different matter.

3.2 Improving WASH and Infrastructure

There are historical accounts and modern evidence to show WASH (water, sanita-
tion, and hygiene) interventions have had epidemiological impact in the decline in
infectious diseases. A public health success story cited often is the fight against
cholera and other communicable diseases by Londoners during the post-industrial
era. Per the official UK records of 1848, this was done by cleaning the river Thames,
improving the WASH conditions, creating the metropolitan sewer system, and
providing better housing (https://www.thegazette.co.uk/London/issue/21764/page/
3117). The main cause was mentioned as the rapid industrialization without ade-
quate planning for development leading to crowding and grossly inadequate WASH
and infrastructure amenities. A century later, the urban cities of developing countries
like India, China, and Brazil grapple with a similar situation. Improvements in
WASH and infrastructure interventions have been successful in preventing
infections, thereby reducing AM usage and AMR (Macintyre et al. 2017).
Environments (water, soil, air), humans, and animals are reservoirs that harbor
pathogens and AMR genes. A roundtable discussion held in July 2017 in the UK
summarizes well the possible ways improved WASH can reduce AMR. Firstly,
improving WASH can prevent contact with pathogens and thereby prevent
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infectious diseases. Thus, the antimicrobial use required would be less. Secondly,
efforts to provide proper sanitation, e.g., ending open defecation, will break the chain
of spread of resistant bacteria (Anonymous 2017). Therefore, improving WASH and
infrastructure should be taken up by the developing countries, on a war footing.

3.3 Traditional Knowledge Systems: A Different Way of Knowing
and Doing

The world-views and epistemologies of indigenous communities on health, disease,
and their management are quite different from those of biomedicine. Traditional
systems of medicine (TSM) such as Ayurveda or Chinese medicine are holistic and
inclusive of nature and use nature for maintaining health and combating diseases
(Payyappallimana and Venkatasubramanian 2016). To a person trained in biomedi-
cine, the tenets of indigenous systems may seem to be non-scientific and vague.
Contrary to this, TSM is founded on sound principles. It has very functional
prescriptions that are integrated with local cultures, diet, and home remedies
(Sharma et al. 2007a). One needs to make efforts to really appreciate the wealth of
knowledge that exists. Ayurveda, for example, shows us ways to live in harmony
with nature rather than go against (“anti”) it. The ancient texts of Ayurveda not just
contain details on plant drugs and formulations but also describe the philosophies,
fundamental principles, clinical diagnosis of diseases, and preventive and curative
practices (Sharma et al. 2007b).

The following principles/practices of TSM would be pertinent for consideration
to develop alternative strategies to tackle AMR.

3.3.1 Botanicals and Polyherbal Preparations
Plants contain secondary metabolites such as alkaloids, flavonoids, polyphenols,
triterpenoids, etc. that protect the plants from abiotic and biotic stress. Plants have
been one of the main ingredients of millennia-old TSMs as well as Western medicine
(Quave 2016). Traditional medical practices use whole plants as well as polyherbal
formulations as crude extracts rather than isolated compounds. The complex “chem-
ical concoctions” are less prone to microbial resistance as compared to single
isolated compounds, as clearly observed in the case of artemisinin. Tea from
Qinghao [Artemisia annua L. (Asteraceae)] has been used in traditional Chinese
medicine to treat malarial fevers effectively for centuries. But within a decade of
introduction of the isolated compound, artemisinin, as monotherapy for malaria, the
parasite Plasmodium falciparum developed resistance to it (Fairhurst et al. 2012;
Quave 2016). Crude plant extracts and polyherbal formulations used in TSM also
perform multiple, synergistic functions from antimicrobial action to enhancing
absorption, lowering toxicity, and improving immunity (Rasoanaivo et al. 2011).

Several plant compounds and extracts have been tested for their synergistic action
with antibiotics to improve the outcome. Berberine from Berberidaceae spp. and
thymol from Thymus maroccanus reduced the MIC of the antibiotics against Vibrio
cholerae, K. pneumoniae, S. aureus, and Pseudomonas aeruginosa (Fadli et al.
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2012; Cheesman et al. 2017). Similarly,Daphne genkwa extract was found to reduce
the Fractional Inhibitory Concentration (FIC) index of oxacillin against MRSA
(Kuok et al. 2017). A combination of herbal preparations with antibiotics has been
shown to improve the antibiotic activity by inhibiting drug efflux and thereby act as
resistance-modifying agents (Abreu et al. 2012; Shriram et al. 2018). Extracts of
Salvia officinalis, Cassia nigricans, Cichorium intybus, and Dorycnium
pentaphyllum reduced the FIC index of standard antibiotics like chloramphenicol,
amoxicillin, gentamicin, and cephalexin against Bacillus subtilis, K. pneumoniae,
S. aureus, and E. coli by at least half (Stefanovic 2017).

The Indian Systems of Medicine (ISM) use over 6000 medicinal plant species
(Ved and Goraya 2007), containing >1500 medicinal plants in the Materia Medica
and ~0.29 million polyherbal formulations (TKDL 2012) for treating various
conditions. Even though Ayurveda is still practiced in India, it is not in mainstream
medical care and its full potential is yet to be realized. Certain common medicinal
plants like Ocimum sanctum (holy basil), Azadirachta indica (neem), and
Andrographis paniculata (kalmegh) from ISM have a potential use against new
infectious outbreaks like H1N1 swine flu and tackle drug-resistant pathogens
including clinical isolates of S. aureus, Salmonella typhimurium, and Candida
albicans (Ahmad and Beg 2001; Shah and Krishnamurthy 2013). Thus, botanicals
and formulations used in TM can offer solutions to tackle AMR in the post-antibiotic
era. However, there are issues that need to be addressed including the availability
and quality control of herbs, the regulations of access and benefit sharing, and most
importantly, the philosophy of the usage of herbs within the context of a traditional
knowledge base in TM (Gupta and Birdi 2017; Payyappallimana and
Venkatasubramanian 2016; Quave 2016).

3.3.2 Relation Between Man and the Universe

“Yatha pinde thatha brahmande; yatha brahmande thatha pinde”

“As the universe so the body” (Yajurveda (2nd millennium BCE))

It is important to invest in understanding the fundamental principles of TSM in
order to obtain the best returns. Ayurveda, for example, looks at the macrocosm
(universe) and the microcosm (human body) to be made up of the same five elements
of nature, namely, earth, water, fire, air, and space (Pancha-mahabhuthas). The
mahabhuthas combine to form the three humors (tridosha). The universal principles
of Ayurveda classify everything in this universe (earth, humans, health, disease,
materials, seasons, regions, etc.) through the fundamental functional unit of tridosha.
The microcosm is inherently dependent on and affected by the macrocosm, meaning
that the former cannot flourish at the cost of the latter. So, polluting the universe is
like polluting our own body by vitiating the doshas.

There is some similarity between the Ayurvedic principles on micro- and macro-
cosm and the recent perspectives on “Planetary Health”, since both speak about the
importance of the universe/planet health for human health. However, per Ayurveda,
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humans are nature and nature us, i.e., inseparable. Bearing in mind this thought
process helps while designing new AMR strategies.

“Planetary Health” is an attitude towards life and a philosophy for living. (Horton et al.
2014)

3.3.3 Focus on Wellness
Ayurveda places more emphasis on wellness (Svasthya) than on illness (Vyadhi).
Svasthya (Sva + sthya) means to be rooted in self, meaning wellness is a state of
being when one is in tune with oneself. The state of wellness is dynamic and varies
between individuals (Payyappallimana and Venkatasubramanian 2016). All
individuals do not fall sick or contract infections nor do they acquire infections all
the time. A pathogen infects when the conditions are favorable, with compromised
immunity being one of the predominant conducive factors. Therefore, building up
one’s immunity and resilience has been one of the important ways of TSM to fight
diseases. One branch of Ayurveda called Rasayana spells out ways to build
vyadhikshamatva (resistance to diseases) using herbs and lifestyle practices. For
example, a newborn child is made to lick Swarnaprashana, a combination of gold,
honey, and ghee (clarified butter), or growing children have herbal jams like
Chyawanprash as tonics to build immunity, promote intellect, and develop robust
functioning organs and faculties (Jyothy et al. 2014; Sharma et al. 2019). Gut health
and a robust metabolism are considered pivotal for wellness. The origin of all
vitiation is said to begin with a poor diet and disturbed metabolism. When the
food quality is poor and/or the ingested food is not fully digested, assimilated, or
eliminated, it produces ama (unmetabolized substances), which is the nucleus of all
ailments (Balasubramani et al. 2011). Hence, before treating any disease, the gut is
cleansed using herbal decoctions through a process called panchakarma that
includes purgation and other cleansing processes following which the gut is
nourished with herbal formulations to strengthen the metabolism and build resil-
ience. Thatte et al. (2015) report regulation of pro-inflammatory cytokines,
immunoglobulins, and T-cell response, post-panchakarma treatment. This opens
the possibility for further scientific exploration. The therapeutic activities of
Rasayanas are several, but the most important are as metabolic regulators, immune
modulators, and anti-aging agents (Balasubramani et al. 2011; Peterson et al. 2017).
Ashwagandha (Withania somnifera) and Triphala (a classical polyherbal preparation
made with three herbs Terminalia chebula, Terminalia bellerica, and Emblica
officinalis) are examples of botanicals/polyherbal formulations used as Rasayanas.
Emerging techniques like network pharmacology have been used to demonstrate the
rationale of the multifaceted benefits of Triphala (Chandran et al. 2015) and
Ashwagandha (Chandran and Patwardhan 2017). Ashwagandha has also been
shown to possess immune-potentiating activity supporting DPT vaccine (Gautam
et al. 2004).

Recent times have seen an exponential increase in research publications on the
role of the gut and the microbiome on diseases, ranging from communicable to
non-communicable (Hajela et al. 2015). Fecal microbiota transplants have been

176 P. Venkatasubramanian et al.



explored as a treatment to colonize the gut with beneficial microbes (Relman and
Lipsitch 2018). Why not study how panchakarma helps gut health?

The ways of knowing (nature) of the millennia-old Ayurveda or Chinese medicine
are different from biomedicine and were not generated using modern technologies.
Thus, systems biology approach, big data analytics, and omics technologies may
help bridge the gap between the seemingly esoteric principles and practices of TSM
and modern biomedicine (Qiu 2007).

3.4 Immunity Is the Key

The human body has a well-developed and well-defined immune system whose
primary job is to resist and/or eliminate infections. While the innate immune system
is non-specific and provides barriers against the invading pathogens, the adaptive
immune system reacts specifically by producing antibodies and cells against the
pathogen. Mechanistically, innate immunity can be continuously produced as with
defense through skin, intestinal tract, etc. or induced as a response to “foreign”
object by secreting mediators and regulators (Porcelli 2017). Adaptive immunity can
be passive (e.g., through breast milk) or active (infections and vaccination). The cells
of the immune system have their own memory and can eliminate pathogens more
aggressively on recurrence. Though the immune cells always keep vigilance, the
immune functions can often be compromised. Thus, strengthening the immune
system is a potential natural mechanism to prevent or combat infections (Hackett
2003; Baker and Isaacs 2018).

Immunostimulants are substances that activate the immune system of humans and
animals and improve the body’s natural resistance to infections for prevention of
diseases. These substances may be from natural sources or synthetically
manufactured with different chemical properties to induce the robust functioning
of the immune system. Immunostimulants work by activating immune mediators
like phagocytosis, properdin and complement systems, protective secretory IgA
antibodies, α- and γ-interferon release, T and B lymphocytes, synthesis of specific
antibodies and cytokines, and synthesis of pulmonary surfactant.

Several natural products and synthetic substances have been identified to improve
resistance against infections. Pomegranate juice feeding was found to improve
resistance against Candida albicans infection in the Drosophila melanogaster
model (Balasubramani et al. 2014). Non-specific immunity was stimulated in fish
treated with a marine microalga extract whereby they could withstand Aeromonas
hydrophila infection (Yengkhom et al. 2019). Gjini and Brito (2016) consider
integrating antimicrobial therapy and immune activation as an efficient method to
fight drug resistance. A stimulated immune response can be a fitting reply to the
increase in AMR and decline in antimicrobials (Handel et al. 2009).

3.4.1 Vaccines
Vaccines are one of the most cost-effective and best public health tools for primary
prevention of infections as well as AMR. Efficacious vaccines not only protect the
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immunized but can also reduce disease among unimmunized individuals in the
community through indirect effects or “herd protection.” The herd protection of
the unvaccinated occurs when a sizeable proportion of the group is immune (John
and Samuel 2000). Several population studies demonstrate the potential of vaccines
in tackling AMR. For example, the introduction of a conjugate pneumococcal
vaccine for infants in the USA in 2000 saw a 57% decline in disease caused by
penicillin-resistant strains and a 59% decline in strains resistant to multiple
antibiotics across a broad age spectrum (Gellin et al. 2001). Table 1 lists the various
categories of vaccines that are widely used across the globe that offer both active and
passive immunity against a range of pathogens.

AMR is maximum in areas where the pathogen numbers and proneness are high.
Therefore, public health strategies such as “source drying” are used to vaccinate
select high-risk groups (Andre et al. 2008). “Targeted vaccination” of food handlers
decreased typhoid and hepatitis A incidence in the whole occupational groups (Fiore
2004). Another strategy is “ring vaccination” or “cocoon vaccination” used to
protect those too young to be given primary vaccination by vaccinating close
contacts. For example, administration of pertussis vaccine boosters of close contacts
(such as parents and grandparents) led to a reduction in incidence among infants
(Crowcroft et al. 2003).

The protection offered by routine vaccines is, however, not total even among the
immunized. Certain segments of the population do not get protected for various
reasons including age, genetic, nutritional status, and obesity (Wiedemann et al.
2016). Even with diseases that are thought to be eradicated through 100% vaccina-
tion, there can be outbreaks if there is a “chink in the armor.” The outbreaks in

Table 1 Types of vaccines and their protection against diseases

Vaccine type Details Vaccine names/diseases

Live, attenuated Live but weakened/attenuated
pathogens

Measles, mumps, and rubella
(MMR combined vaccine),
varicella (chickenpox), influenza
(nasal spray), rotavirus, zoster
(shingles)
Yellow fever

Inactivated/killed Inactivated pathogens, typically
using heat or chemicals such as
formaldehyde

Polio (IPV)
Hepatitis A
Rabies

Toxoid Inactivated toxin produced by
the microbe

Diphtheria and tetanus (part of
DTP combined immunization)

Subunit, recombinant,
polysaccharide, and
conjugate vaccines

Use of specific pieces of the
pathogen, e.g., protein, sugar, or
capsid (a casing around the
pathogen)
This type may require booster
shots to get continuous
protection against diseases

Hepatitis B
Influenza (injection)
Haemophilus influenzae type b
(Hib)
Pertussis (part of DTaP combined
immunization), pneumococcal,
meningococcal, human
papillomavirus (HPV)
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developed nations like the USA, the Netherlands, and Korea during the last decade
have been among people who received a second or even a third dose of vaccination
(https://www.nvic.org/vaccines-and-diseases/measles/measles-vaccine-effective
ness.aspx). The measles outbreak in the USA in 2019 has been attributed to
unimmunized groups and travelers (https://www.cdc.gov/measles/cases-outbreaks.
html). These outbreaks indicate that protection through vaccination may not be
100% because of the complex host-pathogen-environment dynamics. Considering
the huge number of pathogens and associated diseases, it is practically impossible for
vaccination alone to be the mode of disease prevention for an individual. It may be
worthwhile exploring ways to enhance innate immunity, including through balanced
nutrition and other interventions.

3.4.2 Microbiota and Gut Health
Billions of microorganisms reside in the human gut (called the gut microbiota); some
are beneficial while others are commensals or pathogenic. An increasing body of
scientific literature indicates that the gut microflora plays a major role in immunity,
coordination of the nervous system, gastrointestinal functions, and homeostasis
(commonly called the gut health) (Table 2). Microbiota in the large intestine
prevents microbial overgrowth and infection through the formation of an ecological
barrier for colonization and by inducing the host’s immune system to produce
immunoglobulins (IgA) and antimicrobial proteins (Shi et al. 2017). Intestinal
bacteria have been shown to influence central physiological functions such as the
development of lymphatic tissue, the induction of mucosal tolerance, angiogenesis,
fat storage, and neuro-endocrine functions (Singer-Englar et al. 2019) (Table 2).

Some of the ways in which the gut microbiota modulates immunity are known.
The GALT (gut-associated lymphoid tissue) or the mucosal immune system is a
specialized secondary lymphoid organ that evolves and develops following bacterial
colonization of the intestinal tract. The gut microbiome facilitates the maturation of
the GALT, which “learns” to differentiate between commensal and pathogenic

Table 2 Microbiome associated with different parts of human gut

Organ
No. of
organisms Name of common organisms References

Stomach 102 Lactobacillus, Candida, Streptococcus,
Helicobacter pylori, Peptostreptococcus

Arumugam et al. (2011)

Duodenum 102 Streptococcus, Lactobacillus Faith et al. (2013)

Jejunum 102 Streptococcus, Lactobacillus Ding and Schloss
(2014)

Proximal
ileum

102 Streptococcus, Lactobacillus Lozupone et al. (2012)

Distal
ileum

108 Clostridium, Streptococcus, Bacteroides,
Actinomycinae, Corynebacterium

Human Microbiome
Project Consortium
(2012)

Colon 1012 Bacteroides, Clostridium,
Bifidobacterium, Enterobacteriaceae

NIH HMP Working
Group (2009)
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bacteria through toll-like receptors (TLRs) (Rooks and Garrett 2016). GALT
suppresses the occurrence of an inflammatory response and promotes immunologi-
cal tolerance to the microbiome’s peptidoglycan. Gut microbiota induces GALT to
produce immune effectors like soluble immunoglobulin (sIgA), defensins, and
antimicrobial peptides (AMP) or induce local environment changes (i.e., diarrhea).
The host-commensal microbiota communication triggers antimicrobial responses
from the gut epithelium including the release of several antibacterial lectins, includ-
ing RegIIIc, α-defensins, and angiogenins (Thaiss et al. 2016). These antibacterial
effectors reduce the number of potentially pathogenic microbes and provide protec-
tion against subsequent abnormal immune responses. For instance, Bacteroides
thetaiotaomicron triggers the production of AMPs that target other intestinal
microbes. In the case of diarrhea, the host eliminates undesirable microbial
communities in order to prepare niches for recolonization with more beneficial
microbial populations, as a last resort to healing (Gordon et al. 2012).

A dysbiosis in the gut microbiota, due to an improper diet or antibiotics, renders
the host susceptible to infections, chronic inflammation, as well as cancer. This can
be resolved and gut homeostasis brought back (eubiosis) by the use of probiotics
(Lazar et al. 2018).

3.4.3 Probiotics
Per WHO, probiotics refers to live microorganisms which, when administered in
adequate amounts, confer health benefit on the host. Some of the common functions
performed by probiotics include digestion of food, production of useful metabolites,
destruction of pathogens, complementing the functions of the digestive enzymes,
and maintenance of the pH of the digestive system.

Probiotic microbes control pathogens in several ways. They improve the intesti-
nal barrier function and competitively exclude pathogens by reducing adherence to
cells, co-aggregation, as well as production of organic acids, short-chain fatty acids,
hydrogen peroxide, nitric oxide, and bacteriocins which antagonize harmful
microorganisms (Wilkins and Sequoia 2017). Some of the beneficial effects of
probiotics are listed in Table 3.

Further, the antimicrobial substances produced by probiotics can also disrupt
biofilm. In addition to reducing the amount of antibiotic, probiotics also improve the
reach of the antibiotic to its target, thereby reducing the dose required (Mantegazza
et al. 2018). Thus, employing probiotics is a promising alternative to treat infections
with antibiotics and tackle AMR.

4 Conclusions

Antimicrobial-resistant organisms occur naturally in the environment. While the
susceptible organisms get killed by antimicrobials, the resistant ones are preferen-
tially selected under certain conditions like drug overuse. AMR is also linked to
several direct and indirect drivers including pollution, bad WASH and living
conditions, poor immunity status, and regular use in agriculture. In this context,
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perspective on “Planetary Health” forces us to recognize the interconnectedness of
humans, biodiversity, and the environment. It holds human-centered, anthropogenic
actions responsible for climate change and links inequity, biodiversity loss, and

Table 3 Probiotics that can be used as an alternative to antimicrobial treatment

S. no. Condition Probiotic Effect References

1 Clostridium
difficile
infection

Saccharomyces boulardii,
L. plantarum, L. rhamnosus GG,
L. casei

Reduces
incidence

Goldenberg
et al. (2017)

2 Antibiotic-
associated
diarrhea

Bacillus spp., Bifidobacterium
spp., Clostridium butyricum,
Lactobacilli spp., Lactococcus
spp.,
Leuconostoc cremoris,
Saccharomyces spp.,
Streptococcus spp.

Prevention Hayes and
Vargas
(2016)

3 Travelers’
diarrhea

Saccharomyces boulardii,
S. cerevisiae, L. plantarum,
L. acidophilus, L. fermentum,
L. helveticus, L. gasseri,
L. bulgaricus, B. bifidum,
S. thermophilus, E. faecium

Prophylaxis McFarland
and Goh
(2019)

4 Infectious
diarrhea

S. thermophilus, L. casei,
L. reuteri, B. lactis

Reduces
intensity and
length of
disease

Van Niel
et al. (2002)

5 Ventilator-
associated
pneumonia

Lactic acid bacteria
Pediococcus pentosaceus,
Lactococcus raffinolactis,
L. paracasei, L. plantarum,
L. acidophilus, L. bulgaricus,
L. casei, L. plantarum, B. lactis,
Streptococcus thermophilus,
B. breve

Reduces risk Watkinson
et al. (2007)

6 Oral health Lactobacillus and
Bifidobacterium

Reduces
pathogenic
bacteria

Bonifait
et al. (2009

7 Necrotizing
enterocolitis

LGG, B. breve,
Saccharomyces species and
mixtures of
Bacteroides bifidus,
S. thermophilus, Lactobacillus
acidophilus, B. infantis

Beneficial for
premature
neonates

Thomas
et al. (2017)

8 Vulvovaginitis Lactobacillus fermentum LF15,
L. plantarum LP01

Reduces
recurrence

Murina
et al. (2014)

9 Recurrent
urinary tract
infections

E. coli Protection
against
recurrent
urinary tract
infection

Darouiche
et al. (2011)
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overconsumption of the planetary resources to AMR. Resistance to antimicrobials is
an adaptive challenge than a technical one, and strategies to tackle AMR would
depend on the socio-cultural context and the environment (Hinchliffe et al. 2018).
Therefore, schemes in consultation with local stakeholders would be more effective
when implemented.

The interconnected nature of people and the planet mean that solutions that benefit both the
planet and human health lie within reach. (Whitmee et al. 2015)

There are certain approaches and actions that we need to let go, continue, or adopt
to counter AMR (Fig. 3). The “One Health” approach needs to be promoted for a
multi-sectoral and multi-disciplinary collaboration. We need to advocate for
increased investments in WASH infrastructure and improved handling of waste
and simultaneously educate the society for behavioral change. Strengthening the
body’s defense mechanisms using vaccines, gut microbiota, and probiotics can help
to bypass antimicrobials and, hence, resistance. TSM like Ayurveda can provide us
new perspectives and methods to boost immunity and handle infections, apart from
providing new ways of thinking, of knowing nature, and of living in harmony with
nature, and possible sustainable solutions against the obstinate resistant microbial
population.
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Use of Bacterial Cell Wall Recycle Inhibitors
to Combat Antimicrobial Resistance

Ramya Raghavan and Jharna Mandal

1 Introduction

Way back in the 1940s, the antibiotic penicillin was discovered by Alexander
Fleming where he observed that a bread mold inhibited the growth of the bacteria
due to the synthesis of a specific antibacterial substance (Fleming 2001). Later the
substance was purified and since then antibiotics came into clinical practice. From
that historical moment, there were lots of antibiotics discovered, each having a
different mechanism of action. The bugs that were killed due to antibiotics began
to become smarter by manifesting resistance to the antibacterial agents (Ventola
2015; Michael et al. 2014). The various antibiotics worked either via destruction of
cell wall, inhibition of protein synthesis, or inhibition of bacterial DNA synthesis.
The bugs became superbugs by becoming resistant to these agents through enzy-
matic destruction of the antibiotic, modifications of the antimicrobial target (decreas-
ing the affinity for the drug), a decrease in the drug uptake, activation of efflux
mechanisms to extrude the harmful molecule, or global changes in important
metabolic pathways via modulation of regulatory networks (Alekshun and Levy
2007; Aminov 2009; Davies and Davies 2010; Michael et al. 2014; Munita and Arias
2016). Among these various antibiotics, the most important ones are the bactericidal
group of agents that target the cell wall (Fisher et al. 2005).

Bacteria adapt in a specific nature for the synthesis of their cell wall. The cell wall
synthesis takes place at different layers with the help of several enzymes. Similarly
the products are recycled using several enzymes for their own cell wall (Doyle et al.
1988; Lovering et al. 2012). During recycling, the peptidoglycan is split at several
stages in the periplasm, inner membrane, and cytoplasm (Barreteau et al. 2008;
Vollmer et al. 2008; Johnson et al. 2013). There are various enzymes involved in
recycling at each of these levels (Koch 2003). These enzymes have a key role in
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mediating resistance to various antibiotics (Jacobs et al. 1997; Vollmer et al. 2008;
Bugg et al. 2011). Now that they contribute to resistance, these have been targeted by
small molecule inhibitors thereby potentiating the action of cell wall antibiotics.
Since then the various recycling enzymes that contribute to resistance have been
identified and targeted (Park and Uehara 2008). They are at various levels of clinical
trials. The unique structure of the bacterial cell wall is complemented by the few
small molecule structures to recognize both the polymer and the enzymes involved
in its maintenance (Yamaguchi et al. 2012; Dik et al. 2018). As the number of life-
threatening infections due to multiple organisms and the resultant usage of
antibiotics are on the rise, there is an increase in resistance and hence the need for
newer therapeutic strategies. For cell wall-targeting antibiotics, the emerging con-
nection between cell wall recycling and the expression of antibacterial resistance
enzymes represents a promising opportunity. Bacteria succumb to an antibiotic only
after the myriad pathways for the detection and response to the presence of the
antibiotic are compromised. Especially for the beta-lactam antibiotics – now and for
the foreseeable, a mainstay of antibacterial chemotherapy – understanding the
relationship between cell wall recycling and resistance has great potential for the
preservation of their value as antibiotics (Mark et al. 2011; Yamaguchi et al. 2012).

2 Cell Wall Structure

The bacterial cell wall consists of a mesh-like network that protects the bacteria from
osmotic stress due to a high intracellular pressure. It is made up of peptidoglycan or
murein polymer comprising a peptide part and glycan part. The glycan portion is
made of alternating units of N-acetyl glucosamine (GluNAC or NAG) and N-
acetylmuramic acid (MurNAC or NAM) and the peptide chain attached to lactyl
side chains of N-acetylmuramic acid. The glycan side chains are interconnected by
the enzyme transglycosylase, and the peptide chains are cross-linked by a
transpeptidase enzyme, also known as the penicillin-binding protein. The peptide
chain is composed of –L-alanine–γ-D-glutamic acid–meso-1, 6, diaminopimelate–D-
alanine–D-alanine in Gram-negative bacteria and –L-alanine–γ-D-glutamic acid–L-
lysine–D-alanine–D-alanine in most of the Gram-positive bacteria (Jacobs et al.
1997).

2.1 Steps Involved in Cell Wall Biosynthesis in the Cytoplasm

Fructose-6-phosphate is converted to uridine diphosphate (UDP)-GluNAC with the
help of the sequential enzymes GluS, GluM, and GluU. UDP-GluNAC is converted
to UDP-MurNAC pentapeptide with the help of the enzyme MurA enolpyruvyl
transferase, MurB reductase, and MurC-MurF ligase. On the inner cytoplasmic
membrane, MraY translocase catalyzes the conversion of UDP-MurNAC pentapep-
tide with undecaprenyl pyrophosphate to generate lipid I that is coupled with
GluNAC by the MurG transferase to yield lipid II (Mengin-Lecreulx et al. 1991;
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Bouhss et al. 2004; Scheffers and Pinho 2005). Lipid II flippase translocates the lipid
II into the periplasmic space with the help of several enzymes that differ in different
organisms (Pomorski and Menon 2006; Ruiz 2015) (Fig. 1).

Lipid II contributes to the disaccharide chain for the growth of the glycan strand
that is catalyzed by the high molecular mass penicillin-binding protein (HMM PBP)
transglycosylase domain. Transpeptidase domain of HMM PBP helps in the cross-
linking of the peptide side chains. Transpeptidase reaction causes displacement of
terminal D-ala residue of one pentapeptide side chain by the terminal amine residue
of the L-Lys (or m-DAP) residue of a neighboring strand thus providing a highly
cross-linked meshwork of the bacterial cell wall. The cross-links are composed of
penta-glycine bridges in Gram positives and covalent bonding in the case of Gram
negatives (Johnson et al. 2013).

2.2 Differences in Cell Wall Structure Between Gram Positive
and Gram Negative

The major difference between Gram positive and Gram negative is the absence of
outer membrane in Gram positives and the peptidoglycan is of few nanometers in
Gram negatives, whereas in Gram positives it is of 20–80 nm in thickness (Weidel
and Pelzer 1964). In Gram-negative bacteria, there is a wide periplasmic space where
the product of cell wall recycling accumulates. In Gram-positive bacteria, periplas-
mic space refers to the region between inner cell wall and outer surface of plasma
membrane surrounded by high-density outer cell wall zone. The mono-layered
peptidoglycan in Gram negatives is hydrolyzed synchronously with the new cell
wall material by multi-enzyme synthesis complex (Meroueh et al. 2006).

In Gram positives which were initially thought to be non-synchronous in synthe-
sis and turnover, recent studies suggest the presence of WalKR system, a
two-component system that regulates the cell wall synthesis. This system regulates
several enzymes capable of targeting the cell wall, namely, autolysins, endopepti-
dase, muraminidase, peptidoglycan deacylase, autolysin inhibitor/modulator, etc.,
thus having a balance of the cell wall lysis. The peptidoglycan background in Gram
positive and Gram negative is almost similar except for the peptide composition, the
length of the peptide cross-links, and the length of the peptidoglycan chains. The
sugar background could be modified by O-acetylation, N-deacetylation, and the
attachment of surface polymers. Secondary polymers such as teichoic acid are
attached to the murein of the Gram-positive bacteria which promotes further modifi-
cation to the cell wall structure (Silhavy et al. 2010).

2.3 Implications in the Cell Wall Turnover due to Differences
in the Cell Wall of Gram-Positive and Gram-Negative Bacteria

Due to several modifications in the peptidoglycan of the Gram positives, they are
resistant to hydrolases like lysozyme that affects the cell wall turnover and lysis
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Fig. 1 Peptidoglycan (PG) recycling and synthesis pathway in E. coli. The recycling and biosyn-
thesis pathways converge in cytoplasm. GlcN-6-P is converted back to fructose-6-phosphate
(Fru-6-P) through a deaminase (NagB) or undergoes a series of modifications to form the uridine
diphosphate (UDP)-MurNAc pentapeptides. Lipid I and lipid II formations are aided by MraY and
MurG enzymes, respectively. Periplasmic space witnesses polymerization and cross-linkage of
muropeptides with the existing PG. LMM PBPs with endopeptidase (EP) activity cleave the
existing PG layer
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(Doyle et al. 1988). In Gram positives, along with peptidoglycan, the other cell wall
structures like teichoic acid and cell wall polysaccharide are also recycled. Thus, the
Gram-positive organism cell wall turnover is different when compared to that of
Gram negatives.

3 Cell Wall Recycling in Gram-Negative Bacteria

The cell wall recycling and the enzymes involved in the process are best studied in
Escherichia coli and P. aeruginosa, and these enzymes are present in three
compartments. They are the periplasm, inner membrane, and cytoplasm (Fig. 1).

3.1 Periplasm

There are three types of enzymes in the periplasm. They are lytic transglycosylases,
low molecular mass penicillin-binding protein, and amidases (Johnson et al. 2013).

3.1.1 Lytic Transglycosylases (LTs)
LTs act on the peptidoglycan to release GluNAc-1,6-anhydro-MurNAc. A total of
8 LTs were identified in E. coli and about 11 LTs were identified in P. aeruginosa
(Höltje et al. 1975) (Ishino et al. 1980; Dijkstra and Keck 1996; Koraimann 2003;
Scheurwater et al. 2008; Lee et al. 2013, 2017). LTs are more significantly expressed
during the log phase when compared to stationary phase which is in accordance to
the maximum remodeling that occurs during this phase. This may also be due to
structural differences in the murein sacculus during bacterial growth and to lack of
cell division during the stationary phase (Vollmer et al. 1999; Blackburn and Clarke
2001, 2002; Scheurwater et al. 2008; Suvorov et al. 2008).

3.1.2 Low Molecular Mass Penicillin-Binding Proteins (LMM PBPs)
These act either as endopeptidases or carboxypeptidases. Endopeptidase activity
results in the hydrolysis of cross-bridge between m-DAP and D-Ala, whereas the
carboxypeptidase removes the terminal peptide during cross-linking. E. coli has five
LMM PBPs, among which there is a bifunctional enzyme, and P. aeruginosa has
three LMM PBPs (Sauvage et al. 2008; Dhar et al. 2017).

3.1.3 Amidases
The periplasmic amidases remove the amino acid chain from the muramyl moieties
as well as from the recycling products like GlcNAc-anhMurNAc peptides. E. coli
has four amidases AmiA, AmiB, AmiC, and AmiD that function as N-
acetylmuramyl-L-alanine amidase. AmiA, AmiB, and AmiC have a high sequence
homology and help in cell separation (Van Heijenoort and Van Heijenoort 1971).
AmiD cleaves at both N-acetylmuramyl and 1,6-anhydro-N-acetylmuramyl peptides
and plays a critical role in generating fragments for recycling. P. aeruginosa harbors
AmiA, AmiB, AmpDh2, and AmpDh3, wherein the latter two play a major role in
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recycling. Being periplasmic in nature, AmpDh2 is anchored to the inner leaflet of
the outer membrane and AmpDh3 is soluble in the periplasm. These enzymes act on
the peptidoglycan as well as muropeptides of various lengths that are unique to the
periplasmic space. AmpDh2 hydrolyzes at the peripheries of the sacculus, which
becomes soluble fractions, and AmpDh3 hydrolyzes the stem peptides on the core of
the sacculus, where the change remains associated with the polymeric fraction
(Yakhnina et al. 2015; Dhar et al. 2017).

3.2 Inner Membrane

The inner membrane enzymes take part in transporting the muropeptides from the
periplasm into the cytoplasm. The most important enzyme that is identified in many
of the Gram negatives is AmpG permease though it was first identified in
Enterobacter cloacae (Korfmann and Sanders 1989). The AmpG permease in
E. coli transports the disaccharide unit GluNac-anhMurNAc across the inner mem-
brane to the cytoplasm (Schmidt et al. 1995). There are two AmpG homologs,
AmpG and AmpP inner membrane permeases (Korfmann and Sanders 1989; Vötsch
and Templin 2000), that are transcriptionally regulated by AmpR in an inducer-
dependent and inducer-independent manner (Lindquist et al. 1989; Cheng and Park
2002). Alternate route of transfer of GluNAc into the cytoplasm exist for E. coli and
P. aeruginosa using NagE which phosphorylates and imports GluNAc into the
cytoplasm (Dhar et al. 2017).

3.3 Cytoplasm

In the cytoplasm, the muropeptides are processed to form lipid II which is composed
of UDP-GluNAc-MurNAc pentapeptide attached to a lipid carrier which is a mem-
ber of the undecaprenyl pyrophosphate group (Barreteau et al. 2008). The various
enzymes in the cytoplasm are as follows:

3.3.1 NagZ
In the cytoplasm the β-N-acetylglucosaminidase processes the muropeptides. NagZ
cleaves the bond between GluNac and 1,6-anhydro-MurNAc leading to independent
units of GluNac and 1,6-anhydro-MurNAc peptides (Vadlamani et al. 2017). By
inhibiting NagZ, the formation of the inducer molecules comprising 1,6-anhydro-
MurNAc peptides would be hindered thus leading to reduced AmpC production and
increased sensitivity to beta-lactams (Asgarali et al. 2009). The approach of targeting
NagZ has received validation using both chemical and genetic studies and structural
studies (Zamorano et al. 2010).

3.3.2 AmpD and LdcA
AmpD is involved in the exclusive cleavage of the peptide chain to
1,6-anhydromuramyl moieties. LD-carboxypeptidase A (LdcA) removes the
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terminal D-alanine from tetrapeptide to create the tripeptide. To this tripeptide, a
dipeptide D-alanine forming a pentapeptide that helps in cross-linking is added. In
the final steps of recycling processes, the peptidoglycan sugars GlcNAc, MurNAc,
and anhMurNAc and the peptidoglycan peptide L-Ala-ɣ-D-Glu-meso-
diaminopimelic acid-D-Ala-D-Ala rejoin the peptidoglycan biosynthesis pathway in
the cytoplasm.

4 Cell Wall Recycling in Gram-Positive Bacteria

Cell wall recycling in Gram positives was first identified in Bacillus subtilis of a
six-gene cluster wherein the first five gene products were orthologs of the E. coli
recycling proteins MurQ (etherase), MurR (transcriptional repressor), MurP
(MurNAc phosphotransferase), AmiE (an N-acetylmuramyl-L-alanine-specific ami-
dase), and NagZ (glucosaminidase). nagZ ortholog encoded by B. subtilis differs
from that by Clostridium acetobutylicum, which also encodes orthologs of amiE and
murQ as cytoplasmic enzymes, and of murP and murR. These genes strongly
suggest the presence of a muropeptide recovery system that is similar, other than
the cytoplasmic location for each of these identified component proteins, to the
system present in B. subtilis. A key difference is in the mechanism of entry of
muropeptide to the cytoplasm. Additional protein components that are inferred as
part of the recycling system are cytoplasmic MurK kinase, catalyzing
ATP-dependent 60-phosphorylation of GlcNAc and MurNAc, and a GlmA glucos-
amine and glucosamine-containing muropeptide N-acetyl transferase. B. subtilis and
E. coli encode dipeptide epimerases, catalyzing the formation of D-Ala and D-Glu
dipeptides, and are presumptively involved in peptidoglycan recycling. The lytic
transglycosylase-mediated liberation of anhydromuropeptides is unimportant to
recycling although they have essential roles during the extensive peptidoglycan
remodeling that occurs during Bacillus spore germination and Staphylococcus
aureus septation. The Gram positives lack AmpG permease in contrast to Gram
negatives. Also, the cytoplasmic and periplasmic amidases which are present in
Gram negatives are absent in Gram positives. Lyzozymes like muraminidases are
more common in Gram positives when compared to lytic transglycosylases.
GluNAc’ases that cleaves peptidoglycan, amidases, and carboxypeptidases play a
major role in the Gram-positive cell wall recycling. Orthologs of the recycling
enzyme MurQ, which converts MurNAc-6-phosphate to GlcNAc-6-phosphate,
were recognized in almost all Gram-positive bacteria. This clearly indicates that
the cell wall amino sugar MurNAc can be metabolized by most Gram-positive
organisms. Further catabolism involves the nag genes including nagA. Cell wall-
derived peptides are degraded in Gram-positive bacteria since an ortholog of the
muropeptide ligase is apparently absent in Gram positives, but orthologs of LdcA-
like LD-carboxypeptidases and L-Ala-D/L-Glu epimerases are found (Doyle et al.
1988; Borisova et al. 2016).

Identification of a point of union between beta-lactamase repressor (BlaI) disso-
ciation and cell wall recycling in Bacillus licheniformis was made recently by
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Amoroso et al. The cell wall-derived dipeptide fragment, γ-D-Glu-m-DAP, controls
the release of the BlaI (MecI) repressor from DNA. Use of a peptidoglycan fragment
to control expression of resistance in this Gram-positive bacterium through repressor
protein binding conceptually parallels what is seen for AmpC beta-lactamase expres-
sion system of Gram-negative bacteria (Amoroso et al. 2012).

5 The Process of Recycling and the Contributing Resistance

5.1 Beta-Lactam Resistance Linking Amp Pathway

5.1.1 AmpC-AmpG-AmpR System
In this pathway, the beta-lactam antibiotics treatment breaks the balance of PG
biosynthesis liberating GluNAc-anhydro-MurNAc oligopeptides in the periplasm.

GluNAc-anhydro-MurNAc oligopeptides are transported into the cytoplasm
through AmpG transporter (Korfmann and Sanders 1989). GluNAc moiety is
removed from the cytoplasm with the help of NagZ enzyme.

The resulting anhydro-MurNAc-tetrapeptide intermediates are the inducers of
beta-lactamase expression through AmpR (Jacobs et al. 1997). AmpR is a transcrip-
tional regulator and it acts as an activator of ampC. The production of ampC is
mainly upregulated only in the presence of exogenous beta-lactam antibiotics
(Wiedemann et al. 1998). The activator function of AmpR would be inhibited by a
cell wall synthesis precursor UDP-MurNAc pentapeptide. This inhibition would be
stopped by a point mutation in AmpR (Kong et al. 2005). Upon beta-lactam
antibiotic treatment, the accumulated intracellular anhydro-MurNAc oligopeptides
displace AmpR-associated UDP-MurNAc pentapeptide, triggering conformational
change of AmpR and activation of ampC (Kong et al. 2005). During the process of
peptidoglycan recycling, the AmpDwould promote the dissociation of stem peptides
from the anhydro-MurNAc or GluNAc-anhydro-MurNAc and hence reduce the
concentrations of inducing muropeptides and overexpression of AmpC, thus helping
to fine-tune its expression (Normark 1995; Kong et al. 2010; Yamaguchi et al. 2012;
Lee et al. 2016).

5.1.2 The BlrAB-Like Two-Component Regulatory System
In Aeromonas sp., the AmpC and two other chromosomally encoded beta-
lactamases were regulated by BlrA regulator instead of AmpR-type regulator.
Specific degraded peptidoglycan components would serve as a signal for the
response regulator for production of beta-lactamase (Dhar et al. 2017).

5.2 Beta-Lactam Resistance Through Other Cell Wall-Related
Genes

The lytic transglycosylases and low molecular mass penicillin-binding protein also
moderate the beta-lactam resistance. The periplasmic LTs are the major PG
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degradative enzymes that generate 1,6-anhydro-MurNAc muropeptides. The LMM
PBPs comprise a group of enzymes that has endopeptidase and carboxypeptidase
activity (Johnson et al. 2013).

5.3 Fluroquinolone Resistance

Quinolones are broad-spectrum synthetic antibiotics that inhibit DNA replication by
targeting bacterial DNA gyrase or topoisomerase 2 (Drlica et al. 2008; Hernández
et al. 2011). The resistance in quinolones could be due to mutations in the target
genes gyrA and gyrB, overexpression of MDR efflux pumps, or plasmid-mediated
resistance gene qnr that protects the bacterial topoisomerases from quinolone activ-
ity (Nakamura et al. 1989). In P. aeruginosa, MexEF-OprN is involved in the efflux
of fluoroquinolones, chloramphenicol, and trimethoprim. This is under control of a
positive regulator MexT and the negative regulators MexS and MvaT. P. aeruginosa
AmpR negatively regulates the expression of the MexEF-OprN operon and MexT.
Hence the ampR mutants are more resistant to fluoroquinolones. Thus, AmpR
positively and negatively regulates resistance to beta-lactams and quinolones,
respectively (Dhar et al. 2017).

5.4 Fosfomycin Resistance

Recent studies elucidate a connection between cell wall recycling and intrinsic
fosfomycin resistance in Pseudomonas putida. There exists a salvage pathway that
bypasses the de novo biosynthesis of UDP-MurNAc which is absent in
Enterobacteriaceae and involves three enzymes characteristically. Similar to
E. coli, Pseudomonas sp. also possesses upstream of salvage pathway enzymes,
the NagZ that yields AmpD and anhMurNAc kinase (AnmK). Blocking the cell wall
recycling pathway decreases the fosfomycin resistance of these strains. Thus, a
combinatory therapy of fosfomycin along with peptidoglycan recycling inhibitors
would be a new strategy against multidrug-resistant P. aeruginosa strains (Borisova
et al. 2014) (Table 1).

6 Peptidoglycan Recycling Inhibitors

Different types of peptidoglycan recycling inhibitors are as follows (they are also
depicted in Fig. 2):

6.1 Bulgecin

Bulgecin, a natural compound developed by Takeda Pharmaceuticals (Imada et al.
1982), when combined with other beta-lactam antibiotics, was found to inhibit the
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lytic transglycosylases in many pathogenic Enterobacteriaceae, particularly E. coli,
where beta-lactam antibiotics inhibit penicillin-binding protein 3 (PBP3) (Templin
et al. 1992; Thunnissen et al. 1995; Van Asselt et al. 1999). Bulgecin A is bound in
the region of the active site defined as subsite�1,�2, and� 3 and partially occludes
subsite +1. An alignment of LtgA catalytic domain with Slt70 demonstrates absolute
conservation of the active site of LtgA. A docked chito-oligosaccharide in the active
site of LtgA mimics the glycan strand of the peptidoglycan. In the active site of
LtgA, chitopentaose and bulgecin A have overlapping binding sites. This would
suggest that bulgecin A could be competitive with the glycan strand. It induces cell
lysis and morphology changes in the presence of beta-lactam antibiotics. The
compound was not developed for several years due to unknown reasons. Tomoshige
et al. developed the products of bulgecin A indicating its role in combating beta-
lactam resistance. After the discovery of bulgecin compounds and LTs in E. coli,
several LTs have been identified in many pathogenic bacteria like P. aeruginosa,
Acinetobacter baumannii, Helicobacter pylori, Neisseria meningitidis, and Cam-
pylobacter jejuni (Skalweit 2019).

Bulgecin A-meropenem combination proves effective against various
manifestations of carbapenem resistance either due to metallo-beta-lactamases or
hyperproduction of AmpC. It is well established that lytic transglycosylase and PBPs
form protein complexes, among which the most notable interaction is between Slt70
and PBPs 1b, 1c, 2, and 3. Combinations of enhancers with beta-lactamase inhibitor/
potent anti-pseudomonal beta-lactams are the possibilities in the future antibiotic
arsenal for antibiotic-resistant P. aeruginosa (Stubbs et al. 2007).

6.2 NAG-Thiazoline

NAG-thiazoline does not require the addition of beta-lactam antibiotics unlike
bulgecin indicating its role in the inhibition of more than one kind of lytic
transglycosylase.

Table 1 The inhibitors targeting the beta-lactamase induction pathway (Stubbs et al. 2007)

Enzymes Function Inhibitors

Lytic
transglycosylases

Non-hydrolytic cleavage of peptidoglycan
with concomitant formation of
1,6-anhydro-MurNAc

Bulgecin A (Skalweit 2019),
NAG-thiazoline (Reid et al.
2004),
hexa-N-acetylchitohexaose,
Ivy (Clarke et al. 2010)

NagZ Cleave disaccharide oligopeptides to
release 1,6-anhydro-MurNAc peptide

PUGNAc, EtBuPUG
(Asgarali et al. 2009;
Zamorano et al. 2010)

AmpG Inner membrane permease of the
1,6-GlcNAc-anhydro-MurNAc peptides

CCCP (Zhang et al. 2010)

AmpR Binary regulator of AmpC UDP-N-acetylmuramic acid
peptides (Stubbs et al. 2007)
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Cell surface hydrophobicity is greatly altered on exposure to NAG-thiazoline.
The cells that were treated with NAG-thiazoline became shorter and did not adhere
to cell surface due to alterations in the hydrophobicity. The cell surface

Fig. 2 Small molecule inhibitors of cell wall recycling pathway. NagZ inhibitor—PUGNAc,
EtBuPUG. AmpG inhibitor—CCCP. Lytic transglycosylase inhibitors—bulgecin A,
NAG-thiazoline, Ivy, hexa-N-acetylchitohexaose
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hydrophobicity was altered based on the concentrations of NAG-thiazoline (Reid
et al. 2004). Cell surface hydrophobicity is associated with the adherence ability of
the pathogens thus decreasing its pathogenicity. It is also capable of inhibiting the
peptidoglycan biosynthetic complexes that would be responsible for cell morphol-
ogy and autolysis. Enterococcus develops resistance using various mechanisms
particularly in the variations in the stem peptides, hence resulting in decreased
affinity for the antibiotic. Despite resistance shown by organisms to cell wall
peptidoglycan sacculus, the peptidoglycan sacculus still contains potential targets
to combat it.

6.3 Ivy (Inhibitor of Vertebrate Lysozyme)

The analysis of the protein encoded by ykfE from E. coli was found to be an inhibitor
of C-type lysozymes and was thus renamed Ivyc for inhibitor of vertebrate lysozyme
(Abergel et al. 2007). P. aeruginosa produces two types of Ivy proteins, namely,
Ivp1 and Ivp2, though the Ivp2 function is not yet known. Both Ivyc and its homolog
Ivp1 from P. aeruginosa contribute to lysozyme resistance, and hence they could
survive in lysozyme-rich fluids, such as human saliva and breast milk, in addition to
hen egg white. The proteinaceous inhibitor of vertebrate lysozymes (Ivy) is pro-
duced by Gram-negative bacteria in response to the damage of the cell wall peptido-
glycan. Ivy proteins are potent inhibitors of the lytic transglycosylases, enzymes
involved in the biosynthesis and maintenance of peptidoglycan. However, the
essential cell wall component and target of lysozyme, PG, in Gram-negative bacteria
is protected from exogenous agents by an outer membrane. Thus, the finding shows
that (1) the production of Ivyc and its homologs is limited to Gram-negative bacteria
rather than to Gram-positive bacteria, which possess exposed peptidoglycan, and
(2) they are localized to the periplasm rather than to the external milieu. The Ivy
controls the autolytic activity of Gram-negative bacteria that do not produce
O-acetylated peptidoglycan. The important class of endogenous enzymes responsi-
ble for peptidoglycan lysis is the lytic transglycosylases. The LTs cleave PG with the
same specificity as the lysozyme, that is, the β-1,4-glycosidic bond between
MurNAc and GlcNAc residues. However, unlike lysozyme, LTs are not hydrolases
as they cleave PG with the concomitant formation of an intramolecular
1,6-anhydromuramoyl reaction product (Clarke et al. 2010).

6.4 NagZ Inhibitor

The structure of the NagZ inhibitor complex provides the molecular basis for
inhibition and enables the development of inhibitors with 100-fold selectivity for
NagZ over functionally related human enzymes (Zamorano et al. 2010; Asgarali
et al. 2009). By inhibiting NagZ, the formation of the inducer molecules comprising
1,6-anhydro-MurNAc peptides would be hindered thus leading to reduced AmpC
production and increased sensitivity to beta-lactams. Among the several compounds
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inhibiting NagZ, the most important ones are grouped as non-selective and selective.
X-ray structures of NagZ bound to the non-selective N-acetyl-b-glucosaminidase
inhibitor PUGNAc (O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino-N-
phenylcarbamate) and two NagZ-selective inhibitors—EtBuPUG, a PUGNAc deriv-
ative bearing a 2-N-ethylbutyryl group, and MM-156, a 3-N-butyryl
trihydroxyazepane—showed that the phenylcarbamate moiety of PUGNAc and
EtBuPUG completely displaces the catalytic loop from the NagZ active site to
yield a catalytically incompetent form of the enzyme. These PUGNAc-derived
inhibitors reduce the minimal inhibitory concentration (MIC) values for several
clinically relevant cephalosporins in both wild-type and AmpC-hyperproducing
strains lacking functional AmpD. It helps in reversing the resistance to the inhibitors
by exploiting the high mutational frequency of ampC or ampD. It could also be used
for strains of bacteria that contain loss of function mutation in ampD and for
reversing the resistance in many Gram-negative organisms (Vadlamani et al. 2017).

6.5 CCCP (Carbonyl Cyanide m-Chlorophenylhydrazone)

AmpG encodes a transmembrane protein that functions as a permease for 1,6-
GlcNAc-anhydro-MurNAc peptides. AmpG activity is required for the peptidogly-
can monomers to enter the cytoplasm and be recycled and ultimately reincorporated
into the peptidoglycan. AmpG is responsible for the transport of the AmpC-inducing
signal molecule, and thus the blockage of AmpG activity may provide a successful
strategy for enhancing the efficacy of beta-lactams against bacteria carrying induc-
ible AmpC. AmpG inhibition would result in the suppression of both intrinsic AmpC
expression and the AmpC hyperexpression caused by AmpD mutations. CCCP is an
inhibitor of proton motive force and the resistance-nodulation-division efflux pump
(Pagès et al. 2005). CCCP is an AmpG permease-specific inhibitor, thus affecting
cell wall recycling. It inhibits the ampG function rendering sensitivity to beta-lactam
through suppression of ampC. AmpG is a transmembrane protein and is easier to be
targeted thus eliminating the permeability barrier. As a part of bacterial cell wall
recycling complex, ampG is highly conserved in most bacteria. The use of CCCP in
combination with ampicillin and cefotaxime attenuated the resistance to these
antibiotics close to the level of resistance exhibited by the AmpG mutant. CCCP
has been tried in many Pseudomonas infections in cystic fibrosis patients, though the
mechanism of resistance in this group of patients is not yet understood (Stubbs et al.
2007).

7 Summary and Conclusion

Ever since the discovery of antibiotics, bacteria have become smarter to combat their
effect. Initially they developed single drug resistance followed by multidrug resis-
tance and pan-drug resistance. Recycling pathway generates certain enzymes that
provoke resistance. Peptidoglycan recycle inhibitors prove to be a promising tool for
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the multidrug-resistant pathogens. Lytic transglycosylases that act on peptidoglycan
are inhibited by bulgecin, NAG-thiazoline, and Ivy. Bulgecin is used in combination
with beta-lactam antibiotics such as meropenem, whereas NAG-thiazoline is a stand-
alone inhibitor, altering cell surface hydrophobicity and thereby inhibiting the
peptidoglycan biosynthetic complex. Ivy proteins are associated with lysozyme
resistance and are expressed by Gram-negative bacteria in response to damage of
cell wall peptidoglycan. Sensitivity to beta-lactam antibiotics is also boosted by
NagZ inhibitor which reduces AmpC production through the disruption of
1,6-anhydro-MurNAc peptide formation. The NagZ-selective inhibitors reduce min-
imal inhibitory concentration of cephalosporins and revert the resistance to inhibitors
by targeting the mutational frequency of ampC or ampD. CCCP is specific for the
inhibition of AmpG permease and disrupts proton motive force and resistance-
nodulation-division efflux pumps. It is used in combinative therapies in order to
weaken resistances against ampicillin and cefotaxime. The role of recycling
inhibitors in eradicating antibiotic resistance would serve to be a boon in this era
of pan-drug resistance. It requires continuing as a field for further research to bring
more compounds for clinical efficacy and treatment.
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Status Quo of Omics Technologies
in Analyzing the Genetic Mediators
of Antimicrobial Resistance at Sub-MIC
Concentrations

Merin Paul, Vidhyalakshmi Mohan, Lekshmi Narendrakumar,
Iype Joseph, and Sabu Thomas

1 Introduction

Antibiotics to treat bacterial infections are the keystone of modern medical practice.
The gross abuse of these compounds makes antimicrobial resistance (AMR) an
alarming threat to global health and weakens decades of progress in the treatment
of infectious diseases. According to a WHO report (2016), an estimate of 700,000
people die each year globally due to drug-resistant bacterial infections, and it will
reach ten million per annum by 2050 unless a global initiative is enacted. Pioneering
studies in this field are pointing out how indiscriminate use of antibiotics is
contributing to resistance development and the massive abuse making it worse
(Laxminarayan et al. 2013). Sir Alexander Fleming, who discovered the first antibi-
otic, had predicted the development of antibiotic resistance due to unintentional
mistakes of the common man. Exposing the bacterial pathogens to sub-therapeutic
concentrations of antibiotics increases the chances of resistance acquisition in
susceptible cells (Ayukekbong et al. 2017). The bacterial cell is an excellent factory
of evolutionary products and has a remarkable ability to operate in various situations.
Bacteria use co-selection as a key mechanism to evolve antibiotic resistance.
Co-selection mechanisms of resistance genes include co-resistance (different resis-
tance determinants present on the same genetic element) and cross-resistance
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(the same genetic determinant responsible for resistance to antibiotics and metals) by
compounds of unknown concentration in the environment. These mechanisms
enhance pathogen fitness and contribute to the development of stable resistant
mutants. Ever since antibiotics were introduced to treat infections, resistant bacteria
have been encountered in the clinic (Zaffiri et al. 2012). Throughout the golden age
of antibiotics, the only means of testing their efficiency was through experiments
looking for visible inhibition of bacterial growth and the ceasing of clinical infection.
While irrespective of antibiotic used, the rate of resistance development relies on the
organism’s genomic background and treatment strategies adopted in the clinical
settings (Palmer and Kishony 2013). Current surveillance of AMR is merely focused
on the reporting of phenotypic laboratory results of clinically relevant infections.
This causes the generation of delayed laboratory results, incomparable data between
the resistance profiles of clinical and environmental pathogens, missing out on the
resistome of non-culturable pathogens, and many more.

The rapid advancement of modern DNA sequencing technologies has
revolutionized the field of diagnostic biology and microbial surveillance in the
past few decades. The availability of enormous raw data of genome sequences in
sequence databases like NCBI and European Nucleotide Archive (ENA) has led to
the development of various bioinformatics analysis tools. The technical advances of
sequencing technologies help to form a new field of data analysis named “omics”
that include mRNA transcript level-measuring transcriptomics; protein abundance-
quantifying proteomics; cellular metabolite level-determining metabolomics;
interactomics, which exposes the whole molecular interactions in cells; and
fluxomics, which infers the active changes of molecules within a cell over time
(Zhang et al. 2009). Omics techniques right from their infancy have been important
contributors in the field of microbiology. The omics-based approach to detect AMR
will be able to analyze and picturize the genomic structure of the bacterial resistome,
composed of AMR genes and their precursors. Resistance development in bacteria is
a complex process with multiple and interconnected drivers. With the minuscule
organisms being dauntingly smart, there is an urgent need to devise curbing
measures to fight the spread of AMR. If we are not putting an end to the emerging
antibiotic resistance, since it is the nature’s most inherent attribute where the fittest
survive, nothing could be done to stop this instinct of living organisms, be it any.
Hence, in this chapter, we expound these techniques which can be used to analyze
and tackle the possible mechanisms of resistance acquisition at sub-lethal concentra-
tion of antibiotics in bacterial pathogens.

2 Factors Contributing to Antibiotic Resistance

The discovery of penicillin is considered as a milestone in the field of modern
medicine to treat deadly bacterial infections. An “innovation gap” of 40 years in
antibiotic development since the 1970s has gradually created a wall between the
healthcare system and disease handling (Fischbach and Walsh 2009). Since 1962,
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few new antibiotics have been approved to treat bacterial infections in humans such
as ciprofloxacin in 1987; linezolid, a synthetic antibiotic, in 2000; daptomycin, a
naturally occurring compound found in the soil saprotroph Streptomyces
roseosporus, in 2003; and retapamulin, a semisynthetic antibiotic, in 2006 (Lock
and Harry 2008). Invention and usage of new antibiotics in therapy put forward the
threat of development of new resistance and also collateral resistance toward multi-
ple antibiotics. Several factors are likely to contribute to the rapid evolution of
antibiotic resistance. One is the population number of bacteria with high genomic
plasticity and the presence of mutator strains within that population (Rodríguez-
Rojas et al. 2013; LeClerc et al. 1996). Another reason would be the intentional or
unintentional use of antibiotics which in turn creates low drug concentration in
different environments (inside and outside of the human body). This concentration
gradient could possibly select rare resistant mutants (Andersson and Hughes 2014).
Also, the horizontal transfer of mobile genetic elements such as transposons,
integrons, and plasmids between related and unrelated bacteria accelerates the spread
of resistance genes (Munita and Arias 2016).

Unlike soil bacteria, human pathogens live in a different environment and it might
be hard for them to face any selection pressure to evolve resistant genes because they
would never have been encountered by an antibiotic-producing competitor (Fajardo
and Martínez 2008). Human interference of this natural equilibrium accelerates the
rate of gene exchange between microorganisms. Reports of resistance genes found in
clinical pathogens are exactly the same as those found in natural sources, suggesting
the prime source of resistance is environmental bacteria (Bengtsson-Palme et al.
2018; Larsson 2014). Extended use of antibiotics in veterinary medicine and agri-
culture practices provokes selection of resistance genes and spread of resistant
bacteria in a diverse environment (Martinez 2009; Aarestrup 2005; Cabello 2006;
McManus et al. 2002; Aminov 2009; Witte 1998). Mutations in genes that code for
the drug targets and acquisition of foreign DNA coding for resistance through
horizontal gene transfer (HGT) are the fundamental genetic mechanisms executed
by bacteria to adapt the antibiotic selection (Munita and Arias 2016).

2.1 Gene Mutations

Genetic mutations in the genome lead to the evolution of the subpopulation of
bacteria with increased survival fitness. In the presence of antibiotics, the mutant
subpopulation eventually replaces the susceptible population of bacteria which
cannot withstand the deleterious effect of antibiotics. Since the acquisition of
resistance exerts a burden in the form of increased energy consumption in the cell,
this trait is only maintained in bacteria in the presence of an antibiotic.
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2.2 Horizontal Gene Transfer

There are classical concepts of resistance acquisition in bacteria such as transforma-
tion, transduction, and bacterial conjugation (Thomas and Nielsen 2005). Transfor-
mation is the phenomenon of incorporation of naked DNA into the host genome.
Unlike transformation, transduction and conjugation are “physical processes” in
which bacteriophages and bacteria themselves act as carriers of genetic material,
respectively.

The shuttling of antibiotic resistance genes in the environment is associated with
mobile genetic elements (MGEs) such as transposons, integrons, and plasmids.
Plasmids carrying antibiotic resistance genes are involved in transferring resistance
in Enterobacteriaceae, and some types of integrons contain a gene coding resistance
to sulfonamides at the 30 end of the integron structure (Rozwandowicz et al. 2018;
Mazel 2006). A diverse array of AMR genes have been found in integrons located on
plasmids, making them a common mechanism for the horizontal spread of AMR and
multidrug resistance (MDR) (Moser et al. 2018). It is well known that mobile genetic
elements play a major role in the transmission of AMR genes from livestock to
humans (de Been et al. 2014).

3 Antibiotic Use and Resistance Selection: The Concept
of MIC and Sub-MIC Values

Under normal conditions, the administration of the lethal dose of antibiotics may kill
susceptible bacteria and spare the resistant ones. But over a time period, the MIC of
the same drug against the same bacterial species may increase due to the acquisition
of resistance. This is due to the presence of a subpopulation of bacteria called
persister cells, which are metabolically inactive or slow-growing cells of the same
population. The persister cells are a source of resistance even in the absence of
antibiotic selection (Levin-Reisman et al. 2017). But due to the difficulty in culturing
these cells in vitro, the exact mechanism of maintenance of the persister population is
not yet known.

Recent studies shed light on the role of sub-lethal concentrations of antibiotics in
the acquisition of resistance. In sub-lethal concentration of antibiotics, the tolerant
cells of the bacterial population undergo spontaneous random mutations, which may
be retained through the subsequent generations, rather than getting discarded. These
random mutations may help to overcome the fitness cost by compensating the
maintenance energy of antibiotic resistance (Andersson and Hughes 2014).

3.1 Minimum Inhibitory Concentration of Antibiotics

Clearing the bacterial infection without having any severe side effects on the host is
the primary criterion to pass the clinical trials of a therapeutically effective drug. This
makes MIC the basic concept of pharmacology. MIC is defined as the lowest
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concentration of a drug which inhibits the visible growth of a target pathogen in vitro
(Mouton et al. 2012). MIC was then adopted as the basis of antibiotic dosing to
maintain a higher concentration in relevant body compartments which is enough to
clear the infection (McKenzie 2011).

Determination of lethal concentration (MIC) of antibiotics helps to identify and
differentiate susceptible wild-type and resistant mutant strains of bacteria. MIC
values only provide a relative inhibitory concentration required to limit the growth
of susceptible bacteria and do not give information on the sub-clones of the same
bacteria, which require a higher dose of antibiotics to eliminate them. This relative
difference between an “exclusively susceptible population” and a “susceptible
mutant population” was explained in the light of “resistant breakpoint” in clinical
microbiology. According to the British Society for Antimicrobial Chemotherapy
(BSAC), a breakpoint is a chosen concentration (mg/L) of an antibiotic which
defines whether a species of bacteria is susceptible or resistant to the antibiotic.
The bacteria are considered as susceptible when the MIC is less than or equal to the
susceptibility breakpoint, and it is considered as intermediate or resistant when the
MIC is greater than the susceptibility breakpoint. There are two common breakpoint
systems used in microbiology to predict resistance: (1) “clinical breakpoint” that
predicts response of bacteria to antibiotics in terms of susceptible, intermediate, and
resistant and (2) “epidemiological breakpoint” that clearly differentiates the minute
changes in susceptibility of a wild-type population (EUCAST 2010; Winstanley and
Courvalin 2011) and helps to set an early warning in therapeutic approaches.

Unlike in laboratory conditions, the evolution of bacteria toward resistance is a
time-consuming process in the environment. Antibiotics like tetracyclines and
fluoroquinolones with greater half-life may persist in the environment for extended
time periods and exert chronic selection pressure on microbial communities
(Kummerer 2009). The adsorption of antibiotics to particles will further complicate
the situation due to slower release of them into the surrounding environment creating
an antibiotic gradient of unknown concentration (Balbus et al. 2013; Chander et al.
2005; Córdova-Kreylos and Scow 2007). In addition, bacteria in the environment are
likely to be exposed to mixtures of antibiotics rather than single compounds, which
may further lower the selective concentration (Gullberg et al. 2014).

Global research on AMR always puts forward the result of the effects of
antibiotics treatment on the single bacterial species rather than the microbial
communities (Brosche and Backhaus 2010; Rasmussen et al. 2005). Cross-selection
and co-selection of biocides and metals contribute to the selection of antibiotic-
resistant genes (Pal et al. 2015). The unavoidable truth is that microbes show a
sustainable degree of flexibility to high antibiotic exposure by sharing of resistance
factors through horizontal gene transfer over larger time frames (Bengtsson-Palme
and Larsson 2015; Flach et al. 2015; Jernberg et al. 2007; Lewis 2007;
Relman 2012).
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3.2 Sub-lethal Concentration of Antibiotics

The usage of antibiotics along with natural antibiotic biosynthesis creates an antibi-
otic gradient in body and environment, which results in exposure of pathogens to
concentrations that are both higher and lower than the MIC. Humans, livestock,
crops, and aquaculture act as antibiotic reservoirs and promote the shuttling of
antibiotics and resistant bacteria between the internal and external environments
(Andersson and Hughes 2014). The effects of sub-lethal concentration of antibiotics
have been observed since the discovery of penicillin, but its impact on resistance
development was not investigated until the early 1970s.

Antibiotic therapy in humans depends upon the specific nature of drugs such as
tissue distribution and clearance of the same. Generally, the concentration of the
drug in the body is high in the initial hour of treatment but can be varying over the
course of time and between different body compartments. Thus, the concentration
difference happening during treatment can result in low-level selection in specific
tissues. Likewise, the natural production of antibiotics by microorganisms and
human contamination may create a concentration gradient of mg/L to ng/L
(Sandegren 2014; Baquero and Blázquez 1997). Bacteria are therefore exposed to
low antibiotic concentrations in many different environments. Classical theories of
resistance selection only consider the concentration of antibiotics which are related
to MIC of the susceptible wild-type population (MICsusc) and MIC of the exclu-
sively resistant population (MICres). This suggests that concentrations that are lower
than the MICsusc do not inhibit the growth of susceptible bacteria and are therefore
not selective. This hypothesis, which is known as the “mutant selective window”
hypothesis (Drlica and Zhao 2007; Zhao and Drlica 2001), has dominated the field
for a long time. Lately, several experiments have been conducted to determine the
effect of sub-MIC of antibiotics in resistance selection (Baquero and Negri 1997).
Several in vitro studies using Escherichia coli, Salmonella sp., Staphylococcus
aureus, and Pseudomonas aeruginosa were conducted to establish the relationship
of sub-MIC of antibiotics in the de novo selection of resistance and enrichment of
pre-existing resistant mutations (Nair et al. 2013).

Gullberg et al. (2011) and Liu et al. (2011) published two such studies with
slightly different approaches used to measure the lowest concentration of different
antibiotics in selective enrichment of resistant bacteria. They used E. coli and
Salmonella for their experiment. In one approach, they constructed mutants with
an induced clinically relevant mutation in isogenic bacteria to produce resistant
mutants with reduced susceptibility to tetracyclines, fluoroquinolones, and/or
aminoglycosides. Along with the mutation, the strains also expressed cyan fluores-
cent protein (CFP) or yellow fluorescent protein (YFP) for differentiation of resistant
and sensitive strains which can be sorted by FACS (fluorescence-activated cell
sorting) analysis. Then they carried out pairwise competition experiments (wild
type versus each mutant) at a range of antibiotic concentrations up to 80 generations
by serial passage. The result showed that all three clinically important antibiotics
increase mutant’s selection at sub-MIC concentrations either via competition or de
novo selection.
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In the second approach, a wild-type E. coli and induced hypersensitive mutant by
tolC mutation (which eliminate the activity of AcrAB-TolC multidrug efflux pump
and are sensitive to several antibiotics) were engineered to express yellow and purple
fluorescent proteins, respectively. The cells were allowed to grow in the presence
and absence of antibiotics and their bacterial characteristics were studied in the
presence of different concentrations of antibiotics and genotoxic agents. They found
out that mutants of E. coli have greatly increased sensitivity to a wide range of
antibiotics. In both experiments, they succeeded to find out the biologically relevant
level of antibiotic concentration, and each can be used to quantify minimum
selection concentration (MSC).

McVicker et al. in 2014 published a paper that explains the evolution of bacterial
subpopulations in low antibiotic concentrations in vivo. The investigators found that
exposure of isogenic resistant and susceptible strains to “sub-therapeutic”
(an antibiotic dose that produced no significant effect in an in vivo model) doses
of tetracycline or oxacillin results in the transformation of strain ratio in favor of the
resistant population. A recent publication by Wistrand-Yuen et al. (2018) evidenced
the effect of sub-MIC in resistant subpopulation selection, in which susceptible wild-
type Salmonella enterica were exposed to constant sub-MIC of streptomycin (four-
fold below the MIC, 1mg/L) for 900 generations. They observed that a high-level
resistance (up to >1024mg/L) was developed due to novel mechanisms that are
different from those observed during lethal selections evolved in several independent
lineages. The cumulative effect of these mutations resulted in high-level resistance
due to strong positive relation between different mechanisms: (1) alteration of the
ribosomal RNA target (gidB mutations), (2) reduction in aminoglycoside uptake
(cyoB, nuoG, and trkH mutations), and (3) induction of the aminoglycoside-
modifying enzyme AadA (znuA mutations).

The experiments described above clearly show that extremely low antibiotic
concentrations can select the resistance in favor of bacteria. Antibiotic
concentrations in the ng per mL to μg per mL range are widespread in natural
environments and are often associated with human sewage, runoff from farming
activities, and effluent from industrial plants (Kummerer 2009; Thiele-Bruhn 2003;
Milić et al. 2013). Accordingly, in addition to the selection of resistant strains during
clinical therapy, it is likely that the selection of antibiotic resistance in ex vivo
environments is an overlooked contributor to the widespread emergence of bacterial
resistance on a global scale.

3.3 Consequences of the Sub-MIC Selection of Antibiotic
Resistance

Considering a bacterial population, sub-MIC-selected resistant mutants are more
problematic than that of MIC-selected cells (Andersson and Hughes 2012). Usually,
a heterogeneous bacterial population contains majorly susceptible cells with a minor
population of resistant and persister cells. Normally the high fitness cost halts
overgrowth of resistant cells and the susceptible cells predominate. Figure 1 explains
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the difference in mutation acquisition and resistance development in the presence of
a lethal and sub-lethal concentration of antibiotics.

Exposure of a heterogeneous population of bacteria to higher antibiotic concen-
tration causes immediate death of susceptible cells leaving behind the resistant cells
to overgrow. Persister cells themselves do not possess any resistance mechanism, but
they withstand the lethal effect of antibiotic by growth retardation. If the selection
pressure (antibiotic) persists in the surrounding environment over generations, the
resistant cells grow continuously, even though the maintenance cost is high. The
withdrawal of antibiotic stress from medium exerts a pressure of energy burden to
maintain the resistance gene/mutation. This enables the outgrowth of the susceptible
bacterial population with high fitness. Thus, in conclusion, the resistance attained
under high antibiotic concentration is reversible in nature.

At a low concentration of antibiotics, the bacteria gain high fitness by acquiring
mutations, which is irreversible in nature (Andersson and Hughes 2010). Increased
rate of stable mutations with a low fitness cost in susceptible cells occurs at a low
antibiotic concentration which is successfully transferred to the next generation
forming a stabilized population. These mutations contribute to differences in sus-
ceptibility (mostly of negligible clinical effect) of an individual cell, thus making the
population into an effective larger population that can constantly supply multiple
mutations encoding stable resistance. The non-lethal concentrations of
fluoroquinolones, aminoglycosides, and beta-lactam group gain special attention
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High con. of antibiotic 
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Low con. of antibiotic 
(sub-MIC)

Resistant bacterial population with 
high fitness cost

**

Reversion of resistance due to 
mutation/ competition with 
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high fitness cost

Cells with multiple 
random mutations
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mutation rate
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and HGT, integron activation
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resistance mutations
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#

Antibiotic (AB)

AB resistant bacteria 

AB sensitive bacteria

Persister cells

AB sensitive cell with resistant mutation

AB sensitive cell with high fitness resistant mutation 

Fig. 1 Effect of lethal and sub-lethal concentration of antibiotics in resistant mutant selection
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due to their increased efficiency of producing mutations at a higher rate than other
antibiotic classes. These are widely used in human and livestock medicine to treat
infections and as feed additives (Ysern et al. 1990; Ren et al. 1999; Miller et al. 2004;
Balashov and Humayun 2002; Perez-Capilla et al. 2005; Baharoglu and Mazel 2011;
Thi et al. 2011). It also effectively increases the homologous recombination, hori-
zontal gene transfer, and activation of mobile genetic elements thus aggravating the
situation (López et al. 2007; Couce and Blázquez 2009; Cantón and Morosini 2011).
Since low-level antibiotics promote the expansion of resistant populations with
increased fitness and high-level resistance, it mainly allows the mutants with multi-
ple stable mutations to sustain in the population and this worsens the situation more
(Mao et al. 1997; Taddei et al. 1997; Shaver et al. 2002). Therefore it is predicted that
sub-MIC-selected resistant mutants will be more stable in bacterial populations than
those selected by high concentrations of antibiotics.

4 Persister Cells and Antibiotic Resistance

Persister cells represent a specific subpopulation (typically 10�6 to 10�4 of the
population) of bacterial cells that have shown transitory resistance against
antibiotics. It was first reported in Staphylococcus sp. and later also in other genera
of bacteria (Bigger 1944). Although the role of persister cells in the recurrence of
bacterial infections in humans is widely accepted, the mechanism underlying their
formation is still debated. The property of being in a quiescent state enables the
persister cells to escape the antibiotic action.

Since the bacteria cohabited with their many counterparts in the environment, it is
important to know how the cells respond against various cues. It is well established
that biofilm-forming cells are more resistant than their planktonic counterparts to
antibiotics. Various studies tried to explore the effect of varying concentrations of
antibiotics and resistance development in the different subpopulations of bacterial
cells. Miyaue and colleagues showed the E. coli population produces and retains an
increased number of persister cells in the colony-biofilm culture than in the usual
liquid culture in the presence of antibiotic-containing and nutrient-rich environment
for a long period of time (Miyaue et al. 2018). It is suggestive of the “memory effect”
of persister cells within the population. Bacterial memory mechanisms are related to
bacterial immunity to non-self genetic materials and capable to memorize the
specific DNA sequences. Miyaue proved that memory effect is also true in case of
specific physiological cell state or experience and it provides a survival advantage to
the bacteria in an antibiotic-containing environment.

Another study was conducted by Knudsen et al. (2016) to assess bacterial
physiology and induce antibiotic tolerance in response to sub-lethal antibiotic
concentrations. It was found that sub-lethal concentrations of antibiotics cause
metabolic and physiological changes in cells to withstand the lethal concentrations
of the same drugs. They have observed significant changes in transcriptome related
to antibiotic-specific gene expression in Listeria monocytogenes, when it is exposed
to sub-MIC of antibiotic. It also results in altered expression of several metabolic
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genes which leads to a shift from aerobic to anaerobic metabolism and ethanol
production. The shift in metabolism is considered as a survival strategy to avoid the
generation of ROS production, a common effect of antibiotics in the bacterial cell.

Antimicrobial chemotherapy has been extensively used since the early 1900s. But
the extended resistance against antibiotics makes clinicians worry about their further
sustainable use. Thus it is clearly evident that exploring AMR using traditional
experimental approaches is not an efficient way of understanding the underlying
mechanisms of AMR development and propagation. Methods that mimic or model
the conditions of complex scenarios existing in the real world are needed to
understand AMR. The omics tools and the emerging systems-level computational
models which can look into how AMR is transferred and acquired among the
bacteria as a community are helping us to understand the system as they exist in
reality. It appears that resistance arises with the interplay of the antibiotics selecting
the resistant cells and the genetic elements, in turn, are specifically expressed by the
antibiotic. Thus we need combinatorial approaches that can decipher the underlying
mechanisms to design better treatment strategies. Hence, the rest of the chapter looks
into the alternative approaches which exist and are emerging under the omics and
computational bioinformatics fields in the prospect of tackling antimicrobial
resistance.

5 Alternative Approaches to Study AMR

Sequencing techniques, though sounding inevitable today, have a long history and
series of unprecedented discoveries, each of which boasts its own Nobel Prize. The
development of the technique was not as fast-paced as how it got adopted and
utilized in a tremendous scale after its establishment (Fig. 2). Though genomics
came into light only on the commencement of the Human Genome Project and
sequencing centers were established to complete the task, what fuelled the race was
the sequencing of bacterial genomes. And with time, sequencing has found its way
into even the average university set-up and has become a part of the PhD and project
students’ research now. Such transition occurred due to numerous companies trying
to develop their own technologies and continuously improving them. It is reported
that around 47 freely accessible bioinformatics resources have been developed till
date to analyze and detect the AMR determinants alone (Hendriksen et al. 2019).
Based upon this, the two decades of sequencing technology can be divided into three
phases. A new phase has always arisen when the shortcomings of the previous phase
are overcome. The phase 1 was when Sanger sequencing combined with cloning
provided whole genome sequences. Though this technique was accurate and man-
aged to generate complete genomes, the cost and labor involved was extremely high.
Thus, independent of the cloning involved, high-throughput technologies emerged.
Being based on the chemistry of DNA which was inexpensive and enabled the large-
scale parallel sequencing, this marked the phase II of sequencing era but came at the
cost of short reads. We currently stand at the beginning of phase III where both
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biology and chemistry are together being employed to obtain single molecules of
long reads.

5.1 The Omics Technologies to Study the Genetic Elements

Beginning with helping in understanding organisms based on their genomes, com-
parative studies of different species and strains of pathogenic organisms began
shedding light on the underlying mechanisms such as horizontal gene transfer,
reductive evolution, and lateral gene transfer which are foundational in development
and spread of antimicrobial resistance. They have also played a prime role in reverse
vaccinology since the meningococcal genome was first sequenced. Genome
sequences gave insights on the viable but non-culturable (VNBC) strains providing
information on deficiencies of specific metabolites which in turn helped in designing
axenic growth medium enabling their culturing in lab for further studies. And when
both the sources and hopes were dwindling in finding targets against one of the most
dreaded pathogens,M. tuberculosis, whole genome sequencing came to the rescue in
2005. Today, sequencing followed by protein modeling and docking techniques has
risen to such a fame that it needs no introduction. Libraries of thousands of
molecules can be screened simultaneously for effective binding which could quench
pathogenic organisms. Gone are the days where these organisms were an enigma,
and in turn today we are overwhelmed with the amount of data being generated,
thanks to omics technologies. The integrated use of high-throughput omics
approaches can be able to characterize the complexity of microbial cell biology.
One such study was published by Ter Kuile and Westerhoff (2001) which showed
that the control of glycolysis is shared in metabolic, proteomic, and genomic state of
the cell.

5.1.1 Whole Genome Sequencing
Whole genome sequencing (WGS) involves comprehensive and exhaustive analysis
of the entire genetic material of an organism including the plasmid, mitochondrial,
and chloroplast DNA. It involves random shearing of the total DNA into fragments
of a particular length which are then cloned into plasmid vectors. This collection of
vectors with random fragments of DNA to be sequenced is called a library. This
library of clones is then sequenced and the data is analyzed to figure the exact order
of the fragments leading to the complete genome sequence. There are basically two
approaches for the assembly of sequences, namely, de novo assembly and reference
mapping. The de novo approach is used for sequencing an unknown organism which
involves overlapping the sequence fragments and using those regions to trace the
order of fragments in the genome. And, reference mapping is employed to identify
the variations in the nucleotide sequence of a known organism such as SNPs,
insertions, and deletions. These could be the entities contributing to a particular
attribute with which the strain being studied varies from the reference strain, usually
the wild type. The very first whole genome sequenced was of Haemophilus
influenzae in 1995 followed by a series of model organisms until the human genome
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was sequenced in 2003 (Fleischmann et al. 1995). Today it is one of the very basic
data generated in a study be it in prokaryotes or eukaryotes, and the coming
paragraphs describe how they are particularly useful in AMR studies.

The first E. coli genome was sequenced was in 1997 and it was the k-12 strain.
The O157:H7 and a uropathogenic strain were then sequenced in 2001 and com-
pared to the k-12 genome. This study identified 1.4 Mb of horizontally transferred
DNA coding for 1632 proteins and 20 t-RNAs which were specific to O157:H7
strain (Hayashi 2001; Welch et al. 2002). Also, around the same time, the genomes
of methicillin-resistant Staphylococcus aureus (MRSA) were sequenced, and it was
identified that most of the resistant genes were harbored by the plasmid or mobile
genetic elements. Toxin-producing pathogenecity islands and about 70 new viru-
lence factors were identified in the study (Kuroda et al. 2001). Such studies proved
the role of horizontal gene transfer in conferring AMR. With such studies arose the
idea of pan-genome of a species, which is a collection of all the genes of all strains of
a species sequenced till date with the subsets, a core genome and an accessory
genome. The core genome is the collection of the genes which make up for the core
phenotype of that particular species and is common among all strains. An accessory
genome will be the set of genes which are specific to a few strains of the species
conferring additional traits which give them selective advantage in a particular
environment. The accessory genome is the larger and open subset of the two and
keeps growing as the number of strains sequenced keeps increasing. The AMR genes
which make up the resistome fall under the accessory genome. And this comparative
genomics has been used since then to study new pathogens or the variants of existing
one to identify the virulence factors (Xia and Wolz 2014). With rapid development
of bioinformatics tools alongside sequencing techniques, the time and effort study-
ing new strains of pathogens has been minimized to a great extent.

A similar approach can also lead us to the important mutations and SNPs
involved in AMR. Genome sequencing and comparison of mutant and parent strains
of S. pneumoniae revealed the SNPs in the quinolone resistance-determining region
of parC and gyrA genes. The ParC Ser79Phe and GyrA Glu85Lys when present
together lead to ciprofloxacin resistance selection (Lupien et al. 2013). Studies have
also observed that the rate of mutation increases significantly under antibiotic
treatment. One such study identified that prolonged exposure to sub-inhibitory
concentrations of antibiotic affects the DNA repair mechanisms such as DNA
mismatch and oxidative damage repair and increased expression of error-prone
DNA polymerase. Thus it might be that bacteria suppress the repair mechanisms
under antibiotic pressure which would accelerate their chances of acquiring advan-
tageous mutations (Long et al. 2016). Bioinformatics pipelines are also being
designed specifically for analysis of mutations involved in AMR such as RM-Seq
which can be used for high-throughput screenings (Guérillot et al. 2018). WGS has
also been employed to study the transformation of AMR-resistant genes by
bacteriophages. For examples, genes encoding resistance to multiple antibiotics
were transferred spontaneously by prophages φ11, φ12, and φ13 in S. aureus
(Chernov et al. 2019). Also enrichment of resistance genes in phageome has been
observed under antibiotic treatment in mouse model. The genes which were
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identified through WGS followed by functional annotation to antibiotic resistance
protein database showed that there was not only increase in resistance genes
particular to the treatment antibiotic but also to other classes of antibiotics (Modi
et al. 2013).

5.1.2 Functional Metagenomics
Another approach involves functional screening of the complete DNA pool called
functional metagenomics. This method enables fishing out the unknown or new
genetic elements with very little or no homology whose functions are not obvious
from their sequence. This also serves as an alternative to the traditional method of
gene identification through PCR amplification where identification is biased for
known genes only and the new and unknown genes remain unexplored. The
procedure involves cloning of total community DNA from a sample into an expres-
sion vector, creating a collection of cloned libraries. These are then transformed into
an indicator strain and cultured on a selective media (here, media with antibiotic),
screening for a particular phenotype (here, antibiotic resistance). Thus functional
metagenomics of DNA samples both from environment and clinic has led to
identification of many novel AMR genes. The functional metagenomic profiling of
remote Alaskan soil sample revealed not only the presence of beta-lactamases in an
area where there is no anthropogenic pressure but also that the metagenome also
harbored a bifunctional beta- lactamase (combination of class C and D) with a single
ORF. The class D domain conferred resistance to amoxicillin, ampicillin, and
carbenicillin while the C domain conferred resistance to cephalosporins and the
combined hybrid resistance to piperacillin. Thus the hybrid enzyme can hydrolyze
more antibiotics than what each of the domains individually can (Boolchandani et al.
2017). In a similar study, eight among the nine resistance proteins identified from an
environmental soil sample showed <60% identity to known sequences belonging to
the aminoglycoside acetyltransferase enzyme family (Riesenfeld et al. 2004), and a
novel tetracycline resistance gene has been identified from an oral microbiome
sample (Diaz-Torres et al. 2003). But what could be the significance of studying
environmental samples? One such study analyzing a series of soil samples from the
USA looking for resistance genes showed that a gene named AB95_TE_1.1
(JX009365) was identical to tetA gene from a series of human pathogens and also
an intestinal isolate. This shows the potential interconnections between the
resistomes of environment, clinical pathogens, and human gut. Hence such studies
open avenues to explore the dissemination of resistance genes apart from proving
horizontal gene transfer (Forsberg et al. 2012).

5.1.3 Single-Cell Genomics
Another technique which is not fully developed or adopted is the single-cell geno-
mics. The methods till now used a bulk population of cells in a sample, whereas in
this method isolation of a single cell was performed, on which omics techniques are
employed. This can give very important insights into the heterogeneous phenotypes
existing in a community. High level of manipulation is possible since plasmids or
viruses can be very specifically linked to a single-cell genome and mechanism of
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HGT and mutations identified. Also the cellular differences existing between the
sensitive, resistant, and persistent cells can be accurately pinned down. But this
technique still remains in its infancy and is not widely employed yet due to the
technical demand. The method involves separation of cells with flow cytometry,
followed by whole genome or total RNA extraction, amplification, and sequencing.
The setbacks are difficulties in establishing and performing microbial cytometry,
confident isolation of single cells in microliter volumes, and eliminating the back-
ground arising from the free DNA, all of which shoot up the cost incurred too. Yet,
new devices and technologies are coming up employing SCG as the underlying
principle such as microfluidic chip which can make the technique feasible in the near
future (Marcy et al. 2007; “Single-Cell Microbiology” 2016).

5.1.4 Transposon Sequencing
Though it is well known that transposons confer resistance to antibiotics, these
transposons can as well be used to identify the genetic factors that make the
organism resistant to certain antibiotics. This technique is called transposon sequenc-
ing (Tn-Seq) and it is based on the concept that insertion of a transposon in a gene
disrupts its activity. A transposon mutant library is created through insertional
mutagenesis and is then grown in a media with and without the limiting factor
(here, the antibiotic). Next, the genome is extracted from mutant bacterial pool and
Tn-Seq is performed, which selectively amplifies the transposon insertion location
and gives the number of reads mapping at that particular insertion site. Hence
comparing the number of reads of an insertion site or say a gene between the treated
and untreated mutants will give their significance in the system. When the number of
reads is higher in the untreated, those genes are the resistance-conferring elements.
Another valuable finding would be those genes whose number of reads is higher in
the presence of antibiotic. Those genes would be the elements that increase the
fitness of the bacterial population in the presence of antibiotic. Thus interesting
insights on AMR can be obtained at the gene level using Tn-Seq.

The major contribution of Tn-Seq to understanding AMR has been identifying
the intrinsic resistant factors which are the genes in the core genome of the organism.
Apart from being the housekeeping genes necessary for growth and survival of the
organism, they also indirectly contribute to increased fitness of the organism in the
presence of the antibiotic. One such study in A. baumannii has identified that genes
in the core genome belonging to housekeeping processes such as phospholipid
biosynthesis, phosphate regulation, and envelope homeostasis contribute to intrinsic
tobramycin resistance. Another interesting observation was that there is a significant
overlap between the core and the accessory genes. And four accessory genes,
namely, folA, folP, trxB, and gst/ABUW_2725, situated in the resistant islands
were essential for growth in the presence of antibiotic. With these being paralogs
of genes in core genome, this implies that resistance island genes can function in the
place of corresponding core gene under pressure (Gallagher et al. 2017). Similarly,
genes encoding polytopic membrane proteins such as SAOUHSC_01025 and
SAOUHSC_01050 in S. aureus were found to limit the action of multiple antibiotics
(Rajagopal et al. 2016).
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5.1.5 Single-Molecule Real-Time (SMRT) Sequencing
Another important and interesting aspect from the genetic point of view of AMR is
the epigenetic modifications which in turn control the expression of genes. The
major epigenetic modification in bacteria is methylation of adenine residues and is
more prevalent than cytosine methylation. Hence single-molecule real-time sequenc-
ing came to the rescue for global analysis of methylation detecting both adenine and
cytosine methylation. SMRT is a technique utilizing fluorescently labeled
nucleotides and capable of both sequencing and identification of nucleotide
modifications in real time. The pulse width which is the nucleotide incorporation
signal and the interpulse duration which is the time between two incorporation
events are unique to each nucleotide, and their corresponding methylation is
observed in the template strand. Thus, as sequencing proceeds, the methylation
pattern can be recorded based on the template strand (Adhikari and Curtis 2016).
Though methylomes of various organisms have been analyzed by this technique,
looking into AMR from an epigenetic point of view has just begun.

Only few studies have investigated the role of adenine methylation at GATC sites
in E. coli. The adenine of GATC sites occurring about 18,000 times in the E. coli
genome is specifically methylated by the DNA methyltransferases (DAM) on both
strands of DNA. Using SMRT, the methylome of bacteria growing in the presence
and absence of antibiotic stress was compared and its significance elucidated. It was
found that the absence of GATC methylation in the presence of beta-lactam elicits
the error-prone polymerase IV leading to increased mismatches which in turn lead to
lethal DNA strand breaks by the MutH of MMR system. Thus epigenetic
modifications increase the fitness of bacteria and the molecular components involved
in methylation can be new targets for treatment (Cohen et al. 2016). Another study
observed 175 hyper-methylated and 160 hypo-methylated genes in M. tuberculosis
rifampicin- and iconozoid-resistant strains. Potential functional classification
revealed the genes belonged to glycerolipid metabolism, nitrogen metabolism,
microbial metabolism in diverse environments, ascorbate and aldarate metabolism,
pentose and glucuronate interconversions, and chloroalkane and chloroalkene deg-
radation. This study emphasizes that resistance mechanisms could be mediated by
methylation (Chen et al. 2018).

5.2 Omics Beyond Genomics: A Systems Analysis

A biological system is an outcome of highly intricate and sophisticated layers of
information processing and functioning. Different omics technologies generate data
from different stages with the central dogma of genomics lying at their very
foundation. But, this multilevel network can be perturbed at any layer by an
incoming signal (i.e., the antibiotic). Hence a holistic approach would be necessary
to evaluate the system at various levels which would give a better understanding and
open new avenues for better therapeutic strategies at various levels. But the major
challenge lies in the data integration from various information layers such as mRNA,
proteins, and metabolites. Though there is no single sophisticated means to
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accomplish this, utilizing the techniques in combinations of two or more and
integrating the results has led to tremendous knowledge discovery in the field.
Since we are concerned with the genetic elements of AMR and the relevant omics
techniques applicable, elaborating the techniques beyond genomics and their
findings would be beyond the scope of the chapter. Also, no particular bioinformat-
ics tool or database has been named or emphasized here because (1) there are
countless tools and scripts existing for the above approaches and new ones come
up every single day and (2) there is no correct method or tool defined for any
technique and it is solely based on the pipeline put together by the user based on the
objective. Figure 3 shows the omics techniques utilized at various levels of central
dogma and their outcomes (Cohen et al. 2015; Fondi and Liò 2015; Händel et al.
2014).

6 Conclusion

The biochemical and genetic mechanisms involved in antibiotic resistance are by far
better known than the equally important phenomena involved in the environmental
processes leading to the selection and dispersal of resistant genes and organisms.
Thus, the study on antibiotic resistance evolution should simultaneously consider
both the mechanisms and the environment.

The currently available data based on the studies of genetics and evolution of
antibiotic resistance in bacteria is incomparable in regard of the selection that
happened in natural environment. The significant part of resistance development
occurs when the pathogen is exposed to non-lethal concentrations of antibiotic. It is
clear that the continuous exposure of bacterial pathogens to sub-lethal concentration
of antibiotics may provide increased resistance by producing spontaneous mutations.
Even if these small mutations cannot create a high effect on the overall sensitivity, it
will produce differences in the MIC values and gradually cause the evolution of
resistance. Genome-wide analysis will provide a better idea about the contributions
of mutations happening via low antibiotic concentrations in the gradual development
of antibiotic resistance.

A deeper understanding of genotype-phenotype relationships will be valuable in
designing improved regimens for antibiotic therapy that can exploit weaknesses in
bacterial resistance phenotypes and reduce the use of inappropriate therapies that
might select resistance. To address this complexity, future work needs to more
systemically generate genotype-phenotype maps that take into account the variable
in vivo conditions in which bacterial pathogens reside, the genetic variability of
natural strains, the potential for HGT from the pan-genome, and the evolvability of
foreign “resistance” genes after transfer into a novel genetic environment.

This demand of the current scenario can be overcome with the utilization of omics
in a systems-level analysis as stated above. Certainly there are shortcomings to the
approach, a few obvious ones being (1) integration and analysis of data from
different levels of the system which have tools and formats of their own, (2) chal-
lenge of handling and analyzing big data by biologists and inadequate knowledge of
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underlying biology on the perspective of computer scientists, and (3) the possible
overspeculations and the need of backing up the findings of a bioinformatics
approach with experimental data. Despite the drawbacks the omics technologies
and bioinformatics approaches do have their advantages, namely, that (1) large-scale
simulations can be performed eliminating non-probable entries thus saving a signifi-
cant amount of time and resources and (2) the scope of looking into aspects of
biological systems would be experimentally impossible. Therefore the combination
of knowledge in both the basic biology and the bioinformatics approaches of various
omics technologies would be valuable in the field of antimicrobial resistance based
upon the direction the field seems to be taking toward the future.

This book chapter focuses on the genetic mechanisms through which bacteria
gain resistance to antibiotics and the emerging bioinformatics and computational
approaches to identify and understand them better. How the mobile genetic elements
confer resistance and antibiotic usage at MIC and sub-MIC concentrations unavoid-
ably leads to AMR through genetic alterations in the susceptible cells are looked
into. The omics tools and the emerging systems-level computational models which
can look into how AMR is transferred and acquired among the bacteria as a
community are helping us to understand the system as they exist in reality. It appears
that resistance arises with the interplay of the antibiotics selecting the resistant cells
and the genetic elements in turn being specifically expressed by the antibiotic. Thus
we need combinatorial approaches which can decipher the underlying mechanisms
to design better treatment strategies.
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