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Abstract Antibiotic resistance is a threat to human health worldwide. The ever-
increasing multidrug-resistant (MDR) strains of many bacterial pathogens are para-
lyzing our efforts to treat many deadly infections. An important measure to deal
with the menace is to better understand the process and manage the reservoirs or
risk areas. Over the recent past, the importance of gut bacteria in various aspects of
human health and physiology has been highlighted. Also, studies are now being
carried out to better understand its role in antimicrobial resistance and grave conse-
quences of antibiotic exposure on gut microbiota. This chapter highlights the
importance of gut microbiota in better understanding of antibiotic resistance and
summarizes the burden imposed by antibiotic use in the healthcare sector. Due to
close contact of pathogens with dense human microbiota during the disease pro-
gression, gene transfer events might occur frequently. In this context, our micro-
biome warrants special attention since it can possibly act as one of the most
accessible reservoir of antibiotic resistance genes. It seems pertinent to evaluate
antimicrobial therapies in the context of this microbial framework, as many life-
threatening infections can arise due to antibiotic-associated alterations in the gut
microbiota.

1 Introduction

In 1928, when Alexander Fleming discovered penicillin, the first natural chemical
compound with antibiotic properties (Fleming 1980), the world rejoiced and called
it a “wonder drug.” Since then, the discovery of antibiotics has probably been one of
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the most successful forms of antimicrobial treatment in the history of medicine.
Little did we know that unaccounted use and misuse of many of these wonder drugs
would lead to a grave situation of “antimicrobial resistance,” where the deadly
pathogens would smartly change in ways that make the drugs ineffective! Resistant
microorganisms stop responding to the standard drugs, which were originally
effective for treatment. This increases the burden of the disease, as it not only
lengthens the regular time course of treatment, which in turn increases the risk of
spread to others. Moreover, in case of serious pathological conditions, this long
treatment exposure also increases the chances of death due to susceptibility to other
opportunistic infections.

1.1 Antibiotics

Selman Waksman, the famous soil microbiologist who discovered streptomycin,
proposed the term “antibiotic.” Although he and his colleagues referred this term to
the activity of the compound produced by microbes against other microbes, the
term has since then popularly been used for any organic molecule with antibacterial
properties (Waksman and Flynn 1973; Davies and Davies 2010). Microbes produc-
ing antibiotics are studied largely for exploiting their therapeutic potential; how-
ever, these compounds are known to play multifaceted role in microbial community
including acting as signaling molecules (Kalia et al. 2007; Kalia and Purohit 2011;
Kumar et al. 2013; Sengupta et al. 2013; Kalia 2014; Sajid et al. 2015; Koul et al.
2016). We now understand that antibiotics and antibiotic resistance genes
coevolved in the organism to confer a trait, advantageous to the organism in face
of selection pressure (Kalia 2013; Arora et al. 2014; Bhaduri et al. 2014; Kalia et al.
2014). So, antibiotic resistance is a naturally evolved phenomenon, without any role
of human intervention. However, we also know that the recent upsurge in antibiotic
resistance is due to the immense selection pressure created at various levels by
anthropogenic activities. The unaccounted use of antibiotics that has resulted in the
emergence of drug-resistant strains of Mycobacterium tuberculosis is a grim
reminder of powerful adaptation of nature (Velayati et al. 2009).

Administration of most antibiotics is associated with adverse effects that range
from nausea, fever, allergic reactions, and diarrhea. While antibiotics inhibit patho-
genic bacteria, they also exert detrimental effects on the commensal bacterial com-
munity that contribute to human health. One such widely studied condition is the
antibiotic-associated diarrhea (AAD). Antibiotics affect the human microflora by
disrupting the species composition in the gastrointestinal (GI) tract or gut, which
leads to overgrowth of pathogenic bacteria, such as Clostridium difficile, which is
responsible for conditions like diarrhea to pseudomembranous colitis in patients
(Cotter et al. 2012). As compared to its presence in healthy individuals, C. difficile
population is reported to increase in number due to antibiotic-induced disturbances.
Most antibiotics have the potential of creating a bacterial imbalance in intestines,
and exposure to antibiotics early in life has been implicated to lead to long-term
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health effects such as development of allergic sensitization and pathogen-induced
colitis (Willing et al. 2011). This is most pronounced in case of antibiotics with
broad target range. The molecular targets aimed by these broad-spectrum anti-
biotics (e.g., cell wall components, RNA polymerase, DNA gyrase, etc.) are often
highly conserved across many bacterial species, genetically as well as structurally.
So, the use of an antibiotic against a pathogenic bacterium most likely also targets
the bacterial community sharing the niche with the pathogen. The brazen use of
broad-spectrum antibiotics has been pushed in part by the pharmaceutical industry,
which focuses largely on the development of broad-spectrum antibiotics, which can
be utilized to treat a variety of different infections. Moreover, most of these are
available as “over-the-counter” medicines in some countries and are often admin-
istered to treat infections of unknown/little known etiology. However, it is only in
recent years that the consequence of widespread use of antibiotics has caught our
attention. With the help of high-throughput DNA sequencing and related techno-
logies, we are just beginning to comprehend the effect of antibiotic use on the gut
microbiota of humans. Over the years, the consumption of antibiotics has led to
collateral damage faced by indigenous host-associated microbes, which results in
physiological turmoil.

1.2 Microbiome

The collection of microorganisms present in our body is commonly referred as
human microbiota/microbiome. It is estimated that microbes constitute 100 trillion
cells in our body, almost tenfold the number of human cells (Eckburg et al. 2005;
Sears 2005). These microbes colonize mostly all body surfaces like the gut, oral
cavity, auditory canal, nares, and skin surfaces (Costello et al. 2009). Of all the
microbial population associated with our body, 99 % of the population is bacterial
and the majority resides in the gut (Gill et al. 2006; Qin et al. 2010). Of the known
phylogenetic categories, bacterial phylotypes, Bacteroidetes, and the Firmicutes
constitute over 90 % of the distal gut microbiota. Populations of Proteobacteria,
Actinobacteria, Fusobacteria, and Verrucobacteria are present in minor propor-
tions, and change in their relative proportions is indicative of some pathological
conditions (Eckburg et al. 2005; Sears 2005; Kalia 2014). It is now well appreciated
that these microbes play an important role in the human physiology and health.
Some of the crucial processes governed by gut microbes include nutrition, modu-
lation of immune system, and pathogen invasion (Round and Mazmanian 2009; Qin
et al. 2010). Since we have been unable to culture most of these bacteria, our
understanding of this microbial pool began with the advent of high-throughput
sequencing technologies. The microbiome studies have shown substantial diversity
of gut microbes between healthy individuals, with lifestyle and diet playing a
crucial role in establishing the diversity (Dicksved et al. 2007; Flint et al. 2007,
Jernberg et al. 2010). It is now known that the GI tract of a fetus is sterile, and
microbiota is acquired primarily during passage through the birth canal in an infant,
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with the mother’s vaginal microbiota being the most common influence. In this
context, the mode of infant delivery also governs the microbe diversity and, in turn,
susceptibility to various infections (Midndar and Mikelsaar 1996; Huurre et al.
2008). Apart from this, the illness and use of antibiotics are known to cause a
drastic change in microbiota or dysbiosis (Dethlefsen and Relman 2011; Faith et al.
2013).

2 Burden of Antibiotic Resistance

Since the first report of antibiotic usage and resistance, the burden of resistance
among bacteria has progressively increased and has accelerated within the last
decade. In an alarming trend, a survey carried out to account for global consump-
tion of antibiotics from year 2000 to 2010 revealed an increase of 36 % in antibiotic
consumption in 71 countries over this period, with India, Brazil, China, Russia, and
South Africa accounting for 76 % of this increase. India also emerged as the largest
consumer of antibiotics (Van Boeckel et al. 2014). Antibiotic resistance is now
established to be a cause of grave concern to human health and welfare. The
problem is even intense in developing countries such as India where comprehensive
surveillance system is lacking in healthcare sector to monitor the burden of anti-
microbial resistance. Due to lack of surveillance data, often the scenario is under-
represented. Depending upon the degree of resistance, most people with antibiotic
resistance remain infected for longer. This not only increases the cost of healthcare
in medical centers but also increases the chance of death. For example, according to
the World Health Organization (WHO), methicillin-resistant Staphylococcus
aureus-infected patients are 64 % more likely to die as compared to patients
infected with a nonresistant form of the bacteria. Similarly, people infected with
multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains of
M. tuberculosis require much longer courses for treatment of tuberculosis (http://
apps.who.int/iris/bitstream/10665/112642/1/9789241564748_eng.pdf). According
to the US Center for Disease Control and Prevention (CDC), treatment of
C. difficile infections requires at least $1 billion in excess medical costs per year
(CDC, Antibiotic Resistance Threats in the United States, 2013).

Bacterial infections can be broadly classified into healthcare-associated infec-
tions (HAIs) or nosocomial infections and community-acquired infections (CAI).
CAIs are infections developed outside of a healthcare setting or an infection present
on admission, while HAIs are infections that patients contract during the course of
receiving treatment for other conditions within a healthcare setting. A large pro-
portion of infections reported in hospitals reveal that HAIs are on a rise, and,
usually, strains causing HAIs tend to be naturally more resistant to antibiotics. In
a review by Wattal et al., the authors have provided a beautiful summary of the
burden of resistance, associated with HAI and CAI, in India (Wattal and Goel
2014). According to the CDC report, at least two million people in the United States
acquire bacterial infections that are resistant to one or more of the antibiotics
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designated to cure those infections, each year (CDC, Antibiotic Resistance Threats
in the United States, 2013). The WHO also in its report on resistance surveillance
highlighted the serious threat to public health globally due to antibiotic resistance
(World Health Organization, “Antimicrobial resistance: Global report on surveil-
lance, 2014”).

Some of the key findings from these reports and others are summarized below:

¢ Resistance to carbapenem antibiotics in Klebsiella pneumonia, a common cause
of HAI, has spread all over the world.

* One type of HAI—C. difficile—is directly associated with administration of
antibiotics and may prove to be life-threatening, especially in older adults under
medical care.

¢ Resistance to first-line drugs to treat infections caused by S. aureus—a common
cause of CAI and HAI—is also widespread.

* MDR and XDR M. tuberculosis infections are an increasing threat, globally.

e Acinetobacter strains, a cause of pneumonia or bloodstream infections among
critically ill patients, are resistant to nearly all antibiotics including
carbapenems.

e Enterococcus strains have become resistant to vancomycin, making treatment
difficult.

e Salmonella typhi and non-typhoidal Salmonella infections are also reported to be
resistant to drugs such as ceftriaxone and ciprofloxacin.

e In 10 countries, millions of people die of gonorrhea, a sexually transmitted dis-
ease, because Neisseria gonorrhoeae has become resistant to even the last
recourse of treatment—the third-generation cephalosporins. An impending dan-
ger looms wherein gonorrhea may soon become untreatable, as no alternative
treatment measure is currently under development.

¢ The treatment of urinary tract infections, mainly due to strains of Escherichia
coli, involves administration of one of the most widely used antibiotic—the
fluoroquinolones—resistance to which is very widespread.

» Resistance in Vibrio cholerae has also been reported against commonly used
antibiotics like furazolidone, co-trimoxazole, and fluoroquinolones (Sharma
et al. 2007).

¢ High prevalence of resistance to first-line drugs is reported in Shigella spp., and
the recent emergence of ceftriaxone resistance in Shigella has led to the use of
carbapenems for the treatment of a simple community-acquired diarrheal dis-
ease (Taneja et al. 2012).

* Many other infectious agents are increasingly bearing multidrug resistance traits
such as Campylobacter spp. and Aeromonas spp.
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3 Source of Antibiotic Resistance in Pathogens

Antibiotic resistance genes (ARGs) have been present in bacterial populations from
ancient times (D’Costa et al. 2011), and cycling of ARGs in environmental settings
is well documented (Vaz-Moreira et al. 2014; Berendonk et al. 2015). Resistance is
known to arise in bacteria either by spontaneous mutations in their genomes (Bagel
et al. 1999) or by means of horizontal gene transfer (Frost et al. 2005; Modi et al.
2014) (Fig. 1). Antibiotic resistance genes are often encoded on mobilizable genetic
elements, called integrons, in environmental bacteria and commensals and can
move between diverse bacteria to disseminate resistance genes, when microbial
communities communicate with each other under high selection pressure (Alekshun
and Levy 2006). These conditions include communication under highly dense
bacterial populations subjected to sub-therapeutic antibiotic concentrations. These
interactions can be seen not only in environmental conditions that are subjected to
anthropogenic pressure, such as municipal wastewater systems, pharmaceutical
manufacturing units, and animal husbandry facilities, but also in hospital settings
(Berendonk et al. 2015). The occurrence of New Delhi metallo-beta-lactamase-1
(NDM-1) containing bacteria in water samples in New Delhi is one such
stark example of the gravity of the situation (Walsh et al. 2011). The use of
sub-therapeutic doses of antibiotics or related compounds in the agricultural indus-
try and animal husbandry to promote animal growth creates a perpetual selective
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Fig. 1 Acquisition of antibiotic resistance in bacteria. Bacteria are known to acquire resistance to
antibiotics by two mechanisms: (a) spontaneous genetic mutations which enable bacterium to
resist antibiotics either by inactivating them directly or indirectly by modifying the targets/route of
entry and (b) acquired resistance genes from another source by means of (i) conjugation, which
involves direct cell—cell contact with another bacteria; (ii) transduction, which is virus-mediated
transfer of DNA; and (iii) transformation, which is the ability to acquire naked DNA from the
environment
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pressure which in turn facilitates resistance to develop and may possibly contribute
to a larger global resistance reservoir (Heuer and Smalla 2007; Berendonk et al.
2015). In fact, a study reveals that usage of antibiotics in beekeeping in the United
States has led to accumulation of extensive tetracycline resistance genes in the
microbiota of honeybees (Tian et al. 2012). There is evidence of horizontal transfer
of genes encoding carbohydrate-active enzymes between marine bacteria and gut
microbiome of Japanese individuals with seaweed-rich diet (Hehemann et al.
2010), which suggests that one such niche can also be the human gut microbiome
of healthy individuals, which acts as a reservoir of ARGs, although the direct
experimental evidence of in vivo transfer of antibiotic resistance genes within the
human microbiome is very limiting (Doucet-Populaire et al. 1991; Ley et al. 2006;
Smillie et al. 2011). There is enough alarming evidence to endorse the view that the
transfer of ARGs in humans is possible to overcome persistent antibiotic selective
pressure, and our urgent attention is warranted to tackle the situation.

4 Effect of Antibiotics on Gut Microbiota

Antibiotics affect the microbial composition in two different ways. Firstly, it
decreases the competition for resources for microbes in turn opening up many
ecological niches for opportunistic pathogens. In addition, lysis of susceptible bac-
teria releases carbon sources which can then be utilized by the remaining members
of the microflora (Willing et al. 2011). For example, upon disruption of resident
microbiota due to antibiotics, two distantly related antibiotic-associated pathogens,
S. enterica serovar Typhimurium and C. difficile, utilize the microbiota-liberated
sialic acids for their proliferation (Ng et al. 2013). With the help of culture-based
approach and next-generation sequencing technologies, many studies have now
investigated the effect of administration of antibiotics on persistence of resistance
in gut microbiota. These studies have highlighted the potential of gut microbiota as
a reservoir accessible to pathogens under extreme antibiotic selection pressure.
Some of the key examples from various studies are:

e Helicobacter pylori, a gram-negative bacterium colonizing the gastric mucosa,
is the main causative agent of peptic ulcer and gastric cancer. Its treatment
requires a triple therapy combination with clarithromycin, metronidazole, and
omeprazole. It was revealed in a study that apart from the short- and long-term
disruption of indigenous microbiota in the throat and in the lower intestine
region, there was enrichment of macrolide resistance gene, even after 4 years
of treatment (Jakobsson et al. 2010). In an independent study, this treatment
regimen was compared with another combination containing amoxicillin and
was suggested better for treatment of H. pylori since it resulted in emergence of
lesser resistant strains, so it can be considered better from an ecological per-
spective (Adamsson et al. 1999).



332 R. Misra et al.

* An overgrowth of resistant enterobacterial species was observed on adminis-
tration of amoxicillin with or without clavulanate (Sullivan et al. 2001).

* Administration of cephalosporin leads to decrease in the abundance of entero-
bacteria and increased the levels of enterococci, which are known to be intrin-
sically resistant to this antimicrobial agent (Rafii et al. 2008).

¢ Another report showed that even short-term exposure to clindamycin treatment
led to long-term impacts on the intestinal microbiota and results in dramatic
increase in levels of specific resistance genes (Jernberg et al. 2007).

» Karami et al. have demonstrated f-lactamase gene transfer between two E. coli
strains co-residing in the human gut of a child who was administered ampicillin
(Karami et al. 2007).

* Sommer et al. characterized the gut microbes of unrelated healthy individuals
who for at least 1 year were not exposed to antibiotics. Surprisingly, with the
help of metagenomic as well as culturing approaches, they could decipher many
resistance genes that were identical to genes harbored by pathogens, while many
were evolutionarily distant from known resistance reservoir. This alarming fact
underscored the potential of commensal microbiota of healthy individuals acting
as reservoirs of resistance genes, with an imminent contribution to antibiotic
resistance (Sommer et al. 2009).

The disturbance in microbiota has also been associated to many disease pheno-
types. In many instances, downstream regulation of innate defenses has been asso-
ciated with antibiotic-induced disruption of microbiota, leading to colonization of
other microbes (Brandl et al. 2008; Willing et al. 2011). Antibiotic-associated
diarrhea (AAD), a condition characterized by administration of antibiotics and
not any other obvious causes, is one of the most common complications arising
in hospitals. Although the frequency of AAD can vary between different antibiotics,
it is believed that AAD can affect up to 25 % of the patients receiving a particular
antibiotic (Young and Schmidt 2004). It is also reported that cephalosporin use
during early childhood leads to increased susceptibility to asthma (Kozyrskyj et al.
2007). Kanamycin administration during infancy led to modulation of gut micro-
biota and was associated with the development of atopic dermatitis-like skin lesions
in a mice model (Watanabe et al. 2010). Furthermore, importance of gut microbiota
is also emphasized by the fact that fecal microbial transplantation (FMT) has
proved to be successful in treatment of recurrent C. difficile infection (Seekatz
et al. 2014). However, the mechanism and long-term effects of this treatment still
remain to be elucidated. In addition, effectiveness of FMT in other diseases still
needs to be ascertained.
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5 Road to Future

Many steps need to be taken worldwide to tackle the emergence and spread of
antibiotic resistance. Firstly, we need to have better understanding about the health
and physiology of healthy individuals and the tussle between host and pathogen by
modulating various physiological processes (Sachdeva et al. 2010; Maji et al.
2015). Furthermore, detailed understanding about the relationship between the
various human-associated and environmental reservoirs that harbor distinct resis-
tance genes need to be attained. With advent of metagenomic approach and
advancement in whole-genome sequencing methods, our knowledge about the
human microbiome functional diversity and impact of antibiotic treatment on
microbial community is improving (Fig. 2). This information needs to be expanded
further and applied for effective monitoring of antibiotic load and better formula-
tion of guidelines for therapies. In view of the challenges faced by the community,
the WHO focus for the World Health Day in 2011 was antimicrobial resistance, and
it also recently concluded the first “Antibiotic Awareness Week” in November
2015. The campaign was aimed to increase awareness in people about the rising
antibiotic resistance globally and to encourage good practices among the health
practitioners as well as general public to avoid further emergence and spread of
drug resistance. However, poor implementation poses a significant challenge
toward reaping the benefits of these programs. In order to turn the tide on
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antimicrobial resistance, we need to have a better infrastructural framework, which
ensures strict implementation of good practices. Unrestricted use of antibiotics in
all sectors, such as healthcare, agricultural, etc., should be curtailed. Examination of
antibiotic resistance in environmental samples like sludge, soil, and manure sam-
ples should be carried out. Greater importance should be given toward strict imple-
mentation of these guidelines for antibiotic therapies. We need to formulate and
follow laws against antibiotic dispensing without prescription. The general public
should be educated and made aware of the flip side of using antibiotics for any
medical problem. Moreover, mandatory refresher courses should be framed for
medical practitioners, both in rural and urban settings, to update them about the
global medical trends. Improvement in diagnostic facilities, treatment facilities,
and overall infrastructural advancement can go a long way in curtailing this
deadly menace.
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