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Abstract

Purpose of review The specific aim of this article is to provide evidence that antibiotic
resistance (AR) has become a human disease unto itself and to describe the current means
of preventing, treating, and reversing AR in individuals and in affected populations.
Recent findings An ever-increasing number of infections are being classified as multidrug
resistant (MDR). Low andmiddle-income countries are most likely to increase the spread of
AR due to limited healthcare infrastructure coupled with policies that promote unregulat-
ed access to antibiotics. The genetic basis for AR has become more thoroughly understood
as efforts move toward a global big data approach to surveille and implement effective
public health measures.
Summary Antibiotic Stewardship (AS) programs are critical to prevent the spread of AR. As
resistant pathogens reside in patients for many years after they are initially integrated
into the microbiome, the potential for future infection increases substantially. This
property contributes to the conclusion that AR is in and of itself a human disease that
must be treated appropriately. While all bacteria are at risk to become AR, Staphylococcus,
Klebsiella, Mycobacterium, Acinetobacter, and Pseudomonas represent the greatest chal-
lenges in infectious disease treatment as rapid AR acquisition leads to MDR infections.
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Introduction

By 1943, penicillin, the first antibiotic developed for
mass distribution, was being widely used for combat-
associated infections and for the treatment of
sexually-transmitted infections among wartime
troops. At that time, Dr. Alexander Fleming, who, in
1928, originally isolated Penicillin rubens from a
mold-contaminated petri dishes plated with bacteria,
was already warning of impending antibiotic resis-
tance. By 1960, methicillin-resistant Staphylococcus au-
reus (MRSA) had emerged as a major threat to effec-
tive hospital use of antibiotics, opening a gateway to
multiple drug resistance [1].

Today, the contribution of antibiotic misuse as
well as their widespread use in livestock to the devel-
opment of antibiotic resistance (AR) among human
populations is fully recognized. There is also height-
ened awareness of the trend toward infection of
healthy members of the population with highly viru-
lent multi-drug-resistant strains, and the dangerous
threat of transmission of pandrug-resistant (PDR)
Mycobacterium tuberculosis. The success against antibi-
otic resistance depends upon the concerted,

cooperative effort of basic microbiologists, epidemi-
ologists, and educators of health care providers and
the public.

The World Health Organization (WHO) has ac-
knowledged the seriousness of AR and has developed
a series of standard recommendations for halting the
spread of AR at a global level. The Pan-Canadian
Public Health Network defines Antibiotic Stewardship
as the planning and management of resources to limit
the development of AR [2]. The Canadian steward-
ship program is based on the development of core
competencies in leadership, intervention, monitor-
ing, and research, encompassing both human and
food animal practices. A parallel program is spon-
sored in the USA by the Centers for Disease Control
and Prevention (CDC) [3].

The present review describes the basic mechanisms
of bacterial AR, delineates the most important patho-
gens in which AR is a serious threat, discusses strategies
to reduce AR, presents current developments in terms of
diagnostics and treatment approaches, and concludes
with a summary of the research needed to address AR.

Genetic transfer of antibiotic resistance among bacteria

Excluding intrinsic resistance, acquisition of AR occurs through genetic transfer
mechanisms and natural adaptation under selective pressure from antibiotics.
Any resistance that is not intrinsic to the species may be easily transferred
between bacteria through horizontal mechanisms.

Vertical gene transfer is responsible for AR occurring within a single bacterial
species. Horizontal mechanisms including conjugation, transformation, and
transduction are responsible for inter-species and inter-genera resistance (Ta-
ble 1). The larger the microbial burden, and the more consistent and concen-
trated the antibiotic usage is, the faster AR develops [4].

Vertical gene transfer
The only endogenous method for acquiring AR in bacteria is through
random mutations in the bacterium’s genome that provide a survival
advantage over its colony members. This bacterium then passes on its
resistance to offspring, creating bacterial progeny that survive under the
selective pressure of antibiotics [5]. Individual level mutations can then be
applied to other species in the same environment through horizontal
mechanisms.

Current Status of Antibiotic Resistance Sprigg and Pietrangeli 43



Conjugation
Plasmids are a well-known mechanism of genetic exchange among bacteria.
These strands of DNA often contain antibiotic resistance genes and are easily
passed from F+ bacteria to F− bacteria [7]. Conjugative plasmids include the
genetic code required to achieve cell-cell transfer of the plasmid. Mobilizable
plasmids are smaller and are transferred in the presence of a conjugative
plasmid. In both cases, the pilus is formed as part of the plasmid’s replication
process [7].

Integrons are found in both plasmids and within the bacterial chromo-
some. These are regions of a gene that promote insertion of single genes,
known as gene cassettes. Addition of multiple gene cassettes together can
add significant AR properties to the bacteria. Gene cassettes lack promoter
regions; therefore, they are activated only when they have been inserted into
the integron [8]. Under constant selective pressure, these integrons and gene
cassettes become more stable, leading to long-term integration of antibiotic
resistance genes. Integrons also operate in cases of other temporary envi-
ronmental functions [8].

Transformation
Transformation is a random process in which the contents of dead bacterial
cells are released to the immediate environment. Competent bacteria including
Streptococcus, Acinetobacter and Pseudomonas take up free DNA and incorporate it
into their own genome [7].

Transduction
This process is a bacteriophage-mediated mechanism of transmitting genet-
ic information between bacteria. The phage life cycle can occur either
through the lytic pathway or the lysogenic pathway. In either case, the phage
both incorporates its own DNA into the bacterium and may accept new
DNA from the host. The subsequent infection of new bacteria then leads to

Table 1. Genetic transfer of antibiotic resistance (AR).

Vertical gene transfer Random mutation in the bacterial genome Persistence of resistance genes occurs under
antibiotic pressure [4, 5]

Horizontal gene transfer

Conjugation
-Plasmid donation
-Transposable elements
-Integrons

Direct donation of AR genes between
bacteria

All bacterial species are capable of
conjugation

-Plasmid donation is most prevalent

Transformation Random transfer of resistance genes from
damaged bacteria to competent bacteria
in the population

Streptococcus, Acinetobacter, Pseudomonas
species are known to acquire resistance
through this mechanism

Transduction -Indirect transfer of AR genes within a
bacterial colony, mediated by
bacteriophage

-Dominant mode of AR development among
bacteria found in wastewater treatment
plants and in agricultural areas [6]
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a cyclic process wherein AR genes are transferred throughout a bacterial
colony or nearby species [6].

Drug-resistant pathogens in the modern health care system
Acinetobacter baumannii

Acinetobacter baumannii is an opportunistic pathogen that causes pneumonia,
meningitis, urinary tract infections, bacteremia, post-operative infections, and
septicemia [9, 10; Table 2]. It is most commonly acquired nosocomially, and is
transmitted via aerosol and through contact with infected persons [9, 10].While
relatively non-virulent, Acinetobacter baumannii has become relevant in the
modern healthcare system due to its exceptional ability to develop resistance
to antibiotic treatment throughout the course of infection [11–13]. At least 13
novel genes have been identified within the last 3 years in the genus, which are
responsible for resistance to antibiotics across all antibiotic classifications [14,
15]. This demonstrates the wide capacity for Acinetobacter baumannii AR poten-
tial. The genus is capable of producing biofilms [16]. There have been reports of

Table 2. Examples of notable pathogenic antibiotic resistance (AR) trends

Pathogen Virulence Antibiotic resistance Individual concerns
Acinetobacter
baumannii

Opportunistic
pathogen

-Widespread resistance to multiple
classes of antibiotic resistance.

Rapid acquisition of AR genes

-Identified as critical priority by WHO

Klebsiella
pneumoniae

Opportunistic
pathogen

-Extensive resistance to beta-lactams
including last resort therapies

-Generation of novel AR genes
and transmission of these to
other genera

-Identified as critical priority by WHO
with other Enterobacteriaceae

-MDR resistant with potential to
develop PDR

Pseudomonas
aeruginosa

Opportunistic
pathogen

-High intrinsic resistance to antibiotics
due to extensive efflux pump gene
expression

-Acquiring resistance within the
treatment period

-Identified as critical priority by WHO -Increased toxicity associated
with AR status

Staphylococcus
aureus

Sometimes
opportunistic
pathogen

-MRSA and VRSA strains are becoming
more common with increased
resistance to other antibiotics

-Deadly infection, particularly in
immunocompromised patients
and in toxic shock syndrome
events

Often a primary
pathogen

-Identified as high priority by WHO -Rapid increase in AR throughout
the Staphylococcus population

Mycobacterium
tuberculosis

Primary pathogen -XDR-TB and PDR-TB strains have
already been isolated

-Deadly infection with widespread
AR

Often an opportunist
(e.g., with
HIV/AIDS)

-Previously identified as a critical
priority by WHO

-Ease of transmission and
recurrent infections

WHO World Health Organization, MDR multidrug resistant, MRSA methicillin-resistant Staphylococcus aureus, VRSA vancomycin-resistant
Staphylococcus aureus, XDR-TB extensively drug-resistant tuberculosis, PDR-TB pandrug-resistant tuberculosis
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Acinetobacter baumannii developing AR within the span of a single infection and
its treatment [17].

Klebsiella pneumoniae
Klebsiella pneumoniae is an opportunistic infection resulting in diarrhea, post-
operative infections, pneumonia, bacteremia, septicemia, and meningitis. It is
an endogenous bacterium that can become pathogenic when the host is im-
munocompromised and is commonly acquired through hospital interactions
[18, 19]. MGR-B is a recently identified gene in Klebsiella genera that increases
resistance to colistin, while simultaneously increasing the pathogen’s virulence
by modifying the lipid bilayer [20]. In 50% of XDR Pseudomonas cases, all lines
of treatment have failed including last resort treatments such as colistin [21].
This serves as an example of a further danger associated with antibiotic
resistance—some genes act to increase both virulence and resistance to
treatment.

Klebsiella was the first bacteria isolated with Klebsiella-producing
carbapenemase (KPC)—a carbapenem resistance gene that has since spread to
other bacteria, beginning the threat of carbapenem-resistant enterobacteriaceae
[19]. KPC is highly prevalent in India and Southeast Asia, using these regions as
hotspots for dissemination locally and internationally. Further, 93% of species
produce at least one extended-spectrum beta-lactamase (ESBL) [21], granting
resistance to penicillins, carbapenems, and cephalosporins. Finally, Klebsiella
has been shown in multiple institutions across Europe to recently express
resistance as high as 80% against nearly all classes of antibiotics [22], compared
with rates as low as only 15% in 2010. In Europe, there is a higher concentration
of antibiotic-resistant Klebsiella in Southern countries including Turkey, Italy,
and Greece, with as much as 50-fold greater rate of AR compared with northern
countries such as the United Kingdom, Greece, and Sweden [23].

Pseudomonas aeruginosa
Pseudomonas aeruginosa is an opportunistic pathogen that causes pneumonia,
septicemia, urinary tract infections, gastrointestinal infections, and skin infec-
tions. It is acquired through soil, contaminated water, and contact with infected
animals and nosocomially. It has intrinsic resistance to many different antibi-
otics due to its extensive system of efflux pumps [24]. P. aeruginosa has been
associated with increased virulence when antibiotic resistance is present. ExoS
and ToxA are two toxins which are secreted in greater quantity when ESBLs are
also expressed, which cause excess inflammation by inducing T cells [25].
Multiple studies have indicated that like A. baumannii, Pseudomonas is capable
of activating or acquiring AR within a week [26, 27] of selective pressure.

Staphylococcus aureus
Staphylococcus aureus is a high priority pathogen in the WHO’s latest antibiotic
resistance global assessment [28]. Some strains exist commensally in the hu-
man microbiome and are opportunistic pathogens. Others are primary patho-
gens. Staphylococcus causes pneumonia, food poisoning, meningitis, endocardi-
tis, toxic shock syndrome, and wound infections. There are two AR consider-
ations in the genus, includingmethicillin-resistant Staphylococcus aureus (MRSA)
and vancomycin-resistant Staphylococcus aureus (VRSA).
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Ninety-nine per cent (99%) of MRSA isolates are positive for at least two
toxins and 100% express at least one form of adhesion protein, both of which
are responsible for the genus’ virulence [29]. Toxic shock syndrome is caused by
one of these toxins, which overstimulates the immune response. In 2005,MRSA
with resistance to vancomycin (VRSA strains) or carbapenem resistance was
consistently reported as less than 30% of MDR Staphylococcus strains. In 2016,
this was reported to be as high as 60%, with concomitant increases in KPC and
other ESBLs [30]. InOntario, Canada, the number ofMRSA infections increased
from 9000 to 26,500 cases, a 2.94-fold jump between 2000 and 2015 [31].
Over this time, the increase in resistant infections was extended to cephalospo-
rins, fluoroquinolones, and tetracyclines [31].

Mycobacterium tuberculosis
Mycobacterium tuberculosis, the etiologic agent of tuberculosis (TB), is the world’s
deadliest bacteria infecting 10.4 million people in 2016, killing 1.7 million
people [28]. TB is transmitted via respiratory droplets expelled by infected
persons. The infection is chronic and often relapses in patients who have been
treated “successfully” [32]. The pathogen’s reproductive cycle is very slow,
which contributes to the exceptional ability of M. tuberculosis to develop and
maintain AR even in active infection of a single patient [33].

Among the possible AR mechanisms, M. tuberculosis most often employs
efflux pumps to remove antibiotics from the cell. At least 32 isolated gene
islands encode various types of pumps, which may account for the highly
variable resistance profile of M. tuberculosis [33]. Typically, these efflux pumps
are one of the MFS, ABC, RND, or SMR families [34].

Different strains of M. tuberculosis occupying different geographic areas
contribute to the bacterial resistance profile in varying ways. In Beijing, there
is a higher mutation rate compared with the average across the rest of the globe,
potentially allowing for more rapid development of AR [35]. There has been an
increasing rate of extensively drug-resistant tuberculosis (XDR-TB) across the
globe. This was first seen in South Africa in conjunction with a high population
of HIV+ patients [36, 37] but has since expanded to include a pandrug-resistant
(PDR) strain in Laos [38].

Transmission of AR within patients

AR can be viewed from two perspectives. The first interprets AR as a property of
bacteria that complicates treatment. The second is the description of AR as a
disease in and of itself. According to the latter, AR is then a disease that can be
transmitted between patients and is associated with its own clinical outcomes [39,
40], which can vary drastically from their non-AR counterparts, despite stem-
ming from the same bacterial species [41].

The microbiome provides a repository of commensal bacteria that act as a
harbor for antibiotic resistance genes. When patients are treated with antibi-
otics, the microbiome is subject to the same pressure. This causes surviving
commensal bacteria to become antibiotic resistant. Upon proliferation, AR is
spread within the host’s microbiome [42]. These resistance genes can then be
horizontally transmitted to new infections later in life. Likewise, AR infections
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can transmit these resistance genes to the rest of the microbiome [43]. Based on
the rate of genetic mutation in bacteria, it can take more than 10 years for
resistance to be lost, even in the absence of continued selective pressure [44]. In
this sense, AR is a chronic disease with the potential to worsen the outcome of
future infections. Future prospective cohort studies on this topic would expand
the understanding of the epidemiological features of AR itself.

Geography and antibiotic resistance hot spots

Geographic location, the local economy and population dynamics (globaliza-
tion), and infrastructure exert major impact on the development and spread of
AR. Of these, a region’s infrastructure and economy have the strongest influence.

Presently, highly developed countries have sufficient infrastructure to con-
tain the spread and mitigate the effects of AR. Much of western Europe, North
America, and Japan are examples of regions with sufficient health infrastructure
to avoid uncontrollable development of AR. These regions use antibiotics with
some restrictions and are able to clear most infections (evenMDR cases), due to
the abundance of second, third, and last line of antibiotic treatments. Despite
their advancement, these regions can harbor isolated pockets that become
hotspots. For example, in Canada, there are hot spots of MRSA found in
indigenous communities, as well as endemic KPC enterobacteriaceae in the
Brampton region in Ontario.

Middle-income countries, such as Turkey, South Africa, Brazil, China, and
India, pose a greater threat to the development of AR. South Africa, for example,
has the highest prevalence of XDR-TB [36]. China, particularly southern China,
is prone to repeatedMRSA outbreaks [28]. These countries have the resources to
produce and acquire antibiotics, but the infrastructure is lacking in proper
implementation, regulation, or public health measures. Lack of these capabil-
ities leads to increased use of antibiotics and to the development of AR against
first-line drugs. The primary use of second-line antibiotics and drugs of last
resort increases the risk of MDR when these treatments are not completely
effective [45].

In general, low to middle-income countries, including many in Africa, do
not have the health infrastructure to administer antibiotics on a wide scale and
do not contribute significantly to the development of AR. However, countries
that are close to hot spot nations acquire AR through migration. These strains
are then easily transmitted through these nations’ poor healthcare infrastructure
[46]. Globalization is responsible for the spread of AR between countries.
Airplane ventilators spread bacteria among passengers, who then have the
potential to carry pathogens to their communities [47].

Limiting the spread of antibiotic resistance

The World Health Organization has acknowledged the seriousness of AR by
developing six steps to contain its spread [48]. Implementation of these six steps
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is the standard that nations and companies must strive for to make progress in
halting the spread of AR.

National plan
The first of the six steps is to recruit governments to facilitate the implementa-
tion of the following five steps. Even if the development of novel antibiotics
were a current priority for pharmaceutical manufacturers, resistance would be
sure to develop. One potentially more effective approach may be to establish
alliances between governments and academic institutions to develop new
rationally designed antibiotics. Finally, it is important to recognize that any
newly developed antibiotics will be used as second, third, or last lines of
treatment [46].

Since this recommendation was made by the WHO, some governments
have begun leading the battle against AR. For example, in 2016, then US
President Obama signed an order allocating US $160 million to the research
and development of new tools to combat AR, including the promotion of
antibiotic stewardship [49].

Surveillance and laboratory capacity
Tracking AR is complicated by the diversity of its origin and the environments in
which it develops, as well as the breadth of bacterial species involved. This
diversity underscores the need for widespread, accurate testing and diagnostic
procedures [50, 51].

Surveillance of AR is directly linked to the operational capacity of laborato-
ries. Three techniques are used to diagnose an AR bacterial strain: bacterial
genome sequencing, minimal inhibitory concentration (MIC) of the drug,
and clinical observation of failed antibiotic treatment. Genome sequencing is
both the most rapid and most costly method.

Access to effective treatment
Access to effective antibiotic treatment may be limited by two broad practices.
In some countries, including India, substandard antibiotics are sold without
prescription, promoting their misuse and the generation of resistant bacterial
strains. In other areas, including some African and Middle Eastern countries,
fraudulent antibiotics containing little or no active ingredient are sold, leaving
patients untreated (or minimally treated) and susceptible to the development
of AR [45].

Another factor prevalent in LMICs is the widespread use of second- and
third-line antibiotics, such as carbapenems. The use of carbapenems in
beta-lactam-resistant infections has led to the development of AR to car-
bapenems via the common mechanism of KPC. This practice of using
second-line treatments as first-line defense against bacterial infection is
used in neonates and in vulnerable populations in hospital intensive care
units. [45].

Antibiotic stewardship
Antibiotic stewardship (AS) describes a variety of programs aimed at reducing
the spread of AR through discerning treatment regimens.While AS applies in all
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settings, healthcare and agriculture are the first targets for this practice because
they are the principal contributors to AR.

While AS programs have been implemented as research studies across
the globe, their widespread adoption has yet to take place. Even in the face
of mixed results of AS programs based on the region and intervention being
implemented, in all cases, these programs have been shown to economical-
ly benefit the hospitals in which they exist [52–55]. For example, one 4-year
study in South Africa found that although there was a large upfront cost to
reducing antibiotic usage (in the form of training hospital staff and making
laboratory upgrades), each year there was a decrease in antibiotic usage of
18% and a decrease in costs of treatment by at least 40% [56]. For this
reason, hospitals should consider implementing these programs on a large
scale, so that funds can be redirected toward other AR prevention practices
or healthcare directives.

Knowledge dissemination is key to reduce AR levels and to promote stew-
ardship. Extensive research has revealed that knowledge regarding antibiotic
resistance is suboptimal and sometimes erroneous, even among trained phar-
macists and nurses [57, 58]. One example of this being 75% of fourth year
pharmacy students in a UK pharmacy program believing antibiotic resistance
cannot develop if antibiotics are administered properly [57]. Given the lack of
general knowledge among professionals in the field, it is not surprising that up
to 70% of the general public does not perceive antibiotic resistance to be a
problem [58].

One basic stratagem in stewardship is the use of narrow-spectrum vs. broad-
spectrum antibiotics. This has been shown to prevent the spread of AR by
limiting the number of species pressured to adapt to survive [59].

AS programs either reduce overall antibiotic use by alternating treatment
between patients, or by limiting the use of one specific class of antibiotic.
Results of separate systematic reviews that investigated use reduction of all
hospital-prescribed quinolones revealed that the prevalence of quinolone-
MDR infections of Clostridium difficile, MRSA, and ESBL gram-positive species
declined by 75%, 24%, and 17% respectively [60]. In some cases, there was no
observed effect of quinolone reduction on the prevalence of resistance among
some Klebsiella or Escherichia infections [61•].

Enhance infection prevention and control
The simplest approach currently being employed to prevent infection is hand
washing. Hand washing is an intervention that can be adopted to some degree
in nearly every region and has been shown to significantly decrease the spread
of healthcare-associated infections by up to 50% [62]. Preventing infection on a
large scale in the community is subject to compliance and policy implementa-
tion. Some other interventions that can be applied include vaccination, educa-
tion, smoking cessation, and self-management of healthy-living.

Research and development
The final step in preventing further spread and managing AR is to invest further
in research and development of interventions, treatments, diagnostics, and
public health policy. Interventions including AS have been subject to research
for over a decade but have yet to be implemented on a large scale. This step is
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meant to promote global adoption of AS strategies and the development of new
antibiotics for use.

Areas of urgent research include evaluation of public health policies aiming
to curb the spread of AR. Similarly, implementation research looking into hand
hygiene and other effective interventions is seriously needed [62].

Diagnostics as a treatment against antibiotic resistance

If infections are treated immediately with narrow-spectrum antibiotics and
if patient outcomes improve, the duration of hospital stays may be reduced
and the spread of AR would be contained [63–65]. If this is not the case, the
patient’s life may be at risk and clinical decisions are of monumental
importance.

Genomic analysis is the way to move forward in diagnosis of AR infec-
tions. It is faster and more precise than clinical observation [66]. There are
several key improvements necessary to develop effective genomic diagnostic
techniques, including development of a bioinformatic databases capable of
predicting clinical results based on genomic information, as well as further
reduction in the size, cost, complexity, and time required for genomic
sequencing [67, 68].

For the successful development of new and effective diagnostics based on
genetic material, a predictive database able to determine the specifics of resis-
tance from amino acid sequences is necessary. At present, there have been at
least three attempts at this [69–71]. However, all of these require manual entry
of data and are imprecisely linked to the literature. Further, the literature is
relatively sparse on data regarding the genetic markers for AR in bacteria.

The best attempt at establishing a central database of bacterial AR is the
Comprehensive Antibiotic Resistance Database (CARD; [72••]. Under this
framework, there would be a central, global repository of information that
can be accessed by clinicians and researchers across the globe. These groups
would upload data they collect using free software [72••]. These data can then
be compared with what is phenotypically and clinically observed on a global
basis. Due to bacterial genetic mutations, any predictive model must be able to
accurately account for variability. A probabilistic graphic model (PGM) is one
way to do this. A PGM has already been used successfully in genetics research in
various chronic diseases [73]. PGMs have been shown to account for messy or
incomplete datasets and still predict phenotypes with high accuracy. Sensitivity
and specificity are key considerations in implementing a PGM, as homology
between AR proteins and non-AR proteins is sometimes significant [74].

Equally important is to develop a tool capable of performing accurate,
rapid, cost-effective genomic analysis at the point of care (PoC). Currently,
the most advanced technology appropriate for use in bacteria is the size of a
small microwave oven, costs about US $250,000, and requires up to a week
to process a bacterial genome [75]. This is not feasible for widespread
distribution in any country. Promising advancements have been made in
basic research using a pH detection system specific for particular AR genes at
only 40 °C [76–79].
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When antibiotic treatment fails
When antibiotics fail, the next steps are to attempt treatment using other
antibiotics. However, this process is counterproductive, as it only exacer-
bates the spread of AR, which will emerge in future infections. This is
readily apparent when considering the emergence of KPC in India. For
two reasons, alternatives to antibiotics such as phage therapy [80] and use
of bacterial predators [81] are being investigated. Firstly, to limit the
spread of AR, and secondly, to provide a treatment option for the nearly
700,000 PDR cases that occur each year [82].

Resource competition
This approach seeks to treat AR itself, instead of the infections that contain
AR. As previously discussed, there is a decay rate of resistance genes within
bacteria. Research has shown that there are conditions which select for non-
resistant strains of bacteria. The investigators allowed easy access to AR
genes through plasmids that came at a high energy cost to the bacteria.
The approach focuses on the loss of the plasmid—and resistance—when
selective pressure is not present [83]. A great advantage of this technique is
15 times faster than the standard rate of resistance decay in a bacterial
population [84]. In its current form, this treatment may be best applied in
cases of chronic infections, such as MDR or XDR TB, which can persist for
multiple years [85].

Conclusions

Antibiotics have shifted the practice of medicine and have redefined global
human health. Both the chemistry of antibiotics and the inherent adapt-
ability of bacteria have made the emergence of antibiotic resistance an
inevitability. Indeed, following his discovery, Alexander Fleming predicted
the occurrence of antibiotic resistance. The careless and prolific use of
antibiotics has since brought us to the cusp of a potentially dangerous
post-antibiotic world.

Antibiotic resistance follows the paradigm in health that those least
prepared and able to deal with crisis are those most deeply affected. How-
ever, AR extends beyond borders, affecting the UK, Canada, and the USA as
well as India, South Africa, China, and the countries of the developing
world. Antibiotic resistance is itself a feedback cycle where treatment against
infections is necessary, and yet that treatment causes its own ineffectiveness.
As this pandemic spreads and becomes more potent, health systems across
the globe will become strained trying to cope with the increasing morbidity
and mortality of once easily treated infections.

A fundamental shift in perception of AR needs to take place. The per-
spective taken by the clinical and scientific community is of AR as a condi-
tion of bacteria. What is easily overlooked is the behavior of AR as its own
human disease, with its own patient outcomes, costs, and distribution
independent of any single bacterial infection. Indeed, AR exists in human
populations through the microbiome, whether that be commensal or path-
ogenic and as demonstrated by Staphylococcus aureus and Klebsiella
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pneumoniae, AR genes are associated with higher virulence. Therefore,
healthcare systems must move toward AR reduction strategies, in addition
to AR management as seen in AS programs.
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