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Antibiotic resistance in bacteria has emerged as a global challenge over the past 90 years, compromising
our ability to effectively treat infections. There has been a dramatic increase in antibiotic resistance-
associated determinants in bacterial populations, driven by the mobility and infectious nature of such
determinants. Bacterial genome flexibility and antibiotic-driven selection are at the root of the problem.
Genome evolution and the emergence of highly successful multidrug-resistant clades in different patho-
gens have made this a global challenge. Here, we describe some of the factors driving the origin, evolu-
tion, and spread of the antibiotic resistance genotype.
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The emergence of multidrug-resistant (MDR) bacteria is
one of the most dramatic clinical and biological phe-
nomena identified over the past century (1, 2). Since the
discovery of antibiotics in the 1920s, each introduction of
a new antibiotic class has been followed by the emer-
gence of resistance, in some form or other, relatively
quickly. Over the time period of the antibiotic era, the
number of identified resistance mechanisms, and their
abundance, has increased at an alarming rate. Molecules
with the ability to kill or inhibit bacteria have likely been
around since the first single-cell entities emerged, but the
recent pace of evolution is still remarkable, indicating the
key role for selective pressure in this process (3). There
have been arguments about where this pressure is most
intense—in the clinic, in agriculture, or in the environ-
ment—but it is likely that within each of these domains,
pressure is being exerted that is driving resistance. Par-
ticular properties of the genes and mutations involved in
resistance explain some aspects of their ability to evolve
rapidly. Resistance determinants are largely components
of the bacterial “accessory” genome where genetic flex-
ibility is more readily tolerated and such determinants are
often "mobile,” enhancing their ability to spread through
infectious mechanisms (4). Hence, within species and be-
tween species evolution is exerting an influence.

A key feature of the antibiotic resistance era has been
the recent emergence of highly successful clades or
clones within bacterial species that have the ability to be
resistant without any obvious impact on fitness. Indeed,
there is evidence that such clades can be more aggres-
sive in terms of their ability to transmit and cause clinical
disease. Resistant clades have been identified in many of
the common bacterial pathogens, such as Staphylococ-
cus aureus and Salmonella enterica (5-7). Other clades
have driven the emergence of newly recognized patho-
gens, including Clostridium difficile and Acinetobacter
baumannii (8, 9). Some of these clades appear to have
adapted to exploit modemn human-created niches, such
as the healthcare system or food chain. Some have the
potential for global spread. Here, with a focus on the
enteric bacteria, we will explore some of the factors driv-
ing the successful emergence of antibiotic resistance and
the associated successful resistant clades.

A Brief Historical Perspective on MDR and
Mobile Elements

Although the emergence of antibiotic resistance has
attracted great attention in the past few years, it is not
a new phenomenon and it is worth first considering
some of the lessons from history. A comprehensive
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review by Watanabe (10) published in 1966 outlines the thoughts
at that time (3). Although bacteria resistant to individual antibiotics
were observed earlier, one of the first reports of MDR bacteria was
of Shigella resistant to sulphonamides, streptomycin, chloram-
phenicol, and tetracycline in Hong Kong in 1955 (10). Escherichia
coli with related resistance profiles were also isolated in the same
setting and even within the same patient, suggesting the trans-
ferability of the MDR phenotype, which was subsequently proven
experimentally. Even then, clinicians recognized that patients
could be simultaneously colonized by both resistant and sensitive
Shigella and that treatment could drive the consolidation of re-
sistance. These early observations highlighted the fact that MDR
itself was infectious and had the potential to move rapidly through
bacterial species and even across species boundaries.

After the first wave signaling the emergence of MDR, investi-
gators quickly identified a key role for plasmids (then named R
Factors) as agents of the transferability of MDR and an era of
plasmid biology began, where these extrachromosomal mole-
cules were characterized both genetically and molecularly (11-
13). Roles for conjugation, transformation, and transduction in the
spread of MDR were demonstrated through laboratory studies,
identifying the multiple potential mechanisms driving the spread
of MDR. By the early 1970s molecular technologies improved to
the point that plasmids and resistance determinants became
tractable to detailed analysis. It was at this point that transposable
genes were identified along with other forms of mobile genetic
elements (14). The proof that “jumping genes” actually existed
and that they encoded antibiotic resistance had enormous impact
and the threat of antibiotic resistance was now being taken seri-
ously. Stanley Falkow (15) produced a highly prophetic book en-
titled Infectious Multiple Drug Resistance that summarizes the
state of the field at this time, and he strongly emphasized the
potential dangers of neglecting the control of antibiotic usage
(16). Soon after the description of transposons, other forms of
mobile elements that contribute to the spread of MDR were also
discovered, many of which were harbored within the chromo-
somes of MDR bacteria. These included integrons (17) and mobile
elements that could drive or even parasitize the conjugative de-
terminants present within bacteria (12). In addition to these
plasmid-borne and transposable antibiotic-resistance genes, chro-
mosomal mutations were identified that direct the expression of
resistance mechanisms. Such mutations occur, for example,
within genes encoding the targets of antibiotics, including gyrA
and gyrB for fluoroquinolones and within genes that affect efflux
pumps or porins that influence intracellular antibiotic levels (18).
The accumulation of mutations in such core genes or similar
regulatory elements thus significantly enhance resistance po-
tential (3, 19).

Whole-Genome Sequences Provide the Genetic Blueprint
of a Resistant Bacterium

These early phenotypic and molecular approaches allowed the
description of individual or small clusters of resistance elements,
but it was the whole-genome sequencing of bacterial isolates that
started to provide a comprehensive blueprint against which to in-
vestigate how antibiotic resistance was evolving. The early genera-
tion of complete reference genomes for pathogens, such as
Mycobacterium tuberculosis, Salmonella enterica serovar Typhi
(S. Typhi), and Staphylococcus aureus, captured both the chromo-
somal and extrachromosomal components of the genome (20-22).
Some of these early genome sequences were of MDR isolates, in-
cluding the isolate CT18 of S. Typhi, facilitating the complete
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assembly of plasmids and their resistance elements. Even if the
reference genome was antibiotic sensitive, comparative genomic
analysis with resistant isolates facilitated the detailed mapping and
cataloguing of resistance elements, including plasmids, transposons,
insertions or deletions (indels), and single-nucleotide polymorphisms
(SNPs). The invention of new sequencing technologies then facili-
tated the sequencing of whole bacterial populations, allowing de-
tailed population structural analysis to be undertaken for the first
time using thousands of genomes (23). Whole-genome-based
phylogenetic and geophylogenetic analyses have transformed our
ability to interrogate the evolution of resistance over time and space.

Over the past decade, through the whole-genome sequencing
of hundreds of thousands of bacteria, we have a better un-
derstanding of the range of antibiotic-resistance genes (ARGs).
ARGs can be divided into different classes based on the mecha-
nism of resistance they encode, including antibiotic target re-
placement or protection, antibiotic inactivation, antibiotic efflux,
or reduced permeability to antibiotics. Curated databases, such as
the Comprehensive Antibiotic Resistance Database (CARD) (24)
and ARG-Annotation (ARG-ANNOT) (25), are valuable resources
that contain sequences of ARGS. At the time of writing, CARD
contained 2,388 ARGs and ARG-ANNOT contained 1,808 entries.
These databases can be used to quickly identify known resistance
determinants in isolated bacteria using whole-genome sequenc-
ing and BLAST- or assembly-based bioinformatic tools, such as
ARIBA (26) or SRST2 (27). Recent studies have indicated that these
known ARGs are likely just the tip of the iceberg and there may be
many more ARGs present in environmental and commensal bac-
teria. For example, using a new computational method, Berglund
et al. (28) screened thousands of bacterial genomes and plasmids
and over 5 terabases of metagenomic data obtained from the
human microbiome and polluted environments, such as hospital
effluent. The authors predicted 76 novel B1 metallo-p-lactamase
genes, potentially more than doubling their number. Another
study on a bacterium from an ancient, isolated cave ecosystem
identified 5 novel—in addition to 13 known—ARGs. Further bio-
chemical phenotyping revealed three mechanisms not previously
shown to be involved in antibiotic resistance (29). As environ-
mental sampling continues and computational methods improve,
the number of known ARGs will undoubtedly grow further.

The Emergence of “Dominant” MDR Clades

An overriding feature of increased antibiotic resistance has been
the emergence of MDR clades of different species that have
spread extensively, often to different parts of the globe. These
clades were initially identified using simple bacterial typing ap-
proaches, including phage typing, multilocus sequence typing
(MLST), or subgenomic SNP typing, but were comprehensively
defined using whole-genome sequence analysis. These clades are
characterized by their remarkable genetic conservation, suggest-
ing rapid recent population expansion. Often, hundreds of isolates
covering large geographical regions harbor only a few hundred or
even fewer SNPs that can be used to build phylogenetic history.
Examples of such MDR clades include E. coli ST131 (30, 31),
S. Typhi H58 (32), S. aureus ST239 (5), and C. difficile O27 (33, 34).
Common features of dominant MDR clades are that they are ge-
netically highly clonal with relatively limited core genome varia-
tion, have the ability to acquire and maintain antibiotic-resistance
determinants, and demonstrate efficient transmission. Such clades
counteract the dogma that harboring MDR can compromise fit-
ness as they have significant virulence potential and possess the
ability to rapidly spread globally.
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E. coli ST131 began to emerge at the global level in the 2000s
and was quickly recognized as a leading cause of E. coli extra-
intestinal infections in multiple settings across the world (35).
E. coli ST131 are typically MDR, expressing extended spectrum
B-lactamases (ESBLs), including bla ctx.m.15, conferring significant
resistance to third-generation cephalosporins (e.g., ceftriaxone).
ST131 E. coli also exhibit high levels of fluoroquinolone resistance.
This clade appears to be clinically aggressive, causing a range of
nosocomial infections, as well as being the leading cause of urinary
tract infections (35). Phylogenetic analysis based on whole-genome
sequencing data has been used to track the evolution of ST131
over the past decades and has identified several clades that mark
this evolution. Founder clades A and B were precursors to a clade C
type, which has been largely responsible for the global spread of
ST131 (36-38). Throughout the recent evolution of ST131 there has
been a series of gene acquisitions involving virulence-associated
(e.g., fimbriae, iron acquisition, novel phages) and MDR-associated
determinants (35), although none of these have been experimentally
linked to the success of this clade. The C clade has evolved into
several subclades that harbor MDR signatures. Of particular signifi-
cance are fluoroquinolone-resistance mutations within gyrA/B and
parC and an ESBL of type blactx.m-15 (39). Additionally, particular
IncF-type plasmids have become “adapted” to ST131, and these
exhibit evidence of microevolution within clades C1 and C2, fre-
quently encoding blactx-m-1s.

In common with E. coli ST131, fluoroquinolone-resistance
mutations appear to have played a key role in influencing the
emergence of some C. difficile clades (40). C. difficile has
emerged over the past 40 years as a common cause of antibiotic-
associated diarrhea, particularly in healthcare settings. Phyloge-
netic analysis has shown that multiple clades of C. difficile have
emerged independently and spread rapidly, from different foun-
der populations (40). C. difficile 027/NAP1/BI forms a particularly
aggressive clade that quickly emerged in the past two decades,
spreading out of North America into Europe and Asia. Two dis-
tinct lineages of C. difficile 027, known as FQR1 and FQR2,
emerged in North America within a relatively short period after
independently acquiring the same fluoroquinolone resistance
mutation and a highly related conjugative transposon (40). Phy-
logenetic analysis of these MDR lineages has shown that as they
have evolved they have spread geographically, with multiple
transposons and ARGs being shuffled in and out of the clade.
C. difficile 027 isolates have increased virulence in animal models
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compared with other lineages of C. difficile and, intriguingly, an-
tibiotic treatment itself can enhance their transmissibility and may
be both promoting spread and increasing the number of clinical
cases (41).

MDR clades can dramatically influence the epidemiology of
disease. The emergence of S. Typhi of haplotype H58 (also des-
ignated 4.3.1) over the past 30 years has arguably transformed the
global epidemiology of typhoid. S. Typhi H58 was originally
identified in a subgenomic SNP-based study on ~100 S. Typhi
isolates collected from around the world (6). This clade likely
emerged in the Indian subcontinent in the 1980s (32). The clade
has since spread into Southeast Asia and on at least two separate
occasions into Africa, arriving in distinct waves into particular re-
gions. Indeed, H58 can “replace” endemic S. Typhi isolates and
can spread typhoid into areas where the disease was previously
rare: for example, in Malawi (42). Many S. Typhi H58 harbor
multiple ARGs located on a composite transposon present either
on an IncHI1 plasmid or integrated into the chromosome (32).
A recent large typhoid outbreak in Pakistan demonstrated a
concerning progression when an MDR H58 isolate with a chro-
mosomally integrated antibiotic-resistance cassette acquired a
plasmid with additional ARGs, including an ESBL (43). MDR
clades, such as H58, are thus poised to present even greater
challenges to global health by acquiring additional AGRs, as the
resulting isolates may be resistant to so many classes of antibiotics
that they are difficult to treat. The H58 clade is remarkably con-
served in terms of core genome content, but nevertheless may
have acquired additional virulence traits, such as enhanced re-
sistance to bile (44). It is not currently known what is driving the
success of H58.

There is evidence that MDR may be helping drive emerging
pathogens into new niches. S. enterica serovar Typhimurium
(S. Typhimurium) is typically associated with gastroenteritis, with
systemic disease being relatively rare. However, S. Typhimurium
have been increasingly reported as a major cause of invasive
(bacteraemia) disease in sub-Saharan Africa, with an estimated case
fatality rate of ~20% (45) and up to ~50% in HIV* individuals (46).
Phylogenetic analysis of whole-genome sequences of S. Typhi-
murium isolates across the sub-Saharan region identified a domi-
nant MLST clade named ST313. These S. Typhimurium ST313 are
primarily localized in Africa, although distinct ST313 lineages have
recently been identified in Europe (47). Within sub-Saharan Africa,
invasive salmonellosis is typically associated with HIV-infected
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Fig. 1. Disruption of the gut mucosa can lead to systemic infections by MDR bacteria following antibiotic treatment of immunocompromised
patients. MDR bacteria are represented by red rod-shapes. (A) Healthy gut. The mucosa is intact, the microbiota is normal, and the growth of the
MDR bacteria is restricted: they cannot spread systemically and are shed at very low levels. (B) With antibiotic treatment: the epithelial barrier is
damaged, the microbiota has been disrupted or is dysbiotic and can no longer exert growth restriction on the MDR bacteria that consequently
overgrow, spread systemically, and are shed at higher levels.
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adults and children under 5 y of age, with malaria a common
association (48, 49). These S. Typhimurium are highly antibiotic
resistant, with the MDR determinants frequently located on a
composite transposon harbored on the virulence-associated pSLT
plasmid (7). Significantly, pSLT also harbors the invasion-associated
spv locus, meaning that antibiotic exposure may also be influencing
selection for this virulence factor. The ST313 epidemic in Africa
involved an initial wave of so-called lineage | isolates followed by a
second wave involving a distinct lineage Il (50). Interestingly, al-
though both lineages were MDR, the MDR cassette in lineage |l
isolates harbored an additional chloramphenicol-resistance gene
not present in lineage | (7). The acquisition of chloramphenicol re-
sistance by lineage Il coincided with the widespread use of chlor-
amphenicol in Africa, suggesting this was involved in shaping the
second wave. More recently there have been sporadic cases in both
Kenya and Malawi of S. Typhimurium ST313 harboring an addi-
tional antibiotic-resistance plasmid encoding an ESBL (51, 52).

It has been suggested that human-to-human rather than zoo-
notic transmission is driving the ST313-mediated epidemics in
sub-Saharan Africa (53). Interestingly, the ST313 lineage exhibits
several signatures that have been associated with host adapta-
tion, including significant levels of genome degradation (gene
inactivation) (7). ST313 isolates also exhibit increased virulence
phenotypes compared with other S. Typhimurium, including in-
creased serum resistance and altered animal pathogenicity. A
recent study showed that a ST313 lineage ll-associated SNP in the
pgtE virulence gene led to increased expression of PgtE and
contributed to this increased virulence phenotype, providing
genetic evidence for adaptive SNPs (54).

Antibiotic-Associated Disease and Spread

We now know that antibiotic treatment itself can cause clinical
disease in certain situations. Individuals, particularly the elderly or
immunocompromised, become susceptible to C. difficile diarrhea
following treatment with antibiotics, such as ciprofloxacin or
clindamycin. This is believed to be a consequence of the de-
struction of the beneficial microbiota in the intestine by the anti-
biotic (55). Individuals treated for C. difficile infection often
relapse and restoration of a more diverse microbiota by fecal
transplantation therapy can be more effective than antibiotic
treatment, both in terms of recovery and prevention of relapse
(56, 57). Indeed, individuals treated with antibiotics, but sub-
clinically colonized with C. difficile, may become more infectious
by secreting higher numbers of potentially infectious C. difficile
spores (supershedders) (41). We do not know if infection or
transmission by other MDR clades can be enhanced by antibiotic
treatment. However, it may be that other clades are evolving to
take advantage of the destruction of the beneficial microbiota
during antibiotic treatment of humans. C. difficile exploits spe-
cialized toxins to break through the intestinal barrier during in-
fection (58). However, this barrier is already compromised in many
immunosuppressed individuals, in those undergoing bowel sur-
gery, and in people with rare mutations that impact barrier func-
tion. Hence, such individuals may be more susceptible after

antibiotic treatment to systemic infection when colonized by an
aggressive MDR clade, such as E. coli ST131 (Fig. 1).

It is worth noting that most Vibrio cholerae bacteria, the cause
of human cholera, isolated since 1980 are MDR. Because cholera
is not usually treated with antibiotics it is not obvious why the MDR
phenotype is so common in this pathogen. Most cases of cholera
are caused by the pandemic clade known as El Tor, which has
been spreading across the globe since the 1950s in multiple
waves (59, 60). MDR V. cholerae El Tor is highly clonal, with the
bacterial population frequently infected with STX integrative
conjugative elements that harbor ARGs that have entered the
clade on multiple occasions (60). It is intriguing to postulate that
the MDR phenotype might be facilitating enhanced transmission
from asymptomatic carriers, which is a testable hypothesis.

Origin and Transfer of Resistance Genes Between
Environmental and Pathogenic Bacteria

Studies of bacteria from geologically isolated environments show
that antibiotic resistance is ancient and ubiquitous in the environment
(29, 61, 62). Environmental bacteria likely evolved antibiotic-
resistance factors over eons as a defense against antimicrobials
and chemicals present in the environment that are produced by
other bacteria, fungi, or plants. Antibiotic resistance in bacterial
pathogens was relatively rare until the recent wide-scale usage of
antibiotics. While some surveys show distinct and separate clus-
tering of ARGs derived from environmental and pathogenic sour-
ces, other studies show high levels of sequence homology (63-66)
and indicate recent transfer of ARGs from environmental to path-
ogenic bacteria. A recent study even reported evidence supporting
recent transfer between Gram-positive Actinobacteria and Gram-
negative Proteobacteria (67). The authors proposed and experi-
mentally tested a three-step mechanism for interphyla transfer that
they call “carry-back” in which the Actinobacterial ARG is picked up
by a Proteobacterial carrier sequence. This is significant because it
suggests that genetic transfer can occur even between different
phyla, allowing pathogens such as E. coli to access the large res-
ervoir of ARGs in antibiotic-producing bacteria, such as Strepto-
myces that harbor numerous resistance genes.

The enormous reservoir of ARGs in environmental bacteria
means that mechanisms of resistance may already exist even for
antibiotics still in the developmental pipeline. Given the possi-
bility of the mobilization of environmental ARGs, it is inevitable
that resistance will continue to develop in bacterial pathogens in
response to the introduction of new antibiotics. Clearly there is a
need to develop new antimicrobial approaches, with the re-
alization that they will not end the battle. To effectively fight in-
fectious diseases in the long-term, we must use an integrative
approach that includes preventive measures, such as vaccination
and improved sanitation and hygiene strategies.
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