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ABSTRACT Ever since antibiotics were introduced into
human and veterinary medicine to treat and prevent bacterial
infections there has been a steady selection and increase

in the frequency of antibiotic resistant bacteria. To be able

to reduce the rate of resistance evolution, we need to
understand how various biotic and abiotic factors interact

to drive the complex processes of resistance emergence

and transmission. We describe several of the fundamental
factors that underlay resistance evolution, including rates and
niches of emergence and persistence of resistant bacteria,
time- and space-gradients of various selective agents,

and rates and routes of transmission of resistant bacteria
between humans, animals and other environments.
Furthermore, we discuss the options available to reduce the
rate of resistance evolution and/ or transmission and their
advantages and disadvantages.

INTRODUCTION AND SCOPE

Antibiotics are compounds that inhibit (bacteriostatic
drugs) or kill (bactericidal drugs) bacteria by a specific
interaction with a specific target in the bacterial cell, and
they are arguably the most important medical interven-
tion introduced by humans. Ever since antibiotics were
introduced on large scale in the late 1940s to treat hu-
man bacterial infectious diseases, there has been a steady
selection and increase in the frequency of antibiotic-
resistant bacteria, generating a very problematic situa-
tion (1-3). Resistance evolution is a complex process

that is driven by the interaction between a number of

biotic and abiotic factors. Fundamental factors under-
lying this dynamic are the rates of emergence and per-
sistence of resistant bacterial clones; time and space
gradients of antibiotics and other xenobiotics; and trans-
mission rates within human populations and between
humans and various other sources, including animals,

the environment, food, etc. Furthermore, with the real-
ization that antibiotic resistance has become a serious
medical problem, human attempts to reduce transmis-
sion of infectious bacteria in general, and resistant
ones in particular, by hygienic measures, vaccination,
reduced antibiotic pressures, etc., has also influenced
this dynamic.

Here we will describe some of the factors that influ-
ence the selection and transmission of resistant bacteria
and discuss the options available to prevent these pro-
cesses and reduce the rate of resistance evolution and/
or transmission. In this description, we will follow
the outline shown in Fig. 1, where we track the initial
emergence of resistance in environmental bacteria, its
transfer into pathogenic bacteria, and the subsequent
transmission of these bacteria between different com-
partments and environments.

WHERE DID RESISTANCE GENES
ORIGINATE AND WHY?

The majority of medically relevant antibiotics origi-
nate in nature and are synthesized by a variety of spe-
cies, in particular soil-dwelling bacteria in the genus
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FIGURE 1 Schematic view of the evolution of antibiotic resistance. Key questions
in understanding the emergence and transmission include: (A) What are the origins of
resistance genes? (B) Where do resistant pathogens emerge? (C) Which are the most
significant selective pressures driving resistance evolution? (D) Which are the biological
factors that influence rates of resistance development? (E) What are the routes, directions,
and magnitudes of flow of pathogens between humans, animals, and the environment?

Streptomyces (4, 5). Both antibiotics and resistance
genes are thought to be ancient and far predate the
existence of humans. This has been inferred from phy-
logenetic studies suggesting that class A B-lactamases
evolved billions of years ago and were transferred
into the Gram-positive bacteria about 800 million years
ago and that the progenitors of B-lactamases, like
CTX-M’s, diverged 200 million to 300 million years
ago (6). Further evidence that resistance genes are old
is their presence in environments that have been un-
touched by humans (7-9), including in isolated caves
(>4 million years), Beringian permafrost (30,000 years),
and Siberian permafrost (15,000 to 40,000 years old).
The benefits of antibiotics for microbial producers
is not entirely clear, but the standard explanation is that
the producers use them as ecological weapons to in-
hibit neighboring competitors in the environment (10,
11). However, they might also have a more benevo-
lent function as signals for cell-to-cell communication in
microbial communities. A recent study that distinguished
between these hypotheses provided strong evidence that
antibiotics are weapons but that their expression is in-
fluenced by social interactions between competing strains
and species (12). It is expected that the biosynthesis and
release of antibiotics in various natural environments
will expose many bacteria (both the producers and by-
standers) to antibiotics and, as a consequence, select for
the evolution of resistance mechanisms to protect against

self-destruction (in antibiotic producers), to defend
against antibiotics produced by other species, and/or to
modulate intermicrobe communication.

Another hypothesis is that resistance genes origi-
nally performed metabolic functions unrelated to anti-
biotics and that they had weak secondary promiscuous
activities that conferred a low-level resistance that was
exapted and further evolved to become bona fide anti-
biotic resistance functions. For example, aminoglycoside
acetylate-modifying enzymes could originally have been
involved in sugar metabolism and modification of com-
plex sugars. Similarly, the plasmid-borne, dual-activity
fluoroquinolone acetylate-modifying enzyme AAC(6')-
Ib-cr (13-15) belongs to the GNAT (GCNS-related
N-acetyltransferase) superfamily, with 10,000 known en-
zymes that perform a variety of coenzyme A-dependent
acetylation reactions (16). Considering the low activity
of this enzyme on fluoroquinolones (only a fewfold
increase in MIC of fluoroquinolones), it is likely that
this represents a weak promiscuous activity. Another
example is the class A, C, and D (Ser-OH) B-lactamases
that have been suggested to originate from penicillin-
binding proteins (PBPs) by acquiring the capability to
hydrolyze the acyl-enzyme bond between the p-lactam
ring and the hydroxyl group of the PBP’s active-site
serine (17, 18). This notion is supported by experimental
data showing that PBPs can evolve weak B-lactamase
activity after mutagenesis (19-21). A final example
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of where a function might have been coopted is the
TetX enzyme, a flavin-dependent monooxygenase that
inactivates all known tetracyclines, including tigecy-
cline. This enzyme belongs to the flavoprotein mono-
oxygenase group, whose native metabolic function is in
the hydroxylation and degradation of phenolic com-
pounds (22).

Our possibilities to interfere with and slow down
the rate by which novel resistance mechanisms evolve
in nonpathogenic bacteria (e.g., Streptomyces) are at
present nonexistent, but this type of knowledge is still
useful since it provides the tools that allow us to ex-
plore the intrinsic potential of a bacterium to acquire
a high-level resistance mechanism to a novel antibiotic
by evolving an existing weak promiscuous activity
into a more efficient enzyme. For example, by directed
in vitro evolution of a suspected candidate enzyme or an
adaptive evolution experiment with whole cells, one can
explore the likelihood and efficiency of such a process
(23).

TRANSFER FROM NONPATHOGENS
TO PATHOGENS

Antibiotic resistance can propagate and transmit
through either vertical transfer, whereby mutations or
resistance genes are transfered to the offspring, or hori-
zontal gene transfer (HGT), whereby antibiotic resis-
tance genes are acquired from close relatives or other
species and subsequently propagated to the offspring.
The comprehensive genomic characterization of human
pathogens during the last decades shows that horizontal
transfer of preexisting genes contributes to the majority
of current resistance problems generated by our use
of antibiotics (24). The vast pool of existing resistance
determinants present in the biosphere, known as the
resistome, provides an evolutionary toolbox of ready-
made genes that has the potential to be transferred
within and between species and to confer resistance
to any antibiotic that might be used against human and
animal pathogens. Transfer mechanisms include conju-
gative transfer of plasmids and conjugative transposons,
transduction via bacteriophages, and transformation of
naked DNA taken up from the environment (discussed
further in “Transmission of Resistance Genes,” below).
Apart from HGT, resistance can also arise by mutations
(including point mutations, gene rearrangements, and
amplification) of native resident genes.

Many horizontally transferred resistance genes are
thought to have their origin in various environmen-
tal bacteria (25, 26). For example, the widespread and
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clinically relevant CTX-M class of genes was probably
imported to pathogens from the chromosome of dif-
ferent species of the environmental genus Kluyvera
(27-29). This particular case is especially interesting
since it illustrates the importance of a transposable ge-
netic element (insertion sequence ISEcpl). This ele-
ment facilitated selection and transfer by allowing
both expression (by providing a promoter) and trans-
position of the progenitor resistance gene from Kluyvera
into other species (30). Furthermore, the plasmid-
encoded gnrA gene was most likely transferred from
marine and freshwater Shewanella algae into various
Enterobacteriaceae species, emphasizing the role of
aquatic environments as resistance reservoirs (31). Simi-
larly, Shewanella oneidensis is the natural reservoir of
OXA-48, a plasmid-encoded, carbapenem-hydrolyzing
B-lactamase gene found in Klebsiella pneumoniae, fur-
ther indicating gene exchange between Shewanella spp.
and Enterobacteriaceae (32). Another more recent ex-
ample is provided by the zetX gene, which has been
found in obligate anaerobes such as Bacteroides (33—
37), in the soil bacterium Sphingobacterium sp. (38),
and in manure-treated soil (39) and activated sludge
from sewage treatment plants (40). TetX has been sug-
gested to have its immediate origin in Bacteroides
fragilis, where it was found to be located in two differ-
ent transposons (34, 35). Up until very recently the tetX
gene had not been found in human pathogens, but a
study in a Sierra Leone hospital from 2013 showed that
21% of Gram-negative bacteria (e.g., Escherichia coli,
K. pneumoniae, and Enterobacter sp.) isolated from
urine carried the fetX gene, demonstrating that this
particular resistance gene had rapidly entered into sig-
nificant human pathogens from other bacteria (41). That
this recent acquisition of resistance genes in human
pathogens is driven by anthropogenic use of antibiotics
is substantiated by, for example, the demonstration that
in agricultural soil the frequency of resistance genes (in
particular genes conferring resistance to fB-lactams and
tetracycline) increased significantly from the 1940s (pre-
antibiotics) to 2008 (42). Similarly, plasmids isolated
before antibiotics were used by humans lacked resis-
tance genes, indicating that mobilization of resistance
genes to plasmids is a recent event (43).

These findings show that many resistance genes have
their origins in environmental bacteria and that they
have been mobilized by transposons and plasmids for
transfer into pathogens. A key question with regard to
our ability to influence and reduce these types of HGT
events is where these transfer events from environmental
bacteria to pathogens occurred. Unfortunately, we do

ASMscience.org/MicrobiolSpectrum


http://www.ASMscience.org/MicrobiolSpectrum

Andersson and Hugbhes

not have any solid data regarding this question, but
potential environments include sewage treatment plants,
manure tanks, and manure-treated soils. In all these
environments, one would expect both environmental
bacteria and pathogens (in particular Enterobacteria-
ceae) to be present at high densities, at favorable tem-
peratures (at least in sewage plants and manure tanks),
and with weak antibiotic selective pressures present, all
conditions that would be conducive to selection of rare
HGT events of, for example, resistance plasmids. Several
experimental studies have indeed shown that horizontal
transfer of antibiotic resistance genes is a common oc-
currence in such environments (for reviews, see refer-
ences 44 to 48). Another potential environment could
be in humans and animals where environmental bac-
teria could transiently (e.g., via ingestion of food con-
taminated with environmental bacteria or mixed wound
infections) be physically near pathogens for transfer.
Demonstration that HGT can occur is a first step in
demonstrating their role, but even with experimental
demonstration of transfer it is still difficult to extra-
polate from such data to assess which environments
are the most relevant and where to make potential in-
terventions. Apart from generally reducing the selective
pressures provided by antibiotics and other potential
selectors (biocides, heavy metals) to reduce enrichment
for rare HGT events in these types of environments, it
would also be possible to break potential transmission
pathways by, for example, treating the water exiting
from sewage plants with ozone or similar oxidative
compounds (49, 50). This would have several beneficial
effects in that it would reduce the levels of antibiotics
(and other pharmaceuticals) released and also kill off
most types of microorganisms present in the outgoing
water.

THE ROLE OF SELECTIVE PRESSURES

Antimicrobial Drugs as Selectors

The rate of fixation of a neutral HGT event or a muta-
tion = HGT/mutation rate, and classical theoretical
work suggests the fixation time to be 4N, generations
(where N, is the effective population size) (51). N, in
bacterial populations (e.g., E. coli) is estimated to be in
the range of 10° to 10° (52, 53), implying that the fix-
ation of a neutral resistance mutation/gene is unlikely
and will take a very long time without selection. Also,
most resistance mutations/genes are deleterious in the
absence of antibiotics (reviewed in reference 54), which
will further reduce the likelihood of their fixation. Thus,
a selective pressure(s) must have driven the rise in anti-

biotic resistance over the last century. Obviously, human
use of antibiotics in various settings has been the main
driver for the rise in the frequency of resistant bacteria,
and it is clear from studies at different geographic levels
(e.g., county and country) that the frequency of resis-
tant bacteria is positively correlated with the antibiotic
pressure, i.e., the amount of antibiotic used (55-57).
Antibiotics are present in humans, animals, and the en-
vironments at varying concentrations, and traditionally
it has been assumed that selection of resistant bacteria
only occurs at antibiotic concentrations between the
MIC of the susceptible wild-type population (MIC,.)
and that of the resistant population (MIC,), as outlined
in the mutant selective window hypothesis (58). Recent
studies have examined the selective potential of sub-MIC
antibiotic concentrations and shown that drug concen-
trations several hundredfold below the MICg,,. can
in fact be selective (59-62). Thus, the determined mini-
mal selective concentrations (MSCs) were in the range
of nanograms to picograms per milliliter for certain
antibiotics (e.g., fluoroquinolones and tetracyclines),
showing that the selective window is much wider than
previously thought and expands far below the MICq.
(reviewed in reference 63).

Apart from antibiotics, other potential selectors for
antibiotic resistance include biocides (including heavy
metals) that are widespread and extensively used in
numerous types of settings (64, 65). Biocides could se-
lect for antibiotic resistance in at least three different
ways: (i) by cross-resistance, where a biocide resistance
mechanism confers resistance to an antibiotic, e.g., via
upregulation of an efflux pump (66) or a specific target
modification (67, 68); (ii) by coselection, where genetic
colocalization (e.g., on a plasmid or in a clone) of biocide
and antibiotic resistance determinants drives indirect
enrichment of antibiotic resistance genes by virtue of
biocide selection (69); and (iii) by the ability of biocides
to reduce the MSC of antibiotics. With regard to the
latter, it has been shown that certain heavy metals (e.g.,
silver) can strongly potentiate the selective effect of cer-
tain antibiotics and thereby cause a significant reduc-
tion in the MSC (L. M. Albrecht and D. I. Andersson,
unpublished data). Such interactive (synergistic or an-
tagonistic) effects on selection of combinations of dif-
ferent agents (antibiotics and biocides) present at sub-
MIC levels are largely unexplored, but as suggested by
recent experiments (Albrecht and Andersson, unpub-
lished), the synergistic effects can be considerable. Thus,
mixes of up to seven different selectors (antibiotics
and heavy metals) reduced the MSC of each individ-
ual compound at least 4-fold. As natural environments
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(e.g., wastewater, soils) do generally contain complex
mixes of different selectors, it is of great importance to
determine how common and strong such interactions
(in particular synergistic) are to correctly assess their
selective potential.

Over all, these results indicate that, apart from ex-
posure in treated humans and animals, selection can
occur in many ex vivo environments where bacte-
ria are exposed to sub-MIC levels of combinations of
antimicrobial drugs due to their excretion from treated
subjects (for example, effluent from hospitals), the
use of antimicrobials in farming and aquaculture, the
natural presence of heavy metals in soils, and pollu-
tion from antimicrobial production plants. Thus, it is
likely that common weak selection pressures are im-
portant contributors to resistance selection and enrich-
ment. However, at present we cannot estimate their
relative importance as compared to that of the usually
(above MIC) strong selection pressures reached in
humans and animals that are treated for infections.
Furthermore, with the introduction of MSC determi-
nations as a tool to measure the selection potential
of antibiotics, it might also be prudent to reexamine
the maximum residue limits (MRLs) set for antibiotics
in food. Based on the MSCs, our calculations for fluo-
roquinolones and tetracyclines (59) and the MRLs set
for meat (70) suggest that a normal (100-g) daily con-
sumption of meat that is contaminated with these par-
ticular antibiotic residues just below the MRL would
still be high enough to cause selection for resistant bac-
teria (Andersson, unpublished data), implying that these
MRLs ought to be reduced.

Other Selectors

Apart from different antimicrobials, there are other
mechanisms that could enrich for and maintain resis-
tance in a bacterial population. With regard to plasmids
they might encode, apart from antibiotic resistances,
virulence factors or growth-promoting factors. In addi-
tion, many plasmids have stability systems that ensure
plasmid maintenance even without direct selection. The
successful epidemic plasmids associated with the wide-
spread clones of E. coli ST131 and K. pnreumoniae
ST258 appear to owe their success partly to the pres-
ence of highly stable (due to multiple partitioning and
postsegregational killing systems) IncF-type plasmids
encoding several antibiotic resistance genes and viru-
lence factors (71). Furthermore, even though generally
plasmids will reduce bacterial fitness in the absence of
antibiotics, it has also been demonstrated that certain
plasmids might enhance host fitness (growth rate) even
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in the absence of a selective pressure (72), indicating that
plasmids can be maintained and enriched also without
direct selection (73-77). At present, the mechanisms of
such fitness increases are unclear.

Reducing Selection

With regard to our possibilities to reduce the emergence
and frequency of resistance, a reduction in the selective
pressure is our most effective and realistic approach.
Considering the unwise way antibiotics have been and
still are being used, there is considerable room for im-
provement when it comes to antibiotic stewardship. The
required changes are manyfold and are, for example,
associated with reducing economic incentives for anti-
biotic use, educating prescribers and patients, tightening
regulation of antibiotic prescriptions, and discontinuing
the use of antibiotics as growth promoters in animal
farming. Similarly, the potential impact of biocides on
enrichment of antibiotic resistance needs much further
study and evaluation, which possibly might result in
reduced biocide use.

Reduced antibiotic use will reduce the rate of emer-
gence and enrichment of antibiotic-resistant bacteria,
but whether the already existing problem of frequent
resistance is reversible is questionable. As has been dis-
cussed in many papers, we find it likely that once a re-
sistance problem has emerged the rate of reversibility
will generally be slow after discontinued/reduced anti-
biotic use and that a reversibility strategy is unlikely to
succeed (for a review, see reference 54).

FACTORS INFLUENCING THE RATE
OF EMERGENCE AND SUCCESS
OF RESISTANT CLONES

At a given selective pressure, the rate of emergence of
resistant mutants, the steady-state frequency of resis-
tance, and the potential for reversibility will be deter-
mined by a complex interplay between a number of
biological parameters that are intrinsic to the specific
combination of bacterial species and antibiotic. Thus,
mutation/HGT rates, population sizes, fitness costs of
resistance, the rate and efficiency of compensatory evo-
lution, and potential epistatic interactions between drugs
and/or combinations of resistance mutations all affect
resistance evolution. As several recent reviews have
covered this subject, we will not discuss this further here
(54, 63, 78) except for a few brief comments on how we
could potentially utilize these factors to our benefit.
One general conclusion is that the emergence of re-
sistance in a population is predicted to be slowed by high
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fitness costs of resistance, especially if compensatory
evolution is inefficient. Unfortunately, our ability to in-
fluence these parameters is limited, except during drug
development, where one could specifically focus on
drugs and drug targets in which the above requirements
are fulfilled. At present, it is not possible to predict
which types of targets are the least prone to resistance
evolution, so identification of such targets and drugs
remains a purely experimental question. However, a few
generalities have emerged from such studies, suggest-
ing that drugs with multiple targets, targets that are
encoded by several identical genes (e.g., rRNA), and
targets that when mutated show reduced fitness due
to pleiotropic physiological effects are less prone to re-
sistance evolution (79). Furthermore, drugs that target
complex essential metabolites (e.g., vancomycin, which
targets a precursor of peptidoglycans) are expected to
be less prone to resistance development because of the
difficulties for the cell to mutationally alter the target
while maintaining functionality (but obviously resis-
tance could still appear by drug inactivation, reduced
uptake, increased efflux, etc.). Thus, an interesting ave-
nue for drug development would be to specifically search
for novel drugs that target metabolites outside of the
inner membrane (e.g., metabolites involved in lipopoly-
saccharide, teichoic acid, outer membrane, and pepti-
doglycan synthesis) since problems with cellular uptake
(no need for uptake over the inner membrane) would
be less and the propensity for resistance probably lower.

Other possible strategies could be to (i) identify drugs
that reduce mutation rates, for example, by inhibiting
the SOS response (80-82); (ii) identify drugs that re-
duce conjugation rates (82, 83); or (iii) use drug com-
binations during treatment and in particular to utilize
the concept of collateral sensitivity. In our opinion, it is
unlikely that drug developers will have the luxury of
choosing between alternative development candidates
with different effects on mutation rate, or that drugs
inhibiting bacterial conjugation would significantly con-
tribute to breaking resistance transmission. Hovever,
the third possibility, drug combinations, has precedent
in clinical treatment of, for example, tuberculosis and
HIV to suppress the rate of resistance evolution. Of
particular interest is collateral sensitivity, in which re-
sistance to one drug confers increased susceptibility to
a second drug (84-86), allowing two (or more) drugs to
be alternated to select against resistance to either drug.
Experimental data suggest that this approach can slow
the rate of resistance development (84, 85), but until it
has been shown in treated patients to reduce resistance
evolution, the concept remains hypothetical.

TRANSMISSION OF RESISTANCE GENES

Many of the most problematic resistance problems today
are directly associated with HGT of resistance genes.
Examples include plasmid-borne resistance to B-lactams,
macrolides, aminoglycosides, and fluoroquinolones (87),
and most recently plasmid-borne resistance to colistin
(88). In addition, HGT is the cause of resistant mosaic
genes in pneumococci and Neisseria species (89, 90),
and the source of most of the virulence genes found on
pathogenicity islands (91). In this section, we discuss how
antibiotics influence rates of HGT, and ongoing efforts
to discover small-molecule inhibitors of HGT.

Mechanisms of HGT of

Antibiotic Resistance Genes

The various mechanisms of HGT of resistance genes (24,
92) and the importance of HGT for mobilizing different
reservoirs of resistance genes (26) have been extensively
reviewed by others and are only outlined here. Briefly, the
process of HGT involves two stages: firstly, getting re-
sistance genes into a recipient cell, and secondly, ensuring
that they can be stably maintained. Selection is expected
to act at several levels of HGT (Fig. 2). The actual DNA
transfer process can occur by direct cell-to-cell contact,
for example, involving conjugative plasmids or conjuga-
tive transposons that mediate the transfer resistance genes
from one bacterial cell into another, including across
species boundaries. HGT of resistance genes can also
be mediated in the absence of direct cell-to-cell contact,
with bacteriophages acting as vectors, or the DNA can
be taken up directly from the environment (e.g., after
release from dead cells) by transformation into a recipient
cell. The rates of transfer in the case of conjugation and
transformation are expected to be strongly influenced by
the population density of donor and recipient cells. Thus,
bacteria that, for example, share a common environment
such as the human intestine or nasal passages are po-
tentially much more likely to share DNA by processes
involving direct contact than bacteria that normally live
in, for example, marine environments. In such enclosed
environments conjugation (and transformation) are likely
to be the dominant mechanisms of HGT. Bacteriophages,
however, may play a more important role in mediating
the transfer of DNA between bacterial species that occupy
different environmental niches, because they are by their
nature more widely spread and the DNA they contain is
more likely to survive long periods than naked DNA in
the environment. Thus, depending on the particular en-
vironment and the source of the genetic material involved,
each of these mechanisms may play an important role in
the HGT of resistance genes.
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The second stage of HGT, ensuring the maintenance
of the acquired genes, is equally important. HGT by
plasmids is the most efficient because conjugative plas-
mids typically have inbuilt mechanisms to ensure their
stable maintenance in a recipient bacterial cell. Genes
that enter a recipient genome after transfer on a con-
jugative transposon typically depend on the recombi-
nation activity of an encoded integrase enzyme. DNA
that enters a recipient by bacteriophage transduction
or by transformation could also be recombined into the
chromosome by an integrase enzyme if one is encoded
on the transferred DNA, but otherwise will depend
on homologous recombination. The ability of plasmids
to replicate independently of the host chromosome (not
depending on recombination to ensure maintenance)
explains their very close relationship with HGT resis-
tance genes. The contribution of bacteriophages was
thought to be limited by the requirement that they attach
to a specific host surface receptor to deliver DNA into a
recipient, but recent evidence suggests that many bac-
teriophages may actually have very broad host range.
The other factor that restricts the relative contribution
of bacteriophages and transformation to HGT is the
requirement that the delivered DNA can be successfully
integrated into the recipient genome. This requirement
explains the observed close connection between HGT
and genes encoding integrases, but in some clinically
important examples of resistance (e.g., penicillin resis-
tance in streptococci and neisseriae), the integration of
foreign DNA is primarily by homologous recombina-
tions because donor and recipient are related species
living in close proximity (89).

[Resista nce determinantsJ

Antibiotics Can Influence Rates of HGT

As described above, factors such as the concentration
and physical proximity of donor and recipient cells or
DNA, the recipient spectrum of transducing phages,
and the probability that an integrase enzyme success-
fully recombines foreign DNA into a genome are each
expected to have a significant impact on the overall
probability of HGT of antibiotic resistance genes. In
addition to these factors, exposure of bacteria to anti-
biotics can in itself influence the rate of HGT by sev-
eral mechanisms connected with induction of the SOS
response (Fig. 3). The SOS system is a set of bacterial
genes involved in the repair of DNA damage. The genes
of the SOS system are coregulated by a repressor pro-
tein, LexA, and the system is induced in response to
DNA damage when activated RecA protein interacts
with LexA, catalyzing autocleavage and relieving re-
pression (93). Exposure of bacteria to sublethal doses
of several important classes of antibiotics, including
fluoroquinolones such as ciprofloxacin (94), B-lactams
such as ampicillin (95), and trimethoprim (96), has
been shown to induce the SOS system (97). Antibiotic-
induced induction of SOS is associated with several
downstream effects that promote HGT of antibiotic re-
sistance genes and genes encoding virulence factors.
Examples include induction of integrating conjugative
elements (ICEs) such as SXT in Vibrio cholerae, which
encodes resistance to chloramphenicol, sulfamethox-
azole, trimethoprim, and streptomycin (98); induction
of several different temperate phages that package and
transfer a pathogenicity island encoding virulence fac-
tors in staphylococci (99, 100); induction of a prophage
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FIGURE 3 Effects of antibiotics on HGT and potential inhibition points.

encoding Shiga toxin in E. coli (101); and induction
of phages that package and transduce an antibiotic re-
sistance plasmid from Salmonella (102). There are also
reported examples where sublethal antibiotic exposure
promotes HGT of conjugative transposons (103, 104)
and plasmids (105), independently of SOS induction.
Another example of an SOS-independent effect on HGT
involves transcriptional activation of the com regulon by
of sublethal antibiotic exposure in Streptococcus pneu-
moniae, resulting in an increased frequency of trans-
formation (106).

Besides increasing rates of HGT as described above,
sublethal exposure of bacteria to antibiotics has also
been shown to increase the rate of homologous recom-
bination between divergent sequences (107), increasing
the probability of successfully recombining HGT genes
into a recipient genome. SOS induction by antibiotic
exposure has also been shown to increase cassette re-
arrangements within integrons (108), and in one case
an antibiotic-induced rearrangement was shown to re-
sult in increased expression of a B-lactamase in a clinical
isolate of Pseudomonas aeruginosa (109).

Efforts To Interfere with

HGT of Resistance Genes

In the sections above we have presented evidence that
a major source of antibiotic resistance is through ac-
quisition of resistance genes in HGT events, sometimes
stimulated by the presence of antibiotics in the envi-
ronment. This raises the question of whether it is pos-
sible to interfere with HGT rates, and if so, how and
where this should be done. Different antiresistance drug
strategies have been suggested, some directed against
plasmid-borne resistance and others aimed at develop-
ing drugs to suppress the SOS response. The direct

antiplasmid approach includes the discovery of small
molecules that interfere with plasmid replication, that
activate plasmid-borne toxin genes, or that interfere
with plasmid-mediated conjugation (110, 111). The het-
erogeneity of plasmid replication systems and of toxin-
antitoxin systems argues that it might be very difficult to
identify drugs with a useful spectrum of activity against
these targets. Currently there is ongoing research into
small-molecule drugs or antibodies that can interfere
with plasmid conjugation systems. Unsaturated fatty
acids (oleic and linoleic acids) were discovered to inhibit
bacterial conjugation, acting on a clinically interesting
range of Gram-negative bacteria including Escherichia,
Salmonella, Pseudomonas, and Acinetobacter species
(83, 112), by targeting a type IV secretion traffic ATPase
(113). Recently, after screening a library of bioactive
compounds from aquatic organisms, tanzawaic acids
(fungal polyketides) were identified as inhibitors of IncW
and IncFII conjugation systems (114). Because each of
these conjugation-inhibiting compounds is a relatively
nontoxic natural product, they may have uses in natural
environments to reduce conjugation frequencies, or in
therapy in combination with antibiotics. A very inter-
esting recent finding is that bacterial conjugation effi-
ciency is reduced by coculture with human intestinal
cells, with the data suggesting that a secreted protein or
peptide is responsible for the effect (115). This discovery
opens up the possibility that a drug therapy could be
developed to modulate conjugation of multidrug resis-
tance plasmids in the human gut.

The second approach to control HGT of resistance
genes is to investigate the possibility of developing
drugs that reduce induction of the bacterial SOS re-
sponse. It was previously shown that the accumulation
of chromosomal mutations conferring resistance to
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fluoroquinolones or rifampin in E. coli in an in vivo in-
fection model was strongly dependent on the bacteria
having an active SOS response (116). This suggested that
drugs capable of altering the bacterial SOS response
would be generally useful in reducing the evolution of
resistance because they could reduce mutation rates
to resistance, reduce rates of HGT of resistance genes,
and possibly act as adjuvants to DNA-damaging anti-
biotics (117). Screening programs have already iden-
tified several small-molecule inhibitors that prevent
or reduce the ciprofloxacin-induced SOS response in
E. coli (118), Staphylococcus aureus (119), or Myco-
bacterium tuberculosis (120), raising the hope that some
compounds might be developed further into clinically
useful drugs.

TRANSMISSION OF RESISTANT CLONES

In the previous section, we discussed HGT of resistance
genes. However, for a resistant gene to be a clinical
problem it must be associated with a genome that is
successful in terms of its ability to promote bacterial
transmission from the environment to a human host,
or from host to host. In this section, we discuss some of
the important routes and modes of transmission and the
role played by successful epidemic clones in spreading
multidrug resistance globally. Finally, we discuss some
of the measures that might be implemented to reduce
rates of transmission.

Reservoirs of Resistant Bacteria

and Modes of Transmission

In recent years several reviews have been published de-
scribing and discussing the ecological resevoirs of resis-
tance genes and resistant bacterial pathogens, as well
as the major routes of transmission (46, 121-125). The
most important conclusion from these reviews is that
there is currently very little evidence to quantify either
the magnitude or the direction of transmission of resis-
tance genes or pathogens between humans and any of
these reservoirs. Here we limit ourselves to briefly sum-
marizing some of the main points and conclusions from
these reviews, before considering in more detail the
significance of successful bacterial clones in the global
dissemination of multidrug resistance. There is a great
need for systematic, well-designed, long-term research,
using metagenomic sequencing techniques, to map and
quantify the routes and directions of transmission of
both mobile resistance genes and resistant bacterial
pathogens. At the moment, the only robust conclusion
that can be made is that the anthropogenic use of anti-
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biotics has almost certainly led to the contamination of
many environments with antibiotic-resistant bacteria.
What is not clear is the degree to which this contami-
nation is responsible for the resistance problems within
human populations. Acquiring high-quality information
to quantitatively answer this question, using molecular
typing on human, animal, and other environmental iso-
lates, is essential for designing appropriate intervention
strategies in the future.

The Role of Successful (Epidemic) Clones
Antibiotic resistance, whether arising due to mutation
or by HGT, could in principle be selected in any of
the bacteria within a pathogen population. However,
whether a particular resistant clone subsequently be-
comes the founder of a bacterial population that causes
a significant clinical problem depends on many factors,
in particular its relative fitness in a range of appropriate
environments and its transmissibility (Fig. 4). With the
increasing use of whole-genome sequencing to analyze
antibiotic-resistant bacterial pathogens, it has become
clear that many of the major resistance problems are
associated with a few successful bacterial clones within
a species. Here we shall examine the evidence for
clonal success, focusing on two of the most problematic
multidrug-resistant Gram-negative pathogens, E. coli
ST131 and K. preumoniae ST258.

E. coli ST131

Although E. coli lives as a commensal of the gastro-
intestinal tract of humans and other animals, some
genetic variants have developed into extraintestinal
pathogens (126). Within the past 20 years a clone of
the sequence type ST131 has become the predominant
multidrug-resistant extraintestinal E. coli human path-
ogen globally (127). Its phenotype includes resistance
to fluoroquinolones and extended-spectrum cephalo-
sporins, primarily associated with CTX-M-15 (128,
129). Genome-wide sequence analysis of historical iso-
lates by several groups has provided evidence supporting
the hypothesis that ST131 is clonal and delineating its
recent evolutionary history. An allele of fimsH (encoding
the type I fimbrial adhesin gene), designated fireH30,
was identified as a signature of the globally dominant
clone of ST131 (130). Fluoroquinolone resistance ap-
parently evolved in the early 2000s, in a single ancestor
within the H30 lineage of ST131, referred to as H30-R
(131). ST131 isolates can carry plasmids with different
B-lactamase genes, but most frequently carry CTX-M-15
(127, 132-137). More than 90% of the CTX-M-15-
producing isolates of ST131 form a single-ancestor sub-
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FIGURE 4 Generic scheme for the creation and spread of globally successful antibiotic-
resistant clones. In all environments (human, animal, and the wider environment), there
are bacterial variants with resistance plasmids, resistance mutations, resistance genes,
virulence genes, genes that increase transmission, etc. The mechanisms of HGT, coupled
with selection by use of antibiotics, can select for combinations of these elements
in one clone. When a clone arises that combines clinical resistance with high fitness
and transmissibility, such a clone can spread through the global human population and
become a dominant successful clone such as ST131 or ST258.

clone (associated with three additional single nucleotide
polymorphisms) within the fluoroquinolone resistance
H30 lineage, referred to as H30-Rx (138). Together
these data strongly support the hypothesis that ST131 is
a successsful multidrug-resistant clone that has spread
globally in the recent past, raising the question of which
features make ST131 such a successful pathogen. It is
apparently associated with a high level of host-to-host
transmissibility within household and hospital settings
(137, 139, 140) and is more virulent than non-H30
ST131 isolates (141), but the responsible virulence fac-
tors have not yet been identified (127). Recent com-
prehensive genomic analysis of ST131 isolates from
varied sources provides strong evidence that not only are
there multiple subtypes of ST131 circulating but that a
key feature of their success has been the accumulation
of compensatory mutations in regulatory regions in re-
sponse to acquisition of multidrug resistance plasmids

(72). ST131 has apparently not reached the end of its
drug resistance evolutionary trajectory because there are
increasingly frequent reports of carbapenemase resis-
tance in ST131 isolates from around the world (142-
149).

K. pneumoniae ST258

K. pneumoniae is a major cause of hospital-acquired
pneumonias and bloodstream infections. Antibiotic resis-
tance is a major problem, and it has become much worse
in recent years as resistance to carbapenems, the preferred
last-resort agents, has increased globally (150). Resistance
to carbapenems in K. preumoniae is due to plasmid-borne
carbapenemases, KPC-2 and KPC-3 (151, 152), mainly
associated with a global pandemic strain, ST258 (71).
ST258 (clade II) originated after a major recombination
event between the chromosomes of two different K. preu-
moniae strains, ST11 and ST442, together with acquisi-
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tion of an ICE (ICEKp258.2) encoding a type IV pilus
and a type III restriction-modification system (153). In a
subsequent recombination event, the capsular polysac-
charide region of the chromosome was replaced with the
equivalent region from K. preumoniae strain ST42 to
create ST258 (clade I) (153). The success of both ST258
clades may be closely connected with the presence of
ICEKp258.2, which facilitates the carriage of KPC genes
on narrow-host-range IncF plasmids (154). In contrast, its
ancestor ST11 (which lacks ICEKp258.2) is associated
with different carbapenemases carried on broad-host-
range plasmids (155, 156).

Comparing E. coli ST131 and K. pneumoniae ST258
can provide some insights into how globally success-
ful clones can originate. ST131 may be an example of
an accident waiting to happen: a preexisting successful
clone (with good virulence properties) that was initially
selected to global prominence by exposure to fluoroquin-
olones (spontaneous resistance mutations), and capable
of acquiring and maintaining IncF plasmids encoding
CTX-M B-lactamases, providing resistance to cephalo-
sporins (157). It has been speculated that the fluoro-
quinolone resistance mutations might also contribute by
reducing the carriage cost of IncF CTX-M plasmids (71),
although recent evidence suggests that a very important
role was played by the accumulation of compensatory
mutations affecting gene regulation (72). Accordingly,
ST131 emerged from a favorable genotype in a series
of relatively high-probability steps under selection by
human use of antibiotics. In contrast to ST131, ST258
had its origin in a chromosomal recombination event,
which together with the integration of ICEKp258.2 into
the chromosome created a unique hybrid strain (153).
Because we don’t know how unlikely this series of re-
combination events is, it is difficult to say whether the
creation of ST258 was a very unfortunate accident or a
frequent event waiting to be selected. This creation of the
chromosomal recombinant provided a suitable environ-
ment for the acquisition and maintenance of multidrug-
resistant IncF plasmids that also carry KPC-2 or KPC-3
enzymes (154). Whether, or which, additional features
of the ST258 genome are critical for its global success is
not currently known. ST131 and ST258 are not the only
examples of successful antibiotic-resistant clones. Other
high-risk resistant clones include Salmonella enterica
serovar Typhimurium DT104, whose creation involved
acquisition of the Salmonella genomic island 1 (158);
P. aeruginosa ST146, which is highly transmissible in
cystic fibrosis patients (159, 160); penicillin-nonsuseptible
vaccine-escape strains of S. pneumoniae (161, 162); and
the M1T1 clonal serotype of Streptococcus pyogenes,
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which evolved by multiple acquisitions of DNA encoding
virulence factors (163).

Strategies To Reduce Transmission

Although the rapid evolution and global spread of
ST131, ST258, and these other clones is alarming, their
very clonality holds out the hope that a deep under-
standing of the genetics of these individual strains might
provide clues for the design of targeted interventions,
leading, for example, to the application of novel anti-
virulence drugs or vaccines that, if successful, would
significantly reduce the burden on health care systems
globally (157, 162, 164). Additional research and in-
vestment is required to understand more fully the epi-
demiology of these successful clones to determine which
measures should be implemented to most successfully
reduce transmission. Several obvious strategies are fre-
quently suggested to reduce the reservoirs of antibiotic
resistance and the transmission of resistance genes or
resistant bacteria. Such measures include reducing the
release of antibiotics into the environment, reducing
unnecessary antibiotic use in medicine, reducing anti-
biotic use in animal husbandry and aquaculture, treating
wastewater plants to destroy antibiotic residues, im-
proving hospital hygiene, increasing patient isolation for
particular indications, and developing vaccine treat-
ments to replace antibiotic use where possible (121-
124). Information is available on the frequencies of
clinically relevant pathogens in environments as varied
as wastewater treatment plants, sewage sludge, and farm
animals. However, there is very little data on the rates
and directions of transmission of these resistant bacteria
and genes between humans and any of these environ-
ments (121, 123, 125). What is required to tackle the
transmission problem is a well-planned and long-term
surveillance program. Without such a program there is
a real danger that the major investment required could
be misdirected. The surveillance must be based on de-
tailed genetic and genomic analysis to identify bacterial
variants and genes with the aim of quantifying accu-
rately and in detail the major sources and directions of
transmission of resistance genes and resistant bacteria
between different environmental and biological com-
partments. Only with this information will it be possi-
ble to evaluate the effectiveness of alternative measures
designed to reduce the burden of resistance on human
health care.
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