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Summary

The ability of bacteria to evolve resistance to drugs has been recognized
since the discovery of penicillin in the 1920s. Compounded by a slow novel antibiotic development pipeline, the acquisition of resistance by pathogens is so
prevalent and widespread that the loss of arguably the most important medical
intervention of our period has become imminent. The challenge presented by
the epidemic of resistance requires a clinically sufficient strategy that specifically delays the evolution of resistance to safeguard the future utility of our available drugs.
In this dissertation, I approach the problem of resistance from the perspective of bacteria as they are exposed to drugs. I propose that the different responses both sensitive and resistant bacteria are able to produce during antibiotic treatment could help explain how resistance is maintained in the absence of
selection, and could aid in the development of treatment strategies that discourage the evolution of resistance.
First, I aimed to describe the relationship between antibiotic concentration
and the fitness of specific genotypes. I used a large set of sensitive and resistant
bacteria and measured growth and death rates of all the strains in a wide range
of drug concentrations. By doing so, I obtained fitness landscapes that were
found to be strongly heterogeneous. Combined with a mathematical model, the
results produced in this chapter suggest that the strong dependence of bacterial
fitness on specific antibiotic concentrations aids in the co-occurrence of both
sensitive and resistant strains.
In the following chapter, I describe a novel phenomenon that indicates a
connection between resistant bacteria and the antibiotic to which they are resistant. I find that growth of streptomycin resistant bacteria in high concentrations of the drug produces transgenerational fitness benefits in the presence of a
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second, unrelated drug. Revealing such effects impacts our understanding of
resistance as more than just a mechanism by which bacteria survive treatment,
but may also be adaptive in novel environments.
Last, I consider combination therapy as a tool that could be applied to delay the evolution of resistance. As an initial step towards the wider adoption of
pairs of drugs in the treatment of acute bacterial infections, I show that a basic
pharmacodynamic property of all antibiotics helps predict when an antagonistic interaction can be expected. Manipulating different interactions between
drugs has the potential to both increase clinical efficiency as well as control the
problem of resistance.

Zusammenfassung

Schon seit der Entdeckung des Penicillins in den zwanziger Jahren des
letzten Jahrhunderts ist bekannt, dass Bakterien Resistenzen gegen Antibiotika
entwickeln können. Aufgrund der Häufigkeit und der weiten Verbreitung von
Antibiotikaresistenzen und weil die Entwicklung von neuen Antibiotika nur
sehr langsam voranschreitet, droht die Gefahr, dass eine der wohl bedeutendsten medizinischen Errungenschaften bald wirkungslos wird. Angesichts dieser
Entwicklung braucht es eine klinisch wirksame Strategie, die spezifisch darauf
abzielt, die Evolution von Resistenzen zu verlangsamen, um die langfristige
Wirksamkeit der vorhandenen Antibiotika zu garantieren.
In dieser Dissertation untersuche ich, wie Bakterien während der Antibiotikabehandlung reagieren. Ich zeige auf, wie die unterschiedlichen Reaktionen
von resistenten und sensitiven Bakterien zum einen dabei helfen können, zu
verstehen, wie Resistenz auch ohne Selektion erhalten bleibt, und zum anderen
zur Entwicklung von Strategien zur Verminderung der Resistenzevolution beitragen könnten.
Zuerst beschreibe ich den Zusammenhang zwischen der Konzentration
von Antibiotika und der Fitness von spezifischen Genotypen. Ich habe die
Wachstums- und Todesraten einer grossen Anzahl von sensitiven und resistenten Bakterienstämmen innerhalb einer breite Spanne von Antibiotikakonzentrationen gemessen. Die dabei erhaltenen Fitnesslandschaften stellten sich als sehr
heterogen heraus. In Kombination mit einem mathematischen Model legen
diese Resultate nahe, dass die starke Abhängigkeit der bakteriellen Fitness von
der Konzentration des Antibiotikums das gemeinsame Auftreten von sensitiven
und resistenten Bakterien ermöglichen kann.
Das nächste Kapitel beschreibt ein neuartiges Phänomen, das eine
spezifische Interaktion zwischen resistenten Bakterien und dem Antibiotikum,

iii

gegen das sie resistent sind, andeutet. Streptomycin-resistente Bakterien, die in
einer hohen Konzentration des Antibiotikums wachsen, zeigen einen transgenerationellen Fitnesszuwachs, wenn sie in Gegenwart eines zweiten, nicht verwandten Antibiotikums wachsen. Das Aufdecken solcher Zusammenhänge
beeinflusst unser Verständnis von Resistenz als einem Mechanismus, der nicht
nur das Überleben einer Antibiotikabehandlung ermöglicht, sondern auch eine
adaptive Funktion in neuen Umgebungen hat.
Im letzten Kapitel betrachte ich Kombinationstherapie als ein Instrument,
das die Evolution von Antibiotikaresistenz verzögern könnte. Als erster Schritt
in Richtung eines grossflächigeren Einsatzes von Paaren von Antibiotika für die
Behandlung von akuten bakteriellen Infektionen zeige ich, dass eine grundsätzliche pharmakodynamische Eigenschaft aller Antibiotika vorherzusagen hilft,
ob eine antagonistische Interaktion zwischen zwei Antibiotika erwartet werden
kann. Durch die Manipulation der verschiedenartigen Interaktionen zwischen
Antibiotika wird es unter Umständen möglich, sowohl die klinische Effizienz
zu erhöhen als auch das Resistenzproblem unter Kontrolle zu bringen.
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1
Introduction

Antibiotics are arguably the most important medical discovery in human
history to date. Since the introduction of antibiotics to the clinic in the 1920s, infections that were commonly fatal are now merely common and prophylactic
antibiotic use has made modern surgery possible [1]. Bacteria, however, have
kept pace with this innovation and have quickly evolved mechanisms to resist
killing by every antibiotic shortly after each drug was made available to patients [2]. Now that the prolific drug discovery period of the 1940s to the 1960s
has ended, the problem of antibiotic resistance has caught up and the risk of a
pathogen becoming resistant to every drug available has become real [3].
Laboratory studies of resistance have primarily and appropriately focused
on the survivors of antibiotic exposure. Identifying the mechanisms of resistance bacteria employ has guided the search for new drugs and informed the
design of completely synthetic antimicrobials [4,5]. Currently, every antibiotic
on the market targets an essential function in bacteria. This is due to the principal role such mechanisms perform in facilitating normal bacterial physiology,
as well as the high conservation across bacterial pathogens that increases the
range of species susceptible to a drug that targets these processes [6]. These include classes of drugs that inhibit cell wall biosynthesis, ribosomal activity, and
DNA replication and repair [7]. Individual drugs within each drug class may
differ in terms of their potency, cellular bioavailability, range of susceptible bacterial species, associated adverse reactions, and even in the kind of resistance
mechanism most commonly attributed to the drug. The repertoire of available
antibiotics is in the hundreds [8]. However, considering the likelihood of resistance and the needs of individual patients in terms of contraindications, the
options for patients who harbor resistant pathogens shrink to a handful. It is
important to note that resistance to the most widely used drug of last resort,
vancomycin, is steadily increasing in frequency [9].
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The crux of the antibiotic resistance epidemic we face today, in terms of its
longevity and the speed of its spread, can be related to the fitness costs attributed to resistance. These costs are consistently among the most important factors
that determine the rate and extent of the emergence of resistance [10–12]. The
cellular machinery responsible for essential bacterial functions have evolved
over millennia and while resistance mutations on these genes may allow for
continued growth in the presence of an antibiotic, a variety of fitness costs often
manifest when drug is withdrawn. These include reductions in growth rate or
virulence, or in increased clearance rates [13]. It was assumed, therefore, that
the absence of selection would disfavor the maintenance of costly resistance.
This has clearly not been the case and is exemplified by the increasing rise in
community-acquired resistant infections [14–16]. This troubling statistic suggests that resistance determinants are readily acquired in areas where drug use
is limited, and the bacteria that carry these genes or mutations are able to compete effectively against environmental strains. A reevaluation of our understanding of antibiotic resistance and the fitness deficits this may entail is overdue.
The problem of resistance from the perspective of bacteria undergoing antibiotic exposure
In this dissertation, I argue that broadening the frame of study to include
the responses of bacteria during antibiotic treatment can help explain different
facets of the problem of antibiotic resistance. Specifically, I suggest that the
presence of antibiotics is an important though currently overlooked context in
which to measure bacterial fitness and document bacterial responses. In the first
two research chapters, I address aspects that contribute to the magnitude and
urgency of the problem of resistance. I provide evidence that suggests a role for
antibiotic exposure in maintaining resistance as well as proposing a means in
which resistant bacteria treated with antibiotics can be favored in the presence
of a second, unrelated antibiotic. Last, I consider novel treatment strategies
aimed at reducing the probability of resistance and demonstrate how an understanding of the responses of bacteria to antibiotics is a crucial first step in developing clinically effective and sustainable therapeutic regimes.
As a framework for the entire dissertation, here I review the mechanisms
of resistance and resistance acquisition, how this relates to fitness costs, and
importantly how environment affects fitness. Second, I examine facets of the
problem of resistance that I contend are best approached from the perspective
of bacteria as they endure and respond to antibiotic therapy. These aspects are
then addressed in the subsequent research chapters.
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Mechanistic links between antibiotic resistance, fitness costs, and environmental context
The first distinction that needs to be made is to separate resistance determinants into chromosomal mutations that alter the targets of antibiotics, and
dedicated resistance genes that are usually carried by accessory elements. The
second category primarily consists of enzymes that specifically degrade or
modify antibiotics, or pumps that remove the antibiotic from the cell.
In Chapters 2 and 3, I employ S. enterica and E. coli bearing mutations on
rpsL, which grants resistance to streptomycin. This drug binds to the 16S rRNA
of the 30S ribosomal subunit and induces codon misreading [17]. Although the
clinical utility of this antibiotic is limited due to the intravenous mode of delivery required, the variety of mutations and the associated costs and characteristics these mutations impart on bacteria has established streptomycin as a cornerstone of many laboratory studies. Numerous mutations on rpsL, the gene
that encodes the highly conserved S12 protein of the ribosomal accuracy center,
lead to resistance to streptomycin [18]. The diversity of effects of mutations on
rpsL ranges from no costs on fitness, severe reductions in fitness in vitro and in
mice, and even dependency on the presence of the drug for growth [19]. As a
concrete illustration of the relationship between resistance and cost, in some
cases the mechanism of resistance and the mechanism underlying the fitness
cost are the same. The codon misreading produced by streptomycin can be corrected by so-called restrictive rpsL mutations; this sub-group of mutations increases the rate of proofreading and translational accuracy at the expense of decreasing protein elongation rates [20]. Irrespective of the mechanism of action of
an antibiotic, the majority of studies report fitness costs associated to resistance
caused by a mutation to the target of a drug [21].
While resistance determinants carried on extra-chromosomal elements
such as plasmids do not involve changes to essential cellular machinery, a
number of studies have similarly reported fitness costs associated with the carriage of plasmids [22]. The plasmid itself may result in a cost to the cell via the
metabolic burden it imposes through it’s maintenance and duplication during
every cell division event [23]. The expression of dedicated resistance enzymes
may impose some energetic cost, and efflux pumps may increase the permeability of the cell wall leading to the leakage of cellular components [24]. Currently
however, it is not certain how common these costs are and how they may
change across different combinations of plasmids and hosts. Furthermore, regulatory systems encoded in the plasmid may help limit the expression of these
genes thus reducing costs in the absence of drug [25]. Finally, instead of ameliorating the costs of a resistance element carried by a plasmid to favor the
maintenance of this trait, plasmids often have mechanisms that ensure their
faithful transmission to each daughter cell during cell division [26]. As a consequence, the mechanisms that aid the transmission of plasmids indirectly aid the
maintenance of the genes carried on the plasmid. In addition, the problem of
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resistance is exacerbated by the ability of some plasmids to infect many different bacterial species. This could lead to the swift dissemination of resistance
across a particular bacterial population, and even across diverse bacterial communities.
Regardless of the location of a resistance determinant, either on the chromosome or on an accessory element, an increasing number of studies highlight
the importance of environment in exposing costs to resistance. The costs of norfloxacin resistance in E. coli, the most common causative agent of urinary tract
infections, varies depending on whether fitness is measured in vitro, in urine, or
in a mouse [27]. Furthermore, the relationship between environment and resistance may have unexpected effects besides modifying fitness costs due to resistance. Environmental changes may even facilitate the evolution of resistance,
as when E. coli evolved in high temperatures but in the absence of any antibiotic
consistently acquired resistance mutations to rifampin [28]. The opposite has
also been observed with environment constraining the evolutionary trajectory
of bacteria. While bacteria containing a costly fusidic acid resistance (FusR) mutation passaged in rich media were able to acquire secondary mutations that
alleviated their fitness loss (see Chapter 2 for more on second-site compensatory mutations), this was not observed in the same bacteria passaged in mice.
Mechanistically, this is believed to be caused by the altered levels of the nucleotides (p)ppGpp in FusR mutants [29]. These nucleotides are pleiotropic regulators of gene expression and changes in their concentration affect virulence
genes, which in turn influences the fitness of FusR bacteria in mice [30]. Finally,
the environmental context in which bacteria are observed has been shown to
have clear clinical implications. Some types of colistin resistance in the hospitalacquired pathogen, Acinetobacter baumanii, only become detectable when the
environmental growth conditions of the clinical assay are altered [31]. A range
of growth conditions are necessary to not just accurately describe the costs of
resistance but in some cases even reveal the presence of resistance.
In the following two chapters, my experiments employ chromosomal mutations for their strong and varied fitness costs. I take an under appreciated perspective and consider the effect of antibiotics on the fitness of resistant bacteria.
This is an integration of two well-studied ideas: since resistance mutations are
often costly and the costs of resistance can vary depending on environment, one
would expect that an antibiotic-containing environment may affect the fitness
or responses of bacteria resistant to that antibiotic. The results I present in the
proceeding chapters demonstrate how this perspective adds to our understanding of resistance - how it is maintained, how it may extend in scope, and how
the effects in the presence of an antibiotic may even be harnessed to inform the
choices we make in the clinic.
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Maintenance of costly antibiotic resistance
Although antibiotic resistance in human pathogens was first recognized
shortly after antibiotics had been put to use in medical settings, there are still
basic aspects of this problem that we do not fully understand [2]. This gap in
our conception is exemplified in our insufficient attempts at devising strategies
that can reverse the evolution of resistance or even control its spread. In seeking
to achieve both of these goals, studies have focused on the disparity in fitness of
resistant genotypes in the presence and absence of drug selection. Since antibiotic treatment would without question favor resistant over sensitive bacteria,
the opposite scenario was similarly the expected outcome; a reduction in antibiotic usage was thought to favor replacement of resistant by sensitive bacteria
[32]. The rise of resistant pathogens in areas where antibiotic use is limited has
lead to an adjustment in our perception of the conditions in which resistance
emerges and is maintained [14]. Studies aimed at explaining this result have focused on the genetic mechanisms by which bacteria reduce fitness costs due to
resistance in order to remain competitive against sensitive bacteria, and more
recently whether and how different environments may affect this competition
[30,33]. One such important environmental factor is clearly the presence or absence of an antibiotic, but also the effect of varying antibiotic concentrations.
A direct test of the hypothesis that withdrawing an antibiotic would expose the fitness difference between sensitive and resistant bacteria and would
thus negatively impact the maintenance of resistance was performed in an entire county in Sweden from 2004 until 2006 [34]. The folate synthesis inhibitor
trimethoprim was voluntarily discontinued, replaced with an appropriate alternative, and resistance was monitored in Escherichia coli isolated from urinary
tract infections. Although trimethoprim-containing drug use dropped by 85%,
no appreciable effect on the frequency of resistance was reported. Laboratory
experiments suggested that a lack of detectable costs as well as strong coselection by other antibiotics were responsible for this disappointing result.
Although it is clear that therapeutic levels of drug quickly select for resistance, the role of low antibiotic concentrations that are present in many environments has only recently been studied. Using highly sensitive competition
assays, Gullberg and colleagues demonstrate how selection for resistance could
occur in antibiotics several hundred-fold below the minimal inhibitory concentration [35]. They show that while the deleterious effects on susceptible bacteria
in very low antibiotic levels may be slight, the disparity this creates between the
fitness of sensitive and resistant genotypes is nevertheless sufficient to favor resistant bacteria.
While the competition between resistant and sensitive bacteria can be affected by small changes in fitness induced by sub-inhibitory amounts of antibiotic, little attention has been paid to how antibiotics may influence competition
among only resistant bacteria. Depending on the resistance determinants they
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carry, these bacteria will express varying degrees of fitness, virulence, and susceptibility to antibiotics. Depending on their genetic background, resistant bacteria may even vary in their probability of reverting back to an antibiotic susceptible genotype.
In Chapter 2, my collaborators and I ask how antibiotic concentration and
secondary mutations may affect the fitness of sensitive and resistant bacteria,
and whether this interplay can predict the likelihood of reversion. The second
site mutations we assess are a commonly recognized but poorly understood
mechanism by which pathogens are thought to modulate costly resistance. Instead of losing the mutation responsible for resistance, numerous laboratory
studies have shown that bacteria are more likely to acquire a second-site mutation that is only beneficial in the presence of the resistance mutation [36–40]. In
this chapter, we probe the relationship between fitness and drug concentration
by creating fitness landscapes of sensitive and resistant bacteria to determine
whether combinations of drug levels and mutations may lead towards reversion.
Genetic and environmental interactions that aid the spread of resistance
The costs of resistance play a central role in determining whether resistance is maintained, spreads, or is lost [41,42]. The rise of multidrug resistant
and even extensively drug resistant tuberculosis suggests that bacteria are able
to modify these costs, or survive despite these costs [43,44]. Understanding the
process by which bacteria acquire and retain not just one but many costly resistance elements is necessary in addressing and preventing the challenging infections we already face.
A specific resistance mutation may impose a range of costs dependent on
the genomic context. These fitness effects may vary in strength or even form
contingent on the presence of other mutations, including a second resistance
allele. Using Escherichia coli transduced to carry pairs of different mutations,
Trindade and colleagues performed competition assays in the absence of drug
to measure epistasis between resistance determinants [45]. Besides the pervasive positive epistasis they find between resistance alleles with respect to fitness
in the absence of drug, they also report that some cases of double resistance
produce no measurable cost or are even beneficial when combined. Altering the
deleterious effect of single resistance mutations with a second resistance allele
provides a possible explanation for why multidrug resistance is so widespread
and why its eradication is so difficult.
Aside from mutations, one study has implicated the environment in ameliorating the costs of deleterious mutations. Slow growing bacteria created via
random mutagenesis were grown in the presence and absence of different
stressors to determine whether such environments could reduce the average
cost of a deleterious mutation [46]. Researchers used a variety of conditions
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ranging from osmotic pressure to low temperature, including low concentrations of antibiotics. In contrast to the perception that carrying a deleterious mutation reduces an organism’s tolerance to stress, they find certain environments
that on average alleviate the cost of random deleterious mutations.
Medically important bacteria, both pathogens and commensals, navigate
environments in which they are exposed to a large range of antibiotics and antibiotic concentrations. These include their time within a human host in which
drug penetration and first-pass metabolism will create patches of low and high
drug, and as they travel between hosts such as in hospitals where antibiotics are
in abundant supply. In Chapter 3, I ask whether environments containing subinhibitory antibiotic concentrations may alleviate the cost of a resistance mutation to a second antibiotic. In the course of addressing this question, I find surprising results that indicate how growing resistant bacteria in the antibiotic to
which it is resistant will affect its future success in a second drug. These findings have implications on how antibiotic pollution may promote the maintenance of costly resistance, and also induce a range of responses only available
to resistant bacteria.
Manipulating cellular responses to antibiotics
Our nearly 100 years of experience using antibiotics in the clinic has
shown repeatedly that pathogenic bacteria will evolve resistance to the drugs
we discover or develop. This observation, however, has not changed the approach the scientific and medical communities advocate in tackling bacterial
resistance. Although new molecules such as biofilm or virulence determinants
are being recommended as targets for novel antimicrobials, history suggests
that revitalizing the antibiotic pipeline is only a temporary solution [4,47,48].
The ease at which bacteria acquire, maintain, and even diversify their resistance
arsenal demands a solution that combines novel drug discovery with sustainable drug policies that aim to delay the evolution of resistance and lengthen the
useful life of our available antibiotics.
The gold standards in the treatment of the most widespread chronic infectious diseases of our period, HIV and tuberculosis, explicitly consider the prevention of resistance in their rationale [49,50]. In both examples, using combinations of drugs has been shown to effectively delay resistance. For these diseases, the chronic nature of the infection demands a sustained treatment duration. This increases the opportunity of the pathogen to evolve resistance. Most
bacterial infections, however, are acute and drugs are prescribed for only a few
days. Treatment failure due to resistance is not yet a concern in devising antibiotic dosing strategies.
Though there are a few cases of acute bacterial infections for which combination therapy is recommended, the underlying reasoning for their usage is
to exploit a synergistic interaction between antibiotics [51]. These specific pairs
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of drugs together have been proven to produce an effect greater than the combination of their individual effects. Aside from synergy, pairs of drugs may also
interact in opposition with each other and such antagonistic interactions have
been shown to result in treatment failure [52–54].
The two principles of resistance prevention or drug synergism that form
the basis of combination therapy in chronic or acute infections are not in opposition to each other. The range of demonstrated benefits already attributed to
combination therapy suggests that a reappraisal of this strategy towards the
treatment of a larger number of bacterial infections has the potential to both effectively treat patients as well as delay the emergence of resistance.
As a first step towards the wider usage of combination therapy, in Chapter 4 I propose a simple explanation for when certain antibiotic pairs would result in an antagonistic interaction. I hypothesize that a basic pharmacodynamic
property of all drugs is a useful aid in predicting when a specific combination
will result in antagonism. Since the killing effect of bactericidal drugs is potentiated by active bacterial growth, we rationalize that these drugs would be antagonized by the simultaneous application of an antibiotic that induces cell stasis. We perform a screen of pairwise interactions among more than 20 different
antibiotics and find that a vast majority of antagonistic pairs are composed of a
bactericidal and a bacteriostatic drug. We confirm these findings for a subset of
these combinations on the population level using time kill curves and on the
single cell level using a microfluidic device. We provide direct visual and quantitative information on how the induction of cellular stasis leads to the survival
of a population exposed to inhibitory drug concentrations. Our results demonstrate how observations of bacterial responses to drugs could aid in the design
of new treatment strategies.
Insight into the problem of resistance from the perspective of bacteria exposed to antibiotics
Determining the resistance mechanisms of pathogens has lead to tangible
changes in how bacterial infections are treated. Among the oldest of the drugs
still in use today, antibiotics of the beta-lactam class are still valuable due to
such work. One of the most common mechanisms of resistance bacteria have
evolved against beta-lactams is beta-lactamase [7]. This enzyme directly degrades members of the penicillin, cephamycin, and carbapenem families. These
antibiotics remain effective, however, due to the development and inclusion of
beta-lactamase inhibitors in the same drug preparation as their beta-lactam
partners [55]. The discovery of beta-lactamase inhibitors also guided the design
of methicillin, a penicillin antibiotic insensitive to penicillinase. Unsurprisingly,
the continued utility of these drugs has come into question due to the emergence of resistance to beta-lactamase inhibitors and to methicillin [56].
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Pathogenic bacteria have consistently and quickly evolved resistance to
every drug employed in clinics, suggesting that novel drug design alone is only
a shortsighted response to the problem of antibiotic resistance. Although this
strategy has not proven to be sustainable, biomedical researchers and economists are clamoring for changes in policies from governments to address the
problem of resistance by revitalizing the antibiotic pipeline [57,58]. They argue
that a combination of tax incentives and advance purchase contracts would sustain the research and production of antibiotics to maintain our lead in treating
patients with resistant infections. It is not disputed that new drugs are sorely
needed, however this solution alone would only strengthen our dependence on
continuous drug development. The widening scope and increasing incidence of
resistant infections suggests that the manner in which antibiotics are prescribed
must be reassessed to safeguard the needs of patients, slow the evolution of resistance, and extend the useful life of the drugs we have.
In this dissertation, I argue that broadening the focus of study to include
how both sensitive and resistant bacteria respond to a range of antibiotic concentrations will provide new insights into an established, enduring, and increasing problem. As resistance has spread from the hospital to include the
community, our concept of when and how resistance emerges and is maintained must be similarly readjusted. In order to maintain our lead over constantly evolving pathogens, solutions to the problem of antibiotic resistance
cannot rely solely on the development of new drugs. Close attention must be
paid on how and to what extent antibiotics are deployed in treatment and in the
environment to delay the spread of resistance and preserve our ability to treat
bacterial infections.
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Abstract
The increasing incidence of resistant infections suggests that bacteria are
able to maintain their often costly resistance mutations even when antibiotic usage is low. Understanding the mechanisms by which bacteria reduce these fitness costs is a crucial first step in devising strategies to slow the progression
and address the possibility of reversing the evolution of resistance. The acquisition of a compensatory mutation, a second-site mutation that is beneficial in the
presence of a resistance mutation but is otherwise deleterious, is one means in
which bacteria are thought to alleviate the cost of resistance and to disfavor reversion to a sensitive state. Our current understanding of the effects of these
mutations is hampered by a lack of quantitative observations. In this study, we
sought to clarify the influence of compensatory mutations in maintaining costly
resistance by obtaining drug-dependent fitness landscapes involving different
compensatory mutations. We employed a set of S. enterica serovar typhimurium
strains consisting of one sensitive and one streptomycin resistant genotype, 17
variants of the resistant strain each bearing one specific compensatory mutation, and the corresponding sensitive genotypes each bearing the same compensatory mutations. The measurements of growth and death rates we performed across a large range of antibiotic concentrations described landscapes
that are characterized by a strong dependence on antibiotic concentration. We
find that the relative fitness of compensatory mutations in a susceptible and resistant strain background strongly depends on drug concentration. For some
concentrations, compensatory mutations increase the fitness of both sensitive
and resistant bacteria. We drew on these results to model the evolutionary dynamics of these genotypes as they undergo antibiotic treatment. The range of
effects we observed across different alleles in different drug concentrations led
to scenarios in which both resistant and sensitive genotypes co-occur.
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Introduction
The problem of antibiotic resistance is characterized not only by the ease
at which resistance determinants are acquired, or the frequency at which multidrug resistance is observed, but also by the duration in which resistance persists after drug use is discontinued. The troubling rise in resistant infections
suggests that there are gaps in our understanding of antibiotic resistance [1–3].
The acquisition of resistance is often associated with fitness costs to the bacteria;
these can manifest as reductions in growth rate or virulence, or increased rates
of clearance of the infection [4–6]. This disparity in fitness between resistant and
sensitive bacteria predicts that the discontinuation of a drug would cause a reduction in the incidence of resistant infections. Numerous experimental studies
testing this hypothesis instead observed the acquisition of compensatory mutations, second-site mutations that alleviates the cost of resistance but are deleterious on their own [7–12].Compensatory mutations may create a local fitness
peak with a fitness valley between the compensated resistant and the sensitive
genotype, which is then assumed to prevent or slow down reversion to susceptibility in the absence of drug.
In order to properly assess the influence of compensatory mutations in
maintaining costly resistance, it is first required to determine the conditions
under which such fitness peaks are created. Only one laboratory study has
measured the effects of these mutations in both the presence and absence of
drug [13]. They find that compensatory mutations selected when treatment is
withdrawn only increase fitness in a drug-free environment. Furthermore, although specific compensatory mutations to an assortment of antibiotic resistance
mutations have been identified, no study has measured the fitness effects of
compensatory mutations in a sensitive strain background.
Obtaining such information may help explain the divergent clinical results
– while laboratory experiments consistently cite compensatory mutations as
barriers to reversion, evidence from patients is inconsistent and inconclusive
regarding the influence of these mutations [12]. Reversion may also be more favorable in vivo than in vitro as indicated by a number of reports from individual
patients [4,14–16].
Recently, theoretical studies have sought to reconcile the contrasting reports from the lab bench and from patients. Attempts at bridging this gap have
considered the possibility of differential fitness effects in the presence and absence of drug, or the effect of fluctuating environments on determining reversibility [17,18]. Compensatory mutations have the potential to strongly influence
the evolution and maintenance of resistance. A more complete grasp of their
fitness effects is required to accurately assess their importance and devise strategies to prevent their acquisition.
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In this study, we contribute to the understanding of compensatory mutations by measuring the fitness effects as growth or death rates of all the relevant
genotypes across a wide antibiotic concentration range. The set of strains we
employ are described in [9]. In brief, the study in which the strains were produced sought to determine the diversity of mutations that can compensate for a
specific resistance mutation to streptomycin. They considered the K42N substitution on rpsL, which increases the rate of ribosomal proofreading leading to
decreased bacterial growth and decreased virulence in Salmonella enterica
serovar typhimurium. They serially passaged 81 independent lines of this mutant in the absence of antibiotic until fitness was observed to increase. Four lines
were found to have regained fitness by losing the resistance mutation, however
the 77 other lines remained streptomycin resistant and contained at least 35 different amino acid substitutions that did not appear during passage of sensitive
control lines. These 35 second-site mutations as well as the original resistance
mutation were separated and then combined again using P22-mediated transduction. The results we present are based on half of the set of strains they constructed.
Our study population consists of the sensitive S. enterica serovar typhimurium strain (denoted ++) and the streptomycin resistant version (R+), 17 resistant strains each bearing a specific compensatory mutation (RC), and the 17
corresponding sensitive strains (+C). We use our estimates of growth or death
rates to describe fitness landscapes in the absence of drug and then extend our
exploration from very low to high drug concentrations to determine the effects
these environments may have in shaping a genotype’s fitness. We apply our
experimental results to simulations of the evolutionary dynamics of these
strains as antibiotic therapy is applied and subsequently removed. In this fashion, our model determines the effect of compensatory mutations on the maintenance of costly antibiotic resistance and the likelihood of reversion to a sensitive
genotype.

Results
Increasing drug concentration produces diverse effects on fitness landscapes
Figure 1 depicts three plots, each showing the fitness measurements of a
different pair of RC and +C strains along with the ancestral sensitive and resistant (++ and R+) across the entire range of antibiotic concentration considered in this study. Supplementary Figure 1 presents the entire set of doseresponse curves.
The dose-response curves we obtained are highly heterogeneous and are
strongly dependent on antibiotic concentration. There are conditions in which
sensitive strains become less fit as drug increases, however the converse response is also evident - in all strains, across both sensitive and resistant geno-
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types, we find areas of drug concentration in which growth rate increases as antibiotic dosage also increases. An example of this is illustrated in the middle
panel of Figure 1, where the red line represents the fitness estimates for the RC
strain bearing the C mutation, rpsE T130I. As streptomycin concentration increases from 5 to 10 ug/mL, the fitness of this strain increases significantly (unpaired, two-tailed t-test assuming unequal variance, p = 0.0004). However a further increase in concentration from 10 to 15 ug/mL results in a significant decrease in fitness (unpaired, two-tailed t-test assuming unequal variance, p =
0.0001).
These effects are also allele specific as different compensatory mutations in
the same locus can produce significantly different growth or death measurements. As an example, consider an RC strain that contains either the rpsD N84D
or N84S compensatory mutations (Refer to panels Compensatory Allele #3 and
Compensatory Allele #4 in Supplementary Figure 1). The fitness of these two
RC strains do not differ significantly at 1000 ug/mL, however raising the drug
concentration to 10,000 ug/mL results in a significant drop in fitness of the
N84S strain in comparison to N84D (unpaired, two-tailed t-test assuming unequal variance, p < 10-8).
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Figure 1. Dose-response curves of three sets of streptomycin-sensitive (++),
streptomycin-resistant (R+), resistant and compensated (RC), and the corresponding sensitive and compensated genotypes (+C).
These plots depict the growth rates of a set of four genotypes across a range of
streptomycin drug concentrations. To allow for a clearer comparison of the genotypes, the ancestral sensitive and resistant strains are shown along with the fitness effects of sensitive and resistant variants bearing compensatory allele #2, allele #15, and allele #17 in the lowest graph. Closed circles denote the mean of
eight replicates (open circles).

21

As the original experimental conditions selected for mutations to emerge
in a resistant strain in the absence of drug, we observed all RC strains to have
higher fitness than R+ when there is no drug present. However, we found that
the presence of these compensatory mutations can either increase or decrease
the fitness of a resistant strain in the presence of drug. As an overview, Figure
2A plots the relative fitness differences between R+ and RC strains across every
drug concentration measured. The boxplots above the 0 line denote the fitness
advantage of RC over R+ strains as it extends across the range of drug concentrations measured, until the highest drug concentration where this situation reverses and RC strains had significantly lower growth rates than R+ (unpaired,
two-tailed t-test assuming unequal variance, p < 10-10).
The effects of the C mutations on the fitness of a sensitive strain span a
wider range. In the absence of antibiotic and of the resistance mutation, some
second-site mutations are deleterious while others displayed little to no cost, or
even increase fitness. Interestingly, these effects segregate according to the gene
of the C mutation. +C strains bearing mutations on rpsD were significantly less
fit than ++ in the absence of drug (unpaired, two-tailed t-test assuming unequal
variance, p < 10-5), while C mutations on rpsE or rplS did not significantly affect
fitness compared to the ancestral sensitive strain.
Our measurements of the effects of compensatory mutations on sensitive
and resistant genomic backgrounds confirms that the combination of effects of
mutation and dosage results in an RC strain being the most fit for a wide range
of drug concentrations. The diversity of the effects we observed, however, raises the possibility that specific dosage and mutation combinations can disfavor
the maintenance of resistance. This relationship between concentration and fitness may affect the widely acknowledged role of compensatory mutations in
maintaining resistance in the absence of selection. Bergstrom and Feldgarden
have described this effect as an “evolutionary lobster trap” [19]. They defined
this process as a genotype easily accessible under selection in one direction, but
difficult to leave when selection goes in the other direction. In the case of antibiotic resistance, a bacterial strain enters this trap if it acquires a compensatory
mutation that is beneficial in the resistant strain background but is deleterious
without the resistance allele.
Figure 2B shows how dosage can influence these fitness effects as the distribution of the relative magnitude of the lobster trap created by the compensatory mutations. Specifically, this graph plots the distribution of the relative fitness differences between each RC against the most fit sensitive partner, either
the ++ or the corresponding +C. Positive values denote the beneficial effect of
the compensatory mutation in a resistant background and the presence of a lobster trap situation – under that particular condition, reversion to sensitivity is
disfavored. Negative values, however, suggest the opposite and this is ob-
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served at very high antibiotic concentrations, as well as for some cases at subinhibitory concentrations.
Finally, Figure 2C extracts from each set of four strains (i.e., 17 sets of ++,
R+, RC, and +C, differing by the 17 specific C mutations) which genotype is fittest at each concentration. The mixture of R+ and RC at high concentrations and
++, +C, and even RC in the absence of drug reiterates the range of fitness effects
imparted by compensatory mutations originally selected in the absence of drug.
Whole Genome Sequencing
In order to corroborate the unexpected experimental results we obtained,
whole genome sequencing was performed on the ++ and four +C strains to determine whether the fitness effects we observed could be due to other genetic
changes aside from the introduced C mutations. The sequencing results revealed that the ++ and +C strains only differ by their respective C mutation.
Model results strongly depend on drug concentration
We applied our fitness measurements to model the in vivo dynamics of a
bacterial population subjected to five days of streptomycin therapy at a clinically relevant concentration, followed by three months without antibiotics (Figure
3A). We were interested in determining whether sensitive genotypes could be
detected under such conditions. We modeled 17 scenarios separately and allow
for mutations, both resistance and a single compensatory mutation, to evolve
and affect the population dynamics of the four emerging genotypes. Figure 3B
depicts the population dynamics we observed for strains permitted to acquire
allele #17. Finally, Figure 3C presents the average composition of the bacterial
population for all 17 scenarios after the treatment and withdrawal periods.
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Figure 2. Distributions of relative fitness effects of compensatory mutations.
A. The distribution of relative fitness differences between R+ and RC ((wRC –
wR)/wRC) across concentrations indicates the antibiotic conditions in which
bearing a compensatory mutation is beneficial (positive values) and in which
compensatory mutations incur fitness costs.
B. Compensatory mutations may “trap” the resistant genotype on a fitness peak.
This distribution of the relative magnitude of this trap ((wRC –
max(wR+,w+C))/wRC) reveals the conditions in which such a situation is present (positive values).
C. Plotting the proportions of the four genotypes in increasing drug concentration
according to their fitness reveals the heterogeneous effects of compensatory mutations – some can be beneficial in the absence of drug and the majority are deleterious at high drug concentrations.
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Figure 3. Model Results
A. Pharmacodynamics of the streptomycin treatment regime applied in the model. The sensitive ++ strain is exposed to a pulse of streptomycin reaching a maximum concentration of 40 ug/mL for 7 days, during which the resistance mutation as well as one specific compensatory mutation may evolve. Drug is then
withdrawn and the emerging populations compete and are observed for an additional three months. This simulation is performed for each of the 17 different sets
of RC, +C pairs.
B. Population dynamics of strains allowed to acquire compensatory allele #17.
C. Average composition of strain types for each of the 17 sets of four genotypes at
the end of the simulation.
D. To facilitate comparison, the relative fitness of all the genotypes to the ++ in
the absence of drug is presented.
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Simulations suggest compensatory mutations aid in the co-occurrence of resistant and sensitive genotypes.
Our simulations provide evidence for a role of compensatory mutations in
maintaining costly resistance in the absence of antibiotic selection – as well as
favoring the reemergence of sensitive genotypes. Although our theoretical
study yielded a wide variety of outcomes, the co-occurrence of sensitive and
resistant bacteria was consistent for all 17 compensatory mutations.
The variety in the results we observed is striking and some results in particular stand out. For example, though resistant genotypes are the most abundant in every situation, this is not always the RC strain – for some cases, the R+
strain is present at equal or even higher proportions. Similarly, while sensitive
genotypes are always present at the end of the observation period, there are
cases in which the +C comprises a larger fraction of the population than the ++.
Simulations underline the importance of fitness measurements performed
across drug concentrations
We observed that integrating the fitness measurements across a wide
range of drug concentrations had profound effects on the population dynamics
of resistant and sensitive bacteria in our simulation. Without these fitness landscapes, predictions would be made relying solely on fitness data in the absence
of drug (Figure 3D). Comparing Figures 3C and 3D, we found cases in which
the fitness measurements could not be used to estimate the simulation results.
For example, the +C and RC strains of allele #3 display similar fitness measurements in the absence of drug (Figure 3D). In contrast, our model predicts
that the RC would outcompete the +C (Figure 3C).
We next focused on the effect of antibiotic decay in influencing the results
of the model. The pharmacokinetics of an antibiotic are an important factor in
determining appropriate dosage strategies to achieve therapeutic concentrations for a sufficient duration to clear the infection, while avoiding the adverse
side effects related to excessive drug levels [20]. Our model accounts for the
gradual elimination of streptomycin that would be mediated by the kidneys
during treatment. The fitness measurements along these decreasing drug concentrations may also affect the competition of resistant and sensitive bacteria.
To illustrate the effect of decreasing concentration, Figure 4 considers two different pharmacodynamic scenarios. In the top panel of Figure 4A, we restrict
the previously applied observation period to only seven days of daily streptomycin treatment reaching a maximum of 40 ug/mL but then decays. Without
the data on fitness measurements at intermediate drug concentrations, one
would effectively simulate the effect of a single, continuous dosage (Figure 4B).
Aside from the quantitative differences between the two situations, there are
obvious qualitative disparities: the middle plot in Figure 4A displays the
reemergence of the drug-sensitive +C strain as the antibiotic concentration
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drops during the last day of treatment. Furthermore, information on fitness
across drug concentrations predicts the reemergence of sensitive bacteria in
5/17 cases while the other scenario does not (bottom plots in Figure 4).

Figure 4. Fitness across drug concentrations strongly affect the model
The top plots in this figure show the pharmacodynamics of the streptomycin
treatment regimes applied in the simulation. The middle plots depict the resulting population dynamics of a strain allowed to acquire compensatory allele #17.
Finally, the bottom plots display the average composition of genotypes for each
of the 17 sets of four genotypes at the end of the simulation
A) Knowledge of the fitness landscapes of sensitive and resistant genotypes allows for the consideration of intermediate drug concentrations during treatment
on the population dynamics of sensitive and resistant bacteria. Sensitive bacteria
are found to reemerge at low antibiotic levels in 5/17 conditions.
B) Ignoring the effect of varying dosage on fitness produces qualitatively different results – exemplified by the absence of any sensitive genotypes in every scenario.

Discussion
The rugged fitness landscapes of a resistance mutation and its compensatory
mutation partners could help reconcile conflicting clinical and laboratory
studies.
Our results suggest that mutations acquired to alleviate costly antibiotic
resistance can both avert or aid reversion to a sensitive genotype contingent on
both the specific allele and antibiotic concentration. Two primary features of the
fitness landscapes we produced could aid in explaining the diverse array of
findings across clinical and laboratory studies: First, increasing antibiotic concentration produces non-monotonic changes in the fitness of both sensitive and
resistant bacteria. Second, a significant proportion of compensatory mutations
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are neutral or beneficial in a resistant strain background even in the absence of
the resistance mutation.
Importantly, we find that the fitness of all four genotypes is strongly dependent on antibiotic concentration. For all four genotypes, we find areas of the
dose-response curve in which increasing drug concentration can either lower or
raise fitness. This latter case is known as the Eagle effect: Eagle and Musselman
first recognized that the dose-response curve for some antibiotics is not completely monotonic [21]. We observe this phenomenon in some of the sensitive
genotypes (++ and some of the +Cs). However the degree of this effect and the
antibiotic concentrations under which it is most evident vary across alleles.
These results suggest that some specific sub-inhibitory drug concentrations may
paradoxically favor sensitive over resistant bacteria.
Furthermore, we also note the Eagle effect in the resistant genotypes. The
rugged nature of the fitness landscapes for the R+ and RC strains demonstrates
that the rpsL K42N resistance mutation does not render these genotypes insensitive to the presence of streptomycin. It is conceivable that a different resistance
mechanism such as an efflux pump would simply lower the intracellular drug
concentration below the killing threshold while leaving the cell susceptible to
other effects an antibiotic may induce. Our results indicate that even resistance
mediated by a mutational target does not cause a strain to be completely immune to antibiotics. Furthermore, the acquisition of different compensatory
mutations by the resistant strain introduces additional epistatic effects on fitness across drug concentration.
Considering the effects of compensatory mutations on a resistant strain,
the question of when and where a compensatory mutation exerts its influence
has been addressed in numerous studies with a variety of results. These include
broad effects in which a second-site mutation selected under particular experimental conditions is only beneficial in that condition, or is also beneficial in another environmental context, or even the extreme opposite in which a compensatory mutation leads to the dependence of the bacteria to the drug for growth
[22–24]. Here, we find that the fitness increase imparted by C mutations selected in the absence of drug continues even when drug is present – that is, RC
strains have higher fitness than R+ across the majority of concentrations studied. Where and when the benefits of a compensatory mutation may manifest
will affect the trajectory of the resistant genotypes who bear them as they compete in the absence of antibiotics against wild type bacteria, or in the presence
of drug treatment where other bacteria may contain resistance determinants
that have little or no fitness cost.
One of the most striking findings of this study is our description of second-site mutations that are advantageous independent of the resistance mutation. The +C mutations that have beneficial effects without the resistance mutation, by definition, are not compensatory. However, their absence during exper-
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imental evolution of sensitive control lines and the significant proportion in
which they are observed among mutations selected in resistant lines is puzzling. There are at least two possible explanations for why these beneficial mutations are not found more frequently.
First, our results consistently show that the fitness of both resistant and
sensitive bacteria is dependent on antibiotic concentration, and their fitness can
either increase or decrease in response to small increases of dosage. It is therefore likely that many other environmental cues will have strong effects on fitness – the natural and even laboratory environment could then modulate or
even determine whether the effects of these mutations will manifest. More specifically, compensatory mutations that may be acquired to alleviate costly resistance in one environment may have a different effect in a resistant or sensitive strain background in a new environment. This may help explain the discrepancy between the frequencies of compensatory mutations observed in laboratory versus clinical studies. While laboratory experiments are most often
conducted under similar if not identical conditions, pathogenic bacteria are exposed to drastically different environments as they travel across the body’s
compartments.
Second, obtaining the resistance mutation could serve as a necessary step
towards the acquisition of compensatory mutations that are either deleterious
or beneficial in the absence of drug. Previous work has noted a comparable low
fitness mutational step as a required intermediate to the acquisition of beneficial
mutations. Fong and Palsson found that E. coli in whom metabolic genes have
been knocked out evolved to have higher fitness than their ancestor [25]. The
beneficial ribosomal mutations we characterized could imply that the evolution
of costly antibiotic resistance may lead to the acquisition of a novel set of mutations unavailable to the wild type.
Compensatory mutations and varying antibiotic concentrations increase the
number of evolutionary paths available to antibiotic resistant mutants
As previous theoretical investigations on the influence of compensatory
mutations in maintaining costly antibiotic resistance relied on data from only
sensitive, resistant, and resistant and compensated strains, and only in a few
antibiotic concentrations (namely in the absence or presence of antibiotics), we
used our estimates of growth and death rates to re-evaluate this issue. Our
model results illustrate how the combination of specific compensatory mutations in different antibiotic-containing environments can produce a wide variety of effects on the population dynamics of sensitive and resistant bacteria.
The result we find most substantial is that in the clinically relevant pharmacodynamic condition, all the 17 scenarios contain both resistant and sensitive
bacteria at the end of the observation period. This diversity is facilitated by dependence of the fitness of all genotypes on drug concentration, suggesting a
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previously unrecognized role of antibiotic concentration in aiding the
reemergence of sensitive bacteria.
As a future direction of this work, we are adapting our model to allow the
acquisition of all possible C mutations. Removing the restriction will allow for
the competition between different +Cs and RCs and not just between the sensitive and resistant versions of a specific C allele.
Taken together, the combination of our empirical and theoretical investigations on compensatory mutations highlight the importance of both specific
alleles and environmental context. Our work serves as the most comprehensive
study to date of the effects of mutations acquired in the absence of antibiotics to
alleviate the cost of a resistance mutation also in the absence of antibiotics. The
drug-dependent fitness landscapes we explored suggest that antibiotic concentration could play an important role in maintaining or disfavoring costly resistance. Our investigation of the relationship between genotype and drug concentration serves as an important initial step in predicting and possibly manipulating the evolutionary trajectory of antibiotic resistant bacteria.

Methods
Strains and Media
The variants of the Salmonella enterica serovar Typhimurium LT2 strain used
in this study were originally created and described in Maisnier-Patin et al, Mol
Micro 2002 [9]. In brief, the authors asked where and what sort of mutations
could compensate for a single costly antibiotic resistant. They replicate and serially passage a streptomycin-resistant strain bearing a K42N mutation in rpsL
in drug-free broth until they detect an increase in fitness. Target genes from the
resulting replicate cultures are then sequenced leading to the identification of
compensatory mutations. These single nucleotide substitutions were then separated and transduced into the ancestral drug resistant background, as well as to
the ancestral background lacking the resistance mutation. Our study population
consists of the ancestral antibiotic sensitive and resistant strains, 17 strains bearing the resistance mutation and a single identified compensatory mutation each,
and 17 strains containing only the compensatory mutations (Supplementary
Table 1). All experiments are carried out in LB media at 37°C.
Measurements of Fitness: Growth curves and Kill curves
Fitness as exponential growth rate was assessed for all strains in different
streptomycin-containing environments. This was determined as changes in optical density over time at 600 nm (OD600nm).
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Aside from growth rates measured in sub-inhibitory concentrations of
streptomycin, the death rates of all drug sensitive strains were measured by
taking cells in exponential phase and adding them to LB broth containing the
MIC and 5X the MIC of streptomycin (20ug/mL and 100ug/mL). The resulting
culture was then sampled at regular intervals via plating to determine the
number of colony-forming units. In addition, some genotypes exhibit increased
sensitivity to the drug and the death rates for these strains were also obtained at
every streptomycin concentration below 20 ug/mL.
The growth or death rates of all strains were measured in the following
concentrations of streptomycin in ug/mL: 0, 0.5, 2.5, 5, 10, 15, 20, 100. Additionally, the growth rates of all resistant strains were measured in the following
concentrations: 40, 60, 80, 100, 1000, 10000.
Model Description
In order to gain a better understanding of the evolutionary dynamics of
compensatory mutations in the presence of drugs at varying concentrations, we
constructed a mathematical model of a bacterial population evolving under mutation and natural selection. In this model, we consider the four genotypes ++,
R+, C+ and RC, where C can be any of our experimentally studied compensatory mutations. Let 𝑁! be the number of bacteria of genotype i
(𝑖 ∈ {++, R+, +C, RC}). The in vitro net growth rate of genotype i at a given drug
concentration A is given by our fitted fitness function for that genotype, 𝑤! (𝐴).
We assume that this net growth is a composite of (1) baseline growth that is dependent on genotype, (2) natural death at a rate d that is independent of genotype, and (3) additional death imposed by the antibiotics, depending on both
genotype and antibiotic concentration. Moreover, we assume that growth is
density dependent with carrying capacity K and that under in vivo conditions,
growth may reduced by a factor r. Mutations occur at rates 𝜇! and 𝜇! at the resistance and compensation locus, respectively, and we assume that forward and
backward mutations occur at the same rate.
With these assumptions, we arrive at the following system of ordinary differential equations:
𝑑𝑁!!
!"#
= 𝑁!! 𝑟𝑤!!
+𝑑
𝑑𝑡

1−

𝑁
!"#
− 𝑁!! 𝑤!!
− 𝑤!! 𝐴 + 𝑑
𝐾

− 𝜇! + 𝜇! 𝑁!! + 𝜇! 𝑁!! + 𝜇! 𝑁!!
𝑑𝑁!!
!"#
= 𝑁!! 𝑟𝑤!!
+𝑑
𝑑𝑡

1−

𝑁
!"#
− 𝑁!! 𝑤!!
− 𝑤!! 𝐴 + 𝑑
𝐾

− 𝜇! + 𝜇! 𝑁!! + 𝜇! 𝑁!! + 𝜇! 𝑁!"
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𝑑𝑁!!
!"#
= 𝑁!! 𝑟𝑤!!
+𝑑
𝑑𝑡

1−

𝑁
!"#
− 𝑁!! 𝑤!!
− 𝑤!! 𝐴 + 𝑑
𝐾

− 𝜇! + 𝜇! 𝑁!! + 𝜇! 𝑁!" + 𝜇! 𝑁!!
𝑑𝑁!"
!"#
= 𝑁!" 𝑟𝑤!"
+𝑑
𝑑𝑡

1−

𝑁
!"#
− 𝑁!" 𝑤!"
− 𝑤!" 𝐴 + 𝑑
𝐾

− 𝜇! + 𝜇! 𝑁!" + 𝜇! 𝑁!! + 𝜇! 𝑁!!

Here, 𝑤!!"# = 𝑤! 0 is the estimated net growth rate of genotype i in the
absence of drugs, and 𝑁 = 𝑁!! + 𝑁!! + 𝑁!! + 𝑁!" is the total population size.
We solved these differential equations numerically using the package deSolve
implemented in R (The R Foundation for Statistical Computing; http://www.Rproject.org).
For the simulation of pharmacokinetics, we assume that the maximal concentration is reached instantaneously and that the drug concentration decays
with a first order kinetics e-kt with k = 0.1.

Table 1. Parameters used in the model
Parameter

Value

Reference

109

Carrying capacity (K)
re-

10-9

[26]

Mutation rate at compensation locus

10-9

[26]

Death rate

1/24 [/h]

[27]

Growth rate

0.092 [/h]

[27]

Mutation rate
sistance locus

at
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Supplementary Table 1. List of strains and genotypes used in the study
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Abstract
Aside from death, antibiotics induce many different morphologic, physiologic, and genetic changes in drug sensitive bacteria. It is currently not clear,
however, whether antibiotics can similarly affect antibiotic resistant bacteria, or
what kind of changes this may include. In studying the costs of resistance to
one drug in antibiotic stress, we found an unexpected effect of streptomycin on
the fitness of future generations of streptomycin-resistant (SmpR) bacteria in a
second drug. Although sensitive and SmpR E. coli first grown in plain media for
24 hours both displayed slightly decreased growth rates when transferred to
fresh media supplemented with sub-inhibitory chloramphenicol, SmpR bacteria
first grown in streptomycin and then exposed to low chloramphenicol levels
exhibited growth rates significantly higher than wild type bacteria in the absence of any drug. This priming effect of streptomycin on SmpR strains was
found to be transient, specific for chloramphenicol, and required a concentration of streptomycin that is inhibitory to sensitive cells. Whole genome sequencing needs to be performed to determine the mutations underlying this mechanism. In this chapter, we describe the experiments performed to define this
novel phenomenon, and discuss the implications this may have on our understanding of antibiotic resistance.
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Introduction
The costs associated with a resistance determinant are among the most
important factors in determining both the speed and extent of the emergence of
resistance [1–4]. Bacteria have at their disposal a variety of mechanisms by
which they reduce or even remove these costs. These include the evolution of a
second-site compensatory mutation (see Chapter 2), or by evolving regulatory
mechanisms that control the expression of resistance genes [5].
An important consideration in measuring these costs is that environmental conditions have been found to have significant influence. As an example,
some specific resistance mutations that have been shown to be cost-free in in
vitro experiments have high costs when grown in laboratory mice, and the reverse has also been reported with costs revealed in laboratory media and absent
in mice [6,7].
Much more generally, Kishony and Leibler have shown that a variety of
environmental stressors can reduce the average cost of random deleterious mutations [8]. Among these cost-alleviating stressors they identified are subinhibitory concentrations of two antibiotics of differing mechanisms of action,
chloramphenicol and trimethoprim.
In this study, we initially sought to determine whether these same stressors – low concentrations of antibiotics - were able to reduce the cost of defined
deleterious mutations, specifically antibiotic resistance mutations. Recent studies suggest that antibiotics used in human or veterinary medicine may be leaking into the environment and influencing the rise of resistant infections [9]. Determining whether sub-inhibitory concentrations of various antibiotics alleviate
the burden of costly resistance could aid in defining the link between antibiotic
pollution and community-acquired resistant infections.
Unforeseen results lead to a reorientation of the project to instead characterize a novel phenomenon. The original experimental design involved obtaining resistant bacteria. This was achieved by plating an overnight culture of E.
coli on solid LB media supplemented with streptomycin to select for streptomycin resistant (SmpR) mutants. The growth rates of the resulting strains would
be measured in the presence of antibiotic stress. In contrast to previous work on
random deleterious mutations, we did not find that exposure to sub-inhibitory
concentrations of a second antibiotic alleviated the cost of resistance. Instead,
we found that the growth conditions 24 hours prior to the experimental treatment had a strong effect on fitness. In this chapter, I report on the experiments
performed to describe this novel, environment-specific effect and discuss the
possible implications this may have on the current concept of antibiotic resistance.
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Results
These results are based on a set of 20 SmpR E. coli strains that were generated via plating on LB agar supplemented with 100 ug/mL of streptomycin
over 48 hours. The general design of the experiment involves streaking a frozen
culture of the previously isolated SmpR strains – or wild-type strains as controls - onto a plain LB plate followed by incubation overnight at 37°C. Eight individual colonies of each strain are used to each inoculate a single well in a 96well plate containing media with or without streptomycin (pre-culture performed on day 0). After overnight incubation, the pre-culture is diluted 10,000x
into a second 96-well plate containing fresh media with or without a second antibiotic (experimental condition performed on day 1).
Resistant strains pre-cultured in plain media and then exposed to subinhibitory concentrations of chloramphenicol (0.2 ug/mL) had slightly lower
fitness than wild type. However, pre-culture in streptomycin primed the resistant strains to display significantly increased growth in chloramphenicol
(Fig. 1). Strikingly, primed resistant strains in chloramphenicol have significantly higher growth than the ancestral strain in plain media.
It is important to note that repeated attempts at isolating SmpR strains
that display this effect by plating new cultures of the ancestral strain on streptomycin have been unsuccessful. The growth rate measurements in chloramphenicol for the available strains, however, have been replicated many times
and results have been consistent.
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Figure 1. High concentrations of streptomycin increase transgenerational
fitness in sub-inhibitory chloramphenicol.
Each boxplot depicts the fitness of 20 SmpR strains in four experimental treatments relative to the ancestral wild type measured in plain LB. The conditions
from L to R are as follows: (1) pre-cultured in LB and then measured in LB, (2)
pre-cultured in LB and then measured in chloramphenicol, (3) pre-cultured in
streptomycin and then measured in LB, and (4) pre-cultured in streptomycin and
then measured in chloramphenicol. While cells in condition (2) had significantly
lower fitness than (1), unpaired, two-tailed t-test assuming unequal variance, p =
0.0003, changing the pre-culture treatment to condition (4) resulted in significantly higher fitness, p<10-12. The edges of the box mark the 25th and 75th percentile,
the horizontal line marks the median, the whiskers denote the maximum and
minimum of all the data.
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Priming is antibiotic-specific
The experimental treatment was repeated with the substitution of a subinhibitory concentration of the folic acid synthesis inhibitor trimethoprim (0.2
ug/mL) instead of chloramphenicol (Figure 2). The fitness of the resistant
strains pre-cultured in either plain broth or with streptomycin was both found
to decrease slightly and were not significantly different from each other.
Growth rate measurements performed in two other concentrations of trimethoprim, 0.02 and 0.1 ug/mL, did not produce any discernible effect on fitness
of the resistant strains (results not shown).

Figure 2. Transgenerational fitness benefit is not induced by sub-inhibitory
concentrations of trimethoprim.
The relative fitness of SmpR strains is not significantly different from the wild
type during exposure to the folate inhibitor trimethoprim. (unpaired, two-tailed
t-test assuming unequal variance, p=0.77)
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Increased fitness is partly due to an interaction of chloramphenicol and dilute concentrations of streptomycin
Since there was no washing step in between the pre-culture and experimental conditions, it is possible that the high fitness observed by primed strains
in a second antibiotic is due to a direct interaction between diluted streptomycin and chloramphenicol. To test this, un-primed strains were grown in subinhibitory chloramphenicol and a range of low streptomycin concentrations. To
rule out whether the incubation step had an effect on streptomycin, LB with 100
ug/mL streptomycin was shaken at 37°C without cells and then diluted 10,000x
before being applied to resistant cultures with chloramphenicol (Figure 3). The
combination of a low streptomycin concentration and chloramphenicol induced
a fitness increase significantly higher than strains pre-cultured in LB and grown
in LB (unpaired, two-tailed t-test assuming unequal variance, p=0.02). However, the magnitude of the increase of growth rate of strains in the combination
treatment is significantly lower than the magnitude of the increase observed in
primed strains (unpaired, two-tailed t-test assuming unequal variance,
p=0.0002). This indicates that the combination of low streptomycin and low
chloramphenicol is at least partially responsible for the fitness increase we observe, but does not explain its full magnitude, suggesting that priming has a
significant effect on its own.

Figure 3. Transgenerational fitness benefit is partially the product of subinhibitory chloramphenicol and diluted streptomycin.
The fitness difference between the population of resistant strains pre-cultured in
LB and then grown either in LB or the combination of 0.2 ug/mL chloramphenicol and 0.01 ug/mL streptomycin is significant (unpaired, two-tailed t-test assuming unequal variance, p = 0.02). The significant difference in the magnitude
of the increase in growth rate between strains exposed to the combination condition and strains pre-cultured in streptomycin before growth in chloramphenicol
suggests that the combination condition is only partially responsible (unpaired,
two-tailed t-test assuming unequal variance, p=0.0002).
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Priming effect is streptomycin-concentration dependent
The standard experimental condition to induce the increased growth effect
in chloramphenicol was to prime the SmpR strains in the concentration of streptomycin used to initially select for resistance (100 ug/mL). Lowering the streptomycin concentration used in priming to 10 ug/mL or 1 ug/mL resulted in the
absence of increased growth in chloramphenicol (Figure 4).

Figure 4. Priming with sub-inhibitory concentrations of streptomycin does not
produce the transgenerational fitness benefit during exposure to subinhibitory chloramphenicol.
Cells pre-cultured in LB and grown in Cm 0.2 exhibited lower growth rates than
cells pre-cultured in LB and grown in LB (unpaired, two-tailed t-test assuming
unequal variance, p = 0.0003). Considering the effect of sub-inhibitory streptomycin in the pre-culture condition, exposure to 1 ug/mL of streptomycin resulted in
a significant decrease in growth rate in Cm 0.2 compared to LB (unpaired, twotailed t-test assuming unequal variance, p = 0.03). However pre-culture in 10
ug/mL of streptomycin resulted in a significant increase in growth in Cm 0.2
compared to cells pre-cultured in LB and grown in LB (unpaired, two-tailed t-test
assuming unequal variance, p = 0.05 respectively).
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Effect is transient and not stably inherited
In order to determine whether the effect in chloramphenicol induced by
streptomycin was permanent or transient, the experimental design was modified to include a passage in fresh LB broth for 24 hours at 37°C between the preculture condition and the experimental condition. This resulted in strains from
either pre-culture condition displaying growth rates that were not significantly
different (Figure 5).

Figure 5. The addition of a serial passage step resulted in the negation of the
transgenerational fitness benefit in sub-inhibitory chloramphenicol.
Pre-culturing in Smp, followed by passaging in LB, and then growth in Cm did
not vary significantly from pre-culturing in Smp, passaging in LB, and growth in
LB (unpaired, two-tailed t-test assuming unequal variance, p = 0.85)

Priming with streptomycin does not result in resistance to chloramphenicol
Each of the 20 SmpR strains were grown in LB with or without streptomycin at 37°C overnight. The resulting culture was used to perform a standard
minimum inhibitory concentration (MIC) estimate for chloramphenicol. All cultures, regardless of pre-culture conditions, had an MIC for chloramphenicol of 5
ug/mL.
Streptomycin resistance mutations
Sequencing was performed on the rpsL gene of all recovered SmpR clones.
Results reveal 4 different well-characterized streptomycin resistance mutations.
Of the 20 different clones, eight bear the K43N mutation, six have K88R, four
contain K42T, and two have K87R. A one-way analysis of variance yielded no
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significant differences between the transgenerational benefit of the four different mutations, F(3,13) = 0.667, p = 0.58.

Discussion
Dependent on concentration, we are aware of a wide variety of responses
induced by antibiotics – in sensitive bacteria. In contrast, little consideration is
paid to how antibiotics at any concentration affect resistant bacteria. Here, I add
to the understanding of how antibiotics influence resistant bacteria by describing a novel phenomenon in which the succeeding generations of resistant bacteria may experience additional benefits. Specifically, the experiments performed
in this chapter draw attention to three principal findings:
First, that the acquisition of streptomycin resistance may lead to effects
unrelated to survival in the presence of a drug. It must first be noted that although bacteria that have acquired resistance mutations will obviously thrive in
high levels of a particular drug, they may not be completely insensitive to the
presence of that drug. In Chapter 2, I show how the dose-response curves for
many different resistant genotypes in a wide range of antibiotic concentrations
display non-monotonic changes in growth rate as antibiotic concentration increases. Conceivably, this could occur via the formation of weak, highly reversible bonds between streptomycin and its binding site on the bacterial ribosome. This could result in perturbations to normal cell physiology that manifests as fluctuations in growth rate. The results I present in this chapter suggest
that the acquisition of streptomycin resistance mutations may produce additional effects besides increased survival in streptomycin. Three examples of
such unforeseen effects are discussed below; these include increased ribosomal
accuracy, differences in virulence, and increased growth in the presence of a second antibiotic.
Mutations that grant streptomycin resistance can be divided into two classes: Error-restrictive mutations on rpsL increase the accuracy of inspection of
codon-anticodon pairings on the ribosomal A site, resulting in decreased rates
of peptide elongation and decreased growth rates [10]. Non-restrictive mutations have also been described and these have similar accuracy and growth rate
as wild type strains. Interestingly, these classes are allele-specific – for example,
K42T and K42N are both restrictive while K42R is not [11].
Furthermore, the acquisition of different types of resistance mutations has
been found to result in disparities in other traits such as virulence. The foodborne pathogen, enterohemorrhagic E. coli O157:H7 containing restrictive streptomycin resistance mutations were found to have decreased expression and secretion of EspA and EspB, two proteins required for attaching and effacing to
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the intestinal epithelium. In contrast, nonrestrictive mutants displayed little or
insignificant changes in secretion levels [12].
Interestingly, a phenomenon related to the fitness benefit described in this
chapter has been recently reported. Pelchovich and colleagues asked whether
the structural alterations that accompany streptomycin resistance mutations
would affect sensitivity to other antibiotics that target the ribosome [13]. Although all their pre-culture conditions involved growth in LB broth, they observed a range of fitness effects during exposure to unrelated antibiotics. Decreased growth rates occurred in SmpR strains grown in sub-lethal chloramphenicol and tetracycline; in contrast they also found that these mutants had
higher growth rates than wild type bacteria in a sub-inhibitory concentration of
gentamicin. These results provide additional support for a strain bearing a resistance mutation to experience higher fitness in the presence of an antibiotic to
which it is sensitive. This may suggest a weak form of cross-resistance. The results detailed in this chapter, however, indicate that investigations on the effects
of antibiotics on the fitness of resistant bacteria should also consider the preculture condition.
Second, the phenomenon I describe is broadly consistent with other cryptic or unrecognized bacterial mechanisms in terms of reliance on concentration.
Since antibiotics specifically target essential components of bacterial physiology, it is conceivable that the degree of an effect or even different kinds of effects
can accompany increasing drug concentrations. For example, sub-inhibitory
concentrations of the fluoroquinolone ciprofloxacin has been found to potentiate the production of cytolethal distending toxin, an important component in
the pathogenesis of C. jejuni [14]. At higher concentrations, fluoroquinolones
induce the SOS response and this promotes many responses such as the formation of persisters [15]. Awareness of these effects could aid in devising dosage strategies that avoid the induction of concentration-dependent responses,
or capitalize on them in a way that maximizes treatment efficacy.
The last important consideration raised by these experiments is the transgenerational but transient effects antibiotics may produce in resistant strains. In
a related fashion, transient responses of bacteria to antibiotics is explored in
Chapter 4 (See Figure 3 for filamentation during exposure to some drugs) and
discussed further in Chapter 5. Conceptually, this transgenerational effect could
be linked to the well-studied general stress response of bacteria. The SOS response is triggered by a wide range of environmental cues, including many antibiotics, and could aid the future success of bacterial progeny. These could be
transient effects such as persistence, or permanent changes including the evolution of resistance in daughter cells via error-prone DNA replication or recombination of divergent sequences, or the acquisition of mobile genetic elements
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that often harbor resistance genes [15,17,18]. The effect we observe in SmpR E.
coli appears heritable to a certain extent and then ceases, and is contingent on an
unexpected environmental context – the presence of inhibitory concentrations
of streptomycin.
Future direction
Whole genome sequencing is currently being performed in order to determine whether this effect has a detectable genetic basis. Aside from this, a
number of experiments are planned to better understand this phenomenon:
First, observations at the single cell level using microfluidic devices are to
be performed on these mutants to determine whether all or only a few individuals are responsible for the increased growth rates observed after pre-culture in
streptomycin. We envision at least two possible scenarios underlying the increased growth of pre-treated SmpR strains in chloramphenicol that we hope to
clarify using these experiments.
It is possible that the pre-culture condition involving a sufficiently high
streptomycin concentration may enrich the population by selecting for certain
genotypes or phenotypes. This sub-population of cells may exhibit increased
growth while the rest does not. Conversely, the pre-culture condition may also
induce a physiological change in all cells.
Moreover, determining whether there are differences in growth rates
among individual cells may help identify an interaction between cell types that
could explain increased growth of these SmpR strains in chloramphenicol. A
similar phenomenon has been reported by Lee and colleagues as they examined
the population dynamics of bacteria during drug exposure [16]. They began by
following a continuous culture of Escherichia coli exposed to increasing drug
concentrations and found that most individuals were more sensitive than the
population as a whole. They isolated a few highly resistant mutants and determined how these cells improve the survival of the whole population by producing indole in response to the presence of antibiotics. Transcriptional profiling
revealed how this signaling molecule induces drug efflux pumps and oxidativestress protective mechanisms in sensitive members of the population. These observations demonstrate how a few resistant individuals can influence a susceptible population to survive antibiotic treatment without explicitly evolving resistance.
Second, these experiments are to be repeated using additional antibiotics
to determine the extent of this effect across different environments. The chloramphenicol-specific nature of the inducible fitness increases we measure highlights the importance of placing antibiotic resistance in an assortment of environmental contexts. Various environments as well as various stressors, including antibiotics, have already been revealed to produce a wide selection of re-
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sponses from sensitive bacteria. These include transitioning from normal, bacillary growth to filamentous growth, or even stopping growth entirely (see Chapter 4 and 5 for a more detailed discussion of filamentation and bacteriostasis). It
is thought that revealing this “hidden” variation of responses in stressful environments results from perturbations on normal homeostasis; this in turn may
itself be adaptive as an increase in variation may lead to the selection of novel
beneficial adaptations [19]. Conversely, “hidden” variation may also include
adverse affects. This is evident when placing the effects of fusA mutations in
different environmental contexts. These mutations grant fusidic acid resistance
to S. enterica by altering expression of the transcriptional regulator guanosive
tetraphosphate (ppGpp). This results in pleiotropic effects on gene expression
that lead to environment-dependent fitness differences, including hypersensitivity to unrelated antibiotics [20]. Our results suggest that uncovering “hidden” variation in fitness in new environments can be an inducible event. We
show that increased growth in stressful environments can be observed in SmpR
bacteria if they are first exposed to streptomycin.
Finally, we plan to further investigate the combined effect of low streptomycin and low chloramphenicol in increasing growth rate (detailed in Figure
3). The next chapter in this thesis considers every pairwise combination of 21
different antibiotics and the effect these pairs may have on the growth and
death of wild type E. coli. The results reported in this chapter suggest that probing how a wide range of different concentration combinations may affect bacterial physiology could lead to the identification of novel phenomena.
Currently, we can only speculate as to what molecular mechanism may
underlie this novel phenomenon. Regardless of the mechanism that leads to this
increase in growth rate, the significant effect of streptomycin on SmpR bacteria
draws attention to how our understanding of antibiotic resistance may be incomplete. These results highlight the importance of drug concentration and environmental context in studying resistance.

Methods
Strains and Media
All strains were derived from an Escherichia coli MG1655 lacZ::gfp strain
obtained from the lab of Marjan van der Woude [21]. 20 streptomycin resistant
variants were selected via plating of an overnight culture onto LB plates containing 100 ug/mL streptomycin. Sequencing of the rpsL gene of these strains
revealed only previously reported streptomycin resistance mutations. All experiments were performed in LB broth at 37°C.
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Growth rate measurements
Fitness as exponential growth rate was determined as changes in optical
density over time at 600 nm (OD600nm). In brief, the ancestral sensitive strain was
grown overnight at 37°C in LB before being diluted 10000x into fresh media
with or without drugs. All 20 streptomycin resistant strains were similarly precultured in plain broth, or in broth supplemented with streptomycin, before being subjected to the same growth conditions as the ancestral strain. The relative
fitness of each strain was calculated as a ratio of the growth rate of the ancestral
wild type strain pre-cultured in LB and measured in LB divided by the growth
rate of the mutant strain in the appropriate pre-culture and experimental condition.
Statistical analysis
All statistical tests were performed in JMP.

Author contributions
All authors conceived and designed the experiments. PSO performed the
experiments and wrote the paper. All authors discussed the results and implications and commented on the manuscript.
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Abstract
Combination therapy is rarely used to counter resistance evolution in bacterial infections. An expansion of combination therapy requires knowledge of
how drugs at inhibitory concentrations interact. Such knowledge is essential for
exploiting the benefits of combination therapy. Previously it has been suggested
that if bactericidal drugs are most potent on actively dividing cells, then the inhibition of growth induced by a bacteriostatic drug should result in a reduction
of drug efficacy. Our goal here was to investigate this hypothesis systematically. We performed an initial screen of pairwise combinations across 21 different
antibiotics at sub-inhibitory concentrations, and found that combining a bacteriostatic with a bactericidal drug has a strong tendency to result in antagonism. Using a subset of these pairs, we extended the analysis to high drug concentrations by constructing time-kill curves, and verified the antagonistic interactions between bacteriostatic and bactericidal drugs at clinically relevant drug
concentrations. As our hypothesis relies on a phenotypic effect produced by different drug classes, we recreated these experiments in a microfluidic device and
performed time-lapse analyses to directly observe and quantify growth and division of individual cells under controlled antibiotic concentrations. While our
single-cell observations supported the antagonism between bacteriostatic and
bactericidal drugs, they revealed an unexpected variety of cellular responses to
antagonistic drug combinations, suggesting that multiple mechanisms underlie
this interaction. These results provide a necessary step towards exploiting drug
interactions for the treatment of bacterial infections and the prevention of resistance evolution.
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Introduction
The problem of antibiotic resistance requires a solution that relies on more
than just the continuous development of new drugs. Pathogens have been unrelentingly cunning in evolving mechanisms by which to survive in the face of
every drug put on the market. Our response must be careful and far-sighted.
Combination therapy, the concurrent application of two or more antibiotics,
provides an appealing regimen that demands closer assessment as a tool to
combat this problem. In the treatment of important infectious diseases such as
HIV, tuberculosis, and malaria, combination therapy has become the gold
standard precisely to delay the evolution of drug resistance [1–4]. In contrast,
among common acute bacterial infections, combinations of drugs are only prescribed in a very limited number of cases and for a different rationale. For those
specific instances, two drugs are prescribed for their synergistic effect, that is,
for the fact that their combined effect exceeds the sum of their individual effects. Drug synergy had been demonstrated to affect clearance of the infection
more efficiently and at lower drug concentrations [5]. Examples of such cases
include fusidic acid and rifampin for the treatment of methicillin-resistant S. aureus or trimethoprim and sulfamethoxazole for otitis media [6,7]. Furthermore,
recent theoretical work indicates that synergistic drugs can prevent treatment
failure even when bacteria resistant to one of the drugs is present at the beginning of therapy [8].
The principle advocating synergy between antibiotics extends to avoiding
combinations that inhibit each other and may prolong the infection. Antagonism, when a drug hinders the effect of another, has been reported early in the
history of antibiotics and continues to function as a warning against indeterminate treatment [9]. In a study of pneumococcal meningitis patients, 30% of those
treated with penicillin alone failed treatment and died, while 79% of comparable patients who were treated with the same dosage of penicillin as well as
chlortetracycline died [10,11]. An increasing number of laboratory studies,
however, indicate that antagonistic drug combinations as clinical options merit
more investigation [12].
While the effects of drug interactions on treatment outcome are well documented, recent work in this area suggests that the different types of interactions have significant effects on the selection and maintenance of drug resistance mutations. Using a direct competition experiment, Chait and colleagues demonstrate how a hyper-antagonistic drug combination is able to select against a bacterial population resistant to one of the drugs and instead favor the completely sensitive partner [13]. Aside from influencing competition,
antagonistic drug combinations may even delay the evolution of resistance. The
rate of adaptation of laboratory bacteria to multiple drugs has been shown to
correlate with the degree of synergism between individual antibiotics [14]. Although antagonistic drug combinations are currently eschewed in clinical set-
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tings, these studies suggest that antagonism between antibiotics may aid in devising treatment strategies specifically aimed at delaying the emergence of resistance.
In response to the slow development of new antimicrobials, there is renewed interest in old drugs that have fallen out of use due to toxicity or drawbacks in efficacy [15]. One suggestion that could be implemented to return these
drugs to the clinic is to use an old drug in conjunction with a current drug [16].
The advantages of synergism and the diverse, non-trivial effects of antagonism
will play a central role in determining how best to implement combination
therapy in clinical settings.
In order to exploit the potential benefits of combination therapy we need a
better understanding of the circumstances under which synergism versus antagonism is expected. Determining how a broader spectrum of drugs interact at
inhibitory concentrations and delineating the mechanisms responsible for these
effects could allow for a more prudent application of antibiotics that maintains
clinical capability and does not sacrifice the future utility of these drugs.
In this study, we ask whether a basic pharmacodynamic property of all
antibiotics can help predict which pairs would result in antagonism. If bactericidal drugs are most potent on actively growing cells, then the inhibition of
growth induced by a bacteriostatic drug should result in a reduction of drug
efficacy [17,18]. To test this hypothesis, we scour the topology of antibiotic interactions by employing screening methods to identify effects across pairs of 21
different drugs at sub-inhibitory concentrations. We then take a step towards
increased clinical relevance by verifying a subset of pairs of interacting drugs at
inhibitory drug concentrations as time-kill curves. Since our hypothesis relies
on the decreased antibiotic susceptibility of slowly growing cells and the ability
of some drugs to influence this state, we repeated our experiments on the level
of individual cells using time-lapse microscopy in microfluidic devices to investigate the cellular dynamics underlying combined effects of antibiotics.

Results
Systematic exploration of interactions between bactericidal and bacteriostatic
antibiotics
To quantify interactions between antibiotics, we first selected 21 antibacterial compounds. These antibiotics cover a wide range of mechanisms of action
and many of them are widely employed in the clinics. Their main targets include DNA synthesis, translational machinery, cell wall, folic acid, and lipid biosynthesis (Table S1). We systematically measured the effects of all pairs of antibiotics on growth rates of E.coli K12. Specifically, for each pair of antibiotics,
we combined 6 different concentrations of the agents in a two-dimensional

57

dose-matrix with dose points being centred on each antibiotic’s half-maximal
effective concentration (EC50). We considered the Loewe additivity model to assess interactions between antibiotics [19]. In contrast to other models, it
measures drug-drug interactions based on deviation from a drug-with-itself
reference. According to the Loewe additivity model, if the modes of action of
two drugs are the same, they show no interaction. Lines of equal effective dosage (isoboles) are represented in the two-dimensional linear concentration
space of the two drugs. Deviation of these lines from a linear model indicates
synergism (concave) or antagonism (convex). We introduced several correction
steps to overcome potential measurement biases due to plate inhomogeneity,
and also developed a rigorous statistical framework to assess the significance of
interactions. Following a previously developed method, we quantified isobole
shapes by measuring concavity (B), where B=0 indicates independent effects of
the two drugs (linearity), while B<0 and B>0 indicate antagonism and synergism, respectively (see Methods). In this work, we focus on studying the properties of antagonistic antibiotic pairs only, while synergism will be studied
elsewhere.
Using a statistical criterion to identify significant interactions (see Methods), we found that 61% of the 204 antibiotic pairs showed antagonism. The reliability of our results was confirmed by comparing to a previous systematic
drug combination screen performed in E. coli [20]. In spite of the substantial differences in the protocols and the underlying assumptions of the models used in
the two studies, interaction scores are well correlated (Spearman’s rho=0.529,
P<0.0001) and antagonistic pairs identified in the previous study tend to have
especially low scores in our screen (Mann-Whitney U-test, P<0.0001). Furthermore, our high-throughput survey correctly identified a well-characterized antagonism between ciprofloxacin and tetracycline [21].
The distribution of antagonism is highly non-random on the map of interactions. In line with expectations of the Loewe model, antibiotic pairs that target
the same cellular subsystem rarely show strong antagonism (P<0.0001). More
strikingly, combinations of 30S protein synthesis and cell-wall biosynthesis inhibitors, 50S protein synthesis and gyrase inhibitors and cell-wall biosynthesis
and folic acid synthesis inhibitors frequently showed antagonism (P<0.05 for
each combination, Fisher’s exact test). A common property of these combinations is that a bacteriostatic compound is combined with a bactericidal agent. In
contrast to bacteriostatic antibiotics that slow or inhibit bacterial growth without causing a substantial short-term population decline, bactericidal antimicrobial compounds actively kill bacteria. To minimise the chance of erroneous classification, we used only E. coli-specific information for bactericidal/bacteriostatic classification (Table S1). To more generally test whether antagonism is enriched in bacteriostatic-bactericidal combinations, we categorised
antibiotic pairs according to individual antibiotic killing properties, leading to
three major groups (cid-cid, cid-stat and stat-stat pairs). Strikingly, we found
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that antibiotic pairs with exceptionally low B interaction scores are nearly always bactericidal-bacteriostatic (Figure 1, P=0.0016, Fisher’s exact test). This result also holds after excluding antibiotic pairs with overlapping cellular targets
(P=0.0059). Thus, our data suggests that bacteriostatic agents antagonize the action of antibiotics acting on growing cells. This finding is broadly consistent
with earlier reports demonstrating that growth inhibition via nutrient limitation
often diminishes the effect of bactericidal compounds [22,23]

A)

B)
Figure 1. Systematic exploration of interactions between bactericidal and
bacteriostat antibiotics
A) Heatmap showing pairwise interactions systematically measured between 21 antibiotics in E. coli. Antibiotics are grouped according to their
mode of action (see Table 1) and colors reflect the interaction scores between
them. Negative and positive scores correspond, respectively, to antagonism
(blue) and synergism (red) according to Loewe additivity criteria. Grey indicates missing data.
B) Combining a bacteriostatic with a bactericidal antibiotic has a tendency to
show strong antagonism. Antibiotic pairs were categorized according to
their individual antibiotic killing properties leading to three major groups:
cid-stat, stat-stat, and cid-cid. Antibiotic pairs with lower than -1 interaction
scores (I,e, those showing strong antagonism) are significantly more likely
to fall in the bactericidal-bacteriostatic category than the rest of antibiotic
pairs (p=0.0016, Fisher’s exact test).
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Time-kill curves
The screen for antagonistic and synergistic pairwise interactions was
based on measuring growth rates, and was thus performed at sub-inhibitory
concentrations of the antibiotics. To test whether the results of the screen could
be extrapolated to clinically relevant drug concentrations, we measured death
rates at inhibitory drug concentrations based on time-kill curves. We tested
every possible bactericidal-bacteriostatic pair among five antibiotics across a
range of concentrations from half to twice their minimum inhibitory concentration or MIC (Table S2). The antibiotics used in the time-kill experiments were
selected for their differing mechanisms of action and because to our best
knowledge, there are no reports of cross-resistance mutations for these drugs in
E. coli .
In the presence of a bactericidal drug that alone is capable of clearing a
bacterial population, the addition of a bacteriostatic drug resulted in a decrease
in killing rates and a significant number of survivors at the end of the experiment (Figure 2). We also noted that the degree of antagonism differs depending
on the bactericidal drug employed in the experiment. Acquisition of a resistance
mutation over the course of the time-kill curve experiment could be a confounding effect explaining the reduced death rate observed in bacterial cultures
treated with a bactericidal-bacteriostatic pair. In order to control for this possibility, the colonies obtained at the end of every time-kill curve experiment were
replica-plated on antibiotic-containing plates. We found no evidence for the
evolution of single or multidrug resistance in any replicate to any of the drugs
used in the experiment (data not shown).
These time-kill curves provide confirmation that the antagonistic interaction found between drugs at concentrations below the MIC extend to concentrations that rise to inhibitory levels. Furthermore, this interaction manifests as a
decrease in the rate of killing and the presence of a significant proportion of
sensitive bacteria at the end of the experiment.
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Figure 2. Time-kill curves for single and two-drug combinations.
Each graph shows the time-kill curve for a bactericidal/bacteriostatic drug pair
and the constituent individual drugs. Error bars represent standard errors of the
mean for the number of culturable cells, as measured in colony-forming units
(cfu/mL) at each time point.
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Single and combination therapy from the perspective of single cells
We replicated the conditions of our time-kill curves in a microfluidic device with the goal of directly observing the effects of different antagonistic drug
pairs on single cells. Using a device designed to track the elongation and division of hundreds of individuals over a long period of time [24], we began by
growing E. coli cells in rich media without antibiotics for at least four hours to
determine baseline rates of these cellular processes. This was followed by exposure to a single drug or pairs of drugs for at least 16 hours. Media were then
switched back to drug-free broth for at least four more hours.
By analyzing the resulting time-lapse images, we captured quantitative information on the rates of cell elongation and division of single cells as they were
subjected to different antibiotics singly or in antagonistic pairs. Furthermore,
we followed the fates of hundreds of cells from every condition for viability after withdrawal of antibiotic-containing media. While every cell exposed to bactericidal drugs either lysed or did not resume growth by the end of the experiment, at least 30% and up to more than 80% of individuals treated with bactericidal-bacteriostatic drug pairs maintained cellular integrity and resumed division after replacement with antibiotic-free media (Table S3).
We selected at least 20 individual cells per condition for detailed analysis
using custom software. Figure 3 depicts the lengths of these cells for each condition across the entire duration of the experiment. The graphs reveal qualitative
differences in cellular responses to different antibiotic treatments. Our timelapse images revealed contrasting responses to the two bacteriostatic drugs tetracycline and erythromycin. As previously reported, we found that tetracycline
exposure reduced cell elongation and decreased the rate of cell division [21].
Erythromycin, however, only reduced the rate of division resulting in filamentous cells that continue to divide. The maximum length depicted in our plots is
constrained by the length of the growth channel in the microfluidic device – we
are thus unable to measure the actual size of antibiotic-induced filaments.
In addition to tracking the rate of elongation of cells in the selected conditions, we also extracted the rates of division of each individual cell as they are
subjected to different antibiotic-containing media. In Figure 4 we present the
distributions of the division rates and elongation rates (as cell length doublings
per hour) for each population in the period of exposure to antibiotics. In order
to facilitate comparison, data from all cells grown in rich media prior to the addition of antibiotic is pooled and presented as the “no antibiotic” condition. The
dashed line on this graph represents the combination of division and elongation
rates needed to maintain a constant size. Cells to the right of this line, therefore,
continuously increase in size. This is evident in cells exposed to the two single
bactericidal antibiotics, nalidixic acid and streptomycin. These drugs primarily
decreased division rates but did not strongly affect elongation. In contrast, the
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single bacteriostatic antibiotics and the paired drugs result in large reductions
in elongation rate.
The differences in cellular responses observed in the study of cells exposed to bacteriostatic drugs extend to the results for antagonistic drug pairs.
Cells treated with tetracycline and either of the bactericidal drugs greatly reduced their growth rate and ceased dividing until the antibiotics were withdrawn while erythromycin paired with a bactericidal drug halted cell division
resulting in long filamentous cells that only proceeded with division after replacement with drug-free media. Our time-lapse microscopy experiments thus
reveal contrasting responses of bacteria exposed to drugs belonging to the same
pharmacodynamics class. These differing responses extend to treatment with
different antagonistic drug pairs.
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Figure 3. Length-time graphs of individual cells pre/peri/post-antibiotic exposure.
At least 20 individual cells per antibiotic treatment were selected for analysis using custom software; the results of each treatment are collated in one graph with
each line representing the length of a single cell over time. Upward deflections of
these lines, therefore, denote increases in length and abrupt downward deflections are division events. This is corroborated with manual inspection of the resulting time-lapse movies. The highlighted section in each graph denotes the period in which antibiotic-containing media is used. Lines that end abruptly are due
to lysis of the cell under observation. The analysis of a population subjected to
erythromycin alone was problematic due to the formation of long filamentous
cells that are drawn out of their growth channels as media flows through the
primary trench of the device – this reduced the number of cells available for observation over the entire experiment. Furthermore, note that in the erythromycin
sub-figure, the large fluctuations of cell length denote the increased size to which
these cells were observed to grow as well as the continuation of division events.
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Figure 4. The effects of single and paired antibiotics on cell division and elongation.
We extracted the rates of division and elongation from each of the individual cells
included in our analysis. Error bars denote the standard errors of the mean. The
45-degree line in this graph represents the combination of division rate and elongation rate (as doublings of cell length) needed to maintain a constant cell size.

Discussion
The relevance of classifying antibiotics as bacteriostatic or bactericidal has
been questioned due to the reliance of these categories on concentration as well
as on the organism to which it is applied [25]. The manner in which these
pharmacodynamics properties are used in specific clinical scenarios is beyond
the scope of this paper. Instead we propose that this binary classification is a
useful initial step in determining when two drugs in combination would result
in antagonism and thus should be evaluated to exploit the varied effects of this
specific interaction.
The tests set by the Clinical and Laboratory Standards Institute [26] to determine whether an antibiotic is bacteriostatic or bactericidal involve assessing
the degree of survival of a liquid culture of bacteria after a certain period of
drug exposure. The moderate killing effect that defines a bacteriostatic agent
therefore implies an induction of cellular stasis. Here we show that while bacteriostatic drugs result in prevalent patterns of antagonistic interactions with bactericidal drugs, their effects on the single cell level may differ considerably. We
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found that tetracycline effectively induces stasis in antibiotic-sensitive bacteria.
We observed this drastic reduction in growth rate and complete arrest of division for the entire period of exposure to sub-inhibitory tetracycline. In stark
contrast, treatment with erythromycin only reduced elongation rate to a similar
degree as tetracycline however division rates were not as strongly decreased;
this resulted in long, filamentous cells.
The differences in morphological response to similarly antagonistic antibiotic combinations (Figure 3C) suggest that different cellular mechanisms are
underlying the increased survival in these pairs of drugs. However, we found
that adding two different bacteriostatic drugs to a bactericidal drug both result
in decreased elongation rates. This reduction in rates of elongation could be the
basis of antagonism. Further work is needed to rule out other potential arbiters
of this interaction, however our results suggest that the relationship between
antibiotic killing and cell growth should be disentangled further to consider division and elongation separately. Determining conditions that specifically affect
elongation, therefore, could be important in designing strategies that increase
the efficiency of antibiotic-mediated killing.
Our results urge caution before forming general assumptions on the effects of drug interactions. Although our studies of bacteriostatic and bactericidal drugs reveal pervasive antagonism on growth and death rates, the variety in
morphological responses we observe may lead to antibiotic combinationspecific fitness effects. Furthermore the bacteriostatic/bactericidal classification
system will vary across organisms and the interactions between drugs may similarly shift. Antibiotic combination therapy remains an important viable option
as a treatment strategy aimed at controlling the rise of resistance. As this goal is
approached, the single cell dynamics we observed under different antagonistic
drug pairs highlight the importance of multiple experimental perspectives to
increase our understanding and predictive power in utilizing drug combinations for more bacterial infections.

Methods
High-throughput combination screening experiments
We selected 21 antibiotics that cover a wide range of mechanisms of action, including drugs that target cell wall, nucleic acid, protein and folic acid
biosynthesis (Table 1). Fresh antibiotic solutions were prepared from powder
stocks on a weekly basis and filter-sterilized before use. All experiments were
conducted in Escherichia coli K12 (BW25113) in minimal medium supplemented
with 0.2% glucose and 0.1% casamino acids. Combination screens were performed in 384-well plates using a robotic liquid handling system (Hamilton Star
Workstation) to improve reproducibility. Culture volume was 50 µl. Each plate
contained two different 6 x 6 dose-matrix blocks (one antibiotic in combination
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with two other antibiotics) in 4 replicates each. For each pair of antibiotics, we
combined 6 different concentrations of the agents in a serially diluted twodimensional dose-matrix with dose points being centred on each antibiotic’s
half-maximal effective concentration (EC50). The lowest concentration for each
agent was 0 and the highest was above EC90 (see Table 1). In addition to the
dose-matrix blocks, each plate included 18 wells containing a medium devoid
of antibiotics (control wells).
Antibiotic sensitivity screens were performed by growing cells overnight
(OD600=4) at 30°C shaken at 300 rpm, diluting until they had an OD equivalent
to 0.04. Next, using liquid handling robotics, cells were transferred into 384-well
assay plates (in the presence of antibiotics) to yield 4x104 cells/well. Assay
plates were incubated at 30°C shaken at 300 rpm for 18h. Bacterial growth was
monitored by measuring optical density (OD 600) of the liquid cultures at a single time point. Preliminary experiments showed that a single reading of optical
density after 18 hours of incubation shows strong linear correlation with the area under the growth curve, a descriptor of overall inhibitory effect that covers
the entire growth period [27]. Plates were prepared in multiple (up to 6) biological replicates and those with quality control issues were omitted from further
analysis (i.e. growth of control wells was unusually low or showed large variations, an agent failed to substantially inhibit growth at high concentrations or
strongly inhibited growth at even low doses).
Data processing and bias correction steps
To overcome any measurement bias caused by within-plate inhomogeneity, we processed the raw optical density data as follows. We included 18 control
wells on each plate containing a medium devoid of antibiotics and inoculated
by E. coli. We used these wells both to set a baseline for zero inhibition and to
estimate and eliminate within-plate systematic biases. First, we calibrated OD
values by applying the transformation ODcalibrated = OD + 0.40449*OD3 to account
for the non-linear association between OD and cell density at high cell densities
(parameters of the calibration formula were derived as in ref [28]). Then we
calculated relative inhibition values based on the initial OD (maximum inhibition) and the average OD of antibiotic-free control wells (maximum growth). To
estimate and eliminate within-plate spatial effects, we first fitted a linear trend
to the control wells to eliminate spatial gradients. Next, for the residuals, we
employed Gaussian process regression [29] to eliminate the remaining systematic spatial biases using the control wells. Both bias correction steps were carried out in MATLAB.
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Identifying interacting antibiotic pairs
To assess antagonism and synergy between pairs of antibiotics we used
the Loewe additivity model [30], which assumes that a drug does not interact
with itself. Geometrically, Loewe additivity can be represented as lines of equal
effective dosage (isoboles) in the two-dimensional linear concentration space of
the two drugs. Deviation of the shape of isoboles from linearity indicates either
synergy (concave isoboles) or antagonism (convex isoboles). To identify interactions for each pair of antibiotics, we first merged data from replicate dosematrix blocks located on the same 384-well plates. Next, we fitted sigmoidal
dose response curves (Hill equation) to the single agent responses using a maximum likelihood fitting procedure. Based on the single agent response curves of
the two antibiotics, we calculated the dose response of the combined antibiotics
expected under the Loewe additivity model. To quantify interactions, we determined the concavity of the set of isoboles inferred from the combination
measurements for a given antibiotic pair (‘observed’ isoboles). To achieve this,
we used a mathematical transformation to ‘bend’ the linear isoboles expected
under the Loewe additivity model to most closely approximate the observed
isoboles (see Cokol et al. for a similar approach [31]). The transformation relies
on a single parameter to describe the concavity of the observed isoboles, which
we use as a measure of antibiotic interaction. This score is zero in the absence of
interaction, negative for antagonistic and positive for synergistic pairs. Finally,
interaction score for each antibiotic pair was calculated by taking the median
score obtained from biological replicates (i.e. independent plates).
Measurement error of interaction screens was estimated by testing 5 antibiotics
for interactions with itself in multiple replicates [31]. Because under Loewe additivity a drug shows no interaction with itself, deviation of the interaction
score from zero provides an estimate of the experimental error of interaction
measurements. Thus, we considered two antibiotics as significantly interacting
when their score was significantly different from the mean score of self-self antibiotic combinations.
Time-Kill Curves
Overnight cultures of E. coli MG1655 were diluted 1:10,000 into fresh, prewarmed LB broth and incubated for 2 hours. A further 1:2 dilution was performed before introduction into flasks containing either a single or a pair of bactericidal and bacteriostatic antibiotics. These were then incubated with shaking
and aeration at 37°C. Samples were taken at 1-hour intervals for up to 5 hours.
Cell densities for each sample were estimated from colony counts by dilution in
phosphate-buffered saline and plating on LB agar. Each time-kill experiment
was performed twice.
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Time-Lapse Microscopy
Specific details of the microfluidic system used in this study, the mother
machine, have been described previously [32]. In brief, this device consists of
4000 growth channels arranged at right angles against a large trench through
which growth media is passaged. Nutrients then diffuse into the channels and
flush out growing cells as they emerge from these channels. An automated microscope stage allows for the monitoring of multiple fields of view spanning the
entire device. This method results in the continuous observation of growth and
division of a large number of individual cells as they experience different antibiotic-containing environments and their survival or death after drug has been
removed.
Time-lapse microscopy experiments were conducted as follows: E. coli
MG1655 cultures were grown overnight in LB at 37°C. On the following day,
100 µL of this culture was diluted in 10 mL of fresh, pre-warmed LB and was
then incubated with shaking at 37°C for 2 hours. 8 mL of the resulting culture
was spun down and resuspended in 20 µL of fresh LB. 10 µL of the cell suspension was then injected into the mother machine; the experiment was initiated
when more than 80% of the channels were filled with cells via diffusion. A syringe pump was used to passage fresh LB supplemented with bovine serum albumin (BSA) and salmon sperm DNA through the device at a rate of 2 mL/h.
Images were acquired from 15-25 fields of view at 6 min intervals via an automated Olympus BX81 microscope with a UPLFN100xO2PH/1.3 phase-contrast
oil lens. Samples and the microscope were held at 37°C with a Cube and Box
incubation system (Life Imaging Services, Reinach, Switzerland). After at least 4
hours of growth in LB, the media was switched to LB containing BSA, salmon
sperm, and either single or two antibiotics. Cells were exposed to this regimen
for at least 20h before being switched back to fresh LB supplemented with BSA
and salmon sperm DNA for up to 10h. Each experiment consists of fields
scanned continuously for at least 30h.
The resulting time-lapse images were then analyzed with a customdesigned plugin for ImageJ to provide information on cell size and division
rates during the three different phases of the experiment (available at
http://projects.exeter.ac.uk/ein/mmj/doku.php). The first step of the analysis
consists of defining the length of the cell abutting the end of the channel. The
increasing length of the growing cell over succeeding frames is tracked and recorded; division events are also registered based on cell length. Manual verification and annotation were performed after every experiment. In this way, we
were able to extract quantitative information on an individual cell’s elongation
and division rates. We also tracked the proportion of cells that survived treatment exposure and were able to divide again upon the return to an antibioticfree environment. The occurrence of filamentation during exposure to the antibiotics erythromycin and nalidixic acid lead to elongated cells being pulled out
of their growth channels during flow. For this reason, only channels containing
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cells that could be followed for the entirety of the experiment were considered
in the analysis.
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Figure S1. Length-time graphs of individual cells exposed to streptomycin, and
streptomycin + tetracycline.
A) All cells exposed to streptomycin were observed to die during treatment. In
contrast, a significant number of cells exposed to both streptomycin and tetracycline survived antibiotic exposure. B) These boxplots display the distribution of
division rates of the cells as they are exposed to either streptomycin, streptomycin and tetracycline, or tetracycline. The division rates of cells in streptomycin
and tetracycline are not significantly different from the division rates in tetracycline alone.
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5
Discussion

The problem of antibiotic resistance has evolved from isolated individual
cases of treatment failure to an insidious epidemic whose scope and magnitude
are steadily increasing. The challenge is not just to address the needs of each
patient but also to determine the environmental factors that influence clinical
resistance, and to design therapies that delay the evolution of resistance.
In this dissertation, I argue that the broadening of research focus to include the period in which bacteria are exposed to antibiotics provides a new
perspective from which different aspects of this problem could be addressed.
Here, I expand on issues highlighted by my previous research chapters and discuss future directions that may help control the spread of clinical resistance.
Specifically, I draw attention to research foci that pertain to how resistance is
maintained and spread, and suggest how some bacterial responses to antibiotics could be vulnerabilities that can be exploited. In a final section, I draw on a
recurring theme across the experimental results I report to propose an alternative perspective on how the physiological state of antibiotic resistance can be
viewed.
Antibiotic concentration and population dynamics of sensitive and resistant
genotypes
There is increasing evidence suggesting that antibiotics used in hospitals
and veterinary clinics are entering the environment and impacting the emergence of clinical resistance [1]. Furthermore, it is now recognized that most of
the mechanisms of resistance adapted by pathogenic bacteria have been imported from the environmental resistome via mobile genetic elements [2]. Although evidence is mounting for a link between antibiotic consumption in clinical settings leaking into other areas and environmental bacteria sharing their
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resistance genes with pathogens, we can only speculate as to how this link is
formed, what parameters are important in maintaining this association, and
whether these relationships can be manipulated to favor sensitive over resistant
bacteria.
In Chapter 2, we examine a mechanism by which bacteria are thought to
commonly reduce the cost of resistance mutations thereby increasing their viability in the absence of drug selection. We help describe when and how compensatory mutations aid the maintenance of resistance by measuring the relationship between antibiotic concentration and bacterial genotype. In order to
better predict the population dynamics of resistance emergence, more effort
should be invested in determining how other mechanisms that spread or support resistance might vary their effects in relation to different parameters such
as number, type, and concentration of antibiotics. Two such candidate mechanisms are plasmids and phage.
Plasmids have long been recognized as an important conveyor of resistance among pathogenic bacteria. These mobile genetic elements are able to
freely and quickly disseminate themselves across populations of bacteria, and
even across species of bacteria. Besides facilitating the spread of antibiotic resistance, they can also indirectly maintain other virulence traits by encoding
mechanisms that maintain the plasmids themselves [3]. These include partition
systems that operate akin to mitosis and actively segregate plasmids to each
daughter cell during division, and post-segregational killing systems that kill
daughters that do not contain a plasmid.
The diverse mechanisms at the disposal of plasmids have given rise to
successful, globally disseminated, and increasingly frequent plasmid-mediated
multidrug resistance. The NDM-1 plasmid is a recent and important example of
this phenomenon. Originally discovered in an isolate of Klebsiella pneumoniae
from a patient in New Delhi in 2007, this plasmid has since been reported in
every continent except Antarctica and South America, and in many species such
as Escherichia coli, Shigella boydii, Vibro cholera, Acinetobacter, Enterobacteriaceae,
and in 12 Citrobacter species [4].
Plasmids have clear, demonstrated effects on the spread of antibiotic resistance. We are, however, unsure of how plasmids acquire resistance genes,
what factors influence their acquisition, or even in what environments this occurs. The case of NDM-1 serves as an argument for identifying the parameters
that control the dynamics of a mechanism that spreads and maintains resistance, and not just the resistance mechanism itself.
Although phage are recognized as important components in shaping the
ecology of bacteria in the environment, the processes by which they modify the
human microbiome or human pathogens has not been determined. While some
phage can enter specific bacterial species and immediately induce lysis, others
lie dormant by integrating themselves either as a plasmid or directly onto their
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host’s chromosome. Bacteria carrying this second, lysogenic type of phage can
make use of new traits carried on the phage genome – such as antibiotic resistance. Furthermore, the ubiquity of phage in nearly all environments makes
them particularly suspect in aiding the spread of resistance. Functional metagenomic studies revealed a vast array of antimicrobial resistance genes in soil
bacteria, in phages isolated from environmental samples, as well as in human
fecal microbiota [5–7]. Lysogenic phage are able to mine this bounty of new
genes, grant resistance to new hosts they infect, and paradoxically even share
these traits as they lyse their current host and seek new ones in response to
stressors such as antibiotics [8].
As an example, the treatment of the most common genetic disease among
Caucasians is made complicated by the presence of phage. The ability of phage
to shuffle the genomes of a bacterial community and generate chimeras better
adapted to their local environment has been implicated as a significant contributor to the morbidity of cystic fibrosis (CF) patients [9]. The thick sputum coating the lungs of patients with CF provide a fertile ground for repeated colonization by many bacterial species; treatment, therefore, involves iterative application of broad-spectrum antibiotics. Accordingly, examination of the viromes
isolated from CF patients reveals a significantly more abundant and diverse
repertoire of resistance genes compared to the viromes from non-CF patients
[10]. It is likely that antibiotic treatment itself aids in the spread of resistance via
phage transduction. This provides strong motivation in evaluating the relationship between antibiotic treatment and phage, and how this could be manipulated to affect the population dynamics of sensitive and resistant bacteria.
Plasticity during antibiotic exposure
Observations of bacteria undergoing stressors including antibiotic treatment have lead to the recognition of genetic, physiological, and morphological
plasticity as adaptive responses. Although these mechanisms pose a different
set of challenges when compared to controlling traditional resistance genes or
mechanisms, how bacteria respond to antibiotic stress may reveal vulnerabilities that could be exploited to increase the efficacy of a treatment regime.
Clinically relevant resistance is most often associated with mutations that
alter the targets of drugs, or dedicated resistance genes such as efflux pumps or
enzymes that alter the drugs themselves. These mechanisms are inherently costly since antibiotics are directed at essential genes or functions, or the production
of pumps or enzymes dedicated to antibiotics result in metabolic costs. Recent
work has shown how bacteria utilize alternative forms of genetic mechanisms
to achieve high-level resistance.
Instead of acquiring a resistance mutation or gene, overproduction of existing efflux pumps or drug targets has been shown to similarly circumvent a
wide variety of antibiotics [11]. These genes are amplified via tandem genetic
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duplications that have been found to occur in all regions of the chromosome.
Consequently, this form of resistance presents entirely new challenges. They are
difficult to identify since the genetic changes they cause are found at the junctions of duplication points and not directly on the genes of interest. Gene duplications are inherently transient which further complicates their detection and
study. In addition, whatever costs gene duplications may incur is easily relieved due to their instability.
Aside from traditional resistance genes, bacterial chromosomes may also
harbor cryptic resistance genes. These genes are not obviously associated with
resistance since they are either expressed at low levels or only under certain
conditions. As an example, poor nutrient conditions resulting in slow growth
has been found to induce the cryptic aminoglycoside resistance gene, aadA, in S.
enterica [12]. Since the initiation of this particular type of resistance is contingent
on growth conditions, this may have significant clinical implications as bacteria
bearing this gene would pass as aminoglycoside-sensitive under conventional
susceptibility testing.
Aside from the genomic architecture that allows for duplications or cryptic genes that manifest only under certain conditions, bacteria have at their disposal an arsenal of morphological traits that allow them to thrive in stressful
environments. In Chapter 4, we observe the formation of elongated daughters
in E. coli exposed to some bactericidal antibiotics. Filamentation, or more specifically continued cell growth in the absence of septation, results in organisms
that are typically 10-50 times longer than their bacillary counterparts and have
multiple chromosomal copies. Surprisingly, filamentation has been observed
and implicated as a morphological response resulting in bacterial survival
against a variety of environmental stresses: including predation by protists,
host effects during infection, and exposure to antibiotics [13].
Considering this phenomenon in relation to antibiotic treatment, there are
two examples in which the induction of filamentation resulted in greater survival during antibiotic treatment. First, the beta lactam class, antibiotics that interfere with cell wall biosynthesis, induce the SOS response resulting in filamentation. Since beta lactams kill only actively dividing cells, the prevention of
division accompanying filamentation delays antibiotic-mediated killing [14].
Furthermore, the induction of the SOS response augments horizontal transfer of
DNA, particularly antibiotic resistance elements [15]. In a second example, the
developmental changes accompanying antibiotic exposure of Burkholderia pseudomallei has been found to result in unanticipated protection against unrelated
antibiotics. In a study linking virulence to antibiotic exposure, Chen and colleagues took normal, non-treated B. pseudomallei versus the same strain exposed
to three different drugs and compared their ability to lyse immortalized immune cells [16]. They found that the bacteria exposed to drugs at or below the
MIC resulted in filaments with decreased virulence. However, the removal of
drug permitted the resumption of growth and the production of normal-sized,
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bacillary daughter cells. These new cells did not filament during re-exposure to
drug, were found to be more resistant to new classes of drugs, and were measured to be as virulent as the untreated control. In this case, while the morphological response of filamentation is transient and limited to the period during
which drug is present, the changes induced in the cell are long lasting and provide additional survival advantages.
In Chapter 3, I report a novel parallel mechanism by which bacteria may
circumvent antibiotic stress. I find that exposing streptomycin-resistant bacteria
to an inhibitory concentration of streptomycin aids the growth of daughter cells
in a second, unrelated antibiotic. This effect is dependent on both concentration
and time, as serial transfer of a resistant population grown in antibiotic to a
drug-free environment does not produce this increased growth effect. Similarly,
the induction of filamentation we observe in cells exposed to erythromycin in
Chapter 4 could be involved in the survival of these cells in combination treatment. These two transient phenomena are a few among likely many morphological and genetic mechanisms utilized by bacteria to withstand killing by antibiotics. As more of these inducible processes are recognized, the justification
increases for a reevaluation of both the therapeutic regimes that may be conducive for these mechanisms, as well as susceptibility testing that may miss their
identification.
Increasing the activity of available antibiotics
In Chapter 4, we argue that combination therapy, the strategy used in controlling resistance in HIV, tuberculosis, and malaria, should serve to inform the
treatment of more common bacterial infections. While rigorous clinical testing is
of course required before the standard of care should be altered, we show that a
basic pharmacodynamic property of all antibiotics is a useful predictor in deciding which pairs of drugs would result in an antagonistic interaction. Such an
interaction has been shown to influence both treatment efficacy and the evolution of resistance [17,18]. As resistant infections have increased in frequency,
many kinds of combination treatments have been suggested as new means in
tackling pathogens.
Antibiotic combinations that delay resistance
While there is an abundance of evidence implicating antagonism between
antibiotics as a contributor to treatment failure, recent work on this type of interaction raises the possibility of using combinations of drugs to specifically disfavor resistant bacteria. Ordinarily, singly resistant mutants are expected to
have some advantage even in the presence of two drugs. Chait and colleagues
suggest that this may not be the case if the two drugs in combination result in
an extreme form of antagonism - suppression [19]. This subclass of antagonism
is when the combined effect of two drugs is less than at least one of the drugs
alone. In such an environment, resistance would remove the effect of one drug
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but it would also remove the suppressive interaction. They test their hypothesis
by competing sensitive and resistant bacteria in either a synergistic or suppressive two-drug matrix. They find specific regions of suppressive drug concentration combinations that both select against the resistant mutant as well as inhibit
the wildtype. This raises the prospect of devising treatment regimes that specifically oppose the evolution of resistance.
Antibiotic adjuvants
Since the 1960s, only three novel antibiotic classes have received approval
by regulatory agencies, and resistance emerged for one of them even before it
was put to use in clinics [20]. The scarcity of new treatment options has
prompted a reappraisal of the currently available drugs and a search for creative methods by which to increase their clinical utility. In Chapter 4, we take inspiration from how resistance is prevented in many chronic diseases and argue
that using two different antibiotics in combination should be considered in order to achieve the same effect in more common bacterial infections. In addition,
old drugs that have fallen out of use due to severe side effects or widespread
resistance can also be resurrected by combining it with an adjuvant. This second molecule could potentiate the effect of an antibiotic by modifying a cell’s
physiology to increase susceptibility, or by increasing the concentration of the
antibiotic within a cell.
Although the toxic effects of colistin have limited its use, clinics burdened
with an increase of multidrug resistant Gram-negative bacteria (A. baumanii, P.
aeruginose, K. pneumoniae) have had little choice but to reintroduce the drug.
Colistin (polymyxin E) is a cyclic cationic polypeptide antibiotic that permeabilises the outer membrane of Gram-negative bacteria. Recently, scientists have
shown how combining colistin with a second antibiotic not normally used
against Gram-negative bacteria, such as rifampicin or vancomycin, can produce
numerous benefits [21,22]. First, colistin functions in these cases only to permeabilise a cell for entry of the second drug and not for its own bactericidal effect;
this reduces the concentration of colistin needed and reduces the likelihood of
side effects. Second, the spectrum of the second compound is expanded and resistance is unlikely since this second drug is normally used against a different
set of bacteria. Furthermore, the synergistic effect of colistin and a second antibiotic has been shown to continue even after the emergence of colistin resistance. Colistin increases the permeability of the outer membrane by binding
to lipid A, a vital component of lipopolysaccharide. Resistance to this drug is
mediated by mutations in the lpxA gene, which prevent the synthesis of lipid A.
The consequent impairment of lipopolysaccharide synthesis renders the cell
hyperpermeable and thus more susceptible to other antibiotics [23]. While
many examples of inhibitors to multidrug resistance pumps such as AcrABTolC or MexAB-OprM have been isolated from medicinal plants, compounds
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with sufficient affinity to many types of clinically relevant efflux has not yet
been found.
Aside from increasing the efficacy of an antibiotic by increasing its intracellular concentration, modifying cellular physiology with a second compound
has been shown to achieve the same effect. This is because many antibiotics
have been observed to be most effective on dividing or metabolically active
cells. In Chapter 4, we add to the understanding of how physiology and antibiotics are linked by describing how the induction of bacterial stasis can reduce
killing by these classes of antibiotics. Similarly, cells in a slow-growing persister
state are protected from this bactericidal class of antibiotics. The reverse, that is
increasing the effect of an antibiotic by increasing a cell’s metabolic activity, has
recently been described [24].
Unlike quinolone or beta lactam drugs that are incorporated as bacteria
divide, the entry of aminoglycosides relies on proton-motive force that is generated during metabolism. In seeking to exploit this characteristic, Allison and
colleagues performed a screen of carbon sources that could aid in the killing of
dormant cells by increasing their metabolic activity. They found that compounds that enter upper glycolysis (glucose, mannitol, and fructose) potentiated the in vitro killing of persisters by aminoglycosides. Furthermore, they
demonstrate the clinical relevance of this strategy by verifying the ability of
gentamicin and mannitol to treat a biofilm-associated infection in a mouse
model. While gentamicin alone had no effect, the combination of gentamicin
and mannitol reduced the number of cells in the biofilm by 1.5 orders of magnitude. It is important to note, however, that there was no evidence that mannitol
or the other effective metabolites lead to the stimulation of division. Their results demonstrate how a more complete understanding of the role metabolism
plays in mediating killing by antibiotics could benefit the treatment of recurrent
infections.
Antibiotic combination therapy can overcome resistance
Currently, there is only one example of an antibiotic pair that is able to kill
cells bearing resistance mutations to both drugs. Like the other penicillin antibiotics, resistance to oxacillin can be mediated by the production of alternative
penicillin-binding proteins (PBPs), which are involved in the synthesis of peptidoglycan, a major cell wall component. Specifically for oxacillin, the presence of
this drug induces the expression of the mecA gene and the production of PBP2a.
In a completely unrelated fashion, vancomycin also targets the cell wall by
binding to the D-alanine-D-alanine peptide of peptidoglycan precursors and
preventing their assembly into stable polymers. Resistance to this antibiotic is
guided by a two-component regulatory system that controls the vanHAX operon, which in turn synthesizes alternative precursors ending in D-alanine-Dlactate. Interestingly, the unique mechanism of synergy reported for oxacillin
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and vancomycin does not occur in sensitive or singly resistant bacteria, but only
in strains containing both resistance mechanisms. Susceptibility to killing by
these two drugs is the result of PBP2a being unable to accommodate peptidoglycan precursors ending in D-alanine-D-lactate. The simultaneous application of both drugs, therefore, induces both the production of PBP2a and the altered peptidoglycan precursor, which results in synergy [25].
Although this case will have few if any correlations beyond these particular antibiotics and mutations, this finding serves as a demonstration for how
combination therapy can be used to overcome existing multidrug resistance.
Over the course of this dissertation, I argue that examining the behavior of bacteria exposed to antibiotics could lead to strategies that aim for a more attainable but no less important goal. In order to delay the evolution and spread of resistance, attention should be reoriented to include non-hospital environments
where pathogens both compete with and benefit from environmental bacteria
and the vast amount of resistance determinants they harbor. More effort should
be made to determine the effect of antibiotic concentration on eliciting responses from bacteria, influencing mechanisms of resistance as well as mechanisms of
their maintenance and spread, and how these relationships impact the population dynamics of resistant and sensitive bacteria. Taking inspiration from the
successful treatment of other diseases such as HIV, combinations of multiple
drugs or drugs with adjuvants should be reviewed to increase the number of
available treatment options for more bacterial infections, reduce our dependency on constant novel drug development, and prolong the useful life of the antibiotics we have.
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An alternative paradigm on the physiological state of antibiotic resistance:

Antibiotic resistance only confers resistance to
killing by an antibiotic.
There is no contention that antibiotics at varying concentrations induce a
number of effects in sensitive bacteria. These include changes in fitness (ranging
from the inhibition of growth, to death), or a wide range of responses (such as
the morphological changes already discussed in this chapter). However, to the
best of my knowledge there are no published studies that expressly consider
antibiotics on the fitness and range of responses of resistant bacteria. A common
feature in the experimental chapters of this dissertation all indicate that this area deserves increased attention.
In this section, I build upon the relationship of the fitness of resistant bacteria and antibiotic concentration that is repeatedly alluded to throughout this
dissertation. Specifically, I propose that the evolution of antibiotic resistance only confers resistance to the killing effect of an antibiotic. Bacteria that become
resistant, therefore, are still susceptible to other effects – genetic, physiologic,
morphologic, or behavioral – that can be induced by the antibiotic. I consider
how different mechanisms of resistance may facilitate such antibiotic-induced
responses in resistant bacteria, how varying concentrations may play a role, and
even how the location of the resistance determinant (either on the chromosome
or on a plasmid) may influence this effect. I focus this position on medically relevant resistance in human pathogens, and suggest clinical situations in which
this phenomenon may play an important role.
Mechanisms of resistance only promote survival in high drug concentrations
As discussed in greater detail in Chapter 1, the cellular mechanisms that
confer resistance can be grouped into two broad categories. These are mutations
of the antibiotic target, or dedicated genes that lower drug concentration (via
efflux, decreased membrane permeability, or enzymatic inactivation).
For the first class of resistance mechanisms, cells that are resistant via mutations that affect the binding of an antibiotic to its cellular target may conceivably “not see” the drug at all. In Chapters 2 and 3, I provide evidence suggesting that this may not always be the case. In both chapters, I utilize bacteria that
are resistant to streptomycin via mutations on rpsL, a gene that encodes the S12
subunit of the bacterial ribosome. I show that the fitness of resistant bacteria
varies according to drug concentration. Furthermore, I found that the presence
of high streptomycin concentrations could lead to higher growth rates of a
streptomycin resistant strain in a new antibiotic-containing environment. These
results support the hypothesis that a strain that has become resistant via mutating the target of the antibiotic can still be affected by the presence of the drug.
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In comparison to resistance mechanisms that lower intracellular concentration, this first group of mutations are found on essential genes and they may
introduce pleiotropic effects on normal cell physiology (i.e., restrictive streptomycin resistance mutations increase the accuracy of protein elongation). Furthermore, it is also possible that an antibiotic may be able to bind and affect two
or more different cellular targets. Binding to one of these targets may lead to
death, while binding to the second target may result in the generation of a different response. The detection of this second response may be masked by the
death of a sensitive cell. Strains that are resistant via a mutation on the deathinducing target, however, will not die in the presence of this drug but will still
have a viable second target by which to produce a second response. Predicting
the type and variety of responses induced by an antibiotic for this type of resistance determinants, therefore, is likely more difficult.
In contrast, resistance determinants of the second type may in fact facilitate the phenomenon I propose. If we consider two genotypes that only differ
by the presence of an efflux pump, the resistant strain will survive in high drug
concentrations by lowering the intracellular antibiotic concentration to below
the killing threshold. This strain, however, has cellular machinery identical to
that of the susceptible genotype and is therefore responsive to the presence of
sub-inhibitory antibiotics.
Determining the role of antibiotic concentration
A recurring message across the results presented in this dissertation is the
importance of antibiotic concentration in mediating a number of effects – such
as producing the non-monotonic dose-response curves of streptomycin resistant Salmonella, or the ability of sub-inhibitory levels of bacteriostatic drugs to
cause diverse changes in division and elongation rates.
The model I propose suggests that bacteria that have become resistant do
not lose the ability to produce responses to sub-inhibitory levels of antibiotic.
Testing this aspect of the model would be straightforward due to the many
documented responses of bacteria to low concentrations of drug. As an example, the production of cytolethal distending toxin by C. jejuni has been found to
be potentiated by sub-inhibitory concentrations of erythromycin or ciprofloxacin [26]. Measuring the toxigenic effect of a range of drug concentrations against
sensitive and resistant C. jejuni could help support this model.
Plasmid-mediated regulatory complexity
In relation to antibiotic resistance, one of the most recognized features of
plasmids is their ability to increase the diversity of a bacterial population by facilitating horizontal transfer and recombination across and between bacterial
species [27–30]. A complementary role these extra-chromosomal elements play
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is the increased adaptability and responsiveness they confer on their hosts by
virtue of the variety of genes they carry, as well as the additional regulatory
complexity they can impose [31,32]. This relationship between the myriad of
plasmid functions and the signal transduction systems encoded by the plasmid
to influence both the plasmid itself and the chromosome is a field of intense
study in a number of pathogens.
Bacillus anthracis, the Gram-positive, spore-forming agent of anthrax,
serves as an interesting example to illustrate this point. A virulent strain of B.
anthracis utilizes two large virulence plasmids, pXO1 and pXO2, that have
commingled with chromosomal regulatory systems to coordinate its pathogenic
life history. Infection begins with the inhalation or ingestion of spores. Although spores facilitate survival in harsh environmental conditions, the cell
must transition into a vegetative state to avoid the immune system [33,34]. The
precise order of signaling events and responsible machinery has yet to be completely elucidated, but the present knowledge suggests a complicated regulatory network underlies the disease cascade. Chromosomally encoded systems
that sense cues such as CO2 – bicarbonate (a marker of the mammalian host environment) or systems that initiate the stress response have been co-opted to
increase expression of the two essential plasmid-encoded virulence factors, the
anthrax toxin and capsule [35–37]. Correspondingly, regulators of plasmid expression have been found to influence the transcription of chromosomal genes
[38].
Antibiotic-induced responses may be catalyzed in a similar fashion. A
plasmid-encoded, two-component regulatory system may respond to the presence of a drug to express resistance genes, as well as other genes located on either the plasmid or the chromosome.
Peeling back the overlapping, interlocking layers of antibiotic resistance
Antibiotic resistance can be achieved by a variety of genetic and noninherited mechanisms. The many genetic changes associated with resistance
may conceivably constitute only a fraction of the mechanisms responsible for
bacterial survive in the presence of antibiotics.
Currently, there are no precise reports on the disease burden attributed to
non-inherited forms of resistance. Due to the types of pathogens that are known
to utilize these mechanisms however, it is clear that this number is very large.
The difficulty in treating infections with M. tuberculosis is primarily due to the
non-growing, dormant state that reduces the efficacy of antibiotic therapy [39].
Behaviors such as swarming, bacterial group motility over a surface, have also
been implicated in resistance to multiple drugs by pathogens such as Salmonella
[40]. Pseudomonas aeruginosa exemplifies a perfect storm of effects that all result
in non-inherited resistance. In this important opportunistic pathogen, regulatory elements have been described that respond to antibiotics to transiently in-
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crease survival during antibiotic exposure, induce swarming, and the establishment of a biofilm [41]. As a last example in this non-exhaustive list, the formation of persisters is implicated as the root of recurring infections such as
those caused by S. aureus [42]. In contrast to resistance, this small subpopulation
of cells that remain after antibiotic exposure can only resume growth in the absence of drug and the resulting population is as sensitive as the initial population [43].
It is important to recognize that these different, non-inherited mechanisms
likely work in concert to promote survival and even lead to genetic resistance.
Growth in a biofilm has been found to result in endogenous oxidative stress
that induces double-strand breaks in DNA – genetic diversity is generated
when these breaks are repaired by a mutagenic mechanism utilizing recombinatorial DNA repair genes [44]. Interestingly, persistence may also lead to increased diversity and the emergence of genetic resistance [45]. Traditionally
thought of as a metabolically dormant state, this is now challenged by an increasing amount of evidence suggesting that persistence is initiated and actively maintained by intracellular stress responses [46]. The induction of this stress
response network can lead to heritable resistance via mutagenesis or the horizontal dissemination of mobile genetic elements bearing resistance genes
[15,47].
The paradigm I propose, that antibiotic resistance is only resistance to killing and that resistant bacteria may still respond to antibiotics in a variety of
ways, may similarly act in collaboration with different mechanisms that promote survival during drug exposure. This hypothesis clearly requires rigorous
experimentation to determine when, to what extent, and in which organisms
this may exist. What is clear, however, is that many bacterial responses that
contribute to the virulence and survival of pathogens are only revealed in
stressful environments. The presence of antibiotics is one such important environment. The processes that emerge are closely linked to dynamic regulatory
networks that coordinate adaptation and ultimately lead to virulence, persistence, and may even foster the evolution of resistance in sensitive members of
the population. Understanding these responses, therefore, can aid in the identification of new drug targets and the development of more effective strategies to
control the problem of antibiotic resistance.
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