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Diseases caused by antibiotic-resistant bacteria in hospitals are the outcome of complex relationships between several dynamic fac-
tors, including bacterial pathogenicity, the fitness costs of resistance in the human host, and selective forces resulting from interven-
tions such as antibiotic therapy. The emergence and fate of mutations that drive antibiotic resistance are governed by these
interactions. In this review, we will examine how different forms of antibiotic resistance modulate bacterial fitness and virulence
potential, thus influencing the ability of pathogens to evolve in the context of nosocomial infections. We will focus on 3 important
multidrug-resistant pathogens that are notoriously problematic in hospitals: Pseudomonas aeruginosa, Acinetobacter baumannii, and
Staphylococcus aureus. An understanding of how antibiotic resistance mutations shape the pathobiology of multidrug-resistant
infections has the potential to drive novel strategies that can control the development and spread of drug resistance.
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Hospital-borne diseases are the outcome of a complex interplay
of several dynamic factors operating at the level of the infecting
microorganism, the host patient, and the hospital environment.
These include the pathogenicity, drug resistance, and environ-
mental persistence of the microbe; the immune status and
microflora composition of the human host; and nosocomial
interventions such as antimicrobial therapy. As these factors
interact, the bacteria responsible for nosocomial diseases con-
stantly evolve, with the unfortunate outcome being the rapid
and widespread rise in intractable, multidrug-resistant (MDR)
organisms. There has been much recent interest in how the
genetic perturbations responsible for antibiotic resistance
modulate bacterial biology and fitness. Studies on the effects
of antibiotic resistance on fitness often document fitness costs
of varying severity [1]. In many cases, measurements of
bacterial growth in animal hosts have revealed fitness costs
and virulence attenuations that agree with in vitro tests, leading
to the view that pathogens incur fitness trade-offs that compro-
mise their pathogenic potential. Other studies have challenged
this view, however, by providing examples in which drug
resistance increases pathogen fitness during infection [2–4].
Understanding the consequences of antibiotic resistance muta-
tions on the pathobiology of MDR infections has important
implications for controlling the spread of resistance and inform-
ing novel treatment strategies.

In this review, we will examine the described effects of anti-
biotic resistance on bacterial fitness and virulence. Our focus is

on 3 key MDR pathogens that are common agents of problem-
atic hospital-acquired infections: Pseudomonas aeruginosa,
Acinetobacter baumannii, and Staphylococcus aureus. Experi-
mental measures of fitness performed in bacteriological culture
do not always predict fitness at sites of host infection or the
clinical outcomes of infection, so we will emphasize studies
using animal models to examine fitness effects of antibiotic re-
sistance in vivo and their clinical correlates. In addition, studies
examining how resistance-induced reprogramming of bacterial
biology may underlie the observed changes in pathogenicity will
be discussed. As a point of emphasis, we will orient our view
toward the fitness impacts of acquired antibiotic resistance,
which we define as resistance mechanisms that have arisen by
relatively recent genetic changes, including mutation or gene
acquisition. This is in contrast to intrinsic resistance, which
we view as being selected as a consequence of long-term path-
ogen evolution within hosts, and which thus possess functions
that are by necessity intertwined with virulence. Accordingly,
examples of intrinsic resistance determinants include outer
membrane components that confer low permeability and fine-
tuned production of broad-substrate efflux pumps. Examples of
acquired resistance mechanisms are mutations to the enzyme
targets of antibiotics, resistance gene cassette acquisitions, and
altered regulation of intrinsic resistance determinants as a
consequence of mutational changes.

P. AERUGINOSA INFECTIONS

P. aeruginosa is responsible for a wide range of nosocomial
infections. Although this pathogen encodes a broad swath of
potential virulence factors, its ability to cause disease is tied to
deficiencies in host defenses, as occurs in patients receiving
mechanical ventilation and those with cystic fibrosis (CF) [5].
Rates of multidrug resistance in P. aeruginosa continue to rise
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globally [6, 7]. Several studies have analyzed how production of
virulence determinants and fitness are altered by antibiotic
resistance mutations, particularly those causing misregulated
multidrug efflux pump production and mutations leading to
β-lactam resistance.

Multidrug Resistance Through Efflux Pump Hyperproduction
Drug pumps of the resistance-nodulation-division (RND) class
result in clinically significant increases in resistance to a range of
antibiotics and other noxious compounds when overproduced
in mutant strains of P. aeruginosa [8]. The expression levels of
these systems are controlled by an array of transcriptional
regulators [8]. In many cases antibiotic treatment enriches for
mutations within a single regulator causing persistent hyperpro-
duction of a given pump and increased resistance to its sub-
strates. With the MexAB-OprM RND system, which exports a
very wide range of structurally diverse antibiotics, detergents,
disinfectants, and quorum-sensing (QS) molecules, mutations
resulting in hyperproduction are highly common in strains
isolated from patients with severe, acute infections and are fre-
quently due to mutations to the mexR regulator (“nalB”-type
mutations) [9–11]. With MexCD-OprJ and MexEF-OprN,
overproduction is less prevalent in organisms causing acute
disease but has been observed with isolates associated with
chronic infections in patients undergoing long-term antibiotic
therapy [12–14].

Experimental data generally support the notion that hyper-
production of the clinically important RND pumps confers a
fitness cost for the organism growing in tissue sites in the
absence of antibiotic pressure. Compared with isogenic wild-
type (WT) strains, mexR mutants hyperproducing MexAB-
OprM showed reduced production of virulence determinants
such as phenazines and proteases [15] and lowered virulence
in varied animal models [15, 16]. In agreement with these
results, a study on P. aeruginosa strains isolated during an out-
break in France documented the emergence of isolates with low
mexAB-oprM levels despite the presence of a nalB-type mexR
allele that should result in overproduction of these proteins
[17]. In these isolates second-site mutations were found in
the promoter or ribosome-binding sites of the mexAB-oprM
operon, consistent with the hypothesis that constitutive pump
overproduction imposes a fitness burden that can be offset by
compensatory mutations.

Fitness costs during growth in animal models are also seen
with mutational overproduction of the MexCD-OprJ [15, 18]
and MexEF-OprN egress pumps [19, 20], and these costs are
often linked to global effects on bacterial physiology. Overpro-
duction of MexCD-OprJ causes pleiotropic changes to metabo-
lism and gene expression [21], including reduced production of
the type III secretion system, an important virulence determi-
nant [22]. Overproduction of MexEF-OprN due to nfxC muta-
tions was shown to reduce production of virulence factors

including pyocyanin, elastase, and rhamnolipids, which are
QS regulated [23]. Interestingly, these deficiencies resulted
from impaired QS signaling due to excessive removal of QS
autoinducer precursors by the overproduced pump [20, 24].

Although the above-mentioned studies demonstrate that
fitness costs are associated with acquired resistance through
mutational up-regulation of RND pumps, several studies sup-
port a role for natively regulated pump production in promot-
ing pathogenesis, illustrating the connection between intrinsic
resistance and virulence. Expression ofmexAB-oprM is induced
in animal models [3], and inactivation of the system attenuates
fitness or virulence in these same models [3, 25, 26], while
reducing invasiveness into cultured epithelial cells [25]. Consis-
tent with these findings, mexA andmexBmutations resulting in
pump deficiencies were observed to accumulate during the
course of chronic infection in patients with CF [27, 28], a setting
in which selective pressures tend to promote attenuation of
virulence through gradual loss of classic virulence factors
[29]. Therefore, tight regulation of RND pumps, such as
MexAB-OprM, has probably evolved to balance pathogenicity,
resistance, and fitness.

Carbapenem Resistance as a Consequence of OprD Deficiency
OprD is a channel for the uptake of basic amino acids and small
peptides containing basic residues, as well as for carbapenem
antibiotics [30–32]. Carbapenem resistance through null muta-
tions in oprD commonly arises in P. aeruginosa patient isolates
during therapy [33, 34]. Infections with such isolates are associ-
ated with worse clinical outcomes [35]. Interestingly, mutations
lowering oprD expression were found to arise during long-term
colonization in patients who have not been treated with
carbapenem [36], consistent with the presence of an interplay
between the lowered amounts of this porin and adaptation to
the human host.

The relationship between mutational inactivation of oprD
and pathogenicity was examined in a series of studies by
Skurnik, Roux and colleagues [3, 4], who provided evidence
that loss of oprD increases bacterial fitness and virulence in
mouse infection models. In a large-scale screen of transposon
inactivation mutants for altered relative fitness during mouse
gastrointestinal infection, oprD mutations yielded the paradox-
ical result of enhanced colonization and increased systemic dis-
semination [4]. This effect was shown with isogenic laboratory
strains and with related clinical isolates varying in oprD
expression. The loss of oprD function also increased resistance
to killing by human serum and low pH, and increased bacterial-
driven killing of murine macrophages. In a subsequent study,
the authors showed that oprD mutants were also more virulent
than their oprD+ counterparts in a mouse pneumonia model
[3]. Genome-wide transcriptional profiling by RNA-seq of
WT and oprD - strains uncovered a large number of genes
whose relative expression levels were a function of the oprD
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allele, but well-established virulence genes such as the type III
secretion system and exopolysaccharides were unaffected by
the absence of this gene [4]. This suggests that altered fitness
during disease may be directly a consequence of OprD function,
or may result from large-scale expression changes that affect
processes other than the direct interface of this protein with
host-derived molecules.

We note that the model positing that lowered oprD expres-
sion increases virulence is in contrast to a prior study using a
different P. aeruginosa laboratory strain background [16]. In
that study pulmonary infection with an oprD deletion strain
led to reduced mouse mortality when compared with a parental
WT strain, although the reversibility of the virulence phenotype
was not interrogated with a genetic complementation test.

β-Lactam Resistance via ampC Overexpression
Resistance to noncarbapenem β-lactams is highly prevalent in
P. aeruginosa and is commonly due to mutational derepression
of the ampC β-lactamase [7]. In WT strains, a regulatory system
maintains ampC expression at low basal levels in the absence of
antibiotics and allows highly induced expression with β-lactam
treatment. Mutations to this induction circuit result in constitu-
tively increased ampC expression and β-lactam resistance [7].
Mutations are diverse and often found in the ampD amidase,
ampR regulator [37, 38], or the nonessential penicillin-binding
protein PBP4 (dacB) [39].

Regarding the amidase ampD, P. aeruginosa encodes 3 homo-
logues [7]. In laboratory strains, mutation of 1 of the amidase
genes results in partial ampC derepression, while combined inac-
tivation of the 3 amidase genes results in constitutive high-level
ampC derepression [7]. In clinical isolates, single ampD mutants
seemmost prevalent [40].This finding may reflect a compromise
between pathogenicity and resistance, because single mutations
eliminating only 1 of these amidases show no fitness or virulence
trade-off in a mouse systemic infection model, whereas double or
triple ampDmutants show significant fitness costs and attenuated
virulence [40].Combinatorial ampDmutants fully-derepressed for
ampC production probably mimic the situation with Salmonella
typhimurium, in which deletion of its single ampD gene was
shown to reduce in vivo fitness owing to the build-up of muropep-
tides within the bacterial cytoplasm [41].

Several studies have described potential infection-promoting
roles for components of the ampC induction circuit in
P. aeruginosa. For example, ampR was shown to regulate diverse
genes beyond ampC, such as the virulence determinants pyo-
cyanin and elastases [42].Roux et al [3] showed that inactivation
of ampC reduces fitness during mouse gastrointestinal infection
in the presence of penicillin and that the gene is induced tran-
scriptionally under these conditions.

Hypermutators
Hypermutator variants arise during chronic infections with
P. aeruginosa, as occurs in patients with CF [43], and this

state has been shown to promote the development of antibiotic
resistance as well as compensatory adaptation to the fitness
costs of resistance [44, 45].Hypermutator mutations themselves
decreased overall population fitness in vivo in a mouse chronic
lung infection model [46]. Interestingly, antibiotic pressure can
reverse the fitness disadvantage associated with ΔmutS hyper-
mutators in animal infection models [47].

A. BAUMANNII INFECTIONS

Infections with the opportunistic pathogen A. baumannii have
emerged around the globe as increasingly problematic for clini-
cians, especially in intensive care unit settings. Rates of multi-
drug resistance have risen rapidly in recent years, with
increasingly common resistance to last-line antibiotics, such
as colistin. Although infections with A. baumannii are often
highly difficult to treat, the organism has generally been consid-
ered to have relatively low virulence potential in immunocom-
petent hosts. Strains with increased pathogenicity in animal
models, however, have been recently isolated [48, 49]. Here we
discuss the relationship between the in vivo fitness of this mi-
croorganism and pathways leading to colistin resistance and
pump overproduction, and highlight recent work on genetic
and phenotypic adaptations that can reversibly modulate its re-
sistance and virulence potential.

Colistin Resistance
Resistance to colistin, a drug increasingly used to combat MDR
A. baumannii, is relatively rare but has been observed to arise
during therapy [50]. Mutations usually occur in the pmrAB 2-
component system, leading to increased modification of the
lipid A target of the drug [51–53]. Such mutations have been
shown in numerous studies to confer some degree of fitness
cost in vitro and in various in vivo models [54–56], although
isolates that have developed high-level colistin resistance with-
out loss of virulence have been described using the Galleria mel-
lonella infection model [57, 58]. Colistin-resistant isolates
resulting from lesions in pmrB also showed cross-resistance to
host antimicrobial peptides [59], providing a potential mecha-
nism that counteracts inherent fitness costs at sites of host in-
fection. An alternate mechanism of colistin resistance observed
in some isolates is complete loss of lipopolysaccharide due to
mutations in genes responsible for its biosynthesis. These mu-
tations are more frequently associated with laboratory selection
on bacteriological medium, however [60, 61] and, predictably,
they show severe in vivo fitness trade-offs [58, 60].

Snitkin and colleagues [53] captured the evolution of colistin
resistance in A. baumannii strains isolated longitudinally dur-
ing and after withdrawal of colistin therapy. Resistance due to
multiple types of pmrmutations occurred independently during
therapy. In all cases susceptible isolates reappeared quickly on
therapy withdrawal, supporting the idea that pmr mutations
leading to colistin resistance are costly for fitness and infectivity.
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globally [6, 7]. Several studies have analyzed how production of
virulence determinants and fitness are altered by antibiotic
resistance mutations, particularly those causing misregulated
multidrug efflux pump production and mutations leading to
β-lactam resistance.

Multidrug Resistance Through Efflux Pump Hyperproduction
Drug pumps of the resistance-nodulation-division (RND) class
result in clinically significant increases in resistance to a range of
antibiotics and other noxious compounds when overproduced
in mutant strains of P. aeruginosa [8]. The expression levels of
these systems are controlled by an array of transcriptional
regulators [8]. In many cases antibiotic treatment enriches for
mutations within a single regulator causing persistent hyperpro-
duction of a given pump and increased resistance to its sub-
strates. With the MexAB-OprM RND system, which exports a
very wide range of structurally diverse antibiotics, detergents,
disinfectants, and quorum-sensing (QS) molecules, mutations
resulting in hyperproduction are highly common in strains
isolated from patients with severe, acute infections and are fre-
quently due to mutations to the mexR regulator (“nalB”-type
mutations) [9–11]. With MexCD-OprJ and MexEF-OprN,
overproduction is less prevalent in organisms causing acute
disease but has been observed with isolates associated with
chronic infections in patients undergoing long-term antibiotic
therapy [12–14].

Experimental data generally support the notion that hyper-
production of the clinically important RND pumps confers a
fitness cost for the organism growing in tissue sites in the
absence of antibiotic pressure. Compared with isogenic wild-
type (WT) strains, mexR mutants hyperproducing MexAB-
OprM showed reduced production of virulence determinants
such as phenazines and proteases [15] and lowered virulence
in varied animal models [15, 16]. In agreement with these
results, a study on P. aeruginosa strains isolated during an out-
break in France documented the emergence of isolates with low
mexAB-oprM levels despite the presence of a nalB-type mexR
allele that should result in overproduction of these proteins
[17]. In these isolates second-site mutations were found in
the promoter or ribosome-binding sites of the mexAB-oprM
operon, consistent with the hypothesis that constitutive pump
overproduction imposes a fitness burden that can be offset by
compensatory mutations.

Fitness costs during growth in animal models are also seen
with mutational overproduction of the MexCD-OprJ [15, 18]
and MexEF-OprN egress pumps [19, 20], and these costs are
often linked to global effects on bacterial physiology. Overpro-
duction of MexCD-OprJ causes pleiotropic changes to metabo-
lism and gene expression [21], including reduced production of
the type III secretion system, an important virulence determi-
nant [22]. Overproduction of MexEF-OprN due to nfxC muta-
tions was shown to reduce production of virulence factors

including pyocyanin, elastase, and rhamnolipids, which are
QS regulated [23]. Interestingly, these deficiencies resulted
from impaired QS signaling due to excessive removal of QS
autoinducer precursors by the overproduced pump [20, 24].

Although the above-mentioned studies demonstrate that
fitness costs are associated with acquired resistance through
mutational up-regulation of RND pumps, several studies sup-
port a role for natively regulated pump production in promot-
ing pathogenesis, illustrating the connection between intrinsic
resistance and virulence. Expression ofmexAB-oprM is induced
in animal models [3], and inactivation of the system attenuates
fitness or virulence in these same models [3, 25, 26], while
reducing invasiveness into cultured epithelial cells [25]. Consis-
tent with these findings, mexA andmexBmutations resulting in
pump deficiencies were observed to accumulate during the
course of chronic infection in patients with CF [27, 28], a setting
in which selective pressures tend to promote attenuation of
virulence through gradual loss of classic virulence factors
[29]. Therefore, tight regulation of RND pumps, such as
MexAB-OprM, has probably evolved to balance pathogenicity,
resistance, and fitness.

Carbapenem Resistance as a Consequence of OprD Deficiency
OprD is a channel for the uptake of basic amino acids and small
peptides containing basic residues, as well as for carbapenem
antibiotics [30–32]. Carbapenem resistance through null muta-
tions in oprD commonly arises in P. aeruginosa patient isolates
during therapy [33, 34]. Infections with such isolates are associ-
ated with worse clinical outcomes [35]. Interestingly, mutations
lowering oprD expression were found to arise during long-term
colonization in patients who have not been treated with
carbapenem [36], consistent with the presence of an interplay
between the lowered amounts of this porin and adaptation to
the human host.

The relationship between mutational inactivation of oprD
and pathogenicity was examined in a series of studies by
Skurnik, Roux and colleagues [3, 4], who provided evidence
that loss of oprD increases bacterial fitness and virulence in
mouse infection models. In a large-scale screen of transposon
inactivation mutants for altered relative fitness during mouse
gastrointestinal infection, oprD mutations yielded the paradox-
ical result of enhanced colonization and increased systemic dis-
semination [4]. This effect was shown with isogenic laboratory
strains and with related clinical isolates varying in oprD
expression. The loss of oprD function also increased resistance
to killing by human serum and low pH, and increased bacterial-
driven killing of murine macrophages. In a subsequent study,
the authors showed that oprD mutants were also more virulent
than their oprD+ counterparts in a mouse pneumonia model
[3]. Genome-wide transcriptional profiling by RNA-seq of
WT and oprD - strains uncovered a large number of genes
whose relative expression levels were a function of the oprD
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allele, but well-established virulence genes such as the type III
secretion system and exopolysaccharides were unaffected by
the absence of this gene [4]. This suggests that altered fitness
during disease may be directly a consequence of OprD function,
or may result from large-scale expression changes that affect
processes other than the direct interface of this protein with
host-derived molecules.

We note that the model positing that lowered oprD expres-
sion increases virulence is in contrast to a prior study using a
different P. aeruginosa laboratory strain background [16]. In
that study pulmonary infection with an oprD deletion strain
led to reduced mouse mortality when compared with a parental
WT strain, although the reversibility of the virulence phenotype
was not interrogated with a genetic complementation test.

β-Lactam Resistance via ampC Overexpression
Resistance to noncarbapenem β-lactams is highly prevalent in
P. aeruginosa and is commonly due to mutational derepression
of the ampC β-lactamase [7]. In WT strains, a regulatory system
maintains ampC expression at low basal levels in the absence of
antibiotics and allows highly induced expression with β-lactam
treatment. Mutations to this induction circuit result in constitu-
tively increased ampC expression and β-lactam resistance [7].
Mutations are diverse and often found in the ampD amidase,
ampR regulator [37, 38], or the nonessential penicillin-binding
protein PBP4 (dacB) [39].

Regarding the amidase ampD, P. aeruginosa encodes 3 homo-
logues [7]. In laboratory strains, mutation of 1 of the amidase
genes results in partial ampC derepression, while combined inac-
tivation of the 3 amidase genes results in constitutive high-level
ampC derepression [7]. In clinical isolates, single ampD mutants
seemmost prevalent [40].This finding may reflect a compromise
between pathogenicity and resistance, because single mutations
eliminating only 1 of these amidases show no fitness or virulence
trade-off in a mouse systemic infection model, whereas double or
triple ampDmutants show significant fitness costs and attenuated
virulence [40].Combinatorial ampDmutants fully-derepressed for
ampC production probably mimic the situation with Salmonella
typhimurium, in which deletion of its single ampD gene was
shown to reduce in vivo fitness owing to the build-up of muropep-
tides within the bacterial cytoplasm [41].

Several studies have described potential infection-promoting
roles for components of the ampC induction circuit in
P. aeruginosa. For example, ampR was shown to regulate diverse
genes beyond ampC, such as the virulence determinants pyo-
cyanin and elastases [42].Roux et al [3] showed that inactivation
of ampC reduces fitness during mouse gastrointestinal infection
in the presence of penicillin and that the gene is induced tran-
scriptionally under these conditions.

Hypermutators
Hypermutator variants arise during chronic infections with
P. aeruginosa, as occurs in patients with CF [43], and this

state has been shown to promote the development of antibiotic
resistance as well as compensatory adaptation to the fitness
costs of resistance [44, 45].Hypermutator mutations themselves
decreased overall population fitness in vivo in a mouse chronic
lung infection model [46]. Interestingly, antibiotic pressure can
reverse the fitness disadvantage associated with ΔmutS hyper-
mutators in animal infection models [47].

A. BAUMANNII INFECTIONS

Infections with the opportunistic pathogen A. baumannii have
emerged around the globe as increasingly problematic for clini-
cians, especially in intensive care unit settings. Rates of multi-
drug resistance have risen rapidly in recent years, with
increasingly common resistance to last-line antibiotics, such
as colistin. Although infections with A. baumannii are often
highly difficult to treat, the organism has generally been consid-
ered to have relatively low virulence potential in immunocom-
petent hosts. Strains with increased pathogenicity in animal
models, however, have been recently isolated [48, 49]. Here we
discuss the relationship between the in vivo fitness of this mi-
croorganism and pathways leading to colistin resistance and
pump overproduction, and highlight recent work on genetic
and phenotypic adaptations that can reversibly modulate its re-
sistance and virulence potential.

Colistin Resistance
Resistance to colistin, a drug increasingly used to combat MDR
A. baumannii, is relatively rare but has been observed to arise
during therapy [50]. Mutations usually occur in the pmrAB 2-
component system, leading to increased modification of the
lipid A target of the drug [51–53]. Such mutations have been
shown in numerous studies to confer some degree of fitness
cost in vitro and in various in vivo models [54–56], although
isolates that have developed high-level colistin resistance with-
out loss of virulence have been described using the Galleria mel-
lonella infection model [57, 58]. Colistin-resistant isolates
resulting from lesions in pmrB also showed cross-resistance to
host antimicrobial peptides [59], providing a potential mecha-
nism that counteracts inherent fitness costs at sites of host in-
fection. An alternate mechanism of colistin resistance observed
in some isolates is complete loss of lipopolysaccharide due to
mutations in genes responsible for its biosynthesis. These mu-
tations are more frequently associated with laboratory selection
on bacteriological medium, however [60, 61] and, predictably,
they show severe in vivo fitness trade-offs [58, 60].

Snitkin and colleagues [53] captured the evolution of colistin
resistance in A. baumannii strains isolated longitudinally dur-
ing and after withdrawal of colistin therapy. Resistance due to
multiple types of pmrmutations occurred independently during
therapy. In all cases susceptible isolates reappeared quickly on
therapy withdrawal, supporting the idea that pmr mutations
leading to colistin resistance are costly for fitness and infectivity.
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Genomic analysis revealed a number of additional findings of
interest. First, in several resistant isolates, mutations predicted
to affect translation arose, pointing to a possible compensatory
mechanism offsetting the in vivo fitness costs of colistin resis-
tance. Second, in 1 isolate that regained sensitivity after colistin
treatment, the original pmrB resistance allele was retained, while
a mutation arose in pmrA predicted to attenuate hyperactiva-
tion of the system. Notably, this compensatory mutation was
shown to constrain the ability to re-evolve colistin resistance.
Third, a low-cost pmr mutation resulting in intermediate resis-
tance not detectable by standard clinical microbiological testing
was identified in a subset of isolates [53]. This study illustrates
the power of genome sequencing to uncover multiple mutation-
al pathways to drug resistance and their fate after antibiotic
withdrawal.

Multidrug Efflux Pumps
As with P. aeruginosa, overproduction of efflux pumps is a
widespread mechanism that contributes to MDR phenotypes
in A. baumannii. Three egress systems of the RND class,
known as AdeABC, AdeIJK, and AdeFGH, confer increased re-
sistance to a broad range of antibiotics in many clinical isolates
[62].Hyperproduction of either AdeABC or AdeIJK is most fre-
quently observed and usually results from mutations within the
transcriptional regulator genes that control their expression [62,
63]. In the absence of regulator mutations, AdeABC production
is tightly controlled at a very low basal level, whereas the AdeIJK
operon is expressed at relatively high basal levels, accounting for
its role in supporting intrinsic resistance in WT strains [62].
Compared with isogenic WT, overproduction of AdeABC or
AdeIJK resulted in minimal fitness costs during the course of
systemic infection in mice, and no significant fitness cost during
lung infection in a mouse pneumonia model [64], consistent
with the high prevalence of clinical strains overproducing
these pumps [63]. Although histopathology revealed similar le-
sions in lungs, AdeABC-overproducing bacteria caused changes
to inflammatory markers within bronchoalveolar lavage fluid
that were consistent with increased neutrophil activation com-
pared with WT bacteria, suggestive of an altered host inflamma-
tory response [64]. Further work is needed to determine the
molecular basis of such changes and their impact on
pathogenesis.

Overproduction of AdeABC and AdeIJK results in additional
phenotypes that may have consequences for host-pathogen in-
teractions, including altered membrane protein levels and re-
duced biofilm growth [62]. Pump-overproducing mutants
may show altered physiology or host interactions through mul-
tiple possible means including the direct effects of increased
pump activity or through global transcriptional changes
brought about by the mutated regulator gene. Recent RNA-
seq analysis comparing a clinical strain overproducing AdeABC
with isogenic strains deleted for either the pump or its regulator

system indicates that gene expression changes are driven by
both of the above mechanisms [65].Deletion of the cognate reg-
ulator (adeRS) or the pump itself resulted in changes to the
transcription levels of hundreds of genes, including those en-
coding pili and a siderophore transport system with potential
roles in virulence [65]. Additional analysis is required to define
the direct gene targets of adeRS and the connections between
AdeABC overproduction and global alterations in gene
expression.

The expression of efflux pumps at basal levels in nonoverpro-
ducingWT strains of A. baumannii has also been shown to con-
tribute to fitness in animal models. In a large transposon
inactivation screen, disruption of the adeIJK genes in a nono-
verproducing isolate diminished fitness in a G. mellonella infec-
tion model [66]. In their study exploring the relationships
between resistance and bacterial fitness in vivo, Roux and col-
leagues [3] analyzed 2 A. baumannii genes annotated as RND
pumps. They showed that inactivation of the genes (A1S_1649
and A1S_1801) resulted in both reduced sensitivity to the ami-
noglycoside tobramycin and delayed killing of mice after intra-
peritoneal injection.

Our own informatics examination sheds additional light on
the putative connections of these genes with resistance and vir-
ulence. Querying the 2 gene products with the National Center
for Biotechnology Information Conserved Domain Database
revealed a close relationship to the major facilitator superfamily,
not the RND, family of pumps. The first product (A1S_1649) is
encoded in an operon containing Fur boxes and siderophore bi-
osynthesis machinery homologues and was highly up-regulated
by iron limitation [67]. Interactions between iron and antibiotic
resistance [68–70] and the well-known roles of iron acquisition
in pathogenesis [71] add complexity to the hypothesis that the
efflux activity of this pump determines resistance or modulates
virulence. Complementation tests would have provided impor-
tant supportive evidence that each gene was involved in viru-
lence and aminoglycoside resistance, particularly because the
phenomenon of phase variation in A. baumannii is known to
affect these phenotypes [72]. Nevertheless, these studies serve
to highlight the deep-rooted connections between intrinsic re-
sistance and virulence.

Multidrug Resistance Plasmid Acquisition
Many A. baumannii strains carry a large conjugative plasmid
containing a variable array of resistance determinants [73].
The plasmid also encodes regulators that repress expression of
a type VI secretion system (T6SS) capable of intoxicating bacte-
rial competitors [73]. Spontaneous loss of the resistance plasmid
results in de-repression of the T6SS, enabling the antibiotic-
sensitive A. baumannii bacteria to attack and kill “prey” micro-
organisms such as E. coli during coculture. Therefore, presence
of the plasmid endows multidrug resistance on A. baumannii at
the expense of (1) a strategy to outcompete neighboring bacteria
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and (2) a hypothesized fitness cost associated with maintenance
of the large plasmid [1]. Repression of the T6SS may serve to
lessen fitness trade-offs associated with unnecessary production
of the system, such as during antibiotic therapy, which in the
host would reduce commensal competitors. The hypothesized
cost of an active T6SS in the presence of antibiotic pressures
remains to be determined, as do fitness costs of maintaining
the resistance plasmid and the benefits of having an active
T6SS during growth during the disease process in the absence
of antibiotics.

Phenotypic Adaptations That Modulate Virulence and Resistance
Owing to their broad resistance, infections with MDR patho-
gens such as A. baumannii are often initially treated with inap-
propriate empiric antibiotics, with negative consequences for
the patient [74]. Several studies have examined how antibiotic
exposures at levels under the minimum inhibitory concentra-
tion modulate the virulence properties of resistant pathogens
(for review, see [75]). We found that A. baumannii responds
to such antibiotic levels by augmenting its virulence, converting
a normally low virulence organism into one that causes lethal
disease [76]. This result was connected to the ability of the
antibiotics chloramphenicol and erythromycin, which target
the 50S ribosome, to reversibly augment the production of
capsular exopolysaccharide via induction of a transcriptional re-
sponse in the cell. Profiling of genome-wide transcriptional
changes and responses to varied antibiotic classes in future
studies may reveal additional determinants of virulence ampli-
fication in this opportunistic pathogen.

A. baumannii also adapts to conditions characteristic of the
host niche with increased phenotypic resistance. Hood and
colleagues [77] demonstrated that physiological concentrations
of sodium chloride induce increased resistance to aminoglyco-
sides, carbapenems, quinolones, and colistin. This phenotype
was associated with transcriptional changes in antibiotic resis-
tance determinants, including up-regulation of efflux pumps
and down-regulation of porins, pointing to a multifactorial
basis for this response.

S. AUREUS INFECTIONS

S. aureus is an important source of resistant infections in the
hospital and in the community. Diseases caused by this patho-
gen result from a variety of virulence determinants controlled
by multiple regulatory systems. One key system is the accessory
gene regulator (agr), which coordinates the expression of path-
ogen genes based on bacterial population density [78]. Here we
discuss how the major mechanisms behind antibiotic resistance
in acute and chronic infections with S. aureus interact with its
formidable virulence capacities.

Methicillin Resistance
Increased resistance to β-lactam antibiotics in methicillin-
resistant S. aureus (MRSA) strains is determined by the

acquisition of a gene set known as the staphylococcal cassette
chromosome (SCCmec), which encodes an altered penicillin-
binding protein with decreased affinity for β-lactams. Strains
of MRSA that are able to spread successfully in the community,
termed community-associated (CA) MRSA [79], have been
shown to display high virulence in animal models and carry
expanded sets of virulence determinants that are produced at
higher levels than sensitive strains [80]. CA-MRSA strains
carry distinct, smaller forms of the SCCmec cassette (SCCmec
types IV or V) compared with the larger forms most commonly
present in hospital-acquired (HA) MRSA strains [80]. Deletion
of the CA-MRSA–type cassette did not affect fitness in culture
[81, 82] or attenuate fitness or virulence in animal models
[83, 84]; by contrast, presence of the larger HA-MRSA–type
SCCmec incurred a fitness cost in bacteriological medium
[81, 82], lowered cytotoxicity with cultured immune cells
[81, 85], and reduced virulence in mice [85].

Interestingly, HA-MRSA–type SCCmec elements contain a
gene, psm-mec, that is absent from CA-MRSA strains and
that modulates virulence in a complex manner [86, 87]. This
gene encodes a regulatory RNA that directly represses agr ex-
pression, lowering toxin production and virulence in certain
HA-MRSA strains [86], and it also encodes a cytolytic toxin
that was shown to promote virulence in a different isolate
of HA-MRSA [87]. The effects of psm-mec on pathogenicity
probably depend on the variable regulatory network and
toxin repertoire present in different strain backgrounds. Overall,
these studies provide a mechanistic basis consistent with the
different disease-causing capacities of the MRSA subtypes,
although many additional factors are clearly at play [80].

In addition to genetic factors that modulate HA-MRSA
virulence, treatment with β-lactam antibiotics, to which these
organisms are highly resistant, can shape pathogenicity.
MRSA strains exposed to β-lactams were shown by Muller
and colleagues [88] to produce a structurally altered, hyperin-
flammatory cell wall that caused increased stimulation of mac-
rophages and more severe immunopathology in a mouse skin
infection model. This study provides a potential connection be-
tween inappropriate empiric antibiotic treatment of nosocomial
MRSA infections and worsened clinical outcomes [89].

Vancomycin Resistance
Reduced susceptibility to vancomycin typically arises in MRSA
infections in the presence of prolonged vancomycin therapy
[90]. Strains with intermediate level resistance (vancomycin-
intermediate S. aureus [VISA]) represent the most prevalent
form and are typically characterized by a thickened cell wall
hypothesized to sequester the drug from critical sites of growth
inhibition [90]. Several clinical studies indicate that VISA
strains display lowered virulence [80], which is supported by ex-
perimental data showing that mutations that increase vancomy-
cin resistance result in attenuated virulence in G. mellonella
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Genomic analysis revealed a number of additional findings of
interest. First, in several resistant isolates, mutations predicted
to affect translation arose, pointing to a possible compensatory
mechanism offsetting the in vivo fitness costs of colistin resis-
tance. Second, in 1 isolate that regained sensitivity after colistin
treatment, the original pmrB resistance allele was retained, while
a mutation arose in pmrA predicted to attenuate hyperactiva-
tion of the system. Notably, this compensatory mutation was
shown to constrain the ability to re-evolve colistin resistance.
Third, a low-cost pmr mutation resulting in intermediate resis-
tance not detectable by standard clinical microbiological testing
was identified in a subset of isolates [53]. This study illustrates
the power of genome sequencing to uncover multiple mutation-
al pathways to drug resistance and their fate after antibiotic
withdrawal.

Multidrug Efflux Pumps
As with P. aeruginosa, overproduction of efflux pumps is a
widespread mechanism that contributes to MDR phenotypes
in A. baumannii. Three egress systems of the RND class,
known as AdeABC, AdeIJK, and AdeFGH, confer increased re-
sistance to a broad range of antibiotics in many clinical isolates
[62].Hyperproduction of either AdeABC or AdeIJK is most fre-
quently observed and usually results from mutations within the
transcriptional regulator genes that control their expression [62,
63]. In the absence of regulator mutations, AdeABC production
is tightly controlled at a very low basal level, whereas the AdeIJK
operon is expressed at relatively high basal levels, accounting for
its role in supporting intrinsic resistance in WT strains [62].
Compared with isogenic WT, overproduction of AdeABC or
AdeIJK resulted in minimal fitness costs during the course of
systemic infection in mice, and no significant fitness cost during
lung infection in a mouse pneumonia model [64], consistent
with the high prevalence of clinical strains overproducing
these pumps [63]. Although histopathology revealed similar le-
sions in lungs, AdeABC-overproducing bacteria caused changes
to inflammatory markers within bronchoalveolar lavage fluid
that were consistent with increased neutrophil activation com-
pared with WT bacteria, suggestive of an altered host inflamma-
tory response [64]. Further work is needed to determine the
molecular basis of such changes and their impact on
pathogenesis.

Overproduction of AdeABC and AdeIJK results in additional
phenotypes that may have consequences for host-pathogen in-
teractions, including altered membrane protein levels and re-
duced biofilm growth [62]. Pump-overproducing mutants
may show altered physiology or host interactions through mul-
tiple possible means including the direct effects of increased
pump activity or through global transcriptional changes
brought about by the mutated regulator gene. Recent RNA-
seq analysis comparing a clinical strain overproducing AdeABC
with isogenic strains deleted for either the pump or its regulator

system indicates that gene expression changes are driven by
both of the above mechanisms [65].Deletion of the cognate reg-
ulator (adeRS) or the pump itself resulted in changes to the
transcription levels of hundreds of genes, including those en-
coding pili and a siderophore transport system with potential
roles in virulence [65]. Additional analysis is required to define
the direct gene targets of adeRS and the connections between
AdeABC overproduction and global alterations in gene
expression.

The expression of efflux pumps at basal levels in nonoverpro-
ducingWT strains of A. baumannii has also been shown to con-
tribute to fitness in animal models. In a large transposon
inactivation screen, disruption of the adeIJK genes in a nono-
verproducing isolate diminished fitness in a G. mellonella infec-
tion model [66]. In their study exploring the relationships
between resistance and bacterial fitness in vivo, Roux and col-
leagues [3] analyzed 2 A. baumannii genes annotated as RND
pumps. They showed that inactivation of the genes (A1S_1649
and A1S_1801) resulted in both reduced sensitivity to the ami-
noglycoside tobramycin and delayed killing of mice after intra-
peritoneal injection.

Our own informatics examination sheds additional light on
the putative connections of these genes with resistance and vir-
ulence. Querying the 2 gene products with the National Center
for Biotechnology Information Conserved Domain Database
revealed a close relationship to the major facilitator superfamily,
not the RND, family of pumps. The first product (A1S_1649) is
encoded in an operon containing Fur boxes and siderophore bi-
osynthesis machinery homologues and was highly up-regulated
by iron limitation [67]. Interactions between iron and antibiotic
resistance [68–70] and the well-known roles of iron acquisition
in pathogenesis [71] add complexity to the hypothesis that the
efflux activity of this pump determines resistance or modulates
virulence. Complementation tests would have provided impor-
tant supportive evidence that each gene was involved in viru-
lence and aminoglycoside resistance, particularly because the
phenomenon of phase variation in A. baumannii is known to
affect these phenotypes [72]. Nevertheless, these studies serve
to highlight the deep-rooted connections between intrinsic re-
sistance and virulence.

Multidrug Resistance Plasmid Acquisition
Many A. baumannii strains carry a large conjugative plasmid
containing a variable array of resistance determinants [73].
The plasmid also encodes regulators that repress expression of
a type VI secretion system (T6SS) capable of intoxicating bacte-
rial competitors [73]. Spontaneous loss of the resistance plasmid
results in de-repression of the T6SS, enabling the antibiotic-
sensitive A. baumannii bacteria to attack and kill “prey” micro-
organisms such as E. coli during coculture. Therefore, presence
of the plasmid endows multidrug resistance on A. baumannii at
the expense of (1) a strategy to outcompete neighboring bacteria
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and (2) a hypothesized fitness cost associated with maintenance
of the large plasmid [1]. Repression of the T6SS may serve to
lessen fitness trade-offs associated with unnecessary production
of the system, such as during antibiotic therapy, which in the
host would reduce commensal competitors. The hypothesized
cost of an active T6SS in the presence of antibiotic pressures
remains to be determined, as do fitness costs of maintaining
the resistance plasmid and the benefits of having an active
T6SS during growth during the disease process in the absence
of antibiotics.

Phenotypic Adaptations That Modulate Virulence and Resistance
Owing to their broad resistance, infections with MDR patho-
gens such as A. baumannii are often initially treated with inap-
propriate empiric antibiotics, with negative consequences for
the patient [74]. Several studies have examined how antibiotic
exposures at levels under the minimum inhibitory concentra-
tion modulate the virulence properties of resistant pathogens
(for review, see [75]). We found that A. baumannii responds
to such antibiotic levels by augmenting its virulence, converting
a normally low virulence organism into one that causes lethal
disease [76]. This result was connected to the ability of the
antibiotics chloramphenicol and erythromycin, which target
the 50S ribosome, to reversibly augment the production of
capsular exopolysaccharide via induction of a transcriptional re-
sponse in the cell. Profiling of genome-wide transcriptional
changes and responses to varied antibiotic classes in future
studies may reveal additional determinants of virulence ampli-
fication in this opportunistic pathogen.

A. baumannii also adapts to conditions characteristic of the
host niche with increased phenotypic resistance. Hood and
colleagues [77] demonstrated that physiological concentrations
of sodium chloride induce increased resistance to aminoglyco-
sides, carbapenems, quinolones, and colistin. This phenotype
was associated with transcriptional changes in antibiotic resis-
tance determinants, including up-regulation of efflux pumps
and down-regulation of porins, pointing to a multifactorial
basis for this response.

S. AUREUS INFECTIONS

S. aureus is an important source of resistant infections in the
hospital and in the community. Diseases caused by this patho-
gen result from a variety of virulence determinants controlled
by multiple regulatory systems. One key system is the accessory
gene regulator (agr), which coordinates the expression of path-
ogen genes based on bacterial population density [78]. Here we
discuss how the major mechanisms behind antibiotic resistance
in acute and chronic infections with S. aureus interact with its
formidable virulence capacities.

Methicillin Resistance
Increased resistance to β-lactam antibiotics in methicillin-
resistant S. aureus (MRSA) strains is determined by the

acquisition of a gene set known as the staphylococcal cassette
chromosome (SCCmec), which encodes an altered penicillin-
binding protein with decreased affinity for β-lactams. Strains
of MRSA that are able to spread successfully in the community,
termed community-associated (CA) MRSA [79], have been
shown to display high virulence in animal models and carry
expanded sets of virulence determinants that are produced at
higher levels than sensitive strains [80]. CA-MRSA strains
carry distinct, smaller forms of the SCCmec cassette (SCCmec
types IV or V) compared with the larger forms most commonly
present in hospital-acquired (HA) MRSA strains [80]. Deletion
of the CA-MRSA–type cassette did not affect fitness in culture
[81, 82] or attenuate fitness or virulence in animal models
[83, 84]; by contrast, presence of the larger HA-MRSA–type
SCCmec incurred a fitness cost in bacteriological medium
[81, 82], lowered cytotoxicity with cultured immune cells
[81, 85], and reduced virulence in mice [85].

Interestingly, HA-MRSA–type SCCmec elements contain a
gene, psm-mec, that is absent from CA-MRSA strains and
that modulates virulence in a complex manner [86, 87]. This
gene encodes a regulatory RNA that directly represses agr ex-
pression, lowering toxin production and virulence in certain
HA-MRSA strains [86], and it also encodes a cytolytic toxin
that was shown to promote virulence in a different isolate
of HA-MRSA [87]. The effects of psm-mec on pathogenicity
probably depend on the variable regulatory network and
toxin repertoire present in different strain backgrounds. Overall,
these studies provide a mechanistic basis consistent with the
different disease-causing capacities of the MRSA subtypes,
although many additional factors are clearly at play [80].

In addition to genetic factors that modulate HA-MRSA
virulence, treatment with β-lactam antibiotics, to which these
organisms are highly resistant, can shape pathogenicity.
MRSA strains exposed to β-lactams were shown by Muller
and colleagues [88] to produce a structurally altered, hyperin-
flammatory cell wall that caused increased stimulation of mac-
rophages and more severe immunopathology in a mouse skin
infection model. This study provides a potential connection be-
tween inappropriate empiric antibiotic treatment of nosocomial
MRSA infections and worsened clinical outcomes [89].

Vancomycin Resistance
Reduced susceptibility to vancomycin typically arises in MRSA
infections in the presence of prolonged vancomycin therapy
[90]. Strains with intermediate level resistance (vancomycin-
intermediate S. aureus [VISA]) represent the most prevalent
form and are typically characterized by a thickened cell wall
hypothesized to sequester the drug from critical sites of growth
inhibition [90]. Several clinical studies indicate that VISA
strains display lowered virulence [80], which is supported by ex-
perimental data showing that mutations that increase vancomy-
cin resistance result in attenuated virulence in G. mellonella
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[91], a rat model of endocarditis [92], and systemic infection of
mice [93]. The altered virulence of these strains may relate to a
number of factors. Dysfunction of the key global virulence
regulatory system, agr, is frequently observed [80]. In addition,
increased capsular polysaccharide, decreased surface protein A,
and reduced innate immune activation were observed in VISA
isolates emerging during bacteremic infection, compared with
susceptible counterparts [94]. The precise molecular determi-
nants that reduce virulence as a consequence of the VISA
state remain to be fully elucidated.

The genetic pathways leading to increased vancomycin resis-
tance are heterogeneous and not yet completely understood
[90]. Genomic approaches have led to the discovery of novel
mutations that drive the altered resistance and virulence pheno-
types in VISA isolates [95, 96]. One such mutation is in the stp1
gene encoding a eukaryotic-like phosphatase. Engineered muta-
tions that inactivate stp1 recapitulate the VISA phenotype
and result in decreased hemolysin production and attenuated
virulence in mouse systemic infection models [80, 97, 98].
Interestingly, the substrates of Stp1 are phosphorylated cyste-
ines on proteins including members of the SarA family of global
transcriptional regulators [98].Many virulence genes are targets
of this family [99], suggesting an additional mechanistic path-
way linking altered vancomycin resistance and virulence.

Small Colony Variants
Small colony variants (SCVs) of S. aureus and other pathogens
are associated with relapsing infections that persist despite
antibiotic therapy. The mechanisms underlying the SCV phe-
notype have been linked to mutations in electron transport or
thymidine biosynthesis, resulting in altered metabolism, slowed
growth, and resistance to antibiotics, particularly the aminogly-
cosides [100]. Additional pathways have been shown to drive
the SCV phenotype in the clinic, such as activation of the
stringent response due to point mutations in relA [101]. In
agreement with clinical observations on the chronic, recalci-
trant nature of infections with SCVs [100, 102], isolated SCVs
in pure culture display decreased virulence in animal models
compared with their WT counterparts, while generally retain-
ing an ability to cause persistent infection with substantial
bacterial burden [100, 101, 103].

The switch to a persistent lifestyle seems to be determined
by diverse mechanisms. For some SCV isolates, reduced agr
expression is observed, resulting in decreased production of
toxins and increased production of surface attachment factors.
Such reprogramming is thought to promote a persistence niche
when bacteria are in close association with host cells [104]. In 1
study, SCV strains containing mutations in relA and rpoB
showed enhanced expression of agr; however, these mutations
also triggered up-regulation of capsule biosynthesis genes and in-
creased resistance to killing by serum and antimicrobial peptides,
properties that may explain enhanced persistence in vivo [101].

SCV strains are often isolated as subpopulations from mixed
bacterial communities that comprise the infection site [105,
106]. A study by Hammer et al [107] tested the hypothesis
that interbacterial interactions within such communities at
sites of infection can permit bypass of the virulence deficiency
seen with individual SCV isolates in monoculture. The authors
cocultured 2 strains with SCV phenotypes due to distinct mu-
tations affecting electron transport—one affecting heme biosyn-
thesis and the other menaquinone biosynthesis. Interestingly,
coculture led to enhanced growth of the overall population in
bacteriological medium and increased fitness and virulence in
a murine model of osteomyelitis, an infection commonly asso-
ciated with the development of SCV isolates in humans. Similar
growth enhancements were found in interactions between
defined S. aureus SCVs and slow-growing strains of other bac-
terial species frequently coisolated with S. aureus in patients.
The data support a model in which interstrain exchanges of
metabolites promoting respiration underlie the mutualistic
interactions [107], although the precise mechanisms of such
exchanges remain to be elucidated.

CONCLUSIONS AND FUTURE DIRECTIONS

The continual evolution of nosocomial pathogens under selec-
tive pressures from antibiotics, the host, and the environment
presents both challenges and opportunities. Mutations increas-
ing antibiotic resistance have a range of effects on bacterial fit-
ness during infection manifesting as decreased or increased
pathogenic potential. Future studies should further elucidate
the determinants of altered virulence potential in resistant path-
ogens and illuminate the mechanisms by which resistance traits
modulate the outcome of disease. It is clear that the disease
process provides selective pressures to constrain the spectrum
of resistance. The selective forces present in the hospitalized
human host are complex, and animal experiments that take a
reductionist approach to disentangle these complex environ-
ments will play a major role in explaining how individual pres-
sures shape the fate of resistant pathogens during infection.
Some of the specific selective forces highlighted in this review
include prior treatment with sublethal antibiotics and defined
polymicrobial interactions.

Several gaps in our knowledge of how the disease process
shapes resistance development remain, however. A key gap is
how the host immune status—that is, the presence or absence
of specific effectors of the immune system—modulates the evo-
lution of resistance traits in pathogens. One possible approach
to bridge this gap is parallel testing of bacterial fitness in animal
hosts with or without deficiencies in defined innate immune
functions. Using such animals as hosts for experimental micro-
bial evolution [108] in the presence of antibiotic treatment
would represent an additional strategy to shed light on the
roles of host pressures in influencing the emergence and fate
of resistance mutations. Another important gap is the interplay
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of resistance with additional stages of the disease process, such
as transmission from environmental reservoirs and epithelial
colonization. These stages can shape the acquisition of antibiot-
ic resistance, and resistance mutations likely affect bacterial fit-
ness at these sites in ways different from those seen at sites of
outright infection. Understanding these phenomena has the po-
tential to inform the development of improved strategies to con-
trol the spread of antibiotic resistance in clinical settings.
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[91], a rat model of endocarditis [92], and systemic infection of
mice [93]. The altered virulence of these strains may relate to a
number of factors. Dysfunction of the key global virulence
regulatory system, agr, is frequently observed [80]. In addition,
increased capsular polysaccharide, decreased surface protein A,
and reduced innate immune activation were observed in VISA
isolates emerging during bacteremic infection, compared with
susceptible counterparts [94]. The precise molecular determi-
nants that reduce virulence as a consequence of the VISA
state remain to be fully elucidated.

The genetic pathways leading to increased vancomycin resis-
tance are heterogeneous and not yet completely understood
[90]. Genomic approaches have led to the discovery of novel
mutations that drive the altered resistance and virulence pheno-
types in VISA isolates [95, 96]. One such mutation is in the stp1
gene encoding a eukaryotic-like phosphatase. Engineered muta-
tions that inactivate stp1 recapitulate the VISA phenotype
and result in decreased hemolysin production and attenuated
virulence in mouse systemic infection models [80, 97, 98].
Interestingly, the substrates of Stp1 are phosphorylated cyste-
ines on proteins including members of the SarA family of global
transcriptional regulators [98].Many virulence genes are targets
of this family [99], suggesting an additional mechanistic path-
way linking altered vancomycin resistance and virulence.

Small Colony Variants
Small colony variants (SCVs) of S. aureus and other pathogens
are associated with relapsing infections that persist despite
antibiotic therapy. The mechanisms underlying the SCV phe-
notype have been linked to mutations in electron transport or
thymidine biosynthesis, resulting in altered metabolism, slowed
growth, and resistance to antibiotics, particularly the aminogly-
cosides [100]. Additional pathways have been shown to drive
the SCV phenotype in the clinic, such as activation of the
stringent response due to point mutations in relA [101]. In
agreement with clinical observations on the chronic, recalci-
trant nature of infections with SCVs [100, 102], isolated SCVs
in pure culture display decreased virulence in animal models
compared with their WT counterparts, while generally retain-
ing an ability to cause persistent infection with substantial
bacterial burden [100, 101, 103].

The switch to a persistent lifestyle seems to be determined
by diverse mechanisms. For some SCV isolates, reduced agr
expression is observed, resulting in decreased production of
toxins and increased production of surface attachment factors.
Such reprogramming is thought to promote a persistence niche
when bacteria are in close association with host cells [104]. In 1
study, SCV strains containing mutations in relA and rpoB
showed enhanced expression of agr; however, these mutations
also triggered up-regulation of capsule biosynthesis genes and in-
creased resistance to killing by serum and antimicrobial peptides,
properties that may explain enhanced persistence in vivo [101].

SCV strains are often isolated as subpopulations from mixed
bacterial communities that comprise the infection site [105,
106]. A study by Hammer et al [107] tested the hypothesis
that interbacterial interactions within such communities at
sites of infection can permit bypass of the virulence deficiency
seen with individual SCV isolates in monoculture. The authors
cocultured 2 strains with SCV phenotypes due to distinct mu-
tations affecting electron transport—one affecting heme biosyn-
thesis and the other menaquinone biosynthesis. Interestingly,
coculture led to enhanced growth of the overall population in
bacteriological medium and increased fitness and virulence in
a murine model of osteomyelitis, an infection commonly asso-
ciated with the development of SCV isolates in humans. Similar
growth enhancements were found in interactions between
defined S. aureus SCVs and slow-growing strains of other bac-
terial species frequently coisolated with S. aureus in patients.
The data support a model in which interstrain exchanges of
metabolites promoting respiration underlie the mutualistic
interactions [107], although the precise mechanisms of such
exchanges remain to be elucidated.

CONCLUSIONS AND FUTURE DIRECTIONS

The continual evolution of nosocomial pathogens under selec-
tive pressures from antibiotics, the host, and the environment
presents both challenges and opportunities. Mutations increas-
ing antibiotic resistance have a range of effects on bacterial fit-
ness during infection manifesting as decreased or increased
pathogenic potential. Future studies should further elucidate
the determinants of altered virulence potential in resistant path-
ogens and illuminate the mechanisms by which resistance traits
modulate the outcome of disease. It is clear that the disease
process provides selective pressures to constrain the spectrum
of resistance. The selective forces present in the hospitalized
human host are complex, and animal experiments that take a
reductionist approach to disentangle these complex environ-
ments will play a major role in explaining how individual pres-
sures shape the fate of resistant pathogens during infection.
Some of the specific selective forces highlighted in this review
include prior treatment with sublethal antibiotics and defined
polymicrobial interactions.

Several gaps in our knowledge of how the disease process
shapes resistance development remain, however. A key gap is
how the host immune status—that is, the presence or absence
of specific effectors of the immune system—modulates the evo-
lution of resistance traits in pathogens. One possible approach
to bridge this gap is parallel testing of bacterial fitness in animal
hosts with or without deficiencies in defined innate immune
functions. Using such animals as hosts for experimental micro-
bial evolution [108] in the presence of antibiotic treatment
would represent an additional strategy to shed light on the
roles of host pressures in influencing the emergence and fate
of resistance mutations. Another important gap is the interplay
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of resistance with additional stages of the disease process, such
as transmission from environmental reservoirs and epithelial
colonization. These stages can shape the acquisition of antibiot-
ic resistance, and resistance mutations likely affect bacterial fit-
ness at these sites in ways different from those seen at sites of
outright infection. Understanding these phenomena has the po-
tential to inform the development of improved strategies to con-
trol the spread of antibiotic resistance in clinical settings.

Notes
Financial support. This work was supported by the Howard Hughes

Medical Institute and the National Institute of Allergy and Infectious
Diseases (grants F32-AI098358 to E. G. and U01-AI124302 to R. R. I.).
Potential conflict of interest. Both authors: No reported conflicts.

Both authors have submitted the ICMJE Form for Disclosure of Potential
Conflicts of Interest. Conflicts that the editors consider relevant to the
content of the manuscript have been disclosed.

References
1. Andersson DI, Hughes D. Antibiotic resistance and its cost: is it possible to

reverse resistance? Nat Rev Microbiol 2010; 8:260–71.
2. Luo N, Pereira S, Sahin O, et al. Enhanced in vivo fitness of fluoroquinolone-

resistant Campylobacter jejuni in the absence of antibiotic selection pressure.
Proc Natl Acad Sci USA 2005; 102:541–6.

3. Roux D, Danilchanka O, Guillard T, et al. Fitness cost of antibiotic susceptibility
during bacterial infection. Sci Transl Med 2015; 7:297ra114.

4. Skurnik D, Roux D, Cattoir V, et al. Enhanced in vivo fitness of carbapenem-
resistant oprD mutants of Pseudomonas aeruginosa revealed through high-
throughput sequencing. Proc Natl Acad Sci USA 2013; 110:20747–52.

5. Ballok AE, O’Toole GA. Pouring salt on a wound: Pseudomonas aeruginosa vir-
ulence factors alter Na+ and Cl- flux in the lung. J Bacteriol 2013; 195:4013–9.

6. Boucher HW, Talbot GH, Bradley JS, et al. Bad bugs, no drugs: no ESKAPE! an
update from the Infectious Diseases Society of America. Clin Infect Dis 2009;
48:1–12.

7. Lister PD, Wolter DJ, Hanson ND. Antibacterial-resistant Pseudomonas
aeruginosa: clinical impact and complex regulation of chromosomally encoded
resistance mechanisms. Clin Microbiol Rev 2009; 22:582–610.

8. Li XZ, Plesiat P, Nikaido H. The challenge of efflux-mediated antibiotic resistance
in Gram-negative bacteria. Clin Microbiol Rev 2015; 28:337–418.

9. Hocquet D, Roussel-Delvallez M, Cavallo JD, Plesiat P. MexAB-OprM- and
MexXY-overproducing mutants are very prevalent among clinical strains of
Pseudomonas aeruginosa with reduced susceptibility to ticarcillin. Antimicrob
Agents Chemother 2007; 51:1582–3.

10. Salunkhe P, Smart CH, Morgan JA, et al. A cystic fibrosis epidemic strain
of Pseudomonas aeruginosa displays enhanced virulence and antimicrobial
resistance. J Bacteriol 2005; 187:4908–20.

11. Xavier DE, Picao RC, Girardello R, Fehlberg LC, Gales AC. Efflux pumps expres-
sion and its association with porin down-regulation and beta-lactamase produc-
tion among Pseudomonas aeruginosa causing bloodstream infections in Brazil.
BMC Microbiol 2010; 10:217.

12. Jalal S, Ciofu O, Hoiby N, Gotoh N, Wretlind B. Molecular mechanisms of flu-
oroquinolone resistance in Pseudomonas aeruginosa isolates from cystic fibrosis
patients. Antimicrob Agents Chemother 2000; 44:710–2.

13. Jeannot K, Elsen S, Kohler T, Attree I, van Delden C, Plesiat P. Resistance
and virulence of Pseudomonas aeruginosa clinical strains overproducing the
MexCD-OprJ efflux pump. Antimicrob Agents Chemother 2008; 52:2455–62.

14. Wolter DJ, Black JA, Lister PD, Hanson ND. Multiple genotypic changes in
hypersusceptible strains of Pseudomonas aeruginosa isolated from cystic fibrosis
patients do not always correlate with the phenotype. J Antimicrob Chemother
2009; 64:294–300.

15. Sanchez P, Linares JF, Ruiz-Diez B, et al. Fitness of in vitro selected Pseudomonas
aeruginosa nalB and nfxB multidrug resistant mutants. J Antimicrob Chemother
2002; 50:657–64.

16. Abdelraouf K, Kabbara S, Ledesma KR, Poole K, Tam VH. Effect of multidrug
resistance-conferring mutations on the fitness and virulence of Pseudomonas
aeruginosa. J Antimicrob Chemother 2011; 66:1311–7.

17. Hocquet D, Bertrand X, Kohler T, Talon D, Plesiat P. Genetic and phenotypic
variations of a resistant Pseudomonas aeruginosa epidemic clone. Antimicrob
Agents Chemother 2003; 47:1887–94.

18. Martinez-Ramos I, Mulet X, Moya B, Barbier M, Oliver A, Alberti S. Overexpres-
sion of MexCD-OprJ reduces Pseudomonas aeruginosa virulence by increasing
its susceptibility to complement-mediated killing. Antimicrob Agents Chemo-
ther 2014; 58:2426–9.

19. Cosson P, Zulianello L, Join-Lambert O, et al. Pseudomonas aeruginosa virulence
analyzed in a Dictyostelium discoideum host system. J Bacteriol 2002;
184:3027–33.

20. Olivares J, Alvarez-Ortega C, Linares JF, Rojo F, Kohler T, Martinez JL. Overpro-
duction of the multidrug efflux pump MexEF-OprN does not impair Pseudomo-
nas aeruginosa fitness in competition tests, but produces specific changes in
bacterial regulatory networks. Environ Microbiol 2012; 14:1968–81.

21. Stickland HG, Davenport PW, Lilley KS, Griffin JL, Welch M. Mutation of nfxB
causes global changes in the physiology and metabolism of Pseudomonas
aeruginosa. J Proteome Res 2010; 9:2957–67.

22. Linares JF, Lopez JA, Camafeita E, Albar JP, Rojo F, Martinez JL. Overexpression
of the multidrug efflux pumpsMexCD-OprJ andMexEF-OprN is associated with
a reduction of type III secretion in Pseudomonas aeruginosa. J Bacteriol 2005;
187:1384–91.

23. Kohler T, van Delden C, Curty LK, Hamzehpour MM, Pechere JC. Overexpres-
sion of the MexEF-OprN multidrug efflux system affects cell-to-cell signaling in
Pseudomonas aeruginosa. J Bacteriol 2001; 183:5213–22.

24. Lamarche MG, Deziel E. MexEF-OprN efflux pump exports the Pseudomonas
quinolone signal (PQS) precursor HHQ (4-hydroxy-2-heptylquinoline). PLoS
One 2011; 6:e24310.

25. Hirakata Y, Srikumar R, Poole K, et al. Multidrug efflux systems play an impor-
tant role in the invasiveness of Pseudomonas aeruginosa. J Exp Med 2002;
196:109–18.

26. Mahajan-Miklos S, Tan MW, Rahme LG, Ausubel FM. Molecular mechanisms of
bacterial virulence elucidated using a Pseudomonas aeruginosa-Caenorhabditis
elegans pathogenesis model. Cell 1999; 96:47–56.

27. Smith EE, Buckley DG, Wu Z, et al. Genetic adaptation by Pseudomonas aerugi-
nosa to the airways of cystic fibrosis patients. Proc Natl Acad Sci USA 2006;
103:8487–92.

28. Vettoretti L, Plesiat P, Muller C, et al. Efflux unbalance in Pseudomonas aerugi-
nosa isolates from cystic fibrosis patients. Antimicrob Agents Chemother 2009;
53:1987–97.

29. Hauser AR, Jain M, Bar-Meir M, McColley SA. Clinical significance of microbial
infection and adaptation in cystic fibrosis. Clin Microbiol Rev 2011; 24:29–70.

30. Trias J, Nikaido H. Protein D2 channel of the Pseudomonas aeruginosa outer
membrane has a binding site for basic amino acids and peptides. J Biol Chem
1990; 265:15680–4.

31. Trias J, Nikaido H. Outer membrane protein D2 catalyzes facilitated diffusion of
carbapenems and penems through the outer membrane of Pseudomonas aerugi-
nosa. Antimicrob Agents Chemother 1990; 34:52–7.

32. Yoneyama H, Nakae T. Cloning of the protein D2 gene of Pseudomonas aerugi-
nosa and its functional expression in the imipenem-resistant host. FEBS Lett
1991; 283:177–9.

33. Riera E, Cabot G, Mulet X, et al. Pseudomonas aeruginosa carbapenem resistance
mechanisms in Spain: impact on the activity of imipenem, meropenem and
doripenem. J Antimicrob Chemother 2011; 66:2022–7.

34. Cabot G, Ocampo-Sosa AA, Tubau F, et al. Overexpression of AmpC and efflux
pumps in Pseudomonas aeruginosa isolates from bloodstream infections: preva-
lence and impact on resistance in a Spanish multicenter study. Antimicrob
Agents Chemother 2011; 55:1906–11.

35. Pena C, Suarez C, Gozalo M, et al. Prospective multicenter study of the impact of
carbapenem resistance on mortality in Pseudomonas aeruginosa bloodstream
infections. Antimicrob Agents Chemother 2012; 56:1265–72.

36. Wolter DJ, Acquazzino D, Goering RV, Sammut P, Khalaf N, Hanson ND. Emer-
gence of carbapenem resistance in Pseudomonas aeruginosa isolates from a pa-
tient with cystic fibrosis in the absence of carbapenem therapy. Clin Infect Dis
2008; 46:e137–41.

37. Bagge N, Ciofu O, Hentzer M, Campbell JI, Givskov M, Hoiby N. Constitutive
high expression of chromosomal beta-lactamase in Pseudomonas aeruginosa
caused by a new insertion sequence (IS1669) located in ampD. Antimicrob
Agents Chemother 2002; 46:3406–11.

38. Tam VH, Schilling AN, LaRocco MT, et al. Prevalence of AmpC over-expression
in bloodstream isolates of Pseudomonas aeruginosa. Clin Microbiol Infect 2007;
13:413–8.

39. Moya B, Dotsch A, Juan C, et al. Beta-lactam resistance response triggered by
inactivation of a nonessential penicillin-binding protein. PLoS Pathog 2009; 5:
e1000353.

40. Moya B, Juan C, Alberti S, Perez JL, Oliver A. Benefit of having multiple
ampD genes for acquiring beta-lactam resistance without losing fitness and vir-
ulence in Pseudomonas aeruginosa. Antimicrob Agents Chemother 2008;
52:3694–700.

Interplay Between Antibiotic Resistance and Virulence • JID • S7



S16 • JID 2017:215 (Suppl 1) • Geisinger and Isberg

41. Folkesson A, Eriksson S, Andersson M, Park JT, Normark S. Components of the
peptidoglycan-recycling pathway modulate invasion and intracellular survival of
Salmonella enterica serovar Typhimurium. Cell Microbiol 2005; 7:147–55.

42. Balasubramanian D, Schneper L, Merighi M, et al. The regulatory repertoire of
Pseudomonas aeruginosa AmpC ss-lactamase regulator AmpR includes virulence
genes. PLoS One 2012; 7:e34067.

43. Oliver A, Canton R, Campo P, Baquero F, Blazquez J. High frequency of hyper-
mutable Pseudomonas aeruginosa in cystic fibrosis lung infection. Science 2000;
288:1251–4.

44. Macia MD, Blanquer D, Togores B, Sauleda J, Perez JL, Oliver A. Hypermutation
is a key factor in development of multiple-antimicrobial resistance in Pseudomo-
nas aeruginosa strains causing chronic lung infections. Antimicrob Agents
Chemother 2005; 49:3382–6.

45. Perron GG, Hall AR, Buckling A. Hypermutability and compensatory adaptation
in antibiotic-resistant bacteria. Am Nat 2010; 176:303–11.

46. Montanari S, Oliver A, Salerno P, et al. Biological cost of hypermutation in Pseu-
domonas aeruginosa strains from patients with cystic fibrosis. Microbiology
2007; 153:1445–54.

47. Alcala-Franco B, Montanari S, Cigana C, Bertoni G, Oliver A, Bragonzi A.
Antibiotic pressure compensates the biological cost associated with Pseudomonas
aeruginosa hypermutable phenotypes in vitro and in a murine model of chronic
airways infection. J Antimicrob Chemother 2012; 67:962–9.

48. Jones CL, Clancy M, Honnold C, et al. Fatal outbreak of an emerging clone of
extensively drug-resistant Acinetobacter baumannii with enhanced virulence.
Clin Infect Dis 2015; 61:145–54.

49. Bruhn KW, Pantapalangkoor P, Nielsen T, et al. Host fate is rapidly determined
by innate effector-microbial interactions during Acinetobacter baumannii bacter-
emia. J Infect Dis 2015; 211:1296–305.

50. Doi Y, Murray GL, Peleg AY. Acinetobacter baumannii: evolution of antimicro-
bial resistance-treatment options. Semin Respir Crit Care Med 2015; 36:85–98.

51. Beceiro A, Llobet E, Aranda J, et al. Phosphoethanolamine modification of lipid
A in colistin-resistant variants of Acinetobacter baumannii mediated by the
pmrAB two-component regulatory system. Antimicrob Agents Chemother
2011; 55:3370–9.

52. Pelletier MR, Casella LG, Jones JW, et al. Unique structural modifications are pre-
sent in the lipopolysaccharide from colistin-resistant strains of Acinetobacter
baumannii. Antimicrob Agents Chemother 2013; 57:4831–40.

53. Snitkin ES, Zelazny AM, Gupta J, et al. Genomic insights into the fate of colistin
resistance and Acinetobacter baumannii during patient treatment. Genome Res
2013; 23:1155–62.

54. Hraiech S, Roch A, Lepidi H, et al. Impaired virulence and fitness of a colistin-
resistant clinical isolate of Acinetobacter baumannii in a rat model of pneumonia.
Antimicrob Agents Chemother 2013; 57:5120–1.

55. Lopez-Rojas R, Dominguez-Herrera J, McConnell MJ, et al. Impaired virulence
and in vivo fitness of colistin-resistant Acinetobacter baumannii. J Infect Dis
2011; 203:545–8.

56. Lopez-Rojas R, McConnell MJ, Jimenez-Mejias ME, Dominguez-Herrera J,
Fernandez-Cuenca F, Pachon J. Colistin resistance in a clinical Acinetobacter
baumannii strain appearing after colistin treatment: effect on virulence and
bacterial fitness. Antimicrob Agents Chemother 2013; 57:4587–9.

57. Durante-Mangoni E, Del Franco M, Andini R, Bernardo M, Giannouli M, Zarrilli
R. Emergence of colistin resistance without loss of fitness and virulence after
prolonged colistin administration in a patient with extensively drug-resistant
Acinetobacter baumannii. Diagn Microbiol Infect Dis 2015; 82:222–6.

58. Wand ME, Bock LJ, Bonney LC, Sutton JM. Retention of virulence following
adaptation to colistin in Acinetobacter baumannii reflects the mechanism of
resistance. J Antimicrob Chemother 2015; 70:2209–16.

59. Napier BA, Burd EM, Satola SW, et al. Clinical use of colistin induces cross-
resistance to host antimicrobials in Acinetobacter baumannii. MBio 2013; 4:
e00021–13.

60. Beceiro A, Moreno A, Fernandez N, et al. Biological cost of different mechanisms
of colistin resistance and their impact on virulence in Acinetobacter baumannii.
Antimicrob Agents Chemother 2014; 58:518–26.

61. Moffatt JH, Harper M, Harrison P, et al. Colistin resistance in Acinetobacter
baumannii is mediated by complete loss of lipopolysaccharide production.
Antimicrob Agents Chemother 2010; 54:4971–7.

62. Yoon EJ, Chabane YN, Goussard S, et al. Contribution of resistance-nodulation-
cell division efflux systems to antibiotic resistance and biofilm formation in
Acinetobacter baumannii. MBio 2015; 6:e00309–15.

63. Rumbo C, Gato E, Lopez M, et al. Contribution of efflux pumps, porins,
and beta-lactamases to multidrug resistance in clinical isolates of Acinetobacter
baumannii. Antimicrob Agents Chemother 2013; 57:5247–57.

64. Yoon EJ, Balloy V, Fiette L, Chignard M, Courvalin P, Grillot-Courvalin C.
Contribution of the Ade resistance-nodulation-cell division-type efflux pumps

to fitness and pathogenesis of Acinetobacter baumannii. MBio 2016; 7:
e00697–16.

65. Richmond GE, Evans LP, Anderson MJ, et al. The Acinetobacter baumannii two-
component system AdeRS regulates genes required for multidrug efflux, biofilm
formation, and virulence in a strain-Specific manner. MBio 2016; 7:e00430–16.

66. Gebhardt MJ, Gallagher LA, Jacobson RK, et al. Joint transcriptional control of
virulence and resistance to antibiotic and environmental stress in Acinetobacter
baumannii. MBio 2015; 6:e01660–15.

67. Eijkelkamp BA, Hassan KA, Paulsen IT, Brown MH. Investigation of the human
pathogen Acinetobacter baumannii under iron limiting conditions. BMC Geno-
mics 2011; 12:126.

68. Ezraty B, Vergnes A, Banzhaf M, et al. Fe-S cluster biosynthesis controls uptake of
aminoglycosides in a ROS-less death pathway. Science 2013; 340:1583–7.

69. Kreamer NN, Costa F, Newman DK. The ferrous iron-responsive BqsRS two-
component system activates genes that promote cationic stress tolerance. MBio
2015; 6:e02549.

70. Oglesby-Sherrouse AG, Djapgne L, Nguyen AT, Vasil AI, Vasil ML. The complex
interplay of iron, biofilm formation, and mucoidy affecting antimicrobial resis-
tance of Pseudomonas aeruginosa. Pathog Dis 2014; 70:307–20.

71. Cassat JE, Skaar EP. Iron in infection and immunity. Cell Host Microbe 2013;
13:509–19.

72. Tipton KA, Dimitrova D, Rather PN. Phase-variable control of multiple pheno-
types in Acinetobacter baumannii strain AB5075. J Bacteriol 2015; 197:2593–9.

73. Weber BS, Ly PM, Irwin JN, Pukatzki S, Feldman MF. A multidrug resistance
plasmid contains the molecular switch for type VI secretion in Acinetobacter
baumannii. Proc Natl Acad Sci USA 2015; 112:9442–7.

74. Siempos II, Vardakas KZ, Kyriakopoulos CE, Ntaidou TK, Falagas ME. Predic-
tors of mortality in adult patients with ventilator-associated pneumonia: a meta-
analysis. Shock 2010; 33:590–601.

75. Andersson DI, Hughes D. Microbiological effects of sublethal levels of antibiot-
ics. Nat Rev Microbiol 2014; 12:465–78.

76. Geisinger E, Isberg RR. Antibiotic modulation of capsular exopolysaccharide and
virulence in Acinetobacter baumannii. PLoS Pathog 2015; 11:e1004691.

77. Hood MI, Jacobs AC, Sayood K, Dunman PM, Skaar EP. Acinetobacter bauman-
nii increases tolerance to antibiotics in response to monovalent cations. Antimi-
crob Agents Chemother 2010; 54:1029–41.

78. Novick RP, Geisinger E. Quorum sensing in staphylococci. Annu Rev Genet
2008; 42:541–64.

79. Otto M. Basis of virulence in community-associated methicillin-resistant
Staphylococcus aureus. Annu Rev Microbiol 2010; 64:143–62.

80. Cameron DR, Howden BP, Peleg AY. The interface between antibiotic resistance
and virulence in Staphylococcus aureus and its impact upon clinical outcomes.
Clin Infect Dis 2011; 53:576–82.

81. Collins J, Rudkin J, Recker M, Pozzi C, O’Gara JP, Massey RC. Offsetting viru-
lence and antibiotic resistance costs by MRSA. ISME J 2010; 4:577–84.

82. Lee SM, Ender M, Adhikari R, Smith JM, Berger-Bachi B, Cook GM. Fitness cost
of staphylococcal cassette chromosome mec in methicillin-resistant Staphylococ-
cus aureus by way of continuous culture. Antimicrob Agents Chemother 2007;
51:1497–9.

83. Day SR, Moore CM, Kundzins JR, Sifri CD. Community-associated and health-
care-associated methicillin-resistant Staphylococcus aureus virulence toward
Caenorhabditis elegans compared. Virulence 2012; 3:576–82.

84. Diep BA, Stone GG, Basuino L, et al. The arginine catabolic mobile element and
staphylococcal chromosomal cassette mec linkage: convergence of virulence and
resistance in the USA300 clone of methicillin-resistant Staphylococcus aureus.
J Infect Dis 2008; 197:1523–30.

85. Rudkin JK, Edwards AM, Bowden MG, et al. Methicillin resistance reduces
the virulence of healthcare-associated methicillin-resistant Staphylococcus aureus
by interfering with the agr quorum sensing system. J Infect Dis 2012; 205:
798–806.

86. Kaito C, Saito Y, Nagano G, et al. Transcription and translation products of the
cytolysin gene psm-mec on the mobile genetic element SCCmec regulate Staph-
ylococcus aureus virulence. PLoS Pathog 2011; 7:e1001267.

87. Queck SY, Khan BA, Wang R, et al. Mobile genetic element-encoded cytolysin
connects virulence to methicillin resistance in MRSA. PLoS Pathog 2009; 5:
e1000533.

88. Muller S, Wolf AJ, Iliev ID, Berg BL, Underhill DM, Liu GY. Poorly cross-Linked
peptidoglycan in MRSA due to mecA induction activates the inflammasome and
exacerbates immunopathology. Cell Host Microbe 2015; 18:604–12.

89. Gasch O, Camoez M, Dominguez MA, et al. Predictive factors for early mortality
among patients with methicillin-resistant Staphylococcus aureus bacteraemia.
J Antimicrob Chemother 2013; 68:1423–30.

90. Gardete S, Tomasz A. Mechanisms of vancomycin resistance in Staphylococcus
aureus. J Clin Invest 2014; 124:2836–40.

S8 • JID • Geisinger and Isberg

91. Peleg AY, Monga D, Pillai S, Mylonakis E, Moellering RC Jr, Eliopoulos GM. Re-
duced susceptibility to vancomycin influences pathogenicity in Staphylococcus
aureus infection. J Infect Dis 2009; 199:532–6.

92. Majcherczyk PA, Barblan JL, Moreillon P, Entenza JM. Development
of glycopeptide-intermediate resistance by Staphylococcus aureus leads to
attenuated infectivity in a rat model of endocarditis. Microb Pathog 2008;
45:408–14.

93. Burnie J, Matthews R, Jiman-Fatami A, Gottardello P, Hodgetts S, D’Arcy S.
Analysis of 42 cases of septicemia caused by an epidemic strain of methicillin-
resistant Staphylococcus aureus: evidence of resistance to vancomycin. Clin Infect
Dis 2000; 31:684–9.

94. Howden BP, Smith DJ, Mansell A, et al. Different bacterial gene expression
patterns and attenuated host immune responses are associated with the evolution
of low-level vancomycin resistance during persistent methicillin-resistant
Staphylococcus aureus bacteraemia. BMC Microbiol 2008; 8:39.

95. Cameron DR, Ward DV, Kostoulias X, et al. Serine/threonine phosphatase Stp1
contributes to reduced susceptibility to vancomycin and virulence in Staphylo-
coccus aureus. J Infect Dis 2012; 205:1677–87.

96. Renzoni A, Andrey DO, Jousselin A, et al. Whole genome sequencing and
complete genetic analysis reveals novel pathways to glycopeptide resistance in
Staphylococcus aureus. PLoS One 2011; 6:e21577.

97. Burnside K, Lembo A, de Los Reyes M, et al. Regulation of hemolysin expression
and virulence of Staphylococcus aureus by a serine/threonine kinase and phos-
phatase. PLoS One 2010; 5:e11071.

98. Sun F, Ding Y, Ji Q, et al. Protein cysteine phosphorylation of SarA/MgrA family
transcriptional regulators mediates bacterial virulence and antibiotic resistance.
Proc Natl Acad Sci USA 2012; 109:15461–6.

99. Cheung AL, Nishina KA, Trotonda MP, Tamber S. The SarA protein family of
Staphylococcus aureus. Int J Biochem Cell Biol 2008; 40:355–61.

100. Proctor RA, von Eiff C, Kahl BC, et al. Small colony variants: a pathogenic form
of bacteria that facilitates persistent and recurrent infections. Nat Rev Microbiol
2006; 4:295–305.

101. Gao W, Cameron DR, Davies JK, et al. The RpoB H481Y rifampicin resistance
mutation and an active stringent response reduce virulence and increase resis-
tance to innate immune responses in Staphylococcus aureus. J Infect Dis 2013;
207:929–39.

102. Besier S, Smaczny C, von Mallinckrodt C, et al. Prevalence and clinical signifi-
cance of Staphylococcus aureus small-colony variants in cystic fibrosis lung dis-
ease. J Clin Microbiol 2007; 45:168–72.

103. Musher DM, Baughn RE, Templeton GB, Minuth JN. Emergence of variant
forms of Staphylococcus aureus after exposure to gentamicin and infectivity of
the variants in experimental animals. J Infect Dis 1977; 136:360–9.

104. Sendi P, Proctor RA. Staphylococcus aureus as an intracellular pathogen: the role
of small colony variants. Trends Microbiol 2009; 17:54–8.

105. Cheng AG, DeDent AC, Schneewind O, Missiakas D. A play in four acts:
Staphylococcus aureus abscess formation. Trends Microbiol 2011; 19:225–32.

106. Hoffman LR, Deziel E, D’Argenio DA, et al. Selection for Staphylococcus aureus
small-colony variants due to growth in the presence of Pseudomonas aeruginosa.
Proc Natl Acad Sci USA 2006; 103:19890–5.

107. Hammer ND, Cassat JE, Noto MJ, et al. Inter- and intraspecies metabolite
exchange promotes virulence of antibiotic-resistant Staphylococcus aureus. Cell
Host Microbe 2014; 16:531–7.

108. Ensminger AW. Experimental evolution of pathogenesis: “patient” research.
PLoS Pathog 2013; 9:e1003340.

Interplay Between Antibiotic Resistance and Virulence • JID • S9



Interplay Between Antibiotic Resistance and Virulence • JID 2017:215 (Suppl 1) • S17

41. Folkesson A, Eriksson S, Andersson M, Park JT, Normark S. Components of the
peptidoglycan-recycling pathway modulate invasion and intracellular survival of
Salmonella enterica serovar Typhimurium. Cell Microbiol 2005; 7:147–55.

42. Balasubramanian D, Schneper L, Merighi M, et al. The regulatory repertoire of
Pseudomonas aeruginosa AmpC ss-lactamase regulator AmpR includes virulence
genes. PLoS One 2012; 7:e34067.

43. Oliver A, Canton R, Campo P, Baquero F, Blazquez J. High frequency of hyper-
mutable Pseudomonas aeruginosa in cystic fibrosis lung infection. Science 2000;
288:1251–4.

44. Macia MD, Blanquer D, Togores B, Sauleda J, Perez JL, Oliver A. Hypermutation
is a key factor in development of multiple-antimicrobial resistance in Pseudomo-
nas aeruginosa strains causing chronic lung infections. Antimicrob Agents
Chemother 2005; 49:3382–6.

45. Perron GG, Hall AR, Buckling A. Hypermutability and compensatory adaptation
in antibiotic-resistant bacteria. Am Nat 2010; 176:303–11.

46. Montanari S, Oliver A, Salerno P, et al. Biological cost of hypermutation in Pseu-
domonas aeruginosa strains from patients with cystic fibrosis. Microbiology
2007; 153:1445–54.

47. Alcala-Franco B, Montanari S, Cigana C, Bertoni G, Oliver A, Bragonzi A.
Antibiotic pressure compensates the biological cost associated with Pseudomonas
aeruginosa hypermutable phenotypes in vitro and in a murine model of chronic
airways infection. J Antimicrob Chemother 2012; 67:962–9.

48. Jones CL, Clancy M, Honnold C, et al. Fatal outbreak of an emerging clone of
extensively drug-resistant Acinetobacter baumannii with enhanced virulence.
Clin Infect Dis 2015; 61:145–54.

49. Bruhn KW, Pantapalangkoor P, Nielsen T, et al. Host fate is rapidly determined
by innate effector-microbial interactions during Acinetobacter baumannii bacter-
emia. J Infect Dis 2015; 211:1296–305.

50. Doi Y, Murray GL, Peleg AY. Acinetobacter baumannii: evolution of antimicro-
bial resistance-treatment options. Semin Respir Crit Care Med 2015; 36:85–98.

51. Beceiro A, Llobet E, Aranda J, et al. Phosphoethanolamine modification of lipid
A in colistin-resistant variants of Acinetobacter baumannii mediated by the
pmrAB two-component regulatory system. Antimicrob Agents Chemother
2011; 55:3370–9.

52. Pelletier MR, Casella LG, Jones JW, et al. Unique structural modifications are pre-
sent in the lipopolysaccharide from colistin-resistant strains of Acinetobacter
baumannii. Antimicrob Agents Chemother 2013; 57:4831–40.

53. Snitkin ES, Zelazny AM, Gupta J, et al. Genomic insights into the fate of colistin
resistance and Acinetobacter baumannii during patient treatment. Genome Res
2013; 23:1155–62.

54. Hraiech S, Roch A, Lepidi H, et al. Impaired virulence and fitness of a colistin-
resistant clinical isolate of Acinetobacter baumannii in a rat model of pneumonia.
Antimicrob Agents Chemother 2013; 57:5120–1.

55. Lopez-Rojas R, Dominguez-Herrera J, McConnell MJ, et al. Impaired virulence
and in vivo fitness of colistin-resistant Acinetobacter baumannii. J Infect Dis
2011; 203:545–8.

56. Lopez-Rojas R, McConnell MJ, Jimenez-Mejias ME, Dominguez-Herrera J,
Fernandez-Cuenca F, Pachon J. Colistin resistance in a clinical Acinetobacter
baumannii strain appearing after colistin treatment: effect on virulence and
bacterial fitness. Antimicrob Agents Chemother 2013; 57:4587–9.

57. Durante-Mangoni E, Del Franco M, Andini R, Bernardo M, Giannouli M, Zarrilli
R. Emergence of colistin resistance without loss of fitness and virulence after
prolonged colistin administration in a patient with extensively drug-resistant
Acinetobacter baumannii. Diagn Microbiol Infect Dis 2015; 82:222–6.

58. Wand ME, Bock LJ, Bonney LC, Sutton JM. Retention of virulence following
adaptation to colistin in Acinetobacter baumannii reflects the mechanism of
resistance. J Antimicrob Chemother 2015; 70:2209–16.

59. Napier BA, Burd EM, Satola SW, et al. Clinical use of colistin induces cross-
resistance to host antimicrobials in Acinetobacter baumannii. MBio 2013; 4:
e00021–13.

60. Beceiro A, Moreno A, Fernandez N, et al. Biological cost of different mechanisms
of colistin resistance and their impact on virulence in Acinetobacter baumannii.
Antimicrob Agents Chemother 2014; 58:518–26.

61. Moffatt JH, Harper M, Harrison P, et al. Colistin resistance in Acinetobacter
baumannii is mediated by complete loss of lipopolysaccharide production.
Antimicrob Agents Chemother 2010; 54:4971–7.

62. Yoon EJ, Chabane YN, Goussard S, et al. Contribution of resistance-nodulation-
cell division efflux systems to antibiotic resistance and biofilm formation in
Acinetobacter baumannii. MBio 2015; 6:e00309–15.

63. Rumbo C, Gato E, Lopez M, et al. Contribution of efflux pumps, porins,
and beta-lactamases to multidrug resistance in clinical isolates of Acinetobacter
baumannii. Antimicrob Agents Chemother 2013; 57:5247–57.

64. Yoon EJ, Balloy V, Fiette L, Chignard M, Courvalin P, Grillot-Courvalin C.
Contribution of the Ade resistance-nodulation-cell division-type efflux pumps

to fitness and pathogenesis of Acinetobacter baumannii. MBio 2016; 7:
e00697–16.

65. Richmond GE, Evans LP, Anderson MJ, et al. The Acinetobacter baumannii two-
component system AdeRS regulates genes required for multidrug efflux, biofilm
formation, and virulence in a strain-Specific manner. MBio 2016; 7:e00430–16.

66. Gebhardt MJ, Gallagher LA, Jacobson RK, et al. Joint transcriptional control of
virulence and resistance to antibiotic and environmental stress in Acinetobacter
baumannii. MBio 2015; 6:e01660–15.

67. Eijkelkamp BA, Hassan KA, Paulsen IT, Brown MH. Investigation of the human
pathogen Acinetobacter baumannii under iron limiting conditions. BMC Geno-
mics 2011; 12:126.

68. Ezraty B, Vergnes A, Banzhaf M, et al. Fe-S cluster biosynthesis controls uptake of
aminoglycosides in a ROS-less death pathway. Science 2013; 340:1583–7.

69. Kreamer NN, Costa F, Newman DK. The ferrous iron-responsive BqsRS two-
component system activates genes that promote cationic stress tolerance. MBio
2015; 6:e02549.

70. Oglesby-Sherrouse AG, Djapgne L, Nguyen AT, Vasil AI, Vasil ML. The complex
interplay of iron, biofilm formation, and mucoidy affecting antimicrobial resis-
tance of Pseudomonas aeruginosa. Pathog Dis 2014; 70:307–20.

71. Cassat JE, Skaar EP. Iron in infection and immunity. Cell Host Microbe 2013;
13:509–19.

72. Tipton KA, Dimitrova D, Rather PN. Phase-variable control of multiple pheno-
types in Acinetobacter baumannii strain AB5075. J Bacteriol 2015; 197:2593–9.

73. Weber BS, Ly PM, Irwin JN, Pukatzki S, Feldman MF. A multidrug resistance
plasmid contains the molecular switch for type VI secretion in Acinetobacter
baumannii. Proc Natl Acad Sci USA 2015; 112:9442–7.

74. Siempos II, Vardakas KZ, Kyriakopoulos CE, Ntaidou TK, Falagas ME. Predic-
tors of mortality in adult patients with ventilator-associated pneumonia: a meta-
analysis. Shock 2010; 33:590–601.

75. Andersson DI, Hughes D. Microbiological effects of sublethal levels of antibiot-
ics. Nat Rev Microbiol 2014; 12:465–78.

76. Geisinger E, Isberg RR. Antibiotic modulation of capsular exopolysaccharide and
virulence in Acinetobacter baumannii. PLoS Pathog 2015; 11:e1004691.

77. Hood MI, Jacobs AC, Sayood K, Dunman PM, Skaar EP. Acinetobacter bauman-
nii increases tolerance to antibiotics in response to monovalent cations. Antimi-
crob Agents Chemother 2010; 54:1029–41.

78. Novick RP, Geisinger E. Quorum sensing in staphylococci. Annu Rev Genet
2008; 42:541–64.

79. Otto M. Basis of virulence in community-associated methicillin-resistant
Staphylococcus aureus. Annu Rev Microbiol 2010; 64:143–62.

80. Cameron DR, Howden BP, Peleg AY. The interface between antibiotic resistance
and virulence in Staphylococcus aureus and its impact upon clinical outcomes.
Clin Infect Dis 2011; 53:576–82.

81. Collins J, Rudkin J, Recker M, Pozzi C, O’Gara JP, Massey RC. Offsetting viru-
lence and antibiotic resistance costs by MRSA. ISME J 2010; 4:577–84.

82. Lee SM, Ender M, Adhikari R, Smith JM, Berger-Bachi B, Cook GM. Fitness cost
of staphylococcal cassette chromosome mec in methicillin-resistant Staphylococ-
cus aureus by way of continuous culture. Antimicrob Agents Chemother 2007;
51:1497–9.

83. Day SR, Moore CM, Kundzins JR, Sifri CD. Community-associated and health-
care-associated methicillin-resistant Staphylococcus aureus virulence toward
Caenorhabditis elegans compared. Virulence 2012; 3:576–82.

84. Diep BA, Stone GG, Basuino L, et al. The arginine catabolic mobile element and
staphylococcal chromosomal cassette mec linkage: convergence of virulence and
resistance in the USA300 clone of methicillin-resistant Staphylococcus aureus.
J Infect Dis 2008; 197:1523–30.

85. Rudkin JK, Edwards AM, Bowden MG, et al. Methicillin resistance reduces
the virulence of healthcare-associated methicillin-resistant Staphylococcus aureus
by interfering with the agr quorum sensing system. J Infect Dis 2012; 205:
798–806.

86. Kaito C, Saito Y, Nagano G, et al. Transcription and translation products of the
cytolysin gene psm-mec on the mobile genetic element SCCmec regulate Staph-
ylococcus aureus virulence. PLoS Pathog 2011; 7:e1001267.

87. Queck SY, Khan BA, Wang R, et al. Mobile genetic element-encoded cytolysin
connects virulence to methicillin resistance in MRSA. PLoS Pathog 2009; 5:
e1000533.

88. Muller S, Wolf AJ, Iliev ID, Berg BL, Underhill DM, Liu GY. Poorly cross-Linked
peptidoglycan in MRSA due to mecA induction activates the inflammasome and
exacerbates immunopathology. Cell Host Microbe 2015; 18:604–12.

89. Gasch O, Camoez M, Dominguez MA, et al. Predictive factors for early mortality
among patients with methicillin-resistant Staphylococcus aureus bacteraemia.
J Antimicrob Chemother 2013; 68:1423–30.

90. Gardete S, Tomasz A. Mechanisms of vancomycin resistance in Staphylococcus
aureus. J Clin Invest 2014; 124:2836–40.

S8 • JID • Geisinger and Isberg

91. Peleg AY, Monga D, Pillai S, Mylonakis E, Moellering RC Jr, Eliopoulos GM. Re-
duced susceptibility to vancomycin influences pathogenicity in Staphylococcus
aureus infection. J Infect Dis 2009; 199:532–6.

92. Majcherczyk PA, Barblan JL, Moreillon P, Entenza JM. Development
of glycopeptide-intermediate resistance by Staphylococcus aureus leads to
attenuated infectivity in a rat model of endocarditis. Microb Pathog 2008;
45:408–14.

93. Burnie J, Matthews R, Jiman-Fatami A, Gottardello P, Hodgetts S, D’Arcy S.
Analysis of 42 cases of septicemia caused by an epidemic strain of methicillin-
resistant Staphylococcus aureus: evidence of resistance to vancomycin. Clin Infect
Dis 2000; 31:684–9.

94. Howden BP, Smith DJ, Mansell A, et al. Different bacterial gene expression
patterns and attenuated host immune responses are associated with the evolution
of low-level vancomycin resistance during persistent methicillin-resistant
Staphylococcus aureus bacteraemia. BMC Microbiol 2008; 8:39.

95. Cameron DR, Ward DV, Kostoulias X, et al. Serine/threonine phosphatase Stp1
contributes to reduced susceptibility to vancomycin and virulence in Staphylo-
coccus aureus. J Infect Dis 2012; 205:1677–87.

96. Renzoni A, Andrey DO, Jousselin A, et al. Whole genome sequencing and
complete genetic analysis reveals novel pathways to glycopeptide resistance in
Staphylococcus aureus. PLoS One 2011; 6:e21577.

97. Burnside K, Lembo A, de Los Reyes M, et al. Regulation of hemolysin expression
and virulence of Staphylococcus aureus by a serine/threonine kinase and phos-
phatase. PLoS One 2010; 5:e11071.

98. Sun F, Ding Y, Ji Q, et al. Protein cysteine phosphorylation of SarA/MgrA family
transcriptional regulators mediates bacterial virulence and antibiotic resistance.
Proc Natl Acad Sci USA 2012; 109:15461–6.

99. Cheung AL, Nishina KA, Trotonda MP, Tamber S. The SarA protein family of
Staphylococcus aureus. Int J Biochem Cell Biol 2008; 40:355–61.

100. Proctor RA, von Eiff C, Kahl BC, et al. Small colony variants: a pathogenic form
of bacteria that facilitates persistent and recurrent infections. Nat Rev Microbiol
2006; 4:295–305.

101. Gao W, Cameron DR, Davies JK, et al. The RpoB H481Y rifampicin resistance
mutation and an active stringent response reduce virulence and increase resis-
tance to innate immune responses in Staphylococcus aureus. J Infect Dis 2013;
207:929–39.

102. Besier S, Smaczny C, von Mallinckrodt C, et al. Prevalence and clinical signifi-
cance of Staphylococcus aureus small-colony variants in cystic fibrosis lung dis-
ease. J Clin Microbiol 2007; 45:168–72.

103. Musher DM, Baughn RE, Templeton GB, Minuth JN. Emergence of variant
forms of Staphylococcus aureus after exposure to gentamicin and infectivity of
the variants in experimental animals. J Infect Dis 1977; 136:360–9.

104. Sendi P, Proctor RA. Staphylococcus aureus as an intracellular pathogen: the role
of small colony variants. Trends Microbiol 2009; 17:54–8.

105. Cheng AG, DeDent AC, Schneewind O, Missiakas D. A play in four acts:
Staphylococcus aureus abscess formation. Trends Microbiol 2011; 19:225–32.

106. Hoffman LR, Deziel E, D’Argenio DA, et al. Selection for Staphylococcus aureus
small-colony variants due to growth in the presence of Pseudomonas aeruginosa.
Proc Natl Acad Sci USA 2006; 103:19890–5.

107. Hammer ND, Cassat JE, Noto MJ, et al. Inter- and intraspecies metabolite
exchange promotes virulence of antibiotic-resistant Staphylococcus aureus. Cell
Host Microbe 2014; 16:531–7.

108. Ensminger AW. Experimental evolution of pathogenesis: “patient” research.
PLoS Pathog 2013; 9:e1003340.

Interplay Between Antibiotic Resistance and Virulence • JID • S9


