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Ecology of Pseudomonas aeruginosa Infections

Justine Lynn Dees, Ph.D.
The University of Texas at Austin, 2017

Supervisor: Marvin Whiteley

The Gram-negative opportunistic pathogen Pseudomonas aeruginosa
infects many different tissues types of immunocompromised individuals,
especially the soft tissues and lungs. Despite the prevalence of P. aeruginosa in
multiple infection environments, many of the mechanisms controlling this
bacterium’s ability to thrive during infection remain unexplained. Therefore, I
explored two facets of the ecology of P. aeruginosa infections: 1) the presence of
co-infecting bacterial species and 2) the disturbance by antimicrobial treatment.
The fitness-based genomic approach, Transposon sequencing (Tn-seq) was
used to identify P. aeruginosa fitness determinants during chronic wound
infection with the common co-infecting species, Staphylococcus aureus. The Tnseq data revealed several genes that P. aeruginosa requires during co-infection
with S. aureus. In particular, I demonstrated that the ability of P. aeruginosa to
biosynthesize glutathione is a crucial determinant of P. aeruginosa fitness during
chronic wound co-infection with S. aureus, potentially to relieve oxidative stress.
To explore how the disturbance by antimicrobial treatment affects P. aeruginosa,
I combined expression- (RNA sequencing) and fitness-based (Tn-seq) genomic
vi

techniques and identified genes involved in P. aeruginosa in vitro resistance to
various antimicrobials.
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Chapter 1: Introduction1

1.1 OVERVIEW

The Gram-negative opportunistic pathogen Pseudomonas aeruginosa
causes acute and chronic infections in immunocompromised individuals and
accounts for 8% of all healthcare-associated infections [1]. P. aeruginosa is a
ubiquitous bacterium that can be isolated from environments as diverse as soil,
water, and human infections. P. aeruginosa has the genetic capacity to thrive in
the presence of stresses such as low nutrient availability as well as the host
immune system [2-4]. Furthermore, P. aeruginosa intrinsically resists numerous
antimicrobials, allowing this bacterium to persist during infection despite
treatment [5]. As an added complication to treatment of these infections, P.
aeruginosa often exists within complex microbial communities of organisms that
contribute to its virulence and result in poor infection outcomes [6, 7]. However,
the known mechanisms responsible for the persistence of this organism during
infection remain limited. Therefore, my dissertation research has focused on
1

Sections of this chapter were adapted from the following reference (36, Copyright © The
Microbiological Society of Korea and Springer-Verlag Berlin Heidelberg 2014, reused with
permission, Murray, J. L., Connell, J. L., Stacy, A., Turner, K. H., & Whiteley, M. (2014).
Mechanisms of synergy in polymicrobial infections. Journal of Microbiology, 52(3), 188–199.
http://doi.org/10.1007/s12275-014-4067-3; I was the primary author of this work.
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defining mechanisms of P. aeruginosa fitness during multispecies infections and
antimicrobial treatment. This introductory chapter will provide background
information about P. aeruginosa infections, including the polymicrobial
community it resides in during infection, models for studying P. aeruginosa
infection, and the burden P. aeruginosa multi-drug resistance has on the
healthcare system.
1.2 INFECTIONS CAUSED BY P. AERUGINOSA

1.2.1 Soft tissue infections
P. aeruginosa infections can occur in many different tissue types within
the human body (Figure 1.1). These infections most often arise in tissue sites
that have experienced some level of compromise to the host’s defenses. A prime
example of defense compromise is the damage caused by a severe burn, which
exposes host tissue and provides a niche for bacterial colonization [8]. Due to the
extensive tissue destruction, host immune defense mechanisms, specifically
antimicrobial peptides, are severely reduced in wounds [9, 10]. With the tissue
exposed and the immune responses compromised, opportunistic pathogens from
the environment and in hospital settings often infect these wounds [8]. P.
aeruginosa is one of the most commonly isolated pathogens from burn wound
infections [11, 12]. Multi-drug resistant strains of P. aeruginosa pose a particular
2
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Figure 1.1 P. aeruginosa infection sites
P. aeruginosa infections can occur in almost any tissue type in the human body
[13].
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problem in burn infections because they commonly spread from patient to patient
in burn units [14, 15].

In addition to burn wounds, P. aeruginosa is also commonly isolated from
chronic soft tissue wound infections [16-19]. All chronic wound infections tend to
share the following characteristics:
1. Whereas burn wounds are typically monospecies infections, chronic
wounds are usually colonized by multiple bacterial species, including P.
aeruginosa, Staphylococcus spp., Enterococcus spp., and Proteus spp.
[16-19]. These polymicrobial bacterial communities appear to be growing
primarily as groups of bacteria, called microcolonies, rather than free
floating cells [20, 21]. Because this mode of growth promotes resistance to
antimicrobial treatment, biofilm-like, microcolony growth has been
proposed as a reason why chronic wounds fail to heal [20, 21]. Despite
the general lack of efficacy, antimicrobials are continually administered to
chronic wound infections, which promotes the development of multi-drug
resistant P. aeruginosa strains, and further contributes to difficulty in
infection resolution and wound healing [22].

2. Chronic wounds are also characterized by an erroneous immune
response, which is thought to be partially responsible for the impairment in
chronic wound healing. This altered immune response is especially
apparent in individuals with the comorbidity diabetes. Diabetic wounds
4

tend to remain in an inflammatory state following injury [23, 24] and
studies of wounded, uninfected diabetic mice have shown that the immune
cell attracting molecules, chemokines, are continually expressed later in
wound healing than in non-diabetic mice [25]. This continuous release of
chemokines promotes recruitment of neutrophils and other inflammatory
cells, which generate tissue destructive reactive oxygen species and
proteases, and inhibit uninfected wound healing in both diabetic and nondiabetic mice [24, 26].

1.2.2 Cystic fibrosis lung infections

P. aeruginosa is also noted for its chronic colonization of the lungs of
individuals with the genetic disorder cystic fibrosis (CF). CF results from
mutations in the cystic fibrosis transmembrane regulator, which is an ion
transport protein [27, 28]. The loss of CFTR function has negative consequences
on the pancreatic, hepatic, gastrointestinal, and pulmonary health of cystic
fibrosis patients [28]. CFTR mutations most significantly affect the airways of CF
patients. The loss of CFTR function leads to the development of highly viscous
respiratory mucus and production of ciliated cells unable to promote the removal
of this mucus [27, 28]. Because the accumulated mucus is nutrient rich and not
eliminated from the CF airway, it provides a habitable niche for pathogenic
organisms [29, 30]. In fact, analysis of sputum from the CF lung indicates that it
5

supports robust bacterial growth and contains numerous metabolites including
multiple carbon sources and ions [30]. P. aeruginosa chronically colonizes the
lungs of 80% of CF patients by adulthood [31], and these infections are the
underlying cause of increased morbidity and mortality in these individuals [31].

During its persistence in the CF lung, P. aeruginosa adapts to the
surrounding environment, specifically to the immune response and antimicrobial
treatment. The CF airway remains in a perpetual state of inflammation once
colonized with P. aeruginosa, [32] and as a result, P. aeruginosa loses or
downregulates immunostimulatory components, such as pili and flagellar genes
[33, 34]. Additionally, due to these decades long infections, CF patients endure
continual antimicrobial treatment, which promotes the evolution of antimicrobial
resistant P. aeruginosa strains [34, 35].

1.3 MICROBIAL COMMUNITIES AND POLYMICROBIAL SYNERGY

1.3.1 Overview of microbial communities

P. aeruginosa often exists in the presence of multiple species within
infections sites. However, this is not unique to P. aeruginosa infections. In fact,
virtually no microbes live in isolation [36]. Instead, they inhabit complex
6

polymicrobial communities where interactions between individuals shape the
composition and biological activities of the population. Whether in the
environment or associated with the human body, microbial communities are often
highly diverse. For instance, a gram of soil is estimated to contain more than one
million different bacterial species, while the human oral microbiota contains
between 700 and 1000 bacterial species, with a single individual carrying over
150 unique species [37, 38]. As in macroscopic communities, interactions
between individuals within polymicrobial communities play an integral part in
shaping the landscape of the environments they inhabit.

While the idea that microbes naturally inhabit diverse communities has
been appreciated since the time of Pasteur [39], most laboratory studies have
focused on a single microbe grown in isolation. This reductionist approach has
proven powerful in the study of microbial pathogenesis, where molecular and
biochemical studies have enhanced our knowledge of single species
pathogenesis both in vitro and in model infections. The guiding principles of
these studies are the famous Koch’s postulates, which specify criteria for
declaring a pathogen responsible for a disease: the putative pathogen must be
isolated and cultured from a diseased host; when introduced into a model host it
must replicate the disease; and the same putative pathogen must be isolated and
cultured from this model infection [40]. However, it is becoming increasingly clear
7

that these criteria are insufficient to identify the microbial bases for a number of
infectious diseases (Table 1.1). While this is due in part to difficulty in cultivating
many human-associated microbes, it is also likely that for many of these
diseases there is no single etiological agent responsible for pathogenesis.
1.3.2 Polymicrobial synergy during infection

The realization that not all infections are caused by a single species has
proven extremely valuable in furthering our understanding of the nature of these
polymicrobial infections. Among the most significant advances made under this
framework is the appreciation that polymicrobial infections are often worse than
similar mono-microbial infections. These multispecies infections can display
enhanced pathogen persistence in the infection site, increased disease severity,
and increased antimicrobial resistance [7, 41-50], in a phenomenon known as
polymicrobial synergy.

The term ‘synergy’ was initially applied to microbiological systems in 1924
by Kämmerer, defining synergy as ‘the sum activity of two or more microbes’
[51]. This definition was expanded on in 1982 by Bjornson to define synergy as a
‘cooperative interaction of two or more bacterial species that produces a result
not achieved by the individual bacterium acting alone’ [52]. With regard to

8

Infections for
which Koch’s
postulates apply
Tuberculosis
Anthrax
Cholera
Typhoid fever
Polio
SARS
Malaria
Gastric cancer

References

Infections for which Koch’s
postulates do not apply

References

[40]
[56]
[60]
[67, 68]
[72]
[76]
[79, 80]
[84]

Wound infections
Periodontitis
Cystic fibrosis
Pneumonia
Otitis media
Peritonitis
Device-related infections
Vaginosis

[6, 7, 50, 53-55]
[41, 57-59]
[61-66]
[69-71]
[73-75]
[77, 78]
[81-83]
[82, 85, 86]

Mad cow disease

[87]

Urinary tract infections

[87, 88]

Rice seedling blight

[89]

Abscesses

[44, 90]

Table 1.1 The utility of Koch’s postulates in determining an etiology for infectious
diseases
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infection, this ‘result’ refers to increased severity of disease symptoms. However,
not all interactions leading to synergy in infections are cooperative and synergy is
not exclusive to bacteria. Therefore, we proposed a further refined definition for
synergy during infection [36]: ‘an interaction of two or more microbes in an
infection site that results in enhanced disease compared to infections containing
the individual microbe acting alone’. It is important to note that not all
polymicrobial infections display synergy, a distinction noted by Rotstein et al. in
an excellent review of polymicrobial surgical infections in 1985 [91].
1.3.3 P. aeruginosa and S. aureus interactions

Two organisms often displaying polymicrobial synergy are P. aeruginosa and the
Gram-positive bacterium Staphylococcus aureus. P. aeruginosa is often isolated
with S. aureus from infection sites, particularly in chronic wounds. [6, 16, 19, 9294] The polymicrobial synergy they display manifests in serious implications for
the host, such as suppression of wound healing and increased host mortality [6,
93]. The damaging effects observed in P. aeruginosa-S. aureus co-infection are
multi-factorial and appear to result from the prevention of wound reepithelialization, hindrance of the immune response, and high production of
virulence factors by both species [6, 93, 94]. Furthermore, during growth in an in
vitro wound-like model [95] (described below in Section 1.5) designed to simulate
chronic wound infections, S. aureus displays significantly higher antimicrobial
10

resistance, providing insight into the lack of antimicrobial efficacy in chronic
wound infection treatment [22, 96]. Table 1.2 provides a comprehensive overview
of the known interactions occurring between P. aeruginosa and S. aureus.
Although some interactions between P. aeruginosa and S. aureus have been
identified, many of these studies were conducted in vitro and/or did not define the
mechanistic basis of the interaction. Therefore, a better understanding of the
mechanisms underlying P. aeruginosa-S. aureus polymicrobial synergy during
infection is necessary. Ultimately, characterizing these mechanisms in vivo is
required in order to more effectively treat these complex infections. In Chapter 2,
I address this gap by identifying P. aeruginosa fitness determinants during
murine chronic wound co-infection with S. aureus and characterizing an
important interaction occurring between P. aeruginosa, S. aureus, and the host.
1.4 MODELS TO STUDY P. AERUGINOSA INFECTIONS

To study mechanisms of P. aeruginosa pathogenesis and the contribution
of other infecting organisms on polymicrobial synergy in a controlled fashion,
researchers have employed different infection models. Here, I will describe
several in vivo and in vitro infection models that have proven useful for the study
of mono- and co-culture P. aeruginosa infections.
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Environment
In Vitro,
SCFM, Rat
Peritoneum
In Vitro

In Vitro
Fruit Fly
Mouse

Outcome

Citations
[29, 30, 78,
97]

PA lyses SA
PA induces formation of SA small-colony
variants through PA-produced HQNO
suppression of SA respiration
PA supernatants induce gene expression of SA
proteases (aur, clp, scpA, splA, and sspA),
quorum-sensing regulator agrA, and virulence
factor hemolysin hla
PA sensing of SA peptidoglycan enhances host
killing and PA virulence factor production
PA sensing of SA peptidoglycan increases PA
competition with SA

Pig

Co-infection of PA and SA delayed host wound
epithelialization by inhibiting expression of host
keratinocyte growth factor 1

Pig

Co-infection of PA and SA caused induction of
SA virulence factor gene expression (PantonValentine leukocidin and α-hemolysin)

In Vitro, Pig
Mouse
MonocyteDerived Cell
Line
In Vitro
Wound-Like
Medium

PA inhibits SA growth in vitro, but less so in pig
infection
PA infection induces host expression of Grampositive sensing pathogen-associated
molecular pattern recognition Toll-like receptor
2 (TLR2), which enhances the inflammatory
response to SA
SA displays increased antimicrobial resistance
in co-culture with PA

SA Protein A inhibits PA biofilm formation in
vitro
Human
SA Protein A inhibits PA phagocytosis by
Neutrophils
human neutrophils
PA = P. aeruginosa, SA = S. aureus
In Vitro

Table 1.2 Known interactions between P. aeruginosa and S. aureus
12

[98]

[99]
[6]
[6]
[93]

[93]

[93]

[100]

[96]
[101]
[101]

1.4.1 Drosophila melanogaster
The fruit fly Drosophila melanogaster provides a well-characterized model
for studying microbial infections because of the extensive knowledge regarding
its development, anatomy, and immune system [102]. Although the D.
melanogaster immune system is simpler than the mammalian immune system, it
is highly conserved and contains pattern recognition receptors for both Gramnegative and Gram positive bacteria as well as fungi [103]. Another advantage of
D. melanogaster as a model for infection is its genetic tractability and the wide
availability of mutant flies [102]. Previous studies from our lab investigating the
interactions between P. aeruginosa and S. aureus benefited from using D.
melanogaster to demonstrate synergistic virulence during a polymicrobial
infection due to the ability of P. aeruginosa to sense peptidoglycan shed by S.
aureus [6]. Lastly, D. melanogaster models are inexpensive and relatively easy to
set up, so they enable high-throughput studies. For example, a screen of 40
commensal oropharyngeal isolates in co-infection with P. aeruginosa in D.
melanogaster revealed that certain commensal organisms significantly enhanced
P. aeruginosa virulence in co-infection [104].

13

1.4.2 Mammalian models
While mammalian models of infection involve ethical concerns and often
more complicated procedures than invertebrate models, they are presumably a
closer proxy for human infection. Mice provide a relatively inexpensive and
widely available in vivo environment in which to study P. aeruginosa infections.
For acute infection studies, a murine burn wound infection was developed by
Stieritz and Holder [105], in which a third-degree full thickness burn wound is
subcutaneously inoculated with ~102 P. aeruginosa cells. This acute infection
results in sepsis and mortality within 48 hours [105, 106]. Because this model
allows for infection and sepsis at relatively low bacterial doses, it is thought to be
an improvement on previous burn wound models [105], which required nearly 108
cells to become infected [107]. Numerous P. aeruginosa studies have benefitted
from this burn infection model and have revealed mechanisms for acute infection
pathogenicity [106, 108, 109]. For instance, our lab characterized P. aeruginosa
fitness and expression during burn wound infections using this model and was
able to predict metabolite availability in vivo [108]. This model has also been
used in studies related to the role of motility and quorum sensing in P.
aeruginosa pathogenicity [106, 109].

P. aeruginosa not only causes acute, but also chronic infections as
discussed in sections 1.2.1 and 1.2.2. To study chronic wound infections, a
14

murine chronic wound model was developed and has been useful for P.
aeruginosa mono-species as well as polymicrobial studies [110, 111]. A wound is
created by surgically excising a 1.5 x 1.5 cm piece of dorsal tissue and the area
is covered with a semipermeable dressing [110, 111]. Then, bacteria are injected
beneath the dressing [110, 111]. These wounds remain chronically infected with
P. aeruginosa for up to 3 weeks, allowing for long-term infection studies [111].
Importantly, this model has been successful in recapitulating key features of
human wound infection and healing. In particular, the use of the adhesive
dressing allows the wound to heal by granulation tissue deposition like in humans
rather than by the contractile healing typical of mice [112, 113]. Also, a recent
study demonstrated that infecting this model with a four-species polymicrobial
consortia led to attenuated wound healing and enhanced antimicrobial resistance
in comparison to mono-species infections, similar to human chronic wound
infections [7]. Because of the utility of this model, our lab has employed it for
multiple studies including P. aeruginosa transcriptome analysis and essential
gene profiles of P. aeruginosa, [108], characterization of the importance of P.
aeruginosa peptidoglycan sensing for co-infection virulence [6], and the P.
aeruginosa-S. aureus co-infection study described in Chapter 2 of this
dissertation.

15

Though the above-described models have proven extremely useful, large
differences between mice and humans in body size and the immune system
represent significant challenges for murine models of infection [114]. Using larger
mammals such as pigs offer advantages over those in mice in that these wounds
are more similar to human wounds both anatomically and with respect to the
pharmacokinetics of systemic and topical treatments [115-117]. Additionally,
several studies have indicated that this system functions as a strong model for P.
aeruginosa-involved polymicrobial wound infections [93, 116, 117].

1.4.3 In vitro wound-like medium

While animal models are extremely important for pathogenesis studies,
experiments involving a host are more difficult to control. A common strategy
employed by our laboratory and others is the development of in vitro models that
nutritionally mimic the infection environment. An in vitro wound-like medium was
designed to simulate the chronic wound environment consisting of host factors
frequently found within the chronic wound bed: laked red blood cells, plasma,
and damaged host tissue (a chopped meat-based medium, Bolton broth) [95,
96]. An advantage to this system is the ability to replace the Bolton broth with a
defined medium, allowing for metabolic studies in the presence of host
components. Using this wound-like medium, it was shown that three bacterial
16

species often isolated from chronic wounds, P. aeruginosa, S. aureus, and
Enterococcus faecalis, formed a biofilm in equal proportions based on
quantitative real-time PCR analysis that also visually resembled debridement of
chronic wounds [95]. Furthermore, in two separate studies, bacterial co-cultures
of P. aeruginosa and S. aureus and a three-species community (P. aeruginosa,
S. aureus, and Enterococcus faecalis) demonstrated significantly higher
resistance to antimicrobials, also reminiscent of chronic wounds [95, 96].

1.4.4 Synthetic cystic fibrosis sputum medium

Another in vitro model for chronic infection was developed by our lab to
mimic chronic P. aeruginosa lung infections. This model compensates for the
lack of CF models that accurately parallel the P. aeruginosa lung infection
phenotypes observed in humans [118]. This medium, called Synthetic Cystic
Fibrosis sputum Medium (SCFM), closely replicates the nutritional environment
of the CF lung [30, 119]. To design this medium, CF sputum was collected from
multiple patients and metabolites were identified and quantified [30]. Also, other
known CF lung factors were added, including DNA, lipids, N-acetyl glucosamine
(GlcNAc), and mucin [119]. Importantly, P. aeruginosa grown in this medium
phenotypically mimics its growth in CF sputum [30]. P. aeruginosa gene
expression and fitness profiles are also similar during growth in sputum collected
17

from the CF lung and SCFM [30, 119]. SCFM has been widely used in CF
research. And despite the lack of readily available and relevant in vivo CF
models, meaningful studies can be conducted using this in vitro system.

1.5 ANTIMICROBIAL RESISTANCE

1.5.1 The burden of antimicrobial resistance
The study of P. aeruginosa in model systems allows for the evaluation of
its physiology and behavior in well-controlled environments that mimic natural
settings. These systems can also be used to study the response of P. aeruginosa
to exogenous disturbances including antimicrobials. P. aeruginosa is among the
most antimicrobial resistant pathogens known and this resistance contributes
significantly to its persistence in infection. Therefore, it is crucial to gain a better
understanding of the mechanisms responsible for antimicrobial resistance.

Antimicrobial resistant bacteria infect over 2 million people in the United
States each year, with 23,000 of those individuals dying from such infections [1].
Bacterial infections recalcitrant to antimicrobial treatment pose a significant
financial burden to the healthcare system with an annual cost of ~$30 billion in
the United States [120]. Moreover, 20% of hospital-acquired infections are
18

attributed to bacterial strains resistant to numerous or, in some cases, all
commercially available antimicrobials, consequently complicating infection
treatment due to the limited therapeutic options available [121]. Therefore, the
study of antimicrobial resistant organisms is imperative to the improvement of
infection treatment and prevention.

1.5.2 The “superbug” P. aeruginosa

P. aeruginosa has been named one of the most important antimicrobial
resistant organisms to study by the World Health Organization (WHO), the
National Institutes of Health (NIH), and the Centers for Disease Control and
Prevention (CDC). Recently, the WHO designated three priority tiers, critical,
high, and medium for the investigation of specific antimicrobial resistant bacteria,
and P. aeruginosa categorized as a “critical” priority for the research and
development of novel antimicrobials [122]. Additionally, P. aeruginosa falls
among

the

“ESKAPE”

group

of

pathogens

(Enterococcus

faecium,

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P.
aeruginosa, and Enterobacter spp.) considered important to study by the NIH
due to these organisms’ high resistance to antimicrobials and prevalence in
healthcare-associated infections [123]. Moreover, the CDC recently assigned
threat levels (urgent, serious, or concerning) to a select group of antimicrobial
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resistant organisms and targeted multi-drug resistant P. aeruginosa as a “serious
threat” [1]. This classification signifies the need for better monitoring and
prevention of such infections. Importantly, P. aeruginosa causes 51,000
healthcare-associated infections each year, and of these, 13% are caused by
multi-drug resistant strains, many of which ultimately lead to death [1].

1.5.3 P. aeruginosa intrinsic antimicrobial resistance

Many bacterial strains are predisposed to antimicrobial resistance
because they possess intrinsic resistance mechanisms, including multidrug efflux
pumps, low membrane permeability, and target modifying enzymes (Figure 1.2)
[124-126]. For nearly every type of antimicrobial, P. aeruginosa possesses a
mechanism of resistance. Examples include the following: production of at least
two β-lactamase enzymes that degrade β-lactam antibiotics such as penicillin
[127,

128],

production

of

aminoglycoside-modifying

enzymes

such

as

aminoglycoside phosphoryltransferases [129], outer membrane modifying
enzymes that reduce the negative charge of the membrane and thereby prevent
the cellular entry of these positively charged antibiotics [130-132], and
possession of enzymes like catalase and superoxide dismutase that promote
resistance to oxidative stress [133, 134]. Often, these resistance mechanisms
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Figure 1.2 P. aeruginosa antimicrobial resistance mechanisms
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are redundant, as with the two β-lactamases, providing multiple mechanisms of
protection to P. aeruginosa against a specific class of antibiotic. This redundancy
is especially troubling in the case of multidrug efflux pumps, which convey
resistance to multiple classes of antibiotics [126]. Interestingly, more than 20
efflux systems are annotated in the wild-type P. aeruginosa lab strain PAO1, 7 of
which are classified as multidrug efflux pumps [135].

Though some intrinsic mechanisms have been identified prior to the work
described in Chapter 3 [136], numerous mechanisms remain elusive. Acquisition
of intrinsic resistance mechanisms likely evolved due to antimicrobial exposure in
natural environments. For instance, soil microbes produce a range of
antimicrobials including hydrogen peroxide, antimicrobial peptides, penicillin, and
aminoglycosides. In addition, hosts produce antimicrobials including hydrogen
peroxide, hypochlorite, and antimicrobial peptides [4]. Therefore, to have a
thorough understanding of the ubiquity and persistence of P. aeruginosa, we
must study antimicrobial disturbances in general, rather than only focusing on
clinically relevant antibiotics. Also, prior to the work described in Chapter 3, most
studies had focused on the response of P. aeruginosa grown in varying
laboratory conditions to one or two different antibiotics, which has prevented
researchers from directly comparing the data generated. The work described in
Chapter 3 examines the P. aeruginosa response to 14 antimicrobial under
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identical in vitro growth conditions, thus allowing direct comparisons between
treatments.

1.6 DISSERTATION OBJECTIVES

P. aeruginosa is clearly equipped for survival within the human host and
thrives during infection, yet we still have very little understanding of the
mechanisms responsible for its persistence within this particular environment.
During infection, P. aeruginosa encounters multiple stresses including but not
limited to antimicrobials and other co-infecting microbial species. Therefore, my
dissertation has focused on identifying mechanisms contributing to P. aeruginosa
persistence within the host when faced with co-infecting bacteria and
antimicrobial treatment.

Chapter 1 provides an introduction to the bacterium P. aeruginosa. I
describe P. aeruginosa infections, polymicrobial communities, relevant models
for P. aeruginosa studies, and the burden of P. aeruginosa antimicrobial
resistance. Chapter 2 details a study assessing genome-wide P. aeruginosa
fitness during murine chronic wound co-infection with S. aureus and reveals
mechanisms required by P. aeruginosa to occupy the same infection site as S.
aureus. Data is presented demonstrating that the biosynthesis of the antioxidant
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glutathione in P. aeruginosa is a crucial determinant of fitness during chronic
wound co-infection. Chapter 3 is a study that provides a comprehensive overview
of P. aeruginosa intrinsic resistance determinants for 14 antimicrobials. The use
of two genome-wide sequencing techniques allowed for the comparison of gene
expression and mutant fitness in the presence of these 14 antimicrobials. Novel
resistance determinants and mechanisms for enhanced resistance resulting from
antagonistic antimicrobial combinations are described. In Chapter 4, I discuss the
major conclusions and implications of these studies, as well as potential future
directions from this research.
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Chapter 2: P. aeruginosa requires glutathione biosynthesis
during chronic wound infection with S. aureus

2.1 INTRODUCTION

Microbes commonly reside in polymicrobial communities. This concept
has been appreciated since the late 1600’s when Antonie van Leeuwenhoek first
observed bacteria from the plaque of his own teeth through a microscope [137].
Now, we continue to recognize the complexity of these microbial communities
through

metagenomic

studies

aimed

at

sequencing

organisms

from

environments as diverse as the soil and our own bodies [37, 138]. Despite this
knowledge, the majority of laboratory studies are conducted with a single
bacterial species in isolation. Undoubtedly, these studies have led to important
findings, but they fail to recapitulate the intricacy of the environment most
microbes encounter “in the wild” by disregarding the surrounding microbial
communities.

As different species within a given microbial community interact, they
impact each other, the surrounding community members, and the environment in
a variety of ways. Within the context of infection, these interactions can
significantly affect disease progression and severity. Specifically, the presence or
absence of different community members can impact the virulence and
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antimicrobial resistance of infecting microbes [6, 7, 139, 140]. Additionally, the
availability of metabolites can be altered within the infection site depending on
the community composition and spatial structure, contributing to infection severity
[90]. A better understanding of how the microbial community impacts the
infection environment will guide us in developing more sophisticated treatments
for multispecies infections.

Chronic

human

wounds

harbor

complex,

multi-species

microbial

communities. More than 5 million Americans suffer from chronic wounds
contributing to over $20 billion in health care costs per year in the United States
alone [141]. The multiple species of bacteria infecting chronic wounds often
interact, resulting in enhanced antimicrobial resistance of the infecting microbes
and severe host tissue damage [7, 16-18, 142]. Despite the prevalence and
severity of polymicrobial infections, we still do not fully understand the
interactions occurring between species infecting chronic wounds.

Pseudomonas aeruginosa and Staphylococcus aureus are the two most
commonly isolated bacterial species from chronic wounds [16, 19, 92]. Previous
studies have demonstrated that a complex interplay exists between P.
aeruginosa and S. aureus manifesting in more severe infections than when these
species infect individually [6, 93]. For instance, when P. aeruginosa senses the
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S. aureus cell wall component peptidoglycan, its virulence is enhanced [6].
Additionally, co-cultures of P. aeruginosa and S. aureus display increased
resistance to antimicrobials [96]. Furthermore, the presence of P. aeruginosa and
S. aureus in combination has been shown to delay healing in porcine wound
infections [93].

Therefore, the goal of this study was to gain further understanding of the
interactions between these pathogens within the context of an environment they
often both reside, in chronic wounds. To accomplish this goal, we performed
high-throughput transposon sequencing (Tn-seq) to assess P. aeruginosa mutant
fitness in the presence and absence of S. aureus during murine chronic wound
infection. We identified multiple fitness determinants and demonstrated that P.
aeruginosa biosynthesis of the antioxidant glutathione is required for infection
with S. aureus during co-infection.

2.2 RESULTS
2.2.1 Transposon sequencing reveals P. aeruginosa fitness determinants in
co-infection with S. aureus

To determine which P. aeruginosa genes are important for fitness during
murine chronic wound co-infection with S. aureus, we used Tn-seq. Tn-seq is a
high-throughput method that allows for the screening of the fitness of a pool of
27

transposon mutants within a certain condition. To determine the relative
abundance of each mutant, the genomic DNA is extracted and sequenced. We
assessed

the

fitness

of

~100,000

P.

aeruginosa

transposon

mutants

simultaneously in mono-infection [108] compared to co-infection with S. aureus.
As is common in Tn-seq studies conducted in vivo [143], a bottleneck occurred
during co-infection that resulted in a significant loss of the infecting P. aeruginosa
mutant pool with ~3000-5000 transposon mutants recovered from each wound
infection replicate. Bottlenecked Tn-seq data sets are difficult to analyze because
it is hard to decipher whether a mutant is absent from the transposon mutant pool
because it is a fitness determinant or because it was lost due to the bottleneck.
Therefore, the following mutants were carefully selected for further investigation:
desB, gshA, mexEF, and mexCD-oprJ. First, the glutathione biosynthesis gene
gshA and multi-drug efflux pump mexEF were chosen because they exhibited the
most significant fitness defects (gshA, log2fold change = -11, adjusted P value <
0.01; mexF, log2fold change = -10 and adjusted P value < 0.01) during coinfection. A previous study demonstrated that desB is involved in the induction of
mexEF, resulting in P. aeruginosa inhibition of S. aureus in vitro growth, and our
Tn-seq data results suggest it is also a fitness determinant in vivo during coinfection (desB, log2fold change = -4, adjusted P value < 0.1). For this reason, we
selected desB for further study [144]. Lastly, multi-drug efflux pumps contribute to
P. aeruginosa antimicrobial resistance, allowing this pathogen to persist in the
28

face of consistent and varied antimicrobial treatments [124]. However, few
studies have investigated how antimicrobial resistance determinants function in
P. aeruginosa polymicrobial interactions. Therefore, we selected the multi-drug
efflux system mexCD-oprJ in addition to mexEF, because mexD and oprJ both
exhibited fitness defects based on our results (mexD, log2fold change = -8,
adjusted P value < 0.01; oprJ, log2fold change = -7 adjusted P value < 0.01)

To validate our Tn-seq experiments, we constructed deletion mutants for
each gene or operon described above and evaluated these individual mutants in
the murine chronic wound model. We recovered fewer viable cells from each of
the mutants, ∆desB, ∆gshA, ∆mexEF, and ∆mexCD-oprJ, during co-infection with
S. aureus, indicative of fitness defects; however, not all of these differences were
statistically significant (Figure 2.1). In conclusion, despite the bottlenecked data,
our criteria allowed us to successfully identify fitness determinants for P.
aeruginosa during co-infection.
2.2.2 P. aeruginosa requires glutathione biosynthesis during co-infection
with S. aureus

The deletion of gshA from the P. aeruginosa genome resulted in a ~50fold decrease in P. aeruginosa biomass during chronic wound co-infection with S.
aureus compared to infection with the same mutant in isolation (Figure 2.1).
Therefore, we further explored the requirement of gshA for P. aeruginosa fitness
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Figure 2.1 Validation of Tn-seq mutants
Growth of P. aeruginosa mutants in mono-infection and co-infection with S.
aureus was determined four days post-infection. The central bar indicates the
mean and the error bars represent the standard error of the mean. P values were
determined by a two-tailed Mann-Whitney U test.
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during co-infection with S. aureus. The P. aeruginosa gene gshA codes for
a glutamyl-cysteine ligase, which catalyzes the formation of γ-glutamyl-cysteine
from glutamate and cysteine. This enzyme begins the biosynthesis pathway for
glutathione, the major antioxidant in many bacterial and eukaryotic species [145].
Therefore, we hypothesized that exogenous addition of glutathione would rescue
the P. aeruginosa fitness defect in murine chronic wounds during co-infection
with S. aureus. To test this hypothesis, we infected the murine chronic wound
with the gshA mutant in the presence and absence of S. aureus and injected
glutathione under the wound dressing every 12 hours. Four days post-infection,
the addition of glutathione to the wounds had alleviated the gshA mutant fitness
defect during co-infection, restoring it to mono-infection levels (Figure 2.2). This
result suggests that glutathione is an important metabolite for P. aeruginosa
during co-infection with S. aureus.
2.2.3 P. aeruginosa requires glutathione biosynthesis to relieve oxidative
stress

Previous studies indicated that gshA is required for Salmonella enterica
thiamine biosynthesis, thus mutation of S. enterica gshA resulted in thiamine
auxotrophy [146]. Therefore, we hypothesized that gshA may be required for the
production of key metabolites other than glutathione during co-infection. To test
this hypothesis, we grew the P. aeruginosa gshA mutant in mono-culture in
minimal media (MOPS-glucose and MOPS-succinate) in the absence of thiamine
31

1010
CFU/g Tissue

109

ΔgshA

*

ΔgshA + SA

108
107
106
105

G
SH
+

-G
SH

104

Figure 2.2 Glutathione rescues the gshA mutant fitness in vivo during coinfection
Growth of the gshA mutant in mono-infection and co-infection with S. aureus in
the murine chronic wound model was determined four days post-infection with
and without glutathione treatment. The central bar indicates the mean and the
error bars represent the standard error of the mean, n = 5. (*, P<0.005, two-tailed
Mann-Whitney U test).
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and other metabolites to determine if this mutant also exhibits auxotrophy.
Unlike with S. enterica, deletion of P. aeruginosa gshA does not result in
auxotrophy; however, a significant growth rate defect, called a bradytrophy, was
observed (Table 2.1) [146]. To determine if the addition of thiamine or other
metabolites could alleviate this bradytrophy, we added different metabolites to
the minimal medium (MOPS-glucose) and determined the growth rate of the wildtype P. aeruginosa and the gshA mutant (Table 2.1). We found that only the
addition of glutathione, glutamyl-cysteine, and cysteine restored wild-type growth
rates. Because these metabolites all contain a sulfhydryl group that can be
oxidized to detoxify reactive oxygen species, these results suggest that gshA is
not involved in production of key metabolites other than glutathione during coinfection.

The role of glutathione as a crucial cellular antioxidant led us to next
hypothesize that the purpose of this metabolite during co-infection is to protect P.
aeruginosa from oxidative stress in vivo. Thus, we investigated if the loss of the
ability to synthesize glutathione would result in increased sensitivity to oxidative
stress in vitro. To test this hypothesis, we assessed the sensitivity of the gshA
mutant to hydrogen peroxide and sodium hypochlorite using a disk diffusion
assay during biofilm growth on media lacking glutathione. We found that the
gshA mutant is more sensitive to both hydrogen peroxide and sodium
33

Conditions
Amino Acids
Anaerobic
Biotin and pimelate
Casamino Acids
CDM
Cysteine
Folate
Glutamate
Glutamyl-cysteine
Glutathione
Glycine
LB
MOPS-Glucose
MOPS-Succinate
Riboflavin
Thioctic Acid
Tryptone
Vitamins
Yeast Extract*
β-mercaptoethanol

Generation Times (m)
PAO1
ΔgshA
28.18
73.06
102.91
147.79
44.08
92.46
31.45
73.46
29.44
45.20
56.94
62.95
51.58
99.31
59.54
91.06
51.51
49.77
46.67
45.54
45.10
104.50
29.27
37.91
44.00
86.22
38.27
73.98
52.60
85.25
38.95
70.97
28.82
72.84
71.70
131.98
33.53
37.24
45.06
74.26

P value
0.0185
0.2400
0.0543
0.0185
0.0504
0.3953
0.0086
0.0394
0.7159
0.5975
0.0032
0.0793
0.0037
0.0022
0.0588
0.0004
0.0128
0.0001
0.5971
0.0019

Final Yield (OD600)
PAO1
ΔgshA
2.97
2.90
2.02
3.00
2.32
2.22
2.80
2.70
3.63
2.16
2.43
2.29
2.40
2.26
2.43
2.16
2.46
2.26
2.29
2.34
2.54
2.36
3.30
3.61
2.29
2.15
0.92
0.99
2.30
2.13
3.00
2.76
6.10
5.74
2.21
2.26
4.01
4.21
2.42
2.13

Table 2.1 Generation times and final yields with metabolites
P values were determined by the Student’s t test comparing growth of the gshA
mutant and the wild-type (PAO1) generation times. In bold are the conditions that
did not show a significant difference in generation times, P > 0.1. *Yeast extract
contains glutathione.
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hypochlorite than the wild-type (Figure 2.3). Moreover, addition of glutathione
restored the sensitivity of the gshA mutant to hydrogen peroxide and sodium
hypochlorite to wild-type levels (Figure 2.3). These results demonstrate that P.
aeruginosa glutathione biosynthesis is required to detoxify compounds that
cause oxidative stress in vitro.

2.2.4 Glutathione biosynthesis is not required to protect P. aeruginosa from
neutrophils

During infection, neutrophils, a central player in the immune system’s
initial defensive force, generate high concentrations of molecules associated with
oxidative stress (i.e. peroxide and hypochlorite). Therefore, we hypothesized that
glutathione biosynthesis is important for survival in response to neutrophil attack.
To test this hypothesis, we first measured the sensitivity of the gshA mutant to
neutrophil killing in mono-culture in the absence of glutathione. Our results
revealed that the gshA mutant is not hyper-sensitive to neutrophil killing,
suggesting that glutathione biosynthesis is not important to resist neutrophil
attack (Figure 2.4).
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Figure 2.3 The gshA mutant is more sensitive to in vitro oxidative stress-inducing
agents, which is alleviated by glutathione.
(A) Zone of inhibition in millimeters for hydrogen peroxide (H2O2) and sodium
hypochlorite (NaClO) treatment with and without glutathione (GSH). *, P value <
0.05 by Student’s t test. Error bars represent standard error of the mean, n = 3.
(B) Photo of plates showing zones of inhibition for hydrogen peroxide treatment.
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Figure 2.4 The gshA mutant is not impaired in survival in the presence of
neutrophils.
P. aeruginosa sensitivity to neutrophils was measured in the absence of
glutathione, n = 3. Percent (%) survival represents the number of viable cells
treated with neutrophils compared to a control without neutrophils. Error bars
represent standard error of the mean, n =3.

37

2.2.5 Glutathione biosynthesis is required for P. aeruginosa fitness in a
wound-like medium with S. aureus

Based on our in vitro data showing that the gshA mutant is more
susceptible to oxidative stress-inducing agents (Figure 2.3), but not hypersensitive to neutrophils (Figure 2.4), we speculated that S. aureus may be a
source of stress in vivo by producing an oxidative molecule. To facilitate testing
this hypothesis, we aimed to recapitulate the phenotypes observed in vivo for the
gshA mutant. So, we first assessed the fitness of the wild-type P. aeruginosa and
the gshA mutant growing as a ‘colony biofilm’ on minimal media during monoand co-culture. Our results show that the gshA mutant has no fitness defect
during co-culture with S. aureus under these conditions, indicating that this in
vitro model does not recapitulate in vivo growth in regards to this phenotype with
S. aureus (Figure 2.5A).

We next co-cultured the strains in a “wound-like” medium to introduce
factors from the host environment [95]. This wound-like medium is comprised of
the host factors plasma and laked (freeze-thawed, hemolysed) horse blood and a
culture medium base. Based on previous studies, biofilms formed in this woundlike medium are morphologically similar to those visualized from human chronic
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Figure 2.5 In vitro co-culture growth of the gshA mutant and S. aureus
(A) Biofilm growth of P. aeruginosa with S. aureus and no glutathione. (B) Growth
of P. aeruginosa strains and S. aureus in wound-like media with and without
glutathione. *P value < 0.01 and **P value < 0.000001 by Student’s t test. Error
bars represent standard error of the mean, n ≥ 12.
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wounds, and cultures grown in this system have demonstrated increased
antimicrobial resistance compared to planktonically grown cultures [95, 96]. The
wound-like medium used in this study has been modified from the original
formulation by replacing the rich medium, Bolton Broth, with a minimal medium
(MOPS-SA) to minimize the amount of glutathione present. Interestingly, the
gshA mutant is significantly less fit than the wild-type during co-culture with S.
aureus in this model (Figure 2.5B). The addition of glutathione mostly rescued
this
fitness defect (Figure 2.5B). Overall, these results indicate that P. aeruginosa
requires glutathione biosynthesis in this wound-like medium during co-culture.

2.3 DISCUSSION

Within microbial communities, interactions between constituents impact
the community composition and the behavior of community members. In wound
infections, interactions between community members impact wound healing and
antimicrobial resistance [6, 7, 139, 140]. The opportunistic pathogen P.
aeruginosa is commonly co-isolated from chronic wound infections with
numerous microbes including S. aureus [16, 19, 92, 147]. To identify
mechanisms allowing for the co-existence of P. aeruginosa with S. aureus within
the chronic wound environment, we employed the screening technique Tn-seq
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and identified genes contributing to P. aeruginosa fitness during co-infection with
S. aureus.

A significant finding from this study is that the capacity to biosynthesize
glutathione contributes to P. aeruginosa co-infection fitness with S. aureus. Also,
the addition of glutathione to murine chronic wounds rescues the fitness of a P.
aeruginosa gshA mutant during co-infection with S. aureus. As one of the most
potent antioxidants, glutathione combats oxidative stress generated by normal
metabolic processes within a cell, by the host, or by microbial competitors. Our
results demonstrate that P. aeruginosa glutathione biosynthesis is required to
relieve oxidative stress in vitro based on the evidence that the gshA mutant is
more sensitive to oxidative stress-inducing agents (i.e. hydrogen peroxide and
sodium hypochlorite) and exogenous glutathione provides protection. These
results led us to hypothesize that the murine chronic wound during P.
aeruginosa-S. aureus co-infection is more oxidative. Therefore, we tested three
hypotheses for potential sources of oxidative stress during co-infection:
1. Host immune cells such as neutrophils, which produce hydrogen peroxide
and hypochlorite, may be more abundant or active during co-infection.
However, our results indicate that the gshA mutant is not hyper-sensitive
to neutrophils, suggesting that glutathione may serve another purpose
besides protection from neutrophil killing during co-infection with S.
aureus.
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2. S. aureus may produce an oxidative molecule during co-infection.
However, the gshA mutant was equally fit as the wild-type in the ‘colony
biofilm’ condition, indicating S. aureus is not be producing an oxidative
agent with P. aeruginosa in these conditions.
3. S. aureus may interact with host factors to cause production of oxidative
stress. Therefore, we introduced host factors during in vitro co-culture
growth using a wound-like medium and observed that the gshA mutant is
less fit and that glutathione alleviated the majority of this fitness defect.
These data suggest that oxidative stress is produced within the wound-like
medium environment, which can be detoxified by glutathione.
Because our results suggest that host factors, either red blood cell
components or plasma, from the wound-like medium instigate oxidative stress,
we propose the following model: the major source of oxidative stress during coinfection is from hemoglobin liberated by S. aureus red blood cell lysis. We base
this model on the evidence outlined below. Hemolysis is a significant virulence
factor in S. aureus during infection, and, importantly, the strain of S. aureus used
in our studies is capable of hemolysis [148]. A previous study demonstrated that
upon S. aureus hemolysis, liberated extracellular hemoglobin generates a
significant amount of oxidative stress [149]. Therefore, we propose a model
(Figure 2.6) in which S. aureus lyses red blood cells during murine chronic
wound co-infection, leading to the release of hemoglobin and subsequent
increased oxidative stress in the co-infected wound. The increased oxidative
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Figure 2.6 Proposed model for interaction between P. aeruginosa and S. aureus
during murine chronic wound infection causing oxidative stress.
S. aureus lyses mouse red blood cells, releasing hemoglobin (Hb), resulting in
the generation of reactive oxygen species. This process renders P. aeruginosa
glutathione biosynthesis necessary for its survival in co-infection with S. aureus.
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stress would feasibly be detoxified by glutathione biosynthesized by P.
aeruginosa, thereby alleviating the increased intracellular oxidative stress.
However, when P. aeruginosa lacks the capacity to biosynthesize glutathione, as
is the case with the gshA mutant, intracellular oxidative stress is high.
Consequently, P. aeruginosa glutathione biosynthesis is indispensible in the
presence of the S. aureus during chronic wound infections. Interestingly, a
previous study demonstrated that P. aeruginosa causes upregulation of S.
aureus hemolysin (hla) compared to when S. aureus is in mono-infection
in a porcine wound model [93]. Likewise, in another study, P. aeruginosa
supernatants induced S. aureus hla during in vitro biofilm growth [99]. Therefore,
it is possible that, although S. aureus lyses red blood cells in mono-infection, this
process may be enhanced in the presence of P. aeruginosa.

An alternative explanation for the P. aeruginosa requirement for
glutathione biosynthesis in co-infection with S. aureus is that S. aureus makes
the host glutathione unavailable to P. aeruginosa. Interestingly, S. aureus cannot
produce glutathione, but many strains generate bacillithiol, a functionally similar
molecule. However, the strain used in our infections (HG003) is also unable to
produce bacillithiol [150]. Further supporting this idea, a previous study showed a
significant decrease in reduced glutathione during S. aureus infection compared
to an uninfected control, indicating S. aureus utilizes host glutathione during
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infection [151]. It is likely that S. aureus has evolved a more efficient glutathione
import system than P. aeruginosa since this species depends on exogenous
sources of glutathione, whereas P. aeruginosa can synthesize it de novo.
Therefore, when the P. aeruginosa gshA mutant and S. aureus co-infect the
chronic wound, it is possible that both species compete for the host glutathione
and S. aureus renders glutathione unavailable to the gshA mutant. This
explanation and our proposed model are not mutually exclusive.

Lastly, results from this study demonstrate the necessity of additional traits
allowing P. aeruginosa to adapt to a polymicrobial lifestyle. These traits appear to
be involved in modulation of the P. aeruginosa intracellular and the extracellular
environment, which may occur in response to an increase in oxidative stress
during co-infection. We found that when two different multi-drug efflux pump
systems, mexEF-oprN and mexCD-oprJ, are deleted, slight fitness defects are
observed. Multi-drug efflux pumps are not only dedicated to efflux of antibiotics,
as the name would suggest. P. aeruginosa effluxes other sources of cellular
stress like detergents, and, in fact, these pumps are even used to export
virulence determinants [152]. Interestingly, the mexEF-oprN regulator, mexT, is
required for modulating the intracellular redox environment by exporting
disulfides, such as the oxidized form of glutathione, glutathione disulfide [153].
This provides further evidence suggesting that the P. aeruginosa-S. aureus co45

infection wound environment presents an oxidative environment. We hypothesize
that in the host environment, glutathione biosynthesized by P. aeruginosa is
continually oxidized to glutathione disulfide, which is then effluxed by MexEFOprN. Within the context of the co-infection wound, efflux may serve a dual
purpose in alleviating oxidative stress and also in enhancing interspecies
competition. A previous study indicated that MexEF-OprN is responsible for the
export

of

P.

aeruginosa

quorum

sensing

autoinducers,

4-hydroxy-2-

alkylquinolines (HAQs), ultimately impacting virulence factor expression [154].
Another gene identified in our study, desB, has previously been implicated in the
control of expression of mexEF-oprN. Therefore, DesB is involved in control of
virulence factor expression, which impacts interspecies interactions between P.
aeruginosa and S. aureus [98, 144].

Many Americans suffer from chronic wound infections that are extremely
difficult to resolve [141]. Often these infections are polymicrobial and contain both
P. aeruginosa and S. aureus. Therefore, this study provides insight into the
complex interactions occurring in these wounds leading to increased infection
severity. This study has identified P. aeruginosa fitness determinants during
chronic wound co-infection with S. aureus. Our results indicate that glutathione is
a key metabolite for P. aeruginosa during host infection with S. aureus
suggesting that this antioxidant is a crucial resource in a competitive multispecies
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environment. Interestingly, it has been proposed that oxidative stress contributes
to the non-healing nature of chronic wounds [155]. This study potentially provides
a novel mechanism by which interspecies interactions promote the highly
oxidative environment characteristic of non-healing chronic wound infections.

2.4 MATERIALS AND METHODS

2.4.1 Bacterial strains and growth media
P. aeruginosa strain PAO1 was obtained from Dennis Ohman (Virginia
Commonwealth University). P. aeruginosa growth in vitro was performed in LB
broth and morpholine-propanesulfonic acid (MOPS)-buffered minimal medium
with 5mM glucose or succinate for overnight growth and 20mM glucose (MOPSglucose) or succinate for growth curves [156]. S. aureus strain HG003 was used
for these studies [148, 157]. S. aureus growth in vitro was performed in Brain
Heart Infusion broth or MOPS-glucose supplemented with 0.5% or 0.25%
casamino acids (as indicated), 500µg/L nicotinamide, 500µg/L thiamine, 500µg/L
pantothenate, and 0.3µg/L biotin (MOPS-SA). MOPS-tryptone plates (MOPSglucose supplemented with 10g/L tryptone) were used for hydrogen peroxide and
sodium hypochlorite sensitivity disk diffusion assays. Pseudomonas Isolation
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Agar and Mannitol Salt Agar were used as selective medium for P. aeruginosa
and S. aureus, respectively.

2.4.2 Murine chronic wound infections
Murine chronic wound infections were performed with non-diabetic adult female
Swiss Webster mice as previously described [108, 158]. For Tn-seq experiments,
2 x 105 S. aureus CFUs and 2 x 104 P. aeruginosa CFUs were used for coinfection, and 1 x 105 CFUs of P. aeruginosa were used for mono-infection [108].
For validation of ∆desB, ∆gshA, ∆mexEF, and ∆mexCD-oprJ mutants, wounds
were infected with 104 CFUs of P. aeruginosa and 103-104 CFUs of S. aureus.
Wound tissue was harvested four days post-infection and stored in RNAlater until
preparation for sequencing.

2.4.3 Preparation of sequencing libraries for Tn-seq
Sequencing libraries were prepared. Tn-Seq libraries were prepared as follows.
Chronic wound tissue was resuspended in Goodman Buffer A, 0.1% SDS, and
0.1% sodium deoxycholate and extracted as previously described [136]. DNA
was sheared in a Q880R sonicator (Qsonica). DNA was size selected for
fragments between 100 and 700 bp with Agencourt AMPure XP beads (Beckman
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Coulter,

Inc.).

Cytosine

tails

were

added

with

terminal

deoxynucleotidyltransferase (TdT), followed by 2 PCRs. The primers olj376 [119]
and the transposon-specific 5’-biotinylated primer [119] were used for the first
PCR An Illumina barcoded primer [119] and the transposon-specific primer [119]
were used for the second PCR. The libraries were sequenced at the Genome
Sequencing and Analysis Facility at the University of Texas at Austin on an
Illumina NextSeq 500 using a 75-bp single-end run or on an Illumina HiSeq
2000/2500 using 100-bp single-end runs.

2.4.4 Tn-seq bioinformatics analysis
Tn-seq analyses were performed as previously described using the following
scripts:

TnSeq2.sh,

TnSeqAnalysis.sh,

TnSeqDESeq.R

(available

at

https://github.com/khturner/Tn-seq) [108, 119].

2.4.5 Construction and confirmation of deletion mutants
The PAO1 ∆mexEF, ∆mexCD-oprJ, ∆gshA, and ∆desB isogenic deletion
mutations were constructed and confirmed as previously described [136]. The
primers

for

PCR

used

to

generate

∆mexEF

TTCTGCAGGTCGACTCTAGAGATCTCGGTGGGCGTCAGC-3’
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were

5’-

and

5’-

TTTGTCGTTGGCTTGACTCCGCCAGTCGG-3’ for the upstream region and 5’GGAGTCAAGCCAACGACAAAGGCCTGCCAG-3’

and

5’-

GAATTCGAGCTCGAGCCCGGCGCGCAGTACGTCGAGTTCG-3’

for

the

downstream region. The primers for PCR used to generate ∆mexCD-oprJ were
5’-TTCTGCAGGTCGACTCTAGACCCGAGTGTCGAGCAGGC-3’

and

5’-

GTTTACCCGCGACACACCCGACCGTTGATTGAA-3’ for the upstream region
and

5’-CGGGTGTGTCGCGGGTAAACGTGTGGGAAACG-3’

and

5’-

for

the

GAATTCGAGCTCGAGCCCGGGGTGCTGCCGCTCAAGACC-3’

downstream region. The primers for PCR used to generate ∆gshA were 5’TTCTGCAGGTCGACTCTAGACGAGAAGGTCGAAGGCCAGC-3’

and

5’-

CCGGCTTGGCTCGGGATTCCTTGTGATCGCGT-3’ for the upstream region
and

5’-GAATCCCGAGCCAAGCCGGCGCGCC-3’

and

GAATTCGAGCTCGAGCCCGGGCTTGCTGGACGCATCCGGC-3’

5’for

the

downstream region. The primers for PCR used to generate ∆desB were 5’TTCTGCAGGTCGACTCTAGAATCTGCGCTGGCCGATGC-3’

and

5’-

CTGGCGCTGGACCTGTGAGCCGACGGAA-3’ for the upstream region and 5’GGACCTGTGAGCCGACGGAACGCTCGCG-3’

and

GAATTCGAGCTCGAGCCCGGGCAGCAGCGGCTTGTAGTCG-3’
downstream region.
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5’for

the

2.4.6 Chronic wound glutathione treatment
Murine chronic wounds using non-diabetic female Swiss Webster mice were
prepared as previously described [108, 159] and inoculated with 3 x 105 CFUs
ΔgshA in the monoinfection group, or 3 x 105 plus 9 x 105 CFUs of ΔgshA and
HG003, respectively, in the co-infection group directly under the wound dressing
via a 100 µl injection. Prior to inoculation, ΔgshA was prepared and diluted in 1X
PBS supplemented with 1 mM glutathione. HG003 was prepared and diluted in
1X PBS alone. For the ΔgshA and HG003 co-infection group, ΔgshA prepared in
glutathione-supplemented PBS was combined with HG003 prepared in PBS
alone at a 1:1 ratio immediately prior to inoculation. Following wounding and
inoculation,

mice

were

anaesthetized

under

isofluorane

(Piramal)

and

administered a 100 µl injection of 10 mM glutathione in PBS directly under the
wound dressing every 12 h until the end time point of the experiment.

2.4.7 Growth curves and final growth yields
P. aeruginosa was grown overnight in LB or MOPS-glucose or -succinate,
depending on the growth curve medium. Cultures were diluted to an OD600 0.05
in appropriate medium and OD600 measured. Readings between 0.09 and 0.5
were used to determine growth rates. The final OD600 was measured after
overnight growth to determine the final yield.
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2.4.8 Hydrogen peroxide and sodium hypochlorite sensitivity
Overnight P. aeruginosa cultures were grown in MOPS-glucose, adjusted to an
OD of 0.4, swabbed onto MOPS-tryptone plates, and 10 µL of 3% hydrogen
peroxide or 0.85% sodium hypochlorite. An additional 10 µL of hydrogen
peroxide was added again after 7 h of growth to the hydrogen peroxide plates.

2.4.9 P. aeruginosa sensitivity to neutrophils
Neutrophils were isolated from healthy human donors as previously described
and resuspended in Roswell Park Memorial Institute medium (RPMI) + 3% Fetal
Bovine Serum (FBS) at 107 neutrophils/mL [160]. P. aeruginosa was grown
overnight in MOPS-glucose, subcultured into MOPS-glucose, grown to an OD
0.1-0.3. Then, the cells were opsonized for 30 minutes in RPMI + 10% serum.
RPMI + 3% FBS without neutrophils and RPMI + 3% FBS with neutrophils at 107
neutrophils/mL were pre-warmed for 15 minutes at 37ºC with 5% CO2. 106
CFU/mL of the opsonized cells were mixed with pre-warmed 107 CFU/mL
neutrophils in RPMI + 3% FBS. As a negative control, opsonized cells were
diluted to 106 CFU/mL in pre-warmed RPMI + 3% FBS without neutrophils. Cells
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were incubated for 1 hour at 37ºC with 5% CO2, then neutrophils were lysed with
0.1% triton X and diluted for CFU enumeration.

2.4.10 In vitro co-culture biofilm assay
Overnight P. aeruginosa cultures grown in MOPS-glucose and S. aureus cultures
grown in MOPS-SA + 0.5% casamino acids, washed 2X in MOPS buffered base,
and were adjusted to an OD of 2 and 100, respectively, in MOPS buffered base.
Equal volumes were mixed and then 5 µL was spotted onto a polycarbonate
membrane on MOPS-SA + 0.25% casamino acids agar supplemented with either
0 mM, 8 µM, or 1 mM glutathione, spread with a pipet tip, allowed to dry, and
incubated at 37°C for 24 h [78]. Membranes were resuspended in PBS, serially
diluted, and plate counts were performed on Pseudomonas Isolate Agar and
Mannitol Salt Agar were performed to quantify CFU/mL.

2.4.11 In vitro co-culture wound-like medium assay
The wound-like medium consisted of 50% bovine plasma, 45 % laked horse
blood, and 5% MOPS-SA + 0.5% casamino acids, either with or without 1mM
glutathione. 200µL of this medium was inoculated with 104 CFU P. aeruginosa
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and 104 CFU S. aureus. Co-cultures grew for 24 hours, the entire 200µL was
homogenized by bead beating, and CFU/mL quantified using selective media.
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Chapter 3: Intrinsic Antimicrobial Resistance Determinants in
the Superbug Pseudomonas aeruginosa2

3.1 INTRODUCTION

Microbes in virtually every environment on earth are exposed to and
display resistance to antimicrobials. While antimicrobial resistance has primarily
been studied in the context of infection, both pathogenic and nonpathogenic
bacteria in natural environments display high levels of intrinsic resistance to
clinically relevant antimicrobials [161]. This is true for many opportunistic
bacterial pathogens, including Pseudomonas aeruginosa, which causes a range
of chronic infections due in part to its recalcitrance to modern antimicrobial
therapies [124, 162]. Whether in the clinic or in the natural environment, P.
aeruginosa encounters multiple classes of antimicrobials including traditional
antibiotics (e.g penicillin), antiseptics (e.g povidone-iodine), and disinfectants (e.g
bleach).

2

This chapter was adapted from the following reference (136,
Copyright © American Society
for Microbiology, mBio, reused with permission, Murray, Justine L Kwon, T. Marcotte, E. M.
Whiteley, M. (2014). Intrinsic Antimicrobial Resistance Determinants in the Superbug
Pseudomonas aeruginosa. mBio, 6(6), 1–10. http://doi.org/10.1128/mBio.01603-15); I was the
primary author of this work.
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P. aeruginosa has recently been classified as an ESKAPE (Enterococcus
faecium,

Staphylococcus

aureus,

Klebsiella

pneumoniae,

Acinetobacter

baumannii, Pseudomonas aeruginosa, and Enterobacter species) pathogen, one
of a group of six highly antibiotic-resistant bacteria that are the primary causative
agents of nosocomial (hospital-acquired) infections [123]. Despite its importance,
there are substantial gaps in our understanding of the intrinsic mechanisms
responsible for this bacterium’s ability to resist killing by antimicrobials. A primary
approach to identify these intrinsic attributes has been to examine gene
expression in the presence of low levels of an antimicrobial [163-166], with the
idea that genes differentially regulated by nonlethal levels of an antimicrobial will
provide important insights into factors important for intrinsic resistance.

While these studies have provided tremendous insight into how microbes
respond to antimicrobials, most of the genes identified in these studies have
proven not to be important for intrinsic resistance. There could be several
reasons for this; for instance, the use of antimicrobial levels that slow bacterial
growth causes a conflation of antimicrobial-specific gene expression shifts with
general growth-mediated ones [167]; the use of undefined growth medium media
[163-166] that results in inconsistent physiology [168, 169]; and the use of
different growth conditions hampers comparison between studies.
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Another useful approach to identify intrinsic mechanisms of resistance has
been to screen transposon mutant libraries for increased or decreased
susceptibility to sub-MIC antimicrobials [170-175]. These studies have revealed
novel resistance determinants; however, these experiments have been
performed with limited numbers of antimicrobials and are difficult to compare due
to differences in experimental design. In this study, we combined gene
expression analysis under highly controlled conditions with high-throughput
fitness profiling to elucidate P. aeruginosa intrinsic resistance mechanisms to 14
antimicrobials in P. aeruginosa.

3.2 RESULTS

3.2.1 Gene expression in response to sub-MIC antimicrobial levels
To examine the impact of antimicrobials on gene expression, highthroughput RNA sequencing (RNA-seq) was performed on planktonic P.
aeruginosa cultures after 30 min of exposure to each of 14 antimicrobials (Table
3.1). These antimicrobials represent different classes of antibiotics and clinically
relevant antiseptics and disinfectants. To eliminate gene expression changes due
to variations in growth rate, cultures were exposed to the highest level of
antimicrobial that did not perceptibly alter growth rate. As observed in other
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Antimicrobial

Gentamicin

Type, Class

Class

Minimum
inhibitory
concentration
(µg/mL)

antibiotic

No. of genes with
differential results (
≥2 fold, FDR < 0.05)

3

SubMIC
Level
(fraction
of MIC)
1/2

7.8

Expression

Fitness

214

758

1/4

45

89

0.8

1/2

3

77

1.6

1/2

59

2

312.5
3.9
39.1
3.1
0.2
1.25 %*

1/2
1/2
1/2
1/2
1/2
1/2

4
0
9
24
8
88

75
19
4
389
66
10

5 %*

1/2

43

0

0.0047 %*

1/2

99

2

aminoglycoside
Neomycin

antibiotic
aminoglycoside

Tobramycin

antibiotic

Polymyxin B

antibiotic

Ampicillin
Aztreonam
Carbenicillin
Cefoperazone
Ciprofloxacin
Bleach

antibiotic
antibiotic
antibiotic
antibiotic
antibiotic
disinfectant

PovidoneIodine
Hydrogen
Peroxide
Benzalkonium
Chloride
Silver Nitrate

disinfectant
antiseptic/disinfectant

aminoglycoside
antimicrobial
peptide
beta-lactam
beta-lactam
beta-lactam
beta-lactam
quinolone
halogenreleasing
halogenreleasing
oxidizing

antiseptic/disinfectant

quaternary
15.3
1/4
15
ammonium
antiseptic
heavy metal
312.5
1/2
73
releasing
*Bleach, H2O2, Povidone-Iodine stock solutions were 5.25%, 30%, 10% (1% available iodine)

Table 3.1 Relevant antimicrobial information, including RNA-seq and Tn-seq
summaries
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0
8

studies [163, 166, 174], this was generally 25 to 50% of the MIC of the
antimicrobial (Table 3.1). To further minimize gene expression changes not
directly resulting from antimicrobial exposure, all experiments were performed in
a chemically defined medium with constant aeration and temperature. Genes
exhibiting ≥2-fold changes in mRNA levels (false discovery rate [FDR] of <0.05)
3

are reported (see Dataset S1 in the supplemental material ).

Our results revealed that exposure to antimicrobials resulted in relatively
minor changes in transcription, with the majority of antimicrobials affecting the
expression of less than 100 (1.7%) of the 5,978 P. aeruginosa PA14 genes. P.
aeruginosa showed differential expression of the greatest number of genes in
response to gentamicin, altering the expression of 214 (3.6%) genes. In contrast,
the beta-lactam antibiotic aztreonam altered the expression of no genes by ≥2fold (see Dataset S1 in the supplemental material). Furthermore, H2O2 and
ciprofloxacin exposure resulted in differential regulation of 109 and 8 genes,
respectively, in our study, while previous studies showed differential regulation of
223 and 941 P. aeruginosa genes [163, 165]. Despite the fact that we observed
fewer changes in gene expression than were found in previous studies, there
was significant overlap between the gene expression profiles generated in this
study and those of previous studies examining the P. aeruginosa response to

3

Supplemental tables are available at http://mbio.asm.org/content/6/6/e01603-15
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sub-MIC ciprofloxacin and hydrogen peroxide (using the Fisher exact test, P =
3.6 × 10−6 for ciprofloxacin and P = 0.002 for hydrogen peroxide) [163, 165].
This overlap occurred despite the fact that different antimicrobial exposure times
and growth conditions were used in these studies.

To view the global features of our transcriptomic data, we first conducted
hierarchical clustering of RNA-seq data, focusing on genes that showed
differential regulation under at least two antimicrobial conditions. Our results
revealed that the data for antimicrobials do not cluster by class or by mechanism
of action (Figure 3.1). For example, the aminoglycosides gentamicin and
neomycin cluster strongly with each other but not with the aminoglycoside
tobramycin, while the beta-lactams cefoperazone and carbenicillin cluster
strongly with each other but not with aztreonam or ampicillin. While most of the
genes exhibiting transcriptional changes upon exposure to multiple antimicrobial
conditions were of unknown function, genes previously shown to be important for
modulating the susceptibility of P. aeruginosa to oxidative stress were
differentially regulated upon exposure to the oxidizing agents H2O2, bleach, and
povidone-iodine, as seen previously [176] (Figure 3.1, yellow box). Additionally,
multiple classes of antimicrobials induced general stress response genes, such
as those encoding universal stress proteins (Figure 3.1, blue box). These results
reveal that P. aeruginosa possesses specific and general responses to different
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Color Key

0

5

Log2 Fold Change

PMB

AgNO3

CAR

CFP

AMP

TOB

BZK

CIP

ATM

GEN

NEO

BLCH

H2O2

PVPi

PA14_21260|NA
PA14_59790|pvrR
PA14_56540|NA
PA14_72260|NA
PA14_42860|NA
PA14_60560|NA
PA14_68800|NA
PA14_20890|rfaD
PA14_18100|NA
PA14_37670|NA
PA14_44470|hemN
PA14_21220|NA
PA14_56590|NA
PA14_68300|arcD
PA14_46160|NA
PA14_61000|NA
PA14_02520|NA
PA14_53450|NA
PA14_21630|NA
PA14_32310|NA
PA14_68470|NA
PA14_02630|NA
PA14_71400|NA
PA14_41440|NA
PA14_61010|NA
PA14_65000|azu
PA14_24650|rmf
PA14_48880|NA
PA14_44350|NA
PA14_51350|phnB
PA14_51380|pqsE
PA14_51360|phnA
PA14_51420|pqsB
PA14_51430|pqsA
PA14_51390|pqsD
PA14_51410|pqsC
PA14_36010|NA
PA14_36030|NA
PA14_60850|mexC
PA14_60830|mexD
PA14_36020|NA
PA14_60820|oprJ
PA14_60860|nfxB
PA14_21600|NA
PA14_21590|NA
PA14_21570|NA
PA14_06530|NA
PA14_21580|NA
PA14_06570|bioD
PA14_33600|NA
PA14_68900|NA
PA14_18680|NA
PA14_58580|NA
PA14_33680|fpvA
PA14_63010|recN
PA14_07860|NA
PA14_07870|NA
PA14_50320|NA
PA14_17540|recX
PA14_15070|oprC
PA14_70970|betI
PA14_70980|betT1
PA14_70950|betB
PA14_70940|betA
PA14_05510|NA
PA14_05500|NA
PA14_72930|NA
PA14_16370|NA
PA14_24880|NA
PA14_29575|NA
PA14_07370|NA
PA14_53840|NA
PA14_27480|htpX
PA14_47040|NA
PA14_31300|NA
PA14_06010|NA
PA14_68840|NA
PA14_43900|NA
PA14_54420|mucA
PA14_14660|NA
PA14_63340|NA
PA14_15770|NA
PA14_40170|NA
PA14_31610|NA
PA14_56620|NA
PA14_49000|NA
PA14_28610|NA
PA14_26780|NA
PA14_16800|NA
PA14_22340|NA
PA14_25160|lexA
PA14_19950|NA
PA14_35000|NA
PA14_40370|NA
PA14_17530|recA
PA14_52330|NA
PA14_25150|NA
PA14_72210|NA
PA14_39420|NA
PA14_46620|NA
PA14_05840|gcdH
PA14_67600|glnA
PA14_23680|ibpA
PA14_54210|NA
PA14_62990|grpE
PA14_65310|hfq
PA14_43850|htpG
PA14_62970|dnaK
PA14_60190|clpB
PA14_66790|hslU
PA14_43840|NA
PA14_68730|gshA
PA14_66770|hslV
PA14_58070|NA
PA14_57020|groES
PA14_62960|dnaJ
PA14_22550|NA
PA14_57030|fxsA
PA14_11340|NA
PA14_66800|NA
PA14_43820|NA
PA14_03830|aguB
PA14_71890|NA
PA14_52800|acsA
PA14_03810|aguA
PA14_68440|NA
PA14_49010|NA
PA14_72200|prfH
PA14_16150|NA
PA14_73190|glmR
PA14_16140|NA
PA14_18670|bfrB
PA14_14560|NA

Figure 3.1 Hierarchical clustering and heat map of RNA-seq data.
Clustering of RNA-seq data generated in response to sub-MIC levels of 14
antimicrobials using the Spearman rank correlation coefficient. The heat map
was generated using genes that were differentially expressed by at least 2-fold
under two or more conditions. Downregulation of a gene is indicated in red, and
upregulation is indicated in green. The antimicrobials used were gentamicin
(GEN), neomycin (NEO), tobramycin (TOB), carbenicillin (CAR), ampicillin
(AMP), aztreonam (ATM), cefoperazone (CFP), ciprofloxacin (CIP), hydrogen
peroxide (H2O2), povidone-iodine (PVPi), polymyxin B (PMB), benzalkonium
chloride (BZK), sodium hypochlorite (BLCH), and silver nitrate (AgNO3);
aminoglycoside antibiotics are in blue, beta-lactams in orange, and antiseptics
and disinfectants are underlined. The yellow box denotes genes important for
susceptibility of P. aeruginosa to oxidative stress, and the blue box denotes
general stress response genes.
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antimicrobials and that these responses are not predictive of antimicrobial class
or mechanism of action.
3.2.2 Identification of fitness determinants in response to sub-MIC
antimicrobial levels
While our transcriptomic results revealed gene expression changes in
response to antimicrobials, it is not known whether these genes are important for
intrinsic resistance. To address this question, we performed transposon
sequencing (Tn-seq) of P. aeruginosa in the presence of sub-MIC levels of the
14 antimicrobials. For these experiments, a transposon mutant library containing
~300,000 P. aeruginosa PA14 mutants, each with a single transposon insertion,
was constructed. This number of mutants represents an insertion approximately
every 20 bp along the ~6.5-Mb P. aeruginosa genome. The transposon mutant
library was subjected to sub-MIC levels of each of the 14 antimicrobials and,
allowed to grow for approximately 12 generations, and quantitative sequencing of
genomic DNA adjacent to the transposon allowed the abundance of each
insertion mutant to be measured [177-179]. By comparing mutant abundance in
the presence and absence of an antimicrobial, transposon insertion sites that
affect fitness in the presence of an antimicrobial can be identified.

Most treatments (12 out of 14) resulted in the identification of less than 100
fitness determinants (transposon mutant abundance changes of ≥2-fold, with an
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FDR of <0.05) (Table 3.1; see also Dataset S2 in the supplemental material).
Gentamicin resulted in the largest number of genes being identified, with ~13% of
annotated genes being important for fitness, while for benzalkonium chloride and
povidone-iodine, no fitness determinants with fold changes of ≥2 were identified
(Table 3.1; see also Dataset S2). Hierarchical clustering analysis of the Tn-seq
data revealed that, unlike the results from RNA-seq, both the aminoglycosides
and the beta-lactams clustered by class (Figure 3.2). As would be expected by
their mechanisms of action, aminoglycoside fitness determinants consisted of
heat shock genes that are important for coping with misfolded proteins [166], and
beta-lactam antibiotic fitness determinants included cell wall biosynthetic genes
[180]. Unlike the antibiotics, few mutations affected the fitness of P. aeruginosa in
the presence of the antiseptics and disinfectants, indicating that the inactivation
of single genetic elements has little effect on the intrinsic resistance of P.
aeruginosa to these antimicrobials. Finally, the inactivation of two genetic loci not
previously linked to antimicrobial resistance showed enhanced fitness upon
exposure to most antimicrobials (Figure 3.2), indicating that P. aeruginosa can
acquire mutations in individual loci that render it more resistant to multiple
classes of antimicrobials. These two genetic elements are presumed to be
involved in amino acid biosynthesis, one being a putative cysteinyl-tRNA
synthetase and the other a putative arginine tRNA [181].
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Color Key

5

Log2 Fold Change

AgNO3

BLCH

BZK

PMB

PVPi

H2O2

CIP

CFP

ATM

AMP

CAR

TOB

NEO

GEN

PA14_38360|NA
PA14_34340|mtlZ
PA14_34100|NA
PA14_33990|NA
PA14_26510|cobI
PA14_41240|clpP
PA14_36370|NA
PA14_37910|NA
PA14_35130|arsR
PA14_33060|NA
PA14_37810|pcoB
PA14_40240|NA
PA14_26580|NA
PA14_46360|NA
PA14_38140|NA
PA14_37820|NA
PA14_43340|kdpE
PA14_33920|NA
PA14_41030|NA
PA14_12370|NA
PA14_40050|NA
PA14_25360|NA
PA14_42460|pcrH
PA14_17450|surE
PA14_36180|NA
PA14_36130|NA
PA14_39240|NA
PA14_40220|NA
PA14_39720|NA
PA14_25195|nagZ
PA14_23470|wbpM
PA14_11720|NA
PA14_57100|NA
PA14_36910|ligD
PA14_31310|NA
PA14_34350|mtlY
PA14_34510|NA
PA14_36060|NA
PA14_32410|mexT
PA14_34710|NA
PA14_33840|NA
PA14_39230|NA
PA14_54240|NA
PA14_23460|orfN
PA14_36450|NA
PA14_08520|anmK
PA14_32770|NA
PA14_23350|orfA
PA14_23450|orfM
PA14_27370|NA
PA14_66800|NA
PA14_52460|mgtE
PA14_26550|NA
PA14_36790|NA
PA14_61720|NA
PA14_17460|pcm
PA14_23410|orfJ
PA14_30100|NA
PA14_41280|NA
PA14_38380|NA
PA14_60860|nfxB
PA14_61780|NA
PA14_25620|NA
PA14_60445|obgE
PA14_07620|cca
PA14_62740|rbfA
PA14_04410|ptsP
PA14_23110|NA
PA14_45840|NA
PA14_17050|map
PA14_41360|cysS
PA14_65320|miaA
PA14_39620|NA
PA14_52520|NA
PA14_21560|NA
PA14_70420|rph
PA14_65420|NA
PA14_52500|NA
PA14_26160|NA
PA14_58090|NA
PA14_14900|NA
PA14_11470|pgpA
PA14_03310|NA
PA14_41190|ppiD
PA14_11845|mpl
PA14_51670|NA
PA14_69220|ppx
PA14_25050|NA
PA14_17250|NA
PA14_66600|aroB
PA14_70570|recG
PA14_12090|NA
PA14_38410|amrB
PA14_69770|NA
PA14_72210|NA
PA14_15360|NA
PA14_51690|NA
PA14_22690|trkH
PA14_72200|prfH
PA14_72550|NA
PA14_70770|NA
PA14_66770|hslV
PA14_73330|parB
PA14_72580|znuC
PA14_72560|np20
PA14_72590|znuB
PA14_00170|trkA
PA14_69470|algR
PA14_54430|algU
PA14_17140|NA
PA14_71330|NA
PA14_70390|crc
PA14_03120|NA
PA14_70930|NA
PA14_00140|NA
PA14_64090|aroQ1
PA14_68370|cysQ
PA14_01720|ahpF
PA14_73420|rnpA
PA14_00440|trpA
PA14_72930|NA
PA14_71640|NA
PA14_69400|dsbH
PA14_71650|aspA
PA14_04910|ftsE
PA14_67750|NA
PA14_04920|ftsX
PA14_67790|NA
PA14_62900|greA
PA14_13660|NA
PA14_61390|NA
PA14_71570|NA
PA14_14610|yajC
PA14_05250|pyrC
PA14_71670|NA
PA14_70370|pyrE
PA14_00450|trpB
PA14_08540|NA
PA14_22040|minC
PA14_52540|NA
PA14_09195|NA
PA14_18080|NA
PA14_00960|NA
PA14_11250|NA
PA14_00180|NA
PA14_07730|ksgA
PA14_14600|tgt
PA14_70830|pstA
PA14_66170|NA
PA14_00060|NA
PA14_62930|carA
PA14_66160|NA
PA14_34030|NA
PA14_62600|panD
PA14_18260|fruK
PA14_25640|plsX
PA14_70470|spoT
PA14_72180|NA
PA14_70860|NA
PA14_66680|maeB
PA14_68580|pckA
PA14_62910|carB
PA14_66140|NA
PA14_66150|NA
PA14_57170|NA
PA14_05320|pilG
PA14_03730|NA
PA14_05390|chpA
PA14_22910|edd
PA14_65280|hflK
PA14_65270|hflC
PA14_05310|gshB
PA14_01710|ahpC
PA14_66880|NA
PA14_05130|NA
PA14_68730|gshA
PA14_07040|NA
PA14_20850|NA
PA14_01340|NA
PA14_04300|NA
PA14_02390|NA
PA14_04150|NA
PA14_00030|recF
PA14_54330|rnc
PA14_16280|NA
PA14_62960|dnaJ
PA14_05520|mexR
PA14_70850|pstC
PA14_73320|atpI
PA14_03080|NA
PA14_62860|ftsH
PA14_66790|hslU
PA14_70810|pstB
PA14_68640|NA
PA14_00150|NA
PA14_00860|NA
PA14_70790|NA
PA14_00630|NA
PA14_38395|NA
PA14_30110|purB
PA14_29040|NA
PA14_33380|NA
PA14_67560|typA
PA14_42790|NA
PA14_25000|NA
PA14_25730|NA
PA14_24570|NA
PA14_29575|NA
PA14_27180|NA
PA14_13920|NA
PA14_05180|pilT
PA14_72490|polA
PA14_67930|hisB
PA14_68680|envZ
PA14_68700|ompR
PA14_11750|NA
PA14_70450|rpoZ
PA14_00160|NA
PA14_72890|NA
PA14_57440|ftsL
PA14_72110|NA
PA14_66580|NA
PA14_72320|NA
PA14_62190|NA
PA14_25160|lexA
PA14_46470|pdxB
PA14_57450|mraW
PA14_65670|NA
PA14_00670|NA
PA14_57530|sspA
PA14_17470|NA
PA14_62200|mrcB
PA14_23890|NA
PA14_12100|dacC
PA14_17330|NA
PA14_25690|fabF1
PA14_57510|NA
PA14_72400|NA
PA14_72080|NA
PA14_57500|gmhA

Figure 3.2 Hierarchical clustering and heat map of Tn-seq data
Clustering of Tn-seq data generated in response to sub-MIC levels of 14
antimicrobials using Spearman rank correlation coefficient. The heat map was
generated using genes that showed at least 2-fold differential fitness under two
or more conditions. Fitness determinants are indicated in red, and beneficial
mutations are indicated in green. Antimicrobial abbreviations are defined in the
legend to Figure 3.1; aminoglycoside antibiotics are in blue, beta-lactams in
orange, and antiseptics and disinfectants are underlined.
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3.2.3 Gene expression and fitness are not well correlated
The generation of RNA-seq and Tn-seq datasets for the same
antimicrobial under identical growth conditions provides the opportunity to
determine whether expression data can be used to identify fitness determinants.
The null hypothesis is that gene expression and mutant fitness are anticorrelated,
because intuitively, we would expect that genes that are upregulated in the
presence of an antimicrobial would be important for fitness when mutated. Thus,
we determined the level of correlation between gene expression and mutant
fitness across the P. aeruginosa genome for all antimicrobials tested. For this
analysis, only nonessential genes were tested, since essential genes cannot be
studied with Tn-seq. Our results revealed that the correlation between expression
and fitness is weak (Figure 3.3A and B show results for a specific example and
for all antimicrobials, respectively), with the average correlation for all 14
antimicrobials being insignificant (−0.01). Confining our correlation analysis to the
genes that were induced most highly by antimicrobial addition in the RNA-seq
experiments (≥8-fold) did not result in a more significant correlation with mutant
fitness (0.02), indicating that even genes that are the most responsive to
antimicrobial addition are not enriched for fitness determinants. These data are
consistent with previous work from our group and others showing weak
correlation between expression and fitness [108, 182]; however our previous
study revealed that for some functionally related groups of genes, expression can
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Figure 3.3 Genome-wide P. aeruginosa gene expression and knockout fitness in
the presence of antimicrobials are not correlated
(a) Log2-transformed fold change in gene expression (y axis) and abundance (x
axis) of P. aeruginosa strains with gene knockouts in AgNO3-treated cultures
compared to the results for untreated cultures. Significant changes in gene
expression (fold change ≥ 2, FDR < 0.05) and mutant abundance (fold change ≥
2, FDR of < 0.05) are colored as shown in the key (N.C., no change). (b)
Spearman rank correlation coefficients between gene expression and mutant
abundance for all antimicrobial treatments. (c) PseudoCAP categories and
KEGG pathways in which expression data were enriched for fitness
determinants. Enrichment analysis was performed with the one-tailed Fisher
exact test (FDR was < 0.05 except for ciprofloxacin, where FDR was 0.16). The
percentages of differentially regulated genes that are fitness determinants (far
right column) were determined by dividing the total number of fitness
determinants that were differentially expressed within each category by the total
number of differentially expressed genes within the category.
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be more predictive of fitness determinants [108]. To examine this possibility for
antimicrobials, we first tested whether fitness determinants for each antimicrobial
were enriched in functionally related subsets of genes defined by the
Pseudomonas aeruginosa Community Annotation Project (PseudoCAP) [181]
and Kyoto Encyclopedia of Genes and Genomes (KEGG) [183]. We then
assessed whether the fitness determinants within these enriched subsets
showed differential regulation in RNA-seq data. Our results reveal that only four
antimicrobials showed enrichment of genes that were both fitness determinants
and differentially regulated within individual PseudoCAP categories or KEGG
pathways. For example, the data for ciprofloxacin showed enrichment for genes
involved in DNA replication, recombination, modification, and repair, and 25% of
the genes differentially regulated in this category were fitness determinants upon
exposure to ciprofloxacin (Figure 3.3C). Higher percentages were observed for
other antimicrobial/gene category combinations, including gentamicin and the
category cell wall/lipopolysaccharide (LPS)/capsule, in which 75% of differentially
regulated genes were fitness determinants (Figure 3.3C). These data indicate
that, while the correlation between expression and fitness across the P.
aeruginosa genome is weak, differentially regulated genes within particular
PseudoCAP categories and KEGG pathways can be more predictive of fitness
determinants.
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3.2.4 Expression and fitness data can be used to determine the genetic
basis of antimicrobial antagonism
Due to the increasing occurrence of antimicrobial-resistant infections, clinicians
often prescribe combinations of antibiotics [184]. Most studies focus on the
effects of simultaneous antibiotic treatment; however, due to differential rates of
diffusion through host tissue, bacteria likely encounter antibiotics individually and
in succession [184, 185]. Therefore, we sought to predict the mechanistic basis
of enhanced resistance or susceptibility resulting from combinatorial antimicrobial
treatment using our expression and fitness data. The rationale is that if exposure
to an antimicrobial induces the transcription of a fitness determinant for a second
antimicrobial, then we hypothesize that exposure to the first antimicrobial would
enhance resistance to the second. As a test of this hypothesis, we examined how
exposure to sub-MIC polymyxin B affects resistance to aminoglycosides and
ciprofloxacin. Polymyxin B induces the transcription of two genes, PA14_38410
(mexY orthologue) and PA14_38395 (mexX orthologue), encoding components
of a tripartite efflux pump. The mexY gene is a fitness determinant for
gentamicin, neomycin, tobramycin, and ciprofloxacin, while mexX is a fitness
determinant for gentamicin and tobramycin. Based on these data, we reasoned
that exposure to sub-MIC polymyxin B would promote P. aeruginosa resistance
to these antibiotics. To test this, P. aeruginosa was exposed to sub-MIC
polymyxin B and subsequently tested for susceptibility to gentamicin, neomycin,
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tobramycin, and ciprofloxacin. For these experiments, a luminescent P.
aeruginosa strain was used in which light production serves as a proxy for
antimicrobial susceptibility. Our results reveal that pre-exposure to sub-MIC
polymyxin B significantly increases resistance to gentamicin, neomycin,
tobramycin, and ciprofloxacin (Figure 3.4) but, as predicted by the RNA-seq
results, not polymyxin B (see Figure S1 in the supplemental material). To test
whether the mechanism for this increased resistance was mediated through
mexXY, these genes were deleted and aminoglycoside/ciprofloxacin resistance
assessed following pretreatment with polymyxin B. The results reveal that
deletion of mexXY eliminates the enhanced resistance to aminoglycosides and
ciprofloxacin observed upon exposure to sub-MIC polymyxin B (Figure 3.4). To
ensure that pretreatment was required for enhanced resistance, wild-type P.
aeruginosa and the mexXY deletion mutant were treated simultaneously with
polymyxin B and gentamicin (see Figure S2). As expected, simultaneous
treatment with polymyxin B did not lead to increased resistance to
aminoglycosides and ciprofloxacin. These results demonstrate that wholegenome expression and fitness data can be used to identify genes important for
antimicrobial cross-resistance.
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Figure 3.4 Pretreatment with sub-MIC polymyxin B induces resistance to
aminoglycosides and ciprofloxacin.
Antimicrobials were applied to luminescent P. aeruginosa, and luminescence
was followed over time using a luminometer. Results at 60 min (a to c) and 180
min (d) post-antimicrobial treatment are shown. Decreases in luminescence
correlate with antimicrobial activity. Data are shown relative to the luminescence
of a control in which fresh medium or sub-MIC polymyxin (in the case of
pretreatment assays) was added. The antimicrobials were tested with and
without pretreatment with sub-MIC polymyxin B. *, P < 0.05 (n = 3 for gentamicin,
neomycin, and tobramycin and n = 4 for ciprofloxacin) by the two-tailed Student t
test. Error bars represent standard errors of the means.
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3.3. DISCUSSION
The goal of this study was to identify determinants of bacterial fitness in response
to antimicrobials, using the model superbug P. aeruginosa. Our highly controlled
experimental parameters allowed us to define a detailed transcriptome and
fitness landscape upon exposure to sub-MIC levels of antimicrobials. This is the
first paired gene expression and fitness analysis in any bacterium in response to
a large number of antimicrobials and provides a valuable resource for the
antimicrobial research community. The clustering of the data for antimicrobials
revealed that fitness profiles are a more accurate proxy for antimicrobial class
than gene expression profiles (Figure 3.1 and 3.2), indicating that the use of
bacterial fitness data will likely better inform the classification of novel
antimicrobials. Our analysis demonstrated that, on the whole-genome level,
expression and fitness are not well correlated, indicating that the use of
expression data to identify antimicrobial fitness determinants may not be the best
strategy. However, we discovered that for four antimicrobials, RNA-seq can be
highly predictive of fitness determinants (Figure 3.3C), and thus, focusing on
these categories may be a viable alternative when Tn-seq experiments are not
possible. The lack of correlation between gene expression and fitness data may
be due to a number of factors, one of which is the potential that antimicrobials
also serve as cues, eliciting responses not required to protect against them [186].
Another possible explanation is “adaptive prediction,” a process wherein a
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bacterium is able to anticipate a future environment by expressing genes not
required for fitness in the first environment but required in a second [187]. In
addition, because of the pooled nature of the experiments, Tn-seq may also be
affected by interactions between individual mutants that result in communitybased antimicrobial resistance [188]. Finally, one could argue that the differences
in length of antimicrobial exposure for RNA-seq (30 min) and Tn-seq (7 to 12 h)
may account for the lack of correlation. We do not favor this hypothesis, since
our RNA-seq data show significant overlap with data from previous
transcriptomic studies that used different antimicrobial exposure times (albeit less
than 12 h), indicating that the duration of exposure does not alter the
fundamental transcriptional response. Regardless, our results indicate that the
typical experimental designs used to study the transcriptional responses to subMIC antimicrobials do not generally capture fitness determinants.

Our data also provide new insight into how bacteria respond to and resist
exposure to antibiotics and disinfectants/antiseptics. While the data for
disinfectants/antiseptics clustered by fitness determinants (Figure 3.2), there
were remarkably few fitness determinants for antiseptics/disinfectants compared
to the number for antibiotics, suggesting that P. aeruginosa possesses either
multiple or redundant mechanisms for antiseptic/disinfectant resistance or lacks
intrinsic resistance to these antimicrobials altogether. The fact that fitness
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profiling identified mutations that have also been observed in antimicrobialresistant clinical isolates suggests that these datasets may be used to predict P.
aeruginosa mutations that lead to increased antimicrobial resistance. Included
among these are transcriptional regulators controlling the beta-lactamaseencoding gene ampC, multidrug efflux pumps, and porin proteins that result in
decreased cell permeability upon inactivation [124, 189].

Finally, these studies have the potential to provide insights into resistance
mechanisms that occur in individuals receiving multiple antimicrobials. For
example, our results (Figure 3.4) expand on previous studies showing that
clinical strains of P. aeruginosa overexpressing the efflux pump components
MexXY in P. aeruginosa PAO1 are more resistant to aminoglycosides/quinolones
and that transcription of mexXY is increased in the presence of antimicrobial
peptides [190]. The ability to correlate transcriptional regulation and fitness
profiles for multiple antibiotics offers the opportunity to develop specific
hypotheses regarding the mechanisms controlling drug-induced antibiotic
resistance. Indeed, while we formally tested the antagonistic interactions
between polymyxin B and aminoglycosides/ciprofloxacin (Figure 3.4), several
additional interactions are predicted by the data (see Dataset S3 in the
supplemental material). Thus, these data provide a framework to investigate the
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intrinsic resistance mechanisms of P. aeruginosa and will likely inform similar
studies of other bacteria that possess orthologous genes.
3.4 MATERIALS AND METHODS
3.4.1 Bacterial strains and growth media
P. aeruginosa strain UCBPP-PA14 [191] was obtained from the MGH-Parabiosys:NHLBI

Program

for

Genomic

Applications

(http://pga.mgh.harvard.edu/cgi-bin/pa14/mutants/retrieve.cgi). The luminescent
P.

aeruginosa

UCBPP-PA14

strain

carrying

pQF50-lux

was

used

for

pretreatment assays. pQF50-lux contains a 1,489-bp fragment (genomic location,
positions 6323103 to 6324591 of the UCBPP-PA14 genome) from the P.
aeruginosa genome that provides a high level of expression of luxCDABE. Liquid
cultures were grown in chemically defined medium (CDM) supplemented with 20
mM succinate [192] at 37°C with shaking at 250 rpm.

3.4.2 Construction and confirmation of deletion mutants
The PA14 ΔmexXY (PA14_38395-38410) deletion mutant was constructed by
amplifying ~700-bp fragments flanking these two genes by PCR with Phusion hot
start II DNA polymerase (Thermo Scientific, Waltham, MA) to replace the coding
sequence of the genes with the sequence 5′-GCGGCCGCC-3′ flanked by the
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native start codon of PA14_38395 and stop codon of PA14_38410. The primers
used

for

PCR

were

TTCTGCAGGTCGACTCTAGACCAGGGTGCCGCAGATGC-3′

5′and

5′-

GCATCAGGCGGCCGCCATGGGTGTCCCTCGATTCGTG-3′ for the upstream
region

and

5′-CCATGGCGGCCGCCTGATGCCCCTAGCGAAACTCTCGC-3′

and 5′-GAATTCGAGCTCGAGCCCGGGCCCGGAAGTTCTCCCTGGGC-3′ for
the downstream region. These two amplicons and the suicide vector pEXG2[193]
were assembled using Gibson assembly as described previously ,[194],
transformed initially into Escherichia coli DH5α λpir, and then transformed into E.
coli SM10 λpir for conjugation into strain PA14. This construct was introduced
into PA14 by conjugation with selection for gentamicin-resistant transconjugates,
followed by selection on sucrose to obtain the chromosomal deletion. This
mutation was then verified by PCR.

3.4.3 MIC determination
For MIC determination, logarithmic P. aeruginosa cells (optical density at 600 nm
[OD600] of 0.5) were diluted to an OD of 0.001 and added to a 96-well microtiter
plate. Antimicrobials were added, using serial 2-fold dilutions across the plate.
The MIC was determined as the lowest concentration with no visible growth.
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3.4.3 RNA-seq growth conditions
Cultures for RNA-seq analysis were grown overnight in CDM, diluted to an
OD600 of 0.03 in 10 ml CDM, grown to an OD600 of 0.5, and then treated with
100-µl amounts of sub-MIC concentrations of antimicrobials or with 100 µl water
as a control. Sub-MIC antibiotic levels were determined as the highest
concentration at which P. aeruginosa growth was not inhibited (either 1/2 or 1/4
MIC) (Table 3.1). Cultures were grown for 30 min at 37°C with continuous
shaking at 250 rpm. After 30 min, the OD600 was between 0.7 and 1.0, and the
culture was immediately diluted with an equal volume of RNAlater.

3.4.4 Tn-seq growth conditions
Cultures for Tn-seq analysis were grown as follows: frozen aliquots of the P.
aeruginosa PA14 transposon insertion library [119] were washed three times with
1 ml 20 mM MOPS (morpholinepropanesulfonic acid) buffered to pH 7.2,
inoculated into 25 ml CDM at 2.5 × 105 CFU/ml, and grown for 30 min at 37°C
with shaking at 250 rpm. Then, 250-µl amounts of sub-MIC antimicrobials or
water were added and the culture was grown for approximately 12 generations
(to 109 CFU/ml) and immediately placed on ice. Cells were pelleted, the
supernatant was discarded, and the pellet was frozen.
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3.4.5 RNA-seq Illumina library preparation
Cultures stored in RNAlater were pelleted, resuspended in RNA Bee, and
transferred to 2-ml bead-beating tubes containing 0.1-mm beads (MP
Biomedical). Cells were lysed by bead beating 3 times for 60 s, and the tubes
placed on ice for 1 min between each homogenization. Amounts of 200 µl of
chloroform were added, and the tubes were shaken vigorously for 30 s and
incubated on ice for 5 min. Samples were centrifuged for 15 min at 4°C to
separate the aqueous and organic phases. The top aqueous phase from each
tube was transferred to a new microcentrifuge tube to which 0.5 ml isopropanol
was added, and the tubes were incubated at room temperature for 10 min.
Amounts of 20 µg of linear acrylamide were added to the tubes, and the samples
were centrifuged at 12,000 × g for 5 min at 4°C. The pellets were washed with 1
ml 75% ethanol, air dried for 10 min, and resuspended in 50 µl of RNase-free
water. The RNA concentration for each sample was determined with a NanoDrop
spectrophotometer (Thermo Scientific). DNA contamination was assessed with
PCR amplification of the clpX gene, and RNA integrity was verified with agarose
gel electrophoresis of glyoxylated samples (Ambion). Ribosomal RNA was
depleted using the RiboZero bacteria kit (Epicentre) and purified by ethanol
precipitation using 12.5 µg linear acrylamide to precipitate the RNA. The depleted
RNA was fragmented, and cDNA libraries were prepared as described previously
[195]. Libraries were sequenced at the Genome Sequencing and Analysis
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Facility at the University of Texas at Austin on an Illumina HiSeq 2000 using a 1
× 100-bp single-end run.

3.4.6 Tn-seq Illumina library preparation
The frozen pellets were resuspended in 1 ml 1× buffer A [196] with 0.1% SDS,
homogenized in a bead-beating tube for 1 min, and then placed on ice.
Proteinase K (1 mg/ml) was added, and the samples were incubated for 1 h.
Samples were extracted with equal volumes of 25:24:1 phenol-chloroformisoamyl alcohol, pH 8.0. DNA was ethanol precipitated (0.1 volume 3 M sodium
acetate and 3 volumes of 100% ethanol) from the aqueous phase, and the pellet
was washed with 75% ethanol 2 times, air dried for 10 min, and resuspended in
100 µl water. DNA concentrations for each sample were determined with a
NanoDrop spectrophotometer (Thermo Scientific). DNA was sheared to ~300 bp
in a Q880R sonicator (Qsonica), and the size was confirmed on an agarose gel.
The sheared DNA was treated with terminal deoxynucleotidyltransferase (TdT),
followed by two PCRs as described previously [119, 197]. The libraries were
sequenced at the Genome Sequencing and Analysis Facility at the University of
Texas at Austin on an Illumina HiSeq 2500 using a 1 × 100-bp single-end run.
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3.4.7 RNA-seq bioinformatic analyses
After discarding reads with no call (“N”) or low complexity (not containing all four
nucleotides), we mapped reads to the P. aeruginosa UCBPP-PA14 genome
(GenBank

accession

number

NC_008463.1;

downloaded

from

http://www.pseudomonas.com on 31 July 2013) using the Burrows-Wheeler
Aligner, Smith-Waterman algorithm (BWA-SW) implemented on version 0.7.10
[198], and the best nucleotide match for each read according to its mapping
quality score was selected. To remove ambiguous reads, we discarded the reads
having multiple best hits with the same mapping quality score. Because our
library preparation method is designed to capture essentially all transcripts,
including small RNAs (sRNAs), the aligned length of the reads was highly
variable. Therefore, instead of read count, we counted the number of nucleotides
covering each gene (using the GFF3 annotation file obtained from PseudoCAP
[135]) and used the length of the gene and total number of nucleotides mapped
on genic regions of the genome as normalization factors, analogous to
transcripts per millions of reads (TPM) [199]. We identified genes showing
significantly different RNA levels under each condition using edgeR [200], with
false discovery rates (FDRs) of less than 0.05 and differences of at least 2-fold.
Detailed

procedures

and

related

scripts

are

https://github.com/marcottelab/HTseq-toolbox/wiki/ProkRNAseq.
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available

at

3.4.8 Tn-seq bioinformatic analyses
As with the RNA-seq data, after discarding reads with no call or low complexity,
we mapped the Tn-seq reads against the P. aeruginosa UCBPP-PA14 genome
using BWA-SW and selected the best nucleotide match for each read according
to its mapping quality score. We further filtered out mapped reads if their aligned
length was shorter than 10 bp (too short to infer the genomic DNA sequence
flanking the transposon). We then identified transposon insertion sites as a
junction of the transposon flanking sequence (TAAGAGTCA) and the mapped
genomic DNA sequence. For fitness analysis, the occurrence of all transposon
insertion sites within a gene was summed based on PseudoCAP GFF3
annotation [135], normalized by the total number of reads, and genes showing
significant fitness changes under each condition, with FDRs of less than 0.05 and
differences of at least 2-fold, were identified by using edgeR. Detailed
procedures

and

related

scripts

are

available

at

https://github.com/marcottelab/HTseq-toolbox/wiki/ProkTNseq.

3.4.9 Overlap between RNA-seq and existing gene expression data
Brazas and Hancock reported microarray data from sub-MIC ciprofloxacintreated P. aeruginosa, and genes showing at least 2-fold differences in
expression and P values of less than 0.05 were compared to genes showing at
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least 2-fold differences in expression and FDRs of less than 0.05 in the RNA-seq
data in this study [163]. Chang et al. reported the 30 P. aeruginosa genes that
were most highly upregulated in response to hydrogen peroxide, which were
compared to genes showing at least 2-fold differences in expression and FDRs
of less than 0.05 in the RNA-seq data in this study (7). The significance of
overlaps in these data was assessed using the Fisher exact test.

3.4.10 Heat map and cluster analyses
Heat maps were generated in R with the function heatmap.2 of the gplots
package. Clustering was performed using genes exhibiting at least 2-fold
differences in expression or fitness and FDRs of less than 0.05 across at least 2
conditions using Spearman correlation coefficients.

3.4.10 Enrichment analyses

Enrichment of differentially regulated genes and differentially fit genes in a given
PseudoCAP category or Kyoto Encyclopedia of Genes and Genomes (KEGG)
[201] pathway was determined by comparing the prevalence of genes with
differences of at least 2-fold and FDRs of less than 0.05 assigned to a specific
PseudoCAP category or KEGG pathway to the prevalence of genes in the
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genome assigned to that PseudoCAP category or KEGG pathway using the onetailed Fisher exact test. Only annotated genes were used in the analysis. P
values for enriched categories were adjusted for multiple testing using a
Benjamini-Hochberg correction, giving the resulting false discovery rate/q values
[202].

3.4.11 Pretreatment assay
PA14 and PA14 ΔmexXY, constitutively expressing luminescence from the
plasmid pQF50-lux, were grown overnight in CDM or Lysogeny Broth with
carbenicillin (300 µg/ml), washed 3× with fresh CDM containing no carbenicillin,
diluted to an OD600 of 0.05 in 10 ml CDM, and grown to mid-logarithmic phase
(OD600 of 0.5). The cultures were then treated with 100 µl of subinhibitory (1/2
MIC) polymyxin B or with 100 µl water as a nontreatment control for 30 min.
Treated cells were added to 96-well microtiter plates, and antibiotics (gentamicin,
neomycin, tobramycin, or ciprofloxacin) were added, using serial dilutions.
Luminescence was monitored at 0, 5, 15, 30, 60, and 180 min using a
Luminoskan Ascent microplate luminometer, and luminescence at 60 min
(gentamicin, neomycin, and tobramycin) and 180 min (ciprofloxacin) was
reported. The internal temperature within the luminometer was maintained at
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37°C, and the plates were shaken at 240 rpm; prior to luminescence
measurement, the plates were shaken at 1,200 rpm for 10 s.

3.4.12 Nucleotide sequence accession numbers
RNA-seq and Tn-seq sequencing data are available at the National Center for
Biotechnology Information Sequence Read Archive (NCBI SRA) under accession
number SRP062243.
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Chapter 4: Conclusions and future directions4

4.1 P. AERUGINOSA-S. AUREUS INTERACTIONS PROMOTE OXIDATIVE STRESS IN MURINE
CHRONIC WOUNDS

4.1.1 Overview of results

More than 5 million Americans suffer from chronic wounds contributing to
over $20 billion of health care costs per year in the United States [141]. Chronic
wounds are typically infected with multispecies communities of bacteria that
interact, resulting in enhanced antimicrobial resistance and host tissue damage
[7, 16-18, 142]. A key player in these chronic wound microbial communities is the
Gram-negative opportunistic pathogen Pseudomonas aeruginosa [16, 19, 92].
Despite the prevalence of P. aeruginosa in these infection communities, many of
the mechanisms controlling this bacterium’s ability to thrive in these wound
communities remain unexplained. Therefore, we explored the effect of a common
co-infecting bacterial species on P. aeruginosa fitness during chronic wound
infection. Transposon sequencing (Tn-seq) was employed to identify P.

4 Sections of this chapter were adapted from the following reference (138,
Copyright
© American Society for Microbiology, mBio, reused with permission, Murray, Justine L Kwon, T.
Marcotte, E. M. Whiteley, M. (2014). Intrinsic Antimicrobial Resistance Determinants in the
Superbug Pseudomonas aeruginosa. mBio, 6(6), 1–10. http://doi.org/10.1128/mBio.01603-15); I
was the primary author of this work.
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aeruginosa fitness determinants during infection with Staphylococcus aureus in a
murine chronic wound model [16, 19, 92]. Our Tn-seq data revealed that P.
aeruginosa requires glutathione biosynthesis for fitness during co-infection with
S. aureus. Because glutathione is highly important in protection from oxidative
stress, we propose that the chronic wound environment has significantly more
oxidative stress during co-infection relative to mono-species infection.

4.1.2 Characterizing the mechanism by which P. aeruginosa requires
glutathione biosynthesis during co-infection with S. aureus

One aspect of this study that remains unresolved is the reason P.
aeruginosa requires glutathione biosynthesis in vivo during co-infection with S.
aureus. In Chapter 2, I hypothesized that glutathione is required to detoxify
oxidative stress within the chronic wound during co-infection; however, the
source of oxidative stress remains elusive. I proposed a model (shown in Figure
2.6) in which oxidative stress is generated by S. aureus interactions with host
factors, specifically red blood cells. I hypothesized that the mechanism creating
this highly oxidative environment begins with S. aureus [149] hemolysis of red
blood cells during co-infection, resulting in release of hemoglobin, which
generates reactive oxygen species (Figure 2.6). Future directions will focus on
experimental validation of several aspects of this model (numerically labeled in
Figure 4.1), as outlined below.
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Figure 4.1 Proposed mechanism for oxidative stress during P. aeruginosa and S.
aureus co-infection and future directions.
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1. The first part of this model that could be validated is to determine if the
fitness defect of the gshA mutant in the co-infection is due to S. aureusinduced red blood cell lysis (Figure 4.1).
a. Survival of the strains could be measured in mono- and co-culture
with S. aureus in the wound-like medium prepared with whole,
rather than laked, red blood cells. Based on the model, we would
expect the gshA mutant to be equally fit relative to the wild-type in
mono-culture and less fit in co-culture with S. aureus.
b. To further confirm that oxidative stress directly results from
hemolysin-induced lysis of murine red blood cells, a S. aureus
hemolysin mutant could be co-cultured in the wound-like medium
with whole red blood cells with the gshA mutant. If this S. aureus
mutant were grown in co-culture with P. aeruginosa, we would
expect that the P. aeruginosa gshA mutant would be equally fit as
the wild-type P. aeruginosa. The S. aureus hemolysin mutant could
also be co-infected with the gshA mutant in the murine chronic
wound model and we would expect similar results as proposed in
the wound-like medium.
c. Finally, a hemolytic P. aeruginosa strain could be constructed and
grown in the wound-like medium with whole red blood cells in
mono-culture. We would expect that a hemolytic gshA mutant
would be less fit than the wild-type. This experiment could also be
conducted in the murine wound. Based on the model, we expect
that a wild-type hemolytic P. aeruginosa strain would be more fit
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than a gshA hemolytic P. aeruginosa strain. This experiment would
provide secondary confirmation that hemolysis is the source of
oxidative stress rendering glutathione biosynthesis paramount to P.
aeruginosa survival during hemolytic bacterial infection.

2. Next, to explore the importance of free hemoglobin in this model, future
studies could focus on determining whether the gshA mutant is more
sensitive than wild-type P. aeruginosa to the presence of hemoglobin from
laked red blood cells in mono-culture. The gshA mutant could be cultured
alone in the presence of laked red blood cells in the wound-like medium.
Based on our model, we would expect that the gshA mutant would be
susceptible in mono-culture as it is in co-culture (Figure 2.5) in the
presence of laked red blood cells because of the oxidative stress arising
from extracellular hemoglobin in both cases.

3. To address the question of whether oxidative stress originates from
hemoglobin (Figure 4.1), the gshA mutant could be cultured in minimal
media with isolated hemoglobin and apo-hemoglobin, which lacks the
heme group. In the absence of the heme group from which oxidative
reactions arise, we predict the gshA mutant would not demonstrate a
fitness defect.

4. Finally, to determine if the gshA fitness defect is due to oxidative stress in
vivo (Figure 4.1), an alternative antioxidant to glutathione could be added
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to the murine chronic wound. During P. aeruginosa and S. aureus coinfection, we would expect that alternative antioxidants, such as
Dithiothreitol (DTT) or beta-mercaptoethanol, would also be able to rescue
the gshA mutant fitness defect.
If the above-outlined future directions do not provide support for this
model, it is possible that the source of stress is the immune system, even though
neutrophils do not seem to play a significant role (Figure 2.4). The next logical
hypothesis is that macrophages are highly induced or abundant in co-infection,
thereby producing a large amount of reactive nitrogen species through nitric
oxide [203]. Future studies would then focus on determining whether P.
aeruginosa glutathione biosynthesis is required to detoxify free radicals
generated by macrophages. Experimentally this could be accomplished by
culturing the P. aeruginosa gshA mutant in the absence of glutathione with
macrophages. Killing of wild-type P. aeruginosa compared to the gshA mutant
due to nitric oxide production by macrophages could then be measured, similar
to the work with neutrophils described in Chapter 2, Section 2.2.4.

4.2 INTRINSIC ANTIMICROBIAL RESISTANCE IN P. AERUGINOSA
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4.2.1 Overview of results
Antimicrobial-resistant bacteria pose a serious threat in the clinic,
accounting for 23,000 deaths annually in the US alone [1]. This is particularly true
for opportunistic pathogens that possess high intrinsic resistance. Though
studies have focused on understanding the acquisition of bacterial resistance
upon exposure to antimicrobials [204, 205], the mechanisms controlling intrinsic
resistance are not well understood. In the study described in Chapter 3, we
subjected the model opportunistic superbug Pseudomonas aeruginosa to 14
antimicrobials under highly controlled conditions and assessed its response
using expression- and fitness-based genomic approaches. Our results revealed
that gene expression changes and mutant fitness in response to sub-MIC
antimicrobials do not correlate on a genome-wide scale, indicating that gene
expression is not a good predictor of fitness determinants. In general, fewer
fitness determinants were identified for antiseptics and disinfectants than for
antibiotics. Although gene expression when analyzed alone does not correlate
well with mutant fitness, evaluation of gene expression and fitness data together
allow the prediction of antagonistic interactions between antimicrobials and
insight into the molecular mechanisms controlling these interactions.
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4.2.2 Elucidation of in vivo P. aeruginosa antimicrobial resistance
mechanisms

To leverage the antimicrobial resistance data acquired in Chapter 3, future
studies could focus on determining how the host and the surrounding microbial
community affects P. aeruginosa antimicrobial resistance in vivo. Although
antimicrobials often display efficacy in vitro, many are ineffective within the host
and it remains unclear which antimicrobial resistance mechanisms contribute to
this lack of efficacy. Most antimicrobial resistance studies have not focused on
the impact of the surrounding growth environment (i.e. the host or the presence
of other microbes) on antimicrobial resistance. Therefore, future studies could
determine the impact of the host and relevant bacterial species on P. aeruginosa
antimicrobial resistance. I hypothesize that expression of P. aeruginosa
antimicrobial resistance determinants (identified in Chapter 3) during growth in
vivo and with other microbes contributes to P. aeruginosa resistance during
infection.

Previously, our lab characterized the transcriptional response of P.
aeruginosa during murine burn wound infections using RNA-seq [108].
Additionally, in an unpublished study currently in progress, I assessed P.
aeruginosa gene expression in infected human burn wounds using RNA-seq. By
analyzing the human and murine burn wound transcriptomic data in combination
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with the antimicrobial fitness data, I identified 9 antimicrobial resistance
determinants that were upregulated during burn wound infections (Table 4.1).
These 9 genes displayed significant fitness defects during sub-MIC antimicrobial
treatment and were significantly upregulated in both mouse and human burn
wounds. The genes cioAB code for a terminal oxidase that is expressed under
anaerobic conditions [206]. Interestingly, these genes (Table 4.1) demonstrated
the greatest magnitude of fitness defects in the presence of silver nitrate and
expression changes in the murine burn wound. Expression of cioAB is activated
by cyanide which has been found in P. aeruginosa-infected human and mouse
burn tissue, potentially contributing to enhanced resistance in vivo [207].
Furthermore, this terminal oxidase appears to be involved in P. aeruginosa
respiration in the CF lung, indicating these genes may contribute to antimicrobial
resistance in multiple infection sites [208].

To ascertain how increased expression of the silver nitrate resistance
determinants cioAB affects P. aeruginosa antimicrobial resistance in vivo, a
cioAB deletion strain could be constructed. The murine burn wound model could
then be inoculated with either this deletion mutant or wild-type P. aeruginosa
[108]. Mice could be treated topically with a silver nitrate solution, and virulence
of the two strains could then be assessed by mouse mortality. We predict that the
silver nitrate-treated cioAB deletion strain would be less resistant in vivo than the
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Gene
Product
Antimicrobial
algU
RNA polymerase sigma factor AlgU
CFP, GEN, PMB
betI
transcriptional regulator BetI
GEN
cioA
CioA, cyanide insensitive terminal oxidase
AgNO3
cioB
CioB, cyanide insensitive terminal oxidase
AgNO3
dadA
D-amino acid dehydrogenase small subunit
GEN
fbpA
iron ABC transporter substrate-binding protein
CFP
PA1414
hypothetical protein
GEN
PA5303
hypothetical protein
GEN
rbsA
ribose transporter
CFP
*CFP = Cefoperazone, GEN = gentamicin, PMB = polymyxin B, AgNO3 = silver nitrate
Table 4.1 Predicted in vivo resistance determinants
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wild-type. These studies could help characterize an important mechanism by
which P. aeruginosa displays enhanced resistance in vivo.

An additional complicating factor to antimicrobial treatment in vivo is the
presence of other microbial species. For some infection types, these
polymicrobial infections are the norm. As previously discussed, polymicrobial
infections represent a significant clinical problem because they often display a
synergistic effect, which results in increased severity of infection than what is
possible by a mono-species infection [36]. P. aeruginosa displays synergy with
co-infecting species such as S. aureus and A. baumannii [6, 209, 210]. Because
polymicrobial infections tend to be more recalcitrant to antimicrobial treatment, I
hypothesize that antimicrobial resistance genes (identified in Chapter 3) that are
upregulated in the presence of other bacterial species provide mechanisms of
enhanced antimicrobial resistance in polymicrobial infections. Studies have
shown that P. aeruginosa and A. baumannii co-reside in polymicrobial infections
including ventilator-associated pneumonia and bloodstream infections [209, 210].
A. baumannii is a highly antibiotic resistant opportunistic pathogen that is a major
cause of nosocomial infections [210]. Furthermore, A. baumannii infections
superinfected with P. aeruginosa are generally more difficult to resolve than
those

without

P.

aeruginosa

superinfection

[210].

Therefore,

a

better

understanding of interspecies interactions between P. aeruginosa and A.
94

baumannii could provide insight into the mechanisms of higher in vivo
antimicrobial resistance.

Using RNA-seq, our lab previously collected gene expression data from
highly controlled in vitro co-culture biofilm growth of P. aeruginosa with the
opportunistic bacterial pathogen A. baumannii (AB5075). Analysis of sub-MIC
antimicrobial resistance data from Chapter 3 [136] together with the co-culture
gene expression data revealed upregulation of 7 in vitro antimicrobial resistance
determinants in the presence of A. baumannii (Table 4.2). Mutations in these 7
genes caused significant resistance defects during sub-MIC antimicrobial
treatment (Chapter 3) and were significantly upregulated in co-culture with A.
baumannii.
Genes from Table 4.2 were further scrutinized to prioritize those for
additional studies based on the magnitude of expression and fitness changes. A
gene coding for a component of the multidrug efflux pump system for a mexY
displayed the highest upregulation and the most extreme fitness defect of these 7
genes. In Chapter 3, I showed that mexY is upregulated in response to the
antimicrobial peptide polymyxin B and is also a resistance determinant for P.
aeruginosa antibiotic treatment with gentamicin (Figure 3.4) [136, 190, 211].
Since mexY is upregulated during co-culture with A. baumannii and required for
gentamicin resistance, I hypothesized that P. aeruginosa will display enhanced
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Gene Product
Antimicrobial
mexY multidrug efflux protein
CIP,GEN,NEO,TOB
amtB
ammonium transporter
GEN
bioB
biotin synthase
GEN
fkl
peptidyl-prolyl cis-trans isomerase, FkbP-type GEN
mexT transcriptional regulator MexT
CIP
norC
nitric-oxide reductase subunit C
GEN
np20
transcriptional regulator np20
GEN,NEO
*CIP = ciprofloxacin, GEN = gentamicin, NEO = neomycin, TOB = tobramycin

Table 4.2 Predicted polymicrobial resistance determinants
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gentamicin resistance during co-culture with A. baumannii. To assess the
effect of the presence of A. baumannii on P. aeruginosa gentamicin resistance, I
employed a strain of P. aeruginosa carrying a plasmid with a strong promoter
driving the constitutive expression of the luxCDABE genes, resulting in
luminescence that can be quantified. This strain was used previously to study P.
aeruginosa antibiotic susceptibility in Chapter 3 (Figure 3.4) [136]. I grew biofilms
of luminescent P. aeruginosa with and without A. baumannii for 5 hours, then
treated with a range of concentrations of gentamicin and measured
luminescence, indicating survival of antibiotic treated cells [212]. I observed that
A. baumannii enhances P. aeruginosa resistance to gentamicin (Figure 4.2). To
determine if the multi-drug efflux pump mexXY is responsible for this enhanced
resistance during co-culture with A. baumannii, I grew a mexXY deletion mutant
with A. baumannii, which resulted in a loss of enhanced resistance (Figure 4.2).

Future directions could include repeating the luminescence co-culture
assay with the additional antibiotics (ciprofloxacin, neomycin, and tobramycin)
predicted to have reduced efficacy on P. aeruginosa in co-culture with A.
baumannii (Table 4.2). Although our in vitro biofilm model provides a highly
controlled culture environment, it does not fully represent the infection
environment. Therefore, the fitness of the P. aeruginosa mexXY mutant should
be assessed in the murine chronic wound model, discussed in Chapter 1, during
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Figure 4.2 Co-culture growth with A. baumannii induces P. aeruginosa
resistance to gentamicin.
Data are shown relative to the luminescence of a control in which water was
added. Results are from 4 technical replicates. *, P<0.005 (n=4) by the two-tailed
Student t test. Error bars represent standard errors of the means.
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antimicrobial treatment. This model would be used because chronic wounds are
characterized by polymicrobial infection, whereas burn wounds are typically
monospecies [12]. Murine wounds would be treated topically with gentamicin,
neomycin, tobramycin, and ciprofloxacin, and then fitness measured based on
colony forming units per gram of tissue. We predict that the wild-type would again
demonstrate enhanced resistance, which would be abolished in the mexXY
mutant. These future studies would elucidate mechanisms rendering P.
aeruginosa more resistant during polymicrobial infections.

4.2.4 Final Discussion

In conclusion, the work described in this dissertation provides insight into
P. aeruginosa behavior and genetic requirements in the face of commonly
encountered factors: co-infecting bacteria and antimicrobials. These studies led
to the identification of novel P. aeruginosa co-infection fitness and antimicrobial
intrinsic resistance determinants. Despite the new and relevant information my
work has revealed, a great deal still remains unknown. Future studies to followup this work will continue to identify and characterize novel P. aeruginosa fitness
determinants within infection, ultimately guiding the design of more effective and
appropriate therapeutics.
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