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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen commonly associated with
lung infections of patients with cystic fibrosis as well as infections in wounds and post-
surgical sites. These infections are often difficult to treat due to the rise of antibiotic
resistance including multi-drug resistance. P. aeruginosa is also able to form biofilms
which increase tolerance to antimicrobials and provide a high-density population which
increases the probability of the emergence of antibiotic resistant or tolerant variants.

In order to combat infections of wounds and surgical sites, local antibiotic therapy
is often used to allow for higher concentrations of antibiotic to be achieved at the site
without having to worry about the toxicity associated with systemic treatment. In
investigations of the local antibiotic treatment method’s ability to kill biofilm infections,
it was noted that variant colonies emerge within the zone of clearance (ZOC) of the
antibiotic source. Here, we describe our efforts to: 1) characterize the phenotypes which
emerge as variant colonies within the ZOC, 2) investigate the novel tolerance phenotype
identified emerging within the ZOC, using RNAseq, and 3) identify the area under the
curve (concentration vs time) necessary to achieve complete biofilm eradication as
exhibited in the zone of killing (ZOK) of an antibiotic source.

We report the presence of classically resistant mutants, persister cells, viable but

non-cultureable like cells, and phoenix colonies emerging from within the ZOC of a
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tobramycin impregnated calcium sulfate bead. Phoenix colonies are a novel, antibiotic
tolerant phenotype which are able to survive and maintain high levels of metabolic
activity while high concentrations of tobramycin are present in the environment but
return to wild-type levels of susceptibility once the antibiotic pressure is removed. Both
whole genome sequencing and RNAseq were performed on phoenix colony isolates in an
attempt to understand the mechanisms behind their survival. Phoenix colonies were found
to be transcriptionally different from controls and differentially expressed genes (DEGs)
were identified which may give clues to the mechanism behind phoenix colony
development.

Lastly, the ZOK of tobramycin was investigated using a combination of in vitro
and computational techniques to determine if there was an area under the curve (AUC,
concentration vs time) associated with the complete killing of the biofilm lawn and
antibiotic resistant and tolerant variants. We report a consistent AUC, regardless of
starting mass of antibiotic or biofilm substrate, that is able to eradicate P. aeruginosa
biofilms.

Collectively, the findings presented here serve to further our understanding of
antibiotic tolerance and the phenotypes associated with it. Additionally, through our AUC
findings, we have made progress towards the goal of eliminating antibiotic resistance.
These findings demonstrate the importance for continued research into methods and

therapeutics to combat the rising rate of antibiotic resistance and tolerance.
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Chapter 1. Introduction

Figures and excerpts adapted from: Sindeldecker, D., & Stoodley, P. (2021). The Many
Antibiotic Resistance and Tolerance Strategies of Pseudomonas aeruginosa. Biofilm,

100056.

The Many Antibiotic Resistance and Tolerance Strategies of Pseudomonas
aeruginosa.

Devin Sindeldecker and Paul Stoodley

1.1. Introduction to Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, opportunistic, bacterial pathogen
associated with a wide range of infections including cystic fibrosis (CF) associated lung
disease, post-surgical infections, and chronic wound infections (1-4). P. aeruginosa has
several strategies which it uses to establish and maintain infection including biofilm
production, multidrug resistance, and antibiotic tolerance (5-8). Along with several other
bacterial pathogens, multidrug resistance in P. aeruginosa is a growing concern (9-13). In
addition, P. aeruginosa CF isolates have been shown to be hypermutable, further raising
the concern for antimicrobial tolerance and resistance to develop (14). Aminoglycoside
resistance, in particular, is a growing concern in P. aeruginosa (15-17) and is something

which must be understood and accounted for in clinical treatment plans.
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P. aeruginosa has multiple antibiotic resistance and tolerance phenotypes which
could allow survival of a bacterial population during antibiotic treatment of an infection.
These phenotypes are highly diverse in not only their mechanisms of development but
also in the extent to which they are able to survive in the presence of antibiotics.
Antibiotic tolerance has also been found to allow for development of complete antibiotic
resistance (18), further showing the importance of understanding how these phenotypes
develop and function in order to prevent recurrent and recalcitrant infections. In this
review, various resistance and tolerance phenotypes will be summarized in terms of their

mechanisms of development and survival despite the presence of antibiotics.

1.2. Antibiotic Resistance

Antibiotic resistance is characterized primarily by genetic alterations which allow
cells to actively resist killing by antibiotics. This can be accomplished through antibiotic
target site modification, enzymatic degradation of the antibiotic, or an increase in
expression of efflux pump genes (19-21). Additionally, there are other mechanisms

which confer antibiotic resistance, including heteroresistance and adaptive resistance.

1.2.1. Mutation Driven Antibiotic Resistance

“Classical” antibiotic resistance is driven by either stable mutations or horizontal
gene transfer of plasmids harboring resistance genes, both of which allow bacteria to

survive in the presence of antibiotics at both high concentrations and over repeated



exposures. Treatment of P. aeruginosa is primarily accomplished using aminoglycosides
such as gentamicin or tobramycin. Aminoglycoside resistance through modifying
enzymes which inactivate the aminoglycoside has been known to exist since the 1960’s
and 1970’s (21-23). These enzymes often phosphorylate or adenylate the antibiotics and
multiple modifying enzymes are often harbored in a single genome, allowing for broad-
spectrum antibiotic disruption (24-26). In addition, modification of membrane
permeability can lead to a decrease in the uptake of antibiotics (27, 28), and, additionally,
the presence of efflux pumps such as the MexXY pump (in aminoglycosides) or the
MexCD-OprJ and MexEF-OprN pumps (in fluoroquinolones) serve to further prevent
antibiotics from accumulating intracellularly (24, 29-32). Target site modification
(ribosomal in the case of aminoglycosides, or DNA gyrase in fluoroquinolones) has also
been noted, leading to a lack of binding of the antibiotic to its target (27, 33). Antibiotic
resistance can also be conferred through horizontal gene transfer, in which antibiotic
modifying enzyme genes can be acquired by plasmid transfer from other species of
bacteria (34, 35). Clinically, antibiotic resistance is a growing concern. A recent study on
60 P. aeruginosa strains isolated from burn patients found that 90% were resistant to at
least one antibiotic and 94% of the isolates were multidrug resistant (25). Another study
on P. aeruginosa clinical isolates found overexpression of MexXY-OprM in 53% of

strains, indicating the importance of efflux pumps as well in a clinical setting (24).

1.2.2. Heteroresistance

In additional to classical antibiotic resistance, in which a complete population

exhibits the phenotype, heteroresistance is a classification characterized by a small subset
3



of genetically resistant bacteria hiding within a population which is overall susceptible to
the antibiotic (36, 37). During antibiotic exposure, the majority of the population is killed
leaving the resistant subset behind to recolonize as an antibiotic recalcitrant infection (38,
39). Although this is similar to the early stages of classical resistance development, it is
important to note that heteroresistance is unstable and can revert to an antibiotic
susceptible population where the antibiotic pressure is removed (36). This instability,
combined with the low frequency of resistant cells within the population, leads to
difficulties in detection of heteroresistance (36). Clinically, antibiograms are charts used
to determine the susceptibility of a culture to various antibiotics. The most commonly
used methods to generate an antibiogram are by disc diffusion or Etest assays.
Unfortunately, heteroresistance is difficult to identify using traditional antibiogram
methods due to the possibility of the overall population appearing susceptible during the
initial assay if the resistant population is too small to be detected (40, 41) and it is
possible that this could lead to treatment failure (41, 42). Population assay profiling
(PAP) uses a dilution series of antibiotic concentrations to allow the heteroresistant
population to emerge and be visualized (43). Heteroresistance has also been linked to
spontaneous, unstable tandem amplifications of known resistance genes across different
bacterial species and in response to various antibiotics (44). In order to combat the
presence of these resistance mechanisms in a heteroresistant population, Band et al.
propose using combination antibiotic therapy to exploit these populations in a clinical
setting (45). Combination antibiotic therapy would be effective in treating a population

containing multiple heteroresistant subpopulations by targeting multiple subcellular sites.



This would overcome the resistance mechanism of each subpopulation and allow for

complete killing of all of the bacteria regardless of the presence of heteroresistance.

1.2.3. Adaptive Resistance

Another antibiotic survival mechanism of P. aeruginosa, termed adaptive
resistance, is characterized by a transient resistance to antibiotics. Adaptive resistance in
P. aeruginosa was first identified clinically in sputum samples from CF patients in 1996
(46). While the molecular mechanisms of resistance are not fully understood, this
phenotype is primarily driven by environmental stimuli such as antimicrobial exposure,
pH changes, anaerobic environments, and starvation. Adaptive resistance has also been
highly linked to swarming motility, biofilm development, and a transient upregulation of
the MexXY-OprM efflux pump (47-49). Once the antibiotic pressure is removed, the
adaptive resistance bacteria are able to revert to a wild-type level of antibiotic
susceptibility (48). Currently, the presence of an adaptive resistance phenotype being
present in a clinical setting is speculative, and further research is needed to explore the

danger which this phenotype may present.

1.3. Antibiotic Tolerance

In addition to antibiotic resistance, antibiotic tolerance is an area of increased
concern, especially given the potential of tolerance leading to population resistance over
time (18). Antibiotic tolerance is generally differentiated from antibiotic resistance by a

lack of a stable phenotype. Tolerance is characterized as an ability to survive transient



exposure to high concentrations of antibiotic without a change in the minimum inhibitory
concentration (MIC) for the organism. This is often achieved by altering essential

bacterial processes (50).

1.3.1. Persister Cells

Persister cells are an antibiotic tolerant phenotype of bacteria which enter a
metabolically inactive state of dormancy but return to a wild-type level of antibiotic
susceptibility once antibiotic concentrations drop below the MIC leading to a population
which is again susceptible to the antibiotic (Figure 1.1) (5, 51, 52). They were first
described in Staphylococcus aureus by Hobby et al. in 1942 (53). Two years later, Joseph
Bigger further described the phenotype in Staphylococcus pyogenes, adding that while
persister cells were able to survive antibiotics (penicillin), they were not genetically
different than wild-type (54). Further studies have implicated toxin-antitoxin (TA)
systems in the mechanism behind persister cell tolerance (5, 55-57). TA systems are
comprised of a stable, protein toxin which disrupts essential cellular processes as well as
an antitoxin which prevents toxicity (57). Overproduction of the toxin portion of a TA
system relative to antitoxin production leads to an autotoxicity induced dormancy state.
Two TA systems have been identified in Escherichia coli which led to the development
of the persister cell phenotype, the MqsR/MgsA system and the TisB/IstR-1 system (58,
59). Within the MgsR/MgsA system, MqsR leads to diminished translation and ability to
respond to cellular stresses leading to a state of dormancy (60-63). For the TisB/IstR-1

system, the TisB toxin decreases both the proton motive force and ATP leading to



cellular dormancy (22). Although E. coli persister cells have been studied extensively,
these TA systems do not have homologs in P. aeruginosa and little is known about the
mechanisms behind P. aeruginosa persister cell development despite a high level of
emergence specifically within CF patients (64). Persister cells develop at a low rate (~1%
of the population, (65)), however, it is a major concern due to the possibility of them

leading to recurrent infections (8), although this has yet to be confirmed in a clinical

study.
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Figure 1.1 Progression of persister cells during antibiotic treatment.



1.3.2. Small Colony Variants

Small colony variants (SCV) are phenotypic variants directly associated with
antibiotic tolerance and persistent infections. In P. aeruginosa, they were first described
in CF associated P. aeruginosa respiratory tract infections (66). After their discovery, the
first clinical investigation was performed from 1996 to 1998 (67). After testing sputum
from 86 CF patients for P. aeruginosa SCVs, it was found that 33 patient samples
contained isolates from this phenotype. SCVs are typically characterized by their small
size relative to wild-type. This small colony size is due to either a slower growth rate like
that exhibited by Staphylococcus aureus SCVs (68, 69), or more commonly by
extracellular matrix overproduction in Pseudomonas’ rugose SCVs (RSCVs), which also
allow SCVs to be tolerant to a range of antibiotic classes (67, 69). SCVs can be
differentiated from RSCVs by their appearance. SCVs are typically small and smooth
colonies, whereas RSCVs, also known as wrinkly spreader colonies, have a rough
appearance due to the overproduction of matrix components (69, 70). Drenkard and
Ausubel showed that P. aeruginosa RSCVs could be induced by the addition of
kanamycin to culturing media and were able to link the phenotype to the cyclic-di-GMP
(cdG) phosphodiesterase gene, pvrR (71). Additionally, D’Argenio et al. identified
another gene implicated in RSCV formation within the lab strain P. aeruginosa PAOI,
the WspR diguanylate cyclase (DGC) (72). c¢dG is produced when DGC joins two
molecules of GTP (73). c¢dG is highly promiscuous and binds to transcriptional regulators
(74-76). Within RSCVs, intracellular levels of ¢cdG have been found to be elevated,

leading to transcriptional changes including the overproduction of exopolysaccharides,



fimbrial adhesins, Psl, Pel, and alginate (77-82). These changes contribute to both the
rough, morphological presentation of RSCVs as well as the antibiotic tolerance
phenotype which allows RSCVs to survive therapeutic interventions. Antibiotic tolerance
of RSCVs is likely due to the hyperbiofilm state produced by overproduction of the
extracellular matrix components. Clinically, RSCVs have been seen for decades and
continue to be a concerning issue, particularly within the field of cystic fibrosis.
Additionally, RSCVs have been associated with prolonged antibiotic treatment and poor

clinical outcomes (67).

1.3.3. Metabolic Alterations

In addition to the aforementioned, well described, antibiotic tolerant phenotypes,
other metabolic variants have been identified which are tolerant to antibiotics. In 2019,
Schiessl et al. described an antibiotic tolerant phenotype of P. aeruginosa which is driven
by an alternative metabolism induced in anaerobic or microaerobic environments (83).
This paper proposed that the alternate metabolism uses phenazines which are produced
by the Pseudomonas cells as an alternative electron acceptor due to the lack of available
oxygen. Further research has shown that when glucose and pyruvate are converted into
acetate by fermentation, phenazines are able to regenerate the oxidant NAD(P)H by
acting as an extracellular electron shuttle and alleviating the redox constraints on the
metabolic pathway (84). While the link is not fully understood, this metabolic phenotype
confers tolerance to ciprofloxacin, allowing for survival until oxygen is present again

(83). An overproduction of agmatine has also been associated with antibiotic tolerance in



P. aeruginosa. Agmatine is a pre-poly-amine intermediate metabolite of the arginine
decarboxylase pathway. After observing a correlation between agmatine concentration
and CF disease severity, McCurtain et al. further explored the effects of this metabolite
on antibiotic tolerance and virulence. It was found that cells harboring an increased
amount of agmatine were tolerant to positively charged aminoglycosides and polymyxins
but were still susceptible to antibiotics with a neutral charge. It is believed that this is due
to membrane stabilization since agmatine is also positively charged (85). Further studies
are needed to better characterize these and other metabolic variants of P. aeruginosa
including the mechanisms conferring this type of antibiotic tolerance, particularly their

role in a clinical setting.

1.3.4. Phoenix Colonies

In 2020, Sindeldecker et al. described a novel antibiotic tolerant phenotype which
they have termed phoenix colonies (Chapter 2, (86)). Phoenix colonies are able to grow
and remain metabolically active in the presence of antibiotics, even when the antibiotic
concentration is >10 times the MIC. However, after being removed from the antibiotic
environment from which they emerged, the phoenix colonies return to a wild-type level
of antibiotic susceptibility (86). The molecular mechanisms behind this phenotype are
currently unknown and much work is needed to better characterize and understand their
antibiotic survival and its implications. Similar to heteroresistance, phoenix colonies
appear to have avoided detection until now due to the limitations of conventional assays.

Anecdotally, due to relatively short incubations times (~24 hours), colonies do not
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typically arise within the zone of inhibition or zone of clearance of a bacterial population.
Those which do arise have been considered to be resistant mutants. The methods used to
detect phoenix colonies, involved incubating the bacteria for an extended period of time
(120 hours) before replica plating onto both media containing and lacking antibiotic in
order to differentiate between resistant colonies and any tolerance mechanisms which
may be present (86). Additionally, the PAP assay for heteroresistance uses cultures
equivalent to a 0.5 McFarland standard, which are approximately 1x10% CFUs/mL (87).
The higher concentrations of bacteria (~5x10° CFU/mL) used to detect phoenix colonies
provide a more sensitive system which may be able to further detect heteroresistance
(86). As phoenix colonies have only recently been discovered, it has yet to be confirmed
whether or not they may exist in a clinical setting. It is also important to note that the
field of antibiotic tolerant phenotypes is still advancing, leading to new tolerant
phenotypes continuing to be discovered.

In addition to phoenix colonies, Sindeldecker et al. also identified viable but non-
culturable (VBNC)-like colonies emerging as antibiotic tolerant variants (86). This
colonies were able to grow in the presence of tobramycin on initial exposure but were
unable to be cultured through replica plating. Due to the unculturable nature of VBNC-
like colonies, further studies have yet to be completed to identify the mechanism behind

their emergence and antibiotic survival.
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1.3.5. Biofilm Populations

In addition to phenotypes which occur in single cells of a population, antibiotic
tolerance can also be conferred at the population level though mechanisms such as
biofilm formation. Biofilms are populations of bacteria which conglomerate and encase
themselves in an extracellular polymeric substance (EPS) (88). The EPS matrix is
comprised of polysaccharides, proteins, eDNA, and lipids and provides a scaffolding
structure for the bacteria within the biofilm (89, 90). In P. aeruginosa specifically, the
main components of the EPS are Pel, Psl, and alginate, three exopolysaccharides (89-92).
cdG is an important transcriptional regulator for the biofilm phenotype and causes an
increase in production of adhesins and EPS components (93-95). Quorum sensing is also
an important function for control of biofilm formation (96) and consists of two major
systems, Las and Rhl (97). One important characteristic of biofilms is their ability to
survive high concentrations of antibiotics. This antibiotic tolerance is conferred through a
number of mechanisms (4), the most basic of which is a restriction in antibiotic
penetration into the biofilm (Figure 1.2a). This restriction primarily effects charged
antibiotics as they are bound up by other charged components of the EPS (98, 99). This
antibiotic binding protects bacteria which are deeper within the biofilm, as the antibiotics
are hindered from reaching them. In addition to antibiotics being unable to effectively
penetrate the biofilm, nutrients and oxygen are also limited deep within the biofilm
leading to a slower growth phenotype (Figure 1.2b). Nutrient depletion also leads to an
increase in the SOS and stringent responses (Figure 1.2b) which have also been shown to

play a role in tolerance (4, 100, 101). Additionally, the large population increases the
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chance for the emergence of persister cells, phoenix colonies, resistant mutants, and any
other small population phenotype (Figure 1.2c). Both the slow growth and persister cell
phenotypes exhibit an increased tolerance to antibiotics (55, 102). As mentioned
previously, the survival of persister cells could possibly lead to a recurrent infection (8).
Clinically, biofilm related P. aeruginosa infections are commonly observed in chronic
obstructive pulmonary disorder, cystic fibrosis, urinary tract infections, catheterization,
intubation, and surgical site infections (2, 103-105). Biofilm related infections are
considered especially serious due to the difficult in achieving complete killing and

clearance of the biofilm.
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Figure 1.2 Four mechanisms of antibiotic survival in P. aeruginosa biofilms.

A — Antibiotic (black circles) penetration is restricted, preventing complete killing of
biofilm cells; B — a concentration gradient of oxygen and nutrients leads to regions of
slow or non-growing bacteria (shaded cells) deeper within the biofilm, some cells within
the biofilm may also exhibit an increase in the SOS response (white “S”) due to nutrient
depletion; C — the large population of cells in the biofilm increase the chances for
persister cells (yellow), phoenix colonies (red), or resistant mutants (orange) to emerge.

Adapted from P. S. Stewart (106).
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1.4. Conclusions

Numerous antibiotic tolerant and resistant phenotypes exist in P. aeruginosa, at
both the single cell (Figure 1.3) and population levels. Both antibiotic tolerance and
antibiotic resistance are growing issues throughout many pathogenic species, including P.
aeruginosa. Clinically, classical antibiotic resistance, heteroresistance, RSCVs, and
biofilms have been implicated in P. aeruginosa infections (25, 41, 67, 107-109). The
presence of these antibiotic resistance and antibiotic tolerance phenotypes is extremely
concerning not only due to the difficulty in treating infections of this nature but also due
to the increased severity of these infections (67, 89). As antibiotic resistance and
tolerance continues to emerge, the morbidity and mortality associated with these
infections will also likely increase. An understanding of the mechanisms by which P.
aeruginosa is able to survive antibiotic therapeutics is fundamental in not only the
clinical setting but also in the laboratory setting, as it is important to be able to
differentiate between the various phenotypes when performing any research related to
antibiotic therapies. It is also important to further characterize these phenotypes and to
continue to evaluate antibiotic surviving isolates for novel driving mechanisms, so that
we may be able to further our knowledge and combat the rising number of reoccurring,

persisting, and recalcitrant infections.
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Figure 1.3 Antibiotic tolerant and resistant phenotype comparisons.
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Flow chart comparing the differences between the most common antibiotic tolerant and

resistant phenotypes in P. aeruginosa. The range of phenotypes span fully susceptible

wild-type bacteria, transiently tolerant phenotypes, and fully resistant bacteria driven by

genetic mutations.
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1.5. Aims and Hypotheses

Antibiotic resistance and tolerance are a growing concern in P. aeruginosa,
particularly in the context of biofilm related infections. Preliminary data from our lab
while investigating the ability of tobramycin impregnated calcium sulfate beads and bone
cements had demonstrated colonies emerging within the zone of clearance of the
antibiotic source. While it was likely that these colonies were resistant mutants, we
believed that antibiotic tolerant variants could also be present. The work described herein
sought to identify the phenotypes which could emerge in the zone of clearance as well as
to investigate the ability to prevent variant colony emergence. These goals are outlined in
the following aims:

1.5.1. Aim 1 (Chapter 2) — Investigate variant colony development in the presence of

tobramycin antibiotic therapy, as well as in the presence of other antimicrobial
agents.

Hypothesis: In addition to resistant mutants, antibiotic tolerant variants also arise

with the zone of clearance of a tobramycin loaded calcium sulfate bead.

Preliminary data had shown the emergence of colonies within the zone of biofilm
clearance of a tobramycin loaded calcium sulfate bead. While we believed that most of
these colonies were likely to be resistant mutants, we hypothesized that antibiotic tolerant
variant colonies were also present. In order to investigate whether antibiotic tolerant
variants existed, and if so, what phenotypes were present, we isolated colonies and tested
their MIC on a second exposure to tobramycin. After identifying antibiotic tolerant

colonies, we further characterized the various phenotypes using growth curves, a
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heritability study, anaerobic studies, and alternate classes of antibiotics. These studies
determined that four variant colony phenotypes emerged within the zone of clearance:
resistant mutants, persister cells, viable but non-culturable-like colonies, and a novel

tolerant phenotype which we refer to as phoenix colonies.

1.5.2. Aim 2 (Chapter 3) - Examine transcriptomic changes as a basis for the
mechanism behind phoenix colony development.

Hypothesis: Transcriptional changes lead to the antibiotic tolerant phenotype of

phoenix colonies.

Due to the transient nature of phoenix colonies, we hypothesized that changes in
gene transcription were likely the mechanism used by phoenix colonies to survive initial
tobramycin exposure. RNAseq was performed on the phoenix colonies and identified
general transcriptional changes compared to controls as well as numerous differentially
expressed genes. These genes were screened using transposon mutants and two genes
were identified which may play a role in phoenix colony development, one of which is a
hypothetical protein. Additionally, whole genome sequencing was performed and a single
SNP was identified in the phoenix colony genome. Structural modeling was completed

for the RN Aseq identified hypothetical protein as well as the SNP containing gene.
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1.5.3. Aim 3 (Chapter 4) — Investigate the pharmacodynamics of the eradication of
lawn biofilms and antibiotic resistant and tolerant variants.

Hypothesis: An area under the curve value exists that is able to eradicate all P.

aeruginosa biofilm bacteria including antibiotic resistant and tolerant variants.

In addition to the variant colonies which emerge within the zone of clearance of a
tobramycin source, there was also a consistent region immediately adjacent to the
antibiotic source from which nothing emerged or was able to be cultured. We referred to
this region as the zone of killing. Due to the presence of this zone of killing, we
hypothesized that the junction at the outer edge of the zone of killing represents a
antibiotic concentration vs time constraint (area under the curve (AUC)) which is able to
eradicate the biofilm fully, including any antibiotic resistant or tolerant variants. To
address this, we used a combination of in vitro zone of killing measurements as well as
computational modeling to determine if there was a consistent AUC. The results of these
studies determined that regardless of the starting mass of tobramycin, a consistent AUC
was present for the zone of killing. Additionally, this AUC can eradicate biofilms grown
on both agar and hydroxyapatite, indicating that biofilm substrate rigidity does not affect

the measured AUC.
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Chapter 2. Novel Aminoglycoside-Tolerant Phoenix Colony Variants of
Pseudomonas aeruginosa

Devin Sindeldecker, Kelly Moore, Anthony Li, Daniel J. Wozniak, Matthew Anderson,
Devendra H. Dusane, and Paul Stoodley

Data and figures represented in this chapter have been previously published:
Sindeldecker, D., Moore, K., Li, A., Wozniak, D. J., Anderson, M., Dusane, D. H., &
Stoodley, P. (2020). Novel aminoglycoside-tolerant phoenix colony variants of

Pseudomonas aeruginosa. Antimicrobial agents and chemotherapy, 64(9), €00623-20.

2.1. Abstract

Pseudomonas aeruginosa is an opportunistic bacterial pathogen and is known to
produce biofilms. We previously showed the emergence of colony variants in the
presence of tobramycin-loaded calcium sulfate beads. In this study, we characterized the
variant colonies, which survived the antibiotic treatment, and identified three distinct
phenotypes— classically resistant colonies, viable but nonculturable colonies (VBNC),
and phoenix colonies. Phoenix colonies, described here for the first time, grow out of the
zone of clearance of antibiotic-loaded beads from lawn bio- films while there are still
very high concentrations of antibiotic present, suggesting an antibiotic-resistant
phenotype. However, upon subculturing of these isolates, phoenix colonies return to

wild-type levels of antibiotic susceptibility. Compared with the wild-type, phoenix
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colonies are morphologically similar aside from a deficiency in green pigmentation.
Phoenix colonies do not recapitulate the phenotype of any previously described
mechanisms of resistance, tolerance, or persistence and, thus, form a novel group with
their own phenotype. Growth under anaerobic conditions suggests that an alternative
metabolism could lead to the formation of phoenix colonies. These findings suggest that
phoenix colonies could emerge in response to antibiotic therapies and lead to recurrent or
persistent infections, particularly within biofilms where microaerobic or anaerobic
environments are present.
2.2. Introduction

Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen responsible
for a wide range of infections ranging from those in surgical sites, chronic wounds, and
the cystic fibrosis (CF) lung (2, 3, 110). P. aeruginosa utilizes several methods to
establish and maintain an infection including biofilm production, multidrug resistance,
and antibiotic tolerant persister cell formation (5-8). Multidrug resistance is a growing
problem worldwide and is found in numerous bacterial species including P. aeruginosa
(9-13). Additionally, P. aeruginosa isolates have been shown to be hypermutable in the
context of infection, which further raises concerns for the development of antimicrobial
tolerance and resistance (14). Specifically, aminoglycoside resistance is a growing
concern in P. aeruginosa (15-17) and should be considered in all P. aeruginosa related
infections including periprosthetic joint infections (PJIs), CF, and wounds.

Several antibiotic tolerance mechanisms have been identified which could allow

for survival of a bacterial population, and tolerance can provide a mechanism to develop
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full antibiotic resistance (18). Persister cells are bacteria that enter a state of dormancy in
which they become metabolically inactive. This dormancy allows for the survival of
these bacteria in the presence of antibiotic treatment, but once the antibiotic has dropped
below the minimum inhibitory concentration (MIC), these bacteria can regrow with the
resulting population demonstrating wild-type antibiotic susceptibility (5). Although this is
a low frequency event (~1% of the population, (65)), it is a major concern and it has been
hypothesized that they could lead to recurrent infections in humans (8). Another
antibiotic survival mechanism of P. aeruginosa, termed adaptive resistance, allows for
transient antibiotic resistance through a temporary up-regulation of efflux pumps when
antibiotics are present. Once the antibiotic pressure is removed, the bacteria down-
regulate their efflux pumps and return to a wild-type level of antibiotic susceptibility (15,
48). Heteroresistance is another possible survival mechanism, which could allow colonies
to grow in an environment with antibiotic levels above the MIC. In a heteroresistant
population of bacteria, the overall population appears to be susceptible to antibiotics but
contains a hidden, resistant subset of bacteria. During antibiotic exposure, the majority of
the population is killed leaving the resistant subset behind to recolonize as an antibiotic
recalcitrant infection (38). The prevalence of these and other antibiotic tolerance and
resistance mechanisms may allow bacterial populations to evade complete killing and
lead to recurrent and recalcitrant infections.

Previous work in our lab focused on the use of vancomycin and tobramycin
loaded calcium sulfate (CaSO4) bone void filler beads to treat PJIs in a Kirby-Bauer type

test (111, 112). After extended culture, variant colonies emerged in the zone of clearing
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(ZOC) of a P. aeruginosa lawn biofilm (113). In the present study, these variant colonies
which emerged in the cleared zone of the lawn biofilm around a tobramycin-loaded
calcium sulfate bead were characterized to determine if these were classically resistant
mutants, persister cells, adaptive resistance colonies, heteroresistant colonies, or if they
belonged to another variant colony type of P. aeruginosa.

2.3. Materials and Methods

Bacterial strain and culture conditions

The bioluminescent strain P. aeruginosa Xen41 (Xenogen Corp., USA) and its
parent P. aeruginosa PAO1 were used in this study. Glycerol stock cultures were stored
at -80°C and streaked onto fresh Luria-Bertani (LB) agar plates that were incubated for
24 hours. Isolated colonies from the LB agar plate were transferred to 20 mL of LB broth
and incubated overnight on an incubator shaker set at a temperature of 37°C and at a

speed of 200 rpm.

Preparing lawn biofilms of P. aeruginosa

Spreading the overnight culture on LB agar generated lawn biofilms of P.
aeruginosa Xen41 and PAOL1. Briefly, the overnight P. aeruginosa Xen41 or PAOI
culture grown in LB broth was diluted to an ODgoo of 0.1. 100 puL of the diluted culture
was spread onto a 100 mm diameter, polystyrene Petri plate (Fisher Scientific, USA)
containing LB agar. The petri-plates were incubated at 37°C for 24 hours to develop a
lawn biofilm of P. aeruginosa. Additionally, the CFU/cm? of the lawns was measured to

be used as a reference value. In short, a biofilm lawn was generated, and a 1 cm by 1 cm
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area was marked and isolated using a sterile plastic loop into 1 mL of sterile phosphate-
buffered saline (PBS). A dilution series was generated and plated onto LB agar by
dripping 5 pL of each dilution onto the agar surface and allowing it to dry. The plates
were then incubated at 37°C with 5% CO; overnight. Colonies were then counted and the

CFU/cm? of the lawn was calculated to be 5 £+ 2*10° CFU/cm?.

Preparation of tobramycin containing calcium sulfate beads

All experiments conducted required the preparation of CaSO4 (Sigma-Aldrich)
beads containing tobramycin. We used 240 mg of tobramycin (Sigma-Aldrich) per 20 g
of CaSOs, a ratio commonly used by orthopedic surgeons when mixing antibiotics into
pharmaceutical grade CaSO4 bone void filler for local release at the surgical site in PJIs
(114). Once the tobramycin and CaSO4 were mixed together, sterile water was added and
mixed for approximately one minute until a thick paste was produced. This paste was
spread into silicone molds (Biocomposites Ltd.) to form hemispherical beads of 4.5 mm

diameter and allowed to dry overnight.

Exposure of lawn biofilms to antibiotic loaded beads

After generation of a 24 hour lawn biofilm a tobramycin-loaded bead was placed
in the center of the plate using sterile forceps. The forceps were used to also push the
bead into the agar. Once the bead was placed, the plate was incubated at 37°C, 5% CO; in
a humidified incubator (Heracell 1501, Thermo Scientific) for 3 days and checked daily

for the appearance and spread of a ZOC as well as any colonies appearing in this zone. In
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vitro imaging system (IVIS) images were taken daily to monitor bioluminescence, which
is an indicator for metabolic activity within P. aeruginosa Xen41. Photographic images
were also taken at the same time. After 3 days, IVIS and photographic images were taken

again and variant colonies in the zone of lawn clearing were manually counted.

Bioluminescence Imaging

Bioluminescence imaging was performed using IVIS imaging. Thirty second
exposures were obtained for each plate imaged. A pseudo-color heatmap was applied
where red indicates high light intensity, blue indicates low levels of light intensity, and
black indicates no light present. While a black color indicates a lack of activity, it cannot

be used to rule out cell viability.

Determination of sensitive and resistant strains using replica plating

To characterize the colonies in the cleared zone and to screen for persisters we
used replica plating (115). A sterile, cotton velveteen square (150 x 150 mm) was
aseptically draped over a PVC replica plater and locked in place with an aluminum ring.
The tobramycin-loaded bead was removed from the center of the plate after five days of
incubation using a sterile, plastic loop. The plate was then marked to indicate the 12
o’clock position and gently placed onto the velveteen square and tapped gently to ensure
complete contact of the plate with the velveteen. The plate was then removed from the
replica plater, and a fresh, sterile LB agar plate containing 5 ug/mL of tobramycin and

marked at the 12 o’clock position was placed on the velveteen square. This plate was also
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tapped gently to ensure complete contact with the velveteen surface and then removed.
Finally, a fresh, sterile LB agar plate marked at the 12 o’clock position was placed on the
velveteen square and tapped gently to ensure complete surface contact. Both of the fresh
replica plates were incubated for 24 hours at 37°C in an incubator with 5% CO,. After
incubation, the pattern of the plates was compared and colonies, which appeared on both
plates, were deemed to be resistant mutants. Total colony counts were compared between
the original plate and replica plates. The difference between the two can be explained by
the presence of persister cells and thus persister cell calculations were completed in this
manner. Colonies, which appeared on the original plates but on neither of the replica
plates, were deemed to be VBNCs. An additional population of colonies was observed
which appeared on the LB agar replica plate but not on the LB agar replica plate
containing tobramycin. Because they do not fit into any of the other categories, we
termed these phoenix colonies. All phoenix colonies were isolated and subjected to MIC
testing for confirmation of susceptibility to tobramycin. In addition to replica plating,
colonies were isolated into LB broth to confirm the lack of growth of VBNCs in the
replica plating results. In short, variant colonies were generated as above and then
isolated using sterile pipette tips and dipped into 200 pL of LB broth containing 5 pg/mL
of tobramycin in a well of a 96-well plate (Corning, Sigma-Aldrich). The pipette tip was
then dipped into the corresponding well of another 96-well plate containing 200 uL of LB
broth. 96 colonies were isolated from three different plates for a total of 288 colonies.
The plates were then incubated for 96 hours at 37°C with 5% CO.. After incubation,
turbidity in the wells of each plate was compared. VBNCs were determined by lack of
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growth in the LB broth as well as the corresponding well of LB broth containing the
tobramycin. Percentages for the phoenix and resistant were found to be consistent in the
VBNC broth study when compared to replica plating. The data presented in Table 2.1
was derived by combining both replica plating counts and VBNC broth data. Briefly, the
VBNC percentage was taken directly from the VBNC broth data. This value was then
subtracted from 100%, and the remaining percentage was used to calculate the phoenix,

resistant, and persister cell proportions based on colony counts from replica plating.

Alternative Antibiotic Testing

In addition to tobramycin, additional clinically relevant antibiotics were tested for
the emergence of phoenix colonies. Gentamicin, ciprofloxacin, and colistin are routinely
used to treat P. aeruginosa infections (116, 117). Each of these antibiotics were examined
in similar studies as above including variant colony generation and replica plating.
Phoenix colonies emerged within the ZOC of gentamicin (Figure 2.1), but not in the ZOC
of ciprofloxacin (Figure 2.2) or colistin (Figure 2.3) indicating that this may be an

aminoglycoside exclusive phenotype.
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Replica Plate
Ol‘lglllal Plate Without Gentamicin

Replica Plate Containing
5 pg/mL Gentamicin

Figure 2.1 Phoenix colonies emerge in the presence of gentamicin.

IVIS imaging of a representative P. aeruginosa plate six days post a gentamicin-loaded
CaSOs bead as well as images of the antibiotic lacking and antibiotic containing replica
plates derived from the original plate. Green circles contain colonies which grew on the
original plate and appear on the antibiotic lacking replica plate but do not appear on the
antibiotic containing replica plate and are thus phoenix colonies. Red indicates high

levels of metabolic activity and blue indicates low levels of metabolic activity.
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o Replica Plate Without
Original Plate Ciprofloxacin

Replica Plate Containing

5 pg/mL Ciprofloxacin
Figure 2.2 Phoenix colonies do not emerge in the presence of ciprofloxacin.
IVIS imaging of a representative P. aeruginosa plate six days post a ciprofloxacin-loaded
CaSOs bead as well as images of the antibiotic lacking and antibiotic containing replica
plates derived from the original plate. No variant colonies were seen emerging within the
ZOC on the original plate. Additionally, only background lawn which had not been
cleared on the original plate was able to grow on the replica plate lacking antibiotics. The
replica plate containing ciprofloxacin showed no growth. Red indicates high levels of

metabolic activity and blue indicates low levels of metabolic activity.
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. Replica Plate
Original Plate Without Colistin

Replica Plate Containing
5 pg/mL Colistin

Figure 2.3 Phoenix colonies do not emerge in the presence of colistin.

IVIS imaging of a representative P. aeruginosa plate six days post a colistin-loaded
CaSOs4 bead as well as images of the antibiotic lacking and antibiotic containing replica
plates derived from the original plate. No variant colonies were seen within the ZOC of
the original plate. Variant colonies were also not found on either of the replica plates.
Red indicates high levels of metabolic activity and blue indicates low levels of metabolic

activity.
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Comparison of the emergence of phoenix colonies by strain and antibiotic delivery
method

In order to examine the emergence of phoenix colonies in different strains of
Pseudomonas as well as to determine if CaSOs directly linked this emergence to
antibiotic delivery, comparison studies were completed. Overnight cultures of P.
aeruginosa Xen41 and PAO1 were generated as above. Each culture was diluted to an
ODsoo 0of 0.1, and 100 pL of the solution was spread onto sterile, LB agar. Six plates were
spread with Xen41 and six plates were spread with PAO1. All plates were incubated at
37°C with 5% CO: overnight. After 24 hours, a sterile filter disk (7 mm, Remel, Thermo
Scientific) was placed in the center of three of the Xen41 and three of the PAOI1 plates,
and 10 puL of a 10 mg/mL tobramycin solution was placed on the disk to match the
tobramycin potency in a tobramycin-loaded bead. Tobramycin-loaded beads were placed
in the center of each of the six remaining plates as above. All plates were incubated at
37°C with 5% CO: for five days post initial antibiotic exposure. Replica plating was
performed, and colony counts were obtained for each plate and are represented by mean

+ SD.

Growth rate studies of isolates

To determine whether the phoenix colonies might have a growth defect and to
rule out the presence of small colony variants (SCVs), we performed growth curves and
also measured colony diameter as a function of time on the plates. Variant colony

generation was performed as above, after generation and characterization of the variant
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isolate MIC, growth curves were generated for each isolate along with wild-type P.
aeruginosa Xen41 growth curves. In short, isolates were placed in 200 uL of LB broth in
a well of a 96-well plate. The plates were then placed in a plate reader (SpectraMax i3x,
Molecular Devices) and incubated statically at 37°C for 15 hours. ODeoo readings were
taken every ten minutes with five seconds of orbital shaking occurring before each read.
After the growth curves had been generated, growth curve data from phoenix colony
replicates were averaged to determine the mean ODeoo at each time point. The same was
done for resistant isolates and wild-type samples. The data were plotted as mean + SD.
The maximum growth rate for each of these mean curves was also calculated from the
maximum slope during exponential phase, and is presented as mean = SD. In situ growth
on the plate was also measured for variant colonies. Variant colonies were generated as
above and once colonies began to be visible, images were taken of the plates at various
time points. After five days, the plates were replica plated and each colony’s phenotype
was determined. In addition to variant colonies, a dilution series of P. aeruginosa PAO1
was made and spread on several plates. These plates were then observed for the
emergence of colonies and once colonies were visible, images were taken of the plates at
various time points. The images of all of the plates were then analyzed using image
analysis software to measure the diameter of each colony. Measurements were grouped

together based on variant colony phenotype and the data was plotted as mean + SD.

Calculation of tobramycin concentration in agar plates and biofilm lawn
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To measure the concentration of tobramycin in the agar and the biofilm as a
function of time and radial distance from the tobramycin-loaded bead, we first generated
a standard curve and then excised portions of both a biofilm lawn and agar exposed to a
tobramycin-loaded bead in order to calculate the concentration of tobramycin in each by
using a Kirby-Bauer type assay. First, we generated calibration curves by diluting an
overnight culture of P. aeruginosa PAO1 to an ODgoo of 0.1 and spreading the dilution
onto sterile, LB agar. A sterile filter disk was then placed in the center of the plate and 10
uL of varying tobramycin potencies (8-500 pug/mL) was placed onto the disk. The plate
was incubated for 24 hours at 37°C with 5% COa. After incubation, the zones of
inhibition were measured and plotted to produce a standard curve (y=5.2384In(x) —
2.3996, R?=0.9994).

Once the standard curve had been generated, the tobramycin concentration in the
agar at various radii and time points was measured. Tobramycin-loaded beads were
placed into sterile LB agar plates. The plates were incubated at 37°C with 5% CO; and at
various time points, plates were removed and marked with 5 mm x 5 mm squares from
the edge of the bead to the edge of the plate. Each of these squares was excised using a
razor blade and forceps. The excised plug was then melted at 100°C. An overnight culture
of P. aeruginosa PAO1 was diluted to an ODeoo of 0.1 and spread onto sterile, LB agar.
A sterile filter disk was then placed in the center of the plate and 10 puL of the melted
plug was placed onto the disk. The plate was incubated for 24 hours at 37°C with 5%

COs. After incubation, the zone of inhibition was measured and compared to a standard
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curve for tobramycin in LB agar to determine the concentration in the melted plug. This
process was repeated at the various time points using different plates each time.

To quantify the amount of antibiotic that might have portioned into the biofilm we
measured both the free antibiotic concentration in the lawn as well as the concentration
trapped in the cells and biofilm extracellular polymeric substance (EPS). Variant colony
generation was performed as above. On day four post tobramycin-loaded bead placement,
the plates were removed from the incubator and marked with 5 mm x 5 mm squares from
the edge of the bead to the edge of the plate. The biofilm lawn overlying each of the
squares was isolated using a sterile plastic loop and placed in 1 mL of sterile ddH>O. The
sample was then vortexed for 10 seconds before being centrifuged at 21.1 x g for 2
minutes. The supernatant was collected, and the pellet was resuspended in 1 mL of sterile
ddH>0O. The resuspended pellet was boiled at 100°C for 10 minutes to lyse the cells and
denature proteins. An overnight culture of P. aeruginosa PAO1 was diluted to an ODeoo
of 0.1 and spread onto sterile, LB agar. A sterile filter disk was then placed in the center

of the plate and 10 puL of either the supernatant or boiled pellet was placed onto the disk.
The plate was incubated for 24 hours at 37°C with 5% CO,. After incubation, the zone of

inhibition was measured and compared to a standard curve for tobramycin in LB agar to
determine the concentration in the respective components. Data are presented as mean +

SD.

Population analysis profiling of background P. aeruginosa strains
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To assess for the presence of heteroresistance (i.e. a small population of resistant
cells that might go undetected by routine clinical antibiogram assays (38, 40)) in our
background strains we used population analysis profiling (PAP, (40)). First 20 mL of LB
broth was inoculated with either P. aeruginosa PAOI1 or P. aeruginosa Xen41. The
cultures were incubated at 37°C with 200 rpm shaking for 24 hours. After incubation, the
cultures were diluted to an ODsoo of 0.1 and spread onto LB agar containing a two-fold
dilution series of tobramycin. The plates were then incubated at 37°C with 5% CO, for 24
hours. After incubation, colony growth on each plate was analyzed. If heteroresistance is
present in the population, colonies should appear on the dilution plate with an 8x higher
concentration than the highest non-inhibitory concentration. No heteroresistance was

found in our background strains (Data not shown).

Effect of efflux pump inhibitor on phoenix colony emergence

To assess the role of efflux pumps in the emergence of phoenix colonies, phe-arg-
B-naphthylamide (PABN), a broad-spectrum efflux pump inhibitor (30), was used. Lawn
biofilms of P. aeruginosa PAO1 were generated as above on LB agar containing 27 uM
of PABN as well as LB agar without PABN. Tobramycin-loaded bead placement and
variant colony quantification was completed as above. Mean = SD of the colony counts

was obtained and plotted.

Heritability study of phoenix colonies

35



To assess whether it is possible to enrich for the phoenix colony phenotype within
a population, heritability studies on phoenix colony isolates were performed. Variant
colonies were generated as above. Variant colony plates were replica plated and all
phoenix colonies were isolated and used to inoculate 20 mL of LB broth. The broth
cultures were incubated for 24 hours at 37°C with 200 rpm shaking. After incubation,
each of the cultures was diluted to an ODggo of 0.1. Variant colonies for each isolate were
again generated as before and replica plated. Isolation of phoenix colonies, overnight
growth, and variant colony generation for each isolate were repeated. Data are presented

as mean = SD.

Anaerobic chamber studies

A previous study has shown the importance of alternative metabolic pathways in
antimicrobial tolerance (83). In order to assess the effects of other metabolic pathways on
the emergence of phoenix colonies, studies were performed in an anaerobic chamber to
deprive the bacteria of oxygen. Variant colonies were generated as above aside from
incubation parameters on both LB agar plates and LB agar plates containing 100 mM
KNO:s. The plates were incubated at 37°C in an anaerobic chamber at all times. Inside of
the chamber, the plates were also placed in a sealable bag containing a paper towel
soaked in water to prevent dehydration of the agar. The plates were allowed to grow for
five days and were removed from the chamber. Biofilm lawn growth was observed on the
plate, imaged by IVIS, and the plates were immediately replica plated as above onto both

LB agar and LB agar containing 5 pg/mL of tobramycin. These plates were incubated at
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37°C with 5% COz in a standard aerobic incubator. After 24 hours, growth on these plates

was examined and IVIS images were taken.

Eradication of planktonic tolerant, resistant, and phoenix phenotypes

The results from our replica plating studies indicate that there is a zone
surrounding the antibiotic source in which everything including persister cells appears to
be sterilized. To determine whether all cells truly could be killed with high enough
concentration of antibiotics, we performed a planktonic assay to look for the
concentration at which bacterial eradication occurs. 100 mL of LB broth was used to
prepare an overnight broth culture of P. aeruginosa PAO1. The culture was incubated at
37°C with 200 rpm of shaking for 24 hours. 5 mL aliquots of the overnight culture were
placed into 15 mL conical tubes and tobramycin was added to each tube in order to
produce a triplicate dilution series of antibiotics at 400, 500, 600, 700, 800, 900, and
1000 pg/mL.

Due to the very high concentrations of tobramycin in our studies, we were
concerned that there may be an osmolarity effect causing the lysing of bacteria. To
control for this a separate triplicate was prepared with 0.385 mg/mL of dextrose to
produce an equivocal maximum osmolarity solution. The new cultures were then
incubated for 48 hours at 37 °C with 200 rpm of shaking. After incubation, 1 mL of each
culture was centrifuged at max speed for 5 minutes. The supernatant was then removed,
and the pellet was resuspended in 200 pL of sterile LB broth. The resuspension was used

to prepare a ten-fold dilution series in a 96-well plate containing sterile LB broth. 5 uLL
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aliquots were then dropped onto a sterile LB agar plate. The plates were incubated at
37°C with 5% COx for 7 days in order to allow any dormant or slow growing phenotypes
to appear before being counted. The plates were then counted and CFU’s were calculated.

Data are presented as mean + SD.

Statistical analysis
All experiments were performed in a minimum of triplicates. ANOVA analysis
was completed by GraphPad Prism Version 8.2.1 for all studies with a p-value of 0.05

being considered significant. Data represented in graphs is plotted as mean + SD.

2.4. Results

Variant colonies emerge in the presence of tobramycin-loaded beads

The model used in our assay was similar to that used by Gefen et al. (118) to
quantify persister cells in a population by first allowing a zone of inhibition to form in
response to an antibiotic loaded filter paper disk and then replacing the antibiotic disk
with a nutrient disk. By switching out the disks, the antibiotic levels dropped below MIC,
and persister cells and other tolerant phenotypes grew within the zone of inhibition (118).
In the present study, we modified Gefen ef al.’s (118) protocol to investigate these late
appearing resistant or tolerant phenotypes by first allowing a biofilm lawn to grow for 24
hours before placing an antibiotic carrier (a CaSO4 bead or filter paper) in the center and
then using an extended incubation to monitor for the appearance of colonies in the ZOC.

The emergence of both resistant and susceptible colonies was observed when a 24-hour
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lawn biofilm of P. aeruginosa Xen41 was treated with a tobramycin-loaded bead placed
at the center of the plate and incubated for 96 hours (Figure 2.4a). On days one and two,
two distinct zones were visualized by in vivo imaging system (IVIS) bioluminescence
imaging: a ZOC surrounding the bead, which demonstrated temporal expansion, and the
background lawn. On days three and four post-tobramycin-loaded bead placement, a third
zone of colonies within the ZOC became visible. This zone grew rapidly from day three
to four and began to encroach on the inner zone of biofilm clearance as well as expand
further towards the outer edge of clearance. Images taken on day five post-tobramycin-
loaded bead placement showed that all colonies, which grew within the ZOC, were
bioluminescent, and, thus, metabolically active (Figure 2.4b). A pigmentation defect was
evident in the variant colonies causing them to appear white instead of the yellow-green
of wild-type. However, this phenotype was transient, and the pigmentation was restored
upon sub-culturing. Additionally, over time, a haze appeared immediately adjacent to the
bead within the agar. This haze has been seen before in association with CaSO4 beads
(113) and is thought to be a precipitate. The region overlying this haze was swabbed,

however, no bacterial growth was derived from cultures.
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Figure 2.4 In vitro imaging system (IVIS) images of P. aeruginosa Xen41 biofilm
plates.

A. IVIS imaging was performed on day 0 of the tobramycin-loaded bead placement and
daily thereafter until emergence of phoenix colonies was observed at day 4. Scale is at the
right of the panel. Red indicates high levels of metabolic activity and blue indicates low
levels of metabolic activity. B. IVIS imaging overlay on a black and white photo of the
plate showing high levels of metabolic activity in all colonies at five days post

tobramycin-loaded bead placement.
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Replica plating reveals both antibiotic sensitive and resistant colonies

Replica plating was used to determine if variant colonies growing within the zone
of biofilm killing were susceptible or resistant to tobramycin (Figure 2.5). While there
was a large population of resistant colonies present, a susceptible population of colonies
was also identified. Persister cells were found within the variant colony population (Table
2.1). In addition to replica plating, colonies were also isolated from the ZOC of a
tobramycin-loaded bead five days post treatment using sterile pipette tips and placed into
both LB broth and LB broth containing 5 ug/mL of tobramycin. These counts revealed an
additional population of colonies, which grew and were active on the original plates but
were unable to be cultured either in the presence of tobramycin or the lack thereof (Table
2.1). We refer to these colonies as viable-but-not-culturable colonies (VBNCs). We refer
to the susceptible colonies as “phoenix” colonies because they arise from the dead
bacterial lawn and proliferate in the presence of antibiotic treatments. In order to ensure
that phoenix colony development is not a CaSO4 bead specific or a strain specific
phenomenon, colony counts were also obtained for the equivalent concentration of
tobramycin placed on sterile, filter paper disks as well as for P. aeruginosa PAO1. While
these differences between resistant colony emergence rates were significant, there was no
significant difference in the number of phoenix colonies produced between either strain

or either antibiotic delivery method (Figure 2.6).
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Figure 2.5 Replica plating reveals resistant, phoenix colony, viable but non-
culturable (VBNC), and persister cell variants.

Images are of representative replica plates (n=3). A. Original plate before replica plating.
B. LB replica plate. C. LB + tobramycin replica plate. A-C. Blue arrows represent
colonies, which grow on all three plate types and are thus resistant colonies. Green
arrows represent colonies, which appear on the original and LB replica plate but not the
LB replica plate containing tobramycin and are thus phoenix colonies. Purple arrows

represent colonies, which only grow on the original plate and thus are VBNCs. Yellow
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arrows represent likely persister cells, which did not appear on the original plate but grew

on the LB replica plate only.

Table 2.1 Colonies emerging from zone of clearance are comprised of various

phenotypes.

Variant phenotype colony counts for P. aeruginosa PAO1 exposed to tobramycin for 5

days. Data are reported as mean + SD.

Total Colonies

Resistant Colonies

Phoenix Colonies

Persister Cells

VBNC Colonies

364 £ 23

81.7% + 4.6%

2.8% £ 2.6%

8.6% + 6.5%

6.9% £ 9.5%
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Figure 2.6 P. aeruginosa variant colonies emerge regardless of antibiotic delivery
method.

Colony counts were obtained of variants, which emerged in response to tobramycin-
loaded beads in each strain as well as by a 1 mg of tobramycin in solution placed on a
sterile filter disk in each strain. There was no significant difference in the number of

phoenix colonies produced across all condition comparisons. Data are reported as mean +

SD (n=3).
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Phoenix colonies have no defect in growth kinetics

Growth curves were generated for each isolate which emerged on the agar plate
after treatment with antibiotic. Phoenix and resistant colonies were each compared with
wild-type P. aeruginosa Xen41 (Figure 2.7a). No significant difference in the maximum
specific growth rate was observed for either phoenix colonies (p=0.2981) or resistant
colonies (p=0.3168) as compared to the wild-type (Figure 2.7b). We also measured the in
situ growth of variant colonies. Colonies were measured over time as they appeared
within the zone of biofilm killing and the phenotypes were compared (Figure 2.7¢c). No

significant difference was observed among the variants.
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Figure 2.7 Phoenix colonies have no defect in growth Kinetics.

A. ODgoo was measured every 10 minutes for wild-type and phoenix isolates. Mean
values (thick lines) and SD (thin lines) were plotted for resistant isolates (n=7), phoenix
colonies (n=20), and wild-type P. aeruginosa Xen41 (n=3). B. Maximum specific growth
rates were measured for each of the panel A curves. There was no significant difference
between wild-type and resistant isolates (p=0.3168) or between wild-type and phoenix
colonies (p=0.2981). C. In situ colony growth was measured over time for resistant
colonies (n=29), phoenix colonies (n=11), and VBNCs (n=4) exposed to antibiotics.
Time 0 represents the time at which the colonies were first noted. Although the phoenix
colonies were consistently smaller, there was no significant difference found in colony

size between any of the other groups at any time point. Data are reported as mean + SD.
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Tobramycin concentrations remain above MIC during emergence of variant colonies

In order to examine the possible phenotype of phoenix colonies, various studies
were performed. First, it was important to define the concentration of tobramycin to
which the variant colonies were exposed in order to determine if phoenix colonies could
simply be persister cells. Tobramycin concentrations from the beads could diffuse to sub-
MIC levels after clearing the biofilm lawn and could allow persister cells to emerge.
Tobramycin levels were measured both in sterile agar (Figure 2.8a) and in biofilm lawns
that had been exposed to tobramycin-loaded bead (Figure 2.8b). After five days post
tobramycin-loaded bead placement, the tobramycin concentration in the agar was five
times higher than the MIC at the edge of the variant colony radius. Additionally, the
tobramycin concentration was twenty times higher than MIC within the lawn biofilm,
itself. The amount of tobramycin within the biofilm was similar between free, unbound
tobramycin and tobramycin that was trapped either inside of cells, on the cell surface, or
bound within the biofilm extracellular polymeric substance (EPS). In these high

concentrations of antibiotic, persister cells would be predicted to not grow (8).
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Figure 2.8 Tobramycin concentration remains above MIC during phoenix colony
emergence.

A (Data reanalyzed from (113)). A tobramycin-loaded bead was placed in sterile LB
agar, and at various time points, agar plugs were extracted at various radii to examine the
concentration of tobramycin by plating for MIC (n=3). MIC zones were compared to a
standard curve to calculate the tobramycin concentrations in the agar plugs. B. At varying
radii, the lawn of a day four-post bead placement plate was resuspended, separated into
fractions of freely diffusible and bound tobramycin, plated, and plotted against a standard
curve to calculate the concentration of tobramycin. In the variant zone, both the
intracellular and extracellular concentrations remain higher than MIC. Data are reported

as mean = SD.
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Phoenix colonies are different than an adaptive resistance phenotype

In order to assess the potential for phoenix colonies to be the result of adaptive
resistance through transient efflux pump up-regulation (48), bacteria were exposed to
phe-arg-B-naphthylamide (PABN), a broad-spectrum efflux pump inhibitor, in
conjunction with a tobramycin-loaded bead. No significant difference (p=0.5377) was
observed between the number of phoenix colonies which developed in the presence of
(8.3 £6.6) or absence of (5.3 + 4.0) exposure to PABN. Since phoenix colonies are
unable to be properly categorized in a known resistance, tolerance, or persistence
phenotype, phoenix colonies appear to be a distinct, tolerant phenotype, able to survive
and remain metabolically active despite the presence of high concentrations of
antibiotics; however, once they are removed from the antibiotic containing environment,

they return immediately to a wild-type level of antibiotic susceptibility.

Phoenix colony progeny produce consistent numbers of phoenix colonies

A heritability study was performed in order to determine if the phoenix colony
phenotype could be selected for and passed on to the progeny. Phoenix colonies were
isolated as per standard procedure (Figure 2.9a) and plated to obtain a second-generation
population (Figure 2.9b) and third-generation population (Figure 2.9c). While there was
no significant difference in resistant colonies produced from the first to second
generations (p=0.1024), there was a significant increase in resistant colonies from the
second to third generations (p<0.0001). There was no significant difference when

comparing phoenix colony counts from the first to second generations (p=0.9300) or
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from the second to third generations (p=0.4529). This indicates that phoenix colony

emergence remains stable and cannot be selected for or enriched.
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Figure 2.9 Phoenix colony heritability is stable.

A. Variant colonies were generated as described, replica plated, and enumerated. Replica
plating was performed, and counts were taken of the number of resistant and phoenix
colonies. Phoenix colonies were isolated and grown overnight before being plated again.
B. Isolate cultures were then plated and allowed to grow for five days in the presence of a
tobramycin-loaded bead. These plates were replica plated and colony counts were
obtained. Phoenix colonies were again isolated and grown in overnight broth cultures. C.
Isolate cultures from step B were plated and allowed to grow for five days in the presence
of a tobramycin-loaded bead. Replica plating was again performed and colony counts
obtained. No significant difference was seen in the number of phoenix colonies produced

for each generation. Data are reported as mean = SD.
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Anaerobic environments provide protection from killing by tobramycin

Previous studies have linked antibiotic tolerance in P. aeruginosa to anaerobic
environments (83), which led us to evaluate the effect of oxygen depletion on the
emergence of variant colonies. In order to examine the possibility that an altered
metabolic state could select for the emergence of phoenix colonies, biofilm lawns of P.
aeruginosa PAO1 were generated in an anaerobic chamber. After 24 hours of biofilm
lawn growth in the anaerobic chamber on either LB agar and LB agar containing 100 mM
KNO;3, to serve as an alternative terminal electron acceptor, a tobramycin-loaded bead
was placed into its center. The plates were incubated anaerobically for five additional
days. After removing the plates from the anaerobic chamber, there was no visible ZOC,
despite the lawn growth on LB agar plates, indicating that the anaerobic environment had
led to protection of the biofilm lawn. In contrast, complete clearance of the lawn on LB
agar plates containing KNOj occurred, indicating that with supplementation with a
terminal electron acceptor, the lawn was active and able to be killed by tobramycin to an
even higher degree than plates in an aerobic environment. The plates were immediately
replica plated onto LB agar with and without tobramycin. After 24 hours, a confluent
lawn was observed on each of the LB agar replica plates derived from the original plates
lacking KNOs, and there was no growth on the replica plates containing tobramycin. This
indicates that while the anaerobic environment had protected the biofilm lawn from the
original tobramycin treatment, the lawn had returned to wild-type levels of susceptibility
once placed in an aerobic environment. Replica plates derived from the LB agar plates

containing KNO; produced slight growth on the LB agar plate and no growth on
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antibiotic containing plates, further confirming the killing of the original LB agar plate
containing KNOj in the anaerobic chamber (Figure 2.10). This data indicates that phoenix
colonies may be protected by an anaerobic microenvironment within the biofilm, and also
that denitrification is not the metabolic process utilized by phoenix colonies to remain
active and survive antibiotic exposure. It is possible that phoenix colonies utilize either
fermentation or an alternative metabolic process to be able to grow in an anaerobic

environment and survive antibiotic exposure.
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Figure 2.10 Anaerobic environments provide bacterial protection from antibiotics.

Tobramycin-loaded beads were placed in the center of 24-hour lawn biofilms grown on
LB agar and LB agar containing 100 mM KNOs in an anaerobic environment. The plates
remained in the anaerobic environment for 5 days before being imaged using IVIS and
replica plated on LB agar and LB agar containing 5 pg/mL of tobramycin. The replica
plates were grown aerobically for 24 hours before IVIS imaging was performed. While
the anaerobic environment protected the lawn from killing, supplementing the plates with

KNO:s allowed for the lawn to be killed across most of the plate.
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Planktonic populations are eradicated by high concentrations of tobramycin

In both a previous (113) and the current study, biofilm lawns showed an area of
complete bacterial eradication immediately adjacent to the highly, concentrated antibiotic
source from which no resistant, tolerant, or persister cell variants could be cultured. In
order to test if similarly efficient eradication could occur in a planktonic state, stationary
phase cultures of P. aeruginosa PAO1 were incubated for 48 hours with varying high
concentrations of tobramycin. After incubation, broth culture samples were plated for
CFU counts and incubated for 7 days in order to allow any dormant or slow growing
phenotypes to appear before being counted. In all tested concentrations (400-1,000
png/mL), no bacteria were recovered despite the long incubation. Due to the very high
concentrations of tobramycin, there was concern that an osmolarity effect may be causing
bacterial cells to lyse. A control study was performed to determine if the high, solution
osmolarity caused by the large amount of tobramycin could account for the total
eradication as opposed to cell death being exclusive caused by the aminoglycoside
mechanism of action. Dextrose was used to produce equivalent osmolarity in additional
bacterial samples lacking tobramycin. The dextrose samples showed growth of 2.7 + 0.5
x 10° CFU/mL indicating that the bacteria are able to survive despite the high osmolarity
exposure when such high concentrations of tobramycin are present.

2.5. Discussion

Pseudomonas aeruginosa is an important, bacterial pathogen, which is able to
cause infections in several human-associated environments including the lungs, wounds,

and post-surgical sites. Its ability to form biofilms and resist antibiotic therapy is
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something, which must be better understood to help clear infections and deal with the rise
of multidrug resistance (5, 7, 9, 10, 119, 120). Calcium sulfate beads, cements, and bone
fillers are routinely impregnated with antibiotics and placed at the surgical site during
orthopedic revision surgeries to provide local therapy to treat infections (111). It is also
important to note that each of these methods allow an antibiotic gradient to develop in
which the region immediately adjacent to the antibiotic source contains high enough drug
concentrations to eradicate bacterial biofilms and antibiotic variants, but diffusion
limitation leads to areas with lower concentrations including those at sub-MIC
concentrations. While these local antibiotic therapy methods may effectively kill a large
amount of planktonic or biofilm-associated bacteria, the presence and gradient of
antibiotics could also facilitate emergence of antibiotic tolerant variants, potentially
resulting in a chronic or recurrent infection (121). Three variant colony phenotypes of P.
aeruginosa were identified in this study: 1) classically resistant mutants, ii) phoenix
colonies, and iii) VBNC:s, all of which emerged in the presence of tobramycin. This is
not due to a calcium sulfate chemistry specific phenomenon but, instead, likely occurs in
any antibiotic release mechanism in which gradients form due to diffusion limitation. It is
important to note that the variant colonies take 3-5 days to emerge and only do so after
the surrounding, wild-type bacterial lawn has been killed. We propose that the death of
the wild-type bacteria allows the variant colonies, which presumably exist as small
proportions in the lawn, to emerge and generate discrete, visible colonies.

The observed resistant mutants are heritable and therefor likely caused by a

genetic mutation. Acquired antibiotic resistance in P. aeruginosa is well documented and
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can occur by a number of mechanisms including increase in efflux pump expression and
modification of the antibiotic target site (6, 13, 16, 29, 122, 123). The phoenix colonies,
however, appear to be driven by a new mechanism as they are able to maintain metabolic
activity and growth in the presence of high concentrations of tobramycin, but revert to
wild-type susceptibility once they are removed from the environment and sub-cultured
(Figure 2.11). Similar studies were performed by Gefen et al. (118) where they studied
the emergence of tolerant phenotypes by allowing the antibiotic concentration to drop
below MIC levels. The concentration of antibiotic used in their study was significantly
lower than in our study. In the current study, we have shown that phoenix colonies are
different from persister cells. The persister cells survive antibiotic therapy by entering a
state of dormancy, which allows survival while the antibiotic is present. Once the
antibiotic concentration drops below MIC, the persister cells are able to reactivate and
grow (8), while phoenix colonies thrive in the antibiotic laden environment and do not
seem to enter any dormancy phase. The phoenix colonies also exhibit a non-heritable
change in pigmentation from yellow-green to white. This loss of pigmentation suggests a
reduction in pyocyanin production, which may also give clues to the molecular
mechanism behind the production of the phoenix colonies. While the phoenix colonies
emerge at a very low frequency, it is still possible that they could survive antibiotic
therapy and cause re-colonization and perpetuation of an infected site.

In addition to tobramycin, gentamicin, another aminoglycoside antibiotic, also
showed an emergence of phoenix colonies (Figure 2.1) while ciprofloxacin and colistin

did not (Figures 2.2 and 2.3). While inhibition of DNA replication activity
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(ciprofloxacin) or membrane integrity (colistin) did not produce growth of the phoenix
phenotype, it is possible that the mechanisms behind phoenix colony emergence may be
linked to disruption of ribosome assembly and translation. Further studies, including
transcriptomic and genomic sequencing, are needed to elucidate the mechanisms
responsible for the emergence of phoenix colonies.

Previous studies have shown that an alternate metabolism caused by an anaerobic
environment could lead to antibiotic tolerance in P. aeruginosa (83). Due to the presence
of anaerobic microenvironments within a biofilm, it is possible that phoenix colonies
originate in an anaerobic or microaerobic portion of the biofilm lawn and enter an
alternate metabolic state, which then confers tolerance to the presence of antibiotics. The
anaerobic chamber data presented here support the likelihood of this possibility as there
was no apparent killing of the biofilm lawn grown in the anaerobic chamber, but once
removed to an aerobic environment, the biofilm lawn returned to being tobramycin
susceptible. In addition, when given a terminal electron acceptor (nitrate), the lawn was
able to utilize denitrification but regained susceptibility to the tobramycin suggesting a
different alternate metabolism is responsible for the protection of the phoenix colonies.

While VBNCs were noted in our experiments, it was difficult to study them due
to the lack of an ability to culture them following their initial appearance. This population
could play a role in infection, but this remains purely speculative. It is likely that the
VBNCs are dependent on a compound in the plate environment released from dead or
dying cells that is not present once the colonies are sub-cultured. Further study is needed

to better understand this phenotype as well as to examine the spatial distribution of
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VBNCs and phoenix colonies during development within the biofilm. With
advancements in live single cell imaging, as well as the development of viability and
metabolic reporter stains, further insight into these rare sub-populations found within
biofilms should be achievable, which is a topic of our current study.

Although phoenix colonies, resistant mutants, and persister cells could lead to
chronic or recurrent infections, it is important to note that high concentrations of
tobramycin were able to eradicate these variant colonies near the tobramycin-loaded
beads. This is supported by the lack of growth in the ZOC on replica plates as well as by
the lack of growth in cultures taken from the zone immediately surrounding the
tobramycin-loaded bead where there would initially be very high concentrations of
antibiotic. This suggests that closely packed antibiotic-loaded CaSO4 beads or high
enough concentrations of antibiotics may be able to kill all phoenix colonies, resistant
mutants, persister cells, and any other P. aeruginosa colony variants.

In conclusion, we have identified a novel, tolerant phenotype known as phoenix
colonies which emerge along with other antibiotic resistant and tolerant variants from the
Z0C of high concentrations of tobramycin. Further study, including transcriptomic or
genomic sequencing, is needed to understand the complete mechanism behind the
emergence of phoenix colonies and other phenotypic P. aeruginosa variants including
VBNC:s to understand how best to approach prevention and treatment strategies for
patients with chronic or recurrent infections while also combating the increasing

occurrence of multidrug resistance.

60



Are there discrete
colonies in the

Z0C?
No | Yes
I
Homogenous Wild-type Is the ZOC
Population antibiotic
concentration still
>8x MIC?
No | Yes

' I
Do isolates return to wild-type Are isolates able to
antibiotic susceptibility on be subcultured?
subculture? :

No | Yes
Resistant Mutants Persister Cells

No Yes

Do isolates return
to wild-type
antibiotic
susceptibility on
subculture?

No | Yes

Viable but Non-Cultureable

Colonies (VBNCs)

Phoenix

Is there a growth defect?
No | Yes

Heteroresistant Colonies Small Colony Variants

Figure 2.11 Antibiotic variant flow chart.
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Following the flow chart allows one to easily determine the antibiotic variant
classification of cultures and isolates. Although this chart is based on a pre-grown biofilm
lawn of P. aeruginosa exposed to tobramycin, it can easily be adapted to other

antibiotics, strains, and culturing techniques.
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Chapter 3. Genomic and Transcriptomic Profiling of Phoenix Colonies

Devin Sindeldecker, Matthew Dunn, Matthew Anderson, and Paul Stoodley

3.1. Abstract

Pseudomonas aeruginosa is a Gram-negative bacterium responsible for numerous
human infections. Previously, novel antibiotic tolerant variants known as phoenix
colonies as well as variants similar to viable but non-culturable (VBNC) colonies were
identified in response to high concentrations of aminoglycosides. In this study, the
mechanisms behind phoenix colony and VBNC-like colony emergence were further
explored using both whole genome sequencing and RNA sequencing. Phoenix colonies
were found to have a single nucleotide polymorphism (SNP) in the PA4673 gene, which
is predicted to encode a GTP-binding protein. No SNPs were identified within VBNC-
like colonies compared to the founder population. RNA sequencing did not detect change
in expression of PA4673 but revealed five differentially expressed genes that may play a
role in phoenix colony emergence. Three of the genes encode hypothetical proteins, one
encodes a tRNA pseudouridine synthase D, and the last encodes the SRNA P27 that is
known to inhibit 74/I, an important protein in the RhIR regulatory pathway of
Pseudomonas. Although not immediately clear whether the identified genes in this study

may have interactions which have not yet been recognized, they may contribute to the
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understanding of how phoenix colonies are able to emerge and survive in the presence of
antibiotic exposure.

3.2. Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium found throughout the
natural environment. As an opportunistic pathogen, it is most commonly associated with
cystic fibrosis (CF) infections but can also reside in chronic wounds and post-surgical site
infections (2, 3, 110). Additionally, P. aeruginosa has been found to rapidly adapt to its
environment within the context of infection (14), leading to concerns of emerging
antimicrobial tolerance or resistance. Formation of biofilms, persister cells, and
development of multidrug resistance mechanisms also reduce the effectiveness of
antimicrobial agents in eradicating P. aeruginosa (5-8).

In a previous study, our lab identified a novel, tolerant phenotype of P.
aeruginosa, which we have termed phoenix colonies. Phoenix colonies are able to
survive and thrive in an antibiotic laden environment, specifically in the presence of
aminoglycosides, which are commonly used to treat Pseudomonas infections. Once
removed from the antibiotic environment, phoenix colonies revert to a wild-type level of
antibiotic susceptibility (86). Phoenix colonies differ from traditional tolerance in that
they are able to maintain high levels of metabolic activity throughout antibiotic exposure,
whereas traditional tolerance is typically the result of slow growth or a decrease in
metabolism (50). Additionally, another identified phenotype in the same study was
similar to the viable but non-culturable colonies (VBNCs, (124)) phenotype. The

identified VBNC-like colonies were also able to grow in the antibiotic environment but
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were unable to be cultured outside of the environment in which they arose, including
cultures of the same antibiotic (86). While the significance of these phenotypes in a
clinical setting is currently unknown, it is possible that phoenix colonies or VBNC-like
colonies could lead to chronic or recurrent infections, similar to persister cells (8).
Furthermore, the molecular and genetic mechanisms leading to phoenix colony and
VBNC-like emergence are unknown. Understanding the genetic alterations in these cells
or alterations to gene expression may allow for better preventative or treatment options in
the management of chronic or recurrent infections.

In this study, whole genome sequencing (WGS) of phoenix colonies and VBNC-
like colonies identified a single nucleotide polymorphism (SNP) which may be associated
with the emergence of phoenix colonies in the presence of high concentrations of
aminoglycosides. Additionally, RNA sequencing was performed on phoenix colonies as
well as VBNC-like colonies and identified differentially expressed genes (DEGs) which
could account for the antibiotic adaptation phenotypes portrayed by both phoenix
colonies and VBNC-like colonies.

3.3. Materials and Methods

Bacterial strains and culture conditions

The bioluminescent strain P. aeruginosa Xen41 (Xenogen Corp., USA) was used
for the imaging portion of this study (Figure 3.1). Additionally, P. aeruginosa PAO1
(125), which is also the parent strain for P. aeruginosa Xen41, was used in this study.
Stock culture plates were prepared by streaking from glycerol stock cultures which were

stored at -80°C onto fresh Luria-Bertani (LB) agar plates. The streaked plates were
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incubated at 37°C for 24 hours before being examined for individual colony growth and
proper morphology. Individual colonies were isolated from stock culture plate and
transferred to 20 mL of LB broth. Broth cultures were incubated overnight in a shaking

incubator set to 37°C and 200 rpm.
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Phoenix

VBNC-like

96 Hours

Figure 3.1 Isolation of P. aeruginosa colony variants for assaying the genome and
gene expression.

In vitro imaging system (IVIS) images of representative phoenix colony plates show
areas of bacterial sampling. Seventy-two hours post tobramycin bead placement, samples
were taken from the edge of the zone of clearance (ZOC) where phoenix colonies would
be expected to arise the following day after continued incubation. Ninety-six hours post
tobramycin bead placement, samples were taken from phoenix colonies, VBNC-like
colonies, and the outer background lawn. Additionally, samples were taken from bacterial
lawns grown for 72 hours that had not been exposed to antibiotics to be used as
comparative controls. Red indicates high levels of metabolic activity, blue indicates low

levels of metabolic activity, black indicates no metabolic activity.
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Preparation of tobramycin loaded calcium sulfate beads

Antibiotic loaded calcium sulfate beads were added to pre-formed biofilm lawns.
240 mg of tobramycin (Sigma-Aldrich) per 20 g of CaSO4 hemi-hydrate (Sigma-Aldrich),
a ratio commonly used by orthopedic surgeons for treatment of periprosthetic joint
infections (PJIs), was used (114). After mixing of the tobramycin and CaSO4 powders,
sterile water was added and mixed to produce a thick paste. The paste was then spread
into silicone molds (Biocomposites Ltd.) to form 4.5 mm diameter, hemispherical beads.
The beads were allowed to dry at room temperature overnight before being removed from

the mold and stored at 4°C before use.

Preparation of phoenix and VBNC-like colonies of P. aeruginosa

Phoenix colonies were obtained as per Sindeldecker et al. (86). Briefly, an
overnight bacterial culture of P. aeruginosa PAO1 was diluted to an ODgoo of 0.1 using
sterile LB broth. One hundred pL of the diluted culture was spread onto LB agar
contained in 100 mm diameter, polystyrene plates (Fisher Scientific, USA). The plates
were incubated at 37°C with 5% COx- for 24 hours in a humidified incubator (Heracell
1501, Thermo Scientific) to allow a lawn biofilm of P. aeruginosa to develop. After the
24 hour lawn biofilm was prepared, a tobramycin-loaded calcium sulfate bead was placed
in the center of the plate and pushed into the agar using sterile forceps. The plates were
then incubated further at 37°C with 5% CO; for an additional 96 hours. Plates were

visually checked daily for the appearance of a zone of clearance (ZOC) as well as
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colonies emerging within this zone. Additionally, 72 hour lawn biofilms were prepared in

the same fashion but without tobramycin beads for use as a control lawn.

Isolation of Samples to be used for Whole Genome Sequencing

Phoenix colonies, VBNC-like colonies, and wild-type P. aeruginosa PAO1
colonies were isolated for whole genome sequencing. In short, phoenix colony plates
were generated as above. After the emergence of the variant colonies on three replicate
plates, 96 colonies from each plate were isolated into individual aliquots of 100 puL of
PBS and stored at -20°C. Before placing the colony isolate samples at -20°C, 5 uL was
used to inoculate 200 uL of LB broth containing 5 pg/mL of tobramycin in a well of a
96-well plate (Corning, Sigma-Aldrich). An additional 5 uLL was added to a
corresponding well of another 96-well plate containing 200 uL of LB broth. The plates
were then incubated for 96 hours at 37°C with 5% CO». After incubation, turbidity in the
wells of each plate was visually compared. Variants which showed a lack of growth in
the LB broth as well as the corresponding well of LB broth containing the tobramycin
were defined to be VBNC-like colonies. Phoenix colonies were defined as those showing
a lack of growth in the LB broth containing tobramycin while having growth in the LB
only wells. An overnight broth culture of P. aeruginosa PAO1 was also grown as above

to provide a wild-type sample for DNA extraction.

Determination of Variant Colony Antibiotic Susceptibility
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Isolates which grew from the previous section were subjected to a Kirby-Bauer
assay to determine whether they were resistant or susceptible to tobramycin. Each isolate
was diluted to an ODgoo of 0.1. 100 pL of each diluted culture was spread onto sterile LB
agar plates. A sterile, filter paper disk was placed in the center of each plate and 10 ug of
tobramycin was placed on each disk. These plates were incubated at 37°C with 5% CO-
for 24 hours. After incubation, the diameter of the zone of inhibition produced was
measured and compared to the Clinical and Laboratory Standards Institute (CLSI)
guidelines to determine if they were resistant or susceptible (phoenix colonies). Four
phoenix colonies and four VBNC-like colonies were randomly selected to be used in

RNA extraction.

Whole Genome Sequencing

DNA extraction was performed for each of the above isolated samples by
following manufacturer’s instructions using the GenElute™ Bacterial Genomic DNA kit
(Sigma-Aldrich). After gDNA extraction, samples were pooled to obtain samples of 400
ng gDNA to identify conserved driver mutations. Library preparation and barcoding was
completed using the Rapid Barcoding Kit (Nanopore). A Nanopore MinlON Sequencer
was then used to complete bacterial whole genome sequencing using default settings.
After sequencing was completed, quality control was performed using the software
Epi2ME (Nanopore). Reads were then trimmed using Porechop (126) and aligned to a
reference P. aeruginosa PAO1 genome (GCF_000006765.1, available for download from

the Pseudomonas Genome database, (127)) using graphmap (128). Reads were sorted and
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indexed using samtools (129). Structural variants were identified using sniffles (130) and

SNPs were identified using BCFtools (131).

Isolation of Samples to be used for RNAseq

Once phoenix colony plates had been prepared, samples were taken for use in
RNA sequencing. Seventy-two hours post tobramycin bead placement, triplicate samples
were taken from the edge of the zone of clearance (ZOC) where phoenix colonies would
arise on the following day. Ninety-six hours post tobramycin bead placement, triplicate
samples from the outer background lawn were taken and variant colonies which had
emerged in the ZOC were isolated for phenotype characterization (phoenix colonies,
VBNC-like colonies, or resistant mutants). Additionally, triplicate samples were taken
from bacterial lawns grown for 72 hours that had not been exposed to antibiotics. All
samples and isolates were placed into 100 uL of RNAlater (Ambion) and stored at -20°C
to protect the RNA from degradation until needed for RNA extraction. A control study
was done in which 40 colonies of wild-type P. aeruginosa PAO1 were isolated into LB
broth and 40 colonies were isolated into RNAlater before being transferred to LB broth.
No significant difference was seen in viability of the colonies exposed to RNAlater
(p=1.0). For the variant colony isolates, immediately after being mixed in the RNAlater, a
5 uL sample was taken and used to inoculate 15 mL of sterile LB broth. These broth
cultures were incubated at 37°C with 200 rpm shaking overnight. Cultures which did not

grow in the overnight broth cultures were deemed to be VBNC-like colonies. The
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cultures which did grow were then further examined to determine their level of

susceptibility to tobramyecin.

RNA Sequencing

RNA extraction was performed for each sample using the Direct-zol RNA
Miniprep Kit (Zymo) following manufacturer’s instructions. RNA quantity was measured
using Qubit 3.0. In order to remove ribosomal RNA from isolated samples, the RiboZero
Bacteria Kit (Illumina) was used as per manufacturer’s instructions. Barcoded RNAseq
libraries were then generated using the ScriptSeq™ v2 Kit (Illumina) per the
manufacturer’s instructions. Samples were sequenced using paired-end (2 x 150 bp)
sequencing on an Illumina HiSeq 4000 device. Sequencing reads were quality controlled
using FastQC (132) and mapped to the reference genome for P. aeruginosa PAOI
(GCF _000006765.1, available for download from the Pseudomonas Genome database,
(127)) using STAR (133). After read mapping, sequences were visualized to ensure
adequate genome coverage using IGV (v2.4.13, (134)). Transcript counts were obtained
using HTseq (135) and were further analyzed for differential gene expression using the R
package edgeR (v3.24.3, (136)). Multi-dimensional scaling plots were also generated
using the plotMDS function within edgeR. Volcano plots were generated using the plot
function in R. Genes found to be differentially expressed when comparing phoenix
colony and VBNC-like colony samples to 72 hour unexposed lawn samples were

submitted to DAVID 6.8 (137, 138) and KEGG (139) for pathway analysis.
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Screening DEG Transposon Mutants

Transposon mutants (obtained from the lab of Dr. Colin Manoil, (125))
corresponding to each of the identified differentially expressed genes were screened in
triplicate replicates for their ability to produce phoenix colonies. A biofilm lawn was
generated for each mutant, a tobramycin loaded CaSO4 bead was placed, and phoenix
colonies were generated as described above. Upon phoenix colony emergence, phoenix
colonies were distinguished from resistant colonies and VBNC-like colonies using replica
plating as per Sindeldecker et al. (86). Briefly, a sterile, cotton velveteen square (150 x
150 mm) was draped over a PVC replica plating block and held in place using an
aluminum replica plater ring. The tobramycin loaded CaSO4 bead was removed from the
plate using a sterile, plastic loop. The plate was marked to indicate a 12 o’clock position
and gently placed on the velveteen square. The plate was then gently tapped down before
being removed from the replica plater. A fresh, sterile LB agar plate containing 5 ug/mL
of tobramycin and marked at the 12 o’clock position was placed on the velveteen square
and tapped down in the same fashion before being removed. A fresh, sterile LB agar plate
marked at the 12 o’clock position was placed on the velveteen square and tapped down
before being removed. Replica plates were incubated for 24 hours at 37°C with 5% CO..
After incubation, the colony pattern on the plates was compared and colonies which
appeared on the LB agar replica plate but not on the LB agar replica plate containing
tobramycin were determined to be phoenix colonies. Transposon mutant phoenix colony

counts were obtained and compared to control P. aeruginosa PAO1 counts.
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Creation of a PA3626 Complementation Plasmid

P. aeruginosa PAO1 gDNA was extracted using the GenElute™ Bacterial
Genomic DNA kit. After extraction, PCR was performed to amplify the PA3626 gene
using the manufacturer’s protocols for Phusion Taq polymerase (New England Biolabs)
and forward (5’-GCGCGGATCCATGAGCGTTCTCGGCGAA) and reverse (5°-
GCGCTCTAGATCAGTATGCGCATGGGTT) primers (Integrated DNA Technologies).
After amplification, the PA3626 product was run on an agarose gel and extracted using
the GenElute™ Gel Extraction kit. A DNA digestion was then completed using the
restriction enzymes BamHI and Xbal (New England Biolabs) on both the PA3626
product and pUCP18 plasmid following the New England Biolabs protocol. DNA
ligation was then completed using manufacturer’s protocol for the T4 DNA ligase
(Thermo Fisher) and a 7:1 ratio of insert to plasmid. After ligation, the plasmid was
electroporated into P. aeruginosa PAO1 PA3626::TnS5. Briefly, 1 mL of an overnight
culture of PAO1 PA3626::Tn5 was centrifuged at max speed in a microcentrifuge for 1
min. The pellet was then washed three times in 10% sucrose in sterile water before being
resuspended in 100 pL of 10% sucrose. 5 puL of the ligated plasmid was added and the
mixture was transferred to a 2 mm electroporation cuvette. The cuvette was then
electroporated at 25 pF, 200 Q, and 2.5 kV. 1 mL of sterile LB was then added to the
cuvette and the culture was transferred to a 1.5 mL tube and incubated at 37°C with 200
rpm shaking for 1 hr. After incubation, the culture was spread on LB agar containing 100
pg/mL of carbenicillin and incubated overnight at 37°C with 5% COx. Isolates were then

cultured and plasmids were extracted using the Qiagen Spin Miniprep kit. Plasmids were
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then digested using BamHI and Xbal restriction enzymes, and an agarose gel was run to

confirm the appropriately sized bands were present.

Screening Complementation Strain for Phoenix Colony Emergence

The PA3626 complementation strain was plated and exposed to 1 mg of
tobramycin as above in order to allow variant colonies to emerge. After variant colony
emergence, the plates were replica plated onto fresh LB agar and LB agar containing 5
pg/mL of tobramycin. Replica plates were incubated for 24 hours at 37°C with 5% COsx.
After incubation, plates were compared to each other and colonies which grew on the
original plate and LB only replica plate but did not grow on the replica plate containing

tobramycin were counted as phoenix colonies.

Protein Modeling

Amino acid sequences for wild-type PA4673 and PA4673 containing the
identified SNP were submitted for protein structure and functional modeling to the
Phyre2 server (140) using the intensive modeling mode. Amino acid sequences for the
hypothetical proteins associated with phoenix colony DEGs were also submitted for
protein structure and functional modeling to the Phyre2 server using the intensive

modeling mode. Models were visualized using RasMol (141).

Statistical analysis
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All experiments were performed with a minimum of triplicate technical replicates.
ANOVA analysis was completed in edgeR for differentially expressed genes with
significance set at a q-value of 0.05. ANOVA analysis was completed by GraphPad

Prism (v8.2.1) for all other studies with a p-value of 0.05 being considered significant.

Bioluminescence Imaging
Bioluminescence imaging was performed using an in vifro imaging system
(IVIS). Plates were exposed for thirty second exposures to obtain images. A pseudo-color

heatmap was then applied to aid in visualization.

3.4.3.4. Results

Phoenix Colonies Contain a SNP in PA4673

As shown previously (86), antibiotic resistant and tolerant variant colonies were
cultured by exposing a P. aeruginosa PAO1 biofilm lawn to high concentrations of
tobramycin (Figure 3.1). Genomic DNA was isolated from phoenix colonies, VBNC-like
colonies, and the founder population of P. aeruginosa PAO1. Whole genome sequencing
(WGS) was performed using a Nanopore MinlON Sequencer, and the reads were mapped
to the PAOI reference genome. Mapped reads were analyzed for the presence of SNPs as
well as insertions or deletions (indels). Only the phoenix colony sample encoded any
SNPs compared to the PAO1 reference genome and no samples (phoenix colony, VBNC-

like colony, or control colony) contained indels. The single guanine to thymine
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(GCF _000006765.1:¢.353G>T) variant occurred within the PA4673 gene, a hypothetical

cytosolic protein, to produce a serine to isoleucine (S1181) amino acid change.

PA4673 is Predicted to Encode a GTP-binding Protein

To determine the impact of the S118I polymorphism in PA4673, de novo protein
modeling was performed using Phyre2 (140). The structural models of both the wild-type
and mutant proteins show a change in the secondary structure of the mutant protein,
specifically, the formation of a predicted P sheet at the mutation site, which is located in
an external area of the protein. This modification may lead to alteration of a binding site
or protein function (Figure 3.2). Identification of functional domains in both PA4673
isoforms predicted domains between AAOO1 and AA363, indicating they likely function
as GTP-binding proteins as they align with 100% confidence to the YchF GTP-binding

protein of Schizosaccharomyces pombe (142, 143).
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Figure 3.2 Protein structure of wild-type and mutant PA4673.

Protein structures were derived from the amino acid sequences of wild-type and mutant
PA4673 using Phyre2. The red box indicates the structural change caused by the SNP.
Functional domain identification in both PA4673 isoforms indicates that they likely
function as GTP-binding proteins. As the SNP causes an amino acid change in the
exterior portion of the predicted protein structure, it may lead to alteration of a binding

site or protein function.
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DEGs were Ildentified for Phoenix Colonies and VBNC-like Colonies

Due to the lack of clear genetic candidates for promoting alternative colony states,
a transcriptomic approach was utilized to define gene regulation changes that are
associated with each alternative colony type. RNA was isolated from samples at the edge
of the ZOC at 72 hours, from multiple colony populations at 96 hours (phoenix colonies,
VBNC-like colonies, and the outer background lawn), and from a 72 hour unexposed
lawn as a control, and prepared for [llumina-based sequencing (Figure 3.1).

Differential gene expression of either phoenix colonies or VBNC-like colonies
was performed to define transcriptional profiles that distinguish each phenotype. First, a
multi-dimensional scaling (MDS) plot was generated using expression of all genes to
examine the relationships between all samples (Figure 3.3). This plot shows compact
clustering among biological replicates of each colony phenotype with the exception of 96
hour outer-edge populations. While the edge of ZOC group, control, and outer
background lawn samples clustered on their own. The phoenix colonies and VBNC-like
colonies overlap heavily, indicating highly similar transcriptomic profiles. Differential
gene expression between the control lawn and phoenix colonies, as well as the control
lawn and VBNC-like colonies, identified 1630 and 750 DEGs, respectively. Out of these
DEGs, 46 and 59 genes, respectively, were identified to have significantly different
transcript abundance (>2x fold change, p<0.01, Figure 3.4). These genes were split with
26 down-regulated and 20 up-regulated genes when comparing phoenix colonies to the
control lawn, and 37 down-regulated and 22 up-regulated genes for VBNC-like colonies

compared to the control (Table 3.1, Table 3.2). The DEGs were submitted for both
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DAVID and KEGG pathway analysis, but no significant pathway correlation was

1dentified.
0.3 |
0.2
0.1
(']
S Control
c 0
o ® .
B Phoenix
[
= 0.1 VBNC
2 ™
-0.2 * Edge
® QOuter
-0.3
-0.4
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
BCV Distance 1

Figure 3.3 Multi-dimensional scaling (MDS) plot showing clustering of isolates.

An MDS plot was generated using biological coefficients of variation (BCV) from
transcript counts for each isolate sample. Samples from each group cluster well together
aside from the Edge samples (yellow), and the phoenix colonies and VBNC-like colonies
overlap considerably. Control lawn, edge, and outer samples cluster on their own and

separately from the phoenix and VBNC-like samples.
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Figure 3.4 Volcano plots of DEGs.
A. Comparison of phoenix colony transcript counts to control lawn transcript counts
showed 1630 DEGs. B. Comparison of VBNC-like colony transcript counts to control
lawn transcript counts showed 750 DEGs. A-B. Yellow dots indicate genes with at least a

two-fold change. Red dots indicate a p-value of 0.01 or less. Blue dots indicate both at
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least a two-fold change and p-value less than 0.01. Black dots indicate genes with no-

significant difference in transcription.

Table 3.1 Statistically significant DEGs of phoenix colonies.

Phoenix colony transcripts were compared to the control lawn to identify genes which

were significantly up or down regulated. Red indicates genes which were significantly

upregulated.
Gene Fold Change | p-value | Protein Product Annotation
63.273 0.001 | hypothetical protein PA0526
24.304 0.001 | polyamine ABC transporter permease PotC
11912 0.001 | porin
10.947 0.005 | hypothetical protein PA4712
10.403 0.001 | hypothetical protein PA4713
7.94 0 hypothetical protein PA3355
6.669 0.003 | histidine ABC transporter ATP-binding protein
5.677 0.002 | hypothetical protein PA2576
5.204 0.006 | cytochrome C
4.449 0.003 | hypothetical protein PA4492
3.814 0.009 | hypothetical protein PA0103a
3.796 0.003 | aldolase
3.739 0.005 | hypothetical protein PA4591
3.715 0.009 | hypothetical protein PA3611
3.712 0.001 | secretion pathway ATPase
3.647 0.005 | P27
3.299 0.001 | precorrin-4 C(11)-methyltransferase
3.147 0.009 | sulfate transporter CysZ
2.749 0.007 | tRNA pseudouridine synthase D
2.17 0.001 | hypothetical protein PA2792
1.916 0.006 | sensor/response regulator hybrid protein
1.506 0.005 | hypothetical protein PA0394
1.401 0.002 | hypothetical protein PA3143
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Table 3.2 Statistically significant DEGs of VBNC-like colonies.

VBNC-like colony transcripts were compared to the control lawn to identify genes which
were significantly up or down regulated. Red indicates genes which were significantly

upregulated and blue indicates genes which were significantly downregulated.

Gene Fold Change | p-value | Protein Product Annotation
11.187 0.004 short-chain dehydrogenase
7.686 0.008 | riboflavin-specific deaminase/reductase
6.795 0.005 hypothetical protein PA1289
6.18 0.009 allantoate amidohydrolase
5.758 0.009 hypothetical protein PA1166
4033 0.007 resistance-nodulatioq-cell divi.sion (RND)
efflux membrane fusion protein
3.942 0.006 hypothetical protein PA1239
3.866 0 heme d1 biosynthesis protein NirG
3.677 0.005 catechol 1,2-dioxygenase
3503 0.007 multidrug efflux pump outer membrane
protein
3.455 0.009 | liu genes regulator
3.376 0.009 hypothetical protein PA3202
3.288 0.01 ureidoglycolate hydrolase
2.963 0 hypothetical protein PA0170
2.855 0.006 | N-acetylmuramoyl-L-alanine amidase
2.821 0.005 | hypothetical protein PA2928
2.667 0.007 hypothetical protein PA5502
2.539 0.006 transmembrane sensor
2.328 0.004 | guanine deaminase
2.29 0 major facilitator superfamily transporter
2.213 0.005 | hypothetical protein PA4516
2.112 0.008 | ATPase TadA
0.017 0.002 | transcriptional regulator Dnr
0.043 0.002 DNA mismatch repair protein MutS
ribosomal RNA large subunit
0.089 0.004 methyltransferase I§/L
0.119 0 poly(A) polymerase
0.12 0.002 | ABC transporter ATP-binding protein
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2-amino-4-hydroxy-6-

0.143 0.001 | hydroxymethyldihydropteridine
pyrophosphokinase

0.171 0.001 hypothetical protein PA2936

0.19 0.005 transcriptional regulator

0.197 0.01 58S ribosomal RNA

0.208 0.005 | transcriptional regulator MexT
CDP-diacylglycerol--glycerol-3-phosphate

0.229 0.002 3-phosph;i§y}{transfe§az,]e PO

0.237 0.003 hypothetical protein PA1149

0.239 0.009 | hypothetical protein PA2736

0.243 0.001 hypothetical protein PA5228

0.245 0.005 | hypothetical protein PA0109

0.256 0.004 | rubredoxin reductase

0.271 0.006 anthranilate dioxygenase small subunit

0.277 0.007 | RNA methyltransferase

0.281 0.008 16S ribosomal RNA

0.285 0.007 acyl-CoA thioesterase

0.296 0.005 regulatory RNA RsmZ

0.297 0.005 hypothetical protein PA2958

0.298 0.006 dual-specificity RNA methyltransferase
RImN

0.311 0.001 ferredoxin [

0.317 0.004 | hypothetical protein PA0103a

0.324 0.001 | hypothetical protein PA0112

0.326 0.003 hypothetical protein PA0039

0.336 0.006 pyruvgte dehydrogenase E1 component
subunit beta

0.371 0.002 two-component response regulator

0.373 0.01 hypothetical protein PA5527

0.374 0.001 pyruvate carboxylase subunit B

0.384 0.006 | aminoglycoside response regulator

0.385 0 glutathione S-transferase

0.391 0.008 cytochrome C oxidase assembly protein

0.394 0.009 | signal recognition particle receptor FtsY

0.416 0.005 4.58S ribosomal RNA

0.417 0.006 | hypothetical protein PA2941

0.426 0.007 GTP cyclohydrolase 11

0.49 0.004 | hypothetical protein PA0633

0.499 0.005 168S ribosomal RNA
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Phoenix Colony Emergence is Eliminated by Disruption of PA0394 and PA3626
Transposon mutants for each DEG identified in comparisons between the control and
either phoenix or VBNC-like colonies were screened for change in the frequency of
phoenix colonies emergence. Three DEGs did not have a corresponding transposon
mutant available for screening: two hypothetical proteins (PA0103a and PA0526), and
the SRNA P27 which directly inhibits r4ll (PA4272.1) (Table 3.3). Yet, disruption of two
genes, PA0394 and PA3626, produced a complete lack of phoenix colony emergence
when exposed to tobramycin (n=6). PA0394 encodes an uncharacterized, hypothetical
protein that lacks any annotated function, while PA3626 encodes for the pseudouridine
synthase D (TruD) (144). In addition, complementation of PA3626 into the PA3626
transposon mutant, using a pUCP18::PA3626 plasmid, showed rescue of the phoenix
phenotype to wild-type levels (Figure 3.5), indicating the importance of TruD in phoenix

colony emergence.
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Table 3.3 Phoenix colony DEGs remaining after transposon mutant screen.

After screening DEG associated transposon mutants, PA0394 and PA3626 were found to
have a complete loss of phoenix colony emergence in the presence of tobramycin (n=6).
PA0103a, PA0526, and PA4272.1 had no available transposon mutant for screening. Red

indicates genes which were significantly upregulated.

Gene Fold Change p-value Protein Product
63.273 0.001 hypothetical protein
3.814 0.009 hypothetical protein
3.647 0.005 P27 (sRNA)
2.749 0.007 tRNA pseudouridine synthase D
1.506 0.005 hypothetical protein
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Figure 3.5 Complementation of PA3626 shows rescue of the phoenix phenotype.

Phoenix colony counts were obtained for wild-type P. aeruginosa PAO1, the PA3626
transposon mutant, and the PA3626 complementation strain. After complementation of
the transposon mutant, phoenix colony counts returned to wild-type levels (p=1), further
confirming the importance of the tRNA pseudouridine synthase D in the emergence of

phoenix colonies. *p<0.05, **p<0.01, n=3.
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PA0394 is Predicted to Encode for a PLP-binding Protein

To gain greater insight into putative functions for PA0394, whose disruption
alters phoenix colony formation, protein structure and functional analysis was performed
in order to gain a better understand of how this gene may play a role in phoenix colony
emergence. Structural modeling was performed on PA0394, which displays strong
homology to pyridoxal 5'-phosphate (PLP) binding proteins (94% coverage at 100%
confidence, Figure 3.6). PLP-binding proteins play an important role in the

transamination of amino acids as well as act as a transcriptional regulator (145, 146).
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Figure 3.6 Structural modeling of the hypothetical protein associated with phoenix
colony emergence.

Phyre?2 structure predictions were generated for the hypothetical protein PA0394, which

showed an elimination of phoenix colony emergence.
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3.5. Discussion

P. aeruginosa is an important bacterial pathogen implicated in both superficial
and life-threatening infections that has readily developed tolerance and resistance to
multiple antibacterial drugs. In this study, both the genomes and transcriptomes of both
phoenix colonies and VBNC-like colonies were examined. Whole genome sequencing
with pooling of the samples was used to identify conserved driver mutations. While
VBNC:-like isolates are genotypically identical to wild-type P. aeruginosa, phoenix
colonies have a SNP in the PA4673 gene which is predicted to encode a GTP-binding
protein similar to YchF in S. pombe (142, 143). This SNP leads to a modification of the
protein structure in an external region of the gene and could possibly lead to a change in a
binding site. GTP binding proteins, also known as G proteins, are molecular switches
which hydrolyze GTP to GDP and are bound to the membrane to allow for downstream
effects to be stimulated by extracellular stimuli (147). A modification in the ability of a G
protein to bind to a substrate may have a major impact to downstream effectors within the
pathway and may allow phoenix colonies to transiently tolerate the presence of high
concentrations of antibiotic.

Transcriptionally, both phoenix colonies and VBNC-like colonies were found to
cluster separately from the control lawn which had not been exposed to antibiotics, the
edge of the ZOC, and the outer background lawn controls, while clustering well with
each other. It is interesting that both the phoenix colonies and VBNC-like colonies are
transcriptomically similar to each other despite appearing as two distinct phenotypes. It is

possible that VBNC-like colonies could be a subset of phoenix colonies which lack the

90



ability to be cultured due to a dependence on a metabolite in the initial environment from
either the original biofilm lawn or surrounding variant colonies. It is also interesting to
note that no significant metabolic pathway changes were found in phoenix colonies or
VBNC-like colonies which could account for the antibiotic tolerance exhibited by these
phenotypes. This contrasts the typical tolerance phenotypes found in P. aeruginosa
including persister cells, small colony variants, and adaptive resistance colonies, which
enter a state of dormancy, have growth defects, or are otherwise metabolically driven (50,
52, 65, 67, 83, 85).

Upon further examination of the DEGs associated with phoenix colonies, two
genes were found that when screened showed a lack of phoenix colony emergence,
PA0394 which is predicted to encode for a PLP-binding protein and PA3626 which
encodes for tRNA pseudouridine synthase D (TruD). PLP-binding proteins are important
for both transamination of amino acids as well as transcriptional regulation (145, 146).
Tobramycin, the antibiotic associated with the emergence of phoenix colonies (86), is an
aminoglycoside. Aminoglycosides bind irreversibly to the 30S portion of the bacterial
ribosome, leading to mismatching binding of tRNA to the mRNA due to a steric
hindrance during translation (148). Antibiotic resistance to aminoglycosides can be
conferred through modification of the ribosomal target site (20). Additionally, it has been
shown that aminoglycosides also interact directly with tRNA and can lead to a loss of
interaction between the T- and D- loops as well as unfolding of the D-stem (149, 150).
TruD converts uracil-13 in the D-loop to pseudouridine which may influence the way that

aminoglycosides are able to interact with the tRNA (151). Knockout of TruD by
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transposon mutagenesis led to an elimination of phoenix colony emergence which was
able to be rescued to wild-type levels by plasmid complementation. This finding is
interesting as it leads us to believe that, in addition to the ribosome, tobramycin may also
be interacting with tRNA leading to cell death. Phoenix colonies may then be modifying
their tRNA with TruD to increase tRNA stability and allow for survival with exposure to
tobramycin, although this is something that will need to be followed up on for
confirmation.

Three additional genes from the phoenix colony DEG list lacked a transposon
mutant to be screened: two hypothetical proteins (PA0103a and PA0526) and PA4272.1
which encodes for the SRNA P27. P27 has been found in a previous study to bind and
directly inhibit #A/l. rhll is important within the RhIR pathway of Pseudomonas, which
control a large portion of quorum sensing associated genes (152). This association is
significant in that changes in quorum sensing pathways have been directly linked to
antimicrobial tolerance (153-155). Additionally, differential expression of P27 could lead
to modification of numerous metabolic pathways within P. aeruginosa and may alter the
way the bacteria interact with tobramycin.

Further research, including epigenetic exploration, is needed to come to a
complete understanding of both the phoenix colonies and VBNC-like colonies. By
understanding how these and other bacterial phenotypes are able to survive in the
presence of antibiotics, we will be better prepared to control the rise of antibiotic tolerant

and resistant infections.
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Antimicrobial agents and chemotherapy.

4.1. Abstract

Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen which is
involved in numerous infections. It is of growing concern within the field of antibiotic
resistant and tolerance and often exhibits multi-drug resistance. Previous studies have
shown the emergence of antibiotic resistant and tolerant variants within the zone of
clearance of a biofilm lawn after exposure to aminoglycosides. As concerning as the
tolerant variant emergence is, there was also a zone of killing (ZOK) immediately
surrounding the antibiotic source from which no detectable bacteria emerged or were
cultured. In this study, the ZOK was analyzed using both in vitro and in silico methods to
determine if there was a consistent antibiotic concentration versus time constraint (area

under the curve, (AUC)) which is able to completely kill all bacteria in the lawn biofilms
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in our in vitro model. Our studies revealed that by achieving an average AUC of 4,372.5
pg*hr/mL, complete eradication of biofilms grown on both agar and hydroxyapatite was
possible. These findings show that appropriate antibiotic concentrations and treatment
duration may be able to treat antibiotic resistant and tolerant biofilm infections.

4.2. Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium and opportunistic
pathogen. Most commonly, it is associated with cystic fibrosis (CF) related lung
infections but is also implicated in chronic wounds and post-surgical site infections (2, 3,
110). Antimicrobial tolerance and resistance are also major concerns with P. aeruginosa,
as the formation of biofilms, variant populations, and multidrug resistance mechanisms
are also prevalent (5-8, 86). A recent study on the antibiotic resistance rates of P.
aeruginosa have shown a minimum 20% rate of resistance for carbapenems,
cephalosporins, aminoglycosides, and piperacillin/tazobactam (156). In addition, multi-
drug resistance was also found in 20% of infections (156).

In a previous study, variant colony phenotypes of P. aeruginosa emerging within
the region cleared by a tobramycin-loaded calcium sulfate bead were identified (86). This
region of bacterial lawn clearance is referred to as the zone of clearance (ZOC, Figure
4.1). These variant colonies included classical resistance, persister cells, viable but non-
culturable like colonies (VBNC-like), and newly identified, tolerant, phoenix colonies
(86). While the significance of these emergent phenotypes may be of concern from a
clinical standpoint, it is important to note that there was also a smaller, consistent region

within the ZOC, immediately adjacent to the antibiotic source, from which no variants
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emerged or were cultured (86, 113). This previously reported zone, referred to as the
zone of killing (ZOK), represents a region of complete biofilm killing including antibiotic

tolerant and resistant variants (Figure 4.1, (86, 113)).
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Figure 4.1 Emergence of ZOC and ZOK.

IVIS images of a representative P. aeruginosa Xen41 plate showing ZOC emergence
after exposure to tobramycin. A biofilm lawn was grown for 24 hours before being
exposed to tobramycin on Day 0. Over time, a ZOC (yellow dotted circle) can be seen as
the antibiotic clears the background lawn. On Day 3, variant colonies begin to grow
within the ZOC and a ZOK (red dotted circle) becomes apparent. The ZOK is the region
in which there are no variant colonies or other discernable bacterial activity. In the
images, red indicates high levels of metabolic activity, blue indicates low levels of

metabolic activity, and black indicates no metabolic activity.
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While pharmacodynamic studies have been done using planktonic P. aeruginosa
exposed to antibiotics (157, 158), further research into the pharmacodynamics necessary
to eliminate biofilms is needed. Currently, the primary method for measuring
pharmacokinetics and pharmacodynamics (PK/PD) in vitro is the modified Calgary
biofilm device method (159). This method is used to grow biofilms on pegs which are
suspended in wells of a 96-well plate before exposing the biofilms to antibiotics (159).
Use of this method can be complicated by contamination risks, variation in recovered
biofilm after antibiotic exposure due to the rinsing steps necessary, and residual
antibiotics left after rinses (159). In this study, the ZOK from which no bacteria could be
cultured was further analyzed using a new method for exploring PK/PD in vitro. We
hypothesized that the junction between the outer edge of the ZOK and the region
containing the emergent variants represents an antibiotic concentration versus treatment
time constraint in which complete bacterial biofilm eradication can be achieved. In order
to evaluate our hypothesis, a combination of a biofilm plate in vitro model and an in
silico approach was used to identify the concentration and time (AUC) necessary to
eliminate a P. aeruginosa biofilm, including variants which can typically survive
antibiotic therapy, using tobramycin. Additionally, substrates using both a tissue mimic
(agar, (160, 161)) and a bone mimic (hydroxyapatite (HA), (162)) were used to determine
if the biofilm substrate would affect the ability of an AUC to completely eradicate the

biofilm.

4.3. Materials and Methods

Bacterial strains and culture conditions
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The metabolically driven, bioluminescent strain P. aeruginosa Xen41 (Xenogen
Corp., USA) was used for the imaging portion of this study. Additionally, P. aeruginosa
PAOI1 (15) which is both a standard lab strain and the parent strain for P. aeruginosa
Xen41 was used in this study. Culture plates were prepared by from glycerol stock
cultures stored at -80°C using Luria-Bertani (LB) agar plates. Streaked plates were
incubated at 37°C for 24 hours to allow for individual colonies to grow. Individual
colonies were examined for proper morphology and then isolated and transferred to 20
mL of LB broth. Broth cultures were incubated overnight in a shaking incubator set to

37°C and 200 rpm.

Generation of Biofilm Lawns

Overnight broth cultures of P. aeruginosa Xen41 were diluted to an ODgoo of 0.1
in LB broth and 100 pL aliquots were spread onto plates containing 20 mL of sterile, LB
agar. These plates were incubated at 37°C with 5% CO; for 24 hours to allow for biofilm
lawns to generate. Lawn generation was confirmed both visually and by using in vitro

imaging system (IVIS) imaging.

Bioluminescence Imaging
Bioluminescence imaging was completed using thirty second exposures in an
IVIS system. A pseudo-color heatmap was overlaid to aid in visualization of the

metabolic activity of the biofilms. The scale for the heatmap is as follows: red indicates
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high levels of metabolic activity, blue indicates low levels of metabolic activity, and

black indicates no metabolic activity.

Exposure of Biofilm Lawns to Antibiotic

After lawn generation, the biofilms were exposed to set masses of tobramycin
(250 pg, 500 pg, 1000 pg, and 2000 pg). Briefly, a 100 mg/mL stock solution of
tobramycin was created using tobramycin powder (TCI America, USA) and sterile water.
This solution was then used to create dilutions for the other necessary masses of
tobramycin. A sterile, filter paper disk was placed in the center of each of the lawn
biofilms and then 20 pL of the appropriate tobramycin solution was placed on the disk to
allow for exposure of the biofilm lawns to the desired masses of tobramycin. After
antibiotic placement, the plates continued to be incubated at 37°C with 5% CO; for five

additional days. IVIS images were taken and the zones of killing measured daily.

Time-kill Curve Generation

In order to measure the CFUs within the ZOK over time, time-kill curves were
generated. Biofilm lawns were generated as above and were either exposed to 1 mg of
tobramycin on a filter paper disk or not exposed for controls. At various time points, a 1
cm x 1 cm area of biofilm lawn, located between 1 and 2 cm from the disk, was scraped
using a sterile loop and placed into 1 mL of sterile PBS. A dilution series was then made

and plated. CFUs were counted for each sample and curves were generated.
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Computational Modeling

In order to calculate the antibiotic concentration versus time necessary for
development of the ZOK, an analytical solution was used to estimate the tobramycin
concentration, c(r, ¢) for a 120 hour treatment time. The solution for the diffusion of

antibiotic bead or disk in an agar plate is given by:

m 1 I
c(r, Y ~hgdnD(i+1,) P\ aD(1+1,) )

where the diffusion coefficient of tobramycin in agar is D and was experimentally
determined to be 3.84 x 107'° m?/s, m is the mass of antibiotic added to the source, A, is
the height of the agar, and 7 is the position coordinate relative to the center of a paper
disk (118, 161, 163, 164). The model assumes that antibiotic source is finite with a
radius, 7, = 3 mm. The model assumed that the inner radius of the petri dish, 70 mm
(inner diameter is 140 mm), was >10 times the radius of the paper disks (3 mm) used,
whereas the depth of agar layer was ~3.6 mm. After model generation, an area under the
curve (AUC) value was calculated in MATLAB for each curve using the trapezoidal rule

function, and the mean of the AUCs was also calculated.

Testing of AUC on Hydroxyapatite

In order to assess whether the AUC required for P. aeruginosa biofilm eradication
could be translated to biofilms grown on alternative surfaces, biofilms of P. aeruginosa
PAO1 were grown on 0.5 inch hydroxyapatite (HA) coupons (Biosurface Technologies,

USA). Overnight LB broth cultures of P. aeruginosa PAO1 were prepared as above.
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Overnight cultures were diluted to an ODggo of 0.1 in LB broth. HA coupons were added
to the wells of a 12 well plate before 3 mL of the diluted overnight culture were also
added to the wells. The well plate was incubated at 37°C with 5% CO; for 24 hours to
allow biofilms to form on the HA coupons. Three coupons were then exposed to
tobramycin, and three coupons were exposed to PBS only as a control. Briefly, the
coupons were removed from the well plate and rinsed in PBS to remove any planktonic
bacteria. The coupons were then placed in a fresh 12 well plate for exposure to
tobramycin or PBS only. Three mL of a tobramycin solution was used for antibiotic
exposure of the coupons for 24 hours at a concentration of 182 pg/mL in order to equal
the mean AUC value of 4,368 ug*hr/mL. During the tobramycin exposure, the coupons
continued to be incubated at 37°C with 5% CO,. After 24 hours, coupons were removed
from the well plate to obtain CFU counts. The coupons were rinsed in PBS before being
placed into wells of a fresh 12 well plate containing 3 mL of PBS. This plate was then
placed into a water bath sonicator and sonicated for 30 minutes. After sonication, the PBS
was removed from each well and centrifuged in order to pellet the bacteria. The pellet
was then resuspended in 200 puL of LB broth and a dilution series was created. The

dilution series was plated on 20 mL of LB agar and CFU counts were obtained.

Testing of AUC on Plastic and Agar
In addition to AUC validation on HA coupons, the AUC was also validated on
plastic pegs of an MBEC assay biofilm inoculator plate (Innovotech, Canada) as well as

MBEC assay biofilm inoculator plate pegs coated in LB agar. Briefly, LB agar coated
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pegs were prepared as follows. 200 uL of molten LB agar was placed into the wells of a
96 well plate. The MBEC plate, which had previously been cooled to -80°C, was then
placed onto the 96 well plate to allow the pegs to dip into the molten LB agar. After 3
seconds, the plate was removed and the agar was allowed to finish cooling in a coating on
the pegs. After LB agar coating, both LB agar coated pegs and uncoated pegs were
exposed to P. aeruginosa PAO1 to allow biofilms to form. An overnight culture of PAO1
was diluted in LB broth at a ratio of 1:1000. 150 pL of the diluted culture was added to
wells of 96 well plates. MBEC plates both coated in LB agar and uncoated were placed
onto the 96 well plates with diluted culture. These plates were then incubated at 37°C
with 110 rpm shaking for 24 hours to allow biofilms to develop. After incubation, the
pegs were rinsed in 200 uL of PBS for 10 seconds. After rinsing, the MBEC plates were
placed on 96 well plates containing either 200 pL of 182 pg/mL tobramycin or 200 pL of
PBS as a control. These plates were then incubated for an additional 24 hours at 37°C
with 110 rpm shaking. After incubation, the MBEC plates were rinsed in wells containing
200 uL PBS and then placed on a fresh 96 well plate with wells containing 200 uL PBS.
These plates were then sonicated in a water bath sonicator for 30 minutes. After
sonication, the bacteria containing PBS was removed and plated in a dilution series. CFU

counts were obtained for each sample.

Statistical analysis
All experiments were replicated in triplicate. ANOVA analysis was completed by

GraphPad Prism (v8.2.1) with a p-value of 0.05 being considered significant.
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4.4. Results

Zones of Clearance of Biofilms Exhibit Dose-dependency

In order to begin assessing the possible correlation between the ZOK and an
antibiotic concentration versus time constraint, twenty-four hour biofilm lawns of P.
aeruginosa Xen41 were generated as reported previously (86, 160) before being exposed
to various weight quantities of tobramycin (Figure 4.2). In vitro Imaging System (IVIS)
evaluation of the biofilm lawns post tobramycin exposure showed the emergence of dose-
dependent ZOCs which continued to expand over time. Within the ZOC, variant colonies
began to emerge and encroach on the ZOC which had formed. However, there was also a
dose-dependent ZOK within the ZOC from which no discernable bacterial activity was
detected (Figure 4.2). It should also be noted that the luminescence which appears to
overly the antibiotic disks is likely due to surface associated biofilm growth. The
presence of the disk likely provides an additional substrate for biofilm growth and allows
for initial levels of high bioluminescence before the tobramycin ultimately is able to clear

the formed biofilm.
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Figure 4.2 IVIS maging of P. aeruginosa biofilms exposed to tobramycin.

Biofilm lawns of P. aeruginosa Xen41 were generated on agar before being exposed to
various amounts of tobramycin for a total of five days. Zones of clearance (ZOC) can be
seen growing over time for each mass of tobramycin. Although variant colonies emerge
from the ZOC, there is a distinct region immediately adjacent to the antibiotic source
from which nothing grows, marked explicitly in Figure 4.1, known as the zone of killing
(ZOK). In the images, red indicates high levels of metabolic activity, blue indicates low

levels of metabolic activity, and black indicates no metabolic activity.
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Profiling of the ZOC/ZOK Confirms Dose-dependency

After exposure of the biofilm lawns to tobramycin, the plates were further
analyzed to obtain measurements of the ZOK over time. These measurements were used
to generate plots (Figure 4.3) which show the linear generation of the ZOC, followed by a
Z0C peak right before variant colonies began to emerge. The peak of the plot for each
weight quantity of tobramycin shifts to a later time point as the weight quantity increases.
This is likely due to the time necessary for the antibiotic to diffuse to low enough
concentrations to allow variant colonies to begin to emerge. As variant colonies began to
emerge and grow within the ZOC, this allows the ZOK to be visualized. The plots then
plateaued as the ZOK became more apparent in which no detectable bacteria emerged or
grew. Once the ZOK stabilized, the radius of the edge of the ZOK was noted, as this is
the point likely to represent the minimum antibiotic concentration away from the
antibiotic source versus time constraint necessary for complete biofilm eradication
including the killing of any antibiotic tolerant or resistant variants. These radii values and
time points were then used to generate antibiotic diffusion plots using numerical
modeling. In addition, a time-kill curve was generated for the ZOK of a 1 mg tobramycin
loaded disk. At 40 hours post tobramycin exposure, a slight decrease in CFUs/cm? can be
seen which further decreases and becomes significant (p=0.017) by 48 hours. At 72 hours
of tobramycin exposure and thereafter, no CFUs are able to be recovered from within the

ZOK (Figure 4.4).
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Figure 4.3 ZOK expansion curves for tobramycin.

The ZOK of the plates from Figure 4.2 were measured over time. The zones follow
linearly until the peak (indicated by black arrows), which occurs as variant colonies begin
to emerge within the ZOC, and the diameter of the ZOK becomes evident. As these
variant colonies continue to emerge and begin to grow, the ZOK reduces. After the peak,
the ZOK continues to become more apparent as the area lacking emergence of variant
colonies. The ZOK decrease continues as variant colonies emerge until the plot begins to
plateau, at which point the ZOK was stable. Data are reported as mean + SD (n=3).

*p<0.05, **p<0.01.
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Figure 4.4 Time-Kkill curve for the ZOK.

CFUs within the ZOK of 1 mg of tobramycin were measured over time. Controls CFUs
were measured for plates without tobramycin exposure. At 48 hours post tobramycin
exposure, a decrease in CFUs begins to be seen, and by 72 hours post tobramycin
exposure, no CFUs were able to be recovered from within the ZOK. Data are reported as

mean+SD. *p<0.05, ***p<0.001, ****p<0.0001, n=3.
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Computational Modeling Identified an Area Under the Curve Value for Biofilm
Eradication

Using the data collected from the profiling of the ZOC and ZOK, a model was
used (163) to predict the tobramycin concentration over time at the ZOK radius identified
for each mass of tobramycin used (Figure 4.5). The model calculates the concentration of
tobramycin over time assuming Fickian diffusion in a finite space (118, 163). The plots in
Figure 3 show a dose-dependent increase in the antibiotic concentration after antibiotic
placement until concentrations for each weight quantity of antibiotic peaked (120.9,
241.9, 483.8, and 967.5 ng/mL, respectively). The concentration then gradually begins to
decrease and plateau as the system continues to approach equilibrium (12.5, 25, 50, 100
mg/mL, respectively) for each weight quantity (250, 500, 1000, 2000 pg, respectively).
An AUC (pg*hr/mL) was calculated for each plot to determine the necessary minimum
value necessary for ZOK generation for each of the amounts of tobramycin (Table 4.1).
Interestingly, despite a 4-fold change in the starting tobramycin weight quantity, the
AUC:s for each were relatively similar. This observation highlights the importance of an
AUC being taken into consideration during antibiotic dosing as opposed to purely relying
on the antibiotic concentration alone. The mean of the AUC values was also calculated to
determine that the average minimum value necessary for biofilm eradication, including
antibiotic tolerant and resistant variants, was approximately 4,372.5 pg*hr/mL. The
concentration of antibiotic needed here is much higher than standard minimum inhibitory
concentrations (MIC) for tobramycin and P. aeruginosa PAO1 (4 pg/mL). Additionally,

by dividing the AUC by the MIC, an AUC/MIC ratio of 46 can be calculated when
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normalizing for 24 hours. This higher concentration ratio is likely responsible for the

ability to kill even antibiotic resistant and tolerant variants.
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Figure 4.5 Computational modeling of antibiotic diffusion.

The diffusion model shows the spread of tobramycin over time. The radii used to
determine the zones of killing for each antibiotic quantity was experimentally measured
(Figure 4.2) and used as an input to the model for the computation of the concentration.
All plots show an increase in tobramycin concentration followed by a decrease following

the Fickian diffusion model.
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Table 4.1 AUC values associated with complete biofilm eradication.

Values for the AUC (ug*hr/mL) for each mass of tobramycin were calculated from the
plots of Figure 4.3. The mean of each of these values was also calculated and likely
represents the minimum AUC necessary for complete eradication of biofilms, including

antibiotic resistant and tolerant variants.

250 pg 500 pg 1000 pg 2000 pg Average

AUC | 3560 pug*hr/mL | 4730 pg*hr/mL | 4330 pg*hr/mL | 4870 pg*hr/mL | 4372.5 pg*hr/mL

Identified AUC Can Eradicate Biofilms Grown on an Alternate Substrate

In order to test the AUC value associated with complete P. aeruginosa biofilm
eradication by tobramycin, biofilms were grown on LB agar coated pegs, as well as HA
coupons and plastic pegs as alternate biofilm substrates. Biofilm colony forming units
(CFUs) were measured for biofilms exposed to tobramycin at the approximate 4,372.5
pg*hr/mL AUC. LB agar coated peg, HA coupon, and plastic peg biofilms were exposed
to tobramycin for 24 hours at a stable concentration of 182 pg/mL (Figure 4.6) which
equals an approximate AUC value of 4372.5 pg*hr/mL. In all tobramycin exposure
samples, no CFUs were recovered, indicating a complete eradication of the biofilms.
Additionally, a control was run at a 0.1 AUC equivalent on agar grown biofilms. The
control samples showed full lawns of growth after tobramycin treatment, indicating

minimal effectiveness of biofilm clearance. These results confirm that by obtaining a
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high concentration of antibiotics for at least 24 hours, complete eradication of a P.
aeruginosa lawn biofilm including any antibiotic resistant or tolerant variants was

possible and, substrate differences were not relevant.
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Figure 4.6 Eradication of P. aeruginosa biofilms grown on plastic, LB agar, and
hydroxyapatite.

P. aeruginosa PAO1 biofilms grown on plastic pegs, LB agar coated pegs, and
hydroxyapatite coupons were exposed to 182 pg/mL of tobramycin for 24 hours,

equaling an AUC value of approximately 4372.5 pg*hr/mL. Complete biofilm

eradication was seen in all of the tobramycin treated samples. ****p<(0.0001, n=3.
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4.5. Discussion

P. aeruginosa is an opportunistic, bacterial pathogen which has been associated
with numerous infection sites. It has also been shown to readily develop tolerance and
resistance to multiple antibacterial drugs leading to an increased concern for complicated
and difficult to treat infections (4, 107, 108). Previously, the antibiotic tolerant phoenix
and the VBNC-like phenotypes were identified, in addition to classically resistant
colonies and persister cells, within the ZOC of produced by antibiotics released from
tobramycin loaded Kirby-Bauer filter disks and CaSO4 beads (86). While the emergence
of these variant colonies is concerning, it was also shown that there was a consistent ZOK
immediately adjacent to the antibiotic source from which no bacteria emerged or were
cultured. Replica plating was also performed on these plates and showed no growth
within the ZOK, indicating that this region is sterile (86). In these studies, both the ZOC
and ZOK were measured since it is not possible to differentiate between the two zones at
early time points before variant colonies begin to emerge. The distinct ZOK within the
Z0OC indicates a smaller region where we may be able to eliminate antibiotic resistance
and tolerance with high enough concentrations of antibiotics over extended time frames.
By understanding how antibiotic kinetics effect biofilms and antibiotic resistant and
tolerant variants, we will be better prepared to control and prevent the rise of these
dangerous biofilm infections.

In this study, the ZOK of P. aeruginosa biofilms was analyzed to determine the
antibiotic pharmacodynamics necessary for its generation. For our study, a combination

of a biofilm plate model and numerical modeling was used as a simpler alternative to the
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modified Calgary biofilm plate model (159). The methods presented here could be
adapted for further in vitro biofilm PK/PD studies including the use of other bacterial
species and antibiotics. Previous studies have shown the importance of not only the
concentration of antibiotic used but also the exposure time of the biofilm-growing
bacteria to the antibiotic. These studies on the antibiotic AUC have shown that as
exposure time increases, the minimum concentration needed for biofilm eradication
(MBEC) decreases (165). In addition, pharmacodynamic studies on the efficacy of
antibiotics against bacteria have shown an importance in the ratio of AUC/MIC (166,
167). The AUC/MIC ratio necessary for bactericidal activity against P. aeruginosa by
tobramycin has been shown to be approximately 42. For our studies, various weight
quantities of tobramycin were used which allowed for a more complete understanding of
these required pharmacodynamics. While the varying masses of antibiotic used showed
large, dose-dependent variations in the ZOK diameters, it was interesting that the AUCs
calculated for each mass did not scale similar to the weight of the antibiotic, ranging from
3560-4870 ug*hr/mL, although there was a nearly 8-fold increase in antibiotic dosing
(250-2000 pg). At an approximate AUC of 4372.5 pg*hr/mL and an MIC of 4 pg/mL,
the AUC/MIC ratio for biofilm eradication by tobramycin would be approximately 46
when normalized for a 24-hour timeframe. Previous studies on local tobramycin
concentrations achieved when treating orthopedic infections with tobramycin loaded
methylmethacrylate bone cement has shown that the concentrations peak at
approximately 40 pg/mL around 1 hour after beginning exposure. The concentration then

drops to approximately 20 pg/mL through 24 hours (168). These lower concentrations
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may explain the prevalence of post-surgical infection treatment failure, as antibiotic
tolerant or resistant variants may be able to survive. In addition, while Cmax/MIC is the
metric typically used in relation to tobramycin (166), it has been shown that by using
AUC/MIC, better clinical outcomes are able to be achieved (167). This may be especially
true when treating biofilm infections as biofilms are inherently more tolerant of
antibiotics due to slow diffusion of the antibiotic into the biofilm matrix as well as
heterogeneity in the biofilm metabolism (106), increasing the importance of time-
dependence. Our observations suggest that a minimum AUC representing the total
treatment effect (concentration x time) may be used to facilitate the complete eradication
of P. aeruginosa biofilms, including variants that without this treatment could re-seed
infection (121). It is also important to note that although VBNC-like colonies may be
present in our systems, they would not be apparent as they are unable to be cultured by
nature. However, this characteristic also would likely prevent re-emergence in a clinical
environment.

In addition to using different weight quantities of tobramycin, different substrates
were also used to provide breadth to the relevance of the identified 4,372.5 pg*hr/mL
necessary for biofilm eradication. It is possible that biofilms grown on different
substrates could have differing phenotypes, including variations in metabolic pathways
which may play a role in the efficacy of antibiotics (94, 169). Although biofilm
phenotypic variations can occur, the identified AUC was able to eradicate biofilms grown
on both a tissue mimic such as agar (160, 161) and a material commonly known to be

important for bone infections (HA, (162)), indicating that the use of the AUC metric for

116



biofilm treatment is independent of the substrate rigidity and providing relevance to other
fields such as dentistry and orthopedics. The observation evaluating the clearance of
biofilms from two distinct substrates is important clinically as biofilms are able to grow
in the human body on soft tissues such as lung tissue or skin and on hard substrates such
as bone or implanted devices (109, 162, 170). Clearly, optimizing the AUC as a treatment
effect metric needs further work, but the values reported here provide a specific
evaluation for tobramycin and P. aeruginosa. Therefore, further research, including
studies involving other antibiotic classes and bacterial species, is needed for a more
complete understanding of the ability to eradicate bacterial biofilm infections.
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Chapter 5. Discussion

Pseudomonas aeruginosa is an opportunistic pathogen commonly acquired in the
hospital setting and is able to cause infections in numerous human-associated
environments including the lungs of CF patients, wounds, and post-surgical sites (2, 3,
171). It has also been shown to rapidly develop tolerance and resistance to antimicrobial
agents (4, 107, 108). In addition to its many antibiotic survival mechanisms and
multidrug resistance, it is also able to form biofilms which not only increase
antimicrobial tolerance but also provide high density populations which increase the
chances of antibiotic resistance and tolerance phenotypes to develop (5, 7, 9, 10, 119,
120).

Antibiotic impregnated beads, cements, and bone fillers are routinely used during
orthopedic revision surgeries to provide local therapy at high antibiotic concentrations
(111). While these methods may effectively kill the majority of planktonic or biofilm
bacteria, the antibiotic gradients which they produce may lead to the emergence of
antibiotic resistant or tolerant variants, potentially resulting in complicated and difficult
to treat infections (121). While these variants may develop, it has also been shown that by
spacing the antibiotic sources appropriately, proper coverage can be attained which may

prevent antibiotic resistant or tolerant variants from emerging (113).
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In Chapter 2, variant colonies emerging within the ZOC of tobramycin were
isolated. In addition to the well documented antibiotic resistant colonies of P. aeruginosa
which can occur by a number of mechanisms (6, 13, 16, 29, 122, 123), two new variant
colony phenotypes of P. aeruginosa were also identified: phoenix colonies and VBNCs.
While the VBNCs were difficult to characterize further since it is not possible to culture
them, the characterization of the phoenix colony phenotype was feasible. Phoenix
colonies exist as a small population within the biofilm lawn and are unable to out
compete the background lawn bacteria, thus they only emerge once the background lawn
has been cleared away. The phoenix colonies are able to maintain high levels of
metabolic activity and growth despite high concentrations of tobramycin in the local
environment but are able to revert to a wild-type level of susceptibility once removed
from the antibiotic laden environment (Figure 2.11). While previous studies in P.
aeruginosa have shown that adaptive resistance is regulated by a transient upregulation of
efflux pumps with a return to wild-type levels of antibiotic susceptibility when the
antibiotic pressure is removed (48), it is likely that phoenix colonies fall into the category
of adaptive resistance but utilize a different mechanism as indicated by phoenix colony
emergence in the presence of a broad spectrum efflux pump inhibitor. A previous study
showed that an anaerobic environment can induce an alternate metabolism which could
lead to antibiotic tolerance in P. aeruginosa (83). Due to the presence of anaerobic and
microaerobic environments contained in the deeper layers of a biofilm, it is possible that
phoenix colonies could develop in an oxygen deficient portion of the biofilm lawn and

then enter an alternate metabolic state, conferring the antibiotic tolerance which the
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phoenix colony phenotype exhibits. Once isolated from the environment and cultured, it
is likely that the phoenix colonies would return to a wild-type metabolism which could
explain the change in antibiotic susceptibility as well.

The studies in Chapter 2 also provided some possible clues as to the mechanism
behind their development. Due to the transient, non-heritable nature of phoenix colony
antibiotic tolerance, the mechanism behind their emergence is likely due to epigenetics at
either the transcriptional or translational level. When emerging within the ZOC, phoenix
colonies exhibit a non-heritable alteration in pigmentation from yellow-green to white.
The loss of pigmentation indicates a lack of pyocyanin production, which is regulated by
RhIR, a major transcription factor in P. aeruginosa (172). Additionally, aminoglycoside
antibiotics were the only antibiotic class tested which show emergence of the phoenix
colony phenotype (Figure 2.1, Figures 2.2, Figure 2.3), indicating that the ribosome may
play a significant role in phoenix colony development. However, in Chapter 3, upon
completion of RNAseq, there was no significant difference in transcripts for pyocyanin,
other genes downstream of RhIR, or major ribosomal genes. It is possible that these genes
could be regulated post-transcriptionally, and evidence of this possibility can be found in
the DEGs which did not have a transposon mutant which could be screened. PA4272.1
encodes the SRNA P27, which binds and directly inhibit 74l/, an important enzyme in the
RhIR signaling pathway of P. aeruginosa (152). P27 may also regulate other cellular
pathways which have yet to be identified, but this is purely speculative. Although there
were not any major ribosome related genes differentially expressed, PA3626, which

encodes for tRNA pseudouridine synthase D (TruD), was significantly upregulated.
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Additionally, when TruD was knocked out there was a complete loss of phoenix colony
emergence which was rescued to wild-type levels by complementation. Previous studies
have shown interaction between aminoglycosides and tRNA which leads to a loss of
interaction between the T- and D- loops as well as unfolding of the D-stem (149, 150).
TruD is able to convert uracil-13 located within the D-loop to pseudouridine (151). This
change may stabilize the tRNA and influence the interaction between aminoglycosides
and the tRNA. Our findings lead us to believe that, in addition to the ribosome binding by
aminoglycosides, tobramycin may also be interacting with tRNA leading to cell death.
Phoenix colonies may modify tRNA with TruD to increase tRNA stability and allow for
survival of exposure to aminoglycosides. Additionally, it is possible that TruD may be
able to convert other uridines to pseudouridine in P. aeruginosa leading to modification
of other tRNA sites or the rRNA. As aminoglycosides bind to the ribosome, modification
of the rRNA may provide another avenue for the antibiotic tolerance exhibited by
phoenix colonies. Although complementation of truD was able to be achieved, there
where difficulties in production of a PA0394 complementation strain and thus further
work is needed to follow up on the possibility of this gene being involved in phoenix
colony emergence.

In addition to the DEGs, it is interesting that both the phoenix colonies and
VBNC-like colonies are transcriptionally similar despite appearing as two distinct
phenotypes. It is possible that VBNC-like colonies may be a subset of phoenix colonies
which are unable to be cultured due to a dependence on a metabolite in the initial

environment, either from the background lawn or the surrounding variant colonies.
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Further research, including metabolic and epigenetic studies, is needed to enhance our
understanding of the mechanisms behind the emergence of both the phoenix colonies and
VBNC-like colonies.

Although phoenix colonies, VBNC-like colonies, resistant mutants, and persister
cells could emerge in an infection, it is promising to note that high concentrations of
tobramycin in our studies, found immediately adjacent to the tobramycin sources, were
able to eradicate all variant colonies. This is supported not only by the lack of colony
emergence within the ZOC but also by the lack of growth on replica plates and swabs
taken directly from the ZOK. The ZOK provides evidence that it is possible to eliminate
antibiotic resistance and tolerance assuming that there are high enough concentrations of
antibiotic present over an appropriate time frame. This metric, known as the AUC, was
measured in the studies found in Chapter 4. Here, the pharmacodynamics of the ZOK
were measured and calculated. It is interesting to note that although the variation in
starting mass of tobramycin was as large as 8-fold, the AUCs were all similar to each
other. This strengthens the idea that an AUC is an important metric when determining
dosing regimens for treatment of bacteria with an antibiotic. In addition to the different
mass quantities of tobramycin, the use of differing substrates allows the calculated AUC
to be more broadly applicable. Although biofilm phenotypic variations can occur, the
identified AUC was successfully able to kill all detectable bacteria on agar, plastic, and
HA, making the findings relevant to a wide variety of microbial research areas.

In conclusion, our work here has identified another phenotype which P.

aeruginosa may use to evade killing by antibiotics. These studies have also improved our
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understand of the pharmacodynamics necessary to prevent antibiotic resistant and tolerant
variant colony emergence. These findings not only have important implications for the
field of P. aeruginosa biofilm infections and aminoglycosides but also provide support
for continued research using other bacterial species and antibiotic classes. As this work is
built upon, we will be better informed and better prepared to deal with the ever-rising

concerns of antibiotic resistance and antibiotic tolerance.
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