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Abstract

Aminoglycoside Heteroresistance: Gene Amplification and Antibiotic Treatment Failure in
Gram-Negative Pathogens

By Edgar Sherman

Antibiotic resistance is a global challenge that threatens public healthcare by reducing our ability
to prevent and treat bacterial infections. Antibiotic resistance results in approximately 2.8 million
infections and 35,000 deaths annually in the United States. Further challenging our limited
treatment strategies is unexplained antibiotic treatment failure, which may be due to
heteroresistance. Heteroresistance occurs when a bacterial strain harbors a majority susceptible
population as well as a minority resistant subpopulation. The resistant subpopulations can go
undetected by clinical diagnostic techniques but nonetheless prevent antibiotic therapy from
clearing an infection. In this report, we describe heteroresistance to aminoglycosides. Many Gram-
negative pathogens have acquired widespread resistance to multiple classes of antibiotics but
remain susceptible to aminoglycosides, leading to a revived interest in their clinical use. Here, we
report results of a surveillance study for aminoglycoside heteroresistance in the Gram-negative
pathogens carbapenem-resistant -Acinetobacter baumannii (CRAB) and -Enterobacteriaceae
(CRE; Klebsiella pneumoniae, Escherichia coli, and Enterobacter cloacae). We find that in
sampling of multidrug resistant clinical isolates, heteroresistance was observed to the drugs
tobramycin, gentamicin, and amikacin. Interestingly, we report the presence and amplification of
an aminoglycoside modifying enzyme aadB in over one-third of the tobramycin heteroresistant
CRAB isolates. Additionally, in CRE we compared our detection rate of aminoglycoside
heteroresistance to clinical diagnostic data and report the frequency of inaccurate diagnostic
testing. To explore the mechanisms facilitating heteroresistance, we use a genetic approach to
analyze a tobramycin heteroresistant strain of E. cloacae, Mu1307. We find that Mu1307 exhibits
amplification of the aminoglycoside modifying enzyme aadB. We describe amplifications that are
found in distinct populations and that amplifications are unstable and reverted in the absence of
the antibiotic. Furthermore, we show that tobramycin heteroresistance is mediated by aadB
utilizing a knockout strain of Mu1307. Finally, we show that tobramycin heteroresistance causes
treatment failure. These findings demonstrate the in vivo impact of aminoglycoside
heteroresistance and highlight the clinical challenges that may be posed by this form of antibiotic
resistance.
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Chapter 1: Introduction

Antibiotic Resistance

The discovery and purification of antibiotics has allowed for significant advances in
modern medicine and reduction in patient mortality [1,2]. Before antibiotic therapy was widely
available, treatment of infections relied on the antimicrobial properties of traditional medicines
based on plant and mold extracts [3,4]. Before the early 20" century, it was not only common to
die from bacterial infections, but surgical interventions posed a severe health risk due to
development of post-procedure infections. With the advent of antibiotic therapy, patients not only
recovered from bacterial infections, but could more safely undergo complex surgical procedures
with minimal risk of infection, undergo organ transplants that require lifelong immune
suppressants, or tolerate chemotherapy that impairs the immune system. Though these advanced
treatment options and medical techniques are possible now, there may come a time in the near
future when we are no longer able to safely treat or prevent bacterial infections due to the rise of

antibiotic resistance.

Shortly after the discovery of the first isolated antibiotic, penicillin in 1928 by Alexander
Fleming, he also noted that it was possible to generate penicillin resistant mutants in the laboratory
[5]. Fleming even went on to warn about the dangers of antibiotic resistance during his Nobel Prize
acceptance speech stating that the misuse of penicillin could generate mutants that would be
resistant [6]. Many new classes of antibiotics have since been discovered, the vast majority of
which were isolated from natural sources during the golden age of antibiotic discovery between
the years 1950 and 1970 [7]. However, resistance has been observed to each of these antibiotic
classes, sometimes shortly after their clinical introduction. This is due to the fact that bacteria have

been encountering these threats since long before humans ever utilized them for their antibacterial



properties. Bacteria have been in a constant battle against other organisms for resources and that
includes adapting and evolving methods to circumvent these natural antibiotic compounds found
in their environment [8,9]. Now we are entering a period where antibiotic resistance has ignited

global concern due to the danger to public health.

As of 2019, antibiotic resistant bacteria are estimated to cause over 2.8 million infections
in the United States, which results in at least 35,000 deaths annually [10]. It is estimated that deaths
caused by antibiotic resistance will surge dramatically if new antibiotic classes are not discovered,
and by 2050, over 10 million people will die worldwide as a result of antibiotic resistant infections
every year [11]. These increased deaths will not only be the result of direct bacterial infection but
also the loss of our ability to safely perform complex medical procedures that require antibiotics
to prevent infections. It is crucial that we address the causes of antibiotic resistance as well as ways
to prevent the misuse and overuse of antibiotics. This includes the development of newer
antibiotics, antibiotic stewardship, and regulating the use of antibiotics in agriculture. Finally, we
must understand the mechanisms that cause antibiotic resistance in order to develop effective

treatment strategies to improve patient care and health.

Aside from the resistance mechanisms that are known and studied extensively, another
cause for concern is when the underlying basis for instances of antibiotic treatment failure are
unclear. When a patient presents with a bacterial infection, the bacteria are cultured, identified,
and then tested for susceptibility to antibiotics. The attending physicians will then treat the patient
with antibiotics that are expected to resolve the infection. However, the patient’s condition may
not change or continue to worsen as the infection progresses. The cause of this antibiotic treatment

failure is often unclear.



It is crucial that we study the mechanisms of antibiotic resistance since this phenomenon
is a looming threat to modern healthcare. We must direct our focus on preventing further decline
of our antibiotic arsenal to remain effective against bacterial infections. In this report, we study an
understudied resistance phenomenon to aminoglycosides, an important class of antibiotics that is

seeing a resurgence in use due to multidrug resistance.

Aminoglycosides and Resistance Mechanisms

Aminoglycosides are a class of highly polycationic antimicrobials that include natural or
semisynthetic drugs. They share a common cyclic structure with either a streptidine aminocyclitol
ring found in streptomycin or a 2-deoxystreptamine moiety present in all other aminoglycosides.
These rings contain substitutions on either the 4,5 or 4,6 regions that impart specific
pharmacokinetic binding properties [12,13]. Natural aminoglycosides are isolated from the Gram-
positive Actinomycetes species. The first aminoglycoside, streptomycin, was discovered and
isolated in 1943 from Streptomyces griseus. Streptomycin was recognized for its potent
bactericidal activity and was the first antibacterial to cure tuberculosis [14]. While
aminoglycosides have broad bactericidal activity against Gram-negatives, use of these drugs was
limited due to concerning side effects in patients, specifically nephrotoxicity and ototoxicity [15].
However, due to the increase in antibiotic resistance, there is a resurgence in the use of

aminoglycosides to treat infections caused by multidrug resistant pathogens [16,17].

Aminoglycosides enter the cell through active transport by the electron transport chain.
This active transport requirement makes aminoglycosides less effective against anaerobic bacteria

[18,19]. Once inside the cell, the aminoglycosides target the bacterial 30S ribosomal subunit [20].



Specifically, they bind to the A site on 16S ribosomal RNA of the 30S subunit and diminish the
accuracy of proofreading the encoded mMRNA message. The different substitution groups found on
aminoglycosides determine their affinity for a particular region of the A site [21,22]. This
interaction results in incorrect amino acid placement during protein elongation which can result in
misfolded or truncated proteins [23,24]. Though the exact mechanism of aminoglycoside killing
is unclear, it is commonly thought that disrupted membrane proteins assemble into the cell
membrane, thereby compromising the integrity of the bacterial structure resulting in lysis [25].
Some aminoglycosides have also been shown to block elongation or directly inhibit protein
translation instead of affecting mMRNA proofreading fidelity [12]. While aminoglycosides retain
activity against most Gram-negative bacteria, several resistance mechanisms have been

characterized against this class of antibiotics.

Aminoglycoside Resistance Mechanisms

Aminoglycoside resistance can occur through a variety of different mechanisms which are
outlined in Figure 1.1 [26]. Aminoglycoside resistance can occur through modification of the outer
LPS membrane to prevent entry into the cells or through mutations that affect the rate of transfer
through the electron transport chain and arrest growth, thereby reducing self-promoted uptake
through porin channels that was first described by Hancock et al. [27-31]. Active transport of
aminoglycosides out of the cell through efflux pumps has been reported [32,33]. Mutations to the
16S rRNA that affect aminoglycoside binding can occur, though this mutation is not very common

as this can be lethal to the cell. The mutants A1408G, C1402T, and G1484T
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Figure 1.1. Examples of Aminoglycoside Resistance Mechanisms. Aminoglycosides enter the cell by
active transport through the electron transport chain. Once in the cytosol, aminoglycosides bind to
the 30S bacterial ribosomal subunit and diminish the ribosomal proofreading precision of the
MRNA. The lack of proofreading results in misfolding or truncated proteins that cause cellular
lysis. Several resistance mechanisms to aminoglycosides have been reported. These mechanisms
include 1) decreased transport through the bacterial membrane. 2) Mutation or modification of the
ribosome to prevent aminoglycoside binding. 3) Efflux through multidrug transporters. 4)
Inactivation by aminoglycoside modifying enzymes (AMEs). AMEs are the most common and

abundant mechanism of aminoglycoside resistance.



have been observed and studied in Mycobacterium tuberculosis [34]. A more common mechanism
of ribosomal resistance is modification of the aminoglycoside binding site by RNA
methyltransferase enzymes, which likely originated from aminoglycoside-producing
Actinomycetes species to methylate their own ribosomes to protect against aminoglycoside self-
intoxication [35]. One of the most common mechanisms of aminoglycoside resistance is the

acquisition of aminoglycoside modifying enzymes, which this report will focus on.

Aminoglycoside modifying enzymes (AMESs) are proteins that bind to aminoglycosides
and chemically modify the drugs. This modification inactivates the drug, usually by addition of a
chemical group that prevents the aminoglycoside from binding to the 30S ribosomal subunit.
AMEs are divided into three classes depending on the modification that occurs to their respective
aminoglycoside substrate. These classes are N-Acetyltransferases, which comprise the largest
subclass and transfer an acetyl group; O-nucleotidyltransferases, the second largest class that
transfer an adenyl group; and finally, O-phosphotransferases, which add a phosphate group. AMESs
target aminoglycosides based on specific chemical groups present in their structure. Thus, if
aminoglycosides share the same chemical group targeted by a given AME, multiple
aminoglycosides can be affected by the same enzyme. Over 100 AMEs have been characterized
to date [36-38]. Semi-synthetic aminoglycosides have been developed since the 1970s to
circumvent AMEs by substituting the targeted chemical group with another group that allows the
aminoglycoside to retain binding and activity against the bacterial ribosome. The most commonly
used semisynthetic aminoglycoside is amikacin, and the most recently developed being plazomicin

[39,40].

If the use of aminoglycosides is to be revived for the treatment of multidrug resistant

pathogens, it is imperative that we fully appreciate resistance mechanisms. One area that requires



further investigation is aminoglycoside heteroresistance, as the study of this phenomenon are

lacking.
Heteroresistance

Antibiotic resistance is assumed to affect an entire bacterial population that evolves or
acquires additional resistance mechanisms [41,42]. Antibiotic resistance caused by phenotypic
variation within one bacterial isolate has not been extensively reported. However, phenotypic

variation may appear more frequently than previously observed among cell subpopulations.
Heteroresistance is Distinct from Homogenous Resistance

Heteroresistance occurs when an antibiotic resistant subpopulation is present in a bacterial
isolate that harbors a majority of susceptible cells. The resistant subpopulation shows a higher
level of antibiotic resistance but can be difficult to detect through routine diagnostic testing if it is
present at a very low frequency (>1 in 10,000 cells) [42,43]. The most accurate methods of
detecting these resistant subpopulations has been through population analysis profiles, in which
the population of bacteria is subjected to increased concentrations of antibiotic on agar plates and
the colony-forming units (CFUs) are enumerated at each concentration, providing an overall
outline of the resistant subpopulation [44,45]. The resistant subpopulation is able to replicate in
the presence of antibiotics, which distinguishes it from metabolically dormant persister cells,
another class of resistant subpopulation. The frequency of the resistant subpopulation in
heteroresistance is often unstable, increasing to nearly 100% as the susceptible population is killed
in the presence of drug, but often decreasing to the baseline frequency as the antibiotic is removed
from the environment and the susceptible population expands. This instability reveals that these

subpopulations are not the result of spontaneous stable mutations.



Heteroresistance was first observed in 1947 after subpopulations resistant to the
aminoglycoside streptomycin were discovered in Haemophilus influenzae [46]. Since the initial
discovery of these resistant subpopulations, heteroresistance has been observed to numerous
classes of antibiotics (including polymyxins, beta-lactams, trimethoprim, and aminoglycosides)
and in distinct bacterial species such as Acinetobacter, Klebsiella, Pseudomonas, and Escherichia
[42,47,48]. While heteroresistance has been observed in select isolates, studies examining the
prevalence and mechanisms underlying this phenotype have been sparse. Heteroresistance has also
been observed in other domains of life beyond prokaryotes. Resistant subpopulations have been
reported in eukaryotes such as Candida spp. to antifungals, Trypanosoma spp. to antiparasitics,
and in cancer cells to anticancer therapies[49-53]. Investigating the factors that mediate this
phenomenon would therefore have a broader impact not just for antibiotic treatment in bacteria,

but other important fields as well.
Heteroresistance Mediates Antibiotic Treatment Failure In Vivo

The clinical relevance of heteroresistance on patient outcome has been in dispute for some
time. This is exemplified by several reports with vancomycin heteroresistance in Staphylococcus
aureus (hVISA). These reports contain conflicting evidence that the resistant subpopulations either
alter treatment outcomes or have no significant impact [54-56]. This discrepancy may in part be
due to the instability and variable frequency of the resistant subpopulations. Resistant
subpopulations can be observed between orders of magnitude of 10! (~10%) to as low as 10
(0.0001%) within a bacterial population, though it is unclear how low the rates of these populations
can exist due to the accuracy of the detection methods used. These undetectable resistant

subpopulations can result in the incorrect administration of antibiotics that select for the resistant



subpopulation instead of treating the bacterial infection. This lack of detection may be one reason

that antibiotic therapy can fail in patients.

A recent study by Band et al. has shown that heteroresistance to the last line antibiotic
colistin does in fact mediate in vivo treatment failure using a murine infection model [41,57]. It
was shown that in two strains of Enterobacter cloacae with resistant subpopulations to colistin,
occurring at frequencies of 1/10 or 1/10,000 were sufficient to render colistin treatment ineffective
in mice. These studies suggest that the antimicrobial resistant subpopulations do indeed have an in
vivo impact. While these studies highlight that heteroresistance can cause treatment failure, studies
of the clinical relevance to other important classes of antibiotics are still lacking, including
aminoglycosides. A potential mechanism that has been observed for generating resistant

subpopulations in heteroresistance is gene amplification [48,58,59].

Homologous Recombination and Gene Amplification

Homologous recombination is a widely conserved biological process across all three
domains of life, allowing for the repair of double stranded DNA breaks and genetic rearrangement
of the genome [60-62]. This process occurs when regions of DNA that share repeated sequences
interact creating junctions where cross-over events occur between these areas. In bacteria, this
process is mainly facilitated by the RecBCD pathway. Briefly, the RecBCD enzyme complex
initiates recombination by binding to a double stranded break in the DNA strand. The next step is
unwinding of the double stranded DNA segment using helicase activity by both RecB and RecD
and digestion of one strand by the RecB nuclease domain. Once RecBCD encounters a Chi site
composed of a specific nucleotide sequence, the enzyme undergoes a conformational change and
causes RecBCD to cleave the DNA strand containing the Chi site. RecA proteins are then loaded

onto the single stranded DNA sequence to prevent degradation and this protein-DNA complex
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interacts with regions of DNA with similar homology. Once a homologous region is encountered
by the RecBCD complex, this interaction facilitates a conformational change in the protein-DNA
complex to form a Holliday junction with the DNA strand. There are several outcomes that can
result from homologous recombination of a Holliday junction: gene deletion, or duplication [63-

65].

Gene amplifications occur when regions of DNA undergo repeated cycles of gene
duplication between regions flanked by repeat sequences. As the genes within the repeat sequences
increase in copy number, this increases expression of these genes as well. Gene amplification has
been described as a mechanism for antibiotic resistance in bacteria since the 1970s. In Proteus
mirabilis strain NR1, amplifications were detected within a plasmid-borne region containing three
resistance genes for chloramphenicol, streptomycin, and sulphonamide. When NR1 was grown in
a low concentration of drug, plasmid size was shown to increase as well as the level of resistance.
This was confirmed to be a direct result of gene amplification and the genes encoding resistance
to these antibiotics were found to be encoded in the same region. This region was flanked by direct
repeats of insertion sequence 1 (1S1) [66,67]. Other studies have shown amplification for other
classes of antibiotics including tetracyclines, beta-lactams, and macrolides [59,68-71]. Similar to
heteroresistance, gene amplification has been implicated in resistance to antimicrobials in
eukaryotic organisms such as anticancer therapeutic resistance, indicating a much broader

relevance for investigating this phenomenon [72,73].

In a recent study by Nicoloff et al., it was observed that gene amplifications were seen in
the majority of heteroresistant isolates that were examined. The amplifications occurred in genes
facilitating resistance to beta-lactams, trimethoprim, and aminoglycosides [48]. It has been

reported that gene amplification of the AME aadB is required for tobramycin heteroresistance in
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A baumannii strain AB5075 [58]. An AB5075 recA mutant showed increased susceptibility and a
sharp decrease in the resistant subpopulations, though a small subset of RecA-independent

colonies were observed and will be discussed at the end of this report.

As the threat of antibiotic resistance continues to grow, it is important that we fully
understand the mechanisms facilitating resistance to maintain and increase the efficacy of our
current antimicrobial treatment options. Heteroresistance is a phenomenon that may be one reason
that antibiotic treatments sometimes fail unexpectedly. This failure is due in part to the presence
of resistant subpopulations that go undetected by routine clinical diagnostic testing. Therefore, it
is crucial that we determine the full scope of heteroresistance, especially against antibiotics that
are being revived for treatment of multidrug resistant pathogens, such as aminoglycosides, to
prepare strategies that will allow us to adapt when faced with this phenomenon in a clinical

environment.

In this study, we examine the prevalence of aminoglycoside heteroresistance among two
distinct groups of Gram-negative pathogens labeled as urgent threats by the Centers for Disease
Control and Prevention due to their high rates of multidrug resistance and limited treatment
options. These groups are carbapenem-resistant Acinetobacter baumannii (CRAB) and
carbapenem-resistant Enterobacteriaceae (CRE; Enterobacter spp., Escherichia spp., and
Klebsiella spp.) We characterize heteroresistance in these pathogens to the aminoglycosides
tobramycin, gentamicin, and amikacin. We further investigate the role of gene amplification of the
aminoglycoside modifying enzyme aadB in tobramycin heteroresistance for both CRAB and CRE.
Finally, we determine if tobramycin heteroresistance can mediate treatment failure using an in vivo
model of a heteroresistant infection in a mouse model. These results provide new insight of the

clinical impact of aminoglycoside heteroresistance.
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Chapter 2:

Aminoglycoside Modifying Enzyme aadB in Heteroresistant Carbapenem-Resistant

Acinetobacter baumannii Clinical isolates mediates treatment failure.

Edgar X. Sherman, Sarah E. Anderson, Chui-Yoke Chin, Carter Abbott, Sarah W. Satola, Eileen

M. Burd, Philip N. Rather, David S. WEeiss.

The work in this chapter will also be submitted for publication in a peer-reviewed journal.
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Abstract

As antibiotic resistance continues to increase, we must expand our understanding of the
underlying genetic mechanisms that bacteria utilize and devise new approaches to combat them.
Heteroresistance is a phenomenon in which a resistant subpopulation of cells can rapidly replicate
in the presence of a given antibiotic and co-exist with a majority susceptible bacterial population.
Heteroresistance can lead to antibiotic treatment failure and pose a challenge in treating highly
resistant infections such as carbapenem-resistant Acinetobacter baumannii (CRAB). Recently,
aminoglycoside heteroresistance was described in A. baumannii but its prevalence and relevance
are unclear. Here, we report the widespread prevalence of heteroresistance to tobramycin,
gentamicin, and amikacin among 108 CRAB clinical isolates. Heteroresistance was observed more
frequently than conventional homogenous resistance, in which all the cells in a population exhibit
resistance. Further, many of these heteroresistant isolates exhibited amplifications of the resistance
gene aadB (17 of the 26 isolates encoding the gene). We report a positive correlation between
higher MIC values and increased aadB amplification among CRAB isolates. Finally, we examined
the in vivo significance of aadB in a pathogenic strain of A. baumannii and show that the amplified
region harboring aadB mediates tobramycin treatment failure in a murine infection model. These
data suggest that amplifications of aminoglycoside modifying enzymes may appear frequently in
resistant subpopulations, and that aminoglycoside heteroresistance is prevalent among CRAB and

can mediate treatment failure.
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Introduction

Antibiotic resistance continues to remain an inevitable danger to modern healthcare as
antibiotic susceptibility decreases and antibiotic treatments become limited [10]. Annual deaths as
a result of antibiotic resistance are projected to surpass 10 million globally by 2050 [11]. Further
expanding our knowledge of the antibiotic resistance mechanisms used by bacteria will be critical
to preventing further risk to public health. Heteroresistance is the phenomenon where antimicrobial
resistance subpopulations co-exist within a susceptible population of genetically susceptible
bacteria [42]. These populations can actively grow in the presence of antibiotic unlike persistor
cells, which remain dormant until the antibiotic is cleared [74,75]. The frequency of these
resistance subpopulations can fluctuate during and after antibiotic treatment, making this
resistance unstable and unlikely the result of a spontaneous mutation. The underlying concern with
heteroresistance is that the unstable variation in resistant population frequency enables these
subpopulations to go undetected by routine clinical examination [76]. These heterogenous resistant
populations complicate treatment as only a fraction of the population is resistant to a particular
antibiotic and may be difficult to eliminate, resulting in antibiotic treatment failure [41,57]. This
is in contrast to homogenous resistance in which the entire bacterial population is resistant due to
either a mutation, expressed resistant gene, or modification that is present throughout the entire

population.

Heteroresistance was first identified in 1947 and since then has been reported to several
important classes of antimicrobials such as B-lactams, glycopeptides, antimicrobial peptides, and
aminoglycosides [42,46,54,58,77-79]. Heteroresistance has been observed in several pathogenic
bacterial species, including Acinetobacter baumannii. Carbapenem-resistant A. baumannii

(CRAB) is a Gram-negative nosocomial pathogen that is classified as an urgent threat by the CDC
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due to widespread multidrug resistance, and a critical priority pathogen for the development of
novel therapeutic interventions by the world health organization [10,80,81]. Mechanisms of A.
baumannii antibiotic resistance include decreased membrane permeability, increased expression
of efflux pumps, target site alterations, acquisition of B-lactamases, and aminoglycoside modifying
enzymes. Resistant subpopulations to colistin and aminoglycosides have been reported in A.

baumannii [58,82].

Like conventional antibiotic resistance, there is a pressing need to determine the genetic
mechanisms that lead to heteroresistance to find novel strategies to combat this distinctive threat
to global health. While the exact mechanisms have not yet been well characterized, amplifications
of various resistance genes have been described to several classes of antibiotics including
aminoglycosides. Recently, it was reported that subpopulations resistant to the aminoglycosides
tobramycin and gentamicin were present in the model pathogenic strain of A. baumannii AB5075
[58]. These resistant subpopulations fluctuated during antibiotic treatment and an amplification
event was found in these populations of an aminoglycoside modifying enzyme, aadB.
Aminoglycoside modifying enzymes are among the most common resistance mechanism to this
class of drugs and new data have shown that heteroresistance to aminoglycoside occurs through

amplification of aminoglycoside modifying enzymes [16,36,48].

While these findings may give an indication that gene amplifications may play a role in
heteroresistance, surveillance data for the occurrence of heteroresistance in pathogenic bacteria is
lacking to conduct any thorough investigation, including for aminoglycosides. These data can help
guide our decisions on antibiotic use to prevent unwanted treatment failures. Here, we report the
rate of aminoglycoside heteroresistance among clinical isolates of CRAB. We used population

analysis profiles (PAP) to determine the rate of heteroresistance to the aminoglycoside tobramycin
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in CRAB isolates which occurred at 35.8%. Additionally, we tested for heteroresistance to another
aminoglycoside targeted by aadB, gentamicin and found that 44.4% CRAB isolates were
heteroresistant. We also tested CRAB isolates for amikacin heteroresistance (21.3%), an
aminoglycoside which is unaffected by this enzyme. We screened the tobramycin heteroresistant
CRAB isolates for the presence of aadB and detected it in 66.7% of these strains. We then used
gPCR and found that aadB is amplified in 64.4% of the tobramycin heteroresistance aadB-positive
isolates. Finally, we show that tobramycin heteroresistance mediates treatment failure in a murine
infection model using the A. baumannii pathogenic laboratory strain AB5075 and that that aadB

is required.

Results

Prevalence of aminoglycoside heteroresistance among clinical isolates

Following the report that tobramycin heteroresistance was found in the A. baumannii strain,
AB5075, we first set out to determine if heteroresistance was also present in additional isolates of
A. baumannii. For the surveillance network, we sampled strains of carbapenem-resistant A.
baumannii (CRAB) which were obtained from the Georgia Emerging Infections Program, Multi-
site Gram-Negative Surveillance Initiative (MuGSI) collection [83]. This program collects
carbapenem resistant- Enterobacteriaceae (CRE), Acinetobacter baumannii (CRAB), and
Pseudomonas aeruginosa (CRPA) isolates to provide routine surveillance data for emerging
antibiotic resistance trends along with data provided by clinicians. From this collection, we

surveyed 108 CRAB isolates collected in Georgia between 2014-2015.

We performed population analysis profiles to determine if these isolates contained resistant
subpopulations to the aminoglycoside tobramycin [45]. Briefly, isolates were selected from single

colonies and grown overnight in broth. Cultures were diluted by serial dilution with PBS to a factor
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of 1:10% and 10 pL spots were plated on agar plates with and without antibiotic and grown
overnight as described in Sherman et al. [45]. Antibiotic concentrations were calculated using
doubling dilutions above and below the antibiotic breakpoint (1X). Survival was calculated by
dividing the cells that grew on the plates with antibiotic from the control plate without antibiotic.
Isolates were either classified as susceptible if the colonies did not survive above 2X the
breakpoint, resistant if the colonies survived above the breakpoint and remained above 50%
survival, or heteroresistant if the surviving population was below 50% at 2-4X above the

breakpoint (Figure. 2.1a).

From the population analysis profiles (PAP), we report that heteroresistance was found for
tobramycin at a rate of 35.8% in the CRAB isolates (Table 2.1). Since the aminoglycoside
modifying enzyme aadB effects more than one aminoglycoside, we tested the CRAB isolates for
heteroresistance to a second aadB-effected aminoglycoside, gentamicin. When tested by PAP,
gentamicin had the highest reported rate of heteroresistance at 44.4% and appeared at a similar
rate to tobramycin heteroresistance. We tested another aminoglycoside, amikacin, that is
unaffected by aadB, and the amikacin heteroresistance rate occurred at a rate of 21.3% among the
CRAB isolates (Table 2.1) and was below the levels detected for tobramycin and gentamicin. We
observed that heteroresistance rates in these isolates appear to occur more frequently than
conventional homogenous resistance, appearing at almost 3-5X more frequently than the
conventionally resistant isolates (Figure 2.1b). We compared these results to the rates at which
these strains were identified in the clinic and saw that when heteroresistant and homogenous
resistant isolates were combined, their values generally aligned with what is being seen in the

clinic (Table 2.1). These data show that heteroresistance is occurring in CRAB isolates and that
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Acinetobacter PAPs
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Figure 2.1. Heteroresistance Incidence Rates in Carbapenem-Resistant Acinetobacter baumannii
(CRAB). A) An example of a tobramycin population analysis profile with two resistant strains (Mu1812,
Mul1864), two susceptible strains (Mu693, Mu700), and two heteroresistant strains (Mu32, Mu230). B)
Distribution of aminoglycoside heteroresistance among CRAB isolates. Strains were identified as
heteroresistant if the surviving population was below 50% and at 2-4X above the breakpoint for each drug

tested by population analysis profile.
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PAP Results
Drug | Susceptible | Resistant | | Heteroresistant | Susceptible Resistant
TOB 60.2% (65) 39.8% (43) 35.8% (39) 56.5% (61) 7.4% (8)
GEN 33.3% (36) 66.7% (72) 44.4% (48) 46.3% (50) 9.3% (10)
AMK 58.4% (63) 41.6% (45) 21.3% (23) 72.2% (78) 6.5% (7)

Table 2.1. Clinical Summary of Vs. Rates of Heteroresistance in CRAB Isolates



20

the frequency varies based on the drug. The frequency at which these colonies appear also varies

within each strain and for each aminoglycoside (Supplementary Figure 2.1).

Presence and amplification of aadB among CRAB clinical isolates

In the tobramycin resistant subpopulation of the laboratory A. baumannii strain AB5075,
amplification of the aminoglycoside modifying enzyme aadB was detected and associated with
heteroresistance. aadB is a 2”-aminoglycoside nucleotidyltransferase (ANT(2’)-1a) gene which
adenylates the 2-deoxystreptamine aminoglycosides at the hydroxyl group at position 2" with an
adenylmonophosphate group [84]. This enzyme can be encoded in plasmids or within integrons
and has been found in Pseudomonas aeruginosa, Klebsiella pneumoniae, Morganella morganii,
Escherichia coli, Salmonella typhimurium, Citrobacter freundii and A. baumannii [84-87]. The
aminoglycosides targeted by aadB are tobramycin, gentamicin, and kanamycin[88]. In AB5075,
this gene was discovered on the plasmid pLAB5075 contained in an integron region along with 4

other resistance genes which were all likely amplified along with aadB.

We screened for the presence of aadB in all the CRAB isolates by PCR as previously
described [58]. We found aadB in all three tobramycin susceptibility categories of the 108 CRAB
isolates (Table 2.2). Among the 39 tobramycin heteroresistant strains, aadB was detected in 26
isolates (65.8%). While in the 8 tobramycin resistant strains, aadB was detected in 4 (50.0%) and
in only 4 out of the 61 tobramycin susceptible strains (7.4%). Most of the strains that contained
aadB were also heteroresistant to gentamicin (Table 2.3), which was expected as aadB targets this
aminoglycoside as well. Tobramycin heteroresistance was not associated with amikacin

heteroresistance, as this drug would not be affected by aadB.
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Tobramycin Determination

All Isolates Heteroresistant  Resistant Susceptible
Total 108 39 8 61
aadB 31.5% (34) 66.7% (26) 50.0% (4) 6.6% (4)

Table 2.2. Presence of aadB in CRAB Isolates.
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Acinetobacter

baumannii Complex MIC (ug/ml) PAP Analysis aadB
MuGSI Strains TOB GEN AMK TOB GEN AMK  Amplification
AB5075 96 >256 >256 HR HR R +
Mu32 4 8 >256 HR HR HR -
Mu39 >8 >8 <16 HR HR S +
Mu54 >8 8 >32 HR S S -
Mu65 >8 >8 >32 HR HR S +
Mu67 >8 >8 >32 HR HR S +
Mu74 >8 >8 32 HR HR S +
Mul42 8 >8 <16 HR HR S +
Mu211 4 4 128 HR HR S +
Mu230 >8 >8 32 HR HR S +
Mu516 8 >8 <16 HR HR S +
Mul1020 8 >16 16 HR HR S +
Mul051 <1 <1 2 S S S -
Mu1083 <4 >8 <16 HR HR S +
Mull77 >8 >8 >32 HR HR S +
Mul188 >16 >16 >256 R R R -
Mul264 >8 >8 >32 HR S S -
Mu1381 8 >16 6 HR HR S -
Mu1480 >8 >8 <16 HR S S -
Mul676 >8 >8 >32 HR HR S +
Mul734 >8 >8 >32 HR HR S -
Mul737 >8 >8 >32 HR HR S -
Mul750 2 8 64 HR HR HR +
Mul792 >8 >8 32 HR HR HR -
Mu1804 >16 >16 >256 R R R +
Mul857 <1 >16 4 S S S -
Mul864 >16 >16 >256 R R R +
Mu1988 <1 2 48 S S S -
Mu1989 >16 >16 32 HR HR S +
Mu1993 >16 >16 >256 R R R +
Mu2029 >8 >8 <16 HR HR S +
Mu2034 <1 <1 2 S S S -
Mu2043 8 >16 >256 HR HR HR -
Mu2110 8 >16 256 HR R S +
Mu2153 8 >16 >256 HR R S +

Table 2.3. MIC Values and PAP Results for Tobramycin Heteroresistant CRAB Isolates Encoding
aadB.
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Amplification of aadB among CRAB clinical isolates

From the 26 aadB-positive isolates, we checked for amplifications by gPCR. We examined
fold changes by comparing aadB activity in the treated strains and dividing by the untreated control
and normalizing using the clpX housekeeping gene. We noted any strains that had a fold change
of two or greater as a positive result. In the 26 CRAB isolates, 17 showed amplification of aadB
compared to the untreated control at a rate of 65.4% (Figure 2.2). We also report amplifications
in 3 of the 4 resistant strains that contained aadB but did not detect any amplifications in the
susceptible strains. The level of amplifications varied by strain, with some as low as 2X differences

in copy number and other strains showing over 100X changes in copy number.

Based on this difference in copy number, we wanted to determine if there was a correlation
between increased amplification level and MIC. When comparing the amplifications and the MIC
of each strain using linear regression, we see that there is a positive correlation between strains
that have higher levels of amplifications and higher MIC values, with an R? value of 0.79 (Figure
2.3). This indicates that amplifications may influence the overall resistance of the population. The

exact mechanisms of how amplifications are controlled for heteroresistance is being investigated.
In vivo Treatment Failure in Tobramycin Heteroresistant AB5075 is Mediated by aadB

Lastly, we wanted to investigate the role of aadB using a murine infection model as the in

vivo relevance of tobramycin heteroresistance has remained unclear. We choose to use the
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Figure 2.2. Amplification of aadB in CRAB Clinical Isolates. Amplifications were measured by qPCR
of gDNA isolated from CRAB isolates grown in MH media supplemented with 32 pug/ml of tobramycin for
24 hours and comparing the fold change of gPCR from untreated strains grown in MH media alone for 24
hours. Data are presented as the averages of three independent biological replicates. Error bars represent

the standard error of mean (S.E.M.)
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aadB Amplification
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Figure 2.3. Increase in aadB Copy Number Correlates with Higher MIC Value in CRAB. Fold changes
in aadB shown in previous figure were compared with the MIC values measured by broth microdilution for
each of the CRAB isolates then analyzed by fitting the data using a simple linear regression analysis in

Prism 8 (GraphPad).



26

laboratory strain AB5075 for our infection model as that was the strain where aadB amplifications
were initially detected and the infection model is well established to limit the variance that may
come from using clinical isolates. When we systemically infected mice with a tobramycin
susceptible strain of A. baumannii (Mul1649) and treated with tobramycin, there was a significant
decrease in the CFUs in the spleen, liver, and peritoneum. There was no significant CFU decrease
when AB5075 was treated with tobramycin, showing that treatment is ineffective in this strain

(Figure 2.4).

To assess the role of aadB, we used a strain of AB5075 (R38) that lacked aadB as well as
four other resistance genes that were initially discovered in the integron region that was being
amplified in the pLAB5075 plasmid, though none of those genes target tobramycin. Systemic
infections were repeated as in the first experiment. When R38 was treated with tobramycin, there
was a significant decrease in the CFUs compared to the wild type (Figure 2.5). R38-infected mice
were also rescued during survival experiments when treated with tobramycin, whereas all the mice
died early regardless of tobramycin intervention in AB5075-infected mice. To conclude if aadB
was involved for the tobramycin resistance in R38, we complemented aadB alone on a plasmid
and observed that there was a restoration of resistance to tobramycin (Supplementary Figure
2.3). From these data, we see that tobramycin heteroresistance mediates in vivo treatment failure

in mice.
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Figure 2.4. Tobramycin Heteroresistance Causes Tobramycin Treatment Failure in AB5075. Groups
of 5 female C57BL/6 mice were infected via intraperitoneal injection with approximately 1x108 CFUs of
the tobramycin-susceptible A. baumannii isolate Mu1649 or heteroresistant isolate AB5075. Subsequently,
they were treated with either PBS vehicle control (untreated) or tobramycin 5 mg/kg every 8 hours starting
at 1-hour post-infection. Organs were harvested 24 hours later and CFUs were quantified. Bacterial loads

from the (A) peritoneal fluid, (B) spleen, (C) liver were calculated at 24 hours post-infection.
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Figure 2.5. AadB Mediates Tobramycin Treatment Failure in Heteroresistant Isolate AB5075.
C57BL/6 mice were infected intraperitoneally with tobramycin heteroresistant strain AB5075 (WT) or the
isogenic R38 mutant in which the aadB-containing amplified region was deleted and were treated with PBS
or 5mg/kg tobramycin every 8 hours starting at 1-hour post-infection. (A) Mice were monitored for signs
of illness and euthanized if they appeared sick or if their weight dropped below 80% of starting weight. (B-
D) AB5075 (WT) and R38 infected mice were euthanized at 20 hours post-infection following treatment
as in (A), and the (B) peritoneal fluid, (C) spleen, and (D) liver were collected and plated for enumeration

of CFU. p<0.005 (**).
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Discussion

The results of this study show that heteroresistance occurs to aminoglycosides and appears
relatively common among carbapenem-resistant A. baumannii clinical isolates. This collection of
clinical isolates can begin to help determine the extent of the underlying resistance mechanisms
that may be occurring throughout the healthcare environment. These resistant subpopulations
occurred at varying rates for each drug shown, even with drugs affected by the same resistance
gene. We found that the aminoglycoside modifying enzyme aadB was present in over half of the
tobramycin heteroresistant isolates and that amplification not only occurs in AB5075, but also in
the CRAB clinical isolates as well. This study also highlights the importance of aadB in an

infection model and demonstrate that heteroresistance can mediate treatment failure.

For the surveillance work, we choose two drugs that were affected by aadB and one that
was not. Both tobramycin and gentamicin are modified by aadB, while amikacin is unaffected by
this enzyme. We observed that heteroresistance rates in these isolates appear to occur more
frequently than homogenous resistance, which may suggest that these resistant subpopulations
may be more common than expected, appearing at almost 3-5X more frequently than the
conventionally resistant isolates (Table 2.1). The values of the strains that were identified as
homogenous resistant isolates was combined with the strains that were detected as heteroresistant
by population analysis profiles and approximately align with what was found through clinical
diagnostic testing. While this may be true for aminoglycoside heteroresistance in CRAB isolates,
there have been reported examples where heteroresistant isolates to other classes of antibiotics
were missed by routine clinical diagnostic testing and may account in some part for instances of
unexpected antibiotic treatment failure. We also show that strains that appeared to have higher

measured MIC also had higher amplification fold changes. This may signal that higher
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amplifications have an effect on resistance, though this is not a perfect correlation as there are
additional factors that can determine MIC, and this cannot be based solely on the amount of aadB

copy number.

If gene amplifications play a role in heteroresistance, then the RecA-dependent
homologous recombination system may also factor in determining heteroresistance [60,89]. It has
been shown that a mutation in recA resulted in a decrease in the tobramycin resistant subpopulation
in AB5075. While we noted that over half of the tobramycin heteroresistant strains contained aadB
and that this may be more common among aminoglycoside heteroresistant isolates, this does not
account for the other aadB-positive strains that did not show amplifications or aadB-negative
tobramycin heteroresistant isolates that were also found by PAP. A cause for aadB independent
heteroresistance in these isolates could be the result of amplification of another aminoglycoside
resistance gene that also targets tobramycin which was shown in Nicoloff et al [48]. There may
also be other mechanisms generate resistant subpopulations independent of gene amplification.
Persister cells formation or mutations that result in aminoglycoside resistance through the electron
transport chain have been associated with heteroresistance in Gram-negative bacteria
[29,75,90,91]. Regulation of two component systems has been shown to result in colistin
heteroresistance. Mutations that affect efflux pumps, or the pmrAB two-component signaling
system in A. baumannii may also generate resistant subpopulations similar to other bacterial

species observed so a similar mechanism may exist for aminoglycosides [92,93].

The data presented here show that aminoglycoside heteroresistance is common among
CRAB isolates and in A. baumannii species in general, though more studies are necessary to
determine how common this resistance phenotype is. This study highlights the clinical relevance

of aminoglycoside heteroresistance in an established experimental model and that other strains
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found in healthcare settings may also possess these resistance mechanisms, furthering the need to
explore how to combat these elusive bacterial tactics. Aminoglycoside heteroresistance may cause
antibiotic treatment that selects for an increase in resistance instead of elimination of the isolate
and result in treatment failure. The exact caused that leads to gene amplification mediated
heteroresistance still remains unsolved and further studies are being conducted to elucidate the

mechanisms that facilitate this resistance.

Materials and Methods

Strains collection and growth conditions

Liquid cultures were prepared in sterile Mueller-Hinton (MH) broth, supplemented with
tobramycin (Spectrum, New Brunswick, NJ) at the concentrations indicated. Plates were
supplemented with tobramycin as indicated. Strains of A. baumannii were collected between 2013
and 2015 by the Georgia EIP MuGSI from patients at Atlanta area hospitals. MuGSI collects
isolates in 8 states, including Georgia, representing a surveillance population of over fifteen

million patients. Strains of A. baumannii were maintained at —80°C in 15% glycerol.

Population analysis profiles

Population analysis profile (PAP) analysis was performed by growing bacteria overnight to
stationary phase and then plating serial dilutions on MH agar alone or with various concentrations
of tobramycin mentioned (Spectrum, New Brunswick, NJ). Plates were then incubated at 37°C,
and CFU were enumerated after 24 hours. Percent tobramycin resistance was calculated as the
number of bacterial colonies that grew on tobramycin plates divided by the number of bacteria that

grew on MHA alone without tobramycin.
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Clinical susceptibility testing

All isolates were tested for their clinical MIC and resistance designation in the clinical
microbiology laboratory at Emory University Hospital. Gentamicin and Tobramycin were tested
by automated Vitek 2 (Biomerieux, Marcy I'Etoile, France) using the GN74 susceptibility card.
Amikacin susceptibility was tested using the Etest gradient strips (Biomerieux, Marcy I'Etoile,

France). Susceptibility results were interpreted by a licensed clinical microbiologist.
Genomic DNA (gDNA) isolation

Genomic DNA was prepared using Wizard Genomic DNA Purification Kit (Promega, Madison,
WI). Briefly, 1 ml of overnight culture were spun down and resuspended in 600ul of nuclei lysis
solution. Cells were lysed and gDNA was precipitated using isopropanol and washed with ethanol
as described in the protocol. Following gDNA precipitation, the DNA pellet was resuspended in

dH20 overnight at 4°C and diluted to a final concentration of 100 ng/uL.
gPCR

Concentrations of gDNA samples were determined using a NanoDrop ND-1000
spectrophotometer. Samples of gDNA were added to a total concentration of 100 ng/well, and
gPCR was performed as outlined above for gDNA samples. Standard curves using 10-fold serial
dilutions of wild-type gDNA were used to ensure that primers exhibited similar efficiencies.
Relative gene copy numbers normalized to clpX and were determined using the equation 274¢T

[94].

Mice
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Female WT C57BL/6J mice were purchased from Jackson Laboratories and used at age 8-10
weeks; all experiments used age- and sex-matched mice. Mice were housed under specific
pathogen-free conditions at Yerkes National Primate Center, Emory University. All experimental
procedures were approved by the Emory University Institutional Animal Care and Use Committee.
Mouse sample size was determined based on previous studies that generated highly statistically
significant results by the Mann—Whitney test (n > 4), while also minimizing the number of animals

used (5 mice per group for the majority of experiments).
Mouse infection model

Approximately 1 x 108 CFU were administered per mouse for infections to quantify the bacterial
load and administered for survival experiments. For mouse infections, overnight standing bacterial
cultures at room temperature were sub-cultured in LB broth and grown at 37°C with shaking,
washed and re-suspended in phosphate buffered saline and diluted to a concentration of 1 x 10°
CFU/ml. 100 pL of bacterial inocula were inoculated intraperitoneally (i.p.) to each mouse. At
each time point, the mice were sacrificed, and the peritoneal fluid, spleen and liver were harvested,

homogenized, plated for CFU on LB plates.
Statistical analysis

All data presented are from experiments that were repeated at least twice to ensure the
reproducibility of the results. The significance of the mouse experiments was determined with the
Mann—Whitney test, as not all data were normally distributed, and all in vitro experiments were
analyzed using the two-tailed student’s t-test (for data with a normal distribution). Error bars
represent the standard error of the mean of the biological replicates. Statistical analyses were

performed with Prism 8 (GraphPad Software, Inc., La Jolla, CA).
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Supplemental Material

Primer Sequence Use

AadB gPCR Fw JTCCCCGATCTCCGCTAAGAA aadB qPCR
AadB gPCR Rv JCAGATGAGCGAAATCTGCCG aadB qPCR
ClpX Fw GCGTTTGAAAGTCGGGCAAT clpX qPCR
ClpX Rv CCATTGCAAACGGCACATCT clpX qPCR

Supplementary Table 1. Primers Used in This Study
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Acinetobacter

baumannii Complex MIC (ug/ml) PAP Analysis aadB aadB
MuGSI Strains AMK GEN TOB AMK GEN TOB Confirmed  Amplification
AB5075 >256 >256 96 R HR HR + +
Mu32 >256 8 4 HR HR HR + +
Mu39 <16 >8 >8 S HR HR + -
Mu42 192 <1 <1 S S S - -
Mu54 >32 8 >8 S S HR + +
Mu65 >32 >8 >8 S HR HR + -
Mu67 >32 >8 >8 S HR HR + +
Mu74 32 >8 >8 S HR HR + =
Mul05 >32 >8 >8 S HR R - -
Mul38 <16 <4 8 S S HR -
Mul42 <16 >8 8 S HR HR + -
Mu211 128 4 4 S HR HR + -
Mu215 32 4 <l S S S - -
Mu229 8 2 <1 S S S -
Mu230 32 >8 >8 S HR HR + -
Mu259 8 4 <l S S S - -
Mu268 <16 >8 >8 S HR HR - -
Mu286 32 4 <1 S S S - -
Mu312 32 >8 >8 S HR HR - -
Mu316 <16 >8 >8 S HR HR - -
Mu341 <16 >8 8 S HR HR - -
Mu461 32 2 <1 S HR HR - -
Mu516 <16 >8 8 S HR HR + -
Mu666 S HR HR - -
Mu693 2 <1 <1 S S S - -
Mu700 <16 8 <48 S S S - -
Mu701 <16 >8 >8 S HR HR + +
Mu737 >32 >8 >8 S S S - -
Mu768 >256 >16 8 S HR HR + +
Mu797 12 2 <l S S S - -
Mu872 <16 <4 <4 S S S - -
Mu877 3] <l <l S S S - -
Mu891 12 2 <1 S S S - -
Mu949 12 4 <1 S S S - -
Mul1020 16 >16 8 S HR HR + +
Mul051 2 <1 <1 S S S - -
Mu1083 <16 >8 <4 S HR HR + +
Mu1100 <16 >8 <4 S HR S - -
Mul177 >32 >8 >8 S HR HR + +
Mul188 >256 >16 >16 R R R - -
Mul264 >32 >8 >8 S S HR + +
Mu1281 <16 8 <4 S S S - -
Mul376 8 <1 <1 S S S - -
Mu1381 6 >16 8 S HR HR - -
Mul426 <16 >8 <4 S HR S - -
Mu1480 <16 >8 >8 S S HR - -
Mu1485 8 <1 <1 S S S - -
Mul545 32 >8 >8 S S S - -
Mul564 <16 8 <4 S S S - -
Mul572 <16 >8 <4 S HR S - -
Mu1590 <16 8 <4 S S S - -

Continued on next page.
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Supplementary Table 2. Clinical Data and Population Analysis Profile Data for All Strains Used in

This study
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Supplementary Figure 1. Aminoglycoside Population Analysis Profile Distribution Among CRAB
Isolates. Strains were identified as heteroresistant if the surviving population was below 50% and at 2-4X
above the breakpoint for each drug tested (a, tobramycin; b, gentamicin, and ¢, amikacin) by population

analysis profile and compared to the clinical breakpoint for tobramycin (16 pg/ml), gentamicin (16 pg/ml),

and amikacin (64 pg/ml).
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Supplementary Figure 2. Population Analysis Profiles of aadB-positive CRAB Isolates. Population

Analysis Profiles for each CRAB isolate that was confirmed to contain aadB.
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Supplementary Figure 3. AadB is Required for Tobramycin Heteroresistance in A. baumannii
AB5075. Population analysis profile (PAP) of WT AB5075 (WT), the R38 isogenic mutant lacking the
amplified region that contains aadB, the R38 mutant complemented with aadB, and Mu1649 which is
susceptible to tobramycin. Each strain was plated on increasing concentrations of tobramycin and the %

resistant bacteria plotted for each dose.
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Chapter 3:

Antibiotic Treatment Failure and Gene Amplifications detected in Aminoglycoside

Heteroresistant Enterobacter cloacae

Edgar X. Sherman, Carter Abbott, Robert A. Petit, Sarah W. Satola, Eileen M. Burd, David S.

Weiss.

The work in this chapter will also be submitted for publication in a peer-reviewed journal.
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Abstract

Antibiotic resistance remains a growing threat to public health and there is an urgent need
to elucidate the underlying mechanisms. One of the mechanisms that remains understudied is
heteroresistance. Heteroresistance occurs when a small subpopulation of bacteria achieves a higher
level of antibiotic resistance than the majority susceptible population, and we have found that this
phenomenon can lead to antibiotic treatment failure. Here we describe heteroresistance to the
aminoglycosides tobramycin, gentamicin, and amikacin in carbapenem-resistant (CRE)
Enterobacteriaceae spp. and find strains where these resistant subpopulations went undetected by
routine clinical diagnostics. Enterobacter strain Mul307 exhibits amplification of the
aminoglycoside modifying enzyme, aadB, which is required for tobramycin heteroresistance. The
modifying enzyme is found in a 21kb region that is flanked by inverted repeats. We show that
aadB amplification can be selected for in distinct populations in increasing concentrations of
tobramycin. Further, we demonstrate that amplification of aadB is initially selected for during
tobramycin therapy but begins to revert after tobramycin treatment has subsided. Finally, we report
that tobramycin heteroresistance mediates treatment failure in vivo using a murine animal model,

and that aadB facilitates treatment failure in Mul1307.
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Importance

Carbapenem-resistant Enterobacteriaceae (CRE) remain an important collection of
pathogens that makes treating infections difficult due to increased resistance and higher rates of
mortality in hospitalized patients. This has led the Centers for Disease Control and Prevention to
classify CRE an urgent threat to public healthcare if nothing is done to address the issues of
antibiotic resistance in these species. We report amplification of an aminoglycoside modifying
enzyme aadB, which is an aminoglycoside adenylytransferase that affects tobramycin, gentamicin,
and kanamycin. This study demonstrates for the first time the clinical impact of aminoglycoside
heteroresistance by modeling tobramycin treatment failure in a murine model and show that
amplification of aadB can be selected for in vivo. We find that deletion of aadB increases
susceptibility and removes the resistant subpopulation in vitro and allows for successful
tobramycin therapy. This study highlights the need to understand the mechanism underlying

heteroresistance to effectively combat this understudied phenomenon.

Introduction

Antibiotic resistance continues to threaten modern healthcare and hinder our ability to treat
bacterial infections [10]. It is estimated that antibiotic resistance results in approximately 2.8
million infections per year and causes 35,000 deaths in the US [11]. Further complicating our
limited antibiotic treatment regimens is when antibiotic treatment failure occurs, which results in
extended patient stay, higher healthcare costs, and increased mortality [95,96]. The causes for
antibiotic treatment failure are largely unknown but may be due to mechanisms of resistance that
occur in bacterial populations at frequencies too low to be detected by routine clinical diagnostic

techniques.
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Carbapenem-resistant Enterobacteriaceae (CRE; which includes Enterobacter spp.,
Klebsiella spp., and Escherichia spp.) have become a cause for concern due to their increased
multi-drug resistance, with several species developing pan-drug resistance which has led the
Centers for Disease Control and Prevention to label CRE as an urgent threat to public health
[10,97-99]. Due to the emergence of CRE, aminoglycosides have been proposed as a frontline
therapy to CRE with limited treatment options as aminoglycosides still show in vitro efficacy
[16,100,101]. Although CRE isolates with MICs at or approaching clinical breakpoints for
aminoglycosides have been observed [102]. Mechanisms of aminoglycoside resistance found in
CRE include decreased entry with mutations in the electron transport chain, efflux, ribosomal
mutations, and acquisition, increased expression, or increased copy number of aminoglycosides
modifying enzymes [36,103-105]. Thus, it is crucial to evaluate the efficacy of these drugs in CRE
in preparation to adapt and respond to changes in resistance trends to allow for successful treatment

in patients with limited treatment options.

Due to the complications from antibiotic treatment failure, it is imperative we elucidate the
factors surrounding antibiotic failure and the mechanisms in bacteria that facilitate this
phenomenon. One of the potential causes for antibiotic treatment failure is heteroresistance.
Heteroresistance occurs when a small subpopulation of bacteria is resistant to an antibiotic while
the majority of the population remains susceptible [41,42,77]. Due to the wide variety in frequency
of the resistant subpopulation among bacterial isolates, some of these resistant subpopulations may

go undetected by clinical diagnostic testing which may result in improper antibiotic therapy [76].

Heteroresistance was first identified in a study in 1947 that reported the phenomenon in
Haemophilus influenzae with a small population of cells that showed increased resistance to

streptomycin [46]. Since this study, heteroresistance has been reported to several important classes
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of antimicrobials such as B-lactams, glycopeptides, antimicrobial peptides, and aminoglycosides
[54,77-79]. Heteroresistant has been observed beyond the scope of pathogenic bacteria in
eukaryotes such as Candida spp. to antifungals, Trypanosoma spp., to antiparasitics and anticancer
therapies in cancer cells [49-53]. While heteroresistance has been reported, few studies have
evaluated the exact mechanisms that result in antibiotic resistant subpopulations or its clinical
relevance in patients, though recent evidence suggests that resistance subpopulations can mediate
treatment failure [41,57,106]. Newer studies investigating the genetic determinants and clinical
impact in select models exist such as colistin heteroresistance, and tobramycin heteroresistance in
A. baumannii [48,58]. It is crucial that we understand the mechanisms leading to heteroresistance

in order to prevent further antibiotic treatment failure.

One of the mechanisms that has been shown to generate these resistant subpopulations is
DNA duplications/amplifications that result in increased gene copy number. Gene amplifications
are widely conserved across all domains of life, are involved in DNA repair, and are one of the
most frequent types of mutational event that occur [73,107]. These amplifications can occur by
homologous recombination in regions of DNA flanked by sequence repeats. Gene amplifications
have been implicated in increased bacterial resistance to several antibiotic classes and recently
have been shown to occur in heteroresistant isolates [48,59,68,108]. It was recently reported that
an aminoglycoside modifying enzyme, aadB, resulted in tobramycin and gentamicin resistant
subpopulations in the Acinetobacter baumannii strain AB5075 [58]. Nicoloff et al. reported that
in a majority of heteroresistant isolates analyzed by whole genome sequencing contained gene

amplifications of known resistance genes, including aminoglycoside modifying enzymes [48].

In this study we evaluate heteroresistance to the aminoglycoside, tobramycin as well as

gentamicin and amikacin in CRE. We test a collection of CRE strains consisting of Enterobacter
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spp., Klebsiella spp., and Escherichia spp. that were collected through routine surveillance of
carbapenem-resistant clinical isolates by the Georgia Emerging Infections Program. We evaluated
heteroresistance using population analysis profiles (PAP) and find that aminoglycoside
heteroresistance occurs for each of the drugs tested for each species. We then compared our results
by PAP with clinical diagnostic data for each isolate and determined that heteroresistance went
undetected in several of these isolates. Following our surveillance work, we investigated
heteroresistance to tobramycin in a CRE Enterobacter cloacae strain, Mul1307. We report an
amplification event of the aminoglycoside modifying enzymes aadB as well as aadA2. We show
that deletion of aadB results in decreased tobramycin susceptibility and no resistant subpopulation
in Mu1307. We determined that aadB was located in a 21kb region in Mul1307 that was flanked
by inverted repeats along with 4 additional resistance genes. Finally, we show that heteroresistance
mediates treatment failure and that aadB is necessary for tobramycin treatment failure to occur in

Mu1307.

Results

Aminoglycoside Heteroresistance in Carbapenem-Resistant Enterobacteriaceae (CRE)

Reports detailing the prevalence of heteroresistance to antibiotics are lacking, including for
aminoglycosides. Here we report the prevalence of heteroresistance to the aminoglycosides
tobramycin as well as gentamicin and amikacin. To determine if aminoglycoside heteroresistance
was present in the CRE clinical isolates we first performed population analysis profiles (PAPs) on
clinical isolates obtained through the Georgia Emerging Infections Program [83]. We tested
several strains from Enterobacter spp., Escherichia spp., and Klebsiella spp. In total, 116 CRE

isolates were evaluated for heteroresistance to tobramycin, gentamicin, and amikacin
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(Supplementary Table 3.1). Briefly, strains were grown overnight to stationary phase and then
plated on MH agar with or without the specified concentrations of antibiotic indicated. Percent
resistance was then measured by dividing the enumerated CFUs on plates with drug by the control
plates without antibiotic. Strains were identified as heteroresistant if subpopulations were detected
below 50% survival at 2-4X above the clinical breakpoint. After evaluating the CRE isolates for
resistant subpopulations we found heteroresistance in each of the species screens for each
aminoglycoside tested (Table 3.1). For each aminoglycosides tobramycin, gentamicin, and
amikacin, the highest rates of heteroresistance found for each of these drugs in CRE was Klebsiella

(42.9%), Escherichia (35.3%), and Klebsiella (41.4%) spps. respectively.

Undetected Aminoglycoside Heteroresistance in CRE

Using clinical data that was provided along with the CRE isolates, we wanted to determine
if we could identify potential strains that might fail antibiotic treatment. We compared CRE strains
that were identified as susceptible using clinical diagnostic data then compared the PAP data that
were obtained for these isolates to find heteroresistant strains that were identified as susceptible.
We refer to these heteroresistant CRE isolates as ‘undetected heteroresistance’ (Table 3.1). Using
the undetected heteroresistant strains, we calculated the total resistance trends that may more
accurately reflect what is being seen in clinical settings by adding the undetected heteroresistant

strains to the resistance that was initially reported to find the total resistance (Figure 3.1).

Among the CRE isolates, every species tested contained heteroresistant strains that were

identified as susceptible. The highest rates of undetected heteroresistance that occurred for each
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Tobramycin
PAP Results Clinical Determination Undetected Total
Species HR S R S R HR Resistance
Enterobacter spp. (29) 17.2% (5) 62.1% (18) 20.7% (6) 55.2% (16) | 44.8% (13) 10.3% (3) 55.1% (16)
Escherichia spp. (17) 29.4% (5) 47.1% (8) 23.5% (4) 47.1% (8) 52.9% (9) 5.9% (1) 58.8% (10)
Klebsiella spp. (70) 42.9% (30) 17.1% (12) | 40.0% (28) | 22.9% (16) | 77.1% (54) 2.9% (2) 80.0% (56)
Gentamicin
PAP Results Clinical Determination Undetected Total
Species HR S R S R HR Resistance
Enterobacter spp. (29) 13.8% (4) 72.4% (21) 13.8% (4) 72.4% (21) 27.6% (8) 10.3% (3) 37.9% (11)
Escherichia spp. (17) 35.3% (6) 47.1% (8) 17.6% (3) 58.8% (10) 41.2% (7) 17.6% (3) 58.8% (10)
Klebsiella spp. (70) 15.7% (11) | 54.3%(38) | 30.0% (21) | 67.1% (47) | 32.9% (23) 10.0% (7) 42.9% (30)
Amikacin
PAP Results Clinical Determination Undetected Total
Species HR S R S R HR Resistance
Enterobacter spp. (29) 13.8% (4) 86.2% (25) 0.0% (0) 96.6% (28) 3.4%(1) 13.8% (4) 17.2% (5)
Escherichia spp. (17) 41.2% (7) 52.9% (9) 5.9% (1) 82.4% (14) 17.6% (3) 29.4% (5) 47.0% (8)
Klebsiella spp. (70) 41.4% (29) | 45.7% (32) 12.9% (9) | 55.7%(39) | 44.3% (31) | 11.4%(8) | 55.7% (39)

Table 3.1. Aminoglycoside Heteroresistance and Undetected Heteroresistance Among CRE Isolates.
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E. cloacae complex (n= 29)
Total17.2%  Amikacin 37.9% Gentamicin 55.1% Tobramycin
Reported 3.4% 27.6% 44.8%,

E.coli(n=17) N _
Total47.0%  Amikacin 58.89, Gentamicin 58.8%  Tobramycin

Reported17.6% 41.2% 52.9%

K. pneumoniae (n=70)
Total55.7%  /mikacin Gentamicin Tobramycin

42.9% 80.0%
Reported 44.3% 32.9% 771%

M Susceptible M Resistant Undetected Heteroresistant

Figure 3.1. Rates of Undetected Heteroresistance Among Carbapenem-Resistant Enterobacteriaceae
(CRE) Isolates. Rates of undetected Heteroresistance were found for all three species of CRE isolates
tested to amikacin, gentamicin, and tobramycin. The total resistance was calculated by adding the
heteroresistant strains that were identified as susceptible (undetected heteroresistance) and adding that value

to the reported resistance value.
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antibiotic tested was 10.3% for tobramycin in Enterobacter spp., 17.6% for gentamicin in
Escherichia spp., and 29.4% for amikacin also in Escherichia spp. The lowest rate of undetected
heteroresistance was 2.9% for tobramycin in Klebsiella spp. (Table 3.1). These results indicate

that heteroresistant strains may go undetected by routine clinical diagnostic testing.

Amplification of Aminoglycoside Modifying Enzymes in CRE Enterobacter cloacae Strain

Mul1307

To investigate the mechanisms of tobramycin heteroresistance, we choose to use the CRE
Enterobacter cloacae strain Mul307. This strain was isolated from the urine of a patient and
showed resistance to multiple classes of antibiotics (Supplementary Figure 3.1) and contained a
resistant subpopulation to tobramycin that was identified by both PAP and Etest (Figure 3.2).

Mu1307 is heteroresistant to gentamicin as well, but that data is not shown.

Aminoglycoside Modifying Enzyme Amplification in Mu1307

Mu1307 was selected for as a model strain since it was determined that this CRE isolate
contained the aminoglycoside modifying gene, aadB through analysis of lllumina sequencing data
and confirmed by PCR. The aadB gene is located on a 21kb region that is likely carried on a 97kb
plasmid in Mul1307 (Figure 3.3a). This region is flanked by inverted repeats consisting of two
genes, folP and emrE, which are involved in the folate synthesis pathway and a multidrug
transporter, respectively. Notably, five resistance genes are contained within this 21kb region,
three aminoglycoside modifying enzymes (aadB, aacA4, and aadA2), a chloramphenicol
resistance gene (catB3), and a carbapenemase (blaoxa1). aadB is a 2”-aminoglycoside

adenylytransferase (ANT(2”’)-1a) gene which results in adenylation of 2-deoxystreptamine
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Figure 3.2. aadB is Required for Tobramycin Resistance and the Presence of Resistant
Subpopulations. Tobramycin population analysis profiles (A) and Etest strips (B) for Mu1307 (WT), a
deletion strain lacking aadB, and the complemented strain. Complementation increases tobramycin

resistance but does not restore the resistant subpopulation, likely due to the lack of aadB amplification in

the plasmid background.
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Figure 3.3. Amplification of Resistance Genes in Mul1307. A) Diagram of the 21Kb region found in
Mu1307 by Illumina and PACBIO Sequencing. The region is flanked by inverted repeats (blue) of the genes
folP (Folate synthesis) and emrE (Efflux pump). Contained within this region are five antibiotic resistance
genes for chloramphenicol (catB3), carbapenems (blaoxa-1), and aminoglycosides (aacA4, aadA2, and
aadB). B) Amplifications of genes inside and outside the region flanked by inverted repeats. Amplifications
were measured by qPCR of gDNA from isolates grown in MH media supplemented with 32 pg/ml of
tobramycin for 24 hours and comparing the fold change of gPCR from untreated strains grown in MH media
alone for 24 hours. Genes aadB and aadA2 show fold changes when treated with tobramycin (green), while
a hypothetical gene outside the inverted repeat region did not show increased amplifications (red). Genes

that have not been tested are grey.
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aminoglycosides at the hydroxyl group at the 2” position[109]. The aminoglycosides targeted by

aadB are tobramycin, gentamicin, and kanamycin [84].

Amplifications of aadB in a tobramycin resistant subpopulation was first reported by
Anderson et al. in the pathogenic Acinetobacter baumannii strain AB5075 [58]. Recently, it was
also shown that amplifications were present in a majority of heteroresistant clinical isolates,
including aminoglycoside modifying enzymes [48]. Due to the presence of aadB in Mu1307, and
no reports of aminoglycoside modifying enzyme amplifications present in heteroresistant E.
cloacae, we investigated if an amplification event was also occurring in the tobramycin resistant

subpopulation.

Since the five resistance genes mentioned previously are contained within a region flanked
by inverted repeats, this may suggest that an amplification may be occurring within this region of
DNA as repeats sequences allow homologous recombination to occur which can lead to
amplification events [110]. We find that when examining isolated gDNA of Mu1307 treated with
tobramycin and untreated by real-time quantitative PCR (RT-gPCR), aadB amplification is higher
in the treated samples than untreated (Figure 3.3b). We examined amplifications of another gene
contained within this 21kb region, aadA2 and find that amplification is occurring at around the
same levels as aadB when treated with tobramycin. Finally, we examined amplification of a
hypothetical protein that was found directly outside the flanking repeats in Mu1307 named hypl.
We show that no amplification was detected in this gene suggesting that amplification is only

occurring within the 21kb region in Mu1307.
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Increased Amplification of aadB Occurs During Tobramycin Treatment and is Reduced

Upon drug-free passage

When performing tobramycin population analysis profiles, we observe several distinct surviving
subpopulations that occur at various frequencies. This may indicate that these subpopulations
contain different levels of aadB amplification that are preexisting and selected for during antibiotic
treatment. To test this hypothesis, we treated Mul307 with increasing concentrations of
tobramycin, and measured the survival. As expected, as the concentration of tobramycin in
increased, survival is reduced (Figure 3.4a, left axis). Interestingly, when gDNA was isolated
from the surviving subpopulations at each drug concentration tested for aadB amplifications by
RT-gPCR, increased amplification of aadB were also detected (Figure 4a, right axis). This
indicates that the subpopulations that survive at higher doses of antibiotic also contain increased

levels of gene amplifications in Mu1307.

Genetic amplification events are unstable as the increased copy number and expression of
resistance mechanisms can have an associated fitness cost [111]. It has been shown previously and
observed throughout this study that aminoglycoside heteroresistance is unstable (data not shown).
When treated with tobramycin, the resistance percentage increases to approximately 100% as the
susceptible population is eliminated. However, once the antibiotic has been cleared from the
environment or isolates are sub-cultured in fresh media without antibiotic the resistance percentage
decreases as the susceptible population returns. Thus, we wanted to investigate whether aadB

amplifications also decay as the same rate as the resistance percentage.

We first measured survival of the resistant subpopulation in overnight culture of Mul1307
grown in media without antibiotic. Then we sub-cultured the isolate into media containing

tobramycin for 24 hours and measured survival of the resistant population. Following treatment



55

A 1%
[/]
[*)]
— &
s
5 L)
7 2
= 1 %
L]
0.0001 °
0.00001 0.1
O b b BN Y DL
Q’.{" N N
B Tobramycin Breakpoint (X)
@
{=]
- =
2 S
z T
Z e
= 3
3
0.001
Q 1 2 3 4 5 6 7
> s"g
Q \(\Q Passage (no drug)

Figure 3.4. Fluctuation of aadB Amplification During and After Tobramycin Selection. Survival was
measured by counting CFUs in MH agar plates supplemented with specified tobramycin concentrations
relative to the breakpoint (16 pg/ml) and dividing by CFUs plated on MH agar alone. A) As the
concentration of tobramycin was increased, survival of the population was shown to decrease in Mu1307.
However, the amplification of aadB was shown to increase at higher tobramycin concentrations. B) When
plating initial Mu1307 overnight culture without any tobramycin treatment on plates containing 32 pg/ml,
the resistant subpopulation and aadB amplifications are low. When sub-cultured to MH broth supplemented
with 32 png/ml of tobramycin overnight and plating on tobramycin after 24 hours, the resistant subpopulation
was selected for, as was increased aadB amplification. Following passage without tobramycin, the resistant

subpopulation decreased and aadB amplifications were also reduced in Mu1307.
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with tobramycin, we passaged the strain for seven days in media without tobramycin and measured
survival. As previously observed, the resistance of the population increases to nearly 100%
following tobramycin treatment but begins to decrease following serial passage in antibiotic free
media (Figure 3.4b, left axis). When aadB amplification was measured from the gDNA of the
surviving populations and compared to the untreated control a similar trend was observed that
corresponded with the measured survival. Measured amplification of aadB increased following
tobramycin exposure but began to decrease as Mu1307 was passaged in media without tobramycin

(Figure 3.4b, right axis).

aadB and recA are Required for Tobramycin Heteroresistance

To assess the role of aadB in tobramycin heteroresistance, an aadB deletion was generated
in Mu1307. When tested by PAP, the resistant subpopulation was eliminated in the aadB knockout
and the susceptibility to tobramycin was increased (Figure 3.1a). These results were also
confirmed by Etest (Figure 3.1b). When aadB was inserted onto a plasmid and complemented
back in the aadB mutant, resistance was restored by PAP, but resistant subpopulations were not
observed at higher levels as seen in the wild type. Tobramycin Etest results also confirmed this
result, showing a zone of clearing similar to the wild type, but lacking the presence of resistant

colonies in the zone of clearing.

To confirm that the gene amplification event is dependent on homologous recombination,
we also created a strain of Mu1307 with a deletion in recA. When examined by tobramycin PAP
and Etest, the Mul307 recA mutant showed decreased susceptibility (Figure 3.5a). However,
colonies were observed along the outer edge of the zone of clearing (Figure 3.5b), though these
colonies did not appear to be resistant as they did not grow past the clinical breakpoint in the Etest

and the populations were not detected by PAP. We then measured aadB amplification by RT-
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Figure 3.5. Resistant Subpopulation is Decreased in a recA Mutant. A) Tobramycin population analysis
profile with Mu1307 (WT) and a recA deletion shows a loss of resistant subpopulation B) Tobramycin Etest
shows and an increase in susceptibility by. C) When measuring aadB amplification by qPCR as previously

described, the recA deletion shows no amplification compared to the WT strain.
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gPCR and found that the recA deletion strain showed no amplifications when compared to the wild
type strain grown in tobramycin (Figure 3.5c). These data show that recA is important for both
resistance and heteroresistance at higher concentrations of tobramycin though recA independent

subpopulations are present in the absence of recA.

Bioinformatic Analysis Suggests Repeat Region Undergoes Amplification in Mu1307

To determine the exact region where gene amplifications were occurring in Mu1307, we
used bioinformatic analysis using the assembled Mu1307 genome. The Illumina sequencing reads,
were prepared by the Georgia Emerging Infections program and uploaded to NCBI (accession no.
DHQP1604376). Briefly, Illumina reads were aligned to the assembled 97kb region in Mu1307.
A coverage plot was then generated showing the alignment of the Illumina reads. If amplification
was occurring within a specific region of the 97kb region, then more Illumina reads would be
generated during Illumina sequencing and would show higher coverage in amplified regions. The
coverage plot shows an increase in peaks in a 22kb region that spans approximately from the 60kb-
82kb position (Figure 3.6). When aligned with the annotated outline, this 22kb region aligns
approximately where the inverted repeats begin and end in Mu1307. This suggests that increased

amplification is occurring from this region in Mu1307.

Antibiotic Treatment Failure Mediated by aadB in Tobramycin Heteroresistant Mu1307

To determine the impact of tobramycin heteroresistance on clinical outcomes, we used an
in an in vivo murine model. We infected mice intraperitoneally with the tobramycin susceptible
control strain Mu819, and the tobramycin heteroresistant strain Mul1307. Both strains caused a
high bacterial burden in the peritoneum, spleen, and liver (Figure 3.7). When treated with

tobramycin, the susceptible strain showed a significant decrease in CFU burden across all three
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Figure 3.6. Alignment of Illumina Data Suggests Amplified 21KB Region in Mul307. Following
Assembly of the 97KB region found in Mu130, raw Illumina reads were aligned to the region using bwa
and samtools and a per-base coverage plot was generated and plotted in R. When the annotated sequence
in Mul307 is aligned to the plot, the sequence containing the higher number of peaks is located

approximately where the 21KB region is flanked by the inverted repeats folP and emrE.
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Figure 3.7. Tobramycin Heteroresistance Mediates Treatment Failure In Vivo. C57BL/6 Mice were
infected intraperitoneally with either the tobramycin heteroresistant strain E. cloacae strain Mul307 or
susceptible strain Mu819. Then mice were treated with either PBS (control) or 25 mg/kg tobramycin every
8 hours at two hours post-infection. Bacterial CFU burden from the peritoneal fluid (A), spleen (B), and

liver (C) were quantified 24 hours post-infection.
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organs. However, the heteroresistant strain was not significantly impacted by tobramycin therapy.
These data show that tobramycin heteroresistance impacts antibiotic therapy in vivo. Finally, we
wanted to investigate the role of aadB in tobramycin treatment failure. Mice were infected as
described above with the parental Mu1307 and the aadB deletion strain. In the aadB mutant, CFU
burden was significantly reduced when treated with tobramycin compared to the wild type strain

(Figure 3.8). This data suggests that aadB mediates tobramycin treatment failure.

Discussion

In this study we report the rates at which heteroresistance occurs in three different
carbapenem-resistant Enterobacteriaceae species. By comparing clinical data with our population
analysis profiles, we find strains that were identified as susceptible in the clinical lab contain
resistant subpopulations that may impact treatment outcome. In the carbapenem-resistant
Enterobacter cloacae strain Mul307, we show that the aminoglycoside adenylating enzyme,
aadB, is located on a 21kb region flanked by inverted repeats that is amplified, which leads to a
tobramycin resistant subpopulation that is RecA-dependent. The amplifications in the population
can be selected for during tobramycin treatment and the resistant subpopulations found at higher
concentrations of antibiotic show an increase in aadB amplification. Tobramycin heteroresistance
is unstable, and in the absence of selective pressure, the resistant subpopulation begins to revert
corresponding with a decrease in aadB amplification. Since the clinical relevance of
aminoglycoside heteroresistance in CRE was unclear before this study, we used an in vivo mouse
model to show that tobramycin heteroresistance leads to treatment failure that is mediated by aadB

in Mu1307.

We identified potential strains of CRE that may fail aminoglycoside antibiotic treatment

due to the fact that they were identified as susceptible by diagnostic testing but found to contain
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Figure 3.8. AadB Mediates Treatment Failure in Heteroresistant Strain Mu1307. C57BL/6 mice were
infected intraperitoneally with either the tobramycin heteroresistant strain E. cloacae strain Mu1307 or the
genetically derived aadB deletion. Then mice were treated with either PBS (control) or 25 mg/kg
tobramycin every 8 hours at two hours post-infection. Bacterial CFU burden from the peritoneal fluid (A),

spleen (B), and liver (C) were quantified 24 hours post-infection.
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resistant subpopulations by PAP. There are some limitations to this study, the first is the sample
size of the CRE isolates used, while 70 isolates were used for Klebsiella, only 29 isolates were
used for Enterobacter spp., and 17 for Escherichia spp. The second limitation is that these isolates
were only collected in Georgia. While this limited sample size and location sampling may not
accurately reflect nationwide trends in aminoglycoside heteroresistance, it is clear that these
resistant subpopulations lead to misidentification. It is also important to determine if all the
misidentified strains that contain resistant subpopulations mediate treatment failure. While
resistant subpopulations may be present, the frequency at which they appear may be easily
neutralized by the hosts immune system and not impact the clinical outcome of the patient. It has
been shown that a heteroresistant isolate with resistant subpopulations appearing at a frequency of

0.001% was sufficient to cause treatment failure in colistin heteroresistance.

Strains containing resistant subpopulations may go undetected during routine diagnostic
testing due to the sensitivity of the methods used to test these strains in the clinic. Due to the
variable frequency at which these subpopulations appear, they may be too small to measure
accurately, which leads to incorrect diagnoses and improper antibiotic treatment. Other methods
such as Etests and molecular genetic screening methods can be used but these methods also have
issues with specificity and accuracy when detecting subpopulations that occur at lower
frequencies. More accurate analyses such as the PAP, are too laborious or difficult to implement
practically in a clinical environment. Understanding the mechanisms that lead to heteroresistance
can allow for more accurate detection when efforts are focused on specific resistance mechanisms,

such as testing for amplification of aadB for tobramycin, gentamicin, and kanamycin resistance.

The aminoglycoside modifying enzyme aadB was found in a 21kb region flanked by

inverted repeats consisting of the genes folP and emrE in Mul307. Contained within this 21kb
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region are five resistance genes, the carbapenemase blaoxa-1, chloramphenicol resistance gene
catB3, and three aminoglycoside modifying enzymes (aacA4, aadA2, and aadB). Amplifications
were found in both resistance genes tested in this region (aadA2 and aadB) but were not found the
hypothetical gene that was tested outside of this 21kb region (hypl). Our data suggests that
amplifications are occurring within the region flanked by inverted repeats. These data are
supported by bioinformatic analysis of the entire 97kb region found in Mu1307 showing that the
21kb region has increased sequence coverage, likely due to increased amplifications present during
sample preparation. Further experiments are needed to conclude the role that the inverted repeat

regions found in Mu1307 have in tobramycin heteroresistance.

The aadB deletion in Mul307 showed increased susceptibility and no resistant
subpopulations by both PAP and Etest. When the aadB deletion was complemented, there was a
restoration of resistance but there was no indication of resistant subpopulations, most notable in
the tobramycin Etest. This result is likely due to the aadB complementation occurring through a
separate plasmid and not in the original region, so it is unlikely that aadB amplification is
occurring. This was confirmed through RT-gPCR analysis of the aadB mutant and
complementation strain where no amplifications were detected, in contrast to the parental wild
type Mul307 (Figure 3.2c). These results show that amplification of aadB is required for
subpopulations with higher resistance to tobramycin to appear when compared to having only the

gene being expressed, which only provides a certain level of resistance to the entire population.

A strain of Mu1307 that contained a deletion in recA showed no amplifications of aadB
when tested by RT-gPCR and decreased tobramycin susceptibility by PAP and Etest, indicating
that homologous recombination is important for tobramycin heteroresistance [89,112]. There

were, however, colonies that appeared around the outer edge of the zone of clearing on a
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tobramycin Etest. These colonies appeared to have slightly decreased susceptibility and did not
grow past the tobramycin clinical breakpoint level. This suggest an additional recA-independent
mechanism present in Mul307 that may result in subpopulations, the exact mechanism and
relevance of these populations will need to be investigated further but may be due to mutations
that result in persistor formation or mutations that arrest growth in the electron transport chain

pathway [29,74,75].

Our data show that as the dose of the antibiotic in increased, the subpopulations that survive
decrease, but the amount of amplifications found in the remaining populations increase. These
amplifications are likely present before treatment is occurring and selected for during antibiotic
therapy with cells containing fewer amplifications being eliminated at lower doses of antibiotics.
Amplification events occur stochastically during DNA replication, with cells that contain higher
levels of duplication events occurring less frequently than cells with fewer amplification events
present occurring at a higher percentage. This phenomenon may explain why different levels of
survival are observed at various concentrations of antibiotics, with cells that survive at higher
concentrations of drug showing the highest level of amplifications but making up the smallest
population. We show that the amplifications in Mu1307 are unstable, with the both the resistance
percentage and amplifications increasing during antibiotic therapy and decreasing once the
antibiotic has been cleared from the environment. Both of these events are due to the restoration
of the susceptible population decreasing both the resistance and the average of the amplification

events occurring.

In conclusion, while aminoglycoside heteroresistance appears to be common among CRE
pathogens, more studies are needed to determine the full scale of aminoglycoside heteroresistance

and how it impacts the clinical environment and patient outcome. This is the first study to show
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the clinical impact of tobramycin heteroresistance in CRE. Aminoglycoside heteroresistance is
cause for concern since these heteroresistant strains may go undetected through clinical diagnostic
methods due to the variety in the frequency of the resistant subpopulations, and studies that show
the prevalence or in vivo relevance are lacking. Amplification of aminoglycoside modifying
enzymes appears to be key in mediating both resistance and the appearance of resistant
subpopulations. It is crucial that we fully evaluate the mechanisms leading to aminoglycoside
heteroresistance to better combat this phenomenon and also increase the accuracy at which we can
detect even low percentages of resistant subpopulations if the use of aminoglycosides is considered

to treat multi-drug resistant infections.

Materials and Methods

Strains collection and growth conditions

Liquid cultures were prepared in sterile Mueller-Hinton (MH) broth, supplemented with
tobramycin (Spectrum, New Brunswick, NJ) at the concentrations indicated. Plates were
supplemented with tobramycin as indicated. Strains of carbapenem-resistant Enterobacteriaceae
(CRE) were collected between 2013 and 2015 by the Georgia EIP MuGSI from patients at Atlanta

area hospitals. Strains of CRE were maintained at —80°C in 15% glycerol.

Population analysis profiles

Population analysis profile (PAP) analysis was performed by growing bacteria overnight to
stationary phase and then plating serial dilutions on MH agar alone or with stated concentrations
of tobramycin mentioned relative to the clinical breakpoint (Spectrum, New Brunswick, NJ).

Plates were then incubated at 37°C, and CFU were enumerated after 24 hours. Percent tobramycin
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resistance was calculated as the number of bacterial colonies that grew on tobramycin plates

divided by the number of bacteria that grew on MHA alone without antibiotic [45].

Antibiotic susceptibility testing

All isolates were tested for their clinical MIC and resistance designation in the clinical
microbiology laboratory at Emory University Hospital. Gentamicin and Tobramycin were tested
by automated Vitek 2 (Biomerieux, Marcy I'Etoile, France) using the GN74 susceptibility card.
Amikacin susceptibility was tested using the Etest gradient strips (Biomerieux, Marcy I'Etoile,
France). Susceptibility results were interpreted by a licensed clinical microbiologist. The
tobramycin susceptibility of Mul1307 and related strains was determined using the Etest method.
Briefly, the inoculum was prepared from colonies grown on MH agar plates for 24 hours. Several
colonies were suspended in phosphate buffered saline solution and adjusted to a concentration
equivalent to a 0.5 McFarland turbidity standard. The suspension was used to streak a 100-mm-
diameter MH agar plate and the Etest strip (Biomerieux) was placed on it. The plate was incubated
at 37°C for 20 h and the minimum inhibitory concentration (MIC) was read where inhibition of

growth intersected the Etest strip.

Bacterial genetics

A linear DNA fragment OMP-Zeo-FRT was created fusing the Franciscella OMP26 promoter
from to the zeocin resistance cassette [113] from pCMV/Zeo flanked by FRT sites[114] using the
primers FRT-OMP Fw, OMP-Zeo SOE Rv, Zeo-OMP SOE Fw, and Zeocin-FRT Rv using
splicing by overlap extension (SOE) PCR[115] (Supplementary Table 1). The linear fragment
along with the plasmid pEX100T were linearized with Ncol and BamHI (New England Biolabs)

to create the plasmid pEXES1. To generate the 4aadB strain, 50 bp upstream and downstream
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fragments of the genomic region surrounding aadB were PCR amplified from the OMP-Zeo-FRT
DNA from pEXES1 with primers aadB::ZeoRS Fw and aadB::ZeoRS Ryv, respectively. The linear
fragment was then electroporated into Mul1307 competent cells that had been transformed with
plasmid pKD46-Tet after inducing expression of the lambda-red recombination system by growing
in 20% arabinose. To generate the ArecA strain, 50 bp upstream and downstream fragments of the
genomic region surrounding aadB were PCR amplified from the OMP-Zeo-FRT DNA from
PEXES1 with primers recA::ZeoRS Fw and recA::ZeoRS Ry, respectively and steps were repeated
as outlined above to generate the ArecA strain. The OMP-Zeo-FRT fragment was removed using
FLP-recombination by transforming the mutant strains with the pFLP-Tet plasmid. Complement
strains were generated by fusing the OMP26 promoter with the respective gene for
complementation using SOE PCE and adding the flanking restriction sites Ncol and BamHI for

insertion into the plasmid pBAV1k-T5-GFP [116].

Genomic DNA (gDNA) isolation

Genomic DNA was prepared using Wizard Genomic DNA Purification Kit (Promega, Madison,
WI). Briefly, 1 ml of overnight culture were spun down and resuspended in 600ul of nuclei lysis
solution. Cells were lysed and gDNA was precipitated using isopropanol and washed with ethanol
as described in the protocol. Following gDNA precipitation, the DNA pellet was resuspended in

dH20 overnight at 4°C and diluted to a final concentration of 100 ng/pl.

gPCR

Concentrations of gDNA samples were determined using a NanoDrop ND-1000
spectrophotometer. Samples of gDNA were added to a total concentration of 100 ng/well, and

gPCR was performed as outlined above for gDNA samples. Standard curves using 10-fold serial
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dilutions of wild-type gDNA were used to ensure that primers exhibited similar efficiencies.
Relative gene copy numbers were normalized to rpoD and were determined using the equation

27A¢T[94].
De Novo genome assembly and sequence analysis.

Bactopia (v.14.0 [117]) was used to process both Illumina and PacBio data. The Illumina reads
were cleaned and error corrected using BBDuk (v38.86 [118]) and Lighter (v1.1.2 [119]). The
processed Illumina reads were then combined with the PacBio reads to create a hybrid assembly
with Unicycler (v 0.4.8 [120]). The hybrid assembly was annotated with Prokka (v1.14.6 [121]).
BLAST+ (v2.9.0 [122]) was used to identify which contig of the hybrid assembly contained the
aadB gene (accession no. DHQP1604376). The Illumina reads were mapped back to the aadB
containing contig using BWA (v0.7.17 [123])) and the per-base coverage was extracted with

genomeBedCoverage (v2.29.2 [124]).
Mice

Female WT C57BL/6J mice were purchased from Jackson Laboratories and used at age 8-10
weeks; all experiments used age- and sex-matched mice. Mice were housed under specific
pathogen-free conditions at Yerkes National Primate Center, Emory University. All experimental
procedures were approved by the Emory University Institutional Animal Care and Use Committee.
Mouse sample size was determined based on previous studies that generated highly statistically
significant results by the Mann—-Whitney test (n > 4), while also minimizing the number of animals

used (5 mice per group for the majority of experiments).
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Mouse infection model

Approximately 1 x 108 CFU were administered per mouse for infections to quantify the bacterial
load and select for quantitative PCR analysis. For mouse infections, overnight standing bacterial
cultures at room temperature were sub-cultured in LB broth and grown at 37°C with shaking,
washed and re-suspended in PBS. 50 pL of bacterial inocula were inoculated intraperitoneally
(i.p.) to each mouse. At 2 hours post-infection, mice were treated with 100uL of 25mg/mL of
tobramycin (125 mg/Kg/8Hrs). After 24 hours, the mice were sacrificed, and the peritoneal fluid,

spleen and liver were harvested, homogenized, plated for CFU on MHA plates.
Statistical analysis

All data presented are from experiments that were repeated at least twice to ensure the
reproducibility of the results. The significance of the mouse experiments was determined with the
Mann-Whitney test, as not all data were normally distributed, and all in vitro experiments were
analyzed using the two-tailed student’s t-test (for data with a normal distribution). Error bars
represent the standard error of the mean of the biological replicates. Statistical analyses were

performed with Prism 8 (GraphPad Software, Inc., La Jolla, CA).



Supplemental Material

Total %
Genus
Enterobacter 29 25.0%
Escherichia 17 14.7%
Klebsiella 70 60.3%
Culture Source*
Urine 96 83.5%
Blood 16 13.9%
Peritoneal Fluid 3 2.6%
Sex
Male 53 45.7%
Female 63 54.3%
Age Groups
0-9 2 1.7%
10-19 1 0.8%
20-29 3 2.6%
30-39 5 4.3%
40-49 7 6.0%
50-59 22 19.0%
60-69 35 30.2%
70-79 22 19.0%
80+ 19 16.4%

* Data missing in 1/116 Isolates
Data previously shown in Band Et. Al. 2019
Nature Microbiology

Supplementary Table 3.1. Carbapenem-Resistant Enterobacteriaceae (CRE) Isolate Patient
Demographics
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Primer Sequence Use

aadB Fw ACTGGCCTACAAAGCACA aadB gqPCR

aadB Rv ATATCGCGACCTGAAAGC aadB qPCR

aadA2 Fw

aadA2 Rv

rpoD Fw CCGGAAGACAAGATCCGTAAAG rpoD gPCR

rpoD Rv CCTCGATGAAATCACCCAGATG rpoD qPCR

FRT-OMP Fw GAGGTCGACGGTATCGATAA Amplify OMP26 promoter fused with FRT site
CACCGGAACGGCACTGGTCAACTTGGCCATAACACCCCTTAAGAT |Splicing overlap extension fragment to fuse OMP-FRT

OMP-Zeo SOE Rv TGTCGCTATAACCCT fragment with Zeocin Resistance cassette
AGGGTTATAGCGACAATCTTAAGGGGTGTTATGGCCAAGTTGACC |Splicing overlap extension fragment to fuse OMP-FRT

Zeo-OMP SOE Fw AGTGC fragment with Zeocin Resistance cassette

Zeocin-FRT Rv

aadB::ZeoRS Fw

aadB::ZeoRS Rv

recA::ZeoRS Fw

recA::ZeoRS Rv

OMP Fw +Ncol

OMP-aadB SOE Rv

aadB-OMP SOE Fw

aadB Rv +BamHI

OMP-recA SOE Rv

recA-OMP SOE Fw

recA Rv +BamHI

GCATAGCTGCAGGATCGATATCGAAGTTCCTATACTTTCTAGAGA
ATAGGAACTTCGGAATAGGAACTTCACAACCAATTAACCAATTCT
GACTAGTCCTGCTCTTCGGCCA
GCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTA
GGCCGCGAGGTCGACGGTATCGATAA
AACACCTGAGTTAAGCCGCGCCGCGAAGCGGCGTCGGCTTGGAC
GAATTGGCATAGCTGCAGGATCGATA
GCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTA
GGCCGCGAGGTCGACGGTATCGATAA
AACACCTGAGTTAAGCCGCGCCGCGAAGCGGCGTCGGCTTGGAC
GAATTGGCATAGCTGCAGGATCGATA

GCTACCATGGTTTGGGTTGTCACTCATCGTATTTGG
GTGTATCAATGTGACCTGCGTTGTGTCCATAACACCCCTTAAGAT
TGTCGCTATAACCC
AGGGTTATAGCGACAATCTTAAGGGGTGTTATGGACACAACGCA
GGTCACATTGATA

CGTAGGATCCTTAGGCCGCATATCGCGA
CGCTTTCTGTTTGTTTTCGTCGATAGCCATAACACCCCTTAAGATT
GTCGCTATA
AGGGTTATAGCGACAATCTTAAGGGGTGTTATGGCTATCGACGAA
AACAAACAG

CGTAGGATCCTTAAAAGTCTTCGTTGGTTTCTTCAGC

Supplementary Table 3.2. Primers Used in This Study

Amplify Zeocin resistance cassette and fuse FRT site
Amplify aadB::Zeo Redswap fragment
Amplify aadB::Zeo Redswap fragment
Amplify recA::Zeo Redswap fragment

Amplify recA::Zeo Redswap fragment

Amplify OMP26 promoter fused with Ncol restriction site for
insertion into pBAV1K-T5-GFP

Splicing overlap extension fragment to fuse OMP promoter
with aadB

Splicing overlap extension fragment to fuse OMP promoter
with aadB

Amplify aadB with BamHI restriction site for insertion into
pBAV1K-T5-GFP

Splicing overlap extension fragment to fuse OMP promoter
with recA

Splicing overlap extension fragment to fuse OMP promoter
with recA

Amplify recA with BamHI restriction site for insertion into

pBAV1K-T5-GFP
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Mu1307 B
Antimicrobial | MIC | Interpretation
100 agent
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c 041 Ceftazidime | >64 R
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0.001 Aztreonam =64 R
0.0001 Ertapenem 4 R
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. Gentamicin 8 1
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Levofloxacin =8 R
Tetracycline 4 5
Tigecycline 2 S
Nitrofurantoin | 256 R
Bactrim 80 R

Supplementary Figure 3.1. Mu1307 Antibiogram. A) Tobramycin population analysis profile of Mu1307
showing resistant subpopulation appearing at 8 pg/ml of tobramycin and surviving at the highest
concentration tested (128 ug/ml). B) Antibiogram of Mul307. Antibiotic susceptibility was tested by
automated Vitek 2 (Biomerieux) using the GN74 susceptibility card. Susceptibility results were interpreted

by a licensed clinical microbiologist at Emory Hospital.
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Chapter 4: Discussion and Relevance

Antibiotic resistance remains a global crisis that threatens the advances of modern
healthcare due to our decreasing capacity to prevent and treat bacterial infections. Adding to this
challenge are instances of unexplained antibiotic treatment failure. One explanation for why
treatment failure may occur is heteroresistance, in which the antibiotic resistant subpopulations are
undetected in the clinic but nonetheless negatively impact clinical outcomes. Aminoglycosides
remain an important class of antibiotics in treating multidrug resistant pathogens, thus it is critical
that we investigate the mechanisms resulting in resistance. The findings presented in this report
highlight the need to further study heteroresistance not just to aminoglycosides, but to other
important classes of antibiotics used in treating multidrug resistant pathogens. The results of this

report provide insight into the concerns regarding aminoglycoside heteroresistance.

The first key finding of this work is that heteroresistance occurs extensively among priority
Gram-negative pathogens. We surveyed carbapenem-resistant Acinetobacter baumannii (CRAB)
and three species of carbapenem-resistant Enterobacteriaceae (CRE; Enterobacter spp.,
Escherichia spp., and Klebsiella spp.) for heteroresistance to the aminoglycosides tobramycin,
gentamicin, and amikacin. Resistant subpopulations for each drug were found for all four species
tested by population analysis profiles (PAP). In A. baumannii the rates of heteroresistance
surpassed the rates of homogenous resistance detected (Table 2.1). Even more alarming were
instances of resistant subpopulations identified in our PAPs that were undetected by clinical
diagnostic methods (Figure 3.1). This incorrect diagnosis may be one of the causes of antibiotic

treatment failure.

We show that the cause of tobramycin heteroresistance is amplification of the 2"-

aminoglycoside nucleotidyltransferase gene aadB. Amplification of aadB was first described in
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the A. baumannii pathogenic laboratory strain AB5075 [58]. Following our surveillance work in
CRAB for aminoglycoside heteroresistance, we identified aadB amplification occurring in 17 out
of the 26 tobramycin heteroresistant strains that were observed to contain aadB (65.4%) (Figure
2.2). We then found aadB amplification in the CRE Enterobacter cloacae strain Mu1307 (Figure
3.2). We report that aadB amplification can be selected for during tobramycin therapy and is
unstable in Mul307 (Figure 3.4). The instability of these amplification events increases the
difficultly in detecting resistant subpopulations which can impact antibiotic treatment. Finally, we
demonstrated in both CRAB and CRE that tobramycin heteroresistance mediates treatment failure
in vivo (Figure 2.4 and Figure 3.7, respectively). Our reports are the first findings to present
evidence of aminoglycoside heteroresistance leading to in vivo treatment failure. Our study sheds
light on the clinical importance of this phenotype during antibiotic therapy which will be discussed
below. This work reveals an urgent need to continue to study the mechanisms that facilitate

aminoglycoside heteroresistance.

Gene Amplification Mediated by Homologous Recombination

The mechanism observed for tobramycin heteroresistance was amplification of the
aminoglycoside modifying enzyme aadB in both CRAB and CRE isolates. Amplification of the
aminoglycoside modifying enzyme aphA1l has previously been described in A. baumannii, causing

unstable tobramycin resistance [108].

The role of aadB in tobramycin heteroresistance was confirmed by genetic analysis of an
aadB deletion mutant in Mul1307. This deletion strain lacked the resistant subpopulation of cells
as assayed by Etest an PAP (Figure 3.2). In Mul1307, aadB was located on a 21kb region that was
flanked by inverted repeats consisting of the genes folP and emrE, involved in the folate synthesis

pathway and a multidrug transporter, respectively (Figure 3.3). Four additional resistance genes
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were also found within this region by sequencing analysis: two aminoglycoside modifying
enzymes (aacA4 and aadA2), the carbapenemase blaoxa-1, and the chloramphenicol resistance

gene catB3.

Amplification of aadA2 was also observed when measured by real-time quantitative PCR
(RT-gPCR) (Figure 3.2). We tested a gene encoding a hypothetical protein that was found directly
outside the inverted repeats and found no amplification events at this location. To determine if
homologous recombination mediates tobramycin heteroresistance, a deletion of the single stranded
binding protein RecA was created in Mul1307. When tested by PAP and Etest, the recA mutant
showed increased susceptibility and no tobramycin resistant subpopulations (Figure 3.5). Colonies
in the recA mutant Etest were observed along the outer edges of the zone of clearing and are

discussed further below.

Based on these data, it is likely that 21kb region flanked by inverted repeats is being
amplified in Mu1307. Amplification of this region would not only provide increased resistance to
tobramycin, but potentially to other antibiotics due to the additional resistance genes present in
this region as well. In AB5075, aadB was found in a region containing four other resistance genes
flanked by the repeated sequences of the integrase genes intL. Amplification was observed in the
region flanked by intL but not outside this region similar to the findings we present here. Together,
these data suggest that heteroresistance by gene amplification may be more complex than initially

thought.

Aminoglycoside Heteroresistance Dynamics

One topic that requires more investigation is determining the genetic dynamics involved in

generating resistant subpopulations. There are several factors which make studying and detecting
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heteroresistance quite difficult. The variability in resistant subpopulation frequency and the level
of the resistance generated throughout these populations make it difficult to determine the
sensitivity needed to identify these populations. This information is crucial in order to create more
accurate methods that could be simplified and applied to routine clinical diagnostics. It has been
shown that resistant subpopulations with low frequencies (~1/10,000) can cause colistin treatment
failure in mice [57]. However, these populations were able to tolerate high levels of colistin (>500
ug/ml). The clinical relevance of subpopulations that occur at lower frequencies and with levels

of resistance that occur closer to the antibiotic breakpoint remain unclear.

The mechanisms that result in unstable heteroresistance, such as gene amplifications or
mutations that produce small colony variants, make tackling this issue difficult [48]. This
instability results in complications when trying to study these resistant subpopulations as it is
unclear if the resistant subpopulation will be present once the strain has been passaged, either in
the clinic or the lab. Thus, heteroresistance requires more laborious methods to study and detect
the resistant subpopulations. In studying the prevalence rates of aadB in CRAB, we observed 1)
that the strains tested had varying frequencies of subpopulations occurring when tested by PAP
and 2) that in heteroresistant strains that harbored aadB amplifications, these amplifications
occurred at varying levels, with some strains showing a fold change of just over 2, and others 100-
fold changes in copy number when treated with tobramycin. It is unclear what factors cause this
variation in amplification level, but one explanation may be the result of homology length present
in the repeat sequences, which will be explored below. Further complicating the issues with
heteroresistance are that the preexisting resistant subpopulations can be selected for in increasing
concentrations of antibiotics, but their presence may affect resistance phenotype interpretations

when trying to examine them in an academic setting, similar to the phase variation seen in A.
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baumannii which results in multiple opacity phenotypes that can affect antibiotic resistance and

virulence [125].

If heteroresistance is mediated by homologous recombination, mutations that affect the rate
of homologous recombination may offer some insight into the factors that determine the
frequencies at which resistant subpopulations can appear. It has been shown that total homology
length is a factor in homologous recombination. In the study by Inbar et al., it was shown that
when there was more homology present between DNA strands, higher numbers of cross-over
events occurred [126]. If this principle were applied to heteroresistant strains where amplifications
were observed, it would be possible to either decrease or increase the length of homology and
measure the effects on amplification and resistance. This may even allow for fine tuning expression
of not only resistance genes but other genes and being able to select populations with desired
expression levels, if simply expressing the gene constitutively alone was not possible in the entire

population. This may provide another rationale to study heteroresistance.

Amplification-Independent Heteroresistance Mechanisms

As mentioned above, when the recA mutant was examined by Etest in Mul307,
susceptibility to tobramycin was increased, and resistant subpopulations were not detected.
However, colonies were observed along the outer edges of the zone of clearing on the Etest, though
the recA mutant did not display any aadB amplifications (Figure 3.5). These colonies did not
appear to be resistant as they were only observed below the clinical breakpoint. A similar result
was shown for the recA mutant previously mentioned in AB5075. These colonies likely arise

through additional means of antibiotic tolerance and are recA-independent.
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We note that aadB-independent mechanisms may be present in tobramycin heteroresistant
CRAB isolates. In chapter 2, out of the 39 tobramycin heteroresistant A. baumannii strains that
were tested, 17 had confirmed aadB amplification. This suggests that in over half of the remaining
heteroresistant strains, there are other mechanisms responsible for the generation of resistant
subpopulations. The most probable explanation is the amplification of another tobramycin
resistance gene, though this has not been confirmed yet in these isolates. There may be other

possible causes which will be outlined below.

Mutations affecting electron transport can lead to the formation of small colony variants
(SCVs) in the presence of aminoglycosides [29,90]. Mutations that generate SCVs would show
increased tolerance to aminoglycosides due to slower rates of growth and increased
aminoglycoside resistance. Mutations found in known resistance genes have been shown to
generate heteroresistance, such as fadB in A. baumannii [127]. Persister formation, which results
in the formation of cells that are metabolically dormant is another type of subpopulation that shows
increased resistance to antibiotics [75]. Mutations in similar genes or pathways could arise during
tobramycin treatment and may explain the subpopulations seen with increased tolerance to
tobramycin not mediated by aadB or recA-dependent homologous recombination. The relevance
of these tolerant colonies in Mu1307 has yet to be explored but may be important to discover how

multiple subpopulations can occur through different pathways.

Altogether, the data presented in this study demonstrate that aminoglycoside
heteroresistance is present among multidrug resistant Gram-negative pathogens and mediates
treatment failure in vivo (Figure 4.1). It is crucial that we investigate the mechanisms that facilitate
heteroresistance, including gene amplification, to develop more accurate methods to detect and

study these resistant subpopulations. Due to the fact that aminoglycoside heteroresistance can



80

cause treatment failure, it is necessary for these resistant subpopulations to be appreciated by
clinicians and considered when deciding on antibiotic therapies to prevent further antibiotic

treatment failure.

Several studies have shown gene amplification is not only important for antibiotic
resistance in various other bacterial species, but also resistance to antimicrobials in eukaryotic
organisms, and even anticancer drug resistance, indicating a broader application for examining the
mechanisms [59,68,72,73,128]. In recent years, two important studies have provided detailed
insight into mechanisms and treatment strategies for tackling antibiotic heteroresistance [47,48].
Both studies present surveillance data detecting heteroresistance to multiple species of bacteria to
multiple classes of antibiotics. Nicoloff et al. went on to show that a majority of the
heteroresistance observed was caused by gene amplifications [48]. Band et al. reported that by
targeting distinct heteroresistance pathways (where subpopulations do not share resistance to the
same antibiotics), heteroresistance to multiple drugs can be exploited by combination therapy
targeting individual subpopulations [47]. Heteroresistance is a mechanism that needs more precise
scrutiny as it may lead to the development of newer treatment options and expand our knowledge

of the antibiotic resistance landscape.
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Figure 4.1. Summary of Work Presented in This Study. Heteroresistance creates resistant

subpopulations within a susceptible population of bacteria. These subpopulations are mediated by

homologous recombination. Homologous recombination facilitates gene amplifications that occur at

various levels in the resistant subpopulations, with the highest amplifications present in the smallest

subpopulations. These subpopulations are detected though population analysis profiles (PAP) as cells with

decreased survival but higher resistance relative to the antibiotic breakpoint. These resistant subpopulations

mediate antibiotic treatment failure in a mouse model.
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Abstract
Heteroresistance is a phenomenon where a subpopulation of cells exhibits higher levels of

antibiotic resistance than the general population. Analysis of tobramycin resistance in
Acinetobacter baumannii AB5075 using Etest strips demonstrated that colonies with increased
resistance arose at high frequency within the zone of growth inhibition. The presence of a resistant
subpopulation was confirmed by population analysis profiling (PAP). The tobramycin-resistant
subpopulation was cross resistant to gentamicin but not amikacin. The increased tobramycin
resistance phenotype was highly unstable, and cells reverted to a less resistant population at
frequencies of 60 to 90% after growth on nonselective media. Furthermore, the frequency of the
resistant subpopulation was not increased by preincubation with subinhibitory concentrations of
tobramycin. The tobramycin-resistant subpopulation was shown to replicate during the course of
antibiotic treatment, demonstrating that these were not persister cells. In A. baumannii AB5075, a
large plasmid (p1AB5075) carries aadB, a 2”-nucleotidyltransferase that confers resistance to both
tobramycin and gentamicin but not amikacin. The aadB gene is part of an integron and is carried
adjacent to four additional resistance genes that are all flanked by copies of an integrase gene. In
isolates with increased resistance, this region was highly amplified in a RecA-dependent manner.
However, in a recA mutant, colonies with unstable tobramycin resistance arose by a mechanism
that did not involve amplification of this region. These data indicate that tobramycin
heteroresistance occurs by at least two mechanisms in A. baumannii, and future studies to

determine its effect on patient outcomes are warranted.
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Importance. Acinetobacter baumannii has become an important pathogen in hospitals worldwide,
where the incidence of these infections has been increasing. A. baumannii infections have become
exceedingly difficult to treat due to a rapid increase in the frequency of multidrug- and pan-
resistant isolates. This has prompted the World Health Organization to list A. baumannii as the top
priority for the research and development of new antibiotics. This study reports for the first time a
detailed analysis of aminoglycoside heteroresistance in A. baumannii. We define the mechanistic
basis for heteroresistance, where the aadB(ant2”)la gene encoding an aminoglycoside
adenylyltransferase becomes highly amplified in a RecA-dependent manner. Remarkably, this
amplification of 20 to 40 copies occurs stochastically in 1/200 cells in the absence of antibiotic
selection. In addition, we provide evidence for a second RecA-independent mechanism for
aminoglycoside heteroresistance. This study reveals that aminoglycoside resistance in
A. baumannii is far more complex than previously realized and has important implications for the

use of aminoglycosides in treating A. baumannii infections.
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Introduction
Antibiotic heteroresistance occurs when subpopulations of an isogenic bacterial strain

exhibit decreased susceptibility to a particular antibiotic [42]. Although the clinical significance
of heteroresistance has been the subject of debate, resistant subpopulations of otherwise
susceptible strains have been demonstrated to mediate treatment failure in animal models [57], and
have been associated with treatment failure in human patients [129-132]. Heteroresistance has
been reported to a wide variety of antibiotics, including B-lactams, glycopeptides, and
antimicrobial peptides [42,54,77,133]. However, reports of aminoglycoside heteroresistance are
uncommon. In 1947, it was reported that populations of type B Haemophilus influenzae contained
rare cells with increased streptomycin resistance, although the mechanism responsible for the
formation of these cells was not investigated [46]. More recently, decreased expression of the porin
gene ompC was associated with nonmutational kanamycin resistant subpopulations in Salmonella
enterica [134]. However, to our knowledge, heteroresistance to tobramycin or gentamicin has not
been previously reported.

Acinetobacter baumannii is a Gram-negative, nosocomial, opportunistic pathogen [135-
137]. Widespread antibiotic resistance in this species recently led the World Health Organization
to name carbapenem-resistant A. baumannii as its most critical priority pathogen for research and
development of new interventions [138]. Aminoglycoside resistance in A. baumannii has been
associated with the acquisition, increased expression, and/or gene amplification of
aminoglycoside-modifying enzymes and efflux pumps [136,139,140]. The multidrug-resistant
isolate AB5075 carries a number of antibiotic resistance genes, many of which are carried on the
large plasmid plAB5075. This plasmid includes an integron-like structure encoding four

aminoglycoside-modifying enzymes, including the tobramycin resistance gene aadB, and a
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chloramphenicol resistance transporter [141]. The plasmid also carries an additional tobramycin-
modifying gene, aacA4 [127,141]. A recent study of loci required for tobramycin resistance in
AB5075 showed that in addition to aadB and aacA4, 34 chromosomal genes also contribute to
resistance to this drug [127].

AB5075 is resistant to tobramycin and gentamicin, meaning that its MIC values for these
drugs are above the CLSI breakpoints [127,142]. Here, we report that AB5075 also exhibits
tobramycin and gentamicin heteroresistance, as it produces subpopulations of cells that grow at
concentrations of these drugs that are higher than the MIC for the general population. The
subpopulations with increased resistance were shown to be unstable. We demonstrated that the
integron-like structure of five adjacent antibiotic resistance genes, including aadB, becomes
amplified to 20 to 40 copies in this resistant subpopulation. While this amplification was RecA
dependent, colonies with increased tobramycin resistance could also be selected in a recA::Tc
mutant. These resistant isolates did not contain amplifications of the region containing aadB,

indicating that tobramycin heteroresistance can occur by at least two distinct mechanisms.
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Results
An AB5075 subpopulation exhibits increased tobramycin and gentamicin resistance. When

performing tobramycin Etest assays with the A. baumannii strain AB5075, we observed colonies
arising at a high frequency within the zone of inhibition, consistent with a phenomenon termed
heteroresistance (Fig. 5A.1A). Heteroresistance was not observed during Etest assays with
colistin, rifampin, or tetracycline (data not shown). In order to characterize the population with
increased tobramycin resistance, colonies representative of this subpopulation were isolated by
plating AB5075 on agar plates with various inhibitory concentrations of tobramycin. In general,
colonies representing the resistant subpopulation were heterogenous in size on tobramycin plates,
but exhibited normal size on medium without drug. The colony size differences in the presence of
tobramycin likely reflect differences in the levels of resistance. The frequency of resistant colonies
decreased with increasing drug concentrations, so we chose a concentration twice the baseline
MIC to determine the frequency. In three independent experiments, colonies with increased
resistance arose at an average frequency of 0.52% + 0.24%. Among the resistant subpopulation,
both virulent opaque (VIR-O) and avirulent translucent (AV-T) colony variants were observed, as
described previously [125,143]. Because VIR-O and AV-T variants were previously reported to
exhibit subtle differences in tobramycin resistance [125,144], both VIR-O and AV-T tobramycin-
resistant colonies were selected for further characterization. These resistant isolates were
designated hetR-O2, hetR-O3, hetR-T1, and hetR-T4.

The subpopulation with increased tobramycin resistance was analyzed for cross-resistance
to other antimicrobials. Etest assays were used to compare antimicrobial susceptibilities of the
tobramycin-resistant isolates to those wild-type VIR-O and AV-T variants with baseline levels of

resistance. Etest assays for a variety of antimicrobials were conducted, revealing that hetR-O2,
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hetR-03, hetR-T1, and hetR-T4 all exhibited cross-resistance to gentamicin but not amikacin

(Table 5A.1). In addition, cross-resistance to nonaminoglycosides was not observed (Table 5A.1).

The tobramycin-resistant subpopulation is not induced by tobramycin and is not composed
of persister cells. Further phenotypic characterization of the tobramycin-resistant subpopulation
was performed. The ability of subinhibitory concentrations of tobramycin to induce the formation
of the tobramycin-resistant subpopulation was first investigated. Population analysis profile (PAP)
results for treated and untreated cultures of AB5075 were identical (Fig. 5A.2A), suggesting that
the formation of the tobramycin resistant subpopulation was not increased by the presence of
tobramycin. To confirm that the tobramycin-resistant subpopulation is capable of growing in the
presence of antibiotic, a Killing assay with AB5075 was conducted. This assay clearly
demonstrated that the tobramycin-resistant subpopulation was capable of growing in high
tobramycin concentrations, as the CFU counts increased during treatment (Fig. 5A.2B). These data
show that AB5075 forms a subpopulation with increased resistance to tobramycin that is distinct
from persister cells, which are antibiotic tolerant at the expense of metabolic activity and active
growth [145]. Although exposure to a subinhibitory concentration of tobramycin does not increase
the frequency of the resistant subpopulation, selection with a high level of drug kills off the

majority of susceptible cells, allowing the resistant subpopulation to dominate the culture.

Increased tobramycin resistance is an unstable phenotype. The stability of the increased
tobramycin resistance phenotype was first tested in liquid culture. Cultures containing a mix of
VIR-O and AV-T cells were grown, treated with tobramycin, and then subcultured without drug.

Serial dilutions of cultures at each step indicated that following subculture without drug, the
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population reverted from being almost entirely tobramycin resistant to containing only about 10%
resistant cells (Fig. 5A.2C). To determine whether VIR-O and AV-T representatives of the
tobramycin-resistant subpopulation behave similarly in terms of their resistance stability, the hetR-
02 and hetR-T1 stocks were examined for loss of resistance on agar plates. Colonies of hetR-O2
and hetR-T1 were passaged from plates containing tobramycin onto plates with and without drug.
After 24 h and 48 h of growth, individual colonies were resuspended and serially diluted onto
plates with and without tobramycin to determine the percent resistance within individual colonies
(Fig. 5A.2D, E). Interestingly, hetR-O2 and hetR-T1 exhibited differing levels of resistance
stability. At 24 h, the percent resistance values of hetR-T1 were similar for colonies grown with
and without tobramycin, with about half of the cells from each condition exhibiting resistance. In
contrast, hetR-O2 colonies grown without tobramycin for 24 h lost their increased resistance,
whereas the majority of cells taken from colonies grown with tobramycin remained resistant (Fig.
5A.2D). In colonies at 48 h, the frequency of resistant cells for both hetR-O2 and hetR-T1
continued to drop (Fig. 5A.2E). Taken together, these results show that increased tobramycin
resistance in AB5075 is an unstable phenotype, although the level of instability varies within the

tobramycin-resistant subpopulation.

Tobramycin-resistant subpopulations exhibit increased expression of aadB. The mechanism
of tobramycin heteroresistance in AB5075 was investigated by performing quantitative reverse
transcriptase PCR (qQRT-PCR) on hetR-O2 and hetR-T1, as well as the parental AB5075 VIR-O
and AV-T variants not exposed to tobramycin. Two genes, aadB and aacA4, known to confer
tobramycin resistance were selected for gene expression analysis [127]. Differences in aadB or

aacA4 expression between the wild-type VIR-O and AV-T variants were not observed (Fig.
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5SA.3A and B). However, hetR-O2 and hetR-T1 exhibited 5- and 15-fold increased expression of
aadB, respectively, compared to VIR-O (Fig. 3A). No differences in expression were observed for
aacA4 (Fig. 5A.3B). These results are consistent with the aminoglycoside resistance profiles of
hetR-O2 and hetR-T1, as aadB is associated with resistance to both tobramycin and gentamicin

but not amikacin [88].

Tobramycin-resistant subpopulations contain a highly amplified region that includes aadB.
To determine whether the preexisting tobramycin-resistant subpopulation in AB5075 could be due
to gene amplification, we measured gene copy number of the region surrounding aadB. The aadB
gene is found on the large plasmid p1AB5075 and is carried adjacent to four other resistance genes
that are all flanked by two copies of an integrase (intl) gene in the same orientation (Fig. 5A.4).
We hypothesized that if an amplification event were occurring, it would be within the interval
flanked by the intl genes, possibly facilitated by recombination between the intl genes on adjacent
plasmids during DNA replication. Gene copy number was measured by guantitative PCR (qQPCR)
using genomic DNA (gDNA) from the hetR-O2 and hetR-T1 isolates, as well as gDNA generated
from VIR-O cells not exposed to tobramycin. The relative copy numbers of the strB and aadB
genes (located immediately inside the interval flanked by intl) and the ABUW_ 4052 and
ABUW _RS19335 genes (located immediately outside the intl region) were normalized to levels of
aacA4, which is carried outside this region and served as a control for changes in plasmid copy
number. In both the hetR-O2 and hetR-T1 isolates, the strB and aadB genes were highly amplified,
whereas the ABUW_4052 and ABUW_RS19335 genes were not amplified (Table 5A.3). As
presented previously in Fig 2D and E, cells lost tobramycin resistance when grown in the absence

of antibiotic. Consistent with this loss of resistance, the levels of aadB amplification were reduced
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in colonies at 24 h in the absence of selection (Table 5A.3). These results strongly suggest that
tobramycin heteroresistance in AB5075 is due to the amplification of aadB.

To confirm the role of aadB in heteroresistance, we obtained three independent aadB::T26
transposon insertion mutants from the University of Washington library. However, PCR analysis
of the mutants revealed that all three had two copies of aadB, a wild-type copy and a T26-disrupted
copy (data not shown). Similarly, in our wild-type VIR-O AB5075 parent strain, gqPCR analysis
indicated that there were two copies of strB and aadB relative to the aacA4 gene (Table 5A.2),
which is in contrast to the published genome sequence, where a single copy of each gene is present
[141]. Southern blot analysis confirmed that the region between the intl genes was duplicated in
our AB5075 parental strain (data not shown). Due to the duplication of aadB in our parental strain
and the presence of a wild-type copy of aadB in the University of Washington library mutants, we

have been unable to construct and test a defined aadB mutant.

Tobramycin heteroresistance can occur by RecA-dependent and -independent mechanisms.
To determine if the above amplification event between duplicated copies of the intl gene required
homologous recombination, tobramycin heteroresistance was examined in a recA::Tc mutant. The
recA::Tc mutant exhibited intrinsic levels of tobramycin resistance that were lower than the wild-
type parent (Fig. 5A.1B and Table 5A.3). Although this strain still appeared heteroresistant, the
frequency of tobramycin-resistant colonies arising in the zone of clearing was lower than in wild-
type cells (Fig. 5A.1B). Introduction of the wild-type recA gene into the recA::Tc mutant partially
restored heteroresistance (See Fig 5A.S1 in the supplementary material). Interestingly, when six
tobramycin-resistant isolates from the recA::Tc mutant were tested for amplification of aadB, the

copy number was similar to the recA::Tc parent strain (Table 5A.4). This indicates that increased
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resistance arose in these isolates by a mechanism that did not involve aadB amplification. When
three of these resistant isolates, 1-2, 1-4, and 1-10 were cultured for approximately 30 generations
in the absence of tobramycin, the frequency of cells retaining tobramycin resistance was 11%,
23%, and 35%, respectively, demonstrating that these isolates are not stable mutants. The resistant
subpopulation in the recA::Tc mutant consisted of both VIR-O and AV-T cells (data not shown).
To confirm that the tobramycin-resistant subpopulation in the recA::Tc mutant was capable
of growing in the presence of antibiotic, a tobramycin killing assay was conducted (Fig. 5A.S2A).
This indicated that the tobramycin-resistant subpopulation was capable of growing in the presence
of drug and was not composed of persister cells. In addition, PAP analysis demonstrated that
pretreatment with tobramycin did not alter the frequency of cells that became resistant to

tobramycin in the recA::Tc background (Fig. 5A.S2B).
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Discussion
This study demonstrates that subpopulations of A. baumannii AB5075 exhibit

heterogeneous levels of resistance to aminoglycosides. The subpopulation with increased
tobramycin resistance can be visualized using both an Etest MIC assay and PAP analysis.
Application of selective concentrations of tobramycin resulted in the outgrowth of the tobramycin-
resistant subpopulation, allowing it to dominate the surviving culture. However, once selective
pressure was removed, the majority of the subpopulation returned to baseline levels of resistance.
Independent isolates from the resistant subpopulation were found to exhibit increased expression
and amplification of the 2”-aminoglycoside nucleotidyltransferase gene aadB. This gene is likely
involved in heteroresistance as the substrate profile of this enzyme matches the resistance profile

observed, i.e., resistance to tobramycin and gentamicin but not amikacin.

The role of phenotypic heterogeneity in the formation of subpopulations that are able to
survive antibiotic treatment is well appreciated. This has been best studied in the case of dormant
persister cells and slow-growing small-colony variants (SCVs), both of which exhibit increased
tolerance to antibiotics, including aminoglycosides [75,146-148]. Both persistence and SCV
formation confer antibiotic tolerance at the expense of normal growth. In contrast, heteroresistance
involves the formation of a subpopulation of cells with increased antibiotic resistance, which
maintain the ability to actively grow during antibiotic exposure [42]. Although heteroresistance
has been reported in many species, including A. baumannii [82,149], reports of aminoglycoside
heteroresistance are exceedingly rare. This study is the first report of aminoglycoside
heteroresistance in A. baumannii, and to our knowledge only the second definitive report of this
phenomenon in any species. In Salmonella enterica, aminoglycoside heteroresistance has been
shown to occur when a subpopulation of cells expresses decreased levels of the porin gene ompC.

This limits uptake of kanamycin into the cells, causing increased resistance [134].
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This study demonstrates that tobramycin heteroresistance can arise by the extensive
amplification (20-40 copies) of a region carried on the large pIAB5075 plasmid that includes five
resistance genes in tandem, including aadB, flanked by copies of an integrase (intl) gene. The
mechanism by which the aadB-containing region gets extensively amplified is unclear, but our
work has established that RecA is required. Duplications can occur by nonequal recombination
between directly repeated regions on adjacent replicons [59]. Gene amplification of the
aminoglycoside-modifying enzyme gene aphAl has previously been reported to cause unstable
tobramycin resistance in A. baumannii AB0057 and a clinical isolate [139]. However, in that study,
amplifications were dependent on prior exposure to tobramycin and were likely selected for by the
antibiotic. Heteroresistance resulting from gene amplification of a chromosomal locus has also
been reported in Salmonella enterica, where amplification of a region containing pmrD conferred
colistin heteroresistance [150]. Our data suggest that extensive amplifications preexist in 1/200
cells (i.e., the frequency of the resistant subpopulation) in the absence of any selective tobramycin
pressure. As extensive gene amplifications typically require growth in the presence of selective
pressures, this suggests that additional mechanisms, such as the rolling-circle-dependent
generation of tandem arrays, may contribute to amplification of this region in A. baumannii [59].
In a recA::Tc mutant, cells with increased resistance still arose, but none of the isolates examined
contained duplications of the aadB gene (Table 5A.3). Therefore, heteroresistance can occur by
at least one additional mechanism. A recent study by Gallagher et al. demonstrated at least 32
chromosomally carried genes in AB5075 function to maintain intrinsic tobramycin resistance
[127]. In principle, amplification of any of these genes could potentially lead to increased

tobramycin resistance and may account for the resistant subpopulation that does not contain
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amplification of aadB. However, if this amplification is occurring, it does not appear to require
RecA.

When the stability of the tobramycin-resistant subpopulation was examined, contrasting
results were found for the virulent opaque (VIR-O) and avirulent translucent (AV-T) isolates (Fig.
5A.2D). As long as selection was maintained, the majority of hetR-O2 cells remained tobramycin
resistant; however, resistance was lost in approximately 90% of the population in colonies grown
without drug for 24 h. In contrast, cells of hetR-T1 lost their increased resistance at roughly the
same rate regardless of whether selection was maintained, with approximately 50% of the
population in a 24-h colony maintaining the increased resistance state. However, in both isolates
the loss of heteroresistance at high rates is consistent with the unstable nature of extensive
duplications [59]. The increased stability of heteroresistance in hetR-T1 in the absence of selection
may be due to the larger number of tandem repeats that includes aadB (Table 5A.2).

The clinical relevance of the aminoglycoside heteroresistance phenomenon described here
remains to be determined. The plasmid-borne aadB gene is common in A. baumannii and strains
carrying this gene should exhibit clinically relevant resistance to tobramycin and gentamicin [151-
154]. Further research is needed to determine whether A. baumannii strains identified as being
aminoglycoside sensitive also exhibit heteroresistance, which could pose problems for
appropriately treating these infections. It is possible that strains lacking aadB could still exhibit
heteroresistance by an aadB-independent mechanism, similarly to the recA::Tc mutant discussed
in this work. The data presented here illustrate that the full picture of antibiotic resistance in A.
baumannii is more complicated than has been traditionally recognized, with both the acquisition

of resistance determinants and phenotypic heterogeneity contributing to resistance.
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Materials and Methods
Bacterial strains and growth conditions. Strains of A. baumannii were maintained at -80°C in

15% glycerol. Pure stocks of opaque and translucent variants were prepared as previously
described [144]. Liquid cultures were prepared in sterile LB broth, supplemented as needed with
tobramycin (Sigma-Aldrich, St. Louis, MO) at the concentrations indicated. Resistance stability
experiments and experiments to select isolates with increased resistance were performed using
0.5x LB supplemented with 0.8% agar. All other experiments were performed using regular LB
supplemented with 1.5% agar. Plates were supplemented with tobramycin as indicated.

A T26 insertion mutant in recA was obtained from the AB5075 transposon mutant library
maintained at the University of Washington [141]. A culture of this strain was grown overnight
at 37°C with shaking and used to prepared genomic DNA (gDNA) as outlined below. A culture
of VIR-O AB5075 was grown at 37°C with shaking to late log phase and used to prepare
electrocompetent cells by washing three times with 10% glycerol. The recA::T26 mutant DNA
was electroporated into these cells, and transformants were selected on LB supplemented with 10
pg/ml tetracycline. A single colony was isolated and designated the recA::Tc strain. The presence
of the recA mutation was confirmed by PCR.

Isolation of tobramycin-resistant subpopulations was conducted by plating serial dilutions
of an early-log-phase culture of the wild-type or recA::Tc VIR-O variant on 0.5X LB and 0.5X
LB containing tobramycin (Sigma-Aldrich, St. Louis, MO) at 2.5, 5, 10, 15, 20, 25, and 30 ug/ml.
Colonies exhibiting increased resistance were apparent at 15 pug/ml tobramycin for wild type and

at 5 pug/ml for the recA:;Tc mutant. Resistant colonies were restreaked on 0.5X LB with
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tobramycin and examined under a stereomicroscope with oblique lighting to determine whether

they were opaque or translucent variants.

Oligonucleotides. All oligonucleotides used in this study are listed in Table 5A.5

Complementation of the recA mutant. The wild-type recA gene was amplified by PCR using the
primers 0SA77 5'-GCTCATCGTTTCGTTTGAAC-3' and 0SA78 5'- GAATAAAAACGTC

GAGTTGTG-3' (Table 5). This fragment was then cloned into the Smal site of pQF1266Blue, a
derivative of pQF50 [155] where a hygromycin resistance gene has been cloned into the bla gene
encoding B-lactamase. In addition, this plasmid contains an origin of replication from pWH1266

[156] cloned into the Ncol site. The resulting plasmid was designated precA.

MIC Assays. MICs of different antibiotics were measured using Etest strips (bioMérieux, Marcy-
1’Etoile, France). For the tobramycin MICs used to visualize heteroresistance, AB5075 wild-type
or recA::Tc VIR-O cells were inoculated into LB broth and grown at 37° with shaking to a
concentration of 1.1 to 1.3 x 107 CFU/ml. Lawns were inoculated by spreading 100 pl of culture
onto an LB plate, followed by application of the Etest strip. The plate was photographed following
incubation for 16 h at 37°C.

For MIC experiments reported in Table 1, strains were inoculated into LB broth, grown
overnight statically at room temperature, grown at 37°C with shaking to an optical density at
600nm (ODsoo’ of 0.1, and stored at 4°C for use later in the day. Etest strips were placed on LB
plates, and strains were inoculated next to each strip by spotting 10 ul of culture next to the bottom

of the strip, tilting the plate so that the culture spread up the side of the strip, and removing excess
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culture at the top of the strip by pipetting. Two strains were inoculated on each side of each strip
to facilitate a direct comparison of susceptibility. MIC values were recorded after incubation for
5hor16 hat37°C, as noted. MIC experiments were performed two independent times to confirm
the reproducibility of trends.

For the recA::Tc mutant, colonies that were growing in the zone of tobramycin inhibition
were placed into a small vial of 20% glycerol and stored at -80°C. MIC experiments were
performed by growing cells from the -80°C glycerol stock for several hours in LB and performing

Etest assays as outlined above for the data presented in Table 1.

Population analysis profile (PAP). Population analysis profile (PAP) was performed by growing
bacteria overnight to stationary phase and then plating serial dilutions on LB agar with or without
various concentrations of tobramycin (Spectrum, New Brunswick, NJ). Plates were then incubated
at 37°C and CFU were enumerated after 24 h. Percent tobramycin resistance was calculated as the
number of bacterial colonies that grew on tobramycin plates divided by the number of bacteria that

grew on LB alone without drug.

Tobramycin killing assays. Briefly, AB5075 was grown overnight to stationary phase in LB
media and serially diluted to 1x108 CFU/mI. Tobramycin (Spectrum) was added at a concentration
of 64 pg/ml. One-hundred-microliter aliquots were taken at desired time points, serially diluted,
and plated on LB media alone (to quantify total CFU) or LB plates containing 64 pg/ml tobramycin

(to quantify resistant CFU).
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Stability measurements of the resistant subpopulation. For experiments conducted with broth
cultures, AB5075 was grown overnight to stationary phase in LB medium. The bacteria were then
serially diluted and plated on LB agar plates with and without 64 pg/ml tobramycin (Spectrum) to
enumerate total and resistant CFU for the pretreatment group (day 1). A subculture (1:1,000) was
then grown overnight in LB supplemented with 64 pg/ml tobramycin, serially diluted, and plated
on LB agar with or without 64 pg/ml tobramycin to enumerate total and resistant CFU for the
treatment group (day 2). This process was repeated in LB broth without antibiotics (day 3), and
dilutions were plated on agar plates with and without 64 pg/ml tobramycin to enumerate total and

resistant CFU.

For experiments with hetR-O2 and hetR-T1 colonies, cells from the two subpopulations
were struck from freezer stocks onto 0.5x LB supplemented with 20 pg/ml tobramycin (Sigma-
Aldrich). Plates were incubated overnight at 37°C, and single colonies were resuspended in 1 ml
LB and struck onto 0.5x LB agar with and without 40 pug/ml tobramycin. After 24 h or 48 h of
incubation at 37°C, individual colonies were resuspended in 1 ml LB and serial dilutions were
plated in duplicate on 0.5x LB with and without tobramycin 40 pug/ml. Plates were incubated for
up to 48 h at 37°C, and colonies were enumerated to determine the percent tobramycin resistance

by comparing the CFUs on plates with and without tobramycin.

RNA isolation. Cultures of different A. baumannii AB5075 subpopulations were grown in LB
medium at 37°C with shaking to an ODeoo 0f 0.5. Cells were pelleted by centrifugation and RNA
was isolated using the MasterPure RNA purification kit according to the manufacturer’s protocol
(Epicentre, Madison, WI). Contaminating DNA was degraded by two treatments with TURBO

DNA-free according to the manufacturer’s protocol (Invitrogen, Waltham, MA). DNA
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contamination was evaluated by PCR with purified RNA as template, and RNA concentration was

measured with a NanoDrop ND-1000 spectrophotometer.

Quantitative reverse transcriptase PCR. Total RNA (1 pg) was used to prepare cDNA using
the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) with random primers and either iScript or
SuperScript I (Invitrogen, Waltham, MA) reverse transcriptase. Reactions with mixtures lacking
reverse transcriptase were also performed as a control for the presence of contaminating DNA.
Incubation conditions for cONA synthesis were 25°C for 5 min, 42°C for 45 min, and 85°C for 5
min. cDNA reaction mixtures and controls were then diluted 1:10 with sterile water and used as
a template for reverse transcriptase quantitative PCR (qQRT-PCR). Oligonucleotide primer pairs
for qRT-PCR were designed to amplify approximately 150-bp fragments from each gene of
interest and were generated using the Primer-BLAST program available at

www.ncbi.nlm.nih.gov/tools/primer-blast. gRT-PCR was performed using iQ Sybr green

Supermix (Bio-Rad, Hercules, CA) on a Bio-Rad CFX Connect cycler. Cycle parameters were as
follows: 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 55°C for 10 s, and 72°C for 20 s.
Melt curve data were then collected to confirm the specificity of the oligonucleotide primer pairs.
Data were generated using cDNA prepared from three independent RNA isolations, and qRT-
PCRs were performed in technical triplicate to ensure accuracy. Fold changes in gene expression
relative to the control strain (VIR-O) and a control gene (clpX) were determined using the threshold

cycle (2724 method [94].

Genomic DNA isolation. For experiments presented in Table 2, cultures of different AB5075

subpopulations were grown in LB medium with shaking at 37°C to an ODesoo of 0.5. For
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experiments presented in Table 3, colonies were grown for 24 h on 0.5x LB with or without 40
pg/ml tobramycin; individual colonies were then resuspended in 1 ml of LB. In both cases, cells
were pelleted by centrifugation and resuspended in Tris-EDTA (TE). Cells were lysed by
incubation with 0.5% SDS and 400 pg/ml proteinase K for 1 h at 37°C. Following lysis, NaCl was
added to a final concentration of 0.7 M, and DNA was extracted twice with equal volumes of
phenol-chloroform-isoamyl alcohol. DNA was precipitated by mixing with 1.5 volumes of 95%
ethanol until a precipitate formed. DNA pellets were collected by centrifugation, washed twice

with 75% ethanol, dried, and resuspended in molecular grade water.

Quantitative PCR (gPCR). Concentrations of gDNA samples were determined using a
NanoDrop ND-100 spectrophotometer. Samples were diluted to a concentration of 15 pug/ml and
gPCR was performed as outlined above for cDNA samples. Standard curves using 10-fold serial
dilutions of wild-type gDNA were used to ensure that primers exhibited similar efficiencies.

Relative gene copy numbers normalized to aacA4 were determined using the equation 24t [94].

Statistical analyses. Statistical analyses were performed with Prism 7 (GraphPad Software, Inc.

La Jolla, CA).
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Table 5A.1. The tobramycin resistant subpopulation exhibits increased cross-resistance to
gentamicin but not other antimicrobials.

Direct comparison MIC (wg/ml) of drug<:

of strains TOB CST RIF TET AMK CHL GEN
Comparison 1
VIR-O 48 1 4 3 192 256 96
hetR-02 128 1 4 3 192 >256 192
Comparison 2
VIR-O 64 1 4 3 9% 96 32
hetR-03 192 1 4 3 9% 128 128

Comparison 3

AV-T 48 1 4 2 128 256 96

hetR-T1 256 1 4 2 128 192 >256
Comparison 4

AV-T 32 1 4 3 64 96 32

hetR-T4 384 1 4 3 64 96 128

aAbbreviations: TOB, tobramycin; CST, colistin; RIF, rifampin; TET, tetracycline; AMK, amikacin; CHL,
chloramphenicol; GEN, gentamicin. MICs were measured after 16 (TOB, CST, RIF, and TET) or 5 (AMK, CHL,
and GEN) h of growth at 37°C. MICs were determined using Etest strips. Direct comparisons between
isolates were performed by inoculating two cultures at an optical density Agyo of 0.1 along the same Etest
strip. Two independent experiments were performed for each comparison to assess reproducibility; data
from a single representative experiment are shown.
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Table 5A.2. HetR-O2 and hetR-T1 exhibit gene amplifications that include aadB.

Relative copy no. (mean = SD) of gene®:

Strain ABUW_4052 strB aadB ABUW_RS19335
VIR-O 1.31 £ 0.09 2.94 = 0.07 245 = 0.06 0.72 = 0.01
hetR-O2 1.80 = 0.53 20.26 + 6.18* 17.23 + 6.80* 0.83 = 0.31
hetR-T1 1.44 = 0.04 55.62 + 9.27* 4407 *+ 8.26* 0.64 = 0.03

9Relative copy number of genes surrounding aadB measured in three biological replicates. Relative copy
numbers were measured by gqPCR using normalization to aacA4, a presumed single-copy gene located on
the same plasmid. Copy numbers of aadB and strB were significantly increased in hetR-O2 and hetR-T1

relative to VIR-O not exposed to tobramycin (*, P < 0.001 relative to VIR-O by two-way analysis of variance
with Dunnett's posttest).
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Table 5A.3. aadB copy number in the presence and absence of antibiotic selection.

Copy no. (mean = SD) of gene<:

Strain aadB ABUW _RS19335
hetR-O2 + Tob 40.35 £ 0.62 0.72 = 0.16
hetR-02 — Tob 16.75 * 0.16* 0.71 = 0.03
hetR-T1 + Tob 55.12 * 435 0.72 £ 0.05
hetR-T1 — Tob 40.38 = 10.71 0.77 = 0.08

2Copy numbers of aadB and ABUW RS19335 relative to aacA4 in hetR-O2 and hetR-T1 colonies grown with
(+) or without (—) tobramycin for 24 h. The means and standard deviations of two biological replicates are
shown. The copy number of aadB was significantly decreased in hetR-0O2 grown without tobramycin
compared to this strain grown in the presence of drug (*, P < 0.05 by paired two-tailed t test).
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Table 5A.4. Relative copy number of aadB in recA::Tc isolates with increased tobramycin
resistance.

Strain aadB relative copy no.? MIC (pg/ml)
recA:Tc 2499 8
hetR-recA-1-1 3.34 16
hetR-recA-1-2 3.15 64
hetR-recA-1-3 2.85 16
hetR-recA-1-4 2.64 32
hetR-recA-1-5 2.63 16
hetR-recA-1-10 272 96

9The recA::Tc control sample was used as a control in three independent experiments; the value shown
represents the average relative copy number across the three experiments.

bRelative copy number of aadB normalized to aacA4 was measured using gDNA isolated from a recA
transposon mutant and 6 independently isolated derivatives with increased tobramycin resistance. Data
shown are from a single sample for each strain. None of the tobramycin-resistant recA:Tc isolates exhibit
increased copy number of aadB, suggesting that gene amplification of aadB in wild-type cells is RecA
dependent.
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recA::Tc

Figure 5A.1. AB5075 produces a subpopulation of cells with increased resistance to tobramycin.
Virulent opaque (VIR-O) wild-type (A) or recA::Tc (B) cells of AB5075 were grown to 1 x 107 CFU/ml,
and 100 pl was plated on LB agar to obtain a lawn of growth. After plating, a tobramycin Etest strip was

added, and the plate was incubated for 16 h at 37°C.
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Figure 5A.2. Characterization of tobramycin heteroresistance in AB5075. (A) Preincubation of
AB5075 with a subinhibitory concentration of tobramycin had no effect on the population analysis profile
(PAP) for this strain, indicating that increased resistance is not induced by exposure to this drug. (B)
Incubation of AB5075 in liquid culture with 64 pg/ml of tobramycin resulted in killing of the majority of
the population, while the CFU of the tobramycin-resistant subpopulation continued to increase. This
indicates that the tobramycin-resistant subpopulation is distinct from persisters, which would be unable to
replicate in the presence of drug. (C) Increased tobramycin resistance is unstable in liquid cultures.
Following exposure of AB5075 to 64 pg/ml tobramycin, the majority of the surviving population exhibited
increased tobramycin resistance. However, when tobramycin selection was removed, most of the cells in
the population lost their increased resistance. (D) Twenty-four-hour stability of the tobramycin resistance
phenotype in colonies was examined using stocks of hetR-O2 and hetR-T1. Colonies were plated from
stock onto plates supplemented with tobramycin. Individual colonies were picked and passaged onto plates
with 40 pg/ml tobramycin or with no tobramycin. After 24 h of growth, individual colonies were
resuspended and the percentages of resistant cells within each colony were determined. Data represent the
means and standard errors of means for four (hetR-T1) or three (hetR-O2) independent replicates. (E) Forty-
eight-hour stability of the tobramycin resistance phenotype was assessed for stocks of hetR-O2 and hetR-
T1. The experiment was performed as described for panel D but with colonies incubated on plates with and
without 40 pg/ml of tobramycin for 48 h. Data represent the means and standard errors of means for two

independent replicates.
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Figure 5A.3. Increased expression of aadB in cells with increased tobramycin resistance. Expression
of aminoglycoside resistance genes aadB (A) and aacA4 (B) was quantified by qRT-PCR. Data are
presented as the averages and standard errors of means of three independent biological replicates (*, P <
0.05, and **** P < 0.0001, relative to AB5075 VIR-O by one-way analysis of variance with Dunnett’s

posttest).
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Figure 5A.4. Amplified region in plAB5075 that includes aadB. The genes surrounding aadB on

plAB5075 are shown. Gene annotations are based on the most recent sequence annotation of pLAB5075
available on NCBI (accession NZ_CP008707.1); some small annotated open reading frames are not shown.
Based on gPCR results, open reading frames annotated in green were amplified in the tobramycin-resistant
subpopulation, whereas open reading frames annotated in blue were not changed. The two integrase genes

annotated in gray were not examined by gPCR.
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Supplementary Table 5A.1. Oligonucleotides used in this study.
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Primer Sequence Use

0SA61 ACTTGCCAAGCGTTTTAGCG aacA4 qPCR

0SA62 CTTGGTTCCCAAGCCTTTGC aacA4 qPCR

0SA69 TCCCCGATCTCCGCTAAGAA aadB qPCR

0SA70 CAGATGAGCGAAATCTGCCG aadB qPCR

0SAT77 GCTCATCGTTTCGTTTGAAC recA complementation
0SA78 GAATAAAAACGTCGAGTTGTG | rec4 complementation
0SA84 AGCCACAGTACGTGCCATAG ABUW 4052 qPCR
0SA85 GGTGCAGCTTAGCGACAATG ABUW 4052 qPCR
0SAB6 TAAGCGTCAGGCAGACAAG ABUW RS19335 qPCR
0SA87 TTTTCCACTCTGCTGAAGG ABUW RS19335 qPCR
0SA94 TCGGCAACGATGTGAGAGAG strB qPCR

0SA95 ACTCCTGCAATCGTCAAGGG strB qPCR

clpX qRT-For | GCGTTTGAAAGTCGGGCAAT clpX qPCR

clpX qRT-Rev | CCATTGCAAACGGCACATCT clpX qPCR
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Supplemental Fig. 5A.S1. Complementation of recA leads to increased heteroresistance in the
recA::Tc mutant. The recA::Tc strain was complemented by introducing the recA gene on a multicopy
plasmid. Lawns were inoculated by spreading 2 x 106 CFU of each strain on an LB plate. Lawns were

overlaid with an Etest strip, incubated at 37°C for 16 h, and photographed.
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Supplemental Fig. 5A.S2. Characterization of tobramycin heteroresistance in a recA mutant. (A)
Incubation of the recA::Tc mutant in liquid culture with 16 pg/ml of tobramycin resulted in growth of the
resistant subpopulation over time. (B) Population analysis profile (PAP) of the recA::Tc mutant with or

without preincubation (3 h) in tobramycin.
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mcr-1 has become an increasing concern due to the fear of rapid transferable resistance to our last
resort antibiotics [157]. While mcr-1 confers resistance to the polymyxin antibiotic colistin, it
remains unclear whether this gene also confers resistance to other antimicrobials. Here we report

that mcr-1 confers cross-resistance to the cationic host antimicrobial, lysozyme.

mcr-1 positive Escherichia coli isolates, CDF-1 and IHD86_4 (patient isolates from Switzerland
[158]and Cambodia [159], respectively), were cured of their mcr-1 carrying plasmid by serial
passage in Lysogeny Broth (LB). Curing of the mcr-1 gene was confirmed using colony PCR
comparing parental mcr-1 positive strains vs. mcr-1 cured strains (Fig. 5B.1A). Colony PCR using
E. coli specific uspA primers was performed as a positive control (Fig. 5B.1B). When tested by
broth microdilution in 25% LB, both cured strains exhibited a four and two-fold increase in

susceptibility to colistin and polymyxin B, respectively.

The mcr-1 encoded phosphoethanolamine transferase adds a positively charged
phosphoethanolamine moiety to the lipid A portion of the bacterial outer membrane component
lipopolysaccharide [157]. This reduces the overall net negative surface charge of the bacteria,
likely leading to repulsion of the cationic antibiotic, colistin. The host’s innate immune system
employs multiple positively charged antimicrobials to combat bacterial infection. Therefore, we
sought to determine if mcr-1 was capable of providing cross-resistance to the cationic host protein
lysozyme. We measured survival rates between mcr-1 positive isolates and cured strains in the
presence of lysozyme in 25% LB. Strains lacking mcr-1 were killed in the presence of lysozyme
while the parental strains were able to grow (Fig. 1C). Specifically, mcr-1 negative strains were 5
to 20-fold more susceptible to multiple concentrations of lysozyme when comparing percent

survival.
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To our knowledge, this is the first report of mcr-1 conferring cross-resistance to a host
antimicrobial. Resistance to the host’s innate immune defenses through mcr-1 could drive plasmid
maintenance in strains carrying mcr-1, mcr-2, or other transferable resistance plasmids leading to
propagation of colistin resistance [160,161]. Therefore, mammals may currently or in the future
serve as reservoirs for bacteria harboring transmissible colistin resistance regardless of polymyxin
exposure. More studies are needed to determine the broader effect of mobilized colistin resistance

and resistance to cationic antimicrobials within the context of the host.

Declaration of Interests

The authors declare no competing financial interests.

Author Contributions

Experiments were conducted by EXS. Data collection and analysis was performed by EXS. Data
interpretation was conducted by EXS, DAH, and DSW. The manuscript was prepared by EXS,

DAH and DSW. Study was planned and directed by DSW.



117

% Survival
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Figure 5B.1. mcr-1 mediates resistance to lysozyme. A, B, Colony PCR using (A) mcr-1 specific or (B)
uspA specific primers on mcr-1 positive isolates CDF-1 and IHD86_4 and their corresponding cured, mcr-
1 negative derivatives. A molecular weight ladder was included in each figure, and E. coli strain NCM3722
was used as a positive control and Pseudomonas aeruginosa strain PAO1 was used as a negative control in
Figure 1B. C, Percent survival of mcr-1 positive isolates and their corresponding, cured mcr-1 negative
derivatives, calculated by dividing the surviving CFUs after three-hour incubation with lysozyme by the
initial inoculum (represented by dashed line, 1x10° CFU/mI). Data shown are representative of three

biological replicates. Error bars represent mean + standard deviation, **P=0-0012, ***P=0-0008.
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Abstract

The nosocomial pathogen Acinetobacter baumannii is a growing threat to public health due to its
increasing resistance to antibiotics including the last-line polymyxin, colistin. Heteroresistance to
colistin has been described in A. baumannii, wherein a resistant subpopulation of cells co-existing
with a majority susceptible subpopulation actively grows in the presence of antibiotic and can
cause treatment failure. The shortcomings of diagnostic tests in detecting colistin heteroresistance
are especially worrisome as they may lead to clinicians unknowingly prescribing an ineffective

antibiotic, leading to increased patient morbidity and mortality.

Several techniques can be used to detect heteroresistance and the purpose of this chapter is to
outline effective methods for identifying, quantifying, and analyzing heteroresistance to colistin in
A. baumannii. We will highlight the advantages and disadvantages of techniques including
population analysis profile (PAP), Etest, and disc diffusion, as well as additional methods to
distinguish heteroresistance from other forms of resistance. While the scope of this chapter will
focus on colistin heteroresistance in A. baumannii, these techniques can be adapted for the study

of heteroresistance to other antibiotics and in other bacteria with slight modifications.

Keywords

Heteroresistance; resistant subpopulations; population analysis profile; antibiotic susceptibility

testing; phenotypic antibiotic resistance; polymyxin; colistin.

Introduction

Acinetobacter baumannii is a Gram-negative opportunistic nosocomial pathogen causing

multiple types of infections including ventilator-associated pneumonia (VAP) and bacteremia,
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primarily in immunocompromised patients [80,162]. This pathogen is a growing global health
concern due to its increasing resistance to antibiotics. The Centers for Disease Control and
Prevention have categorized multidrug resistant A. baumannii as a serious threat to public health
and the World Health Organization listed A. baumannii as the top priority antibiotic resistant
pathogen for new drug development [163,164]. Unfortunately, isolates resistant to all available
antibiotics have emerged, making this organism a significant obstacle to treat in the clinic.

To combat the growing threat of antibiotic resistance, we must address remaining gaps in
our understanding of resistance mechanisms. Heteroresistance is an underappreciated and
understudied phenomenon wherein a small subpopulation of bacterial cells resist an antibiotic,
while the remainder of a clonal population is susceptible [42]. This is in contrast to “conventional”
resistance in which the entire population is resistant to the antibiotic. During drug treatment of a
heteroresistant isolate, the susceptible population is killed while the resistant cells survive and can
rapidly expand. This rapid expansion makes this phenomenon distinct from persistence, in which
a metabolically quiescent population of cells remains dormant and thereby resists antibiotics [74].
Heteroresistance was first described in 1947 and has since been identified in both Gram-negative
and Gram-positive organisms against multiple classes of antibiotics [46,77,165-170].

The frequency of the resistant subpopulation in heteroresistant strains can vary, and when
it is exceedingly low (less than ~1 in 10,000 cells), this form of resistance is often undetected by
current diagnostic tests. Recently, Band et al described strains of Enterobacter cloacae exhibiting
heteroresistance (either detected or undetected) to the last-line polymyxin antibiotic colistin that
caused colistin treatment failure and subsequent lethal infections in mice [57]. These results clearly
demonstrated that heteroresistance can mediate failure of antibiotics in vivo. The shortcomings of

diagnostic tests in detecting colistin heteroresistance is especially worrisome as this may lead to
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clinicians unknowingly prescribing ineffective antibiotics, causing increased patient morbidity and
mortality.

Heteroresistance to colistin has been reported in A. baumannii [82,171-175]. The purpose
of this chapter is to detail effective methods of detecting, quantifying, and analyzing

heteroresistance to colistin in A. baumannii.

1. Materials

Lysogeny Broth (LB) - Approximate formula per liter: Tryptone (10.0g), Yeast Extract (5.09),

Sodium Chloride (10.0g)

Lysogeny Broth (LB) Agar - Approximate formula per liter: Tryptone (10.0g), Yeast Extract

(5.09), Sodium Chloride (10.0g), Agar (15.0g)

Sterile 200mm x 15mm polystyrene petri dishes

LB Agar plates

Sterile phosphate-buffered saline (PBS)

Sterile 5 mL polystyrene tubes

Sterile 96-well polystyrene plates

Blank 6 mm filter paper discs

Colistin Sulfate (Sigma-Aldrich)

Sterile 1 pL inoculating loops

Colistin Etest Strips (Biomerieux)



122

Bacterial strains

2. Methods
Unless otherwise mentioned, all steps are to be performed at room temperature and in a biosafety
cabinet. Working stocks of colistin should be prepared fresh for each experiment and diluted in

sterile water.

3.1 Population analysis profile (PAP)

Population analysis profile (PAP) is the gold standard method for detecting heteroresistance.
Briefly, this technique involves the quantification of the proportion of resistant cells existing
within a culture at a variety of antibiotic concentrations. PAP is the only method for identifying
heteroresistance that also quantitatively determines the frequency of the resistant subpopulation of
cells. While it is the most reproducible and reliable method for detecting heteroresistance, it is also

more time-consuming and requires more materials than other methods [176].

Day 1

1. Streak out isolates to be tested from freezer stocks on Lysogeny Broth (LB) agar plates and incubate
overnight at 37°C.
Prepare Lysogeny Broth agar plates as described:
a) Prepare LB agar in sterile H,O on a magnetic stir-plate.
b) Autoclave LB agar.
c) Cool LB agar in a water bath (60°C) for 1 hour.

d) Remove agar from the water bath and place on a spinning magnetic stir plate.
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e) When agar has cooled (hot, but not uncomfortable to the touch), add colistin.
f) Final concentrations of colistin in LB agar should be 0, 1, 2, 4, 8, 16, 32 or 128ug/ml.
g) Pour agar into petri dishes and let stand overnight or until plates harden.
h) Store plates at 4°C - Do not use plates that are more than 10 days old.
i Agar plates should have a depth of 4mm (approximately 31 mL in a 100mm
circular plate).
ii. Plates should be dried before use with no visible drops of water on the agar surface
or lid®.
iii. Plates may be stored at 4°C but must be properly dried before use to remove excess

moisture.

Day 2

1.

Pick an isolated colony with a sterile loop from the LB plates and inoculate into 2mL sterile Lysogeny

Broth and grow at 37°C shaking at 225 rpm overnight (~16 hours).

Day 3

=

Dilute 10puL of the overnight culture into 90uL sterile PBS in a sterile 96-well polystyrene plate. Make

10x serial dilutions ranging in concentration from 10-*to 107

2. Plate dilutions ranging from 102 to 10® in 10uL drops on agar plates (Fig. 5C.1) of each colistin
concentration,0-128ug/mL (see Note 1).

3. Allow plates to dry with covers removed for 15 minutes or until no liquid is visible on plates (see Note
2).

4. Incubate plates at 37°C for 16 hours.

Day 4

Analysis of data should be as follows:
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Figure 5C.1. Sample population analysis profile (PAP) procedure using 96-well plate. Note- while the

authors prefer to plate eight serial dilutions in 10uL drops per plate, there are multiple ways to achieve

these results (see Note 1). Up to 6 rows can be spot plated on a 100mm circular agar petri dish plate.
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Count the number of colonies at the highest dilution factor at which there is growth (see Note 3).
For statistical interpretation, only count dilutions wherein the countable colonies are between 10
and 100. If it appears there are fewer than 10 colonies at your lowest dilution factor, we recommend
plating a sample from this dilution in a higher volume on a single plate. With these data, the
proportion of colistin resistant cells at each concentration can be quantified using the following

formula;

(number of colonies on colistin plate X dilution factor)

(number of colonies on antibiotic free plate X dilution factor)
Interpret results as follows:

Based on our laboratory’s experience performing this assay, as well as commentary in the
literature, we recommend the following interpretation of population analysis profile results (see

Note 4). [42,57]:

Susceptible: Proportion of surviving bacteria at 2ug/mL-128pug/mL is below 107 (the limit of

detection).
Resistant: Proportion of surviving bacteria at a concentration above 2ug/mL is above 50%.

Heteroresistant: Proportion of surviving bacteria at a concentration at least four-fold above the

antibiotic’s breakpoint is between 107" and 50% (Fig. 5C.2).
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Figure 5C.2. Example graph of a typical population analysis profile with three strains of varying
susceptibility.
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a) Alternatively, dilutions can be plated with one sample per agar plate instead of the spot method. To
do this, serial dilutions can be made by diluting 100 pL of overnight culture into 900pL sterile PBS
in 5mL culture tubes, making 10x serial dilutions ranging in concentration from 10to 10”. Once
prepared, spread 100uL of each dilution onto an individual agar plate. To enumerate CFU, use the
dilution that allows between 30-300 colonies to be counted and quantify using the methods

mentioned above.

3.2 Etest

An alternative to PAP that can be utilized for heteroresistance testing are Etests (Fig. 5C.3). Etests
are plastic strips manufactured to contain a gradient of antibiotic concentrations from top (highest
concentration) to bottom (lowest concentration). These strips are applied to an agar plate on which
bacteria have been streaked, and after incubation, a “zone of clearing” appears in which no
bacterial growth is observed. The Minimum Inhibitory Concentration (MIC) for Etest is interpreted
as the lowest concentration where the zone of clearing meets the Etest strip along the bottom edge.
When heteroresistant isolates are plated with an Etest strip, colonies can be observed within the
zone of clearing. Compared to PAP, Etests are a non-quantitative method to observe
heteroresistance as the appearance of colonies within the zone of clearing will depend on the
frequency of the resistant subpopulation of cells (for heteroresistant isolates with a low frequency
resistant subpopulation, colonies will not appear in the zone of clearing and thus these strains will
not be classified as heteroresistant using Etest). Another shortcoming is that Etest strips can be

expensive and may not be ideal to screen numerous strains for heteroresistance. This method has



128

been adapted and modified from the agar disc diffusion method standard described by CLSI [177]

and is outlined below:

Day 1

1. Streak out bacterial strains from freezer stocks on Lysogeny Broth agar plates and grow overnight in a
37°C incubator.

Day 2

1. Pick an isolated colony with a sterile inoculating loop from the LB plates and transfer into 2mL sterile
Lysogeny Broth. Subsequently grow at 37°C shaking at 225 rpm overnight (~16 hours).

Day 3

1. Prepare LB Agar plates for inoculation (see instructions and notes in the population analysis profile
(PAP) section. LB agar plates used for Etest should not contain antibiotics).

2. Remove Etest strips from 4°C and allow them to reach room temperature before application (this takes
about 30 minutes).

3. Dilute culture to be tested to between 1x108-2x108 CFU/ml (~0.5 McFarland Standard) (see Note 5)
and use the suspension within 15 min (see Note 6).

4. Dip asterile swab in the diluted culture tubes and rub off excess culture along the side of the tube. Swab
along the surface of a dry petri dish (no visible water spots), rotate the plate 60 degrees, and then repeat
these steps two more times. Allow excess moisture to dry before Etest strip application but do not
exceed 15 min after inoculation (see Note 7).

5. Apply Etest strip to the surface of the agar plate with the label side up. Make sure the strip does not
shift during placement.

6. Within 15 min of Etest strip application, invert plates and incubate at 37°C for 16-20 hours.

Day 4
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Examine plates for zones of clearing and then examine zones for any resistant colonies that may
have appeared. Colonies can appear uniformly throughout the zone or close to the edge of the zone.
Colonies may be potential spontaneous mutants rather than the resistant subpopulation of a
heteroresistant strain and should thus be tested through the methods described in the “Further

distinction between heteroresistance and resistance” section below.

3.3 Disc Diffusion

Disc diffusion is used to determine an organism’s MIC to an antibiotic using discs concentrated
with the drug (Fig. 3). Similar to Etest, this method is non-quantitative but can detect
heteroresistant isolates that harbor a resistant subpopulation present at a high frequency. Unlike
Etest which contains a gradient of antibiotic concentrations, in disc diffusion, each disc is loaded
with a specific concentration. The discs are placed on agar plates after bacteria have been spread
out in a lawn. The antimicrobial diffuses radially from the disc creating gradients of antibiotic
concentrations. After overnight incubation, the MIC for disc diffusion is interpreted by comparing
the diameter of the zone of clearing and is drug and dose dependent. This method can be adapted
to detect resistant subpopulations by observing colonies that may grow within the zone of clearing.
While this method is not as sensitive as PAP, it can be useful to screen multiple strains for
heteroresistance. Discs preloaded with antibiotic can be purchased commercially but can also be
prepared in a laboratory. Preparing discs can be more cost effective when testing multiple isolates
and can be used to work within a specific range of antibiotic concentrations for which commercial
discs are not available. Results can vary if disc preparation or application is not carefully
controlled. This method has been adapted and modified from the agar disc diffusion method

standard described by EUCAST [178] and is outlined below:
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Susceptible Resistant Heteroresistant

Susceptible Resistant Heteroresistant

Figure 5C.3. Example of Etest and disc diffusion assay results showing three different susceptibility
profiles. The Minimum Inhibitory Concentration (MIC) for Etest (top row) is interpreted as the lowest
concentration where the zone of clearing meets the Etest strip along the bottom edge. The MIC for disc
diffusion (bottom row) is interpreted by comparing the diameter of the zone of clearing and is drug and

dose dependent and can be accessed through EUCAST guidelines [178].



131

Day 1

1. Streak out bacterial strains from freezer stocks on Lysogeny Broth agar plates (see instructions and
notes in the population analysis profile (PAP) section. LB agar plates used for disc diffusion should
not contain antibiotics) and grow overnight in a 37°C shaking incubator.

Day 2

1. Pick an isolated colony with a sterile inoculating loop from the LB plates and transfer into 2mL sterile
Lysogeny Broth, and then grow at 37°C shaking at 225 rpm overnight (~16 hours).

Day 3

1. Prepare antibiotic discs (or antibiotic discs can be purchased from a manufacturer).

a. Prepare colistin sulfate stock solution (concentrations are based on total pg/disc so calculate
accordingly, ex. 128ug disc would require 12.8uL of 10mg/mL stock solution).

b. Add 5-20uL of antibiotic/solution to blank filter paper discs (see Note 8).

c. Allow discs to air-dry for at least 15-20 minutes before application to plates.

2. Dilute culture to be tested to between 1x10%-2x108 CFU/ml (~0.5 McFarland Standard) (see Note 5)
and use the suspension within 15 min (see Note 6).

3. Dip asterile swab into the diluted culture tubes, rub off excess culture along the side of the tube, and
swab along the surface of a dry petri dish (no visible water spots). Rotate the plate 60 degrees and
repeat, and then rotate the plate an additional 60 degrees and repeat. Allow excess moisture to dry
before application of the disc, but do not exceed 15 min after inoculation (see Note 7).

4. Apply disc to the surface of the agar plate with the label side up. Make sure the strip does not shift
during placement.

5. Within 15 min. of disc application, invert plates and incubate at 37°C for 16-20 hours.

Day 4
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1. Examine plates for zones of clearing and then examine zones for any resistant colonies. Colonies
can appear uniformly throughout the zone or close to the edge of the zone. These colonies can be

examined for potential heteroresistance with the methods described below.

3.4 Further distinction between heteroresistance and resistance

To verify that heteroresistance observed by PAP, Etest, or disc diffusion is not due to a stable
mutation in a small proportion of the total population or due to persister cells, further examination
IS necessary. Two methods can be utilized to distinguish between heteroresistance and these other

forms of resistance [57].

3.4a Time-Kill Assay

The purpose of this assay is to distinguish the resistant subpopulation in heteroresistance from
persisters. Canonically, persisters are a subset of the population of a strain of bacteria that resist
antibiotics by entering a state of quiescence with no or very limited growth. Heteroresistance
differs from persistence in that the resistant subpopulation of a heteroresistant strain is able to grow

and rapidly expand in the presence of antibiotics.

Day 1

2. Streak out isolates from freezer stocks on Lysogeny Broth agar plates and grow overnight in a 37°C
incubator.

Day 2

1. Inoculate 2mL LB with a single colony from overnight plates and grow at 37°C shaking at 225rpm.

Day 3
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2. Dilute 10pL overnight culture into 10mL LB without colistin, and 10mL LB with colistin (10pg/mL).

3. Serially dilute and plate these cultures on LB agar plates with (10ug/mL) and without colistin. This is
time zero.

4. Every hour for eight hours, serially dilute and plate both cultures on LB agar plates with (10pg/mL)
and without colistin overnight (~16 hours).

Day 4

Analysis of data should be as follows

Colony forming units counted from LB agar plates without colistin (Total CFU) and Colony
forming units counted from LB agar plates with colistin (Resistant CFU) should be plotted on a
graph over the eight-hour duration of this experiment. An increase of Resistant CFU is expected

to be observed over time in colistin heteroresistant strains of Acinetobacter baumannii.

3.4b Resistant Colony Restreak

A single colony picked from a population analysis profile plate or from within the zone of clearing
on an Etest or disc diffusion assay plate inoculation (see Note 9) can be grown overnight in broth
in the absence of colistin (several days of subculture if necessary) and the methods used to detect
heteroresistance can be repeated to determine whether the cells maintain or lose their resistance
phenotype inoculation (see Note 10). If the strains are heteroresistant, there should be a decrease
in the frequency of the resistant subpopulation after culture in the absence of colistin. If the
colonies now exhibit stable resistance, the frequency of the resistant subpopulation should not

decrease after just a few days of subculture in media without colistin.
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4, Notes

1. Lysogeny Broth agar plates containing colistin result in difficulty spot plating. If this
becomes a problem during population analysis profile assays, we recommend pouring
thinner plates than you may normally pour (15mL or less) and allowing plates to dry in the
biosafety cabinet for 10-15 minutes prior to plating. While it is our recommendation to
plate 10pL per dilution so as to conserve both time and plates, it is possible to use one LB
plate per dilution.

2. Plates can be dried in a biosafety cabinet for 30 min with the lid removed, 20-25°C
overnight, or at 35°C with the lid removed for 15 min.

3. For all assays, we recommend counting colonies at 24 hours after plating, and leaving
plates at 37°C for an additional 24 hours to observe slow growing colonies within the
bacterial population.

4. To control for the variance that appears by creating population analysis profile plates, it is
advised to use a control strain where percent survival can be verified for each set of PAP
plates that are prepared to ensure consistency with results.

5. Alternatively, a direct colony suspension method can be used in which morphologically
similar colonies are picked directly from a plate and resuspended in saline and adjusted to
a turbidity resulting in a 1-2 x 108 CFU/mI suspension.

6. Do notallow the suspension to sit for more than 60 min to prevent overgrowth and incorrect
interpretation if MIC is also desired.

7. If inoculated plates are left sitting for prolonged periods of time before the disc is applied,
the bacteria may begin growing in the absence of antibiotic, leading to erroneous results.

8. Anempty sterile petri dish may be used to prepare discs.
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9. If colonies are present.
10. It may require several passages before the subpopulation frequency begins to lower, if after

several passages the percent resistance does not decrease then the increase may be due to

conventionally resistant bacteria.
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