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LAY ABSTRACT  

Antimicrobial resistance (AMR) poses a substantial threat to public health and clinical medicine. 

By 2050, it’s predicted that AMR will be responsible for a yearly mortality rate of 10 million 

people, surpassing the mortality of cancer. Despite this daunting future we face, there are many 

efforts currently employed to combat the growth of AMR. One significant effort involves 

surveillance and early identification of novel resistant bacteria circulating in high antibiotic 

exposure environments. The second chapter of this thesis focuses on sampling 25 patients from a 

hospital environment, rich with antibiotics, to build a collection of AMR bacteria that will be 

tested and added to surveillance efforts/future study. This chapter allowed for the identification 

of several worrying AMR bacteria that provide greater insights into circulating AMR in 

Canadian hospitals and their patients. 

From the AMR collection created in chapter 2, we are also able to advance our scientific 

understanding of how antibiotic resistance develops within us and causes issues with treatment. 

In chapter 3, we looked at the effects of antibiotic administration routes on the level of AMR 

observed in our patient sample. We saw that current approaches to limit selection for AMR in the 

gut still resulted in clinically significant and concerning increases in AMR. Furthermore, this 

chapter allowed greater understanding of contributors to increased AMR in patients. AMR 

increases are not fully explained by exposure/colonization in hospital settings, but also by 

evolution of AMR originating from non-resistant bacteria in the gut. Additionally, analysis of 

these bacteria will inform expected AMR evolutionary trajectories and help us plan against them. 

During analysis of patient data, we also came across evolution of a less understood resistance 

phenotype, hetero-resistance, to a very important antibiotic, colistin. We investigated a 
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commonly prescribed antifungal, fluconazole, for its ability to promote this resistance 

phenotype; however, it appeared that fluconazole did not promote this phenotype. 

Ultimately, this thesis serves as a valuable reservoir of AMR bacteria for future study and 

contributes to a greater understanding of AMR development in patients, one day leading to more 

informed clinical decision making.
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Antimicrobial Resistance 

Antimicrobial resistance (AMR) poses a substantial threat to public health and clinical 

medicine.1 In 2018, it was reported that 14,000 Canadian deaths were resistance-related with 

5,400 of those deaths directly caused by AMR.2 The economic burden of AMR on the Canadian 

economy could rise from $2 billion (year 2018) to $13-$21 billion (year 2050).2 By 2050, one 

estimate states that AMR bacterial infections will cause an estimated 10 million annual deaths 

worldwide, surpassing cancer mortality estimates.3 As AMR infections continue to become more 

common, treatment becomes more difficult (increased duration and intensity) and more 

expensive.2,4–6 If left undealt with, AMR has the potential to burden healthcare systems globally, 

both economically and in terms of patient volume.  

Previous research has identified agricultural practices7–11, antibiotic usage in healthcare12, and 

wastewater treatment (includes agricultural and healthcare runoff)8, as major contributors to 

AMR development. High volumes of antibiotics are utilized in agricultural practices to promote 

growth and prevent infection in livestock.7–10 Over time, this functions to select for highly 

resistant bacteria that can carry antimicrobial resistance genes (ARGs) into the human population 

by food consumption or agricultural runoff.8,10 Antimicrobial drug classes, such as arsenicals, 

polypeptides, glycolipids, tetracyclines, elfamycins, macrolides, lincosamides, polyethers, beta-

lactams, quinoxalines, streptogramins, and sulfonamides, may be used as prophylactic or active 

care treatments during the lifecycle of poultry, cattle, and/or swine13; bacterial resistance to these 

antimicrobials threatens efficacy of clinical intervention due to significant crossover between 

veterinary and clinical antimicrobial therapies.14 

Similar to agriculture, healthcare settings can function as hotspots for AMR development due to 

over prescription, misuse, and issues with compliance to antibiotic therapies.12 Over prescription 



3 

 

occurs when physicians prescribe antibiotics for ailments that -by practice guidelines- do not 

indicate antibiotic prescription.15 Misuse of antibiotics occurs when patients utilize previously 

prescribed antibiotics for treatment without consultation of a clinician, such as utilizing old 

antibiotics for treatment of cold symptoms.16 Both over prescription and misuse constitute 

unnecessary exposure to antibiotics, which exert selective pressures on host microbial 

communities for resistant organisms.12 Previous literature has shown that just one course of 

antibiotic treatment can significantly increase the abundance of antibiotic resistance genes in the 

GI tract of patients.17  

Although similar to over prescription and misuse in its ability to select for AMR, issues with 

compliance differs from these by transiency of exposure.18 Issues with compliance occur when 

patients do not complete their prescribed antibiotic treatment (ie: stop once symptoms improve), 

meaning this selective pressure is defined by transient antibiotic exposures.18 This transiency 

allows survival of bacterial populations exposed to sub-inhibitory concentrations of antibiotics, 

allowing for bacterial adaptation.19 In vitro evolution studies have shown that these conditions 

can lead to highly resistant bacteria, increasing rates of future treatment failure.20–22 The most 

notorious example of compliancy issues remains to be the history of tuberculosis treatment and 

development of extensive drug resistance (XDR).23 In certain countries, long-term TB treatments 

were difficult to obtain/afford, resulting in many patients starting treatment without completion 

and rapid TB AMR development.23  

Although a large portion of research has gone into investigating selection for AMR within 

animal hosts, such as livestock and humans, a substantial amount of AMR development occurs in 

our environment, which inevitably recycles through our ecosystem. Antibiotics are not fully 

metabolized by humans or livestock and are excreted in bodily waste along with resistance genes 
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and bacteria.8,19,24 With extensive usage of antibiotics in agriculture and clinical settings, waste 

water treatment systems experience significant turnover of waste containing conjugative 

bacteria, resistance plasmids, bacteriophage, and sub-lethal concentrations of antibiotics, creating 

a rich environment for resistance transfer and evolution.8,19 Current research efforts have 

indicated that waste management practices are insufficient in controlling resistant bacteria and 

ARGs, posing a significant risk to workers and nearby residents.25 With wastewater management 

facilities acting as AMR recycling bins, a grim reality of the AMR crisis is realized, with 

resistance development reaching far beyond the initial point of antibiotic administration.13,25 

Resistance Evolution and Transfer 

In the past, resistance evolution was mainly studied during MIC antibiotic exposures.22 However, 

in recent decades, evolutionary study with broader concentrations of antibiotics have contributed 

to a greater understanding of complex resistance adaptation, where various antibiotic 

concentrations can select for highly resistant phenotypes. Currently, these conditions are defined 

as MIC and sub-MIC antibiotic selection.22  

During exposure to bactericidal antibiotics, selection that occurs during MIC/lethal 

concentrations of antibiotics differs from sub-MIC concentrations in an all-or-nothing manner.22  

Lethal antibiotic concentrations will select for pre-existing resistant mutants within bacterial 

populations—arising randomly—while killing susceptible cells.22 However, sub-MIC levels of 

antibiotics do not have such lethal effects on susceptible cells and instead provide conditions for 

survival of these cells and resistance evolution over time.20–22 At low concentrations of 

antibiotics, evolution can proceed through successive mutations, each providing cumulative 

resistance, eventually producing highly resistant mutants.26 In vitro evolution studies into de 

novo mutations under sub-MIC concentrations (0.1 x MIC) using ciprofloxacin and streptomycin 
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showed that—both E. coli and S. typhimurium—could evolve resistance several fold higher than 

the MIC after 600 generations of exposure.22,26 Furthermore, due to the reduced bactericidal 

effects at sub-MIC concentrations, a larger diversity of evolutionary pathways to highly resistant 

mutants exist.21 An in vitro evolution study showed that selection of streptomycin resistant S. 

typhimurium, using streptomycin (50xMIC), always resulted in point mutations in a common 

resistance gene, rpsL; whereas selection using 0.25xMIC resulted in a range of resistant mutants 

with mutations across five genes, gidB, trkH, cyoB, nuoG, and znuA, with resistant phenotypes 

containing all five mutations showing high resistance.21 In this way, low levels of antibiotics can 

provide conditions allowing for complex evolutionary pathways towards highly resistant 

phenotypes that differ genotypically from MIC selected mutants.20–22,26 

Not only does the complexity of evolutionary pathways leading to high levels of resistance 

broaden under sub-MIC conditions, but evolutionary processes are facilitated.22 Sub-inhibitory 

concentrations of antibiotics can significantly increase rates of mutagenesis, recombination, and 

horizontal gene transfer (HGT), which can all contribute to evolution of resistant bacteria.22 

Increased mutagenesis during sub-inhibitory antibiotic conditions has been linked to regulators 

of bacterial stress response, such as LexA, RecA, and the sigma factor, RpoS.22,27,28 Proteins 

RecA and LexA regulate the bacterial SOS response to DNA damage.29 In wild-type bacteria, 

LexA acts as a repressor protein, preventing downstream expression of the SOS regulon. When 

subjected to sub-inhibitory levels of antibiotics, or other environmental stressors, DNA damage 

functions to activate RecA protomers which assemble into filaments near LexA, promoting 

autocleavage of LexA and expression of SOS response genes.22,29 The SOS response results in 

expression of translesion polymerases II & IV, which contribute to increased mutagenesis by 

high frequency of base-substitution errors.27,29 Furthermore, this observed increase in 
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mutagenesis under sub-inhibitory levels of antibiotics has been shown to be ameliorated when 

the SOS response is impaired through inactivation of RecA30 or addition of non-cleavable 

LexA.31 

Also a regulator that responds to environmental stressors, RpoS is expressed during sub-MIC 

concentrations of bactericidal antibiotics and appears to influence mutagenesis.22,28 A previous 

study showed that RpoS was induced by sub-MIC concentrations of amoxicillin and high 

concentrations of RpoS repressed mutS mRNA by induction of small-RNA, sdsR. MutS protein 

is responsible for mutation repair and its depletion results in an increased mutation rate.28 As a 

result, LexA, RecA, and RpoS are all significant regulators of increased mutagenesis under 

antibiotic stress, which is thought to lead higher rates of mutant resistance genes.19 

Contrary to mutagenesis, recombination promotes resistance to antibiotics via rearrangement of 

resistance genes within expressed cassettes rather than the expressed gene sequence.22 Cassettes 

are small mobile genetic elements composed of a gene and recombination site, but can arrange 

with multiple genes behind a promoter. Within cassettes, composed of multiple genes in tandem, 

the genes closest to the promoter are expressed at the highest levels.22 Thus, rearrangement 

events that result in resistance genes being assorted closer to the promoter exacerbates resistance 

phenotypes.32  Interestingly, sub-inhibitory concentrations of fluoroquinolone antibiotics have 

been shown to stimulate intra- and inter-chromosomal recombination in E. coli.33 As a result, 

sub-MIC levels of antibiotics may function to promote evolution of highly resistant phenotypes 

by recombination events.32  

Once these genetic determinants and/or gene cassettes have evolved, they can be transferred 

between resistant and susceptible strains via horizontal gene transfer.34 Horizontal transfer can be 

mediated by natural competence and transformation35, bacteriophage36, conjugative plasmids37–
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39, and conjugative transposons37,38. Bacteriophage can exchange ARGs between a resistant 

donor bacterial cell and susceptible acceptor cell, in a contact-independent manner, by 

specialized or generalized transduction.40 There is data indicating environmental phages carrying 

ARGs encoding for β-lactamases (TEM, CTX-M and SHV), PBPs, fluoroquinolone resistance, 

and resistance to many other antibiotics, including tetracycline, chloramphenicol, macrolides, 

lincomycin, clindamycin or erythromycin.40 Furthermore, in vitro studies have demonstrated the 

ability of DNA phages to transfer resistance to susceptible strains.40 One study indicated that the 

presence of antibiotics, such as fluoroquinolones, can facilitate resistance transfer in E. coli by 

triggering the SOS response, resulting in prophage induction and transduction.22 Furthermore, 

fluoroquinolones have also been shown to induce prophage-mediated gene transfer in multi-drug 

resistant (MDR) Salmonella sp.41 

Differing from bacteriophage transduction, transfer of ARGs through conjugative plasmids and 

transposons requires intimate contact between donor and acceptor bacteria.37–39 Intimate 

interaction is established by complex extracellular filaments, known as sex pili.39 Transposons 

containing ARGs can excise to form circular intermediates which can migrate through sex pilis 

and reintegrate in susceptible organisms.39 Furthermore, transposons can also excise and 

reintegrate within plasmids of the same cell, contributing to the formation of plasmids containing 

multiple ARGs.38 Interestingly, the presence of antibiotics, and concomitant activation of the 

SOS response, derepresses integrated conjugative elements (ICE) in Vibrio cholerae, allowing 

expression of conjugative, transfer, and integrase genes.22,42 

Emergence of Multi-drug resistant (MDR) Gram-Negative Organisms and Common Mechanisms 

Due to frequent antibiotic exposure in vivo and ex vivo, MDR bacteria have emerged and 

continue to become more common.43 Furthermore, healthcare settings frequently deal with high 
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volumes of sick patients and frequent use of antibiotics, making this setting a particularly 

troubling breeding ground for multi-, extensive- (XDR), or pan-drug resistance (PDR) 

development.5,12,37,43 Although both gram-positive and gram-negative MDR pathogens exist, 

gram-negatives with an MDR phenotype are of particular concern as their outer membrane limits 

the permeability to many antibiotics.5,44 Increasing prevalence of MDR and XDR gram-negative 

bacteria are associated with increased complications of antibiotic therapy and treatment failure.43 

Specifically, the rising rates in gram-negative MDR pathogens, such as Acinetobacter spp., 

Burkholderia cepacia complex, Pseudomonas aeruginosa, Legionella spp., Escherichia coli, 

Stenotrophomonas maltophilia, Proteus mirabilis, Salmonella enterica, Serratia marcescens and 

Klebsiella pneumoniae, are responsible for increased rates of mortality worldwide.43,45–47  

These high risk MDR organisms differ significantly in microbial behaviour; however, many 

share similar characteristics in MDR phenotype development and exacerbation in clinical 

settings.48–51 A common feature of MDR among these organisms is an inherent resistance to 

several classes of antibiotics with phenotypes further exacerbated by gained resistance to 

relevant clinical treatments, often through inheritance of mobile resistance elements.48 

Acinetobacter sp., intrinsically resistant to several classes of antibiotics and typically treated with 

carbapenem antibiotics, can inherit carbapenemases via HGT.49,50 Increasing frequency of 

carbapenemase-producing Acinetobacter sp. has led to reliance on last-line therapies, tigecycline 

and colistin, associated with higher mortality.49 Similarly, Enterobacteriaceae species., including 

E. coli and Klebsiella sp., are typically treated with beta-lactam antibiotics, however, high 

frequency of transmissible environmental extended-spectrum beta-lactamases (ESBLs) have 

complicated beta-lactam use as a therapeutic option.51 
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Although inheritance of mobile resistance elements have been shown to be a major contributor to 

increasing AMR phenotypic severity, MDR bacteria often have MDR efflux pumps which allow 

for increased survivability, mutagenesis, and likelihood of developing de novo resistance.52–54 A 

recent study has shown that overexpression of the efflux pump AcrAB-TolC can increase 

frequency of resistant mutants via downregulation of MutS.55 Efflux pumps can provide sub-

inhibitory concentrations of antibiotics within the bacterial cell, allowing for survival of 

susceptible cells while resistance can develop.55 Several different types of efflux pumps exist, 

including multi-drug and toxin extrusion (MATE), small multidrug resistance (SMR), major 

facilitator superfamily (MFS), resistance nodulation cell division (RND), and ATP-binding 

cassette (ABC), each with different spectrums of antibiotics coverage and unique evolutionary 

capability.53,54 

Human Microbiome and Antibiotic Usage 

The human microbiome comprises more than 100 trillion micro-organisms, occupying many 

niches on and within the body.56 Of these niches, the GI tract remains a rich community 

complexly interlinked with human health.57 The GI tract comprises the mouth, stomach, small 

and large intestines, and anus.57 It is an open system that experiences frequent turnover, affecting 

the composition of species colonizing gut mucosal surfaces.56,57 The GI microbiome has been 

shown to be heavily influenced by antibiotic exposure.37,57–59 Specifically, antibiotic therapy has 

been shown to influence microbial composition, diversity and ARG carriage.37  

Different antibiotics are shown to perturb the healthy microbiome in different ways.17,60 One 

systematic review indicated that penicillins, cephalosporins, lipopolyglycopeptides, macrolides, 

ketolides, clindamycin, tigecycline, quinolones and fosfomycin all increased abundance of 

Enterobacteriaceae, however, penicillins, cephalosporins, macrolides, clindamycin, quinolones 
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and sulphonamides decreased abundance of E. coli.60 In contrast to general beta-lactam impacts 

on the microbiome, penicillin combinations increase abundance of E. coli. The review also 

indicated that penicillins and combinations were typically associated with outgrowth of 

Enterococcus sp.60 Despite these observed differences of impact between antibiotics, 

antimicrobial treatments are generally shown to decrease overall microbial diversity of the 

microbiome and decrease beneficial bacteria, such as Bifidobacterium sp., Ruminococcus sp., 

and other Lachnospiraceae and butyrate producing bacteria.61 

Compositional microbiome changes mediated by antibiotic therapy are accompanied by changes 

in ARG abundance within microbial populations inhabiting the gastrointestinal (GI) tract.17 

Several studies have identified significant increases in abundance of ARGs following antibiotic 

treatment, which decreases over weeks following exposure.61–63 The diversity of resistance genes 

that are enriched within the gut during antibiotic therapy is influenced by baseline gut resistome 

and local resistomes.61 In areas with more extensive antibiotic exposure, such as parts of 

southern Asia and Africa, there exist a higher prevalence of environmental AMR bacteria linked 

to higher rates of AMR carriage and greater ARG diversity.64–66  

The severity of antibiotic effects on the microbiome is directly impacted by route of 

administration.67 When the gut microbiome is directly exposed to oral antibiotics, abundance of 

antibiotic resistance increases in the gut. However, gut microbiome exposure to intravenous (IV) 

antibiotics relies on drug elimination routes. IV antibiotics eliminated by biliary excretion, such 

as tetracycline, will still have significant effect on the microbiome compared to drugs eliminated 

parenterally (ex: kidneys).67 Depending on route of elimination, certain IV drugs are excreted 

into the GI tract at sub-inhibitory concentrations and contribute to AMR selection.19,67 Mouse 

studies have linked IV antibiotic administration to increased ARG prevalence in the GI tract 
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following prolonged exposure.67 Furthermore, prolonged exposure to various antibiotics can 

increase risk of MDR colonization and subsequent carriage.68,69 However, the impacts of long-

term IV antibiotic use on MDR gram-negative emergence—and mechanisms through which they 

emerge clinically—still remains to be fully elucidated. 
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Knowledge Gap & Rationale 

A major component to addressing AMR-related mortality involves surveillance of circulating 

ARGs and characterizing mechanisms of resistance.70,71 Past surveillance efforts have been 

focused on identifying circulating ARGs to guide hospital infection control and contribute to 

management of resistant pathogen outbreaks.71 These surveillance strategies were accomplished 

by utilizing culture-based and metagenomic approaches.37,72 However, these strategies focus 

solely on ARG identification and fail to identify novel mechanisms of resistance, which may 

inform novel pharmacological intervention and clinical decision making.37,72 Furthermore, these 

studies looked at single-time point samples, leaving little known about mechanisms surrounding 

resistance development within patients over time. Thus, the effects of prolonged antibiotic 

exposure on AMR and MDR development within patients remains to be explored. 

Optimal AMR surveillance strategies focus on sampling rich GI tract microbial communities (i.e. 

feces collection/rectal swabs) from patient populations experiencing substantial selective 

pressure imposed by high antibiotic exposure, such as those who are immunocompromised and 

require prophylactic antibiotics.71,73 Acute myeloid leukemia (AML) patients are an example of 

such patients as chemotherapy ablates the immune system, which necessitates the extensive use 

of prophylactic antibiotics.74 Previous work by the Surette lab in collaboration with clinicians, 

Dr. Mark Loeb and Dr. Dominik Mertz, was focused on collecting rectal swabs up to 8 weeks  

from an AML patient cohort (n = 25), receiving prophylactic antibiotics (Figure 1). Rectal 

samples were grown on media selective for susceptible or resistant gram-negative bacteria. 

Colonies were selected from each patient sample and stored to create a library of 926 clinical 

isolates of interest, which will be used to track AMR development over prophylactic treatment 

time.  
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Central Hypothesis and Thesis Objectives 

Previous efforts show that sub-MIC selective pressure increases survival and diversity of 

evolutionary trajectories capable of producing high level antibiotic resistance. These conditions 

have been shown to be common within the gut during IV therapy and may promote evolution in 

addition to selection for pre-existing resistant gram-negatives within the gut.67,75–77 The 

overarching hypothesis of this thesis is that prophylactic IV antibiotics provide cumulative 

selection over time and resistance phenotypes will continue to evolve broader spectrum 

resistances over long periods of treatment. This thesis aims to first identify unique MDR gram-

negative phenotypes in order to contribute to surveillance efforts of novel resistance phenotypes 

arising in nosocomial pathogens (Chapter 2). Second, these MDR gram-negatives were assessed 

in the context of time on prophylactic therapy in order to elucidate mechanisms of colonization, 

overgrowth and/or evolution (Chapter 3). Third, an interesting trend between fluconazole used 

and emergence of colistin hetero-resistance was observed, suggesting a link between antifungal 

therapy and bacterial AMR. Thus, the effects of fluconazole on colistin hetero-resistance 

development were investigated (Chapter 4). 

As a result, this thesis has two primary aims.  

Aim 1 Characterization of antibiotic resistance and bacterial taxonomy within the Surette Lab 

AMR gram-negative bacterial isolate collection (Chapter 2) 

Aim 2 Examine the effects of prophylactic antibiotic therapy on the emergence and mechanisms 

of MDR in gram-negative bacteria (Chapter 3 & 4) 
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Chapter 2: CHARACTERIZATION OF THE AMR STUDY ISOLATE 

COLLECTION 
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ABSTRACT 

Background: Surveillance efforts continue to stand at the forefront of combat against AMR. To 

remain effective, these efforts require constant input from a variety of populations and 

environments. Furthermore, these strategies rely on discovery of novel circulating resistance 

mechanisms, which continue to be characterized. 

Objectives: 1) Characterize the AMR Study Isolate Collection in order to identify novel gram-

negative MDR phenotypes using 10 antibiotics (LEV, COL, TET, PIP, TZP, CAZ, CZ/CL, 

ATM, FEP, & IMP), 2) create a comprehensive list of high importance AMR/MDR gram-

negative strains for future molecular study. 

Methodology: Rectal swabs from 25 prophylactic antibiotic users, were cultured on BHI, MAC, 

VACC, and ESBL plates. Gram-negative colonies were picked and stored in the AMR Study 

Isolate Collection. Each gram-negative colony was taxonomically identified using MALDI-ToF 

MS and challenged with 10 antibiotics (fluoroquinolones, beta-lactam and combinations, 

polymyxins, and tetracycline) by disk diffusion. 

Results: A total of 926 colonies were picked and characterized. The majority (79.3%) of the 

collection was composed of E. coli (50.8%), K. pneumoniae (18.0%), and K. variicola (10.5%). 

The most common resistance phenotypes within the database were PIP (55.2%) and tetracycline 

(23.9%). Average baseline AMR carriage within the study population did not differ between 

therapy types [TZP IV, CAZ IV, trimethoprim (TMP) + sulfamethoxazole (SMX) PO, 

ceftriaxone (CRO) IV + cephalexin (LEX) PO, & TMP-SMX PO + TZP IV] and antibiotic 

history. Several MDR gram-negatives were identified, including Citrobacter sp., Morganella 

morganii, Raoultella ornithynolytica, Stenotrophomonas maltophilia, E. coli, Enterobacter 

cloacae, and K. pneumoniae, with broadest spectrum resistance phenotypes characterized by 

extended spectrum beta-lactam resistance. 
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Conclusion: Broad spectrum MDR phenotypes were detected in high priority gram-negative 

opportunistic pathogens, including C. braakii, C. freundii, E. coli, K. pneumoniae, M. morganii, 

R. ornythinolytica, and S. maltophilia. Future molecular study with these strains may hold novel 

resistance determinants and inform surveillance efforts.



17 

 

BACKGROUND 

A major component to addressing AMR-related mortality involves surveillance of circulating 

ARGs and characterizing mechanisms of resistance.70,71 Additionally, effective surveillance 

relies upon updated samples of resistant organisms within high exposure environments in order 

to identify novel troublesome phenotypes as they arise. Past surveillance efforts have been 

focused on identifying circulating ARGs to guide hospital infection control and contribute to 

management of resistant pathogen outbreaks.71 These surveillance strategies were accomplished 

using culture-based and/or metagenomic approaches.37,72 However, these strategies focus on 

previous ARG identification and fail to identify novel phenotypes as well as their mechanisms of 

resistance, which may inform novel pharmacological intervention, improved screening, and 

clinical decision making.37,72  

In this chapter, I characterized the AMR Study Isolate Collection comprising 926 gram-negative 

isolates isolated from longitudinal samples of 21 AML patients receiving prophylactic 

antibiotics. As such, these samples capture baseline AMR carriage as well as how MDR carriage 

is influenced by long term exposures to prophylactic treatment. This database is intended to be 

used to identify novel MDR phenotypes among gram-negatives as well as serve as a reservoir of 

AMR/MDR gram-negative strains for future molecular study. 

METHODOLOGY 

Sample collection  

The study design and sample collection is summarized in Figure 1. Patients diagnosed with AML 

were recruited and the research study nurse obtained 2-3 rectal swabs/week for up to 8 weeks. 

Samples were received by the Surette lab on the day of collection. Rectal swabs were vortexed in 
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universal transport media (UTM) to dislodge bacteria. UTM from the rectal swab was diluted 

from 10-1 to 10-6 and 5µL was spotted onto Brain Heart Infusion (BHI) and MacConkey (MAC) 

agar for total bacterial counts and gram-negative counts, respectively. Then 100µL of diluted 

UTM was plated on vancomycin, amphotericin B, ceftazidime, and clindamycin (VACC) and 

CHROMID (Biomerieux) agar and all plates were grown overnight to 48hrs at 37°C. From 

VACC and CHROMID (Biomerieux) plates, up to 10 morphologically different colonies were 

picked and streaked on MAC plates to confirm as gram-negative bacteria before being frozen in 

10% skim milk at -80℃. For the first rectal sample, 5µL of UTM dilutions (10-2,10-4, & 10-6) 

were spotted on all 4 plates [5µL spot dilutions for BHI and MAC, 100µL for VACC and 

CHROMID (Biomerieux)]. However, this was adjusted to 100µL of UTM dilutions (10-1,10-2, & 

10-4) plated onto VACC and CHROMID (Biomerieux) for the remaining rectal samples for 

better resolution.  

Taxonomic identification 

Clinical isolate frozen stocks were grown on BHI agar and streaked to purity. Colonies were then 

picked from pure overnight BHI agar plates and spread on a matrix assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-ToF MS) sample target. Once colony 

smears were dry, HCCA matrix was added to each sample target well slot. Prepared matrix-

colony sample targets were read using the MALDI Biotyper® Sirius CA System (Bruker Ltd). 

Kirby-Bauer disk diffusion assay 

Clinical isolates were inoculated from frozen stocks onto BHI agar and streaked to purity. Pure 

cultures were used to inoculate liquid BHI broth. Inoculi were grown overnight at 37℃. 

Overnight cultures were standardized to an optical density at 600nm (OD600) of 0.1 using a 
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SpectraMax M3 plate reader (Molecular Devices). Standardized cultures were swabbed on 

Mueller-Hinton (MH) agar plates and stamped with levofloxacin [LVX (5µg)], ceftazidime 

[CAZ (30µg)], ceftazidime/clavulanic acid [CZ/CL (30µg:10µg)], colistin-sulphate [COL 

(10µg)], cefepime [FEP (30µg)], aztreonam [ATM (30µg)], tetracycline [TET (30µg)], 

piperacillin [PIP (100µg)], piperacillin/tazobactam [TZP (100µg:10µg)], and imipenem [IMP 

(10µg)] disks. Plates were incubated overnight at 37℃. Zone sizes were measured using the 

BIOMIC V3 microbiology system (Giles Scientific). Resistance classifications were assigned in 

accordance with CLSI guidelines. ZOIs not standardized for some gram-negative species, such 

as Stenotrophomonas maltophilia and colistin ZOI for Enterobacteriaceae, were assigned as 

projected-resistance. Projected-resistance was predicted from the closest related species for 

which CLSI guidelines were available.  S. maltophilia was classified using breakpoints for 

Pseudomonas sp. Colistin projected-resistance for Enterobacteriaceae was classified as ZOI ≤ 

10mm and further characterized as resistant by broth dilution assay. 

Minimum inhibitory concentration (MIC) broth dilution assay 

Stock concentrations were made using colistin-sulphate powder solubilized in sterilized milliQ 

water. Liquid MH broth was inoculated with E. cloacae and E. coli isolates and incubated 

overnight at 37℃. Overnight cultures were diluted 1/1000 in MH broth and grown to an OD600 of 

0.1. Liquid cultures (OD600=0.1) were further diluted 1/200 in MH broth and pipetted in 100µL 

volumes within a 96-well plate. Stock concentrations were diluted 1/100 in each well to final 

serial dilution concentrations of 0-128µg/mL or 0-256µg/mL. Plates were incubated overnight at 

37℃. Well optical densities were measured at 600nm using a SpectraMax M3 plate reader 

(Molecular Devices). Antibiotic concentrations producing optical densities equal to sterile media 

controls (OD600=0.049) were considered as inhibitory and used to determine MIC values. 
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RESULTS 

Descriptive statistics of clinical sample 

Our clinical sample is composed of 44% male and 56% female, with a mean age of 61 years old 

(Figure 2). Four patients were sampled for the full 8 weeks, with an average collection time of 

41.75 days. Fourteen patients were discharged before 8 weeks. On average, time until discharge 

was around 25 days. Finally, seven patients withdrew from the study. On average these patients 

withdrew after 9 days of study involvement. 

Overview of Collection 

A broad approach was taken in characterizing all gram-negative isolates from patient rectal 

swabs. The rationale for this approach was to cast a wide net and identify novel resistance 

phenotypes and MDR bacteria. From the 25 patients that were initially recruited, the rectal swab 

samples from 3 patients showed no growth on MAC, VACC, or CHROMID plates, indicating a 

lack of gram-negative bacteria at the level of detection from these samples. Additionally, 

samples from 1 patient showed no growth on any media type (BHI, MAC, VACC, or 

CHROMID). As a result, these patients did not contribute any gram-negative bacteria to the 

collection and were excluded from further analysis (Figure 3). Colonies were picked from the 

remaining 21 patient rectal swabs grown on VACC, and/or CHROMID plates to generate the 

AMR gram-negative collection (926 cultured gram-negative bacteria).  

All 926 bacterial isolates were grown from frozen stock and analyzed for taxonomic 

identification by matrix-assisted laser desorption ionization time of flight (MALDI-ToF) mass 

spectrometry (MS). A positive identification was obtained for all isolates.  The most dominant 

taxa were identified as E. coli, Klebsiella pneumoniae, and Klebsiella variicola, composing 
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50.8%, 18%, and 10.5% of the collection, respectively (Table 1). Other gram-negatives—

typically associated with nosocomial infection—such as Stenotrophomonas maltophilia, 

Enterobacter spp., Citrobacter spp., Pseudomonas spp., and Morganella morganii, comprise the 

remaining ~21% of the collection. 

The isolates were screened against 10 antibiotics, relevant to clinical treatment of gram-negative 

infections, to determine AMR phenotypes for each organism. An AMR heatmap was generated 

to highlight AMR phenotypes of all 926 isolates (Figure 4). At a first glance, PIP non-

susceptibility was most common resistance phenotype (55.2%), followed by TET non-

susceptibility (23.9%). On the other hand, LVX and IMP resistance was least observed. 

Resistance to beta-lactams and combinations, such as CAZ, CZ/CL acid, and FEP, was observed 

less frequently than COL projected-resistance or TZP non-susceptibility; however, these 

phenotypes were more frequent than IMP resistance.  

Resistance phenotypes differed among gram-negatives isolated from different patients. Most 

patients (5-8, 10, 13, & 16-23) harbored gram-negative bacterium that were characterized as non-

susceptible to 3 or more antibiotics (MDR) at some time during their study involvement. 

However, patients 3, 4, 11, 12, 14, 15, 24, and 25 did not harbor any MDR gram-negatives and 

isolates from these patient samples were characterized as non-susceptible to 2 or less antibiotics. 

Furthermore, no gram-negatives from any patients were characterized as extensively-drug 

resistant (XDR) or pan-drug resistance (PDR).  

When looking at the y-axis, there was a significant difference between the number of bacterial 

isolates included within each patient. This was due to several factors within the collection 

protocol. First, patients had different lengths of involvement in the study, meaning some patients 

had more samples cultured and more colonies picked. Second, diversity of colony morphology 
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can significantly differ across cultured patient samples, resulting in some patients having 20 

morphologically unique colonies picked within a cultured sample vs. 2 morphologically unique 

colonies from another patient sample. Both of these factors contributed to the differences in 

length of y-axis data points within the heatmap (Figure 4).  

Gram-negative AMR and MDR characteristics 

Within the collection, there appear to be certain species associated with higher levels of 

resistance, and of broader spectrum (Table 2). 

Citrobacter sp.  

In our collection, there was broader spectrum of resistance displayed by Citrobacter braakii 

compared to resistance among Citrobacter freundii isolates. C. braakii displayed an extended 

spectrum of beta-lactam resistance, with isolates commonly resistant to ATM (95.8%), PIP 

(100%), CAZ (100%), as well as PIP (79.2%) and CAZ (100%) combinations (Table 2). This 

extended spectrum resistance to beta-lactams is also observed in C. freundii isolates, but much 

less frequently. Additionally, Citrobacter braakii isolates display some resistance to TET as well 

as projected-resistance towards COL. These resistance phenotypes are not observed in C. 

freundii isolates. Furthermore, all C. braakii and C. freundii isolates remained susceptible to 

LVX, FEP, and IMP. 

Several C. braakii isolates were classified as MDR (Figure 5) and characterized by extended-

spectrum beta-lactam resistance, including resistance towards PIP, TZP, CAZ, CZ/CL, and 

ATM. Some MDR isolates also displayed TET resistance and COL projected-resistance. In these 

isolates, COL resistance was deemed more likely as there was no visible inhibition when 

challenged with 10µg COL disks (ZOI = 6mm) while susceptible isolates typically show ZOI ≥ 



23 

 

11mm. Although less extensive, C. freundii also demonstrated extended-spectrum beta-lactam 

resistance, mainly PIP, CAZ, and CZ/CL. Intermediate resistance to ATM was inconsistently 

observed across these MDR isolates. Additionally, one of the MDR C. freundii isolates displayed 

extended spectrum beta-lactam resistance similar to C. braakii MDR isolates cultured from the 

same patient. 

Enterobacter sp. 

All Enterobacter sp. were identified as part of the Enterobacter cloacae complex (ECC). Only 

one isolate of both Enterobacter asburiae and Enterobacter kobei were identified. These species 

showed susceptibility to all antibiotics, except for E. asburiae’s resistance to PIP and 

intermediate resistance to TZP (Table 2). The vast majority of ECC complex species were 

identified as E. cloacae (Table 1). Some E. cloacae isolates show resistance towards PIP and 

TZP along with TET resistance and most of these isolates display resistance towards COL (Table 

2). Resistance towards COL was characterized by growth within a defined zone of inhibition, 

indicating a phenotypic similarity to hetero-resistance. Thus, E. cloacae COL hetero-resistance 

was further characterized (See Chapter 4). 

MDR was identified within isolated E. cloacae isolates. Two MDR phenotypes were observed, 

differing mainly by the presence and absence of TET resistance (Figure 5). Both display some 

level of resistance toward PIP and TZP as well as extensive growth within a definable ZOI when 

challenged with COL and are suspected to be hetero-resistant.  

E. coli 

The dominance of E. coli within the collection coincides with significant diversity in resistance 

phenotypes. The most common phenotypes observed in E. coli are PIP and TET resistance, 
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remaining in line with observed resistance within the total collection (Figure 4). Resistance to 

other beta-lactams, such as TZP, CAZ, CZ/CL, and ATM, was infrequent among E. coli isolates, 

and resistance to IMP was not observed. Interestingly, resistance against FEP (3.4%) was more 

common than resistance to CAZ (0%). This is an atypical observation as FEP was originally 

introduced to combat CAZ resistance and is more effective against E. coli.5,78 Additionally, low 

frequency LVX resistance and COL projected-resistance was observed.  

Being the most frequently recovered organism, E. coli had the most diversity in MDR 

phenotypes (Figure 5). MDR E. coli picked from patients 5, 7, and 20 was characterized by PIP, 

TZP, and TET resistance or low zone diameters when challenged with COL (ZOI = 6mm). E. 

coli from patients 18 and 19 displayed similar MDR phenotypes, with some isolates showing 

broader spectrum resistance to beta-lactams, such as intermediate resistance to CAZ and CZ/CL. 

Additionally, MDR E. coli from patient 18 and 19 displayed low zone diameters to COL disks 

and were further investigated using broth dilution assays, indicating COL resistance (MIC ≥ 

2µg/mL) (Figure 6). E. coli from patient 13 had a unique MDR phenotype with prominent 

resistance observed to PIP, ATM, and FEP (4th generation cephalosporin). Additionally, one 

MDR isolate had resistance to LVX, uncommonly observed throughout E. coli isolates within 

the database. 

Klebsiella sp. 

Among all Klebsiella sp., PIP resistance was commonly observed (Table 2). Of the four 

Klebsiella species. identified in the collection, including K. pneumoniae, K. variicola, K. 

aerogenes, and K. oxytoca, broader spectrum resistance phenotypes are associated with K. 

pneumoniae. Some K. pneumoniae isolates was more resistant to TZP, as well as a small 

proportion of isolates displayed resistance to ATM (3%), CAZ (1.8%) and CZ/CL (1.2%). 
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Additionally, several isolates displayed low zone diameters when challenged with COL disks. 

These have been characterized as projected-resistance and have yet to be characterized as 

resistant by broth microdilution. 

K. pneumoniae was the only Klebsiella species to display MDR phenotypes (Figure 5). MDR 

phenotypes characterized by resistance to PIP, TZP, and projected-resistance to COL were 

detected in patients 6, 7, and 17. Other K. pneumoniae isolates—isolated from patients 7, 8, and 

17—differed by their spectrum of beta-lactam resistance as well as TET resistance. The broadest 

spectrum of resistance appears in MDR K. pneumoniae isolated from patient 8. Here one MDR 

isolate displayed extended spectrum resistance, including PIP, TZP, CAZ, CZ/CL, and ATM 

resistance; whereas the other isolate has additional resistance to TET and projected-resistance to 

COL while remaining ATM susceptible. 

Morganella morganii 

Of the bacteria characterized, M. morganii isolates had the broadest spectrum resistance profiles. 

Most were resistant to seven of the ten panelled antibiotics (Table 2). MDR isolates were mainly 

characterized by extended-spectrum beta-lactam resistance, TET resistance, and COL projected-

resistance (Figure 5). However, these MDR isolates remained susceptible to LVX, FEP, and 

IMP. 

Proteus mirabilis 

COL resistance is intrinsic to P. mirabilis79, which explains a high frequency of COL resistant 

isolates (78.6%) (Table 2). TET resistance (92.9%) was commonly observed in P. mirabilis. 

Resistance to beta-lactams was rare, with only 17.9% and 3.6% of all P. mirabilis isolates 

displaying PIP and CAZ resistance, respectively. Multiple resistance phenotypes were observed 
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within several P. mirabilis, indicating MDR (Figure 5). MDR P. mirabilis isolates picked from 

patients 19, 20, and 23, displayed similar resistance phenotypes. MDR towards TET, PIP, and 

COL was the most common MDR phenotype across these 3 patients. A unique phenotype 

emerged in patient 20 characterized by resistance to CAZ and susceptibility to PIP. 

Pseudomonas sp. 

P. aeruginosa and P. citronellolis were the two species identified (Table 1). Few isolates of P. 

aeruginosa were identified and only 1 in 3 showed intermediate resistance to TET and ATM 

(Table 2). P. citronellolis was more frequently picked. These isolates were resistant to ATM 

(94.1%), with some intermediate resistance to PIP (41.2%) and CAZ (11.8%). Many of these 

resistance phenotypes appeared alone or in pairs, with only one MDR phenotype being observed 

among Pseudomonas sp. This MDR phenotype was characterized by intermediate resistance 

towards PIP and CAZ as well as resistance to ATM (Figure 5). However, the MDR P. 

citronellolis remained susceptible to beta-lactam combinations TZP and CZ/CL. 

Raoultella ornithinolytica 

This species was very rare within the collection, with only 2 isolates recovered (Table 1). Of 

these two isolates, one was susceptible to all antibiotics, except PIP (Table 2); while the other 

colony displayed MDR characterized by non-susceptibility to COL, TET, PIP, TZP, CAZ, and 

CZ/CL (Figure 5).  

Salmonella  

Similar to R. ornithinolytica, Salmonella enterica were rarely isolated within the collection, with 

only 2 colonies picked (Table 1). These isolates were susceptible to most antibiotics, but 1 
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colony displayed resistance to both TET and PIP antibiotics (Table 2). No MDR was observed 

among sampled Salmonella. 

Stenotrophomonas maltophilia 

S. maltophilia was sampled somewhat frequently (5.1%) compared to other gram-negative 

species (Table 1). From the picked isolates, resistance to PIP (100%), ATM (100%), FEP 

(89.4%), and IMP (100%) was observed (Table 2). Some level of resistance to PIP tazobactam 

was observed. However, COL projected-resistance was only observed in 2.1% of isolates. 

Despite minor resistance fluctuations between S. maltophilia isolates, all were characterized as 

MDR (Figure 5). Furthermore, all isolates remained susceptible to LVX and third-generation 

cephalosporin, CAZ and its combination (CZ/CL).  

Assessing first sampled gram-negative characteristics across all patients  

When looking at the collection of microbes present within the first sampling periods for each 

patient, E. coli appears to be the most commonly observed gram-negative species, remaining in 

line with the observed abundance of E. coli within the collection (Table 1). Generally, E. coli 

was isolated from all patients, but was isolated with other Enterobacteriaceae (K. pneumoniae or 

C. braakii and Enterobacter sp) in several patients (Figure 7A). For some patients E. coli was 

not recovered from the first sample, such as patients 06, 10, 11, 17, 20, and 23. Patient 06 had 

only K. variicola and C. freundii isolated from their first sampling. Patient 10 appeared to have 

P. citronellolis isolated from the first sample. Patients 11 and 17 only had K. pneumoniae 

isolated from their first sampling. Additionally, patients 20 and 23, appear to start their sampling 

period with P. mirabilis alone. There do not appear to be major differences across observed 
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species when comparing baselines on prophylactic treatment; however, sample sizes are not 

large enough to draw conclusions past speculation.  

The majority of samples came from patients on TZP as their first round of IV prophylactic 

therapy. Consistent with our observations of dominant PIP resistance across the entire collection, 

PIP resistance appears to be the most common gram-negative resistance phenotype across first 

samples from all patients, followed by TET resistance. (Figure 7B). Gram-negative organisms 

isolated from first samples of patients on TZP IV prophylaxis, appear to be resistant to a broader 

spectrum of antibiotics; some gram-negative organisms even appeared to show resistance to 

LVX, COL, and FEP, which are generally uncommon within the overall collection. Interestingly, 

the TZP IV prophylaxis group with history of antibiotic use in the past 6 months did not appear 

to have equivalent or greater spectrum of gram-negative resistance phenotypes.     

DISCUSSION 

The composition of major gram-negative taxa detected in this collection matches rectal swab 

sampling observations in previous research.80 The most dominant gram-negative taxa within the 

collection were E. coli and Klebsiella sp.. These organisms, as well as other Enterobacteriaceae, 

are commonly found within the colon environment, especially during antibiotic prophylaxis.61 

Furthermore, a notable number of Pseudomonas species were isolated within the collection. 

However, only one patient, patient 10, was observed to carry this at baseline sampling, indicating 

a carriage rate of 1/21 (~4.8%) (Figure 7A); similar to reported carriage rates among healthy 

patients.81 

In terms of the resistance detected across the AMR collection, the most common resistance 

phenotypes were PIP and TET non-susceptibility (Figure 4). It has been reported that both beta-
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lactamase and TET pump resistance genes are very common throughout our environment.82 

Since it is typical that local resistomes contribute to the resistance seen within the gut, these high 

frequencies in our gut are likely a reflection of environmental contributions.17,64,82 However, 

several species within the collection appeared to have broader spectrum resistances, which are 

thought to be less common in our environment and typically associated with nosocomial 

exposure.43,45–47 

These MDR phenotypes of interest were observed in Citrobacter sp., M. morganii, R. 

ornithynolytica, S. maltophilia, E. coli, E. cloacae, and K. pneumoniae. Most MDR phenotypes 

within this collection are defined by broad beta-lactam resistance, with most concerning 

extended spectrum resistance phenotypes arising in Citrobacter sp., K. pneumoniae, R. 

ornithynolytica, and M. morganii. Past research has identified extended-spectrum beta-

lactamases (ESBL) as being the most common primary determinant of this type of resistance.5,83 

Past studies on an extensive E. coli database indicates that reduced outer membrane protein 

function and overexpression of beta-lactamases, such as AmpC, can mimic beta-lactamase 

inhibitor resistance seen in this collection.84 Isolates of particular interest include those 

displaying extended-spectrum beta-lactam resistance in addition to non-susceptibility to COL 

(Figure 5). Due to an increasing reliance on COL as a last resort therapy in treatment of XDR 

and PDR gram-negatives, these isolates may serve as ideal candidates in the study of common 

genetic determinants of COL resistance in GI-resident MDR gram-negatives. 

In addition to the extensive spectrum beta-lactam resistance phenotypes observed, narrower 

spectrum resistance was found in E. cloacae, C. freundii, E. coli, K. pneumoniae, Pseudomonas 

spp. and P. mirabilis, often coexisting with resistance in other antibiotic categories. MDR E. 

cloacae, E. coli, K. pneumoniae, and P. mirabilis often displayed narrow spectrum beta-lactam 
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resistance towards PIP and TZP in addition to TET and COL projected-resistance. As previously 

mentioned, beta-lactamases are a common determinant of beta-lactam resistance.5 In these 

species, CAZ resistance is not observed, indicating a lack of ESBLs.77 However, overexpression 

of certain beta-lactamases, such as blaTEM-1b, can provide this narrow spectrum phenotype, resistant to 

tazobactam combination.85 Another interesting feature of these narrow spectrum isolates is the presence 

of COL non-susceptibility (ZOI ≤ 10mm). Aside from P. mirabilis and Serratia marcescens, COL 

resistance is not intrinsic to Enterobacteriaceae.79 It is not uncommon for organisms to inherit 

COL resistance, often attributed to mutations in mgrB genes and these MDR isolates are 

candidates for further study.79 

In recent years, clinical concern has started to grow regarding the increasing prevalence of 

carbapenem resistance among gram-negative species.4,45,46,83 Here we report a lack of 

carbapenem resistance among all isolated MDR gram-negatives within the collection, with the 

exception of S. maltophilia. This gram-negative bacteria has many chromosomally encoded 

efflux pumps and beta-lactamases, which provide a wide array of intrinsic resistance, including 

resistance to carbapenems.44,86  

CONCLUSION 

The gram-negative AMR collection from this study holds a wide variety of organisms and 

resistance phenotypes, including many MDR organisms of interest for future study. MDR 

phenotypes were detected in high priority gram-negative opportunistic pathogens, including 

Citrobacter braakii, C. freundii, Enterobacter cloacae, Escherichia coli, Klebsiella pneumoniae, 

Morganella morganii, Proteus mirabilis, Pseudomonas citronellolis, Raoultella ornythinolytica, 

and Stenotrophomonas maltophilia. Resistance to last resort antibiotics, such as COL and 

carbapenems, was infrequent. COL projected-resistance was more common among MDR 
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phenotypes, whereas carbapenem resistance was completely absent among MDR 

Enterobacteriaceae. This collection houses many phenotypes previously identified by 

surveillance efforts, but introduces some interesting gram-negative isolates to the Surette lab and 

IIDR for future microbiological study. 

 

  



32 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3: THE EFFECTS OF PROPHYLACTIC ANTIBIOTIC 

THERAPY ON THE EMERGENCE AND MECHANISMS OF MDR 

IN GRAM-NEGATIVE BACTERIA 
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ABSTRACT 

Background: IV antibiotics are commonly used in antibiotic prophylaxis. Although this route of 

administration has low penetrance into the GI tract, it has been shown to have a significant 

selective impact on AMR in the microbiome. However, little is known about the mechanisms 

through which long-term antibiotic prophylaxis impacts MDR gram-negative emergence over 

time. 

Objectives: Identify the impacts of long-term antibiotic prophylaxis on rectal MDR gram-

negative carriage and elucidate mechanisms of AMR. 

Methodology: Patient eligibility was limited to those with long-term antibiotic exposure and 

rectal sampling (>14 days). Gram-negative AMR phenotypes were assessed longitudinally. 

Resistance evolution was further investigated using pulsed-field gel electrophoresis and 

comparative genomics. Microbiome diversity and composition was assessed. 

Results: AMR in gram-negatives appeared to significantly increase over time on antibiotic 

prophylaxis (p-value < 0.0001) with MDR carriage being identified after 13 to 23 days on 

therapy. Changes in AMR over treatment time were primarily characterized by increased 

detection of resistance to a broader spectrum of beta-lactam antibiotics. Increased AMR in gram-

negatives was associated primarily with IV TZP/VAC/MER treatment (adj. p-value = 0.008). 

Increase MDR gram-negative carriage was contributed to both colonization and de novo 

evolution. De novo evolution of TZP resistance in E. coli occurred in two distinct lineages from 

two different patients, 5 and 21. EnvZ osmolarity regulator mutants and a 20kb mobile element 

deletion was observed in E. coli from patients 5 and 21, respectively. Microbiome analysis 

showed that therapy groups, associated with increased MDR, appeared to be associated with 

increased levels of microbial dysbiosis and loss of beneficial bacterial species. 
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Conclusion: Both antibiotic therapy characteristics and treatment length serve as risk factors for 

MDR gram-negative carriage. Furthermore, increased carriage is defined by both MDR 

colonization and de novo resistance evolution. Increased MDR may be linked to increased 

microbial dysbiosis, indicating complex interactions in addition to selective pressures of 

administered antibiotics 
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BACKGROUND 

Over the past 20 years, it has become extensively understood that increased antibiotic exposure 

is a major facilitator of AMR development in patients.12,16,61 Specifically, patients receiving 

prophylactic antibiotics—commonly prescribed to those with compromised immune systems—

constitute a substantial portion of clinical antibiotic exposure.71,73 These patient populations have 

been shown to carry higher abundances of ARGs and have greater risk of AMR nosocomial 

pathogen colonization/carriage.69,77,87 More pronounced increases in AMR have been linked with 

oral prophylactic therapy users.63,67 Thus, IV antibiotic treatments have become standard due to 

their characteristically low penetrance into the gastrointestinal system, reducing the antibiotic 

selective pressure on patient microbiomes.67 However, despite this low penetrance into the gut, 

long-term prophylactic IV exposure still has an effect on AMR selection within the gut.20,67  

Popular clinical IV therapies, such as PIP/tazobactam and carbapenems, have been shown to 

have significant impacts on the microbiome.75,76 Studies have identified significant biliary 

excretion of TZP as well as low concentrations in stool of patients receiving these therapies 

intravenously; these pharmacokinetic observations corresponded with decreased 

Enterobacteriaceae, Bifidobacterium, Eubacteria, Lactobacillus after only four to eight days of 

IV therapy.75,76 Carbapenem IV therapies also appear to have significant biliary excretion 

generally resulting in decreased abundance of Enterobacteriaceae.76 In addition to effects on 

relative microbial abundances, IV prophylactic therapies have been shown to increase abundance 

antibiotic resistant genes (ARGs) within the gut of mice.67 These results were echoed by clinical 

observations of increased abundance of resistant Enterobacteriaceae following IV antibiotic 

prophylaxis.76,77  
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Although there remains an undeniable contribution of IV antibiotic prophylaxis to AMR 

development in the gut, the mechanism of this contribution requires further definition. To date, it 

has been shown that prophylactic therapies, and consequential sub-MIC concentrations within 

the gut during administration, may contribute to increased resistance within the gut by promoting 

resistance evolution of commensal organisms20,21, selecting for pre-existing resistant mutants22, 

and/or depleting beneficial micro-organisms that normally repel colonization of MDR 

bacteria69,88,89. However, the relative contributions of these AMR-related phenomena to 

increased AMR status within the gut remain to be further elucidated. Little is known about the 

dominant factors that determine both AMR and MDR status within gram-negatives of the gut, 

during IV antibiotic prophylaxis. As a result, this chapter aims to 1) address the potential of 

prophylactic antibiotic prophylaxis in promoting increased MDR gram-negative status within the 

gut, 2) identify causes of increased MDR gram-negatives (i.e.: colonization or evolution), and 3) 

characterize resistance determinants in evolved MDR gram-negatives. 

METHODOLOGY 

Patient Eligibility 

Although patient eligibility was assessed for the analysis in chapter 1, eligibility was reassessed 

with additional criteria catering to this chapter’s aim (Figure 3). Patients were assessed for the 

length of sampling time. Patients that withdrew less than 14 days after initiation were excluded 

as this study aim requires a long-term picture of prophylactic antibiotic exposure. 

Whole genome sequencing and Mutation Analysis 

Fresh MH broth was inoculated with isolates of interest and grown overnight at 37℃. Genomic 

DNA was isolated from overnight cultures using the Wizard genomic DNA purification kit 
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(PROMEGA). Final product concentrations were determined using a Qubit 4 fluorometer 

(Invitrogen). DNA sequencing libraries were generated using a modified NEB-Next UltraII FS 

DNA library prep protocol and sequenced on an Illumina HiSeq platform with 2 x 250 paired 

end reads.  Genome assembly was carried out using unicycler.90  Library prep and genome 

assembly were carried out by Dr. Hooman Derakhshani. 

Assemblies were then analyzed using the comprehensive antibiotic resistance database (CARD) 

resistance gene identifier (RGI) to predict resistance genes within each assembly and assess 

gained resistance genes.91 Only strict and perfect matches within the RGI output were 

considered.  Additionally, genome assemblies were annotated using PROKKA software92 and 

clonal strain genomes, isolated from different time points, were compared using BreSeq 

software.93 Mutations of interest were identified and tabulated.  

16S rRNA sequencing 

Genomic DNA was extracted as described by Stearns et al.94  Briefly, 300µL of universal 

transport medium from each rectal swab was transferred to a screw cap tube containing 2.8 mm 

ceramic beads, 0.1mm glass beads, GES solution  and sodium phosphate buffer (178 mM, pH = 

8).  Samples were mechanically lysed in a homogenizer for 3 minutes at 3000 rpm for 2 cycles.  

Samples were then incubated at 37C° for 1 hour after the addition of 50μL lysozyme (100 

mg/mL) and 10μL RNase A (10 mg/mL in H2O), followed by a second incubation at 65C° for 1 

hr after the addition of 25μL SDS (25% w/v, diluted in ddH2O, filter sterilized), 62.5μL NaCl 

(5M, sterilized) and 25μL Proteinase K (20 mg/mL). Samples then underwent centrifugation at 

13000 rpm for 5 min. The supernatant was mixed with 200uL of DNA binding buffer as part of 

the Zymo DNA Clean and Concentrator-25 kit.  The DNA was purified as per the kit instructions 

and finally eluted with 50uL of ultrapure water. 
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Purified DNA was used to amplify the v34 region of the 16S rRNA gene by PCR.  50 ng of 

DNA was used as template with 1U of Taq, 1x buffer, 1.5 mM MgCl2, 0.4 mg/mL BSA, 0.2 mM 

dNTPs, and 5 pmoles each of 341F (CCTACGGGNGGCWGCAG) and 806R 

(GGACTACNVGGGTWTCTAAT) with added Illumina adaptors primers as described in 

Bartram et al.95 The reaction was carried out at 94C° for 5 minutes, 5 cycles of 94Co for 30 

seconds, 47C for 30 seconds and 72Co for 40 seconds, followed by 25 cycles of 94C° for 30 

seconds, 50C for 30 seconds and 72C° for 40 seconds, with a final extension of 72Co for 10 

minutes. Resulting PCR products were visualized on a 1.5% agarose gel.  Positive amplicons 

were normalized using the SequalPrep normalization kit (ThermoFisher#A1051001) and 

sequenced on the Illumina MiSeq platform at the McMaster Genomics Facility.   

Raw reads were filtered and trimmed of PCR primer sequences using Cut adapt with a minimum 

quality score of 30 and a minimum read length of 100bp.96  Sequence variants were then 

resolved from the trimmed raw reads using DADA2.97 DNA sequences were filtered and 

trimmed based on the quality of the reads for each Illumina run separately, error rates were 

learned, and sequence variants were determined by DADA2.  Sequence variant tables were 

merged to combine all information from separate Illumina runs.  Bimeras were removed and 

taxonomy was assigned using the SILVA database version 1.3.8. 

Pulsed-field gel electrophoresis (PFGE) 

PFGE was used to determine strain relatedness within and between patients, and 15 isolates from 

patient 18 were profiled. PFGE was performed according to the Standard Operating Procedure 

for PulseNet PFGE of E. coli O157:H7, E. coli non-O157, Salmonella serotypes, Shigella sonnei 

and Shigella flexneri (https://www.cdc.gov/pulsenet/pdf/ecolishigella-salmonella-pfge-protocol-

508c.pdf). Isolates were streaked on BHI agar for overnight growth at 37Co and chromosomal 



39 

 

DNA was digested using XbaI. Digested fragments were separated by electrophoresis on a 1% 

agarose gel using the BioRad CHEF-DR III system. Running conditions were as follows: 0.5X 

TBE buffer, 14oC, initial switch time 6.76 s, final switch time: 35.58 s, voltage: 6V, included 

angle: 120o, run time: 18 hours. Gel images were contrast adjusted and DNA patterns were 

analyzed in order to identify possible clonal strain populations.  

Statistical analysis 

Statistical analyses were performed using Rstudio and PRISM GraphPad software. Rstudio’s 

‘lmer’ package was utilized to generate a linear mixed model across 10 eligible patients and 

assess effects of treatment time on AMR. PRISM GraphPad software was used to compute all 

other statistical tests in this chapter. 

RESULTS 

Prophylactic antibiotic treatment increases MDR gram-negative carriage 

In order to address the effects of prophylactic antibiotic exposure on multidrug resistance over 

time, the patient cohort needed to be further narrowed down to those that were consistently 

sampled during their long-term antibiotic exposure (>14 days). Thus, patient eligibility was 

revisited to exclude patients that had short term sampling (Figure 3). From the 21 patients 

contributing to the isolate collection and chapter 2 analysis, 11 patients were excluded due to 

short term sampling and lack of cultured samples to provide long-term resistance profiling. A 

final cohort of 10 patients was used to assess the impact of long-term prophylactic antibiotics on 

AMR and MDR in gram-negative bacteria (Figure 3).  

To assess AMR changes overtime within gram-negatives isolated from longitudinal rectal swabs, 

we devised an AMR index. This index measures non-susceptibility to 10 antibiotic categories 
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represented by the panel of 10 tested antimicrobials relevant to clinical treatment of gram-

negative bacteria. For example, an E. coli that was measured as non-susceptible (resistance or 

intermediate resistance) to both PIP and TET would be non-susceptible to 2 out of the 10 

panelled antibiotics, providing an AMR index of 0.2 (i.e. 2 non-susceptible divided by 10 tested 

antibiotic categories). Across our sample of 10 patients receiving long-term prophylactic 

antibiotics (>14 days), we measured changes in AMR index from isolated gram-negative bacteria 

over time.  

For each patient sample/timepoint the gram-negative colony that displayed the broadest spectrum 

of activity was assigned an AMR index to represent gram-negative AMR carriage. This approach 

was utilized in order to capture MDR gram-negatives and the most resistant gram-negative 

carried at each timepoint. When plotting AMR index of each patient over their treatment course 

(in days), a statistically significant upward linear trend was modelled (p-value < 0.0001), 

indicating that gram-negative AMR increases with greater length of prophylactic antibiotic 

treatment (Figure 8A). This linear trend is modelled by the following linear equation, AMRIndex 

= 0.01(Time) + 0.132. Thus, patients harbor gram-negative bacteria that generally show 

increased resistance to one additional antibiotic drug class with every ~10 days of prophylactic 

treatment. Furthermore, it is seen that MDR is associated with longer prophylactic treatment 

lengths, with this model displaying MDR gram-negative status after ~13 to ~23 days of antibiotic 

prophylaxis.  

After concluding a significant positive relationship between MDR gram-negative carriage and 

treatment length, we looked to ascertain which antibiotic drug classes were being resisted. For 

this section of the analysis, patient sample AMR indexes were then grouped by week. The first 

week contains the average AMR index (avg. resistance spectrum) across the first samples of all 
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participants while subsequent weeks display the average of the largest AMR indexes (avg. of 

broadest resistance spectrums) taken from the patient’s samples during that week. Over 4 weeks 

of prophylactic treatment, increased COL projected-resistance and resistances towards TET, and 

all beta-lactam antibiotics were observed (Figure 8A). From week one to week two, there was a 

noticeable increase in TET and PIP resistance. Weeks two to three, further increases in COL, 

TET, PIP, TZP, and IMP non-susceptibility. The noted increase in IMP non-susceptibility was 

observed in patient 16. Upon week four of treatment, patient samples displayed the broadest 

spectrum of resistance, with the greatest frequency of COL projected-resistance and resistance to 

other antibiotics, including TET, PIP, TZP, CAZ, CZ/CL, ATM, and IMP.  

Despite an overall increasing trend in AMR Index, it was clear that some patients comprised 

larger increases in AMR carriage compared to others. It was suspected that different prophylactic 

antibiotic treatment regimens may explain these differences in AMR carriage between patients. 

Thus, patients were stratified by treatment type to observe resistance over time in these 

individual groups. Higher increases in AMR overtime appeared to be more prevalent in the 

group receiving three IV antibiotics, TZP, vancomycin, and meropenem, in sequential order 

during their treatment (Figure 8B). All five patients receiving this treatment regimen eventually 

carried MDR gram-negative bacteria during their sampling period. The remaining patients 

received either TZP IV along with double strength co-trimoxazole per oral (PO) or TZP IV alone 

(Figure 8B). Patients in these groups generally did not develop MDR during their study sampling 

period. In fact, as seen with patient 13, 19, & 20, some patients started with resistant organisms 

during their first sampling, which were lost over the course of their treatment (Figure 8B). 

Additionally, a unique case was noted in patient 17, carriage displayed an opposite trend where 

AMR carriage increased above the MDR threshold during their treatment. Despite this unique 
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case, prophylactic antibiotic regimen did appear to alter carriage with the presence of VAC + 

MER appearing to promote increased MDR. 

To test the significance of IV VAC+MER in promoting AMR, patients were grouped by the 

presence or absence of IV VAC+MER (Figure 8C). Pairwise comparison of patient AMR Index 

within the TZP + VAC + MER IV group showed an average increase in AMR to four classes of 

antimicrobials from their first sample to our linear model predicted time window of MDR (adj. 

p-value = 0.008) (Figure 8C). Conversely, TZP with co-trimoxazole or alone did not appear to 

have a significant impact on AMR carriage (adj. p-value = 0.820). Furthermore, these trends 

were largely explained by fluctuations in susceptibility to beta-lactam antibiotics (Figure 8D). 

Increases and decreases in AMR Index were mainly characterized by broadening and narrowing 

of resistance spectra, respectively. Here it is shown that patients receiving TZP + VAC + MER 

IV antibiotics gain broader spectrum resistance across many beta-lactams by week 4 while other 

treatment types lose resistance. Lastly, we compared the median magnitudes of AMR change 

between these groups to identify points of significant AMR uptake or loss (Figure 8E). Patients 

receiving TZP + VAC + MER IV appeared to have greater median increases in AMR (max. 

∆AMR Index = 0.5) than TZP alone or TZP + TMP/SMX (max. ∆AMR Index = 0) during their 

study involvement (p-value = 0.0119) (Figure 8E).  

Given these interesting trends noted in a small patient sample, it was also recognized that shorter 

sampling windows could provide a bias against therapies, such as TZP + OTHER. However, 

when comparing the median sampling time of TZP + OTHER patients to the median time taken 

until the first major ∆AMR detection in TZP + VAC + MER IV patients, there was no significant 

difference (Figure 8F). Thus, variation seen in AMR over time cannot be significantly explained 

by differences in sampling time alone and can be attributed to therapy effects. 
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Current literature suggests that low level penetrance of antibiotics into the gut, as seen with 

prophylactic IV therapy, may cause these observed increases in AMR in two ways: 1) by 

providing sub-MIC antibiotics and promoting resistance evolution within the gut, 2) by 

impacting colonization resistance and promoting increased colonization of MDR organisms. 

Thus, we investigated the cause of increased gram-negative AMR within our study population by 

analyzing changes in resistance profiles and observed gram-negative species over time.  

Evidence of MDR gram-negative colonization and carriage (Patients 5, 7, & 16) 

Among patients displaying increases in AMR over time, patients 5, 7, and 16 appeared to have 

AMR increases attributed to gained MDR organisms (Figure 9&10). Patient 5 gained a MDR 

Morganella morganii species, resistant to 7 of the 10 screened ABX categories (COL, TET, PIP, 

TZP, CAZ, CZ/CL, and COL), after 23 days of prophylactic antibiotic therapy. Patient 7 gained 

MDR Morganella morganii and MDR Citrobacter freundii, both resistant to 7 of the 10 screened 

ABX categories (COL, TET, PIP, TZP, CAZ, CZ/CL, and COL), after 22 days of prophylactic 

therapy. Patient 16 gained a MDR Stenotrophomonas maltophilia, resistant to 6 of the 10 

screened ABX categories (COL, PIP, TZP, COL, FEP, and IMP), after 16 days of prophylactic 

therapy. Furthermore, the resistance profile for Stenotrophomonas maltophilia appears to lose 

COL resistance after day 16 and transition between TET intermediate resistance and 

susceptibility (Figure 10).  

Evidence of resistance evolution and MDR (Patients 5 & 21) 

In both patients 5 and 21, TZP resistance appeared to develop in E. coli over each patients 

prophylactic therapy window (Figure 10). Both patients were observed to have stable E. coli 

populations that were not lost during long-term sampling (Figure 9). Furthermore, these E. coli 
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appeared to have similar resistance profiles, suggesting strain similarity (Figure 10). Patient 5 

carried PIP and TET resistant E. coli on D3 of therapy while the same resistance pattern 

remained throughout sampling and was observed at D16 with additional resistance to TZP 

(Figure 10). Similarly, patient 21 carried PIP resistant E. coli isolated at D0 (not shown), which 

transitioned to carriage of E. coli that was TZP resistant and intermediately CAZ resistant 

(Figure 10). Since TZP resistance developed within the same species while the patients were 

receiving long-term TZP IV therapy, we investigated the possibility of TZP evolution within the 

same strain of E. coli.  

Pulsed-field gel electrophoresis (PFGE) was used to identify differences in banding patterns 

between longitudinal E. coli isolates within each patient (Figure 11&12). PFGE showed similar 

digestion patterns between longitudinal isolates within each patient (Figure 11B & 12B). In 

patient 5, earlier E. coli isolates displayed identical banding patterns with only the addition of a 

band in later TZP-resistant isolates (Figure 11B). In patient 21, earlier E. coli isolates had 

identical banding patterns with later isolates showing the appearance of two bands in TZP-

resistant E. coli (Figure 12B). Since later TZP-resistance E. coli isolates displayed similar 

digestion patterns with few variations (1 or 2 bands), isolates from each patient were reasoned as 

likely being clonal populations. Further analysis of suspected ancestral populations—using 

whole genome sequencing—provided additional evidence for strain similarity (>97% similar). 

For each patient’s set of longitudinal E. coli isolates, BreSeq software93 comparison between the 

first isolated E. coli species and subsequently sampled E. coli indicated no major genomic 

differences. As a result, the remaining analysis treats these E. coli isolates as clonal populations 

which evolve TZP resistance, with the first isolated E. coli within each patient labelled as the 

ancestral strain.  



45 

 

Next, we looked to identify the determinants of TZP-resistance in these independent cases of E. 

coli TZP evolution. Whole genomes assemblies of all isolates were analyzed using the 

comprehensive antibiotic resistance database (CARD) in order to identify inherited or lost 

resistance genes that may explain changes in susceptibility to TZP. After predicting resistance 

genes using CARD RGI, both TZP-susceptible and -resistant E. coli were shown to have similar 

predicted resistance genes related to beta-lactam resistance, such as AmpC, AmpH, and TEM-1 

(Table 3&4). Since there were no observed differences in presence of beta-lactam resistance 

genes between TZP-sensitive and -resistant E. coli clonal isolates, mutation analysis was 

conducted using BreSeq software93 to further investigate the mechanisms of evolved TZP-

resistance. 

Different mutations appeared to evolve in TZP-resistant E. coli clonal populations from each 

patient. In patient 5 E. coli clonal isolates, mutations were found in various hypothetical proteins 

as well as EnvZ, an osmolarity regulator protein. An EnvZ E212V mutation was found in P3A7, 

an E. coli isolated after 23 days of IV TZP therapy, while an EnvZ A175E mutation was 

observed in P3D4, an E. coli isolated after IV TZP, VAC, and MER therapy (Figure 11). Both 

amino acid substitutions are characterized as non-polar to polar shifts or vice versa, resulting in 

significant impacts on structure of EnvZ.  

In patient 21 E. coli clonal isolates, two deletions of Δ14,417bp and Δ5,374bp were noted in 

TZP-resistant isolates, P9G12 and P9H6 (Figure 12). These segments contained various genes 

common to plasmids, such as traA, traJ_2, traM, traV, traY, flmC, vapB, parM, and stbB. As a 

result, it is suspected that a plasmid may be lost and effect chromosomal expression of beta-

lactam resistance genes. However, further bioinformatic analysis and in vitro methods will need 

to be utilized to investigate this possibility. 
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Stable and Lost resistance over prophylactic therapy (Patients 3, 13, 19, & 20) 

Patients 3, 19, and 20, show stable resistance phenotypes that do not change extensively over the 

period of sampling. Interestingly, patients 19 and 20 had Proteus mirabilis isolated from their 

samples, but did not appear to develop resistance to the main prophylactic agent used, IV TZP 

(Figure 9&10). In patient 13, we observe an interesting phenomenon where the first gram-

negatives isolated grew on CHROMID plates and were resistant to strong/last-line antibiotics, 

IMP and FEP. However, over treatment time, these microbes were lost, with only Klebsiella 

variicola being isolated after day 10 (Figure 9&10). 

Patients with significant antibiotic-mediated microbial dysbiosis appear at greater risk for 

developing MDR carriage 

When assessing the microbiome, it became clear that IV TZP/VAC/MER therapy—associated 

with increased MDR carriage—may promote a greater degree of microbial dysbiosis (Figure 13). 

First, microbial diversity appeared to decrease in patients receiving either TZP/TMP/SMX or 

TZP/VAC/MER therapies over time (Figure 13A). However, a greater decrease in diversity was 

observed in TZP/VAC/MER patients overtime compared to those receiving TZP/TMP/SMX. 

Second, expansion/overgrowth of Enterococcaceae, Bacteroidaceae, and Enterobacteriaceae 

spp. populations, are more commonly seen in patients receiving IV TZP/VAC/MER (patients 5, 

6, 7, 16, & 21) (Figure 13B&C). Both Bacteroidaceae, and Enterobacteriaceae spp. expansions 

were commonly seen during TZP administration (typically the first administered antibiotic) 

while Enterococcaceae spp. expansion was observed during IV VAC and MER treatment (given 

later in therapy regimen). Additionally, these expansions typically occurred in tandem with the 

depletion of beneficial bacterial species (Figure 13B). In patients 5, -6, and 7, beneficial 

Rumminococcus group, Faecalibacterium, and Lachnoclostridium species are lost after 16, 14, 
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and 12 days on antibiotic therapy, respectively (Figure 13B). In patient 16, both Pediococcus and 

Lactobacillus spp. are lost over the patient’s treatment duration. Furthermore, in patient 21, a 

prominent Akkermansia spp. population is lost prior to Enterococcus and Escherichia/Shigella 

spp. expansion. 

Comparatively, patients receiving TZP alone or in combination with TMP/SMX appeared to 

maintain beneficial bacterial populations, despite some expansion of Enterococcus spp. in 

patients3 and 17 as well as Escherichia/Shigella spp. in patient 19 (Figure 13B). In patient 3, 

Blautia, Lachnoclostridium, and Ruminococcus group species remain despite expansion. 

Similarly in patient 17, Lachnoclostridium and Ruminococcus gnavus groups species remain 

stable during antibiotic therapy. In patient19, Ruminococcus torques group and 

Lachnoclostridium species remain stable during Escherichia/Shigella expansion. The remaining 

patients, patients 13 and 20, appeared to have more unique microbial compositions, with no 

noted overgrowth of Enterococcaceae or Enterobacteriaceae spp. Furthermore, these patient 

microbiomes appear to retain significant relative abundance of beneficial bacteria throughout 

their time on therapy. 

DISCUSSION 

Previous research has shown that extensive antibiotic usage is positively associated with higher 

rates of AMR carriage.69 This chapter builds on this previous work to show that MDR gram-

negative carriage increases with time on IV antibiotic prophylactic therapy (Figure 8). 

Furthermore, it was seen that broader spectrum IV therapy groups—such as patients receiving 

TZP/VAC/MER therapy—experienced greater significant increases in AMR, eventually 

conferring MDR carriage. Increases in MDR gram-negative carriage were shown to be mediated 

by a combination of MDR colonization as well as de novo evolution of resistance towards 
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administered IV antibiotics, such as TZP. Furthermore, increased MDR carriage was often 

characterized by broader spectrum resistance to beta-lactams, indicating the significant selective 

roles of IV TZP and MER on intestinal microbiota. Interestingly, these phenotypic resistance 

observations were coupled with more severe microbial dysbiosis in patients receiving 

TZP/VAC/MER treatments (Figure 13).  

In all TZP/VAC/MER patients expansion of Bacteroidaceae, Enterobacteriaceae, or 

Enterococcaceae species were observed, which is a sign of destabilization of the healthy 

microbiome community under antibiotic pressure.59 Furthermore, in these patients, beneficial 

species—implicated in colonization resistance through their contributions to a competitive GI 

environment—were lost, including Faecalibacterium, Lachnoclostridium, Blautia, 

Ruminococcus groups, Akkermansia, Lactobacillus, and Pediococcus spp.87,102–109 

Faecalibacterium, Lachnoclostridium, Blautia, Ruminococcus groups, and Akkermansia spp., 

provide protection through their production of SCFAs, particularly butyrate.87,102–105 In vitro 

experiments demonstrate that adequate concentrations of burtyate can directly impede growth of 

E. coli and Salmonella sp.110 Additionally, butyrate promotes aerobic respiration in colonocytes, 

limiting oxygen and nitrate from Enterobacteriaceae populations looking to expand or 

colonize.106 In addition to their roles as SCFA producers, Ruminococcus groups and 

Akkermansia spp. are prominent mucin degraders, freeing up nutrients for other beneficial 

species.107 The bacterial species, Lactobacillus and Pediococcus spp., contribute to acidification 

of the colon by production of lactic acid, which contributes to pH necessary for other 

colonisation resistance mechanisms.108,109 Lastly, bacterial families, such as Lachnospiraceae 

and Ruminococcaceae are implicated in secondary bile acid metabolism, which can effectively 

reduce survival, colonization, and germination of MDR gram-negative pathogens.87  
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Over long-term antibiotic prophylaxis, loss of these beneficial microbial species can lead to a 

less competitive GI environment with greater ease of colonization and expansion by MDR gram-

negative organisms.104,111 However, this chapter’s results indicates that the effects of a less 

competitive and more fertile GI environment may extend beyond increased MDR colonization; 

these conditions likely also provide greater survivability to compensate fitness costs in evolved 

AMR gram-negative mutants.112,113 Evolution of clonal resistance was only apparent in two 

patients from the IV TZP/VAC/MER group (Figure 11&12). It was clear that these patients 

experienced a loss of beneficial butyrate producing bacteria, which could lead to decreased 

colonic respiration and increased oxygen/nitrate availability allowing TZP-resistant mutants to 

propagate freely.  

Although observed infrequently, evolution of TZP resistance was observed in E. coli. Of great 

interest were the EnvZ mutants isolated from patient 5. EnvZ is a osmolarity sensor protein that 

regulates expression of OmpF and OmpC.98,99 EnvZ consists of a periplasmic domain, two 

transmembrane domains, and a cytoplasmic histidine kinase. Previous studies have found several 

structure altering EnvZ mutations—within these domains—to cause constitutive expression of 

OmpC while repressing OmpF, impacting outer membrane permeability.98,99 Harlocker et al. 

displayed an EnvZ mutant in the linker region connecting the second transmembrane domain to 

the cytoplasmic histidine kinase (E212K) which preferentially expressed OmpC over OmpF.99 

Tokishita et al. found that mutagenesis of EnvZ within the transmembrane domains also had a 

significant impact on outer membrane protein expression.98 Furthermore, the EnvZ mutant 

(A175E) has been identified as contributing to carbapenem resistance in E. coli100 echoing the 

importance of these mutants on membrane permeability and beta-lactam resistance.101 
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CONCLUSION 

This chapter demonstrated that IV antibiotic prophylaxis length contributes to clinically relevant 

MDR gram-negative carriage. This contribution is highly dependent on the coverage and 

diversity of antibiotics taken during prophylaxis. Furthermore, it was shown that increased MDR 

was explained by both colonization and de novo evolution of resistance within GI resident gram-

negative species. Different therapies appeared to perturb the microbiome to differing degrees, 

possibly explaining the difference between colonization and evolution rates. 

FUTURE DIRECTIONS 

Little investigation was done into the roles of anti-cancer drugs on AMR development within the 

gut. It was considered that some anti-cancer drugs may promote survival of certain AMR 

mutants. Some of the chemotherapy drugs in our sample (Table 5) have been tested on gram-

negative bacteria and do not show significant bactericidal activity.114 However, anti-neoplastic 

drugs can significantly impact the microbiome and drug metabolism.115,116 In this way, certain 

chemotherapy drugs may have previously unexplored effects on microbial competition in the GI 

environment, possibly leading to higher propensities of colonization and opportunist expansion.  

In this chapter, the significance of components of the GI environment is discussed. Future study 

should focus on the hypothesis that beneficial bacterial protective products impact AMR 

evolution under sun-MIC concentrations. By investigating SCFA & pH, secondary bile acids, 

and nutrient availability, one may be able to highlight a bottleneck phenomenon with 

implications on AMR evolutionary trajectories and fitness costs. 
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Chapter 4: CHARACTERIZING THE ROLE OF FLUCONAZOLE IN 

COLISTIN HETERO-RESISTANCE 
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ABSTRACT 

Background: Hetero-resistance towards colistin has been increasing in prevalence, resulting in 

higher rates of gram-negative treatment failure and threatening the efficacy of this last-line 

therapy. Colistin hetero-resistance, like colistin resistance, can occur in response to outer 

membrane destabilization. Due to the membrane destabilizing effects of fluconazole, this 

antifungal was investigated for its impacts on promoting colistin hetero-resistance. 

Objectives: Explore the impact of fluconazole on colistin hetero-resistance in Enterobacter 

cloacae complex (ECC). 

Methodology: A set of colistin hetero-resistant Enterobacter sp. isolates were used from the 

AMR collection. Broth microdilutions were used for MIC determination and checkboard assays. 

Serial evolution experiments were done using high dose fluconazole and/or low dose colistin. 

Results: Colistin hetero-resistance appeared to build during fluconazole administration in patient 

6 samples from the AMR collection. Disk diffusion and broth microdilution assays were used to 

identify the presence of a colistin resistant sub-population, indicating hetero-resistance. This 

hetero-resistance appeared to increase in size of sub-population and MIC while the patient 

received fluconazole. Checkerboard assays using clindamycin, vancomycin, rifampicin, and PIP 

paired with fluconazole displayed no significant effect of acute fluconazole exposure on 

membrane permeability. Furthermore, serial evolution experiments indicated no significant 

impact of chronic fluconazole exposure on colistin hetero-resistance.  

Conclusion: Although fluconazole does appear to have in vitro membrane destabilizing 

capabilities, this does not appear to affect the gram-negative outer membrane or promote colistin 

hetero-resistance. 
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BACKGROUND 

With increasing rates of MDR, XDR, and PDR, first- and second-line therapy options are 

becoming obsolete. As a result, colistin is becoming increasingly relied upon as a clinical 

antimicrobial therapy.4,49,51 Resistance to this antimicrobial peptide has been growing in 

frequency over the past decades.37 In particular, Enterobacter sp. are of particular concern as 

these opportunistic pathogens been identified as colistin resistant in several clinical studies.117,118 

Furthermore, Enterobacter spp. are associated with rapid colistin resistance development, known 

as hetero-resistance.118 

Colistin hetero-resistance is a novel phenotype associated with high rates of last-line antibiotic 

treatment failure.118,119 Unique from traditional resistance, hetero-resistance is an unstable 

phenotype, which can be strengthened or lost rapidly within a clonal population.120,121 Alike 

other colistin resistance mechanisms, they respond to outer membrane destabilization.122 It has 

been shown that fluconazole, a very popular antifungal, can destabilize lipid membranes.123 Due 

to the frequency of fluconazole use in prophylactic therapies, this chapter investigates the ability 

of fluconazole to promote colistin hetero-resistance in Enterobacter spp. isolated from a 

chemotherapy patient. 

METHODOLOGY 

Checkerboard minimum inhibitory concentration (MIC) broth dilution assay 

Stock concentrations were made using clindamycin, vancomycin, rifampicin, and PIP powders 

solubilized in milliQ water and fluconazole solubilized in DMSO. All stocks were filter 

sterilized. Liquid MH broth was inoculated with Enterobacter spp. and incubated overnight at 

37℃. Overnight cultures were diluted 1/1000 in MH broth and grown to an OD600 of 0.1. Liquid 
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cultures (OD600=0.1) were further diluted 1/200 in MH broth and pipetted in 100µL volumes 

within a 96-well plate. Stock concentrations were diluted 1/100 in each well to final serial 

dilution concentrations of 0-16µg/mL (rifampicin and PIP), 0-128µg/mL (clindamycin), or 0-

512µg/mL (vancomycin). Additionally, down the columns of the plate, fluconazole was serially 

diluted to concentrations of 0-512µg/mL. Plates were incubated overnight at 37℃. Well optical 

densities were measured at 600nm using a SpectraMax M3 plate reader (Molecular Devices). 

Isolation of sensitive hetero-resistant strain (P3A3-P9) 

MH broth was inoculated with an early Enterobacter isolate (P3A3) and was grown overnight at 

37℃. Overnight cultures were standardized to OD600=1 and serially diluted to OD600=1x 10-7. 

Dilute culture was spread on MH agar and grown overnight at 37℃. Using a RapidPick MP: 20 

Pin Colony Picker (Hudson Robotics), 344 isolates were picked and grown in MH broth 

overnight at 37℃. Overnight cultures were stamped into MH broth supplemented with 2µg/mL 

colistin and grown for 2 days at room temperature. Wells that showed no growth were 

determined as sensitive. A sensitive strain was picked and labelled as P3A3-P9.  

Spot dilution assay (Hetero-resistance Test) 

Overnight liquid cultures were serially diluted to 1:108. Serial dilutions of 10-3-10-8 were plated 

on MH agar plates and dilutions 10-1-10-6 were plated on 4µg/mL & 8µg/mL colistin MH agar 

plates. Plates were grown at room temperature for 48 hrs and CFUs counted. CFU/mL were 

calculated and used determine the size of hetero-resistance subpopulations present at different 

breakpoints.  
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Fluconazole evolution experiment (P3A3-P9) 

MH broth was inoculated with a sensitive colistin-hetero-resistant Enterobacter isolate (P3A3-

P9) and was grown overnight at 37℃. Overnight culture was standardized to OD600=0.1 and 

diluted 1:50 in four different experimental conditions: control (MH broth + 0.4% DMSO), 

colistin condition (MH broth + 0.4% DMSO + 0.125µg/mL), fluconazole condition (MH broth + 

0.4% DMSO + 128µg/mL), and colistin & fluconazole condition (MH broth + 0.4% DMSO + 

0.125µg/mL + 128µg/mL). Each condition was cultured in 25mL triplicates. Inoculated test 

media were grown overnight at 37℃ with shaking (140 rpm) and diluted 1:1000 every 23-25hrs. 

Isolates were passaged for 16 days with hetero-resistance measured every 3-4 days by spot 

dilution assay (4µg/mL & 8µg/mL colistin MH agar plates). 

Whole genome sequencing and Mutation Analysis 

Fresh MH broth was inoculated with isolates of interest and grown overnight at 37℃. Genomic 

DNA was isolated from overnight cultures using the Wizard genomic DNA purification kit 

(PROMEGA). Final product concentrations were determined using a Qubit 4 fluorometer 

(Invitrogen). DNA sequencing libraries were generated using a modified NEB-Next UltraII FS 

DNA library prep protocol and sequenced on an Illumina HiSeq platform with 2 x 250 paired 

end reads.  Library prep and genome assembly were carried out by Dr. Hooman Derakhshani. 

Assemblies were then analyzed using the comprehensive antibiotic resistance database (CARD) 

resistance gene identifier (RGI) to predict resistance genes within each assembly and assess 

gained resistance genes.91 Only strict and perfect matches within the RGI output were 

considered.  Additionally, genome assemblies were annotated using PROKKA software92 and 
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clonal strain genomes, isolated from different time points, were compared using BreSeq 

software.93 Mutations of interest were identified and tabulated.  

RESULTS 

During analysis of resistant gram-negatives overtime, patient 6 appeared to have several isolates 

identified as Enterobacter cloacae which displayed increased colistin hetero-resistance overtime 

(Figure 15A). In order to determine if these species were the same strain or more resistant 

isolates inherited overtime, isolates were sent for whole genome sequencing and identified as the 

same strain of Enterobacter bugandensis, another subspecies of the Enterbacter cloacae complex 

(ECC). As a result, it was determined that these strains were evolving resistance over sampling 

period, sample 4, 7, and 8 (Figure 15). Furthermore, this evolved resistance appeared to coincide 

with consistent administration of fluconazole (Figure 14). 

Since fluconazole was received consistently during this period of increased hetero-resistance, it 

was thoroughly investigated as a possible agent to promote colistin hetero-resistance (Figure 16 

& 17). However, high doses of fluconazole (<512µg/mL) did not appear to effect susceptibility 

to PIP, clindamycin, vancomycin, or rifampicin in Enterobacteriaceae spp., indicating weak 

impact of high dose acute exposure on permeability (Figure 16). Still curious about the effects of 

chronic fluconazole exposure on outer membrane modification, an evolution experiment was 

conducted with a sensitive Enterobacter bugandensis colony (P3A3-P9); this evolution 

experiment was performed with multiple conditions in serial fashion (Figure 17A). However, this 

evolution with fluconazole (128µg/mL) showed minimal effect in increasing hetero-resistance to 

colistin (Figure 17B&C). This suggests that maintenance and promotion of hetero-resistance in 

the GI tract is likely independent of fluconazole usage. Interestingly, low concentrations of 
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colistin (0.125µg/mL) alone were shown to increase hetero-resistant CFU proportions approx. 

500-fold over 13 days.  

DISCUSSION 

Despite interest in fluconazole as a possible promoter of colistin hetero-resistance, here we prove 

that fluconazole has little effect on the development of colistin hetero-resistance in the 

Enterobacter spp., Enterobacter bugandensis. Instead, this phenotype may be heavily influenced 

by the immune environment created by chemotherapy and subsequent antibiotic/antifungal 

prophylaxis. Following chemotherapy, immune processes are suppressed and take some time to 

recover following their administration.115 Furthermore, this period of recovery is defined by 

prophylactic antibiotics and antifungals, often leading to overgrowth of resistant and harmful 

organisms in the colon.59 During rebound, immune pathways begin to function and synthesize 

antimicrobial peptides with the purpose of controlling outgrown populations of either gram-

positive or negative organisms.124 Previous literature has found that colistin hetero-resistance in 

Enterobacter spp. can be promoted by host mucosal immune functions, such as CRAMP.118 

Studies in other gram-negative organisms suggest that cross-resistance occurs strongly between 

some human antimicrobial peptides, such as LL-37 and PR-39, and colistin.125 Since colistin 

hetero-resistance began to develop some time after administration of chemotherapy in patient 6 

that then became worse with increased antibiotic therapy length and microbial dysbiosis (Figure 

13).  

CONCLUSION 

Colistin hetero-resistance is a significant clinical resistance phenotype in Enterobacter spp., 

resulting in MDR treatment failure. A patient from the AMR collection (Chapter 2), Patient 6, 
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presented with multiple isolates of Enterobacter bugandensis which appeared to evolve 

prominent colistin hetero-resistance overtime. The patient was receiving several 

chemotherapeutic agents in their treatment regimen, however, fluconazole’s ability to destabilize 

bilayers in vitro made it a candidate in facilitating colistin hetero-resistance. Investigations into 

acute and chronic exposure to fluconazole indicated an insignificant impact on hetero-resistance 

development. From these results, it is suspected that the Enterobacter spp. colistin hetero-

resistance stems from other therapeutic agents or host immune processes. 
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SUMMARY 

AMR continues to grow and threaten efficacy of antibiotic interventions. Specifically, MDR 

gram-negative infections increase likelihood of treatment failure. However, very little is known 

about how these MDR bacteria develop and emerge within patients receiving antibiotics. As a 

result, a collection of 926 gram-negative isolates were cultured from rectal swabs of an AML 

patient population receiving IV and oral prophylactic antibiotics.  

In this study, resistance and taxonomy of gram-negatives carried in these patients over time was 

surveyed. The majority of the collection was identified as E. coli (50.8%), K. pneumoniae 

(18.0%), and K. variicola (10.5%). Furthermore, the most common resistance was to piperacillin 

(55.2%) and tetracycline (23.9%). Upon surveying the entire database, MDR phenotypes were 

identified in gram-negatives of interest, including C. braakii, C. freundii, E. coli, K. pneumoniae, 

M. morganii, R. ornythinolytica, and S. maltophilia. Some MDR Citrobacter spp., K. 

pneumoniae, M. morganii, P. mirabilis and R. ornythinolytica isolates were found to be extended 

spectrum beta-lactam resistant. Extended spectrum beta-lactam resistance was observed to co-

occur with colistin projected-resistance in some C. braakii and R. ornythinolytica isolates. 

Cefepime resistance was observed in several E. coli and S. maltophilia isolates. Our surveillance 

efforts indicate that among rectal isolated MDR gram-negatives, carbapenem and 

fluoroquinolone resistance is uncommon. 

Since cultured swabs were obtained longitudinally, gram-negative AMR and MDR was assessed 

overtime on prophylactic therapy. Across the patient sample (n = 10), AMR increased overtime 

on prophylactic IV and/or oral therapy (p-value < 0.0001). On average, patients gained resistance 

to 1 category of antibiotic every 10 days receiving prophylactic therapy. Furthermore, patients 

conferred positive MDR gram-negative status after 13-23 days receiving prophylactic therapy. 
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Patients receiving TZP + VAC + MER IV therapy appeared to explain the majority of AMR 

increase observed within the patient sample (adj. p-value = 0.008). 

When comparing the microbiomes of patients from different therapy groups, gram-negative 

AMR was associated with a higher degree of microbial dysbiosis. Microbiome alpha-diversity 

decreased over time on prophylactic antibiotics, with patients from the TZP + VAC + MER IV 

group displaying a sharper decrease over time. Decreases in microbial diversity occurred in 

combination with overgrowth of Enterobacteriaceae and/or Enterococcaceae as well as 

decreases in relative abundance of beneficial bacteria, including Faecalibacterium, 

Lachnoclostridium, Blautia, Ruminococcus group, Akkermansia, Lactobacillus, and Pediococcus 

spp. Thus, there exists a link between the composition of the microbiome and susceptibility to 

increased AMR. 

Next, increases in AMR was investigated further. Colonization and/or growth of resident MDR 

M. morganii, C. braakii, S. maltophilia, and K. pneumoniae explained resistance increases in 

patients 5, 6, 7, and 16. However, de novo evolution of resident E. coli explained AMR increase 

and MDR carriage in patients, 5 and 21. PFGE was used to confirm strain similarity and clonal 

evolution of TZP-resistance in patient 5 and 21 E. coli lineages. Using BreSeq, comparative 

genomic analysis of TZP-resistance evolution lineages indicated two separate evolutionary 

pathways. The E. coli lineage from patient 5 showed the evolution of two independent EnvZ 

mutations, A175E and E212V, indicating a possible reduction in outer membrane permeability. 

The E. coli lineage from patient 21 showed the loss of several contigs containing mobile genetic 

element genes, including traA, traJ_2, traM, traV, traY, flmC, vapB, parM, and stbB, indicating 

the loss of plasmid or integrated genetic. Since CARD RGI analysis of all genome assemblies 
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indicated no gained beta-lactam resistance genes, both of these E. coli lineages are thought to 

impact expression of harboured beta-lactam resistance genes. 

While completing the study, an interesting colistin hetero-resistance phenotype was noticed in 

isolated E. bugandensis from patient 6. This phenotype was noted to increase while the patient 

was receiving fluconazole prophylactically. Since previous work has identified fluconazole as a 

membrane destabilizing agent, it was investigated as a possible promoter of colistin hetero-

resistance. However, both acute and chronic exposure to fluconazole appeared to have no impact 

on colistin hetero-resistance development. 

CONTRIBUTIONS TO THE FIELD 

This study serves as the first extensive longitudinal characterization of the microbiome of AML 

patients receiving prophylactic antibiotics. Furthermore, this study indicates that compositional 

microbiome data is linked with rectal MDR gram-negative carriage, contributing to a new view 

of the relationship between gastrointestinal interbacterial composition and AMR development. 

Additionally, this study provides two examples of unique de novo TZP-resistance evolutionary 

pathways that occur in two lineages of E. coli. To our knowledge, this serves as the first time that 

rectal gram-negative commensals evolve TZP-resistance de novo in patients receiving TZP IV 

therapy.  
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APPENDIX: 

 

Table 1: Taxonomy of AMR Study Isolate Collection Isolates. 

 

Rows display the number of each species identified by MALDI-ToF MS within the AMR Study Isolate Collection. 

  

Species Count (n, %)

Escherichia coli 470 (50.8)

Klebsiella pneumoniae 167 (18.0)

Klebsiella variicola 97 (10.5)

Stenotrophomonas maltophilia 47 (5.1)

Proteus mirabilis 28 (3.0)

Enterobacter cloacae 25 (2.7)

Citrobacter braakii 24 (2.6)

Citrobacter freundii 22 (2.4)

Pseudomonas citronellolis 17 (1.8)

Hafnia alvei 7 (0.8)

Morganella morganii 7 (0.8)

Klebsiella aerogenes 5 (0.5)

Pseudomonas aeruginosa 3 (0.3)

Salmonella sp 2 (0.2)

Raoultella ornithinolytica 2 (0.2)

Enterobacter kobei 1 (0.1)

Enterobacter asburiae 1 (0.1)

Klebsiella oxytoca 1 (0.1)

Total 926
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Table 2: Species specific AMR phenotypes across the collection (n = 926). 

 

Each column represents a tested antibiotic [levofloxacin (LVX, 5µg), colistin (COL, 10µg), tetracycline (TET, 30µg), piperacillin 

(PIP, 100µg), piperacillin-tazobactam (TZP, 100µg:10µg), ceftazidime (CAZ, 30µg), ceftazidime-clavulanic acid (CZ/CL, 

30µg:10µg), aztreonam (ATM, 30µg), cefepime (FEP, 30µg), imipenem (IMP, 30µg)]. In accordance with CLSI guidelines, zone 

diameters were classified as resistance, intermediate resistance, or susceptible. 

Organism Resistance phenotype 

(n , %)
LVX COL TET PIP TZP CAZ CZ/CL ATM FEP IMP

Citrobacter braakii Susceptibile 24 (100) 21 (87.5) 11 (45.8) 0 0 0 0 0 24 (100) 24 (100)

Intermediate Resistance 0 0 0 0 4 (16.7) 0 0 1 (4.2) 0 0

Resistance 0 3 (12.5) 13 (54.2) 24 (100) 19 (79.2) 24 (100) 24 (100) 23 (95.8) 0 0

Citrobacter freundii Susceptibile 22 (100) 22 (100) 22 (100) 10 (45.5) 21 (95.5) 7 (31.8) 8 (36.4) 18 (81.8) 22 (100) 22 (100)

Intermediate Resistance 0 0 0 8 (36.4) 0 6 (27.3) 2 (9.1) 3 (13.6) 0 0

Resistance 0 0 0 4 (18.2) 1 (4.5) 9 (40.9) 12 (54.5) 1 (4.5) 0 0

Enterobacter asburiae Susceptibile 1 (100) 1 (100) 1 (100) 0 0 1 (100) 1 (100) 1 (100) 1 (100) 1 (100)

Intermediate Resistance 0 0 0 0 1 (100) 0 0 0 0 0

Resistance 0 0 0 1 (100) 0 0 0 0 0 0

Enterobacter cloacae Susceptibile 25 (100) 13 (52.0) 20 (80.0) 12 (48.0) 19 (76.0) 25 (100) 25 (100) 25 (100) 25 (100) 25 (100)

Intermediate Resistance 0 0 1 (4.0) 5 (20.0) 5 (20.0) 0 0 0 0 0

Resistance 0 12 (48.0) 4 (16.0) 8 (32.0) 1 (4.0) 0 0 0 0 0

Enterobacter kobei Susceptibile 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100)

Intermediate Resistance 0 0 0 0 0 0 0 0 0 0

Resistance 0 0 0 0 0 0 0 0 0 0

Escherichia coli Susceptibile 460 (97.9) 416 (88.5) 321 (68.3) 166 (35.3) 420 (89.4) 451 (96.0) 464 (98.7) 415 (88.3) 445 (94.7) 470 (100)

Intermediate Resistance 0 0 3 (0.6) 54 (11.5) 32 (6.8) 19 (4.0) 6 (1.3) 42 (8.9) 9 (1.9) 0

Resistance 10 (2.1) 54 (11.5) 146 (31.1) 250 (53.2) 18 (3.8) 0 0 13 (2.8) 16 (3.4) 0

Hafnia alvei Susceptibile 7 (100) 7 (100) 7 (100) 7 (100) 7 (100) 7 (100) 7 (100) 7 (100) 7 (100) 7 (100)

Intermediate Resistance 0 0 0 0 0 0 0 0 0 0

Resistance 0 0 0 0 0 0 0 0 0 0

Klebsiella aerogenes Susceptibile 5 (100) 5 (100) 5 (100) 3 (60.0) 5 (100) 5 (100) 5 (100) 5 (100) 5 (100) 5 (100)

Intermediate Resistance 0 0 0 1 (20.0) 0 0 0 0 0 0

Resistance 0 0 0 1 (20.0) 0 0 0 0 0 0

Klebsiella oxytoca Susceptibile 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100)

Intermediate Resistance 0 0 0 0 0 0 0 0 0 0

Resistance 0 0 0 0 0 0 0 0 0 0

Klebsiella pneumoniae Susceptibile 167 (100) 155 (92.8) 152 (91.0) 88 (52.7) 135 (80.8) 163 (97.6) 165 (98.8) 162 (97.0) 167 (100) 167 (100)

Intermediate Resistance 0 0 1 (0.6) 47 (28.1) 17 (10.2) 1 (0.6) 0 0 0 0

Resistance 0 12 (7.2) 14 (8.4) 32 (19.2) 15 (9.0) 3 (1.8) 2 (1.2) 5 (3.0) 0 0

Klebsiella variicola Susceptibile 97 (100) 97 (100) 97 (100) 90 (92.8) 94 (96.9) 97 (100) 97 (100) 97 (100) 97 (100) 97 (100)

Intermediate Resistance 0 0 0 2 (2.1) 3 (3.1) 0 0 0 0 0

Resistance 0 0 0 5 (5.2) 0 0 0 0 0 0

Morganella morganii Susceptibile 7 (100) 0 0 0 0 0 0 0 7 (100) 7 (100)

Intermediate Resistance 0 0 0 0 2 (28.6) 0 0 3 (42.9) 0 0

Resistance 0 7 (100) 7 (100) 7 (100) 5 (71.4) 7 (100) 7 (100) 4 (57.1) 0 0

Proteus mirabilis Susceptibile 28 (100) 6 (21.4) 1 (3.6) 23 (82.1) 28 (100) 27 (96.4) 28 (100) 28 (100) 28 (100) 28 (100)

Intermediate Resistance 0 0 1 (3.6) 0 0 0 0 0 0 0

Resistance 0 22 (78.6) 26 (92.9) 5 (17.9) 0 1 (3.6) 0 0 0 0

Pseudomonas aeruginosa Susceptibile 3 (100) 3 (100) 2 (66.7) 3 (100) 3 (100) 3 (100) 3 (100) 2 (66.7) 3 (100) 3 (100)

Intermediate Resistance 0 0 1 (33.3) 0 0 0 0 1 (33.3) 0 0

Resistance 0 0 0 0 0 0 0 0 0 0

Pseudomonas citronellolis Susceptibile 17 (100) 17 (100) 17 (100) 10 (58.8) 17 (100) 15 (88.2) 17 (100) 1 (5.9) 17 (100) 17 (100)

Intermediate Resistance 0 0 0 7 (41.2) 0 2 (11.8) 0 0 0 0

Resistance 0 0 0 0 0 0 0 16 (94.1) 0 0

Raoultella ornithinolytica Susceptibile 2 (100) 1 (50.0) 1 (50.0) 0 1 (50.0) 1 (50.0) 1 (50.0) 2 (100) 2 (100) 2 (100)

Intermediate Resistance 0 0 0 1 (50.0) 1 (50.0) 0 0 0 0 0

Resistance 0 1 (50.0) 1 (50.0) 1 (50.0) 0 1 (50.0) 1 (50.0) 0 0 0

Salmonella sp. Susceptibile 2 (100) 2 (100) 1 (50.0) 1 (50.0) 2 (100) 2 (100) 2 (100) 2 (100) 2 (100) 2 (100)

Intermediate Resistance 0 0 0 0 0 0 0 0 0 0

Resistance 0 0 1 (50.0) 1 (50.0) 0 0 0 0 0 0

Stenotrophomonas maltophilia Susceptibile 47 (100) 46 (97.9) 45 (95.7) 0 23 (48.9) 47 (100) 47 (100) 0 0 0

Intermediate Resistance 0 0 2 (4.3) 0 9 (19.1) 0 0 0 5 (10.6) 0

Resistance 0 1 (2.1) 0 47 (100) 15 (31.9) 0 0 47 (100) 42 (89.4) 47 (100)

Antibiotics
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Table 3: Resistance genes present in patient 5 TZP-susceptible and -resistant E. coli clonal isolates. 

 

The “+” represents the presence of the resistance gene as either a strict or perfect hit by CARD. 

 

 

 

AMR Gene P2B7 P2E3 P2H3 P3A7 P3D4 Beta-lactam Resistance Coverage

ampH* + + + + + cephalosporins, penicillins (penams)

ampC1* + + + + + cephalosporins, penicillins (penams)

ampC* + + + + + cephalosporins, penicillins (penams)

TEM-1
Ω

+ + + + + monobactams, cephalosporins, penicillins (penams), carbapenems (penems)

KpnE
α + + + + + cephalosporins

KpnF α + + + + + cephalosporins

H-NS αγ + + + + + cephalosporins, penicillins (penams)

evgA αγ + + + + + penicillins (penams)

evgS αγ + + + + + penicillins (penams)

CRP
γ + + + + + penicillins (penams)

mdtE γ + + + + + penicillins (penams)

mdtF γ + + + + + penicillins (penams)

gadX γ + + + + + penicillins (penams)

acrB γ + + + + + cephalosporins, penicillins (penams)

acrA
γ + + + + + cephalosporins, penicillins (penams)

AcrF
γ + + + + + cephalosporins, penicillins (penams)

AcrE γ + + + + + cephalosporins, penicillins (penams)

AcrS γ + + + + + cephalosporins, penicillins (penams)

Mutant acrR  γ + + + + + cephalosporins, penicillins (penams)

Mutant marR  γ + + + + + cephalosporins, penicillins (penams)

marA
γε + + + + + monobactams, cephalosporins, penicillins (penams), carbapenems (penems)

TolC δαγ + + + + + cephalosporins, penicillins (penams), carbapenems (penems)

Mutant soxR  δαγ + + + + + cephalosporins, penicillins (penams)

Mutant soxS  δαγε
+ + + + + monobactams, cephalosporins, penicillins (penams), carbapenems (penems)

Ta
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t 
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ra

ti
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n Haemophilus 

influenzae  PBP3 
λ

+ + + + + cephalosporins, penicillins (penams)

* = ampC-type beta-lactamase
Ω = TEM beta-lactamase

α = Major facil itator superfamily (MFS) antibiotic efflux pump

γ = Resistance-nodulation-cell division (RND) antibiotic efflux pump

δ = ATP-binding cassette (ABC) antibiotic efflux pump

ε = General Bacterial Porin with reduced permeability to beta-lactams

λ = Penicil l in-binding protein mutations conferring beta-lactam resistance 
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Table 4: Resistance genes present in patient 21 TZP-susceptible and -resistant E. coli clonal isolates. 

 

The “+” represents the presence of the resistance gene as either a strict or perfect hit by CARD.  

 

 

Table 5: Descriptive statistics of antimicrobial therapy groups.  

 

AMR Gene P9B7 P9C4 P9D2 P9F1 P9D7 P9F3 P9G4 P9G12 P9H6 Beta-lactam Resistance Coverage

ampH* + + + + + + + + + cephalosporins, penicillins (penams)

ampC1* + + + + + + + + + cephalosporins, penicillins (penams)

ampC* + + + + + + + + + cephalosporins, penicillins (penams)

TEM-1 Ω + + + + + + + + + monobactams, cephalosporins, penicillins (penams), carbapenems (penems)

KpnE α + + + + + + + + + cephalosporins

KpnF α + + + + + + + + + cephalosporins

H-NS αγ + + + + + + + + + cephalosporins, penicillins (penams)

evgA αγ + + + + + + + + + penicillins (penams)

evgS
αγ + + + + + + + + + penicillins (penams)

CRP γ + + + + + + + + + penicillins (penams)

mdtE γ + + + + + + + + + penicillins (penams)

mdtF γ + + + + + + + + + penicillins (penams)

gadX γ + + + + + + + + + penicillins (penams)

acrB γ + + + + + + + + + cephalosporins, penicillins (penams)

acrA
γ + + + + + + + + + cephalosporins, penicillins (penams)

AcrF γ + + + + + + + + + cephalosporins, penicillins (penams)

AcrE γ + + + + + + + + + cephalosporins, penicillins (penams)

AcrS γ + + + + + + + + + cephalosporins, penicillins (penams)

Mutant acrR  γ + + + + + + + + + cephalosporins, penicillins (penams)

Mutant marR  γ + + + + + + + + + cephalosporins, penicillins (penams)

marA
γε + + + + + + + + + monobactams, cephalosporins, penicillins (penams), carbapenems (penems)

TolC
δαγ + + + + + + + + + cephalosporins, penicillins (penams), carbapenems (penems)

Mutant soxR  δαγ + + + + + + + + + cephalosporins, penicillins (penams)

Mutant soxS  δαγε + + + + + + + + + monobactams, cephalosporins, penicillins (penams), carbapenems (penems)
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Haemophilus 

influenzae  PBP3 λ + + + + + + + + + cephalosporins, penicillins (penams)

* = ampC-type beta-lactamase

Ω = TEM beta-lactamase

α = Major facil itator superfamily (MFS) antibiotic efflux pump

γ = Resistance-nodulation-cell  division (RND) antibiotic efflux pump

δ = ATP-binding cassette (ABC) antibiotic efflux pump

ε = General Bacterial Porin with reduced permeability to beta-lactams

λ = Penicil l in-binding protein mutations conferring beta-lactam resistance 
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P-03 P-13 P-17 P-19 P-20
Average 

Use 
P-05 P-06 P-07 P-16 P-21

Average 

Use 

PiPeracillin/Tazobactam 1 1 1 1 1 1 1 1 1 1 1 1

COTRIMOXAZOLE 1 1 1 0.6 0

NYSTATIN SUSP-ENSION 1 1 0.4 0

VANCOMYCIN 0 1 1 1 1 1 1

CEFTAZIDIME 0 1 0.2

MEROP-ENEM 0 1 1 1 1 1 1

DAP-TOMYCIN 0 1 0.2

TOTAL ABX 3 1 2 3 1 2 4 3 4 3 3 3.4

Busulfan 1 1 1 0.6 0

FluDARAbine 1 1 1 1 0.8 1 0.2

Methotrexate 1 1 1 0.6 0

Cytarabine 1 1 0.4 1 1 1 1 1 1

DAUNOrubicin 1 1 0.4 1 1 1 1 1 1

hydroxyUREA 1 0.2 1 0.2

IDArubicin 0 1 0.2

TOTAL ABX 3 2 3 3 4 3 2 3 2 2 4 2.6

TZP & TZP + OTHER TZP + VAC + MER IV

ABX

ANTI-CANCER 

DRUG
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Figure 1: Protocol for isolation and characterization of resistant bacteria from clinical samples. A) Rectal swabs 

were taken from 25 chemotherapy patients over an 8-week period. B) Samples were streaked onto BHI, MAC, 

VACC, and ESBL plates. Colonies of interest, growing on VACC and ESBL plates, were picked and stored at -

80℃. A-B) Indicates previous work done by the Surette lab. C) Clinical isolates were characterized by MALDI-ToF 

MS. D) Clinical isolates were tested for carbapenem, 3rd & 4th cephalosporins, fluoroquinolones, monobactams, 

and combination susceptibility. C&D) Taxonomic identification and resistance profiling were combined to identify 

resistance trends and highlight patients of interest for further investigation into resistance mechanisms.  
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Figure 2: Descriptive Statistics of AML patient population. 
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Figure 3: PRISMA Patient Eligibility Assessment for AMR Analyses.  
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Figure 4: Heat map of antibiotic resistance across the AMR Study Isolate Collection. Each column represents a tested antibiotic 

[levofloxacin (LVX, 5µg), colistin (COL, 10µg), tetracycline (TET, 30µg), piperacillin (PIP, 100µg), piperacillin-tazobactam 

(TZP, 100µg:10µg), ceftazidime (CAZ, 30µg), ceftazidime-clavulanic acid (CZ/CL, 30µg:10µg), aztreonam (ATM, 30µg), 

cefepime (FEP, 30µg), imipenem (IMP, 30µg)] with each row/line representing a clinical isolate with disk diffusion zone 

diameters filled along the row. In accordance with CLSI guidelines for Enterobacteriales, zone diameters were classified as 

resistance, intermediate resistance, or susceptible shown in red, orange, and blue, respectively. 
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Figure 5: MDR gram-negative organism phenotypes across the AMR Study Isolate Collection. Each column 

represents a tested antibiotic [levofloxacin (LVX, 5µg), colistin (COL, 10µg), tetracycline (TET, 30µg), piperacillin 

(PIP, 100µg), piperacillin-tazobactam (TZP, 100µg:10µg), ceftazidime (CAZ, 30µg), ceftazidime-clavulanic acid 

(CZ/CL, 30µg:10µg), aztreonam (ATM, 30µg), cefepime (FEP, 30µg), imipenem (IMP, 30µg)]. In accordance with 

CLSI guidelines, zone diameters were classified as resistance, intermediate resistance, or susceptible represented by 

red, orange, and blue, respectively. 
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Figure 6: Confirming colistin resistance in low ZOI E.coli from patient 18. A) displays ZOI of a random sample of 

colistin projected-resistant E. coli along with tested MIC by broth microdilution. B) shows growth of several E. coli 

P7E1, E6, E10, F9, F12, G5, and G6 with increasing concentrations of colistin. Intensity of blue is proportional to 

OD600 bacterial growth. 
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Figure 7: Antibiotic resistance across first patient sampled gram-negative organisms within the AMR Study Isolate Collection. 

A) Displays observed gram-negative organisms across first patient samples by prophylactic therapy type. B) shows a heatmap 

representing gram-negative non-susceptibility phenotypes averaged across patients receiving similar antibiotic prophylactic 

treatments. Red indicates the presence of non-susceptibility, with greater intensities of red representing higher frequency of non-

susceptibility to a certain drug class across first patient samples from a certain therapy group. For example, patient 15 (P-15) first 

sample contained two E. coli phenotypes, one resistant to levofloxacin and the other to piperacillin. This alone would have 

contributed to a heatmap intensity of 1 of 9 within the levofloxacin and piperacillin columns.  
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Figure 8: Prophylactic antibiotic treatment length significantly impacts gram-negative AMR phenotypes in a treatment dependent manner. A) displays a linear mixed 

model of AMR Index by treatment time (days) along with a heatmap describing features of resistance changes (weeks). Linear model line indicated by the following 

equation: AMRIndex = 0.01(Time) + 0.132. The heatmap shows the avg. AMR Index with intense red indicating an avg. AMR Index of 1. B) shows AMR Index 

mapped over time in patients from different treatment groups. C) mixed effects pairwise ANOVA comparison between baseline (first sampling) AMR Index and 

predicted MDR window from linear model (13-23 days). For this section, highest AMR Indexes sampled within the MDR window were plotted. D) heatmap of 

resistance change by drug class over time. E) Mann-Whitney U test comparison between max. change in AMR Index of either treatment group. F) Mann-Whitney U 

test comparison between max. sampling length and detection of significant AMR increase. 



74 

 

 

Figure 9: Observed gram-negative species over prophylactic antibiotic therapy. The y-axis represents the number 

of observed gram-negative species and the x-axis is the timepoint at which they were sampled. Patients grouped on 

the left experienced increases in AMR while those on the right did not. 
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Figure 10: Longitudinal heatmaps of most resistant gram-negative species captured at each sampling day. The 

heatmaps show resistance, intermediate resistance, and susceptibility to the 10 listed antibiotics by the colours red, 

orange, and blue, respectively. Above each column, a colour is shown which corresponds to the taxonomy assigned 

to that resistance profile. 
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Figure 11: Evolution of TZP-resistant E. coli during TZP prophylaxis in patient5. A) Displays a patient’s antibiotic 

prophylaxis timeline for patient 5. Multiple E. coli isolates (P2B7, E3, & H3 and P3A6, A7, A10, & D4) were 

picked from different rectal swab samples (S1-S6). B) Pulsed-field gel electrophoresis (PFGE) of E. coli isolates, 

digested with xbaI, paired with piperacillin and piperacillin-tazobactam susceptibility (R = resistance, I = 

intermediate resistance, and S = susceptibility). Arrow #1 highlights an additional band in isolates P3A6, A7, A10, 

& D4.  
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Figure 12: Evolution of TZP-resistant E. coli during TZP prophylaxis in patient 21. A) Displays a patient’s 

antibiotic prophylaxis timeline. Multiple E. coli isolates (P9B4, B7, B11, B12, C4, D2, D7, F1, F3, G3, G4, G12, 

H1, H2, & H6) were picked from different rectal swab samples (S1-S6). B) Pulsed-field gel electrophoresis (PFGE) 

of E. coli isolates, digested with xbaI, paired with piperacillin and piperacillin-tazobactam susceptibility (R = 

resistance, I = intermediate resistance, and S = susceptibility). Arrow #1 highlights a banding difference in isolates 

P9G12, H1, H2, & H6. Arrow #2 indicates a banding difference in isolates P9H1, H2, &H6.  
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Figure 13: Effects of long-term prophylactic antibiotics on the microbiome. A) displays microbial diversity across patient 

samples over time (days). B) shows relative abundance of microbial species at both family- and genus-level across patient 

samples by timepoint (days). 
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Figure 14: Prophylactic treatment timeline of Patient 6. Blue bars are sized proportional to the duration of 

treatment. Dotted lines connected to triangles designate sampling times for each rectal swab (ex: S1=Swab1). 
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Figure 15: Hetero-resistant phenotype of E. bugandensis isolated from patient 6. Isolation days refer to the specific 

day during study involvement that the bacteria was sampled from patient 6. A) depicts the initial antibiotic screening 

and detection of possible hetero-resistance phenotypes over treatment time. B) shows repeated assays characterizing 

hetero-resistance by the presence of a highly colistin resistant sub-population. C) colistin MICs for Enterobacter 

bugandensis isolates tested against base population and sub-population within ZOI from A) and B). 
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Figure 16: Determining fluconazole’s impact on antibiotic susceptibility in Enterbacter spp. Varrying 

concentrations of fluconazole were tested with varying concentrations of antibiotics of different classes in a 

checkboard fashion.  
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Figure 17: Role of fluconazole in evolution of colistin hetero-resistance over time. A) shows a visual overview of the evolution protocol, with 

spot dilutions representing colistin hetero-resistance testing and “x3” indicating 3 serial passages. Schematic A was performed in triplicate with 

each of the control and 3 test medias (colistin, fluconazole, and colistin + fluconazole). B) displays the log-scale increase in proportion of colistin 

resistance CFUs relative to total CFUs by generation number. A colistin replicate became contaminated before measurement and thus only 2 

replicates are present at generation 180. C) shows log-scale average CFU counts on 3 different agar types [MH, MH + colistin (4µg/mL), and 

MH + colistin (8µg/mL)] with increasing generation. B&C) For all graphs, generation 0 indicates the parental culture (P3A3-P9 strain) used to 

inoculate all 4 growth conditions. Legend indicates 4 growth conditions in which bacteria were serially cultured. 



83 

 

REFERENCES 

1. Mobarki, N., Almerabi, B. & Hattan, A. Antibiotic Resistance Crisis: Part 1: Causes and 

Threats. Int. J. Med. Dev. Ctries. 40, 561–564 (2019). 

2. CCA. When Antibiotics Fail: The Expert Panel on the Potential Socio-Economic Impacts 

of Antimicrobial Resistance in Canada. (2019). 

3. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations. 

(Review on Antimicrobial Resistance, 2014). 

4. MacGowan, A. & Macnaughton, E. Antibiotic resistance. Med. (United Kingdom) 45, 

622–628 (2017). 

5. Nikaido, H. Multidrug Resistance in Bacteria. Annu. Rev. Biochem. 78, 119–146 (2009). 

6. Leekha, S., Terrell, C. L. & Edson, R. S. General principles of antimicrobial therapy. 

Mayo Clin. Proc. 86, 156–167 (2011). 

7. Khachatourians, G. G. Agricultural use of antibiotics and the evolution and transfer of 

antibiotic-resistant bacteria. Cmaj 159, 1129–1136 (1998). 

8. Lood, R., Ertürk, G. & Mattiasson, B. Revisiting antibiotic resistance spreading in 

wastewater treatment plants - Bacteriophages as a much neglected potential transmission 

vehicle. Front. Microbiol. 8, 1–7 (2017). 

9. Ferber, D. WHO advises kicking the livestock antibiotic habit. Science (80-. ). 301, 1027 

(2003). 

10. Heuer, H., Schmitt, H. & Smalla, K. Antibiotic resistance gene spread due to manure 

application on agricultural fields. Curr. Opin. Microbiol. 14, 236–243 (2011). 

11. Witte, W. Medical Consequences of Antibiotic Use in Agriculture. Science (80-. ). 279, 

996–997 (1998). 

12. Fiore, D. C., Fettic, L. P., Wright, S. D. & Ferrara, B. R. Antibiotic overprescribing: Still a 

major concern. J. Fam. Pract. 66, 730–736 (2017). 

13. Landers, T. F., Cohen, B., Wittum, T. E. & Larson, E. L. A review of antibiotic use in 

food animals: Perspective, policy, and potential. Public Health Rep. 127, 4–22 (2012). 

14. Shryock, T. . & Richwine, A. The interface between veterinary and human antibiotic use. 

Ann. N. Y. Acad. Sci. 1213, 92–105 (2010). 

15. Akkerman, A. E., Kuyvenhoven, M. M., van der Wouden, J. C. & Verheij, T. J. M. 

Determinants of antibiotic overprescribing in respiratory tract infections in general 

practice. J. Antimicrob. Chemother. 56, 930–936 (2005). 

16. Shallcross, L. J. Editorials: Antibiotic overuse: A key driver of antimicrobial resistance. 

Br. J. Gen. Pract. 64, 604–605 (2014). 

17. Willmann, M. et al. Distinct impact of antibiotics on the gut microbiome and resistome: A 

longitudinal multicenter cohort study. BMC Biol. 17, 1–18 (2019). 



84 

 

18. Kardas, P. Patient compliance with antibiotic treatment for respiratory tract infections. J. 

Antimicrob. Chemother. 49, 897–903 (2002). 

19. Laureti, L., Matic, I. & Gutierrez, A. Bacterial responses and genome instability induced 

by subinhibitory concentrations of antibiotics. Antibiotics 2, 100–114 (2013). 

20. Stanton, I. C., Murray, A. K., Zhang, L., Snape, J. & Gaze, W. H. Evolution of antibiotic 

resistance at low antibiotic concentrations including selection below the minimal selective 

concentration. Commun. Biol. 3, 1–11 (2020). 

21. Wistrand-Yuen, E. et al. Evolution of high-level resistance during low-level antibiotic 

exposure. Nat. Commun. 9, (2018). 

22. Andersson, D. I. & Hughes, D. Microbiological effects of sublethal levels of antibiotics. 

Nat. Rev. Microbiol. 12, 465–478 (2014). 

23. Goldman, R. C., Plumley, K. V. & Laughon, B. E. The evolution of extensively drug 

resistant tuberculosis (XDR-TB): history, status and issues for global control. Infect. 

Disord. Targets 7, 73–91 (2007). 

24. Eyler, R. & Shvets, K. Clinical Pharmacology of Antibiotics. Clin J Am Soc Nephrol. 14, 

1080–1090 (2019). 

25. Rodríguez-Molina, D. et al. Do wastewater treatment plants increase antibiotic resistant 

bacteria or genes in the environment? Protocol for a systematic review. Syst. Rev. 8, 1–8 

(2019). 

26. Gullberg, E. et al. Selection of resistant bacteria at very low antibiotic concentrations. 

PLoS Pathog. 7, 1–9 (2011). 

27. McKenzie, G. J., Harris, R. S., Lee, P. L. & Rosenberg, S. M. The SOS response regulates 

adaptive mutation. Proc. Natl. Acad. Sci. U. S. A. 97, 6646–6651 (2000). 

28. Gutierrez, A. et al. β-lactam antibiotics promote bacterial mutagenesis via an RpoS-

mediated reduction in replication fidelity. Nat. Commun. 4, (2013). 

29. Miller, C. et al. SOS response induction by β-lactams and bacterial defense against 

antibiotic lethality. Science (80-. ). 305, 1629–1631 (2004). 

30. Do Thi, T. et al. Effect of recA inactivation on mutagenesis of Escherichia coli exposed to 

sublethal concentrations of antimicrobials. J. Antimicrob. Chemother. 66, 531–538 (2011). 

31. Nagel, M., Reuter, T., Jansen, A., Szekat, C. & Bierbaum, G. Influence of ciprofloxacin 

and vancomycin on mutation rate and transposition of IS256 in Staphylococcus aureus. 

Int. J. Med. Microbiol. 301, 229–236 (2011). 

32. Perron, G. G., Lee, A. E. G., Wang, Y., Huang, W. E. & Barraclough, T. G. Bacterial 

recombination promotes the evolution of multi-drug-resistance in functionally diverse 

populations. Proc. R. Soc. B Biol. Sci. 279, 1477–1484 (2012). 

33. López, E., Elez, M., Matic, I. & Blázquez, J. Antibiotic-mediated recombination: 

Ciprofloxacin stimulates SOS-independent recombination of divergent sequences in 

Escherichia coli. Mol. Microbiol. 64, 83–93 (2007). 



85 

 

34. Gogarten, J. P. & Townsend, J. P. Horizontal gene transfer, genome innovation and 

evolution. Nat. Rev. Microbiol. 3, 679–687 (2005). 

35. Blokesch, M. Natural competence for transformation. Curr. Biol. 26, R1126–R1130 

(2016). 

36. Balcazar, J. L. Bacteriophages as Vehicles for Antibiotic Resistance Genes in the 

Environment. PLoS Pathog. 10, 1–4 (2014). 

37. Baron, S. A., Diene, S. M. & Rolain, J. M. Human microbiomes and antibiotic resistance. 

Hum. Microbiome J. 10, 43–52 (2018). 

38. Salyers, A. A., Shoemaker, N. B., Stevens, A. M. & Li, L. Y. Conjugative transposons: 

An unusual and diverse set of integrated gene transfer elements. Microbiol. Rev. 59, 579–

590 (1995). 

39. Grohmann, E., Muth, G. & Espinosa, M. Conjugative Plasmid Transfer in Gram-Positive 

Bacteria. Microbiol. Mol. Biol. Rev. 67, 277–301 (2003). 

40. Brown-Jaque, M., Calero-Cáceres, W. & Muniesa, M. Transfer of antibiotic-resistance 

genes via phage-related mobile elements. Plasmid 79, 1–7 (2015). 

41. Bearson, B. L. & Brunelle, B. W. Fluoroquinolone induction of phage-mediated gene 

transfer in multidrug-resistant Salmonella. Int. J. Antimicrob. Agents 46, 201–204 (2015). 

42. Beaber, J. W., Hochhut, B. & Waldor, M. K. SOS response promotes horizontal 

dissemination of antibiotic resistance genes. Nature 427, 72–74 (2004). 

43. Bereket, W. et al. Update on bacterial nosocomial infections. Eur. Rev. Med. Pharmacol. 

Sci. 16, 1039–1044 (2012). 

44. Brooke, J. S. Stenotrophomonas maltophilia: An emerging global opportunistic pathogen. 

Clin. Microbiol. Rev. 25, 2–41 (2012). 

45. Obritsch, M. D., Fish, D. N., MacLaren, R. & Jung, R. Nosocomial infections due to 

multidrug-resistant Pseudomonas aeruginosa: Epidemiology and treatment options. 

Pharmacotherapy 25, 1353–1364 (2005). 

46. Lee, K., Yong, D., Jeong, S. H. & Chong, Y. Multidrug-resistant Acinetobacter spp.: 

Increasingly problematic nosocomial pathogens. Yonsei Med. J. 52, 879–891 (2011). 

47. Penzak, S. R., Pharm, D., Abate, B. J. & Pharm, D. Stenotrophomonas ( Xanthomonas ) 

maltophilia : A Multidrug-Resistant Nosocomial Pathogen. (1997). 

48. Delcour, A. H. Outer Membrane Permeability and Antibiotic Resistance. Biochim Biophys 

Acta 1794, 808–816 (2010). 

49. Vázquez-López, R. et al. Acinetobacter baumannii resistance: A real challenge for 

clinicians. Antibiotics 9, 1–22 (2020). 

50. Lin, M.-F.  Antimicrobial resistance in Acinetobacter baumannii : From bench to bedside . 

World J. Clin. Cases 2, 787 (2014). 

51. Teklu, D. S. et al. Extended-spectrum beta-lactamase production and multi-drug resistance 



86 

 

among Enterobacteriaceae isolated in Addis Ababa, Ethiopia. Antimicrob. Resist. Infect. 

Control 8, 1–12 (2019). 

52. Piddock, L. J. V. Multidrug-resistance efflux pumps — not just for resistance. Nat. Rev. 

Microbiol. 4, pages629–636 (2006). 

53. Paulsen, I. T. Multidrug efflux pumps and resistance: Regulation and evolution. Curr. 

Opin. Microbiol. 6, 446–451 (2003). 

54. Rahman, T., Yarnall, B. & Doyle, D. A. Efflux drug transporters at the forefront of 

antimicrobial resistance. Eur. Biophys. J. 46, 647–653 (2017). 

55. El Meouche, I. & Dunlop, M. J. Heterogeneity in efflux pump expression predisposes 

antibiotic-resistant cells to mutation. Science (80-. ). 362, 686–690 (2018). 

56. Wang, B., Yao, M., Lv, L., Ling, Z. & Li, L. The Human Microbiota in Health and 

Disease. Engineering 3, 71–82 (2017). 

57. Thursby, E. & Juge, N. Introduction to the human gut microbiota. Biochem. J. 474, 1823–

1836 (2017). 

58. Maurice, C. F., Haiser, H. J. & Turnbaugh, P. J. Xenobiotics shape the physiology and 

gene expression of the active human gut microbiome. Cell 152, 39–50 (2013). 

59. Francino, M. P. Antibiotics and the human gut microbiome: Dysbioses and accumulation 

of resistances. Front. Microbiol. 6, 1–11 (2016). 

60. Zimmermann, P. & Curtis, N. The effect of antibiotics on the composition of the intestinal 

microbiota - a systematic review. J. Infect. 79, 471–489 (2019). 

61. Ramirez, J. et al. Antibiotics as Major Disruptors of Gut Microbiota. Front. Cell. Infect. 

Microbiol. 10, 1–10 (2020). 

62. Palleja, A. et al. Recovery of gut microbiota of healthy adults following antibiotic 

exposure. Nat. Microbiol. 3, 1255–1265 (2018). 

63. Xu, L. et al. The effect of antibiotics on the gut microbiome: A metagenomics analysis of 

microbial shift and gut antibiotic resistance in antibiotic treated mice. BMC Genomics 21, 

1–18 (2020). 

64. Subramanya, S. H. et al. Detection and characterization of ESBL-producing 

Enterobacteriaceae from the gut of subsistence farmers, their livestock, and 

the surrounding environment in rural Nepal. Sci. Rep. 11, 1–13 (2021). 

65. Van Boeckel, T. P. et al. Global trends in antimicrobial use in food animals. Proc. Natl. 

Acad. Sci. U. S. A. 112, 5649–5654 (2015). 

66. Ingle, D. J., Levine, M. M., Kotloff, K. L., Holt, K. E. & Robins-Browne, R. M. Dynamics 

of antimicrobial resistance in intestinal Escherichia coli from children in community 

settings in South Asia and sub-Saharan Africa. Nat. Microbiol. 3, 1063–1073 (2018). 

67. Zhang, L., Huang, Y., Zhou, Y., Buckley, T. & Wang, H. H. Antibiotic administration 

routes significantly influence the levels of antibiotic resistance in gut microbiota. 



87 

 

Antimicrob. Agents Chemother. 57, 3659–3666 (2013). 

68. Isaac, S. et al. Short- and long-term effects of oral vancomycin on the human intestinal 

microbiota. J. Antimicrob. Chemother. 72, 128–136 (2017). 

69. Boutrot, M., Azougagh, K., Guinard, J., Boulain, T. & Barbier, F. Antibiotics with activity 

against intestinal anaerobes and the hazard of acquired  colonization with ceftriaxone-

resistant Gram-negative pathogens in ICU patients: a propensity score-based analysis. J. 

Antimicrob. Chemother. 74, 3095–3103 (2019). 

70. Lee Ventola, C. The antibiotic resistance crisis: Part 2: Management strategies and new 

agents. P T 40, 344–352 (2015). 

71. Critchley, I. A. & Karlowsky, J. A. Optimal use of antibiotic resistance surveillance 

systems. Clin. Microbiol. Infect. 10, 502–511 (2004). 

72. Pérez-Cobas, A. E. et al. Gut microbiota disturbance during antibiotic therapy: A multi-

omic approach. Gut 62, 1591–1601 (2013). 

73. Johnson, A. P. Surveillance of antibiotic resistance. Philos. Trans. R. Soc. B Biol. Sci. 370, 

(2015). 

74. Levine, A. et al. Protected environments and prophylactic antibiotics: a prospective 

controlled study of their utility in the therapy of acute leukemia. N. Engl. J. Med. 288, 

477–483 (1973). 

75. Nord, C. E., Brismar, B., Kasholm-Tengve, B. & Tunevall, G. Effect of 

piperacillin/tazobactam therapy on intestinal microflora. Scand. J. Infect. Dis. 24, 209–213 

(1992). 

76. Bhalodi, A. A., Van Engelen, T. S. R., Virk, H. S. & Wiersinga, W. J. Impact of 

antimicrobial therapy on the gut microbiome. J. Antimicrob. Chemother. 74, I6–I15 

(2019). 

77. DiNubile, M. J. et al. Acquisition of resistant bowel flora during a double-blind 

randomized clinical trial of ertapenem versus piperacillin-tazobactam therapy for 

intraabdominal infections. Antimicrob. Agents Chemother. 49, 3217–3221 (2005). 

78. Endimiani, A., Perez, F. & Bonomo, R. A. Cefepime: a reappraisal in an era of increasing 

antimicrobial resistance. Expert Rev Anti Infect Ther 6, 805–824 (2008). 

79. Aghapour, Z. et al. Molecular mechanisms related to colistin resistance in 

enterobacteriaceae. Infect. Drug Resist. 12, 965–975 (2019). 

80. Dai, J. et al. Rectal swab culture-directed antimicrobial prophylaxis for prostate biopsy 

and risk of postprocedure infection: A cohort study. Urology 85, 8–14 (2015). 

81. Estepa, V., Rojo-Bezares, B., Torres, C. & Sáenz, Y. Faecal carriage of Pseudomonas 

aeruginosa in healthy humans: Antimicrobial susceptibility and global genetic lineages. 

FEMS Microbiol. Ecol. 89, 15–19 (2014). 

82. Zhuang, M. et al. Distribution of antibiotic resistance genes in the environment. Environ. 

Pollut. 285, 117402 (2021). 



88 

 

83. Shaikh, S., Fatima, J., Shakil, S., Rizvi, S. M. D. & Kamal, M. A. Antibiotic resistance 

and extended spectrum beta-lactamases: Types, epidemiology and treatment. Saudi J. 

Biol. Sci. 22, 90–101 (2015). 

84. Ripoll, A. et al. Detection of resistance to beta-lactamase inhibitors in strains with CTX-M 

beta-lactamases: A multicenter external proficiency study using a well-defined collection 

of escherichia coli strains. J. Clin. Microbiol. 52, 122–129 (2014). 

85. Hubbard, A. T. M. et al. Piperacillin/tazobactam resistance in a clinical isolate of 

Escherichia coli due to IS26-mediated amplification of bla TEM-1B. Nat. Commun. 11, 1–

9 (2020). 

86. Cai, B., Tillotson, G., Benjumea, D., Callahan, P. & Echols, R. The burden of bloodstream 

infections due to stenotrophomonas maltophilia in the united states: A large, retrospective 

database study. Open Forum Infect. Dis. 7, 0–6 (2020). 

87. Theriot, C. M., Bowman, A. A. & Young, B. Antibiotic-Induced Alterations of the Gut 

difficile Spore Germination and Outgrowth in the Large Intestine. 1, 1–16 (2016). 

88. Korach-Rechtman, H. et al. Intestinal Dysbiosis in Carriers of Carbapenem-Resistant 

Enterobacteriaceae. mSphere 5, (2020). 

89. Saïdani, N. et al. Faecal microbiota transplantation shortens the colonisation period and 

allows  re-entry of patients carrying carbapenamase-producing bacteria into medical care 

facilities. Int. J. Antimicrob. Agents 53, 355–361 (2019). 

90. Wick, R. R., Judd, L. M., Gorrie, C. L. & Holt, K. E. Unicycler: Resolving bacterial 

genome assemblies from short and long sequencing reads. PLoS Comput. Biol. 13, 1–22 

(2017). 

91. Alcock, B. P. et al. CARD 2020: Antibiotic resistome surveillance with the 

comprehensive antibiotic resistance database. Nucleic Acids Res. 48, D517–D525 (2020). 

92. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 30, 2068–

2069 (2014). 

93. Heath, B. S., Marshall, M. J. & Laskin, J. Identification of mutations in laboratory evolved 

microbes from next-generation sequencing data using breseq. Methods Mol Biol 1151, 

165–188 (2014). 

94. Stearns, J. C. et al. Culture and molecular-based profiles show shifts in bacterial 

communities of the upper respiratory tract that occur with age. ISME J. 9, 1246–1259 

(2015). 

95. Bartram, A. K., Lynch, M. D. J., Stearns, J. C., Moreno-Hagelsieb, G. & Neufeld, J. D. 

Generation of multimillion-sequence 16S rRNA gene libraries from complex microbial 

communities by assembling paired-end Illumina reads. Appl. Environ. Microbiol. 77, 

3846–3852 (2011). 

96. Martin, M. Cutadapt Removes Adapter Sequences From High-Throughput Sequencing 

Reads. EMBnet.journal 17, 10–12 (2011). 



89 

 

97. Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon 

data. Nat. Methods 13, 581–583 (2016). 

98. Tokishita, S. ichi, Kojima, A. & Mizuno, T. Transmembrane signal transduction and 

osmoregulation in Escherichia coli: Functional importance of the transmembrane regions 

of membrane-located protein kinase, EnvZ. J. Biochem. 111, 707–713 (1992). 

99. Harlocker, S. L., Rampersaud, A., Yang, W. P. & Inouye, M. Phenotypic revertant 

mutations of a new OmpR2 mutant (V203Q) of Escherichia coli lie in the envZ gene, 

which encodes the OmpR kinase. J. Bacteriol. 175, 1956–1960 (1993). 

100. Adler, M., Anjum, M., Andersson, D. I. & Sandegren, L. Combinations of mutations in 

envZ, ftsI, mrdA, acrB and acrR can cause high-level carbapenem resistance in 

Escherichia coli. J. Antimicrob. Chemother. 71, 1188–1198 (2016). 

101. Maeda, T. et al. High-throughput laboratory evolution reveals evolutionary constraints in 

Escherichia coli. Nat. Commun. 11, 1–13 (2020). 

102. Sehgal, R., Bedi, O. & Trehanpati, N. Role of Microbiota in Pathogenesis and 

Management of Viral Hepatitis. Front. Cell. Infect. Microbiol. 10, (2020). 

103. Xu, Y. et al. Function of Akkermansia muciniphila in Obesity: Interactions With Lipid 

Metabolism, Immune Response and Gut Systems. Front. Microbiol. 11, 1–12 (2020). 

104. Fons, M., Gomez, A. & Karjalainen, T. Mechanisms of colonisation and colonisation 

resistance of the digestive tract. Part 2: Bacteria/bacteria interactions. Microb. Ecol. 

Health Dis. 12, 240–246 (2000). 

105. Venegas, D. P. et al. Short chain fatty acids (SCFAs)mediated gut epithelial and immune 

regulation and its relevance for inflammatory bowel diseases. Front. Immunol. 10, (2019). 

106. Sorbara, M. T. et al. Inhibiting antibiotic-resistant Enterobacteriaceae by microbiota-

mediated intracellular acidification. J. Exp. Med. 216, 84–98 (2019). 

107. Van Herreweghen, F., De Paepe, K., Roume, H., Kerckhof, F. M. & Van de Wiele, T. 

Mucin degradation niche as a driver of microbiome composition and Akkermansia 

muciniphila abundance in a dynamic gut model is donor independent. FEMS Microbiol. 

Ecol. 94, 1–13 (2018). 

108. Lindström, C., Xu, J., Öste, R., Holst, O. & Molinb, G. Oral administration of live 

exopolysaccharide-producing Pediococcus parvulus, but not purified exopolysaccharide, 

suppressed Enterobacteriaceae without affecting bacterial diversity in ceca of mice. Appl. 

Environ. Microbiol. 79, 5030–5037 (2013). 

109. Pessione, E. Lactic acid bacteria contribution to gut microbiota complexity: lights and 

shadows. Front. Cell. Infect. Microbiol. 2, 86 (2012). 

110. Cherrington, C., Hinton, M., GR, P. & Chopra, I. Short-chain organic acids at ph 5.0 kill 

Escherichia coli and Salmonella spp. without causing membrane perturbation. J Appl 

Bacteriol 70, 161–165 (1991). 

111. Sorbara, M. T. & Pamer, E. G. Interbacterial mechanisms of colonization resistance and 



90 

 

the strategies pathogens use to overcome them. Mucosal Immunol. 12, (2019). 

112. Pietsch, M., Fuchs, S. & Werner, G. Genome-Based Analyses of Fitness Effects and 

Compensatory Changes Associated with Acquisition of bla CMY - , bla CTX-M - ,. 

(2021). 

113. Schaufler, K. et al. Carriage of extended-spectrum beta-lactamase-plasmids does not 

reduce fitness but enhances virulence in some strains of pandemic E. coli lineages. Front. 

Microbiol. 7, (2016). 

114. Gumpert, J., Dornberger, K. & Smith, T. Antimicrobial activities of daunorubicin and 

adriamycin derivatives on bacterial and protoplast type L-from cells of Bacillus subtilis 

170, Escherichia coli B, and Proteus mirabilis VI. Structure — activity relationship. J. 

Basic Microbiol. 22, 687–692 (1982). 

115. Nayak, R. R. et al. Methotrexate impacts conserved pathways in diverse human gut 

bacteria leading to decreased host immune activation. Cell Host Microbe 29, 362-377.e11 

(2021). 

116. Weersma, R. K., Zhernakova, A. & Fu, J. Interaction between drugs and the gut 

microbiome. Gut 69, 1510–1519 (2020). 

117. Hong, Y. K., Lee, J. Y. & Ko, K. S. Colistin resistance in Enterobacter spp. isolates in 

Korea. J. Microbiol. 56, 435–440 (2018). 

118. Band, V. I. et al. Antibiotic failure mediated by a resistant subpopulation in Enterobacter 

cloacae. Nat Microbiol 1, 1–20 (2017). 

119. Jayol, A., Nordmann, P., Brink, A. & Poirel, L. Heteroresistance to colistin in Klebsiella 

pneumoniae associated with alterations in the PhoPQ regulatory system. Antimicrob. 

Agents Chemother. 59, 2780–2784 (2015). 

120. Pereira, C., Larsson, J., Hjort, K., Elf, J. & Andersson, D. I. The highly dynamic nature of 

bacterial heteroresistance impairs its clinical detection. Commun. Biol. 4, 1–12 (2021). 

121. Nicoloff, H., Hjort, K., Levin, B. R. & Andersson, D. I. The high prevalence of antibiotic 

heteroresistance in pathogenic bacteria is mainly caused by gene amplification. Nat. 

Microbiol. 4, 504–514 (2019). 

122. Moffatt, J., Harper, M. & Boyce, J. Mechanisms of Polymyxin Resistance. in Polymyxin 

Antibiotics: From Laboratory Bench to Bedside 55–67 (2019). 

123. Ambrosini, A. et al. Lipid-drug interaction: Thermodynamic and structural effects of 

antimicotic fluconazole on DPPC liposomes. Chem. Phys. Lipids 95, 37–47 (1998). 

124. Cunliffe, R. N. & Mahida, Y. R. Expression and regulation of antimicrobial peptides in 

the gastrointestinal tract. J. Leukoc. Biol. 75, 49–58 (2004). 

125. Blanco, P., Hjort, K., Martínez, J. L. & Andersson, D. I.  Antimicrobial Peptide Exposure 

Selects for Resistant and Fit Stenotrophomonas maltophilia Mutants That Show Cross-

Resistance to Antibiotics . mSphere 5, 1–16 (2020). 

 


