COMPARATIVE GENOMICS OF ENTEROCOCCI AND CARBAPENEM
RESISTANT BACTERIA ACROSS A ONE-HEALTH CONTINUUM

SANI-E-ZEHRA ZAIDI
M.Phil. Molecular Medicine, University of Karachi, 2018

A thesis submitted
in partial fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

BIOMOLECULAR SCIENCE

Department of Chemistry and Biochemistry
University of Lethbridge
LETHBRIDGE, ALBERTA, CANADA

© Sani-e-Zehra Zaidi, 2023



Thesis examination committee

Thesis Examination Committee

Date of defense: May 29, 2023

Dr. Athanasios Zovoilis Associate Professor PhD, M.D
Thesis Co-Supervisor

Dr. Tim A. McAllister Research Scientist PhD
Thesis Co-Supervisor

Lethbridge Research and Development Centre,

Agriculture Agri-food Canada

Dr. Rahat Zaheer Biologist PhD
Thesis Examination Committee Member

Lethbridge Research and Development Centre,

Agriculture Agri-food Canada

Dr. Chad Liang Research Scientist PhD
Thesis Examination Committee Member

National Centre for Animal Diseases

Lethbridge, Canadian Food Inspection Agency

Dr. Kim Stanford Research Associate PhD
Internal External Examiner

Dr. Denice Bay Associate Professor PhD
External Examiner

Max Rady College of Medicine

Medical Microbiology & Infectious Diseases

University of Manitoba

Dr. Steven C. Mosimann Professor PhD
Chair, Thesis Examination Committee



Abstract

Abstract

Antimicrobial resistance is considered a One Health problem, affecting human, livestock,
and environmental health. The overuse of antimicrobials in human and livestock settings
exerts selective pressure, resulting in the proliferation of antimicrobial-resistant bacterial
strains. Enterococci and Escherichia coli exist ubiquitously in One Health sectors and are
therefore used as indicator bacteria in antimicrobial resistance surveillance programs.
These bacteria carry antimicrobial resistance genes on mobile genetic elements that may

transfer to other bacterial species, most importantly to pathogenic bacteria.

In this thesis, we characterized Enterococcus species recovered from One Health sectors
and carbapenem-resistant bacteria in Canada. Phenotypic characterization was conducted
using the disc diffusion method according to standard CLSI protocols, and whole
sequencing using short and long-read platforms was used for genotypic characterization.
Additionally, whole-genome comparative genomics was used to investigate the genomic
relatedness among isolates from One Health sectors and the effect of antimicrobial usage

on antimicrobial resistance in each sector.

We identified Enterococcus hirae as the prevalent Enterococcus spp. in bovine and swine
production systems, while Enterococcus faecium was predominantly found in poultry. In
human clinical isolates, Enterococcus faecium and Enterococcus faecalis were
predominantly identified. In antimicrobial resistance profiling of Enterococcus spp., we
found that tetracycline (tetL, tetM) and macrolide resistance (ermB) genes exist universally
in E. faecium and E. faecalis from all One Health sectors. However, these resistance genes

were predominantly found in bovine-sourced E. hirae compared to human settings.
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Across livestock sectors, the analysis showed that multidrug-resistant E. faecium and E.
faecalis isolates were more commonly found in poultry than in swine and bovine cattle.
The reconstruction of a core-genome-based phylogenetic tree of E. hirae, E. faecium, and
E. faecalis did not reveal segregation based on their sample source. However, in E. faecium,
the majority of clinical and municipal wastewater isolates were mapped to the hospital -

associated clade.

The study on carbapenem-resistant bacteria showed that the prevalence of carbapenem-
resistant bacteria in beef production is rare, even after culture enrichment with carbapenem.
The majority of carbapenem-resistant species recovered from bovine feedlot samples
carried intrinsic resistance genes against carbapenem. Moreover, in the comparative
genomic analysis of Pseudomonas aeruginosa, bovine-sourced isolates were

phylogenetically different from human clinical isolates.
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Chapter 1

Chapter: 1 Introduction

1.1  Global burden of antimicrobial resistance

Antimicrobials are chemical compounds that can inhibit microbial growth, including
bacteria, parasites, viruses, and fungi, by targeting important cellular mechanisms.
Antimicrobial resistance is defined as the ability of microbes to resist the effects of drugs
or antimicrobials. Currently, more than 150 antimicrobials are approved in human and
veterinary medicine to treat all known bacterial infections (1). Bacteria are defined as
'multidrug-resistant’ if they show resistance to three or more antimicrobial classes.
Globally, multidrug-resistant bacterial infections claimed the lives of 1.27 million people
in 2019, with a projected increase to 10 million per year by 2050.(2). According to the
study, the death rate per 100,000 due to multidrug-resistant bacterial infections was highest
in Sub-Saharan Africa (98.9), followed by South Asia (76.8), Central Asia and Central and
Eastern Europe (67.7), Latin America and the Caribbean (57.9), Southern Latin America,
North America, Western Europe, and Australia (55.7), Southeast Asia, East Asia, and
Oceania (47.1), and North Africa and the Middle East (42.0) (3). These regions were
categorized based on their epidemiological similarities and geographical proximity. These
regions were categorized on the basis of their epidemiological similarities and geographical

proximity (4).
1.2 How antimicrobial resistance occurs and spreads
Antimicrobial resistance (AMR) is not a new phenomenon and it is an expected result of

the interaction of many organisms with their environment. Bacteria lived in varied

environments and required different genes for survival. They can accumulate diverse
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metabolic and protective mechanisms to survive unfavorable environmental conditions (5).
Many antimicrobial compounds are naturally produced by organisms including fungi and
bacteria. The co-resident bacteria have evolved mechanisms to resist the action of
antimicrobial compounds for their survival. Thus, these bacteria are often considered to be
‘intrinsically’ or ‘naturally’ or ‘inherently’ resistant to one or more antimicrobial
compounds. Mechanisms of intrinsic resistance include lack of outer-membrane
permeability (vancomycin resistance in Gram-negative and B-lactam resistance in Gram-
positive) (6), lack of drug target sites (daptomycin resistance in Gram-negative) (7), the
presence of multidrug resistance efflux pumps (RND efflux pump in Pseudomonas
aeruginosa) (8, 9). However, when discussing the antimicrobial resistance, bacteria-
harboring intrinsic resistance are not the focus of the problem. Rather, the expression of
‘acquired resistance’ in a previously susceptible bacterial population is a concern. Acquired
resistance occurs as the result of gene mutations or via gene acquisition through horizontal
gene transfer (HGT) (10). The prolonged and continuous exposure to antimicrobials
compound in a particular ecosystem selects resistant bacterial populations in an ecosystem
through Darwinian natural selection processes (Figure 1.1). As a result of this natural
selection process, the susceptible bacterial population that was dominant in that ecosystem
is replaced by a resistant population. The studies conducted on antimicrobial usage and its
impact on the prevalence of resistant bacterial species indicated a positive
association/correlation between antimicrobial usage and increasing resistant bacterial
population in human and animal ecosystems (11, 12). Mobile genetic elements like
plasmids, integrons, composite transposons, integrated conjugative elements, and

bacteriophages can disseminate antimicrobial resistance genes (ARGs) among bacteria in
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diverse environments (13). Bacteria may acquire ARGs through gene co-selection or
selective pressure imposed by antimicrobials, resulting in ARGs acquisition through HGT
events (Figure 1.1) (14). Co-selection of ARGs can occur through two mechanisms (i) co-
resistance, where a selection of one gene supports the selection of another gene that usually
does not offer a selective advantage to the compound of interest, for instance, co-selection
of ARGs along with the heavy-metal or biocides resistance genes (15, 16) and (ii) cross-
resistance where one resistance gene protects against a range of toxic chemicals (17, 18).
Acquiring new DNA can affect the fitness of the host bacteria (19), but the origins and
molecular mechanisms of these fitness costs are poorly understood. The cost of fitness can
arise from the transfer of acquired gene (20), disruption of the bacterial genome (21), and
metabolic cost associated with replication and gene expression and interaction between

newly acquired protein, and host leading to disruption of cellular mechanisms. (22).
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Figure 1.1 Exposure to antimicrobial compounds and spread of antimicrobial
resistance. Prolonged and recurrent exposure to antimicrobial agents leads to the selection
of bacterial populations that are resistant to these compounds. Consequently, these resistant
can transfer their resistance gene to other susceptible bacterial population through
horizontal gene transfer events.
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1.3 Antimicrobial usage in One-health sectors and route of transmission

Antimicrobial resistance affects humans, animals, and the environments thus being
considered as an important One-health problem. The possible route of AMR transmission
is shown in Figure 1.2. The concept of One-health recognizes the interconnectivity of
human, animal, and the environmental health and is endorsed at a global level by the World
Health Organization (WHO), the Food and Agriculture Organization of the United Nations
(FAO), and the World Organization for Animal Health (OIE) (23). It is estimated that about
10% of global antimicrobial use occurs in the United States (over 17 million/year).
According to the FAO data of 2017-2018, 65% of medically important antimicrobials
(approved for use in human and food-producing species) were consumed by livestock

whereas 35% were consumed by humans.
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Figure 1.2 Possible routes of transmission of antimicrobial resistance across One-
health sectors (24). Dashed lines indicate putative transmission paths. Antimicrobials
consumed by animals in livestock select antimicrobial-resistant population. The resistant
bacteria contaminate the animal fertilizer and ground/ natural water. Humans get exposed
to resistant bacteria through the consumption of contaminated food, recreational water, and
drinking water. The wastewater from hospitals, pets, and the communities, goes to
wastewater treatment plants and after treatment enters the environment.
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In human medicine, medically important antimicrobials are used primarily for the
treatment of bacterial infections, but also in some cases to prevent the secondary infections
(infections that occur after or because of another infection) during surgery and in high-risk
immunocompromised patients undergoing chemotherapy (1, 25, 26). In the US,
approximately 80-90% of antimicrobials were prescribed to out-patients (patients who
donot require hospitalization) (636 antibiotic prescriptions per 1000 persons) in 2021. In
these patients, penicillin was commonly prescribed (140 prescriptions per 1000 persons)
(27). The excessive use of antimicrobials by humans is associated with its over the counter

availability and inappropriate prescribing (26, 28).

In livestock, antimicrobials are used for disease treatment and prevention, for instance,
mastitis in dairy cattle, bovine respiratory disease in beef cattle. Prophylaxis or
metaphylaxis are practices where antimicrobials introduced to a mass population with the
objective to prevent or decrease the disease burden by treating the entire population at a
single point in time (29). Prophylaxis is defined as the administration of antimicrobial
agents to a mass population without any clinical symptoms of disease, whereas in
metaphylaxis antimicrobials are administrated to a susceptible population exhibiting
clinical disease (30). The average annual global consumption of antibiotics in producing 1
kg of different meats is 172 mg/kg for pork meat, 148 mg/kg for chicken and 45 mg/kg for
beef (31). Five major countries involved in the highest share of antimicrobial consumption
during food-animal production are China (23%), the US (13%), Brazil (9%), India (3%)

and Germany (3%).

Environment connects human and animal sectors (Figure 1.2). Exposure of antimicrobials

in the environment occurs through several routes such as municipal and hospital waste,
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animal husbandry, the manufacturing industry, runoff from agricultural fields containing
livestock manure, and landfill leachates of antimicrobial discharge. According to a 2013
report, approximately 20-30% of patients in Europe received antimicrobials during their
hospitalization period (32). The residual of the resistant bacterial population through urine
and feces and the residual of antimicrobial compounds enter the hospital wastewater
system. Hospital effluents are hotspots for horizontal gene transfer, facilitating the
interspecies and intraspecies transfer of ARGs and virulence genes. Similar to humans, 30—
90% of antimicrobials consumed in animals are released into manure, feces, and urine. The
high concentration of antimicrobial residues in livestock settings contaminates the
environment with antibiotic-resistant bacteria (33, 34). Therefore, the environment acts as
a reservoir for mobile genetic elements that interact and spread to other sectors or human

and animal hosts. Bioindicators in AMR surveillance programs

Bioindicators are defined as ‘living organisms (microbes, animals and plants) that are used
as a potential tool to monitor the changes (either positive or negative) in environmental
health and their possible impact on human civilization’ (35). In AMR surveillance

programs, commensal gut bacteria are used as bioindicators.

Commensal gut bacteria colonize the gastrointestinal tract and live in a symbiotic
relationship with the host (36). However, they act as opportunistic pathogens and can also
cause infections in immunocompromised patients (37). Commensal bacteria are not the
specific target of antimicrobials used in human and animal sectors however they get
exposed to those antimicrobial compounds. The selective pressure due to this exposure
results in the accumulation of AMR genes from the environment. Therefore commensal

bacteria are considered as the reservoir of acquired ARGs (38, 39). Some commensal
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bacteria including Escherichia coli and enterococci are ubiquitously found in One-health
sectors including humans, animals and the environment. These bacterial species are used
as ‘indicator bacteria’ in AMR surveillance programs (described in the next paragraph) to
monitor the occurrence of AMR in different reservoirs throughout the food-chain as they
(i) exist as commensal bacteria in the gut microbiota of healthy animals and humans, (ii)
they can acquire AMR genes both via mutations in chromosomal genes and HGT of AMR
genes, (iii) they have the potential to cause infections in both animals and humans and to

transfer AMR genes to pathogenic bacteria of the same or other species through HGT (36).

Several AMR surveillance programs at the national level like the Swedres-Svarm program
in Sweden (40), the RESAPATH program in France (41), the UK One Health program in
England (42), the NethMap program in Netherland (43), the Danmap program in
Denmark) (44), the National Antimicrobial Resistance Monitoring System for Enteric

Bacteria (NARMS) https://www.cdc.gov/narms program in (the United states) and the

Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS)
program in Canada (45) and globally by the WHO: The Global Antimicrobial Resistance

and Use Surveillance System (GLASS) (https://www.who.int/initiatives/glass/) recognize

the roles that commensal gut microbiota can play in the occurrence, distribution, flow and
diffusion of ARGs in human, animal, and environmental ecosystems. The majority of AMR
surveillance programs like RESPATH, UK One Health report, NethMap and GLASS focus
on E. coli as an indicator bacteria of AMR whereas programs like NARMS, Danmap,
CIPARS, Swedres-Svarm include Enterococcus spp. in the surveillance programs along

with E. coli.


https://www.cdc.gov/narms
https://www.who.int/initiatives/glass/
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1.4.1 Escherichia coli

Escherichia coli are gram-negative, rod-shaped, facultative anaerobes that are part of the
Enterobacterales, a gamma division of the phylum Proteobacteria (46). In humans and
other animals, including warm-blooded animals, insects, and reptiles. E. coli
predominantly reside as commensal in the cecum and colon of the large intestine (47). E.
coli can persist in the natural environment in soil, water, food, and sediments and are often
used as an indicator of fecal contamination (48). Although 90% of E. coli strains are
commensals, they can also act as pathogens in humans and animals (49). In humans,
approximately 90% of hospital- and community-acquired urinary tract infections are
caused by uropathogenic E. coli. E.coli can also cause infections like enteritis, septicemia,
neonatal meningitis, and postsurgical peritonitis in humans (50-52). Multidrug-resistant E.
coli were responsible for the majority of AMR-associated deaths in 2019 (>0.7 million
deaths globally) (3). In livestock, E. coli are predominantly associated with diarrhea and

are one of the primary pathogens associated with bovine mastitis in dairy cattle (53).

The genomic structure and size of E. coli are driven by evolutionary forces/pressure that
reflect the lifestyle of the bacteria itself. The genome of E. coli may vary from 4.0-6.0 Mb
(average 4200 number of genes) with a GC content of ~50% (54). The genetic content of
pathogenic and commensal E. coli strains may differ by up to 20% (55). The bacterial
genome can be classified into two categories; the core genome, and the
flexible/dispensable/accessory genome (56). The core-genome is considered as the genetic
backbone of a bacterial species. It consists of genes found in all strains of a bacterial species
(>99% of species genomes). The core-genome consists primarily of housekeeping genes

responsible for metabolic functions like replication, translation, and transcription (57). The
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accessory genome represents genes present only in the genomes of a single or few strains
of a species. In a gut microenvironment, the presence of diverse bacterial species increases
the availability of new gene families. These new gene families can be acquired by E. coli
through horizontal gene transfer, resulting in the expansion of the pangenome (58). These
genes are typically responsible for facilitating adaptation to a specific environment. Mobile
genetic elements like plasmids, integrons, bacteriophages, and transposons are components
of the accessory genome that facilitate the transfer of accessory genes among the members
of a bacterial community. The combined core and accessory genomes of a species
constitute the pangenome, an open-pangenome represents the genetic diversity within a
species (Figure 1.3). Characterization of the pan-genome of 1324 complete E. coli
genomes showed that the pan-genome consisted of approximately 25,000 gene families.
The softcore genome (genes that are present in >95% of genomes) of E. coli was more
stable than the core genome (genes that are present in >99% of genomes). The core genome
of E. coli consisted of ~3000 gene families (54). A similar pattern was observed in other
comparative genomic studies of E. coli where the pangenome increased with the additions
of genomes (~13,000 to ~23,000 genes), while the size of core-genome decreased (~2200

to ~800 genes) (59-62).
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Figure 1.3 Pan-genome of bacterial species. Arrows represent genes in the genomes.
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the number of genomes and genome size does not plateau as the addition of a new genome
in an analysis increases the number of new gene families. (B) In a closed pan-genome, the
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Phylogenetically, E. coli can be categorized into eight different groups (A, B1, B2, C, D,
E, F, and G) (63, 64). The majority of phylotype group A and a small group of phenotype
B1 and B2 were identified as commensal strains of E. coli, whereas environmental strains
are usually categorized as phenotype C. Previous studies have shown that the prevalence
of phylogenetic group A, B1, and B2 varies between humans and animals (wild, domestic

mammals and reptiles), depending on host characteristics and environmental factors (65).

Commensal bacteria are defined as those bacteria that reside or colonized body surfaces.
They co-evolved with their host however, in some immunocompromised conditions they
can overcome the protective host response and cause infection (66). Whereas, pathogenic
bacteria can cause mild to life-threatening infections in healthy individuals. Commensal
strains of E. coli can also acquire virulence genes such as genes for biofilm formation as a
means of adapting to diverse environments including human and animal gut. Studies have
shown that some virulence genes provide E. coli with a selective advantage in colonizing
the gut of a specific host. For example, strains harboring genes encoding adhesion, iron
uptake, toxins, and protectins were more persistent in gut microenvironments in humans,
dogs, and pigs than strains that lacked these traits (E. coli from the aquatic environment)
(67-69). E.coli strains expressing intimin (adhesin) more readily colonize bovine rectal
mucosa than those that lack this adhesion factor (70). Moreover, the prevalence of
virulence genes may differ between humans and animals, where human commensal E. coli
strains harbor more virulence genes as compared to E. coli isolated from the livestock Khi2

p<0.0001) (71).

E. coli has been used as an indicator of fecal contamination and to monitor AMR in

humans, animals, and the environment for decades (72). Studies conducted in the late
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1900s recognized the ability of E. coli to acquire and transfer ARGs between humans and
livestock (73-76). E. coli readily acquires ARGs and MDR E. coli strains can outcompete
sensitive E. coli strains in the gut via anaerobic metabolic processes, resulting in prolonged
colonization and dissemination (77). The MDR E. coli induces an inflammatory response
in the intestinal tract that results in the production of metabolic by-products that are utilized

by MDR E. coli through anaerobic metabolic processes.

1.3.1.1 Resistance to medically important antimicrobials in E. coli

E. coli exhibiting resistance to critically important (category 1) antimicrobials including 3™
generation cephalosporins (3GCs) and carbapenems are considered one the major
challenges to human and animal health. E. coli can gain resistance against 3GCs by the
production of extended-spectrum B-lactamases (ESBLS), and AmpC B-lactamases. ESBL
producers E. coli are clinically relevant in veterinary medicine as they confer resistance
against penicillin, aminopenicillins, and cephalosporins that may result in treatment failure.
In epidemiological studies, the linkage between clinical ESBL producers E. coli and those
recovered animals settings was not found (78). Carbapenem is considered for the treatment
for MDR bacterial infections including ESBL-producing E. coli infections in humans and

is thus referred to as a ‘last resort’ drug (79, 80).

Resistance to carbapenem is variable and is associated with the production of
carbapenemase (carbapenem degrading enzyme), impermeability of porin proteins,
utilization of carbapenem-insensitive transpeptidases, and increased activity of efflux
pumps (81). The accumulation of more than one of these mechanisms results in a more
pronounced effect on carbapenem activity (82, 83). Enzyme-mediated resistance is the

most common mechanism of resistance (84). These enzymes hydrolyze all or almost all
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beta-lactams, confer high levels of carbapenem minimum inhibitory concentrations
(MICs), are encoded by genes that are horizontally transferable by plasmids or transposons
and are commonly associated with genes encoding for other resistance determinants (85,
86). p-lactamases are broadly classified based on molecular characteristics, into four
groups (A, B, C, and D) known as ‘Amber’s classification’ (87). Molecular classes A, C,
and D include the pB-lactamases with serine at their active site, whereas molecular class B
B-lactamases are all metalloenzymes with active-site zinc (88, 89). Carbapenemases are
diverse and include three members (A, B, and D) of Amber’s classification. Briefly, Class
A includes some enzymes that are chromosomally mediated like non-
metallocarbapenemase-A (NMCA), S. marcescens enzyme (SME), and imipenemase
(IM1-1) while others are plasmid mediated such as K. pneumoniae carbapenemase (KPC),
IMI-2, Guiana extended-spectrum (GES), and their derivatives. They can hydrolyze
carbapenem effectively but inhibit by clavulanic acid (90). The most prevalent
carbapenemases in this class are the KPC enzymes, which are now endemic in parts of the
USA, UK, Greece, Italy, Israel, and China (90-94). Class B or metallo- -lactamases are
characterized by their ability to hydrolyze carbapenem and their resistance to f-lactamases
inhibitors but susceptibility to EDTA. The most common families of this class are: Verona
integrons-encoded MBL VIM, Imipenemase IMP, and New Delhi MBL (NDM) enzymes
(95, 96). These are located within intergon structures as gene cassettes. The association of
these integrons with transferable elements facilitates gene mobilization. Class D is an
oxacillinase-type enzyme, characterized by its hydrolytic activity against oxacillin. They
are usually found in Acinetobacter spp., although there are reports of increasing prevalence

in Enterobacteriaceae (97).
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Although, resistance to carbapenem in E. coli from animal origins is low as carbapenems
are not approved for use in veterinary medicine. However, it is increasing and
carbapenemase-producing E. coli have been isolated from a variety of animals (livestock,
wildlife, and companion animals) worldwide (98). Therefore, AMR surveillance needs to
evaluate carbapenem resistance in livestock sectors. In this thesis, we investigated the

prevalence of carbapenem-resistant E. coli in the beef production system.

1.4.2 Enterococcus spp.

Enterococci is of the four genera of the Enterococcaceae family of bacteria, belonging to
the order Lactobacillales, class Bacilli of the phylum Firmicutes. This genus groups a great
diversity of gram-positive bacteria, with an ovoid shape that do not form spores. They are
a core member of the gastrointestinal microbiome of humans and other mammals and are
frequently isolated from soil and water (99, 100). They are also one of the leading causes
of nosocomial infections in humans (14%) (101, 102). The tolerance of Enterococcus spp.
to a broad range of pH (4.6-9.9), temperature (10-45°C), desiccation, UV radiation,
starvation, antiseptics, and disinfectants is the key to their widespread occurrence and

persistence in diverse environmental conditions (103-106).

The genus Enterococci consists of 50 species that possess variable habitats, metabolic,
phenotypic, and genotypic characteristics. E. faecalis and E. faecium are predominantly
isolated from the mammalian digestive tracts of both humans and animals (101) and are
responsible for the majority of infections in humans (107). Other species including E.
hirae, E. gallinarum, E. mundtii and E. casseliflavus have also been isolated from human

and animal environments. Due to their high prevalence and strong association with
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nosocomial infections, E. faecalis and E. faecium have been the indicator species in most

AMR surveillance studies.

The Enterococcus spp. genome range in size from 2.3 to 5.4 MB with GC content 34 to
45%. Enterococci display a high level of genomic plasticity driven by HGT, as evidenced
by the open structure of their pan-genome. In 1964, enterococci were classified into five
groups based on their sugar utilization, but this classification scheme has been replaced by
a molecular-based classification in 2002 (108). Phylogenetically, enterococci are
categorized into seven groups based on single nucleotide polymorphism analysis of the
16S rRNA gene (109). Comparative analysis of the metabolic pathways of E. feacium and
E. faecalis identified 70 and 140 Clusters of Orthologous Groups of proteins (COGSs)
respectively, that were found exclusively in these species. This shows that considerable

genomic variation exists among Enterococcus spp. at the species level (110).

Enterococci are intrinsically resistant to several antimicrobials (111) including penicillins,
semisynthetic penicillins, ampicillin, and cephalosporins. These antimicrobials lack
affinity to penicillin-binding proteins (PBPs) of Enterococcus sp (i.e., PBP4 in E. faecalis
and PBP5 in E. faecium) required for their activity (101). They also possess a Isa gene that
encodes for clindamycin resistance and exhibits low-level resistance to aminoglycosides.
Cell-wall inhibitors such as B-lactams and aminoglycosides can act synergistically against
enterococci and in combination they are often used to treat enterococcal infections in
humans (112). These species can also readily acquire genes from the environment through

HGT (113).
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1.3.1.2 Resistance to medically important antimicrobials in Enterococci

Glycopeptides are critically important antibiotics in human medicine and are used to treat
gram-positive bacterial infections (114). The emergence of vancomycin-resistant
enterococci (VRE) in human clinical settings and livestock is of great concern. In Europe,
VRE reservoirs were identified in livestock and humans and were shown to be linked to
the use of avoparcin as a growth promoter in poultry (115). Vancomycin resistance is
associated with the presence of the van-operon, which may be found on mobile genetic
elements or integrated into the chromosome. Gentamicin is a member of the
aminoglycosides, exclusively used in human medicine, and is categorized as a ‘high
important” antimicrobial. The acquisition of aac(6')le-aph(2")la encoding bi-functional
enzyme results in high-level gentamicin resistance in enterococci. This gene was found
more in clinical enterococci compared to those recovered from livestock and is often

associated with transposon Tn5281 (116).

1.4.3 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a gram-negative, environmental bacteria. This bacterial
species exhibits extensive metabolic adaptability, enabling it to thrive in an extraordinary
range of niches (117). It is an opportunistic pathogen and can cause a wide range of
infections in humans, animals, and plants. In humans, is of the top six infectious disease
threats, causing infection in immunocompromised individuals. It is also considered as the
major pathogen contributing to the burden of hospital-acquired infections associated with

chronic lung infections.

P. aeruginosa is a challenging pathogen to treat due to the formation of biofilm during

infection. In addition to this, it can naturally resist multiple antimicrobial compounds
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through variable mechanisms including prevention of access to target, increased efflux,
changes in antimicrobial the targets by mutation, modification, and protection of targets,

and direct modification of antimicrobial compounds (117, 118).

Pseudomonas aeruginosa PAO1 was the 25" genome sequenced completely. The genome
size of P. aeruginosa can vary between 5.5 to 7 Mbp (119). The P. aeruginosa genome
consists of more than 550 transcriptional regulators, which presumably play exquisite roles

in coordinating the colonization of a wide range of ecological niches (120).

1.3.1.3 Resistance to medically important antimicrobials in P. aeruginosa

The global pattern of AMR in P. aeruginosa varies substantially. The highest rate of AMR
in P. aeruginosa occurs in North, Central, and South America, Western and Central
Europe, China, India, and Southeast Asia (121). The P. aeruginosa lineages ST235 and
ST175 are major contributors of hospital-acquired infection and have emerged as high-risk
globally dispersed clones (122, 123). The resistance to last-resort drugs like polymyxin and
carbapenems in P. aeruginosa is well-documented. The resistance to carbapenems in P.
aeruginosa is associated with loss of porin protein due to mutation, increased efflux
activity (MexXY efflux pump), and the production of carbapenemase enzyme to degrade
carbapenem antibiotics. The mechanism of resistance is described in detail by Horcajada,

J, and colleagues (124)

1.4 High-throughput whole-genome sequencing and genomic
characterization

Conventionally, phenotypic characterization of bacteria-based methods including

serotyping, antimicrobial susceptibility testing (AST), and mass-spectrometry was widely
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used for AMR surveillance (125). Upon, the advent of DNA sequencing technologies,
nucleic acid-based methods were used to complement phenotypic methods to achieve
phenotypic and genotypic information on resistant bacterial strains. Nucleic acid-based
techniques can be broadly categorized into non-amplification and amplification-based
typing. The most common non-amplification-based typing methods are restriction
fragment length polymorphism (RFLP) (126, 127), matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF) (128), and pulsed-field gel
electrophoresis (PFGE) (129). The DNA amplification-based methods frequently for
characterization are multiple-locus variable-number tandem-repeat analysis (MVTR),
multilocus sequence typing (MLST), and virulence typing. One disadvantage of nucleic
acid-based methods is that they provide limited genotypic information as they can only
detect/amplify known regions in a genome. Considering the level of complexity of bacterial
genome and frequency of ARG acquisition via HGT, it is difficult to study gene acquisition

and thereby bacterial evolution, using nucleic acid-based technologies alone (130).

1.5.1 Whole Genome sequencing technologies

Whole genome sequencing (WGS) can provide high-resolution coverage of bacterial
genomes. It can detect mobile genetic elements, ARGs, and virulence genes and it can be
used for epidemiological typing. The ground-breaking Sanger sequencing method was the
precursor to WGS, referred to as ‘first generation sequencing’ (131). Sanger sequencing
depends on chain termination with the use of distinct fluorescent dyes to terminate the
synthesis reaction. Next-generation sequencing (NGS) has revolutionized the field of
genomics by significantly increasing the amount of genetic material that can be sequenced

compared to Sanger sequencing. This technological advancement has had a profound
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impact on various areas of research, including studies related to antimicrobial resistance
(AMR). Most genomic studies focused on antimicrobial resistance now depend on whole-
genome sequencing (WGS) (132, 133). Sequencing the entire genome through WGS
platforms including short-read and long-read technologies enables comprehensive analysis
of the genetic variations underlying AMR, including the identification of resistance-
conferring mutations, mobile genetic elements carrying resistance genes, and their

distribution within microbial populations (134) (Figure 1.4).
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Figure 1.4 Pipeline for AMR surveillance using short and long read whole genome
sequencing technologies. Sample are collected from One-health sectors including
humans, animals and environment. Following genomic DNA extraction from isolated
bacteria, whole genome sequencing care performed on short or long read sequencing
technology platforms. Reads generated are assembled using short read (SPAde), long read
(HiCanu) or hybrid (HybridSPAde/ Unicycler) assembling tools. The assemble contigs are
annotated with Prokka. Antimicrobial resistance gene (AMR), virulence gene and mobile
genetic elements are identified using specific tools (discussed below). The collection of
genomes are used for comparative genomic analysis. The analysis and findings of
surveillance programs are utilized by stake holders to make and implement control
strategies at local, national and at international level.
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1.4.1.1 Short-read sequencing technologies

Short-read sequencing technology or second-generation sequencers generate read lengths
ranging from 36 to 300 base pair with >99% read accuracy (135). The accuracy of these
methodologies has continuously improved the sequencing, throughput has increased and
the overall cost of sequencing has declined (136). Single-read sequencing platforms

include lon-torrent (137), 454 pyrosequencing (http://www.454.com/) (138), SOLiD (139),

and Hlumina (http://www.illumina.com/). About 90% of all short-read sequencing data has
been generated using the Illumina sequencing platform (140). IHllumina short-read
sequencing is based on the sequence by synthesis and has 4 models: Miniseq, Miseq, Hiseq,
and Nextseq, where Miseq is the most widely used platform for bacterial genome
sequencing. The workflow of Illumina sequencing consists of three steps as described by
Kuchta et al. (141). (i) library preparation, in which genomic DNA (gDNA) is fragmented
mechanically via sonication or enzymatically via transposases into ~200-bp lengths.
Unique adaptors are attached to the 3” and 5° ends of DNA fragments and amplified by the
polymerase chain reaction (PCR). (ii) clustering in which clonal clusters are generated
through a bridge amplification process (iii) sequencing in which clonal cluster is sequenced
using sequence by synthesis technology with DNA polymerases incorporating nucleotide
bases into the DNA template. The incorporation of nucleotide is detected through
fluorescence (142). Illumina sequencers provide high output (1.2-6,000 Gb) and high

accuracy at a relatively low cost per base compared to long-read platforms.

1.4.1.1.1 Assembly pipelines
Illumina can generate single-end reads or pair-end reads. In pair-end sequencing, DNA

fragments are sequenced from both ends, thereby, generating more sequence data. The
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reads generated through Illumina can be assembled in two ways; either as reference-based
or de novo genome assemblies. In reference-based assembly, the generated reads are
aligned against a reference genome. There are numbers of software packages for reference-
based genome assemblies, which differ in their algorithms and performance in terms of
speed and scalability. Most reference-based assemblers depend on Burrows-wheeler
transform algorithms like Bowtie (143), BWA (144), KART (145), and BWBBLE (146).
The disadvantage of using reference-based assemblers is that the appropriate reference

genome must be available for the assembly to be conducted (147).

Another approach for genome assembly is the De novo method. In this method, the genome
is assembled based on overlapping sequences or contiguous sequences. De novo assembly
algorithms can be categorized into three broad classes; overlap-layout-consensus (OLC),
extension-based, and De Bruijn (or Eulerian) graph. The use of OLC is computationally
intensive and are used by only a few assemblers like Edena (148). SGA (149) and FERMI
(150). Extension-based methods as SSAKE (151), and JR-Assembler (152) are
computationally efficient but are prone to sequencing error. De Bruijn (or Eulerian) graph
(153) is used for short-read assemblies due to their accuracy and efficiency. In this
approach, reads are partitioned into k-mers (k-mer is a sequence of k characters in a string
or nucleotides in a DNA sequence) to form a graph node which is linked with a shared k-1
mer. Some de Brujin-based assemblers include Velvet (154), SPAde (155), SOAPdenovo

(156), and ABYSS (157), with SPAde (https://github.com/ablab/spades) being one of the

most widely used tools in WGS studies (158).
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1.4.1.1.2 Limitations of short-read sequencing

Short-reads generated through the Illumina platform have some limitations. Multiple
copies of bacterial genomic elements including CRISPR (clustered regularly interspaced
short palindromic repeats) array, transposons, insertion sequences, ribosomal genes, rhs
(Rearrangement hot spot) toxins, secondary metabolite biosynthetic gene clusters, genomic
islands, and complex resistance regions in plasmids may harbor repetitive sequences at
different genomic locations that exceed the read length of Illumina platforms. These
regions are challenging to assemble and frequently result in misassemblies and gaps that
preclude the closure of a bacterial genome. As a result, genomes sequenced using IHlumina
platforms are often fragmented into hundreds of contigs. Furthermore, algorithms for de
novo genomic assemblies struggle with the presence of intergenic repeats and GC biases
created during library preparation (159, 160). Misassembled genomes can prevent the
accurate identification of MGEs, gene copy number, and gene cluster(s). These limitations
significantly affect the informational value of draft-quality genomes sequenced using

short-read Illumina platforms.

1.4.1.2 Long-read sequencing technology

Lon-read sequencing as the name indicates generates longer reads compared to the short-
read sequencing platforms. The long-read platforms target single DNA molecules in real-
time, generating sequences of longer length (maximum read length of 100kb) in less time
than short-read sequencers. Two long-read sequencing platforms, PacBio and Oxford
Nanopore are the most commonly used long-read sequencing platforms, although
additional technologies such as Infinity (based on sequence-by-synthesis technology by

[llumina) are emerging (not launched yet). PacBio is based on the circular consensus
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sequencing (CCS) method. The target dsDNA are attached to the sSDNA adaptor that is
then sequenced multiple times creating one continuous long read sequence (CLR) (161).
The most recent Sequel 11 system is based on high-fidelity (HiFi) sequencing technology
and it can produce 30 kb sequences with a >99.99% accuracy. Through this technology,

complex genomic structures including MGEs can easily be identified.

In this thesis, nanopore sequencing is used therefore, it is described in detail in later
sections. Nanopore was first introduced by ONT in 2014. In Nanopore sequencing, the
DNA molecule passes through a nanopore (A nanopore is a tiny, nanoscale-sized hole
usually made from a protein or a synthetic material.). An electrolyte potential is created
around the nanopore, creating an electric field. The DNA molecule passing through the
pore disrupts the voltage flow across a channel, through a voltage detector. Unlike other
platforms, the nucleotides or enzymes like polymerase and ligases for sequencing are not
required, as a result, nanopore can tolerate temperature variation during sequencing (162).
Available Nanopore platforms include MinlON, GridlION, and PromethlON, which differ

in the numbers of flow cells they contain and consequently sequence output.

Libraries must also be prepared for Nanopore sequencing, with a wide range of library
preparation Kits available that use either amplification or non-amplification methodology.
Amplification-based Kits are typically used if the quantity of DNA available is low. For
library preparation, the DNA is sheared using G-tube into small DNA fragments (6-20kb).
DNA damage is then repaired through an end-repair step, followed by the addition of a
polyA tail to the 3” end of DNA for adaptor ligation. The DNA is then ligated using Leader

(Y-adaptor) and a hairpin (HP-adaptor). The final step of library preparation is the His-
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bead purification of the DNA to separate it from free nucleotides and ligase

(https://nanoporetech.com/support/how-it-works).

The nanopore sequencing begins from the 5’-end of the Y-adaptor followed by template
DNA, then it progresses to the HP-adaptor followed by the complementary strand. The
motor protein unzips the DNA molecule when it approaches the complementary site of the
Y-adaptor, enabling the template strand to pass through the pore. The HP-adaptor allows
sequencing of the complementary strand in a similar manner. The change in electrical
current is then detected by an Application-specific integrated circuit (ASIC) sensor which

transfers it to a base caller for reading.

1.4.1.2.1 Assembly pipelines
The MinKNOW by Oxford nanopore technology (ONT)

(https://github.com/nanoporetech/minknow_api) pipeline is used for data processing,

acquisition, and analysis of these raw data generated from Nanopore sequencers. Similar
to short reads, raw reads can be assembled either using a reference-based or de novo
approach. The basic pipeline of Nanopore assembly consists of base-calling followed by
read-to-read alignment. The generated pair-wise aligned reads are then used to generate a
draft assembly that is mapped in a read-to-read-mapping step to generate the assembled
genome. Some tools performed multiple tasks for instance HiCanu and Flye assemblers
generate polished genomes therefore, the described pipeline can be altered based on the

study approach and tools being used (Figure 1.4). The steps are as follows

(1) Base-calling is defined as conv. of raw current to raw reads or nucleotide sequence

(Table 1.1). The reads are called either 1-directional or 2-directional if a single strand
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or both strands, respectively are used by the basecaller. There is a wide range of
basecallers available for this purpose including ONT (Metrichor, Nanonet, Albacore,
Guppy, Scrappie, and Flappie), Nanocall (163), DeepNano (164), BasecRAWIler
(165), and Chiron (165).

The raw reads generated through the basecaller are then mapped using an alignment
tool to generate a consensus contig. This step is referred to as read-to-read mapping
(Table 1.1). The overlap-layout consensus algorithm is an assembly method that
utilizes a graphical representation of reads and their overlaps to construct a consensus
sequence. In this algorithm, each read is represented as a node, and the overlaps
between reads are represented as edges in a graph. The algorithm begins by comparing
pairs of reads to identify overlapping regions. These overlaps are used to create edges
between the corresponding nodes in the graph. By analyzing these overlaps, the
algorithm determines the most likely alignment and ordering of the reads. As the
algorithm progresses, it iteratively merges and extends the reads based on the
identified overlaps. This process helps build longer contiguous sequences, called
contigs, by stitching together the overlapping regions. To generate a consensus
sequence, the algorithm analyzes the overlapping regions of the contigs. It considers
the base calls from each read, taking into account their quality scores and potential
errors or variations. By reconciling the overlapping bases, the algorithm generates a
consensus sequence that represents the most accurate and reliable representation of
the original DNA sequence. Overall, the overlap-layout consensus algorithm leverages
the overlapping information between reads to construct a consensus sequence,

allowing for the assembly of longer and more accurate contigs. Two alignment tools
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recommended for this step are; GraphMap (166) and MiniMap2 (167). As compared
to GraphMap, MiniMap2 is computationally efficient but less accurate. Some
assemblers such as HiCanu (168), Flye (169), and NEXTdenovo
(https://github.com/Nextomics/NextDenovo) do not require a read alignment tool,
these tools do read alignment themselves.

The alignment tool constructs an overlap graph, which serves as the basis for the
assembler to generate a layout consensus sequence (Table 1.1). This graph represents
the relationships and overlaps between the reads, forming the foundation for
subsequent assembly steps. Two strategies for de novo assembly are; (i) correction,
followed by assembly, and (ii) assembly followed by correction. In the correction-
then-assembly approach, assemblers like HiCanu (168), and NextDenovo

(https://github.com/Nextomics/NextDenovo) depend on first correcting errors in the

raw reads before conducting the assembly process. These assemblers typically utilize
error correction tools to refine the reads followed by the assembly process The aim is
to generate more accurate and reliable assemblies. In the ‘assembly then correction’
method, assemblers like Miniasm (170), Flye (169), SMARTdenovo (171), and
Ravon (172) conduct the assembly process first and then refine the assembly through
subsequent error correction steps. These assemblers typically utilize the overlap graph
constructed from the raw reads to generate an initial assembly followed by
identification and errors or variations correction within the assembly using a

correction tool, thereby enhancing its accuracy and completeness.

29


https://github.com/Nextomics/NextDenovo

(4)

()

Chapter 1

If the quality of the draft assembly is low, it can be improved by adding a step where
the generated draft assembly is mapped against raw long reads using an alignment tool
such as GraphMap, MiniMap2, or BWA-MEM (Table 1.1).

Polishing is the final step in the assembly as it identifies mismatches, indels and
removes gaps in the final assembled genome. The available polishing tools are
Nanopolish and Racon (Table 1.1). Polishing tools improve consensus sequence for a

final draft genome.
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Figure 1.5 Whole genome assembly pipeline using long-read generated through
Nanopore sequencer. The template DNA passes through a nanopore, and during this
process, any changes in the electric current are detected by an Application-Specific
Integrated Circuit (ASIC). Once the ASIC detects the variations in current, this information
to a basecaller. The basecaller is responsible for interpreting the electrical signals and
determining the corresponding DNA base sequence. The alignment tool utilizes an overlap
layout consensus algorithm to generate a consensus contig from raw reads. This algorithm
compares the raw reads and identifies regions of overlap between them, generating a
consensus contig that represents the most reliable representation of the original DNA
sequence. Using various algorithms and statistical models, the assembler resolves conflicts
and resolves ambiguities to generate a consensus sequence. It considers factors such as
read coverage, base quality, and potential variations within the contigs. After the genome
is assembled, it can be further improved by mapping it against the raw reads using
alignment tools. By analyzing the alignment results, the tools can identify discrepancies,
such as misassembled or incorrectly ordered contigs, as well as regions where the assembly
may be fragmented or contain errors. The polishing tool plays a crucial role in refining the
assembled genome by removing indels (insertions and deletions) and gaps. It achieves this
by mapping the assembled genome against the original raw reads. The polishing tool
utilizes various algorithms and techniques to adjust the assembled genome based on the
alignment information.
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1.4.1.2.2 Limitation of long-read sequencing

Despite the fact that long-read sequencing has greatly improved the quality of whole
genome sequencing, covering repeated regions in a genome. However, there are still some
limitations. The largest limitation is its lower read quality with and error rate of 15% for
Nanopore long read sequencing vs error rate of less than 1 % for short read sequencing
(173, 174). Compared to short read sequencing, long read sequencing is costly limiting the
large-scale sequencing projects. The higher cost is mainly associated with the need for
specialized instruments, reagents, and computational resources. Long-read sequencing
requires longer DNA fragments. The DNA samples be more prone to fragmentation and
damage during sample preparation and sequencing, leading to a loss of genomic

information and affect the quality and accuracy of the generated sequences.
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Table 1.1 Tools for constructing bacterial genomes using long-read sequencing technologies generated through Nanopore

platforms.
Tools | Algorithm | Description | Input Data | Availability (developer)
Basecallers
Metrichor HMM ! and Raw current is converted into event (each | 1D? and 2D3 Cloud based (Oxford)
Viterbi decoding event corresponds to movement of k-mer reads
Nanocall through the pore). HMM and Viterbi 1D reads Open-source
decoding algorithm are used to model generated by R7.3 | (https://github.com/mateidavid/Nanocall )
event space and decoding the base (MIT)
sequence, respectively.
DeepNano RNN# Bidirectional recurrent neural approach to | 1D and 2D reads | Open source, offline
model statistical characterization of event (https://github.com/jeammimi/deepnano )
and nucleotide sequence prediction
Guppy 1D and duplex Current “official” ONT basecaller
BasecRAWIler Unidirectional Use two unidirectional RNN, initial neural | Raw signal Berkeley lab
RNN network predict the event boundary (https://www.osti.gov/biblio/1572483)
between segments, then these segments are
transformed into discrete event through
segmentation algorithm then second neural
network decodes events into base
sequences
Chiron Segment free deep | Directly translate current measurement Raw signal https://github.com/haotianteng/Chiron
neural network or | into a base sequence. It is based on 5-mer
Event-free segmented sequence and decodes final
base using Viterbi decoding algorithm
Alignment tool
Graph-Map OoLC® It uses progressive approach. First, reads Raw reads https://github.com/isovic/graphmap

are divided into k-mers then construct a

1 Hidden Markov model

2 One-directional

3 Two-directional

4 Recurrent neural network
5 Overlap layout consensus
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Hash-table. Two sets of information are
generated with incorporation of each k-mer
(i) k-mer strings and (ii) position in read.
The reads are then aligned based on
overlapping regions.

MiniMap2 Reads are divided into k-mers and Raw reads https://github.com/Ih3/minimap2
minimizer approach to construct a good
alignment.
Assemblers
HiCanu Celera with OLC It pipeline consist of error correction, Raw reads https://github.com/marbl/canu
trimming and assembly. It can also
perform read alignment and polishing
steps.
Miniasm OLC based It concatenates read sequences to generate | All-vs-all read https://github.com/Ih3/miniasm
approach with the final sequences. Polishing using Racon | self-mappings
read correction is recommended. (usually from
and consensus MiniMap2)
generation
SMARTdenovo OLC based The assembly consist of four steps; All-vs-all read https://github.com/ruanjue/smartdenovo
approach without | overlapping, trimming, layout and alignment
error correction consensus
Ravon OLC approach It builds an assembly graph from reads, Raw reads https://github.com/Ibcb-sci/raven
preprocessed by pile-o-gram followed by
polishing with Racon
Flye Repeat graph It take approximate sequence matches to Raw reads https://github.com/fenderglass/Flye
approach build an assembly. It produced polished
genome
NextDenovo String graph based | The assembly pipeline involves error All-vs-all read https://github.com/Nextomics/NextDenovo
approach correction and assembly alignment
Polishing
Nanopolish HMM-based It uses raw reads mapped it against draft Draft genome https://github.com/jts/nanopolish

genome to evaluate and maximize the
likelihood of each base with HMM
approach. BWA-MEM for read mapping is
recommended.
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Racon

Partial order
alignment graph

It finds consensus sequence between draft
genome and raw reads. MiniMap2 for read
mapping is recommended

Draft genome

https://github.com/isovic/racon
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1.4.1.3 Hybrid Assembly

To overcome the limitation of both short-read and long-read technologies (discussed in
previous sections), hybrid-sequencing was introduced (175). In hybrid assembly, both

short-read and long-read data are used to generate a complete gap-free genome.

1.4.1.3.1 Hybrid genome assembly pipelines
Hybrid assemblies can be achieved in one of three ways; (i) assembly of short-read
corrected raw long-reads into contigs through assemblers like PBcR (176), and MaSuRCA

(Maryland Super Read Cabog Assembler) https://github.com/alekseyzimin/masurca (177),

(i) raw long reads assembled first then polished using short-read data, and (iii) short-reads
assembled first then long-reads are used to build longer contigs using assembler like
hybridSPAde (178), Unicycler (179), DBG20OLC (de Bruijn graph to an overlap-layout-

consensus) (180), and Wengan (181).

Unicycler, and HybridSPAde assemblers are commonly used for the hybrid assembly of
bacterial genomes. Both these assemblers depend on SPAde to generate an assembled
genome. This generated assembly graph is then aligned with long-reads to resolve

ambiguities and to create longer contigs.

1.4.1.3.2 Limitation of hybrid genome assembly

Although, the hybrid genome assembly pipeline approach offers numerous advantages in
genome construction, it has some limitations. First, it requires both short and long-read
sequences that increase overall sequence cost and complexity. Combining these two

technologies required expertise and infrastructure. Integration and data analysis from two
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different platforms can challenging and may require sophisticated computational
approaches. In addition to this, compared to single-platform data, hybrid genome assembly
generates complex and large datasets that require more computational resources and time
for analysis. Short and long-read sequencing platforms have their limitation that can be
inherited by hybrid genome assembly that can introduce additional challenges in genome
assemblies. The integration of data from two different sequencing technologies can

introduce errors and inconsistencies during the assembly process.

In conclusion, many different platforms are available for WGS analysis and all of them
have some limitations. Therefore it is important to consider these limitations when utilizing
these technologies and to carefully assess the trade-offs between available platforms based
on study objectives. Moreover, it is also important to stay updated with advancements in
WGS technologies. The evolution of these technologies may shift the balance between
limitations and advantages, leading to more opportunities and a better understanding of

bacterial genomics.

1.5.2 Gene annotation and characterization

Assembled genome is used to garner additional information through gene annotation.
There are a wide variety of computational tools and pipelines available for gene annotation.
The standard approach is sequence-to-sequence or sequence-to-model based searches such
as through BLAST (Basic Local Alignment Search Tool) (182). In this method, the
sequence is scanned against protein models and/or domain families (BLASTX). Another
more sensitive approach is profile-based identification using Hidden Markov Models
(HMM). The most commonly used annotation tool in whole genome studies is PROKKA,

which utilizes both sequence-to-sequence and profile-based methods for annotation (183).
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The computational tools for genome annotation have been reviewed by Ejigu GF. et al. in

2020 (184).

The accurate identification of AMR, virulence factors, and MGEs is crucial in surveillance
programs. With the development of NGS, the number of prediction tools have been
introduced Similar to annotation tools, these tools also depend on BLAST or/and HMM-
based methods for identification. Table 1.2 summarizes the available tools for ARGs,

virulence genes, MGEs, and plasmid identification.
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Table 1.2 Bioinformatics prediction tools available for bacterial resistome, mobilome and virulome prediction.

Prediction tools

Description

URL

CARD ©

A primary AMR knowledge resource and database, provides
genotype and phenotype prediction from curated publication and
sequences. The curated data are organized using ontologies; MO’,
RO & OBO °, NCBI Taxon ° (). The graphical web tool RGI !
provided by CARD can do annotation of query genome.

Open-source, accessed from
http://arpcard.mcmaster.ca
(last updated on September 2022)

ARG-ANNOT Utilizes local BLAST program in Bio-Edit software without a web | https://www.mediterranee-infection.com/acces-
(Antibiotic server to detect ARGs and resistance associated point mutations in a | ressources/base-de-donnees/arg-annot-2/ (last
Resistance Gene- genome. the prediction is made based on published data and online | updated on July 2019
ANNOTation) resources for ARGs data.
ResFinder Provides information of ARGs from completely and partially | https://cge.cbs.dtu.dk//services/ResFinder/
sequenced genome and can only identify acquired genes.
PointerFinder in ResFinder 4.0 project can now also predicts
mutations based resistance.
STAR-AMR Scans bacterial contigs using BLAST against ResFinder, | https://github.com/phac-nml/staramr (last
PlasmidFinder databases to identify AMR and plasmids, respectively | updated in 2022)
in a query genome. It also performs MLST typing.
PATRIC (The Provides multiple analysis including genome assembly and | https://legacy.patricbrc.org/
Pathosystems annotation, protein family comparison, ARGS, virulence gene

Resource Integrated
System)

identification, phylogenetic analysis and met-data information. It
collects data from public genome and databases like CARD and
ARDB

AMRFinderPlus

It is developed by NCBI to identify AMR genes, mutations
associated with resistance based on reference gene database and
curated collection of Hidden Markov Model.

https://github.com/nchi/amr

¢ The comprehensive antibiotic resistance database

7 Model ontology

8 The CARD relations ontology

2 Open Biological and Biochemical ontology
10 NCBI-organismal taxonomy ontology

11 Resistance Gene Identifier
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ARGmMminer
(Antibiotic
Resistance Gene
miner database)

It is an online platform to ensemble data from other databases
including CARD, ARDB, MEGAREes, ResFinder, SARG, ACLAME
and PATRIC.

https://bench.cs.vt.edu/argminer/#/home

ResFams It is a protein families database, linked to their HMMs associated | http://www.dantaslab.org/resfams
with AMR prediction function. It is relatively more sensitive than
BLAST-based tools but is computationally expensive.
ABRicate It can identify AMR, virulence genes, plasmids with multiple | https://github.com/tseemann/abricate (last

databases including NCBI, CARD, ARG-ANNOT, Resfinder,
MEGARES, EcOH, PlasmidFinder, Ecoli_ VF and VFDB.

updated on March 2020)

PlasmidFinder

It is a NIH'-based tool, developed to predict complete or partial
plasmids in assembled bacterial contigs.

https://github.com/kcri-tz/plasmidfinder (last
updated on July 2022)

HyAsP (Hybrid
Assembler for
Plasmids)

It is plasmid prediction tool that depends utilizes both reference-
based and denovo methods, using information of plasmid genes and
read depth, respectively.

https://github.com/cchauve/HyAsP

Mob-Recon

Based on reference-based prediction of plasmids using collection of
known relaxases and replicases.

https://github.com/phac-nml/mob-suite

PlasmidSeeker

It is a k-mers based tool to identify known plasmid in an unassembled
bacterial genome.

https://github.com/bioinfo-ut/PlasmidSeeker

IslandViewer 4

A webserver for prediction and visualization of genomic islands in
bacterial genome. It has integrated three genomic island prediction
tools; IslandPath-DIMOB, SIGI-HMM and IslandPick.

https://www.pathogenomics.sfu.ca/islandviewer/
(last updated on December 2022)

ICEFinder An online tool for predicting integrated and conjugated elements in | https://bioinfo-
a bacterial genome. mml.sjtu.edu.cn/ICEfinder/index.php
ISFinder A database and prediction tool for insertion sequences. https://www-is.biotoul.fr/about.php
PHASTER ((PHAge | A web accessible tool for the identification of prophage in bacterial | http://phaster.ca/ (last updated December 2022)
Search Tool genome and plasmid sequence.

Enhanced Release)

12 National Institutes of Health
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1.5.3 Impact of WGS on surveillance programs

The key objectives of AMR surveillance programs (briefly discussed above) are to
determine the epidemiology of AMR bacterial species, the prevalence of resistance in One-
health sectors, the detection of unknown resistance phenotype and genes associated with
it, the spread of particular types of resistant strains in different sectors and the association
of the AMR with outbreaks in human and livestock sectors. Whole sequencing
technologies allow comprehensive detection of the bacterial resistome!?, virulome, and

mobilome, and thus address they address key goals of AMR surveillance program.

In a WGS-based surveillance program, phenotypic characterization methods are often
undertaken to enable the examination of phenotypic and genotypic correlations of an AMR
clone. Phenotypic resistance is usually determined through AST profiling methods such as
minimum inhibitory concentration (MIC) testing using agar dilution or micro-broth

dilution techniques.

Whole genome sequencing AMR data can be correlated with AST data using one of the
approaches i.e. rule-based and model-based. In these approaches, the AMR phenotype is
predicted based on the clinical breakpoints for each antimicrobial as set by the Clinical &
Laboratory Standards Institute (CLSI) and the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) for each bacterial species. In the rule-based method,
AMR genes or k-mers are analyzed using raw reads or the assembled genome using
software (as described above). Whereas in the model-based approach, the model is trained

to predict phenotypic resistance based on genomic data utilizing the information from a set

13 Resistome is a collection of total ARGs and their products in pathogen, antibiotic producer and
environmental bacteria, contributing to AMR.
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of genomes with known phenotypes using machine learning or statistical models (185). In
the majority of studies, gram-negative bacteria were sequenced using Hllumina® platforms.
In these studies, phenotypic AMR profiles were predicted from WGS sequencing data with
>90% accuracy. However, there was an exception, where phenotypic trimethoprim and
streptomycin resistance were predicted with 80% and 75%, specificity, respectively. In the
case of gram-positive bacteria, resistance against cell-wall inhibitors and fluoroquinolones

can be predicted using the WGS platform with 90% and 80% accuracy, respectively. (186).

One of the objectives of the AMR surveillance programs discussed in the previous section
iIs to understand the relative risk of AMR dissemination across the One Health Continuum.
Mobile genetic elements represent a unique challenge as they play a significant role in the
dissemination of ARGs among different ecosystems (13). For example; the majority of
ARGs in E. coli are associated with plasmids (e.g. IncF, Incl, IncH, and IncA/C (187).
These plasmids can carry multiple ARGs including ESBL genes, carbapenem resistance
genes, genes encoding for aminoglycoside-modifying enzymes, and plasmid-mediated
quinolone resistance (PMQR) genes. The global spread of cephalosporin ARG (blaCTX-
M-15) in humans is associated with IncFIl plasmid in ST131 and ST405 E. coli clones
(188, 189). The phylogenetic analysis had shown that E. coli harboring Incl2 plasmids that
carry ESBL genes can be easily transferred to pathogenic Salmonella strains and other
Enterobacterales (190, 191). The resolution of complex MGEs structures through hybrid
genome assemblies can be help predict the potential transmission of ARGs across One-

health sectors.

The physical linkage of ARGs on MGEs promotes the co-selection of resistance

determinants (192). Whole genome sequencing is an important tool to study these
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associations among different ARGs. It has been known that selective pressure by heavy
metals in the ecosystem co-selects ARGs associated with antimicrobial compounds, along
with heavy metal resistance determinants (193). An example of this is the identification of
physical linkage between tcrB (responsible for copper resistance), the vanA-cluster
(glycopeptides resistance), and ermB in the genome of E. faecium isolated from copper-
exposed pigs (194). Similar to this, exposure to one antimicrobial may also co-select for
other ARGs that are on the same MGEs. An example of this is identification of six different
plasmids harboring carbapenem ARGs along with other ARGs associated with resistance
to aminoglycosides, fosfomycin, and sulphonamides (195). The reconstruction of the
complete genomic structure of these MGEs through the WGS data provided significant
information on the spread of AMR in One-health sectors. Moreover, in some cases, ARGs
located on different MGEs may also be together during conjugation, referred to as co-
transfer. One example is co-transfer of the colistin resistance gene (mcr-1) and ESBLS gene
in E. coli. These genes were found on separate different plasmids in donor E. coli strains
and were transferred together to a recipient under the selective pressure of ampicillin (196).
The above-defined events where AMR genes co-transferred in a single conjugation event
are the big challenges faced by clinicians as they are left with few antimicrobials that can
be used for disease treatment. Large databases generated from WGS provide more in-depth

knowledge of how this event occurs.

Through WGS analysis, the route of transmission and evolutionary relationship between
isolates from different settings was investigated. For instance; Wang et al. performed a
whole genome phylogenetic analysis of carbapenem-resistant E. coli (blaNDM-positive E.

coli), identifying clonal commonality among strains from chicken farms, slaughterhouses,

45



Chapter 1

supermarkets, and humans. They identified E. coli isolates belonging to MLST types ST10
and ST156, suggesting that the presence of these resistant clones in humans, livestock, and
the environment could play an important role in the spread of AMR across different sectors

(197).

Access to WGS data through public databases is possible and can be utilized to determine
the epidemiology of ARG. One such example is the identification of the plasmid-borne
mobile colistin resistance (mcr-1) gene in E. coli recovered from animals, retail meat, and
humans from China in 2016 (198). Soon after this report, mcr-1 was annotated in E. coli
genomes and metagenomes that were already present in public databases (199, 200).
Surveillance studies conducted in England and Denmark in 2016 used WGS to study the
prevalence of mcr-1 in human and animal settings. The sequence analysis showed that the
risk of E. coli carrying mcr-1 is low in Europe across a One-health continuum (201).
Moreover, a new mcr-type gene, mcr-5 identified as part of Tn6452 transposon in E. coli
from livestock and humans suggests that HGT along the food chain may be occurring (202,
203). Another example is the identification of fexA and B, novel exporter genes that confer
resistance to chloramphenicol and florfenicol (204). In human medicine, chloramphenicol
is effective against vancomycin-resistant enterococci (204), whereas florfenicol is used to
treat respiratory tract infections in cattle and pigs (205). Whole genome sequencing
analysis showed a high degree of sequence similarity between fexA and B genes found in
E. faecalis and E. faecium from humans and livestock origin (206). Furthermore, these
genes were frequently found on MGEs along with the oxazolidinone resistance
determinants (poxtA and optrA), illustrating the important role that MGEs play in the

dissemination of ARGs across different environments (207, 208).
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In this thesis, we characterized indicator bacteria both phenotypically and genotypically.
A whole genome sequencing pipeline had been established for the characterization of

Enterococci and carbapenem-resistant bacteria under One-health concept.

1.5  Study objectives

The current thesis was built on three studies with the following objectives; Study 1: In a
previous AMR surveillance study conducted by our lab at AAFC in Alberta, Enterococcus
spp was used as an indicator bacteria. This study had the following objectives; the first
study conducted was built on the recovered Enterococcus hirae recovered from the One-
health sectors. The first objective of this study was to characterize Enterococcus hirae
recovered under the One-health continuum. The second objective was to investigate the
genomic relatedness of E. hirae across the environmental continuum through comparative
genomic analysis. The third objective of this study was to identify genes that may account
for the predominance of E. hirae within beef cattle production systems using pan-genome
analysis. Study 2: In this study was based on Enterococcus faecium and Enterococcus
faecalis isolates recovered from One-health sectors from four provinces (Alberta, British
Columbia, Ontario, and Quebec) in Canada. This study had the following objectives: the
first objective was to investigate the prevalence of Enterococcus species recovered from
swine feces. The second objective was to investigate ARGS, virulence genes, and mobile
genetic elements in E. faecium and E. faecalis isolates recovered from the One-health
sectors. The third objective of this study was to conduct a comparative genomic analysis
on E. faecium and E. faecalis sourced across various sectors of the One Health continuum.
Study 3: This study was based on the recovery of carbapenem-resistant bacteria from the

beef production system. It had the following objectives: the first objective was to
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investigate the occurrence of carbapenem-resistant bacteria in the beef production system
in Alberta. The second objective was to characterize carbapenem-resistant isolates at the
phenotypic and genotypic levels. The third objective was to investigate the genomic
relatedness among isolates recovered from beef-production systems and other One-health

sectors through comparative genomic analysis.
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Chapter 2: Genomic Characterization of Enterococcus hirae
From Beef Cattle Feedlots and Associated Environmental
Continuum.

Frontiers in microbiology vol. 13 859990. 27 Jun. 2022,
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2.1 Abstract

Enterococci are commensal bacteria of the gastrointestinal tract of humans, animals and
insects. They are also found in soil, water and plant ecosystems. The presence of
enterococci in human, animal and environmental settings make these bacteria ideal
candidates to study antimicrobial resistance in the One-health continuum. This study
focused on Enterococcus hirae isolates (n= 4601) predominantly isolated from beef
production systems including bovine feces (n=4117, 89.5%), catch-basin water (n=306,
66.5%), stockpiled bovine manure (n=24, 0.5%), and natural water source near feedlots
(n=145, 32%), and few isolates from urban wastewater (n=9, 0.2%) denoted as human-
associated environmental samples. Antimicrobial susceptibility profiling of a subset
(n=1319) of E. hirae isolates originating from beef production systems (n=1308) showed
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high resistance to tetracycline (65%) and erythromycin (57%) with 50.4% isolates
harbouring Multidrug resistance, whereas urban wastewater isolates (n=9) were resistant
to nitrofurantoin (44.5%) and tigecycline (44.5%) followed by linezolid (33.3%). Genes
for tetracycline (tetL, M, O , S/M and O/32/0) and macrolide resistance erm(B) were
frequently found in these beef production isolates. Antimicrobial resistance profiles of E.
hirae isolates recovered from different environmental settings appeared to reflect the kind
of antimicrobial usage in beef and human sectors. Comparative genomic analysis of E.
hirae isolates showed an open pan-genome that consisted of 1427 core genes, 358 soft core
genes, 1701 shell genes and 7969 cloud genes. Across species comparative genomic
analysis conducted on E. hirae, Enterococcus faecalis and Enterococcus faecium genomes
revealed that E. hirae had unique genes associated with vitamin production, cellulose and
pectin degradation, traits which may support its adaptation to the bovine digestive tract. E.
faecium and E. faecalis more frequently harboured virulence genes associated with biofilm
formation, iron transport, and cell adhesion, suggesting niche specificity within these

species.

2.2 Introduction

Antimicrobial resistance (AMR) is recognized as one of the major global health challenges
of the 21% century. The interconnected microbiomes between humans, animals and the
environment contribute to the emergence, acquisition and spread of AMR (209). A One-
health approache provides an in-depth knowledge of the evolution of AMR by focusing on
significant biological elements including microorganisms involved in emergence and
dissemination, hosts (human and animals) and associated environments that may facilitate

AMR spread (210). Gram positive enterococci are core members of the gastrointestinal
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microbiota of humans and animals and are frequently isolated from soil and water (99,
100). Enterococci often carry antimicrobial resistance genes (ARGSs) as they compete
within complex microbial communities and are exposed to antimicrobials in clinical
settings and during livestock production (211, 212). Furthermore, depending on the
species, enterococci exhibit intrinsic resistance to several antibiotics including
cephalosporins, anti-staphylococcal penicillins, aztreonam, aminoglycosides, lincosamides
and streptogramins (111). Enterococci are typically commensals, but they can cause
nosocomial infections in humans including septicemia, endocarditis, and urinary tract
infections (213). There are over 50 species of enterococci with E. faecalis and E. faecium
most frequently linked to human infections. Occasionally, other species including E. hirae,
E. avium, E. durans, E. gallinarum, E. casseliflavus and E. raffinosus may also be
associated with infections in people (214-216). Due to their widespread occurrence and
persistence in the environment, enterococci are considered indicators of fecal
contamination (103, 104) and also serve as key indicator bacteria for AMR surveillance

systems in humans and animals (105, 106).

Studies have indicated that E. faecium and E. faecalis are more prevalent in human-
associated environments, whereas E. hirae are prevalent in beef cattle production systems
(217). E. hirae only accounts for 1% of enterococcal infections in humans (218), and is
mainly linked to pyelonephritis (219-221), endocarditis (222-224) and biliary tract
infections (225, 226). The choice of treatment for E. hirae infections is similar to E. faecalis

and E. faecium where ampicillin, gentamicin and vancomycin are commonly used (219).

The focus of this study was to investigate the genomic relatedness of E. hirae across the

environmental continuum, and to identify the genetic nature of AMR in E. hirae.
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Furthermore, we applied a pan-genome analysis to identify genes that may account for the

predominance of E. hirae within beef cattle production systems.

2.3 Methodology

2.3.1 Bacterial isolates

A total of 8430 Enterococcus strains were isolated in a One-health surveillance study from
different segments of the environmental continuum using samples collected from beef
production systems (i.e., feedlot cattle feces, catch-basin water, manure), natural water
sources, urban wastewater, and human clinical samples (217). Bovine fecal samples came

from four feedlots in southern Alberta for two years (March 2014-April 2016).

Wastewater samples came from catch basins accumulating runoff from the feedlots under
study. Natural surface water samples came from up-stream and down-stream regions of
feedlots. Urban wastewater samples and clinical isolates were representatives of human
ecosystems. Urban wastewater samples came from two wastewater plants located in
southern Alberta. Enterococcus spp. recovered from patients with clinical infections were
obtained through the Division of Medical Microbiology, Calgary Laboratory Services
(now Alberta Precision Laboratories, Alberta Health Services) (217). This study focuses
on Enterococcus hirae, collected as the most prevalent species from beef production
system (n=4601 isolate) (217). Figure 2.1 represents the prevalence of E. hirae isolates in

the sampled sources.

Enterococci were recovered in parallel from two different media types including Bile
Esculin Azide (BEA) agar without antibiotic and BEA supplemented with 8 pg/mL

erythromycin, followed by species identification. E. hirae were identified via multiplex
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PCR targeting groES-EL, and muramidase genes (217). As E. hirae was absent among
clinical Enterococcus isolates (n=1892; Figure 2.1), complete genomes (n=3) of clinical E.
hirae were retrieved from NCBI database for comparative genomic analysis (Appendix 1;

Table S1).
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Figure 2.1 Prevalence of Enterococcus hirae (n= 4601) identified across One-health
sectors. The beef production system isolates were recovered from bovine feces, manure
stockpile and feedlot catch basin. The natural water isolates were recovered from up-and
downstream natural water sources located in close proximity to the beef production system.
Human clinical isolates were recovered from clinical samples from sterile and nonsterile
sites. Urban waste water isolates were recovered from wastewater treatments plants located

in Alberta.
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2.3.2 Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed on a randomly selected subset (n=1319,
29%) of E. hirae isolates using the disk diffusion method, as per the Clinical and
Laboratory Standards Institute (CLSI) documents M02-A12 and M100-S24. A panel of
twelve antibiotics was used for testing based on their common usage for treatment of
human enterococcal infections that included those drugs of critical importance
(levofloxacin, linezolid, quinupristin/dalfopristin, teicoplanin, vancomycin and
tigecycline), high importance (erythromycin, ampicillin, gentamicin and streptomycin) and
medium importance (nitrofurantoin, and tetracycline). Staphylococcus aureus ATCC
25923 and E. faecalis ATCC 29212 were used as reference quality controls (217). The
BioMic V3 imaging system (Giles Scientific, Inc., Santa Barbara, CA, USA) was used to
read zones of inhibition. Isolates were categorized based on CLSI interpretive criteria,
except for tigecycline for which EUCAST interpretive criteria (The European Committee

on Antimicrobial Susceptibility Testing, 2014) were used.

2.3.3 Whole-genome sequencing

Whole genomic sequencing of a subset of E. hirae isolates (n=286), including isolates
originating from bovine feces (n=168), feedlot catch-basin (n=62), bovine manure
stockpiles (n=8), natural water sources (n=42), and urban wastewater (n=7) was performed
using next-generation sequencing technology. Briefly, genomic DNA was extracted using
the DNeasy Blood and Tissue Kit (Qiagen, Montreal, QC, Canada) with modifications
(217), followed by DNA quality assessment and quantification using a Nanodrop 2000
spectrophotometer and a Qubit Fluorometer with PicoGreen (Thermo Fisher Scientific,

Mississauga, ON, Canada). Isolates were sequenced on an lllumina MiSeq platform using

55



Chapter 2

the MiSeq Reagent Kit V3 to generate 2 x 300 bp paired-end reads. Raw read FASTQ files
were assessed for the quality of sequence data using FastQC (Galaxy v.0.72+galaxyl)
(227) and de novo assemblies were performed using Shovill v.3.11.1 (228). Assembled

contigs were then annotated by Prokka to identify all gene-coding sequences (183).

2.3.3.1 AMR determinants, virulence and plasmid detection

Assembled genomes were screened for the presence of AMR determinants, virulence genes

and plasmids using ABRicate (https://github.com/ tseemann/abricate/) against the NCBI

Bacterial Antimicrobial Resistance Reference Gene database (NCBI BioProject ID:
PRJINA313047), VirulenceFinder (PMID: 34850947), and PlasmidFinder databases (229),

respectively. Intact prophage were identified using PHASTER tool (230).

2.3.3.2 Comparative genomic analysis

A total of 289 genomes including 286 assembled genomes from this study and 3 complete
E. hirae genomes of clinical isolates retrieved from NCBI database (strain: 708, accession:
NZ_CP055232.1; strain: FDAARGOS 234, accession: NZ_CP023011.2 and strain:
13344, accession: NZ_CP055229.1) were subjected to phylogenomic analysis. A core-
genome phylogenomic tree was constructed using the (SNVPhyl v 1.0) pipeline (217).
Briefly, all paired end reads were mapped against reference genome E. hirae (strain R17;
Genbank accession: CP015516.1) to produce read pileups (SMALT v.0.7.5;

https://www.sanger.ac.uk/tool/smalt-0/). The read pileups were evaluated for mapping

quality (minimum mean mapping quality score of 30), coverage cut offs (15X minimum
depth of coverage), and a single nucleotide variant (SNV) abundance ratio of 0.75 to
generate a multiple sequence alignment of SNV containing sites. The final maximum

likelihood based phylogeny was generated by PhyML using unfiltered SNV alignment.
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Phylogenomic trees and associated metadata were visualized using Interactive Tree Of Life

(iTOL) v5 tool (231).

Comparative genome analysis was done using the Roary v3.12.0 pipeline with default
parameters (232). Genes identified by Prokka were used to construct pan-genomes. A pan-
genome of 289 E. hirae isolates was reconstructed to identify core and accessory genes
present in E. hirae. Furthermore, comparative analysis was performed between E. faecium
and E. faecalis, which are predominantly associated with humans infections, and E. hirae.
For this purpose, a small subset of E. hirae isolates (n=16) representative of the various
sources and phylogenetic clades were randomly selected. Similarly, a subset of E. faecium
(n=26) and E. faecalis (n=24) isolates were randomly selected on the same bases from our
previous study (217). The Phandango interactive viewer tool (233)was used to interpret
pan-genome data obtained from Roary analysis. This tool utilizes two of the Roary output
files: one is a gene absence and presence matrix file that creates a heat map based on the
number of genes present or absent in each isolate and a Newick-formatted tree file of
accessory genomes used to plot a relatedness dendrogram of the accessory genes present

in all isolates.

A pan-genome plot was generated using ggplot2 package of R Studio V.V. 1.4.1103 (R
Studio Inc, Boston, MA, USA) based on two Roary output files (the number of conserved
genes and the number of total genes). The number of conserved genes represented the size
of the core genome. The number of total genes represented both the core and accessory
genomes, creating a curve based on the pan-genome completeness. The pan-genome of an

organism is considered ‘closed’ if the curve is predicted to plateau, or ‘open’ if the curve
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is predicted to continue to rise. In contrast to a closed genome, the number of new gene

families in an open genome increases with the inclusion of new genomes in the analysis.

Discriminatory genomic signatures between E. hirae, E. faecium and E. faecalis were
identified using Neptune v1.2.5 with default parameter (234)The signature discovery
process using Neptune identifies sequences that are sufficiently common to a group of
target sequences (inclusion group) and sufficiently absent from non-targets (exclusion
group) using probabilistic models. Analyses was done using E. hirae genomes as the
inclusion group and E. faecium and E. faecalis as independent exclusion groups,
respectively. The genomic signature found in >90% of isolates in the inclusion group were

selected and annotated using Prokka (183).

2.4 Results

2.4.1 Antimicrobial susceptibility testing

Phenotypic susceptibility testing was conducted on 1319 E. hirae isolates originating from
bovine feces, feedlot catchbasin water, stockpiled bovine manure and natural and urban
wastewater sources. (Figure 2.2). Fifty-one different resistance profiles were identified
with the most frequent being resistant to doxycycline and erythromycin (364/1319, 27.6%)
followed by resistance to doxycycline alone (242/1319, 18.3%) (Appendix 1; Table S2).
Across all tested isolates, 14.1% (186/1319) were Multidrug resistant (resistant to > 3 tested
antimicrobials). Antimicrobial susceptibility profiles of all tested isolates are presented in

Appendix 1; Figure S1.
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Figure 2.2 Phenotypic resistance profiles of Enterococcus hirae isolated from beef
production systems (n=1264). This includes isolates from bovine feces, feedlot catch
basin, natural water source (n= 45) and urban wastewater sample (n=9).
(VANCO=Vancomycin, TEICO= Teicoplanin, AMPI=Ampicillin, DOXY=Doxycycline,
ERTH= Erythromycin, NTRO= Nitrofurantoin, GENT= Gentamicin, LNZD= Linezolid,
LVFL= Levofloxacin, QUIN= Quinolones, ATEP= Streptomycin, TGC= Tigecycline).
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Isolates recovered from BEA plates without erythromycin: Out of 1319 total isolates
tested for antimicrobial susceptibility, 666 isolates were recovered from BEA plates
without erythromycin. From these, isolates originating from beef production systems (i.e.,
bovine feces, catch basin and stockpiled bovine manure; n=632) exhibited a high
prevalence of resistance to tetracycline (376/632, 59.4%), followed by macrolides
(200/632, 31.6%), nitrofurantoin (102/632, 16.1%), tigecycline (76/632, 12.0%), linezolid
(40/632, 6.32%), ampicillin (9/632, 1.42%), quinupristin/dalfopristin (8/632, 1.26%),

vancomycin (1/632, 0.15%) and teicoplanin (1/632, 0.15%) (Appendix 1; Figure S1).

The natural water source isolates recovered from BEA plates without antibiotics (n=28)
also showed a high prevalence of tetracycline resistance (22/28, 78.5%), followed by
macrolides (8/28, 28.5%), nitrofurantoin (5/28, 17.8%) and tigecycline (1/28, 3.57%).
Resistance against quinupristin/dalfopristin, linezolid, ampicillin, and fluoroquinolones

was not detected (Appendix 1; Figure S1).

Among 233 Enterococcus spp. isolates recovered from urban wastewater [16], only nine
isolates were identified as E. hirae. Six of those were recovered from media without
erythromycin. Four of the six isolates exhibited resistance to tigecycline (4/6, 66.6%)
followed by nitrofurantoin (3/6, 50%), linezolid (3/7, 48.85%), fluoroquinolones (2/6,

33.3%), vancomycin (1/6, 16.6%) and ampicillin (1/7, 14.2%) (Appendix 1; Figure S1).

Isolates recovered from BEA plates with erythromycin: A total of 652 isolates from
erythromycin plates were selected for phenotypic antimicrobial testing. Of these isolates
632 originated from beef production (i.e., bovine feces, catch basin and stockpiled bovine
manure). Tetracycline resistance (437/632, 69%) was the most prevalent resistance in the

beef isolates from production systems, followed by macrolides (525/632, 83%), tigecycline
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(67/632, 10.6%), nitrofurantoin (60/632, 9.5%), linezolid (33/632, 5.2%), quinupristin/
dalfoprstin (13/632, 2.0%), ampicillin (9/632, 1.42%), fluoroquinolones (5/632, 0.79%)

and gentamicin (1/632, 0.15%) (Appendix 1; Figure S2).

The isolates recovered from natural water sources (n=17) showed high prevalence of
resistance to macrolides (15/17, 88.2%) followed by tetracycline (13/17, 76.4%),
tigecycline (2/17, 11.76%), quinupristin/ dalfoprstin (1/17, 5.88%), and nitrofurantoin
(1/17, 5.88%). None of the isolates were resistant to linezolid, ampicillin, or

fluoroquinolones (Appendix 1; Figure S2).

A total of three E. hirae isolates were recovered from urban waste water sources on
erythromycin plates. Two of those isolates showed macrolide resistance (2/3, 66.6%),
followed by tetracycline (1/3, 33.3%), nitrofurantoin (1/3, 33.3%), quinupristin/ dalfoprstin
(1/3, 33.3%) and streptomycin (1/3, 33.3%). These isolates were sensitive to teicoplanin,
ampicillin, vancomycin, gentamicin, tigecycline, fluoroquinolones and linezolid
(Appendix 1; Figure S2). Overall 16.8% of isolates (110/652) recovered from

erythromycin plates showed intermediate resistance to erythromycin.

2.4.2 Whole-genome sequencing

Of the E. hirae isolates tested for antimicrobial susceptibility, 286 randomly selected
isolates were used for whole-genome sequencing. The size of E. hirae genomes as
interpreted from the assembled sequence read data ranged from 2307753 bp to 3200875 bp
with GC content of 36.7%. Detailed assembly statistics are provided in Appendix 1; Table

S3.
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2.4.3 AMR determinants, virulence and plasmid detection

AMR determinants: Assembled genomes (n=286) were screened for the presence of
AMR determinants using the Abricate tool v.1.0.1
(https://github.com/tseemann/ABRICATE) along with the NCBI AMR gene database. Ten
different ARGs, including aminoglycosides ARGs aac(6')-lid, ant(6)-la and aph(3)-II,
streptothricin sat4, tetracycline ARGs tet (L, M, O, S/M, (O/32/0) and macrolide ARG
erm(B) were identified across the examined genomes (Figure 2.3). Overall, nineteen
different resistance genotypes were identified with the most frequent being aac(6’)-lid-
tet(L)-erm(B) (87/286, 30.41%) followed by aac(6’)-lid-tet(L)- tet(M)-erm(B) (64/286,
22.37%) (Appendix 1; Table S4). The aminoglycoside resistance gene aac(6’)-lid was

identified in all but two of the E. hirae genomes (284/286, 99.30%).

Of the 286 sequenced isolates, 238 were recovered from beef production systems (i.e.,
bovine feces, feedlot catchbasin and stockpiled bovine manure). tet(L) (199/238, 83.61%)
was the most prevalent ARG identified in these isolates, followed by erm(B) (179/238,
75.21%), and the tetracycline resistance genes, tet (M) (73/238, 30.67%), tetO (36/238,

15.12%), tet(O/32/0) (13/238, 5.46%) and tet(S/M) (03/238, 1.26%).

Similar to beef production system isolates, E. hirae isolates recovered from natural water
sources located near feedlots showed a high prevalence of tet(L) (38/41, 92.68%) followed
by erm(B) (27/41, 65.85%). Occasionally, tet(M) (4/41, 9.75%), tet(O) (4/41, 9.75%) and

tet(0/32/0) (2/41, 4.87%) were also present in these isolates.

Among seven E. hirae isolates recovered from urban wastewater samples, the streptomycin
resistance gene ant(6)-la was present in two isolates (2/7, 28.57%) . The
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kanamycin/neomycin aph(3')-111 and streptothricin sat4 resistance genes were both found
in a single urban wastewater isolate (1/7, 14.28%). Tetracycline resistance gene(s) were
not found in any of these isolates, whereas erm(B) was only detected in one isolate (1/7,

14.28%).

tet(L) and erm(B) were found together in 63.63% of total isolates (182/286) indicating a
strong correlation. Similarly tet (L) and tet (M) coexisted in 24.12% of isolates (69/286)

and in most cases were found on a same the contig (60/69, 87%) in assembled genomes.

In the studied E. hirae isolates, genotypes generally associated with quinolone resistance
(i.e., presence of quinolones resistant gene (gnr) or DNA gyrase and DNA topoisomerase
IV genes mutations) and linezolid resistance (i.e., mutations in the 23S ribosomal RNA
gene or presence of resistance genes including cfr, cfrB, optrA and poxtA) were not

identified.

Virulence factors: Within the 286 E. hirae isolates, we identified nine different virulence
genes associated with biofilm formation (bopD), capsular polysaccharides biosynthesis
(cpsA, cpsB, cap8E), hyaluronic acid production (hasC), proteolytic activity/chaperones
(clpP), fibrinogen adhesions protein (fss3), bile salt hydrolase (bsh), and listeria adhesion
protein (lap). All isolates carried cap8E, clpP, cpsA, cpsB, bopD, and lap genes, while
hasC, bsh and fss3 were found in 98.95% (283/286), 89.86% (257/286) and 2.44% (7/286)
of total isolates. These genes were also identified in publicly available clinical E. hirae
genomes from humans. Pili protein-encoding gene ebpC was only detected in one of the
human clinical isolates retrieved from NCBI. Detailed information is provided in Appendix

1; Table S5.
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Plasmid identification: Among all E. hirae isolates (n=286), 16% carried plasmids. Seven
different plasmids (repl, rep2, repll, repl7, repl8, repUS7 and repUS12) were identified.
Among these, rep2 and repl7 were recovered from all sample types except urban
wastewater. In contrast, repl, rep18, and repUS7 were recovered from urban wastewater
samples. Two out of fifteen repl17 plasmids carried erm(B), whereas one out of twenty rep2
plasmids carried tet(L). Of six repUS12 plasmids, five carried tet (L) and were recovered

from bovine feces.

Prophage identification: A total of 30 genomes were randomly selected from all sample
sources to identify bacteriophage using PHASTER. All isolates contain at least one
prophage ranging from 7 to 48 kb in size. Twenty-four intact prophage sequences were
identified, with 95.5% identified as members of the family Siphoviridae. None of the

identified prophages harboured ARGs.

2.4.4 Comparative genomic analysis

Core genome phylogenomic analysis was conducted on the 286 E. hirae isolated in this
study and the three E. hirae genomes retrieved from the NCBI public sequence repository.
The E. hirae isolates clustered into six different clades, with no obvious segregation by

source (Figure 2.3).
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Figure 2.3 Core genome phylogenetic tree based on analysis of single-nucleotide polymorphisms (SNPs) of Enterococcus hirae
genomes (n = 291) isolated from different environmental settings including beef production systems and human-related isolates.
The genomes were compared using E. hirae OG1RF genome (GenBank accession # NZ_CP015516.1 /CP015516.1) as a reference
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Pan-genome analysis of E. hirae isolates identified 1427 core genes (99% to 100% of
strains), 358 soft core genes (95% to 99% of strains), 1701 shell genes (15% to 95% of
strains) and 7969 cloud genes (0% to 15% of strains) (Figure 2.4). The pan-genome of E.
hirae is open as the number of accessory genes progressively increased with increasing
genomes (Figure 2.5). In addition, the gene presence and absence heat map showed that
the accessory genome constituted a large part of the pan-genome, indicative of a high level

of genomic diversity within this species (Figure 2.6).
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B Core genes (99%<= strains <= 100%) M Soft core genes (95%<= strains <= 99%)
Shell genes (15%<= strains <= 95%) M Cloud genes (0%<= strains <= 15%)

Figure 2.4 Genomic statistics and pan-genome estimation of 291 Enterococcus hirae
genome. The pan-genome was constructed using Roary pipeline.
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Figure 2.5 Development of pan- and core genomes of E. hirae. The graph illustrated the
open nature of the pan-genome. the graph was constructed against total number of genes
and number of genomes using output files generated by Roary.
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Figure 2.6 Heat map representing absence or presence of genes in E. hirae isolates. The tree generated was generated based on
accessory genome using Phandango tool.
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Cross-species comparative analysis of E. hirae, E. faecium and E. faecalis genomes,
highlighted the genomic diversity within Enterococcus spp. as the total core genome shared
between three species is small (Figure 2.7). Furthermore, it also demonstrate that each
species distinct genomic traits indicated by gene absence and presence heat map (Figure

2.7).

70



E. faecalis

E. hirae

E. faecium

E. faecalis

Iy t
i \

[/l TN

I

1‘\.:, “J. il
" L o [ l\‘\ Hl l‘

]
\ I\ ) ! |
I

.U

il I [I"f

[ [

iy I
1

| T

|
|

w'r :
I

IJ\I

NN TR

|

H"“ |
|'| il [y

g1

l'
i1

| ‘Hlll I\\I | \Il I

Chapter 2

Figure 2.7 Heat map representing absence or presence of select genes and phylogenetic genetic tree generated from accessory
genes of Enterococcus hirae (n=16), Enterococcus faecium (n=26) and Enterococcus faecalis (n=24).
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A total of 1,069 discriminatory genomic signatures were recognized in E. hirae compared
to E. faecalis (n=808) and E. faecium (n=261). Most of these genomic signatures encoded

for unknown hypothetical proteins (454/1069, 42.46%).

Neptune analysis is capable of identifying inter-species genomic variation, as
discriminatory loci were identified in all three species. These loci coded for genes required
for the synthesis of aromatic amino-acids including chorismate synthase (aroC),
cyclohexadienyl dehydrogenase (tyrC), genes for sugar transport including permease
(yteP), transcriptional regulator (mtIR), lichenan permease I1IC component (licC) and

lipoprotein (lipO).

Signatures found exclusively in E. hirae genomes included genes associated with the
phosphotransferase system for galactitol (gatA, B and C) and fructose (fruA, frwA and
frwD), peptidoglycan synthesis (rodA ftsW, mur E, F, Jand Y), teichoic acid synthesis (tag
H, G, and U), coenzyme A biosynthesis (coaD), vitamin B12 synthesis (nrdZ), chitin
degradation (chiA), capsule synthesis (epsE, pglF, ywgD, and ywqC), riboflavin synthesis
(ribBA, D, E and H), vitamin B6 synthesis (yvgN), vitamin uptake transporter (queT),
gamma-aminobutyric acid (GABA) production (glsA2, gadC and amt), cardiolipin
biosynthesis (clsA), bacitracin export (bceA and B) , xenobiotic degradation (nylA) and iron

transport (yggN, feuC, feuB, fepC and yfiY).

Furthermore, genes that may be associated with antimicrobial resistance were also
identified in E. hirae genomes such as those encoding for multidrug transporters (marA,

mepE msrR, and yxIF), doxorubicin resistance (drrA), sulfonamide resistance (bcr) and
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penicillin-binding protein (pbp). Early secreted antigenic target (ESAT) system genes

(eccC, essB, and esxA) were also found in E. hirae genomes.

Compared to E. hirae, 160 and 944 discriminatory genomic signatures were identified in
E. faecium and E. faecalis genomes respectively, with most of these genes associated with
various aspects of cellular metabolism, such as molybdopterin biosynthesis (mog, modB
and modB); cadmium, zinc and cobalt transport (cadA); copper export (copY and copA);
phosphotransferase system for glucitol/sorbitol (srlA, srlE and srIB), sorbose (sorB, sorF
and sorA), mannose (manX, and manZ), cellubiose (celA), mannitol (mtlA, mtIF and mtiD),
maltose (malX), ascorbate (ulaC and ulaA) and beta-glucosides (bglF). In addition, genes
encoding E. faecalis and E. faecium pathogenesis were also identified, such as biofilm
formation genes (brpA, icaA and IytR); virulence genes, including unsaturated chondroitin
disaccharide hydrolase (ugl); anthrax toxin regulator positive (atxA); hemin transport
system (hmuU and hmuT); sialic acid TRAP transporter small permease (siaQ); carnitine
transport system (opuCB and opuCA); arginine/ornithine system (argR and arcD1); genes
encoding the adhesions, including gelatinase (gelE) and collagen (cna); and genes
encoding for antimicrobial resistance, including penicillin-binding protein (PbpE, PbpX
and PbpF), MDR protein (YKkC, YkkD and Stp), tetracycline repressor protein (TetR),
fluoroguinolones export protein (Rv2688c), macrolide export protein (MacB) (Appendix

1; Table S7).
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2.5 Discussion

Enterococci are ubiquitous Gram-positive bacteria. They colonize gastrointestinal tracts of
most multicellular eukaryotic organisms including humans, animals and insects and aid in
digestion and gut metabolic pathways (235-245). In addition, they are also found in food,
plant and water ecosystems (246-251). Enterococci are remarkably resilient to broad pH
ranges, temperature variation and osmotic pressure, traits that contribute to their broad
distribution in nature (252-254). Resistant bacterial populations are selected by the
exposure of commensal gut microorganisms such as enterococci to antimicrobials that are
used for disease treatment and prevention (255). The ubiquitous nature of enterococci may
facilitate the dissemination of antimicrobial resistance genes between different
environments. For this reason, it is imperative to identify antimicrobial resistance
determinants and their role in the spread of antimicrobial resistance (256). Here we focused
on E. hirae isolates recovered from a One-health surveillance study (217). The genomic
relatedness of E. hirae was examined across various sampling matrices of the continuum
and AMR determinants that contribute to antimicrobial resistance were identified.
Furthermore, we examined the genomic traits of E. hirae that may facilitate their growth

in the cattle gut as compared with other human-associated Enterococcus species.

As described previously, E. hirae is highly prevalent in cattle and thus can be readily
isolated from bovine feces, bovine manure and feedlot catch-basin water samples (217,
257-259). The number of E. hirae isolates recovered from urban wastewater was low (3%)
and most of the Enterococcus spp. from this source were identified as either E. faecalis or

E. faecium. Similarly, only E. faecalis or E. faecium were identified among human clinical
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isolates, confirming that E. hirae is generally not associated with human infections.
However, E. hirae have occasionally been isolated from human cases of septicemia (260),
endocarditis (261, 262), urinary tract infections (221, 226), spondylodiscitis (263) and
acute pancreatitis (264). The rarity of this species among clinical enterococci isolates
suggests that this species may not be as virulent as E. faecalis and E. faecium. This finding
is also evident from our comparative genomic analysis where virulence genes were more

frequently identified in E. faecalis and E. faecium but not in E. hirae.

The phenotypic resistance profiles of 1319 E. hirae isolates showed that antimicrobial use
and resistance phenotype were linked within a particular environment. For example,
macrolides and tetracyclines are commonly used in the beef cattle production systems for
disease treatment and prevention including prophylaxis / metaphylaxis (256, 265, 266).
Isolates recovered from bovine feces, feedlot catch basin, stockpiled bovine manure and
natural surface water in the vicinity of the feedlots showed high occurrence of resistance
to these antibiotics. Although only nine E. hirae isolates were recovered from urban
wastewater, their resistance profiles indicated linkage with drugs commonly used to treat

human infections including nitrofurantoin, tigecycline and linezolid.

Genotypic resistance profiles of E. hirae corroborated to their phenotypic profiles, where
tetracycline and macrolide resistance genes were predominantly present in isolates
recovered from the beef cattle production system and natural water sources. This is
consistent with previous studies where tetracycline and macrolide resistance genotypes
were prevalent in beef production systems (267-269). Tetracycline resistance was
associated with the presence of tetL, M, and O. Two mosaic tetracycline genes tetS/M and

tetO/32/0 were also identified. tetL confers resistance via an efflux mechanism, while tetM,
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tetS/M, O and 0/32/0 encode for ribosomal protection proteins (270-274). These genes are
mostly found on transposable elements that are often linked with chloramphenicol and
macrolide resistance determinants (275). Macrolide resistance was associated with the
presence of erm(B), which confers resistance against macrolide-lincosamide-streptogramin
antibiotics (276). . Others have also found erm(B) in E. hirae (277, 278), as well as in E.
faecalis and E. faecium isolated from chicken (279, 280), turkey (281, 282), pigs (283),
fermented food (284) and clinical isolates (285-287). The macrolide resistance gene and
tetracycline resistance genes in E. hirae appear to be identical to those in E. faecalis and
E. faecium (217, 288). Considering that all of these species carry similar AMR
determinants, the possibility of horizontal gene transfer across species seems probable
(289). Studies have identified the presence of pheromone responsive plasmids in E.
faecium and E. faecium that either encode vancomycin resistance or facilitate the transfer
of plasmids carrying vancomycin ARGs into recipient cells (290, 291). These plasmids can
also transfer between Enterococcus species, as the pMG1 plasmid has been shown to

transfer between E. faecium and E. faecalis, and from E. faecium to E. hirae (92).

Aminoglycoside gene acc(6°)-lid is known to be intrinsic in E. hirae (292); it was detected
in all but two genomes, likely as a result of gene coverage and assemblage issues. It is not
surprising that vancomycin resistance genes were not identified in E. hirae, as this drug is
not approved for veterinary use in North American cattle. Our result is consistent with a
previous study where vancomycin resistance genes were not identified in Enterococcus
spp. isolated from bovine feces (288). The virulence genes identified in E. hirae were
mostly associated with biofilm formation and polysaccharide biosynthesis, as described by

others (293). The 10 virulence genes that were identified in E. hirae were similar to those
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in E. faecalis and E. faecium, but many more (i.e., 49) virulence genes were found in E.

faecium and E. faecalis (217).

Pan-genome analysis is an important comparative analysis tool that allows linkages
between genetic changes and specific phenotypes as it describes core- and accessory
genomes as well as species-specific genes (294). The core genome constituted only 64%
of the total genome in E. hirae. Both horizontal and vertical transfer of genes, including
those that confer antimicrobial resistance, play a significant role in shaping the pan-genome
of a bacterial species (295). The pan-genome of E. hirae was considered “open” as there
was no sign of saturation and it would be expected to expand with the addition of new
genomes as illustrated by the pan-genome curve (Figure 4B). The high presence of cloud
genes reflects the heterogeneity of the pan-genome of E. hirae. The existence of E. hirae
in diverse environments may increase the chance of gene acquisition, in contrast to other
Enterococcus species that may live in more specific environments that require less genomic

variation for survival (296).

Gram-positive bacteria have sophisticated cell wall structures that ensures bacterial
structural integrity and cellular viability and is also a major component of the host defence
system (297, 298). For this reason, numerous studies have been conducted to explore
components of cell wall synthesis pathways as potential targets for drug therapy. Genes
involved in cell wall synthesis were identified as discriminatory genomic signatures
between E. faecalis and E. hirae. Identification of these different signatures [peptidoglycan
synthesis genes (Mur E, F, and Y), penicillin-binding protein (pbpE and pbpX), teichoic

acid synthesis genes (tag H, G, and U) and enterococcal polysaccharide antigen (eps E, D,
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M and N)] may identify targets that offer more specific drug development against E.

faecalis and E. faecium (299).

Members of gut microflora compete with each other for nutrient availability. Therefore,
the ability of one bacterial species to utilize multiple nutrients for energy generation
provides an advantage over other species. We found genes involved in the synthesis
cobalamin (vitamin B12), pyridoxine (vitamin B6), riboflavin (vitamin B2), biotin (vitamin
B7) and folic acid exclusive to the E. hirae species compared with other enterococci
analysed in this study. With vitamins being undeniably important for both bacterial and
mammalian host, gut bacteria associated with their production directly contribute to the
development and welfare of the host and thus may have a privilege of existence in cattle
microbiome. In E. hirae genomes, multiple phosphotransferase systems (PTS) for
fructose, galactitol, mannose, sorbose, glucose, N-acetyl glucosamine and cellobiose were
identified. The presence of these PTS allows colonization of bacterial population in the gut
(300). In addition, compared to E. faecalis and E. faecium, E. hirae harboured genes that
were predicted to contribute to the synthesis of bacterial cellulose. These findings indicate
that cellular metabolism genes identified in E. hirae may contribute to fitness within the

cattle gut, accounting for its high prevalence in beef cattle.

Analysis of the annotated genomes indicated that E. hirae possessed genes coding for the
production of antimicrobial agents like bacilysin, subtilosin, and narbonolide. Bacilysin is
a dipeptide antimicrobial with antifungal and antibacterial activity (301). Subtilosin
belongs to the lantibiotics class of bacteriocins and has anti-biofilm activity (302, 303).
These bacteria are also capable of producing gamma-aminobutyric acid (GABA), an

inhibitory neurotransmitter. GABA may increase feed intake in cattle, and reduce anxiety
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and pain (304, 305). These findings suggest that E. hirae may have probiotic properties
that could benefit the gastrointestinal environment of cattle (306). Previously, E. hirae has
been employed as a probiotic bacteria in freshwater fish (307). Recent studies have also
demonstrated that E. hirae may have confer probiotic properties within the intestinal tract

of cattle (308, 309).

One of the goals of this study was to identify the niche-specific genes in E. faecalis and E.
faecium that may contribute to virulence and infection. Several virulence factors that
contribute to the pathogenesis of E. faecalis and E. faecium have been reported (310, 311).
Several virulence genes were unique to E. faecium and/or E. faecalis and were not found
in E. hirae. Members of the SIyA/ MarA family of proteins are associated with virulence
gene regulation, promote biofilm formation and act as cell adhesions. The presence of
genomic signatures corresponding to these genes may in part account for the higher
prevalence of E. faecalis and E. faecium infections than E. hirae infections in humans (312-
314). Lipoproteins facilitate intake of nutrients and are often associated with ABC
transporters that are linked to pathogenesis. This supports our findings as genes encoding
lipoproteins mapped with ABC transport systems for manganese, arabinose and
methionine (315, 316). Furthermore, in E. faecalis and E. faecium, we also identified an
arginine-ornithine antiporter which could contribute to cell fitness by facilitating arginine
uptake. A study conducted to investigate the role of arginine-ornithine antiporter in
Streptococcus suis reported that intercellular survival of this pathogen within epithelial

cells was compromised in the absence of the antiporter (317).

The potential of E. hirae as an opportunistic pathogen cannot be ignored, as it is

occasionally recovered from both humans and animals clinical samples (318-322). Despite
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a higher prevalence of virulence genes in E. faecium and E. faecalis, some virulence genes
were also identified in E. hirae like genes associated with the ESX (or Type VII) secretion
system, bicyclomycin resistance, capsule biogenesis, quorum sensing system and an ABC
transporter for iron import (323-327). In addition, a lipoprotein gene associate with the iron
transport system have been identified and is thought to play a role in E. hirae establishing

opportunistic infection (316).

In conclusion, E. hirae has a tremendous ability for survival and adaptation. It has acquired
resistance to antimicrobials used in beef production systems. In addition, cellular
metabolism genes involved in vitamin biosynthesis, multiple ABC and PTS transport
systems, chitin degradation and cellulose synthesis provide selective advantage and
facilitate intestinal colonization of the cattle gut. As E. hirae appears to be uniquely adapted
to cattle hosts, this likely limits the extent to which it transfers genes to bacteria that are
important in human health. Regardless, the absence of resistance to critical antimicrobials
in E. hirae gives credibility to limiting use of these drugs in feedlots, and suggests that

prudent management of antimicrobials in feedlot settings is an important practice.
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3.1 Abstract

Enterococci are Gram-positive bacteria often isolated from a variety of environments,
including soil, water, plants and the intestinal tract of humans and animals. Although
considered commensals in humans, Enterococcus spp. are important opportunistic
pathogens. Due to their presence and persistence in diverse environments, Enterococcus
spp. are ideal for studying antimicrobial resistance (AMR) from One Health perspective.
We undertook a comparative genomic analysis of the resistome, virulome and mobilome
of 246 E. faecium and 376 E. faecalis recovered from swine, beef cattle, poultry, dairy
cattle, human clinical samples, municipal wastewater and environmental sources.
Comparative genomics of E. faecium and E. faecalis identified 31 and 34 different
antimicrobial resistance genes (ARGS), with 62% and 68% of the isolates having plasmid-

associated ARGs, respectively. Across the One-health continuum, tetracycline (tetL and
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tetM) and macrolide resistance (ermB) were commonly identified in E. faecium and E.
faecalis. These ARGs were frequently associated with mobile genetic elements along with
other ARGs conferring resistance against aminoglycosides [ant(6)-la, aph(3’)-
I11a], lincosamides [InuG, IsaE], and streptogramins (sat4). The core E. faecium genome
formed two main clades, clade ‘A’ and ‘B’, with clade A isolates primarily originating
from humans and municipal wastewater and carrying more virulence genes and ARGs
related to category | antimicrobials. Overall, despite differences in antimicrobial usage

across the continuum, tetracycline and macrolide resistance genes persisted in all sectors.

3.2 Introduction

Antimicrobial resistance (AMR) is defined as the ability of the bacterial cell to avoid cell
damage by antimicrobials (328). Some bacteria are naturally resistant to certain
antimicrobials through intrinsic or inherent traits. Antimicrobial resistance genes (ARGS)
conferring intrinsic resistance are mostly passed through clonal inheritance and are rarely
transferred within or among bacterial populations. However, some ARGs can be acquired
and associated with mobile genetic elements (MGES) including plasmids, transposons, and
integrative and conjugative elements. These ARGs can be transferred to other bacteria
through horizontal gene transfer (329) and thus contribute to the spread of AMR in
different ecosystems (330). Exposure of bacteria to antimicrobials can facilitate ARG
acquisition and the proliferation of resistant populations within ecosystems (28). In animal
production, sub-therapeutic administration of antimicrobials through feed and water to
treat or prevent infectious diseases is one example of a practice that can increase AMR.
Indeed, the imposed selective pressure can exacerbate AMR in gut microbiomes as a

number of bacterial members that carry ARGs on MGEs (77) may facilitate their
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dissemination, including transfer to pathogenic bacteria. Therefore, multiple organizations,
including the Canadian Integrated Program for Antimicrobial Resistance Surveillance
(CIPARS), European Antimicrobial Susceptibility Surveillance in Animals (EASSA),
Japanese veterinary antimicrobial resistance monitoring systems (JVARM), and the
National Antimicrobial Resistance Monitoring System for Enteric Bacteria (NARMS) in
the United States are monitoring antimicrobial resistance in food animals and assessing
their role in the dissemination of AMR to bacteria associated with humans.

Enterococci are commensal bacteria within the gastrointestinal tract of humans and animals
(101). They can also be recovered from broader natural environments, including soil, water
and plants. Some enterococcal species, particularly Enterococcus faecalis and
Enterococcus faecium, are considered human pathogens as they are frequently associated
with bacteremia, septicemia, meningitis, endocarditis, and urinary tract and wound
infections (331). The presence of Enterococcus spp. in different ecosystems makes them
an ideal species to study AMR from a One-health perspective. We investigated the
prevalence and nature of Enterococcus species recovered from swine feces and undertook
a comparative analysis of E. faecium and E. faecalis genomes sourced across various
sectors of the One Health continuum. More specifically, we evaluated (i) profiles of ARGs,
MGEs and virulence factors of these genomes (ii) association of MGEs with ARGs, and

(iii) phylogenetic relatedness of isolates collected across sectors.

3.3 Methodology
3.3.1 Enterococcus recovery from swine feces and whole genome sequencing
In 2017 and 2018, fecal samples were collected from sows, weaning and finishing pigs

raised on commercial antimicrobial-free farms, as well as conventional farms using
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penicillin prophylaxis in Quebec, Canada. Isolates were collected at the same time as
Enterobacterales isolates were collected in a previous study (332). Presumptive
Enterococcus isolates were recovered from collected samples on Bile Esculin Azide (BEA)
agar with and without erythromycin (8ug/mL) as described previously (217) and a total of
41 isolates were confirmed to be Enterococcus species following PCR with Ent-ES-211-
233-F and Ent-EL-74-95-R primers and Sanger sequencing of the PCR product (217).
Confirmed isolates were subjected to short-read Illumina sequencing. Genomic DNA was
extracted using a Maxwell 16 Cell SEV DNA purification kit (Promega, Madison, WI) as
per manufacturer’s instructions, followed by DNA quantification using a Quant-it High-
Sensitivity DNA assay kit (Life Technologies Inc., Burlington, Canada). One nanogram of
gDNA was used for genomic library construction using an Illumina NexteraXT DNA
sample preparation kit and the Nextera XT Index kit (Illumina Inc., Vancouver, Canada)
according to manufacturer’s guidelines. All libraries were sequenced on an [llumina Miseq

platform generating 2x300 base-paired end reads with 600-cycle MiSeq reagent kit v3

(Mumina®).

3.3.2. Collection of Enterococcus faecium and Enterococcus faecalis genomes

A total of 622 E. faecium and E. faecalis genomes were included for comparative genomic
analysis. These genomes originated from three sources: (i) swine isolates from this study
(n =18), (ii) a collection of genomes recovered from environmental and livestock isolates
from Ontario (n = 66) and (iii) previously published data from poultry (n = 32) (333) and
One-health continuum (n = 506) (217) studies. The number and the origin of E. faecium

and E. faecalis genomes included in the analysis are summarized in Table 3.1. E. faecium
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and E. faecalis genomes were categorized into four groups/sectors based on their origin:

(i) clinical, (i) municipal wastewater, (iii) livestock and (iv) environment.
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Table 3.1 Collection of Enterococcus faecium and Enterococcus faecalis genomes included in the comparative genomic analysis
and antimicrobials used in livestock.

Sources of genome Number of genome Antimicrobial usage Location Reference
(Year of sample
E. faecium E. faecalis collection)
(n=246) (n=376)
Municipal waste water (MW) 56 110 - Alberta (217)
Clinical isolates (CL) 36 149 - (March 2014-April
Livestock (LV) Bovine cattle 57 33 Conventional (tetracycline, 2016)
macrolides),
natural (antibiotic-free)
Dairy cattle - 22 NA Ontario This study
Swine - 06 NA (2004)
12 06 Conventional (penicillin), Quebec
antibiotic free (organic, (2017-2018)
certified-humane, AGRO-
COM)
Poultry 23 09 Bambermycin, bacitracin, British Colombia (333)
salinomycin and B-lactams (2005-2008)
- 05 NA Ontario This study
(2004)
Environment (EV) Natural water 46 19 - Alberta (217)
sources (March 2014-April
2016)
River water 16 07 - Ontario This study
Domestic animals - 03 NA (2004)
Wild animals - 07 -

NA — Not available
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3.3.3 Genome assembly and data analysis
All enterococcal genomes included in this study were de novo assembled using the

Shovill pipeline v.1.1.0 (https://github.com/tseemann/shovill). Illumina adapters were

removed using Trimmomatic v.0.36.5 (334). All reads were then de novo assembled into
contigs by SPAdes v.3.11.1 (335). Assembly was evaluated by QUAST v.v. 5.2.0 (336).

The contigs were then annotated using Prokka v.1.13.1 (337).

The annotated genomes were screened for the presence of antimicrobial resistance and

virulence genes using ABRicate v.1.0.1 (https://github.com/tseemann/ABRICATE)

against the NCBI Bacterial Antimicrobial Resistance Reference Gene Database (NCBI
BioProject ID: PRINA313047) and the VirulenceFinder database (PMID: 34850947)
(338), respectively. All contigs were screened for the presence of plasmids using the Mob-

recon v.v. 3.0.0 (https://github.com/phac-nml/mob-suite) (339).

E. faecium (n=246) and E. faecalis (n=376) genomes were used for comparative genomics
(Table 3.1). The core-genome phylogenomic trees were constructed using the SNVphyl
pipeline v. 1.2.3. The phylogenetic tree was generated by aligning paired-end Illumina
reads against the respective reference genomes of E. faecalis (strain ATCC 47077/0G1RF;
CP002621.1) and E. faecium (strain DO; CP003583.1) using SMALT (v. 0.7.5;

https://sourceforge.net/projects/smalt/). The generated read pileups were then subjected to

quality filtering (minimum mean mapping quality score of 30), coverage cut-offs (15X
minimum depth of coverage), and a single nucleotide variant (SNV) abundance ratio filter
of 0.75 to obtain a multiple sequence alignment of SNV-containing sites. This SNV

alignment (with no SNV density filtering) was used to create a maximum likelihood
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phylogeny using PhyML v. 3.0. The generated Newick file was visualized using Interactive
Tree Of Life (iTOL) v. 6 (231).

Additionally, for E. faecium genomes, a groEL-based tree was constructed to investigate
whether the genomes could be assigned to previously described hospital (clade A) or
community (clade B) clades (340). The extracted groEL gene sequence was aligned with
E. faecium strain 75 V68 (Clade A) and E. faecium strain 81 (Clade B) using MAFFT v.
7.490. The analysis included the E. hirae R17 (accession CP015516.1) groEL gene as an
outgroup. The maximum-likelihood tree was then created with IQtree v. 2.1.4.

Multilocus sequence typing (MLST) was also used to study the population structure and
evolution of bacterial species. E. faecium and E. faecalis sequence types were assigned
through the MLST scheme of each respective species using PubMLST tool

(http://cge.cbs.dtu.dk/services/MLST/) (341).

3.4 Results

3.4.1 Enterococci recovered from swine feces

3.4.1.1 Species identification

Of the Enterococcus spp. recovered from fecal samples, 14 isolates were from sows, 15
isolates were from weaners and 12 isolates were from finishers. Six different enterococcal
species were identified [E. hirae (n=15), E. faecium (n=12), E. faecalis (n=6), E.

saccharolyticus (n=3), E. villorum (n=3), and E. asini (n=2)] (Figure 3.1).
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Figure 3.1 Prevalence of Enterococcus species recovered from fecal samples collected

from sow (n=14), weaning (n=15) and finishing (n=12) pigs
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3.4.2 Genome characterization

Across all isolates, 27 different ARGs/determinants were identified (Figure 3.2). Overall,
39% of identified enterococcal species were multidrug-resistant (MDR, resistant to >3
antimicrobials). MDR isolates were confined to three species: E. faecalis (67 %), E. hirae
(47%) and E. faecium (41%) (Table 3.2). The most common ARGs in E. faecium, E.
faecalis and E. hirae belonged to aminoglycoside (aph(3')-llla, ant(6)-1a), tetracycline
(tetL , tetM), macrolide (ermB), and streptothricin (sat4) drug classes.

Nine out of 27 ARGs conferred intrinsic/inherent resistance, including msrC (100%),
eat(A) (100%) and aac(6")-li (41.6%) in E. faecium; Isa(A) (100%) and dfrE (100%) in E.
faecalis, aac(6")-lid (66.6%) in E. hirae, dfrF (100%) and vanC-operon (100%) in E.
saccharolyticus, and aac(6')-Entco (100%) in E. villorum and E. asini. The three genes,
aacA-ENTL, dfrG and aacA-ENT2, were only identified in E. faecium (16.6%), E. faecalis

(33.3%) and E. hirae (33.3%), respectively.
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Figure 3.2 Heatmap representing antimicrobial resistance gene profiles of

Enterococcus isolates recovered from fecal samples collected from sow (n=14),
weaning (n=15) and finishing (n=12) pigs.
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Table 3.2 Antimicrobial resistance genes profiles, plasmids harboring AMR genes and virulence genes identified in
enterococcal species recovered from swine feces.

Chapter 3

aph(3')-1lla, ant(6)-la, tetL,
tetM, ermB, sat4 (n=1)

tetL, tetM, ermB (n=1)

Enterococcal “&Antimicrobial resistance Plasmids Antimicrobial Virulence Genes
species genes profile (Accession resistance
(Number of genomes) number) (total) | genes found
on plasmid
E. faecalis aph(3')-1lla, ant(6)-1a, tetL, pBEE99 All ARGs Adhesive matrix molecules:
tetM, ermB, Inu(G), dfrG, (NC_013533) ace, fss1 and fss2
sat4, catA8 (n=2) (n=2) Biofilm formation: bopD
tetL, tetM (n=1) pSWS47 All ARGs Capsule formation: cpsA-E &
(NC_022618.1) cpsG-K
(n=1) Cytolysis: cylA, cylB, cyll,
aadE, tetM, ermB (n=1) None None cylL, cylM, cyIR1, cylR2 &
- cylS
tetl, Inu(A) (n=1) None None Endocarditis and biofilm-
associated pili: ebpA-C & srtC
Putative transporter protein:
efaA
Hyaluronidase: EF0818 &
EF3023)
Gelatinase and serine protease:
fsrA-C, gelE, & sprE
Aggregation proteins:
prgB/asc10
E. feacium aph(3")-Illa, spw, ant(6)-1a, pM7M2 tetL, tetM Adhesive matrix molecules:
tetL, tetM, ermB, Inu(B), (NC_016009) acm, scm & sgrA
Isa(E), sat4, catA8 (n=1) (n=4) Biofilm formation: bopD,

clpC, clpE & clpP
Bile salt hydrolysis: bsh
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tetL, tetM (n=1)

Capsule formation: cap8F,

aph(3")-Illa, spw, ant(6)-1a, pLAG ant(6)-la, CpsA, cpsB & hasC
tetL, tetM, ermB, Inu(B), (KY264168.1) tetM, tetL, Pili formation: srtC
Isa(E), sat4 (n=1) (n=1) Inu(B), Isa(E)
aph(3")-Illa, ant(6)-la, none none
ermB, sat4 (n=1)
tetM (n=3) none none
E. hirae aph(3’)-Illa, ant(6)-la, p3 aph(3’)-Ilia, Biofilm formation: bopD &
aadE, tetL, tetM, ermB, sat4 (CP006623) ant(6)-la, clpP
(n=1) (n=1) ermB, sat4 Hydrolysis of bile salt: bsh
pBC16 tetM
(U32369) (n=1)
spw, ant(6)-1a, tetL, tetM, pEf37BA All ARGs
ermB, InuB, IsaE (n=2) (MG957432)
(n=2)
tetL, tetM, ermB, InuG (n=2) pDO1 tetL, tetM,
(CP003584) ermB
(n=2)
ant(9)-la, tetL, tetM (n=1) pM7M2 tetL, tetM
(NC_016009)
(n=1)
tetL, tetM (n=7) pM7M2 tetL, tetM
(NC_016009)
(n=3)
pCTN1046 tetM
(CP007650)
(n=1)
pBC16 tetL

(U32369) (n=1)
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tetM, InuA (n=1) (CP029969) Inu(A)
(n=1)
E. asini tetM, InuG (n=1) None None Adhesion associated gene: fss3
tetM (n=1) None None
E. villorum tetM, IsaA (n=3) None None None
E. saccharolyticus tetM (n=3) None None Adhesion associated gene: fss3

* Antimicrobial drug classes and resistance genes: Aminoglycoside (ant(9)-1a, aph(3')-Illa, ant(6)-la, aadE, spw); Tetracycline (tetL,
tetM); Macrolide (ermB), Lincosamides ARG (InuA, InuG, IsaA, IsakE), chloramphenicol (catA8), Trimethoprim (dfrG)

&
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A total of 35 plasmids were identified in Enterococcus spp. [E. faecalis (n=10), E. faecium
(n=12) and E. hirae (n=13)] (Table 3.2). Among these, eleven plasmids harbored ARGs
[E. faecalis (n=2), E. faecium (n=2) and E. hirae (n=7)] (Table 3.2). A total of 34 and 13
virulence genes were identified in E. faecalis and E. faecium, respectively. Most virulence
genes were associated with cytolysis, biofilm and capsule formation (Table 3.2).

The core-genome E. faecium phylogenetic tree formed two distinct clades, where all
genomes except two recovered from sows and finishers, were found in one clade. E.
faecalis also clustered into two clades, where one clade contained exclusively genomes
from weaners. As for E. hirae, one clade contained all genomes except two isolated from

finishers (Figure 3.3).
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E. faecium E. faecalis

Source

Weaners

B Sows
- Finishers

E. hirae

Figure 3.3 Core genome based phylogenetic tree of E. faecium (n=12), E. faecalis
(n=6) and E. hirae (n=15) recovered across pig production stages. The trees were
constructed using SNVPhyl tree and visualized using iTOL.
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3.4.3 Comparative genomic analysis of E. faecalis and E. faecium across the One Health

continuum

3.4.3.1 Livestock production

Comparative genomic analysis of E. faecium (n=91) and E. faecalis (n=81) collected from
cattle, poultry and swine was performed to investigate similarities and differences in
resistome, virulome and mobilome profiles as well as phylogenetic relatedness across the

production sectors.
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Figure 3.4 Multidrug resistant Enterococcus faecium and Enterococcus faecalis from
overall continuum. Livestock sector consist of beef cattle , dairy cattle, poultry and swine.
One-health continuum consists of livestock (beef cattle, dairy cattle, poultry and swine),
environment (natural water source, river water, domestic and wild animal fecal samples),
Municipal wastewater, human clinical isolates. Overall represents all isolates in included
in this study. The percentage was calculated as total number of MDR isolates in particular
sector divided by total number of isolates in that sectors and multiplying by 100.
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Overall, 48% of E. faecium genomes from livestock were MDR (resistant to >3
antimicrobials) (Figure 3.4). Among livestock, E. faecium from poultry were the most
frequently MDR (61%), followed by swine (50%) and beef cattle (43%) (Figure 3.4).
Among E. faecium of bovine origin, two ARG profiles [(ermB, tetL, tetM) and (ant(6)-1a,
spw, ermB, InuB, IsaE, tetL, tetM)] were most frequent (Appendix 2; Table S1). Isolates
harboring dfrE were frequently identified in all sectors. Two ARG profiles [(dfrE, tetL,
tetM) and (dfrE, ermB, tetL, tetM)] were present in both swine and poultry, while one
profile (dfrE, ermB and tetM) was common to bovine and poultry isolates. Across
livestock, chloramphenicol (fexA and catA) and oxazolidinone-resistant determinants
(optrA) were exclusively found in E. faecium from cattle, whereas the vanC-operon was
unique to poultry isolates. Aminoglycosides ARGs [ant(6)-la, ant(9)-/a, aph(3’)-1lla and
spw] were more prevalent in E. faecium isolated from poultry as compared to other sectors
(Figure 3.5). In contrast, tetracycline ARGs (tetL and tetM) were found more frequently in
E. faecium from cattle than in poultry and swine. Moreover, E. faecium isolates from cattle
and poultry shared similar ARGs associated with macrolide-lincosamide-streptogramin
(MLS) resistance (ermA, ermB, InuB, InuG, IsaG and sat4). In E. faecium from swine, only
four ARGs associated with MLS resistance (ermB, IsaG, mefA and sat4) were identified.
Across livestock, ermB (57%) was most prevalent in isolates from cattle. In contrast, the
trimethoprim-resistant determinant dfrE, was found in all E. faecium genomes recovered
from swine and 82.6% from poultry. Compared to other sectors, drfE and dfrG were

infrequently associated with E. faecium isolated from cattle.
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Figure 3.5 Comparative genomic analysis of 246 E. faecium genomes across the One-
health continuum. A Circos plot depicts the relationship between commonly found ARGs
and One-health sectors. The variables (ARGs and genome isolation source) are arranged
around the circle and distinguished by different colors: The percentage of ARGs across
various sectors is indicated by proportional bars (http://circos.ca/).
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Mobilome analysis of E. faecium genomes showed that >60% of ARG-carrying plasmids
were associated with isolates from cattle (Appendix 2; Table S2). Among these, pL8-A and
pM7M2 were also found in poultry and swine isolates, respectively. MLST profiling
identified 33 different genomic sequence types (STs) across enterococci genomes, with 13
STs exclusive to beef cattle. In swine, only 3 STs were identified (ST94, ST133, ST272).
In E. faecium from poultry, 10 STs were identified, with ST154 being the most common.
None of the STs was shared across all livestock species (Appendix 2; Table S3).

The virulome of E. faecium did not vary across livestock species. The majority of virulence
genes, including those responsible for biofilm formation (bopD, clpC, clpP), bile-salt
hydrolysis (bsh), capsule formation (cap8F, cpsA, cpsB and hasC), MSCRAMM-like
proteins (sgrA) and pili formation (srtC) were found in >70% of the genomes of E. faecium
from livestock. Two genes, ebpA and lap (encoding biofilm-associated pili), and a Listeria

adhesion protein were identified in one poultry isolate (Appendix 2; Table S4).
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Overall, 46% of E. faecalis were MDR with most MDR associated with isolates from dairy
cattle (91%) followed by poultry (57%), swine (34%) and beef cattle (15%) (Figure 3.4).
One ARG profile (ermB, tetM, tetL) was found across all livestock species (Appendix 2;
Table S5). The ARG profile ant(6)-1a, aph(3')-Illa, ermB, tetL, tetM was present in 50%
of poultry and 100% of E. faecalis genomes from dairy cattle (Figure 3.6). Similar to E.
faecium, the oxazolidinone resistance gene (optrA) was occasionally (7% of genomes)
present in E. faecalis isolated from cattle. The trimethoprim ARG (drfE) was mapped to
17% and 3% of E. faecalis isolates from swine and cattle, respectively, but was absent in
poultry isolates. Chloramphenicol resistance profiles differed across sectors, as catA8 was
found in isolates from swine, whereas catA7 was found in isolates from dairy cattle and
catA7 and fexA in isolates from beef cattle. Similarly, the profile of aminoglycoside ARGs
also varied across livestock species (Figure 3.6). Aminoglycoside ARGs were most
prevalent in isolates from dairy cattle, followed by poultry, swine and beef cattle. Two
ARGs, ant(6)-la and aph(3’)-llla, were prevalent across livestock species, whereas
aph(2’)-1h and ant(9) were unique to isolates from dairy and beef cattle, respectively. The
ARG str, was found only in isolates obtained from beef cattle and poultry. Similarly, aadE
was found only in isolates from swine and beef cattle. Tetracycline resistance determinants
(tetL, tetM) were found in isolates across livestock sectors (Figure 4.4A; Appendix 2; Table

S5).
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Figure 3.6 Comparative genomic analysis of 376 genomes E. faecalis genomes across
the One-health continuum. A circos plot depicts the relationship between commonly
found ARGs and One-health sectors. The variables (ARGs and genome isolation source)
are arranged around the circle and distinguished by different colors: The percentage of
ARGs across various sectors is indicated by proportional bars (http://circos.ca/)
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Like E. faecium, plasmid profiling of E. faecalis found that 70% of isolates possessed
plasmids that carried ARGs (Appendix 2; Table S6). Four ARGs carrying plasmids (DO
plasmid, pCTN1046, p6742_2, pEf37BA and pBC16) were found in both E. faecium and
E. faecalis. Across livestock species, 29 STs were identified, with ST 59 shared between
swine, bovine and dairy cattle isolates (Appendix 2; Table S7). Virolome profiles of E.
faecium genomes were similar across livestock species (Appendix 2; Table S8). Twenty-
seven of 39 virulence genes were mapped to several isolates collected across the livestock
sectors (40-100% of genomes). Genes encoding cytolysin (cylA, cylB, cyll, cylL, cylM,
cylR1, cylR2 and cylS) and the aggregation substance (asal) were found in only one isolate

from swine.

3.4.3.2 One Health continuum

Across the continuum, 35% of E. faecium were MDR, with most MDR found in clinical
(CL) isolates (53%), followed by livestock (L1) (48%), municipal wastewater (MW) (23%)
and environmental (EV) isolates (16%) (Figure 3.4). The ARG profile: dfrE, ermB, tetM
was most common among MDR E. faecium from LI, EV and MW (Table S1).
Aminoglycoside resistance genes were most prevalent in clinical genomes, followed by LI,
MW and EV (Figure 3.5). Three aminoglycoside resistance genes, ant(6)-1a, aph(3’)-1lla
and spw, were found across the One Health continuum, with ant(6)-la and aph(3’)-1lla
being frequently mapped to plasmids (73% and 61%, respectively). These genes were
found together in 91% of genomes. The bifunctional gene, aac(6')-le/aph(2")-la, was
found only in CL (5/36, 14%) and MW (3/56, 5.3%) isolates. Genomes harboring aac(6')-
le/aph(2™)-1a were associated with five different plasmids (Appendix 2; Table S6). This

gene was exclusively associated with an 1S256 insertion element, except for one plasmid
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associated with 1S6 and 1S1216 in combination with ermB and dfrG. Chloramphenicol
resistance was found in LI and MW isolates but not among those from other sources. The
ARG fexA was associated with Tn554 on plasmid pFS1S1608820, and catA was mapped to
two plasmids in MW isolates (Appendix 2; Table S2). ARGs conferring resistance to
trimethoprim were more prevalent in CL, followed by MW, LI and EV. Compared to CL
isolates, where dfrF and dfrG were more prevalent, dfrE was found in EV, LI and MW
isolates. In all but one dfrG-positive genome, fosX was found in an antisense direction to
dfrG at an intergenic distance of ~3.2 kb. Macrolide-lincosamides-streptogramin-resistant

genotypes were prevalent in LI, followed by CL, EV and MW.

Four ARGs conferring macrolide resistance (ermA, ermB, ermT and mefA) were identified
across the continuum. The ARG ermB, was associated with plasmids 73% of the time.
Moreover, in isolates from CL and LI, ermB along with the aminoglycoside ARGs sat4,
aph(3’)-111a and ant(6)-la were associated with Tn3 transposons. Similarly, ermA was also
identified on plasmid pL8-A along with ermB and ant(9)-la. The ARG ermA was also
found on plasmid pFSIS1608820 with ant(9)-1a, cfr, optrA, ermA, and fexA. In contrast,
ermT mapped only to plasmid p121BS. The lincosamide-resistant genes InuB and IsaE
were found together on 87% of plasmids. Glycopeptide resistance was found in clinical
and poultry genomes, where vanA was found in pVV24-3 and pF856 plasmids (Appendix 2;

Table S2).

The core-genome-based phylogenomic tree of E. faecium formed two clades that were
completely superimposed with the A and B clades identified by the groEL gene maximum-
likelihood tree (Figure 3.7). E. faecium genomes did not group based on sample source,

except for the clinical isolates in clade A. Furthermore, clade A harbored more virulence
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genes and ARGs than clade B. Multilocus sequence typing of E. faecium genomes
identified 72 different STs (Appendix 2; Table S3), with ST117 and ST17 being exclusive
to human clinical isolates. Across the continuum, 37 virulence genes were identified, of

which 15 were found in genomes from all sectors (Appendix 2; Table S4).
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Figure 3.7 Maximum likelihood core-genome phylogenetic tree of 246 E. faecium
genomes across the One-health continuum. The Enterococcus faecium DO genome
(CP003583.1) was used as a reference genome. The gro-EL gene-based E. faecium tree
was overlaid on the core-genome E. faecium tree. Genomes were characterized based on
their source of isolation into four groups: livestock, clinical, municipal wastewater and
environmental.
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Overall, 40% of E. faecalis were MDR, with MDR isolates being most frequent in MW
(51%) followed by LI (46%), CL (32%) and EV (25%) (Figure 3.4). Across all sectors,
ant(6)-1a, aph(3")-llla, ermB, tetL, tetM were frequently identified in MDR E. faecalis
genomes (Appendix 2; Table S5). A total of 51 plasmids carrying one or more ARGs were
identified (Appendix 2; Table S6). Among these plasmids, two were conjugative plasmids
(related to AY855841 and CP028721), and two were identified as mobilizable plasmids
(related to CP028286 and CP028836). Aminoglycosides ARGs were more prevalent in
MW, followed by LI, CL and EV (Figure 3.6). Across all sectors, eight aminoglycosides
ARGs were identified, with five (ant(6)-l1a, aph(2")-1h, aph(3’)-1lla, and str) found in all
sectors. Similar to E. faecium, ant(6)-la and aph(3’)-l11la were frequently found together
(61 genomes) and mapped to plasmids (71% and 75% of isolates, respectively).
Chloramphenicol resistance genes were more prevalent in LI, followed by EV, CL and
MW. Five ARGs (catA7, catA8, catP, cat-TC and fexA) were identified, with catA7, catA8
and fexA present in all sectors. These three genes were always associated with plasmids
(Appendix 2; Table S6). Trimethoprim ARGs (dfrF/G) were identified more in CL as
compared to other sectors, with dfrF found in >60% of CL genomes (19% on a plasmid).
Across all sectors, MLS resistance was more prevalent in MW, followed by LI, CL and
EV. Three ARGs responsible for macrolide resistance (erm A, ermB and msr) were
identified, with ermB present in 60% of all genomes and frequently associated with
plasmids (75%). One ermB-carrying plasmid, CP024844 was found exclusively in CL and
MW genomes (40% ermB-positive isolates). Lincosamide ARGs were not found in EV
genomes, whereas in CL genomes, only InuB was identified. Tetracycline resistance was

found more in L1 genomes, followed by EV, CL and MW. Five different tetracycline ARGs
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were identified (tetM, tetL, tetO, tetS, and tetW), with tetM mapping to 76.5% of the
genomes. Compared to tetM (18%), tetL (85%) was more frequently found on plasmids.
Moreover, in 85% of tetM-positive plasmids, tetL was found together in close proximity
with tetM. One tetM- and tetL-carrying plasmid, pS7316, was also prevalent in isolates
from LI, CL and EV. Oxazolidinones resistance ARGs were found only in EV and LI,
which were more prevalent in EV than LI. In EV, two ARGs (optrA and cfrC) were
identified, whereas in LI, only optrA was found.

Across the continuum, the core-genome-based E. faecalis phylogenomic tree formed two
main clades, where one clade contained the majority of CW and MW genomes (Figure
3.8). MLST profiling of E. faecalis identified 75 different STs (Appendix 2; Table S7),
where 48 STs were source-specific (CL=17, LI1=14, EV=8, MW=9). We identified 40
virulence genes across all E. faecalis genomes, with 28 shared across all sectors (Appendix

2; Table S8).
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Figure 3.8 Maximum likelihood core-genome phylogenetic tree of 376 genomes E.
faecalis genomes across the One-health continuum. E. faecalis ATCC 47077/OG1RF
(CP002621.1) was used as a reference genome. Genomes were characterized based on their
source of isolation into four groups: livestock, clinical, municipal wastewater and
environmental.
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3.5 Discussion

AMR is a serious concern for human and animal health and the global economy. One
Health approaches to assess AMR recognize the role of multiple ecosystems in generating
and spreading antimicrobial resistance genes (329). In One Health studies, Enterococcus
species have been used as ‘indicator bacteria’ to monitor ARGs dissemination in
ecosystems. In this study, we performed genomic characterization of Enterococcus species
recovered in feces from weaners, finishers and sows. Furthermore, we evaluated the ARGs
identified in E. faecium and E. faecalis genomes across livestock and poultry production

systems and cumulatively across the overall One-health continuum.

E. hirae was predominantly identified in swine feces, followed by E. faecium and E.
faecalis. In studies from the US and Canada, E. hirae was frequently recovered from
livestock(217, 342) . In poultry, E. faecium has been isolated most frequently (343) and
along with E. faecium and E. faecalis are often associated with human infections (217). In
all identified enterococcal species, tetracycline resistance determinants tetL and tetM were
frequently found on the mobile plasmid pM7M2 (NC_016009). This plasmid has been
previously identified in E. faecalis isolated from dairy cattle feces and was shown to
transfer into Streptococcus mutans UA159 through natural transformation (344). These
findings show that three Enterococcus spp. (i.e., E. faecium, E. faecalis and E. hirae) can
readily acquire ARGs in the gut micro-environment and possibly contribute to gene

dissemination through plasmid-mediated ARG transfer.

We aimed to define the impact of differences in AMU (antimicrobial usage) across
different livestock sectors on the occurrence of ARGs within enterococci. Across all

livestock sectors, isolates from bovine sources were the least MDR, which may reflect the
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extent of AMU in this livestock sector in Canada. According to the CIPARS 2019 report,
most antimicrobials are administered to swine (<300 mg/PCU), followed by poultry (<200
mg/PCU) and cattle (<100 mg/PCU) (CIPARS, 2019). Regardless of the high MDR in
poultry isolates, we did not find any isolates of poultry origin carrying ARGs conferring
resistance to antimicrobials that were administered to poultry (Table 3.1). However,
comparative genomics of enterococci identified that tetracycline and macrolide resistance
genotypes were more prevalent in the beef production system compared to swine and
poultry, a result that may reflect the greater use of these antimicrobials in beef cattle (345,

346).

Mobile genetic elements play a significant role in gene dissemination within and across
ecosystems. In our study, all ARGs, except those that were intrinsic, were mapped to
plasmids in almost 80% E. faecium and E. faecalis isolates. Resistance to aminoglycosides,
tetracyclines, trimethoprim and MLS was identified across all ecosystems, with
tetracycline and MLS being the most common. With these antimicrobials broadly used
across sectors, the existence and persistence of resistant strains across the continuum is
perhaps not surprising (347, 348). Their persistence may also be explained by the co-
existence of these genes along with other ARGs, as well as others have found a strong
association of tetracycline resistance ARGs (tetL and tetM) with other ARGs, including
ermB, ant(6)-la, aph(3’)-1lla, Inu(G), IsakE, and sat4 (349).. These ARGs were often found
on MGEs that may facilitate their spread in different ecosystems. Continuous exposure to
one antimicrobial class in a particular ecosystem can also select for ARGs conferring

resistance to other antimicrobial classes (350-352).
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Some antimicrobial resistance determinants were found in some sectors but not others. For
example, aac(6")-le/aph(2")-la, which is associated with high-level gentamicin resistance
(HLGR), was only identified in E. faecium genomes from CL and MW. However, the
association of this gene with MGEs may facilitate its spread to other human pathogens as
it mapped to five different plasmids and was frequently associated with 1S256 elements.
Previously, aac(6')-le/aph(2")-la was associated with 1S256 on the Tn5281 composite
transposon in a conjugative pPBEM10 plasmid in E.faecalis (353), with Tn4001 on plasmid
pSK1 in Staphylococcus aureus (354) and Tn4031 in Staphylococcus epidermidis (355).
Glycopeptide-resistant genes vanA and vanC were identified in clinical and poultry
isolates. The vanA operon was mapped to two plasmids in CL isolates, pVV24-3 and pF856.
Along with vanA-operon, other ARGs ant(6)-la, aph(3')-11la, ermB and sat4 were also
mapped to pF856. This particular plasmid was first reported in a hospitalized patient
associated with a vancomycin-resistant Enterococcus outbreak in Ontario, Canada (356)

Our phylogenomic analysis revealed a similar topology of gro-EL-based (357) and core-

genome-based trees, with E. faecium segregating into two main groups.

Our core-genome tree topology partitioned into two clades. In contrast, in a recent study
by Sanderson et al. (358), clade B formed a paraphyletic clade rather than a monophyletic
clade. Our findings also agree with previous studies (357, 358), as more ARGs and
virulence genes were associated with clade A than clade B isolates. Furthermore, most of
the genomes associated with CL isolates clustered in clade A. Phylogenetically, E. faecalis
genomes did not cleanly partition into clades by source and instead formed multiple clades

that originated from multiple sources.
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In conclusion, our study suggests that some resistant strains are universally present in all
ecosystems, irrespective of antimicrobial pressure. However, some ARGs are exclusive to
particular ecosystems, reflecting antimicrobial usage within that sector. Moreover, we also
found that co-selection and association of ARGs with different MGEs likely facilitate the
spread of ARGs across the One Health Continuum. In addition, clinical E. faecium isolates

formed a distinct cluster and were consistently mapped to a hospital associated clade’.
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Chapter 4: Genomic Characterization of Carbapenem-
Resistant Bacteria from Beef Cattle Feedlots.
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4.1 Abstract

Carbapenems are considered a last resort for the treatment of MDR bacterial infections in
humans. In this study, we investigated the occurrence of carbapenem resistant bacteria in
feedlots in Alberta, Canada (August 2016 to June 2019). The presumptive carbapenem
resistant isolates (n=116) recovered after ertapenem enrichment were subjected to
antimicrobial susceptibility testing against 12 different antibiotics including four
carbapenems (ertapenem, meropenem, doripenem, and imipenem) and ceftazidime,
chloramphenicol, gentamicin, levofloxacin, piperacillin, trimethoprim-sulfamethoxazole,
tobramycin and tetracycline. Of these 72% of the isolates (n=84) showed resistance to
ertapenem, while 27% of the isolates (n=31) were resistant to at least one other
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carbapenem, with all except one isolate being resistant to at least two other drug classes.
Of these 31 isolates, 90% were carbapenemase positive, while a subset of 36 ertapenem-
only resistant isolates were carbapenemase negative. The positive isolates belonged to
three genera; Pseudomonas, Acinetobacter, and Stenotrophomonas with the majority being
Pseudomonas aeruginosa (n=20) as identified by 16S rRNA gene sequencing. Whole
genome sequencing identified intrinsic carbapenem resistance genes including blaOXA-50
and its variants (P. aeruginosa), blaOXA-265 (A. haemolyticus), blaOXA-648 (A. Iwoffii),
blaOXA-278 (A. junii), and blaL1 and blaL2 (S. maltophilia). The acquired carbapenem
resistance gene (blaPST-2) was identified in P. saudiphocaensis and P. stutzeri. In a
comparative genomic analysis, clinical P. aeruginosa, clustered separately from those
recovered from bovine feces. In conclusion, despite the use of selective enrichment
methods, finding carbapenem resistant bacteria within feedlot environment was rare in

Alberta.

4.2 Introduction

Carbapenems are -lactam antibiotics that consist of a four-membered B-lactam ring fused
with a secondary five-membered thiazolidine ring through the nitrogen and adjacent
tetrahedral carbon atom. Unlike other B-lactams, carbapenems have two substitutions, at
position one there is a substitution of sulfur for a carbon atom and at the fourth position of
the thiazolidinic moiety, a carbon is substituted for a sulfone (359, 360). So far, four
carbapenems, including ertapenem, meropenem, doripenem, and imipenem, have been
approved for use in the US. These members differ in their side chains, influencing their
antimicrobial activity. Carbapenems inhibit cell wall synthesis by preventing the formation

of cross-linkages in peptidoglycan via binding to peptidoglycan binding protein (PBP),
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thus leading to cell lysis and death (361). The ability of carbapenems to bind diverse PBPs
with high affinity and their ability to resist extended-spectrum p-lactamases (ESBLs) and
AmpC B-lactamases account for their broad-spectrum activity against both Gram-negative
and Gram-positive bacteria (360, 362, 363). Ertapenem binds preferentially to PBPs 2 and
3 of Escherichia coli and has a low affinity for PBP 1a, 1b, 4, and 5. Imipenem binds with
high affinity to PBP2, followed by PBP1a and 1b, but binds to PBP3 with low affinity.
Meropenem possesses a high affinity for PBP 2, 3, and 4. Doripenem, similar to
meropenem can bind to PBPs 2 and 3 of P. aeruginosa and also has affinity for PBP2 of
E. coli (360). The use of carbapenem in human clinical settings increased due to rising
resistance against penicillin, cephalosporins, fluoroquinolones and aminoglycosides (364).
According to GLASS data on global antimicrobial consumption, approximately 9.8% (2.62
Defined Daily Dose/ 1000 individuals/ day) of all antimicrobial consumed globally in 2020
were belonged to “Other beta-lactam antibacterial (JO1D)” class including carbapenems

(365).

Bacteria may circumvent carbapenem hydrolysis through intrinsic or acquired resistance
mechanisms including the production of B-lactamases, overexpression of efflux pumps and
mutations that alter the expression or/and function of porin proteins and PBPs (366-368).
The B-lactamases conferring resistance against carbapenem may belong to one of the
Ambler classes including class A (e.g., KPC), class B (e.g., VIM, NDM), and class D (e.g.,
OXA-48) (369). The genes responsible for the production of B-lactamases are often
associated with MGEs that can play a significant role in dissemination of carbapenem
resistance in an ecosystem (370). Carbapenem resistance was first reported in opportunistic

and environmental bacteria with intrinsic resistance (371). Since then, carbapenem-
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resistant bacteria have been reported in the Asia-Pacific, India, Europe, and North and
Latin America (372). Resistant isolates have been recovered from a variety of sources
including human clinics (371), livestock, including dairy cattle (373, 374), beef cattle (375-

377), and swine (378), sewage water (379), and wildlife (380, 381).

Consequently, carbapenem resistance in Gram-negative bacteria has become a global
problem with carbapenem-resistant Enterobacteriaceae (CRE), Pseudomonas aeruginosa,
and Acinetobacter baumannii listed by the World Health Organization as being on the
“ESKAPE” list of pathogens for which the control and development of new antimicrobials
is urgently needed (382). According to Public Health Canada “Findings from the 2022
Canadian Antimicrobial Resistance Surveillance System Report”, the estimated incidence
rates of healthcare-associated carbapenemase-producing Enterobacterales infections in

2020 was 0.0345 per 10,000 patients-day (383).

Considering the importance of carbapenem in human health, the objective of this study was
to investigate if carbapenem-resistant bacteria could be recovered from beef cattle feedlots
through carbapenem enrichment. Initially, our focus species was E. coli, as it serves as an
indicator bacteria in an antimicrobial resistance surveillance program within the One-
health context (134) . Later, recovered resistant isolates belonging to species other than E.
coli such as Pseudomonas spp., Acinetobacter spp., Ochrobactrum intermedium (Brucella
intermedia), and Stenotrophomonas maltophilia were also included in downstream
characterization using phenotypic (AST and CarbaNP test) and genotypic (WGS)
approaches. Furthermore, we investigated genomic relatedness among Pseudomonas
aeruginosa isolates recovered in this study to previously published P. aeruginosa genomes

from NCBI database through comparative analysis.
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4.3 Methodology

4.3.1 Sampling, isolation and identification

The study includes bovine fecal and catch-basin water samples, collected from four
feedlots (pens=301) located in Alberta, over a period of two years (August, 2016 to June,
2018). Briefly, 20 g of feces were collected from 20 fresh fecal pats and placed in a sterile
plastic container and thoroughly mixed. Each pen housed approximately 180 feedlot cattle.
These samples were transferred to the research facility and enrichment was done within 24
hours for sample collection. For enrichment, 0.5 g of the mixed fecal sample was inoculated
into 4.5 ml of E. coli (EC) broth containing 2ug/ml of ertapenem (ETP, sigma Aldrich, ref:
sml1238), followed by overnight incubation at 37°C in shaking incubator at 250 RPM. The
enriched samples were then sub-cultured overnight on MacConkey agar supplemented
with 2 pg/ml ertapenem. From each sample, a maximum of three colonies were selected
and sub-cultured on nutrient agar supplemented with 0.5 pg/ml ertapenem (Dalynn
Biologicals, Calgary, Canada). Water samples were collected from feedlot catch basins
which collected run off water from the feedlot. Briefly, 1L of catch-basin water was
collected into a polyethylene bottle attached to a telescopic pole at two different locations
per site, which were combined to generate a composite sample. Water samples were
transported on ice within 4 h of collection for processing. Composite catch basin water (10
mL) was filtered through a 0.45um pore size filter of 47-mm diameter (S-Pak® EMD
Millipore Corp, Billerica, MA) using a sterile vacuum-manifold filtration system (Pall
Corporation, Port Washington, NY). The filter was then submerged in 4.5 mL EC broth-
ertapenem (0.5mg/L) and incubated overnight at 37°C with shaking, followed by sub-

culture onto MacConkey Agar supplemented with 0.5 pg/L ertapenem at 37°C (Dalynn
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Biologicals, Calgary, Canada). A maximum of three colonies were selected from each
sample (fecal samples= 301, water samples= catch basin water sample= 12) and sub-
cultured on nutrient agar supplemented with 0.5 pg/ml ertapenem at 37°C for 24 h. For
identification of recovered isolates (n=116), the 16S rRNA gene was amplified using
universal bacterial 16S rRNA gene primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3')
and 1492R (5'-GGTTACCTTGTTACGACTT-3") followed by Sanger sequencing of the
amplified PCR product (384). Species were identified wusing BLAST

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) search against the NCBI bacterial database.

4.3.2 Phenotypic Characterization

Isolates (n=116) were tested against 12 different antimicrobials including all four
carbapenems (ertapenem, meropenem, doripenem and imipenem), ceftazidime,
chloramphenicol, gentamicin, levofloxacin, piperacillin, trimethoprim-sulfamethoxazole,
tobramycin and tetracycline, using the disk diffusion method according to the Clinical and
Laboratory Standards Institute (CLSI) guideline M02-A12 and M100-S32. Pseudomonas
aeruginosa ATCC 27853 was used as a reference quality control. Zones of inhibition were
recorded using the BioMic V3 imaging system (Giles Scientific, Inc., Santa Barbara, CA,

USA).

Isolates (n=116) were also tested for the production of carbapenemases using the
chromogenic Carba NP test (RAPIDEC® CARBA NP kit, BioMérieux, St-Laurent, QC,
Canada), with Klebsiella pneumoniae ATCC 700603 and Klebsiella pneumoniae
OLC2685 used as negative and positive controls, respectively. A bacterial colony (10pul
loop) was picked up from overnight-incubated Mueller-Hinton agar plates and mixed into

API suspension medium. The bacterial suspension was then transferred to wells in a test
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strips and incubated at 37°C. Test strips were read at 30 and 120 minutes. A ‘positive’ test
corresponded to a color change from red to yellow-orange, while no-change in color was

considered ‘negative’ for carbapenemase production.

4.3.3 Whole-genome sequencing, assembly and annotation

All Carba NP positive isolates (n=28) and a subset (n=14) of Carba NP negative isolates
selected to be representative of identified species were subjected to whole genome
sequencing using short and long reads sequencing technologies. High molecular weight
genomic (HMW) DNA was extracted using a genomic DNA preparation kit with Genomic-
tip 20/G (Cat: 13323; QIAGEN, USA) according to manufacturer’s instructions. DNA
quality and quantity were estimated using a Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific, Mississauga, ON, Canada) and a Qubit Fluorometer with PicoGreen
(Q32850, Invitrogen, USA) respectively. The integrity of DNA was confirmed through
agarose gel electrophoresis. Short-read sequencing was performed on the lllumina MiSeq
platform. The genomic library was constructed using the lllumina NexteraXT DNA sample
preparation kit (Illumina Inc., San Diego, CA, USA) followed by sequencing on the
Illumina MiSeq platform using the MiSeq Reagent Kit V3, generating 2x300 base paired-
end reads. Long-read sequencing was performed on PromethlON platform from Oxford
Nanopore Technologies (ONT). Sequencing libraries were prepared using LSK-109
genomic DNA preparation kit. One hundred nanograms of HMW genomic DNA were end-
repaired using a NEBNext Ultra Il End prep enzyme mix [Cat: E7646AA; New England
Biolabs (NEB) Ltd. Whitby, ON, Canada] and FFPE DNA repair mix [Cat: M6630L; New
England Biolabs (NEB) Ltd. Whitby, ON, Canada]. End-repaired DNA from each isolate

was individually barcoded using a Nanopore barcoding kit EXP-NBD196 (Oxford
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Nanopore Technologies (ONT), UK), followed by pooling and cleaning of barcoded DNA
samples in a single tube for multiplexing. Pooled samples were cleaned using the Omega-
bind NGS beads (M1378-01, Omegabiotek) at 0.5X volume following the manufacturer’s
instructions. Beads were dried for 1 min and DNA was eluted in 32 pL of deionized sterile
H20. The DNA concentration was measured using the Invitrogen Qubit dSDNA BR assay
(Q32854, Invitrogen). Sequencing adapters were then ligated to 30 pL of recovered DNA
using Adapter Mix Il Expansion kit EXP-AMIIO01 (ONT) along with the 5 uL T4 DNA
ligase (NEB) [Cat: M0202M] and 10 pL quick ligation buffer [Cat: B6058S]. Adaptor-
ligated DNA was bead-cleaned using a 0.4X volume of beads following manufacturer’s
instructions using the supplied polyethylene glycol (PEG) based wash buffer. The DNA
from the last step (200-400 ng) was loaded onto an ONT PromethlON sequencing flow
cell as directed by the manufacturer. MinKNOW Core v. 3.1.20 and guppy V. 2.0.10 were
used for flow cell signal processing and base calling during each run and reads were

assembled de novo using Flye (https://github.com/fenderglass/Flye) (385).

Hybrid genome assemblies were generated using illumina short-reads and Flye-assembled
contigs from ONT long-reads using the Unicycler assembly tool (179). lllumina paired-
end short-read sequences were used to generate an assembly graph using SPAdes followed
by  bridge building using  Flye-assembled  contigs  using  Miniasm

(https://github.com/Ih3/miniasm) (386) and Racon (https://github.com/isovic/racon).

Multiple  rounds  of  short-read  polishing ~was done using  Pilon

(https://github.com/broadinstitute/pilon). The contiguity and quality of each genome

assembly was assessed using Quast (v. 5.2.0) by computing relevant metrics, including the

number of contigs, total length (bp), and GC content (336). Contigs were then annotated
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using Prokka v.v. 1.13.1 (337) and assembled contigs were screened for the presence of
antimicrobial resistance and virulence genes using ABRicate v.v. 1.0.1

(https://github.com/tseemann/ABRICATE) against the NCBI Bacterial Antimicrobial

Resistance Reference Gene Database (NCBI BioProject ID: PRINA313047) and the
VirulenceFinder database (PMID: 34850947) (338), respectively. To identify plasmids,

Mob-recon tool v.v. 3.0.0 (https://github.com/phac-nml/mob-suite) was used (339).

4.3.4 Comparative genomic analysis

Whole genome comparative genomic analysis was conducted between all the
Pseudomonas aeruginosa isolates (n=20) sequenced in this study to P. aeruginosa
genomes (n=76) (Appendix 3; Table S1) originating from the North America, from the

PathoSystems Resource Integration Center (PATRIC) (https://www.patricbrc.org;

accessed on February 20, 2023). Although these same genomes were also available from
NCBI database, the metadata (origin, source of isolation) in the PATRIC database was
more detailed. These isolates originated from human clinical sources with the exception of

a single isolate from cattle (CP013989).

The core-genome phylogenomic tree was constructed using the SNVphyl pipeline v. 1.2.3
(387). The phylogenetic tree was generated by aligning paired-end reads against the P.
aeruginosa PAO1 reference genome (NC_002516.2) using SMALT (v. 0.7.5;

https://sourceforge.net/projects/smalt/). The generated read pileups were then subjected to

quality filtering (minimum mean mapping quality score of 30), coverage cut-offs (15x
minimum depth of coverage), and a single nucleotide variant (SNV) abundance ratio filter
of 0.75 to obtain a multiple sequence alignment of SNV-containing sites. The SNV

alignment, with no density filtering was used to create a maximum likelihood phylogeny
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using PhyML v.v. 3.0. The generated Newick file was visualized using the Interactive Tree

Of Life (iTOL) v.6 (231).

The blaOXA-50 gene and its variants identified in bovine (this study) and human (NCBI
genomes) isolates were also compared to determine their genetic relatedness. For this,
blaOXA-50 coding sequencing (CDS) was computationally extracted from each genome
and aligned using MAFFT v.v. 7.490 (388). The resultant alignment based tree was

visualized using iTOL v. 6 (231).

4.4 Results

4.4.1 Recovery of carbapenem resistant isolates and species identification

A total of 116 presumptive carbapenem resistant isolates were recovered from bovine fecal
and catch basin samples. Among these 8 were E. coli, 100 were Pseudomonas spp., 5 were
Acinetobacter spp., 2 were Ochrobactrum intermedium (Brucella intermedia) and 1 was

identified as Stenotrophomonas maltophilia.

4.4.2 Phenotypic characterization of carbapenem resistant bacteria

Figure 4.1 shows AMR profiles of 116 isolates tested using antibiotic discs. Of all the
tested E. coli (n=8) isolates, one isolate was resistant to ertapenem and tetracycline, while
all others exhibited an intermediate resistance to ertapenem. All E. coli isolates were found

to be negative for carbapenemase production(Figure 4.1).

All Acinetobacter spp. isolates (n=5) were resistant to both ertapenem and meropenem and

positive for carbapenemase production. One isolate of Acinetobacter spp. was found to also

124



Chapter 4

be resistant to tetracycline and trimethoprim-sulfonamide. Tobramycin resistance was also

identified in two Acinetobacter spp. isolates recovered from bovine feces (Figure 4.1).

For Pseudomonas spp, 7% of isolates were resistant to meropenem alone, 20% were
resistant to both doripenem and meropenem, and 11% were resistant to all tested
carbapenems. After carbapenems, Pseudomonas spp. were most commonly resistant to
trimethoprim-sulfonamides (33%) followed by chloramphenicol (30%), tetracycline
(23%), ceftazidime (8%), gentamicin (6%), tobramycin (6%), piperacillin (5%) and
levofloxacin (5%) (Figure 4.1). A total of 56 Pseudomonas spp. were tested for the
production of carbapenemase and 38% of these isolates were confirmed positive (Figure

4.1).

A single O. intermedium isolate was resistant to ertapenem and meropenem, with both O.
intermedium isolates being negative for carbapenemase production. The single S.
maltophilia isolate identified in this study was resistant to all tested antibiotics and was

positive for carbapenemase production (Figure 4.1 and Table 4.1).
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Bacterial species

L1 Pseudomonas spp.
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Figure 4.1 Antimicrobial susceptibility and carbapenemase production phenotypes of
isolates recovered from beef cattle feedlots following carbapenem enrichment in
carbapenem. Far right panel represents carbapenem bacterial species recovered from
bovine and catch basin water samples. Next panel represents CarbaNP results where
positive isolates were shown in brown and negative isolates were shown in grey. The
heatmap showed phenotypic AST profiles of isolates where black blocks showed
phenotypic resistance. Grey blocks represents susceptibility to particular antimicrobials.
The tree showed association among phenotypic resistance profiles.
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Table 4.1 AMR profiles of isolates recovered from bovine feces and catch basin water samples using WGS analysis.
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Bacterial Species

Antimicrobial resistance genes

Phenotype-based on Genotype

E. coli (n=01)

blaEC, blaCMY-2, aph(3")-1b, aph(6)-Id, sul2,
tet(A), floR

Aminoglycosides

Chloramphenicol, Sulfisoxazole,

Tetracycline

A. haemolyticus (n=3)

blaOXA-265, aacA-AClI, blaPDC-197

Carbapenem
Aminoglycosides
Cephalosporin

blaOXA-265, aacA-ACI1 Carbapenem
Aminoglycosides
A. lwoffii (n=1) blaOXA-648 Carbapenem
A. junii (n=1) blaOXA -278 Carbapenem
S. maltophilia blaL1,blaL2, aph(6)-Smalt, aph(3')-1lc, ogxB9, ogxA10, floR2 Carbapenem
Aminoglycosides
(n=01)

Phenicol
Chloramphenicol

O. intermedium (n=01)

floR, oqxB12, blaOCH-2

Chloramphenicol
Quinolone
Cephalosporin

P. aeruginosa (n=20)

blaOXA-50, blaPDC-197, aph(3')-1lb, catB7, fosA

blaOXA-50, blaPDC-197, aph(3')-1lb, catB7, fosA, crpP

blaOXA-50, blaPDC-55, aph(3")-1lb, catB7, fosA

blaOXA-50, blaPDC-66, aph(3')-1Ib, fosA, crpP, catB7

blaOXA-486, blaPDC-374, aph(3")-11b, fosA, crpP, catB7

Carbapenem

Cephalosporin Chloramphenicol

Aminoglycoside
Fosfomycin
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blaOXA-486, blaPDC-374, aph(3")-11b, catB7, fosA

blaOXA-494, blaPDC-374, aph(3")-la, aph(6)-1d, catB7 fosA,
crpP

blaOXA-902, blaPDC-133, aph(3')-11b, catB7, fosA, crpP

blaOXA-902 Carbapenem
. entomophila (n=01) blaPDC-33 Cephalosporin
. plecoglossicida (n=09) No gene -

. mosselii (n=01)

No gene identified

. putida (n=01)

No gene identified

. saudiphocaensis (n=01) blaPST-2, aadAl Carbapenem,
Aminoglycoside
. stutzeri (n=01) blaPST-2 Carbapenems
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4.4.3 Genomic characterization

Illumina short read sequencing generated reads with an average sequencing coverage of
80% per isolate (Appendix 3; Table S2). Hybrid assembly using Illumina short and Flye-
assembled long reads generated an average of 6 contigs per P. aeruginosa genome, with
an average genome size of 6,581,091 bp and GC% content of 66.23%. The average
genome sizes for P. plecoglossicida and A. haemolyticus were 5,836,945 bp (GC content=
62.24%) and 3,327,176 bp (GC content= 39.71%). The genome sizes of other
Pseudomonas spp. isolates belonging to species, P. mosselii, P. entomophila, P. putida, P.
stutzeri, and P. saudiphocaensis were 5,724,129 bp (GC content= 64.56%), 5,483,085 (GC
content= 62.55%), 5,784,665 bp (GC content= 61.80%), 4,059,836 bp (GC
content=63.28%), and 3,671,120 bp (GC content= 61.14%), respectively. Genomes of
Acinetobacter Iwoffii and A. junii had 3,648,566 bp (GC content= 40.38%) and 3,109,155
bp (43.13%), while O. intermedium and S. maltophilia genomes were 4,881,352 bp (GC
content=57.53%) and 5,264,819 bp (GC content=66.60%) bp. The whole genome sequence
data of the 42 bacterial isolates have been deposited in GenBank under BioProject

PRINA956966.

Sequencing of the ertapenem resistant E. coli isolate (n=1) revealed no antimicrobial
resistance genes (ARG) associated with carbapenem resistance. However, identified ARGs
associated with B-lactams (blaEC), cephalosporins (blaCMY-2), sulfonamide (sul2),
aminoglycosides (aph(3")-Ib, aph(6)-Id), tetracycline (tetA), fluoroquinolones (floR) were
identified (Table 4.1). All ARGs but blaEC were mapped to a conjugative plasmid

(CP025245). The virulence genes associated with type 11 secretion system (T2SS), type 11
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secretion system (T3SS), pili and fimbriae synthesis, adhesion, iron import, curli

biogenesis and enterobactin synthesis were also present in the E. coli genome. (Table 2).

A total 34 Pseudomonas spp. were sequenced including P. aeruginosa (n=20), P.
plecoglossicida (n= 09), P. entomophila (n=1), P. mosselii (n=1), P. putida (n=1), P.
saudiphocaensis (n=1) and P. stutzeri (n=1). All P. aeruginosa isolates, carried blaOXA-
type carbapenemase (class D) gene [blaOXA-50 (13/20, 65%), blaOXA-486 (3/20, 15%),
blaOXA-494 (1/20, 5%), blaOXA-902 (1/20, 5%), blaOXA-648 (1/20, 5%)] (Table 4.1).
Additionally, we identified ARGs associated with cephalosporin [blaPDC-197 (9/20,
45%), blaPDC-374 (3/20, 15%), blaPDC-55 (3/20, 15%), blaPDC-133(1/20, 5%),
blaPDC-66 (1/20, 5%)], aminoglycoside [aph(3’)-lib (18/20, 90%), aph(3’’)-la (1/20,
5%), aph(6)-1d (1/20, 5%)], chloramphenicol [catB7 (18/20, 90%)], fluoroquinolone [crpP
(4/20, 20%)] and fosfomycin [fosA (18/20, 90%)] resistance in P. aeruginosa. None of
these ARGs were plasmid-associated. In P. saudiphocaensis and P. stutzeri, the
carbapenem resistant gene blaPST-2 was present, but we did not find any carbapenem
resistant genes in carbapenemase negative Pseudomonas species (Table 4.1). In P.
aeruginosa, an average of 225 virulence genes were identified per isolate, whereas other
Pseudomonas spp. lacked virulence genes (Table 4.2). Virulence genes were associated

with biofilm formation, secretion system, pili and fimbriae formation.

Five carbapenemase positive Acinetobacter spp. isolates were sequenced, with three
isolates being identified as A. haemolyticus and the other two as A. lwoffii and A. junii. At
least one carbapenem resistant gene was identified in all Acinetobacter spp. including;

blaOXA-265 (A. haemolyticus, n=3), blaOXA-648 (A. lwoffii, n=1) and blaOXA-278 (A.
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junii, n=1). In A. haemolyticus, the aminoglycoside (aacA-ACl) and cephalosporin

(blaPDC-197) resistance genes were also identified (Table 4.1).

In carbapenemase positive S. maltophilia, genes associated with carbapenem (blaL1,
blaL2), aminoglycosides (aph(6)-Smalt, aph(3')-1ic), and chloramphenicol (floR2) were
identified (Table 4.1). We also identified a multidrug efflux Resistance-nodulation-
division (RND) transporter operon (ogxB9, 0gqxA10) responsible for quinolones resistance.
This multidrug efflux RND transporter was mapped twice on S. maltophilia genome along
with aph(3')-1ic. As expected, we did not identify any carbapenemase-associated ARGS in
O. intermedium, as this isolate was negative for carbapenemase production. However,
ARGs conferring resistance to chloramphenicol (floR), quinolones (ogxB12) and

cephalosporin (blaOCH-2) were identified in this isolate (table 4.1).

Hybrid genome assemblies allowed complete circular genomes to be constructed for some
of the isolates (Appendix 3; Table S1). Moreover, some ARGs including blaOXA-265 in
A. haemolyticus, and blaPST-2 in P. saudiphocaensis were only identified after hybrid

assemblies were generated.
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Table 4.2 Virulence gene profiles of whole genome sequenced isolates recovered from bovine feces and catch-basin water

samples.

Bacterial species

Virulence genes'* (%)

P. aeruginosa
(n=20)

Biofilm and capsule synthesis: alg44 (21/24, 88%), alg8 (22/24, 92%), algA-G,I-L,P-R,UW,X,Z (22/24, 92%),
mucA-E,P (21/24, 88%)

Pili and Fimbriae: chpA-E (92%), pilA (9%), pilB (88%), pilC (34%), pilE,F (84%), pilG-K,M-X,Y1,Y2 (92%), fimT-
V (84%), flel/flag (13%), fleN (100%), fleP (13%), fleQ (100%), fleR (88%), fleS (88%), flgA (84%), flgB (88%), flgC
(100%), flgD-F (84%), flgG-1 (24), flgd,K (84%), flgL (13%), flgM,N (84%), flhA,B,F (100%), fliA,C (100%), fliD
(13%), fliE-L (92%), fliM,N (100%), fliO-R (88%), fliS (13%), motA-D,Y (92%)

Biosynthesis of small ferric-ion-chelating molecules: pchA-I,R (84%), fptA (84%), fpvA (21%), mbtH-like (100%),
pvcA-D (84%), pvdA (84%), pvdD,E (21%), pvdF-H (88%), pvdl,J (21%), pvdL,M (100), pvdM (22), pvdN-Q (88%),
pvdS (96%)

Phenazine biosynthesis: phzA1-G1,M,S (80%), phzH (30%)

Rhamnolipids: rhlA,B,I (84%), rhIC (75%)

Type VI secretion system: clpV1 (96%), dotU1 (88%), flhal (80%), hcpl (96%), hsiAl (84%), hsiB1/vipA (100%),
hsiC1/vipB (96%), hsiE1,F1,H1 (84%), hsiG1 (96%), hsiJ1 (92%), icmF1/tssM1 (84%), tagQ (88%), tsel-3 (84%),
vgrGla (80%), ppkA(84%), tagR (100%) tagS (88%), tagT (88%), pppA (84%), tagF/pppB (84%) Type 111 secretion
system: pscB-L, N-U (80%), popB,D,N (80%), pcrl-4,D,H,R,V (80%), exsA-E (80%), exoS,T,Y (80%), ptxR (84%)
Type | secretion system: aprA (84%)

Type 11 secretion system (Xcp) and exo-proteins: xcpA/pilD (88%), lasA (88%), lasB (84%), plcH (84%), toxA
(21%), lipl (84%)

Quorum sensing: lasl (88%)

Lipopolysaccharide core biosynthesis: waaA,C (88%), waaF (96%), waaG,P (100%), wzy (17%), wzz (17%)

P. entomophila
(n=1)

Biofilm and capsule synthesis: algCBU, mucD

Lipopolysaccharide core biosynthesis: waaF, wag

Type VI secretion system: clpV1, hsiG1, hcpl, hsiC1/vipB, hsiB1/vipA, tagR
Biosynthesis of small ferric-ion-chelating molecules: pvdH, pvdS, mbtH-like
Pili and Fimbriae: motC, fleNQ, fIhA, fiIAIGMNPQ, flgCGHI, pilH

P. mosselii
(n=1)

Biofilm and capsule synthesis: algA-D,U,W,1 (100%), alg8 (100%), mucD (100%)
Biosynthesis of small ferric-ion-chelating molecules: mbtH-like (100%), pvdH,S,M (100%)

14 Bold indicates virulence genes associated with cellular component or metabolic activity of each specific bacterial

species.
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Lipopolysaccharide core biosynthesis: waaF,G,P (100%)

Pili and Fimbriae: flgC,G-I (100%), fliA,F,G,I1,M,-Q (100%), fleN,Q (100%), motA-C (100%), pilH (100%)
Type VI secretion system: tagR, dotU1 (100%), hsiB1/vipA (100%), hsiC1/vipB (100%), hcp1(100%), hsiG1
(100%), clpV1 (100%)

P. putida
(n=2)

Biofilm and capsule synthesis: algA-D,U,l (100%),alg8 (100%), mucD (100%)

Biosynthesis of small ferric-ion-chelating molecules: mbtH-like (100%), pvdH,S (100%)

Lipopolysaccharide core biosynthesis: waaF,G (100%)

Pili and Fimbriae: flgC,G-1 (100%), fliA,G,I,M,N,P,Q (100%), fleN,Q (100%), flhA (100%), motC,D (100%), pilH
(100%)

P. saudiphocaensis
(n=1)

Biofilm and capsule synthesis: algC,R,U (100%)

Pili and Fimbriae: flgC,G,1 (100%), flhA (100%), fliE,G,l,M-P (100%), pilG,H,U,T (100%)
Type Il secretion system (Xcp): xcpT,R (100%)

Lipopolysaccharide core biosynthesis: waaF

P. stutzeri
(n=1)

Biofilm and capsule synthesis: algA-C,R (100%)

Pili and Fimbriae: flgG,I (100%), flhA (100%), fliA,E-G,I,M,N-R (100%), fleN,Q (100%), motA (100%),
pilG,H,J,M,R,T,U (100%)

Type Il secretion system (Xcp): xcpT,R (100%)

Lipopolysaccharide core biosynthesis: waaF,P (100%)

P. plecoglossicida
(n=9)

Biofilm and capsule synthesis: algB,C,U (100%), algW (67%), mucD (100%)

Pili and Fimbriae: flgC,G,H,l (100%), flhA (100%), fliA,G,I,M,N,P,Q (100%), fleN,Q (100%), motC (100%), pilH
(100%)

Lipopolysaccharide core biosynthesis: waaF (67%), waaG (100%)

Type VI secretion system: clpV1 (100%), hcpl (100%), hsiB1/vipA (100%), hsiC1l/vipB (100%), hsiG1 (100%),
tagR (100%)

Biosynthesis of small ferric-ion-chelating molecules: mbtH-like (100%), pvdSH (100%)
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E. coli (n=1) Type 11 secretion system: gspC-M (100%)

Type 111 secretion system: espX2 (100%), ompA (100%), espR1(100%), espR4 (100%), espR3 (100%), espL1
(100%), espY3 (100%), espY2 (100%), espX1(100%), espY4 (100%), espL4 (100%), espX4 (100%), espX5 (100%),
Curli biogenesis: ¢sgB,D,F,G (100%)

Iron import system: shuA,S,T,W,X (100%), chuUVW (100%)

Pili and Fimbriae: fimA-H (100%), yagV/ecpE (100%), yagW/ecpD (100%), yagX/ecpC (100%), yagY/ecpB,
yagZ/ecpA (100%), ykgK/ecpR (100%)

Adhesion: fdeC (100%)

Enterobactin: entA-E,F,S (100%), fepA-D,G (100%)

A. haemolyticus (n=3) | No virulence gene

A. lwoffii
(n=1)

A. junii
(n=1)

S. maltophilia (n=1)
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4.4.4 Comparative genomic analysis

Core-genome based phylogenetic tree of P. aeruginosa isolates formed two clades where
the majority of P. aeruginosa recovered from bovine sources clustered together in a
paraphyletic clade (Figure 4.2). In human clinical isolates, collectively, we identified 20
different ARGs conferring resistance to aminoglycosides [aac(3)-Ic, aac(3)-1d, aac(3)-
Vla, aac(6')-1b4, aac(6")-1b-AKT, aac(6")-1b-G, aac(6')-1la, aac(6')-llc, aac(6")-Il, aacA8,
aadAl, aadA5, aadA6, ant(2")-la, ant(4")-1lb, aph(3')-1b, aph(3")-1b, aph(3')-11b, aph(3')-
Vla, aph(6)-1d] while in bovine P. aeruginosa only 3 genes, aph(3")-la, aph(3')-11b, and
aph(6)-1d were present (Appendix 3; Table S3). All clinical isolates carried blaOXA-50
variants (Figure 4.3). In addition, metallo-carbapenemase gene blaNDM-1 was found in
two clinical genomes (2/75; 3%), but not in any of the bovine isolates. We also identified
ARGs for cephalosporins (blaCTX-M-30, blaGES-9, blaOXA-10, blaOXA-101, blaOXA-2,
blaPDC-15, blaPDC-16, blaPDC-22, blaPDC-34, blaPDC-38, blaPDC-46, blaPDC-55,
blaPDC-59, blaPDC-100, blaPDC-101, blaPDC-116, blaPDC-123, blaPDC-167,
blaPDC-264, blaPDC-308, blaPDC-364, blaPDC-374, blaPDC-385, blaVEB-9),
chloramphenicol (cmlA5, catB, catB7, catB, floR2), colistin (mcr-1), quinolones (crpP,
gnrVCl), fosfomycin (fosA), macrolides [mcr(E), mph(E)], sulfonamide (sull),
tetracycline[tet(G)] and trimethoprim (dfrAl, dfrA10, dfrB5) in human clinical P.
aeruginosa genomes. Comparison of blaOXA-50 gene variants and their genomic context
(genes found in close proximity) did not reveal any significant genome variations across

genomes from human and bovine sources (Figure 4.3).
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Source
[ Clinical human
B Bovine feces

Figure 4.2 Maximum likelihood core-genome phylogenetic tree of Pseudomonas
aeruginosa recovered from bovine and human clinical sources. The Pseudomonas
aeruginosa POAO1 (NC_002516.2) was used as a reference genome.
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blaOXA-50 variants
[] blaoxa-50

[] blaoxA-395
[] blaoxa-396
|| blaoxa-486
[ blaoxA-488
[ blaoxa-a94
[ blaoxa-848
[ vlaoxa-847
[7] blaoxA-go1
[] blaoxa-g02
[ blaoxa-905 g
B viaoxa-906

+ Bovine

1
I
il

%«7{,.“.“:‘:‘*.

Figure 4.3 Phylogenetic tree of carbapenemase gene blaOXA-50 variants identified
in Pseudomonas aeruginosa isolates from human and bovine sources, constructed
using MAFFT.
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4.5 Discussion

Increasing carbapenem resistance has threatened the clinical utility of these drugs in human
medicine, leading to the challenge of "extreme drug resistant" bacteria (389). Therefore,
the Centers for Disease Control and Prevention (CDC) has declared carbapenem resistant
Enterobacteriaceae as an urgent and serious threat to human health (390). In this study, we
investigated if carbapenem resistant E. coli could be recovered using carbapenem
enrichment from bovine feces or catch basin water samples collected in intensive feedlots.
We had extremely low recovery of carbapenem resistant E. coli in bovine feces in
investigated feedlots located Alberta. The majority of isolates that were presumed to be E.
coli were subsequently identified as other bacterial species, primarily Pseudomonas
species. This is not surprising as we used etrapenem for sample enrichment and

Pseudomonas spp. are intrinsically resistant to this antimicrobial (391, 392).

In Acinetobacter spp., the carbapenem resistance genes identified were mostly intrinsic
(393). For instance, blaOXA-214, blaOXA-278 and blaOXA-648 in A. haemolyticus, A.
junii A. Iwoffii isolates, respectively are intrinsic ARGs in these species (394, 395). A.
Iwoffii is a clinically important Acinetobacter species, however, A. haemolyticus and A.
junii are opportunistic only occasionally reported in human infections (396). The blaL1
and blaL2 genes encoding for metallo-B-lactamase in S. maltophilia are also intrinsic and
confer broad spectrum resistance against -lactams including all carbapenems (397, 398).
S. maltophilia is considered a “newly emerging pathogen of concern” and were frequently

isolated from immunocompromised patients (398-400).

In P. aeruginosa, we identified four different genes variants belonging to the blaOXA-50
class (blaOXA-50, blaOXA-902, blaOXA-486 and blaOXA-494) encoding carbapenem-
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hydrolyzing oxacillinase (CHDLs). All of these variants were also present in clinical
isolates in addition to seven other variants blaOXA-395, blaOXA-488, blaOXA-847,
blaOXA-848 blaOXA-901, blaOXA-905 and blaOXA-906. It has been reported that
blaOXA-50 naturally exists in all P. aeruginosa and does not appeared to be acquired based
on the similar GC% content of the blaOXA-50 gene to the overall P. aeruginosa genome
(391). We did not identify known insertion sequences, repeat elements, relaxases,
integrases, within the genomic proximity of blaOXA-50, suggesting that this gene may be

less likely mobilized and is unlikely to be readily transferred to other bacterial species.

The majority of P. aeruginosa isolates from bovine sources clustered separately from those
obtained from humans in the core-genome phylogenetic analysis. Similar observations had
been reported in Brazil, where P. aeruginosa recovered from healthy bovine urine samples
segregated from human clinical urinary tract isolates (401). These observations might be
associated with a prolonged association and adaptation of these isolates within their
respective environmental hosts. P. aeruginosa is known for its remarkable ability to adapt
to diverse ecological niches from soil to various living hosts (402, 403). Genes associated
with metabolism and pathogenesis constitute the core-genome of P. aeruginosa, whereas
genes required to adapt to various niches constitute accessory genome. These genes were
found in clusters in certain loci referred as ‘regions of genomic plasticity’ (404, 405). In
this study, P. aeruginosa recovered from the beef production system were carrying ARGs
conferring resistance to chloramphenicol (catB7), B-lactams (blaOXA-50), fosfomycin
(fosA), aminoglycosides (aph(3')-11b), cephalosporins (blaPDC-55, blaPDC-374). These
ARGs were also found in the genomes of human clinical isolates. These ARGs were found

on chromosomes in both bovine and human clinical isolates. In P. aeruginosa, the type IV
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pilus uptake foreign DNA during transformation events (406, 407). The accessory genome
can be distinguished from the core genome by its aberrant GC content, codon usage, and
tetranucleotide usage (408). The GC content of P. aeruginosa (~66.3%) is mostly higher
than the foreign DNA. Over time, the acquired DNA may lose the sequence compositional
difference that distinguished it from the core genome of P. aeruginosa as it underwent the

same pressure as the core genome (409).

We observed variable phenotypic susceptibility profiles among P. aeruginosa isolates that
harbored similar AMR profiles. Some isolates were resistant to all carbapenems, some
were resistant to both meropenem and doripenem and some were only resistant to
meropenem. Other than B-lactamase production, alterations or lack of porin OprD, and
overexpression of resistance-nodulation-division (RND) efflux pumps (MexAB-OprM,
MexCD-OprJ MexEF-OprN and MexXY-OprM) are also associated with carbapenem
resistance in Pseudomonas species (410, 411). Not only the combinations of these
mechanisms confer reduced susceptibility to carbapenems, the overexpression of these
efflux pumps results in B-lactam, tetracycline, trimethoprim, aminoglycosides and
fluoroquinolone resistance (410, 412, 413). It is more likely that the variation in
susceptibility profiles in our isolates is associated with the varied number of MexAB-OprM
operon and OprD found in each isolate (414, 415). Moreover, isolates with multiple
MexAB-OprM operons also possessed a single copy of MexR repressor gene. The presence
of only one repressor gene in comparison to multiple efflux pumps as regulatory targets
may disturb the molecular stoichiometry of the regulation affecting efflux pump
expression, thus, resulting in varied phenotypic resistance profiles among P. aeruginosa

isolates. The effect of efflux pump and respressor protein on phenotypic resistance profile
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need to be explore in future. P. stutzeri (Stutzerimonas stutzeri) is an opportunistic
pathogen that rarely causes infection in humans (416). In our study, we found the
carbapenem resistant gene, blaPST-2 in the P. stutzeri genome. The blaPST-2 encodes for
a subclass B1 metallo- B-lactamase and was first identified on the chromosome of P.
stutzeri DSM 10701 (417). We did not find genes associated with mobility in proximity to
this ARG, its genetic context. However, it is suggested that this species might have
acquired this gene two reasons. First, this gene found in only 4 out of 19 P. stutzeri genomes
found in NCBI database. Secondly, this gene is phylogenetically related to the previously
characterized mobile subclass B1 metallo-p-lactamase families, including KHM, SIM, and

IMP (418-420).

Pseudomonas saudiphocaensis has only recently been classified as a new species (421)
and it has not been well characterized. There are only two studies where P. saudiphocaensis
was recovered, first from air samples in the city environment of Makkah, Saudi Arabia in
2012 (421) and from a sheep dairy farm in New Zealand (422). To the best of our
knowledge, this is first report of recovery of P. saudiphocaensis from bovine feces. With
the hybrid genome assembly, we were able to construct a complete circular genome of this
isolate. The genome of P. saudiphocaensis (3.6 Mbp) was small as compared to other
Pseudomonas species which ranged from 5.5-6.7 Mbp. This isolates also carried blaPST-
2 gene, which has not been identified in other P. saudiphocaensis genomes (421, 422). The
blaPST-1 found in P. stutzeri and P. saudiphocaensis showed 95% amino acid similarity.
Despite limited knowledge of P. saudiphocaensis, it is suggested that it may have acquired

this gene.
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In conclusion, the recovery of carbapenem resistant bacteria from beef production system
in Alberta is rare. Majority of carbapenem resistant bacterial species including P.
aeruginosa, A. haemolyticus, A. junii, A. lwoffii and S. maltophilia identified in this study
carried intrinsic carbapenem resistant genes and were only recoverable following selective
enrichment. P. aeruginosa found in this study were multidrug resistant and may reflect the
fact that this species can readily acquire foreign genes via transformation through type IV
pilus. Moreover, the phylogenetic analysis showed that bovine P. aeruginosa strains
formed separate cluster from human clinical strains, indicating that they may have adapted
to the cattle environment and prudent management in feedlot system has limited the spread

of these isolates outside cattle production system.
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Chapter 5: Conclusion and future perspective

5.1 Conclusion

Antimicrobial resistance is a cause for global concern due to its current and potential
impact on global population health, the cost of health care, and a significant economic
losses. It is estimated that by 2050 annual global GDP will fall by >1.1% due to AMR
(423). In Canada, AMR added a $1.4 billion financial burden to the Canadian healthcare
system in 2018. If the resistance rate increases to 40% in 2050, the cumulative cost of AMR
to the healthcare system will reach 120 billion (424). AMR is a multifaceted problem as it
encompasses human, animal, and environmental health. Despite restricted use of some
antimicrobials including those that are of critical importance in human health, the
antimicrobials used in humans and animals often overlap as the infections are caused by
the same or similar pathogens. The prophylactic and metaphylactic administration of
antimicrobials to livestock has been blamed for the emergence, propagation, dissemination,
and persistence of AMR bacterial populations in the environment, potentially impacting
both humans and livestock. Antimicrobial usage in livestock has come under increasing
scrutiny in recent years following the emergence of AMR from antimicrobial usage in
food-producing animals. AMR represents a global health problem, therefore it is important
to conduct AMR surveillance studies to estimate the nature as well as the magnitude of
these problems. It may also help in evaluating the effectiveness of efforts taken at the

national and international levels to combat AMR in human and livestock ecosystems.

Commensal bacteria of the gastrointestinal tract of humans and livestock including

enterococci and Escherichia coli are used as bioindicators in AMR surveillance programs.
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These bacterial species are found universally in nature and can also be recovered from
different environmental samples including soil, municipal wastewater, natural water
sources, wildlife, marine, and freshwater (425). Although these bacterial species are often
not the specific target of antimicrobials, the selective pressure imposed by antimicrobials

can result in them gaining resistance and serving as a reservoir of AMR genes.

In recent years, the next-generation WGS has become an integral part of AMR surveillance
programs. With the advancement of next-generation technologies, it is now possible to
completely sequence bacterial genomes in a cost-effective and timely manner. The WGS
generated from these platforms can be used to determine the genotypic resistance profiles
of recovered isolates and the association of identified AMR with MGEs including
plasmids, integrons, and integrated and conjugated elements. This genomic data along with
phenotypic data can inform the phenotypic-genotypic association in investigated bacterial
species. It is also possible to study the evolutionary relationship between isolates from
different settings through phylogenetic analysis. In addition, the availability of WGS data
in public databases allows us to perform independent reanalysis that contributes to

understanding AMR patterns across different ecosystems.

The primary objective of this thesis was to contribute to the comprehension of the role
played by indicator bacteria in the surveillance of antimicrobial resistance, as well as to
gain a deeper understanding of the impact of antimicrobial usage in the human and
livestock sectors on the development and spread of antimicrobial resistance. We did
phenotypic and genotypic characterization of isolates recovered across a One-health
continuum. The next-generation WGS data generated from short or/and long read

sequencing platforms was used to determine the resistome, mobilome, and virulome. The
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genomic relatedness among isolates recovered from different ecosystems, including;

human clinical, livestock, natural water sources, and environment was also investigated.

Chapter 2: Enterococcus hirae is one member of the genus Enterococci that rarely causes
infection in humans. We investigated the prevalence of Enterococcus hirae in a One-health
continuum and characterized recovered isolates both phenotypically and genomically. E.
hirae is an important Enterococcus species from a livestock perspective. It is important to
investigate the AMR prevalence in this species to understand the role of this species in
gene dissemination. From a human clinical perspective, although E. hirae is an
opportunistic pathogen the rate of E. hirae infection is increasing. We performed
comparative genomic analysis on E. hirae genomes recovered from different ecosystems
and cross-species comparative genomic analysis among E. hirae, E. faecium, and E.
faecalis to understand the genome structure of E. hirae. Some important findings of this
work are highlighted below. We identified that E. hirae exists predominantly in the bovine
feedlot environment whereas E. faecium and E. faecalis were more frequently isolated from
human clinical settings. Among E. hirae isolates, phenotype and genotype resistance
profiles reflect the type of antimicrobials used in that particular ecosystem. For instance,
the majority of E. hirae isolates recovered from beef production systems were resistant to
macrolides and tetracyclines which are commonly used antimicrobials in livestock for
disease treatment and prevention (426). The genotype profiles also corroborated with the
phenotypic profiles of E. hirae recovered from beef cattle feedlots, where macrolide and
tetracycline antimicrobial resistance genes were prevalent. In the comparative genomic
analysis of E. hirae, we identified that the pan-genome of this species is ‘open’ in nature,

indicating that it can readily acquire genes from other bacterial species. The difference in
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phenotype and genotype profiles in E. hirae recovered from humans and livestock
suggested that the transfer of resistance genes across different ecosystems is likely limited.
The cross-species comparative genomic analysis showed that E. hirae harbored genes that
were beneficial for cattle’s gut metabolism including those involved in vitamin B12
synthesis, whereas in E. faecium and E. faecalis, genes encoded for virulence factors and
proteins involved in pathogenesis. Our study also identified that these three species are
niche-specific as they have adapted to each specific niche, likely making the transfer of
ARGs to human pathogens a rarity. From a One health perspective, it is important to
consider E. hirae as an important enterococcal species in surveillance programs as this

species can acquire ARGs that can be transferred to pathogenic bacterial species.

Chapter 3: Enterococcus faecium and Enterococcus faecalis are mainly opportunistic
pathogens in humans and account for 14% of all nosocomial infections in the US in 2010.
In this study, we performed a comparative genomic analysis of E. faecium and E. faecalis
isolates recovered from the One-health sectors. This study aimed to provide an
understanding of antimicrobial resistance in E. faecium and E. faecalis across livestock
sectors and a One-health continuum. We included E. faecium and E. faecalis isolates
recovered from livestock (swine, poultry, beef, and dairy cattle), human clinical isolates,
environmental samples (natural water sources, river water, wild and domestic animals),
and urban wastewater. Our study showed that tetracyclines and macrolide-resistant
genotypes exist universally in E. faecium and E. faecalis, irrespective of differences in
antimicrobial use across One-health sectors. These genes were often associated with
mobile genetic elements along with other antimicrobial resistance genes conferring

resistance to aminoglycosides, lincosamides, and streptogramins that may facilitate their
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dissemination in ecosystems. The prevalence of MDR isolates in the livestock sector
reflects the extent of antimicrobial use within livestock sectors in Canada. The beef
production system had the least MDR isolates followed by poultry and swine. However,
compared to poultry and swine isolates, tetracycline and macrolide-resistant isolates were
found more in the beef production system, reflecting the extensive use of these
antimicrobials in beef production (426). Vancomycin-resistant enterococci are a leading
cause of nosocomial infections in humans (426). In our isolates from clinics and poultry,
vancomycin resistance genes were identified. In the phylogenomic analysis of E. faecium,
human clinical isolates were mapped to a hospital-associated clade. These findings showed

that human clinical isolates likely evolved separately from livestock isolates.

Chapter 4: Carbapenems are reserved for the treatment of MDR infections in humans.
Carbapenem-resistant bacterial species including P. aeruginosa, Acinetobacter, and E. coli
are considered an urgent threat to human medicine (CDC, 2019). We investigated the
prevalence of carbapenem-resistant bacteria in beef production systems after carbapenem
enrichment procedures. We had an extremely low recovery of carbapenem-resistant
bacteria from the beef production systems. Isolates that were recovered after enrichment
were mostly intrinsically resistant to carbapenem. These include isolates that are
recognized as human pathogens Pseudomonas aeruginosa and Acinetobacter Iwoffii and
isolates that are categorized as ‘newly emerging pathogens’ including Acinetobacter
haemolyticus, Acinetobacter junii, and Stenotrophomonas maltophilia. MDR P.
aeruginosa were also identified and carried genes against cephalosporin, chloramphenicol,
aminoglycoside, and fosfomycin. MDR P. aeruginosa were categorized as a ‘serious

threat’ to human health. To investigate the genomic relatedness among P. aeruginosa from
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humans and cattle, we included genomes from public databases. P. aeruginosa from bovine
sources formed a distinct cluster in the core-genome based phylogenomic tree. However,
we identified that P. aeruginosa from human and bovine sources carried similar ARG
profiles, indicating the widespread multidrug resistance in P. aeruginosa species. The
acquired carbapenem resistance was found in two Pseudomonas species (P. stutzeri and P.
saudiphocaensis). To our knowledge, this is the first report of the recovery of P.
saudiphocaensis from bovine source, adding to the scarce existing literature (421, 422).
Further comparative genomic analysis on these species was restricted by the limited

number of genomes available in the public database (as of May 2023).

Overall, this thesis provides a snapshot of AMR patterns across a One-health continuum.
As indicated by our analysis, the resistance to critically important antimicrobials is limited,
indicating that AMR stewardship in the livestock industry has limited the spread of ARGs
to the human ecosystem. Identification of ARGs carrying plasmids indicates the
importance of these species in gene dissemination. This study contributed a massive
amount of genomic data to public databases. Genomic databases are mostly dominated by
human clinical isolates, with less representation from other sectors including livestock and
the environment. For instance, the genome collection of P. aeruginosa consisted of human
clinical isolates and a single bovine clinical isolate, with no representation from other
livestock sectors. The submission of isolates from this study will fill these gaps in the
genomic database. All genomic data generated in this thesis are publicly available through
NCBI and can be utilized for further analysis. Overall, our study has added valuable

information to the literature.
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5.2 Future perspectives

The knowledge gained from this study can be applied in an extension of this study as well
as in support of new studies. Below are some of the plausible future directions that could

be explored:

AMR is a continuously evolving phenomenon; therefore, continuous monitoring of AMR
is required. The information and genomic pipelines used in this study can be utilized in the
future for similar surveillance programs to monitor AMR patterns in the One-health

continuum.

Recent machine learning models have also shown promising outcomes in the investigations
of AMR. In those models, the predictions of strain susceptibility or resistance are made
based on genetic and AST data (427). The WGS-based AMR genotypic data and AST
phenotypic data generated in this study can be utilized with the prediction models to further
train the models in predicting resistant phenotypes and rank AMR genes with their

importance.

MGEs play an important role in the dissemination of ARGs across bacterial species through
HGT (428). Considering that a variety of MGEs like plasmids, and prophages were
identified during this study, a future study could be designed to further investigate the role
of these MGEs in the dissemination of ARGs across the One-health sectors identified in
this study. In some isolates, ARGs were mapped on the MGEs. The MDR isolates carrying
ARGs on MGEs could be studied further. Conjugative assays can be conducted to
investigate the transferability of these identified MGEs. Furthermore, the knowledge

gained from these experiments could be used to develop machine learning models to
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determine the transfer potential of unknown MGEs across bacterial species. In artificial
intelligence or machine learning, the prevailing knowledge base, such as genetic markers,
is utilized to study complex relations or interactions. This involves using the information

from trained models to identify similar or related patterns in unseen data. (427, 429, 430).

In this study, some bacterial species lack ARGs yet demonstrated a resistant phenotype.
The majority of ARGs encode for enzymes that neutralize antimicrobial drugs through
hydrolysis (hydrolases like beta-lactamases, cephalosporinases, carbapenemases,
esterases, and epoxide hydrolases), transfer (transferases, such as acetyltransferases,
phosphotransferases, nucleotidyltransferases, glycosyltransferases, ADP-
ribosyltransferases, and S-transferases) and lysis (redox enzymes, including
monooxygenases and lyases). A deep learning model can be developed using AST data
and AMR genetic data generated from this study to decipher novel genes that have not yet
been implicated in resistance to different families of antibiotics. For instance; in a study by
Sunuwar et al. (2021) (431), AST phenotype data and AMR genetic data were used to
predict the synergistic effect of AMR genes in resistance to different classes. A machine
learning model was created with the ExtraTrees Classifier (ETC) algorithm and used to
train binary matrices of genotypes (0 for absence and 1 for presence of an AMR gene) and
relevant antibiotics’ phenotypes (0 for susceptibility and 1 for resistance to an antibiotic)
were created using the AMR genotypes and AST phenotypes data. In Klebsiella,
phenotypic carbapenem resistance was associated with the presence of aminoglycosides
[aac(6)-1b, aph(3)-la, aph(4)-la] and sulfonamide (sull) resistance genes were identified.
This phenotype arose as a result of these genes encoding for proteins that had a similar

function to carbapenemases (431).
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From a One-health perspective, ESKAPE pathogens comprising Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species are critical for human health and often exhibit MDR.
In this study, we characterized and investigated MDR in Enterococcus faecium and
Pseudomonas aeruginosa recovered from the One-health sectors. In the future, a similar
study could be conducted including all ESKAPE pathogens to investigate the resistome,

mobilome, and virulence genes in these pathogens from a One-health perspective.

The bacterial transcriptomic analysis includes the RNA-sequencing of expressed bacterial
genes and has the potential to fill gaps in the AMR database. Transcriptomics links the
genotype and phenotype, which is important in understanding AMR mechanisms. Bacteria
exhibit diverse mechanisms of gene expression to maintain essential functions and
modulate accessory functions in response to environmental signals. We have a limited
understanding of the regulatory gene pathways involved in AMR. There are two major
classes of regulatory RNA: RNA attenuators/riboswitches and small RNAs (SRNAs). RNA
attenuators are sensory RNA and are part of the mRNA that they regulate. Transcriptomic
analysis of Enterococcus faecalis harboring the tetracycline resistance determinant tet(M),
on conjugative transposon Tn916 showed that the expression of tet(M) in the presence of
tetracycline is regulated by an extension of a small transcript representing the upstream
leader region in the resistance determinant (432). Regulatory SRNAs are 50-500 nucleotide
long RNAs, transcribed independently or processed from messenger RNAs (MRNAS).
They are involved in controlling complex physiological processes (433) and are also
required for most pathogens to survive antimicrobial challenges (434). Similar to

transcriptional factors, sRNAs can regulate antibiotic susceptibility through direct
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interactions with mRNAs involved in drug import, efflux, and cell-wall synthesis. The
regulatory SRNA contributes to intrinsic resistance and antimicrobial tolerance®® in several
bacterial species. Here are some examples: for P. aeruginosa, uptake of carbapenem is
mediated by porin proteins encoded by oprD and oprP. A decrease in the expression of
porin proteins are associated with the carbapenem resistant phenotype. Novel interactions
between the 5'-untranslated region (5’-UTR) of oprD and two sRNAs (Sr0161 and ErsA)
were identified. These SRNAs negatively regulate oprD expression, and overexpression of
Sr0161 increased resistance to meropenem in P. aeruginosa (435). In E. faecium, the
SRNA 0160 was found to be associated with daptomycin resistance and responses to
daptomycin (436). The role of SRNA in regulating antimicrobial resistance genes could be

a future area of investigation.

15 Antimicrobial tolerance refers to the ability of microorganisms to survive exposure to antimicrobial agents
at concentrations that would normally be lethal to the majority of the population. Unlike AMR, antimicrobial
tolerance is characterized by a temporary or reversible state in which microorganisms can persist in the
presence of the drug without acquiring permanent resistance mechanisms.
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Appendix 1- Supplementary for Chapter 2: Genomic characterization of
Enterococcus hirae from beef cattle feedlots and associated environmental

continuum
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Phenotypic antimicrobial susceptibility profile of E. hirae recovered from Bile Esculin Azide (BEA) Agar without erythromycin

Beef feces
Feedlot catchbasin

Beef manure
Natural water sources
Urban wastewater

Figure S1. Heatmap of phenotypic resistance profile of E. hirae isolates (n=666),
recovered from beef production system (n=632), natural water sources (n=28), and
urban waste water (n=6).
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Phenotypic antimicrobial susceptibility profile of E. hirae recovered from Bile Esculin Azide (BEA) Agar with erythromycin

I et feces
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Figure S2. Heatmap of phenotypic resistance profile of E. hirae isolates (n=652),
recovered from beef production system (n=632), natural water sources (n=17), and
urban waste water (n= 3).



Table S1 Human clinical isolates retrieved from public database
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Strain Biosample Source | SRA Collectio | Geographic
n date al location

FDAARGOS 2 | SAMNO048755 | Human | SRS16658 | .9/14/201 | USA:DC

34 71 abscess | 62 4

708 SAMN152239 | Human | NA 2014 France: Jouy-
06 en-Josas

13344 SAMN152239 | Human NA 2012 France: Caen
09 blood
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Table S2 Resistant phenotypes identified in E. hirae

Natur
Catc al
Bovin | h Bovine | water | Urban
basi | Manur | source | wastewat | Tota
Phenotype feces [ n e S er I
DOX+ERTH+NTRO+LNZD+LVFL
+TGC
AMPI+DOX+ERTH+QUIN+TGC
AMPI+DOX+ERTH+NTRO+TGC
AMPI+NTRO+LNZD+LVFL+TGC
DOX+ERTH+LNZD+QUIN+TGC
DOX+ERTH+NTRO+LNZD+TGC
AMPI+DOX+ERTH+NTRO
AMPI+DOX+ERTH+TGC

9 AMPI+DOX+LNZD+QUIN

10 AMPI+ERTH+NTRO+TGC

11 DOX+ERTH+NTRO+LNZD

12 DOX+ERTH+NTRO+LVFL

13 DOX+ERTH+NTRO+QUIN

14 DOX+ERTH+NTRO+TGC

15 DOX+ERTH+LNZD+QUIN

16 DOX+ERTH+LNZD+TGC

17 DOX+ERTH+QUIN+TGC

18 DOX+ERTH+NTRO+QUIN

19 DOX+ERTH+NTRO+LVFL

20 DOX+NTRO+LNZD+TGC

21 NTRO+LNZD+LVFL+TGC

22 AMPI+DOX+ERTH

23 AMPI+DOX+TGC

24 DOX+ERTH+NTRO

25 DOX+ERTH+LNZD

26 DOX+ERTH+LVFL

27 DOX+ERTH+QUIN

28 DOX+ERTH+TGC

29 DOX+NTRO+LNZD

30 DOX+NTRO+TGC

31 DOX+LNZD+TGC

32 DOX+LNZD+QUIN

33 ERTH+GENT+LNZD

34 ERTH+LNZD+TGC

35 ERTH+NTRO+STREP

36 VNCO+ TEIC

37 VNCO + LNZD

38 AMPI+DOX

39 AMPI+ERTH

40 AMPI+TGC
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41 AMPI+QUIN 1 1
42 DOX+ERTH 328 8 6 364
43 DOX+NTRO 30 39
44 DOX+LNZD 14 14
45 DOX+TGC 25 30
46 ERTH+NTRO 14 15
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47 ERTH+LNZD 4 0 0 0 0 4
48 ERTH+QUIN 5 0 0 0 0 5
49 ERTH+TGC 10 1 0 2 0 13
50 NTRO+TGC 4 0 0 0 0 4
51 DOX 208 2 0 12 0 242
52 NTRO 24 2 0 0 1 27
3 LNZD 1 1 0 0 0 2
54 TGC 6 1 0 0 2 9
55 ERTH 183 5 0 3 0 191
56 Susceptible to all antibiotics 172 4 0 5 1 182
Total 1203 | 7 3 47 10 1334

Table S3 Detailed assembly statistics

Assembly Statistics

Assembly stats

Average Value

Min contig length

613

Max contig length 271379
Mean contig length 40316

N50 contig length 110141
Number of contigs 95 (26-235)
Number of contigs >=1kb 87

Number of contigs in N50 13 (04-42)
Number of bases in all contigs 2933987
Number of bases in contigs >=1kb 2927527
GC Content of contigs 36.70%




Table S4 Resistant genotypes identified in E. hirae isolates
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S.no. | Resistant genotype No. of isolates Percentage %
1 aac 6'-lid 12 4.2
2 aac 6'-lid + tet L 47 16.4
3 aac 6'-lid + tetM 6 2.1
4 aac 6'-lid + ermB 5 1.7
5 aac 6'-lid + tet O/32/0 4 14
6 aac 6'-lid + tetS/M 2 0.7
7 aac 6'-lid + tet O 1 0.3
8 aac 6'-lid + tet L + ermB 87 30.4
9 aac 6'-lid + tetO/32/0 +ermB 9 3.1
10 aac 6'-lid + tetO + ermB 8 2.7
11 aac 6'-lid + tetL + tetO 4 1.4
12 aac 6'-lid + tet tetL + tetM 3 1.0
13 aac 6'-lid + tetM + ermB 1 0.3
14 aac 6'-lid + tetS/M + ermB 1 0.3
15 aac 6'-lid + tetL + tetM + ermB 64 22.3
16 aac 6'-lid + tetL + tetO + ermB 26 9.1
17 aac 6'-lid + tetL + tetS/M + ermB 3 1.0
18 aac 6'-lid+ tetL +tetO/32/0 +ermB 2 0.7
19 aac 6'-lid+ aph3-11l + ant 6-la+ ermB 1 0.3
286 100

Following tables are submitted as external tables due to their size

Table S5 Phenotypic and genotypic data of E. hirae isolates

Table S6 Phages identified in E. hirae isolates through PHASTER analysis

Table S7 Genomic signatures identified through Neptune analysis (cut off score of 0.9)
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Appendix 2- Supplementary for Chapter 3: Comparative genomic analysis of
enterococci across sectors of the One Health continuum

Following tables are submitted as external tables due to their size

Table S1 Antimicrobial resistance genes of E. faecium isolates

Table S2 List of plasmids harboring antimicrobial resistance genes identified in 246 E.
faecium

Table S3 Multilocus sequence type of 246 E. faecium genomes

Table S4 Virulence genes profiling of 246 E. faecium genomes

Table S5 Antimicrobial resistance genes profiles of E. faecalis

Table S6 List of plasmids harboring AMR genes identified in 376 E. faecalis genomes
Table S7 Multilocus sequence types of 376 E. faecalis genomes

Table S8 virulence genes profiling of 376 E. faecalis genome
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Appendix 3- Supplementary for Chapter 4. Genomic characterization of
carbapenem resistant bacteria from beef cattle feedlots clinical sources

Following tables are submitted as external tables due to their size

Table S1 Hybrid assemblies quality statistics determine using Quast

Table S2 List of Pseudomonas aeruginosa genomes retrieved from public database for
analysis

Table S3 AMR gene profiles of Pseudomonas aeruginosa genomes retrieved from public
database for analysis



