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Abstract

The spread of antibiotic resistance is severely burdening agriculture and healthcare industries.
Bacteria have readily gained resistance to nearly all commercially available antibiotics through
the use and overuse of antibiotics in both industries. Current methods to detect resistance
genes in bacteria are either outdated and slow or too expensive and inaccessible. A method that
is rapid and accessible is necessary to help lessen the burden of antibiotic resistance.

Our research aimed to develop a method to rapidly detect antibiotic resistance genes in
single-strain bacteria and metagenomic samples. To achieve this, we developed a nested PCR
protocol that could enrich a panel of target resistance genes and provide each a genomic
context through degenerate primers and Nanopore sequencing. In single-strain bacteria, we can
enrich all target antibiotic-resistance genes; an average of 38% reads will provide a genomic
context to each gene. Using our novel nested-PCR protocol, we can also enrich all target
resistance genes up to 1000-fold in faecal samples compared to metagenomic sequencing. With
this nested PCR protocol and Oxford Nanopore as a sequencing platform, we can detect target
resistance genes in single-strain bacteria and faecal samples in under 6 hours, making this
method rapid, inexpensive, and accessible. Further, we can provide a genomic context to each
resistance gene, allowing us to determine whether genes are chromosomal or plasmid-bound.
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Chapter 1: Introduction
1.1 What is antibiotic resistance? Moreover, why is it occurring?

Antimicrobials were widely used before the term ‘antibiotic’ was coined. However, they were first
deemed as chemotherapy, which then became antimicrobials. Antimicrobials from chemical
dyes were used as they could be selective in the cells they killed, according to the discoverer
Paul Ehrlich. These were known as the earliest antibiotics, and since their first applications,
microbes have been evolving resistance to them.

Microbes adapting to their environment through selective pressure is nothing new. Microbes
have been found to be resistant to antibiotics even before the first antibiotic was isolated
(Aminov, 2010). However, after the development of chemotherapy drugs, microbes rapidly
developed resistance to chemotherapeutics and antimicrobials, such as disinfectants, through
chemotherapy-induced selective pressures. For the most part, the modern era of antibiotic use
resistance started with Alexander Fleming, who discovered penicillin in 1928. Since penicillin's
discovery, antibiotics have been used to treat millions of humans and animals, vastly reducing
morbidity and mortality. Resistance against penicillin rapidly evolved (Lobanovska & Pilla, 2017).
Since the first use of penicillin, many different antibiotics have been developed, and these could
be applied in conjunction with each other for especially persistent infections. However, in 1955, a
strain of Shigella was discovered that was resistant to sulphonamides, streptomycin,
chloramphenicol, and tetracycline (Klemm et al., 2018). A methicillin-resistant Staphylococcus
aureus was discovered soon after, in 1962 (Sengupta et al., 2013 & Tenover et al., 2006). Since
then, and despite the discovery and development of many new antibiotics, resistance to most
new antibiotics has evolved quickly in many species (Spellberg & Gilbert, 2014).

The dissemination of antibiotic resistance combined with the rapid and worldwide travel of
humans and animals, antibiotic discharge (improper disposal of antibiotics), and wastewater
treatment has led us to a situation where microbes easily spread antibiotic resistance genes
(ARGs) across international borders (Antimicrobial Resistance Collaborators, 2022). Any
localised outbreak of resistant microbes can rapidly become global.

The overuse of antibiotics within clinical settings is a massive factor when considering what has
driven the development and widespread resistance (Read & Woods, 2014 & zur Wiesch et al.,
2011). Currently, antibiotics are prescribed for prolonged and often imprecise durations
(Dellinger et al., 2013 & Masterton et al., 2008), increasing recurrent infections of
antibiotic-resistant bacteria. It should be mentioned that any antibiotic use, either short-term or
prolonged, will result in selective pressure on microbes. Antibiotic use in agriculture is also a
significant driver of resistance. It has been estimated that 70% of antibiotics are used for
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agricultural purposes (Aslam et al., 2021); however, this is hard to quantify (Ventola, 2015).
Furthermore, 70% of those applied in agricultural settings are medically relevant to human
health (Manyi-Loh et al., 2018). To understand how microbes resist chemotherapy drugs and
antibiotics, we must first understand the mechanisms microbes use to gain and spread
antimicrobial resistance.

1.2 How are antibiotic resistance genes spread?

ARGs can be spread from agricultural settings to humans and the environment through
interconnected pathways involved in food production, livestock, waste disposal, and
human-to-human contact (Aslam et al., 2021). Understanding how ARGs are spread throughout
the mentioned environments is essential to profiling and detecting ARGs. Underlying this spread
are molecular mechanisms that bacteria use to transfer ARGs.

1.2.1 Mobile genetic elements (MGE)

Mobile genetic element (MGE) is a broad term that encompasses plasmids, transposons,
insertion sequences, and pathogenicity islands. In simple terms, MGEs are pieces of DNA that
encode proteins that regulate the frequency of DNA movement between genomes (intercellular
mobility) and within genomes (intracellular mobility). MGEs can be transferred vertically from
parent to offspring (or mother cell to daughter cell in the case of bacteria) or through horizontal
gene transfer to neighbouring cells and organisms within their vicinity (Vale et al., 2022 & Frost
et al., 2005). The presence of MGEs allows genomes to change content rapidly, increasing the
rate of adaptation to the current environment. This can occur through MGEs changing their
genomic location, altering chromosomal gene expression, or providing new gene functions.

1.2.2 Horizontal gene transfer (HGT)

Bacteria can quickly adapt to particular environments through natural selection. Compared to
mammals, bacteria have a fast generation-to-generation turnaround, making the time scale of
bacterial adaptation very short. Bacteria and other organisms can also horizontally transfer
genes between cells that are unrelated by descent. This is distinct from vertical gene transfer, in
which genes transfer from parent to offspring. Horizontal gene transfer (HGT) can be
subcategorised into three specific forms: (1) Transformation occurs when free DNA is taken up
from the environment. However, conditions must be met for bacteria to take up this DNA. The
bacterial cell must be in a state of competence. Once in this state, the cell can bind to and
integrate the free DNA into its chromosome through homologous recombination (Frost et al.,
2005 & Ochman et al., 2000). (2) Conjugation is mediated by independently replicating genetic
elements called conjugative plasmids or chromosomally integrated conjugative elements (ICEs).
These elements facilitate the direct transfer of genetic material between bacteria through
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physical contact (Ochman et al., 2000). (3) Transduction can be broken down into generalised
and specialised transduction. Generalised transduction introduces new genetic information into
a bacterium by a bacteriophage replicating within the host bacteria and packaging random DNA
fragments. In contrast, in specialised transduction, the bacteriophage packages the DNA directly
adjacent to the phage's attachment site. Via these three HGT mechanisms, bacteria have
gained antimicrobial resistance readily, allowing particular bacteria to thrive in environments that
contain noxious compounds (Figure 1.1) (Frost et al., 2005; Ochman et al., 2000 & Smillie et al.,

2011).
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Figure 1.1 Mechanisms for horizontal gene transfer. A. Conjugation is the direct transfer of genetic material from
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competence. In this state, the live cell can take up free DNA from the environment and integrate free DNA fragments
into its genome, creating a transformed cell. C. Transduction is the process of a cell acquiring DNA through a
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1.2.3 Plasmid-mediated antibiotic resistance gene spread

Plasmids are extra-chromosomal pieces of DNA capable of replicating independently of the
genome. Plasmids are a crucial driver and important in spreading antibiotic resistance (Furuya
& Lowy, 2006; Svara & Rankin, 2011 & Ramirez et al., 2014). Conjugative plasmids are
extra-chromosomal DNA MGEs capable of HGT. Plasmids are the primary holders of antibiotic
resistance genes (ARGs). Plasmids can carry genes with a range of functions that are relevant
to cell survival. (Carattoli, 2013). Many plasmids encode resistance to more than one antibiotic,
and this is often the case with methicillin-resistant Staphylococcus aureus, which is usually
resistant not only to methicillin, which in this case is located on the chromosome but also
aminoglycosides, macrolides, tetracycline and lincosamides which are plasmid bound (Nikaido,
2009). MDR is defined as non-susceptibility to at least one agent across at least three
antimicrobial classes (Magiorakos et al., 2012), with some MDR strains being Resistant to all
known antibiotic classes (Nikaido, 2009). MDR bacteria have become highly prevalent, causing
clinical and environmental issues worldwide (Bassetti & Garau, 2021).

1.3 Resistance Mechanisms

While there are a wide range of antibiotic classes, here | focus on the most relevant for this
study. The most common types of mechanisms are described in Figure 1.2.

1.7.1 Aminoglycosides

The first aminoglycoside, streptomycin, was isolated from Streptomyces grieus and used to treat
infections with gram-negative bacteria and Mycobacterium tuberculosis. Aminoglycosides have
been a valuable asset in combating bacterial infections. However, over the last ten years,
antibiotic resistance has spread through many different genera and species of bacteria, with
many different genes being identified to confer resistance to aminoglycosides.

Aminoglycosides bind to the aminoacyl-tRNA A-site of the 16S rRNA, which leads to the
ribosome's inability to synthesise polypeptides and eventual cell death (Doi et al., 2016). As
bacteria evolve through the mechanisms mentioned above, they have become resistant to
aminoglycosides in several different ways: (1) Direct modification of the 30S ribosomal subunit,
this modification through methylation functions to inhibit the binding of the aminoglycoside
antibiotic to the subunit, rendering the antibiotic non-functional (adaptive resistance); (2)
decreased permeability due to cell wall and membrane-bound protein modifications (intrinsic
and adaptive resistance). Intrinsic resistance in a mechanical sense involves inherited
characteristics of the microbial species, whereas adaptive resistance arises from gene
mutations and HGT (Motta et al., 2015); and (3) modification and inactivation of the
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aminoglycoside in action by enzymatic activity (adaptive resistance) (Garneau-Tsodikova &
Labby, 2016).

1.7.2 Beta-lactams

Beta-lactams have been used since the discovery and development of penicillin and are
currently the most widely used antibacterial worldwide (WHO, 2020). Beta-lactams are a class
of antibiotics characterised by a reactive four-membered beta-lactam ring; this ring and its
activity are essential to their bactericidal function (Mora-Ochomogo & Lohans, 2021).
Beta-lactams are a diverse group of antibiotics, including penicillins, cephalosporins, and
carbapenems. Their diversity is due to many different modifications that can be made to the
beta-lactam ring. Beta-lactams function by interfering with the synthesis of a component of the
bacterial cell wall. Because of this, there is a loss in the integrity of the cell wall, leading to
eventual autolysis (Worthington & Melander, 2013).

Bacteria, particularly gram-negative bacteria, have genes that encode an enzyme that degrades
beta-lactams, called beta-lactamases. These enzymes, of which there are two different classes,
catalyse the opening of the beta-lactam ring, rendering the antibiotic unable to target the site of
the cell wall component (Mora-Ochomogo & Lohans, 2021). This is the most common
mechanism of resistance. A second resistance mechanism is through altering penicillin-binding
proteins to decrease affinity to the antibiotic (Worthington & Melander, 2013 & Rice, 2012).

1.7.3 Macrolide, lincosamide, and streptogramin B (MLS)

The primary mechanism by which the MLS group of antibiotics acts is binding the
peptidyltransferase centre of the 50S ribosomal subunit in bacteria; binding to this region causes
a block in the formation of a peptide bond during protein synthesis (Tsui et al., 2004), leading to
cell death (Leclercq & Courvalin, 1991 & Yao et al., 2019).

Many genes have been identified that encode enzymes that either act upon this group of
antibiotics or change the target site, making the antibiotic molecules unable to bind. A common
class of genes is the erm (erythromycin resistance methylase) group, which add a methyl group
to the side-chain of the antibiotic binding site, which in turn prevents the binding of the antibiotic
to the binding site in the 50S ribosome subunit (Svetlov et al. 2021).

1.7.4 Sulfonamide

Sulfonamides have a long history of antibiotic use, being the first drugs to act on bacteria while
being exclusive of mammalian cells. The target of sulfonamides is the enzyme dihydropteroate
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synthase, which most mammalian cells lack. Inhibition of this enzyme interferes with the folic
acid metabolism pathway, leading to the inability to synthesise nucleic acid (Skdld, 2000).

Sulfonamide resistance is widespread due to its long history of use and its being a
broad-spectrum antibiotic (Ovung & Bhattacharyya, 2021). Because of this, many genes from
different species of bacteria conferred resistance to sulfonamides. One class of resistant genes
is the sul genes. These genes encode dihydropteroate synthase and are resistant to
sulphonamides. Dihydropteroate synthase lowers the affinity for sulfonamides through
modifications to the antibiotic (Phuong Hoa et al., 2008 & Adekanmbi et al., 2020).

1.7.5 Tetracycline

Tetracyclines are broad-spectrum antibiotics that have been in use since the 1940s. They
function by inhibiting protein synthesis in both gram-positive and gram-negative bacteria.
Tetracyclines prevent the attachment of tRNA to the ribosomal A site, rendering the ribosome
non-functional (Chopra & Roberts, 2001).

Resistance to tetracycline antibiotics can be characterised into three different mechanisms. (1)
tet genes that code for efflux proteins that specifically export tetacyclines from the cell. This
reduces the concentration of tetracycline within the cell, protecting the ribosome (Levy et al.,
1999). (2) Specific ribosomal protection proteins that compete to bind to the active A site of the
ribosome. Once these proteins are bound, tetracycline antibiotics cannot act (Chopra & Roberts,
2001). (3) Enzymatic inactivation of tetracycline that modifies tetracyclines' structure, rendering
it unable to act on the ribosome (Speer et al., 1991).

1.7.6 Trimethoprim

Trimethoprim is in the diaminopyrimidine class of organic antibiotics. It functions by inhibiting the
ability of dihydrofolate reductase (DHFR) to convert dihydrofolate (DHF) to tetrahydrofolate
(THF) (Fierke et al., 1987). In bacteria, THF is needed to synthesise DNA (Liu et al., 2013) and
for the metabolism and regulation of gene expression (Gleckman et al., 1981).

Bacteria have gained resistance to this antibiotic through five primary mechanisms: (1)
modifications to the target enzyme DHFR (Brolund et al., 2010), (2) amino acid mutations to the
target enzyme DHFR, (3) changes in the permeability of the cell wall or protein efflux pumps on
the cell wall, (4) naturally insensitive target enzymes, (5) acquired resistance through random
mutations (Eliopoulos & Huovinen, 2001)
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Figure 1.2. Resistance mechanisms of common antibiotics. Alterations to the porin in the cell membrane impair
its influx, resulting in low membrane permeability (a). A direct efflux of the antibiotic from the cell (b). Mutation (c) or
modification (d) of the antibiotics target, interrupting the antibiotics binding site or lowering the drug's affinity for the
target. Overproduction of a molecular that mimics the antibiotics target (e), diluting the drug concentration so that the
target remains unbound. Actively removing the drug from its target via protein factor protection (f). Modification (g) or
degradation (h) of the active antibiotic. Image from Wilson (2014).

1.3 The burden of antibiotic resistance

Microbes' utilisation of these defence mechanisms has significantly strained numerous
industries, burdening humans with associated challenges. As mentioned, antimicrobial
resistance (AMR) and the use and misuse of antimicrobial drugs through antibiotic discharge
(improper disposal of antibiotics), wastewater treatment, agricultural practices, and
ineffectiveness of treatment have become global health concerns. This has had unintended, but
not unexpected, consequences on the public health sector, agriculture, the food processing
industry and the environment (WHO, 2021; Dadgostar, 2019; Cheng et al., 2013; Dhingra et al.,
2020 & Majumder et al., 2020). Due to antibiotic resistance, there is a burden imposed on
society in terms of increased morbidity and mortality (Centers for Disease Control and
Prevention, 2019 & Agyeman et al., 2022), reduced treatment options (Roca et al., 2015 &
Review on Antimicrobial Resistance, 2014), increased healthcare cost and economic losses
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(Hofer, 2019; Morel et al., 2020 & Ahmad & Khan, 2019), and its threat to global health security
(Ayukekbong et al., 2017).

As of 2019, the burden of AMR directly attributed, cause and effect, to human life is estimated at
around 1.27 million deaths and 4.95 million associated deaths annually, showing a relationship
between antibiotic resistance and infection deaths but not a direct cause and effect
(Antimicrobial Resistance Collaborators, 2022). The evidence is unequivocal; antibiotic
resistance is a global concern that is worsening due to the misuse of antibiotics. Six species of
bacteria are the prominent cause, accounting for 73% of those 1.27 million deaths. Species are
listed by order of number of deaths. Escherichia coli, Staphylococcus aureus, Klebsiella
pneumonia, Streptococcus pneumonia, Acinetobacter baumannii, and Pseudomonas
aeruginosa (Antimicrobial Resistance Collaborators, 2022).

1.3.1 Antibiotic resistance in healthcare

As mentioned in section 1.3, only a small number of antibiotic-resistant species cause the vast
majority of infections. In addition, many of these species are multidrug-resistant (MDR) (Abbo et
al., 2007; Cao et al., 2004; Wang et al., 2020 & Medugu et al., 2022). A recent meta-analysis
found that such MDR infections significantly increase hospitalisation time, associated costs, and
mortality (Serra-Burriel et al., 2020). The consequences of resistance also lead to delays in the
prescription of effective therapy — the most significant factor in delaying effective therapy is the
mismatch between the antibiotic susceptibility test results and empirical therapy (Kollef et al.,
2021; Eliopoulos et al., 2003 & Schwaber & Carmeli, 2007). This highlights a critical need for
effective methods to detect and profile antibiotic resistance in MDR bacteria.

1.3.2 Antibiotic Resistance in Agriculture and the Food Processing Industry

Antibiotics are widely used in agricultural settings and the food processing industry to prevent
and cure crop diseases as well as for livestock growth promotion. Since the 1940s, streptomycin
and other aminoglycosides have been used in agriculture; in the 1950s, tetracycline was
introduced, and since the introduction of these antibiotics, there have been increases in resistant
strains such as E. coli, Staphylococcus and Streptococcus (Roberts, 1996; Cadena et al., 2018
& Magnet & Blanchard, 2005). A primary concern in using antibiotics in livestock is that a
fraction of the excreted metabolites convert back into the active antibiotic and are returned to the
environment (Sarmah et al., 2006). This leads to the selection of microbes to develop resistance
to those excreted antibiotics (Mokni-Tlili et al., 2022, & Guo et al., 2018).
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This has led to a growing concern that the increasing presence of ARGs and antibiotic
resistance in soils may lead to even further increases in resistant bacteria in humans and
livestock food chains (Hu et al., 2016 & Marti et al., 2013). When antibiotics are returned to the
environment (for example, after use in agriculture), this creates selection for the evolution and
maintenance of resistant bacteria. From these bacteria, transfer of antibiotic-resistant genetic
elements can occur (from innocuous soil bacteria or more harmful strains present in the
environment) into plasmids or chromosomes of pathogenic bacteria through HGT and MGE
(Berendonk et al., 2015; Dancer, 2014 & Larsson & Flach, 2022). This leads to a situation in
which low-level use of antibiotics in agricultural settings creates a vast reservoir of MGEs
containing resistance elements. Numerous reports have highlighted the consequences
associated with antibiotic resistance (O’Neill, 2016, O’Neill, 2014; WHO, 2021; CDC prevention,
2013 & Prestinaci et al., 2015). If the spread and development of antibiotic resistance continue
unchecked, there could be much more severe repercussions to face in the future.

1.4 What are we doing about resistance? How can we slow the spread?

Over the past decade, additional regulations have been placed on antibiotics in healthcare and
agriculture, thereby minimising their use. However, this is not a simple issue, as different
countries have and will regulate antibiotic use to different standards (Ardal et al., 2016). What
other strategies could be used instead of simply placing more regulations on antibiotic use? We
are entering an age of gene editing technology. Through the application of various editing
technologies or surveying techniques, resistant pathogenic bacteria can be inhibited before they
lead to widespread infections. One technique being developed is the use of CRISPR-based
systems that can efficiently target resistant microbes (Aslam et al., 2021).

Having efficient tools to uncover novel ARGs, rapidly decreasing the time to profile ARGs, and
detecting ARGs before they become widespread are also ways that can contribute to reducing
the burden of antibiotic resistance while gene editing technology is still being developed.

1.5 Culture-based methods for antibiotic resistance gene detection

The current gold standard to profile and detect ARGs in bacteria is culture-based methods in
which bacteria are grown on permissive or selective media in the presence of the tested
antibiotic. Culture-based methods include antimicrobial gradient methods, disc diffusion and
commercially available automated systems (Sheka et al., 2021). These methods are relatively
low-cost, easy to implement, and require minimal training (Zhang et al., 2021). However,
culture-based methods have limitations such as variable growth times among bacterial strains,
low sensitivity regarding false positives/negatives, the lack of differentiation between target and
other non-target bacteria if the sample is not pure culture, and the inability to detect
non-culturable or culture-resistant microorganisms (De, 2019 & Sohier et al., 2014).
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Because culture time can vary between 24 and 72+ hours and, in some cases, weeks (e.g. eight
weeks for Mycobacterium tuberculosis) (Pulido et al., 2013 & Koch et al., 2018), a
broad-spectrum therapy is prescribed to manage an infection (Cassini et al., 2018 & Maugeri et
al., 2019). However, this may be ineffective at treating the causative pathogen as it may be
resistant, and every hour there is a delay in targeted infection treatment, there is a significant
increase in infection length (Kumar et al., 2006). Therefore, molecular methods that can rapidly
detect antibiotic resistance could decrease the time to initiate specific antibiotic treatment that
can actively target the corresponding causative bacteria.

1.6 Molecular methods

Currently, a range of molecular and spectroscopic techniques for profiling AMR is already in use,
such as metagenomics and functional metagenomics (Forbes et al., 2017 & Moragues-Solanas
et al., 2021), whole-genome sequencing (WGS) (Shelburne et al., 2017), polymerase chain
reaction (PCR) combined with nanopore sequencing (Sheka et al., 2021), mass spectrometry
(Yoon & Jeong, 2021 & Florio et al., 2021), and CRISPR (Sajuthi et al., 2020).

1.6.1 Metagenomics versus targeted approaches

Both metagenomic sequencing and qPCR are two widely used strategies to detect and profile
ARGs in both environmental and clinical settings (Lu et al., 2022; Diao et al., 2022; Xiao et al.,
2016; Waseem et al., 2019; Burcham et al., 2019). In recent years, CRISPR has also been
developed to target and amplify ARGs (Sajuthi et al., 2020). What are the benefits of targeted
vs. non-targeted (metagenomics)? Metagenomics is a nontargeted method that can detect all
ARGs within a particular sample (Munk et al., 2017 & Lanza et al., 2018). In contrast, as gPCR
and CRISPR are targeted methods, they are capable of finding only specific ARGs. Ferreira et
al. (2023) performed a comparative study between metagenomics and gPCR and found that
metagenomic sequencing detects more ARGs overall. In contrast, gPCR was more sensitive but
detected significantly lower numbers of ARGs. The authors suggest that gPCR can be
advantageous for ARG monitoring purposes and is easily customised to monitor ARG profiles in
different environments. At the same time, CRISPR-based methods can be rapid and sensitive.
However, CRISPR-based methods have limitations when the sample is complex, i.e. from soil or
faeces, as this can interfere with the CRISPR-Cas system (Rasheed et al., 2021). While this is
also a possibility for gPCR, such assays are often more robust.

1.6.1 Oxford nanopore sequencing as a platform to profile antibiotic resistance genes

Oxford Nanopore Technologies (ONT) is a DNA sequencing platform that offers long-reads,
usually from thousands to hundreds of thousands of base pairs long. However, the number of
base pairs in a single read can be as low as 50 base pairs (bp) and can reach as high as 2.3
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megabase pairs (Mb) (Amarasinghe et al., 2020 & Payne et al., 2018). ONT sequencing offers
real-time data that can be analysed while sequencing (Jain et al., 2016), which is beneficial for
rapid analytics. The standard sequencing platform, the ONT MinlON device, is smaller than a
mobile phone. This opens another aspect of this platform regarding accessibility and usability.

Due to the real-time nature and portability, it has been used in disease outbreaks such as the
2014 Ebola outbreak in Africa (Hoenen et al., 2016) and more recently during the SARS-CoV-2
pandemic in 2019 (Bull et al., 2020 & Freed et al., 2020). Rapid sequence data is crucial in
disease outbreaks to monitor evolutionary patterns and investigate transmission chains (Mate et
al., 2015). ONT sequencing has also been found to be sufficient to resolve the structures of an
antibiotic-resistant island despite having a high error rate compared to other sequencing
platforms. ONT sequencing has also been used to track antibiotic resistance and plasmid
evolution in a clinical setting (Zhao et al., 2023). Peter et al. (2020) found it to be an efficient
platform for sequencing an MDR Gram-negative bacteria collection.

In 2022, ONT released new reagents (10.4.1 flowcells and V14 chemistry) and a basecalling
method (dorado) that decreased error rates such that they are now comparable to other
sequencing platforms (with the majority of reads having 99% accuracy and above) (Linde et al.,
2023).

Two studies to date have researched the capabilities of multiplex PCR paired with ONT to profile
and detect ARGs in bacteria from clinical samples. Firstly, Zhang et al. (2020) designed a
protocol to target 13 ARGs in Neisseria gonorrhoeae with high sensitivity and accuracy. The
authors could detect the target ARGs within 7 hours 40 minutes to 10 hours 40 minutes and in
isolates between 5 hours 20 minutes to 8 hours 20 minutes. Zhao et al. (2022) reported that
they could profile seven ARGs in Mycobacterium tuberculosis within 12 hours using multiplex
PCR and ONT as a sequencing platform. These two methods highlight the efficiency of ONT as
a sequencing platform to decrease the time to analyse ARG data.
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1.8 Research hypothesis and objectives

In this study, we aimed to develop a proof-of-principle method to demonstrate that through
molecular techniques, ARGs could be profiled in a rapid and sensitive manner in both single
colonies and metagenomic samples. We compared its performance with metagenomic
sequencing in terms of time and ease of use. Furthermore, we developed this method to allow
profiling both the ARGs of interest and the genomic or genetic context in which those ARGs
were contained.

To test our hypothesis, we addressed these objectives:

1. Developed and optimised a PCR protocol that allowed amplification of targeted ARGs
and surrounding genomic regions.
a. We designed primers that amplified specific ARGs and designed and tested
degenerate primers that amplified random regions close to the target ARG.

2. Test degenerate primers' capabilities to determine the target ARGs' genome context.
a. We tested the effectiveness of a pooled primer set that allowed us to provide
genomic context to each target ARG.

3. Test the protocol on single bacterial isolates.
a. We tested how our protocol worked on a single colony and adjusted to optimise
the protocol by changing the primer pools or PCR temperatures and cycle times.

4. Compare the performance of the PCR-based protocol to standard metagenomic
approaches using complex faecal samples.
a. We tested how the developed protocol worked on metagenomic fecal samples
and compared the results to metagenomic sequencing.



24

Chapter 2: Materials and Methods

2.1 E. coli L3Cip3

E. coli L3Cip3 is a strain of E. coli with nine ARGs that are either chromosomal or
plasmid-borne. Due to its extensive complement of ARGs, we used it to determine the efficiency
of our ARG primers or primer pools (Table 2.3). Only ARGs identified in a previous study using
E. coli L3Cip3 (Sajuthi et al., 2020) were used to develop primers.

2.1.1 DNA extraction

E. coli L3Cip3 was streaked onto Lysogeny broth (LB) agar and grown for at least 12 hours at
37°C. We confirmed single colonies and grew one in 1mL of LB for 12 hours at 37°C. Genomic
DNA (gDNA) was extracted from this culture using the Promega Wizard® genomic DNA
purification kit. DNA was eluted using DNAase-free H,O. DNA quantification was performed
using the broad-range double-stranded DNA (dsDNA) assay kit on a Qubit 4.0 fluorometer
(Thermo Fisher Scientific, US). gDNA samples were diluted into 1:10, 1:100 and 1:1000 (DNA:
H,O) batches for use as PCR templates.

2.1.2 Selecting Target ARGs

We selected nine ARGs (Table 2.1) to target within E. coli L3Cip3. The L3Cip3 chromosome is
4,932,700 bp, the largest plasmid is 177,032 bp (referred to as plasmid 1 below) and contains
most of the target ARGs. The three following largest plasmids are 87,471 bp, 83,916 bp, and
44,671 bp in size and below are referred to as plasmids 2, 3, and 4, respectively; L3Cip3 has a
total of seven plasmids.
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Table 2.1. Target ARGs for E. coli L3Cip3. Position, location, size, resistance mechanism and drug class were all found using Proksee (Grant et al., 2023), which
uses the Comprehensive Antibiotic Resistance Database (CARD) to annotate ARGs.

ARG Location Position Size (bp) Resistance Drug class
Mechanism
rmiB Chromosome  3,602,713bp - 3,604,251bp 1539 Target alteration Aminoglycosides
aph(6)-ld Plasmid 1 79,639bp - 80,475bp 837 Inactivation Aminoglycosides
aph(3)-Ib Plasmid 1 78,836bp - 79,639bp 804 Inactivation Aminoglycosides
bla-rgy.;  Plasmid 1 80,706bp - 81,566bp 861 Inactivation Monobactam, cephalosporin
dfrA14 Plasmid 1 71,605bp - 72, 078bp 474 Target Diaminopyrimidine
replacement
sul2 Plasmid 1 77,960bp - 78,775bp 816 Target Sulfonamide
replacement
tet(A) Plasmid 1 63,906bp - 65,105bp 1200 Efflux Tetracycline
bla-crxu.s Plasmid 2 73,117bp - 73,992bp 876 Inactivation Cephalosporin, Penicillin
5
aph(4)-la Plasmid 3 6268bp - 7293bp 1026 Inactivation Aminoglycoside
ermB Plasmid 4 39,704bp - 40,441bp 738 Target alteration macrolide, lincosamide,

streptogramin
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2.2 Metagenomic samples.

All metagenomic samples were collected from five different New Zealand farms. All samples
were from dairy calf faeces. Each sample is a collection of 25 different collection points on each
farm, and each collection point are individual faeces. The location and dates collected are
outlined in Table 2.2.

Table 2.2. Metagenomic faecal samples.

Sample ID Region Collection date
04 Waikato 9-Aug-2021
10 Waikato 10-Aug-2021
13 Waikato 13-Sept-2021
69 Waikato 24-Sept-2021
77 Canterbury 28-Sept-2021

2.2.1 Metagenomic DNA extraction

DNA was extracted using two methods: the Zymobiomics (Zymo Research) miniprep kit was
used to extract DNA from 100-150mg of faecal sample following the manufacturer’s instructions.
The Qiagen DNeasy Powersoil kit was used to extract DNA from 150-200mg of faecal sample
following the manufacturer’s instructions. DNA quantification was performed using the
broad-range double-stranded DNA (dsDNA) assay kit on the Qubit 4.0 fluorometer (Thermo
Fisher Scientific, US).

2.3 Nested PCR

A nested PCR (N-PCR) method was used to amplify target ARGs to increase detection
sensitivity and provide genomic context for the target ARG. N-PCR functions by implementing
two rounds of PCR. In the first, amplification occurs via a primer binding to the ARG(s) of
interest and non-specifically to the genomic region downstream. This downstream primer
contains a tail at the 3’ of the known sequence. In a second round of PCR, to increase
specificity, a second primer targeting the ARG that is downstream of the first ARG primer is
used. In addition, a primer complementary to the tail on the degenerate primer is used. To
identify the genomic context, we stipulated a minimum requirement of over 25 base pairs
downstream of the ARG was present. This should allow unique determination of the region to at
least a genus level; however, more repetitive regions such as transposons, IS elements, or
others would require substantially longer sequence context outside of the ARG. Figure 2.1
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outlines the basis of using degenerate primers in conjunction with ARG primers to amplify

ARGs.

Table 2.3. ARG primer pool containing all target ARGs. The primers listed here were multiplexed into two pools.
One for the first round of N-PCR and one for the second round of N-PCR. Primers designed using Primalscheme
v1.4.1 (Quick et al., 2017).

First-round primer Primer sequence Position  Second-round Primer sequence Position

pool (5-3") of primer  primer pool (5-3") of primer
in ORF in ORF

aph(3")-lb_5_AF3 TGGTGAATCGCAT 377 aph(3")-lb_5_AF CTGTTCACAGCCTA 376

21551:+24 TCTGACTGG 321551:4+332 TCGGTTGA

aph(4)-la_1_V01 ACGTCTGTCGAGA 380 aph(4)-la_1_V01 CGGACAATGGCCG 388

499:425 AGTTTCTGA 499:4617 CATAACA

aph(6)-ld_4_CP0O CGCCTGTTTTTCC 377 aph(6)-ld_4_CP0 GACTACCAGGCGA 379

00971:+5 TGCTCATTG 00971:+283 CCGAAATTG

blaCTX-M-55_1_  AAAAATCACTGCG 381 blaCTX-M-55_1_ ATTGCGGAAAAGC 367

DQ810789:+8 CCAGTTCAC DQ810789:+331 ACGTCAATG

blaTEM-1B_1_AY TTTTCGTGTCGCC 374 blaTEM-1B_1_A  AGCATCTTACGGAT 388

458016:+15 CTTATTCCC Y458016:+326 GGCATGAC

dfrA14_1_KF921 AGTATCATTGATGG 378 dfrA14_1_KF921 ACATACCCTGGTCC 384

535:+6 CTGCGAAAG 535:+59 GCGAAA

erm(B)_1_JN899 ACGAGTGAAAAAG 372 erm(B)_1_JN899 GGGAATATTCCTTA 379

585:+37 TACTCAACCAAA 585:+295 CCATTTAAGCACA

rmtB_1_AB10350 ACCTCCATCCTGG 378 rmtB_1_AB1035 CTTAACCCCTTGGC 366

6:+22 CCTCAAAAA 06:+340 GCTATACG

sul2_2_AY03413 ACATAACCTCGGA 393 sul2_2_AY03413 GCGAAATCATCTGC 372

8:+35 CAGTTTCTCC 8:+355 CAAACTCG

tet(A)_4_AJ5177 GAAACCCAACAGA 398 tet(A)_4_AJ5177 CTGTTTCCTTTTGC 384

90:43

CCCCTGATC

90:+531

CGGAGTCG
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Table 2.4. Description of degenerate primers and constant primers. Freed (F) primers were designed by Freed et al.
(2016). Manoil (M) primers were designed by Manoil (1999). N denotes any possible base (A, T, C or G)

Degenerate primers

Primer sequence (5’-3’)

F-NNN

F-ATG

F-TAA

F-TGA

M-NNN

M-ATG

M-TAA

M-TGA

GTG ACT GGA GTT CAG ACG TGA NNN NNN
NNN NNN NNN

GTG ACT GGA GTT CAG ACG TGA NNN NNN
NNN NNA TGN

GTG ACT GGA GTT CAG ACG TGA NNN NNN
NNN NNT AAN

GTG ACT GGA GTT CAG ACG TGA NNN NNN
NNN NNT GAN

GGC CAC GCG TCG ACT AGT ACN NNN NNN
NNN NNN NN

GGC CAC GCG TCG ACT AGT ACN NNN NNN
NNN NAT GN

GGC CAC GCG TCG ACT AGT ACN NNN NNN
NNN NTA AN

GGC CAC GCG TCG ACT AGT ACN NNN NNN
NNN NTG AN

Constant primers

Primer sequence (5’-3’)

nested-freed-AMR-constant

nested-manoil-AMR-constant

GTG ACT GGA GTT CAG ACG TGT
GGC CAC GCG TCG ACT AGT AC
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Figure 2.1. Degenerate primers paired with ARG primers produce sequences that can provide a genomic context to an ARG. This nested PCR protocol
included two rounds of PCR. The first round aims to amplify a target ARG and include an unknown number of base pairs up or downstream of that ARG. To
achieve this, a forward primer for a target ARG and a degenerate primer with a random degenerate sequence are used during the first round. This produces an
amplicon with part of the target ARG and a fragment of unknown length with an introduced constant region within it. The second round of PCR will further amplify
this amplicon using a constant primer, another forward ARG primer targeting inside the same ARG. The constant primer will anneal to the introduced constant
region (tail) from the first-round PCR. For simplicity, this illustration only shows a downstream unknown region attached to the target ARG. However, the unknown
region can be either upstream or downstream.
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2.3.1 First round PCR

The reaction mix included 10uL Q5® High-Fidelity 2X Master Mix (Master mix includes Q5
High-Fidelity DNA Polymerase, deoxynucleotide triphosphates (dNTPs), and Mg* in a
broad-use buffer), 4uL ddH20, 2L first-round ARG primer pool (10uM), 2uL degenerate primer
(10uM) (Table 2.3), or a degenerate primer pool (10uM) (Table 2.4), depending on the
experiment, and 2uL gDNA. The PCR cycling profile consisted of initial denaturation at 95°C for
3 minutes, followed by eight cycles of denaturation at 95°C for 30 seconds, annealing at 46°C
(varying temperatures during primer optimisation, section 3.1) for 30 seconds, and extension at
72°C for 1 minute. The final extension temperature was 72°C for 3 minutes, followed by a hold at
4°C to complete the run. The products were electrophoresed on a 1% agarose gel at 100 volts
for one hour to check whether the N-PCR was successful. No specific size fragments were seen
due to the degenerate primers producing amplicons of an unknown size.

2.3.2 PCR Cleanup

10uL PCR product from first-round nested PCR and 7ul of AMPure XP beads (Beckman
Coulter, Life Sciences) was added to a new 1.5mL Lobind tube to obtain a 0.7:1 ratio of sample
to beads (0.7x beads (sample volume)). Samples were incubated on HulaMixer (Thermo Fisher
Scientific, US) for five minutes at room temperature. Samples were placed in a magnetic rack for
three minutes until the supernatant was clear. The supernatant was removed without disturbing
the pellet. The pellet was washed with 500uL of freshly prepared 70% ethanol. Ethanol was
removed, and this step was repeated. Samples were spun down briefly and placed back on a
magnetic rack. Any excess ethanol was removed, and the tube air dried for 30 seconds without
cracking the pellet. 10pL nuclease-free H,0 was added to samples, and the pellet was
resuspended to elute the DNA from the AMPure beads. The sample was left to sit at room
temperature for two minutes. Samples were placed back on a magnetic rack for at least one
minute, and 10uL supernatant containing the second round PCR template was removed and
placed into a new 1.5mL Lobind tube

2.3.3 Second-round nested PCR

The bead-cleaned N-PCR product from the first round of PCR was used as the template for the
second round of N-PCR. The reaction mix included 10pL Q5® High-Fidelity 2X Master Mix
(Master mix includes Q5 High-Fidelity DNA Polymerase, dNTPs, and Mg** in a broad-use
buffer), 4uL ddH20, 2uL second-round ARG primer pool (10uM) (Table 2.3), 2uL degenerate
primer pool (10uM) (Table 2.4), and 2L bead-cleaned first round PCR product. The PCR
cycling profile consisted of initial denaturation at 95°C for 3 minutes, followed by 35 cycles of
denaturation at 95°C for 30 seconds, annealing at 58°C (varying temperatures during primer
optimisation, section 3.1) for 30 seconds, and extension at 72°C for 1 minute. Final extension at
72°C for 3 minutes, followed by 4°C hold to complete the run. The products were
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electrophoresed on a 1% agarose gel at 100 volts for one hour to check whether the N-PCR
was successful. No specific size fragments were seen due to the degenerate primers producing
amplicons of an unknown size.

2.4 Oxford Nanopore Sequencing

2.4.1 Rapid barcoding - R9.4.1

The rapid barcoding kit (SQK-RBKO004) from ONT offers a relatively quick and cheap method to
sequence genomes, plasmids or amplicons. Rapid barcoding functions by attaching barcodes to
each sample at non-specific regions within the DNA fragment. This is accomplished with a
barcoded transposome complex, which cleaves and adds barcodes within a DNA fragment. For
each library preparation, we had different numbers of samples from each N-PCR run, ranging
from two up to 26 samples, depending on what was being tested. The ONT rapid barcoding is
offered in 12 sample kits (SQK-RBK004) and 96 sample kits (SQK-RBK110.96), providing the
ability to sequence one to 96 samples on a single MinlON R9.4.1 flowcell. The library was
prepared following the manufacturer’s instructions. One modification was made to the RBK004
and RBK110.96 protocol during library preparation. A 0.7x AMPure XP beads of sample volume
was implemented to remove DNA fragments under 200 bp. DNA fragments of 200 bp or less are
less likely to provide information on genomic context. Once library preparation was completed,
the library was loaded onto an R9.4.1 flowcell and run for an average of 1.5 hours. The time
needed for the collection of sufficient sequence data depended on the health (pore availability)
of the flowcell being used (the majority of experiments were performed on used flowcells).

2.4.2 Rapid barcoding - R10.4.1

During our experiments, access to ONT’s new chemistry opened up. This included the new rapid
barcoding kit RBK114 and R10.4.1 flowcells. We thus also sequenced the PCR product using
the RBK114 kit, which provides similar barcodes to the old chemistry but produces 1-2% higher
accuracy reads (Sereika et al., 2022). The library was then prepared following the
manufacturer’s instructions. One modification was made to the RBK114 protocol: a 0.7x AMPure
XP beads to sample volume was implemented to remove DNA fragments under 200 bp. The
library was loaded onto a P2 PromethlON R10.4.1 flowcell and run for 30 minutes. The time
needed to sequence will depend on the health (pore availability) of the flowcell being used.
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e—— MinION sequencer e——PromethlON sequencer

Figure 2.2. Principle of Oxford Nanopore sequencing. The MinlON and PromethION sequencers are two devices
offered by ONT and have different flowcells that produce differing amounts of data. However, the method of
sequencing remains the same. The MinlON flowcell contains 2048 nanopores and can produce 50Gb of data, while
the PromethlON flowcell contains 10,700 nanopores and can produce up to 290Gb of data. When a single DNA
strand passes through a nanopore, there is a disturbance of the ionic current that is constantly flowing through the
membrane. This produces a raw signal that a basecaller can decode to uncover the DNA bases. Image created using
BioRender.com. Flowcell images from hitps://nanoporetech.com/how-it-works/flow-cells-and-nan

2.5 Bioinformatic Workflow

2.5.1 Basecalling and quality control

As illustrated in Figure 2.2, Nanopore sequencing functions by a single strand of DNA passing
through nanopores embedded within a sensor assay of a flowcell. The constant ionic current is
disrupted as the strands pass through the nanopore, producing varying signals. Basecalling is a
method to decode that signal to uncover the single bases within that strand. A wide variety of
basecallers are offered by third parties (Pages-Gallego & Ridder, 2023 & Wick et al., 2019).
However, during this research, we exclusively used the basecaller Guppy v6.3.4 high accuracy
(hac), ONT’s basecaller. Three different accuracy modes can be implemented while using
Guppy (fast, hac, and sup). Guppy basecaller_fast is significantly faster than the other two.
However, accuracy is sacrificed for speed. Guppy basecaller hac is the middle ground of the
three modes and significantly increases accuracy compared to the fast mode. Super accuracy
(sup) produces the most accurate reads, but speed is sacrificed. We chose Guppy_hac as this
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took, on average, less than 10 minutes to basecall 100k reads per run. Guppy_basecaller was
used to demultiplex the barcodes from the rapid barcoding kits and sort them into individual

files. We filtered our reads using Flltlong v0.2.1 (https:/github.com/rrwick/Filtlong) to remove any
reads under 100 bp.

2.5.2 Mapping

Reads from each sample were mapped against ResFinder (Florensa et al., 2022)
(https://bitbucket.org/genomicepidemiology/resfinder_db/src/master/), an open-source database
to identify ARGs using next-generation sequencing (NGS). Using cd-HIT, this database was
reduced to only contain ARGs that are 90% similar, as a very large number of ARGs are highly
similar, differing only by a few bp. However, for the most part, they provide similar, if not
identical, functionality. In order to simplify the analysis pipeline, we aimed to determine only
whether a sample contained a specific type of ARG rather than a specific allele of a specific
type. For this reason, we collapsed the database.

Reads from each sample were also mapped against the L3Cip3 reference FASTA file previously
sequenced. Mapping was completed using minimap2 v2.26 (https://github.com/Ih3/minimap?2).
After all mapping steps, we removed all reads with mapping quality below 20.

DNA extraction First round PCR AMPure bead clean Second round Library Nanopore
of PCR product PCR preparation sequencing and
data analysis
1 hour 30 minutes 20 minutes 1.5 hours 1 hour 1-2 hours
5-6 hours

Figure 2.3. Nested PCR with ONT sequencing can be completed within 5-6 hours. Average time of each
component of N-PCR protocol. DNA extraction is completed using the Promega Wizard® genomic DNA purification
kit for single strains and the Zymobiomics miniprep kit or Qiagen DNeasy Powersoil kit for metagenomic samples.
PCR is completed using a nested PCR protocol with two rounds of PCR; between the first and second rounds of
PCR, the product is purified using AMPure beads at a 0.7x beads-to-sample. Library preparation is completed using
ONT'’s rapid barcoding kits (RBK004, RBK110.06 or RBK114). DNA sequencing was completed on ONTs R9.4.1
MinION flowcells’ or R10.4.1 PromethlON P2 solo flowcells’. Reads basecalled and demultiplexed using Guppy, and
reads mapped using minimap2. Sequencing time will depend on flowcell health, pore availability and quality of library
preparation.


https://github.com/rrwick/Filtlong
https://github.com/lh3/minimap2
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Figure 3.1. Strategy to develop functional primer pools with degenerate primers and ARG primers. First panel: Starting with initial testing of degenerate
primers to find the optimal conditions needed for these to anneal at high rates while also finding which primers provide a genomic context to target ARG and which
might work well together in a multiplex pool. Second panel: Testing individual ARG primers with a degenerate primer pool to determine if pooling degenerate
primers is necessary and finding ARG primers that work in these optimised conditions. Third panel: Testing how the developed degenerate and ARG primer pools
work together on a single strain. Fourth panel: Testing how the developed primer pools work with metagenomic samples.
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Chapter 3: Single Strain Results

3.1 Primer Optimisation

To efficiently amplify target ARGs while providing genomic context, we needed a strategy to
amplify target ARGs and know if they reside on the chromosome or are plasmid-borne. We used
a nested degenerate-primer strategy to pursue this goal (Fig. 3.1). We designed eight different
degenerate primers containing a 3’ region that could anneal non-specifically. These primers had
three base pairs binding to a sequence complementary to a start or stop codon, with the
exception of the primers we refer to as F-NNN and M-NNN, which are fully degenerate (Table
2.4). This three-base pair sequence is followed by ten base pairs of entirely random sequences
(N4o) and a 5’ leader having a known (constant) sequence. We designed two constant primers to
anneal to this introduced constant region from the first round PCR primers (Table 2.4). We also
designed a panel of ARG primers to anneal to target ARGs (Supp. Table 6.1) with the purpose
of multiplexing all of the primers into two pools, one for round-one N-PCR and one for round-two
N-PCR (principle outlined in Fig. 2.1).

3.1.1 Testing Degenerate Primers

We first tested the eight degenerate primers (described above and in Table 2.4) with a single

forward ARG primer complementary to the dihydrofolate reductase gene (dfrA14), positions
71,605bp to 71,628bp on plasmid 1 of L3Cip3. We tested the efficiency of these eight
degenerate primers at different annealing temperatures (42°C, 44°C, and 46°C) during the first
round of N-PCR. In the second round of N-PCR, we tested different annealing temperatures
(58°C, 60°C, and 62°C). During this round, we used constant primers (Table 2.4) and a second
forward dfrA14 primer complementary to positions 71,664 to 71,684 on plasmid 1 of L3Cip3,
again at differing annealing temperatures. This combinatorial design resulted in seven different
combinations of annealing temperatures across all eight degenerate primers, a total of 56
different PCR reactions. We sequenced each PCR product using the ONT rapid barcoding kit
(RBK004) on MinlON R9.4.1 flowcells, allowing us to sequence up to 12 samples in a single
sequencing run. We completed six different sequencing runs (Table 3.1), running each for an
average of one hour.

We selected the optimal PCR conditions based on the highest average frequency of reads that
provided a genomic context for the dfrA14 gene. We found that the degenerate primers
functioned the best at 46°C during annealing for the first round of N-PCR (providing a low
enough temperature for degenerate priming) and 62°C annealing during the second round
(providing a high enough temperature to ensure specificity of amplification) (Fig. 3.1). However,
Optimal behaviour for this single gene at a single temperature was not our only consideration.
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As is apparent from Figure 3.1, when using an initial temperature of 44°C, the best temperature
in the second round (across all primers) is 58°C. At 46°C (first round), 60°C performs poorly in
the second round. Thus, there appears to be a non-trivial relationship between temperature,
primer, and performance. Nevertheless, we selected a pair of temperatures that appeared to
balance robustness and repeatability, settling on 46°C+58°C annealing as our N-PCR
temperatures for all remaining experiments. In addition, we found that the degenerate primers
F-NNN and M-NNN seemed to function robustly across all annealing temperatures, except
44°C+62°C for F-NNN and 42°C+58°C for M-NNN. This suggested that these two primers may
be the most robust when used singly. The highest percentages of reads that provided a genomic
context to dfrA14 were noted at our selected temperature combination (46°C + 58°C): M-TAA
(35%), M-TGA (28%) and F-TGA (38%). We pooled the primers M-TAA, M-TGA and F-TGA for
future tests.

Table 3.1. ONT sequencing reports for each run. Reads generated are in the thousands (k), data produced in
gigabytes (GB), and estimated bases in mega base pairs (Mb). N50 is the sequence length of the shortest read at
50% of the total assembly length (Thrash et al., 2020).

Run time
Sequencing run Reads generated (k) Data produced (GB) Estimated bases (Mb) Estimated N50 (hours)

1 246 1.32 79 347 1.19
2 433 2.94 154 419 1.13
3 366 2.13 114 322 1
4 265 1.53 88 348 1.65
5 476 2.75 151 330 1
6 177 1.09 54 305 1.84

Average 327 2 107 345 1
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Figure 3.1. 46°C+62°C is the best annealing temperature condition for all degenerate primers during N-PCR.
The y-axis is the annealing temperatures for both rounds of N-PCR (15 round annealing + 2™ round annealing). The
x-axis indicates the degenerate primers tested at these temperatures. Grey boxes show that primers did not work at
these temperatures. Products were produced using a nested PCR protocol with individual degenerate primers and
the primer annealing to the dfrA14 gene of E. coli L3Cip3, each degenerate primer corresponding to an individual
reaction. We sequenced the products using the RBK004 rapid barcoding kit on a MinlON R9.4.1 flowcell over six
sequencing runs. We mapped these reads to the E. coli L3Cip3 reference genome and the ResFinder AMR database
using minimap2. We cross-referenced the reads mapping to the L3Cip3 reference genome and the ResFinder AMR
database to find reads with nucleotides extended 25bps or more up or downstream of dfrA14. The percentage was
calculated by dividing the number of reads proving a genomic context by the number of reads mapping to the target
ARG.

3.2 Testing individual ARG primers with pooled degenerate primers

We next wanted to test how individual ARG primers functioned with the degenerate primer pool
containing M-TAA, M-TGA and F-TGA. We completed our N-PCR protocol (Methods section
2.3) using individual ARG primers targeting ARGs aph(3), aph(6), bla-crx, bla-rey, dfrA14, sul2
and tet(A) (resistance and locations outlined in Table 2.1), and the degenerate primer pool in
single reactions. We sequenced the N-PCR products using the RBK004 rapid barcoding kit on
an R9.4.1 flowcell. In 1.5 hours, we produced 143k reads and 1.46 Gbp from a used flowcell
containing approximately 600 active pores. We mapped the reads against the E.coli L3Cip3
reference genome and the Resfinder AMR database to find reads that map to all target ARG
and provide genomic context to each target. We found significant enrichment of aph(6)
(encoding resistance to aminoglycoside antibiotics) and sul2 (encoding sulfonamide-resistant
dihydropteroate). In addition, we found that the degeneracy of the N-PCR and the length of the
reads provided genomic context (i.e. 25 bp or more of adjacent nucleotide sequence from the
ARG) with the exception of tet(A).
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We found over 223 reads mapping to the tet(A) gene, showing we can enrich this target to a
significant level. However, few extended 25 bp upstream or downstream of tet(A). This failure, in
conjunction with the fact that the tet(A) gene encodes resistance to tetracycline, a highly
prevalent antibiotic used in New Zealand agriculture (Jahantigh et al., 2020), motivated us to
attempt this experiment a second time to determine the genomic context adjacent to tet(A) at a
higher rate. In addition, these additional experiments allowed to test the repeatability of the
assay.

tet(A) -
bla-CTX -
bla-TEM -

dfrA14 -

ARG

aph(3) -
rmtB2 -

sul2 -
aph(6) -

10 20 30 40
Percentage (%)

o=

Figure 3.2. The aph(6) and sul2 primers working with the degenerate primer pool produced the highest
percentage of reads providing a genomic context. We produced reads by sequencing on ONT’s MinlON device
using a MinlON 9.4.1 flowcell after completing a nested PCR protocol. Using minimap2, we mapped these reads to
the E. coli L3Cip3 reference genome and the Resfinder ARM database. To find reads with nucleotides extended up or
downstream of the target gene, we cross-referenced the reads mapping to the L3Cip3 reference genome and the
Resfinder AMR database. We found reads extending up or down from the target ARG above 25bps. The percentage
was calculated by dividing the number of reads proving a genomic context by the number of reads mapping to the
target ARG.
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We thus performed two additional experiments to determine if the amplification of the region
surrounding tet(A) was consistently low. We completed both experiments with the same
conditions as the first. In the first sequencing run, we produced 68k reads and 27.77 megabase
pairs (Mbp), with an N50 of 413 bp over 1.5 hours on a used flowcell containing approximately
500 active pores. In the second run, we produced 66k reads and 28.4 Mbp, with an N50 of 448
bp over 1.5 hours on a used flowcell containing approximately 400 pores.

The two genes that encode resistance to beta-lactam antibiotics, bla-crx and bla-rgy,, were the
most consistently amplified together with the surrounding genomic region, with the percentage
of reads that provide a genomic context averaging 15% + 0.8% and 19% + 3%, respectively.
Interestingly, the ARGs sul2, dfrA14 and rmtB2 were less consistent over the three experiments,
demonstrating that assay robustness is not fully optimised. Finally, we found that the percentage
of reads providing tet(A) genomic context was consistently below 5% in all three experiments
(Figs. 3.2 & 3.3). However, over all three sequencing runs, we produced, on average, 284 reads
mapping to tet(A). Showing we can enrich this target — and that the lack of reads providing
genomic context is not due to poor amplification in general, but rather the degenerate primer
pool annealing infrequently to regions outside the tet(A) gene.

tet(A) -

aph(3) -

bla-CTX -
£ bla-TEM - Istrun
2nd run

sul2 -
dfrA14 -

rmtB2 -

0 10 20 30 40
Percentage (%)

Figure 3.3. The primer for tet(A) working with the degenerate primer pool does not produce reads that
provide a genomic context at high percentages. We produced reads by sequencing on ONT’s MinlON device
using a MinlON 9.4.1 flowcell after completing a nested PCR protocol. Using minimap2, we mapped these reads to
the E. coli L3Cip3 reference genome and the Resfinder ARM database. To find reads with nucleotides extended up or
downstream the target gene, we cross-referenced the reads mapping to the L3Cip3 reference genome and the
Resfinder AMR database and found reads that would extend up or down from the target ARG above 25bps. The
percentage was calculated by dividing the number of reads proving a genomic context by the number of reads
mapping to the target ARG.
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3.3 Improving tetracycline genomic context frequency

The degenerate primer pool containing M-TAA, F-TGA and M-TGA produced high-frequency
mapping to the target ARGs outlined in section 3.2. It also provided genetic context to all targets
except tet(A). To test whether we could increase the percentage of reads providing a genomic
context for tet(A), we tested all eight individual degenerate primers with the tet(A)-specific ARG
primer complementary to positions 63,909bp - 63,929bp for the first round of N-PCR. During the
second round of N-PCR, we used the pooled constant primers with the nested tet(A) primer
complementary 64,437bp - 64,459bp (Methods section 2.8). We sequenced products using the
RBKO004 rapid barcoding kit on an R9.4.1 flowcell with an initial 200 active pores. This produced
122.83k reads and 1.23 Gbp in four hours. We mapped all reads against the E .coli L3Cip3
reference genome and the Resfinder AMR database to find reads mapping to tet(A) and
providing a genomic context.

We found that the primer combination of F-TGA with the forward primer for tet(A) enriched the
tet(A) locus the most. However, this primer combination did not yield a high percentage of reads
that also provided a genomic context. Of note, the top three primer combinations that produced
the highest number of reads mapping to tet(A), (F-NNN, F-TGA and M-ATG), all produced
relatively low percentages of reads providing a genomic context (Table 3.2). F-TAA produced
the highest percentage of reads, giving a genomic context to tet(A) at a percentage comparable
to other target ARGs in previous experiments. Due to this, we added the degenerate primer
F-TAA to the degenerate primer pool. Our degenerate primer pool now contained M-TAA,
M-TGA, F-TGA, and F-TAA.

Table 3.2. The degenerate primer F-TAA produced reads that provide a genomic context for tet(A) at high
frequencies.

Reads mapping to ARG + providing a

Degenerate primer Reads mapping to ARG genomic context
F-NNN 100 7 (7%)
F-ATG 38 2 (5%)
F-TAA 98 19 (20%)
F-TGA 143 5 (3%)
M-NNN 80 10 (13%)
M-ATG 110 8 (7%)
M-TAA 0 0 (0%)

M-TGA 57 3 (5%)
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3.4 Developing an ARG primer pool

3.4.1 Testing individual degenerate primers with pooled ARG primers

In testing our degenerate primers, we developed a functional pool that works with individual
ARG primers. These allowed successful amplification of genomic regions outside of the ARG
and determination of genomic context (or, in our case, plasmid context). However, our goal is to
develop a simple assay that allows rapid detection of multiple ARGs. The simplest assay should
perform robustly in a single reaction. We first wanted to test how pooling ARG primers would
work with individual degenerate primers to decide if pooling the degenerate primers was
necessary in the first place.

We developed an ARG primer pool to target specific ARGs within the E. coli L3Cip3 genome.
The target ARGs within this pool are aph(3), aph(4), aph(6), bla-crx, bla-rey, dfrA14, erm(B),
rmtB, sul2 and tet(A) (Table 1.1). Using the ONT rapid barcoding kit, we produced 294k reads
and 3.02 Gbp, after sequencing for 3 hours and 10 minutes on a fresh flowcell. On average,
19,179 + 6,025 reads mapping to all target ARGs, with 321 + 122 reads, providing a genomic
context. The degenerate primer M-ATG produced the most reads mapping to target ARGs and
reads that provide a genomic context. Surprisingly, and in contrast to our previous results, this
was only 2% and even lower for other target ARGs (Table 3.3).

Interestingly, from this experiment (Supp. Table 6.11), we sequenced significantly more reads
than any previous runs, and the percentage of reads mapping to ARGs (i.e. the relative
enrichment over non-specific binding and amplification of chromosomal regions) was also
significantly higher (52%). This can be contrasted with the results above (section 3.1), in which
we found only 2.5% of reads mapped to target ARGs. We are uncertain why the relative
enrichment levels varied so drastically, nor why this was inversely correlated with the fraction of
reads providing genomic context.
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Table 3.3. Testing individual degenerate primers with an ARG primer pool.

Reads mapping to ARG + provides

Degenerate primer Reads mapping to target ARGs genomic context
F-NNN 22605 367 (1.7%)
F-TAA 21432 372 (1.7%)
F-ATG 9722 165 (1.7%)
F-TGA 20131 291 (1.4%)
M-NNN 18430 285 (1.6%)
M-TAA 21270 380 (1.8%)
M-ATG 28317 540 (2%)
M-TGA 11525 175 (1.5%)

3.4.2 Pooling of ARG primers results in amplification bias toward specific ARGs

There was successful amplification of each target ARG when the pooled ARG primers are
paired with each degenerate primer singly (Fig. 3.4). However, we amplified several genes
significantly more than others. Genes encoding resistance to beta-lactam antibiotics, bla-crx and
bla-rz),, were consistently enriched the most, except in tests with F-TAA or M-TAA as the
degenerate primer. In these two cases, tet(A) and aph(6) had slightly more enrichment than
bla-rey. However, across all tests, there was a clear pattern. We enriched bla-crx to the highest
extent, followed by bla-rzy, tet(A) or aph(6); then sul2, aph(3) or dfrA14. The genes with the
lowest enrichment were consistently rmtB, erm(B) and aph(4). As each degenerate primer is
binding to random regions within the genome, we would expect to see less of a trend between
samples. We propose that this repeatable pattern of high or low ARG enrichment, independent
of the degenerate primer, is due to a combination of (1) ARG copy number and accessibility (a
function of both plasmid copy number and location on the plasmid); (2) the efficiency of binding
of the primers within the ARG (at the first or second round of PCR, or both); (3) the specific
context of the ARG (e.g. whether it is adjacent to an element that is highly repetitive within the
genome, possibly causing secondary binding of the amplified products).
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3.4.3 Amplification of specific ARGs is more likely to yield genomic context

There was also a trend when examining the individual ARGs and the fraction of reads providing
a genomic context (i.e. extending more than 25 bp into the region adjacent to the ARG) (Fig.
3.5). We consistently produced reads that provided genomic context adjacent to the gene rmtB
gene at high percentages, ranging from 11%-14%. This gene encodes 16S rRNA
methyltransferase, which can alter the binding of aminoglycoside antibiotics, rendering them
inactive. rmtB was the only targeted ARG present on the chromosome. For all other genes, the
percentage of reads providing genomic (plasmid) context ranged from 0%-2.8%. This suggests
that any combination of degenerate primers with the primers targeting rmtB can successfully
amplify the region surrounding the rmtB gene. Again, we note that rmiB is the only
chromosomal ARG that we targeted, which may provide some insight into why this ARG
contrasted with others.

While the target ARGs bla-crx, bla-reyand dfrA14 were amplified with the contextual adjacent
regions relatively consistently across all degenerate and ARG primer combinations, this was not
true for aph(3), aph(4), tet(A) and sul2. Only rarely did the amplification products for these ARGs
provide a genomic context. Overall, these results suggest that there is a consistent bias in the
likelihood of amplifying and sequencing adjacent genomic context. However, these results were
obtained when relying on only a single degenerate primer. We thus next tested whether a
dual-pool system would improve the situation: pooled degenerate primers and pooled
ARG-targeting primers.



44

F-NNN F-TAA
-~ 7500 — 7500
c =
8 s000 8 s000
3 3
| ™ B ==
| — | ]
0 0
& & & » R & > & @ A <+ » e & R & 3 ® @ &
‘6?(, ‘)\é\ & < 3 & S\\\r & &8 & v\& & & 0\& 3 & S\& & & &
ARGs ARGs
F-ATG F-TGA
€ 7500 g 7500
8 so00 8 5000
B 3
i3 Q
2 2500 2 2500
. — I —
0 0
<& & @ & R > & & @ & <& o @ R § > & & @ &
S 5 o & ™ S & > o & ™ o
,,;,\'?PO & R A ° & & ¢ & & & v&é & © ° & R * & ®
ARGs ARGs
M-NNN M-TAA
2 7500 2 750
8 5000 8 5000
® B
= L] = —
[ F ] ] —
0 0
<+ & Ql e Ng & > 4 N B <+ e © & Ng & > 4 N B
& & o8& ¢ T & & &8 R S R N
ARGs ARGs
M-ATG M-TGA
- 7500 - 7500
= 3
8 5000 8 s000
B kS
2 2500 - & 2500
0 I e e o N —
<F & @ Nl > & R4 & & B <+ & @ Nl > & Rig 4 B &
oS 3 N & oS o 3 o & S
& & # @ & 8 ¢ & 8 & & & @ & & ? ¢ S €
ARGs ARGs

Figure 3.4. bla-c1x is consistently enriched the most regardless of the degenerate primer set. The nested PCR protocol was completed with each of eight
different degenerate primers and the pooled ARG-specific primers. (aph(3), aph(4), aph(6), bla-crx, bla-rey, dfrA14, erm(B), rmtB, sul2 and tet(A)). The reads were
mapped to the E. coli L3Cip3 reference genome to find reads mapping to target ARGs. The total number of reads mapping to each ARG is indicated on the y-axis.
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Figure 3.5. Reads mapping to rmtB consistently provide genomic context at higher percentages than other ARGs. The nested PCR protocol was
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completed with each of eight different degenerate primers and the pooled ARG-specific primers. (aph(3), aph(4), aph(6), bla-crx, bla-ren, dfrA14, erm(B), rmtB, sul2
and fet(A)). The reads were mapped to the E. coli L3Cip3 reference genome and the Resfinder AMR database to find reads mapping to target ARGs and had more
than 25 base pairs extending up or downstream from that gene to determine the genomic context. The percentage of reads providing such context is indicated on

the y-axis. Each plot shows the result of one of the eight degenerate primers.
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3.4.2 Combining the ARG primer pool with the degenerate primer pool

Testing individual degenerate primers with pooled ARG primers did not yield significant results
in providing a genomic context for each targeted ARG, except in the case of rmtB. Therefore, we
tested whether using a dual pooling strategy could improve the efficiency and robustness. We
used the pooled ARG primers together with a pooled degenerate primer set containing M-TAA,
M-TGA, F-TGA, and F-TAA. In the second round of N-PCR, we used the pooled interior ARG
primers and the two constant primers that bound to the tails of the M (Manoil) and F (Freed)
primers (Table 2.3 & 2.4). After PCR and library preparation, we sequenced the library on a
single new MinlON 9.4.1 flowcell with approximately 800 active pores for 1 hour (this number of
pores is uncommonly low for a new flowcell). We generated 45k reads, totalling 19.4Mbp with an
average length of 247 bp. However, in this experiment, we ran multiple samples from unrelated
experiments using the rapid barcoding kit. For the barcode relevant to our experiment, we
generated 4085 reads. 2081 of those reads mapped to the L3Cip3 genome, and 1092 reads
(52%) mapped to ARGs within the L3Cip3 genome.

Using a dual-pool strategy (ARG primer pool and degenerate primer pool), we enriched all
target ARGs and provided a genomic context for all at 10% or more, with an average of 38%
across all ARGs (Table 3.4).

However, we again found that the total number of reads mapping to each target ARG differed
substantially. More than 300 reads mapped to both bla-crx and bla-rzy, while far fewer mapped
to aph(6) (36 reads), dfrA14 (30 reads), rmtB (12 reads), and tet(A) (33 reads). This echoed
previous results with the individual primers, in which bla-rzy and bla-crx were consistently the
most efficiently amplified. Surprisingly, this contrasted strongly with the results for the unpooled
degenerate primers (above): In that case, only a small fraction of reads mapping to bla-crx and
bla-rgy also provided genomic context.
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Table 3.4. Percentage of reads mapping to target ARGs while providing a genomic context.

Reads mapping to target ARG and provide

ARG Total reads mapping to ARG genomic context
aph(3) 81 (7.42%) 39 (48%)
aph(4) 140 (12.83%) 40 (28.5%)
aph(6) 36 (3.30%) 14 (38%)
bla-crx 320 (29.33%) 139 (43%)
bla-rey 311 (28.51%) 125 (40%)
dfrA14 30 (2.75%) 7 (23%)
rmtB 12 (1.10%) 5 (41%)
sul? 94 (8.62%) 41 (43.6%)
tet(A) 33 (3.02%) 4 (12%)
Total 1092 414 (38%)
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Chapter 4: Metagenomic Results
4.1 Metagenomic sequencing

Until this point, we had focussed on testing the pooled primer strategy on relatively pure DNA
from a single isolate. We wanted to test how our N-PCR method would fare on a more complex
and recalcitrant sample and, furthermore, compare its performance to standard metagenomic
sequencing. To this end, we first obtained a set of faecal samples likely to contain a wide range
of ARGs. These samples were collected on a number of farms across New Zealand (Table 2.2).
We extracted DNA from these samples using two different protocols (Methods section 2.2.1)
and sequenced all ten samples on a single PromethlON P2 R10.4.1 flowcell (Methods section
2.4.2). This generated 3.95 million reads and 14.86 Gbp over 48 hours (Table 4.1). To identify
the different classes of ARGs in each faecal sample, we mapped the reads from each barcoded
sample against the Resfinder ARG database. 2517 reads mapped to at least one ARG, with 55
different ARGs across all 10 samples. While the fraction of reads mapping to each ARG differed
between faecal samples, both methods of DNA isolation (Zymobiomics and Qiagen) exhibited
somewhat concordant fractions (Fig. 4.1).

Of the ARGs found in the faecal samples, six were also contained within the ARG primer pools
we had designed., Several were present at relatively high abundances in the metagenomic
samples (Fig. 4.1). We found that sul2, a sulfonamide-resistant gene, was present in all samples
except for 13 and 77 (for both the Zymo and Qiagen preps). Both aph(3) and aph(6),
aminoglycoside-resistance genes, were present in all samples except 13 (again, for both Zymo
and Qiagen preps). tet(A), a gene that encodes tetracycline resistance, was present in samples
10 and 4 (but only in the Qiagen prep for the latter case). erm(B) (MLS resistance) was detected
in samples 13, 69, and 04 (but again, only for the sample 04 Qiagen prep). Finally, bla-rey
(beta-lactam resistance), was detected in samples 04 and 10 (but only for the Zymo prep in the
latter case). The presence of these ARGs across samples suggested that if our N-PCR was
sufficiently robust, we should be able to enrich for sul2, aph(3), aph(6), tetA(P), erm(B) and
bla-r=y, while also providing a genomic (plasmid) context for each ARG.
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Table 4.1. Sequence statistics for unfiltered reads from each faecal sample and prep method. Two extraction
methods were used: Zymobiomics mini prep (zymo) or Qiagen Power soil (giagen). N50: The sequence length of the
shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3 indicate the length of
sequences (in bp) at the 25th, 50th, and 75th quartile Q20(%) is the percentage of bases with a quality score (phred
score) greater than 20. Q30 is the(percentage of bases with a quality score greater than 30. Sequencing statistics
were produced using segkit stats (Shen et al., 2016).

Total Max length

Sample N50 number (bp) Q1 Q2 Qs Q20(%) Q30(%)
04-zymo 3,954 32,895 337,367 175 314 1,017 64.91 41.46
04-giagen 2,823 262,612 218,631 166 265 696 63.35 39.86
10-zymo 4,645 110,446 627,640 208 415 1,386 63.6 40.36
10-giagen 2,115 259,680 336,195 190 323 814 62.48 38.26
77-zymo 3,711 768,078 361,368 186 368 1,326 63.79 40.12
77-giagen 2,124 332,202 155,194 182 277 606 62.74 39.1
13-zymo 3,452 82,823 75,816 217 393 1,029 63.68 40.26
13-giagen 2,199 162,165 705,801 177 366 945 63.41 40.02
69-zymo 4,568 301,582 151,726 236 482 1,663 65.07 41.6

69-giagen 3,458 169,546 436,593 190 337 1,005 62.76 39.38
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Figure 4.1. ARGs encoding resistance to tetracycline are the most abundant across all metagenomic
samples. DNA was extracted using Zymobiomics miniprep kit (zymo) or Qiagen DNeasy Powersoil kit (giagen). Grey
is showing that no ARGs were deterred in that sample. Samples were sequenced using the RBK114.96 rapid
barcoding kit on an R10.4.1 P2 flowcell. Samples were basecalled and demultiplexed using Guppy, and reads were
mapped to the Resfinder AMR database with minimap2.
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We found a high abundance of tetracycline resistance genes within each sample, with all five of
the most abundant ARGs (averaged across samples) involved in tetracycline resistance (Figure
4.1): tet(W)DQ060146, tet(0/32/0)AIOQ01000025, tet(40)FJ158002 and tet(X)GUO014535,
tet(Q)U73497 were consistently high abundance across all samples. Of the 55 ARGs that we
detected, a total of 18 (32%) provided resistance to tetracycline; the next most common ARG
category was aminoglycoside resistance, with 9 (16%) ARGs providing resistance, followed by
macrolide resistance (Figure 4.2).

4 .2 Difference between extraction methods

We extracted DNA using two different methods, Zymobiomics DNA miniprep and Qiagen
DNeasy Powersoil kit (Methods section 2.2.1) to determine if there was a difference in the
profile and diversity of resistance genes discovered with each method. Table 4.1 shows the
difference in sequence data produced from each sample. The average number of sequences
from the Zymobiomics was 259,165, and the average from the Qiagen samples was 237,241.
The data produced from the Qiagen samples was more consistent regarding the number of
sequences, although there was no strong pattern. However, the sequence lengths produced by
the Zymobiomics preps were, on average, considerably longer, with Zymobiomics N50 and Q3
lengths being, on average, 65% and 62% longer, respectively, than the paired Qiagen samples.
In addition, the Zymobiomics samples resulted in slightly higher quality reads, an average of
3.7% more Q30 bases compared to Qiagen.

A total of 1,147 reads from the Zymobiomics preps mapped to an ARG, and Qiagen samples
produced 1,196 total reads mapped to an ARG. At first glance, sample 04 exhibited very
different resistance profiles between the two extraction types: the Zymo prep had reads mapping
to 11 different ARGs, whereas the Qiagen prep had reads mapping to 25 different ARGs.
However, this is at least partly explained by the differences in read numbers: the Zymo prep
produced a total of 32,895 reads, whereas the Qiagen prep produced 262,612 reads, a
difference of almost eight-fold. The other samples exhibited similar fractions of reads mapping to
each ARG, with the exception of one or two genes.

Interestingly, the number of reads mapping to tetracycline-resistance genes from Zymobiomics
samples was significantly higher compared to Qiagen samples: 1,203 compared to 596,
respectively, despite very similar overall read numbers (1.3 million versus 1.19 million,
respectively). This suggests a possible bias toward specific ARG types between these two
extraction methods. This could occur, for example, if tetracycline genes are more common on
large plasmids, and the Zymobiomics kit enriches to a greater extent for large plasmids.
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Figure 4.2. Tetracycline resistance is the most abundant within metagenomic samples. All reads from each sample 04-zymo, 10-zymo, 13-zymo, 69-zymo,
77-zymo, 04-qgiagen, 10-qgiagen, 13-giagen, 69-giagen and 77-giagen) were grouped to find which group of antibiotics was most abundant. DNA was extracted
using two methods: Zymobiomics miniprep kit (zymo) or Qiagen DNeasy Powersoil kit (giagen). Samples were sequenced using the RBK114.96 rapid barcoding kit
on an R10.4.1 P2 flowcell. Samples were basecalled and demultiplexed using Guppy, and reads were mapped to the Resfinder AMR database with minimap2.
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4.3 Application of the N-PCR protocol on faecal samples (L3Cip3 enriched)

During metagenomic sequencing, we detected six genes that could be enriched, described in
section 4.1. We applied our N-PCR protocol to the faecal samples to compare to the
metagenomic sequence data. We first tested whether the N-PCR method could enrich for ARGs
(and adjacent genomic context) in a more complex, recalcitrant faecal sample compared to pure
gDNA from a cultured isolate. To this end, we spiked 1uL of E. coli L3Cip3 DNA to 9uL of
04-zymo DNA and completed our N-PCR protocol. We sequenced the PCR products on a used
R9.4.1 flowcell with 500 active pores using the RBK004 rapid barcoding kit, producing 28.29 K
reads, 353 Mbp, and an N50 of 564 in 1.5 hours. We mapped the reads to the Resfinder AMR
database and filtered the reads only to include reads with a mapping quality above 20. We found
that 5% (1488) of reads mapped to our target ARGs and 50% (750) of those reads provided a
genomic context.

These results showed we can successfully enrich ARGs from a complex faecal sample (Table
4.2). We produced numerous reads that provide a genomic context for aph(3), aph(6), bla-crx,
bla-r=y, and sul2. We amplified bla-rezy at a high level, consistent with our single isolate L3Cip3
experiments.

Table 4.2. Percentage of reads mapping to target ARGs that provide a genomic context in a metagenomic sample
spiked with E. coli L3Cip3.

ARG Total reads mapping to ARGs Reads mapping to ARG + Providing genomic context
aph(3) 312 (20%) 161 (53%)
aph(4) 6 (0.4%) 1(17%)
aph(6) 292 (18%) 161 (55%)
bla-crx 107 (7%) 40 (37%)
bla-rey 421 (28%) 205 (48%)
dfrA14 11 (0.7%) 3 (27%)

sul2 316 (21%) 167 (53%)

tet(A) 15 (1%) 4 (27%)

Total 1488 750 (50%)
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4.4 Application of N-PCR protocol on pure faecal samples

Having tested the performance of the N-PCR protocol on complex samples spiked with known
DNA, we next tested the performance on the DNA from the faecal samples. We used the
RBK114 rapid sequencing kit on a used R10.4.1 flowcell with approximately 2000 active pores
using the P2 solo device. We produced 67.15k reads and 110.67 Mbp, with an N50 of 336 bp in
30 minutes of sequencing. Across all samples, an average of 2,848 reads mapped to ARGs, we
compared these results to the results from metagenomic sequencing. We found that N-PCR
enrichment increased target frequency by 15 to 1000-fold compared to metagenomic
sequencing (Table 4.3). PCR-enriched samples had an average of 1% reads mapping to target
ARGs, whereas all metagenomic samples had an average of only 0.0086% reads mapping to
target ARGs. These findings suggest that PCR enrichment could be a more effective method for
detecting target ARGs, even in complex samples. Furthermore, the N-PCR method provides a
way of establishing the genomic (or plasmid) context of ARGs without the effort required (both in
terms of reagent cost and compute cost) required by metagenomic sequencing.

Comparing the DNA extraction methods regarding fold-increase, no method outperformed the
other across all samples, and the difference between all samples is likely to be the nature of the
samples themselves. For samples 04-zymo, 77-zymo, 04-qgiagen, 10-giagen, 77-giagen and
69-giagen, we enriched aph(6) more compared to all other ARGs Interestingly, we did not
observe more significant enrichment of bla-rg,, present in samples 04-zymo, 04-giagen and
10-zymo. This is most likely due to this ARG not being present at high levels in the metagenomic
samples (further evidenced by the metagenomic sequencing (Figure 4.1). The most significant
enrichment we found was for sul2, a gene that encodes sulfonamide resistance, in sample
04-zymo. Interestingly, sul2 was not enriched to this extent in other faecal samples for which
metagenomic sequencing indicated its presence. It is unclear as to why, although there are a
wide range of possible explanations. Critically, our N-PCR method enriches ARGs not within the
pure metagenomic sequence results, notably sul2 in sample 77-giagen and dfrA14 in sample
04-giagen (Figure 4.3), although both to a minimal extent. This indicates that the metagenomic
sequencing did not detect several ARGs within the sample.



95

Table 4.3.Comparison of metagenomic sequencing and PCR-targeted sequencing.

Number of metagenomic reads

Number of reads mapping to target

Sample mapping to target ARGs (%) ARG loci (PCR enriched) Fold-increase
04-zymo 10 (0.024%) 81 (3%) 124
04-giagen 21 (0.0082%) 35 (1.7%) 206
10-zymo 42 (0.025%) 21 (0.4%) 15
10-giagen 6 (0.0025%) 30 (0.4%) 159
77-zymo 12 (0.0008%) 24 (0.8%) 1000
77-qgiagen 6 (0.0021%) 25 (1.5%) 713
13-zymo 0(0%) 0 (0%) NA
13-giagen 0 (0%) 0 (0%) NA
69-zymo 16 (0.0032%) 12 (0.5%) 155
69-giagen 16 (0.0078%) 26 (2.4%) 306
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Figure 4.3. Comparison of PCR-enriched samples to metagenomic sequencing. PCR-enriched samples were
amplified using an N-PCR protocol with degenerate and ARG primer pool, targeting the ARGs aph(3), aph(4), aph(6),
bla-crx, bla-rey, dfrA14, erm(B), rmtB, sul2 and tet(A). Metagenomic DNA was extracted using two methods,
Zymobiomics miniprep kit (Z) or Qiagen DNeasy Powersoil kit (Q). Samples, PCR-enriched and metagenomic, were
sequenced using the RBK114.96 rapid barcoding kit on an R10.4.1 P2 flowcell. Samples were basecalled and
demultiplexed using Guppy, and reads were mapped to the Resfinder AMR database with minimap2.
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4.5 Genomic context in metagenomic samples

To differentiate our method from other molecular methods that use ONT as a sequencing
platform, including gPCR and CRISPR, we aimed to provide a genomic context to each of our
target ARGs using degenerate primers. Degenerate primers can anneal to random regions
within the genome and extend those regions, producing a template to have both part of the
target ARG and downstream region of either the chromosome or plasmid, allowing us to
determine where in the genome it resides (Principle outlined in Fig. 2.1). We have shown that
we can enrich target ARGs with our ARG primer pool and provide a genomic context for each in
a single strain sample (Table 3.4 & Fig. 3.4) and a metagenomic sample enriched with E. coli
(Table 4.3). Our sequencing run outlined in section 4.4 provided a genomic context for some of
the target ARGs in the pure metagenomic samples (Table 4.4) at comparable percentages to
our single-strain tests (Table 3.4). Although the number of reads is substantially lower compared
to our single strain test, we note that for this experiment, sequencing occurred for only 30
minutes on a used flowcell (67 thousand reads total). The additional depth created by additional
sequencing effort — easily ten- or even 100-fold more reads) should easily make up for this
decreased read number. However, when analysing the individual genes (Fig 4.4) we are
consistently amplifying aph(6) significantly more than all other target ARGs, suggesting that our
primer pool day have a bias towards aph(6) and may need to trial a lower concentration of the
aph(6) primer.

Table 4.4. Genomic context of PCR-enriched metagenomic samples.

Sample Reads mapping to target ARG Reads providing genomic context
04-zymo 81 (26%) 26 (32%)
10-zymo 41 (13%) 8 (19%)
77-zymo 24 (8%) 4 (16%)
13-zymo 0 (NA) 0 (NA)

69-zymo 36 (11%) 7 (19%)
04-giagen 54 (17%) 10 (18%)
10-giagen 30 (9%) 6 (20%)
77-giagen 25 (8%) 12 (48%)
13-qgiagen 0 (NA) 0 (NA)

69-giagen 26 (8%) 11 (42%)

total 317 84 (26%)
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Figure 4.4. Genomic context for aph(6) is consistently high across all samples. PCR-enriched samples were
amplified using a N-PCR protocol with a degenerate and ARG primer pool, targeting the ARGs aph(3), aph(4),
aph(6), bla-crx, bla-rey, dfrA14, erm(B), rmtB, sul2 and tet(A).Metagenomic DNA was extracted using two methods,
Zymobiomics miniprep kit (Z) or Qiagen DNeasy Powersoil kit (Q). Samples were sequenced using the RBK114.96
rapid barcoding kit on an R10.4.1 P2 flowcell. Samples were basecalled and demultiplexed using Guppy, and reads
were mapped to the Resfinder AMR database with minimap2. The genomic context was determined by
cross-referencing reads mapping to the metagenomic samples and the ResFinder AMR database to find reads with
nucleotides extended 25bps or more up or downstream of target ARGs. The percentage was calculated by dividing
the number of reads proving a genomic context by the number of reads mapping to the target ARG.
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Chapter 5: Discussion

5.1 Genomic context

PCR paired with ONT effectively profiles ARGs in single-strain colonies (Zhang et al., 2021 &
Zhao et al., 2022). Here, we have further increased the power of PCR paired with ONT
sequencing by developing a method that implements a novel multiplexed nested PCR protocol
to increase sensitivity to target ARGs compared to metagenomic sequencing. We can also
determine the genomic context of each target ARG using degenerate primers. This provides
information on the specific locations and arrangements, either chromosomal or plasmid bound,
of these genes within the genome. This method could, in future developments, also determine
the regulation of these genes (Botas et al., 2022) by understanding the flanking regions down
and upstream of ARGs, as these regions could be part of MGEs transferred through HGT. Very
recent research from Shaw & Neher (2023, preprint) shows that understanding the flanking
regions of MGEs can help understand the structural diversity around MGEs. We could also use
the extended region from target ARGs to identify the species of bacteria in a sample. However,
25 bp is likely to be a lower limit for accurate species determination to achieve this. Our method
is also appealing from a temporal perspective: We have developed a method to detect ARGs in
single-strain bacteria and metagenomic samples while providing a genomic context within 5-6
hours (Fig. 2.3).

5.2 Rapidly detecting ARGs in single colonies

We first tested our method on E. coli L3Cip3, a highly AMR strain with nine different ARGs, both
chromosomal and plasmid bound (Table 2.1). We have shown that we can enrich all ARG
targets within five hours using our method (Fig 2.3). Moreover, we were able to provide a
genomic context for each target at an average frequency of 38%, demonstrating that this
method is efficient for the use on single-strains. The primers designed for this protocol (Supp.
Table 6.1) can easily be interchanged to target ARGs in different strains of E. coli or different
species of bacteria, and with additional combinatorial experimentation, it is likely that the
degenerate primer sets could be improved, either for efficiency of amplification or to optimise
amplification of adjacent genomic or plasmid sequence. One area that we left relatively
untested was the optimisation of DNA purification steps to increase the fraction of long molecule
fragments that we sequenced; such fragments are much more likely to provide genomic context,
and enrichment of long molecules can be relatively simple and fast, for example using bead
purification.
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5.3 Rapid detection of ARGs in metagenomic samples

Finally, we have demonstrated that enriching target ARGs in metagenomic samples with our
novel N-PCR protocol is possible. We compared our method to our metagenomic sequencing
and found we could enrich target ARGs up to 1000-fold (Table 4.3) while remaining able to
determine the genomic context of target ARGs (Table 4.4 & Fig. 4.4). In our metagenomic
analysis of samples from farms across New Zealand, we found a very high abundance of genes
that encode resistance to tetracycline. This interesting result provides fodder for future research
but is not entirely unexpected. Pattis et al. (2022) noted that tetracycline resistance is highly
prevalent in New Zealand for cattle veterinary use. Moreover, tetracycline resistance is highly
prevalent in clinical settings (Gasparrini et al., 2020).

During our single-strain tests, we attempted to increase the amplification and the frequency of
reads that provide a genomic context for tef(A). We had some success in our single strain tests;
however, in applying our method to metagenomic samples, we did not enrich this gene to high
levels or could not provide a genomic context within any samples. Applying this method to a
metagenomic sample has several limitations. We can only enrich target ARGs within our ARG
primer pool, limiting its power to detect full resistant profiles of the bacteria within the samples.
However, we did not test the full extent to which this protocol can be multiplexed, and there are a
number of highly multiplexed PCR protocols that have been successfully employed (even in
relatively complex metagenomic samples) ( Khodakov et al., 2021, Li et al., 2022 & Xie et al.,
2022).

5.4 An active tool to profile ARGs in bacteria

When designing a diagnostic test, the World Health Organization recommends that a
method/test should be ASSURED: affordable, sensitive, specific, easy to use, without large
equipment and delivered to the user (Kosack et al., 2017). Our N-PCR method is affordable due
to the number of times each MinlON or P2 flowcell can be reused. It is sensitive and specific
due to using a novel N-PCR protocol. The relative simplicity of this method is clear: only PCR
and nanopore sequencing training is needed. The biggest hurdle may be a thermocycler.
Despite this, this method offers a reasonable compromise between accessibility and accuracy,
such that it could effectively address New Zealand’s antimicrobial resistance action plan
released in 2017. Under objective two of their proposed plan, they want to increase surveillance
and research to develop a list of crucial resistance genes and antimicrobials for national
reporting (Ministry of Health and Ministry for Primary Industries, 2017).
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5.5 Oxford nanopore as a cheap and reliable sequencing platform

This work firmly establishes the relative economy of the ONT platform compared to other
sequencing platforms when flowcells are washed and reused (Beckley et al., 2023). We were
often able to wash and reuse flowcells up to 10 times while still collecting more than sufficient
data for our assays. For example, we found that 50-100 Mbp provided more than enough data to
detect and profile target ARGs while providing genomic context in single colonies. This
highlights the ability of the ONT platform to be reusable and cost-efficient, making this method
accessible to institutes with low funding. To decrease the time to complete this protocol further,
we tested the capabilities of the PromethlION R10.4.1 flowcell. We found we could produce
enough data to detect and profile target ARGs while providing genomic context to each within
30 minutes and have an estimated 30 uses when washing between sequencing runs. Currently,
Promethion flowcells are cheaper than MinlON flowcells (USD 900 for MinlON; USD 3450 for a
4-pack of PromethlON, and cost decreases as more flowcells are purchased). As for hardware,
the MinlON cost is USD 1000, and the P2 solo cost is USD 10,455. We did not analyse the
exact cost per run, but this does give insight into the cost of using ONT as a sequencing
platform. As the P2 platform becomes more available to other researchers, we expect that the
additional sequencing capability will result in entirely new workflows dedicated to flowcell reuse,
for example, by adding barcodes to each run to ensure no crosstalk between runs from re-used
flowcells. Finally, compared to other NGS platforms, such as Illumina or PacBio, ONT has the
advantage that the sample does not need to be sent away to be sequenced (Beckley et al., 2023
& Stevens et al., 2023).

5.6 Limitations

Our method has several advantages over other molecular methods: it is sensitive, rapid and
highly accessible to users. However, it also has several limitations. As we are using degenerate
primers that anneal to random regions of a genome, there is little guarantee that there will be
amplification of a region of the genome down or upstream from the target ARG, therefore not
providing any genomic context. This problem is evident in Figure 4.4, as the genomic context
was found for ARGs only when a relatively high number of reads mapped to target ARGs. Our
method is also limited in detecting novel ARGs as we design primers that will anneal to known
ARGs. An essential factor to consider when comparing methods to detect, profile or find new
ARGs is the question being asked. Is sensitivity or specificity more important to the research at
hand?
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5.7 Conclusion and future perspectives.

Antibiotic resistance is a significant burden for society, and its spread through healthcare,
agriculture and environment-related paths is cause for concern. Many bacteria are now
multidrug-resistant, with some strains resistant to nearly all commercially available antibiotics.
Efficient methods that can rapidly and accurately profile multiple antibiotic resistance genes in
bacteria are crucial to understanding resistance profiles of environments. Further, a method that
can rapidly detect multiple resistance genes within highly pathogenic bacteria in clinical settings
is vital to reducing the time to prescribe an effective therapy. Here, we have shown we can
enrich target ARGs within a single-strain E. coli and within faecal samples that have target
ARGs corresponding to our optimised ARG primer pool with a novel N-PCR protocol paired with
Oxford Nanopore Technology. In future work, we will develop larger primer pools to target
substantially more resistance genes in metagenomic samples and use the extended region of
those flanking regions to identify bacteria down to the species level.
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Chapter 6: Appendices

Supplementary Table 6.1. Panel of primers capable of multiplex gPCR. The list of primers was originally ordered
and used for the initial test of amplification of target ARGs. Primers designed using Primalscheme v1.4.1 (Quick et al.,
2017). Left (forward primer and right (reverse primer)

Name

Sequence

Length

Target

scheme_1_LEFT
scheme_1_RIGHT
scheme_2_LEFT
scheme_2_RIGHT
scheme_3_LEFT
scheme_3_RIGHT
scheme_4_LEFT
scheme_4_RIGHT
scheme_5_LEFT
scheme_5_RIGHT
scheme_6_LEFT
scheme_6_RIGHT
scheme_7_LEFT
scheme_7_RIGHT
scheme_8_LEFT
scheme_8_RIGHT
scheme_9_LEFT
scheme_9_RIGHT
scheme_10_LEFT
scheme_10_RIGHT
scheme_11_LEFT
scheme_11_RIGHT
scheme_12_LEFT
scheme_12_RIGHT
scheme_13_LEFT

scheme_13_RIGHT

TGGTGAATCGCATTCTGACTGG
CATTGCGGGACACCACATCAA
CTGTTCACAGCCTATCGGTTGA
ATTGAATAGGACAGCGAAGGCG
ACGTCTGTCGAGAAGTTTCTGA
CGATTCCTTGCGGTCCGAAT
AAGACCTGCCTGAAACCGAAC
GGCCTCCAGAAGAAGATGTTGG
CGGACAATGGCCGCATAACA
CTATTCCTTTGCCCTCGGACGA
CGCCTGTTTTTCCTGCTCATTG
CCGCTGAAACAAAGCTGCAAA
GACTACCAGGCGACCGAAATTG
AGAGAATGCGTCCGCCATCT
AACGCAGGTTGTCAAACTGACT
TAGTATGACGTCTGTCGCACCT
AAAAATCACTGCGCCAGTTCAC
GCCACGTTATCGCTGTACTGTA
ATTGCGGAAAAGCACGTCAATG
GCCGGTTTTATCCCCCACAA
ACAGCTGGGAGACGAAACGTT
GATTTTAGCCGCCGACGCTAA
AAAAATCACTGCGCCAGTTCAC
GCCACGTTATCGCTGTACTGTA
ATTGCGGAAAAGCACGTCAATG

GCCGGTTTTATCCCCCACAA

22

21

22

22

22

20

21

22

20

22

22

21

22

20

22

22

22

22

22

20

21

21

22

22

22

20

aph(3")-Ib_5_AF321551:+24
aph(3")-Ib_5_AF321551:-401
aph(3")-Ib_5_AF321551:+332
aph(3")-Ib_5_AF321551:-708
aph(4)-la_1_V01499:+25
aph(4)-la_1_V01499:-405
aph(4)-la_1_V01499:+302
aph(4)-la_1_V01499:-689
aph(4)-la_1_V01499:+617
aph(4)-la_1_V01499:-1005
aph(6)-ld_4_CP000971:+5
aph(6)-1d_4_CP000971:-382
aph(6)-ld_4_CP000971:+283
aph(6)-1d_4_CP000971:-662
aph(6)-1d_4_CP000971:+418
aph(6)-1d_4_CP000971:-809
blaCTX-M-55_1_DQ810789:+8
blaCTX-M-114_1_GQ351346:-389
blaCTX-M-55_1_DQ810789:+331
blaCTX-M-114_1_GQ351346:-698
blaCTX-M-55_1_DQ810789:+468
blaCTX-M-114_1_GQ351346:-838
blaCTX-M-55_1_DQ810789:+8
blaCTX-M-114_1_GQ351346:-389
blaCTX-M-55_1_DQ810789:+331

blaCTX-M-114_1_GQ351346:-698
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scheme_14_LEFT
scheme_14_RIGHT
scheme_15_LEFT
scheme_15_RIGHT
scheme_16_LEFT
scheme_16_RIGHT
scheme_17_LEFT
scheme_17_RIGHT
scheme_18_LEFT
scheme_18_RIGHT
scheme_19_LEFT
scheme_19_RIGHT
scheme_20_LEFT
scheme_20_RIGHT
scheme_21_LEFT
scheme_21_RIGHT
scheme_22_LEFT
scheme_22_RIGHT
scheme_23_LEFT
scheme_23_RIGHT
scheme_24 LEFT
scheme_24_RIGHT
scheme_25_LEFT
scheme_25_RIGHT
scheme_26_LEFT
scheme_26_RIGHT
scheme_27_LEFT
scheme_27_RIGHT
scheme_28 LEFT

scheme_28_RIGHT

ACAGCTGGGAGACGAAACGTT

GATTTTAGCCGCCGACGCTAA

TTTTCGTGTCGCCCTTATTCCC

AGAAGTAAGTTGGCAGCAGTGT

AGCATCTTACGGATGGCATGAC

CAATGATACCGCGAGACCCA

TTTGCACAACATGGGGGATCAT

TCAGTGAGGCACCTATCTCAGC

TTTTCGTGTCGCCCTTATTCCC

AGAAGTAAGTTGGCAGCAGTGT

AGCATCTTACGGATGGCATGAC

CAATGATACCGCTAGACCCACG

TTTGCACAACATGGGGGATCAT

TCAGTGAGGCACCTATCTCAGC

AGTATCATTGATGGCTGCGAAAG

TCGAAGGTATTTGGAATACTCGGG

ACATACCCTGGTCCGCGAAA

ACCCTTTTTCCAAATTTGATAGCAATAGT

ACGAGTGAAAAAGTACTCAACCAAA

GCAACCCTAGTGTTCGGTGAAT

GGGAATATTCCTTACCATTTAAGCACA

AGACAATACTTGCTCATAAGTAACGG

ACCTCCATCCTGGCCTCAAAAA

TGATGACATCCCCCAATCCCTG

CTTAACCCCTTGGCGCTATACG

ATAAGTTCTGTTCCGATGGTCTTTTT

ACATAACCTCGGACAGTTTCTCC

ATGTGATCCATGATGTCGCCAG

GCGAAATCATCTGCCAAACTCG

TGTGTGCGGATGAAGTCAGC

21

21

22

22

22

20

22

22

22

22

22

22

22

22

23

20

29

22

27

26

22

22

22

26

23

22

22

20

blaCTX-M-55_1_DQ810789:+468
blaCTX-M-114_1_GQ351346:-838
blaTEM-1B_1_AY458016:+15
blaTEM-30_1_AJ437107:-389
blaTEM-1B_1_AY458016:+326
blaTEM-1B_1_AY458016:-714
blaTEM-1B_1_AY458016:+447
blaTEM-30_1_AJ437107:-826
blaTEM-1B_1_AY458016:+15
blaTEM-30_1_AJ437107:-389
blaTEM-1B_1_AY458016:+326
blaTEM-30_1_AJ437107:-712
blaTEM-1B_1_AY458016:+447
blaTEM-30_1_AJ437107:-826
dfrA14_1_KF921535:+6
dfrA14_1_KF921535:-384
dfrA14_1_KF921535:+59
dfrA14_1_KF921535:-443
erm(B)_1_JN899585:+37
erm(B)_1_JN899585:-409
erm(B)_1_JN899585:+295
erm(B)_1_JN899585:-674
rmtB_1_AB103506:+22
rmtB_1_AB103506:-400
rmtB_1_AB103506:+340
rmtB_1_AB103506:-706
sul2_2_AY034138:+35
sul2_2_AY034138:-428
sul2_2_AY034138:+355

sul2_2_AY034138:-727
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scheme_29_LEFT
scheme_29_RIGHT
scheme_30_LEFT
scheme_30_RIGHT
scheme_31_LEFT

scheme_31_RIGHT

GAAACCCAACAGACCCCTGATC

GAAACAGGCGCTCATGAAGC

TAGCCGGCGCTTATATTGCC

GTCCCAGTGAAAGCGATCCT

CTGTTTCCTTTTGCCGGAGTCG

CGAAGCAAGCAGGACCATGATC

22

20

20

20

22

22

tet(A)_4_AJ517790:+3

tet(A)_4_AJ517790:-401

tet(A)_4_AJ517790:+344

tet(A)_4_AJ517790:-713

tet(A)_4_AJ517790:+531

tet(A)_4_AJ517790:-915

Supplementary Table 6.2. Testing of Freed degenerate primers at differing annealing temperatures 42°C+58°C
and 44°C+58°C. The first round of nested PCR was completed at 42°C or 44°C annealing and the second round of
nested PCR at 58°C annealing. Sequencing was completed using the RBK004 rapid barcoding kit from ONT and the
library run on an R9.4.1 MinlON flowcell. N50: The sequence length of the shortest contig at 50% of the total
assembly length (Thrash et al., 2020). Num_segs is the total number of reads produced from each sample. Max_len
is the maximal sequence length, with gaps or spaces counted. Q1: First quartile of sequence length, with gaps or

spaces counted. Q2: Median of sequence length, with gaps or spaces counted. Q3: Third quartile of sequence

length, with gaps or spaces counted. Sum_gaps is the number of gaps within a sequence. Q20(%) is the percentage
of bases with a quality score (phred score) greater than 20. Q30(%) Percentage of bases with a quality score (phred
score) greater than 30. Sequencing statistics are produced using segkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
F-NNN 42°C+58°C 7,637 2,476,372 3243 15310 211 256 338 324 44.47 7.96
F-ATG 42°C+58°C 14,497 4,827,754 333 2,930 251 319 401 358 57.41 13.31
F-TGA 42°C+58°C 19,534 7,165,846  366.8 3,983 228 296 451 421 56.72 15.34
F-TAA 42°C+58°C 21,207 9,226,487 435.1 2,157 257 366 544 508 57.89 15.87
F-NNN 44°C+58°C 21,902 9,022,475 4119 2,775 249 346 505 470 57.64 16.33
F-ATG 44°C+58°C 20,737 9,580,754 462 2,340 269 389 579 544 59.66 16.86
F-TGA 44°C+58°C 9,945 3,512,687 3532 15746 222 280 411 391 53.73 14.07
F-TAA 44°C+58°C 8,712 2,790,263 320.3 2,984 218 275 378 344 54.55 14.36
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Supplementary Table 6.3. Testing of Freed and Manoil degenerate primers at differing annealing
temperatures 44°C+60°C, 46°C+60°C and 42°C+60°C. The first round of nested PCR was completed at 42°C, 44°C
and 46°C annealing and the second round of nested PCR at 60°C annealing. Sequencing was completed using the
RBK110.96 rapid barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. N50: The sequence
length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Num_segs is the total number
of reads produced from each sample. Max_len is the maximal sequence length, with gaps or spaces counted. Q1:
First quartile of sequence length, with gaps or spaces counted. Q2: Median of sequence length, with gaps or spaces
counted. Q3: Third quartile of sequence length, with gaps or spaces counted. Sum_gaps is the number of gaps within
a sequence. Q20(%) Percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the
percentage of bases with a quality score (phred score) greater than 30. Sequencing statistics are produced using
seqgkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

F-NNN 44°C+60°C 1,672 529,984 317 1,847 234 278 3485 313 3435 5.67

F-TAA 44°C+60°C 19,523 8,206,458 420.3 3,375 273 362 498 454 5523 14.61
F-ATG 44°C+60°C 14253 5,879,408 412.5 4,576 256 337 484 446 53.87 13.83
F-TGA 44°C+60°C 20,659 8,386,430 405.9 3,708 261 336 471 430 53.49 13.56
M-NNN 44°C+60°C 15213 6,500,404 427.3 3,791 267 350 502 464 53.47 14.34
M-TAA 44°C+60°C 17,942 7,925,394  441.7 3,608 264 350 514 483 54.32 14.41
M-ATG 44°C+60°C 12,399 4,923,221 397.1 3,835 246 311 444 415 54.48 14.52
M-TGA 44°C+60°C 3,616 1,385,953 383.3 2,126 253.5 322 448 401 51.3 13.02

F-NNN 46°C+60°C 11,779 5,360,117 455.1 3,423 263 354 5335 508 57.02 15.39

F-TAA 46°C+60°C 5716 2,489,444 4355 3454 257 335 495 470 55.84 14.82

F-ATG 46°C+60°C 19,225 8,496,589 442 5,477 264 357 523 488 57.39 15.73

F-TGA 46°C+60°C 7,225 3,098,940 428.9 1,851 274 382 538 489 5458 148
M-NNN 46°C+60°C 5 2,991 598.2 1,136 426 525 532 532 1354 2.01
M-TAA 46°C+60°C 5,324 2,409,672 452.6 3,215 256.5 343 527 509 57.65 16.07
M-ATG 46°C+60°C 204 59,128 289.8 877 204 2275 310 276 4488 10.24

M-TGA 46°C+60°C 7,838 2,935,528 374.5 2,732 242 304 431 390 55.82 15.19
F-TAA 42°C+60°C 9,634 4,777,022 495.9 2,540 285 411 604 569 57.34 15.99
F-ATG 42°C+60°C 5817 2,789,340 479.5 2,452 283 402 586 542 5717 15.41
F-TGA 42°C+60°C 15,434 7,358,281 476.8 2,979 283 406 587 544  57.51 15.4

M-NNN 42°C+60°C 7,086 3,123,597 440.8 3,407 264 360 533 495 57.61 16.06
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Supplementary Table 6.4. Testing of Freed and Manoil degenerate primers at differing annealing
temperatures 44°C+58°C and 46°C+58°C. The first round of nested PCR was completed at 44°C or 46°C annealing,
and the second round of nested PCR at 58°C annealing. Sequencing was completed using the RBK110.96 rapid
barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. N50: The sequence length of the shortest
contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q83 indicate the length of sequences (in
bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a quality score (phred score) greater
than 20. Q30(%) is the percentage of bases with a quality score greater than 30. Sequencing statistics were
produced using seqkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

F-NNN 44°C+58°C 2,427 870,738 358.8 3,110 241 297 397 358 51.01 13.48
F-TAA 44°C+58°C 26,279 11,043,469 420.2 3,650 262 342 488 450 5451 14.42
F-ATG 44°C+58°C 15,681 6,013,453 383.5 4,164 250 315 437 395 52.07 13.01
F-TGA 44°C+58°C 28,065 11,682,287 416.3 3,570 267 342 481 439 53.41 13.66
M-NNN 44°C+58°C 16,164 6,315,683 390.7 75,708 258 321 435 397 50.81 13.24
M-TAA 44°C+58°C 15,058 5,667,393 369.7 2,498 248 307 417 375 51.41 12.85
M-ATG 44°C+58°C 16,723 5,731,267 342.7 2,644 237 286 378 339 53.14 13.72
M-TGA 44°C+58°C 6,357 2,251,595 354.2 2,485 240 290 392 354 52.95 13.25
F-NNN 46°C+58°C 11,674 4,649,651 398.3 2,974 254 321 455 416 53.08 13.62
F-TAA 46°C+58°C 3,784 1,474,234 389.6 2,697 254 316 437.5 397 50.99 12.68
F-ATG 46°C+58°C 16,196 6,663,640 411.4 3,592 261 338 479 435 53.12 13.84
F-TGA 46°C+58°C 7,330 2,763,881 377.1 2,558 252 319 438 394 50.65 12.95

M-NNN 46°C+58°C 6,067 2,018,399 3327 2,427 237 286 368 331 55.01 14.36

M-TAA 46°C+58°C 5,397 1,924,782 356.6 2,935 237 289 389 354 55.24 13.97
M-ATG 46°C+58°C 5,134 2,122,457 413.4 2,533 256 337 492 452 56.64 15.1

M-TGA 46°C+58°C 6,301 2,017,885 320.2 2,319 232 278 360 317 51.28 12.93




81

Supplementary Table 6.5. Testing of Freed and Manoil degenerate primers at differing annealing
temperatures 44°C+62°C. The first round of nested PCR was completed at 44°C annealing, and the second round of
nested PCR at 62°C annealing. Sequencing was completed using the RBK004 rapid barcoding kit from ONT and the
library run on an R9.4.1 MinlON flowcell. N50: The sequence length of the shortest contig at 50% of the total
assembly length (Thrash et al., 2020). Q1, Q2, and Q3 indicate the length of sequences (in bp) at the 25th, 50th, and
75th quartile, Q20(%) is the percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the
percentage of bases with a quality score greater than 30. Sequencing statistics were produced using seqgkit stats

(Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
F-NNN 44°C+62°C 1,543 565,641 366.6 3,352 193 249 4255 443 48.59 12.76
F-TAA 44°C+62°C 17,653 5,975,357 3385 2,624 226 286 400 356 56.54 15.65
F-ATG 44°C+62°C 17,974 5,723,756 3184 3,826 208 249 342 314 57.21 16.5
F-TGA 44°C+62°C 10,438 3,118,528 298.8 3,240 213 254 334 296 55.06 14.66
M-NNN 44°C+62°C 2,597 874,239 336.6 5418 188 231 359 374 49.86 12.77
M-TAA 44°C+62°C 486 235,740 485.1 2,439 274 392.5 586 556 46.26 11.53
M-ATG 44°C+62°C 28,366 9,032,585 3184 3,752 212 258 349 317 57.36 16.24
M-TGA 44°C+62°C 14,466 5,191,740 358.9 5,743 226 281 409 377 54.75 15.27




82

Supplementary Table 6.6. Testing of Freed and Manoil degenerate primers at differing annealing
temperatures 44°C+60°C and 46°C+62°C. The first round of nested PCR was completed at 44°C or 46°C annealing,
and the second round of nested PCR at 60°C or 62°C annealing. Sequencing was completed using the RBK110.96
rapid barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. N50: The sequence length of the
shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3 indicate the length of
sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a quality score (phred
score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30. Sequencing statistics
were produced using seqgkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

F-NNN 44°C+60°C 19,298 7,136,283 369.8 3,859 239 299 425 386 5419 14.26
F-TAA 44°C+60°C 33,672 13,936,158 415.1 12,051 256 338 497 455 56.4 15.2
F-ATG 44°C+60°C 12,984 5,018,699 386.5 3,317 247 314 441 403 54.75 14
F-TGA 44°C+60°C 615 222,665 362.1 2,327 233 287 426 383 53.79 13.79
M-NNN 44°C+60°C 18,117 7,542,884 416.3 3,392 252 331 496 459 5518 15.05
M-TAA 44°C+60°C 17,431 6,909,144 396.4 4,793 247 316 463 425 54.69 14.02
M-ATG 44°C+60°C 6,946 3,184,755 4585 5,801 257 345 531 517 56.2 15.55
M-TGA 44°C+60°C 5 1,948 389.6 818 225 285 407 407 36.5 7.91
F-NNN 46°C+62°C 18,357 6,829,047 372 3,886 238 297 421 385 55.19 14.28
F-TAA 46°C+63°C 17,203 6,738,937 391.7 3,665 246 313 453 415 5343 13.74
F-ATG 46°C+62°C 28,599 10,993,138 384.4 3,567 247 317 446 405 55.71 14.75
F-TGA 46°C+62°C 17,512 6,582,403 375.9 5,340 245 310 434 394 5263 13.71
M-NNN 46°C+62°C 19,894 7,460,963 375 11,564 240 299 420 384 54.81 14.36
M-TAA 46°C+62°C 12,980 4,896,610 3772 3,063 245 309 430 390 54.4 13.77
M-ATG 46°C+62°C 13,351 5,497,625 411.8 3,057 260 339 483 442 5525 14.35

M-TGA 46°C+62°C 19,902 7,798,422 391.8 3,301 250 322 455 413 54.8 14.71
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Supplementary Table 6.7. Testing of Freed and Manoil degenerate primers at differing annealing
temperatures 46°C+60°C. The first round of nested PCR was completed at 46°C annealing and the second round of
nested PCR at 60°C or 62°C annealing. Sequencing was completed using the RBK004 rapid barcoding kit from ONT
and the library run on an R9.4.1 MinlON flowcell. N50: The sequence length of the shortest contig at 50% of the total
assembly length (Thrash et al., 2020). Q1, Q2, and Q3 indicate the length of sequences (in bp) at the 25th, 50th, and
75th quartile, Q20(%) is the percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the
percentage of bases with a quality score greater than 30. Sequencing statistics were produced using seqgkit stats
(Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

F-NNN 46°C+60°C 16,302 3,692,801 2204 1,884 122 174 263 256 54.71 13.48

F-TAA 46°C+60°C 18,790 3,846,844 204.7 2,205 123 168 258 239 5431 12.74

F-ATG 46°C+60°C 12,016 2,484,789 206.8 2,551 120 167 248 237 5522 13.42
F-TGA 46°C+60°C 9,757 2,021,619 2072 3,320 124 169 249 234 5437 12.98
M-NNN 46°C+60°C 8,526 1,963,751 230.3 2,518 126 183 275 269 55.35 13.83
M-TAA 46°C+60°C 11,418 2,437,608 2135 1,710 122 171 264 250 55.48 13.48
M-ATG 46°C+60°C 20,265 3,196,681 157.7 2,412 107 139 191 173 53.38 11.46

M-TGA 46°C+60°C 4,140 670,104 1619 1,953 102 139 195 178 51.54 10.89

Supplementary Table 6.8. Testing of Freed and manoil degenerate primers at differing annealing
temperatures 46°C+60°C and a 0.7 bead clean. The first round of nested PCR was completed at 46°C annealing
and the second round of nested PCR at 60°C or 62°C annealing. Sequencing was completed using the RBK004 rapid
barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. During the library preparation, we cleaned
our produced with 0.7x AMPure beads to PCR product to reduce the number of small DNA fragments. N50: The
sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3
indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a
quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30.
Sequencing statistics were produced using segkit stats (Shen et al., 2016).

Samples num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

F-NNN 46°C+60°C 5,498 998,783  181.7 1,406 119 157 216 197 4234 6.09
F-TAA 46°C+60°C 33,143 6,426,287 193.9 2,552 121 163 233 213 4254 6.09
F-ATG 46°C+60°C 6,588 1,214,761 184.4 863 118 157 221 202 42.5 6.07
F-TGA 46°C+60°C 11,073 2,686,166 242.6 2,828 127 178 280 287 4396 7.72
M-NNN 46°C+60°C 3,999 752,957  188.3 1,373 110 149 224 211 40.8 7.3
M-TAA 46°C+60°C 40,055 9,549,730 238.4 8,486 125 176 285 288 4185 7.26
M-ATG 46°C+60°C 13,143 3,787,066 288.1 3,217 138 211 356 369 4428 8.93

M-TGA 46°C+60°C 12,839 2,713,265 211.3 1,456 119 166 256 246 39.33 7.63
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Supplementary Table 6.9. Statistics of testing the degenerate primer pool containing M-TAA, M-TGA, and
F-TGA with individual ARG primers to provide genomic context to target ARGs. The first round of nested PCR
was completed at 46°C annealing, and the second round of nested PCR at 58°C annealing. Sequencing was
completed using the RBK004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. N50:
The sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3
indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a
quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30.
Sequencing statistics were produced using segkit stats (Shen et al., 2016).

Target ARG num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

aph(3) 2,566 923,183 359.8 3,033 174 306 473 467 53.48 12.73
bla-crx 3,251 1,246,837 383.5 2,429 177 308 507 509 51.96 12.24
dfrA14 12,112 2,037,990 168.3 3,689 108 143 200 183 44.14 8.17

sul2 4,990 1,976,121 396 6,186 192 332 515 508 52.73 13.03
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Supplementary Table 6.10. Testing individual degenerate primers with pooled ARG primers. ARG pool contains
primers for the target ARGs aph(3), aph(4), aph(6), bla-crx, bla-rey, dfrA14, erm(B), rmtB, sul2 and tet(A). The first
round of nested PCR was completed at 46°C annealing, and the second round of nested PCR at 58°C annealing.
Sequencing was completed using the RBK004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinION
flowcell. N50: The sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020).
Q1, Q2, and Q3 indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the
percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a
quality score greater than 30. Sequencing statistics were produced using seqgkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
F-NNN + pooled

ARG primers 26,280 9,115,998 346.9 1,261 280 344 417 370 2843 3.35
F-TAA + pooled ARG

primers 26,107 8,973,871 3437 1,866 274 340 415 368 2858 3.22
F-ATG + pooled ARG

primers 11,910 4,067,999 341.6 1,652 274 336 411 365 28.33 3.19
F-TGA + pooled

ARG primers 24,623 8,481,491 344.5 2,527 276 338 412 367 28.27 3.26
M-NNN + pooled

ARG primers 21,785 7,649,116 351.1 1,511 283 348 421 377 2844 3.35
M-TAA + pooled

ARG primers 26,474 9,149,836 345.6 20,909 277 339 413 368 28.15 3.12
M-ATG + pooled

ARG primers 34,864 11,850,695 339.9 1,916 273 331 408 361 28.48 3.52
M-TGA + pooled

ARGprimers 13,568 4,869,309 358.9 965 283 347 424 380 28.23 3.11

Pooled degenerate+
pooled ARGprimers 10,840 3,777,823 3485 1,277 282 347 419 373 28.68 3.54

Supplementary Table 6.11. Testing the degenerate primer pool containing M-TAA, M-TGA, and F-TGA with
individual ARG primers to provide genomic context to target ARGs. The first round of nested PCR was
completed at 46°C annealing, and the second round of nested PCR at 58°C annealing. Sequencing was completed
using the RBKO004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinION flowcell. N50: The
sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3
indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a
quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30.
Sequencing statistics were produced using segkit stats (Shen et al., 2016).

Target ARGs num_seqgs sum_len avg_len max_len Q1 Q2 Q3 N50  Q20(%) Q30(%)
aph(3) 4,584 1,165,548 254.3 63,746 134 196 300 303 47.83 10.6
bla-crx 7,179 1,594,396 222.1 3,506 127 181 267 256 49.59 10.82
bla-rem 5,005 1,217,539 2433 1,435 136 198 307 294 5168 9.57
dfrA14 8,372 1,843,625 220.2 2,043 124 174 265 257 4777 9.93
erm(B) 1,070 238,235 2226 1,199 116 175 273 274 5195 10.09
rmtB 3,436 1,171,760 341 3,524 144 247 4625 485 49.71 11.75
sul2 12,689 4,617,608 363.9 3,208 183 290 468 464 49.33 10.82

tet(A) 12,102 3,814,889 3152 3,690 150 239 386 400 5043 10.26
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Supplementary Table 6.12. Testing the degenerate primer pool containing M-TAA, M-TGA, and F-TGA with
individual ARG primers to provide genomic context to target ARGs. The first round of nested PCR was
completed at 46°C annealing, and the second round of nested PCR at 58°C annealing. Sequencing was completed
using the RBK004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. During the library
preparation, we cleaned our produced with 0.7x AMPure beads to reduce the number of small DNA fragments. N50:
The sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3
indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a
quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30.
Sequencing statistics were produced using segkit stats (Shen et al., 2016).

Target ARGs num_seqs sum_len avg_len max_len Qi Q2 Q3 N50 Q20(%) Q30(%)
aph(3) 10,664 3,373,495 316.3 2,526 135 233 409 435 47.65 10.92
bla-crx 6,406 1,974,524  308.2 2,825 132 222 393 428 46.43 10.65
bla-rey 6,183 1,640,126 265.3 2,725 126 194 328 345 43.88 9.85
dfrA14 10,462 2,528,267 241.7 2,914 118 174 276 296 4586 9.25
rmtB 3,270 630,298 192.8 1,527 108 158 242 231 43.98 8.44
sul2 2,439 805,831  330.4 3,044 135 247 457 480 47.84 11.33

tet(A) 8,184 1,871,295 228.7 3,408 101 1556 2715 308 46.52 9.63
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Supplementary Table 6.13. Testing individual degenerate primers with primers targeting aph(3) and tet(A).
The first round of nested PCR was completed at 46°C annealing, and the second round of nested PCR at 58°C
annealing. Sequencing was completed using the RBK110.96 rapid barcoding kit from ONT and the library run on an
R9.4.1 MinlON flowcell. N50: The sequence length of the shortest contig at 50% of the total assembly length (Thrash
et al,, 2020). Q1, Q2, and Q83 indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is
the percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a
quality score greater than 30. Sequencing statistics were produced using seqgkit stats (Shen et al., 2016).

Samples num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
F-NNN + fet(A) 2,698 730,849 270.9 2,712 131 196.5 323 340 53.72 13.52
F-ATG + tet(A) 3,870 1,013,152 261.8 2,614 135 191 307 315 5245 12.79
F-TAA + tet(A) 2,580 820,161 317.9 2,093 132 207 384 455 55.03 13.49
F-TGA + tet(A) 4,123 1,087,668 263.8 1,927 136 198 3155 320 53.34 1285
M-NNN + tet(A) 3,249 697,925 214.8 1,762 116 165 248 249 50.36 11.53
M-ATG + tet(A) 3,453 776,839 225 3,070 120 175 257 256 52,58 12.49
M-TAA + tet(A) 3,214 707,841 220.2 2,393 116 169 252 256 53.06 12.57
M-ATG + tet(A) 3,569 882,316  247.2 2,736 120 178 282 305 5144 1233
F-NNN + aph(3) 1,667 400,619 240.3 1,887 118 174 2815 299 534 13.24
F-ATG + aph(3) 1,057 284,097  268.8 2,989 125 194 314 345 53,52 13.71
F-TAA + aph(3) 847 236,425 2791 2,018 126 192 3065 367 52.87 13.11
F-TGA + aph(3) 3,207 791,312 246.7 2,308 119 182 288 305 51.96 12.51
M-NNN + aph(3) 1,973 392,918 199.1 1,771 110 151 228 230 5256 12.38
M-ATG + aph(3) 1,536 369,116  240.3 2,250 1145 164 257 289 5246 12.77
M-TAA + aph(3) 1,196 244,301 204.3 2,769 111 154 233 235 5129 11.68

M-ATG + aph(3) 2,401 489,716 204 2,376 112 156 237 237 51.77 1233
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Supplementary Table 6.14. Testing individual degenerate primers with primers targeting aph(4) and tet(A).
The first round of nested PCR was completed at 46°C annealing, and the second round of nested PCR at 58°C
annealing. Sequencing was completed using the RBK110.96 rapid barcoding kit from ONT and the library run on an
R9.4.1 MinlON flowcell. N50: The sequence length of the shortest contig at 50% of the total assembly length (Thrash
et al,, 2020). Q1, Q2, and Q83 indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is
the percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a
quality score greater than 30. Sequencing statistics were produced using seqgkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
F-NNN + aph(4) 6,482 2,152,022 332 3,162 152 246 426 443 4993 11.92
F-ATG + aph(4) 6,885 2,486,860 361.2 5,144 162 267 457 482 4925 11.65
F-TAA + aph(4) 5,092 1,773,537 348.3 3,694 161 265 462 468 51.68 1224
M-ATG + aph(4) 7,790 2,321,732 298 2,612 150 238 391 385 48.58 10.66
M-NNN + aph(4) 6,567 2,091,791 318.5 3,056 143 216 372 425 50.33 12.01
M-ATG + aph(4) 4,807 1,825,655 379.8 3,763 157 264 488 537 49.64 11.93
M-TAA + aph(4) 7,034 1,857,635 264.1 2,204 129 189 301 325 4997 11.45
M-TGA + aph(4) 8,585 2,555,517 297.7 3,422 133 199 336 397 4992 11.68
F-NNN + fet(A) 4,174 1,086,014 260.2 3,142 134 190 300 311 50.87 11.99
F-ATG + tet(A) 2,231 695,758 3119 2,521 142 210 369.5 415 51.23 1244
F-TAA + tet(A) 5,853 1,811,097 309.4 3,450 141 208 368 417 50.36 12.01
F-TGA + tet(A) 8,086 2,348,728 2905 3,112 140 208 343 366 49.74 11.65
M-NNN + tet(A) 4,788 1,429,038 298.5 3,253 135 204 344 391 50.29 11.78
M-ATG + tet(A) 7,526 2,116,020 281.2 3,602 131 192 323 364 49 11.26
M-TAA + tet(A) 4,269 1,100,336 257.8 2,522 128 188 296 317 48.79 11.2
M-ATG + tet(A) 5,515 1,575,558 285.7 3,219 134 201 335 367 505 11.86
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Supplementary Table 6.15. Testing the degenerate primer pool containing M-TAA, M-TGA, F-TGA and F-TAA
with individual ARG primers to provide genomic context to target ARGs. Pooled ARG primers contained primers
for aph(3), aph(4), aph(6), bla-crx, bla-rey, dfrA14, rmtB, sul2 and tet(A). The first round of nested PCR was
completed at 46°C annealing, and the second round of nested PCR at 58°C annealing. Sequencing was completed
using the RBKO004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell. During the library
preparation, we cleaned our produced with 0.7x AMPure beads to PCR product to reduce the number of small DNA
fragments. N50: The sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020).
Q1, Q2, and Q8 indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the
percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a
quality score greater than 30. Sequencing statistics were produced using seqgkit stats (Shen et al., 2016).

Zall::gzt/Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
aph(3) 11,952 2,142,339 179.2 1,314 106 149 221 207 383 6.58
bla-crx 6,728 1,130,987  168.1 1,869 96 137 2005 193 36.59 6.31
bla-rem 3,054 556,726 182.3 2,074 100 149 230 221  40.58 5.49
dfrA14 6,686 1,613,898 2414 2,224 112 170 286 316 37.88 7.01
rmtB 2,412 455,935 189 1,526 92.5 141 232 239 39.3 7.28
sul2 8,438 2,897,368 3434 2,756 135 248 472 507 40.8 8.36
tet(A) 9,081 2,318,569 255.3 2,602 116 186 313 336 39 7.02
Pooled ARG primers

+ Pooled

degenerate primers 4,085 1,119,726 2741 2,533 107 163 299 418 4053 7.38

Supplementary Table 6.16. Testing the degenerate and ARG primer pools on faecal samples. Pooled ARG
primers contained primers for aph(3), aph(4), aph(6), bla-crx, bla-ren, dfrA14, rmtB, sul2 and tet(A). Pooled
degenerate primers contain M-TAA, M-TGA, F-TGA and F-TAA. The first round of nested PCR was completed at 46°C
annealing, and the second round of nested PCR at 58°C annealing. Sequencing was completed using the RBK004
rapid barcoding kit from ONT and the library run on an R9.4.1 MinION flowcell. During the library preparation, we
cleaned our produced with 0.7x AMPure beads to PCR product to reduce the number of small DNA fragments. N50:
The sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3
indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a
quality score (phred score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30.
Sequencing statistics were produced using segkit stats (Shen et al., 2016).

Sample num_segs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
Positive control (E.

coli L3ClIp3) 6,109 1,217,683 199.3 2,831 114 154 221 217 4541 7.62
Faecal sample

04-zymo 1,788 269,178 150.5 730 97 129 177 163 4456 6.88

Faecal sample
04-zymo (1:10
dilution) 351 43,698 124.5 375 85 113 148 136 44.66 8.09
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Supplementary Table 6.17. Testing the developed degenerate and ARG primer pools on faecal samples.
Pooled ARG primers contained primers for aph(3), aph(4), aph(6), bla-crx, bla-rey, dfrA14, rmtB, sul2 and tet(A).
Pooled degenerate primers contain M-TAA, M-TGA, F-TGA and F-TAA. The first round of nested PCR was completed
at 46°C annealing, and the second round of nested PCR at 58°C annealing. Sequencing was completed using the
RBKO004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinION flowcell. During the library
preparation, we cleaned our produced with 0.7x AMPure beads to PCR product to reduce the number of small DNA
fragments. N50: The sequence length of the shortest contig at 50% of the total assembly length (Thrash et al., 2020).
Q1, Q2, and Q8 indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the
percentage of bases with a quality score (phred score) greater than 20. Q30 (%) is the percentage of bases with a
quality score greater than 30. Sequencing statistics were produced using seqgkit stats (Shen et al., 2016).

Samples num_seqs sum_len avg_lenmax_len Q1 Q2 Q3 N50 Q20(%) Q30(%)

Faecal sample
04-zymo 12,117 3,068,589 253.2 381,418 105 144 218 339 3953 722

Faecal sample
04-zymo + E. coli
L3CIp3 7,721 2,165,165 280.4 2,889 120 162 252 397 47.64 8.91

Supplementary Table 6.18. Testing the degenerate and ARGprimer pools on faecal samples using two DNA
extraction methods. Pooled ARG primers contained primers for aph(3), aph(4), aph(6), bla-c1x, bla-rey, dfrA14,
rmtB, sul2 and tet(A). Pooled degenerate primers contain M-TAA, M-TGA, F-TGA and F-TAA. The first round of
nested PCR was completed at 46°C annealing, and the second round of nested PCR at 58°C annealing. Sequencing
was completed using the RBK004 rapid barcoding kit from ONT and the library run on an R9.4.1 MinlON flowcell.
During the library preparation, we cleaned our produced with 0.7x AMPure beads to PCR product to reduce the
number of small DNA fragments. N50: The sequence length of the shortest contig at 50% of the total assembly length
(Thrash et al., 2020). Q1, Q2, and Q3 indicate the length of sequences (in bp) at the 25th, 50th, and 75th quartile,
Q20(%) is the percentage of bases with a quality score (phred score) greater than 20. Q30(%) is the percentage of
bases with a quality score greater than 30. Sequencing statistics were produced using segkit stats (Shen et al.,
2016).

Samples num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
04-zymo 49,821 10,107,360 202.9 2,526 122 173 254 235 37.34 5.8
10-zymo 65,923 13,076,602 198.4 102,112 120 169 245 227 38.05 5.67
77-zymo 51,831 11,574,058 223.3 17,661 123 176 260 256 41.04 6.66
13-zymo 78,307 16,135,373 206.1 3,570 126 179 257 236 37.3 5.64
69-zymo 35,359 7,704,510 2179 386,034 119 167 243 243 39.68 6.48
04-giagen 53,671 10,818,795 201.6 4,166 121 170 249 231 39.72 6.36
10-giagen 88,616 17,056,219 1925 42,653 116 161 231 216 40.86 6.32
77-qiagen 33,296 6,664,737 200.2 41,160 120 169 246 228 41.35 6.38
13-giagen 46,945 8,755,601 186.5 1,205 117 163 232 212 41.49 6.21
69-qgiagen 8,903 1,711,612 192.3 2,528 117 159 224 211 41.87 6.27

Positive control (E.
coli L3CIp3) 14,743 1,921,909 1304 1,073 87 115 154 142 40.22 5.15
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Supplementary Table 6.19. Testing the degenerate and ARG primer pools on faecal samples using two DNA
extraction methods with new ONT chemistry. Pooled ARG primers contained primers for aph(3), aph(4), aph(6),
bla-crx, bla-rey, dfrA14, rmtB, sul2 and tet(A). Pooled degenerate primers contain M-TAA, M-TGA, F-TGA and F-TAA.
The first round of nested PCR was completed at 46°C annealing, and the second round of nested PCR at 58°C
annealing. Sequencing was completed using the RBK114.96 rapid barcoding kit from ONT and the library run on an
R10.4.1 PromethlON P2 solo flowcell. During the library preparation, we cleaned our produced with 0.7x AMPure
beads to PCR product to reduce the number of small DNA fragments. N50: The sequence length of the shortest
contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and QS indicate the length of sequences (in
bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a quality score (phred score) greater
than 20. Q30(%) is the percentage of bases with a quality score greater than 30. Sequencing statistics were
produced using segkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
04-zymo 2,729 657,285 240.9 1,908 172 220 289 262 48.46 23.54
10-zymo 5,930 1,428,630 240.9 4,990 174 220 283 255 50.64 25.27
77-zymo 2,530 840,556 332.2 4,145 187 252 369 377 56.21 30.63
13-zymo 6,205 1,618,770 260.9 4,960 186 234 305 274 49.24 24.49
69-zymo 3,834 1,237,184 322.7 2,516 193 253 365 353 54.94 29.69
04-giagen 3,636 917,201 252.3 1,556 179 225 296 270 50.91 26.01
10-giagen 14,800 4,091,026 276.4 2,764 179 229 311 294 55.8 29.65
77-giagen 1,322 342,921 259.4 2,598 176 225 300 276 55.53 29.49
13-giagen 4,304 976,673 226.9 1,161 168 214 273 245 52.53 26.35

69-giagen 1,238 354,711 286.5 1,891 175 226.5 318 307 55.19 29.23




92

Supplementary Table 6.20. Testing the degenerate and ARG primer pools on metagenomic faecal samples
using two DNA extraction methods with new ONT chemistry (Repeat). Pooled ARG primers contained primers
for aph(3), aph(4), aph(6), bla-crx, bla-rey, dfrA14, rmtB, sul2 and tef(A). Pooled degenerate primers contain M-TAA,
M-TGA, F-TGA and F-TAA. The first round of nested PCR was completed at 46°C annealing, and the second round of
nested PCR at 58°C annealing. Sequencing was completed using the RBK114.96 rapid barcoding kit from ONT and
the library run on an R10.4.1 PromethlON P2 solo flowcell. During the library preparation, we cleaned our produced
with 0.7x AMPure beads to PCR product to reduce the number of small DNA fragments. N50: The sequence length of
the shortest contig at 50% of the total assembly length (Thrash et al., 2020). Q1, Q2, and Q3 indicate the length of
sequences (in bp) at the 25th, 50th, and 75th quartile, Q20(%) is the percentage of bases with a quality score (phred
score) greater than 20. Q30(%) is the percentage of bases with a quality score greater than 30. Sequencing statistics
were produced using seqgkit stats (Shen et al., 2016).

Sample num_seqs sum_len avg_len max_len Q1 Q2 Q3 N50 Q20(%) Q30(%)
04-zymo 5,083 1,238,685 2437 2,126 164 213 290 265 60.58 33.47
10-zymo 5,259 1,490,322 283.4 3,423 175 233 336 316 62.81 36.03
77-zymo 11,729 3,268,468 278.7 23,484 172 229 328 311 61.21 34.64
13-zymo 6,337 1,933,054 305 3,057 176 238 364 357 63.08 36.02
69-zymo 1,313 371,524 283 11,880 146 213 356 380 60.22 35.13
04-giagen 7,375 1,931,037 261.8 1,683 181 235 320 287 57.31 29.79
10-giagen 8,196 2,163,127 263.9 1,747 178 234 3225 292 59.19 31.93
77-giagen 6,964 2,331,765 334.8 3,587 183 253 392 392 62.13 35.91
13-giagen 7,428 2,095,858 2822 2,578 179 237 332 309 58.34 31.48
69-giagen 7,792 2,175,002 279.1 2,995 179 234 328 304 58.5  32.06

Positive control (E.
coli L3CIp3) 21,702 9,458,150 435.8 216,522 189 280 551 659 63.82 38.69




