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ABSTRACT

INFLUENCE OF MANAGEMENT PRACTICES ON VIRULENCE FACTORS,
ANTIMICROBIAL RESISTANCE GENES AND HEAVY METAL RESISTANCE GENES IN

BROILER CHICKEN PRODUCTION

The main bacterial species associated with food-borne illness in humans are Escherichia
coli, Salmonella species and Campylobacter species. The ability of a bacterial strain to survive
the food-production pipeline and to mount an infection and cause disease in humans is dependent
on an array of genetic factors. The presence of specific virulence factors will influence the
severity of disease while antimicrobial resistance genes affect the choice and efficacy of
treatment. Management practices in poultry production aim at reducing the incidence of poultry
and human bacterial pathogens and, in general, at maintaining a healthy flock and a healthy
global population. However, the influence of management practices, in a post-antibiotic era, on
pathogenic bacterial species, and in particular the selective pressures imposed on genetic factors
such as antimicrobial and metal resistance and virulence factors, are understudied.

In Chapter 2, we provide a robust bacterial genomic analysis pipeline which is used for
subsequent analysis in the following chapters. Chapter 3 provides an understanding of the current
antimicrobial resistance and virulence factors present in chicken production and human clinical
settings. This work found these host sources harbored different antimicrobial resistance genes
and virulence factors that can classify them into phylogroups and host origin. In Chapter 4,
through characterization of Campylobacter species isolated from broiler litter, we determined the

reused litter environment selected for Campylobacter species lacking virulence factors aiding in

ii



colonization of chicken and human hosts. In Chapter 5, we determined the practice of adding
copper sulfate to drinking water, commonly used for growth promotion or sanitization, may have
selected for, and provided a reservoir for, Salmonella strains harboring plasmid-borne copper
resistance genes.

Overall, this work provides a computational pipeline for the high-throughput analysis of
bacterial genomes and provides insights into selective pressures imposed on pathogenic bacterial

species by modern-day management practices.
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CHAPTER 1: INTRODUCTION

1.1 Chicken production and foodborne illness

Consumption of chicken meat is highly associated with foodborne illness in the United States
(Dewey-Mattia et al., 2018). Escherichia coli (E. coli), Campylobacter species and Salmonella
species are leading causes of bacterial-derived food-borne illness in humans (Epps et al., 2013;
Dewey-Mattia et al., 2018). Severity of disease and efficacy of treatment for these pathogens
depends on many factors such as: 1) the presence of one or more antimicrobial resistance genes
(ARGs) conferring resistance to antimicrobials critically important to human medicine (World
Health Organization, 2019) and 2) presence, and combinations of, virulence factors (VFs) which
affect a strains’ ability to infect and cause disease in a given host. Management practices,
specifically those within the broiler house, are generally in place to produce safe chicken meat
for consumer consumption. However, these practices (e.g. administration of antibiotics,
feed/water additives, acidifier treatment to litter, temperature and humidity control of the broiler
house, half house brooding, litter reuse, house cleaning procedures, etc.) influence the bacterial
populations not only within broilers, but within the litter as well (Pope and Cherry, 2000;
Cressman et al., 2010; Roberts et al., 2013; Scott et al., 2018; Fan et al., 2022; Oladeinde et al.,
2023). Thus, management practices impose selective pressures on individual bacterial species
and therefore selective pressures are also acting at the individual gene level i.e., at the level of
ARGs and VFs as well as genes regulating environmental factors such as heavy metals.

Understanding the impact that chicken production management practices have on foodborne



pathogens, as well as their repertoire of ARGs, VFs and heavy metal resistance genes, is crucial
to protecting both the health of humans and food-producing animals

This research aims to evaluate pathogenic bacteria present in broiler chicken production
within the United States and to characterize the genetic diversity of bacteria isolated from
peanut-hull-based litter during consecutive litter reuse. Additionally, this research aims to
understand how management practices and environmental conditions influence both pathogenic
bacterial populations as well as the genetic material harbored by individual strains e.g.,

antimicrobial resistance genes, virulence factors and heavy metal resistance genes).

1.2 Poultry litter as a selective agent and a medium for

monitoring pathogenic bacteria

Poultry litter is the material which is placed on the floors of broiler houses, used to raise chickens
for chicken meat, and is an initial mixture of a bedding medium which accumulates chicken
feces, feathers, excess feed, bodily secretions, and water. In the United States, it is a common
management practice in broiler chicken production to raise multiple flocks of birds on the same
litter. However, Canadian (Code of practice for the care and handling of hatching eggs,
breeders, chickens, and turkeys., 2016) and European agencies (ADAS, 2016) both advocate for
fresh litter for each flock. These restrictions are, in part, due to food-borne pathogens such as
Salmonella, Campylobacter and E. coli being detected in litter (Mellata et al., 2003; Line and
Bailey, 2006; Dziva and Stevens, 2008; Vaz et al., 2017; Valeris-Chacin et al., 2021). In
opposition to the regional recommendations in Canada and Europe are findings of pathogens
being reduced or maintained at constant levels with consecutive litter reuse (Roll, Dai Pra and

Roll, 2011; Brooks et al., 2016). Additionally, litter reuse is economically beneficial to farmers,



as fresh litter does not need to be purchased for each new flock, it can be used as a fertilizer, and
can even supplement cattle feed in some cases (Jay Daniel, K.C. Olson, 2005; Yamak et al.,
2015).

Common litter mediums in the United States include wood shavings and rice hulls and the
choice is impacted by cost and regional availability (Diarra et al., 2021). For example, Georgia,
USA, is a leading producer of both broiler chicken meat and peanuts which has resulted in many
farmers in this region choosing to use the residual peanut hulls as litter bedding material
(Georgia Peanut Commission, 2021; USDA, National Agricultural Statistics Service, 2021).
Studies on the microbial ecology of chicken litter under a re-utilization regime are limited to
historically common litter mediums such as wood shavings and rice hulls (Kelley et al., 1995;
Roll, Dai Pra and Roll, 2011; Chinivasagam, Tran and Blackall, 2012; Wei et al., 2013; Muniz
MYV, MSc et al., 2014; Smith et al., 2016; Rauber Wiirfel et al., 2019; Valeris-Chacin et al., 2021,
2022). In general, these studies aimed to determine if the usage of specific litter types correlate
with changes in bird weight, feed-conversion ratio, morbidity, mortality or in pathogenic
bacterial populations. However, no research has been performed evaluating these factors within
broiler chicken production utilizing peanut hull-based litter. This research aims to understand the
pathogenic bacterial populations present within peanut hull-based litter and to determine the
influence of consecutive litter reuse on pathogenic bacterial species as well as their genetic

contents.

1.3 Foodborne pathogens in poultry production

Poultry litter has been extensively shown to harbor many microorganisms including chicken

commensal microbiota (i.e. bacteria which reside within or on the host and do not cause harm),



environmental bacteria, bacteria harboring antimicrobial resistance, and pathogenic strains
capable of food-borne illness in humans (Schefferle, 1965; Kelley et al., 1995, 1998; Hofacre et
al., 2000; Terzich et al., 2000; Cressman et al., 2010; Brooks et al., 2016; Valeris-Chacin et al.,
2021). While the fresh litter contains its own initial bacterial populations, composed mainly of
harmless environmental bacteria, litter reuse has been shown to accumulate an abundance of
bacteria from the chicken intestinal tract (Cressman et al., 2010; Brooks et al., 2016).
Escherichia coli, Salmonella and Campylobacter are all considered commensal bacteria within a
chicken host (Humphrey, 2006; Kaesbohrer et al., 2012; de Perio et al., 2013). While Salmonella
and Campylobacter are both unlikely to cause clinical disease in chickens, E. coli, specifically a
group designated avian pathogenic E. coli (APEC), are capable of causing avian colibacillosis; a
major endemic disease within the poultry industry (Dziva and Stevens, 2008). In addition to
being the causative agent of collibacilosis in chickens, E. coli are a leading cause of foodborne
disease outbreaks in the United States and highly associated with the consumption of chicken
meat (Lynch et al.,, 2006; Dewey-Mattia et al., 2018). Different strains of these bacterial
pathogens may also be introduced into a broiler house by various modes (Golden, Rothrock and
Mishra, 2021). As these particular bacteria are considered commensal, strains may be introduced
into a broiler house when a new flock of birds arrives from the hatchery. Both Salmonella and
Campylobacter have been detected in transport cages of young chickens (Zancan et al., 2000;
Berrang, Northcutt and Cason, 2004). Berrang and colleagues also determined that
Campylobacter detected from fecal samples in transport cages were capable of spreading to
consecutive flocks (Berrang, Northcutt and Cason, 2004). Alternative to introduction of new
strains from incoming birds, research has shown bacteria such as Campylobacter can persist

through broiler house cleaning procedures and therefore persist within subsequent flocks (Eberle



et al., 2012). Therefore, it is crucial to monitor for pathogenic bacterial species in consecutive
flocks as well as along the production pipeline i.e., from the hatchery, through growth in broiler

houses and through downstream processing.

1.4 Antimicrobials and antibiotic alternatives in food-

producing animals

Antibiotics have been utilized in animal agriculture since the 1940s and 1950s, but their role has
changed dramatically over time (Kirchhelle, 2018). Antibiotics became widely used after the
discovery of penicillin and the subsequent discovery of streptomycin in 1943 (Woodruff, 2014)
and were widely used in food-producing animals to cure infection and to promote growth.
However, soon after the introduction of antibiotics came reports of bacteria capable of surviving
antibiotic treatment, this was termed antibiotic resistance (Rammelkamp and Maxon, 1942). By
2017, the US National Antimicrobial Resistance Monitoring System reported that 14% of all
tested Salmonella isolates from retail chicken meat were resistance to more than 3 classes of
antibiotics, termed multidrug resistant (MDR) (U.S. Department of Health and Human Services,
2019). The risk of resistance to medicines critically important to human medicine is still a threat
today. There was a 12% increase in the total amount of medically important antimicrobials used
in chicken production from 2020 to 2021 (measured in kg of active ingredient), even though
there has been a dramatic decrease over the last 5 years (69% decline from 2016 to 2021)
(United States Food and Drug Administration, Center for Veterinary Medicine, 2022). Similarly,
a decline has been observed for not medically important antimicrobials (42% decline from 2016
to 2021). However, even though a dramatic decline has been observed in the usage of antibiotics

in food-producing animals, the prevalence of antibiotic resistant bacteria, both within the hospital



setting and those isolated from retail meat and food-producing animals is high. In 2011, 94% of
Salmonella infections in the United States were estimated to be foodborne (Scallan et al., 2011)
and, within a similar timeframe (2002-2015), 58% were resistant to at least one antimicrobial
(U.S. Department of Health and Human Services, 2019). From 2019 to 2020 there has been a
15% increase in resistant infections starting during hospitalization, in part due to the COVID-19
pandemic (CDC, 2022). Additionally, the COVID-19 pandemic has delayed reporting of
antimicrobial resistance threats, in particular for drug-resistant nontyphoidal Salmonella and
drug-resistant Campylobacter (CDC, 2022). Thus, while the FDA reports for humans indicate
relatively unchanged levels of resistance for Salmonella and only a 5% increase for
ciprofloxacin-resistant Campylobacter, the strain on the healthcare system from the COVID-19
pandemic has resulted in an increase in healthcare-associated infections and supply chain
difficulties (Strathdee, Davies and Marcelin, 2020; FDA, 2022). Taken together, antibiotic
resistance genes, while experiencing less selective pressure due to a decline in the usage of
antimicrobials, are persisting through food production and subsequently proving detrimental to
treatment of infections in humans.

Antibiotic alternatives such as probiotics, prebiotics and heavy metals are in use today to
combat the global threat of antimicrobial resistance while attempting to gain the same benefits
which antibiotics provided e.g., prevention of disease and growth promotion. However, similar to
that of antimicrobials, rigorous research needs to be performed to understand the long-term
impact of these alternatives. For example, a study reported that a probiotic strain of Bacillus
subtilis isolated from a commercial probiotic feed was found to harbored both the vanA
(contributes to glycopeptide resistance) and tetW (contributes to tetracycline resistance) genes

(Wannaprasat et al., 2009). These antimicrobial resistance genes could prove detrimental if



introduced into pathogenic species through horizontal gene transfer. Additionally, heavy metals
such as copper are frequently added to poultry diets as an alternative to an antibiotic growth
promoter or added to waterlines for sanitation purposes (Scott et al., 2018). Multiple studies have
indicated the co-occurrence of antibiotic resistance genes and metal resistance genes,
highlighting the potential risk associated with the use of heavy metals and their associated risk to
human health (Li, Xia and Zhang, 2017; Bombaywala, Purohit and Dafale, 2021; Li et al., 2022).
As heavy metals may act as selective agents in the selection and propagation of ARGs, reducing
antibiotic usage within poultry production may not be sufficient to reduce their prevalence in

foodborne pathogens (Baker-Austin et al., 2006; Seiler and Berendonk, 2012).

1.5 Mechanisms of acquiring resistance

Antibiotic resistance may be natural or acquired. Natural resistance includes resistance which is
always expressed within a species or that which is induced when a species is exposed to an
antimicrobial (Cox and Wright, 2013). For example, gram-positive bacteria have a thick but
permeable outer layer which leads to an intrinsic resistance to some antibiotics (Randall et al.,
2013). Alternatively, gram-negative bacteria have an additional outer membrane consisting of
tightly packed fatty acids resulting in low permeability, and therefore increased resistance, to
various antibiotics (Delcour, 2009). Acquired resistance occurs through various mechanisms
which allow the sharing, or uptake, of genetic material from the same or, in some cases, different
species. Mechanisms of acquired resistance are grouped under the term horizontal gene transfer
(HGT) and consist of: 1) transformation (uptake of foreign DNA from the environment), 2)
transposition (movement of DNA between chromosomal DNA to plasmids), and 3) conjugation

(DNA transfer from a donor to a recipient bacteria). Many studies have shown that HGT plays an



instrumental role in the dissemination of antimicrobial resistance (Colavecchio et al., 2017). It
has been demonstrated in vitro that antimicrobial resistance genes, carried on an IncK?2 plasmid,
can be transferred between a Salmonella enterica serovar Heidelberg strain, isolated from a
chicken carcass, and E. coli. (Oladeinde et al., 2019). While this study was performed in vitro, it
highlights the ability of Salmonella Heidelberg to obtain antimicrobial resistance from E. coli, a

common bacterium of the chicken gastrointestinal tract.

1.6 Research aims and objectives

Broadly, this research aims to further understand food-borne pathogens within broiler chicken
production in the United States. This was done through: 1) an in-depth study of the antimicrobial
resistance genes present in E. coli isolates from both poultry production and the human clinical
setting and 2) through a longitudinal sampling of poultry litter at a commercial scale to
determine changes in bacterial pathogen populations and their genetic contents.

To perform an in-depth genomic characterization of a microbial population, a high-
throughput, robust bioinformatics tool was needed. Accordingly, this research encompasses the
creation of an analysis pipeline, Reads2Resistome (Chapter 2). Reads2Resistome generates a
comprehensive description of bacterial genomes and their antimicrobial resistance genes and
virulence factors.

To understand the current genetic factors contributing to virulence and antimicrobial
resistance, which are present in both chicken production and human clinical settings (i.e. those
obtained from humans in hospital settings with E. coli infections) within the United States, we
compared the genetic relatedness of E. coli isolates from these settings on a large scale (Chapter

3). Specifically, this aimed to answer the following questions: 1) how do isolates from these two



populations differ with respect to their antimicrobial resistance genes and the drug classes to
which they confer resistance? 2) How do these isolates differ in their presence of virulence
factors? 3) Based on the isolates’ antimicrobial resistance and virulence factor profiles, can their
origin (i.e., human clinical or chicken production) be determined?

Lastly, we characterized the genetic diversity of the pathogenic species Campylobacter
(Chapter 4) and Salmonella (Chapter 5) in peanut hull-based litter. This includes understanding
their prevalence and persistence over multiple flock cycles, as well as characterizing the genetic
changes with respect to antimicrobial resistance and virulence. We aimed to answer the following
research questions: 1) are these pathogenic species present in peanut-hull based litter and, if so,
how does their prevalence change over time? 2) Do these pathogens harbor antimicrobial or
heavy metal resistance? 3) Do these pathogens carry virulence factors which may aid in their
colonization of chicken or human tissues? 4) Is the prevalence of these pathogens, or the genetic
factors they harbor, associated with management practices (e.g. litter reuse)?

Overall, this dissertation explores the various types of genetic elements within commensal
and pathogenic species isolated from broiler chicken litter and lays the foundation for future

studies in these species and beyond.

1.7 Significance

The outcomes of this research will benefit broiler chicken farmers, poultry litter purchasers (ie.
for fertilizer or animal feed), chicken meat consumers, and academics in the areas of microbial
population genetics, microbiology and pathology. This study aimed to contribute to the body of
knowledge on alternative litter mediums, specifically the presence and persistence of pathogenic

bacteria which may reside in them, to better inform farmers on management practices. Our



research improves our understanding of the pathogenic microbial ecology of an understudied
litter medium, peanut hulls, and highlights environmental factors which influence pathogen
populations. As litter may be reused and later applied as a fertilizer or used as feed, our research
addressed the potential microbial composition within reused litter to better inform downstream
management practices. The methodologies employed to compare and contrast the genetic
contents of the identified pathogenic isolates is sufficiently general and available for other
researchers to employ to study other bacterial populations. Additionally, we made the
bioinformatics tool, Reads2Resistome, free and open-source, available to researchers and the
public to enable high-throughput analysis of bacterial sequencing data and generation of
antimicrobial resistance and virulence factor data. Lastly, our research provides in-depth
knowledge on antimicrobial resistance genes, metal resistance genes and virulence factors
present in pathogenic species in broiler chicken production under management practices

including “No Antibiotics Ever” and peanut hull-based litter.

1.8 Limitations and scope

In furthering the collective understanding of the microbial ecology and population genetics of
broiler chicken production pathogens, the main objectives have a defined scope. First, our studies
focus on the main causative agents of food-borne illness in the United States: E. coli, Salmonella
species and Campylobacter species. Second, in the comparison of E. coli isolates across the
United States, we limited our sampling populations to a subset of the poultry industry, broiler
chicken production, and within humans, the clinical setting. These two populations aid in
characterizing E. coli isolates only within the specific type of poultry we are interested in, and

exclude other food-producing animals, such as turkeys and duck. Third, our longitudinal study,

10



aimed at characterizing the genetic diversity of pathogenic species in broiler chicken production,
focused on two main pathogenic species, Salmonella and Campylobacter and litter sampling that
occurred over 3 litter reuses. Sampling over multiple flock cycles is a key aspect of this research
as it elucidates how pathogenic bacterial populations change over time with litter reuse. We used
next-generation sequencing to compare isolates’ genetic contents with confidence. Our
sequencing methodology was limited to individual bacterial isolates; bacterial community studies

are beyond the scope of this research.
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CHAPTER 2: READS2RESISTOME: AN ADAPTABLE
AND HIGH-THROUGHPUT WHOLE-GENOME
SEQUENCING PIPELINE FOR BACTERIAL
RESISTOME CHARACTERIZATION'

2.1 Summary

Accurately characterizing the resistome is crucial for prevention and mitigation of emerging
antibiotic resistance threats to animal and human health. We define the resistome to be the
collection of antimicrobial resistance (AMR) genes and their precursors in microorganisms.
These genes may be found embedded in a bacterial chromosome or plasmid. Reads2Resistome is
a tool which allows researchers to assemble and annotate bacterial genomes using long or short
read sequencing technologies, or both in a hybrid approach, with focus on the resistome
characterization. Using a massively parallel analysis pipeline, Reads2Resistome performs
assembly and annotation with the goal of producing an accurate and comprehensive description
of a bacterial genome and AMR and virulence genes’ content. Reads2Resistome is freely
available as an open-source package under the MIT license, and can be downloaded via GitHub

(https:/github.com/BioRRW/Reads2Resistome). Key features of the Reads2Resistome pipeline

include quality control of input sequencing reads, genome assembly, genome annotation and

AMR gene, virulence gene, and prophage characterization. Based on the case study we observed

1  This work has been previously published on a preprint server: Woyda, R., Oladeinde, A., Abdo, Z., 2020.
Reads2Resistome: An adaptable and high-throughput whole-genome sequencing pipeline for bacterial resistome
characterization. bioRxiv 2020.05.18.102715. https://doi.org/10.1101/2020.05.18.102715. This work has been
previously published in a peer reviewed journal: Woyda, R., Oladeinde, A., Abdo, Z., 2023. Chicken Production
and Human Clinical Escherichia coli Isolates Differ in Their Carriage of Antimicrobial Resistance and Virulence
Factors. Appl. Environ. Microbiol. e01167-22. https://doi.org/10.1128/aem.01167-22
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hybrid assembly, although the most time-intensive assembly method, produces a highly
contiguous genome assembly with robust gene annotation, prophage identification, and resistome

characterization compared to short read alone and long read alone assemblies.

2.2 Introduction

The Centers for Disease Control (CDC) estimates that, per year, at least two million people will
become infected by a drug-resistant bacteria and at least 23,000 will die as a result of such
infections (Centers for Disease Control and Prevention, 2019). The primary method for
determining antimicrobial resistance (AMR) in clinical laboratories is culture-based
antimicrobial susceptibility testing (AST). However, declining cost of next-generation
sequencing technologies has enabled increased sequencing depth and more accurate
identification of AMR elements within bacterial genomes (Su, Satola and Read, 2019).
Additionally, PacBio and Oxford Nanopore MinlON sequencing technologies can provide
sequencing reads longer than 10kb, improving our ability to generate complete and accurate
genome assemblies (De Maio et al., 2019). When identifying AMR genes, a researcher might use
a dozen or more individual tools with each relying on their own databases and dependencies.
Here we present Reads2Resistome, a streamlined pipeline for quality control, assembly and
AMR and virulence characterization for bacterial genomes, which utilizes short sequencing
reads, long sequencing reads or both, in a hybrid assembly approach. We illustrate the utility of
Reads2Resistome to assemble, annotate, characterize AMR genes, virulence genes and prophage

sequences of two bacterial isolates recovered from the ceca of 2-week-old broiler chickens.
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2.3 Methods and Implementation

Reads2Resistome is scripted using Nextflow (DI Tommaso et al., 2017), a parallel Domain
Specific Languages (DSL) workflow framework, and is integrated with Singularity (Kurtzer,
Sochat and Bauer, 2017), an open-source container platform with focus towards high-
performance computing (HPC) workloads. The Reads2Resistome pipeline includes three main
steps: quality control, assembly, and annotation of assembled bacterial contigs. Reads2Resistome
takes long read sequences, short read sequences or both as input and performs quality control of
short reads using Trimmomatic (Bolger, Lohse and Usadel, 2014) and long read quality
visualization using NanoPlot (De Coster et al., 2018). Both quality-controlled short reads and
long reads are then assembled using Unicycler (Wick et al., 2017). Unicycler generates an
assembly graph using short reads, then uses long reads to simplify the graph to generate accurate
assemblies. In the event the input consists of short reads only, Unicycler employs SPAdes (Nurk
et al., 2013; Antipov et al., 2016) for assembly and subsequently polishes the resulting graph by
bridging contigs. Long read-only assembly is performed using miniasm (Li, 2016) and Racon
(Vaser et al., 2017) employed through Unicycler. Annotation is performed with Prokka
(Seemann, 2014) using one of the provided custom databases (described in the Resistome
characterization section below), which are pre-built from collections of specific bacterial species
and subtypes, or using the Prokka default database. Resistome characterization is performed
using ABRICATE (Seemann, no date). Nextflow implementation using Singularity provides
version control over the various open-source tools ensuring reproducible results.
Reads2Resistome output contains the following for each input isolate: visualization of both raw
and quality-controlled reads; assembled contigs with a corresponding assembly graph along with

an assembly quality assessment; gene and resistome annotation files; genome alignment files in
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BAM format; and optional serovar predictions. All documentation and pipeline usage are

publicly available at https://github.com/BioRRW/Reads?Resistome.

2.3.1 Streamline high-throughput analysis

Reads2Resistome is designed for high-throughput bacterial sequence input and performs quality
control, genome assembly and subsequent genome and AMR and virulence gene annotation in a
parallel, high-throughput manner (Figure 2.1). Reads2Resistome is able to accommodate input
of different species within the same run and can perform species-specific genome assembly
quality control and gene annotation. A comma-separated values (CSV) file, generated by the
user, enables input of multiple different isolates regardless of the isolate identity. The user can
also specify a pipeline-provided database for genome annotation or can choose to use the default
database utilized by Prokka. For genome assembly quality assessment, done by QUAST, the user
can optionally add a user-provided reference genome for additional reference-specific metrics.
Pipeline outputs for quality control and genome quality assessment are aggregated by MultiQC
into a HTML report (Ewels et al., 2016). In addition to quality control, assembly and annotation,
genome alignments are generated for further comparison. For Salmonella spp. optional serovar

prediction is performed using SISTR (Yoshida et al., 2016).
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Figure 2.1. Key processes in Reads2Resistome pipeline.

2.3.2 Adaptable to cutting-edge sequencing technologies

Inclusion of long read sequences into bacteria assembly aids in resolving repeat regions of
genomes and contributes to genome completeness (Hunt et al., 2014). Reads2Resistome is
designed to be adaptable and flexible in that it can accommodate assembly in three different
approaches: long read-only assembly, short read-only assembly, and hybrid assembly. In each

assembly approach, Unicycler is used to generate genome assemblies and assembly graphs

which are visualized with Bandage (Table S2.1) (Wick et al., 2015).
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2.3.3 Resistome characterization

Reads2Resistome characterizes resistome content using ABRICATE and Phigaro. ABRICATE
uses the assembled contigs to screen for AMR and virulence genes from various databases;
ARG-ANNQOT antibiotic resistance gene database (Gupta et al., 2014) the Comprehensive
Antibiotic Resistance Database (CARD) (Alcock et al., 2020), MEGARes Antimicrobial
Database for High-Throughput Sequencing (Lakin et al., 2017) NCBI AMRFinderPlus
(Feldgarden et al., 2019) PlasmidFinder (Carattoli et al., 2014), ResFinder (Bortolaia et al.,
2020) and VirulenceFinder database (Liu et al., 2019). ABRICATE compiles results into a single
report containing hits from each database and Reads2Resistome provides an output file for each
isolate. Phigaro uses the assembled contigs to detect putative taxonomic annotations and the

output is collected and reported by Reads2Resistome for each isolate (Starikova et al., 2020).

2.4 Case study

Using Reads2Resistome we assembled and characterized the AMR genes, virulence genes and
prophage sequences of genomes associated with two bacterial isolates recovered from the ceca of
2-week-old broiler chickens; SH-IC: Salmonella enterica serovar Heidelberg (S. Heidelberg) and
EC-IC: Escherichia coli (Table 2.1). [llumina, PacBio and Oxford Nanopore MinlON sequences
were used to evaluate and compare the three assembly methods available through the pipeline;

short read-only, long read-only and hybrid assembly.
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Table 2.1. Summary of isolate information.

Sequencing
Strain ID SRA accession no. Coverage*

Bacterial strains platform

SRR11808523 [Nlumina 56.95
Escherichia coli EC-IC

SRR11808522 MinION 35.35

SRR11808521 PacBio 28.08

SRR11808520 [llumina 20.25
Salmonella SH-IC
Heidelberg SRR11808519 MinION 16.69

SRR11808518 PacBio 33.14

* Coverage estimated from total quality-controlled bases divided by the genome size
(E. coli: 4800000bp , S. Heidelberg: 4600000bp)

Genome assembly and annotation metrics were compiled from QUAST and Prokka
outputs. Hybrid assembly of both EC-IC and SH-IC using MinION long reads and Illumina short
reads gave the fewest contigs, longest total length and highest number of annotated genes as
compared to long read assembly using MinION. Hybrid assembly of both isolates using PacBio
reads resulted in fewer contigs but comparable total length to that of the MinION hybrid
assembly. Genome contiguity was best obtained by hybrid assembly and can be visualized with
Bandage-generated graphs (Table S2.1). While hybrid and long read-only assemblies are

comparable with respect to number of contigs and genome length, the long read-only assembly

greatly lacked in annotated genomic features and resistome elements.
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Annotated genes and features across all assembly methods for both isolates were

considerably reduced under the long read-only assembly, while both short read and hybrid

methods resulted in comparable numbers of annotated genes. We suspect this is due to relative

lower quality of long reads as compared to Illumina short reads. This is mirrored in AMR and

virulence gene characterization and prophage identification. While both short read and hybrid

assembly methods for both isolates resulted in comparable identified resistome elements and

prophage sequences, long read-only assembly identified elements were significantly reduced

(Table S2.3,S2.4).

Table 2.2. Summary of evaluation for assembled isolates under various assembly conditions.

Short Read Hybrid Long Read
[llumina MinIlON PacBio MinlON PacBio
Isolate Assembly
Metrics and
Annotated
Features
EC-IC No. contigs |220 11 10 16 6
Largest 143515 3902334 3890483 4876904 3256237
Contig (bp)
Total Length | 5082305 5292549 5286973 |5266949 5421221
(bp)
N50 (bp) 42032 3902334 3890483 4876904 3256237
L50 36 1 1 1 1
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GC (%) 50.54 50.38 50.36 50.05 48.86
tRNAs 80 90 90 32 12
CRISPRs 1 1 1 0 0
Predicted 4765 5041 5004 4826 4837
CDS
Annotated 2277 2297 2295 430 185
Genes

SH-IC No. contigs |57 19 8 90 5
Largest 460444 2046586 4750196 | 64272 2033197
Contig (bp)
Total Length |4844513 4869998 4899506 1448734 5035134
(bp)
N50 (bp) 213070 1175028 4750196 16758 1502365
L50 9 2 1 28 2
GC (%) 52.1 52.08 52.1 50.44 50.52
tRNAs 77 76 82 2 30
CRISPRs 3 3 3 25 1
Predicted 4554 4573 4581 1387 5976
CDS
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Annotated 2037 2044 2043 87 213

Genes

The pipeline was run using the following commands for short read-only, hybrid, and long

read-only assemblies, respectively:

$ nextflow R2R-0.0.2.nf --assembly nonhybrid--input
containers/data/input_nonhybrid.csv --output temp/output -w temp/work --threads 64 -

with-report --name R2R_Nonhybrid_Assembly

$ nextflow R2R-0.0.2.nf --input containers/data/input_hybrid.csv --output temp/output -

w temp/work --threads 64 -with-report --name R2R_Hybrid_Assembly

$ nextflow R2R-0.0.2.nf --assembly longread --input containers/data/input_longread.csv
--output temp/output -w temp/work --threads 64 -with-report --name R2R_Long-

Read_Assembly

Each command was executed independently on a Linux server with 128 compute cores and
504GB of memory. Resources allocated and run-time in Table S2.2 were obtained from the

"report.html" which is generated using the '-with-report' option.

2.5 Discussion

Reads2Resistome provides a streamlined high-throughput analysis pipeline for the assembly,
genome annotation and resistome characterization for bacterial sequencing reads. The pipeline
can perform three methods of assembly: short read-only, long read-only, or a hybrid method
utilizing both short and long reads. The user can generate an input CSV file containing multiple
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isolate samples from different species, all of which can be fed into the Reads2Resistome pipeline
under a user-specified assembly method. Pipeline output is generated for quality control,
assembly and annotation for each isolate. The pipeline is executable on both Mac and Linux
operating systems and is well-suited for institutions and organizations which maintain, or have
access to high performance computing (HPC) for the analysis of "big data."

Results from our case study indicated that a highly contiguous genome assembly with
robust gene annotation, prophage identification, and resistome characterization is best obtained
under a hybrid assembly approach. While hybrid assembly is the most time-intensive assembly
method, it produces the most complete annotated genomes in our case study. Long read-only
assembly is able to produce a respectable genome length with high contiguity but falls short
when annotating genomic features.

The ability to input multiple samples via the input CSV allows users to analyze hundreds
of samples regardless of their identity. This prevents tedious bash scripting and collecting of
various output files and ensures consistent and correct naming of all output files. Pipelines such
as bacass from nf-core (Ewels et al., 2019) provide genome assembly under short, long and
hybrid approaches but do not offer resistome annotation. PRAP (He et al., 2020) and sraX
(Panunzi, 2020) offer robust resistome analysis but do not provide genome assembly within the
pipeline. Therefore, Reads2Resistome is unique in providing a robust pipeline for genome

assembly, genome annotation and resistome characterization.

2.6 Limitations

Reads2Resistome is designed to be deployed on Linux servers with at least 16GB of RAM and at

least 16 compute cores. Running Reads2Resistome on a personal machine will allow full
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completion of the pipeline but time requirements will be daunting using less than 16 compute
cores. Prokka gene annotation custom databases consist of Escherichia coli, Campylobacter,
Salmonella, Enterococcus and Staphylococcus; all other input samples will use the default
Prokka database. Currently serovar prediction is only provided for Salmonella spp. using SISTR.
Additionally, obtaining high-quality genome assemblies along with accurate resistome
characterization is dependent on the quality and depth of sequencing obtained for the input

isolates.
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CHAPTER 3: CHICKEN PRODUCTION AND HUMAN
CLINICAL ESCHERICHIA COLI ISOLATES DIFFER
IN THEIR CARRIAGE OF ANTIMICROBIAL
RESISTANCE AND VIRULENCE FACTORS®

3.1 Summary

Contamination of food animal products by Escherichia coli (E. coli) is a leading cause of food-
borne disease outbreaks, hospitalizations, and deaths in humans. Chicken is the most consumed
meat both in the United States and across the globe according to the United States Department of
Agriculture. Although E. coli is a ubiquitous commensal bacterium of the gut of humans and
animals, its ability to acquire antimicrobial resistance (AMR) genes and virulence factors (VF)
can lead to the emergence of pathogenic strains that are resistant to critically important
antibiotics. Thus, it is important to identify the genetic factors that contribute to the virulence and
AMR of E. coli. In this study, we performed in-depth genomic evaluation of AMR genes and VF
of E. coli genomes available through the National Antimicrobial Resistance Monitoring System
GenomeTrackr database. Our objective was to determine the genetic relatedness of chicken
production isolates and human clinical isolates. To achieve this aim, we first developed a
massively parallel analytical pipeline (Reads2Resistome) to accurately characterize the resistome
of each E. coli genome including the AMR and VF harbored. We used Random Forests and

hierarchical clustering to show that AMR genes and VF are sufficient to classify isolates into

2 This work has been previously published in a peer reviewed journal: Woyda, R., Oladeinde, A., Abdo, Z., 2023.
Chicken Production and Human Clinical Escherichia coli Isolates Differ in Their Carriage of Antimicrobial
Resistance and Virulence Factors. Appl. Environ. Microbiol. e01167-22. https://doi.org/10.1128/aem.01167-22
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different pathogenic phylogroups and host origin. We found that the presence of key type III
secretion system and AMR genes differentiated human clinical isolates from chicken production
isolates. These results further improve our understanding of the interconnected role AMR and VF

play in shaping the evolution of pathogenic E. coli strains.

3.2 Importance

Pathogenic Escherichia coli causes disease in both humans and food-producing animals. E. coli
pathogenesis is dependent on a repertoire of virulence factors and antimicrobial resistance genes.
Food-borne outbreaks are highly associated with the consumption of under cooked and
contaminated food products. This association highlights the need to understand the genetic
factors that make E. coli virulent and pathogenic in humans and poultry. This research shows that
E. coli isolates originating from human clinical settings and chicken production harbor different
antimicrobial resistance genes and virulence factors that can be used to classify them into
phylogroups and host origins. In addition, to aid in the repeatability and reproducibility of the
results presented in this study, we have made a public repository of the Reads2Resistome

pipeline and have provided the accession numbers associated with the E. coli genomes analyzed.

3.3 Introduction

Escherichia coli are ubiquitous commensal bacteria in the gut of both humans and food-
producing animals and rarely cause disease but may acquire antimicrobial resistance (AMR)
genes and virulence factors (VF) resulting in increased pathogenicity (Boyle and Zembower,
2015). Pathogenic E. coli has consistently ranked in the top 5 causative agents of disease
outbreaks, outbreak-associated illnesses, and hospitalizations in the United States (Lynch et al.,

2006; Dewey-Mattia et al., 2018; CDC, 2019) and is responsible for billions of dollars of annual
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health care associated costs in the United States (Russo and Johnson, 2003; Nyachuba, 2010).
Pathogenic E. coli infections in humans may result in acute to severe diarrhea or dysentery,
urinary tract infections, and meningitis (Kaper, Nataro and Mobley, 2004; Croxen et al., 2013;
Ramos et al., 2020). E. coli pathogenesis is dependent on the repertoire of VF which enable the
bacterium to evade host defenses, adhere to host surfaces and successfully invade, and replicate
in, host tissues. For example, VF such as toxins, iron-acquisition systems and fimbriae play
integral roles in the pathogenicity of extra-intestinal E. coli strains that cause urinary tract
infections in humans (Mainil, 2013). These uropathogenic E. coli strains are able to colonize
human mucosal surfaces due to surface adhesion VF including the P, F and Type 1 fimbriae
encoded by pap, sfa and fim genes (Khairy et al., 2019).

Outbreaks in human populations caused by pathogenic E. coli are attributed to the
consumption of under cooked and contaminated foods including meats and vegetables (Yang et
al., 2017). E. coli infections in food-producing animals usually results in diarrhea but can include
acute fatal septicemia, airsacculitis, pericarditis and perihepatitis (Panth, 2019). In poultry, avian
pathogenic E. coli infections, termed avian colibacillosis, can result in economic loss due to cost
of treatment as well as from culling of flocks (Ewers et al., 2009). Colibacillosis is a leading
cause of morbidity and mortality in poultry, noted by a decrease in feed conversion ratio, egg
production and decreased hatching rates (Dho-Moulin and Morris Fairbrother, 1999; Mellata,
2013; Guabiraba and Schouler, 2015). The severity of the disease depends on the VF repertoire
of the strain including genes encoding iron acquisition and transport systems (Johnson et al.,
2006).

Extraintestinal pathogenic E. coli strains that cause urinary tract infections, neonatal

meningitis, and sepsis have been shown to have similar VF as E. coli isolates from meat and
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animal sources (Mitchell et al., 2015). Likewise, some avian pathogenic E. coli and
extraintestinal pathogenic E. coli isolates have been reported to share similar VF and belong to
the same multilocus sequence type (MLST) and phylogroup (Moulin-Schouleur et al., 2006;
Ewers et al., 2007; Johnson et al., 2007, 2008). Specifically, a microarray-based study of E. coli
isolates from both human and animal sources in Denmark identified 66-87 genes, including both
virulence factors and antimicrobial resistance genes, which were present in both human urinary
tract infection isolates, and isolates obtained from poultry and pig products (Jakobsen et al.,
2011). Genes such as the iron acquisition genes iutA and iroN, as well as fimbrial, papA encoding
the Pap fimbrial major subunit, and adehsion genes, papGII encoding Pap adhesion, were
detected in both urinary tract infection and poultry related isolates (Jakobsen et al., 2011). In
vivo and in vitro experimental studies have shown that extraintestinal pathogenic E. coli
recovered from humans can cause disease in avian hosts and similarly, avian pathogenic E. coli
isolates recovered from avian host can cause disease in mammalian models (Skyberg et al.,
2006; Tivendale et al., 2010; Jakobsen et al., 2012; Li et al., 2012; Comery et al., 2013).
Infections with pathogenic E. coli are commonly treated with antibiotics, however
increasing levels of AMR impose difficulties in selecting effective treatment options (Caniga et
al., 2019). The spread and increased prevalence of AMR has been linked to both the overuse and
misuse of antibiotics in the human clinical setting as well as food animal production (Ferri et al.,
2017). Consumer opinion has influenced a reduction of antimicrobial use in food animal
production to mitigate the spread of AMR. However, recent studies have indicated that AMR can
still persist in food animal production even after the removal or stoppage of antibiotics (Fenske
and Scaria, 2021; Oladeinde et al., 2022). The co-mobilization and co-acquisition of AMR and

VF through horizontal gene transfer can result in highly pathogenic E. coli strains. Recent studies
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have demonstrated a correlation and close genetic linkage of AMR genes and VF in pathogenic
bacteria strains (Biswas, Sharma and Joshi, 2019; Pan et al., 2020). Yu Pan et al. (Pan et al.,
2020) performed a comprehensive analysis of over 9,000 bacterial genomes from multiple
species and hosts and observed the coexistence of AMR genes and VF from human-associated
pathogens. Therefore, the aim of this study is to evaluate and compare the current distribution of
AMR genes and VF present in E. coli isolates from chicken production and human clinical
settings in the United States.

To do so, we determined the AMR genes and VF present in nearly 800 E. coli genomes
collected from chicken production and the human clinical settings. Data for all isolates were
obtained from the National Antimicrobial Resistance Monitoring System (NARMS). We used the
World Health Organizations (WHQO) most recent classification of antimicrobials important to
human health to determine the extent to which resistance to these antimicrobials is prevalent in
the chicken production and human clinical settings. We hypothesized that resistance to
antimicrobials of critical and high importance to human health would be present in both human
and chicken derived isolates. Additionally, we hypothesized that E. coli isolates from human
clinical settings and chicken production will differ in their carriage of AMR genes and VF. We
found that E. coli isolates obtained from chicken production and human clinical settings harbored
AMR genes predicted to confer resistance to many antimicrobials classified as highly and
critically important to human health by the WHO. Furthermore, we were able to classify all E.
coli isolates into their respective phylogroups and host origins using random forest classification

and hierarchical clustering of the AMR genes and VF found in their genomes.
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3.4 Results

3.4.1 E. coli isolate selection and genome assembly

To evaluate and compare the current distribution of AMR genes and VF present in E. coli isolates
from chicken production and the human clinical settings in the United States, we took advantage
of the U.S. National Antimicrobial Resistance Monitoring System (NARMS) Genome Trackr
database (available through NCBI https://www.ncbi.nlm.nih.gov/pathogens). We chose NARMS
because it monitors enteric bacteria and pathogens across 20 states to determine their resistance
to antimicrobials used in veterinary and human medicine. NARMS is a collaboration between
agencies within the U.S. Department of Health and Human Services (HHS) (FDA and CDC) and
the U.S. Department of Agriculture (USDA) (Food Safety and Inspection Service, Animal and
Plant Health Inspection Service, and the Agricultural Research Service). Each USDA agency
taking part in NARMS tests bacterial samples at various stages of food animal production. The
NARMS database holds bacterial genome sequences that originate from 15 distinct human,
animal and food sources and are categorized into four NARMS samples sources: human clinical
isolates; food animal production isolates from cecal samples at slaughter; samples routinely
collected at inspected establishments as part of FSIS verification testing; and raw meats (chicken,
ground turkey, ground beef, and pork chops) collected at retail outlets in 20 states (23 sites). We
selected 837 chicken production isolates and 874 human clinical isolates, with collection dates
from January 1% 2018 until March 30" 2020, using “Species”, “Host” and “Location” search
filters (see materials and methods for a detailed description). E. coli isolate data were either

available as Illumina FASTQ reads or as FASTA assemblies.
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One hundred and thirty FASTA assemblies were obtained for human clinical isolates,
whereas all chicken production isolates and remaining human clinical isolates had available
FASTQ reads. The FASTA assemblies were obtained through the isolate’s associated BioProject,
and quality control was done using QUAST (Gurevich et al., 2013). The FASTQ reads for each
isolate were first normalized to 30X coverage using Trinity’s insilico_read_normalization.pl

script (https:/github.com/trinityrnaseqg/trinityrnaseq/wiki). After quality control, the average

genome coverage was 35.8X and 31.7X for human clinical and chicken production isolates,
respectively (Figure 3.1A). Three hundred and eighty-five chicken production isolates and 535
human clinical isolates were excluded from further analysis because they did not meet our preset
quality control metrics based on genome coverage greater than or equal to 20X and assembled
genome quality (N50 >= 10,000bp, Figure 3.1B). The remaining E. coli isolates from chicken
production and human clinical settings were confirmed to be E. coli through MLST (Table S3.1,
https://github.com/tseemann/mlst). This resulted in our study population consisting of 452 (57%)
chicken production isolates and 339 (43%) human clinical isolates (Figure 3.2A and B). Isolates
originated from a diverse set of sources (Table S3.1) and locations within the United States

(Figure 3.2C).
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Figure 3.1. Average coverage, post-normalization, and average N50, post-assembly, of human
clinical and poultry production isolates. (A) Isolate FASTQ reads were downloaded from the
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NCBI and normalized to 30% using Trinity’s insilico_read_normalization.pl script. (B) Isolates
with available FASTQ reads were assembled and annotated using Reads2Resistome, including
N50 calculation by QUAST. FASTA assemblies were annotated using the additional script
provided by Reads2Resistome for post-assembly annotation. A diamond shape indicates a mean
value, and the horizontal lines within a box indicate the mean. The upper and lower sides of the
box correspond to the 25th and 75th percentiles. Plots were generated in R v4.0.4 using ggplot2
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Figure 3.2. Graphical description of human clinical and poultry production isolates. FASTQ
reads or FASTA assemblies for each E. coli isolate was downloaded from the NARMS
GenomeTrackr for chicken production and human clinical isolates (A). Isolates were selected
from a submission date of 01/01/2018 — 03/30/2020 using the filtering criteria described in the
Materials and Methods. After quality control and filtering, 452 chicken production isolates and
339 human clinical isolates remained (B). Isolates geographic location across the United States

(C).
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3.4.2 AMR gene distribution not explained by isolation year or location

We conducted principal component analysis (PCA) to determine if the presence or absence of
identified AMR genes corresponded to the state origin of the isolates. Overlapping 95%
confidence intervals were observed for all isolates in all states (Figure S3.1). We also conducted
PCA analysis on the presence/absence matrix of these AMR genes to assess impact of time of
sampling. Separation of isolates based on their associated isolation year was also not observed

(Figure S3.2). Accordingly, year and location will not be factored in further analysis.
3.4.3 Determining the phylogeny of E. coli isolates phylogroups

To determine if there is an evolutionary based separation between chicken production and human
clinical isolates, we performed a whole genome alignment to the E. coli K12-MG1655 reference
genome (accession U00096). Single-nucleotide polymorphisms (SNPs) with respect to the
reference genome were used to generate a phylogenetic tree. In addition, we used
ClermonTyping (Clermont et al., 2019) to classify the isolates into phylogroups. E. coli isolates
within the phylogenetic tree clustered into single clades and chicken production isolates were
less divergent from the E. coli K12 reference genome than human clinical isolates (Figure 3.1).
E. coli isolates were phylotyped into one of the phylogroups A, B1, B2, C, clade I, D, E, ‘E or
clade I’; F, and G (Table 3.1). The majority of the E. coli genomes in our dataset belonged to
phylogroups A, B1, and B2. Phylogroups B1 and B2 were the most represented groups with each
accounting for ~23% of the total E. coli isolates. Phylogroup determination for one isolate was
unsuccessful (identified as unknown) but the isolate clustered with phylogroup A isolates on the

SNP-based tree.
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Phylogroup classification is useful for the rapid and easy identification of potentially
virulent and AMR isolates (Clermont et al., 2019). Based on the Clermont quadruplex in silico
method, our study isolates represented all seven main phylogroups (A, B1, B2, C, D, E and F),
cryptic clade I, and the newly identified phylogroup G. One isolate was classified as unknown.
We found significant differences in the proportion of times phylogroups A, B1, B2, E, and G
were seen with respect to their host-origin. Phylogroups A, B1 and G were found at higher
frequencies in chicken production isolates while B2 and E were higher in human clinical isolates
(Table 3.1). Eighty-one percent of chicken production isolates belonged to phylogroup B1
whereas 85% of human clinical isolates were classified as B2. The most divergent subclade
within B2 consisted of closely related human clinical isolates, many of which originated from the
same BioProject (PRJINA489090) which included many isolates from the human infant gut.
Although the B2 phylogroup was dominated by human clinical isolates, there were a few chicken
isolates nested within the B2 clades. Phylogroup E was dominated by closely related human
clinical isolates (81%) and was the largest cluster of human clinical isolates within the
phylogenetic tree. Isolates identified as belonging to the Escherichia cryptic clade I phylogroup
(NCBI genome accession numbers: SRR9984913, SRR10687720, SRR9852843, SRR9875260,
SRR9875260, SRR10267809, SRR10687983, SRR9852805) (Clermont et al., 2013) clustered
together within the phylogenetic tree and were all of chicken origin. No human clinical E. coli
isolates were identified as belonging to clade I even though clade I has been reported to have 2 to
3% prevalence in human E. coli isolates (Ingle et al., 2011; Smati et al., 2013; Ahumada-Santos
et al., 2020). Phylogroup G was dominated by chicken production isolates (95%).

The analysis above shows that in most cases the phylogroup classification supported the

phylogenetic distribution within the SNP-based tree, however, we found several instances where
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human clinical and chicken production isolates were closely related. Likewise, we found cases
where the SNP-based classification contradicted the phylogroup classification. For instance,
human clinical strains mainly belong to phylogroup A (Ingle et al., 2011; Smati et al., 2013;
Ahumada-Santos et al., 2020), however, we identified 85.58% of our chicken production isolates
belong to this phylogroup. Taken together, our isolate collection serves as a good representation

and distribution of the currently described E. coli phylogroups, with a few exceptions.
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Figure 3.3. Whole genome SNP-based maximum-likelihood phylogenetic tree. SNPs found
between the E. coli K12-MG1655 (accession U00096) reference genome and each of the 791 E.
coli isolates was used for alignment using Snippy v4.6.0 (Snippy 2018). The resulting whole
genome SNP alignment was used to construct maximum-likelihood phylogenetic trees under a
GTR+GAMMA model using RAXML with 100 bootstraps (RAXMLHPC-PTHREADS) v8.2.12.
Strength of nodal support indicated by branch color: red(100), orange(50>x<75),
darkorange(25>x<50), green(0>x<25). (Ring) Phylogroups identified using ClermonTyping
v1.4.0. Phylogroups labeled by color: A(green), Bl(orange), B2(magenta), C(brown), clade
I(aquamarine), D(blue), E(gray), E or clade I(maroon), F(gold), G(darkgold),
Unknown(darkgreen).

67



Table 3.1. Distribution of phylogroups in chicken production and human clinical isolates.
Phylogroup for each isolate was determined using ClermonTyping v1.4.0 using default settings
for each isolate genome assembly. Phylogroups composed of different hosts are indicated with
(*), as determined by maximum likelihood ratio test with a Benjamini-Hochberg adjusted p value

<0.05.

phylogroup| number of isolates (% chicken production (% human clinical (%
total) total) total)
(n=791) (n =452) (n = 339)
A 132 (16.62%) 109 (85.58%)* 23 (17.42%)*
B1 183 (23.05%) 148 (80.87%)* 35 (19.13%)*
B2 184 (23.17%) 28 (15.21%)* 156 (84.78%)*
C 23 (2.90%) 18 (78.26%) 5 (21.74%)
Clade I 8 (1.01%) 8 (100%) 0 (0%)
D 103 (12.97%) 56 (54.37%) 47 (45.63%)
E 75 (9.45%) 14 (18.67%)* 61 (81.33%)*
E or Clade I 4 (0.05%) 4 (100%) 0 (0%)
F 26 (3.27%) 15 (57.69%) 11 (42.31%)
G 55 (6.93%) 52 (94.55%)* 3 (5.45%)*
Unknown 1(0.13%) 0 (0%) 1 (100%)
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3.4.4 Chicken production and human clinical isolates harbor a diverse

set of AMR genes and mutations

We used the ResFinder (Bortolaia et al., 2020) to identify acquired AMR genes in each
E. coli genome. Additionally, we used R2R and the Comprehensive Antimicrobial Resistance
Database (CARD) via the Resistance Gene Identifier (RGI) (Alcock et al., 2020) (see Materials
and Methods for details) to identify all AMR genes, including those encoded on the bacterial
chromosome and gene mutations that can result in resistant genotypes. We found 42 acquired
AMR genes predicted to confer resistance to 21 drug classes (Table 3.2). Fifty-seven percent of
the isolates carried at least 1 acquired AMR gene while one human clinical isolate carried 21
acquired AMR genes. Chicken production isolates were more likely to harbor acquired AMR
genes (65.7%) than human clinical isolates (46.3%) (adjusted p << 0). Chicken production E.
coli isolates carried more acquired AMR genes per isolate (Range = 0 to 8, mean = 1.97 per
isolate) compared to human clinical isolates (Range = 0 to 21, mean = 1.87 per isolate).
Fosfomycin (fosA7) and peptide antibiotics (mcr-9) were significantly higher in chicken
production isolates while aminoglycosides (aac(6’)-Ib-cr) and fluoroquinolones (qrnB19) were

significantly higher in human clinical isolates (Figure 3.4A, Table S3.3).
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Table 3.2. Acquired antimicrobial resistance genes identified within chicken production and
human clinical isolate FASTA assemblies using ResFinder. ResFinder output hits for each gene
were filtered (>=80% identity to database reference query). Corresponding resistance-conferring
drug class for each gene was identified using The Comprehensive Antibiotic Resistance Database

(CARD).

Gene Drug Class Gene Drug Class
aac(3)-Ila | aminoglycoside antibiotic dfrAl diaminopyrimidine antibiotic
aac(3)-1Id | aminoglycoside antibiotic dfrA12 diaminopyrimidine antibiotic
aac(3)-1V | aminoglycoside antibiotic dfrA14 diaminopyrimidine antibiotic
aac(6')-1b- | fluoroquinolone antibiotic,
cr aminoglycoside antibiotic dfrA17 diaminopyrimidine antibiotic
lincosamide antibiotic, macrolide
aadAl aminoglycoside antibiotic erm(B) antibiotic, streptogramin antibiotic
aadA2 aminoglycoside antibiotic floR phenicol antibiotic
aadA5 aminoglycoside antibiotic formA disinfecting agents
aph(3")-Ib | aminoglycoside antibiotic fosA7 fosfomycin
aph(3')-Ia | aminoglycoside antibiotic mcr-9 peptide antibiotic
rhodamine, tetracycline antibiotic,
aph(3')-1la | aminoglycoside antibiotic mdf(A) benzalkonium chloride
aph(3')-III | aminoglycoside antibiotic mph(A) macrolide antibiotic
disinfecting agents and intercalating
aph(4)-Ia | aminoglycoside antibiotic qacE dyes
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aph(6)-Ic | aminoglycoside antibiotic qnrB19 fluoroquinolone antibiotic
aph(6)-Id | aminoglycoside antibiotic rmtB aminoglycoside antibiotic
penam, carbapenem,
blaCMY-2 |cephalosporin, cephamycin| sitABCD disinfecting agents
BlaCTX-M-
14 cephalosporin sull sulfonamide antibiotic
BlaCTX-M-
15 penam, cephalosporin sul2 sulfonamide antibiotic
penam, carbapenem,
BlaOXA-1 cephalosporin sul3 sulfonamide antibiotic
blaOXA- penam, carbapenem,
244 cephalosporin tet(A) tetracycline antibiotic
monobactam, penam,
blaTEM-1B | penem, cephalosporin tet(B) tetracycline antibiotic
catAl phenicol antibiotic tet(C) tetracycline antibiotic
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Figure 3.4. Average proportions of identified antimicrobial resistance genes in human clinical
and poultry production isolates. (A) Acquired antimicrobial resistance genes identified within
chicken production and human clinical isolate FASTA assemblies using ResFinder. ResFinder
output hits for each gene were filtered (>=80% identity to database reference query). (B)
Antimicrobial resistance drug classes identified within chicken production and human clinical
isolate FASTA assemblies using Resistance Gene Identifier (RGI) and ABRICATE employed via
Reads2Resistome. AMR database hits were filtered (>=95% identity to database reference query)
and the highest hit from each database was retained. Genes conferring resistance to drug classes
were enumerated for each isolate and a proportion was calculated using the total number of
genes in the study population conferring resistance to a given drug class. Drug classes
significantly differing between chicken production isolates and human clinical isolates were
determined by Wilcoxon rank-sum test and (*) indicates a Benjamini-Hochberg adjusted p value
< 0.05.
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Using the CARD database we found 208 AMR genes, including all but 3 genes (aac(3’)-
IIa, sitABCD and formA) identified by ResFinder (Table S3.1). A majority of AMR genes were
shared between human clinical isolates and chicken production isolates (Figure 3.5A). The AMR
genes were predicted to confer resistance to 31 drug classes including cephalosporins,
fluoroquinolones, penams and tetracyclines (Figure 3.4B). We found AMR genes for 31 drug
classes in human clinical isolates, while 28 of the 31 drug classes were found in chicken
production isolates. AMR genes absent from chicken production isolates were predicted to
confer resistance to streptogramin (ermB and msrA), oxazolidinone (msrA) and pleuromutilin
(msrA and taeA). We found significant differences in antimicrobial drug classes between chicken
production and human clinical isolates for 14 of the 31 drug classes (adjusted p < 0.05, Figure
3.4B, Table S3.4). Genes predicted to confer resistance to diaminopyrimidine, phenicol,
sulfonamide, penem, aminoglycoside, fluoroquinolone, macrolide, and peptide antibiotics were
more prevalent within human clinical isolates (adjusted p << 0, Figure 3.4B). Genes predicted to
confer cephamycin resistance — a highly important antimicrobial group for human medicine
(World Health Organization, 2019) — were more prevalent in human clinical isolates (adjusted p
<< 0, Figure 3.4B) compared to chicken isolates. Genes predicted to confer resistance to
elfamycin and nucleoside antibiotics were more prevalent within the chicken production isolates
compared to human isolates (adjusted p << 0, Figure 3.4B). The frequency of genes predicted to
confer resistance to tetracycline was similar (adjusted p = 0.27, Figure 3.4B) between host

origin.
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Figure 3.5. Venn diagrams depicting the identified antimicrobial resistance genes identified via
Reads2Resistome (RGI) and The Comprehensive Antibiotic Resistance Database and Resfinder
(A) and virulence factors identified via Reads2Resistome (ABRICATE) and the Virulence Factor
Database.

It is important to mention that the majority of AMR genes identified by CARD are likely
chromosomally encoded and may not be mobilizable. Many of the AMR genes harbored on the
chromosome confer levels of resistance that are not medically relevant but may confer fitness
advantages to these isolates in their native environments (Bagel et al., 1999; Girgis, Hottes and
Tavazoie, 2009). Contrastingly, most of the AMR genes identified by ResFinder are more likely
to be mobilized within bacterial populations, via plasmids or other mobile genetic elements
(MGEs), therefore are more likely to spread between/within E. coli strains originating from
human and food animal populations. We hypothesized that a majority of the AMR genes

identified by ResFinder were located either on plasmid or chromosomal contigs, and not located

in close proximity to other MGEs such as genomic islands, insertion sequences, gene cassettes,
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etc. This hypothesis was proposed due to all but 3 ResFinder identified AMR genes being also
identified by CARD which are majorly present on chromosomal contigs. To test this hypothesis,
we submitted 4 isolates to VRProfile2 (Wang et al., 2022), an online bacterial mobile element
detection pipeline capable of predicting AMR gene presence on plasmid or chromosomal contigs
or those in close proximity to other MGEs. VRProfile2 results indicated AMR genes found by
Resfinder were located on plasmid contigs, as was the case for aph(3')-I1II. No AMR genes were
identified in close proximity to any other MGE types (Table S3.5).

Overall, we observed a high prevalence of genes that can confer resistance to
antimicrobials considered highly and critically important to human medicine in both chicken
production and human clinical E. coli isolates. The prevalence of these genes in both human and
chicken E. coli isolates indicates that these populations may serve as a possible reservoir of

antimicrobial resistance.

3.4.5 The presence of Type III secretion system genes classified the E.

coli isolates into two separate clusters

To determine the genes driving the separation of these isolates into the two distinct clusters, we
performed Random Forests classification on the filtered AMR gene and VF table (Table S3.1).
This reclassification resulted in 100% correct classification of all isolates to the two clusters (A
and B) (Table S3.6). T3SS genes play a key role in the virulence of many Gram-negative
bacterial pathogens (Tseytin et al., 2018) and were prevalent in all isolates from cluster B and
completely absent from cluster A isolates. Twenty-five percent of all human clinical isolates (n =
339) carried genes for the T3SS operon (Tseytin et al., 2018) whereas only 9.29% of all chicken
production isolates (n = 352) harbored the T3SS operon. Along with genes from the T3SS

operon, the intimin gene (eae) that is required for intimate adherence and virulence in both
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humans and animals, was a high contributor to the mean decreasing accuracy and was present in
100% of cluster B isolates but completely absent from cluster A isolates (Figure 3.7A).
Reducing the input AMR and virulence factors to only include the T3SS outer ring protein
(escD) and the T3SS secretin (escC), two genes that encode oligomerizing proteins for the T3SS
and that are essential for T3SS functionality (Slater et al., 2018), resulted in 100% correct
classification of all isolates to either cluster A or B. Our results suggest that cluster B isolates that
harbor T3SS may have the potential to deliver effector proteins that promote bacterial
colonization, replication, and transmission in human host cell cytoplasm, while cluster A isolates
may lack this capability. Nevertheless, we found both clusters contained isolates from human

clinical and chicken production settings.
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Hierarchical clustering of AMR genes and virulence factors
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Figure 3.6. Heatmap of AMR genes and virulence factors across all isolates (Table S1). Heatmap
was generated in R v4.0.4 with pheatmap v1.0.12 (clustering_method = "average" (UPGMA),
clustering_distance_cols = "binary", clustering_distance_rows = "euclidean") using the filtered
AMR gene and virulence factor table. Isolates from phylogroups Unknown and ‘E or clade I’ are
highlighted.
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Variable Importance of Random Forests Classification
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Figure 3.7. Mean decreasing accuracy (MDA) plot of variables in Random Forests classification
models. MDA represents how much accuracy the model losses by exclusion of each variable
(AMR gene or virulence factor). Random Forests classification was performed on AMR gene
and virulence factor table (see materials and methods for details). (A) Resulting MDA plot after
classification of isolates into hierarchical clustering identified clusters A and B. Genes
highlighted in red, on their own, result in 100% classification of isolates into hierarchical
clustering identified clusters A and B. (B) Resulting MDA plot after classification of isolates into
chicken production isolates and human clinical isolates. (C) Resulting MDA plot after
classification of isolates into ClermonTyping identified phylogroups. Random Forests
classification in R was performed using the randomForest v4.6-14. Genes with (*) indicate those
with mutations: [parC(S80I), gyrA(S83L (n = 30), S84L (n = 2), D87Y (n= 275)), UtpT(E350Q),
CyaA(S352T), GIpT(E448K)] (Table S3.7).

3.4.6 AMR genes and virulence factors classified E. coli isolates by their
host origin

To assess which AMR genes and VF differentiate isolates based on their host origin we
performed Random Forests classification (Figure 3.7B). This classification resulted in 1.1% (5

isolates) error in classifying chicken isolates and a 5.6% (19 isolates) error in classifying human

78



clinical isolates (Table S3.8). All misclassified isolates belonged to the hierarchical cluster A
(Table S3.9) described earlier. The E. coli topoisomerase IV (parC) gene with the S80I mutation,
was the highest contributor to the mean deceasing accuracy. The parC gene plays a critical role
in DNA replication and confers reduced susceptibility to fluoroquinolones if the relevant parC
and gyrase A (gyrA) mutations are present together (Bagel et al., 1999; Del Mar Tavio et al.,
1999; Séenz et al., 2003; Johnning et al., 2015). One hundred and eighty-five isolates (1 chicken
production and 184 human clinical) had parC mutations and 215 isolates (25 chicken production
and 190 human clinical) had gyrA mutations. Four human clinical isolates had parC mutations
but no gyrA mutation, while 34 isolates (24 chicken production and 10 human clinical) had gyrA
mutations but no parC mutation. One E. coli isolate, misclassified as a human isolate, harbored
both the parC (S80I) and gyrA (S83L, S84L and D87Y) mutations (Table S3.7). The remaining
572 isolates did not have parC or gyrA mutation. In summary, parC and gyrA mutations that
confer resistance to fluoroquinolones were present in the many of human clinical isolates and it
was a major factor that separated the E. coli isolates into their respective host origins.

The iron acquisition genes (iroN, iroD and iroE) were high contributors to the mean
decreasing accuracy of random forest classification. The catecholate siderophore uptake system
(iroBCDEN) plays a critical role in virulence since iron is required for many cellular processes
but it is limited in host sites of extraintestinal infections (Gao et al., 2012). This gene cluster has
been reported to be located in a pathogenicity island on the chromosome and has been found on
plasmids (Sorsa et al., 2003; Oladeinde et al., 2022). However, this gene cluster was absent from
all misclassified chicken isolates but was present in 56% and 7% of chicken production isolates
and human clinical isolates, respectively (Table S3.1). The enterotoxin TieB protein (senB) was

the second most important factor and was absent from all chicken production isolates regardless
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of their Random Forests classification but present in 28% of human clinical isolates. Only one
misclassified human clinical isolate harbored senB. These data suggest that the human and
chicken isolates in our dataset carry distinct AMR determinants and VF which differentiate them

from one another.

3.4.7 AMR genes and VF content can classify E. coli isolates by
phylogroup

Next, we hypothesized that if the AMR genes and VF content is specific to each
phylogroup, we should be able to classify the E. coli isolates correctly into their respective
phylogroups based on their AMR and VF profile. To evaluate this, we used Random Forests to
classify the isolates into their identified phylogroups. Classification resulted in the following
error rates: phylogroup A (11%), B1(3%), B2(0%), C(48%), clade I (0%), D(0%), E(5%), ‘E or
clade I’ (100%), F(4%), G(2%), and Unknown (100%) (Table S3.10). Unlike host origin
classification, reducing the input table for phylogroup classification resulted in an increase in the
misclassification error. Interestingly, the top 30 factors, needed to classify isolates into their
respective phylogroups, consisted of 8 AMR genes and 22 VF (Figure 3.7C), suggesting that VF
have a greater influence than AMR genes for phylogroup classification.

Six out of eleven VF functions found using the virulence factor database, (Table S3.11)
were present in all phylogroups and the remaining functions were either entirely absent from
individual phylogroups or present in some (Table S3.2). Interestingly, virulence functions
relating to adherence, secretion systems and iron uptake were present in all phylogroups but
functions relating to immune evasion were present in only phylogroups A, B1, B2, D and E.

(Table S3.2). Thus, both chicken production and human clinical isolates have the potential to
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serve as VF reservoirs. Albeit E. coli isolates of phylogroups C, ‘E or clade I’, clade I, G and F,
lacked many of the VF functions compared to A, B1, B2, D and E.

We found that an isolate’s AMR and VF profile was sufficient, in most cases, to determine
its phylogroup. Additionally, misclassified isolates were supported by their AMR and VF
similarity as seen using the UPGMA clustering approach (see Materials and Methods for details,
Figure 3.6). For instance, the E. coli isolate that was identified by ClermonTyping as unknown
was classified into phylogroup A based on its AMR gene and VF profile similarity with other
phylogroup A, B1 and C isolates (Figure 3.6). The misclassification ‘E or clade I’ isolates (NCBI
accession numbers: SRR10805089, SRR10579993, and SRR9262887) as phylogroups D, D, and
E, respectively, was also supported by clustering in close proximity to other phylogroup D and E
isolates (Figure 3.6). An additional ‘E or clade I’ isolate (NCBI accession no: SRR9984544) was
misclassified as D but contained a similar AMR and VF profile as other phylogroup D isolates.
The misclassification was due to the absence of iron uptake genes shuS, shuA, and shuX, as well
as the non-Locus of Enterocyte Effacement (LEE)-encoded T3SS genes espL4 and espYl.
Although the AMR and VF harbored by an E. coli isolate provided sufficient signal for correct
classification of phylogroups, it could not correctly classify all phylogroups identified by
ClermonTyping. However, the misclassification of “Unknown” groups and E or clade I isolates
was explained and supported by their clustering based on the similarity of their AMR gene and
VF profiles (Figure 3.6). Similarly, the location of the “Unknown” isolate within the
phylogenetic tree supports the Random Forests classification (Figure 3.3), i.e., clustered with

phylogroup A isolates.
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3.5 Discussion

In this study we utilized E. coli isolates obtained from the NARMS surveillance program to
study differences in phylotype, AMR and VF between chicken production and human clinical
isolates. To do this, we first developed a massively parallel pipeline (Reads2Resistome) to
streamline our genomic analysis and to ensure that our results are repeatable and reproducible.
We found that E. coli can serve as a reservoir of AMR genes and VF which supports previously
reported findings (Cortés et al., 2010; Katouli, 2010; Van Hoek et al., 2011). We determined that
a majority of AMR genes and VF identified were shared (65% and 84%, respectively) between
human clinical isolates and chicken production isolates. Although there is a possibility of
horizontal gene transfer in the environment, the E. coli isolates from this study were mostly host-
specific, suggesting that strains from chicken production rarely colonize humans. We identified
AMR genes that have been acquired, as well as those encoded on the chromosome that can
acquire mutations that will result in reduced susceptibility to antibiotics. We confirmed the
presence of 42 acquired AMR genes conferring resistance to 21 drug classes (Table 3.2, Figure
3.4A, Figure 3.5A). The drug classes identified include those considered critically and highly
important to human medicine. For example, genes conferring resistance to fosfomycin,
considered a high priority and critically important antimicrobial by the WHO (World Health
Organization, 2019), were significantly more prevalent within the chicken production isolates.
Utilizing the CARD database, a collection of all AMR genes, including those with mutations
known to confer a level of resistance to known antimicrobials, we identified genes conferring
resistance to 31 antibiotic drug classes in our human clinical isolates, 28 of which were observed
in the chicken production isolates (Figure 3.4B). In addition, genes conferring resistance to these

31 drug classes were observed across a majority of identified phylogroups.
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We determined that chicken production isolates carried a higher proportion of acquired
AMR genes than human clinical isolates. Acquired AMR genes are those which have been
obtained by a strain via mobile genetic elements such as plasmids, integrative conjugative
elements, bacteriophages, insertion sequences and gene capture elements such as a site-specific
recombination system (Van Hoek et al., 2011). Acquired AMR genes are important in the context
of animal-to-human transmission as they are more readily shared between bacteria and provide a
route for dissemination of AMR genes. The high proportion of benzalkonium chloride is not
surprising due to its high usage, as a disinfectant, in the food and medical industries (Garcia and
Cabo, 2018). The gene conferring resistance to benzalkonium chloride, mdfA, a multi-drug efflux
system, also confers resistance to tetracycline and rhodamine. When comparing the presence of
AMR genes from CARD, which includes genes with mutations resulting in a resistance genotype
to acquired resistance genes from ResFinder, we observed a drastic decline in the number of drug
classes a given isolate may present resistance to. The prevalence of tetracycline in human clinical
and chicken production isolates is expected due to its widespread usage in both agriculture and
human clinical medicine and is of concern because of its high importance to human medicine.

Of particular interest is our finding of widespread potential resistance to fluoroquinolone
antibiotics within the chicken production isolates as their usage was banned in poultry in 2005
(Price et al., 2007), especially given that our data were obtained from samples between 2018 and
2020. Fluoroquinolone is a critically important antimicrobial drug class to human medicine due
to its use in treatment of Campylobacter spp., invasive Salmonella spp. and multidrug resistant
Shigella spp. infections (World Health Organization, 2019). Further investigation of the causes
for fluoroquinolone resistance persistence in poultry is needed to ensure its efficacy in treating

human infections. Taken together, we identified many antimicrobial drug classes which were
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highly present, but expected, in our study population. However, the presence of AMR genes
conferring resistance to antibiotics banned for use in poultry, or food animal production in
general, raises concern for their future effectiveness in treating human infections and diseases.

We found 11 virulence functions, conferred by 251 identified VFs, (Table S3.11, Figure
3.5B) to be present in both chicken and human clinical isolates. Based on hierarchical clustering
of T3SS genes, the E. coli isolates were classified into two distinct clusters, A and B. The T3SS
is associated with pathogens which can adhere to the epithelial surface of the host, many of
which can cause diarrheal disease; the second leading cause of death in children globally
(Deborah Chen and Frankel, 2005; Black et al., 2010). Cluster A contained a higher
representation of chicken production isolates while cluster B comprised mainly of human clinical
isolates. This result suggests that E. coli isolates from chicken production and human clinical
isolates differ in their carriage of T3SS genes. The T3SS is essential for virulence and
colonization of the human gut and is the genetic basis for enteropathogenic E. coli classification
(Deborah Chen and Frankel, 2005). Additionally, the T3SS in poultry contributes to the virulence
in avian pathogenic E. coli (Wang et al., 2016). This result suggests that the T3SS genes can be
used as targets for a rapid on-farm and clinical diagnostic detection of virulent E. coli strains in
chicken production and hospital settings. Identifying a lower proportion of chicken production
isolates harboring the T3SS is a positive finding as the T3SS increases virulence in both humans
and chickens.

Classification into host origin was successful with little error. Two of the most important
factors for this separation were the parC gene (S80I) and gyrA [S83L (n = 30), S84L (n = 2) and
D87Y (n = 275)] which are both linked to fluoroquinolone resistance. It has been documented

that these resistance mutants are commonly found in environmental E. coli even in the absence
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of fluoroquinolone selective pressures (Del Mar Tavio et al., 1999). We speculate that these
genes, and their respective mutations, which relate to DNA replication and transcription, may
confer a fitness advantage. The secreted enterotoxin TieB, encoded by senB, was the second most
important factor in separating human and chicken isolates. senB was only identified in human
clinical isolates and it was expected since senB is typically associated with enteroinvasive and
uropathogenic E. coli infection in humans (Mao et al., 2012). Similarly, TEM-1, a broad-
spectrum beta-lactamase conferring resistance to penicillins and first generation cephalosphorins,
was also a high contributor to the separation of hosts and was only present in human linked
isolates. While TEM-1 has been identified in poultry isolates (Seo and Lee, 2018), cephalosporin
usage is more common in beef production (FDA, 2018).

This study reemphasizes the utility of phylogroup classification as a convenient way to
identify pathogenic strains. The most recent version of ClermonTyper (Clermont et al., 2019)
relies on five genes (arpA, chuA, yjaA, TspE4.C2, and ybgD) for phylogroup classification, only
one of the quadruplex genes, chuA (outer membrane protein responsible for heme uptake) was
present in our presence/absence table of identified AMR and VF. Even though yjaA (gene that
differentiates phylogroups B2 and D isolates) was absent from the AMR gene and VF table, we
were able to reclassify B2 and D isolates with 100% accuracy. Similarly, TspE4.C2 gene
differentiates phylogroups A from B1 and its absence from our AMR gene and VF table resulted
in 11% classification error for A isolates and 3% error for B1 isolates. The absence of 4 of the 5
ClermonTyping genes might have contributed to the 48% error in classifying phylogroup C. The
ability to separate phylogroups F and G from B2 was recently accomplished with the addition of
the genes cfaB (CFA/I fimbrial subunit B), specific to phylogroup G strains, and ybgD (fimbrial-

like adhesin protein), specific to phylogroup F strains (Lu et al., 2016; Clermont et al., 2019).
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The absence of these genes in our table only resulted in one phylogroup F (4 % error rate) and
one phylogroup G misclassified isolates (2 % error rate). Our results show that phylotype
classification based on AMR and VF could be achieved even when the majority of the genes
used for Clermont E. coli phylotyping are missing.

The use of whole genome sequencing (WGS) is an effective tool to predict the AMR and
virulence potential of a bacterium, however WGS still has its limitations. The depth of coverage
is crucial for genome assembly and gene annotation, both of which can be significantly
influenced by a coverage of less than 30X. Our study excluded many isolates from both chicken
production and the human clinical settings due to low sequencing coverage. Due to the nature of
the database chosen for isolate selection i.e., a surveillance system for food-borne and other
enteric bacteria, we expected an over representation of isolates harboring AMR genes and VF,
and an under representation of susceptible commensal and environmental E. coli isolates in our
datasets.

Additionally, the choice of AMR and virulence databases is important as not all databases
have the same entries and methods of detection. Here, we implemented Reads2Resistome which
allowed us to incorporate the results from multiple databases. Our final AMR gene and VF were
comprised of the highest percent hit based on similarity to the reference gene (cut off for gene
coverage > 80%) from each database. Another limitation of this study is the lack of AMR or
virulence phenotype data for each isolate. Therefore, the presence an AMR gene or VF in a
genome is not a confirmation that the isolate is resistant to the antibiotic/drug class predicted or

that the isolate can cause diseases.

86



3.6 Materials and methods

3.6.1 Study isolates, normalization, and assembly

One thousand, seven-hundred and eleven Escherichia coli isolates including 874 human clinical
and 837 chicken production isolates, were selected from the United States Food and Drug
Administration’s GenomeTrackr network via NCBI's Pathogen Detection Network. Agricultural
poultry isolates were selected based on the following criteria: Species: "E.coli and Shigella",
Location: "USA", Target Creation: "01/01/2018 - 03/30/2020", Host: "Poultry", "poultry",
"Gallus gallus", "Gallus gallus domesticus". Human clinical isolates were selected based on the
following criteria: Species: "E.coli and Shigella", Location: "USA", Target Creation:
"01/01/2018 - 03/30/2020", Host: "Homo sapiens", "Homosapiens", "homo sapiens", "Human",
"Human (infant)'. Only isolates with a “Strain” denoted as “E. coli” were retained for
downstream analysis, isolates identified as Shigella were not retained. If available, Sequence
Read Archive (SRA) reads, in FASTQ format, were downloaded based on the BioSample ID for
both agricultural and human isolates. In the event the SRA reads were not available, FASTA
assemblies were downloaded from the associated BioProject submission. To ensure accurate and
unbiased antimicrobial resistance identification, SRA reads were further filtered based on
coverage greater than or equal to 20X. To guarantee inclusion of quality genome assemblies,
FASTA assemblies were filtered based on having an N50 greater than 10,000bp. Isolates, 3 in
total, were identified to be identical and were removed from downstream statistical analysis.

To compare genetic structure and contents, specifically AMR genes, virulence factors, and
plasmid replicons across our study isolates we assembled the SRA FASTQ reads into genomes,

annotated these genomes and annotated the downloaded FASTA assemblies. To reduce bias in
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gene identification and assembly quality across isolates, SRA reads were normalized to 30X
coverage using the insilico_read_normalization.pl script from Trinity RNA-Seq v2.11.0
(Trinity’s GitHub). SRA reads were assembled using Reads2Resistome v0.0.2 (options:
slidingwindow = 4:20, assembly = nonhybrid, threads 60). Resulting SRA assemblies were
further filtered based on N50 (>10,000bp) and final coverage (>=20X) like the FASTA
assemblies described earlier. The final study data set consisted of R2R assembled isolate
genomes and downloaded FASTA assemblies totaling 791 E. coli isolates (452 chicken
production and 339 human clinical, Figure 3.2A). Maps presenting the geographic distribution
of isolates (Figure 2C) was generated using the ‘Filled Map’ chart type in Microsoft Excel from

Microsoft Office 365 (Microsoft Corporation).
3.6.2 Phylogenetic and sequence type analysis

To evaluate the relatedness of the isolates with respect to their assembled genomes we
constructed a phylogenetic tree utilizing Single Nucleotide Polymorphisms (SNPs). These SNPs
were identified by comparing the E. coli K12-MG1655 (accession U00096) reference genome to
each of the 791 E. coli isolates using Snippy v4.6.0 (Torsten Seemann, 2015). The resulting
whole genome SNP alignment was then used to construct a maximum-likelihood phylogenetic
tree using the GTR+GAMMA model of evolution and utilizing RAXxML (RAxMLHPC-
PTHREADS) v8.2.12 (Stamatakis, 2006; Lutteropp, Kozlov and Stamatakis, 2019). In addition,
we performed 100 bootstraps to assess nodal support. Only 100 bootstraps were performed due
to time and computational limitations; it took 75.49 days utilizing 64 compute cores and 504Gb
memory to construct the phylogenetic tree and perform the 100 bootstraps. To determine which
of the seven main phylogroups the isolates belong to, we used ClermonTyping v1.4.0 (Clermont

et al., 2019), utilizing the default settings, to determine the phylogroup designation (A, B1, B2,
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C, D, E and F) for each isolate. Tree visualization, along with phylogroup and metadata overlay
was done in R v4.0.4 using ggtree v2.4.1 (Yu, 2020), factoextra v1.0.7 (Alboukadel Kassambara,
Fabian Mundt, 2020) and ggnewscale v0.4.5 (Campitelli, 2022). Sequence type of each isolate

was determined using ECTyper v1.0.0 (Bessonov et al., 2021) using default settings.

3.6.3 Antimicrobial resistance gene and virulence-factor

characterization using Reads2Resistome

Reads2Resistome (R2R) (See CHAPTER 3) was used to characterize the antimicrobial
resistance genes, virulence factors and prophage regions. Reads2Resistome utilizes ABRICATE
v0.5 (Seemann, no date) to screen the assembled contigs against the following databases via
BLAST and reports a percentage identity to the reference sequence. Databases used by
ABRICATE, and provided by R2R, are: ARG-ANNOT antibiotic resistance gene database
(Gupta et al., 2014), the Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al.,
2020), MEGARes Antimicrobial Database for High-Throughput Sequencing (Lakin et al., 2017),
NCBI AMRFinderPlus (Feldgarden et al., 2019), PlasmidFinder (Carattoli et al., 2014), and
VirulenceFinder database (Liu et al., 2019). Downloaded FASTA assemblies' resistome
characterization was performed by the modified Reads2Resistome (R2R-0.0.1-Fasta-QC-Ann-
Only.nf). Additionally, resistance gene identification was performed using the Resistance Gene
Identifier v5.1.1 (Alcock et al., 2020) (RGI) and acquired resistance genes were identified using
ResFinder (Bortolaia et al., 2020)r. AMR genes and virulence factors with the highest percent
identity across all databases were selected for further analysis. The heatmap of AMR genes and
virulence factors, using the table (described below, Table S3.1) was generated using pheatmap
v1.0.12 in R v4.0.4 using the ‘average’ [unweighted pair group method with arithmetic mean

(UPGMA)] clustering method (Figure S3.1) (Miller et al., 2019). (See Supplemental Materials
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and Methods for further description of R2R). Mobile genetic elements were determined for
selected isolates using VRProfile2 (updated most recently on October 2", 2021 (Wang et al.,

2022).

3.6.4 Hierarchical clustering and statistical analysis of resistome and

virulence factors

To evaluate the relationships between poultry and human isolates with respect to their AMR and
virulence factors we employed hierarchical clustering and ordination analysis. AMR and
virulence database hits from R2R and RGI were filtered utilizing >=95% and >=80% sequence
identity to the reference database query, respectively. ResFinder results were filtered utilizing
>=85% identity to the reference database query. A table was then generated based on the
presence/absence of identified VF and AMR genes from all isolates (Table S3.1). A distance
matrix was generated using the tanimoto metric via the Distance() (Miller et al., 2019) function
from the IntClust v0.1.0 (Marijke Van Moerbeke, 2019) package. hclust() from the stats v3.6.2
package (R Core Team, 2021) was then utilize to perform the hierarchical clustering under the
‘average’ (UPGMA) method using the determined optimal number of clusters. We identified the
optimal number of clusters which separate the 791 isolates using the silhouette method
implemented by the fviz_nbclust() function from the factoextra v1.0.7 package (Alboukadel
Kassambara, Fabian Mundt, 2020). Drug classes associated with each identified AMR gene were
determined using the output from RGI, in combination with the CARD database (Alcock et al.,
2020), and virulence factor associated functions were determined using the comparative tables
from the Virulence Factor Database (Liu et al., 2019). Genes conferring resistance to drug
classes were enumerated for each isolate and a proportion was calculated using the total number

of genes in the study population conferring resistance to a given drug class. Drug classes
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significantly differing between hosts were determined by Wilcoxon rank-sum test using the
wilcox.test() function from the stats v3.6.2 package (R Core Team, 2021). P-value adjustment for
multiple comparisons was conducted using the p.adjust() function, using the Benjamini and
Hochberg (“BH”) method, from the stats v3.6.2 package (R Core Team, 2021). Principal
component analysis was conducted using the prcomp() function from the stats v3.6.2 package (R
Core Team, 2021) and plots were generated using ggplot2 (Hadley, 2016). All analyses were

done in R v4.0.4 utilizing RStudio v1.2.1106 (RStudio Team, 2016).
3.6.5 Random Forests classification

To determine the most influential AMR and virulence factors driving the separation of the
isolates into 1) clusters identified via hierarchical clustering, 2) isolate host origin, and 3)
identified phylogroups we employed Random Forests classification (Breiman, 2001). The
described presence/absence table of AMR genes and virulence factors was used as input (Table
S3.1). TuneRF() (Andy Liaw, Matthew Wiener, 2002) was used to determine the optimal mtry,
with respect to out-of-bag error estimate, for RandomForest(). RandomForest() v4.6-14 (Andy
Liaw, Matthew Wiener, 2002) was used for classification with nttree=200 based on the filtered
AMR and virulence-factor presence/absence table. All plots were generated using ggplot2 v3.3.3
(Hadley, 2016). All analyses were done in R v4.0.4 utilizing RStudio v1.2.1106 (RStudio Team,

2016).

3.7 Data Availability

All raw isolate data, FASTQ and FASTA files, were obtained from and are available through
NCBI using the ‘ncbi-accession’ numbers in Table S3.1. All other data are available upon

request.
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CHAPTER 4: GENOMIC CHARACTERIZATION OF
CAMPYLOBACTER SPECIES ISOLATED FROM
REUSED PEANUT HULL BROILER LITTER’

4.1 Summary

Campylobacter infections are a leading cause of bacterial diarrhea in humans globally. Infections
are due to consumption of contaminated food products and are highly associated with chicken
meat, with chickens being an important reservoir for Campylobacter. Here, we characterized the
genetic diversity of Campylobacter species detected in broiler chicken litter over three
consecutive flocks and determined their antimicrobial resistance and virulence factor profiles.
Antimicrobial susceptibility testing and whole genome sequencing were performed on
Campylobacter jejuni (n = 39) and Campylobacter coli (n = 5) isolates. All C. jejuni isolates
were susceptible to all antibiotics tested while C. coli (n =4) were resistant to only tetracycline
and harbored the tetracycline-resistant ribosomal protection protein (TetO). Virulence factors
differed within and across grow houses but were explained by the isolates’ flock cohort, species
and multilocus sequence type. Virulence factors involved in the ability to invade and colonize
host tissues and evade host defenses were absent from flock cohort 3 C. jejuni isolates as
compared to flock 1 and 2 isolates. Our results show that virulence factors and antimicrobial
resistance genes differed by the isolates’ multilocus sequence type and by the flock cohort they

were present in. We hypothesize that the house environment and litter management practices

3 This work has been previously published on a preprint server: Woyda, R., Oladeinde, A., Endale, D., Strickland,
T., Lawrence, J.P., Abdo, Z., 2023b. Broiler house environment and litter management practices impose
selective pressures on antimicrobial resistance genes and virulence factors of Campylobacter (preprint).
Genetics. https://doi.org/10.1101/2023.02.02.526821
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performed imposed selective pressures on antimicrobial resistance genes and virulence factors.
In particular, the absence of key virulence factors within the final flock cohort 3 isolates suggests
litter reuse selected for Campylobacter strains that are less likely to colonize the chicken host.
Further studies are needed to understand the effect of reused litter on antimicrobial resistance

genes, either at the microcosm scale or in controlled, small scale, broiler chicken houses.

4.2 Importance

Campylobacter is a leading cause of foodborne illness in the United States due to the
consumption of contaminated food products or from mishandling of food products, often
associated with chicken meat. Campylobacter is common in the microbiota of avian and
mammalian gut; however, the acquisition of antimicrobial resistance genes and virulence factors
may result in strains that pose a significant threat to public health. Although there are studies that
have investigated the genetic diversity of Campylobacter strains isolated from post-harvest
chicken samples, there is limited data on the genome characteristics of isolates recovered from
pre-harvest broiler production. In this study, we show that Campylobacter jejuni and
Campylobacter coli that differ in their carriage of antimicrobial resistance and virulence factors
may differ in their ability to evade host defense mechanisms and colonize the gut of chickens and
humans. Furthermore, we found that differences in virulence factor profiles were explained by

the species of Campylobacter and its multilocus sequence type.

4.3 Introduction

Campylobacteriosis is a leading cause of diarrheal illness worldwide and poultry are the major

reservoir of Campylobacter species (Young, Davis and DiRita, 2007; De Vries et al., 2018). The
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Centers for Disease Control and Prevention (CDC, 2019) estimate that 1.5 million United States
residents are affected by campylobacteriosis each year (CDC, 2019). While it rarely results in
long-term health problems, studies estimate that 5-20% of campylobacteriosis cases develop
irritable bowel syndrome, 1-5% develop arthritis and, in very rare instances, campylobacteriosis
may cause Guillain-Barré syndrome (Mishu 1993, Hansson 2016). Economic burden from
Campylobacter infections was estimated in 2012 to be $1.56 billion and Campylobacter,
specifically from poultry, was ranked as the leading pathogen-food combination to cause health
risks to humans and to negatively impact the economy (Scharff, 2012; Hoffmann, Maculloch and
Batz, 2015). Transmission of Campylobacter species occurs through consumption or handling of
contaminated food products, direct contact with farm or domesticated animals and abattoir
workers not practicing good handwashing and food safety practices (Hansson et al., 2018;
Igwaran and Okoh, 2019; Mourkas et al., 2020).

Campylobacter pathogenicity, disease severity and treatment options are influenced by the
repertoire of virulence factors (VFs) and antimicrobial resistance genes (ARGs) they carry. The
global rise of antimicrobial resistance (AMR) has impaired effective treatment of Campylobacter
infections especially when Campylobacter strains harbor ARGs that confer resistance to
critically important antibiotics (Florez-Cuadrado et al., 2016; Chen et al., 2018; Liu et al., 2019;
Zachariah et al., 2021; Liao et al., 2022). Campylobacter ARGs may be acquired through
mutations (for example the C257T change in gyrA (DNA gyrase)) resulting in resistance to
fluoroquinolones), encoded on plasmids, or located within multidrug resistance genomic islands
(MDRGIs) such as the erm(B), which confers high levels of macrolide resistance (Shen et al.,

2018).
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Importantly, ARGs located on plasmids or MDRGIs are generally transferable across
Campylobacter species which may lead to the emergence of multidrug resistant strains.
Similarly, Campylobacter may carry VFs that increase their pathogenicity and the ability to
survive within a given host, which can exacerbate disease severity (Lopes et al., 2021). Like
ARGs, VFs may be accumulated in Campylobacters leading to strains that are highly virulent
and pathogenic (Ghatak et al., 2017; de Fatima Rauber Wiirfel et al., 2020; Lopes et al., 2021).
This may lead to their persistence through pre-harvest and post-harvest, thereby posing a risk to
the public (Ghatak et al., 2017; Al Hakeem et al., 2022). Furthermore, strains carrying ARGs
conferring resistance to critically important antibiotics for humans, as well as possessing VFs
that increase their ability to colonize host tissues, will be harder to treat in the event
contaminated food products reach consumers (Montgomery et al., 2018; Liu et al., 2019; Béjaoui
etal., 2022).

Bacterial pathogens such as Campylobacter have been shown to persist in poultry litter that
is reused to grow multiple flocks of broiler chickens (Rauber Wiirfel et al., 2019). The
copraphagic nature of these birds makes the litter one of the first broiler sourced material
ingested upon placement in a broiler house. Therefore, it is plausible that broiler chicks get
exposed to Campylobacter during pecking, bathing, or resting activities. Many studies have
characterized Campylobacter presence in commonly used bedding materials such as pine
shavings, sawdust and ricehulls (Kelley et al., 1995; Pope and Cherry, 2000; Willis, Murray and
Talbott, 2000; Stern et al., 2001; Line, 2002, p. 2; Line and Bailey, 2006; Kassem et al., 2010;
Rauber Wiirfel et al., 2019). However, none of these studies performed an in-depth genomic

characterization of the Campylobacter isolates found.
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We previously showed that C. coli and C. jejuni were unequally distributed across the litter
of four co-located broiler houses on a single farm (Oladeinde et al., 2022). We also showed that
the probability of detecting Campylobacter in litter was higher for the first broiler flock cohort
raised on litter compared to cohorts 2 and 3 (Oladeinde et al., 2022). In the present study, we
performed antimicrobial susceptibility testing and whole genome sequencing on forty-four
Campylobacter isolates recovered from the study (Oladeinde et al., 2022). An in-depth genomic
characterization and phylogenetic analysis revealed that isolates clustered based on their VFs.
We hypothesize that the litter environment exacts a selective pressure on VFs harbored by
Campylobacter species however, further studies are needed to verify that the litter environment

is responsible for influencing VF flux.

4.4 Results

4.4.1 Campylobacter jejuni and coli are present over three flock cohorts

The objective of this study was to understand the changes in ARGs and VFs in Campylobacter
isolates obtained from litter used to raise multiple flocks of birds. Isolates were obtained from
peanut hull litter samples collected from three consecutive flock cohorts within 4 co-located
broiler houses. To determine the prevalence of Campylobacter in the collected litter samples
(Oladeinde et al., 2023), we performed direct and selective enrichment plating of litter eluate
onto Cefex agar (Oladeinde et al., 2023). Campylobacter was detected in 9.38 % (27/288) of
litter samples. Next, we selected a total of 44 Campylobacter isolates for whole genome
sequencing (Oladeinde et al., 2023). At least one Campylobacter isolate was selected from each
Campylobacter positive litter sample. Additionally, if there were multiple positive isolates

obtained from the same litter sample using the different isolation methods (i.e., direct plating,
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filter method, or enrichment), the filter and enrichment isolates were chosen over the direct
plating isolates. The sequenced Campylobacter population consisted of 5 Campylobacter coli
(CC) and 39 Campylobacter jejuni (CJ) isolates as determined by taxonomic classification via
Kraken2 (Wood, Lu and Langmead, 2019). C. coli was isolated from flocks 1 (n=1) and 2 (n=4)
samples but absent from flock 3 (Table 4.1), while C. jejuni was isolated from each of the 3
flock cohorts. Occurrence of C. jejuni across flock cohorts was predominantly in flocks 1 (n=30)
and 3 (n=8), while only 1 C. jejuni was isolated in flock 2. The 4 co-located broiler houses had
unequal representation of both C. coli and C. jejuni (Figure 4.1, (Oladeinde et al., 2023)).
Houses 1, 2, 3 and 4 harbored 3, 3, 17 and 16 C. jejuni isolates respectively, while houses 1, 3
and 4 harbored 1, 3, and 1 C. coli isolates, respectively. Only broiler house 4 harbored C. jejuni
over 3 consecutive flock cohorts and no house harbored C. coli over successive flocks. All C.
jejuni isolated during flocks 1 and 2 were ST464 while all flock 3 isolates were ST48 (Table
S4.1). One C. coli isolate was identified as ST9450, while the remaining 4 C. coli isolates did not
match any multilocus sequence type (MLST) profiles (Table S4.1) due to poor sequencing
coverage. Taken together, C. jejuni and C. coli were isolated from peanut hull-based litter reused

to raise 3 consecutive flocks of birds within 4 co-located broiler houses.
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Table 4.1. Occurrence of successfully isolated and sequenced Campylobacter species from

peanut hull litter from 3 consecutive grow-out cycles across 4 co-located broiler houses.

Broiler Flock cohort 1 Flock cohort 2 Flock cohort 3
House
C. coli C. jejuni C. coli C. jejuni C. coli C. jejuni
1 0 0 0 0 0 3
2 1 0 0 0 0 3
3 0 17 3 0 0 0
4 0 13 1 1 0 2
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Figure 4.1. Visual representation of Campylobacter species isolated from peanut hull litter
within each section of each broiler house. Samples were taken from 4 co-located broiler houses
from 3 consecutive flock cohorts. Circles represent individual isolates labeled by their
prospective species: Campylobacter jejuni (CJ) and Campylobacter coli (CC). Circle color
indicates which flock cohort an isolate was obtained from: flock cohort 1 (purple), flock cohort 2
(blue) and flock cohort 3 (green).

4.4.2 Virulence factor and antimicrobial resistance profiles differed by

species and by multilocus sequence type
We sought to understand the relationship between an isolate’s repertoire of ARGs and VFs, its
spatial distribution within a given broiler house, and how it is impacted by broiler house

environmental factors. Environmental parameters measured included house temperature, litter

moisture, and litter pH. Hierarchical clustering based on the presence and absence of all
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identified VFs and ARGs (Table S4.1) revealed ARG and VF profiles were grouped by flock,
Campylobacter species and by isolates’ multilocus sequence type (Figure 4.2). Correspondence
analysis revealed overlapping 95% confidence ellipses for isolates by species (Figure 4.3A).
While hierarchical clustering grouped C. jejuni isolates by flock, it is important to note C. jejuni
isolates from flock 1 encompass a single MLST, ST464, while flock 3 isolates are all ST48. This
was recapitulated through correspondence analysis which identified non-overlapping 95%
confidence ellipses for isolates by MLST (Figure 4.3B). Taken together, these results suggest
that the species and sequence type of Campylobacter are the main factors explaining the

differences observed in ARG and VF profiles.
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Figure 4.2. Heatmap of antimicrobial resistance genes and virulence factors across all isolates.
Hierarchical clustering revealed ARG and VF profiles were grouped by flock, Campylobacter
species and by isolates’ multilocus sequence type (MLST). Heatmap was generated in R v4.0.4
with pheatmap v1.0.12 (clustering_method = "average" (UPGMA), clustering_distance_cols =
"binary") using the filtered antimicrobial resistance gene and virulence factor table (Table S4.1).
Columns on the right-hand side display the metadata associated with each isolate (labels on left-
hand side). ‘House’ represents the broiler house for which an isolate was obtained from. ‘Broiler
flock cohort’ corresponds to the flock cohort for which an isolates was obtained from.
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Figure 4.3. Correspondence analysis using presence/absence ARG and virulence factor profiles.
Correspondence analysis revealed overlapping 95% confidence ellipses for isolates by species
and non-overlapping 95% confidence ellipses for isolates by MLST. (A) Correspondence
analysis on all Campylobacter isolates (n=44). Circle color corresponds to the verified species:
C. coli (red) and C. jejuni (blue). Species labels are denoted with CC (C. coli) and CJ (C. jejuni).
(B) Correspondence analysis on Campylobacter jejuni isolates (n = 39). Circle color corresponds
to the identified multilocus sequence type (MLST). Ellipses represent a 95% confidence
ellipsoid. Correspondence analysis on the presence/absence table of ARGs and virulence factors
was conducted in R using factoextra v1.0.7, FactoMineR v2.4 and corrplot v0.2-0 packages.

4.4.3 Virulence factor profiles differed between species and multilocus

sequence type

Correspondence and clustering analysis revealed that VF and ARG differences were explained
by species and sequence type. Therefore, we sought to further investigate the functional
differences of VFs across these parameters. The 112 VFs identified were grouped into 10 VF
functional categories (Table S4.1, Table S4.2). Sixty-three (56%) of the VFs were present in all

isolates (Table S4.1). Across species, C. jejuni isolates harbored significantly higher average
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proportions of VFs than C. coli (P< 0.01) with functions relating to toxins, adherence, invasion,
colonization and immune evasion, and motility and export apparatus (Figure 4.4, Table 4.2). C.
coli isolate CC1 was the sole C. coli isolate that harbored Cj1415/cysC (cytidine
diphosphoramidate kinase) - a toxin-related VF. Cj1415/cysC is involved in polysaccharide
modification and contributes to serum resistance and the invasion of epithelial cells (Taylor and
Raushel, 2018). Contrastingly, Cj1415/cysC was present in all C. jejuni isolates except for isolate
28 (CJ28). The ctdA, ctdB and ctdC VFs encoding for the cytolethal-distending toxin and
responsible for cellular distension and death in the epithelial cell layer, were present in all C.
jejuni isolates. The CheVAWY (cheA, cheY, cheV and cheW) system that is involved in
adherence, motility, and chemotaxis (Reuter et al., 2021), was also present in all C. jejuni
isolates. Moreover, studies have shown that gene deletions, or insertional inactivation of cheY
can result in the attenuation of growth within the chicken gastrointestinal tract (Hendrixson and
DiRita, 2004) and the inability to colonize in murine or ferret disease models (Yao, Burr and

Guerry, 1997; Bereswill et al., 2011).
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Figure 4.4. Average proportion of virulence factor-associated functions between C. coli and C.
jejuni isolates. C. jejuni isolates harbored significantly higher average proportions of VFs with
functions relating to toxins, adherence, invasion, colonization and immune evasion, and motility
and export apparatus. Comparison was performed using the Wilcoxon rank-sum test. (*)
indicates an adjusted p value > 0.05. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction.
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Table 4.2. Average proportion of virulence factor-associated functions between C. coli and C.
jejuni isolates. Comparison was performed using the Wilcoxon rank-sum test. Virulence genes
associated with each function were enumerated for each isolate and a proportion was calculated
using the total number of genes in the study population with the given function. Adjusted p value
adjustment was performed using the Benjamini-Hochberg false discovery rate correction method.
‘NaN’ values are due to the inability to compute p values due to average proportion values being
identical for all isolates.

Wilcoxon rank-sum test between C. jejuni and C. coli
Virulence Factor Function adjusted p value
Toxin 1.76E-08
Adherence 4.16E-08
Invasion 3.01E-06
Motility and export apparatus 3.44E-06
Colonization and Immune evasion 0.0062
Glvcosylation system 0.31
Immune evasion 1
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN

The capsular polysaccharrides (CPS) of C. jejuni are involved in virulence and are
essential for survival in certain host environments. The CPS transporter gene (kpsE) was present
in all C. jejuni isolates and in C. coli isolate 1 (CC1). C. jejuni lipopolysaccharide (LPS) is a
known VF that mediates adhesion to epithelial cells while kpsM and kpsT are involved in LPS
export (Karlyshev et al., 2002). Both kpsM and kpsT were present in all C. jejuni and C. coli
isolates. However, kpsC that is responsible for capsule modification, was only present in C.
jejuni isolates and in a single C. coli isolate, CC1.

When comparing the presence of VFs in C. jejuni isolates across houses, only VF functions
relating to immune evasion and glycosylation system were significantly different (P<0.01)

(Table 4.3, Table 4.4). C. jejuni isolates from house 3 harbored more VF functions relating to
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immune evasion and glycosylation than C. jejuni isolates from houses 1 (Table 4.3) and 2 (Table
4). No significant differences in VF functions were found between house 1 and house 2 C. jejuni
isolates, or between house 4 and any other house (Table S4.3, S4.4, S4.5, S4.6). When compared
across flocks, significant differences in VF functions relating to immune evasion, glycosylation
system, and ‘colonization and immune evasion’ were found between C. jejuni isolates from flock
1 and flock 3 (Table 4.5). No significant differences in VF functions were found between flock 1
and 2 C. jejuni isolates (Table S4.7) albeit, only 1 C. jejuni isolate was sequenced from flock 2.
Similarly, no significant differences in VF were identified between flock 2 and flock 3 C. jejuni
isolates (Table S4.8). There were 7 VFs (Cj1426c¢, fcl, pseE, kfiD, Cj1432c, Cj1440c and glf) that
were present in flock 1 (ST464) isolates but absent in C. jejuni isolates from flock 3 (ST48)
(Table S4.9). Cj1426c, kfiD, Cj1432c, Cj1440c and glf are all involved in capsule biosysnthesis
and transport, fcl (putative fucose synthase) is involved in LPS biosynthesis, and pseE is
involved in O-linked flagellar glycosylation. Taken together, C. jejuni isolates from flock 3, all
identified as ST48, harbored fewer VF than C. jejuni isolates from flocks 1 and 2, identified as

ST464.
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Table 4.3. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between broiler houses 1 and 3 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 1 vs house 3 (C. jejuni)
Function adiusted p value
Glvcosvlation system 0.0015
Immune evasion 0.0034
Colonization and Immune evasion 0.070
Invasion 1
Motility and export apparatus 1
Adherence NaN
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN
Toxin NaN
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Table 4.4. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between broiler houses 2 and 3 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 2 vs house 3
Function adiusted p value
Glvcosvlation system 0.0015
Immune evasion 0.0034
Colonization and Immune evasion 0.070
Adherence 0.25
Invasion 1
Motility and export apparatus 1
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN
Toxin NaN
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Table 4.5. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between flock cohorts 1 and 3 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon by flock 1 vs flock 3 C. jejuni (house 1, 2, 3 and 4)
Function adiusted p value
Immune evasion 1.46E-06
Glvcosvlation system 3.91E-06
Colonization and Immune evasion 0.00056
Adherence 0.61
Invasion 1
Motilitv and export apparatus 1
Toxin 1
Secretion system NaN
Capsule NaN
Chemotaxis and motility NaN

4.4.4 The presence of Type IV and type VI secretion systems

differentiated Campylobacter species

Both type IV and type VI secretion systems (T4SS and T6SS) enable delivery of bacterial
effector proteins into neighboring bacterial and eukaryotic cells (Bleumink-Pluym 2013) and are
commonly present in C. jejuni and C. coli (Bleumink-Pluym 2013, Daya Marasini 2020).
Although genes encoding these secretion systems may be chromosomally encoded, they are
commonly identified on plasmids (Cascales, 2008; Lertpiriyapong et al., 2012; Bleumink-Pluym
et al., 2013; Ghatak et al., 2017). Using the C. jejuni strain WP2202 plasmid pCJDM202

(NZ_CP014743) that has both the T4SS and T6SS operons as a reference, we determined that
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T4SS was present only in C. coli isolates and T6SS was present only in C. jejuni isolates. C. coli
isolates CC32, CC34 and CC36 harbored the largest segments of the reference query (>88%)
while CC33 only contained 33% of the reference query (Table S4.10). Sixteen C. jejuni isolates
(41%) harbored >85% of the T6SS operon with >99% pairwise identity (Table S4.11). Eight C.
jejuni isolates contained between 14% and 76% of the T6SS operon, with >98% pairwise
identity, while the remaining 15 isolates harbored <10% of the operon. No isolates from the final
flock cohort, flock 3, harbored any T6SS genes. In summary, T4SS and T6SS were
Campylobacter species-specific and were only found in isolates recovered from the litter of
flocks 1 and 2. As these secretion systems aid in colonization in chickens, as well as humans, this
data suggests isolates that lack these systems may have a decreased ability to infect chickens in

subsequent flocks.

4.4.5 ARG carriage differs by species and flock

Antimicrobial susceptibility testing (AST) was performed on all Campylobacter isolates (Table
S4.12). All C. jejuni isolates were susceptible to all drugs tested, while C. coli isolates (4/5) were
resistant to tetracycline. Eleven ARGs were identified across all isolates after gene annotation
(Table S4.13). All C. coli isolates with phenotypic resistance to tetracycline harbored tetO
(tetracycline resistance gene). tetO is known to confer tetracycline resistance in C. coli
(Sougakoff et al., 1987). To determine if tetO was harbored on a plasmid, we used C. jejuni
strain WP2202 plasmid pCJIDM202 (NZ_CP014743) as a reference for a BLAST search. We
identified regions on the WP2202 plasmid that had high percent identity (99.5%) to C. coli

contigs containing tetO from this study. This result suggests that tetO is either located on a
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plasmid or has been integrated into the chromosome, even though no plasmid replicons were
identified.

The class D beta-lactamase structural gene, blaoxa-i1, that confers resistance to penams,
cephalosporins and carbapenems (Alfredson and Korolik, 2005) was found in all 5 C. coli
isolates and in 9 C. jejuni isolates. The C. coli isolates were isolated from house 2 of flock 1 and
houses 3 and 4 of flock 2, whereas C. jejuni isolates carrying blaoxa-s1 were from houses 1, 2 and
4 of flock 3 (Table S4.1). blaoxa-s1 has been previously identified in both C. jejuni and C. coli
isolates obtained from poultry production as well as humans (Griggs et al., 2009; De Vries et al.,
2018; Gharbi et al., 2021). Truncation of the upstream sequence of blaoxa-s1 -35 region has been
reported by Alfredson et al (2005) to result in wild-type C. jejuni beta-lactam-susceptibility
(Alfredson and Korolik, 2005). The upstream conserved sequence of blaoxa.e: of C. coli isolates
CC32, CC33 and CC36 was 100% identical to the upstream sequence of blaoxas: harbored on a
recombinant plasmid (NCBI: pGU0401) (Alfredson and Korolik, 2005). The other two C. coli
isolates (CC1 and CC34) had a single T to G mutation at base 66 and CC1 had an additional T to
C mutation at base 23. Neither of these mutations were located within the ribosomal binding site
or the -10 or -35 promoter regions. We do not know if the presence of blaoxa-: conferred the
expected resistance phenotype in these isolates since the NARMS Campylobacter AST panels
used did not include antibiotics classified as penams, cephalosporins or carbapenems.
Furthermore, resistance-nodulation-cell division-type multidrug efflux pumps (CmeABC and
CmeDEF operons) that confer resistance to antimicrobials and toxic compounds (Akiba et al.,
2006) were found in Campylobacter isolates. CmeABC was present in all C. jejuni isolates while
CmeDEF was found in both C. coli and C. jejuni isolates. CmeR is a known transcriptional

regulator of CmeABC and when absent or mutated leads to the overexpression of the CmeABC
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efflux pump and increases levels of resistance to several antimicrobials (Lin et al., 2005). While
the cmeR gene was present in all C. jejuni isolates, it was absent from C. coli isolates CC32,
CC33, CC34 and CC36. In addition to ARGs, we found genes that contribute to arsenic
resistance within C. jejuni isolates. The arsenical-resistance membrane transporter acr3, the
putative membrane permease arsP and the arsenical pump membrane protein arsB were found in
all C. jejuni isolates from flocks 1 and 2 but absent from flock 3 isolates.

In summary, AST revealed that phenotypic resistance to antibiotics was only present for
tetracycline in C. coli isolates. Genomic characterization of ARGs discovered the presence of a
beta-lactamase gene in flock 2 and 3 isolates that was absent from flock 1 isolates. In addition,
two multidrug efflux pumps, one of which was only present in C. coli isolates were identified.
Therefore, the distribution of ARGs within the Campylobacter isolates differed by flock cohort

and by Campylobacter species.

4.4.6 Core genome analysis reveal limited genetic diversity among C.
jejuni isolates

The following C. jejuni isolates were found to be identical based on the alignment of their core
genome: CJ5, CJ7 and CJ10; CJ4, CJ11, CJ12 and CJ16; CJ14 and CJ23; CJ19 and 28; CJ6,
CJ20, CJ21, CJ22 and CJ24; and CJ39, CJ40, CJ41, CJ42 and CJ43. Each set of identical isolates
were from the same flock and of the same MLST but not from the same house (Figure 4.1). The
high number of identical core genomes suggest that there is limited genetic diversity within the
core genomes (genes present in >=95% of isolates) of isolates of the same species or MLST. The
core genome for C. jejuni isolates consisted of 1116 genes and the core genome for C. coli was

1561 genes (Table S4.14).
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Using the Roary-generated core genome alignment, we estimated a maximum likelihood
phylogenetic tree using RAXML under a GTR substitution matrix. The resulting phylogeny
clustered isolates of the same species or MLST into separate clades. For instance, separate clades
were identified for C. coli isolates, ST48 C. jejuni isolates from flock 3 and C. jejuni ST464

isolates from flocks 1 and 2 (Figure 4.5).
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Figure 4.5. RAXML maximum likelihood phylogenetic tree estimated from the Roary core
genome alignment under a GTR model of evolution. 1000 bootstraps were performed to ensure
nodal support. Tree was visualized using the Interactive Tree of Life (iTOL).

C. coli isolates had a distinct accessory genome (genes present in <95% of the isolates) profile as

seen by the Roary-produced accessory genome tree which was plotted alongside the gene
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presence/absence information (Figure 4.6, top). This consisted of 1,223 genes including 557
associated with hypothetical proteins and 666 annotated genes. Additionally, isolates recovered
from flock 3 carried a set of accessory genes lowly present in flock 1 and 2 isolates. This
collection of 188 accessory genes consists of 147 associated hypothetical proteins and 41 genes
with annotations. Although many isolates shared an identical core genome, all isolates were
dissimilar from one another based on their accessory genome. Correspondence analysis based on
the presence/absence of accessory genes, VFs and ARGs indicated a separation between flock 3
(ST48) isolates and flock 1 and 2 isolates (ST464) (Figure 4.6, bottom). Thus, both the
accessory genome and core genomes grouped Campylobacter isolates based on their species and

multilocus sequence type.
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Figure 4.6. Core and accessory genome analysis. Species labels are denoted with CC (C. coli)
and CJ (C. jejuni). C. coli isolates, C. jejuni ST48 isolates and C. jejuni ST464 isolates harbor
distinct accessory genomes. (Top) Gene presence/absence matrix of core and accessory genes.
Rows are labeled with each corresponding Campylobacter isolate and columns represent genes
present (blue) or absent (white) within each isolates core and accessory genome. The matrix was
produced using roary_plots.py and the Roary-generated gene_presence_absence.csv (Table
S4.14) and accessory_binary_genes.fa.newick files. (Bottom) Roary, ARG, virulence factor
presence/absence correspondence analysis. Correspondence analysis was performed on the
combination of the Roary-generated gene_presence_absence.csv and the presence/absence table
of ARGs and VFs. Correspondence analysis was conducted in R using factoextra v1.0.7,
FactoMineR v2.4 and corrplot v0.2-0 packages.

4.5 Discussion

The purpose of this study was to characterize the ARGs and VFs of Campylobacter isolates
recovered from litter during 3 consecutive flock cohorts of broiler chickens from 4 co-located
broiler houses. Our objective was to identify the ARGs and VFs harbored by these isolates as
well as understand how management and environmental factors can lead to genomic changes
over the course of multiple flocks.

We found VFs and VF functions that significantly differed across species. VFs relating to
adhesion, immune evasion and toxin production differed between C. jejuni and C. coli (Table
S4.2). In general, C. coli isolates harbored fewer VF relating to toxin production, adherence,
invasion, motility, colonization, and immune evasion than C. jejuni (Figure 4.4, Table 4.2). This
higher number of VFs in C. jejuni may explain why they are more widespread than C. coli in
broiler production (Powell et al., 2012; Whitehouse et al., 2018; Tang et al., 2020). We also
observed differences between C. jejuni and C. coli in their carriage of T4SS and T6SS. The T4SS
aids in the invasion of epithelial cells and has been shown to support intraspecies and
interspecies conjugative DNA transfer in Campylobacter fetus (Kienesberger et al., 2011;

Gokulan et al., 2013; Van Der Graaf-Van Bloois et al., 2016). Similarly, the T6SS is an important
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VF for C. jejuni and it is involved in cell adhesion, cytotoxicity, and invasion (Lertpiriyapong et
al., 2012). C. jejuni isolates carrying a T6SS have been identified in poultry and human clinical
settings (Bleumink-Pluym et al., 2013; Ghatak et al., 2017; Kanwal et al., 2019; Marasini et al.,
2020). Kanwal et al. (2019) determined that C. jejuni possessing hcp, a T6SS gene and important
effector protein, had higher hemolytic activity and higher competitive growth advantage against
Helicobacter pullorum, a bacterium which inhabits a similar physiological niche in chickens
(Kanwal et al., 2019). No T6SS genes were identified in isolates from the final flock cohort,
flock 3, and suggests these genes may impose a fitness cost when in a litter environment. As both
the T4SS and T6SS are important virulence factors for the colonization of both chickens and
humans, our data suggest that Campylobacter isolates in litter that lack secretion systems will be
less likely to infect chickens and therefore less likely to enter into the production facility and
consumer-borne food products.

We also found that C. coli and C. jejuni differed in their susceptibility to antibiotics. C. coli
isolates (4/5) were resistant to tetracycline while all C. jejuni isolates were susceptible to all
drugs tested. We identified ARGs and metal resistance genes encoding tetracycline resistance
(tetO), arsenic resistance (arsP and acr3), multidrug efflux pumps (CmeABC and CmeDEF
operons) and class D beta-lactamase structural gene (blaoxa-1). Tetracycline is both approved for
use in food-producing animals and classified as medically important antimicrobial (Center for
Veterinary Medicine, 2022). Tetracycline accounts for the largest volume of sales for
antimicrobials in food-producing animals and second highest used antibiotic in poultry (Center
for Veterinary Medicine, 2022). Thus, it is not surprising we observed tetracycline resistant genes
within our isolates. NARMS reporting for Campylobacters does not include beta-lactam/beta-

lactamase inhibitor combination agents (Center for Veterinary Medicine, 2022) however,
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resistance to beta-lactams has been identified in both humans and chickens (Lachance et al.,
1991; Thwaites and Frost, 1999). For example, blaoxa: has been identified in both human and
chicken isolates (Griggs et al., 2009; Casagrande Proietti et al., 2020).

Species differences were also observed based on the presence of the transcriptional
repressor gene for the MDR pump CmeABC, cmeR. Mutations, or absence thereof, of the
transcriptional repressor, CmeR can lead to enhanced production of the MDR pumps. CmeABC
overexpression can lead to reduced susceptibility to tetracycline, ampicillin, cefotaxime,
erythromycin, and fusidic acid in Campylobacter jejuni (Lin et al., 2005) and therefore could
explain resistance seen in isolates lacking CmeR. The CmeABC MDR pump and the
corresponding regulator, cmeR, were present in all C. jejuni isolates. C. coli isolates that
harbored tetO harbored CmeABC but not the cmeR regulator. The absence of the cmeR regulator
could have contributed to the level of tetracycline resistance observed in C. coli isolates. The
presence of this MDR pump, along with its regulator cmeR, in the C. jejuni isolates suggests that
it does not confer resistance, above the epidemiological cutoff value, to the antibiotics tested in
our AST panel as all C. jejuni were pan susceptible. Overall, Campylobacter isolates from this
study pose no significant ARG threat and this observation may be attributed to the management
program enacted by the producer. Here, the farmer adopted a “No Antibiotics Ever” program
after a complete cleanout of the houses were done (Oladeinde et al., 2022).

Our previous results (Oladeinde et al., 2022) indicated Campylobacter was most prevalent
during the grow-out of the first flock cohort compared to flock 3 (Oladeinde et al., 2022). We
observed flock differences with respect to VFs and ARGs. We determined that isolates recovered
from the same flock cohort had similar VFs and VF associated functions. Isolates from flock 1

were raised on fresh peanut hull while flocks 2 and 3 were raised on the reused litter from flocks
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1 and 2, respectively. We observed a significant difference in VFs in flock 3 (ST48) isolates
compared to flock 1 isolates (ST464). We hypothesize that as the litter was reused over multiple
flock cohorts the litter microbiome underwent significant flux. The VFs lost over the multiple
flock cycles may have imposed a fitness cost resulting in ST464 isolates not being detected past
the second flock cohort and ST48 isolates being detected in the final flock cohort, flock 3. The
VFs which were absent from flock 3 (ST48) isolates are associated with survival within the
chicken gut: capsule biosynthesis and motile phenotype and may not be essential for survival
within the peanut hull litter. For example, the glf gene, encoding UDP-galactopyranose mutase,
is involved in capsule polysaccharide biosynthesis (Poulin et al., 2010) and is a known
determinant for invasion, serum resistance, adherence, colonization and modulation of host
immune responses (Rojas et al., 2019). Alternatively, the introduction of ST48 C. jejuni isolates
into the final flock cohort could have occurred through other means: 1) human or rodent
transmission of these strains into the broiler houses, 2) isolation of present isolates was
unsuccessful in the previous flock cohorts, or 3) incoming chicks harbored new strains which
were then isolated.

We also found that Campylobacter prevalence differed between houses. For instance, there
was a higher probability of detecting Campylobacter in houses 3 and 4 compared to houses 1 and
2 (Oladeinde et al., 2022). Observed house differences are unlikely due to differences in day-old
chicks because all chicks originated from the same hatchery and were randomly assigned to
houses. VFs significantly differed across grow-out houses (Table 4.3, Table 4.4) and this
suggests the house environment played an integral role in selecting for these strains. It is possible
that these strains were introduced from the hatchery, as a new ST was detected following the

introduction of chicks in the final, flock 3, cohort. It is also plausible these strains were residual
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contamination from the previous flocks and the cleanup performed was not sufficient to remove
them. Consequently, upon placement of new chicks, these strains were able to efficiently
colonize the naive gastrointestinal tract and spread through houses 3 and 4. Recently, Yi Fan et
al. (2022) showed that cleaning broiler houses with water increased activity of the gut microbiota
and reduced Campylobacter transmission relative to a full disinfection (Fan et al., 2022).
Therefore, it is possible that the cleaning procedure used had differential effects on the resident
bacterial population in each house. For instance, strains from houses 3 and 4 carried VFs that
also play a role in organized biofilm formation (cheA, cheY, cheV and cheW), which may allow
them to adhere to surfaces and persist through cleaning. Additionally, isolates from house 3,
which were all from the first flock cohort, harbored a higher proportion of VFs with functions
related to immune evasion, glycosylation system and colonization and immune evasion. Flagellin
glycosylation has been shown to affect the adherence and invasion of human epithelial cells
(Guerry et al., 2006). We hypothesize that the altered litter environment, a result from its reuse in
raising multiple cohorts of broilers, is imposing a selective pressure on these VFs and that
isolates harboring these VFs have a decreased ability to persist over multiple flock cohorts.

We have provided new data on the genome characteristics of C. jejuni and C. coli isolates
recovered from the litter of broiler chickens. We demonstrated that the presence of VFs and
ARGs varied by species and by flock. While significantly more VFs were present in isolates
from house 3, these isolates were not detected in the final flock (flock 3). Additionally, isolates
that were found in the litter of flock 3 were missing several VFs that increase an isolate’s ability
to colonize and survive within the chicken host including VFs for capsule biosynthesis, motility
and the T6SS. The presence of isolates harboring these genes within the litter of the first and

second cohorts suggests these isolates may have been deposited through fecal excretion and
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reingested through the coprophagic nature of the birds. However, isolates which are retained
within the litter and are not reingested are at a disadvantage within the litter environment due to
the retention of these colonization-related virulence factors and therefore are removed due to
negative selection. We hypothesize this is why isolates from the final flock cohort are devoid of
these virulence factors and were able to survive and be successfully isolated from the litter.
These data suggest that the house environment and management practices including the initial
house cleaning procedure and the reuse of the peanut hull litter over multiple flocks may be
capable of imposing selective pressures on VFs. Therefore, more studies are warranted to
understand the characteristics of reused litter, both microbial and physiochemical, which may
confer selective pressures against Campylobacter harboring VFs relating to host colonization and
survival within a host. Nonetheless, there are several limitations of the study which could have
biased our interpretation of the results including the small number of flocks, unknown broiler
house conditions, as well as the limit of detection of our sampling methodology for
Campylobacter isolation. Lastly, results from this study are based on one farm and may not be

representative of all farms which reuse peanut hull-based litter for broiler chicken production.

4.6 Materials and methods

Details of methods used for sampling on farms, litter management and bacterial isolation have
been described before (Oladeinde et al., 2022). We briefly re-describe some of these methods

and present others below.
4.6.1 Study design

Four broiler houses on a farm in Central Georgia, each containing 22,000 to 24,000 broilers per

flock, were selected for this study. Three cohorts of broiler flocks were raised in succession in
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each of the 4 broiler houses between February and August 2018. Before the start of the study a
complete litter cleanout was performed in each of the four houses. Before the first broiler flock
was introduced fresh peanut hull litter was prepared in each house. Each successive flock, after
the first, was raised on the previous flock cohorts’ litter without any cleanout between flock
cohorts. During the downtime between flocks the litter was mechanically conditioned by
removing the caked portions. Additionally, during the downtime the litter was treated for
ammonium control (typically 1 week before sampling) via topical application of a commercial
litter acidifier. For the first 14 days of each flock cohort half house brooding was practiced;
chicks were only allowed to occupy the front section of the broiler house until after 14 days.
Copper sulfate was added to drinking water. All management procedures used are within the

scope for routine industry practices.
4.6.2 Litter sample collection

From February 2018 to August 2018, a total of 288 poultry litter (PL) samples were collected
from 4 co-located broiler houses throughout the study. This represents 96 PL sample collections
from poultry houses per cohort of broiler flock raised on the same litter. For each broiler cohort,
PL samples were collected both early (< 14 days) and late (days 32 - 38) during the grow-out
phase at three different sampling times. During each sampling time from each of the four poultry
houses, PL samples were collected from four sections: front, mid-front, mid-back and back.
From each section, a pool of three litter grabs were collected, bagged litter was transported in a
cooler with icepacks until arrival at the laboratory. Litter moisture content was determined for
each litter sample by initially weighing 1 g, drying at ~106°C overnight, and re-weighing to

measure dry weight. Moisture content was determined by the difference. Litter pH was obtained
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by mixing litter (10 g) with 20 ml water, immersing pH probe into mixture, and recording the

reading. Poultry house temperature was also collected during each sampling time.

4.6.3 Bacterial isolation and identification

For Campylobacter species detection, appropriate dilutions of the litter mixture were direct
plated to Cefex agar (Remel, Lenexa, KS). Plates were incubated in a microaerobic, hydrogen
enriched atmosphere (7.5 % H2, 2.5 % 02, 10 % CO2, and 80 % N2) at 42°C for 48 h.
Additionally, aliquots of the litter mixture (4 x 50 ul drops) were placed onto a 0.65 pm cellulose
acetate filter placed on Cefex agar. Filters were allowed to dry 30 min before being removed and
plates were incubated as above. Enrichment was also performed by adding 1 ml of litter mixture
to 9 ml bolton’s broth and incubated in a microaerobic atmosphere at 42°C for 48 h before being
transferred to Cefex agar and incubated as above. Presumptive positive colonies were selected
based on typical cellular morphology and motility using phase contrast microscopy. Isolates were
confirmed using the Campylobacter BAX® real-time PCR Assay (Hygiena; Wilmington, DE)
according to manufacturer’s directions. Twenty-seven unique litter samples were positive for
Campylobacter and a total of 53 Campylobacter isolates were obtained following the different
isolation methods described above. For whole genome sequencing, at least one Campylobacter
positive isolate was selected from the 27 litter samples. Additionally, if there were multiple
positive isolates obtained from the same litter sample using the different isolation methods (i.e.,
direct plating, filter method, or enrichment), the filter and enrichment isolate were chosen over
the direct plating isolate. A total of 44 Campylobacter positive samples were chosen for whole

genome sequencing.
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4.6.4 Antibiotic susceptibility testing

We performed antimicrobial susceptibility testing (AST) on 5 Campylobacter coli and 39
Campylobacter jejuni isolates recovered from the litter of broiler chicks following the National
Antimicrobial Resistance Monitoring System (NARMS) protocol for Gram-negative bacteria.
The following antimicrobials were tested: Azithromycin, Ciprofloxacin, Clindamycin,
Erythromycin, Florfenicol, Gentamicin, Nalidixic Acid, Telithromycin and Tetracycline.
Antimicrobial susceptibility of Campylobacter isolates was determined using the Sensititre semi-
automated system (Thermo Fisher Scientific, Kansas City, KS) according to manufacturer’s
instructions. Briefly, bacterial suspensions equivalent to a 0.5 McFarland suspension were
prepared, aliquoted into a CAMPY panel and incubated at 42°C for 24 h under microaerobic
conditions. Minimum inhibitory concentrations were determined and categorized as resistant
according to breakpoints based on epidemiological cut-off values as used by the National
Antimicrobial Resistance Monitoring System (NARMS;

https://www.fda.gov/media/108180/download).
4.6.5 Whole genome sequencing and processing

[lumina short read sequencing was performed on DNA extracted from Campylobacter isolates
recovered from litter. Libraries were prepared using Nextera XT DNA library preparation kits
(Illumina, Inc., San Diego, CA) following the manufacturers protocol. Libraries were sequenced
on the MiSeq platform with 250-bp paired end reads. Genome assembly, antimicrobial resistance
gene identification, virulence factor identification, plasmid replicon identification, phage region
identification and genome annotation were done using Reads2Resistome pipeline v0.0.2 (Woyda,

Oladeinde and Abdo, 2023). Online ResFinder (Bortolaia et al., 2020) for annotation of acquired
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resistance genes and additional resistance gene identification was performed using the Resistance
Gene Identifier v5.1.1 (RIG) and antibacterial biocide and metal resistance genes were identified
with BacMet (Pal et al., 2014). MLST was determined using the mlst software (Jolley and

Maiden, 2010; Seemann, no date), which utilizes the PubMLST website (https://pubmlst.org/). It

was required for all reference database hits needed to meet a minimum identity match of 85%.
Reference Genbank plasmids AF301164.1, CP044166.1, CP020775.1 and CP014743 were used
to determine the exact locations of type 4 and type 6 secretion systems. Verification of genes

using Megablast was performed in Geneious Prime version 2022.2.2.
4.6.7 Statistical analysis

ARGs and virulence database hits from R2R, ResFinder, BacMet and RGI were filtered utilizing
>=85% sequence identity to the reference database query and a table was generated based on the
presence/absence of identified genes from all isolates. Correspondence analysis on the
presence/absence table of ARGs and virulence factors was done in R using factoextra v1.0.7
(Alboukadel Kassambara, Fabian Mundt, 2020), FactoMineR v2.4 (L&, Josse and Husson, 2008)
and corrplot v0.2-0 (Wei, Taiyun and Simko, Viliam, 2021) packages. Heatmaps were generated
using the pheatmap (Raivo Kolde, 2019) package in R. A distance matrix was generated using
the jaccard metric via the vegdist() function from the vegan v2.6-4 package (Jari Oksanen et al.,
2022). Optimal number of clusters was identified using the silhouette method implemented by
the fviz_nbclust function from the factoextra v1.0.7 package. hclust() from the stats v3.6.2 (R
Team, 2015) package was then utilized to perform hierarchical clustering under the ‘average’
(UPGMA) method using the determined optimal number of clusters. All analyses were done in R

v4.0.4 (R Team, 2015) utilizing RStudio v1.2.1106 (RStudio Team, 2016).
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4.6.8 Taxonomic classification and phylogenetic analysis

Taxonomic classification of Campylobcater isolates using the quality controlled [lumina short-
read sequences was performed with Kraken2 (Wood, Lu and Langmead, 2019, p. 2). Pangenome
analysis of annotated assemblies was performed with Roary (Page et al., 2015). A phylogenetic
tree of the core genome alignment from Roary (core_gene_alighment.aln) was constructed using
RAxML with the maximum likelihood method under a GTR model with 1000 bootstraps
(Stamatakis, 2006, 2014). The following command was used for phylogentic tree estimation
using RAXML: “raxmlHPC -m GTR -p 12345 -s core_gene_alignment.aln -f a -x 12345 -N 1000
-T 48”. Tree visualization was conducted using the Interactive Tree of Life (Letunic and Bork,

2021).
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CHAPTER 5: MANAGEMENT FACTORS
INFLUENCE SALMONELLA PERSISTENCE IN
REUSED POULTRY LITTER OVER THREE
SUCCESSIVE FLOCKS*

5.1 Summary

Salmonella infections are a leading cause of bacterial food-borne illness worldwide. Infections
are highly associated with the consumption of contaminated food, and in particular, chicken
meat. Understanding how management practices and environmental factors influence Salmonella
populations in broiler chicken production may aid in reducing the risk of food-borne illness in
humans. Utilizing whole genome sequencing with antimicrobial and heavy metal resistance,
virulence factor and plasmid identification, we have characterized the genetic diversity of
Salmonella enterica isolates (n = 55) obtained from broiler chicken litter. S. enterica isolates
were recovered from the litter of broiler chickens over three consecutive flocks in four broiler
houses on a single integrated farm in Georgia, USA. The chickens were raised under a newly
adopted “No Antibiotics Ever” program and copper sulfate was administered via drinking water.
In-silico serovar prediction identified three S. enterica serovars: Enteritidis (n = 12), Kentucky (n
= 40) and Senftenberg (n = 3). Antimicrobial susceptibility testing revealed that only one S.
Kentucky isolate was resistant to streptomycin, while the remaining isolates were susceptible to
all antibiotics tested. Metal resistance operons, including copper and silver, were identified

chromosomally and on plasmids in serovar Senftenberg and Kentucky isolates, respectively.

4 This work has been previously published on a preprint server: Woyda, R., Oladeinde, A., Endale, D., Strickland,
T., Lawrence, J.P., Abdo, Z., 2023b. Management factors influence Salmonella persistence in reused poultry
litter over three successive flocks. (preprint). https://doi.org/10.1101/2023.03.03.531069
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Serovar Kentucky isolates harboring metal resistance operons were the only Salmonella isolates
recovered from the litter of third flock cohort. These results suggest the addition of copper
sulfate to drinking water may have selected for S. Kentucky isolates harboring plasmid-borne

copper resistance genes and may explain their persistence in litter from flock to flock.

5.2 Importance

Salmonella foodborne illnesses are the leading cause of hospitalizations and deaths, resulting in a
high economic burden on the healthcare system. Globally, chicken meat is one of the highest
consumed meats and is a predominant source of foodborne illness. The severity of Salmonella
infections depends on the presence of antimicrobial resistance genes and virulence factors. While
there are many studies which have investigated Salmonella strains isolated from post-harvest
chicken samples, there is a gap in our understanding of the prevalence and persistence of
Salmonella in pre-harvest and in particular their makeup of antibiotic resistance genes, virulence
factors and metal resistance genes. The objective of this study was to determine how on-farm
management practices and environmental factors influence Salmonella persistence, as well as the
antimicrobial resistance genes and virulence factors they harbor. In this study we demonstrate
that broiler chickens raised without antibiotics are less likely to harbor antibiotic resistance,
however the practice of adding acidified copper sulfate to drinking water may select for strains

carrying metal resistant genes.

5.3 Introduction

Salmonella is responsible for an estimated 1.2 million illnesses annually in the United States, 1
million of which are attributed to the consumption of contaminated food (Scallan et al., 2011).

Chicken meat is the most consumed meat in the United States (USDA, Economic Research
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Service, 2022) and is a predominant source of food-borne illness (ADAS, 2016). Salmonella
food-borne outbreaks are strongly associated with consumption of chicken meat (ADAS, 2016;
Antunes et al., 2016). Moreover, the annual economic loss due to Salmonella infections is an
estimated $11 billion in the United States (Wernicki, Nowaczek and Urban-Chmiel, 2017).

Salmonella enterica encompasses the most pathogenic species and consists of thousands of
different serovars, some of which are host-specific while some maintain the ability to infect a
broad range of hosts (Mezal et al., 2014). The United States Department of Agriculture Food
Safety and Inspection Service surveillance fiscal year 2022 reports indicate the top Salmonella
serovars isolates from domestic chicken samples are, in decreasing order, Infantis, Kentucky,
Enteritidis and Typhimurium (USDA, 2022). In 2018, the Foodborne Diseases Active
Surveillance Network (FoodNet) identified Enteritidis, Newport, and Typhimurium serovars
were the most frequently identified as causing illness in humans (Tack et al., 2019). While some
serovars are capable of infecting both chickens and humans (e.g., Enteritidis and Typhimurium),
serovars such as Kentucky and Sofia are highly prevalent in poultry but have a low association
with human outbreaks (Ferrari et al., 2019). Thus, the threat of Salmonella outbreaks in humans
is serovar dependent, however the severity of disease and the efficacy of treatment depends on
the strain’s virulence factor (VF) and antimicrobial resistance gene (ARG) repertoire.
Importantly, VFs and ARGs may be shared across Salmonella serovars and, in some instances,
across different bacterial genera if these genetic elements are located on specific plasmids or
other mobile genetic elements (Fricke et al., 2009; Oladeinde et al., 2019).

Salmonella pathogenicity is dependent on the VF repertoire and pathogenesis proceeds
through attachment to host tissues, invasion of host tissues, macrophage survival, replication and

subsequent dissemination (Gao, Wang and Ogunremi, 2020). Virulence factors in Salmonella can
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be accumulated and, in combination, allow for successful host colonization and bypassing of
host defenses. These virulence factors are typically encoded within Salmonella pathogenicity
islands or on plasmids (Jajere, 2019; Gao, Wang and Ogunremi, 2020).

Antimicrobial therapy is the first choice treatment for Salmonella infections. However, the
global rise and threat of antimicrobial resistance, due to the misuse of antibiotics in food-
producing animals and human medicine, has put pressure on the broiler production industry to
reduce usage of antimicrobials (United States Food and Drug Administration, Center for
Veterinary Medicine, 2022). Difficulties in treating Salmonella infections occur when strains are
resistant to multiple antimicrobials from distinct antimicrobial classes; such strains have been
identified in poultry, beef and pork products (Gieraltowski et al., 2016; Bearson et al., 2019;
Feng et al., 2020). Importantly, strains harboring ARGs which confer resistance to antimicrobials
critically important to human medicine (World Health Organization, 2019), as well as those
possessing VF increasing pathogenicity to humans, will pose a threat and will be harder to treat
in the event contaminated food products reach consumers (Fricke et al., 2009; Jajere, 2019;
Zakaria et al., 2022). Additionally, the use of heavy metals in chicken production, such as copper
for growth promotion and/or sanitation of water lines, has led to the discovery that genes
conferring metal resistance are often carried on the same mobile elements as ARGs and VFs
(Dziewit et al., 2015; Pal et al., 2015; Bukowski et al., 2019; Souza et al., 2022). Resistance to
metals may increase the virulence of a bacterial pathogen, e.g., overcoming iron toxicity and
invading and colonizing different tissue types (Nairz et al., 2015), as well as give a competitive
advantage to strains in production environments where metals are used for antimicrobial agents
(Bearson et al., 2019). Thus, it is critical to understand how on-farm management practices and

environmental factors influence strains harboring both ARGs, VFs and metal resistance genes to
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develop prediction, or management, methods to limit their occurrence in post-harvest chicken
production.

Broiler chickens are raised on litter for an entire grow-out (0 — 56 days). Broiler litter is a
complex matrix consisting of a decomposing plant-based bedding material, chicken excreta,
feathers, and feed. Broiler chickens are copraphagic by nature and therefore will start to consume
the litter upon placement in a broiler house. Thus, it is reasonable to assume that chicks will be
exposed to pathogens during both the initial stages of growth and throughout their grow-out
through normal activities such as pecking and bathing. Many studies have reported the
occurrence of Salmonella in broiler litter (Jones et al., 1991; Kelley et al., 1995, p. 19; Pope and
Cherry, 2000; Line, 2002; Brooks et al., 2010; Shepherd et al., 2010; Velasquez et al., 2018), but
only a few studies have examined the genetic factors that allow Salmonella to persist in pre-
harvest broiler production (Roberts et al., 2013; Vaz et al., 2017; Shang, Wei and Kang, 2018;
Dunn et al., 2022).

The objective of this study was to determine how management practices and environmental
factors affect the persistence of Salmonella, as well as their VFs, ARGs and metal resistance
genes, in pre-harvest broiler production. In this study, we performed an in-depth genomic
characterization of Salmonella isolates recovered from the litter of four co-located broiler
chicken houses over three consecutive flocks (Oladeinde et al., 2023). We previously reported
that these isolates were unequally distributed across the litter of the broiler houses and showed
that the probability of detecting Salmonella was higher for the first broiler cohort raised on litter
compared to cohorts 2 and 3 (Oladeinde et al., 2023). Here, we performed antimicrobial
susceptibility testing and whole genome sequencing on 55 isolates recovered from the litter

(Oladeinde et al., 2023). While antibiotic susceptibility testing resulted in one isolate displaying
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phenotypic resistance, our genomic characterization identified a potential beta-lactamase gene as
well as copper and silver resistance operons. Characterization of the antimicrobial resistance
genes, biocide and metal resistance genes and virulence factors revealed a large core set of genes
with differences explained by isolates’ serovar. Only isolates harboring specific copper and silver
resistance operons were detected over the three consecutive flock cycles. Together these results
suggest the on-farm management practice of adding copper sulfate to the drinking water,
commonly practiced in the industry, may provide means for Salmonella persistence over multiple

flock cohorts.

5.4 Results

5.4.1 Salmonella serovar occurrence differed across grow-out periods,

flocks, and broiler houses

Salmonella prevalence in litter collected from four broiler house floors was determined by direct
and selective enrichment plating of litter eluate on both Brilliant Green Sulfur (BGS) and Xylose
Lysine Tergitol-4 (XLT-4) agar (Oladeinde et al., 2023). Salmonella was detected in 10.76%
(31/288) of litter samples over 3 consecutive flock cohorts across 4 co-located broiler houses
(Oladeinde et al., 2023). Fifty-five Salmonella isolates were selected for whole genome
sequencing. These isolates were obtained either through direct plating or enrichment methods
and encompassed all unique serogroups (Oladeinde et al., 2023). In silico serovar prediction
identified three different serovars: S. Enteritidis (n = 12), S. Kentucky (n = 40), and S.
Senftenberg (n = 3) (Table S5.1). A majority of isolates (85.5%, n = 47) were recovered during
the late grow-out (32-38 days old chickens). Each serovar identified was present in both early (4-

14 days old chickens) and late grow-out phases (Table S5.1). All S. Enteritidis isolates were
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identified as ST11, all S. Kentucky isolates as ST152 (excluding SK34 and SK36 due to low
sequencing coverage (< 20X)), and S. Senftenberg isolates were identified as ST14 (excluding
SS26 due to low sequencing coverage (< 20X)). Multi-locus sequence typing (MLST) was
performed using the PubMLST website and the MLST software (Jolley and Maiden, 2010).
Salmonella occurrence differed over multiple flock cohorts (Table 5.1, (Oladeinde et al.,
2023)). The 37 Salmonella isolates from flock 1 consisted of the following serovars: Enteritidis
(n=9), Kentucky (n=25), Senftenberg (n=3) and a single unidentified isolate. The second flock
cohort included 10 Salmonella isolates classified as Enteritidis (n=3) and Kentucky (n=7). The
final flock cohort, flock 3, harbored only S. Kentucky isolates (n=8). The distribution of isolates
and serovars also differed across the broiler houses (Figure 5.1). Houses 2 (33%, n = 18) and 3
(51%, n = 28) harbored majority of the sequenced isolates and the remaining 9 (16%) originated
from house 4. Salmonella was not detected from any litter samples from house 1. Salmonella
isolates sequenced from house 4 included a single S. Enteritidis isolate as well as a set of 8 S.
Kentucky isolates which were all clustered together within the back section of the broiler house

(Figure 5.1).
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Table 5.1. Occurrence of Salmonella species in peanut hull litter over 3 grow-out cycles across 4
co-located broiler houses.

Broiler
House Flock cohort 1 Flock cohort 2 Flock cohort 3
= = = = = = = = =
5| £ £| §| 8| £| E®| §| ¢&
£ ¥ G £ ¥ 5 £ ¥ 5
v v A v v A v v A
1 0 0 0 0 0 0 0 0 0
2 8 8 0 0 2 0 0 0 0
3 1 17 3 2 5 0 0 8 0
4 0 0 0 1 0 0 0 0 0
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Figure 5.1. Visual representation of Salmonella species isolated from peanut hull litter within
each section of each grow house. Samples were taken from 4 co-located grow houses over 3
grow-out cycles. Circles represent individual isolates labeled by their prospective serovar:
Salmonella Kentucky (SK), Salmonella Enteritidis (SE) and Salmonella Senftenberg (SS). Circle
color indicates which grow-out cycle an isolate was obtained from: grow-out cycle 1 (purple),
grow-out cycle 2 (blue) and grow-out cycle 3 (green). Isolates outline in red indicate isolates not
included in further analysis due to poor sequencing coverage (SE23).

5.4.2 Serovar Kentucky and Senftenberg harbored additional copper

and silver resistance operons

Antibacterial biocides and metal resistance genes were identified using the experimentally
confirmed resistance function BacMet database (Pal et al., 2014). A total of 125 genes with

>80% identity to the reference database entry were identified and collectively conferred
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resistance to 74 unique compounds (Table S5.2). 108 of these genes were found to be present in
>96.4% of isolates. Many copper and other metal homeostasis related genes were present in
>96.4% of isolates (e.g., copA (detoxification of cytoplasmic Cu[I]) (Rensing and Grass, 2003),
cueP (periplasm copper binding) (Pezza et al., 2016), and zraP/zraR (involved in intrinsic
antibiotic and zinc resistance) (Rome et al., 2018)) (Table S5.2). In particular, the silABCPRS
and pcoABCESR resistance operons (silver and copper, respectively) were identified only in
serovar Kentucky and Senftenberg isolates. (Figure 5.2). These operons are often clustered
together on a plasmid and compose the copper homeostasis and silver resistance island
(CHARSI) (Staehlin et al., 2016). While these operons appear to be chromosomally encoded
within the Senftenberg isolates (contigs >390kbp), within Kentucky isolates these copper and

silver operons appear to reside on an Incl1 plasmid.
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Figure 5.2. Heatmap of biocide and metal resistance genes. Genes conferring resistance to
biocide and metal resistance were obtained via BacMet. Heatmap was generated in R v4.0.4 with
pheatmap v1.0.12 (clustering_method = "average" (UPGMA)) using the filtered, >= 80%
identity, presence/absence table of biocide and metal resistance genes (Table S5.2).
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5.4.3 Salmonella isolates share a majority of identified virulence factors

A total of 119 VFs were identified utilizing the Virulence Factor Database (VFDB) via
ABRICATE and 86 (72%) VFs were present in all isolates (Table S5.1). Of the remaining 33
VFs, 19 were present in the majority of isolates (observed within > 70% of those isolates but less
than 100%) while the remaining 14 where only observed in 4% - 21% of all isolates.
Hierarchical clustering revealed that differences in VF across all isolates could be explained by
an isolate’s serovar (Figure 5.3). The 119 VFs are involved in 12 different functions such as
secretion systems (63%), fimbrial adherence determinants (20%), iron uptake (4%), adherence
(2.5%) and magnesium uptake (1.7%) (Table 5.2, Table S5.3). Taken together, the Salmonella
isolates harbored a similar core set of virulence factors and differences observed were explained

by the isolates’ serovar.
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Figure 5.3. Heatmap of virulence factor genes. Virulence factors were identified from the
Virulence Factor Database via ABRICATE. Heatmap was generated in R v4.0.4 with pheatmap
v1.0.12 (clustering_method = "average" (UPGMA)) using the virulence factor data from Table
S5.1.

Table 5.2. Enumeration of virulence factor functional categories of virulence factors identified
from the Virulence Factor Database (VFDB) (via ABRICATE (Reads2Resistome)).

Function Number of genes

Secretion system 75
Fimbrial adherence determinants 24
Iron uptake 5
Nonfimbrial adherence determinants 4
Adherence 3
Magnesium uptake 2
Invasion 1
Macrophage inducible genes 1
Regulation 1

Serum resistance 1

Stress adaptation 1

Toxin 1
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5.4.4 Serovar Kentucky and Senftenberg isolates harbored unique iron

acquisition virulence factors

Serovar Kentucky isolates, regardless of the flock cohort they were obtained from, harbored
similar virulence factor profiles (Figure 5.3). Unique to Kentucky isolates was the iron
acquisition gene entE (involved in enterochelin synthesis) and shared with serovar Senftenberg
isolates was the iron transport gene fepC (involved in enterochelin transport) (Bearson et al.,
2008). Iron regulation is important for intracellular pathogens such as Salmonella as it is required
for growth. For example, tight regulation of intracellular iron is crucial due to the detrimental
effect of excess intracellular iron (Andrews, Robinson and Rodriguez-Quifiones, 2003). These
iron regulation-related genes, in addition to those uniquely harbored by Kentucky and

Senftenberg isolates, suggest an enhanced ability to regulate iron acquisition.

5.4.5 Serovar Kentucky and Enteritidis isolates harbor distinct fimbrial

adherence genes

Pathogenic bacteria employ a host of cell surface adhesins to adhere and eventually colonize
novel host tissues such as the gasterointestinal tract (Kuijpers et al., 2019; BozZi¢ et al., 2020).
Serovar Kentucky and Enteritidis isolates, each, harbored a distinct adhesion-related operon.
Serovar Kentucky harbored the entire fae operon (fae of the K88 F4 fimbrial gene cluster as
observed from our VFDB analysis) (Table S5.1).

Serovar Enteritidis isolates uniquely harbored 13 virulence factors which were present in a
majority of Enteritidis isolates (Figure 5.3). These genes included the plasmid encoded fimbrial

operon, pefABCD, responsible for adhesion to the intestinal epithelium (Seribelli et al., 2020)
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and 3 genes of the spvABCDR operon (spvB, spvC, and spvR) which is associated with survival
and replication in macrophages (Rychlik, Gregorova and Hradecka, 2006). Lastly, the rck
(resistance to complement killing) gene was identified in these isolates and is known to increase
serum resistance and adhesion to epithelial cell lines (Heffernan et al., 1994). These virulence
genes aid in colonization and survival within host tissues and are similar to the functions of the
unique VFs identified in Kentucky isolates. However, Kentucky isolates were isolated from the
third flock cohort, while no Enteritidis isolates were isolates. These data suggest that the litter
environment may impose a selective pressure on these virulence genes and the isolates that

harbor them.
5.4.6 Salmonella isolates harbored similar AMR profile

Forty-one antimicrobial resistance genes (ARGs) were identified using the Resistance Gene
Identifier (RGI), which utilizes the Comprehensive Antibiotics Resistance database (CARD)
(Alcock et al., 2020). Of these ARGs, 39 were present in 100% of the isolates (Figure 5.4). The
41 ARGs were predicted to confer resistance to 26 different antibiotic drug classes (Table S5.4).
kdpE gene, a transcriptional activator of a two-component potassium transport system and
Blarem-eo (identified as an hypothetical protein using Prokka and NCBI BLAST search), an
extended-spectrum beta-lactamase gene, were identified in 38 and 40 isolates, respectively. kdpE
has been reported to regulate virulence genes (Hughes et al., 2009; Zhao et al., 2010; Freeman,
Dorus and Waterfield, 2013) and was found in all serovars from this study. Blarem-¢o Was present
in all serovar Kentucky and Senftenberg isolates and absent from all Enteritidis isolates (Table
5.3).

Additionally, identification of acquired ARGs (genes likely to be harbored on a mobile

genetic elements such as plasmids) via ResFinder (Bortolaia et al., 2020) resulted in only two
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hits; the sitABCD operon and the aac(6')-Iaa gene. The sitABCD operon was present in all
serovar Enteritidis and Kentucky isolates and absent from Senftenberg (Table 5.3). However, the
sitABCD operon was at 72% percent identity which was below the 80% coverage identity cutoff
for inclusion in our analysis. SitABCD is a putative iron transporter which plays a role in iron
acquisition during infection and is important for growth in tissues following invasion of
intestinal epithelium (Janakiraman and Slauch, 2000). The aac(6')-Iaa gene, a chromosome-
encoded aminoglycoside acetyltransferase (identified as AAC(6')-Iy gene using the CARD
database) was also present in all isolates (Table S5.1). aac(6’)-type genes have commonly been
found in S. Kentucky and Typhimurium strains, however a study of 2,762 isolates harboring
aac(6’)-type or aac(6')-Iy gene found that only 11 isolates exhibited phenotypic resistance to

aminoglycosides (Neuert et al., 2018).
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Figure 5.4. Heatmap of antimicrobial resistance genes identified. Antimicrobial resistance genes
were identified from RGI and ResFinder. Heatmap was generated in R v4.0.4 with pheatmap
v1.0.12 (clustering_method = "average" (UPGMA)) using the RGI and ResFinder data from
Table S5.1.

In summary, the majority of the identified ARGs were chromosomally encoded and did not
confer phenotypic resistance to the predicted antibiotics. This conclusion was supported by
antibiotic susceptibility testing (AST) results. AST showed that 54/55 isolates were susceptible
to the fourteen antibiotics tested (Table S5.5), while one isolate (SK32) exhibited resistance to
streptomycin. We did not find any known ARG or chromosomal mutation that could explain the
streptomycin resistance observed in SK32. Taken together, the Salmonella isolates in this study

do not harbor ARGs capable of conferring clinically relevant levels of antibiotic resistance

except S. Kentucky strain SK32.
5.4.7 Co-occurrence of virulence factors and plasmid contigs

Five plasmid replicons were identified from the PlasmidFinder database (Carattoli et al., 2014)
within serovar Kentucky isolates; “IncI1_1_Alpha”, “IncX1_3”, “Col156”, “Col(BS512) “and
“Col(MG828)” (Table 5.3, Table S5.6). IncI1 and IncX1 were identified in all Kentucky isolates
(38/38). A serovar Kentucky isolate (SK4) also harbored the Col plasmid replicons Col156 and
Col(BS512) on short contigs of lengths 3,904 bp and 3,137 bp, respectively (Table S5.6). A total
of 129 genes were identified on the IncI1 and IncX1 contigs, using the contigs from isolates SK1
and SK16, respectively (Table S5.7). The Incl1 contigs harbored silver and copper resistance
operons (i.e., silABCPRS and pcoABCESR, respectively) as well as conjugation proteins (Pill,
PilJ, PilK, PilL, PilM, PiIN, PilO, PilP, TraA, TraB and TraC). A serovar Kentucky isolate was

selected for long read sequencing to confirm the presence of the IncI1 plasmid within serovar
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Kentucky isolates. These results confirmed an 81,816 bp plasmid harboring both the silABCPRS
and pcoABCESR operons (Figure S5.1).

IncFII(S), IncFIC(FII) and IncFIB(S) replicons were identified in serovar Enteritidis
isolates (8/11, 8/11, 10/11 isolates, respectively) (Table S5.6). Rapid Annotation using
Subsystem Technology (RAST) annotation of the isolate SE13 contig containing all 3 IncF
replicons identified 97 genes (Table S5.7). This contig harbored the spvABCDR operon,
pefABCD operon and mig-5 genes in addition to the IncF plasmid conjugative proteins FinO,
TraV, TrbD, TraA, TraB, TraK, TraE, Tral. and TraA (Figure S5.2). No plasmid replicons
identified in either S. Kentucky or S. Enteritidis isolates were lost over the multiple flock cohorts.
These data suggest that VF and plasmid replicons remained constant within and across serovars.
VFs and plasmid replicons harbored by S. Kentucky and S. Enteritidis isolates may be under

specific environmental pressure from the litter environment.

5.5 Discussion

The purpose of this study was to characterize the genomes of Salmonella isolates recovered from
peanut hull-based broiler litter during the grow-out of 3 consecutive flocks of broiler chickens.
Our objective was to identify ARGs, VFs and metal resistance genes harbored by the Salmonella
isolates as well as understand how management and environmental factors can lead to genomic
changes or persistence over multiple flock cohorts. Other studies, such as the one performed by
Roll et al (Roll, Dai Pra and Roll, 2011) have demonstrated that Salmonella could persist over
multiple broiler flock cohorts but no studies to the authors’ knowledge have characterized the

genome of Salmonella isolates from flock to flock.
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We isolated S. Kentucky, S. Enteritidis and S. Senftenberg serovars in the litter of the
broiler houses studied (Table 5.1). Serovar Kentucky had the highest prevalence and persisted
from flock 1 to 3. It is not surprising that S. Kentucky was the most dominant serovar in our
study as it is one of the most commonly isolated poultry serovars from domestic chicken samples
in the United States (Dunn et al., 2022). S. Kentucky was also the major serovar in breeder
flocks from 2016 to 2020 (Siceloff, Waltman and Shariat, 2022). Unique to serovar Kentucky
isolates were the VFs of the K88, F4, fimbrial fae operon and the iron uptake-associated gene
entE. Also, unique to serovar Kentucky isolates were the IncX1and IncI1 plasmid replicons, of
which the Incl1 contigs harbored copper and silver resistance operons in addition to conjugation
related genes (Table S5.2). Our results suggest that S. Kentucky has evolved with VFs and
plasmids which allow it to colonize broiler chickens and persist in the broiler house environment.
Kentucky isolates harbored multiple metal resistance operons which may have conferred a
competitive advantage to surviving within the production environment, resulting in their
persistence in the 3 flock cohorts. It is possible that the waterers and water lines acted as
reservoirs for these isolates as copper sulfate was added to the drinking water. Addition of
acidified copper sulfate is a common practice to sanitize water lines and waterers (Scott et al.,
2018). However, while Senftenberg isolates harbored these operons on the chromosome, no
Senftenberg isolates were observed during the second and final flock cohorts. It is plausible that
metal resistance genes harbored on the chromosome poses a higher fitness cost on the bacterial
host (e.g., S. Seftenberg) compared to when they are carried on plasmids (e.g., S. Kentucky). Our
results suggest that S. Kentucky has evolved with VFs and plasmids which allow it to colonize

broiler chickens and persist in the broiler house environment.
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Virulence factor differences were explained by serovars (Figure 5.3), nevertheless all
serovars harbored VFs with functions relating to secretion systems, fimbrial adherence
determinants, invasion, iron uptake, macrophage inducible genes, magnesium uptake and
nonfimbrial adhesion determinants (Table S5.3). Salmonella Enteritidis isolates harbored
additional set of 13 VFs that were not present in either Kentucky or Senftenberg isolates. These
VFs included plasmid genes (spvABCDR operon, pefABCD operon and mig-5) located on IncFIB
and IncFII plasmid replicon contigs (Figure S5.2). These VFs have been identified in human
cases associated with serovars Typhimurium and Enteritidis (Kuijpers et al., 2019; Seribelli et
al., 2020). As these VFs encode for functions conferring increased fitness and survival within
host tissues, is it possible that the chickens acted as a reservoir for these strains over multiple
flock cohorts, and through the copraphagic nature of chickens, were continually deposited in and
re-ingested from litter. Interestingly, house 4 had no detectable S. Enteritidis in the first flock
however an Enteritidis isolate was obtained during the grow-out of the second flock. Similarly,
no S. Kentucky isolates were obtained during the first 2 flocks in house 4 however during the
third flock cohort 8 Kentucky isolates were obtained. This suggests that human or rodent
transmission between houses and/or failed detection by the methods used are possible reasons for
this observation (Backhans and Fellstrém, 2012). Additionally, it is possible that these isolates
were introduced from the hatchery upon placement of the flock 3 cohort of chicks.

We found that while all Salmonella isolates harbored a core set of ARGs and VFs (95%
and 72%, respectively) (Figure 5.4, Figure 5.3), each set of isolates grouped by serovar
harbored a distinct set of ARGs, VFs, and plasmids (Table 5.3). While ARG identification
resulted in 42 chromosome encoded ARGs, AST revealed that only one isolate was resistant to

streptomycin (Table S5.5). This low prevalence of AMR is not surprising since the integrated
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farm adopted a “No Antibiotics Ever” program during grow-out (Oladeinde et al., 2023).
Therefore, it is plausible that no antibiotic selective pressure existed in the litter.

We have provided new data on the genomic characteristics of Salmonella serovars
Kentucky, Enteritidis and Senftenberg found in peanut hull-based litter during pre-harvest broiler
chicken grow-out. We demonstrated that AMR was similar across all serovars while VF and
plasmid profiles varied with respect to each serovar. Serovar Enteritidis harbored IncF plasmid
associated replicons that were located on the same contigs as virulence factors associated with
pathogenicity in humans, while serovar Kentucky isolates harbored an Incl1 plasmid harboring
copper and silver resistance proteins. While some S. Kentucky isolates persisted from flock 1 to
3, no S. Enteritidis isolates did. Therefore, these data suggest that some Salmonella serovars and
strains are equipped with genetic factors that allow them to persist in broiler house environments
under specific management practices including “NAE” programs that administer copper sulfate
via drinking water. Nonetheless, there are several limitations of the study which could have
biased our interpretation of the results including the small number of flocks monitored and the
limit of detection of the method used for Salmonella isolation. Similarly, the initial broiler house
cleaning procedures may have failed to remove all residual contaminants from previous flocks
and subsequently resulted in these strains colonizing the litter environment. Thus, it is plausible
the cleaning procedures resulted in differential results across each broiler house. Lastly, the
results described were from one broiler farm that reused peanut hull-based litter and may not be

representative of all farms that reuse litter for poultry production.
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5.6 Materials and Methods

Methods involving litter management on-farm, sample collection of litter as well as
microbiological methods for bacterial isolation have been previously described (Oladeinde et al.,
2023). Materials and methods used in this study, and others re-described from the previous work,

is presented below.
5.6.1 Study design

Three cohorts of broiler flocks were raised in succession in 4 co-located integrated commercial
broiler houses in South Georgia between February and August 2018. Each of the broiler houses
contained 22,000 to 24,000 broilers per flock. Each of the four co-located broiler houses
underwent a full cleanout before fresh peanut hull-based litter placement. Each cohort was raised
on the previous flock’s litter without any cleanout between and only mechanical conditioning
was performed to remove caked portions. A commercial litter acidifier was applied during the
downtime between flock cohorts for ammonium control (typically 1 week before sampling). Half
house brooding was performed for the first 14 days of each flock. This practice restricted the
birds to the front section of each broiler house. Additionally, copper sulfate was given via
drinking water. Management practices and procedures employed are within the scope of routine

industry practices.
5.6.2 Litter sampling

Litter samples (n = 288) were collected across four broiler houses during early (chick age
between 4-14 days old) and late grow-out (32-38 days old) for three consecutive flocks. This
amounted to 6 sampling times per broiler house; each flock was sampled at two separate time

points. Each house was divided into 12 subsections; four sections from front to back and each
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section was divided into three subsections from left to right (Figure 5.1). During sampling, three
litter grab samples were taken from each of the 12 subsections and pooled into one Whirl Pak
bag. Pooled litter samples were then transported on ice to the United States National Poultry

Research Center for further processing.
5.6.3 Salmonella isolation and identification

All samples were processed within 24 h of collection. Thirty grams from each pooled litter grab
sample was mixed with 120 ml phosphate buffered saline and shook with a hand wrist shaker
(Boekel Scientific, Model 401000) for 10 min. Litter eluate (100 pl) was direct plated to both
Brilliant Green Sulfur (BGS) and Xylose Lysine Tergitol-4 (XLT-4) agars. Plates were incubated
18-24 h at 37°C. Additionally, aliquots (1 ml) of the eluate were enriched in buffered peptone
water (9 ml) for 18-24 h at 37°C. Enrichments were plated to BGS and XLT-4 agars and
transferred to GN (Gram Negative) Hajna and Tetrathionate broths and incubated 24 h and 48 h,
respectively at 37°C. Afterwards, 100 pl of GN Hajna and Tetrathionate broth Broths were then
transferred to Rappaport-Vassiliadis R10 (RV) broth (BD; Franklin Lakes, NJ) and incubated at
37°C for 18-24 h. Thereafter, 10 pl of RV broth was plated to both BGS and XLT-4 agars.
Isolated colonies characteristic of Salmonella were struck onto triple sugar iron and lysine iron
agar slants and incubated at 37°C for 18-24 h. Presumptive Salmonella isolates (n = 55) were

serogrouped with antisera (Becton Dickinson) and then cryopreserved.
5.6.4 Antibiotic susceptibility testing

Antimicrobial susceptibility of Salmonella isolates was determined using the Sensititre™ semi-
automated system (Thermo Fisher Scientific, Kansas City, KS) according to manufacturer’s

instructions. Briefly, bacterial suspensions equivalent to a 0.5 McFarland standard were
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prepared, aliquoted into a CMV4AGNF panel and incubated at 37°C for 18 h. Minimum
inhibitory concentrations were determined and categorized as resistant according to Clinical and
Laboratory Standards Institute (CLSI) guidelines when available (CLSI, 2019); otherwise,
breakpoints established by the National Antimicrobial Resistance Monitoring System (NARMS)

were used (https://www.fda.gov/media/108180/download). Clinical and Laboratory Standards

Institute. 2019. Performance standards for antimicrobial susceptibility testing, 30th ed. CLSI

Document M100-Ed30. Clinical and Laboratory Standards Institute, Wayne, PA.

5.6.5 Whole genome sequencing, processing and taxonomic

classification

Select Salmonella isolates recovered from litter underwent Illumina short read sequencing and
Oxford Nanopore long read sequencing. All DNA extraction was performed using the FastDNA
spin kit for soil. Short read libraries were prepared using Nextera XT DNA library preparation
kits (Illumina, Inc., San Diego, CA) following the manufacturers protocol. Libraries were
sequenced on the MiSeq platform with 250-bp paired end reads. Four isolates underwent
sequencing at Novogene (Novogene Co., Ltd., Tianjin) using the Illumina NovaSeq 6000
platform with 150-bp paired end reads. Long read sequencing was conducted at Novogene using
the GridION platform (Oxford Nanopore Technology). Sequencing read quality control, adaptor
and quality trimming, genome assembly, antimicrobial resistance gene identification, virulence
factor identification, plasmid replicon identification, phage region identification and genome
annotation were done using Reads2Resistome pipeline v0.0.2 (Woyda, Oladeinde and Abdo,
2023). Isolates selected for both short read and long read sequencing were assembled using both

short and long reads using the --hybrid option in the Reads2Resistome pipeline. ResFinder
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(Bortolaia et al., 2020) was utilized for annotation of acquired resistance genes. Antimicrobial
resistance gene identification was performed using the Resistance Gene Identifier v5.1.1 (RGI)
which relies on the Comprehensive Antimicrobial Resistance Database and antibacterial biocide
and metal resistance genes were identified with BacMet. MLST was determined using the mlst

software (Seemann T, mlst Github https:/github.com/tseemann/mlst), which utilizes the

PubMLST website (https://pubmlst.org/). Serovar identification was performed using SISTR

(Yoshida et al., 2016) via Reads2Resistome. The minimum identity match used for all reference
database query hits was 85%. Verification of genes, as well as suspect plasmid replicon-
containing contigs was done using Megablast implemented in Geneious Prime version 2022.2.2.
Escherichia coli UMNKS88 plasmid (Genbank accession CP002730.1) was used as a reference
for the fae operon. Plasmid replicons were identified using the PlasmidFinder database via
ABRICATE (Carattoli et al., 2014; Seemann, no date). Additional gene annotation, with
available subsystem annotation, was performed using the Rapid Annotation using Subsystem
Technology (RAST) (Aziz et al., 2008). Plasmid maps were generated using BLAST Ring Image

Generator (Alikhan et al., 2011).
5.6.6 Statistical analysis

Antimicrobial resistance genes identified through RGI were filtered to include hits which
matched >=95% to the reference database sequence. Genes identified through BacMet and
ABRICATE (virulence factors) were filtered to include those matching >=80% to the reference
database. A table was generated based on the presence/absence of the identified genes in each
isolate from each database. Correspondence analysis on the presence/absence table of
antimicrobial resistance genes and virulence factors was conducted in R using the following

packages: factoextra v1.0.7, FactoMineR v2.4 and corrplot v0.2-0. Heatmaps were generated
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using the pheatmap package in R. A distance matrix was generated using the jaccard metric via
the vegdist function from the vegan v2.6-4 package (Jari Oksanen et al., 2022). The distance
matrix was used to determine the optimal number of clusters and was implemented using the
silhouette method from the fviz_nbclust function from the factoextra v1.0.7 package. Via the
pheatmap function, hclust() from the stats v3.6.2 package was then utilized to perform
hierarchical clustering using the ‘average’ (UPGMA) method. All analyses were done in

R v4.0.4 utilizing RStudio v1.2.1106. Using the Illumina quality-controlled short-read

sequences, taxonomic classification was performed using Kraken2.
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CHAPTER 6: CONCLUSION

This work has successfully evaluated the presence of pathogenic bacterial species in broiler
chicken production in the United States and has provided in-depth genomic characterization
regarding antimicrobial resistance, virulence and metal resistance. The novel contributions of this
work include: a robust bioinformatics pipeline which provides quality control of input
sequencing reads, genome assembly, genome annotation and antimicrobial resistance gene,
virulence gene, and prophage characterization in a high-throughput manner (Chapter 2); an
evaluation and comparison of the current distribution of antimicrobial resistance genes and
virulence factors present in E. coli isolates from chicken production and human clinical settings
in the United States (Chapter 3); and genomic characterization of the pathogenic bacteria,
Campylobacter and Salmonella (Chapter 4 and Chapter 5, respectively), in commercial scale
broiler chicken production as well as elucidation of the influence management practices and
environmental factors impose on their identified genetic elements. Overall, this work has shown
management practices, such as the addition of copper sulfate to drinking water, may be selecting,
and providing a reservoir, for bacteria harboring copper resistance on plasmids. Additionally, this
work has led to the proposal of the hypothesis that the reused litter environment, including both
microbial and physiochemical factors, may be capable of imposing selective pressures on

virulence factors relating to host colonization.

Much of the work characterizing pathogenic bacterial species in poultry production has
been focused on post-harvest isolates and those studying pre-harvest isolates have lacked in-

depth genomic characterization. Enumeration of bacterial species through microbiological
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methods give insight into the presence and persistence of species in environmental samples. The
impact of management practices and environmental factors on bacterial populations can be
elucidated through methods such as direct plating tools however, these methods lack the ability
to ask what genetic elements are contributing to bacterial fitness. Next generation sequencing
and high-performance computing have enabled researchers to rapidly characterize bacterial
genomes at scale. Chapter 2 presents a bioinformatics pipeline which performs assembly of

bacterial genomes and focuses on antimicrobial resistance and virulence factor identification.

Antimicrobial resistance is a growing threat to human health and the solution to this
problem is still not clear. The removal of antibiotics as growth promotors in broiler chicken
production and the rise of programs limiting antibiotic usage, such at the “No Antibiotics Ever”
program, have been aimed at reducing the incidence of resistant food-borne pathogens. However,
the incidence of drug-resistant food-borne pathogens has remained relatively unchanged in the
last 10 years. Thus, alternative management practices need to be, and have been, implemented to
reduce the presence of drug-resistant food-borne pathogens. The addition of copper sulfate to
drinking water is one such alternative management practice. This practice is often used as a
growth promotion method for chickens, or as a method of sanitization of water lines. However,
while this practice is meant to reduce bacterial populations, in Chapter 5 we observed the
persistence of Salmonella isolates, over multiple flock cycles, which harbored plasmids relating
to survival in copper-rich environments. Additionally, the practice of litter reuse, which is
practiced widely in the United States, is banned in Europe and Canada due to the presence of
pathogenic bacterial species. However, in Chapter 4, our data resulted in the hypothesis that the
litter environment was selecting for Campylobacter strains which are less likely to infect

chickens and humans. Thus, selective pressures imposed by management practices may not
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always align with initial expectations and we must further understand the influence of these
practices so we may appropriately use them to our advantage in reducing the incidence of

pathogenic, virulent and drug-resistant bacterial species in the food production space.

Overall, this dissertation contributes to the field of food and environmental microbiology
by providing methods for robust and high-throughput analysis of bacterial genomes and
providing knowledge of an understudied litter medium and insights into the selective pressures
imposed by modern-day broiler chicken production management practices. In closing, I hope this
work serves as a foundation for further work into elucidating selective pressures on bacterial

pathogens imposed by management practices.
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APPENDIX

Table S2.1. Bandage graphs for isolates under various assembly conditions.

EC-IC SH-IC

Short read assembly

Hybrid assembly
MinION PacBio MinION PacBio
V — =
= ® Ll @ ® e o & & M Ko @ ®

Long read assembly
MinIlON PacBio MinION PacBio
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Table S2.2. Summary of assembly resources and run-time under various assembly conditions.

Isolates included in run Assembly method Elapsed time --threads (option) CPU-hours

EC-IC Illumina;
Short Read 16m 13s 64 0.6
SH-IC Illumina

EC-IC MinlION;
EC-IC PacBio;

Hybrid 4h 31m 45s 64 5.3
SH-IC MinION;

SH-ICPacBio

EC-IC MinlION;
EC-IC PacBio;

Long Read 23m 46s 64 0.9
SH-IC MinION;

SH-IC PacBio
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Table S2.3. Summary of resistome characterization for assembled isolates under various
assembly conditions.

Short Read Hybrid Long Read
[llumina MinlON PacBio MinlION PacBio
Isolate Database Number of identified elements
ARG-ANNOT 8 8 8 7 8
CARD 48 48 48 44 43
MEGARes 58 58 58 53 52
NCBI 4 4 4 3 4
EC-IC
PlasmidFinder 7 7 7 5 5
ResFinder 4 4 4 3 4
VirulenceFind 70 72 72 55 55
er
SH-IC ARG-ANNOT 8 8 8 6 5
CARD 29 30 30 6 9
MEGARes 36 37 37 6 16
NCBI 4 4 4 4 3
PlasmidFinder 3 3 3 2 2
ResFinder 5 5 5 5 4
VirulenceFind 105 105 106 44 99
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Table S2.4. Summary of identified bacteriophages under various assembly conditions.

Short Read Hybrid Long Read

Illumina MinlON PacBio MinION PacBio

Isolate Bacteriophage family regions identified
Siphoviridae  Siphoviridae
Siphoviridae  Siphoviridae
Siphoviridae
EC-IC Siphoviridae  Siphoviridae
Myoviridae Siphoviridae None
Myoviridae Myoviridae
Myoviridae
Myoviridae Myoviridae
Unknown Unknown
Siphoviridae Siphoviridae  Siphoviridae
SH-IC Podoviridae Podoviridae =~ Podoviridae
None None
Myoviridae Myoviridae Myoviridae
Unknown Unknown Unknown

198
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Figure S3.1. Principal component analysis of identified antimicrobial resistance genes from RGI
and ResFinder. Isolates are labeled corresponding to their state origin.
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PCA on AMR: Year
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Figure S3.2. Principal component analysis of identified antimicrobial resistance genes from RGI
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Table S3.2. Drug classes, identified through RGI (CARD) output of AMR genes, which
significantly differed in proportion between isolates from the various isolation years as
determined by the Wilcoxon rank-sum test. Genes conferring resistance to drug classes were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population conferring resistance to a given drug class. P value adjustment performed by
the Benjamini-Hochberg false discovery rate correction.

2018 vs 2019 2018 vs 2020 2019 vs 2020
Adjusted Adjusted Adjusted p
Drug class Drug class Drug class
p value p value value
fluoroquinolone 3E-12 |aminoglycoside | 5.7E-07|cephamycin 3.6E-08
macrolide 7.3E-07 | sulfonamide 0.0002 | fosfomycin 2.7E-07
cephalosporin 0.00027 | acridinedye 0.00042 | aminoglycoside 3.6E-06
cephamycin 0.003 |penam 0.0012 | diaminopyrimidine 6.1E-05
penem 0.013|tetracycline 0.002 | macrolide 0.00028
monobactam 0.056 |fosfomycin 0.11| fluoroquinolone 0.00041
diaminopyrimi
tetracycline 0.071|dine 0.46| penam 0.0057
fluoroquinolon
peptide 0.211e 1|sulfonamide 0.0077
acridinedye 0.42 | cephalosporin 1|acridinedye 0.012
sulfonamide 0.52|glycylcycline 1| cephalosporin 0.18
oxazolidinone 0.74 | phenicol 1|glycylcycline 1
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aminoglycoside 0.85 |rifamycin phenicol
glycylcycline 1|triclosan rifamycin
penam 1 |cephamycin tetracycline
phenicol 1 |peptide triclosan
rifamycin 1 |aminocoumarin peptide
triclosan 1| glycopeptide aminocoumarin
aminocoumarin 1 |macrolide glycopeptide
glycopeptide 1 |lincosamide lincosamide
diaminopyrimidin
e 1 |streptogramin streptogramin
lincosamide 1|nitrofuran elfamycin
benzalkoniumchlori
streptogramin 1|carbapenem de
fosfomycin 1 |monobactam rhodamine
elfamycin 1|penem nitrofuran
benzalkoniumchlo
ride 1 [nucleoside carbapenem
rhodamine 1 |oxazolidinone monobactam
nitrofuran 1|pleuromutilin penem
carbapenem 1 |elfamycin NaN nucleoside
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benzalkoniumc

nucleoside hloride NaN pleuromutilin
pleuromutilin rhodamine NaN nitroimidazole NaN
nitroimidazole NaN nitroimidazole |NaN oxazolidinone NaN
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Table S3.3. Drug classes, identified through the ResFinder output of acquired AMR genes,
which significantly differed in proportion between human clinical isolates and chicken
production isolates as determined by the Wilcoxon rank-sum test. Chicken production isolate
average proportions were compared against human clinical isolates. Genes conferring resistance
to drug classes were enumerated for each isolate and a proportion was calculated using the total
number of genes in the study population conferring resistance to a given drug class. P value
adjustment performed by the Benjamini-Hochberg false discovery rate correction.

Drug Class Adjusted p value

cephalosporin 1.99E-20
penam 6.33E-20
penem 5.85E-17
monobactam 5.85E-17
diaminopyrimidine antibiotic 3.83E-12
macrolide antibiotic 6.94E-09
disinfecting agents and intercalating dyes 5.70E-08
sulfonamide antibiotic 0.00033
carbapenem 0.0019
fluoroquinolone antibiotic 0.015
phenicol 0.042
aminoglycoside antibiotic 0.49
tetracycline antibiotic 0.85
cephamycin 1
streptogramin antibiotic 1
lincosamide antibiotic 1
disinfecting agents 1
fosfomycin 1
peptide antibiotic 1
benzalkonium chloride 1
rhodamine 1
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Table S3.4. Drug classes, identified through RGI (CARD) output of AMR genes, which
significantly differed in proportion between human clinical isolates and chicken production
isolates as determined by the Wilcoxon rank-sum test. Chicken production isolate average
proportions were compared against human clinical isolates. Genes conferring resistance to drug
classes were enumerated for each isolate and a proportion was calculated using the total number
of genes in the study population conferring resistance to a given drug class. P value adjustment
performed by the Benjamini-Hochberg false discovery rate correction.

Drug Class Adjusted p value

diaminopyrimidine 1.53E-42
fluoroquinolone 1.75E-41
macrolide 8.25E-32
cephamycin 1.53E-27
monobactam 1.49E-18
penem 9.27E-18
fosfomycin 6.42E-17
aminoglycoside 6.76E-11
sulfonamide 2.84E-09
elfamycin 1.10E-05
phenicol 0.00027
peptide 0.00029
nucleoside 0.0069
streptogramin 0.015
rifamycin 0.21
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lincosamide 0.24
tetracycline 0.39
aminocoumarin 0.44
cephalosporin 1
glycylcycline 1
penam 1
triclosan 1
glycopeptide 1
benzalkoniumchloride 1
rhodamine 1
nitrofuran 1
carbapenem 1
acridinedye 1
oxazolidinone 1
pleuromutilin 1
nitroimidazole NaN
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Table S3.6. Confusion matrix resulting from Random Forests classification on filtered
presence/absence table of identified AMR and virulence factors (Table S3.1). All 791 chicken
production and human clinical isolates were reclassified into their respective clusters which were
identified through hierarchical clustering. Rows indicate reclassified isolates and columns

original hierarchical cluster.

Hierarchical Cluster A B Error
A 644 0 0
B 0 130 0

Table S3.7. RGI-identified antimicrobial resistance genes with mutations conferring resistance.

Gene w/mutation Mutation

Escherichia coli EF-Tu mutants conferring resistance to Pulvomycin R234F

Escherichia coli parC conferring resistance to fluoroquinolones S80I

Escherichia coli UhpT with mutation conferring resistance to fosfomycin | E350Q

Escherichia coli PtsI with mutation conferring resistance to fosfomycin | V251

Escherichia coli gyrA conferring resistance to fluoroquinolones S83L (30 isolates)
S84L (2 isolates)
D87Y (275
isolates)

Escherichia coli GlpT with mutation conferring resistance to fosfomycin | E448K

Haemophilus influenzae PBP3 conferring resistance to beta-lactam D350N

antibiotics

Escherichia coli gyrA conferring resistance to triclosan D87G

Escherichia coli cyaA with mutation conferring resistance to fosfomycin |S352T

Escherichia coli marR mutant conferring antibiotic resistance Y137H

(fluoroquinolone antibiotic; cephalosporin; glycylcycline; penam;

tetracycline antibiotic; rifamycin antibiotic; phenicol antibiotic;

triclosan)

Escherichia coli soxR with mutation conferring antibiotic resistance R20H and G121D

(fluoroquinolone antibiotic; cephalosporin; glycylcycline; penam;

tetracycline antibiotic; rifamycin antibiotic; phenicol antibiotic;

triclosan)

Escherichia coli soxS with mutation conferring antibiotic resistance n/a

(fluoroquinolone antibiotic; monobactam; carbapenem; cephalosporin;
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glycylcycline; cephamycin; penam; tetracycline antibiotic; rifamycin
antibiotic; phenicol antibiotic; triclosan; penem)

triclosan)

Escherichia coli acrR with mutation conferring multidrug antibiotic
resistance (fluoroquinolone antibiotic; cephalosporin; glycylcycline;
penam; tetracycline antibiotic; rifamycin antibiotic; phenicol antibiotic;

n/a

Table S3.8. Confusion matrix resulting from Random Forests classification on filtered
presence/absence table of identified AMR and virulence factors (Table S3.1). All 791 chicken
production and human clinical isolates were reclassified into their respective host sources. Rows
indicate reclassified isolates, columns original host, and red numbers indicate misclassified.

Host Chicken Production Human Clinical Error
Chicken Production 447 5 0.011
Human Clinical 19 323 0.0556
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Table S3.9. Random Forests classification misclassified host results. All 791 chicken production
and human clinical isolates were reclassified into their respective Host sources. Random Forests
classification was performed on the filtered presence/absence table of identified AMR and

virulence factors (Table S3.1).

Random Forests Host Predictions
Hierarc
Predicted Isolation hical
Isolate Host Actual Host source Phylogroup | Cluster
Chicken
SRR10687714 Human Chicken Pro. F A
Thighs
SRR10687982 Human Chicken Pro. |Chicken Wings A A
SRR8590847 Human Chicken Pro. Chicken B2 A
SRR9984631 Human Chicken Pro. | Chicken Wings B1 A
SRR9984720 Human Chicken Pro. | Chicken Wings B1 A
SAMNO09981238 | Chicken Pro. Human Feces A A
SAMN10620159 | Chicken Pro. Human Sepsis A A
SAMN10722958 | Chicken Pro. Human Rectal A A
SAMN10722963 | Chicken Pro. Human Rectal A A
SAMN10722966 | Chicken Pro. Human Rectal A A
SAMNO09981239 | Chicken Pro. Human Feces B1 A
SAMNO09981247 | Chicken Pro. Human Feces B1 A

209




SAMNO09981249 | Chicken Pro. Human Feces B1
SAMNO09981263 | Chicken Pro. Human Feces B1
SAMNO09981265 | Chicken Pro. Human Feces B1

SRR10728218 Chicken Pro. Human Blood B1
SAMNO09981305 | Chicken Pro. Human Feces B1
SAMNO09981307 | Chicken Pro. Human Feces B1
SAMNO09981302 | Chicken Pro. Human Feces B2
SAMN10722961 | Chicken Pro. Human Rectal B2
SAMN10620143 | Chicken Pro. Human Sepsis D
SAMNO09981237 | Chicken Pro. Human Feces D

SRR6892704 Chicken Pro. Human Feces D

SRR6892705 Chicken Pro. Human Feces D
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Table S3.10. Confusion matrix resulting from Random Forests classification on filtered
presence/absence table of identified AMR and virulence factors (Table S3.1). All 791 chicken
production and human clinical isolates were reclassified into their respective ClermonTyper
identified phylogroups sources. Rows indicate reclassified isolates, columns original host, and
red numbers indicate misclassified.

Phylogroup | A | B1 | B2 |[C| cladeI | D E |EorcladeI | F | G | Unknown Error

A 117 | 14 | 0 |0 0 1 0 0 0|0 0 0.11

B1 5 (177 0 |1 0 0 0 0 0|0 0 0.03
B2 0 0 |184 |0 0 0 0 0 0| 0 0 0

C 0 11 0 |12 0 0 0 0 0|0 0 0.48
clade I 0 0 0 |0 8 0 0 0 0|0 0 0
D 0 0 0 |0 0 103 | 0 0 0|0 0 0

E 0 0 0 |0 0 4 71 0 0] 0 0 0.05
EorcladeI | 0 0 0 |0 0 3 1 0 0] 0 0 1

F 0 0 0 |0 0 0 0 0 25| 1 0 0.04

G 0 0 0 |0 0 1 0 0 0 | 54 0 0.02
Unknown 1 0 0 |0 0 0 0 0 0| 0 0 1
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Table S3.11. Virulence factor-associated functions which significantly differed in proportion
between human clinical isolates and chicken production isolates as determined by the Wilcoxon
rank-sum test. Virulence genes associated with each function were enumerated for each isolate
and a proportion was calculated using the total number of genes in the study population with the
given function. P value adjustment performed by the Benjamini-Hochberg false discovery rate
correction.

VFDB Fcn Adjusted p value

Autotransporter 7.95E-42
Toxin 2.54E-28
Adherence 1.08E-23
Invasion 6.34E-23
LEE-encoded-TTSS-effectors 1.79E-12
Iron.uptake 5.33E-11
Non-LEE-encoded-TTSS-effectors 6.53E-09
Secretion system 0.00029
Protease 0.051
Immune evasion 0.067
Fimbrial adherence determinants 0.078
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Table S3.12. Proportion (%) of virulence factor-associated functions across identified
phylogroups. The set of functions for each gene was counted and summed for all isolates in a
given phylogroup. Virulence genes associated with each function were enumerated for each
isolate and a proportion was calculated using the total number of genes in the study population
with the given function.
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Table S4.2. Virulence factor-associated functions across all C. jejuni and C. coli isolated.
Virulence factor identification was performed with ABRICATE which utilized the Virulence
Factor Database (VFDB). For each identified virulence gene, the associated function(s) were
enumerated.

Virulence Factor Function Count
Motility and export apparatus 1623
Colonization and Immune evasion 779
Glvcosvlation system 436
Immune evasion 340
Toxin 312
Adherence 302
Invasion 295
Chemotaxis and motility 220
Secretion system 44
capsule 44

Table S4.3. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between broiler houses 1 and 2 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test:house 1 vs house 2 (C. jejuni)
Function adiusted p value
Adherence 1
Colonization and Immune evasion 1
Capsule NaN
Chemotaxis and motility NaN
Glvcosvlation system NaN
Immune evasion NaN
Invasion NaN
Motility and export apparatus NaN
Secretion system NaN
Toxin NaN
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Table S4.4. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between broiler houses 2 and 4 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 2 vs house 4 (C. jejuni)
Function adiusted p value
Immune evasion 0.16
Adherence 0.30
Colonization and Immune evasion 0.37
Glvcosvlation system 0.49
Invasion 1
Motility and export apparatus 1
Toxin 1
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN
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Table S4.5. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between broiler houses 1 and 4 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 1 vs house 4 (C. jejuni)
Function adjusted p value
Immune evasion 0.17
Colonization and Immune evasion 0.39
Glvcosvlation system 0.87
Invasion 1
Motility and export apparatus 1
Toxin 1
Adherence 1
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN
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Table S4.6. Comparison of average proportions of virulence factor-associated functions for C.
jejuni isolates which significantly differed in proportion between broiler houses 3 and 4 as
determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
enumerated for each isolate and a proportion was calculated using the total number of genes in
the study population with the given function. Adjusted p value adjustment was performed by the
Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 3 vs house 4 (C. jejuni)
Function adiusted p value
Colonization and Immune evasion 1
Glvcosvlation system 1
Immune evasion 1
Invasion 1
Motility and export apparatus 1
Toxin 1
Adherence NaN
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN
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Table S4.7. Comparison of virulence factor-associated functions for C. coli isolates from flock 1
and flock 2. Comparison was performed by the Wilcoxon rank-sum test. Virulence genes
associated with each function were enumerated for each isolate and a proportion was calculated
using the total number of genes in the study population with the given function. Adjusted p value
adjustment was performed by the Benjamini-Hochberg false discovery rate correction method.
‘NalN’ values are due to the inability to compute p values due to average proportion values being
identical for all isolates.

Wilcoxon rank-sum test: flock 1 vs flock 2 (C. coli: houses 2,3,4)
Function adiusted p value
Colonization and Immune evasion 1
Glvcosylation system 1
Immune evasion 1
Invasion 1
Toxin 1
Adherence NaN
Capsule NaN
Chemotaxis and motility NaN
Motility and export apparatus NaN
Secretion system NaN
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Table S4.8. Comparison of virulence factor-associated functions for C. jejuni isolates from flock
2 and flock 3. Comparison was performed by the Wilcoxon rank-sum test. Virulence genes
associated with each function were enumerated for each isolate and a proportion was calculated
using the total number of genes in the study population with the given function. Adjusted p value
adjustment was performed by the Benjamini-Hochberg false discovery rate correction method.
‘NalN’ values are due to the inability to compute p values due to average proportion values being
identical for all isolates.

Wilcoxon by flock 2 vs flock 3 C. jejuni (house 1, 2 and 4)
Function adijusted p value
Immune evasion 0.63
Colonization and Immune evasion 0.63
Adherence 1
Invasion 1
Glvcosvlation system 1
Secretion system NaN
Toxin NaN
Capsule NaN
Motility and export apparatus NaN
Chemotaxis and motility NaN
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Table S4.9: Virulence factors and functions absent from grow-out cycle 3 isolates.

Virulence Factor

Function

Function

ArsP arsenic resistance arsenic resistance
acr3 arsenic resistance arsenic resistance
fcl GDP-L-fucose synthetase related to capsule - virulence
kfiD UDP-glucose 6-dehydrogenase related to capsule - virulence
PseE.maf5 Glycosylation system N-linked protein glycosylation,
mutation results in non-motile
phenotype
glf UDP-galactopyranose mutase Galactose metabolism, Amino sugar
and nucleotide sugar metabolism
Cj1440c Colonization and Immune evasion | Capsule biosynthesis and transport
Cj1432c Colonization and Immune evasion | Capsule biosynthesis and transport
Cjl421c Colonization and Immune evasion | Capsule biosynthesis and transport
Cj1438c* Colonization and Immune evasion | Capsule biosynthesis and transport
Cj1422c* Colonization and Immune evasion | Capsule biosynthesis and transport
Cj1437c* Colonization and Immune evasion | Capsule biosynthesis and transport
Cj1436¢* Colonization and Immune evasion | Capsule biosynthesis and transport
Cj1435c* Colonization and Immune evasion | Capsule biosynthesis and transport

* indicates genes absent from grow-out cycle 2
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Table S4.10. Megablast results for Campyloabcter coli isolates against the NZ_CP014743 T4SS.

Isolate |Flock % Pairwise Query E Max Sequence

ID cohort Identity coverage Value |Length

CC32 2(97.5% 61.78% 0 12354
CC34 2197.5% 61.45% 0 12288
CC36 2(96.5% 37.07% 0 7414
CC32 2(99.5% 34.87% 0 6974
CC36 2199.5% 34.87% 0 6974
CC33 2(95.1% 24.70% 0 4940
CC36 2199.1% 24.05% 0 4810
CC34 2199.7% 17.77% 0 3553
CC34 2199.3% 16.47% 0 3294
CC33 2199.2% 11.48% 0 2296

*T4SS query length 21,526 bp from the Campylobacter megaplasmid NZ_CP014743 (50,831bp
- 72,356bp). Results with a query coverage cutoff <10% were excluded. Isolates with multiple
row entries are representative of hits on separate contigs.
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Table S4.11. Megablast results for Campyloabcter jejuni isolates against the NZ_CP014743

T6SS.
% Pairwise
Isolate ID |Flock cohort . Query coverage |E Value |Max Sequence Length
Identity

CI15 1199.3% 95.13% 0 16171
123 1199.3% 95.13% 0 16171
129 1199.3% 95.13% 0 16171
.14 1199.3% 95.13% 0 16171
.16 1199.3% 95.13% 0 16171
17 1199.3% 95.13% 0 16171
CH22 1199.4% 85.14% 0 14461
CI12 1199.4% 85.14% 0 14461
CI116 1199.4% 85.14% 0 14461
c1 1199.4% 85.14% 0 14461
120 1199.4% 85.14% 0 14461
CI121 1199.4% 85.14% 0 14461
I3 1199.4% 85.14% 0 14461
135 2199.4% 85.14% 0 14461
CI110 1199.3% 76.20% 0 12958
CI25 1]198.3% 74.05% 0 12593
C.126 1199.2% 64.11% 0 10910
CI5 1199.4% 37.08% 0 6306
CI13 1199.7% 30.72% 0 5214
C.JI5 1199.7% 30.67% 0 5207
176 1199.7% 30.39% 0 5159
CI113 1199.4% 30.25% 0 5147
C.I25 1199.7% 25.58% 0 4349
119 1199.6% 21.38% 0 3630
c1n7 1]198.8% 20.87% 0 3551
c1n7 1199.6% 20.37% 0 3457
c127 1199.7% 15.37% 0 2609
130 1197.8% 14.49% 0 2467
C127 1]198.4% 13.36% 0 27284
19 1199.7% 12.97% 0 2201
C1n7 1199.1% 12.48% 0 2118
19 1]198.4% 12.16% 0 2081
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*T6SS query length 16,975 from the Campylobacter megaplasmid NZ_CP014743 (13,397bp to
30,371bp). Results with a query coverage cutoff <10% were excluded. Isolates with multiple row
entries are representative of hits on separate contigs.

Table S4.12. Antibiotic susceptibility testing of Campylobacter isolates (separate file).

Table S4.13. Antimicrobial resistance genes identified in Campylobacter isolates.

ARG Drug class Present in

cephalosporin, fusidane antibiotic, macrolide antibiotic,

cmeABC fluoroquinolone antibiotic C. coli

cephalosporin, fusidane antibiotic, macrolide antibiotic,

cmeDEF fluoroquinolone antibiotic C. coli, C. jejuni

cephalosporin, fusidane antibiotic, macrolide antibiotic,

cmeR fluoroquinolone antibiotic C. jejuni

acr3 arsenic C. jejuni

arsP arsenic C. jejuni
blaOXA-61 cephalosporin, penam, carbapenem C. coli, C. jejuni
tetO tetracycline C. coli
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Table S4.14: Roary presence absence spreadsheet (separate file).

Figure S5.1. Annotated Salmonella Kentucky IncI1 plasmid.
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Figure S5.2. BLASTn alignment of the Salmonella Enteritidis IncF plasmid to the plasmid
pSJTUF10978 (GenBank accession # CP015525).
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Table S5.1: Metadata and ARG and VF presence absence spreadsheet (separate file).

Table S5.2: BacMet identified biocide and metal resistance genes (separate file).

Table S5.3. Virulence factor functional categories of virulence factors identified from the
Virulence Factor Database (VFDB) (via ABRICATE (Reads2Resistome) (separate file).

Table S5.4. Drug classes conferred by genes identified by the Resistance Gene Identifier which
utilizes the Comprehensive Antibiotic Resistance Database (separate file).

Table S5.5. Antibiotic susceptibility testing results for Salmonella isolates (separate file).
Table S5.6. Salmonella isolate-associated plasmid replicons (separate file).

Table S5.7. RAST plasmid annotations (separate file).
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