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Abstract:

Many associations between the gut microbiota, host health, and disease have been
revealed, however, mechanistic research to determine causality is necessary. Gnotobiotic animal
models, where all organisms are known, are the gold standard to examine mechanisms of
causality and gnotobiotic mice are the most widely implemented animal model. The overall
objective of this thesis was to create a novel gnotobiotic mouse model colonized with a swine
defined community (DC) to study the effects of early life Escherichia coli and amoxicillin
administration on subsequent Salmonella resistance previously investigated in conventional pigs.
To create a DC, a swine-derived bacterial culture collection with 35 species spanning 15 genera,
12 families, and 6 phyla was generated. The curation of a representative pig DC with whole
genomes consisting of 16 species was established based on the proposed swine core microbiota
and prominent bacteria in pre-weaning piglets. Germ-free C57BL/6J male mice (N = 8) were
colonized with the pig DC to determine the colonization ability and pattern in a mouse model.
The majority (14/16 species) of the DC colonized the mouse gut except for Prevotella copri and
Streptococcus hyointestinalis. The B diversity in the ileum significantly differed from the cecum,
colon, and feces, which was driven by the enrichment of Streptococcus and Lactobacillus in the
ileum versus Bacteroides in the lower tract; and the total bacteria load in the ileum was
significantly lower than the other regions (P < 0.05). Similar biogeographical colonization and
bacterial loads are observed in pigs.

Preliminary results suggesting that E. coli and amoxicillin administration in early life can
enhance piglets’ immune responsiveness to intraperitoneal heat-killed Salmonella enterica
serovar Typhimurium (S. Tm) were tested in our swine DC mouse model. Female C57BL/6J

mice colonized with the swine DC with or without E. coli were bred and during the first two
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weeks of their pups’ lives, dams were either administered sterile amoxicillin drinking water or
sterile drinking water. The four pup treatment groups (E. coli + Amoxicillin, n = 5; E. coli,n = 8;
Amoxicillin, n = §; and Control, n = 8) were then challenged with live S. Tm SL1344 at six
weeks of age, after normalization of the gut microbiota on post-natal day 21. The S. Tm load in
both the ileum and liver significantly differed by treatment, with the lowest loads observed in the
EA group, suggesting that the combined neonatal exposure to E. coli and amoxicillin does
facilitate local and systemic pathogen burden later in life (P < 0.05). At 48 hrs post-infection,
there were no differences in inflammatory cytokine levels between treatments. Furthermore, sex
differences in S. Tm load and cytokine production were observed without accompanying
microbiota differences. Males suffered from significantly greater S. Tm loads in the ileum,
cecum, and liver with significantly increased IL-6 and IL-10 (P < 0.05). While largely
underexplored in S. Tm infection, sexual dimorphism was consistent with other enteric infections
and may be due to a greater innate and cell-mediated immune response without excessive
proinflammatory cytokine production. While these results show that early life microbial and
antibiotic interventions have long lasting impacts on S. Tm resistance, further research is needed
to unravel the mechanisms behind early life E. coli and amoxicillin exposure on immune system

development and subsequent disease resistance.
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Chapter 1: Introduction
1.1 Fundamentals of the Intestinal Microbiota:
1.1.1 Microbial Membership, Colonization History, and Succession Patterns

Over time, both humans and animals have coevolved with commensal microbes (Moeller
et al., 2016). The population of organisms in the gut (microbiota) are largely comprised of
bacteria, and as such, bacteria have been widely studied for their role in host health and disease.
Colonizing bacteria augment their host through protective and metabolic functions via
metabolism of substrates inaccessible to host enzymes, preventing infection by pathogen
exclusion, and modulating the host’s immune system development and subsequent response
(Cabreiro & Gems, 2013; Erkosar et al., 2013). These bacteria reside throughout the host, both
externally and internally, with the densest populations found within the gastrointestinal (GI) tract
(GIT) (Sender et al., 2016). The GIT is home to an abundant reservoir of various microbes,
which consists of bacteria, archaea, fungi, microbial eukaryotes, protozoa and viruses that
interact in a spatial and temporal manner (Koenig et al., 2011; Yatsunenko et al., 2012).
Collectively, the microbiota and their genetic repertoire make up the microbiome and for the
purpose of this thesis, the terms “microbe(s)” and “microbiota” will refer strictly to bacterial
taxa.

The total number of bacterial cells is estimated to be 3.8 x 10! in the human body with
the majority residing in the GIT (Sender et al., 2016). Consisting of just over 1000 bacterial
species, the human gut microbiota is highly diverse (Qin et al., 2010; Rajili¢-Stojanovi¢ & de
Vos, 2014). To grasp the scope of the microbiome’s genetic content Tierney et al. (2019)
identified over 22 million non-redundant genes in the human gut through a meta-analysis

comprising 3,655 samples from 13 studies. To put these numbers in perspective, when the
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human genome was sequenced, 26,600 protein encoding transcripts were identified (Venter et
al., 2001). In comparison to humans, deep metagenome sequencing of fecal DNA from 287 pigs
identified 7, 685, 872 non-redundant genes (Xiao et al., 2016). Clearly, the gut microbiome is
vast and there is much research needed to determine their roles in the body.

The human gut microbiota is comprised of five core phyla, with Bacteroidetes and
Firmicutes largely dominating (Huttenhower et al., 2012; Ottman et al., 2012; Qin et al., 2010).
Bacteroidetes are Gram-negative bacteria that have an extra outer membrane layer containing
lipopolysaccharides (LPS), which elicit a variety of immunological responses in the host. This
phylum includes the genera Prevotella and Bacteroides, whose abundances are usually inversely
correlated to each other due to substrate preferences (Vogt et al., 2017). Firmicutes is the largest
phylum comprised of genera such as Ruminococcus, Clostridium, Lactobacillus, Roseburia,
Eubacterium, Faecalibacterium, and Mycoplasma. These bacteria have a Gram-positive cell wall
with a thick peptidoglycan layer. The remaining phyla, Actinobacteria (which includes
Bifidobacterium), Proteobacteria (which includes Escherichia), and Verrumicrobia (which
includes Akkermansia) make up much smaller fractions of the human microbiota at
approximately ~4% abundance total (Huttenhower et al., 2012; Qin et al., 2010). The porcine
microbiota is commonly composed of three main phyla, Firmicutes, Bacteroides, and
Proteobacteria which account for over 90% of the microbiota, the rest of the microbiota is
comprised mainly of Spirochetes, Fusobacteria, Actinobacteria, and Tenericutes (Holman et al.,
2017; Kim et al., 2011; Kim & Isaacson, 2015; Mach et al., 2015; Schokker et al., 2014; Song et
al., 2017). Despite the abundance of these phyla in the GIT, these microbes represent a small
portion of all taxa on earth and many of these taxa are unable to replicate outside of the GIT

highlighting their adaptation to this particular niche; as does the fact that the relative abundance
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of bacteria and the dominant species found along the tract varies (Lawley & Walker, 2013; Ley
et al., 2008; Liu et al., 2019; Suzuki & Nachman, 2016; Xiao et al., 2018).

The organisms found within each phylum are not represented equally in all individuals
due to genetic, environmental, lifestyle and age differences (Qin et al., 2010). Notably, only
about 10% of species have been estimated to be present in every individual, which makes
defining a core microbiota difficult (Qin et al., 2010). Early in life, priority effects dictate that the
timing and colonization order of species during community assembly cause specific variations in
both the structure and function of communities (de Meester et al., 2016; Fukami, 2015). A study
using a specific pathogen free (SPF) piglet model of microbial assembly showed that 2 batches
of identically reared piglets developed different microbial communities (Merrifield et al., 2016).
This variation came down to the colonization of Clostridia during the first day of life, however, it
should be noted that the second batch was not litter matched, therefore piglets could have been
exposed to different microbes at birth (Merrifield et al., 2016). Furthermore, the timing and
frequency of exposure is important as multiple exposures during early life can result in a
different microbial profile than a single exposure to the same microbial consortium (Schmidt et
al., 2011).

Four concepts of community assembly: dispersal, selection, drift, and diversification,
have been proposed to explain patterns of microbial succession, distribution, and abundance
(Vellend, 2010). These four concepts are involved in community assembly and maintenance
throughout an individual’s life, and a multitude of factors play a role in these processes.
Dispersal, the movement of organisms to an ecosystem, is a prominent force at birth as the infant
is exposed to the maternal microbiota (Chu et al., 2017). In 2016, Nayfach and colleagues

determined that 91% of strains found in the stool of mothers were also present in their newborns,
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but only 55% of those strains were found a year later. After exposure to a microbe, its growth
and abundance can be shaped by both selection and ecological drift. Fitness and niche
differences among taxa select for the reproduction and survival of certain species, which is
largely driven by abiotic conditions like environmental conditions within the GIT, biotic
interactions between organisms, and host factors like the immune system and diet (Zhou & Ning,
2017). For example, human milk oligosaccharides in milk select for mucus-adapted species that
possess glycoside hydrolases that can metabolise this nutrient (Marcobal et al., 2011). The
concept of drift encompasses stochastic events, which Zhou and Ning (2017) defined as “random
changes in the community structure with respect to species identities and/or functional traits due
to stochastic processes of birth, death, immigration and emigration, spatiotemporal variation,
and/or historical contingency”. The effects of drift are more profound on low abundance taxa as
they are infrequent colonizers and their small populations subject them to extinction and
subsequent replacement by other species (Nemergut et al., 2013; Shade et al., 2012). A final
important concept is diversification, where microbes rapidly adapt to various conditions within
the body by generating new genetic variations that confer support survival. Rapid mutations and
horizontal gene transfer are examples of diversification that microbes employ when facing
inhospitable environments to promote their ecological stability and survival (Shapiro et al.,
2012). Together, these concepts of community assembly facilitate the colonization of microbes
and dictate the structure and composition of these microbes throughout the host’s life.
1.1.2 The Human Intestinal Microbiota

The microbiota colonizes early in life through exposure to factors like the mother’s
microbiota, the environment, and diet until the succession of microbes reaches a more stable

“climax” community (Béckhed et al., 2015; Koenig et al., 2011; Palmer et al., 2007). Genetics
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play less of a role than the aforementioned factors, as previous studies estimated that genetic
factors account for less than 10% of the variation in gut microbiota (Falony et al., 2016; Rothschild
et al., 2018). For human infants, the first 3 years of life are crucial for microbial colonization and
represents a critical period to improve growth and development (Arrieta et al., 2014; de Filippo et
al., 2010; Koenig et al., 2011; Lim et al., 2016; Rodriguez et al., 2015; Yatsunenko et al., 2012).
Within the first 3 years of life, the gut microbiota is dynamic, and infants are dominated by fewer
bacterial species than their older counterparts (Béckhed et al., 2015; Yatsunenko et al., 2012).
However, the gut microbiota is more highly variable between individuals during infancy than in
adulthood (Avershina et al., 2014; Backhed et al., 2015; Palmer et al., 2007; Yatsunenko et al.,
2012). Various factors such as genetics, gestational age, mode of delivery, diet, sanitation, and
early life antibiotic treatment all influence which microbes are present and account for these shifts
(Milani et al., 2017). At birth, the intestines are aerobic, which favors the growth of bacteria from
the phyla Proteobacteria especially taxa from the Enterobacteriaceae tamily, like Escherichia coli
(Béckhed et al., 2015; del Chierico et al., 2015; Milani et al., 2017; Qin et al., 2010). Lactobacillus
species are also common in babies delivered vaginally as the vaginal microbiota is heavily
dominated by lactobacilli, and Staphylococcus species are early colonizers as they are widespread
on mucosal and skin surfaces (Aagaard et al., 2012; Arrieta et al., 2014; Avershina et al., 2014).
Shortly after birth, the intestinal lumen becomes anaerobic allowing strict anaerobic genera such
as Bacteroides, Bifidobacterium, and Clostridium to colonize (Matamoros et al., 2013). Then, the
dominant families in the first few weeks of an infant’s life are Bifidobacteriaceae, Clostridiaceae,
Enterococcaceae, Lactobacillaceae, and Streptococcaceae (Fallani et al., 2011; Koenig et al.,

2011). The diet of young infants consists of milk, however, once weaned solid foods are the main



food source and shifts the microbial community towards taxa that metabolize complex
carbohydrates, starch, and other novel substrates (Koenig et al., 2011; Laursen et al., 2016).

During weaning, alpha diversity increases while beta diversity decreases, and the dominant
phyla shift towards Firmicutes and Bacteroidetes (Fallani et al., 2011; Koenig et al., 2011). With
the increase in the variety of nutrients like microbially metabolized polysaccharides, the relative
abundance of the taxa Bifidobacterium, Clostridium, Ruminococcus, Lachnospiraceae, and
Enterobacteriaceae increases (Fallani et al., 2011; Koenig et al., 2011). During the toddler stage,
increased protein intake corresponds to greater Lachnospiraceae, while a decrease in
Bifidobacteriaceae parallels a decrease in milk oligosaccharides (Laursen et al., 2016).
Furthermore, two important species, Faecalibacterium prausnitzii and Akkermansia muciniphila
begin to increase in abundance around 12 to 24 months (Yassour et al., 2016). An adult-like gut
microbial structure in humans starts to stabilize after the age of 3 (Bergstrom et al., 2014; Koenig
et al., 2011; Yatsunenko et al., 2012).
1.1.3 The Swine Intestinal Microbiota

Much like human infants, piglets are colonized by microbes immediately following birth,
and although the establishment of the swine GIT microbiota has not been studied for as long or in
as much detail as in humans, their colonization patterns occur in dependence of many of the same
factors (Fouhse et al., 2016). Variables such as genetics, exposure to the sow, the environment the
animal is raised in, and importantly, the diet they are fed are central in establishing intestinal
microbial communities (Bian et al., 2016; Pajarillo et al., 2014; Xiao et al., 2018). Many studies
have examined the GIT microbial composition at various stages in pre and post weanling pigs.
However, one must note that the dominant microbes at these various life stages are not always

consistent between studies due to a multitude of factors, with the most notable being the “study”
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itself and GIT location sampled (Holman et al., 2017). Like humans, initially, aerotolerant
organisms including E. coli and Streptococcus species colonize the GIT and transform the
intestines into an anaerobic environment to facilitate colonization by more anaerobic organisms
(Bian et al., 2016). Although the human GIT microbiota fluctuates throughout the first 3 years, the
microbiota is surprisingly stable in nursing piglets and fluctuates in subsequent weeks (Frese et
al., 2015; Kim et al., 2011). To possibly explain this difference, conventional pigs are derived in
similar conditions and nurse within their litter and therefore are likely exposed to the same
microbes. Conversely, human infants are exposed to more variable conditions regarding mode of
birth, environment, and diet. Within the first couple of days, the early piglet colonizers belong to
the genera Escherichia, Clostridium, Fusobacterium, and Streptococcus, while in the subsequent
days, colonizers include Lactobacillus, Bacteroides, Prevotella, and Ruminococcus species (Bian
et al.,, 2016; Kubasova et al., 2017). Notably, Lactobacillaceae is increased in weaned pigs,
however, but Lactobacillus species are still quite prominent in pre weaned piglets (Frese et al.,
2015; Guevarra et al., 2019; Song et al., 2017; Yang et al., 2019). As in humans, the alpha diversity
increases while the beta diversity decreases as pigs age (Guevarra et al., 2019). In pigs, weaning
occurs around post-natal day (PND) 21 and is a major contributor to the shift in microbial species
found in the GIT (de Rodas et al., 2018; Frese et al., 2015; Holman et al., 2017). Prior to weaning,
piglets consume milk rich in monosaccharides and oligosaccharides, but at weaning, cereal-based
diets high in complex carbohydrates and fibre are introduced (Navarro et al., 2019). As a result of
these substrate differences, when nursing, Bacteroides species are abundant (Kim et al., 2011;
Pajarillo et al., 2014). Conversely, after weaning, the relative abundance of the genus Prevotella
increases compared to that of Bacteroides due to an increase fibre intake (de Rodas et al., 2018;

Frese et al., 2015; Kim et al., 2011; Lamendella et al., 2011; Liu et al., 2019; Mach et al., 2015;
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Pajarillo et al., 2014; Wang et al., 2019; Yang et al., 2019). In fact, Prevotella can account for
relative abundances over 30% in weaned pigs, making it a genus of great interest (Kim et al., 2011;
Mach et al., 2015). To determine if a “core” microbiota exists in pigs, Holman et al (2017)
performed a metanalysis using 20 data sets from high throughput 16S ribosomal ribonucleic acid
(rRNA) gene sequence studies of pigs aged ~3 weeks to ~24 weeks of age. This study defined a
“core” microbiota to require a particular taxon to be present in more than 90% of all GI samples
(Holman et al., 2017). The genera Clostridium, Blautia, Lactobacillus, Prevotella, Ruminococcus,
and Roseburia, the RC9 group, and Subdoligranulum met those criteria and are suggested to make
up the core microbiota of pigs (Holman et al., 2017). One limitation to this study is that no data
from young nursery pigs was included as the data sets start at approximately 3 weeks of age, around
the time of weaning. Nonetheless, these results provide a framework for researchers to manipulate
the swine gut microbiota for potential benefits to host health.
1.2 Studying the Gastrointestinal Microbiota:
1.2.1 Culture and Sequence-based Methods

At the dawn of microbiological research, culture dependent techniques were pioneered by
Robert Koch in the 1880°s. Studying a microbe depended on the ability for it to be cultured in a
pure isolate on a surface of agar media before being analyzed. New microbial species were
typically identified by Gram staining and microscopy then put through a series of other
physiological and biochemical tests. The growth and characterization of novel organisms at the
time was largely limited to organisms that could grow in aerobic environments. However, with the
advancement of culture techniques, the cultivation of microbes was improved with the creation of
various methods to enrich the growth of specific organisms. Selective media with specific nutrients

(amino acids, metals, vitamins, complex nutrient sources) and selective inhibitors (antibiotics,
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metabolic inhibitors, and toxic compounds) were designed, and selective culture conditions (pH,
temperature, salinity, and gas composition) were employed. Then, with the invention of anaerobic
culture methods (Hungate tubes and anaerobic chambers), the cultivation of strict anaerobes
residing in the gut took off as strict anaerobes were able to be grown in an anoxic environment
(Aranki & Freter, 1972; Hungate et al., 1966). These culture advancements complement the more
recent endeavour to study the impacts of gut microbiota on host health. To study such effects,
obtaining pure isolates using various culture techniques is imperative. Therefore, creating culture
collections consisting of such microbes allows researchers to study their ecological roles along
with their characterizing biology.

A century later the advent of culture independent techniques, known as sequencing-based
techniques, propelled microbiome research. Since then, microbial profiling through sequencing-
based techniques have been quite popular due to the ability to collect great amounts of data
relatively quickly. The basis of these methods is to analyze extracted DNA from a sample rather
than cultivating a pure isolate in vitro, then information about taxonomic classification can be
deduced from the DNA sequence and metagenomic analyses can be performed to infer function
and possibly predict characteristics of the community as a whole. The earliest methods include
fluorescent in situ hybridization (FISH) and polymerase chain reaction (PCR) (Amann et al., 1995;
Mullis et al., 1992; Saiki et al., 1992). By creating amplicons of a highly conserved gene found in
all bacteria, the 16S rRNA gene, taxonomic identification of gut microbes has been made possible
(Olsen et al., 1986). Between species, the 16S rRNA gene varies in sequence, operon size, and
secondary structures of 3 rRNA subunits, 16S, 23S, and 5S, which allows for differentiation
between species (Maidak et al., 1997; Yarza et al., 2014). In 1977, Woese & Fox discovered that

rRNA could be a marker for taxonomy and thus phylogenetic trees could be constructed by
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comparing the 16S rRNA gene, as it consists of highly conserved and hypervariable regions that
allow universal PCR primers to amplify distinct regions of this gene. By amplifying the 16S rRNA
gene, researchers are then able to employ various techniques, like Sanger sequencing, which
provides a sequence of the microbe that can then be compared to a reference database using
platforms like the Basic Local Alignment Search Tool (BLAST) for further analysis (Altschul et
al., 1990; Sanger et al., 1977; Sanger & Coulson, 1975).

As the molecular era of modern sequencing technologies emerged and made culture
relatively obsolete for the time being, high throughput sequencing was introduced (Metzker, 2005).
These next generation sequencing methods (NGS) were favored over more traditional methods as
they were easier, less costly, and whole bacterial genomes could be sequenced in a timely manner
(Metzker, 2005; Petersen et al., 2020). In addition to high throughput sequencing, multiple “omics”
strategies such as proteomics, transcriptomics, and metabolomics are employed to complement
metagenomic sequencing. Such advances came around the same time that the Metagenomics of
the Human Intestinal Tract (MetaHIT) project and the Human Microbiome Project (HMP) were
implemented (Qin et al., 2010; Turnbaugh et al., 2007). These multimillion-dollar projects
compiled a catalog of the average composition of the gut microbiota from hundreds of humans to
serve as a reference for microbiome researchers. Now, third generation sequencing, using
instruments like the MinlON nanopore device (Oxford Nanopore Technologies) and the PacBio
RS II system (Pacific Biosciences) have been implemented to produce average read lengths over
500 base pairs, and depending on the device, at a fraction of the cost (Petersen et al., 2020).
Without the need to amplify samples, amplification errors and biases are avoided, however, these
technologies are not without their disadvantages (Petersen et al., 2020). The accuracy of these

platforms ranges as higher rates of insertions and deletions due to the resulting high coverage
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occur, and the PacBio RS II system has comparably high costs and turnaround times as NGS
(Petersen et al., 2020).

For many years, culture-independent approaches dominated microbial research as various
disease states have been correlated to 16S rRNA gene amplicon sequencing, and the ability to
investigate microbial composition and the dynamics of these complex microbial communities has
been made possible. Marker gene-based methods, like 16S rRNA sequencing, allow the analysis
of community structure and taxonomic assignment down to the species level; and with
bioinformatic approaches, predictions of functional metagenome composition compared to a
reference database can be made. On the other hand, whole gnome sequencing allows taxonomic
assignment down to strain level and functionality can be inferred through the analysis of genes
present. Having said this, sequencing data alone does not necessarily reflect the actual biologically
relevant phenotypes and functions of a microbial community, especially if DNA sequencing
methods are employed as the results do not indicate which genes are actually being expressed like
in RNA based sequencing methods (Kukurba & Montgomery, 2016). In 2018, Tramontano and
colleagues revealed that metabolic models of gut microbial species based on NGS did not
accurately predict growth requirements on these species. In fact, only 10 of the models predicted
growth of the same bacterial species in different media (Tramontano et al., 2018). Researchers
have identified other major drawbacks to NGS such as bias across studies due to depth bias,
varying target regions and primers for 16S rRNA amplification, sequence heterogeneity within
species, and the inability to detect some organisms. To study sequencing depth bias, Lagier and
colleagues (2012) compared the detection of bacterial isolates using culturomic and metagenomic
NGS approaches. Sixty five percent of the bacterial species identified with culture methods were

below the level of detection thresholds of metagenomic technologies (Lagier et al., 2012). As
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such, samples with low bacterial DNA may not be accurately sequenced. Furthermore, other
studies have shown that NGS methods have failed to detect pathogenic organisms such as
shigatoxigenic E. coli O104:H4, and lowly abundant bacteria due to insufficient sequencing depth
(Lagier et al., 2012; Li et al., 2019; Loman et al., 2013). It has also been repeatedly confirmed that
universal primers are biased against Actinobacteria, specifically, Bifidobacterial sequences are
misrepresented depending on the choice of primers and the variable region of the 16S rRNA that
is sequenced (Farris & Olson, 2007; Walker et al., 2015). Recently, Browne and colleagues (2020)
analyzed GC-dependent coverage biases using the Illunima MiSeq, Next seq, HiSeq, Oxford
Nanopore, and Pacific Biosciences sequencing platforms using high throughput sequencing based
shotgun metagenomics. The only platform not affected by GC bias was the Nanopore, however,
the other 4 platforms had considerable GC bias which resulted in underrepresentation of GC-poor
microbes (Browne et al., 2020). With this knowledge, it is not unreasonable to suggest that these
platforms may provide skewed abundance estimates in metagenomic studies, thus providing
incorrect abundance data. Preparation of samples for sequencing should also be considered as
DNA isolation kits are not all equal. The DNA extraction method is a critical factor influencing
bacterial composition as it has been shown that depending on which kit is used, that the ratio of
Gram-negative bacteria to Gram-positive bacteria may be skewed (Costea et al., 2017; Videnska
et al., 2019). It should also be noted that proper controls and mock communities, depending on the
type of NGS, should be used to standardize results (Knight et al., 2018). Furthermore, the
completeness of reference databases should be considered when using whole metagenome shotgun
sequencing or sequencing based on conserved marker sequences, as the diversity of microbiota
extends past what is present in these databases. Additionally, reference genome databases are not

as extensive as those of rRNA databases, thus improper assignment or unassigned sequences may
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result. It has been reported that contaminant sequences are also present in published genomes. In
fact, in 2019 the NCBI Refseq database revealed that 2250 bacterial genomes were contaminated
by human sequences (Breitwieser et al., 2019). Likewise, discrepancies between databases can
result in incorrectly linking sequences to microbial taxonomy (Park & Won, 2018; Yilmaz et al.,
2014). Using public mock community data, Park and Won (2018) tested the ability of 16S rRNA
databases (Greengenes, Silva, and EzBioCloud) to accurately assign taxonomy. EzBioCloud was
the most successful database at the genus and species level, followed by Silva then Greengenes,
as the number of true positives was higher than any other database (Park & Won, 2018).
Additionally, the number of false-positives and false-negatives was lower for EzBioCloud than the
other databases (Park & Won, 2018). It should be noted that typical microbial community analysis
is from samples with many more species and their composition is not uniform, thus, this study may
not necessarily reflect the best database for gut microbial samples. Given the aforementioned
limitations of sequence-based methods, their use should complement other “omic” approaches and
culture-based techniques.
1.2.2 Bringing Culture Back

The surge in genome-based studies proved to generate copious amounts of data providing
new insights into bacterial life. Although, as a result of years of neglecting bacterial culture, a
relatively low number of species had been isolated (Curtis et al., 2002; Locey & Lennon, 2016).
Recent estimates have revealed that over 70% of all bacteria from the body with reconstructed
genomes remain to be described due to not being isolated, while others estimate that 35-65% of
species detected through sequencing have cultured representatives (Lagkouvardos et al., 2017;
Pasolli et al., 2019). These uncultured bacteria have been suggested to have crucial functions in

hosts, but without a pure isolate, mechanistic roles are difficult to elucidate (Chijiiwa et al., 2020;
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Kenny et al., 2020; Lloyd et al., 2018). In 2013, Dubourg showed that pyrosequencing results
underpredicted the number of bacterial species isolated from feces, while other studies reported
that only 15% of phylotypes were common between culture and pyrosequencing, and that
pyrosequencing neglects some Gram-negative prokaryotes (Hugon et al., 2013; Lagier et al.,
2012). Even with the advance of sequencing techniques, there is still a mismatch between the
representation of cultured species by NGS and vice versa (Gupta et al., 2019). As it was re-realized
that pure bacterial isolates were required to test genome-based predictions about their biological
characteristics as well as their roles in host health and disease, researchers have begun to ironically
transition back to culture-based methods.

To complement metagenomic efforts, Lagier and colleagues (2012) created high
throughput culturing methods coupled with Matrix-Assisted Laser Desorption Ionisation Time of
Flight Mass Spectrometry (MALDI-TOF MS), which they termed “culturomics”. The basic
principle of MALDI-TOF MS is that bacteria have unique spectral signatures that are used to
identify bacteria to the genus or even species level. Where MALDI-TOF MS is not able to
discriminate between bacterial species within a genus, 16S rRNA approaches are successfully
employed (Seng et al., 2009; Uchida-Fujii et al., 2020). In 2012, Lagier and colleagues employed
culturomics to isolate 174 previously unreported human gut microbiota using over 200 culture
conditions with various compositions. As such, culturomics has filled the gaps from sequence-
based methods alone, as many “uncultured” microbes have since been assigned to unassigned
operational taxonomic units (OTU) (Lagier et al., 2016). Culturomics can be a timely and laborious
pursuit as many colonies must be selected to reveal new species. To highlight this, Lagier and
colleagues (2016) screened almost a million colonies to ultimately culture just over 1000 species.

Furthermore, there is no universal culture method to select for all microbes, thus so called “non-
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cultivatable” bacteria may be missed (Greub, 2012; Lagier et al., 2012). With technological
advances allowing isolation on a large scale, improved public repositories of isolates, and
combining molecular techniques, some of the problems associated with culturomics can be
mitigated (Lagkouvardos et al., 2017).

Prior to bacterial culture making a comeback, isolates spanning the families of
Enterobacteriaceae (Proteobacteria) and Veillonellaceae (Firmicutes) were the most frequently
cultivated bacteria from the gut, likely due to their partiality to the culture conditions used at the
time (Rajili¢c-Stojanovi¢ et al., 2007). Now, 97% of isolated bacteria belong to the phyla,
Bacteroidetes, Proteobacteria, Firmicutes, and Actinobacteria (Reimer et al., 2019). Today the
percent of cultured fractions of mammalian gut microbiota is estimated to be around 50%, which
is substantially higher than the predicted 20% of bacterial species in the gut that were once
proposed to be cultivatable (Lagkouvardos et al., 2017; Ward et al., 1990). To determine the
cultured fraction of bacterial communities the number of 16S rRNA gene sequences that can be
assigned to cultured isolates is calculated (Lagkouvardos et al., 2017). With this approach
Lagkouvardos and colleagues (2017) determined the median estimates of cultured fractions in
humans and mice, which was 20-30% higher in humans than in mice. In terms of cumulative
relative abundance of sequences, cultured fractions at the species level were over 40% and over
50% at the genus level (Lagkouvardos et al., 2017). With great efforts, especially from the labs of
Didier Raoult (France), Trevor Lawley (England), and Thomas Clavel (Germany), the number of
isolated gastrointestinal bacteria has increased drastically. A comprehensive review of isolated
human bacteria was conducted by Bilen et al 2018, where they reported that 2,776 bacterial species
belonging to 11 phyla have been cultured to date. Many of these bacteria were isolated using

culturomics, highlighting the need for the continuation of these techniques (Bilen et al., 2018).
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Such complete reviews are lacking in other host species and moreover, are required to update the
cultured bacterial species in the GIT of hosts other than humans.
1.2.3 Factors Influencing Cultivability

The discordance between cultivatable colonies by culture dependent methods and the
bacteria identified by culture independent means, known as the ‘great plate count anomaly,’ has
long been documented (Staley & Konopka, 1985). This anomaly can be explained by the fact that
many microbes present in the gut are adapted for growth in specific environments, which are
difficult to replicate in laboratory settings. As the field progresses, new culture methods are
developed, and bacteria once thought to be ‘unculturable’ have been cultivated from various hosts
in the past decade. Notably, recent efforts combining various “omic” strategies coupled with
culture, the first taxa from the family S24-7 were isolated (Lagkouvardos et al., 2016, 2019). With
cultured representatives, researchers were able to explore the ecology and functional potential of
these isolates, as well as propose taxonomic descriptions of the three genera in the proposed
‘Muribaculaceae’ tfamily (Lagkouvardos et al., 2019). By combining culture techniques with next
generation sequencing, various studies have closed the gap between these two approaches as
evidenced by the 50% of the OTUs detected through 16S rRNA gene amplicon sequencing being
cultured (Goodman et al., 2011; Rettedal et al., 2014). Other studies have demonstrated that with
great culture efforts, a representative proportion of the overall microbial community can be
cultured (Bilen et al., 2018; Browne et al., 2016; Creevey et al., 2014; Crhanova et al., 2019;
Fenske et al., 2020; Forster et al., 2019; Goodman et al., 2011; Ito et al., 2019; Lagier et al., 2012,
2016; Lagkouvardos et al., 2016; Lau et al., 2016; Moote et al., 2021; Rettedal et al., 2014;
Wylensek et al., 2020). Furthermore, culturing efforts have revealed that bacteria not captured by

culture independent techniques can be cultivated (Rettedal et al., 2014). One explanation why
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culture independent methods miss these bacteria may be due to the cell wall composition, which
may be more difficult to lyse during the DNA extraction process (Staphylococcus and
Enterococcus) or the ability to form spores (Clostridium) (Esteban et al., 2020; Rettedal et al.,
2014; Santiago et al., 2014). However, culture strategies do not always recapitulate the
metagenomic community in the inoculum (Fenske et al., 2020). For example, in one study, the
genus Prevotella was identified as the most highly abundant in Tamworth pigs, however, it was
only isolated 7 times out of 500 colonies selected (Fenske et al., 2020). This highlights the fact
that not all bacteria can be cultured on a common medium and that selective culture conditions
need to be designed to more reliably cultivate these fastidious members of the microbiota. As such,
this section will explore some of the factors influencing bacterial cultivability and various
innovative culture techniques.
Sampling and Storage Methods

The viability of bacteria relies on the efficacy of the sampling and storage methods of
gastrointestinal content. Such factors include duration of collection and transport, collection
medium, and preservation method. Anaerobic bacteria vastly outnumber aerobes in the gut and
varying levels of anaerobicity pose challenges for researchers to preserve the majority of abundant
strict anaerobic bacteria. For example, the facultative anaerobe, E. coli, can survive in ambient
oxygen for a minimum of 21 days while Roseburia faecis, a strict anaerobe, can only survive for
two minutes (Browne et al., 2016; Duncan et al., 2006). It has been suggested that to culture the
greatest proportion of the bacterial community in a sample, the ideal time between collection and
sample processing should be less than two minutes and not exceed one hour without protection
(Bellali et al., 2019; Brusa et al., 1989; Mata et al., 1969). Typically, GI content is collected into

sterile containers or tubes where anaerobiosis can be achieved through use of anaerobic bags
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(Guilhot et al., 2018). To further limit the loss of strict anaerobes, samples are often collected into
a transport medium with negligible oxygen (Bellali et al., 2019). Cary-Blair, Stuart, and Amies’
transport mediums prevent toxic superoxide formation and do not oxidize, allowing greater
survival and possibility of cultivation (Amies, 1967; Cary & Blair’, 1964; DeMarco et al., 2017;
Stuart et al., 1954). Additionally, culture mediums can simply be gassed with a specific gas
composition, or degassed to remove oxygen, however, with degassing, other gasses such as CO»
are also removed, which may be undesirable during collection (Guilhot et al., 2018). Fresh GI
content (4°C storage until plating) is preferred for cultivation; however, this is not always possible
for various reasons (Musser & Gonzalez, 2011; Vandeputte et al., 2017). Thus, a few studies have
looked at the effects of storage conditions on culturability (Curran et al., 2020; Fouhy et al., 2015;
Hoefman et al., 2012). The current gold standard of collection, if immediate plating is not possible,
is to immediately snap freeze samples in dry ice or liquid nitrogen then store them at -80°C, as
ultra-low temperatures confer high stability and viability to bacterial cells (Hoefman et al., 2012;
Vandeputte et at., 2017). Cryoprotectants are often used in longer term storage as they protect
against cell lysis and increased salt concentrations due to freezing, allowing for more reliable
revival upon plating (Prakash et al., 2020). Dimethyl sulphoxide and glycerol are popular
cryoprotectants, but many other additives such as alcohols, saccharides and polysaccharides,
proteins, and complex compounds have been used (Hubalek, 2003; Prakash et al., 2020). It should
be noted that the efficacy of these protectants is not universal for every species, thus, optimizing
the storage method to conserve the greatest diversity of bacteria is of the utmost importance when
dealing with GI samples for culture (Bircher et al., 2018). While it has been shown that storage at

-70°C in 25% glycerol preserves the viability of anaerobic organisms for up to three years, storage
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time should also be considered when determining preservation of samples (Bryukhanov &
Netrusov, 2006).
Non-Selective Vs. Selective media

Bacteria, especially anaerobic bacteria are demanding as they require rich media containing
elements other than oxygen to produce their energy. As anaerobic bacteria account for up to 99.9%
of total bacteria in the gut, designing media that facilitates their growth has been an important topic
for their isolation (Bennett et al., 2014). Non-selective media contain compounds to facilitate the
growth of many bacterial genera. These media can either be made in a liquid or an agar form. The
isolation of bacteria is not plausible in liquid broth, as single colonies cannot be selected; however
liquid media are used in initial incubations, as nutrients are more accessible (Lagier et al., 2016).
Conversely, agar media produce single colonies but have less accessible nutrients, and agar in
excessive quantities can inhibit the growth of certain bacteria. Non-selective media such as
fastidious anaerobic agar (FAA), columbia agar, brain heart infusion (BHI) agar, schaedler agar,
and CDC anaerobe agar have long been used to culture many different bacteria from the gut
(Baron, 2015; Schaedler et al., 1965; Sokatch, 2014). More recently, culture media that simulates
the natural environment of bacteria, like gut microbiota medium (GMM) and yeast extract,
casitone and fatty acid (YCFA) medium, which are both rich in short chain fatty acids found in the
gut, have been employed to culture and isolate gut bacteria (Browne et al., 2016; Forster et al.,
2019; Goodman et al., 2011; Lau et al., 2016; Pereira & Cunha, 2020; Wylensek et al., 2020; Yousi
etal., 2019). In 2011, Goodman and colleagues created GMM to generate an extensive human gut
microbiota collection and Browne et al 2016 used YCFA to isolate 137 bacterial species from
humans, of which 68 were novel. Having said this, most culturomic studies employ numerous

media and culture conditions. In the pioneering study by Lagier and colleagues (2012), 212 culture
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conditions were used to isolate 340 species of bacteria. Since, they have identified the conditions
that bacteria were cultured at least once using 18 of the 212 culture conditions (Lagier et al., 2016).
These culture conditions include both enriched non-selective mediums and selective mediums.
Enriched mediums include growth factors that facilitate the growth of bacteria with specific needs.
These growth factors include, but are not limited to, blood, antioxidants, vitamins, mucin, and
rumen fluid. Blood and blood derivatives are commonly used as they provide nutritional
supplements and protect against toxic oxygen radicals. Antioxidants also protect against oxidative
stress and have been used to culture strict anaerobic bacteria under aerobic conditions (Dione et
al., 2016; la Scola et al., 2014; Lagier et al., 2015). For example, two bacteria of great research
interest, Faecalibacterium prausnitzii and Akkermansia muciniphila, have been noted to require
specific growth factors. F. prausnitzii requires vitamins such as cobalamin, biotin, and folic acid,
as well as various short chain fatty acids to grow in vitro (Duncan et al., 2002). While the isolation
of A. muciniphila was facilitated by the supplementation of gastric mucin as the sole nitrogen
source (Derrien et al., 2004). Media supplemented with rumen fluid is a common approach to
culture rumen microbes and other anaerobes, as it simulates the environment in which these
microbes are naturally found (Caldwell & Bryant’, 1966; Kaeberlein et al., 2002; Moote et al.,
2021; Zehavi et al., 2018). Furthermore, it has been shown that the combination of rumen fluid
and sheep blood supplementation in media yields the largest number species total cultured and the
greatest number of novel isolates (Diakite et al., 2020; Lagier et al., 2016). With the various
strategies employed to culture microbes, selective culture conditions are used to isolate specific
bacterial species or genera. Selective mediums contain inhibitors to increase the odds of selecting
the particular bacteria of interest by eliminating unwanted organisms. The use of organic and

inorganic compounds has been used to select against classes of bacteria, as has the use of
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antibiotics and to a lesser extent, antiseptics (Lagier et al., 2015). Interestingly, squalamine from
the dogfish shark, has been shown to present a wide variety of antimicrobial activities, and as such
has been used as a Gram-positive bacterial inhibitor (Alhanout et al., 2010; Lagier et al., 2015).
Two classic examples of media with inhibitory substances are MacConkey (MAC) agar and xylose
lysine deoxycholate (XLD) agar. Crystal violet and bile salts present in MAC agar selects for
coliforms, while sodium deoxycholate in XLD selects against Gram-positive bacteria. Having said
this, antibiotics are the most used selective agents as their effects on different classes of bacteria
are well known and their combination can be quite successful at selecting for target organisms
(Bonnet et al., 2020). To illustrate, a study used 16 antibiotics in various combinations to select
for previously uncultivated bacteria (Rettedal et al., 2014). In the swine GI tract, E. coli is relatively
abundant and when plated will grow on a wide selection of media; therefore, to combat E. coli
overgrowth antibiotics are often added to select against them. Lytic bacteriophages have also been
used to limit the growth of E. coli from fecal samples and yielded the isolation of a new species of
Enterobacter that was not detected in any other culture condition (Lagier et al., 2012, 2013). With
this knowledge, it is accepted that a combination of enrichment factors and inhibitors are necessary
to isolate novel bacteria.
Selective Culture Conditions

Selective culture conditions such as temperature, duration of incubation, preincubation,
pre-treatment, and gas conditions further facilitate the cultivability of gut bacteria. The vast
majority of studies cultivating bacteria from the gut incubate samples at 37°C, both aerobically
and anaerobically, as the body temperature of most mammals ranges from 36°C to 39°C. Studies
cultivating microbes from birds also typically incubate microbes at 37°C; however, the internal

body temperature of most birds is 40°C, which may lend to the idea that poultry samples may be
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better cultivated and represented at 40°C as some species are host adapted (Duar et al., 2017,
Warriss et al., 1999). To date, no study has looked at the compositional differences in response to
varying incubation temperatures. Furthermore, few microbes have been isolated below 37°C from
the gut, but some bacteria isolated at 28°C include Bacillus massiliosenegalensis, Pytheasella
massiliensis, Stoquefichus massiliensis, Nocardioides massiliensis, and Nigerium massiliensis
(Dubourg et al., 2014; Lagier et al., 2016; Pfleiderer et al., 2013; Ramasamy et al., 2013; Traore
et al., 2016). The duration of incubation is an important factor for slower growing bacteria as 24-
72 hr incubation periods are sometimes too short to capture these bacterial isolates (Lagier et al.,
2012, 2016; Wylensek et al., 2020). These species that take a longer time to cultivate are often
anaerobes and can take up to 30-40 days to grow visible colonies (Diakite et al., 2020; Lagier et
al., 2012, 2016; Lagkouvardos et al., 2016; Wylensek et al., 2020). Preincubation steps have also
proved to be valuable for cultivating gut microbiota. In the pioneering culturomics study in 2012,
Lagier and colleagues developed a preincubation technique where fresh human stool was pre-
incubated in aerobic or anaerobic blood culture bottles for 1, 5, 10, 14, 21, 26, and 30 days before
plating. Of the 29 bacterial species undetected by standard culture conditions, 24 of these species
were anaerobic (Lagier et al., 2012). Since then, the preincubation of samples has been employed
in various labs and is considered a valuable tool to capture slower growing bacteria (Guilhot et al.,
2018). Another reason that bacteria may not be cultivatable is that they are in a state of dormancy.
Dormancy is used by bacteria to survive and plays a role in transmission from one host to the next
in some cases of bacteria within the phylum Firmicutes (Buerger et al., 2012). The most common
form of dormancy is the bacterial endospore (spore), which has been suggested through
metagenomic sequence analysis to be a mechanism of dormancy potentially employed by over half

of the gut microbiota (Browne et al., 2016). To stimulate these viable spore formers to actively
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grow, faecal samples are treated with ethanol to kill ethanol-sensitive vegetative cells or treated
with high heat (pasteurization) to release spores in response to heat stress (Browne et al., 2016;
Lagier et al., 2015; Pereira & Cunha, 2020).

It has been determined that the atmosphere in the gut is relatively hypoxic and the oxygen
levels that are present in the gut drops along the radial axis from the intestinal submucosa to the
lumen, supporting the notion that oxygen tolerant bacteria consume oxygen at the mucosal surface
(Albenberg et al., 2014). A recent study validating the oxygen levels in the intestine determined
that they may not even exceed 1 mmHg in the cecum, therefore further confirming the reason that
anaerobes constitute the majority of the gut microbiota (Albenberg et al., 2014; Zheng et al., 2015).
In 1969 Loesche determined the oxygen tolerance of two classes of anaerobes, which he termed
“moderate” and “strict” anaerobes. Moderate anaerobes were capable of growing in 2-8% oxygen
levels at room temperature for up to 90 minutes, while strict anaerobes could not withstand oxygen
levels greater than 0.5% oxygen (Loesche, 1969). Currently, bacteria are classified into 5 classes
of anaerobicity, obligate aecrobe, microaerophilic, facultative anaerobe, aerotolerant, and obligate
anaerobe, based on their oxygen tolerance. Since there is relatively low oxygen in the gut,
anaerobes depend on other gases such as hydrogen, nitrogen, and carbon dioxide for energy but
the ratios of these gasses and their effects on the growth of gut bacteria is largely understudied.
Anaerobic incubation systems, such as anaerobic chambers and anaerobic jars provide an anoxic
atmosphere. However, the gas conditions employed in high throughput culturomics are not
consistent from lab to lab and various conditions have been implemented (Table 1.1). From these
studies, it can be hypothesized that certain anaerobes may grow better and might even be selected
for with different gas compositions; Prevotella copri, a strict anaerobe, highlights this notion. P.

copri was first isolated from human feces in an atmosphere containing 100% CO> using the ‘plate-
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in-bottle’ method (Hayashi et al., 2007). Given the importance of P. copri in the GIT of both pigs
and humans, (Franke & Deppenmeier, 2018)(2018) analyzed the growth behavior and central
metabolic pathways of P. copri to determine that it relies heavily on the addition of CO; for
biomass formation. With this knowledge, our lab has investigated the impact of gas composition
(20% CO7 and 80% N2 vs 5% CO2, 90% N> and 5% H>) using selective and non-selective media
on the composition of bacteria cultivated from swine fecal samples.
1.3 Germ-Free Models:
1.3.1 Germ-free to Gnotobiotic Basics

Germ-free (GF) animals provide researchers an invaluable tool to study host-microbe
interactions, specifically regarding causative roles of microbes. Truly GF animals, those that are
free from all microbes, are referred to as axenic but the term is frequently interchanged with
gnotobiotic. Once colonized with one or more bacterial species, these previously GF animals are
termed “gnotobiotic”. Gnotobiotic animals are ones where all the bacterial species are known.
Various animals have been rendered GF such as zebrafish, dogs, chickens, and pigs; however, GF
rodent models are the most frequently used (Furuse & Okumura, 1994; Melancon et al., 2017,
Nance & Cain, 1968; Vlasova et al., 2018). GF rodents have been popular in microbiota research
due to their ease of rearing, cost compared to other animals, and established protocols. The
differences between GF and conventionally raised mice have been well studied. Briefly, GF mice
exhibit organ level changes (larger cecum, narrower villi, abnormal accessory organ morphology),
increased transit rate, altered immune system function (reduced antimicrobial peptides, decreased
immune cells), and impaired tolerance to commensal bacteria (Kennedy et al., 2018). GF pigs also
show differences in comparison to conventionalized pigs. The relative weights of organs like the

heart, lungs, and liver are significantly lower than their conventionalized counter parts; as are blood
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parameters such as white blood cells, neutrophils, lymphocytes eosinophils, and basophilic
granulocytes (Zhou et al., 2021). Likewise, the intestinal morphology is altered as lower villus
heights and shallower crypts in the ileum have been noted in GF pigs compared to
conventionalized (Zhou et al., 2021). Furthermore, due to the absence of bacteria, enzyme activity,
digestibility of nutrients, biochemical markers, and short chain fatty acid concentrations differ
(Zhou et al., 2021). These GF models also show a reduction or absence of some diseases and
associated symptoms, but these phenotypes can often be restored once GF animals are colonized
(Hansen et al., 2014; Hormannsperger et al., 2015). It is clear that the microbiota has important
roles in the etiology of certain diseases and GF/gnotobiotic models allow for an in depth look at
what part these microbes play.

Gastrointestinal morphology, metabolism, and immunity are also altered in gnotobiotic
piglets (Chowdhury et al., 2007; Haverson et al., 2007; Shirkey et al., 2006; Zhou et al., 2021).
However, these differences in piglets are not necessarily identical to that of gnotobiotic mice. For
example, gnotobiotic piglets have been shown to have increased numbers of mucus secreting
goblet cells, immunoglobulin A (IgA) producing cells, and helper T (Th) cells when colonized
with human microbiota; while gnotobiotic mice transplanted with human microbiota were not
observed to have the same immune activation (Che et al., 2009; Imaoka et al., 2004). Having said
this, the composition of the inoculum in these studies were not identical, therefore it can be
postulated that different members of the microbiota may exert varying effects on the immune
system, or the results may be attributed to the underlying differences of the respective host.

1.3.2 Humanized Murine and Porcine Gnotobiotic Models
While rodents are simpler to rear and can be genetically modified to predispose them to

various disease states, these animals have notable differences in microbial composition and
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physiology compared to humans (Nguyen et al., 2015; Park & Im, 2020). Human microbiota
associated (HMA) mice are those colonized with fecal microbes from the human GI tract. While
it has been observed that the human and mouse gut microbiota share approximately 90% similarity
at the genus level, the relative abundances differ as do the dominant species (Krych et al., 2013).
Typically at the phylum level, humans have a greater Firmicutes to Bacteroidetes ratio compared
to mice and the families that make up those phyla differ (Krych et al., 2013; Ley et al., 2005;
Nagpal et al., 2018). Furthermore, the presence of exclusive taxa, such as murine-segmented
filamentous bacteria in mice, poses another hurdle as these bacteria exhibit host-specific
physiological influences (Chung et al., 2012). As such, selecting a GF piglet model may be more
appropriate to study human diseases associated with the gut microbiota. Pigs are a suitable model
for human research as they not only share similar GIT physiology, but also immunological, and
microbiological parameters (Gonzalez et al., 2015; Pabst, 2020; Xiao et al., 2016). Notably, pigs
have been estimated to share about 96% of the functional pathways found in humans and the
porcine immune system resembles that of humans in more than 80% of analyzed parameters, which
i1s 70% more compared to mice (Dawson et al., 2011; Xiao et al., 2016). While gut microbial
communities do differ between pigs and humans, colonization of human gut microbiota to
gnotobiotic piglets was successful, including certain species of Bifidobacteria that are not typical
habitants of the piglet gut (Pang et al., 2007; Zhang et al., 2014; Zhang et al., 2013). A recent study
investigated the ability of HMA piglet and mouse models to harbor and maintain humanized gut
microbial community structure (Aluthge et al., 2020). The human fecal inoculum from adults
established more successfully in the HMA piglet model, whereas half of the infant fecal donor
microbiota was favored by the HMA mouse model (Aluthge et al., 2020). Differential colonization

and persistence of members within the Firmicutes phylum drove the transplantation success in the
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HMA piglets compared the HMA mice, which may be explained by the fact that mice typically
have a lower Firmicutes to Bacteroidetes ratio (Aluthge et al., 2020; Krych et al., 2013; Ley et al.,
2005; Nagpal et al., 2018). Furthermore, the HMA piglets were colonized by a higher percentage
of core donor amplicon sequence variants (ASV) and harbored a higher percentage of persistent
colonizers on average (Aluthge et al., 2020). With this knowledge, using HMA piglet models to
study host-microbe interactions may increase the translational potential of these studies. However,
rearing GF piglets is a laborious and costly endeavor, so the use of this model may not be feasible
for most labs. Thus, using a gnotobiotic mouse model to test preliminary associations may be
warranted.
1.4 Salmonella Infection:
1.4.1 Salmonella Overview

Salmonella enterica is a flagellated rod shaped Gram-negative facultative anaerobe that
belongs to the Enterobacteriaceae family. The species, S. enterica, is subdivided into 6 subspecies
with at least 2500 serotypes that are distinguished by different somatic (O) and flagellar (H)
antigens. There are 3 major diseases caused by Salmonella, which are non-invasive non typhoidal
Salmonellosis, invasive non-typhoidal Salmonellosis, and typhoid fever/paratyphoid fever.
Salmonella enterica serovar typhimurium (S. Tm) is one of the most common non-typhoidal
strains of Salmonella (NTS) and is most commonly contracted from consuming contaminated
animal products and produce (Painter et al., 2013). It has been estimated that there are at least half
a million cases of NTS each year and of those cases 15% are fatal (Stanaway et al., 2019).
Furthermore, the greatest numbers of cases are seen in third world countries in areas of low
sociodemographic development (Stanaway et al., 2019). In humans, NTS manifests as

gastroenteritis, however, mice develop a systemic typhoid-like illness from S. Tm and piglets can
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develop both enteritis and the systemic form. Due to the low cost, ease of rearing, ability for genetic
manipulation, and capacity for GF derivation mice are the most widely implemented model to
study salmonellosis (Gal-Mor et al., 2014). To more reliably ensure that mice become infected
with Salmonella and to mimic human intestinal Sa/monellosis, pre-treatment with streptomycin is
often implemented (Barthel et al., 2003; Nilsson et al., 2019). However, streptomycin disturbs the
host gut microbiota, which typically provides a level of colonization resistance and may not be
suitable for certain studies (Rivera-Chavez et al., 2016). The susceptibility of mice to Salmonella
also depends on the strain of mouse, with C57BL/6J mice being highly susceptible while 129/Sv
are rather resistant (Brown et al., 2013). Although susceptibility to Salmonella is multifactorial,
the natural resistance-associated macrophage protein 1 (Nrampl) encoded by the Sic/lal gene
plays an important role in both mice and pigs (Govoni et al., 1996; Huang et al., 2018). Nramp1
transports divalent cations out of phagosomes, which limits iron for microbes, such as Salmonella
that rely on iron to grow (Deriu et al., 2013; Nairz et al., 2009; Sassone-Corsi et al., 2016).
C57BL/6J mice have a non-functional Nrampl protein whereas transgenic B6 mice (C57BL/6
Nramp1619°P) express a fully functional Nrampl protein. Typically, B6 mice experience a
systemic infection without adequate colonization of the GI tract, which causes these mice to
succumb to the disease no more than 5 days post infection (Govoni et al., 1996; Nilsson et al.,
2019). B6N mice, however, persist for a few weeks following oral infection and can be used to
study both innate and adaptive immune responses to Sa/monella (Brown et al., 2013; Nilsson et
al., 2019).
1.4.2 Salmonella typhimurium Etiology and Host Immune Response

Salmonella utilizes Type-III secretion systems (T3SS) that are encoded on SPI-1 and SPI-

2 pathogenicity islands to invade and circulate through the host’s body. Once in the gut, effectors
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secreted by T3SS/SPI-1 cause rearrangement of the cytoskeleton, cell membrane, and epithelial
cell junctions facilitating entry into microfold (M) cells in the intestinal epithelial layer (Clark et
al., 1994; Park et al., 2018). In Salmonella susceptible mice, the cecum is infected with levels
exceeding 10® colony forming units (CFU)/g of luminal content within 8-12 hours (Barthel et al.,
2003; Sellin et al., 2014). In mice, the cecum lacks a continuous mucus layer, leaving exposed
cecal epithelial tips which are highly permissive and represents the primary sight of both motile
and non-motile S. Tm invasion in the gut (Furter et al., 2019). Conversely, the colon is covered by
a dense inner mucus layer that reduces the infection efficiency by 5-10-fold as only motile S. Tm
penetrate the inner colon mucus layer at certain sites (Furter et al., 2019; Jakobsson et al., 2015).
Furthermore, the colon typically shows enteropathy after 1 day post infection, whereas the small
intestine may not show any signs of disease until 4 days post infection due to rapid flow of digesta
that makes it difficult for bacteria to colonize the small intestine (Ren et al., 2009).
Dissemination from the intestinal tract to other tissues is facilitated by two main pathways.
The first pathway is the lymphatic system and Peyer’s patches (PP) where Salmonella spreads to
the mesenteric lymph nodes (MLN) as early as 12 hours post infection (Monack et al., 2004; Sellin
etal., 2014). MLN’s are a major site of infection in mouse models and confinement to these lymph
nodes delays Salmonella from reaching systemic sites early in the infection (Voedisch et al., 2009).
The second relies on phagocytic cells such as dendritic cells (DCs), macrophages, monocytes, and
neutrophils that carry intestinal bacteria directly into the bloodstream (Tam et al., 2008). These
phagocytes are primarily found in the upper part of the PP, which are located under the M cells
(Hopkins et al., 2000). Once phagocytosed, Salmonella utilizes T3SS/SPI-2 to inject effector
proteins into the cytoplasm of these cells which direct the development of Salmonella containing

vacuole (SCV) to allow for intracellular replication (Steele-Mortimer et al., 2002). Of these
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phagocytes, macrophages are thought to be the cells most responsible for disseminating
Salmonella into systemic tissues, as these cells are the primary sites of Sal/monella replication
(Gogoi et al., 2019; Mastroeni et al., 2009). During the systemic phase of infection, the Salmonella
cells spread from PP to lymph nodes and then are subsequently phagocytosed by resident
phagocytes in the spleen and the liver. Interleukin (IL) 10, an anti-inflammatory cytokine produced
by T and B cells, is required by S. Tm to cause systemic infection in mice (Arai et al., 1995; Neves
et al., 2010; Salazar et al., 2017). The administration of an IL-10 neutralizing antibody to mice,
reduced the ability of S. Tm to turn into a systemic infection (Arai et al., 1995). It has been further
validated that IL-10 is essential to S. Tm systemic infection as the transfer of B cells from mice
unable to produce IL-10 increased resistance to infection (Neves et al., 2010). Thus, it has been
suggested that S. Tm may promote tolerogenic mechanisms through IL-10 to allow for systemic
invasion of these cells (Salazar et al., 2017). S. Tm also exerts virulence factors to induce intestinal
inflammation. They produce reactive oxygen species (ROS) that react with thiosulphate to form
tetrathionate which is a respiratory electron acceptor utilized by S. Tm, but not commensal bacteria
as they lack the requisite metabolic pathway (Winter et al., 2010).

To clear infections, the innate immune system is the first responder to Salmonella invasion
in the intestinal epithelium. Sa/monella, being a Gram-negative bacterium, contains LPS in its cell
wall, which is recognized by toll like receptor (TLR) 4 subsequently causing the release of
cytokines and chemokines that recruit neutrophils and inflammatory monocytes. Neutrophils
contribute to early killing of Sa/monella after infection and are a source of IFNy, especially in the
cecal mucosa (Conlan, 1996; Spees et al., 2014). Inflammatory monocytes produce antimicrobial
factors such as inducible nitric oxide synthase (iNOS), tumour necrosis factor alpha (TNF-a), and

IL-1B, while resident macrophages in infected tissues produce the pro-inflammatory cytokines IL-
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18 and IL-1p through the NLRC4 and NLRP3 inflammasomes upon the recognition of cytosolic
flagellin (Broz et al., 2010; Rydstrom & Wick, 2007). Both inflammasomes activate Caspase-1,
which cleaves prolL-18 and prolL-1p to their active forms, IL-18 and IL-1[, and causes pyroptosis
(Franchi et al., 2009). IL-18 induces the release of IFNy from T cells and the cytolytic activity of
natural killer (NK) cells that are essential to Salmonella clearance (Kupz et al., 2013; Srinivasan
etal., 2007). IFNy is central to resolving the infection as it has been demonstrated that mice lacking
the IFNy receptor or treated with anti-IFNy antibodies lack the ability to clear S. Tm and the mice
succumb to the infection (Gulig et al., 1997; Hess et al., 1996). Furthermore, it is important to note
that the type of cytokine response to Sal/monella infection is vital to its successful clearance. As
such, resolving the infection relies on the induction of naive helper T cell to type I helper T
lymphocytes (Thl) through IL-12 and Th17 cells driven by IL-23 and Il-17 (Hsieh et al., 1993;
Maclennan et al., 2004; Manetti et al., 1993; McGeachy & McSorley, 2012). Other
proinflammatory cytokines that have been implicated in the clearance of Sa/monella are IFNy,
TNF-a, IL-1, IL-2, IL-12, and IL-18 (Kurtz et al., 2017; Lalmanach & Lantier, 1999; Mittrucker
& Kaufmann, 2000; Nauciel & Espinasse-Maes, 1992). Conversely, I1-10 and IL-4 can be
detrimental to clearing this pathogen, as IL-10 is important for systemic dissemination of
Salmonella, while IL-4 inhibits the differentiation and activity of Thl cells that are vital to clear
the infection (Arai et al., 1995; Everest et al., 2021; Neves et al., 2010; Salazar et al., 2017).

DCs are one link between the innate and adaptive immune responses to Salmonella
infection as they recognize Salmonella LPS and flagellin, which increases antigen presentation
and induces their migration to T cell dense populations in lymphoid tissues to initiate the adaptive
phase of the immune response (Swart & Hensel, 2012). B and T cells help to clear Salmonella

during the adaptive phase infection and subsequently provide protective immunity against
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secondary infections. The role of B cells in not well understood and it is thought that resolution of
Salmonella infection is not reliant on B cells as mice lacking B cells resolve primary infection with
attenuated Sa/monella through similar kinetics to wild type mice (Mastroeni et al., 2000; Mcsorley
& Jenkins, 2000). However, it has been shown that mice deficient in B cells had higher bacterial
burdens in primary and secondary infections compared to wild type mice, thus B cells may play a
role in controlling bacterial replication (Mittriicker et al., 2000). B cell deficient mice have also
been correlated with reduced IFNy production from CD4" T cells in an antibody independent
fashion as mice with B cells unable to produce antibodies were not deficient in IFNy, nor did they
show an increased susceptibility to Salmonella infection (Nanton et al., 2012). As such, B cells
likely provide some cross-talk between humoral immunity and T-cell mediated immunity during
Salmonellosis.

The role of T cells is more well defined, especially CD4" T cells. CD4" T cells produce
IFNy, which signals phagocytes and activates JAK/STAT signaling to stimulate iNOS expression,
which reacts with L-arginine and oxygen to produce nitric oxide to damage Salmonella DNA
(Blanchette et al., 2003). Depleting CD4 " T cells in both Salmonella resistant and susceptible mice
highlights the importance of these cells as mice lacking CD4" T cells have significant increases in
Salmonella burdens in various organs (Johanns et al., 2010; Loomis et al., 2021). Furthermore,
CD4" T cells express T-bet, which is required for the development of Th1 cells and the suppression
of Th2 cells from naive T lymphocytes (Ravindran et al., 2005). Given their role in Thl cell
development, CD4" T cells have also been implicated in antibody production. Th1 cells produce
IgG2a, a Salmonella specific antibody, and mice deficient in Th1 cells as a result of being T-bet
deficient were more susceptible to infection due to reduced IgG2a (Ravindran et al., 2005).

Cytotoxic T cells (CD8") on the other hand have been proposed as non-essential to the clearance
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of Salmonella, however, their role during Salmonella infection remains unclear. CD8" T cells rely
on the major histocompatibility (MHC) class I antigen presentation pathway to mount a response
against Sa/monella, and it has been demonstrated that mice lacking MHC class I expression are
still able to resolve the infection (Hess et al., 1996). Having said this, early studies lacked the
ability to clearly isolate the role of specific MHC class I restricted T cells from other cell
populations that express CD8" and assumed that reduced clearance was due to a lack of CD8" T
cells. It has since been validated that CD8" T cells can play a role in primary infection at the late
stages of bacterial clearance by restricting the growth of Sa/monella (Lee et al., 2012). In this same
study, the authors investigated previous claims of a protective role for CD8" T cells during
secondary infection but found that mice lacking MHC class Ia molecules were not deficient in
bacterial clearance upon secondary infection (Lee et al., 2012). It should be noted that many studies
have employed mouse models that succumb to Salmonellosis within a week, and as such attenuated
Salmonella strains have been used that lack key virulence factors to stimulate the adaptive immune
system in a similar fashion as virulent strains (Hess et al., 1996; Lee et al., 2012; Lo et al., 1999).
To address this issue, a study using virulent S. Tm in a resistant mouse model found that CD8" T
cells were important in the clearance of chronic, virulent Sa/monella infection (Patel & Sad, 2016).
It is clear that Salmonella infections are complex and that the intricate functions of the innate and
adaptive immune systems are still being elucidated.
1.4.3 Salmonella Infection, E. coli, and Antibiotics

The intestinal microbiota provides colonization resistance against pathogens limiting
pathogen invasion in various sites of the host (Balimler & Sperandio, 2016; Sorbara & Pamer,
2019). Colonization resistance encompasses two mechanisms with the first being indirect

mechanisms of colonization resistance which include alteration in the host epithelium, immune
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cell function, and by activating antimicrobial immune pathways in the host (Baiimler & Sperandio,
2016; Sassone-Corsi & Raffatellu, 2015). Direct methods of colonization resistance limit pathogen
invasion by direct microbe-microbe competition for the same niche and nutrients as well as the
production of bacteriocins, antimicrobial proteins and Type IV secretion systems (T6SS) (Sorbara
& Pamer, 2019). Community species richness and community composition have been suggested
to facilitate colonization resistance, as highly diverse microbial communities and certain microbes
within those communities have been shown to provide protection against Salmonella (Brugiroux
et al., 2016; Jakobsson et al., 2015; Lawley et al., 2008; Miki et al., 2017; Thiemann et al., 2017;
Wotzka et al., 2019). One of these microbes that has been shown to provide colonization resistance
against Salmonella is commensal E. coli (Deriu et al., 2013; Fouhse et al., 2019; Hudault et al.,
2001; Thiemann et al., 2017; Wotzka et al., 2019). As such, multiple researchers have investigated
the mechanisms by which E. coli reduces invasion by Salmonella. One of the mechanisms by
which E. coli provides colonization resistance to Salmonella is through competition for essential
micronutrients like iron. During infections, Salmonella scavenges for iron with salmochelin, a
siderophore, in the inflamed gut to promote colonization. However, E. coli strains also employ
iron uptake systems/siderophores that may scavenge for iron more effectively than those of
Salmonella (Deriu et al, 2013). To demonstrate that the effects of E. coli Nissle on Salmonella
reduction is due to iron acquisition, a mutation was introduced in the fonB gene, which provides
the energy for active transport of iron-laden siderophores and heme of E. coli Nissle (Deriu et al.,
2013). As expected, Salmonella infected mice did not experience a decrease in pathogen load when
administered E. coli Nissile tonB, nor when Salmonella lacking the IroN receptor was used (Deriu
et al., 2013). As such, it is clear that the competition for iron is an integral part of E. coli Nissle’s

probiotic activity against Sa/monella. Furthermore, the production of small antimicrobial proteins
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called microcins by certain E. coli strains have been shown to limit the expansion of Salmonella
(Sassone-Corsi et al., 2016). Microcin expression is induced by iron scarcity and these microcins
essentially target susceptible bacteria by mimicking an iron-siderophore complex, and once inside
the cell the microcins either bind essential enzymes or interact with the inner membrane to elicit
bactericidal effects (Rebuffat, 2012). Another mechanism by which E. coli may provide
colonization resistance to Salmonella is through aerobic respiration (Brugiroux et al., 2016).
Brugiroux and colleagues (2016) tested this theory by adding facultative anaerobes, such as E.
coli, to their strictly anaerobic defined community and challenged mice with Salmonella. This
defined community indeed restored colonization resistance to levels similar to conventional mice,
which was not seen in the defined community lacking facultative anaerobes (Brugiroux et al.,
2016). In the same study, hierarchical KEGG module clustering was performed and showed that
the E. coli included in the community was highly similar to Sa/monella, suggesting that E. coli
Mt1B1 may also provide colonization resistance by merely occupying the preferred niche of
Salmonella. FISH revealed that E. coli Mt1B1 was significantly enriched at the epithelium
compared to the lumen (Brugiroux et al., 2016) Conversely, in the absence of E. coli, Salmonella
occupied both niches with no preferentiality between the epithelium or lumen (Brugiroux et al.,
2016). These results suggest that E. coli can provide colonization resistance by merely occupying
this oxygen rich niche to restrict the colonization of Salmonella throughout the gut. Overall, given
the ability of certain E. coli strains to prevent the colonization of Salmonella, there is potential to
develop prophylactic microbial interventions to reduce the incidence of Salmonellosis.

Recently, the interplay between early life antibiotic administration, the gut microbiota, and
subsequent S. Tm resistance has been explored (Costa et al., 2020; Fouhse et al., 2019). These

studies have shown that pigs treated with amoxicillin during the first two weeks of life had better
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outcomes than their counterparts when challenged with both live and heat killed S. Tm (Costa et
al., 2020; Fouhse et al., 2019). In both studies, there was a more pronounced pro-inflammatory
response in the amoxicillin treated groups. This pro-inflammatory response was highlighted by the
activation of immune-related pathways associated with IL-2 production, nitric oxide production,
and B cell receptor activation (Costa et al., 2020). Fouhse et al (2019) found that there was a more
rapid nuclear factor kappa B (NF-kB) translocation in infiltrating leukocytes and the pro-
inflammatory cytokines IL-2, [FNy, TNF-a were significantly higher in amoxicillin treated piglets
at PND 49 when intraperitoneally challenged with heat killed S. Tm. Interestingly, the results were
accompanied by a transient 10 times expansion of E. coli during amoxicillin administration that
normalized by the end of treatment (Fouhse et al., 2019). This bloom of E. coli has been previously
linked to antibiotic administration in both pigs and mice (Antonopoulos et al., 2009; Fouhse et al.,
2019; Looft et al., 2012). To possibly explain these results, it has been suggested that E. coli primes
the immune system for subsequent enteric infection. One such proposed mechanism is through E.
coli derived LPS that primes CD4" T cells and conditions the response of gut epithelial cells to
subsequent TLR stimulation (Chassin et al., 2010; Lotz et al., 2006; Mcaleer & Vella, 2008;
Vatanen et al.,, 2016). Nonetheless, research investigating the interplay between amoxicillin
induced E. coli blooms and improved disease resistance later in life is it its infancy and warrants
further exploration. Many questions remain surrounding how E. coli and amoxicillin influence the
developing immune system, and while beyond the scope of this thesis, will be important to the
development of targeted management strategies to shift microbial populations to recapitulate this

more Salmonella resilient phenotype without actually administering unnecessary antibiotics.
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1.5 Hypotheses and Objectives:

This thesis aimed to establish an effective model system to investigate the relationship
between early life changes in the microbiota, amoxicillin administration, and subsequent S. Tm
resistance with the following hypotheses and objectives.

Hypotheses:

Chapter 2. In the absence of competition from resident mouse microbiota, the swine-derived
bacterial defined community will colonize the germ-free murine gut.

Chapter 3. E. coli is required for enhanced protection against subsequent Salmonella challenge
provided by early life amoxicillin exposure.

Objectives:

Chapter 2.

1) Generate a swine culture collection of prominent bacterial taxa in the pig gut.

2) Select a representative community to create a defined pre-weaning piglet community with
whole-genome sequences for gnotobiotic research.

3) Determine the colonization ability and pattern of the swine defined community in a germ-free
mouse model.

Chapter 3.

1) Determine the colonization of the swine defined community when E. coli is present.

2) Investigate the effects of early life E. coli and amoxicillin administration on subsequent

disease resistance when challenged with S. Tm later in life.
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Table 1.1 Notable high-throughput culture studies from human and swine gastrointestinal

samples in the past decade (2011-2021).

Study Host Culture Number Gas Temperature | Incubation | Number of
atmosphere | of culture | composition period species
conditions cultured &
colonies
selected
Goodman | Human | Anaerobic 1 75% N2, 20% | 37°C 7 days 316
etal., CO2, 5% H» Not stated
2011
Lagier et | Human | Aerobic, 212 Not stated. 4°C, 25°C, Up to 40 340
al., 2012 anacrobic, & 2.5-5% CO, | 28°C, 37°C, days 32,500
microaerophilic for aerobic 45°C, and colonies
55°C
Dubourg | Human | Aerobic, 70 Not stated. 37°C & 28°C | Upto3 39
et al., anacrobic, & 2.5-5% CO» months 4,000
2013 microaerophilic for aerobic colonies
Rettedal | Human | Anaerobic 10 95% Nz and | 37°C 7 days 26
etal., mediums | 5% H» 192 colonies
2014 & 16
antibiotics
Browne Human | Anaerobic 2 10% COa,, 37°C 72 hours 137
etal., 10% Ha, 80% 2000 colonies
2016 N2
Lagier et | Human | Aerobic, 70 Not stated. 28°C, 37°C, Up to 50 860
al., 2016 anaerobic, & 2.5-5% CO2 45°C, 55°C, days 901,364
microaerophilic for aerobic and 57°C colonies
Lau et al., | Human | Anaerobic & 66 5% CO2, 5% | 37°C 3-5 days 79
2016 aerobic H», 90% No. Not stated
5% CO; for
aerobic
Forster et | Human | Anaerobic Not stated | Not stated 37°C Not stated | 273
al., 2019 Not stated
Itoetal., | Human | Aerobic, 27 Not stated. 25°C, 30°C, Upto7 Not stated
2019 anaerobic, & 3-5% COs for | 35°C, 37°C, days Not stated
microaerophilic aerobic 42°C
Diakite et | Human | Aerobic & 58 Not stated 28 & 37°C Up to 30 497
al., 2020) anaerobic days Not stated
Fenske et | Pig Anaerobic 10 Not stated 37°C 48-72 46
al., 2020 hours 2000 colonies
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Wylensek | Pig Aerobic & 26 N2 (89.3%), |37°C Up to 40 110
et al., anaerobic mediums | COz (6%), days Not stated
2020 and H»
(4.7%) for
anerobic.
6% CO; for
aerobic
Wanget | Pig Aerobic & 53 85% N2, 10% | 37°C Upto7 148
al., 2021 anaerobic CO3, and 5% days 1,299
Hb»; not stated colonies
for other
conditions
Moote et | Pig Anaerobic Not stated | 85% N2, 10% | 37°C Upto 13 234
al., 2021 COz, and 5% weeks 1,523
H2; 90% CO» colonies

and 10% H»
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Chapter 2: Bacterial Isolation, Defined Community Creation, and Germ-free DC
Colonization
2.1 Introduction:

The composition and structure of the gut microbiota are critical for host health and
disease due to the vast effects bacteria have on pathogen colonization, host immune system, and
metabolism (Pickard et al., 2017). Shifts in the gut microbiota have been linked to various
infections and disease states, while other alterations have been observed to facilitate host health
(Kho & Lal, 2018). However, many studies looking at the gut microbiota and its effects on the
host are observational, which lack the ability to parse out which members are directly
responsible for the compositional and functional changes and the mechanism by which they
induce these effects. To overcome this drawback, follow up studies can utilize gnotobiotic
models to determine if the previous results can be replicated and further investigate the
underlying mechanisms.

Germ-free (GF) mice have been widely used to study the casual relationship between
microbes of interest and host outcomes. Compared with mono-colonized animals, defined
microbial communities made up of multiple species emulates a more “normal” interplay between
endogenous bacteria and the host by mimicking the relationships between the microbiota and
host under conventional conditions (Freter & Abrams, 1972; Schaedler et al., 1965; Syed et al.,
1970). These defined communities are often based on the most prevalent and abundant taxa,
however, other factors such as metabolic capacity, availability of whole-genome sequences, and
the ability of selected bacteria to colonize the experimental host may be considered (Becker et
al., 2011; Brugiroux et al., 2016). With advancements in culturomics, the rapid expansion of

cultured species has improved the construction of defined communities as previously
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unculturable strict anaerobes that are important members of the gut microbiota have been
included (Hibberd et al., 2017; Kovatcheva-Datchary et al., 2019). By generating a defined
community (DC) reflecting at large the typical functional abilities and interactions in the host gut
allows for a well-controlled model to study host-microbe interactions.

One of the first defined communities, the Schaedler flora was used to colonize GF mice
(Schaedler et al., 1965). The Schaedler flora has been manipulated multiple times; the altered
Schaedler flora (ASF), composed of eight anaerobic bacteria, was designed to provide a baseline
for gnotobiotic murine models and to allow for simple detection of contaminants (Orcutt et al.,
1987). Since, the ASF has been further altered as it has come under criticism for being too
different from that of wild mouse gut microbiota (Norin & Midtvedt, 2010). A newer murine
defined community, Oligo-MM'? was designed to prevent the colonization of Salmonella
enterica serovar Typhimurium (S. Tm) with 12-15 strains selected from the 5 most prevalent and
abundant phyla in the laboratory mouse intestine, similar to another simplified mouse microbiota
(GM15) consisting of 15 strains from the 7 of the most prevalent families represented in
C57BL/6J mice (Brugiroux et al., 2016; Darnaud et al., 2019). Other defined communities in
rodents have been created based on the prevalence of specific microbes in humans (humanized
models) and in conjunction with important biochemical activities, such as the simplified human
intestinal microbiota (SIHUMI) or the simplified intestinal microbiota (SIM) (Becker et al.,
2011; Kovatcheva-Datchary et al., 2019).

Nonrodent defined communities have been created for work in GF pig models as the
majority of ASF members have not been shown to readily colonize GF piglets (Laycock et al.,
2012). As such, the Bristol microbiota was developed using 1 bacterial strain from each of the 4

most frequently identified taxa in the ileum, cecum, and colon of 12—18-week-old pigs of which
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successfully colonized GF piglets (Laycock et al., 2012). It should be noted that this DC was
constructed based on older sequencing data (Leser et al., 2002). Therefore, with better
sequencing techniques and in-depth meta-analyses of gut microbial communities in pigs there is
room to improve these defined communities. Additionally, with the improvements in
culturomics, researchers are able to culture greater numbers of bacterial species allowing for
more robust defined communities (Fenske et al., 2020; Wylensek et al., 2020). Currently, there
are limited studies that have generated culture collections of pig-originated gut microbes; thus,
the objectives of this work were to 1) generate a culture collection of the prominent taxa in the
pig gut 2) select a representative community to create a defined piglet community with whole
genomes for GF swine research 3) determine the colonization pattern of the defined piglet
community in a GF mouse model. We hypothesized that in the absence of competition from the
resident mouse microbiota, the majority of the piglet DC would colonize the GF mouse gut.
2.2 Materials and Methods:
2.2.1 Culture Collection
Sample Collection

Gastrointestinal (GI) content (cecal and fecal) was obtained from pigs ranging from post-
natal day (PND) 7 to adulthood housed at the Swine Research and Technology Centre at the
University of Alberta (Edmonton, Alberta, Canada). Sow feces were obtained directly from the
rectum of each sow into sterile tubes containing the respective pre-reduced broth of the medium
that the sample was intended to be plated on (Table 2.2). Samples were immediately processed
for plating in an anaerobic chamber. The cecal samples from 7-day old piglets were obtained
from a previous study where they were immediately snap frozen and stored at -80°C (Fouhse et

al., 2019).
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Culture Media

The culture media compositions are listed below (all quantities are per litre of milliQ
water unless otherwise indicated). Media was supplemented with 15 g agar when agar plates
were made from broth bases. Gut Microbiota Medium (GMM), Laked Blood Agar with
Kanamycin and Vancomycin (LKV), Peptone Yeast Glucose agar (PYG), and Yeast Extract,
Casitone and Fatty Acid medium (YCFA) media were all pre-reduced in the anaerobic chamber
for 24 hrs prior to plating, re-streaking, or broth inoculation steps. Kanamycin and vancomycin
when supplemented were added at 100 mg/L and 7.5 mg/L, respectively.
Fastidious Anaerobes Agar (FAA): 46 g (Neogen, ref. NCMO0014A).
Difco™ Brain Heart Infusion Agar (BHI): 52 g (BD, ref. 241820).

Columbia Blood Agar Base: 39 g (Oxoid, ref. CM0331); 50 mL sheep blood (Thermo Fischer,
ref. R54008).

Difco™ Reinforced Clostridial Medium (RCM): 38 g (BD, ref. 218081).

Difco™ Lactobacilli MRS broth (MRS): 55 g (BD, ref. 288130).

Schaedler broth: 28.4 g (BD, ref. B12191).

Wilkins-Chalgren Agar (WC): 33 g (Oxoid, ref. CM0642).

Brilliant Green Agar (Modified) (BGM): 52 g (Oxoid, ref. CM0329).

BBL™ MacConkey Agar (MAC): 50 g (BD, ref. 211387).

Gut Microbiota Medium (GMM): as previously described by Goodman et al., 2011.

BBL™ Brucella Laked Blood Agar with Kanamycin and Vancomycin (LKV): 10 g casein, 10 g
peptic digest of animal tissue, 1 g dextrose, 2 g yeast extract, 5 g sodium chloride, 0.1 g sodium
bisulfite, 0.005 g hemin, 0.01 g vitamin K1, 50 mL defibrinated/laked sheep blood (Thermo

Fischer, ref. R54008).
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Peptone Yeast Glucose agar (PYG): refer to DSMZ 104 PYG Medium (modified).
Yeast Extract, Casitone and Fatty Acid medium (YCFA) (per 100 ml): 1 g casitone, 0.25 g yeast
extract, 0.4 g NaHCO;3, 0.1 g cysteine, 0.045 g K> HPO4, 0.045 g KH4PO4, 0.09 g NaCl, 0.009 g
MgSO4 .7H20, 0.009 g CaCl,, 0.1 mg resazurin, | mg haemin, 1 pg biotin, 1 pg cobalamin, 3 pg
p-aminobenzoic acid, 5 pg folic acid and 15 ug pyridoxamine. Final concentrations of short-
chain fatty acids (SCFA) in the medium were 33 mM acetate, 9 mM propionate and 1 mM each
of isobutyrate, isovalerate and valerate.
Bacterial Cultivation and ldentification

Samples were homogenized by shaking in a tridimensional motion at 6.0 meters per
second for 1 min (FastPrep instrument, MP Biomedicals, Solon, OH, USA). Samples were
subsequently transferred to a BACTRON300 Anaerobic Workstation (Sheldon Manufacturing
Incorporated; Cornelius, Oregon, USA). Tenfold serial dilutions were carried out to 107 and 100
uL of each dilution was plated on the respective media and incubated under 1 of 3 gas conditions
for 48-72 hrs at 37°C (Table 2.2). Single colonies were selected from plates with distinct
separation in each culture experiment. Bacterial cultures were preserved at -80°C in stock
medium (broth supplemented with 25% glycerol).

To determine the identity of the bacterial isolate, amplicon polymerase chain reaction
(PCR) was performed using 8F (AGAGTTTGATCCTGGCTCAG) and 926R
(CCGTCAATTCNTTTRAGT) primers to amplify the 16S ribosomal ribonucleic acid (rRNA)
gene (Amann et al., 1995; Lane, 1991). Each 50 pL PCR reaction solution consisted of 2 puL. of
10 uM 8F primer, 2 pL of 10 uM 926R primer, 2 pLL of 10 mM deoxynucleotide triphosphate
mix (Invitrogen, Carlsbad, CA), 5 uL of 10x Taq polymerase buffer (Invitrogen), 2 uL of 50 mM

MgCl (Invitrogen), 0.5 puL of 1 U/uL Taq polymerase (Invitrogen), and 1 pL of the Nuclease-
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free H2O containing the bacterial colony. The following PCR program was performed: initial 10-
min denaturation at 94°C, 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min 40 s, and
a final 7-min extension at 72°C. PCR products were run on a 1% agarose gel. Samples with an
amplicon of the correct length were cleaned up using a GeneJET Genomic DNA Purification Kit
following the manufacturer’s protocol (Thermo Scientific, Nepean, ON). Purity and
concentration of DNA were determined using a Nanodrop 2000 platform (Thermo Scientific,
Wilmington, DE) and Sanger sequencing was carried out. The 16S rRNA sequence was searched
against the National Center for Biotechnology Information (NCBI) 16S rRNA sequence and
Ribosomal Database Project database (Altschul et al., 1990).

2.2.2 Whole-Genome Sequencing (WGS)

Genomic DNA was extracted from E. coli and the isolates in Table 2.1 using a Wizard
Genomic DNA Purification kit (Promega Corporation, USA) according to the manufacturer’s
instructions. Briefly, bacterial cells were collected by centrifugation at 16,000 x g for 2 min. For
Gram-positive bacteria, the cell pellet was resuspended in 480 puL of 50 mM
ethylenediaminetetraacetic acid (EDTA) and a volume of 120 pL lysozyme solution (10 mg/mL)
(Fisher Scientific, Nepean, ON) was subsequently added. After 60 min incubation at 37°C, the
suspension was centrifuged at 16,000 x g for 2 min and the pellet was collected for the
purification steps as for Gram-negative bacteria. Bacterial cell pellets were re-suspended in 600
pL nuclei lysis solution. The cells were incubated at 80°C for 5 min and 3 pL of RNase solution
were added. Following 60 min incubation at 37°C, 200 pL protein precipitation solution was
added to the mixture and vortexed vigorously for 30 s. The mixture was incubated on ice for 5
min and centrifuged at 16,000 x g for 3 min. The supernatant was transferred to a clean tube

containing 600 pL isopropanol at room temperature and the mixture was centrifuged at 16,000 x
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g for 2 min to collect pellet. The pellet was washed with 70% ethanol at room temperature and
centrifuged to discard the ethanol. The DNA pellet was air-dried for 10 min and re-suspended in
low EDTA-TE buffer (10 mM Tris-HCI, 0.1 mM EDTA). Genomic DNA concentration and
quality were measured using a NanoDrop-2000 spectrophotometer and a Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA). DNA with high purity was used for whole-genome sequencing
(WGS).

Whole-genome sequencing was performed using a DNA library preparation kit (New
England Biolabs® NEBNext® Ultra™ II DNA Library Prep Kit), followed by paired-end 150
base pair (bp) sequencing on an Illumina NovaSeq 6000 platform (Illumina Inc. San Diego, CA).
Sequencing reads were analyzed by FastQC (v 0.11.9)

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and adapter sequences were

trimmed using Trimmomatic v 0.39 (1). The draft genome was de novo assembled using SPAdes
assembler v 3.10.1 and Quast v 5.0.2 were used to assess the assembly quality (Bankevich et al.,
2012; Gurevich et al., 2013). To confirm species identity, average nucleotide (ANI) was
calculated between the contig FASTA file from WGS and NCBI reference genomes of suspected
species using the OrthoANIu algorithm at https://www.ezbiocloud.net/tools/ani (Yoon et al.,
2017). The ANI cut off was 97% for species identification, but if the reference species all had a
97% ANI the species with the highest percentage was assigned as the species identity (Ciufo et
al., 2018). Genome annotation was performed by the Rapid Annotations using Subsystems
Technology (RAST) (Aziz et al., 2008). Toxin-related virulence in the whole-genome was
predicted with IslandViewer (Dhillon et al., 2015). The predicted amino acid sequences were
also annotated against the Comprehensive Antibiotic Resistance Database (CARD) using

Resistance Gene Identifier (RGI) with default parameters (Alcock et al., 2020).
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2.2.3 Defined Community Inoculum

To create the DC inoculum, 16 isolates were selected from the culture collection and

supported by WGS results (Table 2.1). Isolates were streaked onto agar plates of the respective

media and incubated for 48-72 hrs at 37°C in a BACTRON300 Anaerobic Workstation (Sheldon
Manufacturing Incorporated; Cornelius, Oregon, USA; Table 2.1). Each isolate was subsequently

inoculated into 5 mL of the respective broth and incubated for 48-72 hrs at 37°C in 70% N2, 20%

CO3, 10% H> anaerobic gas conditions (Table 2.1). Subsequently, 500 pL of all isolates were

combined into a 15 mL falcon tube with 25% glycerol and stored at -80°C (Table 2.1) as a

cryostock until mouse inoculation.

Table 2.1 Summary of bacterial isolates in the defined community and culture conditions.

Organism Media 24 hr pre-reduction of Incubation
agar plate in anaerobic time
chamber
Bacteroides eggerthii FAA No 48 hrs
Bacteroides thetaiotaomicron FAA No 48 hrs
Bacteroides vulgatus FAA No 48 hrs
Bacteroides xylaninosolvens FAA No 48 hrs
Blautia faecicola FAA Yes 72 hrs
Clostridium colicanis RCM No 48 hrs
Lactobacillus amylovorus MRS No 48 hrs
Lactobacillus delbrueckii MRS No 48 hrs
Lactobacillus johnsonii MRS No 48 hrs
Lactobacillus mucosae MRS No 48 hrs
Limosilactobacillus reuteri MRS No 48 hrs
Lactobacillus ruminis MRS No 48 hrs
Prevotella copri Schaedler | Yes 72 hrs
Streptococcus hyointestinalis FAA No 48 hrs
Streptococcus pasteurianus FAA No 48 hrs
Turicibacter sanguinis FAA Yes 72 hrs

Footnote: All isolates were incubated in 70% Na,
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2.2.4 Mouse Colonization Experiments
Animal Housing, Colonization, and Sample Collection

Twenty-one- to twenty-four-week-old C57BL/6J (B6) GF male mice (Charles River
Laboratories, Wilmington, Massachusetts, USA) were housed in flexible film isolators (Controlled
Environment Products, McHenry, Illinois, USA) maintained in the Axenic Mouse Research Unit
at the University of Alberta. All mice were housed in sterile cages with aspen wood chip bedding
materials mixed with aspen shavings. Nesting materials, paper huts, and nestlets were provided as
enrichment. Two cages in separate isolators housed 4 mice each in a room that was
environmentally controlled for light cycle (12 hrs light and 12 hrs darkness), temperature (20—
22°C), and relative humidity (40%). Mice were fed autoclaved chow diet (Purina Mills, 5010) and
autoclaved ad libitum water. All mice were orally gavaged once with 100 pL of a thawed
cryostock, defrosted on ice, of the DC to assess the colonization ability in a mouse model. One
week post oral gavage, fecal pellets were collected, and all mice were euthanized by CO>
asphyxiation 4 weeks after oral gavage. Content from the ileum, colon, and cecum were collected
from each mouse for microbial compositional analysis and total bacterial load. Animal use was
approved by the University of Alberta Animal Care and Use Committee (AUP00000671).
DNA Extraction and 16S rRNA Gene Amplicon Sequencing

DNA extraction was performed using the QIAmp Fast DNA Stool Mini Kit (Qiagen
Incorporated; Valencia, California, USA) according to manufacturer instructions. The following
modifications were made to the protocols: samples in Inhibitex buffer were mixed with 2.0 mm
diameter sterile garnet beads (BioSpec Products, Bartlesville, OK) and homogenized by shaking
twice in a tridimensional motion at 6.0 meters per second for 30 seconds (FastPrep instrument,

MP Biomedicals, Solon, OH, USA). The purity and concentration of extracted DNA were
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determined using a Nanodrop 2000 (Thermo Scientific, Wilmington, DE) and a Qubit® dsDNA
HS Assay Kits. Amplification of the V3-V4 region of 16S rRNA gene and sequencing library
preparation procedures were performed according to Illumina 16S Metagenomic Sequencing
Library preparation protocol (#15044223 Rev.B). Paired-end sequencing using 2 x 300 cycles
was performed on an Illumina MiSeq Platform (Illumina Inc. San Diego, CA).
16S rRNA Gene Amplicon Sequencing Analysis

Raw sequencing read processing and analyses were performed using Quantitative
Insights into Microbial Ecology 2 (QIIME2 v. 2020.2.0) (Bolyen et al., 2019). Forward and
reverse reads were trimmed at 270 and 220 bp, respectively. Filtering, dereplication, chimera
detection and merging of paired-end reads were performed using DADA?2 software (Callahan et
al., 2016). Multiple sequence alignment and phylogenetic tree generation were performed using
Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh & Standley, 2013) and
FastTree 2 (Price et al., 2010). Taxonomy classification was performed using scikit-learn naive
Bayes machine-learning classifier (Bokulich et al., 2018; Pedregosa et al., 2011) and SILVA
99% OTUs (v138) as the reference sequence database. Alpha and beta diversity analyses were
performed using the diversity core-metrics function in QIIME2 (Navas-Molina et al., 2013). To
ensure that all samples had equal sequencing depth for diversity analyses, reads were normalized
to the sample with the lowest number of reads. Linear discriminant analysis Effect Size (LEfSe)
was performed to determine which bacterial taxa most likely explain differences between
intestinal regions using the microbiomeMarker package in R v4.1.2 (Segata et al., 2011).
Total Bacteria Quantification

Quantification of total bacteria was carried out by quantitative polymerase chain reaction

(qPCR) using the StepOnePlusTM Real-Time PCR System (Applied Biosystems by Life
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Technologies, Foster City, California, USA) and Fast SYBR green chemistry (Thermo Scientific
4385610). DNA was extracted and assessed from the ileum, cecum, colon, and feces as described
above. Briefly, 5 uL of all samples were pooled in each respective assay, to create an amplicon
using the forward primer (CGGYCCAGACTCCTACGGG) and the reverse primer
(TTACCGCGGCTGCTGGCAC) resulting in a 179-210 bp amplicon of the 16S rRNA gene
(Lee et al., 1996). The PCR solution, reaction cycle, and clean up steps were performed as
described above in the section on Bacterial Cultivation and Identification. The pooled sample
amplicon’s purity and concentration were determined using ultraviolet—visible spectroscopy via
the Nanodrop 2000 (Thermo Scientific, Wilmington, Deleware, USA) and fluorescence
spectroscopy using the Qubit® dsDNA HS Assay Kits, respectively. Subsequently, 1:3 dilutions
were made from the pooled sample amplicon to create a standard curve. The samples were
normalized to 0.2 ng/uL. The qPCR reaction solution consisted of 5 uLL of Fast SYBR green
chemistry (Thermo Scientific 4385610), 0.5 pL of forward and reverse primers, 2 uL. of nuclease
free water (NFH2O), and 2 uLL of DNA template. Each sample was performed in duplicate,
including the NFH>O negative control. The reaction was carried out using the following
program: 95°C for 3 min and 40 cycles of 95°C for 10 s, 60°C for 30 s. The amplification
efficiencies of all gPCR assays ranged from 91%-97% and there was no detectable amplification
from the non-template controls in any of the assays. The bacterial loads were then normalized to
the weight of content used to isolate bacterial DNA and log transformed.
Statistical Analysis

All data was tested for normality using Shapiro-Wilk test as each data set was less than
30 samples, and equal standard deviation was tested. The total bacteria abundance (log-

transformed) had a Gaussian distribution with unequal standard deviation; thus, a Brown-
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Forsythe and Welch analysis of variance (ANOV A) test was performed with Dunnett’s T3
multiple comparisons test. The aforementioned statistical analyses were carried out through the
software, GraphPad Prism (v9.3.1). Shannon and Chaol microbial diversity indices for each
sample were calculated using the vegan package in R (R v4.1.2). The alpha diversity data set had
a non-Gaussian distribution; therefore, a non-parametric Kruskal-Wallis test was performed with
the phyloseq package in R v4.1.2. Principle Coordinate Analysis (PCoA) of sequence data to
determine compositional differences between regions was performed using the phyloseq package
in R (R v4.1.2) using the Bray-Curtis dissimilarity metric. Permutational multivariate analysis of
variance (PERMANOVA) and Permutational Analyses of Multivariate Dispersions
(PERMDISP) were run on each beta diversity metric using the adonis and betadisper functions in
R v4.1.2 (999 permutations). Pairwise comparisons using PERMANOVA (9999 permutations)
were subsequently run to determine which regions significantly differed (adonis function, vegan
package, R v4.1.2). P-values of less than 0.05 were considered as statistically significant.

2.3 Results and Discussion:

Cultivation of bacteria from the swine intestinal tract has advanced in response to the
need to provide access to culture collections for functional studies to examine host-microbe
interactions and roles in disease states. Recently, substantial culture efforts have been
successfully generated many pure isolates from the swine GI tract (domestic and feral) (Fenske
et al., 2020; Moote et al., 2021; Wylensek et al., 2020). These culture collections have revealed
novel species and metagenomic investigation has begun to define the functional profiles of
specific bacteria, which is important to determining the role of these organisms in the gut. In this
study, we isolated 35 species across 15 genera, 12 families, and 6 phyla based on partial 16S

rRNA gene sequences from approximately 400 isolates (Table 2.2). The Pig Intestinal Bacterial
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Collection (PIBAC), a public library for swine bacterial isolates, consists of 110 species
spanning 40 families and 9 phyla with metagenome-assembled genomes. With our culture
efforts, we isolated 19 species not available in the PIBAC repository. Most of the gut microbiota
is comprised of anaerobic bacteria, and many are fastidious in nature. As such, the vast majority
of our culture conditions limited oxygen exposure, provided atmospheres rich in carbon dioxide
and complex mediums to select for these microbes (Table 2.2). P. copri, an obligate Gram-
negative anaerobe of special interest to swine researchers highlights the importance for selective
culture conditions (Amat et al., 2020). While Prevotella is one of the abundant genera in the
large intestine of pigs, the cultivation of this genus does not recapitulate the levels found in
samples (Fenske et al., 2020). In the Tamworth pig gut, Prevotella was identified as the most
abundant taxa, however during culturomic endeavors, this genus was only isolated 7 times from
over 1000 purified colonies. P. copri depends highly on the availability of CO for biomass
formation and carbohydrate substrates (Franke & Deppenmeier, 2018; Hayashi et al., 2007).
Thus, to select for P. copri, we created specific culture conditions consisting of PYG media
supplemented with vancomycin and kanamycin, to prevent overgrowth of other bacteria, and
incubated in COz rich atmospheric conditions (80% N> and 20% CO3). Incubation with these
conditions in an anerobic chamber for 48 hrs yielded 15 P. copri isolates from 25 colonies
selected (Table 2.2). It is evident that the generation of culture collections is a laborious pursuit,
but such culture dependent methods provide advantages over NGS by allowing for the in
vivo/vitro and ex vivo elucidation of the functions and ecological roles these autochthonous
bacteria have in the GI tract.

With the isolation of commensal bacteria from the swine GI tract, the creation of defined

bacterial communities for gnotobiotic models was possible. Here, the DC was curated based
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upon taxa in the swine core microbiome and prevalent bacteria in pre-weaned piglets (Table 2.1).
Multiple studies have begun to determine the core microbiome in pigs by identifying genera that
make up over 90% of all GI samples (Holman et al., 2017; Li et al., 2020; Yang et al., 2018).
Holman and colleagues (2017) proposed that the core microbiota for commercial swine consists
of Clostridium, Blautia, Lactobacillus, Prevotella, Ruminococcus, Roseburia, the RC9 group,
Subdoligranulum, and Alloprevotella. Another study confirmed that Lactobacillus, Clostridium,
Prevotella, Roseburia, Ruminococcus, and Blautia were also core microbiota in Jinhua pigs
(Yang et al., 2018). In this same study, Bacteroides, Turicibacter, and Streptococcus were
identified as other core intestinal microbiota (Yang et al., 2018). However, both studies
neglected to include samples prior to weaning, as such we also consulted papers with
compositional data from birth to weaning (Frese et al., 2015; Li et al., 2018; Li et al., 2020; Liu
etal., 2019; Wang et al., 2019). Many of the same families are present pre and post weaning,
however, the dominant families and genera within them change with age (Frese et al., 2015).
During weaning, piglets switch from milk rich in lactose to cereal-based diets high in complex
carbohydrates and fibre, which drives the shift from high abundances of Bacteroidaceae to
Prevotellaceae largely due to Prevotella increasing after weaning compared to Bacteroides
(Guevarra et al., 2019; Navarro et al., 2019). At the genus level, Escherichia, Lactobacillus,
Clostridium, and Fusobacterium are also more abundant in pre-weaned piglets, as they are some
of the first colonizers due to their aerotolerance (Li et al., 2018; Yang et al., 2019). It should be
noted that while Fusobacterium is relatively abundant in piglets, it is a known opportunistic
pathogen and has been associated with severe diarrhea in piglets, therefore it was not included in
the DC (Huang et al., 2019; Nagaraja et al., 2005). In total, 16 species from the top families

making up over 80% of the piglet microbiota (except for Enterococcaceae and Ruminococcaceae
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as the culture collection did not include an isolated representative) were selected for the DC
(Frese et al., 2015; Table 2.1). Enterobacteriaceae, specifically E. coli was not selected to be
included in the DC as subsequent studies focused on E. coli as an independent variable. To
taxonomically characterize the strain of E. coli isolated from the predecessor study (Fouhse et
al., 2019) and investigate the 16 species included in the DC, WGS was performed (Table 2.3).
Upon WGS analysis, no hits of toxin related virulence factors of interest were identified in the
genomes of the DC species. Endotoxins and exotoxins were identified for the E. coli isolate,
some of these included the lipid A and lipopolysaccharide (LPS) endotoxins associated with
Gram-negative bacterial cell walls and the exotoxins ShET 1B, hemolysin, and colicin.
Furthermore, antimicrobial resistance (AMR) genes, which can be directly or indirectly involved
in virulence, were analyzed and we identified certain AMR related genes (Fig. 2.1). The E. coli
isolate had the greatest number of annotated AMR genes, which is unsurprising as E. coli is
considered a representative indicator of AMR in Gram-negative bacteria (Gregova & Kmet,
2020). Of specific interest, our E. coli isolate possesses the ability to produce B-lactamases
providing resistance to f-lactam antibiotics.

To assess the colonization success of the swine DC in mice, 8 GF male mice were orally
gavaged with freshy defrosted DC cryostock. In the GF mouse gut, 10 out of the 16 species were
all detected in the ileum, cecum, colon, and feces (Fig. 2.2). As such, the richness and evenness
of the bacterial community, indicated by the alpha diversity indices (Chaol and Shannon index),
did not vary between regions (Adonis P > 0.05, Fig. 2.3). However, the community composition
based on the Bray-Curtis dissimilarity metric was significantly different between regions, which
explained 43.3% variation in bacterial compositions (Adonis P < 0.05, Fig. 2.4). No significant

differences were detected between the cecum, colon, and feces (Adonis P > 0.05). The beta
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diversity in the ileum, however, was significantly different from the cecum, colon, and feces
(Adonis P <0.01). Typically, the ileal microbiotas cluster away from the cecum, colon, and feces
while these lower regions overlap in mice (Anders et al., 2021; Suzuki & Nachman, 2016). This
spatial heterogeneity of the gut microbiota is not unique to mice and has also been validated in
pigs where small intestinal samples cluster away from large intestinal samples which overlap one
another (Crespo-Piazuelo et al., 2018; Holman et al., 2017; Zhao et al., 2015). To explain which
taxa drive these differences, LEfSe analysis revealed that the ileum was enriched with S.
pasteurianus, L. amylovorus, L. johnsonii, and L. reuteri while B. eggerthii was enriched in the
feces, and B. thetaiotaomicron and B. xylaninosolvens in the cecum (P < 0.05, Fig. 2.5). In line
with previous literature, Streptococcus and Lactobacillus are two of the most abundant taxa in
the small intestine, while the large intestine favors Bacteroides in both pigs and mice (Anders et
al., 2021; Crespo-Piazuelo et al., 2018; Lkhagva et al., 2021). The differences between the
dominant taxa in the small intestine versus the large intestine is owed largely to the nutrient
profiles and oxygen levels (Donaldson et al., 2015). In the small intestine, microbes including
Lactobacillus and Streptococcus are responsible for simple carbohydrate metabolism, while
bacteria such as Bacteroides ferment complex polysaccharides (Flint et al., 2012; Zoetendal et
al., 2012). Higher levels of oxygen in the small intestine preferentially select for bacteria that can
tolerate greater amounts of oxygen, and these facultative anaerobes rapidly utilize oxygen in the
small intestine resulting in an environment devoid of oxygen in the large intestine (Lozupone et
al., 2012). These conditions are analogous between humans, pigs, and mice, which corroborates
the similarities in prominent taxa found along the tract that are conserved amongst these hosts
(Gu et al., 2013; Martinez-Guryn et al., 2019; Zhao et al., 2015). Although the majority of the

DC colonized the GF mouse gut in the absence of mouse microbiota, many of the obligate
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anaerobes did not colonize (Fig. 2.2). The sensitivity of these obligate anaerobes to oxygen may
explain the lack of colonization as the inoculum was exposed to oxygen for several minutes
during the oral gavaging process. It has been suggested that when dealing with strict anaerobes
that exposure to oxygen should be less than 2 minutes (Bellali et al., 2019). Furthermore, in the
pursuit of standardization, the inoculum was gavaged from a frozen cyrostock (Eberl et al.,
2020). However, many protocols aimed at introducing defined communities to GF mice are
generated using fresh bacterial cultures for oral gavage (Desai et al., 2016; Gomes-Neto et al.,
2017; Kovatcheva-Datchary et al., 2019). Additionally, the mice in this study were gavaged once
with DC inoculum, but other studies have shown that a second exposure a couple days after the
first leads to a more stable community composition than a single gavage (Eberl et al., 2020).
Therefore, future work involving this swine DC aimed to limit oxygen exposure, provide fresh
inocula of the 6 species that did not colonize, and a repeat exposure is warranted.

The total bacteria also differ in the ileum (9.01 colony forming units (CFU)/g + 0.18,
mean + standard error of the mean (SEM)) compared to the cecum (11.19 CFU/g £ 0.05, mean +
SEM), colon (11.16 CFU/g + 0.07, mean = SEM), and feces (11.33 CFU/g £ 0.17, mean + SEM)
(ANOVA P <0.0001, Fig. 2.6). Normally, bacterial populations increase from approximately
107-* CFU/mL in the ileum to 10'%!! CFU/mL in the subsequent regions (Kastl et al., 2020).
Again, the drastically different conditions between the upper and lower GI tract provide
reasoning for decreased total bacteria in the ileum. The transit rate in the small intestine is much
quicker than in the large intestine, and as such bacteria have limited opportunity for colonization
in these regions. Furthermore, the small intestine is the primary site for nutrient digestion and
absorption where the ileal intestinal epithelial cells are responsible for vitamin B absorption and

bile salt reuptake in the liver via enterohepatic cycling. Due to the antimicrobial effects of bile
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salts, the abundance and composition of bacteria in the ileum is altered (Urdaneta & Casadesus,
2017). It has been demonstrated that mice lacking the farnesoid X receptor, a bile acid receptor,
suffer from ileal bacterial overgrowth and translocation of bacteria across the epithelial barrier
due to the obstruction of bile flow, which can be restored by oral bile acid administration
(Inagaki et al., 2006; Lorenzo-Zuiiga et al., 2003). To combat such antimicrobial effects,
colonizing ileal bacteria like species belonging to the genera Lactobacillus, Clostridium,
Bacteroides, and Bifidobacterium deconjugate bile acids by producing bile salt hydrolases
(Begley et al., 2006; Ridlon et al., 2006; Staley et al., 2018). While bile acid presence in the
ileum regulates bacterial colonization, the mucosal immune system in the distal ileum is
imperative to bacterial surveillance and homeostasis. As such, the ileum is densely populated by
resident phagocytes and lymphocytes, but also antigen sampling and presenting cells associated
with Peyer’s Patches (da Silva et al., 2017). In the crypts of the lamina propria, Paneth cells
produce antimicrobial peptides like defensins, cathelicidins, and c-type lectins to control
bacterial populations (Chairatana & Nolan, 2017). For example, to control the abundance of
Gram-positive bacteria the C-type lectin, Regllly, exhibits bactericidal effects by disrupting the
peptidoglycan layer (Vaishnava et al., 2011). While the mucosal immune system in the ileum
mainly targets pathogenic bacteria, it is reasonable to suggest that these dense immune cell
populations in combination with the quick transit rate and antimicrobial substances collectively

reduce the population of commensal bacteria in the ileum compared to the distal tract.
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Table 2.2 Summary of bacterial isolates and culture conditions.

Organism Number | Media Antibiotic Gas conditions Source | Incubation
of isolates time
Bacteroides dorei | 9 FAA None 90% N2, 5% CO3, | Frozen |48 hrs
5% Hz SOW
feces
Bacteroides 6 LKV Vancomycin | 90% N2, 5% CO., | Fresh 48 hrs
eggerthii (7.5 mg/L) 5% Ha SOW
& feces
Kanamycin
(100 mg/L)
Bacteroides 5 LKV Vancomycin | 90% N2, 5% CO», | Fresh 48 hrs
fragilis (7.5 mg/L) 5% Ha sow
& feces
Kanamycin
(100 mg/L)
Bacteroides 4 LKV Vancomycin | 90% Na, 5% CO», | Fresh 48 hrs
sartorii (7.5 mg/L) 5% Hz SOW
& feces
Kanamycin
(100 mg/L)
Bacteroides 6 PYG Vancomycin | 80% N2, 20% Fresh 48 hrs
Stercoris (7.5 mg/L) CO2 SOW
& feces
Kanamycin
(100 mg/L)
Bacteroides 3 WC None 90% N2, 5% COz, | Frozen |48 hrs
thetaiotaomicron 5% H» PND 7
piglet
cecum
Bacteroides 5 LKV Vancomycin | 90% N2, 5% CO., | Fresh 48 hrs
vulgatus (7.5 mg/L) 5% H» SOW
& feces
Kanamycin
(100 mg/L)
Bacteroides 11 LKV Vancomycin | 90% N2, 5% CO», | Fresh 48 hrs
xylaninosolvens (7.5 mg/L) 5% Hz sow
& feces

58




Kanamycin

(100 mg/L)
Blautia faecicola | 1 FAA None 90% N2, 5% CO3, | Fresh 48 hrs
5% H» SOW
feces
Clostridium 12 BA None 90% N2, 5% COz, | Frozen |48 hrs
baratii 5% Ha SOW
feces
Clostridium 7 FAA None 90% N2, 5% CO3, | Frozen |48 hrs
colicanis 5% H» SOW
feces
Clostridium 24 PYG; Vancomycin | 80% N2, 20% Fresh 48 hrs
perfringens MRS (7.5 mg/L) CO2; 90% N2, 5% | sow
& CO2, 5% Ha feces;
Kanamycin frozen
(100 mg/L); PND 7
None piglet
cecum
Collinsella 1 FAA None 80% N2, 20% Fresh 48 hrs
aerofaciens CO2; 90% N2, 5% | sow
CO2, 5% Ha feces
Escherichia coli 159 BGM; None 80% N2, 20% Frozen | 24-48 hrs
MRS; CO2; 90% N2, 5% | PND 7
WC; CO2, 5% Ha; piglet
MAC; 100% Oz cecum;
FAA fresh
SOW
feces
Fusobacterium 1 wC None 90% N2, 5% CO3, | Frozen |48 hrs
mortiferum 5% H» PND 7
piglet
cecum
Hungatella spp. 1 FAA None 90% N2, 5% CO», | Frozen | 48 hrs
5% H» SOW
feces
Lachnospiraceae | 1 FAA None 90% N3, 5% COg, | Frozen |48 hrs
bacterium 5% H» SOW
feces
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Lactobacillus 14 GMM; None 90% N2, 5% CO3, | Fresh 48 hrs
amylovorus PYG; 5% Ha SOW
YCFA feces
Lactobacillus 5 YCFA None 90% N2, 5% CO3, | Frozen | 72 hrs
delbrueckii 5% H» PND 7
piglet
cecum
Lactobacillus 35 WC; None 90% N>, 5% CO», | Frozen | 48-72 hrs
johnsonii YCFA 5% Ha PND 7
piglet
cecum
Lactobacillus 1 YCFA None 90% N2, 5% CO3, | Fresh 48 hrs
mucosae 5% H» SOW
feces
Limosilactobacill | 14 MRS; None 90% N>, 5% CO», | Frozen | 48-72 hrs
us reuteri BHI; 5% Ho» PND 7
FAA; piglet
YCFA, cecum;
PYG fresh
SOW
feces
Lactobacillus 6 PYG, None 90% Na, 5% CO», | Fresh 48 hrs
ruminis YCFA 5% H» SOW
feces
Lactobacillus 4 YCFA None 90% N2, 5% CO», | Frozen | 72 hrs
vaginalis 5% Ha PND 7
piglet
cecum
Prevotella copri 15 PYG Vancomycin | 80% N2, 20% Fresh 48 hrs
(7.5 mg/L) CO2 SOW
& feces
Kanamycin
(100 mg/L)
Sarcina ventriculi | 3 BHI None 90% N2, 5% CO», | Fresh 48 hrs
5% H» SOW
feces
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Staphylococcus 17 FAA None 90% N2, 5% CO», | Fresh 48 hrs
simulans 5% H» SOW
feces
Streptococcus 19 BA None 90% N2, 5% CO3, | Fresh 48 hrs
alactolyticus 5% Hz SOW
feces
Streptococcus 1 BA None 90% N2, 5% CO», | Fresh 48 hrs
caballi 5% Ha SOW
feces
Streptococcus 15 BHI; None 90% N2, 5% CO», | Fresh 48 hrs
hyointestinalis GMM 5% Ha sow
feces
Streptococcus 1 BA None 90% N2, 5% COa», | Fresh 48 hrs
lutetiensis 5% H» SOW
feces
Streptococcus 1 BA None 90% N2, 5% CO3, | Fresh 48 hrs
orisratti 5% H» SOwW
feces
Streptococcus 1 FAA None 90% N2, 5% CO», | Fresh 48 hrs
pasteurianus 5% H» SOW
feces
Turicibacter 2 FAA None 90% N2, 5% COa», | Fresh 48 hrs
sanguinis 5% Ha SOW
feces
Victivallis 7 PYG Vancomycin | 80% N2, 20% Fresh 48 hrs
vadensis (7.5 mg/L) CO, SOW
& feces
Kanamycin
(100 mg/L)

Footnote: All plates were incubated at 37°C.
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Table 2.3 Quality metrics of whole-genome sequences.

Total Number Predicted
raw Genome GC of genes
Bacterial species reads size content | N50 contigs | L50 | (unique)
E. coli 4,655,172 | 5,400,195 | 50.54% | 160,731 | 139 10 | 5065
L. johnsonii 6,754,455 11,907,290 | 34.61% | 426,87 | 89 14 | 1850
L. delbrueckii 4,706,212 | 2,170,295 | 49.82% | 354,76 | 140 19 2122
B. vulgatus 4,165,373 | 10,740,101 | 42.90% | 498,40 | 732 66 | 9407
C. colicanis 4,212,170 | 6,454,858 | 41.49% | 101,160 | 417 22 | 5263
B. eggerthii 4,420,119 | 4,109,614 | 44.74% | 171,837 | 68 9 3421
S. hyointestinalis | 4,182,667 | 2,353,274 | 42.20% | 12,833 | 376 59 | 2400
P. copri 3,682,662 | 3,537,572 | 44.54% | 63,961 | 183 17 | 3174
B. 4,270,655 | 6,217,039 | 42.05% | 101,160 | 142 22 | 4909
xylaninosolvens
T. sanguinis 3,649,848 | 3,050,728 | 34.07% | 78,628 | 86 12 | 2916
L. amylovorus 4,148,825 | 2,061,597 | 37.78% | 25,962 | 144 19 | 2126
L. ruminis 4,146,880 | 2,116,416 | 43.43% | 56,337 | 78 11 | 2087
B. faecicola 2,366,480 | 3,141,047 | 44.37% | 151,264 | 60 6 2944
L. mucosae 4,109,536 | 2,245,560 | 46.17% | 125,915 | 62 5 2086
B. 3,820,625 | 5,914,417 | 42.89% | 212,735 | 63 10 | 4533
thetaiotaomicron
S. pasteurianus 3,635,268 | 2,276,976 | 37.09% | 48,948 | 127 16 | 2319
L. reuteri 3,919,331 | 2,137,679 | 38.51% | 26,123 | 167 27 | 2337
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Figure 2.1 Heatmap of RGI antimicrobial resistance genes identified in the DC and E. coli
isolates. Purple indicates no AMR gene identified, yellow is a perfect hit, and green is a strict hit.
Perfect hits match to curated reference sequences and mutation in the CARD, while strict hits

detect previously unknown variants of known AMR genes.
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Figure 2.2 Relative abundance of bacteria summarized by region down to species level in male
mice according to GI sections (ileum, cecum, colon) at 4 weeks post gavage and feces at week 1
post gavage (N = 8). The inoculum column shows the species included in the defined

community. Species that did not colonize are indicated by an asterisk.
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Figure 2.3 Alpha diversity measures from male mice oral gavaged with DC. Ileal, cecal, and
colon content were obtained at termination 4 weeks after gavage. Dots represent individual mice
and lines depict the mean values with whiskers indicating min to max values. Shannon diversity
index (Kruskal Wallis P =0.23, N = 8) and Chaol index (Kruskal Wallis P =0.30, N =8). a. =

0.05.
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Figure 2.4 Microbial structural analysis of contents collected from different intestinal segments
from male mice colonized with DC. Ileal, cecal, and colon content were obtained at termination
4 weeks after gavage while feces were collected 1 week post gavage. Dots represent individual

mice. PCoA plots using Bray-Curtis dissimilarity matrix (Adonis P = 0.001, Betadispersion P =

0.02, R? = 0.43, N=8)
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Figure 2.5 LEfSe showing differentially abundant bacterial taxa between the ileum, cecum,
colon, and feces of male mice colonized with DC (N = 8). Taxonomic groups significantly
enriched (P < 0.05) are color coded by GI region. Taxonomy “Streptococcus_s” = Streptococcus

pasteurianus and “Bacteroides s” = Bacteroides xylaninosolvens. a = 0.05.
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Figure 2.6 Total bacteria (log-transformed) is lower in the ileum than other regions in male mice
oral gavaged with DC (Brown-Forsyth and Welch ANOVA with Dunnett’s T3 multiple
comparisons P <0.0001, N = 8). Data are shown as mean with standard error of the mean (SEM)

and dots represent individual mice. a = 0.05.
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2.4 Conclusion:

In summary, we created a consortium of bacteria isolated from the swine GI tract for the
formation of a DC where the majority of species colonized the GF murine gut. Well-
characterized genome-sequenced strains are the basis of the assembly of defined bacterial
communities and as such WGS of the DC species allowed taxonomic characterization as well as
virulence and antimicrobial resistance gene prediction. Further characterization of molecular
functions of this consortium should be performed to determine which other species may be
warranted in addition to recapitulate the functional capacity of conventionalized piglets. By
constructing defined communities that are based on core microbiota that capture the functional
capacity of conventionalized piglets, researchers will be able to employ gnotobiotic studies to
dissect host-microbe and microbe-microbe relationships under representative conditions. The
inoculation of this consortium in the GF mouse gut revealed that the majority of species can
colonize in a spatially heterogeneric fashion along the small and large intestine, undoubtedly due
to the vastly different environments in these regions. Overall, to our knowledge this study was
the first of its kind to introduce and characterise a defined swine bacterial community to GF mice

to be able to study pig-related diseases in a “porcinized” mouse model.
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Chapter 3: Effects of Early Life E. coli and Amoxicillin Administration on Subsequent
Salmonella Resistance
3.1 Introduction:

Antibiotic exposure in early life has been linked to several disease states later in life
including autoimmune disorders, diabetes, obesity, and inflammatory bowel disease (Francino,
2016). Accordingly, researchers and medical professionals commonly discourage over-use of
antibiotic treatments. However, there are studies that indicate that early life antibiotic treatment,
specifically amoxicillin, may help reduce the severity of Salmonella infection later in life and
have linked this response to certain bacteria (Costa et al., 2020; Fouhse et al., 2019). Fouhse and
colleagues (2019) showed that 49-day old pigs who received amoxicillin during the first 2 weeks
of life had more rapid nuclear factor kappa B (NF-kB) translocation in infiltrating leukocytes and
increased expression of T helper 1 (Thl) cytokines such as interferon gamma (IFNy), tumour
necrosis factor alpha (TNF-a), and interleukin 2 (IL-2) upon a heat killed-intraperitoneal
injection of Sa/monella. The only appreciable change in the microbiota was a transient 10-fold
expansion of Escherichia coli during amoxicillin administration that normalized by day 14
(Fouhse et al., 2019). A bloom of E. coli has also been observed after antibiotic administration in
both pigs and mice (Antonopoulos et al., 2009; Looft et al., 2012). Given the knowledge that E.
coli can prime the immune system and has been shown to be involved in decreasing Salmonella
infection severity, further research is needed to characterise the causal role that E. coli and
amoxicillin play in immune system programming and later life disease resistance (Brugiroux et
al., 2016; Chassin et al., 2010; Mcaleer & Vella, 2008; Thiemann et al., 2017; Vatanen et al.,

2016).
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Lipopolysaccharide (LPS) has been implicated in educating the innate immune system
from a young age upon colonization with Gram-negative bacteria like E. coli (Vatanen et al.,
2016). Toll-like receptor 4 (TLR4) is a pattern recognition receptor that can detect and facilitate
host transcriptional responses to LPS, a major component of the Gram-negative bacterial outer
cell membrane (Kim et al., 2007). Immunostimulatory LPS plays a role in CD4" T cell priming
by stimulating antigen presenting cells (APCs) causing the APC to facilitate T cell clonal
expansion, differentiation, and survival (Mcaleer & Vella, 2008). Furthermore, exposure to LPS
in early life has been implicated in conditioning gut epithelial cell responses to subsequent TLR
stimulation (Chassin et al., 2010; Lotz et al., 2006). Proper education and activation of the
immune system in relation to bacteria is not well understood, although it is well known that
without commensal bacteria (germ-free animals) the immune system is not as developed as that
of conventional animals and these microbially naive animals are susceptible to various enteric
infections (Round & Mazmanian, 2009). It has also been shown that specific gut microbial
signatures are associated with reduced severity of infection with pathogens such as Salmonella
(Ferreira et al., 2011; Sekirov et al., 2008). Interestingly, transferring these microbial
communities, even specific bacterial species, can recapitulate protective phenotypes (Brugiroux
et al., 2016; Thiemann et al., 2017). Protection has been linked to specific immune responses and
colonization resistance provided by commensal bacteria, including specific strains of E. coli
(Brugiroux et al., 2016; Hudault et al., 2001; Thiemann et al., 2017; Wotzka et al., 2019). While
E. coli has been shown to be protective against Sa/monella infection, it has yet to be explored
how early life E. coli exposure impacts long-term Sal/monella infection response.

Non-typhoidal Salmonella infections are an important cause of food-borne zoonoses

worldwide and are associated with around a half a million human cases a year with 15% of cases
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being fatal (Stanaway et al., 2019). Pigs are key hosts for Salmonella as they can be chronic
carriers and shed the pathogen without clinical signs, however, they can also suffer from
diarrhea, dehydration, and fibrinonecrotic enterocolitis (Cameron-Veas et al., 2018; Nollet et al.,
2005). As such, it is important to create management strategies to control Salmonella loads in
swine production. As evidenced by previous research, one way is to control Salmonella infection
is to develop microbial strategies to shift the composition of microbial populations to recapitulate
the previously characterized protective phenotype. To begin to untangle the intricate relationship
between early life amoxicillin administration, E. coli, and subsequent S. Tm infection we
employed a gnotobiotic mouse model colonized with a defined community (DC) of 16 swine
bacterial species with or without E. coli and/or amoxicillin. The objectives of this study were to
determine the colonization of the DC when E. coli is present and previously undetectable species
are given fresh. Also, to investigate the effects of early life E. coli and amoxicillin administration
on subsequent disease resistance when challenged with S. Tm later in life. We hypothesized that
E. coli was required for protection against subsequent Salmonella challenge provided by early
life amoxicillin exposure.
3.2 Materials and Methods:
3.2.1 E. coli Isolation and Amoxicillin Screening

E. coli isolates were cultured from frozen cecal content of a 7-day old male piglet treated
with amoxicillin at 30mg/kg/day (Fouhse et al., 2019). Importantly, these E. coli isolates were
associated with the amoxicillin induced bloom of E. coli seen at post-natal day (PND) 7 (Fouhse
et al., 2019). Briefly, tenfold serial dilution was performed to 10° and 100 pL were plated
aerobically on MacConkey (MAC) agar (BD, ref. 211387) and incubated aerobically at 37°C for

24 hrs. Sanger sequencing was performed on the 16S ribosomal ribonucleic acid (rRNA) gene
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amplicon of each isolate, which was then compared to the 16S rRNA database using Standard
Nucleotide BLAST as previously described in Chapter 2.

To select an E. coli isolate resistant to amoxicillin treatment, the 12 E. coli isolates were
plated on amoxicillin (Sigma, ref. A8523-25G) supplemented agar. According to Marion and
Siegwart (2015), the minimum inhibitory concentration for almost 70% of the 213 E. coli isolates
was > 64 pg/mL. Thus, amoxicillin was added to 1 litre of MAC agar at 30 mg/L, 60 mg/L, and
90 mg/L. Tenfold serial dilutions were performed to 10 in duplicate at each concentration. The
plates were incubated at 37°C for 24 hrs aerobically.

Amoxicillin resistance of the E. coli isolate was then tested in vivo. Ten E. coli-free
C57BL/6J (B6) female mice (Charles River Laboratories, Wilmington, Massachusetts, USA) were
housed in sterile redline cages in the Axenic Mouse Unit at the University of Alberta. These cages
contained aspen wood chip bedding materials mixed with aspen shavings; additionally, nesting
materials, paper huts, and nestlets were provided as enrichment. Five mice were housed per cage
in a room that was environmentally controlled for light cycle (12 hrs light and 12 hrs darkness),
temperature (20-22°C), and relative humidity (40%). Mice were fed autoclaved Autoclavable
Rodent Laboratory Chow 5010 from Purina Mills and autoclaved ad libitum water.

E. coli for the inoculum was plated on MAC agar and incubated aerobically overnight at
37°C. A single colony was then inoculated in 5 mL of Luria-Bertani (LB) broth (BD, ref. 244620)
and incubated aerobically overnight at 37°C. All mice received an oral gavage with 100 pL of E.
coli at 5 x 10® colony forming units (CFU). One cage (n = 5) was treated with amoxicillin (0.1667
mg/mL) in sterile drinking water at 25 mg/kg/day one day post gavage for 4 days, while the control
group (n = 5) received sterile drinking water for the remainder of the experiment. Fecal pellets

were collected from all mice 24 hrs after E. coli gavage (prior to amoxicillin administration) then
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on days 2 and 4 of amoxicillin administration. Subsequently, fecal pellets suspended in 1 mL of 1
x phosphate-buffered saline (PBS) were weighed and then homogenized by shaking in a
tridimensional motion at 6.0 meters per second for 1 min (FastPrep instrument, MP Biomedicals,
Solon, OH, USA). Then 100 pL of each sample at 10°, 10, and. 10 dilutions were plated on
MAC agar in duplicate. The plates were incubated at 37°C for 24 hrs aerobically. After 24 hrs,
colonies were enumerated and normalized to weight of the sample. Animal use was approved by
the University of Alberta Animal Care and Use Committee (AUP00000671).
3.2.2 Defined Community Inoculum, E. coli Inoculum, and S. Tm Inoculum

Each species in the DC inoculum were initially streaked onto agar plates of the respective
media and incubated for 48-72 hrs at 37°C in a BACTRON300 Anaerobic Workstation (Sheldon
Manufacturing Incorporated, Cornelius, Oregon, USA; Table 3.1). A single colony from each
isolate was subsequently inoculated into 5 mL of the respective broth and incubated for 48-72
hrs at 37°C in 70% N2, 20% CO2, 10% H: anaerobic gas conditions (Table 3.1). Subsequently,
500 pL of each isolate that was indicated as given frozen was added to a 15 mL falcon tube with
25% glycerol and stored at -80°C (Table 3.1). The species given fresh were grown fresh for each
inoculation. Upon inoculation, 500 pL of each of the fresh cultures was added anaerobically to
the 15 mL falcon tube and homogenized. E. coli prepared as described above. For oral gavage,
mice were gavaged with 5 x 108 CFU/mL of E. coli. Salmonella enterica serovar Typhimurium
SL1344 stock was plated on Xylose Lysine Deoxycholate (XLD) agar (Oxoid, ref. CM0469) and
incubated aerobically at overnight at 37°C. A single colony was then inoculated in 5 mL of LB
broth and incubated at 37°C for 16 hrs. For infection, mice were oral gavaged with 7-8 x 107

CFU/mL of §. Tm SL1344. To confirm bacterial identity, Sanger sequencing was performed on
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the 16S rRNA gene, of each species, which was then compared to the 16S rRNA database using
Standard Nucleotide BLAST as previously described in Chapter 2.

Table 3.1 Summary of bacterial isolates in the defined community.

Organism Media 24 hr pre- Incubation Fresh or
reduction of agar time frozen in
plate in anaerobic inoculum

chamber

Bacteroides eggerthii FAA No 48 hrs Frozen
Bacteroides FAA No 48 hrs Frozen
thetaiotaomicron

Bacteroides vulgatus FAA No 48 hrs Frozen
Bacteroides xylaninosolvens | FAA No 48 hrs Frozen
Blautia faecicola FAA Yes 72 hrs Fresh
Clostridium colicanis RCM No 48 hrs Frozen
Lactobacillus amylovorus MRS No 48 hrs Frozen
Lactobacillus delbrueckii MRS No 48 hrs Frozen
Lactobacillus johnsonii MRS No 48 hrs Frozen
Lactobacillus mucosae MRS No 48 hrs Frozen
Limosilactobacillus reuteri | MRS No 48 hrs Frozen
Lactobacillus ruminis MRS No 48 hrs Fresh
Prevotella copri Schaedler | Yes 72 hrs Fresh
Streptococcus hyointestinalis | FAA No 48 hrs Fresh
Streptococcus pasteurianus | FAA No 48 hrs Frozen
Turicibacter sanguinis FAA Yes 72 hrs Fresh

3.2.3 Salmonella Experiment

C57BL/6J (B6) germ-free mice (Charles River Laboratories, Wilmington, Massachusetts,
USA) were housed in flexible film isolators (Controlled Environment Products, McHenry, Illinois,
USA) maintained in the Axenic Mouse Unit at the University of Alberta. All mice were housed in

sterile cages with aspen wood chip bedding materials mixed with aspen shavings. Nesting
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materials, paper huts, and nestlets were provided as enrichment. The room was environmentally
controlled as previously described above. Mice were fed autoclaved Autoclavable Rodent
Laboratory Chow 5010 from Purina Mills and autoclaved ad /libitum water. During breeding, 1
week after the second oral gavage, 3 females were housed with 1 male per cage. Once pregnancy
was confirmed, females were singly housed until parturition. Pups were weaned and ear notched
3 weeks after birth where they were then housed by sex and treatment group until the end of the
experiment.

Breeder females were oral gavaged 100 puL of DC inoculum (N = 21) then 2 days later this
gavage was repeated with (n = 11) or without (n = 10) E. coli. Fecal pellets were obtained 1 week
after the second gavage for E. coli plating and 16S rRNA sequencing. Females were bred and 4
litters were produced (N = 29 pups). Each dam and her litter of pups was assigned to 1 of the 4
treatment groups: Amoxicillin (amox, n = 8 pups), E. coli (ecoli, n = 8 pups), E. coli + Amoxicillin
(EA, n = 5 pups), or control (n = 8 pups). On PND 0, females in the amox and EA groups were
administered sterile amoxicillin (0.1667 mg/mL: Sigma, ref. A8523-25@G) in sterile drinking water
at 25 mg/kg/day for 2 weeks and refreshed twice weekly (Marx et al. 2014). Fecal pellets were
collected from all pups at 3 weeks of age for 16S rRNA gene amplicon sequencing. To normalize
the microbiota after weaning, fecal pellets from all dams were collected, homogenized in 5 mL of
sterile water, and 50 pL was syringe fed to each pup. The remaining volume was equally
distributed in each cage. At 5 weeks (2 weeks post weaning), fecal pellets were collected for E.
coli plating, to confirm successful E. coli colonization in all mice upon normalization, and for 16S
rRNA gene amplicon sequencing. Mice were challenged at 6 weeks of age by oral gavaging 100
uL of S. Tm SL1344. Two days (48 hrs) post challenge, all infected mice were euthanized by CO»

asphyxiation except for 2 male mice from the control group which had died during the night prior.
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Content from the distal ileum, cecum, and the liver was collected from each mouse for plating to
determine S. Tm load. Colon content was also collected and stored at -80°C for 16S rRNA gene
amplicon sequencing. Cardiac blood was collected via cardiac puncture into
ethylenediaminetetraacetic acid (EDTA) tubes and plasma was obtained by centrifuging at 3000
revolutions per minute at 4°C for 10 min for cytokine analysis.
3.2.4 Plating and Enumeration E. coli

Fecal samples were weighed and homogenized by shaking in a tridimensional motion at
6.0 meters per second for 1 min (FastPrep instrument, MP Biomedicals, Solon, OH, USA).
Tenfold serial dilutions were carried out to 10°. The neat, 10, 10, and 10 were plated on
MAC agar in duplicate and aerobically incubated for 24 hrs at 37°C. Colonies were counted and
log CFU/g was calculated.
3.2.5 Plating and Enumeration S. Tm

Samples were weighed and ileal and cecal content was homogenized by shaking in a
tridimensional motion at 4.0 meters per second for 5 seconds whereas the liver was homogenized
in the same fashion for 40 seconds. Tenfold serial dilutions were carried out to 10 (liver), 10
(ileum), and 10”7 (cecum). Specific dilutions were plated in duplicate from each sample type on
XLD agar supplemented with streptomycin (100 ug/mL; Fisher Scientific, ref. BP910-50) and
incubated aerobically overnight at 37°C. Colonies were counted and log CFU/g was calculated.
3.2.6 DNA Extraction, 16S rRNA Gene Amplicon Sequencing, and 16S rRNA Gene
Amplicon Sequencing Analysis

DNA was extracted from fecal pellets from breeder females, and fecal pellets/cecal

content from pups. The DNA extraction, amplicon library construction, paired-end sequencing,
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and data analysis were performed using protocols and pipelines previously described in Chapter
2.
3.2.7 Meso Scale Discovery (MSD) Proinflammatory Mouse Cytokine Assay

Blood was collected via cardiac puncture 48 hrs post infection and a MSD multiplex kit
(MSD v-plex multi-spot Proinflammatory Panel 1 (mouse) Kit, Meso Scale Discovery,
Rockville, MD, USA) was used to measure plasma IFNy, TNF-a, IL-18, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12p70, KC/GRO as per the manufacturer’s instructions with an overnight incubation at
4°C shaking at 500 RPM for step 1. Sample dilutions were performed in duplicates for 4-fold
dilutions and single samples for 2-fold dilutions.
3.2.8 Statistical Analysis

Data was tested for normality using either Shapiro-Wilk test or the Kolmogorov-Smirnov
test depending on sample size, with the latter used for groups larger than 30 samples. To
compare the enumeration of E. coli (log-transformed) at baseline and day 4 for the amoxicillin
pilot, a two-tailed Mann-Whitney U-test and a two-tailed unpaired T-test were performed,
respectively. E. coli enumeration on log transformed data from pups at 5 weeks of age was
analysed using a one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons for
the four treatment groups, while the sex difference was analysed using a two-tailed unpaired T-
test. These statistical measures were all run in GraphPad Prism (v9.3.1). To compare S. Tm loads
(log-transformed) after Sa/monella challenge in the ileum, cecum, and liver of the four treatment
groups, a mixed effect model with a Tukey post-hoc test was run in SAS (v9.04.01, SAS Inst.
Inc. Cary, NC). To determine which treatments groups had a significant interaction between
treatment and sex, a Sidak's multiple comparisons test was performed and significance was set at

a = 0.05. Results from analysis in SAS were visualised in GraphPad Prism (v9.3.1). Microbial
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diversity indices (Shannon and Chaol) for each sample were calculated using the vegan package
in R (R v4.1.2). To assess bacterial community compositional differences, Principal Coordinate
Analysis (PCoA) of sequence data was carried out through the phyloseq package in R v4.1.2
using Bray-Curtis dissimilarity. Permutational multivariate analysis of variance
(PERMANOVA) and Permutational Analyses of Multivariate Dispersions (PERMDISP) were
performed on each beta diversity metric using the adonis and betadisper functions in R (999
permutations). Pairwise comparisons using permutational multivariate analysis of variance (9999
permutations) were subsequently run to determine which groups significantly differed (adonis
function, vegan package, R v4.1.2). Significance was set at P < 0.05. To compare the 10
cytokines in plasma, 48 hrs after S. Tm challenge, two-way ANOV As were performed and
visualized in GraphPad Prism (v9.3.1).
3.3 Results:
3.3.1 E. coli Isolation, Ex Vivo, and E. coli and Amoxicillin Pilot Mouse Study

All 12 E. coli isolates were resistant to the 3 concentrations of amoxicillin and at the
highest concentration all grew to 10'® CFU/mL. Thus, one isolate was chosen for whole-genome
sequencing (Chapter 2) and was used for all the following experiments using E. coli. In the in
vivo pilot trial, one day post E. coli gavage fecal E. coli loads did not differ (P > 0.99, Fig. 3.1).
After 4 days of amoxicillin treatment, the mean E. coli load in the amox group was more than a

log higher than the control group (P = 0.0052, Fig. 3.1).
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Figure 3.1 Enumeration of E. coli in female mouse feces before amoxicillin treatment (baseline
= 1 day post E. coli colonization) and 4 days after amoxicillin (amox) administration at
25mg/kg/day or water (control). Two-tailed Mann-Whitney U-test on log-transformed baseline
data (P > 0.99; n = 5/group). Two-tailed unpaired T-test on log-transformed day 4 data (P =
0.0052; n = 4-5/group). Dots represent individual mice and lines depict the mean values and

error bars indicate standard error of the mean (SEM). a. = 0.05.

3.3.2 Salmonella Trial: Breeder Females E. coli vs. No E. coli

One week after the second oral gavage of the DC with (ecolidam) or without E. coli
(condam) the number of species in the feces differed (Chaol P =0.015), while the Shannon
diversity did not (Shannon P = 0.57, Fig. 3.2A). The Chaol index was significantly higher in the
condam group, indicating a lower number of species when E. coli was not present (Fig. 3.2). To
determine if the diversity between the two groups differed, PCoA based on the Bray-Curtis
dissimilarity metric revealed distinct clustering (Fig. 3.2B). The permutational multivariate

analysis of variance (adonis) exhibited the separation of the condam and ecolidam groups (P =
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0.001, R =0.52, Fig. 3.2B). The DC consisted of 16 species, 13 of which were present in both
groups. The species that were not present in the sequencing data at this time point in either of the
groups were P. copri, L. ruminis, and S. hyointestinalis (Fig. 3.2C). The condams lacked 1
species, L. delbrueckii, which was present in the ecolidam group (Fig. 3.2C). Bacteroides
accounted for on average 94.8% of the condam microbial community and 89.5% in the ecolidam
group (Fig. 3.2C). On average, E. coli accounted for 8.3% of the microbial community in the
ecolidam group (Fig. 3.2C). To determine the bacterial species driving the differences between
groups Linear discriminant analysis Effect Size (LEfSe) analysis revealed that C. colicanis was
significantly enriched (2.5% vs. 0.3%, P < 0.05, Fig. 3.2D) in the condam group while, as

expected, E. coli was enriched in the ecolidam group (P < 0.05, Fig. 3.2D).
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Figure 3.2 Microbial structural analysis of breeder female mice feces 1 week post DC oral
gavage with (ecolidam) or without E. coli (condam). A) Alpha diversity analysis of bacterial
communities. Shannon diversity index (Kruskal Wallis P =0.57; n = 10-11/group) and
Chaolindex (Kruskal Wallis P =0.015; n = 10-11/group). Dots represent individual mice and
lines depict the mean values with whiskers indicating min to max values. B) PCoA plot of
bacterial communities based on Bray-Curtis dissimilarity matrix (Adonis P = 0.001;
Betadispersion P = 0.94; R? = 0.52; n = 10-11/group). Dots represent individual mice. C)
Relative abundance of bacteria summarized by treatment group down to species level (n = 10-

11/group). The inoculum column shows the species included in the DC — E. coli not

administered to the condam females. Species that did not colonize are indicated by an asterisk for
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the condam group and a pound sign for the ecolidam group. D) LEfSe showing differentially
abundant bacterial taxa between the no E. coli (condam) and E. coli positive (ecolidam) females
(n = 10-11/group). Taxonomic groups significantly enriched (P < 0.05) are color coded by
treatment group. “Escherichia shigella s” = E. coli and “Clostridium_sensu_stricto 1 s” =

Clostridium colicanis. o.= 0.05.

3.3.3 Community Composition and Fecal Microbiota Structural Changes in 3-week-old
Pups

To evaluate phylogenetic richness and evenness of the 3-week-old pup feces in each of
the four treatment groups, one week after amoxicillin withdrawal, Chaol diversity index and
Shannon index were calculated in each sample. Significant differences were observed in Chaol
(P =0.027) and Shannon indexes (P = 0.0036) for treatment, however, there was no difference in
alpha diversity between males and females (Fig. 3.3A). The Chaol index of the control and EA
groups were significantly lower than that of the ecoli group, indicating higher species richness (P
<0.05, Fig. 3.3A). When both richness and evenness was considered, the amox group had a
significantly lower Shannon index than the ecoli group, the control group had a significantly
lower Shannon index than the control group, and the EA group was significantly lower than the
ecoli group indicating a higher alpha diversity (P < 0.05, Fig. 3.3A). To assess the microbial
community structure, PCoA based on the B-diversity metric of Bray-Curtis dissimilarity was
performed and showed distinct separation between groups (Adonis P =0.001, Fig. 3.3B). The
PERMANOVA of the Bray-Curtis dissimilarity metric was used to determine the difference in
overall bacterial composition across treatments and revealed that each group was significantly

different from one another at 3 weeks PND (Adonis P < 0.01). This analysis showed that
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treatment could explain 74.4% of the overall variance (Adonis P =0.001, Fig. 3.3B) and there
was no difference between sexes. The species present in each group differed at 3 weeks, mainly
between the Lactobacillus species. The amox group lacked detection of L. johnsonii and L.
ruminis, while in the EA group L. delbrueckii and L. reuteri were not detected (Fig. 3.3C). L.
delbreuckii, L. reuteri, and L. ruminis were not detected in the control group (Fig. 3.3C). The
ecoli group lacked L. delbreuckii, L. johnsonii, L. reuteri, and L. ruminis (Fig. 3.3C). L.
amylovorus, P. copri, and S. hyointestinalis were not detected in any of the groups and the
control and amox group remained E. coli-free as intended (Fig. 3.3C). The LEfSe analysis
revealed the microbial species that most likely explained the differences between groups. Species
that were significantly enriched in the control group were B. xylaninosolvens and L. mucosae, B.
thetaiotaomicron and C. colicanis were enriched in the amox group, while B. eggerthii and E.
coli were enriched in the ecoli group (P < 0.05, Fig 3D). However, the mean relative abundance

of E. coli in the ecoli group was 20.0% and 19.4% in the EA group (Fig. 3.3C).
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Figure 3.3 Microbial structural analysis of 3-week pup feces from the four treatment groups (N
=29). Amox and EA groups received amoxicillin through their dam’s milk for the first 2 weeks
of life. These dams were administered sterile amoxicillin drinking water at 25 mg/kg/day. EA
and E. coli groups were born to dams administered E. coli with the DC. The dam of the control
group did not receive amoxicillin or E. coli, just the DC and sterile water. All treatment groups n
= 8 except for EA (n =5). A) Alpha diversity analysis of bacterial communities. Shannon
diversity index (Kruskal Wallis treatment P = 0.0036, sex P = 0.39; n = 5-8/group, n = 16
females/13 males) and Chaol metric (Kruskal Wallis treatment P = 0.027; n = 5-8/group). Dots

represent individual mice and lines depict the mean values with whiskers indicating min to max
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values. B) PCoA plot of bacterial communities based on Bray-Curtis dissimilarity matrix
(Adonis treatment P = 0.001, Betadispersion treatment P = 0.009; Adonis sex P = 0.62,
Betadispersion sex P = 0.94; R?> = 0.74; n = 5-8/group; n = 16 females/13 males). Dots represent
individual mice. C) Relative abundance of bacteria summarized by treatment group down to
species level (n = 5-8/group). Species that are absent in each group are indicated by + (EA), %
(amox), * (control), and # (E. coli) D) LEfSe showing differentially abundant bacterial taxa
between the four treatment groups (n = 5-8/group). Taxonomic groups significantly enriched (P
< 0.05) are color coded by treatment group. Taxonomy “Escherichia-shigella s” = E. coli, and

“Bacteroides s” = Bacteroides xylaninosolvens. o = 0.05.

3.3.4 Community Composition and Fecal Microbiota Structural Changes in 5-week-old
Pups

At 5 weeks of age, the phylogenetic richness and evenness of the bacterial communities
for the four treatments were evaluated by Chaol diversity index and Shannon index. There was
no significant difference in either metric for treatment or sex (Fig. 3.4A). B-diversity based on
Bray-Curtis dissimilarity was significantly different and showed separation on the PCoA plot
(Adonis P =0.001, Fig. 3.4B). Pairwise comparison MANOVA of the four treatments revealed
that even after “normalization” of the microbiota, the overall composition differed between all
groups (Adonis P <0.05, Fig. 3.4B). This analysis showed that treatment could explain 41.2% of
the overall variance (Fig. 3.4B). Just as in the 3-week-old data, B-diversity did not differ between
sexes. The species that were not detected at 3 weeks (L. amylovorus, P. copri, and S.
hyointestinalis) remained undetected at 5 weeks (Fig. 3.4C). The Lactobacillus species absent in

the groups at this time point were different from that of 3 weeks. In all of the groups, L.
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delbreuckii was not present (Fig. 3.4C). The amox group also did not have detectible L. johnsonii
and L. reuteri; the control group did not show any L. reuteri; the EA group lacked the same
species as the amox group; and L. reuteri and L. ruminis were not present in the ecoli group (Fig.
3.4C). The amox and control groups were successfully colonized with E. coli (Fig. 3.4C and 4D).
The species that were identified as enriched by LEfSe analysis were B. xylaninosolvens and B.
vulgatus in the ecoli group; B. thetaioataomicron and T. sanguinis in the control group; and E.
coli in the EA group (P < 0.05, Fig. 3.4E). However, to determine the live E. coli load in the
feces of each group, E. coli was enumerated from MAC agar plates (Fig. 3.4D). The E. coli load
was not different between groups (Fig. 3.4D). The E. coli load between sexes was also not

different (Fig. 3.4D).
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Figure 3.4 Microbial structural analysis and E. coli enumeration of 5-week pup feces from the
four treatment groups post microbiota normalization (N = 29). All treatment groups n = 8 except
for EA (n=15). A) Alpha diversity analysis of bacterial communities. Shannon diversity index
(Kruskal Wallis treatment P = 0.67, sex P = 0.60; n = 5-8/group, n = 16 females/13 males) and
Chaol index (Kruskal Wallis treatment P = 0.16; n = 5-8/group). Dots represent individual mice
and lines depict the mean values with whiskers indicating min to max values. B) PCoA plot of

bacterial communities based on Bray-Curtis dissimilarity matrix (Adonis treatment P = 0.001,
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Betadispersion treatment P = 0.41; Adonis sex P = 0.084, Betadispersion sex P = 0.74; R? =
0.41; n = 5-8/group, n = 16 females/13 males). Dots represent individual mice. C) Relative
abundance of bacteria summarized by treatment group down to species level (n = 5-8/group).
Species that are absent in each group are indicated by + (EA), % (amox), * (control), and # (E.
coli) D) Enumeration of E. coli (log-transformed) in feces 5 weeks PND (One-way ANOVA
with Tukey’s multiple comparison test treatment P = 0.79, n = 5-8/group; two-tailed unpaired T-
test sex P = 0.80; n = 16 females/13 males). Dots represent individual mice and lines depict the
mean values and error bars indicate SEM. Black, blue, and red dots represent females, males, and
deceased males (after 24 hrs of challenge), respectively. E) LEfSe showing differentially
abundant bacterial taxa between the four treatment groups (n = 5-8/group). Taxonomic groups
significantly enriched (P < 0.05) are color coded by treatment group. Taxonomy “Bacteroides_s”
= Bacteroides xylaninosolvens, “Escherichia-shigella s” = E. coli, and “uncultured bacterium” =

Turicibacter sanguinis. o.= 0.05.

3.3.5 S. Tm Loads in the Ileum, Cecum, and Liver

After 48 hrs of S. Tm challenge, the S. Tm load was determined by plating content from
the ileum, cecum, and liver. In the ileum both treatment and sex had a significant effect (P <
0.05, Fig. 3.5). Specifically, the EA group had lower S. Tm loads than the control group (6.80
logio CFU/g + 0.89 vs 8.87 logi1o CFU/g + 0.47, mean = SEM) and females had lower S. Tm
loads than males (7.01 logi1o CFU/g + 0.30 vs 8.71 logio CFU/g &+ 0.42, mean = SEM). In the
cecum, the treatment effect was not significant, however the sex effect was significant and there
was an interaction effect between treatment and sex (P < 0.05, Fig. 3.5). Females had

significantly lower S. Tm loads in the cecum compared to males (8.66 logio CFU/g = 0.10 vs
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9.91 logio CFU/g £ 0.095 = SEM, mean + SEM). The effect of sex differed across treatment in
the cecum in the ecoli, amox, and control groups with the females having less S. Tm than males
(P <0.0001, n= 5 females/3males; P =0.039, n = 6 females/2 males; P < 0.0001, n=2
females/5 males; Fig. 3.5). There was a significant effect of treatment, sex, and the interaction in
the liver (P < 0.01, Fig 5). The EA group had less S. Tm (4.20 logio CFU/g + 0.65, mean = SEM)
than the ecoli group (5.79 logio CFU/g £+ 0.55, mean + SEM). The amox group also had less S.
Tm than the ecoli group (4.66 logio CFU/g £ 0.23 vs 5.79 logio CFU/g + 0.55, mean + SEM).
Again, the S. Tm load in the females (4.32 logio CFU/g + 0.22, mean + SEM) was lower than the
males (6.35 logio CFU/g + 0.43, mean + SEM). Similar to the cecum, the effect of sex differed
across treatment in the liver with females having less S. Tm loads in the ecoli and control groups

than males (P = 0.0012, n = 5 females/3males; P <0.0001, n = 3 females/5 males; Fig. 3.5).
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Figure 3.5 S. Tm loads (log-transformed) in the ileum, cecum, and liver of 6-week-old pups 48

hrs after infection with 7-8 x 10" CFU/mL S. Tm. All treatment groups n = 8 except for E. coli +

Amox (n =5); females n = 16 (except for cecum n = 15) and males n = 13. Dots represent

individual mice and lines depict the mean values and error bars indicate SEM. Black, blue, and

red dots represent females, males, and deceased males, respectively. Mixed effect model with

Tukey’s multiple comparisons. a. = 0.05.
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3.3.6 Cytokine Response to S. Tm Challenge

Plasma cytokine levels were analyzed 48 hrs after S. Tm infection to determine if the
differences in S. Tm loads could be explained by differential cytokine responses. The cytokines
IFNy, TNF-o, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, and the chemokine KC/GRO
(CXCL1) were analyzed and there were no differences between treatment groups. However, IL-
10 (69.18 pg/mL £ 11.52, 367.50 pg/mL + 154.10, mean + SEM), IL-6 (2522 pg/mL + 986.70,
14425 pg/mL £ 4833, mean + SEM), and KC/GRO (3027 pg/mL + 386.30, 6546 pg/mL +
715.80, mean £ SEM) were significantly lower in females than males (P < 0.05,n= 16

females/11 males, Fig. 3.6).
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Figure 3.6 Cytokine levels in plasma after 48 hrs of infection by S. Tm. Each treatment group is
presented by sex. Data was analyzed using a Two-way ANOVA where a = 0.05. Lines depict the

mean values and error bars indicate SEM.

3.4 Discussion:

Here, we investigated the influence of early life E. coli and amoxicillin treatment on the
severity of infection by S. Tm in a mouse model with a defined swine bacterial community. To
date, there is limited research examining how early life E. coli colonization and amoxicillin
administration modulates immune system development and subsequent disease resistance. While
determining the mechanisms behind this interaction between E. coli and amoxicillin on immune
system development was beyond the scope of this paper, the data supports the idea that early life
E. coli and amoxicillin administration influences subsequent S. Tm infection later in life.

In the current study, we found that the majority of the swine DC did colonize the dams
and could be vertically transmitted to their pups. Here, 14/16 species, compared to 10/16 species
in Chapter 2, colonized when species previously undetected were given fresh in duplicate

gavages. P. copri and S. hyointestinalis were not present at any of the time points in either study,
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therefore these species may be host adapted or require specific conditions to colonize. P. copri is
an important strict anaerobe in the human and swine gut, and as such has gained research
interest. All of the research in mice has used the human isolate of P. copri and while studies
claim colonization of this microbe, these studies implement regular oral gavages and lack plating
methods to confirm colonization (Chen et al., 2021; Huang et al., 2020; Pareek et al., 2019). One
study by Kovatcheva-Datchary and colleagues (2019) presents compelling evidence that the
human strain of P. copri can colonize over long periods of time after initially reducing the gut
with B. thetaiotaomicron. Although our inoculum contained B. thetaiotaomicron and repeated
gavages were performed, our pig P. copri isolate did not colonize. While the sequencing data
from the pups showed that most of the species were present at all sample time points, we noted
variation in the detection of some the Lactobacillus between the weeks 3 and 5. These results
may have been due to sequencing depth issues and highlights the fact that fecal samples are not
representative of the overall microbial colonization in the gastrointestinal tract as Lactobacillus
species are known to preferentially colonize the small intestine (Walter, 2008).

While we could not confirm a bloom of E. coli in response to amoxicillin treatment
previously at the early post-natal time point seen in other works, we did observe higher E. coli
loads in female mice on day 4 of amoxicillin treatment compared to the control group. Moreover,
the normalization of the microbiota of the 5-week-old pups successfully colonized all groups
with equal loads of E. coli as evidenced by plating data. It is important to note that plating data is
often more reliable as live bacteria are quantified. Whereas sequencing methods sequence the
total DNA in a sample and may incorrectly present significant differences like in this study
where the sequencing data suggested that the EA group had significantly more E. coli going into

the S. Tm challenge than the other groups. While the microbial composition was different
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between groups going into the S. Tm challenge and may have contributed to the variation in S.
Tm infection, the differences remained subtle.

To investigate the long-term implications of the effects of early life E. coli and
amoxicillin on disease resistance, the pups were challenged with S. Tm at 6 weeks of age. In line
with the hypothesis, the EA group had the lowest S. Tm loads in multiple sites and the control
group consistently had the highest numerical load of S. Tm in all sites. Furthermore, the
significant additive effect of E. coli and amoxicillin in the ileum and liver suggests that early life
treatment may contribute to a less severe local and systemic S. Tm infection later in life. This
difference in S. Tm load may be associated with the more robust Th1 response as observed in the
pig studies (Fouhse et al., 2019), however, there were no differences between any groups for the
10 cytokines at 48 hrs post infection. An earlier sampling point may be warranted as certain
important Th1 cytokines like IFNy, TNF-a, and IL-2 have been shown to peak within the first 24
hrs in response to S. Tm (Dar et al., 2019; Foster et al., 2003; McSorley et al., 2002; Perkins et
al., 2015).

Interestingly, males consistently had a significantly higher load of S. Tm in the ileum,
cecum, and liver. This phenotype linked to sex has been underexplored in relation to Salmonella
infection, but also in immunological research as approximately only 10% of articles analyze data
by sex (Klein & Flanagan, 2016). A few studies have found differences between sexes in both
humans and mice. In humans, men were found to clear Salmonella infection slower than their
female counterparts and young males under 15 have a higher Salmonellosis incidence compared
to women and older men (Lonnermark et al., 2014; Peer et al., 2021). Caron and colleagues
(2002) also found that male mice challenged with S. enteritidis suffered from higher splenic

Salmonella loads than female mice. This discrepancy between sexes in infectious diseases has
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been noted in other enteric infections such as Campylobacter jejuni, Helicobacter pylori,
Clostridium difficile, and Yersinia enterocolitica (Vazquez-Martinez et al., 2018). Many
researchers attribute the sexual dimorphism associated with pathogen loads to sex hormone
differences and the fact that several genes involved in the innate and adaptive immune responses
are located on the X chromosome (Elderman et al., 2016; Fish, 2008; Klein & Flanagan, 2016;
Sankaran-Walters et al., 2013; Vazquez-Martinez et al., 2018). It has been suggested that since
estrogen can regulate the human gut microbiota, that the estrogen driven microbiota differences
may be a factor of sexual dimorphism in Salmonella infection (Peer et al., 2021). However, in
our model, we did not observe any significant microbiota related differences between the sexes
at any time point. It has been further suggested that since estrogen-regulated cytokines provide a
favorable environment for the differentiation of CD4" T cells toward both Th1 and Th17 cells
that females are more efficient at clearing intracellular pathogens (Jaillon et al., 2019; Klein &
Flanagan, 2016). In this study, females did not have higher levels of Th1 cytokines 48 hrs post
infection, but males did have significantly more IL-6 and IL-10. IL-6 is a proinflammatory
cytokine that has been repeatedly associated with poor prognosis, especially in males which have
greater IL-6 plasma levels during sepsis (Frink et al., 2007; Oberholzer et al., 2005; Remick et
al., 2002). Higher levels of IL-10 have also been correlated with worse outcomes in septic
patients due to tolerogenic mechanisms provided by this anti-inflammatory cytokine (Frink et al.,
2007; Parsons et al., 2005). This tolerogenic effect of IL-10 has been demonstrated multiple
times in IL-10 deficient/knockout mice in response to S. Tm (Arai et al., 1995; Neves et al.,
2010; Salazar et al., 2017). Most recently, an IL-10 knockout model demonstrated that mice
lacking IL-10 had significantly less S. Tm in the ileum, spleen, and liver and a significantly

higher percent survival rate (Salazar et al., 2017). As such, we propose that significantly higher
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IL-10 and IL-6 in males could be responsible for greater local loads and systemic dissemination
of S. Tm.

Resistance to S. Tm is clearly multifactorial, thus we postulate that the difference in
pathogen loads between sexes could also be due to different phagocytic cell populations, and a
greater capacity to detect pathogens through higher TLR4 expression in females driven by
17B-oestradiol. Comparatively, females have greater phagocytic activity of neutrophils,
macrophages, and greater CD4" T cells than males, all of which are important to clear S. Tm
infections (Klein & Flanagan, 2016; Scotland et al., 2011). In 2011, Scotland and colleagues
showed that resident leukocytes in C57BL/6 mice and rats were more numerous in females than
males. Furthermore, resident macrophages expressed higher levels of TLR4, which implies that
these cells have a greater capacity to detect Gram-negative pathogens and eliminate them. Of
note, excessive cytokine production was also not found in females, however, chemokines that
recruit monocytes, macrophages, and lymphocytes were significantly higher in mesenteric tissue
than males. These findings suggest that following enteric infections that females can mount a
greater innate immune response via specific cell subsets without excessive production of
cytokines.

3.5 Conclusion:

To conclude, we showed that the majority (14/16) of the swine DC colonize the mouse
gut when the previously undetected species were administered fresh. Furthermore, the presence
of E. coli did not preclude any species from colonizing this mouse model. This limited swine
consortium mouse model serves as a model for detailed investigation of host-microbe
interactions in the context of swine enteric infections. We clarified that early life E. coli

colonization and amoxicillin does have long lasting impacts on S. Tm load in both local and
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systemic sites. Additionally, males suffered from higher loads of S. Tm in the ileum, cecum, and
liver, which may be driven by excess production of cytokines that allow for greater systemic
dissemination and exacerbate sepsis. This study is the first step in developing management
strategies to recapitulate this protective phenotype and highlights the importance of sexual
dimorphism in enteric infections. Besides replication of the study, the next step is to define the
effects that early life E. coli and amoxicillin have on immune system development to develop

non-antibiotic-based strategies to reduce Salmonellosis.
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Chapter 4: General Discussion
4.1 Summary and Conclusions:

The call for mechanistic studies in gut microbiome research has spurred the cultivation of
bacteria derived from various hosts (Fischbach, 2018). While high-throughput sequencing
combined with subsequent bioinformatic and omics analyses generate copious amounts of data,
pure isolates are imperative to test correlative predictions. To test these predictions and gain
insight into the roles specific members of the gut microbiota play in host health and disease,
gnotobiotic animal models are the gold standard. Gnotobiotic animals allow researchers to tease
apart the relationships between microbes and host-microbe interactions (Fiebiger et al., 2016).
The first step in creating a gnotobiotic animal model is to select appropriate strains of bacterial
species, from culture collections, to include in a defined community (DC) that the animals will
be administered. As such, the foundation of this principle is to generate culture collections and
characterize isolates. In this work, bacteria were isolated from conventional pig gastrointestinal
samples to curate a swine-microbe derived culture collection. Then, based on proposed swine
core microbiomes and prevalent bacteria in piglets, a DC with whole genomes was curated.

With the intent of first employing a gnotobiotic mouse model to test findings associated
with Escherichia coli and amoxicillin administration in early life and subsequent disease
resistance in pigs from a previous study by Fouhse et al (2019), the DC was introduced to germ-
free (GF) mice to assess colonization patterns. At the phylum level, both mice and pigs are
dominated by Firmicutes and Bacteroidetes which was observed in our swine DC mouse model
even when E. coli was introduced in the third chapter; however, the relative abundance of
Bacteroidetes in our model is higher than what it typically seen in wild mice and conventional

pigs, but comparable to gnotobiotic mice colonized with both mouse and human microbiota
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(Chung et al., 2012; Holman et al., 2017; Lkhagva et al., 2021). In chapter 2, our swine DC
mouse model exhibited specific gut microbial community structures and total bacteria loads that
are conserved between pigs and mice (Anders et al., 2021; Crespo-Piazuelo et al., 2018; Holman
et al., 2017; Suzuki & Nachman, 2016; Zhao et al., 2015). Specifically, a high degree of overlap
in the community structure between the cecum, colon, and feces, but distinct separation in the
ileum was observed. This result can be explained by the enrichment of Lactobacillus and
Streptococcus species in the ileum and Bacteroides species in the lower gastrointestinal tract,
which were presumably due to the differences in substrate and oxygen availability that is similar
between mammalian hosts (Anders et al., 2021; Crespo-Piazuelo et al., 2018; Lkhagva et al.,
2021). These conserved results suggest that this limited swine consortium may colonize in a
similar fashion when introduced to GF piglets and lends evidence for the use of a swine microbe
derived gnotobiotic mouse model to serve as a basis to test associations from pig studies when
GF pig work is not feasible or warranted. Having said this, similar models like humanized mice
have come under scrutiny as specific members of the mouse microbiota are essential for the
maturation of the immune system and confer better protection against certain enteric pathogens
(Chung et al., 2012). Consideration of potentially different interactions resulting from a foreign
host microbial community should be taken into account when conducting such studies.
Furthermore, the functional potential of this DC should be assessed as the hallmarks of a suitable
gnotobiotic model are not limited to membership, composition, and structure if the intent is to
mimic “normal” conditions in the gut. For example, a recent genome-guided study conducted in
gnotobiotic mice harboring a mouse DC analyzed the functional potential of each strain and
compared them to the fraction of KEGG modules of a conventional mouse microbiota

(Brugiroux et al., 2016). With this knowledge, they identified conserved modules between the
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two consortia and were able to add facultative anaerobes that covered missing aerobic respiration
functions to restore colonization resistance of S. Tm to comparable levels observed in
conventional mice (Brugiroux et al., 2016). Functional redundancy within the gut microbiome is
well known and if the members of a DC can cover the major functions as well as mimic the
community composition of the donor, gnotobiotic models can be improved and shift towards a
healthy representative microbiome.

Given the ability of the swine defined community to colonize in a gnotobiotic mouse
model, we were able to test the effects of early life pig E. coli and amoxicillin treatment on
subsequent resistance to S. Tm infection in our swine DC mouse model. When the members of
the DC that did not colonize in chapter 2 were given fresh in duplicate exposures of the DC in
chapter 3, 13/16 species colonized in the DC dams while 14/16 species colonized in the DC + E.
coli dams. This shows that the addition of E. coli does not reduce the DC colonization ability.
Additionally, the majority of the DC was vertically transmitted to the pups of all groups with
only the differences spanning the Lactobacillus genera, which are known to be influenced by
antibiotic administration (Graversen et al., 2020). Upon S. Tm challenge, the EA group showed
the lowest S. Tm loads in the ileum and liver. Importantly, the S. Tm loads in this study were
comparable to other S. Tm models in C57BL/6J mice 48 hrs post infection (Nilsson et al., 2019).
While the mechanism behind this finding is yet to be elucidated, we confirmed previous results
suggesting that the administration of E. coli and amoxicillin during the first two weeks of life
does have lasting impacts on disease resistance (Fouhse et al., 2019). Many studies focussing on
the role of E. coli on subsequent S. Tm resistance suggest that the mere presence of E. coli
provides colonization resistance (Brugiroux et al., 2016; Furter et al., 2019; Thiemann et al.,

2017; Wotzka et al., 2019). However, at the time of challenge in this study, the E. coli counts did
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not significantly differ, yet there were significant differences in S. Tm loads between treatment
groups. Therefore, we postulate that colonization resistance is not the only mechanism by which
E. coli can decrease S. Tm loads. It was then hypothesized that given the significant increase of
T helper 1 (Thl) mediated cytokines in pigs previously characterized with amoxicillin induced E.
coli blooms in early life, that the combination of E. coli and amoxicillin primes the immune
system towards a more proinflammatory response which may be beneficial in clearing
intracellular pathogens like S. Tm later in life (Fouhse et al., 2019). However, no significant
differences in proinflammatory cytokines were observed between groups at 48 hrs post infection.
Interestingly, there were significantly higher S. Tm loads in the ileum, cecum, and liver in male
mice that was accompanied by increased cytokines, IL-6 and IL-10, which are implicated in
sepsis and increased systemic dissemination of S. Tm (Arai et al., 1995; Frink et al., 2007; Neves
et al., 2010; Oberholzer et al., 2005; Remick et al., 2002; Salazar et al., 2017). Sexual
dimorphism, while largely underreported in S. Tm infection, is a major factor in immunological
responses to various disease states (Lonnermark et al., 2014; Peer et al., 2021). Human females
account for about 80% of autoimmune disorders whereas males are typically aftlicted with
infectious diseases and non-reproductive cancers (Klein & Flanagan, 2016). Sex differences in
immune function are not limited to mammals. In fruit flies, genes encoding for innate signalling
proteins on the X chromosome have been found to be responsible for the reduction of bacterial
loads in females (Hill-Burns & Clark, 2009). Sex hormones can bind to immune cells and alter
immune responses by acting as transcription factors to modify gene expression have also been
shown to influence immune responses in birds and lizards (Fox et al., 1991; Kovats, 2015; vom
Steeg & Klein, 2016). Male birds, especially during mating season when testosterone is the

highest, have lower antibody and cell-mediated immune responses; and male lizards show less
109



phagocytic activity of macrophages than females resulting from suppressive androgens (Mondal
& Rai, 1999; Pap et al., 2010). In mammals, the primary principles driving sexual dimorphism in
immunity predictably stem back to these two principles — immune functions encoded on the X
chromosome and sex hormones (Klein & Flanagan, 2016). Briefly, the immune functions
encoded on the X chromosome include those implicating toll-like receptors (TLR7 and TLR9Y),
various cytokine receptors, and cellular and humoral mediated immunity (Fish, 2008). The
effects of sex hormones on innate and adaptive immune responses are complex and are not all
synonymous between species nor throughout life (Klein & Flanagan, 2016). Furthermore, the
levels of estrogen, progesterone and androgens differentially affect immune cell functions but in
large progesterone and androgens suppress proinflammatory responses, whereas estrogen in
higher levels promote proinflammatory responses (Gay et al., 2021). Due to the importance of
cell-mediated pro-inflammatory Th1 mediated responses in clearing S. Tm, it is relevant to note
that in general, females display greater cell-mediated immune responses characterized by higher
naive and helper T cell counts, especially Th1 cells, and cytotoxic T cell activity (Abdullah et al.,
2012; Amadori et al., 1995; Villacres et al., 2004). Estrogen in mice has repeatedly been shown
to increase expression of TLR4 on macrophages, which correlated with higher inflammatory
cytokine levels and reduced lipopolysaccharide (LPS) endotoxin-associated morbidity (Rettew et
al., 2008, 2009; Scotland et al., 2011). Additionally, females show higher phagocytic activity of
macrophages and increased NETosis of neutrophils, as well as antigen presentation (Klein &
Flanagan, 2016; Lu et al., 2021; Scotland et al., 2011). Taken together, while females did not
show increased levels of proinflammatory cytokines at 48 hrs post infection they may have had
differential activation of cell populations involved in innate and cell-mediated immunity that

controlled S. Tm loads without excessive cytokine production.
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4.2 Limitations:

It is valuable to acknowledge the limitations of this thesis for both the interpretation of
results and to improve future work. Gnotobiotic mouse models are an incredibly important tool
to study the gut microbiome, thus the protocols for raising mice in germ-free isolators are
established and rigorously validated. Mice are by far the most popular gnotobiotic animal due to
these established protocols, cost, and ease of rearing. In this thesis, gnotobiotic mice were used
to test previous effects of amoxicillin and E. coli in early life on subsequent disease resistance
later in life in pigs. Gnotobiotic pig models are far less widespread in gut microbiome research
due to their incredibly demanding rearing, cost, and largely unvalidated protocols. As such, the
numbers of piglets realistically raised at one time is reduced in comparison to mice. While the
sample size was limited in this study due to cannibalization of litters, leaving one remaining litter
per treatment group, it remained larger than many gnotobiotic pig trials (Huang et al., 2018;
Kozakova et al., 2006; Zhou et al., 2021). Cannibalization was a limiting factor in this study, and
we tried to reduce the stress these dams were facing from loud construction occurring next to the
unit these animals were housed in by reducing handling during the first three weeks of life.
Unfortunately, this limited our ability to mix litters, sex match, and take important samples. To
investigate an amoxicillin induced E. coli bloom, samples throughout the first two weeks would
have been ideal to confirm this previous result during the first week of amoxicillin treatment in
piglets from Fouhse et al (2019). Although amoxicillin induced E. coli blooms are characteristic
of this particular antibiotic treatment and our pilot E. coli plus amoxicillin trial revealed that
amoxicillin increased E. coli compared to control mice, it is important to definitively observe a
bloom in this early life study to claim causality (Antonopoulos et al., 2009; Fouhse et al., 2019;

Looft et al., 2012). Antibiotic administration in this trial was facilitated through sterile
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amoxicillin supplemented water and thereby milk from dams to pups. Small mouse pups cannot
be gavaged daily, which is not the case for piglets as they can be directly administered
antibiotics. While gnotobiotic mouse models possess clear benefits over gnotobiotic piglets,
sampling and sexing piglets is not typically an issue as they are larger, not raised by their sow,
and can be sexed at birth to balance treatments, which is important in disease challenge models
due to sexual dimorphism (Klein & Flanagan, 2016). Furthermore, blood samples were not
feasible from these animals prior to challenge, which prevented baseline cytokine
characterization to determine the magnitude of the difference between the sexes. Finally, if the
intent of a study is to investigate the effect of early life bacterial constituents (E. coli) on
pathogen resistance, it is imperative to normalize the microbiota across treatment groups well in
advance of infection. Here, we fed back fecal slurries composed of combined fecal pellets from
each of the treatment group dams to the pups at weaning. Although there were still small beta
diversity differences between every group due to minutely enriched species in certain treatment
groups, each group had equal E. coli loads. To rectify such differences, replication studies could
oral gavage the DC and E. coli in the same fashion as the dams to test if beta diversity
differences still result. Normalization between groups is also an issue when using gnotobiotic
pigs for this study as they come out of isolators at weaning due to size restrictions of the
isolators. Since these piglets are exposed to a wide variety of microbes when transitioning from
sterile isolators to conventional settings, it is fair to presume that these piglets would exhibit
differences in diversity measures between treatments. In large many of the limitations in this
study can be mitigated by increasing sample size by repeating this study in gnotobiotic mice and

then confirming results in gnotobiotic pigs.
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4.3 Future Directions:

In pig production, opportunistic and pathogenic E. coli are a major health concern which
results in management practices based on controlling E. coli populations (Luppi, 2017). While
research is obviously lacking regarding the effects of the presence of E. coli in early life on
immune system development, it has been suggested that E. coli derived LPS may be one
mechanism of educating the immune system by priming antigen presenting cells to facilitate T
cell clonal expansion, differentiation, and survival as well as conditioning gut epithelial cell
responses to subsequent TLR stimulation (Chassin et al., 2010; Lotz et al., 2006; Mcaleer &
Vella, 2008). Thus, it is possible that further research will support the administration of
beneficial probiotic E. coli or E. coli derivates to facilitate enhanced resistance to enteric
pathogens such as S. Tm.

It is important to acknowledge that the overwhelming body of research involving
neonatal antibiotic administration shows that antibiotic induced microbial dysbiosis can
differentially direct immune development resulting in increased risk of allergies, asthma, irritable
bowel disease, and various infections (Neuman et al., 2018; Vangay et al., 2015). As such, this
body of work is not suggesting the unnecessary administration of amoxicillin in early life, but
rather intended to confirm that early life antibiotic and microbial interventions are responsible
for S. Tm resistance later in life. It is appropriate for future studies to repeat this model, and then
investigate in gnotobiotic pigs, to characterize immune cell subtypes and cytokine profiles during
the two-week administration of amoxicillin and during S. Tm challenge at various time points.
This information will lend evidence to how these treatments modulate immune system
development and confer increased S. Tm resistance. If an additive effect of E. coli and

amoxicillin is still observed, the follow up research would be to pinpoint the mechanism
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facilitating this differential immune response to recapitulate the previously characterized
protective phenotype without using antibiotic administration. Clearly, this field is in its infancy,
but with continued research there is great potential to employ the largely underutilized gut

microbiota as a tool to improve disease resistance.
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