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ABSTRACT

Diet is a strong modifier of gut host-microbe interactions that alter host physiology and
immunity against pathogenic bacteria. Some dietary components are required to support host
defences that maintain gut homeostasis and symbiosis, whereas others can be detrimental,
leading to changes in microbial communities and impaired intestinal barrier function and
immunity. In this thesis, a mouse model of infectious Citrobacter rodentium was used to
challenge the effects of phytochemical and vitamin B12 consumption on intestinal ecology and
integrity to promote health.

The fiber and phytochemical content in the seed coat of peas (Pisum sativum) has been
associated with beneficial health outcomes, including weight and cardiovascular health;
however, the indirect effects of peas by host-microbe interactions remain poorly understood. To
determine the effect of pea phytochemicals and fiber on host-microbe interactions and intestinal
health, the seed coat of two cultivars of peas rich and poor in proanthocyanidins were fed to mice
as raw or acid hydrolyzed fractions. In accordance with a previous study, the acid hydrolyzed
anthocyanidin fraction reduced weight gain in mice fed a high fat diet. Supplementation of both
pea seed coat fractions altered the microbial communities and encouraged pathogen colonization
by day three post-infection; however, the proanthocyanidin containing diet had a more robust
antimicrobial affect and consistently led to higher pathogen loads as determined by fecal
enumeration. Acid hydrolysis processing to both pea fractions reduced the effects on the
microbiota and ability of C. rodentium to colonize the gut. In addition, pea phytochemicals
increased mucin accumulation in the intestinal lumen, and this may have contributed to the

improved ability of C. rodentium to colonize the gut. This study shows how pea phytochemicals



directly contributes to microbial ecology and provides insight into how their antimicrobial and
mucin accumulating activities affect the gut environment and pathogen colonization resistance.

The effect of mucin accumulation in the gastrointestinal lumen in response to
phytochemicals has previously been associated with beneficial health outcomes. Since our study
shows that increased mucin corresponded with higher levels of C. rodentium colonization, we set
out to determine the contributions of mucin to gut ecology and the dietary phytochemicals that
stimulate their effects in the gut. Germ-free mice fed the proanthocyanidin-rich containing
fraction stimulated mucin accumulation in the feces, indicating that phytochemicals directly
impact the mucus layer independently of the microbiota. Supplementing both the red-osier
dogwood extract, a hydrolysable tannin, and our non-hydrolysable proanthocyanidin-rich pea
fraction led to greater mucin levels in the feces of conventional mice compared to control. The
increase in mucin corresponded to an enrichment in Lachnospiraceae and Clostridium leptum
species and a reduction in Romboutsia species in the colon. This study provides insight into how
dietary phytochemicals impact specific members of the Firmicutes population and shows that a
common compound is likely directing the increased fecal mucin phenotype independently of the
gut microbiota.

Vitamin B12 is a known modulator of the microbial ecosystem. To determine how B12
impacts the gastrointestinal microbiota, we supplemented it in drinking water at 100 times the
amount found in diet and challenged mice with C. rodentium. Survival and early colonization
models show that mice supplemented B12 were more susceptible to pathogen colonization and
virulence. Cecal meta-transcriptomics revealed that the activities of the Firmicutes population
was altered by B12 supplementation and this contributed to a more virulent C. rodentium

population as confirmed by reduced glucosidase activity and increased virulence genes. In



addition, host interleukin-12p40 cytokine levels were higher from B12 supplementation prior to
infection and was determined to be dependent on the microbiota.

Collectively, this thesis adds to our understanding of diet-microbe-host interactions that
impact intestinal integrity as to improve nutritional strategies and therapies to combat infectious

disease and improve health.
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1 CHAPTER 1: DIET-MICROBE-HOST INTERACTIONS THAT AFFECT GUT

MUCOSAL INTEGRITY AND INFECTION RESISTANCE

1.1 Introduction

Infectious enteric diseases are a major cause of morbidity and mortality worldwide and
are of particular concern in hospital settings and developing countries. According to the World
Health Organization, infectious enteric diseases are one of the top ten causes of death leading to
over two billion cases and one million deaths worldwide in 2010 (Kirk et al., 2015). Host
resistance towards invading pathogens requires tight regulation of the gastrointestinal
environment, maintained through a synergistic relationship between the host immune system and
microbiome. Disruption to a host’s intestinal homeostasis, including insults from diet, stress,
antibiotic and drug treatment, allergies, cancer, and related illnesses can leave the host vulnerable
to enteric pathogens (Stecher, 2015). It is well understood that diet can play a major role on
health by positively and negatively shaping gastrointestinal ecology (Byndloss et al., 2018; R. K.
Singh et al., 2017), and therefore should be a major focus in mitigating the severity of infection.

Although humans have successfully reduced pathogen exposure through effective
sanitation practices, the adoption of a “Western diet”, over-sanitation and lack of physical
exercise are hypothesized to have contributed to the rise in autoimmune disorders (Manzel et al.,
2014). The “Western diet” is characterized by the excessive consumption of fats, proteins,
refined sugar and low intake of dietary fiber. Other dietary patterns such as the Mediterranean,
Vegetarian-based, Japanese-based, and Ketogenic type diets can positively regulate immune
responsiveness to reduce immune activity and support health (Soldati et al., 2018). However,

human epidemiology studies on diet tend to exclude important interindividual variations that



govern the gastrointestinal microbiota and may explain the diverse claims to which foods are
known as ‘protective’ and ‘harmful’ (Ananthakrishnan, 2015). Establishing a mechanistic link
between individual diet components using host-microbe interactions will aid to provide evidence
driven recommendations to help control an overactive immune response.

An overactive immune system is associated with autoimmune disorders such as
inflammatory bowel disease (IBD) that affects host immune activity and leads to increased
incidence of infection (Hong et al., 2017; H. Singh et al., 2017). Likewise, “westernized diets”
have shown to enhance Escherichia coli colonization and associated inflammation in mice by
altering the host mucus layer, increasing intestinal permeability, and impairing immune function
(Martinez-Medina et al., 2014). Dietary fiber and other microbiota-accessible carbohydrates
(MAC:s) are a key component missing from the “westernized diet” that when re-introduced
provides a beneficial balance to host health and microbiome (Hryckowian et al., 2018a). Fiber is
exhaustively studied as a microbial fermentation substrate that produces short chain fatty acids
(SCFAC(s)) with known benefits to host intestinal homeostasis and health (Makki et al., 2018b).
However, we fear that this focus on the beneficial effects of fiber associated SCFA production
has led researchers to overlook other common dietary components that may positively or
negatively influence the host gastrointestinal environment and health.

Diet intervention should be considered a valuable tool to manipulate the host-microbe
axis to help sustain intestinal homeostasis and infection resistance. Dietary components such as
carbohydrates, lipids, proteins, phytochemicals, minerals and vitamins all have unique structural
and chemical (physicochemical) properties that influence host pathogen resistance directly and
indirectly through the microbiome. Bridging the gap between diet, host, and microbiome as they

relate to immunity and disease resistance is a multifaceted field that requires an understanding of



their combined effects on intestinal homeostasis (Figure 1.1). This review explores the role of
common dietary components on host-microbe interactions that modulate host resistance and
tolerance towards common infectious diseases. We highlight the opportunity to improve
outcomes, yet recognize the current knowledge limits the ability to provide concrete dietary
advice. This is partially limited by the fact that diet focused infection resistance research is

scarce and difficult to translate to humans.
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Figure 1.1: Diet contributes to a black box of intertwined mechanisms between the microbiota,

host and pathogen that have yet to be elucidated.



1.2 GALT and microbiome regulate host defenses

The gut associated lymphoid tissue (GALT) plays a crucial role in regulating intestinal
homeostasis and is composed of lymph nodes, lamina propria, and epithelial cells that together
provide the host with a protective barrier and immune defence against invading pathogens
(Forchielli & Walker, 2005). On the other hand, the microbiota provides a physical presence that
can directly prevent pathogen colonization by competing for attachment sites or nutrient
resources. Indirectly, the microbiota helps to improve host resistance by modulating intestinal
integrity through the mucus layer, tight junction proteins, and antimicrobial peptides (AMPs:
cathelicidins, C-type lectins and defensins) (Anhé, Varin, et al., 2015; Dudek-Wicher et al.,
2018). Mucins secreted by goblet cells provide the first line of defense by forming a physical
barrier composed of highly glycosylated and interlinked proteins between luminal bacteria and
host epithelial cells (Dupont et al., 2014). The loose layer of the mucosa provides lubricant and is
metabolized by mucin-degrading (mucolytic) bacteria (Sicard et al., 2017), whereas the adherent
layer, when properly formed, secures a balance of host AMPs and immune factors that maintain
intestinal homeostasis (Antoni et al., 2013).

Disruptions to the balanced microbial ecosystem greatly increase a host’s vulnerability to
infection (Willing, Russell, et al., 2011). In particular, antibiotic exposure can cause major shifts
in microbial communities leading to mucus layer thinning, predisposing and exacerbating
infections, as shown with antibiotic accompanied Citrobacter rodentium infections in mice (M.
Wlodarska et al., 2011). Antibiotic-induced microbiota imbalances are well documented to alter
the production of AMPs, tight junction proteins, and immune factors that normally contribute to
intestinal homeostasis and infection resistance (Cash, 2006; Menendez et al., 2013). Secretory

immunoglobulin A (SIgA) antibodies are abundant immune factors of the intestinal lumen that



protect epithelial cells from enteric pathogens and toxins by blocking their access to epithelial
receptors and entrapping them in mucus to promote clearance (Mantis et al., 2011). Although
SIgA targets and disrupts pathogens and antigens, commensal microbes such as Bacteroides
fragilis alter their surface proteins to attract SIgA to enhance mucosal colonization (G. P.
Donaldson et al., 2018). Intestinal epithelial cells (IECs) produce reactive oxygen species
(ROS)(Knaus et al., 2017) and Resistin-like molecules (e.g. RELMp)(Pine et al., 2018) that
hinder commensal and pathogenic bacteria colonization, further maintaining intestinal
homeostasis. IECs apical surface fucosylation is another useful host strategy that controls
commensal microbes and inhibits pathogens. Secreted fucose is metabolized by bacteria to
produce bioactive metabolites, reduce virulence factors, and enrich beneficial gut microbes to
strengthen colonization exclusion (Pickard & Chervonsky, 2015). Alternatively, fucose can be
fermented by commensal microbes into 1,2-propanediol and utilized by Sa/monella during
inflammation to drive their fitness in the colon (Faber et al., 2017).

The host has significant control over microbial communities of the small and large
intestine; however, this relationship is complex and is managed in part through gastric acid
secretions, intestinal motility, bile secretions, oxygen gradients, and regulation of pattern
recognition receptors (PPRs), such as Toll-like receptors (TLRs) (Byndloss et al., 2018). The
host recognizes commensal bacteria through activation of TLRs and relays an appropriate
response in accordance to the specific microbial derived ligands (e.g. peptidoglycan, lipoprotein,
lipopolysaccharide (LPS), and flagellin) (Hug et al., 2018). Innate lymphoid cells (ILCs) have
been identified as key immune regulatory cells of the GALT controlling pathogen resistance,
inflammation, and metabolic homeostasis (Klose & Artis, 2016). ILCs concentrate within

mucosal surfaces and relay signals sent between the microbiota, epithelia, immune cells, and



metabolites in the intestine to maintain epithelial barrier function. Transcriptomic analysis of 15
ILC subtypes revealed their regulatory functions depend on the presence of the microbiome,
nutrients, and xenobiotics (Gury-BenAri et al., 2016). Ultimately, it is the combined relationship
between the gut microbiota, host, and diet that help improve or worsen a host’s ability to tolerate
and resist pathogenic bacteria (Figure 1.2). The remainder of this review will focus on specific
dietary components and how they stimulate some of these and other host-microbe interactions

resulting in impaired or improved host disease resistance.
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Figure 1.2: Diet and immune activity load (allergies, cancer, other illness, etc.) determine host
intestinal integrity towards invading pathogens. Diet affects intestinal integrity directly by
stimulating IECs, ILCs, and microbial communities, and indirectly through microbial
fermentation by-products (SCFAs, HaS, etc.). A healthy individual following a balanced diet to

maintain symbiosis between host and microbial populations has enhanced intestinal integrity



with a thick inner and outer mucus layer that retains AMPs and other compounds to protect the
host against pathogen colonization (A). A diseased host with heightened immune activity
maintains symbiosis by consuming dietary components that protect and boost host innate
defenses (IgA, AMPs, mucus, fucosylation) and adaptive immune responses to prevent pathogen
colonization (B). Whereas diseased individuals with heightened immune activity consuming a
poor diet are more susceptible to enteric infections due to impaired host defenses that cannot

control the dysbiotic intestinal environment (C).

1.3 Carbohydrates

Dietary carbohydrates are often classified by their degree of polymerization into mono-,
di-, oligo-, or poly- saccharides and composition of their monosaccharides: glucose, fructose,
galactose, and xylose. Typically, carbohydrates are categorized as either digestible or
indigestible (fiber). Binding and structural properties of carbohydrates dictate the glucosidase
enzymes required to break bonds into their basic units for absorption (Goodman, 2010). The
digestible carbohydrates escaping host small intestinal digestion, along with dietary fiber,
become available as microbial energy substrates and are able to substantially alter the intestinal
ecosystem and community structure (Desai et al., 2016).

Increasing intake of digestible carbohydrates has been scrutinized for contributing to the
worldwide obesity and diabetes epidemics. However, carbohydrates are essential energy
substrates for the central nervous system and red blood cells, are required to maintain cellular
energy balance after sustained increases in metabolic activity, and to restore energy levels and
glycogen stores (Mergenthaler et al., 2013). Humans and animals are able to regulate blood

glucose levels; however, excessive dietary carbohydrate consumption can worsen acute



hyperglycemia, particularly during times of an illness (Ingels et al., 2018; Thaiss et al., 2018b)
and stress (Marfella et al., 2001; van der Kooij et al., 2018). A medical illness can enhance the
negative effects of acute hyperglycemia, which include inhibition of neutrophil migration,
phagocytosis, superoxide production, and microbial killing, compromising host innate immunity
against bacterial and fungal infections (Jafar et al., 2016). Diets high in simple and refined
carbohydrates are shown to negatively impact gastrointestinal microbial communities leading to
intestinal barrier dysfunction and greater risk for enteric infection (Thaiss et al., 2018b). Whereas
balanced diets containing resistant starch and fiber stimulate microbial fermentation leading to a
stable diverse microbiome and production of beneficial SCFAs (Martens et al., 2018).
Understanding both negative and positive effects of carbohydrate consumption on
gastrointestinal immunity and microbial populations will provide vital insight towards dietary
strategies to help maintain pathogen resistance.

Dietary trehalose, a food component used to improve a product’s texture, flavour,
glycemic index and shelf life, was introduced in the early 2000’s and has since been proposed to
have contributed to the global Clostridioides difficile epidemic (J. Collins et al., 2018). Trehalose
is a disaccharide composed of two glucose molecules linked by a resistant o,,a - 1,1-glucosidic
bond found in plants, algae, fungi, yeast, bacteria, insects, and other invertebrates (Richards et
al., 2002). Mammals and other vertebrates lack the ability to synthesize trehalose, and the dietary
fate of trehalose depends on the capacity of the small intestinal trehalase enzyme to hydrolyze it
into glucose (Argiielles, 2014). Trehalase deficiency is rare in humans but excessive
consumption of trehalose can lead to negative intestinal imbalances similar to those associated
with lactose and fructose intolerances. Researchers believe the increased use of trehalose in food

production has naturally selected for C. difficile with the capacity to metabolize trehalose more



efficiently, thus increasing pathogen fitness and contributing to their hypervirulent outbreaks in
the human population (J. Collins et al., 2018). To combat reoccurring C. difficile infections a
fecal microbial transplant (FMT) from a healthy donor has become a helpful treatment option;
however, the mechanism of remission remains unclear (Baktash et al., 2018). The success of
FMTs to treat C. difficile infections highlights the importance of a ‘healthy’ gut microbiome to
promote infection resistance. Additional research is needed to confirm the impact of specific
carbohydrates and their malabsorption on immune and microbial networks in the gut as it relates
to pathogen fitness. Interestingly, studies in mice comparing fiber-rich and fiber-deprived diets
support the detrimental effect of a simple carbohydrate dominated diet and the importance of

fiber on infection resistance (Desai et al., 2016; Hryckowian et al., 2018b).

1.4 Dietary fiber

Health benefits associated with foods rich in non-digestible dietary fiber depend on their
type, source, and proportion of water soluble and insoluble carbohydrate components (Eswaran
et al., 2013). Fruits, vegetables, and grains are excellent sources of numerous fiber types;
however, not all fiber sources and types are created equal. The food source, glycosylated chain
structures and their fermentability, along with other inherent components are key parameters for
their functional quality within the gastrointestinal tract (Makki et al., 2018a). Non-digestible
carbohydrates are composed of monosaccharide units (glucose, fructose, galactose, xylose,
fucose, and sialic acid) found naturally in plants, algae, fungi, bacteria, and mammalian milk, or
produced by chemical or enzymatic processes (Belorkar & Gupta, 2016; Mussatto & Mancilha,
2007). Short chain fructo-oligosaccharides (FOS) have received a great deal of attention due to

their prebiotic effects (S. P. Singh et al., 2017) and fact that they occur naturally (mostly as



inulin) with different degrees of polymerization in foods (Belorkar & Gupta, 2016). The
consumption of prebiotic fibers have helped with diarrhea and constipation (Beleli et al., 2015;
Souza et al., 2018; Suares & Ford, 2011); however, not everyone benefits from their
consumption, and can even lead to excessive gas production, bloating and discomfort (Souza et
al., 2018; J. Yang et al., 2012). In cases of gastrointestinal discomfort, a diet low in fructans
(FODMAP-restricted diet) or reducing dietary fiber is often effective but remains controversial,
and individualized (Eswaran et al., 2017; Ho et al., 2012; S. S. C. Rao et al., 2015).

The effects of various non-digestible fiber on health and microbiota is thoroughly
reviewed (Eswaran et al., 2013; Makki et al., 2018b; Mussatto & Mancilha, 2007). In general,
dietary fiber can modify gastrointestinal function directly through fecal bulking and indirectly
through the modification of microbial community structure, and by increasing microbial biomass
and fermentation products (Eswaran et al., 2013). Fiber fermentation leads to beneficial SCFAs
(mainly acetate, propionate, and butyrate) but also undesired gases such as carbon dioxide,
hydrogen, and methane (Cummings & Macfarlane, 1991). Increased gas production, fecal
bulking and delayed gastric emptying can lead to discomfort, bloating, and flatus in many
individuals (Eswaran et al., 2013). Microbial fermentation products such as SCFAs interact with
the intestinal epithelium to promote certain defense mechanisms. In particular, microbial
production of butyrate provides an energy substrate to epithelial cells (Hamer et al., 2008),
maintains the hypoxic environment (Litvak et al., 2018), and promotes improved barrier function
through hypoxia inducible factor (HIF) (Caleb J. Kelly et al., 2015). Induction of HIF
transcription factor subsequently stimulates downstream signalling to increase mucus production
(Louis et al., 2006) and expression of AMPs (C. J. Kelly et al., 2013) ultimately helping to

minimize facultative pathogen growth.
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According to the Global Burden of Diseases, Injuries and Risk Factors Study of 2015
infectious diarrhea is a leading cause of death globally among all ages (1.3 million deaths); with
a large proportion of those occurring in infants under 5 years of age (499,000 deaths) (Troeger et
al., 2017). Providing children with MACs is an important strategy to mitigate infection burden
by stabilizing the microbiota and by bolstering intestinal immunity. Infants that are exclusively
breast fed have reduced risk of developing diarrheal disease (Popkin et al., 1990), partially due to
the naturally occurring human milk oligosaccharides (HMOs) present in breast milk. HMOs are
soluble complex carbohydrates that act as prebiotics, providing a substrate for the intestinal
microbiota and can prevent pathogenic bacterial adhesion through a variety of mechanisms (Le
Doare et al., 2018). In vitro studies determined that HMOs act as pathogen decoy receptors to
prevent infections and their activities depend on the location and degree of fucosylation (Craft et
al., 2018). Human breast milk contains a multitude of other bioactive factors, immunoglobulins,
cytokines, chemokines, growth factors, hormones, and lactoferrin which all likely contribute to
the improved disease resistance of breast fed infants and is reviewed elsewhere (Andreas et al.,
2015). Human milk has shown the ability to directly inhibit the adherence of Streptococcus
pneumonia and Haemophilus influenza to human mucosal cells ex vivo (Andersson et al., 1986).
When HMOs were fractioned, it was found that the acidic fraction had greater anti-adhesive
properties towards enteropathogenic Escherichia coli (EPEC), Vibrio cholera, and Salmonella
Sfyris compared to the neutral high and low molecular weight fractions (Coppa et al., 2006).
Similarly, HMOs blocked EPEC adherence to epithelial cells in vitro and reduced EPEC
colonization in newborn mice, further implying the essential role HMO play in the prevention of
infectious disease in human infants (Manthey et al., 2014). Experimentally, it was shown that

supplementing formula with HMO reduced the duration of diarrhea in rotavirus-infected pigs and
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promoted interferon-y (IFNYy) and interleukin (IL) -10 expression in the ileum, suggesting HMOs
may also protect infants against rotavirus infection (M. Li et al., 2014). Therefore, research
efforts have focused on HMO substitutes that can be added to formula fed to infants that are
unable to breastfeed. Human and animal studies suggest supplementing formula with
fermentable fiber (e.g. soy polysaccharides, fructo- & galacto- oligosaccharide) reduces
infection-associated diarrhea burden by improving intestinal homeostasis (Correa-Matos et al.,
2003) and increasing beneficial Bifidobacterium species (K. H. Brown et al., 1993; Giovannini et
al., 2014; Vanderhoof et al., 1997).

Minimizing infectious diarrheal disease with dietary tools has become the focus of recent
research efforts. The importance of non-digestible fermentable fiber or microbiota-accessible
carbohydrates intake in adults has clearly been shown where a greater intake (comparing top vs.
bottom quartiles) reduced risk of death from cardiovascular, infectious, and respiratory disease
by 24-56% in men and 34-59% in women (Park et al., 2011). Galacto-oligosaccharides (GOS)
have shown to increase bifidobacteria and beneficially modulate immune function when
supplemented to elderly volunteers. Along with improving phagocytosis and natural killer cell
activity, the GOS supplemented volunteers had an anti-inflammatory cytokine profiles with
increased IL-10 and reduced IL-1B, IL-6, and tumour necrosis factor alpha (TNFa) (Vulevic et
al., 2008). In a double blind placebo controlled trial, those supplemented with GOS had reduced
diarrhea incidence, duration, and severity (Drakoularakou et al., 2010). Clostridioides difficile is
the leading cause of health care-associated diarrheal infections, commonly affecting the elderly
and antibiotic treated hospitalized patients (Leffler & Lamont, 2015). Significant evidence
suggests that the inclusion of soluble fiber to the diet, specifically MACs that increase SCFA

production, may be a useful strategy to enhance infection resistance (Verspreet et al., 2016). In a
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mouse model, dietary inclusion of MACs or inulin alone was shown to suppress C. difficile
infection; whereas diets devoid of MACs exacerbated the infection (Hryckowian et al., 2018b).
The mechanisms by which MACs help to mitigate C. difficile infection is through the expansion
of fiber fermenting microbiota (via competitive exclusion) and subsequent increases in their
immune-stimulatory metabolites (promote host defenses), which limit a pathogen’s fitness
(Hryckowian et al., 2018c).

B-glucans are one type of fermentable fiber that is frequently studied due to its common
occurrence in the cell walls of yeast, fungi, and cereals such as barley and oats. Aside from
acting as a microbial fermentation substrate, B-glucans are also of great interest for their direct
effect on host immune activities and functions that alter immunity towards infections. In humans,
the immune modulating property is due to the binding of B-glucans with host receptor dectin-1
(G. D. Brown & Gordon, 2001), which contributes to macrophages activation, and induce
phagocytosis (Yun et al., 2003). Studies in mice found that oat derived B-glucans supplemented
at 3 mg every other day stimulated a systemic immune response that reduced fecal oocyst
shedding of Eimeria vermiformis by 39.6% post-challenge by increasing specific antibodies
against the parasite (Yun et al., 2003). Oral administration of B-glucan from a fungal source
(Sclerotinia sclerotiorum at 80 mg/kg every 2 or 3 days) was shown to directly stimulate
proliferative responses of Peyer’s patches to both T and B-cell mitogens, suggesting B-glucans
may also stimulate a mucosal immune activation (Hashimoto et al., 1991). Intraperitoneal
injection of B-glucans has also shown to work as a potent adjuvant to enhance host resistance to
both bacterial(Yun et al., 2003) and parasitic (Leishmania) infections (Abid Obaid et al., 1989).
The use of immunostimulants derived from naturally occurring polysaccharides (e.g. B-glucan or

chitosan) has become somewhat commonplace in the aquaculture industry as an alternative
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strategy for disease prevention. Inclusion of oligo-B-glucans (100-200 mg/kg) to striped catfish
has shown to improve growth performance and reduce mortality post Edwardsiella ictaluri
challenge via heightened phagocytic and lysozyme activity (Nguyen et al., 2017). The inclusion
of dietary B-glucans (200 mg/kg) in poultry has also been used effectively to reduce the severity
of necrotic enteritis when challenged with Eimeria and C. perfringens (X. Tian et al., 2016) and
inhibited growth depression when challenged with Sal/monella Enteritidis (Shao et al., 2016) by
increasing specific antibody levels. In both cases, inclusion of dietary B-glucans reduced
pathogen colonization (C. perfringens and S. Enteritidis).

Generally, increasing fiber will change the microbiome and improve gastrointestinal
heath. As stated previously, the benefits associated from consuming food sources or supplements

high in fiber is individualized and should be carefully monitored for side-effects.

1.5 Fats

Fats are an essential dietary macronutrient that have been criticized and are commonly
avoided in developed countries with the objective of reducing weight, cholesterol levels, and
cardiovascular disease risk. Fat avoidance and subsequent reliance on simple carbohydrates for
caloric intake with reduced energy expenditure is believed to have contributed to the unintended
rise of obesity worldwide (A. G. Liu et al., 2017). In healthy individuals most fats are emulsified
and absorbed in the small intestine; however, in excess and during intestinal stress fats can travel
towards the colon as a substrate for the microbiota (Agans et al., 2018). Human and animal
studies have shown that intestinal microbes have the capacity to alter host homeostasis through a
variety of metabolites, including carcinogenic and cytotoxic secondary bile acids (Ridlon et al.,

2016). The effects of the microbiota on host homeostasis is through alteration to hepatic lipid and
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bile metabolism, reverse cholesterol transport, energy expenditure, and insulin sensitivity in
peripheral tissue (Ghazalpour et al., 2016). In this respect, dietary lipids are capable of directly
affecting the host and microbiome, while indirectly altering host homeostasis through the
microbiome and their metabolites.

The direct effect of microbial fat metabolism on intestinal health has yet to be established
but studies have shown that dietary lipid profiles can alter the outcome of enteric infections. Fat
consumption with regards to infection have been thoroughly reviewed elsewhere (Quin &
Gibson, 2019), and provides a bases to establish the connection between microbe and host on
enteric pathogen resistance. A study comparing dietary saturated (SFA, milk), monounsaturated
(MUFA, olive oil) and polyunsaturated (PUFA, omega-6 corn oil) fatty acids uncovered distinct
lipid mediated immune responses in mice after an acute C. rodentium challenge (DeCoffe et al.,
2016). SFA and MUFA dominated diets induced protective T-regulatory cells, IL-10, IL-33 and
SCFAs that helped mitigate inflammation during enteric infection (DeCoffe et al., 2016).
Interestingly, in a dextran sodium sulfate (DSS) model, IL-10 knockout mice fed a diet
containing milk SFAs, but not lard fat SFAs, resulted in a pro-inflammatory Tl immune
response associated with a bloom of Bilophila wadsworthia and its metabolites, hydrogen
sulphide and secondary bile acids (Devkota et al., 2012). Diets high in medium-chain SFAs like
coconut oil have antifungal action towards Candida albicans (Gunsalus et al., 2016) and
antibacterial properties against enteric pathogens (Shilling et al., 2013). Moreover, the addition
of fish oil, high in omega-3 (n-3) fatty acids to a SFA dominated diet activated intestinal alkaline
phosphatase (IAP), an enzyme that detoxifies proinflammatory lipopolysaccharide (LPS)
endotoxins from gram-negative bacteria that accumulates during infection; whereas

supplementing n-3 to an n-6 rich diet did not enhance IAP activity (DeCoffe et al., 2016). When
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n-3 is added to an n-6 rich diet it reduced IAP activity and led to increased sepsis and mortality
in mice after C. rodentium challenge (Ghosh et al., 2013). The anti-inflammatory response
associated with n-3 supplementation on the high n-6 diet is thought to have worsened the
infection outcome because inflammatory responses are necessary for pathogens clearance
(Ghosh et al., 2013). Previously it has been observed that high levels of dietary n-6 PUFAs in
fact reduce IAP activity leading to LPS endotoxemia in mice (Kaliannan et al., 2015).
Transgenic Fat-1 mice, which genetically retain a higher concentration of n-3 in their tissues,
demonstrated elevated serum IL-10 and IAP activity (Kaliannan et al., 2015). In mice, safflower
and canola oil based diets (high in n-6) heighten mucosal Tu1/Tu17 responses and inflammation,
whereas a fish oil based diet has shown to have a protective anti-inflammatory effect following a
C. rodentium infection (Hekmatdoost et al., 2013). Diets rich in n-3 PUFAs have proven
protective against many extracellular pathogens (Mycobacterium tuberculosis, Salmonella
Typhimurium, Streptococcus pneumoniae, Pseudomonas aeruginosa, Escherichia coli,
Staphylococcus aureus, C. rodentium, Helicobacter hepaticus and H. pylori, and Listeria
monocytogene); however, potentially damaging effects were observed during intracellular viral
infections (Husson et al., 2016; Jones & Roper, 2017). Dose and timing of n-3 PUFAs is critical
for intestinal immune homeostasis. Sustained high doses alter microbial communities and host
immune system towards an anti-inflammatory state that could exacerbate infections, especially
when proinflammatory responses are essential for infection clearance (Husson et al., 2016).
Interestingly, lipid composition affects host-microbial interactions even when administered via a
non-enteral route. The inclusion of mixed lipids containing soybean oil, medium-chain

triglycerides, olive oil, and fish oil in parenteral formula was shown to reduce intestinal
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inflammation and alter microbial composition in a piglet model of infant total parenteral

nutrition as compared to soybean oil alone (Lavallee et al., 2018).

1.6 Protein

Protein homeostasis is crucial for host health, physiology, and immune development that
together foster a fast-acting immune response towards pathogens. The role of dietary protein and
amino acids on host immune function related to diet malnutrition and pathogen interactions has
been thoroughly reviewed (P. Li et al., 2007; Wenkai Ren et al., 2018). Amino acids play a
major role in regulating immune cell activation, cellular redox homeostasis, lymphocyte
proliferation, and production of cytokines, cytotoxins, and antibodies (P. Li et al., 2007). Protein
deficiency is well known to impair immunity and infection resistance, especially during stress
and illness due to protein malabsorption and protein consuming processes such as tissue repair
(Jonker et al., 2012). Protein deficits have been shown to exacerbate parasitic Cryptosporidium
infections in mice through disruption of baseline (primary) Th1-type mucosal immunity (Bartelt
et al., 2016). Furthermore, protein-deprived diets decreased small intestinal macrophage
proliferation and IL-10 production independently of the microbiota (Ochi et al., 2016).

In contrast, researchers propose that protein-rich diets can be just as harmful since they
led to an increase in undigested proteins that encourage protein-fermenting bacteria and disease
susceptibility (Ma et al., 2017). Resistant and undigested proteins can interfere with host
functions directly as biologically active proteins (BAP) like trypsin and chymotrypsin inhibitors,
and indirectly through microbial proteolytic fermentation by-products (Hz2, CO2, CH4, H2S,
SCFA, branched chain amino acids (BCAA), nitrogenous compounds, phenols and indoles) with

poorly understood health outcomes (Yao et al., 2016). It is important to note that dietary crude
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protein can contain a high concentration of BAPs whose activities can be reduced upon
hydrolysis digestion (heating, chemical, or enzymatic). A study replacing crude protein (wheat
and casein) with purified amino acids to diets fed to weaned pigs reduced proteolytic
fermentation before and after an enterotoxigenic Escherichia coli (ETEC) K88 challenge
(Opapeju et al., 2009). Three days post-infection, ETEC K88 colonized the small intestine of
pigs fed the crude protein diet whereas no colonization was observed in the small intestine of
pigs receiving the purified amino acid diet. In this context, undigested protein or other
components associated with crude protein diets promoted ETEC growth and colonization in the
small intestine.

Furthermore, the source of proteins can impact microbial communities depending on the
digestibility and total amino acids in the diet (Ma et al., 2017). For instance, animal proteins tend
to be highly digestible in the proximal intestine compared to plant-based proteins (Windey et al.,
2012). Processing proteins with heat can impact their digestibility, for example, rats fed
thermolyzed (heated to 180°C for 1-2h) casein, soy, or egg white protein had reduced proximal
intestinal digestibility, leading to a greater degree of protein fermentation in the cecum (Corpet et
al., 1995). The number of aberrant crypts were measured after azoxymethane challenge to assess
the carcinogenic promoting properties of casein, soy, and egg proteins. For the heat-treated
proteins, the number of aberrant crypts increased with casein, remained unchanged with soy, and
decreased with egg white compared to untreated protein diets. In agreement, a DSS mouse model
study using multiple custom diets demonstrated that casein and soy proteins worsened DSS
associated weight loss, whereas no effect was seen in mice fed the egg white protein diets
(Llewellyn et al., 2018). In contrast, a human trial compared high- and low-fat diets with non-

meat protein (legumes, nuts, grains, soy), red meat protein (beef) or white meat protein (chicken
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and turkey) on the gut microbiome and found only a modest impact of protein source on the
microbiome (Lang et al., 2018). For cardiovascular health, the plant-based proteins outperformed
meat protein diets but white meat was no better than red meat for reducing disease risk (Bergeron
et al., 2019). However, animal protein dominated diets tend to include higher amounts of fats,
which ultimately may be more impactful on health than the proteins themselves. Plant-based
protein diets may inherently contain detrimental components. For example, soybean isoflavones
are suggested to contribute to greater parasitic oocyst fecal output and reduce immune
responsiveness in mice fed a soy-based diet compared to casein and whey protein fed groups
(Ford et al., 2001). For this reason, crude protein diet studies make it difficult to identify the
bioactive component responsible for the observed phenotype. A study in rats comparing protein
from soy, casein, pork, beef, chicken, and fish indicates that protein source alters microbial
composition (Zhu et al., 2015). Specifically, white meat (chicken and fish) increased beneficial
Lactobacillus species. Blood levels of lipopolysaccharide-binding protein (LBP), a marker for
lipopolysaccharide (LPS) endotoxemia, was found to be significantly higher in the soy protein
diet group compared to fish, chicken, pork, beef, and casein protein fed groups. Further research
is needed in controlled animal models to investigate isolated protein types and processing
techniques on host digestion, microbiome and fermentation products to mechanistically link the
impact of protein on infection resistance.

Dietary glutamine supplementation has proven to be an effective therapy to help restore
intestinal integrity in patients with post-infectious associated irritable bowel syndrome (Zhou et
al., 2018). Although glutamine significantly improved IBS scores compared to a placebo
supplemented group, a larger cohort and mechanistic studies are warranted. The effect of

glutamine supplementation may be associated with glutamines ability to enhance intestinal cell
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proliferation (Wenkai Ren et al., 2014), decrease the Firmicute population, and activate innate
immunity through NF-xB, MAPK, and PI3K-Akt signaling pathways (Chen et al., 2018). Similar
effects have been observed with arginine supplementation (W. Ren et al., 2014). Over a 14-day
study, daily supplementation of 30 g of L-glutamine to overweight individuals led to a
significant decrease in Firmicute populations, including species from the genus Dialister, Dorea,
Pseudobutyrivibrio, and Veillonella (Zambom de Souza et al., 2015). Since overweight
individuals typically have a higher Firmicute/Bacteroidetes ratio than lean individuals (Koliada
et al., 2017), a decrease in Firmicutes with glutamine supplementation suggests that dietary
glutamine may play a beneficial role in restoring microbiota balance. In accordance, glutamine
and arginine supplementation promoted the activation of innate immunity and lowered intestinal
pathogen load in ETEC-infected mice (G. Liu et al., 2017). In humans, enteral glutamine
administration in critically ill patients with severe trauma, burns, and sepsis significantly reduced
the number of isolated enteric bacteria such as Pseudomonas sp., Klebsiella sp., Escherichia coli,
and Acinetobacter sp., all of which can contribute to pneumonia if transmitted to the lungs
(Conegjero et al., 2002; Sader et al., 2018). Enteral glutamine administration reduced bacterial
overgrowth within the gastrointestinal tract, which may have reduced the chance of bacterial
exposure to the lungs and explain the reduced incidence of pneumonia in patients. Moreover, a
systematic review and meta-analysis concluded that glutamine-enriched enteral formulae can
significantly reduce gut permeability in critically ill patients (Mottaghi et al., 2016). The
requirement and importance of enteric glutamine has been extensively reviewed (Biolo, 2013),
but requires further research in healthy subjects and animals models to understand the impact on

the microbiome and enteric infection resistance.
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Further emerging evidence suggests that numerous microbially-derived indoles from
tryptophan catabolism can promote intestinal homeostasis by activating regulatory T cells
(Tregs) through their interaction with the aryl hydrocarbon receptor (AhR) (Mezrich et al.,
2010). Roager and Licht (2018) summarize known microbes responsible for producing
tryptophan-derivatives that positively act on tight junctions, gastrointestinal motility, host
metabolism, AhR to activate IL-22, along with their systemic anti-oxidative and anti-
inflammatory properties (Roager & Licht, 2018). In this respect, dietary tryptophan likely
contributes to infection resistance by priming host defense strategies. The importance of
tryptophan is further supported by the ability of host dendritic cells to metabolize tryptophan into
kynurenine using indoleamine 2,3-dioxygenase-1 (IDO1) in order to control host inflammation
during a C. difficile infection (El-Zaatari et al., 2014). Kynurenine production during C. difficile
infection is proposed to be beneficial as it reduces excessive IFNy cytokine production by
limiting neutrophil populations in the lamina propria (El-Zaatari et al., 2014). Clinically, these
findings provide important insight into the use of IDO1 inhibitors for cancer treatment which
would prevent kynurenine production, and increase the severity of C. difficile infection (EI-
Zaatari et al., 2014). Like tryptophan, threonine is another essential amino acid that must be
obtained from diet with deficiencies leading to immune and barrier dysfunctions (Dong et al.,
2018). Dietary threonine is essential for the production of mucin with deficient diets leading to
altered mucosal integrity and persistent diarrhea in neonatal piglets (Law et al., 2007). The
importance of dietary threonine for mucus production and structure may not only provide
protection for host IECs but also could stimulate mucolytic bacteria with unknown functions

(Figure 1.3).
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Dietary protein source, amount and processing can alter their impact and effects within
gastrointestinal environment. Clearly host protein digestion shares an intimate relationship with
the gut microbiome and their fermentation products (Diether & Willing, 2019). A balanced
macronutrient or low indigestible protein diet is recommended to discourage proteolytic bacteria
from overproducing cytotoxic, genotoxic and carcinogenic by-products that disrupt intestinal

integrity and increase the risk of infection (Ma et al., 2017).
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Figure 1.3: Diet alters host-microbiota-pathogen mechanisms of mucus production and
consumption. Mucolytic specialists that digest the mucus O-glycans and subsequently cross-feed
with other bacteria and pathogens can lead to further microbiota changes and alterations to

mucosal integrity.
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1.7 Phytochemicals

Plants synthesize a large pool of compounds known as phytochemicals to protect
themselves from stress, predation, and infection. Complex mixtures of phytochemicals are found
in the roots, seeds, leaves, bark, flowers, and fruit of plants and have been intensively studied for
their antimicrobial, anti-inflammatory, and antioxidants activities (Ayseli & Ipek Ayseli, 2016).
The physicochemical properties of phytochemicals give plants their unique colour, smell, and
flavor profiles, and dictates their bioactivities and bioavailability within the gastrointestinal tract
(Kemperman et al., 2010). Condensed tannins, mainly polymeric flavanols can act as
antinutritional factors that reduce host digestion through enzyme inhibition and protein
precipitation (Gilani et al., 2012). However, the consumption of phytochemicals is typically
associated with beneficial health outcomes from their activities on the resident microbial
population and host metabolism (Anhé, Varin, et al., 2015; Duedas et al., 2015; Pandey & Rizvi,
2009). Phytochemicals are treated as xenobiotics by the host and because of this, the liver can
reintroduce phytochemical derivatives to microbes through enterohepatic circulation, further
complicating their effects on host health. Many studies fail to demonstrate and characterize
absorbed phytochemical derivatives to investigate whether their impact on host are direct or
indirect through the microbiota.

Research has focused on the use of phytochemicals as an alternative to antibiotics and as
a dietary supplement to strengthen host pathogen resistance (Willing et al., 2018a). For instance,
chickens fed a mixture of pepper (Capsicum) and turmeric oleoresin had less weight loss and
reduced intestinal lesions scores in a necrotic enteritis disease model (S. H. Lee et al., 2013). The
phytochemical mixture lowered intestinal but increased splenic proinflammatory

cytokines/chemokines (IL-8, lipopolysaccharide-induced TNF-a factor, IL-17) levels altering
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host immunity through immune cell differentiation, proliferation, apoptosis and NO production
(S. H. Lee et al., 2013). Reactive nitrogen and oxygen species produced by peripheral leucocytes
is an essential defence strategy against pathogens. In fish, dietary supplementation of a grass
extract (Cynodon dactylon) to infected Catla catla carp stimulated reactive oxygen and nitrogen
species production and decreased mortality in a dose depend manner (Kaleeswaran et al., 2011).
Screening multiple phytonutrients revealed that the dietary flavonoid naringenin can act as an
agonist on the AhR to induce regulatory T cells (Treg) that suppress allergy and autoimmune
disease (H. K. Wang et al., 2012). Interestingly, phytochemicals such as indole-3-carbinol (13C)
present in cruciferous vegetables (e.g. broccoli, cabbage) act as ligands for AhR leading to the
expansion of the anti-inflammatory IL-22 producing ILCs (Kiss et al., 2011). Functioning AhR
has proven to be crucial for immunity because AhR-deficient mice failed to control C. rodentium
infections (Qiu et al., 2012) . Moreover, mice fed a phytochemical-free diet had a reduced
formation of lymphocyte aggregates and follicles, a similar phenotype as seen in AhR-deficient
mice (Kiss et al., 2011). Dietary 13C supplementation protected against C. difficile infection
through activation of AhR but also through unknown AhR-independent mechanisms likely
caused by changes to microbial populations (Julliard et al., 2017).

Anti-adhesion properties are well sought after when studying the direct effects of
phytochemicals on pathogen fitness. Cranberry extracts are documented to inhibit pathogenic E.
coli adhesins (e.g. fimbriae) limiting their ability to attach to host cells (Luis et al., 2017;
Nicolosi et al., 2014). The anti-adhesion activity of cranberry extract is attributed to the
polyphenolic flavan-3-ol compounds known as A-type proanthocyanidins (PACs) (Howell,
2007). Cranberry A-type PACs reduced adherence of multiple strains uropathogenic E. coli and

Proteus mirabilis in vitro (Nicolosi et al., 2014). However, in vivo, intestinal and microbial
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PACs metabolites are found at higher concentrations in urine than the intact PACs and thus may
be the bioactive metabolites responsible for the anti-adhesive properties (Peron et al., 2017).
Interestingly, an analysis of urine phytochemical metabolites indicated that they change over-
time due to multiple rounds of enterohepatic circulation modifications(Peron et al., 2017) with
poorly understood activities (L. Tian et al., 2019). Moreover, cranberry PACs are thought to
inhibit host and microbial enzymes (e.g. lipase, glycosidases) protecting against diet-induced
obesity (Yokota et al., 2013a). PACs are associated with increased Akkermansia sp. abundance;
however, it is unknown whether microbiota changes are a direct action of PACs or an indirect
result of their effects on host metabolism (Anhé, Roy, et al., 2015). B-type PACs are known to
be less inhibitory to both bacteria and host metabolism (Yokota et al., 2013a). Work from our
group demonstrates that pea seed coats rich in B-type PACs led to a significant decrease in the
Firmicutes population, increased fecal mucin content, and caused greater pathogen colonization
in mice compared to a PAC-poor diet (Forgie, Gao, et al., 2019). B-type PACs may have led to
improper mucus formation leading to a greater concentration of mucin excreted in feces.
Phytonutrient supplementation is associated with increases in beneficial Clostridia species and
can strengthen mucosal barrier function by increasing mucus production and thickness (Marta
Wlodarska et al., 2015), protecting epithelial cells from invading pathogens and disease.
Interestingly, a positive feedback loop may be established between mucolytic bacteria such as
Akkermansia sp. that can degrade mucus O-linked glycans, thereby producing SCFAs that could
stimulate goblet cells to secrete more mucus (Anhé, Varin, et al., 2015). Polyphenolic
compounds may stimulate the microbiota directly or indirectly through modulation of mucus
production; however, further research is needed to establish direct links between diet and

infection resistance (Figure 1.3).
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1.8 Vitamins and minerals

Micronutrients are essential for proper metabolic and immune function. Nutrient and
mineral deficiencies, typical in those that are critically-ill and in developing countries, can lead
to metabolic changes, oxidative damage, immunological defects, weakness, and death (Shenkin,
2006). The effects of essential minerals, including iron, zinc, copper, selenium, silver, sulfur,
calcium, phosphorus, and magnesium have been shown to affect resident microbial populations
and health outcomes in both animal and human studies (Skrypnik & Suliburska, 2018).
Phagocytes have been shown to utilise the bactericidal actions of copper and zinc to enhance
intracellular killing of pathogens (Djoko et al., 2015). For instance, mice fed a zinc-deficient diet
and challenged with Enteroaggregative Escherichia coli (EAEC) had reduced leukocyte
infiltration and increased virulence factors in luminal content, indicating an impaired immune
response and increased infection severity (Bolick et al., 2015). Regular supplementation of
vitamin C (1 to 2 g/day) and zinc (<100 mg/day) reduced the duration of the common cold by 8-
14% and 33% respectively (Hemild, 2017; Rondanelli et al., 2018). For vitamin C, prophylactic
doses greater than 0.2 g/day alleviated respiratory associated problems, particularly in physically
strained and stressed individuals; however, its use as a therapy to treat the common cold remains
controversial (Douglas et al., 2008). In contrast, zinc supplementation studies support its use as a
treatment option to reduce the duration and severity of the common cold (Hemild, 2017).
Vitamin D had the best overall protection against the common cold; however, baseline vitamin D
levels and dose must be considered since lower doses and deficient individuals experienced the
most benefit (Rondanelli et al., 2018). More mechanistic research is required to understand the
impact of vitamins on immune responsiveness, especially with respect to the host-microbe gut

axis in deficient and in excess conditions. Experiments in germ-free, conventionalized and
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infectious C. rodentium mice models confirm that the microbiota influences vitamin D
metabolism by lowering fibroblast growth factor (FGF) 23 through increased activation of TNF-
a in the colon (Bora et al., 2018). The fact that the presence of the microbial community or
mono-colonization with C. rodentium increases serum vitamin D levels highlights their role on
host homeostasis, especially since vitamin D levels control calcium homeostasis and bone
formation (Bora et al., 2018). Research suggests that proper regulation of vitamins and minerals
is key for establishing a proper immune response and intestinal barrier function. Similar to
vitamin and mineral deficiencies, excessive supplementation can impair a host ability to resist
enteric infections by altering intestinal integrity or enhancing pathogen fitness.

Recently, oral iron and vitamin B12 supplementation are suggested to impair microbiota
dependent infection resistance. A systematic review and meta-analysis comprising 6831 adult
participants concluded that oral ferrous sulfate (iron) supplementation is associated with a
significant increase in gastrointestinal side-effects compared to placebo and intravenous iron
delivery (Tolkien et al., 2015). This reveals that the effects of iron supplementation are possibly
initiated through the microbe-gut axis with unknown consequences and should be used
cautiously. For instance, excessive luminal iron affects intestinal integrity through oxygen
radical production, encourages pathogen virulence and alters microbial populations leading to
pathogen overgrowth (Kortman et al., 2012; Natoli et al., 2009). In a dose dependent manner,
iron increased epithelial invasion and translocation of S. Typhimurium in Caco-2 cells in vitro
and reduced the survival of the nematode Caenorhabditis elegans infected with S. Typhimurium
(Kortman et al., 2012, 2015). Regulation of luminal iron is extremely important for maintaining
intestinal integrity and controlling pathogen expansion (Hurrell & Egli, 2010). Furthermore,

lipocalin-2 is a protein produced by neutrophils and epithelial cells during inflammation that
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directly limits bacterial iron uptake, reducing pathogen overgrowth and severity (Zhuoming Liu
et al., 2013). Unlike iron, vitamin B12 is directly regulated in the gut by intrinsic factors for
absorption and in excess, it can escape host absorption and affect microbial competition. The gut
commensal bacteria Bacteroides thetaiotaomicron may compete against enterohemorrhagic
Escherichia coli (EHEC) to sequester dietary vitamin B12 (Cordonnier et al., 2016a). In vitro
competition assays show that B. thetaiotaomicron reduced EHEC shiga toxins but when co-
cultured with a mutant B. thetaiotaomicron lacking a vitamin B12 transporter, EHEC had normal
shiga toxin production (Cordonnier et al., 2016b). Microbial vitamin B12 transporters have
different affinities towards vitamin B12 allowing them to compete with host cells and other
microbes to take up exogenous vitamin B12 (Degnan, Barry, et al., 2014b; Wexler et al., 2018).
More research is needed into micronutrient supplementation on host-microbe interactions
towards pathogens, especially in the context of over-supplementation, which may be detrimental
depending on the micronutrient balance and host intestinal homeostasis. Limiting the expansion
of enteric pathogens can be accomplished by reducing their access to vitamin or minerals either

through diet or stimulation of gut commensals to compete with pathogen for vital nutrients.

1.9 Conclusion

Pathogen resistance and tolerance requires tight host regulation of dietary components
and subsequent microbial actions that together influence each other and host immunity.
Undigested and unabsorbed dietary components are able to influence microbial populations and
their fermentation by-products can indirectly contribute to infection resistance by modulating
host intestinal integrity. Dietary intervention studies are difficult to control and compare due to

seasonal variations in diets sources. We suggest that dietary intervention studies should include
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diet backgrounds designed with macro- and micro- nutrients that stress and protect the
gastrointestinal environment, as to give a proper assessment of that dietary component on host.
In general, a balanced diet of SFA, MUFA, MAC:s, protein, phytochemicals, vitamins and
minerals with limited sources of n-6 PUFAs, simple carbohydrates, BAPs, and iron may help
restore intestinal homeostasis in compromised individuals. Dietary individuality makes it
difficult to make general diet recommendations as each individual may have genetic, microbiota
and unforeseen environmental factors that influence diet digestibility and utilization. Together,
these factors ultimately provide the context to which dietary components may influence intestinal

integrity and homeostasis.

1.10 Hypotheses and Objectives

This thesis aimed to investigate the direct and indirect effects of phytochemicals and
vitamin B12 on intestinal integrity. These dietary components share common features, including
the ability to promote health, undergo enterohepatic circulation and modulate microbial
communities. Phytochemical and vitamin B12 supplements are available but are typically
consumed in excessive amounts without considering the potential impact they may have on
microbial communities in the gut. In particular, we focus on host-microbe interactions that alter
intestinal integrity as determined through an enteric pathogen challenge with the following

hypotheses and objectives.

1.10.1 Hypotheses

1. Pea seed coat proanthocyanidin fraction supplementation, in the context of a high fat diet,

improves intestinal integrity and protects against early pathogen colonization.
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2. Luminal mucin accumulation in the gut from phytochemical supplementation is dependent on
the microbiota.
3. Excessive supplementation of vitamin B12 alters the functional activity of the gut microbiota

creating a favorable environment for pathogen colonization and pathogenesis.

1.10.2 Objectives

1. To explore the impact of pea fractions, rich and poor in proanthocyanidins, on microbial
community structure and ability to resist enteric infection (Chapter 3).

2. To determine the role of the microbiota in phytochemical-induced fecal mucin accumulation
and how mucin contributes to overall microbial community structure (Chapter 4).

3. To characterize the function of the microbiota in response to high vitamin B12 concentrations

in the colon as well as resistance to infection (Chapter 5).
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2 CHAPTER 2: PEA POLYPHENOLICS AND HYDROLYSIS PROCESSING ALTER
MICROBIAL COMMUNITY STRUCTURE AND EARLY PATHOGEN

COLONIZATION IN MICE

2.1 Introduction

Intervention and epidemiological studies have demonstrated that consuming pea (Pisum
sativum) seeds or their components can benefit metabolic, cardiovascular and gastrointestinal
health in humans (Dabhl et al., 2012). Benefits from pea consumption are typically associated
with whole pea seed ingestion and attributed to the pea fiber concentrated within the pea seed
coat (Whitlock et al., 2012). Whole pea seed or seed coat flours have been extensively shown to
help with glucose control and weight in human and animal models (Hashemi et al., 2014, 2017;
Marinangeli & Jones, 2011; Schifer et al., 2003; Whitlock et al., 2012). Benefits are associated
with the intake of dietary fiber with growing interest of health outcomes being mediated through
their impact on the gut microbiota (Bibi et al., 2017; Desai et al., 2016; Eslinger et al., 2014;
Monk et al., 2017).

Dietary fiber is a substrate for intestinal bacterial fermentation producing short chain fatty
acids (SCFA(s)) (den Besten et al., 2013). SCFAs positively influence host metabolism and
intestinal integrity (Tan et al., 2014). As a consequence, increasing fiber intake is an important
dietary strategy to improve intestinal health and modify gut community structures. Compared
with other pulses, including beans, chickpeas and lentils, pea specific fiber had a stronger
bifidogenic effect in healthy Wistar rats (Queiroz-Monici et al., 2005). Pea supplementation has
comparable health benefits to that of fructooligosaccharide supplementation, a well-established

functional fiber (Eslinger et al., 2014; Slavin, 2013). SCFA products from fiber fermentation act
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as fuel for epithelial cells, suppress inflammation and may strengthen the mucosal integrity
through mucin-2 (Muc2) production, an important glycosylated protein of the mucus layer
(Lucas Lopez et al., 2016; Schroeder et al., 2017). Muc2 knockout mice models have confirmed
the necessity of Muc?2 to maintain gut homeostasis and reduce intestinal stress that would
otherwise aggravate intestinal dysfunctions (Bergstrom et al., 2010). Accordingly, mice fed a
fiber-depleted diet, typical of a western diet, resulted in a thinner mucus layer and enhanced
pathogen susceptibility (Desai et al., 2016). Work from our research group has previously
identified increased Muc2 expression in rats after consumption of a pea seed coat supplemented
diet, suggesting enhanced mucosal protection (Hashemi et al., 2017). However, it remains to be
determined whether the enhanced Muc?2 expression associated with pea seed consumption
enhances intestinal integrity and pathogen resistance.

In addition to fiber, specific pea cultivars are enriched with bioactive polyphenolic
compounds. Polymers of flavan-3-ol subunits known as proanthocyanidins or condensed tannins
concentrate within the pea seed coat along with the fiber (Ferraro et al., 2014; Jin et al., 2012).
Condensed proanthocyanidins are considered as antinutritive factors that reduce the digestibility
of dietary proteins and carbohydrates (Gilani et al., 2012); however, they have also been
extensively studied for their health promoting properties in a variety of foods including peas,
beans, nuts, fruits, spices, wines and teas, and praised for their antioxidant activity (B. Collins et
al., 2016; A.-N. Li et al., 2014; Zhibin Liu et al., 2016; Lovisa et al., 2016; Quifer-Rada et al.,
2016). Other bioactive properties of proanthocyanidins include anti-inflammatory, anti-
microbial, protein precipitation, and enzyme inhibition (Balaji et al., 2016). Through these
processes, proanthocyanidins reduce high fat diet (HFD)-induced intestinal inflammation in

animal models and promote the growth of beneficial Lactobacillus spp. and Bifidobacteria spp.

32



(Cani et al., 2008; Cires et al., 2017). Processing polymeric proanthocyanidin-containing pea
seed coats by acid hydrolysis releases their monomeric anthocyanidins, which are more readily
absorbed and can have systemic effects (K. Yang et al., 2015). Acid hydrolyzed
proanthocyanidin-rich pea seed coat consumption has been shown to increase proanthocyanidin-
derived serum metabolites and improve B-cell function in glucose intolerant rats (K. Yang et al.,
2015). Moreover, some phytochemicals enhance pathogen resistance by modifying antimicrobial
peptide production, mucus layer thickness and growth of beneficial clostridia species (Marta
Wlodarska et al., 2015). Despite the importance of proanthocyanidins, no studies to date have
compared the benefits of pea cultivars with high and low seed coat proanthocyanidin content.

In the present study we hypothesize that pea fraction supplementation, in the context of a
HFD, improves intestinal integrity and protects against early pathogen colonization. To test this,
we fed mice various pea supplemented diets and challenged intestinal integrity with Citrobacter
rodentium, a natural mouse specific pathogen. C. rodentium mimics the attaching and effacing
pathology of human Enterohemorrhagic Escherichia coli (EHEC), inducing colonic
inflammation in mice (Crepin et al., 2016). We show that not all pea cultivar seed coats equally
protect gastrointestinal integrity and that their benefits are dependent on polyphenolic content

and form.

2.2 Methods

2.2.1 Pea seed coat diets

Pea seed coat fractions supplemented in diets were sourced from two cultivars,
proanthocyanidin-rich ‘Solido’ and proanthocyanidin-poor ‘Canstar’ varieties grown in Alberta,

Canada. Both cultivars have been previously characterized for nutrient and polyphenolic content
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(Ferraro et al., 2014). Crushed whole peas were passed through a 1.0-mm screen and larger
embryo fragments were hand-picked from seed coats. Cleaned seed coats were then milled into
flour with Retsch ZM200 ultracentrifugal mill (Retsch; Newton, Pa., USA) with a 0.25 mm ring
sieve. Approximately 30 g of cleaned seed coats were ground at a time with a cooling period to
prevent heat degradation. Seed coat flour fractions were added unprocessed or acid hydrolyzed to
a high (20% w/w)-fat diet (HFD; Table 2.1) and low (6% w/w)-fat diet (LFD; Table 2.2). Acid
hydrolysis was performed with an HCI acid solution as described in Yang ef al. (K. Yang et al.,
2015). Isocaloric diets were balanced for macronutrient and fiber content, with non-fermentable
cellulose used for the control diets (Slavin, 2013). Proanthocyanidins were added at a final
concentration of 0.4 % (w/w), half the concentration previously studied in rats (K. Yang et al.,
2015). Mice consumed 0.37 g of pea seed coat flour per day from the 18 Kcal/day diet equating

to an achievable 46 g of pea seed coat flour a day for a human consuming 2250 Kcal/day.

2.2.2 Animal feeding trial

All animal experiments were in accordance to the guidelines set by the Canadian Council
on Animal Care. Animal use protocols were assessed and approved by the Health Sciences
Animal Care and Use Committee at the University of Alberta. Six- to nine-week-old female
C57Bl/6 mice (Jackson Laboratories) were randomly housed four per cage and handled in a
biosafety cabinet under specific pathogen-free (SPF) conditions. Mice were allowed to
acclimatize for one week with access to water and standard chow (PicoLab® Rodent diet #5053)
ad libitum. Cages were randomly assigned to treatment diets supplemented with
proanthocyanidin-rich (PA), hydrolyzed proanthocyanidin-rich (hPA), non-proanthocyanidin

rich (NPA) and hydrolyzed non-proanthocyanidin rich (hNPA) fractions to a high fat diet.
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Supplementation on a LFD background was evaluated to determine palatability of pea flours as a
factor for weight gain. For three weeks, mice had ad libitum access to water and powdered diets

in ceramic food cups (Figure 2.1). Body weights were taken each week and fecal samples were

collected for microbiome analysis.

Table 2.1: HFD background composition of dietary treatments (g/kg).

HFD
Component
Control PA or hPA NPA or hNPA
Lard (Tenderflake) 190 190 190
Flaxseed oil 2 2 2
Corn oil (Mazola) 8 8 8
Casein 270 262 267
L-Methionine 2.5 2.5 2.5
Dextrose 214 214 214
Corn Starch 194 194 194
Cellulose 50 0 0
Mineral Mix 51 51 51
Vitamin Mix 10 10 10
Inositol 6.3 6.3 6.3
Choline Chloride 2.8 2.8 2.8
Solido (PA) seed coat 96.5
Canstar (NPA) seed coat 71.5

Note: The nutrient content of both raw and acid processed cultivars were analyzed
previously and adjusted accordingly. Treatment diets are equal in caloric density
with a total content (w/w) of 20% fat, 26% protein, 40% carbohydrate, and 3-5%
fiber. PACs content is 4.51% (w/w) of "Solido" PSC.
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Table 2.2: LFD background composition of dietary treatments (g/kg).

LFD
Component
p e A A
Lard (Tenderflake) 57 57 57
Flaxseed oil 0.6 0.6 0.6
Corn oil (Mazola) 2.4 24 24
Casein 270 262 267
L-Methionine 2.5 2.5 2.5
Dextrose 279 279 279
Corn Starch 269 269 269
Cellulose 50 0 0
Mineral Mix 51 51 51
Vitamin Mix 10 10 10
Inositol 6.3 6.3 6.3
Choline Chloride 2.8 2.8 2.8
Solido (PA) seed coat 96.5

Canstar (NPA) seed coat 71.5

Note: The nutrient content of both raw and acid processed cultivars were analyzed
previously and adjusted accordingly. Treatment diets are equal in caloric density
with a total content (w/w) of 6% fat, 26% protein, 55% carbohydrate, and 3-5%
fiber. PAC content is 4.51% (w/w) of ‘Solido’ PSC.
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Figure 2.1: Experimental design diagram.
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2.2.3 Early pathogen challenge model

All mice were checked by fecal plating prior to infection and confirmed to be free of
commensal Escherichia coli, thus allowing accurate C. rodentium enumeration after infection. A
single colony of C. rodentium (DBS100) was picked and incubated overnight at 37°C in Luria-
Bertani (LB) broth (Sigma-Aldrich, Lennox) with shaking (200 RPM). The mice were infected
by oral gavage with 0.1ml of overnight C. rodentium culture with approximately 1 x 10° colony
forming units (CFU)/ml. Pathogen fecal load was determined at day three-post infection (D3PI)
by collecting fresh fecal samples in 1ml of PBS and plating serial dilutions on MacConkey agar
(BD Difco™). Bacterial colonies were counted after a 24 h incubation period at 37°C and

normalized to fecal sample weight.

2.2.4 Sample collection

All mice were euthanized using carbon dioxide and sampling was done aseptically.
Mouse ileum, cecum and colon tissues and content were snap frozen in liquid nitrogen and stored

at -80°C until use.

2.2.5 Monocyte chemoattractant protein-1 (MCP1) Assay

Colon protein was extracted using a 2 cm piece of tissue excised between 2-4 cm from
the rectal sphincter and homogenized in 300 pl of RIPA buffer which contained 50 mM Tris-HCl
(pH 8.0), 150 mM NacCl, 0.5% sodium deoxycholate, | mM sodium orthovanadate, 1 mM NaF,
and protease inhibitor mini tablets (Pierce™; Thermo Scientific, Nepean, ON). The homogenates
were centrifuged at 15,000 rpm for 10 min, and the supernatant protein concentration was

determined using the Pierce™ BCA Assay Kit (Thermo Scientific). Samples were normalized to
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100 pg of protein, as recommended by the manufacturer, and MCP1 was quantified with the

MSD U-Plex Biomarker Group 1 (mouse) assay platform (Meso Scale Discovery, Gaithersburg,

MD).

2.2.6 Reverse-transcription quantitative PCR (RT-qPCR)

RNA was extracted using the GeneJET RNA Purification Kit (Thermo Scientific)
following a modified extraction protocol. Gut tissues excised between 1-2 cm from the distal end
of the ileum and colon were homogenized in 600 pl of lysis buffer and bead beating was
conducted in nuclease-free tubes with three metal beads at 4 m/s for 20 s (MP Biomedicals,
Solon, OH, USA). Samples were treated with DNase for 15 minutes (Qiagen) prior to elution.
The concentration of RNA was determined by a NanoDrop 2000c spectrophotometer (Thermo
Scientific) and samples were normalized to 1 pg of RNA for reverse transcription using the
qScript Flex cDNA Synthesis Kit (Quanta Biosciences) following the random primer and oligo
dt protocol. Quantitative PCR was performed using PercfeCTa SYBR Green Supermix
(Quantabio) with primers listed in supplementary Table 2.3 (Curtis et al., 2014b; D. H. Lee et al.,
1996) and conducted on an ABI StepOne™ real-time System following the cycles: 95°C for 3
min and 40 cycles of 95°C for 10 sec, 60°C for 30 sec. Glyceraldhyde-3-phosphate
dehydrogenase (GAPDH) was used as the housekeeping gene for calculating the fold change of

2-MACt method. Total bacteria

gene expression relative to animals fed a control diet using the
primers (Table 2.3) were used to quantify cecal bacterial load and were normalized to the weight

of cecal content used to isolate bacterial DNA.
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Table 2.3: Real-time qPCR primer list.

Oligonucleotide sequences Product
Target Genes (5'- 3" length Ref.
F: ATTGTCAGCAATGCATCCTG i
Glyceraldehyde 3-phosphate 109 Curtis et al,
R: ATGGACTGTGGTCATGAGCC 2014b
. F: GCTGACGAGTGGTTGGTGAATG Curtis et al.
Mucin 2 135 ’
R: GATGAGGTGGCAGACAGGAGAC 2014b
Regenerating islet-derived F:  AAGCTTCCTTCCTGTCCTCC 107 Curtis et al.,
protein 3 gamma R: TCCACCTCTGTTGGGTTCAT 2014b
Regenerating islet-derived F:  GGCTTCATTCTTGTCCTCCA Curtis et al.,
. 106
protein 3 beta R: TCCACCTCCATTGGGTTCT 2014b
F: CGGYCCAGACTCCTACGGG
Total Bacteria 179-210 D. H. Lee et
R: TTACCGCGGCTGCTGGCAC al., 1996

Note: The annealing temperature used for all genes was 60°C.

2.2.7 Short chain fatty acids (SCFA) analysis

Snap frozen cecal content was weighed (~30mg/sample) and homogenized in 25%

phosphoric acid. Samples were subsequently centrifuged at 15,000 rpm for 10 min and the

supernatant was collected and passed through a 0.45um filter. Isocaproic acid (23 pumol/ml) was

added at a 1:4 ratio to samples as the internal standard and samples were analyzed on a Scion™

456-GC instrument.

2.2.8 Fecal Mucin Assay

Fecal pellets were pooled from four mice per cage with four cages per treatment, freeze-

dried and ground to a powder. A fluorometric assay kit (Fecal Mucin Assay kit; Cosmo Bio co.

LTD) that discriminates O-linked from N-linked glycoproteins was used to quantify mucin

within the feces (Crowther & Wetmore, 1987).
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2.2.9 DNA extraction and microbiome analyses

Total DNA was extracted from samples using the QIAamp® Fast DNA Stool Mini Kit
(Qiagen Inc., Valencia, CA) with an additional bead-beading step with ~200 mg of garnet rock at
6.0 m/s for 60 s (FastPrep-24™ 5G instrument, MP Biomedicals). A paired-end sequencing run
was performed using the Illumina MiSeq Platform (2 x 300 cycles; Illumina Inc San Diego, CA)
as described in a previous study (Ju et al., 2017). Amplicon libraries were constructed according
to the protocol from Illumina (16S Metagenomic Sequencing Library Preparation) that amplified
the V3-V4 region of the 16S rRNA gene (primers: Forward: 5'
TCGTCGGCAGCGTCAGATGTGTATAAG AGACAGCCTACGGGNGGCWGCAG-3’;
Reverse: 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3’). The quality of the reads was assessed using FastQC. FASTTX-Toolkit was used to trim and
filter poor quality reads. PANDAseq algorithm was used to merge pair-end sequence reads.
Merged sequences were dereplicated and singletons removed with VSEARCH and filtered for
chimeras using USEARCH (database “gold.fa”) creating a reference database (Edgar et al.,
2011; Rognes et al., 2016). Original merged reads were mapped to this reference database using
usearch_global (VSEARCH) command with 97% identity and OTU table was created using the
“uc2otutab.py” script. Taxonomy was assigned using QIIME 1.9.1 (Quantitative Insight into
Microbial Ecology) toolkit default setup (Caporaso et al., 2010; McDonald et al., 2012; Q. Wang
et al., 2007). Diversity analyses were done using ‘core diversity analyses.py’ command and
normalized to a sampling depth set by the sample with the lowest number of reads (>1500). PD
whole tree, Shannon and Chaol diversity indices calculated with ‘alpha_diverstiy.py’ and plotted

with R using ggplot2. Statistical significance for alpha diversity was determined in QIIME using
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the default two-sample t-test with Monte Carlo permutations (999) to calculate the non-
parametric P-value. Beta diversity was calculated using the Bray-Curtis dissimilarity metric and
a principle coordinate analyses (PCoA) was plotted using the phyloseq package in R (McMurdie
& Holmes, 2013). Clustering significance was determined using the ‘betadisper’ function for
dispersion and ‘pairwiseAdonis.dm’ function for orientation as determined by Bray-Curtis
distances (Anderson, 2006; Martinez Arbizu, 2017). Abundance heatmap was visualized in R
with the ‘pheatmap’ function and significant genus differences were determined by

permutational ANOVAs corrected with ‘TukeyHSD’ function for multiple comparisons.

2.2.10 Statistical analysis

Percent weight gain was calculated and analyzed by blocking for experiment using the
block linear model with a Tukey-Kramer post-hoc test in SAS® University Edition. Unless
otherwise stated, significance testing was conducted using GraphPad Prism 6 (Graphpad
Software Inc., La Jolla, CA, USA). Data were tested for normality of distribution and statistically
significant differences were determined by one-way analysis of variance (ANOVA) for
parametric and Kruskal-Wallis test for nonparametric data. Differences between dietary groups
were corrected by conducting either Bonferroni’s or Dunn’s post-hoc comparison tests as
appropriate. Spearman’s correlation of microbial taxa abundances and SCFAs concentrations
were analyzed and Bonferroni corrected using R software and visualized with ‘pheatmap’

function.
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2.3 Results

2.3.1 Anthocyanidins reduced weight gain on a HFD

Hydrolyzed proanthocyanidins containing cultivar fraction supplementation on a HFD
significantly reduced total weight gain (P < 0.001) over the three week long diet intervention
period (Figure 2.2a). No effect was observed when dietary pea fraction flours were supplemented
to a LFD compared to 1fd_Control (Figure 2.2b). However, NPA and hNPA groups had higher

weight gain compared to PA and hPA groups only on the LFD background (P < 0.05).
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Figure 2.2: Anthocyanidins significantly affect weekly weight gain when supplemented on a
HFD. The hPA diet significantly reduced weekly weight gain compared to control on a HFD but
not on a LFD background; (a) Mice weights were gathered from two separate HFD non-infected
animal trials (n=23-24/group); (b) mice weights gathered from LFD trial (n=16/group).
Proanthocyanidin containing pea diets (Ifd_PA and Ifd hPA) reduced weight gain compared to

non-proanthocyanidin rich pea diets (Ifd NPA and Ifd hNPA). Analysis was done using a linear
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mixed model design and blocked by experiment when appropriate. Significance indicated by

different letters (P < 0.05; mean + SEM).

2.3.2 Microbial community modifications were dependent on pea cultivar and processing

Pea polyphenolic content and acid processing altered microbial community structure
within the ileum, cecum and colon (Figure 2.3). Principle coordinate analysis plots using Bray-
Curtis dissimilarity metric indicate distinct microbial community clustering dependent on dietary
treatment. Shannon and phylogenetic diversity indices (PD whole tree) indicate major effects on
microbial diversity in the cecum of mice fed the PA diet. As in the cecum, the PA group
maintained a significantly lower phylogenetic diversity in the colon compared to hPA and NPA
groups. Beta-diversity statistical analyses are summarized in supplementary table S2 (Table 2.4).
In the ileum, all treatment groups had similar distributions, but the PA group clustered away
from control (P = 0.05). Cecal microbial communities of the PA group clustered separately from
hPA (P =0.02) and NPA (P =0.01) groups. The hNPA was the only group with similar
distribution (P = 0.82) and orientation (P = 0.45) to that of control. In the colon, microbial
communities were drastically different in the pea supplemented groups, especially the PA group
which clustered away from other treatment groups. This unique clustering of PA group
corresponded with reductions in Bifidobacteriaceae, Lactobacillaceae, Lachnospiraceae,
Erysipelotrichaceae, Dehalobacteriaceae and also increases in unclassified Clostridiales,

Turicibacteraceae, and S24-7 family members (Table 2.5). Dehalobacterium sp. and
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Figure 2.3: Microbial community structure was dependent on pea cultivar and acid hydrolysis.

Ileal (a), cecal (b), and colon (c) principle coordinate analysis (PCoA) plots using Bray-Curtis
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dissimilarity metric and alpha diversity indices of microbial communities from mice fed a HFD
supplemented with pea seed coat fractions. Intact polymeric proanthocyanidins in the diet had
distinct effects on microbial community structure in the ileum, cecum and colon (ADONIS: P <
0.001). Alpha diversity indices show a decrease in species richness and evenness, and taxonomic
distances for the PA group in the cecum and colon. Ileal and cecal sample were from a separate
trial than colon samples. Significance indicated by different letters (P < 0.05; mean + SEM; n =

7-8/group).
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Table 2.4: Microbial community analyses.

Community distances

Region Comparisons - - -
Dispersion Location
Pairs R? (P - value) (P - value)
Ileum Control vs PA 0.29 0.73 0.05
Control vs hPA 0.04 0.69 1
Control vs NPA 0.21 0.29 0.16
Control vs hNPA 0.21 0.89 0.1
PA vs hPA 0.33 0.38 0.01
PA vs NPA 0.32 0.09 0.02
PA vs hNPA 0.54 0.63 0.01
hPA vs NPA 0.2 0.51 0.23
hPA vs hNPA 0.16 0.81 0.43
NPA vs hNPA 0.27 0.42 0.07
Cecum Control vs PA 0.49 0.01 0.01
Control vs hPA 0.3 0.04 0.02
Control vs NPA 0.24 0.08 0.01
Control vs hNPA 0.15 0.82 0.45
PA vs hPA 0.32 0.31 0.02
PA vs NPA 0.4 0.08 0.01
PA vs hNPA 0.5 0.01 0.01
hPA vs NPA 0.18 0.55 0.09
hPA vs hNPA 0.31 0.08 0.02
NPA vs hNPA 0.27 0.13 0.01
Colon Control vs PA 0.63 0.42 0.02
Control vs hPA 0.49 0.2 0.01
Control vs NPA 0.49 0.03 0.01
Control vs hNPA 0.42 0.52 0.01
PA vs hPA 0.64 0.01 0.01
PA vs NPA 0.63 0.12 0.01
PA vs hNPA 0.51 0.72 0.01
hPA vs NPA 0.38 0.01 0.01
hPA vs hNPA 0.17 0.21 0.07
NPA vs hNPA 0.17 0.94 0.31

Note: Distances based off Bray-Curtis distance metric. Dispersion P-values were
calculated with betadisper() using a permuted model that indicates a difference in
dispersion between groups. Location P-values were calculated and adjusted using
Bonferroni method with pairwise.adonis(), and indicates community structures cluster
separately between groups.
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Table 2.5: Fecal microbial community profiles after pea fraction supplementation on a HFD

background. Represented as the average percent abundance of assigned taxonomy at the phyla

and family level. Members that were <0.1% across mice were removed.

Control PA hPA NPA hNPA  Adj
Taxonomy -

(%) sem (%) sem (%) sem (%)  sem (%) sem  yalye
p__Actinobacteria 45 074 18 05 3.7 0.76  94* 0.72 5.4 0.93  0.0013
[ Bifidobacteriaceae 42 071 14# 049 31 072 87* 0.63 4.7 0.93  0.0051
[ Coriobacteriaceae 0.3 0.05 04 0.04 0.6 0.09 07* 0.1 07# 0.08 03758
p__Bacteroidetes 43.1 226 508# 199 387 185 234* 1.52 322% 193 0.000]
f Rikenellaceae 1.7 024 42*% 059 43% 0.77 1.5 0.21 1.9 0.2  0.0054
[ 824-7 414 222 46.6 245 343# 127 220%* 159 304* 178 0.0003
p__Firmicutes 52 183 375* 3.68 385* 124 562 352 453 455 0.0073
[ Bacillaceae 0 O 0 0 0 0 0 0 0 0 1
[ Planococcaceae 04 02 0.1 0.04 0.5 0.1 0.3 0.16 0.5 0.12  0.3522
[ Enterococcaceae 0 0.01 0 0 0 0 0 0.01 0 0.01 0.3459
[ Lactobacillaceae 106 2 20% 0.38 10 1.13 154 2.08 12.7 1.81 0.0178
[ Streptococcaceae 0.6 0.06 0.5 0.05 0.9 0.09 14* 019 17* 028 0.00I3
[ Turicibacteraceae 0 O 09* 0.15 0 0 0 0 0.2 0.12  0.0081
o__Clostridiales;f ! 15.7 1.5 195 288 68* 075 102# 0.67 7.0* 0.83 0.00/4
[ Clostridiaceae 04 0.11 07 023 0.2 0.05 0.7 0.3 0.2 0.05 0.3627
[ Dehalobacteriaceae 02 001 00* O 01* 001 01* 0.02 01* 002 0.0005
[ Lachnospiraceae 51 043 29 037 5.3 0.35 6.2 0.79 6 1.08 0.2894
[ Peptostreptococcaceae 1.9 052 1.1 0.15 1.8 0.3 2.1 0.32 29 0.45 1
f Ruminococcaceae 13 098 77* 084 65*% 074 63* 039 53* 062 0.0257
[ Erysipelotrichaceae 4 0.7 21 036 6.3 1.2 134* 127 87# 191 0.0042
p__Proteobacteria 0 0.01 0 0 0 0 0 0 0 0 0.0039
f Rhizobiaceae 0 O 0 0 0 0 0 0 0 0 1
f_Rhodobacteraceae 0 O 0 0 0 0 0 0 0 0 1
[ Enterobacteriaceae 0 0.01 0 0 0 0 0 0 0 0 0.0008
p__Tenericutes* 0 0 0 0 01* 002 01* 0.04 0 0 0.0005
[ Anaeroplasmataceae 0 O 0 0 0.1* 0.02 0 0 0 0 0.0256
o_RF39;f ! 0 0 0 0 0 0.01 01* 0.04 0 0 0.0039
p__Verrucomicrobia 0 0 94 462 187%* 125 105 42 16.8* 397 0.0611
¢__[Pedosphaeraej;o__;f ! 0 O 0 0 0 0 0 0 0 0 0.2214
[ Verrucomicrobiaceae 0 O 94 462 187* 125 105 42 16.8* 3.97 1
p_ Unassigned;Other 0.3 0.05 05 0.04 03 0.02 0.4 0.03 0.4 0.05 0.4466

'Unclassified order or family; Significant difference compared to Control [TukeyHSD (#) P < 0.10, (*) P <

0.05];n="7-8.
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Figure 2.4: Colon microbial community heat map comparison with hierarchal clustering based
on scaled relative abundance of OTUs assigned to genus level across individual mice and overall
treatment average. Distinct impact on microbial community structure is evident in the PA diet
compared to the other pea fraction diets supplemented to a HFD. This impact was reversed in the
acid hydrolyzed hPA diet suggesting intact dietary proanthocyanidins have a direct effect on
microbial communities. High and low abundant bacteria are highlighted from red to blue
respectively. Statistical significance between treatments indicated by different letters (P < 0.05;

n=7-8/group).
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Allobaculum sp. were undetectable in the PA group but were detectable in all other treatment
groups including the hPA group (Figure 2.4). In contrast, Turicibacter sp. was significantly
higher in the PA group and lower or undetectable in all other groups. The NPA diet increased the
population of Bifidobacterium relative to control; however, the PA group did not (P < 0.05). The
Firmicutes to Bacteroidetes ratio was altered in favour of Bacteroidetes in the PA group to a final
ratio of 0.74 + 0.08 compared to Control (1.21 + 0.10, P =0.19), hPA (0.99 = 0.07, P = 0.54),
NPA (2.40 + 0.24, P <0.001), and hNPA (1.41 + 0.19, P <0.05) (Figure 2.5). Overall, the PA

diet induced unique microbial modifications that disappeared in the hPA group and differed from

the NPA and hNPA groups.
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Figure 2.5: Firmicutes to Bacteroidetes ratio of mice colon microbiome after pea

supplementation on a HFD.
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2.3.3 SCFA production depended on pea cultivar and processing

Cecal fermentation of pea fractions on a HFD resulted in cultivar dependent variations in
SCFA products. The PA group compared to the NPA group had significantly lower acetic (P <
0.05) and butyric (P < 0.05) acid concentrations. Similarly, the PA group had lower butyric acid
(P <0.05) compared to control. Raw and acid hydrolyzed cultivar groups had similar SCFA
profiles with the exception of the caproic acid concentrations that were lower in PA compared to
hPA (P <0.05) (Figure 2.6a). Cecal bacterial load quantification using real-time qPCR revealed
that the reduced SCFA in the PA group was not a result of reduced total bacteria (Figure 2.7).
SCFA levels positively correlated with Dorea sp., Dehalobacterium sp., Ruminococcus sp.,
Lactobacillus sp., Lactococcus sp., and an unclassified Peptosteptococcaceae, whereas
Bacteroides sp. and Sutterella sp. negatively correlated with SCFA levels in the cecum (Figure

2.6b).

2.3.4 Innate defense activation depends on pea cultivar and processing

Addition of pea fractions to a HFD activated ileal Reg3 antimicrobial peptide gene
expression and altered mucus homeostasis in the colon (Figure 2.8a). The hPA and hNPA groups
had significantly greater Reg3y gene expression (P < 0.05) than control, PA, and NPA. Reg3f3
was significantly higher in hPA (P = 0.03), NPA (P = 0.05) and hNPA (P =0.001) and
numerically higher but not significantly so in PA (P = 0.10) compared to control. No difference
was observed in Muc2 gene expression in the colon (Figure 2.8b). The concentration of fecal
mucin was greatest in PA with significantly less in the hPA, but both had much higher levels

than HFD control, NPA, and hNPA (Figure 2.8c¢).
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Figure 2.6: Pea fraction supplementation altered cecal short chain fatty acid (SCFA) production

on a HFD. (a) Overall, the PA diet group shows reduced SCFA production compared to control

and other pea fraction diets. Statistical significance between treatments indicated by different

letters (P < 0.05; mean + SEM; n=7-8/group). (b) Spearman correlation heatmap of cecal

phylotype abundance and SCFA levels. Positive and negative correlations are shown from red to

blue respectively. Those marked with * represent significant correlations with P < 0.05 after

Bonferroni multiple testing corrections (n=36).
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Figure 2.7: Total bacterial copy number in wet cecal content from mice fed a HFD
supplementation with pea fractions. Proanthocyanidin-rich pea fractions had significantly higher
total bacterial copy number compared to control. Statistical significance between treatments

indicated by different letters (P < 0.05; n=7-8/group).
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Figure 2.8: Reg3 antimicrobial peptide expression and mucin integrity altered after pea
supplementation on a HFD. (a) Reg3[3 and Reg3y show higher ileal expression levels regardless
of pea cultivar combined from two separate trials (n=15-16/group). (b) Colon mucin-2 (Muc2)
expression did not change with pea consumption (n=7-8/group); however, a significant
proportion of mucin was quantified (c) within the fecal pellets of PA and hPA groups
(n=4/group). Statistical significance between treatments indicated by different letters (P < 0.05;

mean + SEM).
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2.3.5 Acid hydrolysis processing of pea seed coats restored pathogen resistance

Pathogen fecal load was determined to be highest in unprocessed cultivars PA (P < 0.01)
and NPA (P < 0.01) compared to HFD control (Figure 2.9a). Both hydrolyzed diet variants (hPA
and hNPA) did not show this increase and tended to reduce C. rodentium capacity to colonize,
most notably between PA and hPA groups (P < 0.08). Colonization patterns of C. rodentium
positively correlated with concentrations of monocyte chemotactic protein-1 (MCP1) in distal
colon tissue collected three days post infection (Figure 2.9b & Figure 2.10). Dietary groups did

not differ from control in MCP1 concentrations; however, the PA group was higher than hPA (P

=0.06) and hNPA (P <0.05).
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Figure 2.9: Unprocessed raw pea seed coat diets (PA & NPA) led to increased colon
inflammation and pathogen load on a HFD. (a) C. rodentium load was significantly higher in raw
pea seed coat supplemented group compared to control than their acid hydrolyzed fractions. Data
was log transformed and normalized to fecal pellet weight. (b) Protein concentration of
monocyte chemotactic protein 1 (MCP1) in infected mice colon tissue. Acid hydrolysis
processing reduced pathogen colonization with similar reduction in MCP1 level in colon tissue,
confirming pathogen induced tissue damage. Statistical significance between treatments

indicated by different letters (P < 0.05; mean + SEM; n=7-8/group).
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Figure 2.10: Spearman correlation of colon MCP-1 concentrations and C. rodentium fecal plating

counts three days post infection (r = 0.662, P < 0.001; n=38).
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2.4 Discussion

The present study demonstrates that the effects of supplementing pea seed coat fractions
on host health and microbial community structure depend on pea cultivar and hydrolysis
processing. In accordance with a previous study (K. Yang et al., 2015), supplementing
hydrolyzed proanthocyanidin-rich pea seed coats reduced total percent weight gain on a HFD
background. However, on a LFD background there was no impact of pea supplementation on
weight gain compared to control, indicating that the benefits on a HFD are not a product of
reduced palatability. Counter to the hypothesis, the HFD control had the lowest C. rodentium
counts whereas pea supplementation yielded higher counts, especially when peas were consumed
raw. Despite the fact that the HFD control group had the greatest weight gain, they also showed
the lowest pathogen load. This is consistent with recent reports indicating that metabolic
dysfunction, rather than weight gain, is linked to intestinal barrier dysfunctions and encourages
enteric infections in mice (Thaiss et al., 2018a). Together, this suggests that the HFD control
group may not have developed sufficient metabolic dysfunctions to increase pathogen
susceptibility. In contrast, the addition of raw pea seed coat to the diet increased pathogen
susceptibility while maintaining low body weights. Acid hydrolysis processing of both pea
cultivars partly restored pathogen resistance. Surprisingly, the hydrolyzed proanthocyanidin-rich
diet (hPA) reduced both weight gain and pathogen colonization compared to proanthocyanidin-
rich diet (PA). Increased resistance after hydrolysis may be a result of an altered glucose
metabolism, as benefits of hydrolyzed proanthocyanidin-rich pea seed coats have been
previously proposed to improve pancreatic 3-cell function, fat storage and insulin signaling
mechanisms (K. Yang et al., 2015; K. Yang & Chan, 2017). Acid hydrolyzed proanthocyanidins

monomers are shown to maintain antimicrobial and protein denaturing activity (Engels et al.,
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2011) but have different kinetics of absorption and conversions during intestinal transit
(Monagas et al., 2010). In addition, raw pea flours, regardless of cultivar, contain detrimental
health components including phytate, lectins, and trypsin inhibitors, and acid hydrolysis may
inactivate their negative effects in the digestive tract (Ayyagari et al., 1989). Accordingly,
cooked pea seed coats have been shown to improve metabolic function and intestinal health
compared to raw pea seed coat supplementation (Hashemi et al., 2017).

Dietary pea intervention had distinct effects on microbial community structure in the
ileum, cecum and colon. The proanthocyanidin-rich diet (PA) had the greatest impact on
microbial community structure, which became more prominent moving distally from the ileum
to the colon. This could be explained by the polymeric structure of proanthocyanidins, which
prevents their absorption in the upper gastrointestinal tract, allowing increased concentrations in
the large intestine (Kemperman et al., 2010). Proanthocyanidins and flavon-3-ols both have
antimicrobial and enzyme inhibition properties that can alter host physiology and commensal
microbial populations (Cires et al., 2017; A.-N. Li et al., 2014). The antimicrobial activity
directly impacts microbiota composition by selective inhibition of individual bacterial groups
(Engels et al., 2011); enzyme inhibition indirectly impacts microbiota composition by inhibition
of digestive enzymes, thus increasing the flow of carbohydrates and proteins to the large
intestine, or by inhibition of microbial extracellular enzymes in the large intestine. This is
supported by the severe reduction in alpha diversity in the cecal and colon contents of the PA
group, which was much less apparent with in the hPA fed mice.

Pea seed coats from both the ‘Solido’ and ‘Canstar’ cultivars showed strong and distinct
microbial modifying properties that were dependent on proanthocyanidin content and acid

hydrolysis. Intact polymeric proanthocyanidin-rich pea supplementation lowered the Firmicutes
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to Bacteroidetes ratio in the colon compared to the much higher ratio of the non-
proanthocyanidin rich pea seed coat diets. Here we show that these drastic shifts were followed
by higher colonization of C. rodentium. Resistance to infection has been associated with
increases in Bacteroidetes and decreases in Firmicutes populations (Guan et al., 2016; Willing,
Vacharaksa, et al., 2011). However, opposing evidence suggest shifts increasing Firmicutes
abundance and localization towards intestinal epithelial cells is protective against pathogenic
invaders (Baker et al., 2012). The inter-folding regions of the colon are enriched with the
Firmicute families Lachnospiraceae and Ruminococcaceae, whereas Bacteroidetes families
Prevotellaceae, Bacteroidaceae and Rikenellaceae are enriched in the luminal digesta (Gregory
P. Donaldson et al., 2015). It is well established that competitive exclusion by commensals and
the mucus barrier are the first defenses against pathogen colonization (Kamada et al., 2013). The
reduction in Firmicutes and the associated reduction of SCFA concentrations may explain
increased pathogen colonization in the raw proanthocyanidin-rich group. This is consistent with
antibiotic modifications of microbial communities, which generally decrease richness, disrupt
microbial community structure and exacerbate infection (Ju et al., 2017; Mullineaux-Sanders et
al., 2017). Furthermore, the inherent increase of fecal mucin after proanthocyanidin-rich
supplementation without increased Muc2 expression may highlight an ecological breakdown
within the gut environment, decreasing pathogen resistance. Localization of Firmicutes to
specific regions may be a basic phyla-wide function in pathogen recovery and clearance.
However, these associations are most likely a product of key species with unique functions and
cross-feeding rather than total phyla shifts.

Polymeric proanthocyanidins reduced the relative abundance of key commensals

including Lactobacillus sp., Bifidobacterium sp., Dehalobacterium sp., Allobaculum sp., and
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members of the Ruminococcaceae tamily while increasing Turicibacter sp., Oscillospira sp., and
members of both the S24-7 and Rikenellaceae families. Hydrolysis processing restored
polymeric proanthocyanidin-dependent dysbiosis in all but the Rikenellaceae family, which
stayed uniquely high in both raw and hydrolyzed fraction fed groups. In vitro assays performed
with pea seed coat extracts from the ‘Solido’ cultivar confirms the direct inhibitory effect of
proanthocyanidin fractions on Allobaculum sp. and Ruminococcus sp. mice gut isolates (Ares,
2017). Microbial shifts were associated with higher mucin content within the feces of the PA and
hPA groups. We suspect the increase in mucin content resulted from a dysfunction in mucus
layer formation because colon Muc2 gene expression did not differ between diet groups and may
have also contributed to increased pathogen colonization. However, others have reported that
fecal mucin content in a DSS-induced colitis model benefits intestinal health (Taira et al., 2015).
The reduced in vivo effects after acid hydrolysis is most likely a product of increased absorption
of monomeric units, limiting their interaction to microbial populations.

Improved intestinal integrity is linked to changes in antimicrobial peptide expression and
SCFA production (Loonen et al., 2014; Tan et al., 2014). SCFA enhance intestinal function by
providing colonocytes with a key source of energy (N. Singh et al., 2014). The switch from
glucose to butyrate for cellular function reduces epithelial oxygenation that when present
stimulates C. rodentium virulence (Lopez et al., 2016; Rivera-Chavez et al., 2016).
Proanthocyanidins drastically reduced SCFA production compared to non-proanthocyanidin
containing fractions and is likely a result of the antimicrobial effects of proanthocyanidin
polymers reaching microbial populations. Decreased SCFA with proanthocyanidin
supplementation could help explain the increased C. rodentium colonization and inflammation in

these mice. Surprisingly, total bacterial load in the cecum was significantly higher in
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proanthocyanidin supplemented mice indicating that the reduced SCFA production was not a
product of reduced microbial populations. However, we acknowledge that this does not identify
whether bacteria were alive or dead in the cecum. While the data indicates that early colonization
and the pro-inflammatory response are worsened with pea supplementation, it is possible that
pathogen clearance was impacted, which was not assessed in this study. Moreover, Firmicutes
members positively correlated with high SCFA levels in the cecum, whereas key Bacteroidetes
and Proteobacteria members were negatively correlated; again, indicating an important
contribution from Firmicutes populations within the gut environment as it relates to intestinal

integrity.

2.5 Conclusion

A major challenge in this study and other refined dietary interventions is identifying the
direct and indirect health promoting mechanisms. The multifactorial dynamic relationship
between gut commensal ecology and host defenses towards invading pathogens is essential in
revealing the effects of diet on intestinal integrity. Peas certainly have a strong effect on
microbial community structure and intestinal integrity that is highly dependent on
proanthocyanidin content. This novel finding indicates that raw proanthocyanidin-rich pea
fractions have negative effects on intestinal health, which are reduced following acid hydrolysis.
Furthermore, hydrolyzed proanthocyanidins provide the best protection against high-fat diet

induced weight gain, and ideally, only in the context of a high fat diet background.
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3 CHAPTER 3: PHYTOCHEMICAL-INDUCED MUCIN ACCUMULATION IN THE

GASTROINTESTINAL LUMEN IS INDEPENDENT OF THE MICROBIOTA

3.1 Introduction

The mucus layer of the mammalian gastrointestinal (GI) tract is a major part of the innate
immune system. It is made of heavily glycosylated mucin glycoproteins produced by goblet cells
and provides lubrication, hydration, and protection against pathogens and harmful substances
that pass through the intestinal environment (Dhanisha et al., 2018). Two distinctive mucus
layers exist: an inner layer devoid of bacteria and an outer loose layer filled with mucolytic and
associated microbes that inhabit that particular niche (Jakobsson et al., 2015; Johansson et al.,
2015; H. Li et al., 2015; Paone & Cani, 2020). Diet has been well recognized to alter host-
microbe interactions in the GI tract that effect the integrity of the mucus layer and intestine
(Forgie, Fouhse, et al., 2019). In particular, phytochemical consumption modulates mucus
production, metabolism and has antimicrobial activities that directly affects the gut microbiota;
however, the mechanism of their beneficial health outcomes is poorly understood.

Polyphenolic compounds make up the majority of the bioactive phytochemicals
consumed in the human diet (Pandey & Rizvi, 2009). They are categorized as hydrolysable or
condensed (non-hydrolysable) high molecular weight tannins (gallotannins & ellagitannins, and
proanthocyanidins respectively) and low molecular weight polyphenols that include phenolic
acids, flavonoids, lignans, stilbenes, and curcumins (Crozier et al., 2006). Because condensed
tannins are resistant to host acid and enzyme hydrolysis, they are more likely to reach the gut
microbiota compared to the quickly absorbed hydrolysable tannins and low molecular weight

phytochemicals. Health benefits have been attributed to their free radical scavenging capacity to
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neutralize inflammation-causing reactive oxygen species, as well as their direct antimicrobial
effect on microbial communities, and the indirect production of bioactive polyphenolic
catabolites by the microbiota (Kawabata et al., 2019; A.-N. Li et al., 2014).

Phytochemicals have an ability to alter mucus physiology, and along with their numerous
forms and bioactivities have shown contradictory effects on resisting pathogen colonization and
virulence in the GI tract (Forgie, Gao, et al., 2019; Marta Wlodarska et al., 2015). Phytochemical
research has focused on improving intestinal barrier integrity with the mechanism of action
hinting towards its ability to stimulate the mucus layer, with an increase in mucus production and
thickness considered beneficial (Arike & Hansson, 2016; Bergstrom et al., 2010; Marta
Wlodarska et al., 2015). However, thickness and expression of mucus-related genes does not
necessarily mean that the mucus layer has formed properly for protection. In agreement, a
previous study conducted by our group examining supplementation with peas (Pisum sativuum)
rich or low in polyphenol content showed that the polyphenolic-rich pea diet increased the
amount of fecal mucin in the lumen (Forgie, Gao, et al., 2019). Excess mucin in the GI lumen
was associated with greater Citrobacter rodentium colonization and activation of a
proinflammatory response (Forgie, Gao, et al., 2019). This diet-induced phenotype has been
experimentally tested and confirmed in vitro to be caused by the ability of galloylated tannins
and related compounds to directly cross-link with purified mucins, thereby altering the
viscoelastic properties of mucus (Georgiades et al., 2014). Therefore, phytochemical
consumption may increase the accessibility of mucus glycans to the gut microbiota, but to what
extent this drives gut ecology has not been determined.

In this study, we investigated whether the presence of microbes is required for the

previously observed increase in fecal mucin in response to polyphenol-rich pea seed coat
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consumption. Whether changes in the gut microbiota drives the mucus phenotype or is a
consequence of host-diet interactions remains unknown. We hypothesized that luminal mucin
accumulation in the GI tract from phytochemical supplementation is dependent on the
microbiota. We fed the proanthocyanidin (PA) and non-proanthocyanidin (NPA) high (20%
w/w)-fat pea diets used in our previous study to germ-free (GF) mice and measured fecal mucin
(Forgie, Gao, et al., 2019). In addition, we tested how the non-hydrolysable PA-diet compares to
a hydrolysable red-osier dogwood (ROD; Cornus sericea) extract on fecal mucin and microbial
communities when fed to conventional mice. ROD extracts have been shown in pig models to
improve feed efficiency and promote gut resistance to invading pathogens (Koo et al., 2021);
however, the underlying mechanism is poorly understood and possibly driven by changes to the
mucus layer. The identification of mucin-degrading bacteria and their impact on the gut niche
environment in response to dietary phytochemicals will help determine their contribution to gut

ecology and health.

3.2 Methods

3.2.1 Animals and diet treatments

All animal experiments were conducted in accordance with guidelines set by the
Canadian Council on Animal Care and approved by the Animal Care and Use Committee at the
University of Alberta (Edmonton, AB, Canada). All mice used in this study were bred and
maintained in the University of Alberta Axenic Mouse Research Unit. Mice were eight to ten-
weeks-old and allowed to acclimatize on an autoclaved standard chow diet (5010 maintenance
diet, LabDiet, St. Louis, MO, USA) for a week prior to dietary treatments. Table 3.1 provides

formulations of the isocaloric treatment diets, which were balanced for macronutrients and
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insoluble fiber with cellulose. Eight female GF Swiss-Webster mice were housed four per open-
top cage in the same GF isolator (CEP Standard Safety, McHenry, Illinois, USA) and handling
was done directly inside the isolator. GF mice were fed treatment diets containing pea seed coats
flours rich (‘Solido’ cultivar; PA) and poor (‘Canstar’ cultivar; NPA) in proanthocyanidin
content as describe previously (Forgie, Gao, et al., 2019). The diets provided to GF mice were
prepared with 15 g instead of 10 g of vitamin mix per kg diet to account for the loss imposed by
irradiating the diets to 10 kGY, which was done at the Cross-Cancer Institute at the University of
Alberta. Germ free status following the diet intervention was confirmed by anaerobic and aerobic
culture of fecal pellets at termination. To investigate the role of microbes and test a second
polyphenolic source on the fecal mucin phenotype, we fed a control diet (Control), a PA diet
(PA), and the ROD supplemented diet (DW) to conventional Swiss-Webster mice (Table 1).
Mice were housed two to four per cage using the Tecniplast Isocage-P bioexclusion system
(Buguggiate, VA, Italy) and all animal handling was done in a biosafety cabinet. Control and PA
diet groups included two male and two female mice housed separately to determine if sex plays
role in the fecal mucin phenotype, previously identified in female mice only (Forgie, Gao, et al.,
2019). The spray-dried ROD extract (Red Dog Enterprises Ltd., Winnipeg, MB, Canada) was
added to the dogwood (DW) diet at 4% as done in previous studies (Koo et al., 2021). ROD
extracts can contain bioactive phenolic compounds at 4% to 22% depending on the season (Isaak
et al., 2013). The addition of polyphenolic extracts was calculated based on the average total
phenolic content of 10% in the ROD extract for the DW diet and 4.51% in the pea seed coat flour
for the PA diet. The final amount of proanthocyanidin content in the diets was 0.4% per gram of
diet. All diets were prepared aseptically as powdered diet at the University of Alberta and mice

had ad libitum access to water and diet throughout the two-week long diet intervention. Body
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weights were taken every second day and fecal samples were collected aseptically at beginning
(day 0) and end (day 14) of the dietary treatment for conventional mice. All samples were stored

at -80°C until use.

Table 3.1: HFD background composition of dietary treatments (g/kg).

Germ-free Conventional
Component, g/kg NPA PA Control PA DW
Lard (Tenderflake) 190 190 190 190 190
Flaxseed oil 2 2 2 2 2
Corn oil (Mazola) 8 8 8 8 8
Casein 267 262 270 262 267
L-Methionine 2.5 2.5 2.5 25 25
Dextrose 214 214 214 196 195
Corn Starch 194 194 193.4 180.7 180.4
Cellulose 0 0 50 0 45
Mineral Mix 51 51 51 51 51
Vitamin Mix 15 15 10 10 10
Inositol 6.3 6.3 6.3 6.3 6.3
Choline Chloride 2.8 2.8 2.8 2.8 2.8
Canstar (NPA) seed coat 715
Solido (PA) seed coat 96.5 88.7
Red osier dogwood (DW) 40
Total Weight (g) 1024.1 1044.1 1000 1000 1000
Fat/g 0.2 0.2 0.2 0.2 0.2
Protein/ g 0.3 0.3 0.3 0.3 0.3
Carbohydrate / g 0.4 0.4 0.4 0.4 0.4
Insoluble fiber / g 0.04 0.05 0.05 0.05 0.05
Energy (At Water) kcal / g 4.4 4.3 4.5 4.4 44
% PACs/g 0 0.4 0 0.4 0.4

65



3.2.2 Fecal Mucin Assay

Fecal pellets from individual mice were pooled across daily fecal collections throughout
the last four days of the two-week dietary treatment. Pooled fecal collections were subsequently
freeze-dried and ground to a powder. A fluorometric assay kit (Fecal Mucin Assay kit; Cosmo
Bio co. Itd, Carlsbad, CA, USA) that quantifies N-acetylgalactosamine (GalNAc), the reducing
end sugar of the O-linked glycan chain, was used to determine the mucus content (Crowther &

Wetmore, 1987).

3.2.3 Microbial community analyses

Total DNA was extracted from colon contents using the Qlamp Fast DNA Stool Mini Kit
(Qiagen, Valencia, CA, USA) with an additional bead-beating step using ~200 mg of garnet rock
at 6.0 m/s for 60 s on a FastPrep-24 5G instrument (MP Biomedicals). Paired-end sequencing
was accomplished using the Illumina MiSeq Platform (2x300 cycles; Illumina Inc., San Diego,
CA, USA). Amplicon libraries were constructed according to the protocol from Illumina (16S
Metagenomic Sequencing Library Preparation) that amplified the V3-V4 region of the bacterial
16S rRNA gene: 341F (5°-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’) and
805R (5°-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3’). Raw sequences were processed Quantitative Insight into Microbial Ecology 2 (QIIME 2)
(Bolyen et al., 2019) pipeline using DADA?2 to filter, trim and merge paired-end reads into
amplicon sequence variants (ASVs). Phylogenetic trees were constructed using the giime

alignment (mafft; mask) and qiime phylogeny (fasttree; midpoint-root) function. Taxonomy was
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assigned using the qiime feature-classifier classify-sklearn function using the SILVA v138
database trained for the specific amplicon region (Bokulich et al., 2018b). QIIME?2 files (.qza)
were imported into R using qiime2R (version 0.99.4) package and analyzed with phyloseq
(version 1.34.0) package (McMurdie & Holmes, 2013). Sequences belonging to ‘chloroplast’
and ‘mitochondria’ were removed. In addition, ‘Lactococcus’ sequences were dropped from the
analysis because they were suspected to be a contaminant from casein (Bisanz et al., 2019;
Kimoto et al., 2003). Numbers assigned to ASVs reflect their total counts from highest to lowest
count across samples. Alpha diversity (Observed, Shannon, phylogenetic diversity (PD)) and
beta diversity based on a Bray-Curtis dissimilarity index were done with rarefied reads at a count

of 8444.

3.2.4 Statistical analysis

Significance testing and graphing for body weights and fecal mucin were done in
GraphPad Prism 6 (Graphpad Software, LaJolla, CA. USA) using a t-test or a parametric anova
corrected for multiple comparisons with Tukey’s post-hoc test. Data was presented as mean +
standard error of the mean and letters were used to denote a significance when appropriate.
Statistical significance for alpha diversity was determine with the anova TukeyHSD() correction
function. Principal coordinate analyses (PCoA) was plotted using the phyloseq package and
clustering significance was determined using the ‘betadisper’ function (Anderson, 2006) for
dispersion and ‘pairwiseAdonis.dm’ function (Martinez Arbizu, 2017) for orientation.
Differential abundance analysis was done with DESeq?2 using non-rarefied reads and tree glom()
function to merge similar ASVs. The ‘log2foldchange’ of only the ASVs with a P value less than
0.05 were plotted with bolded ASVs signifying the significant adjusted p value < 0.10, < 0.05

(*), < 0.01 (**) and < 0.001 (***),
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3.3 Results

3.3.1 Phenolic compounds increase mucin content in the gut independently of the

microbiota

GF mice fed the PA diet had higher amounts of fecal mucin (P < 0.05) compared to the
NPA control diet (Figure 3.1a). Phytochemicals directly increased fecal mucin in the GI tract
independently of the microbiota. The presence of microbes did not alter this outcome as
conventional mice displayed a similar increase in fecal mucin in the PA (P < 0.05), as well as the
DW (P < 0.05) diet compared to control (Figure 3.1b). Polyphenolic diets did not affect the
weights of conventional mice over the course of the two-week experiment (Figure 3.1c).
Conventional female and male mice fed the Control and PA diets displayed no difference in
weight gain or amount of fecal mucin. Although the limited sample size may not adequately
represent the sex effect, the impact of phytochemicals on fecal mucin was not different between
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Figure 3.1: Phytochemical diets (PA and DW) increased the mucin content in the gastrointestinal
tract independently of the microbiota. (a) Germ-free Swiss-Webster mice fed the PA diet also
responded by increasing fecal mucin content, a novel finding that suggest phytochemicals act
directly on host mucus chemistry independently of the microbiota (n = 4; * P <0.05). (b) Dietary
phytochemicals significantly increased fecal mucin content in PA (P <0.01) and DW (P < 0.05)
groups of conventional mice (n = 4). (c) Conventionalized Swiss-Webster mice weights were

unaffected by dietary treatment (n = 4).

3.3.2 Changes in microbial composition in response to phenolic compound rich diets

Phytochemical diets associated with the fecal mucin phenotype revealed similar changes
to microbial communities. PCoA was conducted using Bray-Curtis dissimilarity metric to
visualize microbial communities before and after dietary treatment and identify overall
differences between treatments. We analyzed microbial communities without separating female
and male mice because sex did not appear to alter the amount of mucin recovered in the fecal
samples. Microbial communities prior to diet intervention were not different between groups
(Adonis unadjusted day 0 to control; PA: R2=0.10, P = 0.67 & DW: R?=0.11; P = 0.56) but
clustered distinctly after 14 days (Adonis unadjusted day 14 to control; PA: R?=0.27, P = 0.11
& DW: R2=0.79, P =0.02). All dietary treatments led to distinct changes in microbial
communities (Adonis unadjusted day 0 to day 14; Control: R?= 0.53, P = 0.05; PA: R>=0.55, P
=0.04 & DW: R?=0.76, P = 0.05) (Figure 3.2a). Dispersion analysis between groups did not
pass significance and shows that the within treatment variability was consistent between groups.
PCoA of day 14 microbial communities revealed that both PA and DW diets had similar changes

to microbial communities but were still distinct from one another. Principal component (PC) 1,
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PC2, and PC3 explains 68.2%, 10.3%, and 8.8% respectively and when plotted as PC1vs PC2
(Figure 3.2b) and PC2 vs PC3 (Figure 3.2¢) distinct clustering between treatments can be
visualized. Alpha diversity metrics of day 0 and day 14 microbial communities show that all
dietary treatments reduced the unique counts (Observed; P < 0.05); however, diversity as
determined by Shannon index revealed that all but the DW group (P < 0.05) remained constant
compared to both Control and PA groups (Figure 3.2d). The PD index revealed that Control and
PA diets had lower microbial diversity (P < 0.05) at day 14 compared to day 0, whereas the DW
diet maintained a similar diversity as at day 0 before diet treatment (Figure 3.2d).

The phytochemical diets drastically altered the colon microbiota as determined by
differential expression of ASVs using DEseq2 compared to control (Figure 3.2e,f). This includes
numerous ASVs assigned to taxa belonging to the Firmicutes phylum. Compared to the control
group, the PA diet reduced Romboutsia and Erysipelatoclostridiaceae while increasing
Lachnospiraceae, [Clostridium] leptum, [Eubacterium] coprostanoligenes, and a bacterium
from the Clostridia vadinBB60 group (Figure 3.2¢). The DW diet reduced Romboutsia, many
Ruminococcaceae members, Oscillospiraceae, [Eubacterium] coprostanoligenes,
Peptococcaceae, and Ethanoligenenaceae members of Firmicute populations (Figure 3.2f). The
DW diet increased Akkermansia muciniphila, Parasutterella, Alistipes, Turicibacter, and
Bacteroides thetaiotaomicron, along with an unclassified member from the Muribaculaceae

family.
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Figure 3.2: Phytochemical diets associated with the fecal mucin phenotype revealed similar

changes to microbial communities of conventional mice. (a) Microbial communities prior to diet
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intervention were not different between groups (Bray-Curtis PCoA; Adonis unadjusted day 0 to
control; PA: R?=0.10, P = 0.67 & DW: R?=0.11, P = 0.56) but clustered distinctly after 14
days (Bray-Curtis PCoA; Adonis unadjusted day 14 to control; PA: R2=0.27, P =0.11 & DW:
R?=0.79, P =0.02). All mice had similar microbial communities Control: R?=0.53, P = 0.04;
PA: R?>=0.55, P =0.05 & DW: R>=0.76, P = 0.03). At day 14, diet (b) Principal coordinate
analysis plot of day 14 microbial communities using principal component 1 (PC1; 68.2%) and
principal component 3 (PC3; 8.8%), along with (c) principal component 2 (PC2; 10.3%) plotted
against PC3 shows a distinct but subtle similarity between dietary groups. (d) Alpha diversity
metrics (Observed, Shannon, PD) showing day 0 and day 14 microbial communities shows that
all treatment diets reduced diversity (P < 0.05), however, DW diet specifically reduced diversity
(Observed and Shannon; P < 0.05) compared to both Control and PA groups. Differential
expression of ASVs as determine by DEseq2 were plotted for (e) PA and (f) DW compared to
Control group. Consistent ASVs that respond to PA and DW diets are noted with hashed arrow
lines, this includes an increase in Lachnospiraceae and [Clostridium] leptum species along with
a decrease in a Romboutsia species (n = 4; bolded taxa represent a trend (P < 0.10); * P <0.05,

** P<0.01, *** P<0.001).

3.4 Discussion

Phytochemicals are secondary metabolites produced by plants to communicate with their
environment. They are generally considered non-essential nutrients that contribute to physiology
through numerous bioactive properties ranging from antioxidant, anti-inflammatory, and
antimicrobial to protein chelation and enzyme inhibition (Balaji et al., 2016). Thousands of

phytochemicals have been identified and are noted for their free radical scavenging capacity to
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neutralize reactive oxygen species associated with inflammation and disease (A.-N. Li et al.,
2014). Polymeric phytochemicals, such as proanthocyanidins, are the most abundant and
bioactive polyphenols in our diet (Monagas et al., 2010). They are composed of polymeric
flanva-3-ol monomers, known as condensed tannins and linked through double A-type and single
B-type linkages (Monagas et al., 2010). The degree and type of polymerization, along with the
galloylated moieties determine their physicochemical structure and thus their bioactivities on
both the gut microbiota and host (Girard & Bee, 2020; Yokota et al., 2013b). The bioactive
properties of polyphenolic compounds and their impact on physiology have made them good
candidates for antibiotic alternatives and therapeutics against enteric infection (Willing et al.,
2018b).

In this study, we determined that the increase in fecal mucin in response to polyphenol-rich
diets observed previously (Forgie, Gao, et al., 2019; Taira et al., 2015) occurs independently of
the gut microbiota. The inclusion of polyphenols in diet at 0.4% in this study appears safe, as no
change in body weight was documented throughout the two-week dietary intervention. This is in
accordance with previous studies that show that similar amounts of phytochemicals in diets do
not negatively impact growth, and may even improve it (Forgie, Gao, et al., 2019; Koo et al.,
2021). Despite being quite different with regards to phenolic compound composition, the PA and
DW diets both led to increased fecal mucin, suggesting that flavan-3-ol condense tannins from
peas, beans or fruit are not unique in their ability to increase fecal mucin (Forgie, Gao, et al.,
2019; Taira et al., 2015; Tanaka et al., 2019). This occurs independently of the gut microbiota;
however, more studies are required to determine the main phytochemicals or groups of chemicals
responsible for the mucin phenotype. Our results provide in vivo support to the previous in vitro

experiments showing that phytochemicals, particularly the galloylated polyphenols, directly
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disrupt the viscoelastic properties of mucus by disrupting binding among mucin glycoproteins
(Georgiades et al., 2014). In our previous study (Forgie, Gao, et al., 2019), the pea seed coat
supplementation (PA diet) led to faster colonization of C. rodentium, a common enteric mouse
pathogen, and we suspect that this is a consequence the direct impact of polyphenols on the
mucus layer. Most studies have focused on the beneficial roles that phytochemicals have on
health and has been extensively reviewed (Andersen-Civil et al., 2021); however, little is
mentioned of the phytochemical-mucus interactions in the gut outlined herein. Therefore, in
addition to confirming that phytochemical directly increase luminal mucin concentration, an
analysis of the colonic microbial community was conducted, with a particular interest in
mucolytic microbes that may benefit under these conditions.

Microbial community analysis revealed that pea seed coat and ROD-supplementation
alters the gut microbiota. The PCoA plot analyses revealed that the DW diet substantially altered
microbial composition compared to the PA diet. Shannon diversity and PD values of the colonic
microbiome in the PA group is consistent with our previous experiment (Forgie, Gao, et al.,
2019). The reduced Shannon diversity of the DW group could be explained by the antimicrobial
properties of ROD phytochemicals; however, more research is required to confirm the direct
antimicrobial actions of ROD supplementation. A study in pigs with a lower inclusion rate of
0.5% ROD extract showed no effect on ileal microbial alpha diversity (Shannon and Simpson)
but a prebiotic effect on Lactobacillus species was noted along with no change to growth
performance (Zheng et al., 2021). A study in weaned pigs challenged with Escherichia coli k88+
found that 2% and 4% ROD extract diets conferred beneficial effects on growth performance;
however, microbial composition was not assessed (Koo et al., 2021). Phylogenetic diversity in

the DW group was maintained at day 14, which could be explained by the increased abundance
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of Akkermansia muciniphila, Parasutterella and Turicibacter, which only appeared in this DW
group at day 14 and were not detected in any group at day 0. Although we did not detect these
microbes in the sequencing data of Control and PA groups at day 14, they may have been present
below our detection limit for 16s rRNA sequencing. The ROD extract effectively reduced the
abundance of some species thereby opening up a niche for others. For this reason, we see higher
PD values in the DW group compared to Control and PA groups.

Microbes that were enriched by both phenolic diets include Lachnospiraceae and
[Clostridium] leptum species, which may reflect a response to increased mucin availability.
Luminal mucin levels were confirmed greater in both PA and DW diet groups compared to
Control. We characterized an increase in abundance of A. muciniphila, a well-known mucolytic
microbe, in the DW group but not the PA group. Mucin supplementation has been confirmed in
mice to encourage mucin degrading bacteria, such as A. muciniphila, and mitigates diet-induced
microbiota perturbations (Pruss et al., 2021). Moreover, phytochemicals are well-known to
increase the abundance of A. muciniphila and improved health outcomes (Anhé et al., 2016). The
phytochemical-induced mucin phenotype may partly explain their increased abundance in the
gut; however, the absence of 4. muciniphila in the PA diet suggests other factors contributed to
their increase in the DW group. A study in mice using jaboticaba fruit, which is high in flavan-3-
ols, at 5%, 10%, and 15% of diet found an increase in 4. muciniphila at only 10% and 15%
(Soares et al., 2021) suggesting a dose-dependent threshold that supports their growth likely
exists in the gut. The lack of A. muciniphila in the PA group of this present study is inconsistent
with our previous study (Forgie, Gao, et al., 2019) and suggest mice did not receive the
necessary dose of polyphenols to encourage 4. muciniphila fitness in the gut. The moderate

effect of the PA diet on microbial communities could be explained a loss in the antimicrobial
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actions of pea phytochemicals after long-term storage. As a result, the PA diet had less severe
impacts on microbial community structure as compared to the DW diet and suggested that the
interactions among microbes are stable enough to prevent A. muciniphila expansion even with
increased access to mucin glycans. In addition, both PA and DW diets led to a consistent
decrease in abundance of Romboutsia, a species that is highly adapted to nutrient-rich
environments (Gerritsen et al., 2017) and a potential marker of stability in the gut. The
competitive advantage gained by mucolytic bacteria may have altered the nutrient-rich niches in
the gut that genera like Romboutsia depend on for growth. The mucus layer supports microbial
niches by directly providing glycans for energy and indirectly through cross-feeding from one
microbe to another (H. Li et al., 2015). Further knowledge of these interactions will provide the
foundational framework necessary to understand host-microbe stability and the role mucus plays

in host health.

3.5 Conclusion

The production and maintenance of the mucus layer is a vital part of intestinal
homeostasis. It has become clear that host mucus provides a foundation of host derived glycans
that supports mutualism and commensalism among microbes in the gut. Understanding how
phytochemicals influence the viscoelasticity of the mucus layer will help to determine the best
therapeutic use of phytochemicals to promote health. This research provides insight into
establishing the mechanisms involved in the ability of mucus to stabilize gut ecology and control
microbial communities. Further studies are required to determine the specific phytochemical
compounds and structure that induce mucus secretion and/or disrupt mucin binding and

formation.
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4 CHAPTER 4: EXCESSIVE ORAL INTAKE OF VITAMIN B12 ALTERS HOST-
MICROBE INTERACTIONS THAT STIMULATE CITROBACTER RODENTIUM

GROWTH AND VIRULENCE IN MICE

4.1 Introduction

Vitamin B12 (cobalamin) is a cobalt-containing corrinoid molecule required for
fundamental biological processes in both humans and bacteria. It is made exclusively by
microorganisms and belongs to a family of organometallic cofactors called cobamides (Kennedy
& Taga, 2020). With few exceptions, such as ruminants which depend on the biosynthesis of
cobalamin by resident microbes, most animals rely on its bioaccumulation in the food chain
(Watanabe & Bito, 2018). Humans must obtain cobalamin through diet because the only
significant population of microbes that could produce cobalamin resides in the colon, past the
absorption site in the small intestine (Degnan, Taga, et al., 2014). Dietary sources of cobalamin
in humans are mainly of animal origin, but supplements, fortified food products, fermented
foods, and some plants and algae are available as alternatives (Watanabe, 2007).

Cobamides are essential for bacteria, playing a significant role in supporting enzyme
activity in the cytosol and as coenzyme riboswitches that regulate gene expression in the nucleus
(Tucker & Breaker, 2005). Genomic studies revealed that widespread cobalamin sharing
between microbes can impact microbial growth and metabolism through numerous cobamide-
/corrinoid- dependent enzymes and transporter proteins (Degnan, Barry, et al., 2014a; Nahvi et
al., 2004; Sokolovskaya et al., 2020). Because of this, B12 and cobamide derivatives likely play
a more critical role in microbe-microbe interactions that modulate microbial ecosystems than

previously understood (Degnan, Taga, et al., 2014). For example, B12 uptake by the gut
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commensal Bacteroides thetaiotaomicron was shown in vitro to limit the production of Shiga
toxin-2 produced by Enterohemorrhagic Escherichia coli O157:H7 (EHEC) (Cordonnier et al.,
2016a). This has been attributed to reducing the ability of EHEC to use ethanolamine (a
breakdown product of lipid membranes and major metabolite found in the gut) by limiting the
availability of cobalamin required to activate adenosylcobalamin-dependent ethanolamine
ammonia-lyase. Regulation of ethanolamine metabolism influences the growth and/or virulence
of several Enterobacteriaceae and Firmicute species (Rowley & Kendall, 2019). Therefore, it
follows that competition among microbes for cobalamin can impact the activity of ethanolamine-
utilizing bacteria. In addition, B. thetaiotaomicron creates competition by using a surface-
exposed lipoprotein, which binds cobalamin with such affinity that it can remove it from intrinsic
factor, a cobalamin transport protein necessary for absorption in humans and animals (Wexler et
al., 2018). However, additional competitive and syntrophic interactions may exist between
microbes for cobalamin in the gastrointestinal (GI) tract and to what extent this impacts bacterial
pathogenesis in the gut remains poorly understood.

Daily oral cobalamin supplements can contain doses that far exceed (as high as 10,000
pg/tablet) the recommended daily amount of 2.4 pg/day in humans. High exposures are required
when normal absorption is impeded and are generally considered safe. The practice of over-
supplementing cobalamin to ensure adequate absorption is supported by the fact that no upper
limit has been set for B12 supplementation. We hypothesized that excessive cobalamin
supplementation alters the gut microbiota’s functional activity, creating a favourable
environment for pathogen colonization and pathogenesis. To test this, we supplemented B12 to
mice in drinking water. We challenged the animals with Citrobacter rodentium, a natural mouse-

specific pathogen that mirrors the attaching and effacing pathology seen in human EHEC
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infections (Crepin et al., 2016). We evaluated the direct and indirect impact of excessive

amounts of cobalamin on host-microbial interactions.

4.2 Methods

4.2.1 Mice and vitamin B12 supplementation

Animal experiments were conducted in accordance with guidelines set by the Canadian
Council on Animal Care and approved by the Animal Care and Use Committee at the University
of Alberta (Edmonton, AB, Canada). All mice were raised and maintained under specific
pathogen-free or germ-free conditions. Six to seven-week-old female C3H/HeOulJ mice (Jackson
Laboratories, Maine, USA) were randomly housed four or five per cage. Eight-week old female
C57Bl/6J mice (University of Alberta, AB, Canada) were housed three per cage using the
Tecniplast Isocage-P bioexclusion system (Buguggiate, VA, Italy). Eight-week old germ-free
female C57B1/6] mice were housed in an isolator (CEP Standard Safety, McHenry, Illinois,
USA) with open cages in the University of Alberta Axenic Mouse Research Unit. All mice were
allowed to acclimatize for one week with ad libitum access to water and standard chow
containing approximately 0.08 mg of cyanocobalamin per kilogram of diet post-autoclaving
(2020SX; Envigo-teklad, Indiana, USA). Calculated based on the average consumption of 5 g of
diet per mouse per day, the standard chow diet alone contributed approximately 0.4 ug of
cyanocobalamin. Mice received filter-sterilized drinking water supplemented with or without
B12 in the form of cyanocobalamin (V2876, Sigma-Aldrich, St. Louis, MO, USA) at 40 ng/ml,
approximately 100 times the amount in the diet. The recommended daily allowance of mice is
approximately 0.05 pg/day based on a diet that contains 10 pg of B12 per kilogram and deemed

adequate (Nation Research Council (US) Subcommittee on Laboratory Animal Nutrition, 1995).
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In addition, different forms of B12 were investigated in conventional C57Bl/6J mice by
supplementing cyanocobalamin and methylcobalamin (Thermo Fisher Scientific, Massachusetts,
USA) at 10 pg/ml and 40 pg/ml in drinking water. In all experiments, cages were randomly
assigned to treatment groups: control (CON) and B12 supplemented (cyanocobalamin at 10
pg/ml, CNCbI10 and 40 pg/ml, CNCbl40; methylcobalamin at 10 pg/ml, MeCbl10, and 40
pg/ml, MeCbl40). After two weeks of water treatment, survival (SURV) and early-stage
pathogen colonization (EPC) experiments were performed in C3H/HeOuJ mice using C.
rodentium. A twenty percent loss of initial body weight was selected as a humane endpoint for
mice in the SURV experiment as previously described (Willing, Vacharaksa, et al., 2011). For
the EPC experiment, after two weeks of B12/water treatment, two mice from each cage were
euthanized (naive CON & naive CNCbl40). The remaining mice continued on water treatment
for subsequent C. rodentium challenge (inf CON & inf CNCbl40). To confirm the pre-
challenge B12-induced phenotypes observed in C3H/HeOuJ mice and to test the role of

microbes, we additionally treated germ-free and conventional C57BI1/6J mice for two weeks

(Figure 4.1).

Mice Start of \ \ )
arrival treatment 00? 0‘3? oY
I 1 week I 2 -4 weeks I | I
I I Non-infected I I i I
sampling C. rodentium (10°) Infecti:in:a;n pling
(naive_) infection via oral -
- gavage
Acclimatization | Vitamin B12 treatment (drinking water) |

EPC experiment C3H/HeOu)J
SURV experiment C3H/HeOuJ

GF and CONV. experiments C57BI6/)

Figure 4.1: Experimental design diagram.
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4.2.2 Water intake and B12 dose estimation

A pilot study (data not shown) was conducted to determine daily water consumption of
mice supplemented with B12 (cyanocobalamin) in drinking water. Cyanocobalamin at 40 pg/ml
or control drinking water was provided to mice (n = 15; five mice per cage) ad libitum and water
consumption was monitored for a week. Drinking water was changed every two days and water
consumption was measured. The water consumed per cage at each timepoint was considered a
replicate and the average was used to compare water intake between treatments. B12
supplemented in drinking water did not impact water consumption. Daily water intake was
approximately 3 ml per mouse per day. According to water intake, B12 supplemented in drinking
water at 10 pg/ml and 40 pg/ml were estimated to reach a total dose of 30 pg and 120 pg per

mouse a day, respectively.

4.2.3 C. rodentium-challenge model

From a glycerol stock, C. rodentium (DBS100) was plated on MacConkey agar (BD
Difco, NJ, USA) and a single colony was picked and incubated overnight at 37°C in Luria-
Bertani broth (Sigma-Aldrich) with shaking at 200 rpm. Mice were infected with 100 pl of the
overnight culture (1 x 10° CFU/ml) by oral gavage. All mice were confirmed to be free of
coliforms by plating a fecal sample on MacConkey agar prior to infection. Pathogen load was
determined daily in fecal samples and in the GI tract at day 5 post-infection by plating serial
dilutions of sample homogenates in 1 x PBS on MacConkey agar. Plates were incubated at 37°C

overnight and colonies were counted and normalized to sample weight.
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4.2.4 Sample collection

Fresh fecal samples were collected daily or every second day post-infection directly in 1
ml of sterile 1 x PBS for plating. All mice were euthanized using carbon dioxide and sampling
was done aseptically. Prior to infection, fecal samples were collected from mice for baseline
microbiome analysis. Mouse tissues and intestinal content (ileum, cecum and colon) were snap-

frozen in liquid nitrogen and stored at -80°C until use.

4.2.5 Intestinal vitamin B12 level measurement

Snap-frozen cecal and colonic digesta samples were weighed and homogenized with two
rounds of beating (30 s at 4 m/s with a cooling step on ice) in a proprietary buffer provided by
Calgary Laboratory Services: Diagnostic and Scientific Research Centre (Calgary, AB, Canada).
Samples were subsequently centrifuged at 10,000 rpm and the supernatant was collected and
stored at -20 °C. Vitamin B12 was quantified via electrochemiluminescence using the Roche
Diagnostics Vitamin B12 II assay performed on the Roche Diagnostics €602 (Calgary
Laboratory Services). This technique measures total vitamin B12 using a ruthenium-label

recombinant porcine intrinsic factor as the reporter probe.

4.2.6 Short chain fatty acid (SCFA) analysis

Snap-frozen cecal content was thawed on ice, weighed (30 mg/sample) and homogenized
in 600 pl of 25% phosphoric acid. Samples were centrifuged at 15,000 rpm at 4°C for 10 min
and the supernatant was passed through a 0.45 pum syringe filter (Fisher). A 200 ul aliquot of
filtered sample was combined with 50 ul of internal standard (23 pmol/ml, isocaproic acid) and

analyzed on a Scion 456-GC instrument.
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4.2.7 Cecal microbial metatranscriptome analysis

Total RNA was extracted from frozen cecal samples as previously described (Just et al.,
2018). Approximately 50 mg of frozen cecal content was added to 0.1 mm glass bead-containing
tubes (PowerBead Tubes, Qiagen) prefilled with 300 ul RLT buffer (RNeasy mini kit, Qiagen)
supplemented with B-mercaptoethanol (10 pl/ml, Sigma-Aldrich) and 1 ml Trizol (Invitrogen).
Cell disruption was accomplished using a FastPrep®-24 bead-beating machine (MP biomedicals)
with two rounds of beating (30 s at 6.5 m/s). After incubating for 5 min at room temperature,
samples were centrifuged (1 min, 12,000 x g, 4°C) and supernatants were transferred into tubes
containing 300 ul of chloroform, vortexed and incubated for 3 min. After centrifugation (15 min,
12,000 x g, 4°C), the upper aqueous phase was carefully collected and transferred into a new
tube containing 1 ml of freshly prepared 70% ethanol solution, mixed by pipetting, and loaded
onto a RNeasy spin column (RNeasy mini kit, Qiagen). RNA extraction and on-column DNA
digestion (Qiagen) were completed as described by the manufacturer’s protocol. The quality and
quantity of RNA were measured using an Agilent Bioanalyzer. Samples with an RNA integrity
number (RIN) > 7.0 were used to generate metatranscriptome libraries at Génome Québec
Innovation Centre (Montréal, QC). Samples were diluted to 100 ng/pl and host rRNA-depletion
(NEBNext® Human/Mouse/Rat) was conducted. The libraries were sequenced as 100 bp paired-
end reads on a NovaSeq 6000 system (Illumina).

Analysis of unfiltered raw data (~35M read average per sample) was completed using the
Simple Annotation of Metatranscriptomes by Sequence Analysis 2.0 (SAMSA2) pipeline
(Westreich et al., 2018) as follows: PEAR (version 0.9.10) to merge reads, Trimmomatic

(version 0.36) to trim low quality reads, ShortMeRNA (version 2.1) to remove rRNA, and
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DIAMOND (version 2.0.2) to annotate mRNA data to the RefSeq database (O’Leary et al.,
2016). The merging step resulted in ~25M merged reads per sample. Bacterial rRNA made up
~9M reads per sample, and ribodepleted reads (mRNA transcripts) led to ~2M annotated reads
with ~13M unknown reads per sample. In addition, the SEED Subsystems hierarchical database
(Bokulich et al., 2018a) was used to categorize and compare functional activities of the
microbiota. Analysis of annotated reads was completed using the DESeq?2 package and

visualized in R with the ggplot2 package.

4.2.8 Cytokine and chemokine assays

Protein was extracted using a 2-cm piece of distal colon and homogenized in 300 pl of
Meso Scale Discovery lysis buffer with protease and phosphatase inhibitors as described in the
assay protocol. The homogenates were centrifuged at 15,000 rpm for 10 min, and the protein
concentration in the supernatant was determined using the Pierce Bicinchoninic Acid assay Kit
(Thermo Scientific). Sample homogenates from naive mice and infected mice were loaded into
wells at 150 pg and 100 pg of total protein, respectively. The U-Plex Biomarker Group 1
(mouse) assay platform (Meso Scale Discovery, Gaithersburg, MD, USA) was used to measure
interferon gamma (INFy), interleukins (IL1p, IL4, IL6, IL10, IL12/IL23p40, IL17A, and 1L22),
keratinocytes-derived chemokine (KC), tumour necrosis factor alpha (TNFa), granulocyte-
macrophage colony-stimulating factor (GM-CSF), matrix metalloproteinase-9 (MMP9),
chemokine protein known as regulated on activation normal T cell expressed and secreted
(RANTES), interferon gamma-induced protein-10 (IP10), monocyte chemoattractant protein-1
(MCP1), and macrophage inflammatory proteins (MIP1a, MIP2, and MIP3a). Final

concentrations were presented as pg/ml in 100 pg of total colon protein.
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4.2.9 Microbial community analyses

Total DNA was extracted from ileum, cecum, and colon contents using the Qlamp Fast
DNA Stool Mini Kit (Qiagen, Valencia, CA) with an additional bead-beating step using ~200 mg
of garnet rock at 6.0 m/s for 60 s on a FastPrep-24 5G instrument (MP Biomedicals). Amplicon
libraries were constructed according to the protocol from Illumina (16S Metagenomic
Sequencing Library Preparation) that amplified the V3-V4 region of the bacterial 16S rRNA
gene: 341F (5°-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG - 3’) and
805R (5°-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3°). Paired-end sequencing was accomplished using an Illumina MiSeq Platform (2 x 300 cycles;
[llumina Inc., San Diego, CA). Raw sequences were processed with Quantitative Insight into
Microbial Ecology 2 (QIIME) (Bolyen et al., 2019) pipeline using the divisive amplicon
denoising algorithm 2 (DADAZ2) to filter, trim and merge paired-end reads into amplicon
sequence variants (ASVs). Ribosomal RNA data from cecal metatranscriptomic sequencing was
processed as pre-merged single-end reads in QIIME2 using deblur denoise-16S function and
trimmed at 160 bp. Phylogenetic trees were constructed using the qiime alignment (mafft; mask)
and giime phylogeny (fasttree; midpoint-root) function. Taxonomy was assigned using the giime
feature-classifier classify-sklearn function using the SILVA v138 database trained for the
specific amplicon region (Bokulich et al., 2018b). QIIME?2 files (.qza) were imported into R
using qiime2R (version 0.99.4) package and analyzed with phyloseq (version 1.34.0) package

(McMurdie & Holmes, 2013).
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Alpha diversity (Observed, Shannon, Phylogenetic diversity (PD)) and beta diversity
(weighted and unweighted UniFrac) indices were analyzed with rarefied samples (ileum at
21,497, cecum at 34,012, and colon at 7,435 reads) in C3H/HeOulJ mice. In addition, we
analyzed the cecal microbial community by analyzing the rRNA (rarefied at 1,247,061 reads)
from the metatranscriptome sequencing data. Statistical significance for alpha diversity indices
was determine with ANOVA and Tukey correction. Principal coordinate analyses (PCoA) was
plotted using the phyloseq package and clustering significance was determined using the
‘betadisper’ function (Anderson, 2006) for dispersion and ‘pairwiseAdonis.dm’ function
(Martinez Arbizu, 2017) for orientation. Differential abundance analysis was done with DESeq2
using non-rarefied reads and tree_glom (or tax glom for cecum rRNA) function. Plotted ASVs
were assigned according to their lowest classifiable taxonomic rank and are distinguishable by
their corresponding ASV number from most to least abundant. The ‘log2foldchange’ of only the
ASVs with a P value less than 0.05 were plotted with bolded ASVs signifying the significant

adjusted P value < 0.10, < 0.05 (*), < 0.01 (**) and < 0.001 (***).

4.2.10 In vitro culture experiments

All in vitro culture experiments were done in an anaerobic chamber (5% CO2, 5% Ho,
and 90% N3) and cultures were incubated at 37 °C without shaking. B. thetaiotaomicron was
isolated from C3H/HeOulJ mice fecal samples by serially diluting in 1 x PBS with 0.1% L-
cysteine and plating on pre-reduced brain heart infusion (BHI; Difco) agar plus 10% calf blood
(Cedarlane, ON, Canada) supplemented with 200 pg/ml of gentamicin (Curtis et al., 2014a).
Isolates were identified by amplifying and Sanger sequencing the 16S rRNA gene, and
sequences were matched using BLAST web-based tool (Boratyn et al., 2013). C. rodentium (10

ul of overnight culture) was inoculated alone or in competition with B. thetaiotaomicron (100 pl
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overnight culture) in 10 ml of pre-reduced low-glucose Dulbecco’s modified Eagle’s medium
(Gibco life technologies, Grand Island, NY, USA) supplemented with cyanocobalamin at 0 ppm,
0.01 ppm and 15 ppm, which was subsequently incubated for 6 hours. Overnight cultures grown
from a single colony of C. rodentium grown in Luria-Bertani broth at 1.4x107 CFU/ml and B.
thetaiotaomicron grown in BHI broth (Difco) at 5.5x107 CFU/ml were used as inoculums.
Counts were determined by plating on MacConkey agar for C. rodentium and the BHI with calf
blood agar for B. thetaiotaomicron. Total RNA was immediately extracted from 1 ml of pelleted

cells with 1 ml of Trizol reagent and purified using the spin columns as described above.

4.2.11 Reverse-transcription quantitative PCR

Colon tissues were homogenized in 600 ul of lysis buffer via bead beating and RNA was
extracted using the GeneJET RNA Purification Kit (Thermo Scientific). Sample were treated
with DNase as manufacturer’s protocols. RNA samples extracted from both colon tissue and in
vitro culture experiment were reverse transcribed using the gFlex cDNA Synthesis Kit (Quanta
Bioscience). Primers used for quantitative PCR (Table 4.1) were previously validated (Curtis et
al., 2014a; Kumar & Sperandio, 2019; Oshikiri et al., 2019). The qPCR was performed using
PercfeCTa SYBR Green Super-mix (Quantabio) conducted on an ABI StepOne real-time System
following the cycles: 95°C for 3 min and 40 cycles of 95°C for 10 s, 60°C for 30 s. Gene
expression was calculated using the delta-delta Ct (2"44¢") method that showed the fold change

relative to a housekeeping gene.

4.2.12 Statistical analysis

Significance testing was conducted using GraphPad Prism 6 (Graphpad Software, La

Jolla, CA, USA). Student’s t-test or ANOVA was used for parametric and Kruskal-Wallis test
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was used for nonparametric data. Data were presented as mean * standard deviation. Survival

curve analysis was done using Mantel-Cox test with data up to day 10 post-infection. Differences

between multiple treatments were corrected by conducting either the Bonferroni’s, Tukey’s, or

Dunn’s post-hoc comparison test.

Table 4.1: Real-time qRT-PCR primer list.

Target Genes Oligonucl(esc)'tid;)sequences I;Z?l(;l:flt Ref
ActB F: TGACAGGATGCAGAAGGAGA 131 Oshikiri et
R: GCTGGAAGGTGGACAGTGAG al., 2019
IL12A F: CCACCCTTGCCCTCCTAAAC 132 Oshikiri et
R: GTTTTTCTCTGGCCGTCTTCA al., 2019
IL12B F: GGGACATCATCAAACCAGACCC 939 Oshikiri et
R: GCCTTTGCATTGGACTTCGG al., 2019

Rpoa F: ACGTCAGCCGGAAGTGAAAGAAGA %6 (Curtis et
R: AGCGGACAGTCAATTCCAGATCGT al., 2014a

Ler F: ACAGTTTGAATCTCCTGCTCACGC 08 (Curtis et
R: AATTCGCCCACAACAAGCCCATAC al., 2014a

Tir F: ATCAGATATCTCGCAAGCTCG Kumar &
134 Sperandio,

R CAACTCCATCTCCCATTCCTG 2019

EspA F:  ACGAGGTAACAACCATGCGAGTGT Kumar &
R: 87 Sperandio,

" CTGCCTGGCATTGCTTTCCAGAAT 2019

Note: The annealing temperature used for all genes was 60°C.

4.3 Results

4.3.1 Cyanocabalamin supplementation enhances early-stage colonization of C. rodentium

and pathogenesis in C3H/HeOuJ mice

The amount of total cobalamin in cecum and colon contents of mice were determined to

be 1000 times greater in cyanocobalamin-supplemented mice than control (P < 0.01) (Figure

88



4.2a). Higher cobalamin levels resulted in a more rapid and consistent colonization of C.
rodentium as determined by daily fecal enumeration (Figure 4.2b), and in both ileal and cecal
contents at day 5 post-infection (Figure 4.2¢). Differences in pathogen load were greatest at day
3 post-infection (P < 0.05). The more rapid and consistent colonization of C. rodentium seen in

the EPC experiment was confirmed in the SURV experiment. Mice receiving cyanocobalamin in
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Figure 4.2: Cyanocobalamin supplementation enhanced C. rodentium colonization and
pathogenesis in C3H/HeOulJ mice. (a) Supplementing cyanocobalamin in drinking water
increased cecal and colon levels of cobalamin by ~1000 times (n = 15; * P <0.05, ** P <0.01).
(b) Daily fecal enumeration of C. rodentium in the EPC experiment indicated increased
colonization burden at day 2 post-infection (D2PI) and D3PI from cyanocobalamin
supplementation (n = 8; # P <0.10, * P <0.05). (c) Enumeration of C. rodentium at DSPI in the
ileum and cecum was more consistent with cyanocobalamin supplementation but colonization
levels were similar (n = 8). (d) Consistent with the more rapid colonization, the SURV
experiment revealed an earlier onset of mortality, reducing mice survival over the first 10 days
post-infection (n = 9; P < 0.05; Mantel-Cox test). (¢) Colon pathology scores at D5PI in naive
and infected mice was significantly higher in mice supplemented with cyanocobalamin as a

result of increased mucosal damage (n = 8; P < 0.05; limit of detection (LOD)).

excess had an earlier onset of mortality that started at day 3 compared to day 9 in control (Figure
4.2d). Survival curves between CON and CNCbl40 were significantly different at day 10 (P =
0.03), although significance was lost by day 14 post-infection (P = 0.14). Consistent with the
increased pathogen load, mice in the inf CNCDbl40 group terminated 5 days post infection had
higher colon pathology scores compared to inf CON (P < 0.05) (Figure 4.2¢). Cyanocobalamin
water supplementation alone induced no visible tissue damage prior to infection (Figure 4.2¢).
Overall, colonization and pathogenesis of C. rodentium in C3H/HeOuJ mice was enhanced

following cyanocobalamin supplementation in drinking water.
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4.3.2 Cobalamin supplementation alters the Firmicutes and Proteobacteria populations

within the GI tract of C3H/HeOuJ mice

Cyanocobalamin supplementation at 40 pg/ml in drinking water caused a shift in
microbial composition in the cecum and colon, but not ileum, favoring Proteobacteria species
and altering the dynamics of the low-abundance Firmicutes (Figures 4.3 & 4.4). Species
richness, indicated by observed counts, and phylogenetic distance analyses showed that B12
treatment led to lower colonic diversity prior to pathogen challenge. Principal Coordinate
Analysis (PCoA) plots using weighted and unweighted UniFrac distance metrics showed distinct
clustering of microbiomes in naive and infected mice (pairwise Adonis; Table 4.2). Differences
in unweighted UniFrac, but not weighted UniFrac, revealed that low-abundance community
members were impacted in the cecum (P < 0.05) and colon (P < 0.01) in naive_ CNCDbl40 mice
compared with naive CON mice. The severity of microbial disruption induced by infection was
more pronounced in the inf CNCbl40 as compared to the inf CON group. Both weighted (P <
0.01) and unweighted (P < 0.05) UniFrac metrics revealed a difference between naive CNCbl40
and inf CNCb140 in the colon, whereas no difference was observed between infected and
uninfected control groups (weighted P=1.0, unweighted P=0.81). In the cecum, the gut
microbial communities between naive CON and inf CON were different (P < 0.01) based on
unweighted UniFrac metric, whereas naive CNCDbl40 and inf CNCbl40 groups were different (P
< 0.01) by weighted UniFrac metric.

Differences in beta diversity observed in the colon and cecum were largely explained by
changes in Firmicute and Proteobacteria populations in both naive and infected mice as
determined by DEseq2’s differential expression analysis (Figure 4.4). In advance of infection, an

uncultured bacterium belonging to the Clostridia vadinBB60 group and a Lachnospiraceae were
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Figure 4.3: Principal coordinate plots based on weighted and unweighted UniFrac and alpha
diversity indices (Observed, Shannon, PD) in the ileum, cecum and colon in C3H/H3OulJ mice.
Distinct clustering was noted in the unweighted UniFrac analyses (see Table 4.2) and the colon
microbiota was characterized by reduced diversity (Observed and PD) from cyanocobalamin

supplementation (n = 7-12; P < (.05).
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a) naive_CON vs. naive_CNCbl40 b) inf_CON vs. inf_CNCbI40
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Figure 4.4: Cyanocobalamin supplementation altered the Firmicutes population throughout the
GI tract in C3H/HeOulJ mice as determined by DESeq2 differential expression. The control
group had a greater abundance of Firmicutes, including Lachnospiraceae species and Clostridia
vadinBB60 group bacterium in the cecum and colon (a) pre-infection and (b) post-infection (n =
6-8; only ASVs with a P-value less than 0.05 were plotted; adjusted P-value were used for

significance; bolded taxa represent a trend (P < 0.10); * P <0.05, ** P <0.01, *** P <0.001).
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Table 4.2: Summary of beta-diversity analyses of microbial communities.

Weighted UniFrac U%Vrglljgrgzed

Region Comparisons Disp. Ori. R? Disp. Ori. R?
naive CON vs naive CNCbl40 0.98 1 0.05 1 1 0.06

inf CON vs inf CNCbl40 1 I 003 1 1 0.11
Teum naive_CON vs inf CON 1 1003 1 1 0.07
naive CNCbI40 vs inf CNCbI40 1 049 0.19 0.88 1 0.09

naive CON vs inf CNCbl40 1 I 0.09 097 04 0.13
naive CNCbI40 vs inf CON 1 1 0.12 0.89 0.53 0.12

naive CON vs naive CNCbl40 1 1 0.06 0.13  0.02 02
inf CON vs inf CNCbl40 0.84 1 0.1 1 0.25 0.17

Cecum naive_CON vs inf CON 1 0.15 0.23 048 0.01 03
naive CNCbI40 vs inf CNCbl40 0.9 0.01 0.37 083 01 02
naive_CON vs inf CNCbl40 0.79 0.01 0.38 0.54 0.01 0.37
naive CNCbl40 vs inf CON 1 0.35 0.16 0.84 0.01 0.32

naive CON vs naive CNCbl40 0.92 1 0.05 025 0.01 0.28
inf CON vs inf CNCbI40 1 0.17 0.21 0.96 1 012
Col naive_CON vs inf CON 0.95 1 0.08 033 0.81 0.09
oon naive CNCbI40 vs inf CNCbl40 ~ 0.74  0.01 0.36 091 0.04 0.13
naive_CON vs inf CNCbl40 0.96 0.01 0.34 0.1 0.01 0.26
naive CNCbl40 vs inf CON 0.73 034 0.13 1 0.05 0.16
Colon CON vs CNCbI40 021 0.7 008 0.01  0.01 0.16
[SURV naive CON vs naive CNCbl40 0.88 1 0.05 0.02 0.01 0.27
\E naive_ CON vs CON 0.31 0.01 0.67 0.76  0.01 0.8
ECP] naive CNCbI0 vs CNCbl40  0.73  0.01 0.6 044  0.01 0.56
naive CON vs naive CNCbl40 0.38 1 0.06 029 0.6 0.09

inf CON vs inf CNCbl40 0.71 0.85 0.1 0.53 032 0.1
Cecum naive CON vs inf CON 0.06 0.77 0.11 0.16 0.01 0.19
[RNAseq]  naive CNCbI40 vs inf CNCb140 1 085 0.1 0.73  0.05 0.16
naive_CON vs inf CNCbl40 0.4 0.08 0.21 0.87 0.01 0.25
naive CNCbI40 vs inf CON 0.74 1 0.07 1 0.08 0.14

Note: Dispersion (Disp.) p-values were calculated with betadisper() using a permuted

model that indicates a difference in dispersion between groups. Orientation (Ori.) p-values
and R? values were calculated with pairwise.adonis() and adjusted using bonferroni
(perm=999) method, and indicates significantly different clustering between groups.
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significantly lower in the cecum (P < 0.001 and P < 0.05, respectively) and colon (P < 0.001 and
P <0.05, respectively), whereas Parasutterella was higher in the colon (P < 0.10) of the

naive CNCbl40 group compared with the naive CON group (Figure 4.4a). A Blautia bacterium
was the only significant microbe that increased (P < 0.01) in the cecum but not in the colon of
naive CNCbl40 group. Consistent with the higher fecal C. rodentium counts; mice in the

inf CNCb140 group had numerically higher numbers of C. rodentium compared to the inf CON
group in the ileum and colon (Figure 4.4b). In the cecum, Acetatifactor and Lachnospiraceae
species increased (P < 0.05) while Blautia and other Lachnospiraceae species decreased (P <
0.05) in infected mice supplemented with cyanocobalamin. The colon of inf CNCbl40 mice had
lower levels of Blautia (P < 0.05) as well as numerically lower levels of species belonging to
Clostridia vadinBB60 group, Oscillospiraceae, Lachnospiraceae A2, and [Eubacterium] groups
compared to inf CON. These results indicate that cyanocobalamin supplementation encourages
the growth of Proteobacteria (Parasutterella and Citrobacter) species and impacts the dynamics
of the low-abundance Firmicute species in the gut.

Consistent shifts in beta diversity in response to B12 supplementation were observed in
the SURV and EPC experiments prior to pathogen challenge (Figure 4.5). However, there were
notable differences in community composition between experiments including the absence of
Akkermansia muciniphila, Bacteroides thetaiotaomicron, and Parasutterella species in the
SURYV experiments (Figure 4.6), which are relevant to the immune phenotypes discussed below.
SCFA analysis on cecal content from the SURV experiment revealed that B12 supplementation
had no impact on the SCFA concentrations (Figure 4.7). Despite differences in baseline
microbiomes, the species richness (observed counts) and phylogenetic diversity index were

lower (P < 0.05) in mice supplemented with B12 in both experiments (Figure 4.5¢). In addition
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to numerically lower levels of Tuzzerella species, the Clostridia vadinBB60 group were

consistently reduced (P < 0.01) by B12 supplementation (Figure 4.5d,e). Due to the absence of

Parasutterella in the SURV experiment, the higher relative abundance of the genus (P < 0.10)

was only detected in the EPC experiment.
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Figure 4.5: Comparison of microbial communities in naive C3H/HeOuJ mice from SURV and

ECP experiments. (a) Unweighted UniFrac PCoA plot and (b) weighed UniFrac comparison

shows a similar pattern in microbial community clustering (see Table 4.2). (c) The changes were
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associated with a consistent reduction in alpha diversity (Observed and PD) regardless of
experiment (n = 10-12; P < 0.05). Differential expression determine by DEseq?2 analysis also
showed that the Firmicute populations (Clostridia vadinBB60 group) were impacted by
cyanocobalamin in both mice harboring (d) SURV and (e) EPC gut microbiomes (n = 10-12;

bolded taxa represent a trend (P < 0.10; * P <0.05, ** P <0.01, *** P <0.001).

Colon - CON [SURV] vs. naive_CON [EPC]
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Figure 4.6: Differential expression analysis of naive C3H/HeOuJ mice from the SURV and EPC
experiments. A complete absence of major taxa differences included Bacteroides
thetaiotaomicron, Akkermansia muciniphila and Parasutterella (n = 13-14; bolded taxa represent

a trend (P <0.10); * P <0.05, ** P <0.01, *** P <0.001).
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Figure 4.7: Cecal SCFA profiles of naive C3H/HeOulJ mice from the SURV experiment (n=6).
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Figure 4.8: Cecal microbiota analysis of ribosomal rRNA data pulled from SAMSA2
metatranscriptome analysis. Distinct clustering of microbial communities in (a) unweighted but
not (b) weighted UniFrac PCoA plots (see Table 4.2). (c) Alpha diversity as determine by
Observed, Shannon and PD metrics showed that diversity (PD only) increased post-infection for
cyanocobalamin-supplemented mice compared to control (P < 0.05). Differential expression

analysis using DEseq2 of microbial taxa confirmed that the Firmicutes populations were altered
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from cyanocobalamin supplementation in (d) naive and (e) infected mice (n = 6-8; bolded taxa

represent a trend (P < 0.10); *** P <0.001).
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Figure 4.9: Differential expression analysis of the active microbial community as determine by
cecal metatranscriptomics of C3H/HeOuJ mice. Cyanocobalamin supplementation increased the
abundance of numerous active members before infection (a); however, mice at D5SPI receiving
regular drinking water (b) displayed greater numbers of different active members. All plotted

taxa have a non-adjusted P value less than 0.05 (n = 8).

We analyzed changes in the active cecal microbiota using ribosomal RNA sequences
identified in the metatranscriptome data (Figure 4.8). Unweighted UniFrac showed a clear
separation between the microbiotas of naive treatment groups and inf CNCbl40 group, whereas

some mice from the inf CON group remained similar to naive treatment groups (Figure 4.8a;
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Table 4.2). No difference was observed with the weighted UniFrac analysis (Figure 4.8b). Alpha
diversity metrics revealed no change in observed counts or Shannon diversity indices. However,
the PD metric was numerically lower in the naive CNCbl40 group, which was consistent with
the 16S rRNA gene amplicon datasets moving from the cecum to colon. Interestingly, the

inf CNCDbl40 group became more diverse (P < 0.05) than the naive CNCbl40 group as
determined by the PD metric (Figure 4.8c). Overall, changes in community composition with
B12 supplementation and infection, including Clostridia vadinBB60 and Acetatifactor, are
consistent with 16s rRNA gene amplicon data (Figure 4.8d,e). Differential expression analysis of
the active microbial community in the cecum did not reveal significant changes; however, does

suggest restructuring of population dynamics in relation to B12 supplementation (Figure 4.9).

4.3.3 Cyanocobalamin supplementation altered the Firmicute population dynamics in the

cecum

Transcriptome analysis revealed that cyanocobalamin treatment led to changes in overall
microbial activity pre- and post-pathogen challenge (Figure 4.10). The naive CNCbl40 group
had significantly lower expression of citrate:sodium symporter (P < 0.01) and a noteworthy
decrease in methyltetrathydrofolate-corrinoid methyltransferase (unadjusted P < 0.001, adjusted
P =0.64), a cobalamin-specific enzyme (Figure 4.10a). Post-pathogen challenge revealed that
the inf CNCbl40 group had lower expression of flagellin domain protein (P < 0.01), 3N domain
protein-glycosyl hydrolase family (P < 0.05), flagellar biosynthesis protein A (P < 0.10), and
reverse transcriptase (P < 0.10), whereas enzymes glucose-1-phosphate thymidylyltransferase (P
< 0.01) and D-alanine--poly(phosphoribitol) ligase (P < 0.10) were enriched (Figure 4.10b). The
SEED subsystems pathway analysis (level 3) showed a trend for increased expression of genes

related to the carotenoid’s pathway (P < 0.10) in the naive CON group. At the same time, mice
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supplemented with B12 had greater expression of genes related to the lipopolysaccharide

assembly (P < 0.05) and catechol branch of beta-ketoadipate (P < 0.10) pathways. Genes related

to Gram-positive competence and putrescine utilization pathways were numerically higher in the

naiveCON group. In addition, coenzyme B12 biosynthesis pathways were favored in the

naive CNCbl40 group (Figure 4.11a). The main pathways enriched in the inf CON group were

related to triacylglycerol metabolism, acetyl-CoA fermentation to butyrate, and autoinducer 2

(A1-2) transport and processing (IstACDBFGE) pathways. The inf CNCbl40 group displayed

microbial activity that favored the UDP-N-acetylmuramate from Fructose-6-phosphate

biosynthesis pathway (Figure 4.11b).
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Figure 4.10: Cecal metatranscriptome analysis revealed key changes in the overall activity of the

microbiota. (a) Naive and (b) C. rodentium-challenged mice supplemented with cyanocobalamin
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displayed altered functional activities related to metabolism (citrate:sodium symporter) and

motility (flagellin domain protein), which was related to the Firmicute populations (n = 8; bolded

taxa represent a trend (P < 0.10); * P <0.05, ** P<0.01).
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Figure 4.11: Pathway analysis of the C3H/HeOulJ cecal microbiota’s functional activity using the

SEED subsystems at level 3 from SAMSA?2 pipeline. Cyanocobalamin supplementation altered

various increased pathways related to Gram-negative while decreasing genes related to Gram-

positive bacteria in (a) naive mice but not in (b) C. rodentium-challenged mice (n = 8; bolded

taxa represent a trend (P < 0.10); * P <0.05).

The majority of these changes were attributed to Lachnospiraceae species pre-infection

and C. rodentium post-infection. Therefore, we extracted and compared the metatranscriptome

data annotated to “Lachnospiraceae” and “Citrobacter” (Figure 4.12). Lachnospiraceae species
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drastically altered their activity in response to a gut environment saturated with cyanocobalamin.
In naive mice, cyanocobalamin treatment enhanced the expression of fibronectin type III
domain-containing protein (P < 0.01) and serine/threonine transporter SstT (P < 0.05), along
with favoring numerous notable genes: type II toxin-antitoxin system HicB family antitoxin,
flagellin domain protein, inorganic pyrophosphatase, propionyl-CoA carboxylase, and ribosome-
associated inhibitor A/sigma 54 modulation protein (Figure 4.12a). In addition, cobalamin-
binding protein and cyclic lactone autoinducer peptide genes of Lachnospiraceae were favored
in the naive CON group (Figure 4.12a). Lachnospiraceae species were more active in the

inf CON group than in the inf CNCbl40 group, with a notable increase in ribosome-associated
inhibitor A/sigma 54 modulation protein, flagellin domain protein, propinyl-CoA carboxylase,
and sensor domain-containing phosphodiesterase. Of particular interest, ATP- cob(I)alamin
adenosyltransferase and MULTISPECIES: type II toxin-antitoxin system antitoxin, RelB/DinJ
family genes were enriched in the inf CNCbl40 group (Figure 4.12b). Cyanocobalamin
supplementation changed the activity of C. rodentium and notably enhanced expression of
numerous virulence genes: E. coli secretion protein A (EspA) and D (EspD), translocated intimin
receptor (Tir), intimin, and E. coli attaching and effacing gene B (EaeB) (Figure 4.12c¢).
Interestingly, the gene related to glucose utilization, family 31 glucosidase, was favored in the
inf CON group along with transcriptional regulator HdfR and DUF4150 domain-containing

protein (Figure 4.12c).
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Figure 4.12: Filtered analysis of cecal metatranscriptomic data revealed that cyanocobalamin
supplementation impacted the functional activity of Lachnospiraceae family members and
Citrobacter rodentium. Prior to infection, the functional activity of the Lachnospiraceae family
(a) shows that cyanocobalamin treatment increased the expression of numerous genes, including
fibronectin type III domain-containing protein and serine/threonine transport SstT. (b) After
exposure to C. rodentium, the Lachnospiraceae family members of the inf CON and

inf CNCDbl40 groups displayed distinct activities. Citrobacter specific gene expression (c) was
more pronounced in the inf CNCDbl40 group than inf CON with notable signals of increased
virulence gene expression, while control mice had more family 31 glucosidase activity (n = §;

bolded taxa represent a trend (P < 0.10); * P <0.05, ** P <0.01).

4.3.4 Excess cyanocobalamin does not directly impact C. rodentium virulence expression

in vitro

Previous studies have shown altered virulence expression of Shiga toxin-producing
EHEC in vitro in response to B. thetaiotaomicron competition for cobalamin (Cordonnier et al.,
20164a; Curtis et al., 2014a), therefore, we tested C. rodentium virulence expression when grown
alone or in competition at physiologically relevant concentrations of cobalamin (Figure 4.13).
Because luminal cobalamin levels increased from 0.01 ppm to approximately 15 ppm with
supplementation, we evaluated how cyanocobalamin at 0 ppm, 0.01 ppm and 15 ppm impacted
C. rodentium growth and virulence. The competition assay revealed that C. rodentium maintains
steady levels regardless of cobalamin exposure. In contrast, B. thetaiotaomicron numbers

increased (P < 0.05) with additional cyanocobalamin at 0.01 and 15 ppm (Figure 4.13a),
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indicating that there was competition for B12. When C. rodentium was grown alone,
cyanocobalamin treatment lowered C. rodentium abundance from 8.0 to 7.5 log CFU/ml (P <
0.05) in a dose-dependent manner (Figure 4.13b). Neither the competition assay nor when C.
rodentium was grown alone revealed a change virulence gene in the expression of virulence
factors of the locus of enterocyte effacement (LEE) operon, which included the LEE-encoded
regulator (Ler), Tir, and EspA, and were not found to be different in the competition assay

(Figure 4.13c,d) or when C. rodentium was grown alone (Figure 4.13d).
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Figure 4.13: Cyanocobalamin alone was unable to directly alter C. rodentium growth or
virulence in vitro at physiological relevant concentrations. (a) Enumeration of C. rodentium and
B. thetaiotaomicron grown in competition for 6 h anaerobically, and (b) of C. rodentium grown

alone. Expression of gene related to virulence (Ler, Tir, and EspA) did not differ between
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treatments when C. rodentium was grown in (c) competition or (d) alone at different

concentration of cyanocobalamin (n = 6; P < 0.05).

4.3.5 Cobalamin supplementation alters colonic cytokine profiles of naive and infected

C3H/HeOuJ mice

To determine host response to cyanocobalamin treatment, cytokine and chemokine
biomarkers were measured in the colon tissue of naive and infected mice of the EPC experiment
(Figure 4.14). Naive mice supplemented cobalamin in excess had greater concentrations of
cytokines 1L-12/23p40 (P < 0.001), IL-4 (P = 0.06), and IL-17A (P < 0.05) in colon tissue
(Figure 4.14a; Figure 4.15). The inf CNCDbl40 group had increased levels of IFNy (P < 0.05), IL-
10 (P <0.05), IL-17A (P <0.01), and GM-CSF (P < 0.05) compared to inf CON group (Figure
4.14b; Figure 4.16). These results suggest that the impact of cyanocobalamin impacted immune

activation in advance of infection.

4.3.6 Colonic p40 subunit increased with cobalamin treatment depending on microbiota

status

The IL-12/23p40 measurement could represent either the IL-12 or IL-23 cytokines.
Therefore, we measured gene expression of IL12A (p35) and IL12B (p40) in the colon. IL12B
was significantly enriched (P < 0.01) in the naive CNCbl40 group compared the naive CON
group, but no difference was observed with IL12A (Figure 4.17a). In agreement, IL-12p70
cytokine levels, a heterodimer of p35 and p40 subunits were below the assay’s detection limit in
the colon (data not shown). The increase in IL-12/23p40 levels was not observed in the SURV

experiment mice (Figure 4.17b), indicating the response is likely dependent on a specific
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Figure 4.14: Significant host biomarker concentrations determined in colon tissue homogenates
of C3H/HeOulJ mice. (a) Cyanocobalamin supplementation enhanced 1L-12/23p40, and IL-17A
cytokines of naive mice, with a higher trend of IL-4 levels (P = 0.06) compared to control. (b) C.
rodentium challenge led to a significant increase in IFNy, IL-10, IL-17A, and GM-CSF in the

cyanocobalamin-supplemented mice (n = 8; * P <0.05, ** P <0.01, *** P <0.001).
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Figure 4.17: Pre-infection levels of IL-12/23p40 in colon tissues were directly related to
microbiota structure and independent of related mice genotypes. (a) Gene expression was
significantly higher for IL12B, the p40 subunit coding gene, but not for the IL12A (p35) gene (n
= 8) in the EPC experiment. (b) The SURV experiment did not display the increase in
IL12/23p40 (n =5 - 6), nor did (c) germ-free C57Bl/6J mice (n =4; * P <0.05, ** P <0.01, ***
P <0.001). (d) Cyanocobalamin and methylcobalamin supplementation at 10 pg/ml and 40
pg/ml increased IL/23p40 protein levels in the colon of conventional C57B1/6J mice (n = 6; P <

0.05) compared to control.
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component of the microbiome. As such, we tested whether a microbial community was required
for the induction of IL-12/23p40. Indeed, cyanocobalamin treatment did not increase IL-
12/23p40 protein levels in germ-free C57B1/6J mice (Figure 4.17c¢), although it did increase in
conventional C57BI1/6] mice (Figure 4.17d). We also wished to rule out the potential of cyanide
as compared to other forms of B12. Conventionalized C57Bl/6J mice displayed similar increases
in IL-12/23p40 protein levels when they received either cyanocobalamin or methylcobalamin.
Colon IL12/23p40 protein levels were greatest in the CNCbl10 (P < 0.05) and MeCbl10 (P <

0.05) groups, while CNCbl40 and MeCbl40 were numerically higher (Figure 4.17¢).

4.4 Discussion

We demonstrate that excessive cobalamin levels in the gut can alter the functional
dynamics of the microbiota and host immune signaling, providing an environment supportive of
pathogen colonization. It is well established that host metabolism, including host diet,
environmental factors, and immune status, drives the ecological environment of the GI tract
(Anhé et al., 2020; Cabral et al., 2019; Forgie, Fouhse, et al., 2019). Perturbations in activities of
the gut microbiota, otherwise known as a gut dysbiosis, are typically described along with
several diseases (Geuking, 2016; Kho & Lal, 2018). A study using antibiotic treatment to deplete
butyrate-producing microbes revealed that this type of dysbiosis supports Enterobacteriaceae
expansion and inflammation through suppression of the peroxisome proliferator-activated
receptor gamma (PPAR-y) homeostatic signaling pathway (Byndloss et al., 2017). The activation
of PPAR-y has been shown to prevent gut inflammation by regulating macrophage and T cell
populations (Guri et al., 2010; Ul Hasan et al., 2019). Many studies using antibiotics and diet to

induce a dysbiosis have associated it to increased mucosal inflammation with a shift in pathogen
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and/or pathobiont activity (Buret et al., 2019; Devkota et al., 2012; Seregin et al., 2017; Willing,
Russell, et al., 2011). Environmental factors and cooperative-metabolic strategies in the host can
promote host-microbiota mutualism and promote the shift of a virulent pathogen to an avirulent
passenger of the gut (Sanchez et al., 2018). In the present study, the effect of high cobalamin
levels on gut host-microbe interactions may help to explain the enhanced C. rodentium
colonization, reduced survival and increased mucosal damage in cyanocobalamin-treated mice.
Cyanocobalamin treatment had a subtle impact on overall microbiota structure but a
distinct impact on Firmicute populations in cecum and colon. A study using C57B1/6J mice
concluded that B12 supplementation minimally impacts microbial community structure under
healthy conditions, but does after DSS-induced colitis treatment (Lurz et al., 2020). Under these
conditions, the researchers saw a decrease in numerous Firmicutes species, including the
Lachnospiracaea family members. Still, more interestingly, they saw an increase in
Enterobacteriaceae species in mice supplemented with B12. Data supports our findings that
naive mice supplemented with cyanocobalamin consistently showed decreased alpha diversity
due to the reduced abundance of Firmicutes species and an increase in Parasutterella species.
Upon C. rodentium challenge, we found that mice supplemented with cyanocobalamin had a
greater quantity of C. rodentium with a notable change to numerous Lachnospiraceae species. In
particular, cyanocobalamin treatment consistently reduced Clostridia vadinBB60 group,
Lachnospiraceae NK4A136 group, and other Lachnospiraceae species in both the SURV and
EPC experiments. Similar changes to the microbiota were found to increase the ability of
Salmonella to colonize the gut (Perez-Lopez et al., 2019). Researchers found that gnotobiotic
mice harboring greater abundances of Clostridia vadinBB60 and Lachnospiraceae NK4A136

groups, as well as Ruminococcaceae members had enhanced colonization resistance to a
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Salmonella challenge (Perez-Lopez et al., 2019). In humans, high levels of Clostridia vadinBB60
has also been associated with low Escherichia-Shigella (Lappan et al., 2019). The interactions
among these Firmicutes and other commensal microbes have been shown to contribute to a
host’s ability to resist pathogen colonization and pathogenesis in Salmonella, Clostridium
difficile, EHEC, and C. infections (Cameron et al., 2018; Jacobson et al., 2018; Mullineaux-
Sanders et al., 2017; Ross et al., 2016; Thiemann et al., 2017). Therefore, we looked at the
activity of the cecal microbiota in naive and infected mice to better understand the impact of
cyanocobalamin on the integration of C. rodentium into the resident gut community.

The activity of the gut microbiota, as determined through cecal metatranscriptome, was
altered by cyanocobalamin treatment, indicating that cobalamin transport and utilization may be
altered in some microbes. The citrate:sodium symporter, which was more expressed in
naiveCON than naive CNCDbI40 group, is present only in a few pathogenic and commensal
microbes in the GI tract, and is required for citrate fermentation (Martino et al., 2018).
Interestingly, the increased citrate utilization by the gut commensal and opportunistic pathogen
Enterococcus faecalis improved their pathogenic behavior in Galleria mellonella larvae (Martino
et al., 2018). Following cyanocobalamin supplementation, the loss in citrate:sodium symporter
expression suggested an overall reduction in citrate metabolism by commensal microbes. This
would leave more citrate for C. rodentium and/or open a niche that is typically filled by citrate-
metabolizing microbes in naive mice. The persistence of commensals in various niches of the gut
likely contributes to a host’s ability to resist pathogen colonization through competitive
exclusion (Ghoul & Mitri, 2016), and the enhanced citrate metabolism could be a good
indication of microbe-microbe mutualism. In addition, the increased expression of

lipopolysaccharide assembly genes implies that Gram-negative microbes were more active with
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cyanocobalamin supplementation. This was matched by an increase in genes related to the
catechol branch of beta-ketoadipate pathway, which may be related to Pseudomonas species, as
they have been shown to degrade B12 (Scott et al., 1964). The increase in ‘coenzyme B12
biosynthesis’ was related to genes involved in cobalamin transport, a result of microbes recycling
cobalamin from excessive supplementation. In contrast, genes related to ‘Gram-positive
competence’ were elevated in the control group, along with putrescine utilization and
carotenoids pathways. These pathways have been associated with colonic immunity and
microbial mutualism that help to maintain GI homoeostasis (Nakamura et al., 2019, 2021;
Pointon et al., 2010b; Tofalo et al., 2019). Cyanocobalamin supplementation led to distinct
changes to overall cecal microbiota activity, including changes to various enzymes, transcription
regulators, and transporters, and may indirectly explain the enhanced colonization of C.
rodentium. In agreement, culture experiments showed no direct impact on C. rodentium growth
or virulence at physiological relevant cobalamin levels. Interestingly, C. rodentium had enhanced
expression of ‘family 31 glucosidase’ in control mice, a feature that may explain the nature of
this pathogen’s metabolism and increased virulence gene expression with cyanocobalamin
supplementation. In fact, bacterial glucose metabolism and host niche adaptations that increase
glucose levels in the intestine have been shown to control pathogen virulence (Anhé et al., 2020),
and attenuate virulence in C. rodentium (Sanchez et al., 2018). Moreover, B12 may directly
contribute to C. rodentium metabolism through a unique mechanism involving microbially
derived 1,2-propanediol, which has been shown to control virulence and ability to colonize the
host effectively (Connolly et al., 2018). A notable change in flagellin domain protein, related to
Lachnospiraceae species, may represent a greater necessity for these organisms to be motile.

This may be connected to fibronectin type III domain-containing protein and serine/threonine
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transporter, both of which have been shown to be important for cell binding (Alahuhta et al.,
2010; Pointon et al., 2010a) and anabolic reactions (Klewing et al., 2020), respectively. We
suspect that this is a sign of niche displacement among Lachnospiraceae species and likely other
Firmicutes in response to cyanocobalamin supplementation and pathogen challenge.

The cobalamin-induced changes in microbial composition and activity described above
directly contributed to increased IL12/IL23p40 subunit levels. The cytokines IL-12 and IL-23
play a central role in T cell-mediated regulation, and their use as therapeutic targets has
highlighted their importance to host defense and inflammatory disease (Hamza et al., 2010; Shi
et al., 2021; Teng et al., 2015). The activation of IL12p40 has previously been attributed to
hypoxia-inducible factor-1, a key regulator of mucosal inflammation by controlling Th1/Th17
response (Marks et al., 2017). Contrary to our results, researchers provide evidence of IL12p40
being protective against C. rodentium. Still, they noted a decrease in IL17, which in our mice
was elevated in both a naive and infected cyanocobalamin-supplemented groups. Previous
studies have shown that the microbiota influences Th17 response in the gut (Ivanov et al., 2009)
and that this intestinal inflammation can enhance pathogen colonization (Raffatellu et al., 2008).
In fact, a study with similar microbial changes to our control mice caused by knocking out the
Class I-restricted T cell-associated molecule gene was associated with lower Th17 response and
reduced Salmonella colonization (Perez-Lopez et al., 2019). Although IL17 plays a key role in
protecting against C. rodentium infection (Ishigame et al., 2009), we found that the increased
level of IL17 and IL12/23p40 in colon tissue prior to infection was a sign of immune
dysregulations and this led to greater colonization. Post-infection we found greater levels of
IFNy and IL17A when supplemented with cyanocobalamin. An immune phenotype previously

characterized in the cecum of mice infected with Sa/monella that is dependent on the microbiota
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(Thiemann et al., 2017), but resulted in reduced colonization instead of an increase, as described
in this study. Enhanced IFNy, IL17A and GM-CSF production was associated with selecting
commensal E. coli and was considered as hallmarks of intestinal inflammation (Kittana et al.,
2018). Germ-free and SURV-experiment mice did not exhibit enhanced IL12/IL23p40 protein
levels from B12 supplementation as observed in EPC-experiment mice. This suggests that the
effects from cyanocobalamin are mediated through the changes to the gut microbiota; however,
this cannot be the only factor contributing to pathogen exclusion because SURV-experiment

mice supplemented B12 in excess were also more susceptible to C. rodentium pathogenesis.

4.5 Conclusion

In the present study, we show that cyanocobalamin induced-dysbiosis reduced key
members in the Firmicute population, which brought on low-grade intestinal inflammation that
ultimately enhanced C. rodentium colonization and pathogenesis. Excessive cobalamin levels in
the gut alters mutualistic host-microbe interactions that would normally help to prevent pathogen
colonization. In general, the cyanocobalamin-induced dysbiosis likely caused members
belonging to Clostridia vadinBB60 and Lachnospiraceae NK4A136 groups to be displaced. This
in turn caused a dysbiosis that altered the IL12p40 signaling pathway in the colon and opened a
niche for C. rodentium colonization. This provided a gut environment that promotes C.
rodentium metabolism to be more virulent, as determined by the decrease in glucose enzyme

activity and increases in virulent gene expression.
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S CHAPTER 5: GENERAL DISCUSSION

5.1 Symbiosis and stability

The symbiotic relationship between organisms and their host is dynamic. Symbiosis was
first defined by Anton de Bary in 1879 as ‘the living together of unlike organisms’ and is now
recognized as a central driver of evolution and health (Raina et al., 2018). Symbiosis is ingrained
in every aspect of life, from the endosymbiosis of free-living cells to form mitochondria and
chloroplast to nitrogen fixation in plants and energy harvesting in animals and insects (Dimijian,
2000; Raina et al., 2018). Symbiotic relationships between microbes and host began millions of
years ago with the establishment of multicellularity. The multicellular organism provided a niche
for the microbiota, forcing an evolutionary tug-of-war of symbiotic interactions that over
millions of years would shape life as we know it. Microbes co-evolved with host and forced
adaptations that made multicellularity possible, this includes cell adhesion properties, cell-cell
communication and coordination, and programmed cell death (Grosberg & Strathmann, 2007).
Although stochastic at first, a state of stability between the microbiota and host would eventually
had to have occurred, ensuring the existence of both host and microbiota. The stability of
symbiotic interactions can manifest in both positive and negative effects and are considered to lie
on a continuum between parasitism (harmful), commensalism (neutral) and mutualism
(beneficial) (Drew et al., 2021). Parasitic interactions led to the evolution of resistant host
defences to exclude pathogenic microbes, whereas mutualism and commensalism are a product
of defences that promote tolerance between host and microbe (Ayres, 2016). A host’s ability to
tolerate and control the microbes is a major part of the complex symbiotic interactions that

governs the assembly and function of a stable microbiota. This is supported by the fact that a
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significant degree of host specificity in microbial communities exist between species and across
body sites (Jackrel et al., 2021; Mallott & Amato, 2021). The specificity in microbial community
structure is a reflection of the environment provided by the host. In the case of the
gastrointestinal (GI) tract, host diet and genetics shape microbial gut ecosystems, so any change
to either would be reflected in a change to microbial community structure and activity. These
host-microbe interactions are important when considering the contributions of the microbiota to
host health, particularly in the context of a hosts ability to resist enteric infection (Forgie,
Fouhse, et al., 2019). Studies carried out in this thesis focused on phytochemical and vitamin
B12 as it relates to gut integrity because they both have the ability of directly modify the gut

environment and are known to directly contribute to host health.

5.2 Symbiosis in gut integrity

The mammalian GI tract must breakdown food into absorbable components and at the
same time, prevent the external environment and microbes from compromising host physiology.
All multicellular life had to evolve specialized mechanisms at the interface between host tissue
and the external environment to maintain homeostasis and protect themselves against
microorganisms and toxins. This was accomplished in part by the development of cellular
adhesion properties, such as tight junction proteins, which not only provided a means to develop
specialized structures, but also enhanced cellular coordination and communication (Zihni et al.,
2016). Epithelial cells that line the GI tract are highly specialized, from Paneth and Mast cells
that guide immune defences like antimicrobial peptides to goblet cells that produce and secrete
mucus (Dupont et al., 2014; Johansson et al., 2013), all aspects of the gut are a product of the co-

evolution between host and microbe. Lastly the ability of controlled cell death, known as
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apoptosis, plays a vital role in the gut as it is a dynamic organ with a high cell turnover rate.
Together these aspects are the general categories to consider when evaluating symbiosis in GI
integrity in health and disease.

Any breakdown in cellular adhesion, communication and apoptosis is directly associated
to disease and physiological changes in the host. For this reason, the gut microbiota has been
notoriously associated with various health outcomes because it is constantly shaped by the
ecosystem the host provides, of which host diet and physiology have the greatest influence.
Dysbiosis is characterized by an over-presentation of pro-inflammatory organisms and loss of
beneficial ones. Although causation remains poorly defined, the general consensus is that the
symbiotic interactions between host, environment, and microbe become disjointed, and normal
cellular communication is obstructed. This is followed by the expansion of pathobionts and other
inflammatory factors that further aggravates digestion and absorption of nutrients that are vital to
support host defenses (Forgie et al., 2020). The hypothesis is that this leads to a collapse in the
symbiotic interactions between host and microbe. The microbiota provides a living barrier to
exclude pathogenic and other foreign bacteria, but this can only function properly if the
ecosystem as a whole is stable and cooperative. Nurturing commensal and mutualistic
relationships between microbe and host would therefore provide the resident microbial

population a competitive advantage over new and pathogenic colonizers of the gut.

5.3 Applying colonization resistance in gut ecology

In our studies, we focused on the first few days post-infection to characterize the collapse
in the gut ecosystem that alters infection severity. We show that infection severity can change in

response to diet-induced modifications to microbial networks. Specifically, we found that the
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antimicrobial and mucus-altering properties of phytochemicals and collapse in vitamin B12
sharing among gut microbes leads to a dysbiosis and increased pathogen colonization. As
outlined in Chapter 1, numerous genetic factors help to control intestinal integrity and a host’s
ability to resist infection. Although genetics can predispose a host to infection (Casanova &
Abel, 2013), diet and symbiosis between the host and microbiota is suggested as more important
than host genotype in microbial assembly in the gut (Carmody et al., 2015). Colonization
resistance has been used to describe the protection that the intrinsic microbiota offers against
pathogens (Kreuzer & Hardt, 2020). The main mechanisms of colonization resistance are by
niche occupancy and the competition and sharing of nutrient between microbes. Other factors
include; inhibitory metabolites that alter growth, antagonism where microbial bacteriocins and
colicins kill other related strains, and bacteriophages that have the ability to reduce the fitness of
a particular bacterial strain in the gut (Kreuzer & Hardt, 2020). The purpose of understanding
how diet-host-microbe interactions contribute to colonisation resistance will help improve food-

based strategies to prevent and treat gut diseases caused enteropathogenic bacteria.

5.4 Translating research into human nutrition

Symbiotic interactions in the gut have provided a new perspective in our ability to
understand how nutrition contributes to health. Intestinal integrity can be enhanced by nurturing
the gut ecosystem with a diet that promotes beneficial and commensal interactions. When
optimized, the microbiota would provide colonization resistance and the host would promote
commensalism of pathobionts and pathogens, thereby strengthening host intestinal integrity. The
proper function of the intestine is in the balance between the negative and positive interactions

that occur between microbes and host. Therefore, a dysbiosis index could be implemented into
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personalized nutrition, but would require a precise understanding of the symbiotic relationships
of the gut with defined markers to measure. For example, a marker could range from the
displacement of the sensitive Firmicute populations like in each study (Chapter 2, 3 and 4) to the
increased glucosidase activity of an avirulent C. rodentium population as shown in chapter 4 and
supporting studies (Anhé et al., 2020; Sanchez et al., 2018). Other markers could include
microbial metabolites which would help explain how microbes utilize nutrients from host diet.
Characterizing these interactions with measurable markers provides a means to help guide
personalized diet programs and therapies, particularly as it pertains to gut integrity and

preventative healthcare strategies.

5.5 Limitations and future studies

Studies included in this thesis are based on a communicable infectious disease challenge
model in mice to infer dietary influence on intestinal integrity. Since microbial communities are
individualized and variable between species, extrapolating these studies in mice to understand
human nutrition can only provide insight into the conserved diet-microbe-host interactions
among mammals. Additionally, the high degree of functional redundancy between taxonomically
distinct microorganisms makes it difficult to single out any one microbe in the pursuit of
causation (Louca et al., 2018). Although the full mechanisms remain unknown, these studies
demonstrate that diet induced dysbiosis from phytochemical and vitamin B12 consumption can
alter infectious disease tolerance and resistance. In effect, dysbiosis increased GI inflammation
making mice more susceptible to C. rodentium colonization. Although studies support the
inflammatory contributions of a gut dysbiosis to host’s ability to resist infection, there are still

some limitations that are worth considering in future studies.
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In all three studies, the bacterial microbiome was profiled using the 16S rRNA gene
amplicon method optimized for bacteria. The focus on using extraction, sequencing and analysis
methods specific for bacteria left an unexplored portion of the microbiota that could contribute to
the overall syntrophic interactions with host. This includes the archaea, fungi, protist, and viruses
that are considered integral to symbiotic ecosystem, but like bacteria their contribution to health
remain poorly understood. Initial microbiome studies have focused on bacteria because they are
considered to outnumber eukaryotes and archaea in the colon of humans by 2-3 orders of
magnitude (Sender et al., 2016). It has become clear that non-bacterial organisms of the
microbiota can contribute to health and disease (Matijasi¢ et al., 2020), but taking a multi-
kingdom approach provides a new set of challenges to move from correlation to causation in
host-microbe interactions. Similar to the findings covered in this thesis, most amplicon-based
studies of the microbiota rely on relative abundances in microbial signatures to make correlative
interpretations on host physiology or pathology. Although this can provide a means to compare
intra-kingdom differences in microbiota community structure, it fails when applied to inter-
kingdom interactions studies where absolute quantification is necessary (C. Rao et al., 2021).
This is partly due to the fact that the relative abundance between two groups can change even
when the absolute quantification of one remains constant. To overcome this, a genetic spike-in
method to appropriately quantify the absolute abundance of bacteria, fungi, and archaea
simultaneously can and has been adopted (Tkacz et al., 2018). The genetic spike-in method
requires the addition of synthetic DNA fragments that contain universal primer binding sites
specific for prokaryotes, eukaryotes and fungi at known concentrations. Absolute quantification
of the entire microbiota will allow for more accurate interpretations of the interactions among

microbes and their host as they relate to diet and health.
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Diet-induced dysbiosis from both vitamin B12 and phytochemicals seem to be
characterized by a change in the Firmicutes population. Most of the microbiota has yet to be
cultured, so our ability to assess their dynamics in the gut ecosystem has been limited to 16S
rRNA amplicon sequencing or metagenomic studies. The large amount of information gathered
from the various sequencing technologies requires annotated databases for appropriate
taxonomic classification. Tailored DNA extractions have been optimized for the difficult to lyse
endospore-forming Firmicutes; however, it still wasn’t enough to get an the appropriate detection
in metagenomic datasets due to insufficient databases and analysis methods (Filippidou et al.,
2015). A large portion of the uncultured species of the microbiota belong to the genetically
diverse group of Firmicutes and have yet to be properly annotated and cultured (Almeida et al.,
2019), so databases to date, and the ones used in this study, may underrepresent this dynamic
group. In addition, most of the identifiable Firmicute species of the gut ecosystem are in low
abundance so the standard sequencing and analysis methods may not completely capture the
Firmicute species in microbiome data as they may be below the detection limit of the sequencing
method. Future work should focus towards isolating and culturing Firmicute species in order to
improve databases and conduct follow-up gnotobiotic studies with defined communities to
confirm their contributions to the gut ecosystem.

The gut ecosystem is dynamically linked to host diet and metabolism. Although several
unique effects on the host gut environment likely exist from various dietary components, the
experimental chapters of this thesis focused solely on the consumption of phytochemicals and
vitamin B12. It has become clear that the effects from diet, or for that manner any environmental
assault to the gut is context dependent and requires an understanding of all dietary components

together as they contribute to health outcomes. Chapters 3 and 4 were dedicated to understanding
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the ecological effects of phytochemicals on the microbiota that could alter a host ability to resist
infection. We tested the impact of phytochemicals in the context of a purified high and low-fat
diet; however, under different dietary conditions we may not get the same effect. The fact that
different sources of protein, carbohydrates and fats can have unique effects to the microbiota
makes it difficult to draw conclusions based off only one dietary background. Using different
diet backgrounds will alter the gut environment in different ways and microbes and their host
may respond differently under these circumstances. Similarly, the vitamin B12 study in chapter 5
was only conducted using the standard chow diet (2020SX Envigo), therefore it would be useful
to expand these dietary studies to include other diet backgrounds. By establishing a well
characterized database of how microbes interact to one dietary component under various diet-gut
environment conditions will help to elucidate causation in the microbe-diet-host paradigm.
Chapter 3 and 4 provide the basic framework that phytochemicals have on mucus
formation and microbial assembly in the gut. Since phytochemicals are antimicrobial in nature,
they can have direct effects on gut community structure; however, we suggest that they directly
impact mucus formation which increases the activity of mucolytic bacteria species in the gut.
Phytochemical-induce dysbiosis may manifest in various ways but in the case of enteric
pathogens may be detrimental as it encourages a favourable gut environment for pathogens to
flourish. It is worth noting that the antimicrobial properties of ingested phytochemicals could be
optimized alone or in combination with other therapies to directly target enteric pathogens but
this still comes with the risk of antimicrobial resistance (Willing et al., 2018b). Developing a
database of purified concentrates of monomeric and polymeric phytochemicals will allow for a
large-scale in vivo and in vitro experiments to characterize their direct effects on gut microbes.

The use of crude polyphenolic extracts in the studied diets leaves unanswered questions of which
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type of phytochemical is responsible for the antimicrobial and mucus altering properties in the
gut. Future studies should consider testing individual isolates alone and in combination to
appropriately classify their properties on gut ecology. Many challenges exist in the extraction
and purification of phytochemicals which is the main limiting factor that prevented us from
directly studying purified extracts, including getting large purified quantities to use in animal
trials. Various methods from solvents to microwave and ultrasonic-assisted extractions technique
and high-speed counter current chromatography, also known as centrifugal partitioning, may
help in batch extractions of large quantities of phytochemicals needed for such studies (Hubert et
al., 2013; Sridhar et al., 2021; Vinatoru et al., 2017). Isolating various phytochemicals and
conducting controlled dose studies in animals with gnotobiotic (defined) and conventional
microbiotas will help to elucidate the microbial interactions that alter gut health.

Chapter 5 focused on vitamin B12 supplementation in excess and how it contributes to
microbial activity. Since microbial communities are well-known to modify and utilize vitamin
B12 for their own metabolism (Degnan, Taga, et al., 2014), our study aimed to stop mutual or
competitive interaction among microbes in the gut for cobalamin. These mutual and competitive
interactions are thought to help maintain the symbiotic ecosystem of the gut and in the case of
over supplementing vitamin B12, we found that this changed the microbiota, along with the
ability of the host to protect against and resist a natural pathogen challenge. Although we tested
two different doses and types of vitamin B12 (MeCbl and CNCbl at 10 and 40 ug/ml drinking
water), we found that both induced similar host response of IL12p40 protein levels in colon
tissue. Future studies should focus on doses lower than 10 ug/ml in drinking water to determine
the threshold dose of cobalamin that initiates a change in gut ecology. It is only in this context

that the changes in the microbiota can be well characterized to provide a causative understanding
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of the microbial interactions impacting a host’s ability to resist infection. More studies are
warranted and should focus on dose and type under different context to establish a better
understanding of the syntrophic cobalamin sharing networks of the gut.

In summary, controlling the microbiota with targeted dietary interventions may prove to
be a vital therapeutic option in preventative healthcare. The mounting concerns over a dysbiosis
has pointed towards nutrition, the microbiota and breakdown in host coordination as a causal
factor towards disease susceptibility; however, the direct cause and effect are difficult to tease
out. Future nutritional research requires well-controlled studies of a nutrient on its own and in
combination with other components that stress and protect the gut. Using a multi-omics and an
extensive host phenotyping approach will help unravel the complex interactions between GI

integrity, microbiota and health.

128



BIBLIOGRAPHY

Abid Obaid, K., Ahmad, S., Manzoor Khan, H., Ali Mahdi, A., & Khanna, R. (1989). Protective
effect of L. donovani antigens using glucan as an adjuvant. International Journal of
Immunopharmacology, 11(3), 229-235. https://doi.org/10.1016/0192-0561(89)90159-8

Agans, R., Gordon, A., Kramer, D. L., Perez-Burillo, S., Rufian-Henares, J. A., & Paliy, O.
(2018). Dietary Fatty Acids Sustain Growth of Human Gut Microbiota. Applied and
Environmental Microbiology, September. https://doi.org/10.1128/AEM.01525-18

Alahuhta, M., Xu, Q., Brunecky, R., Adney, W. S., Ding, S.-Y., Himmel, M. E., & Lunin, V. V.
(2010). Structure of a fibronectin type IlI-like module from Clostridium thermocellum. Acta
Crystallographica. Section F, Structural Biology and Crystallization Communications,
66(Pt 8), 878—880. https://doi.org/10.1107/S1744309110022529

Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, G. B., Tarkowska, A., Lawley, T.
D., & Finn, R. D. (2019). A new genomic blueprint of the human gut microbiota. Nature,
568(7753), 499-504. https://doi.org/10.1038/s41586-019-0965-1

Ananthakrishnan, A. N. (2015). Epidemiology and risk factors for IBD. Nature Reviews
Gastroenterology and Hepatology, 12(4), 205-217.
https://doi.org/10.1038/nrgastro.2015.34

Andersen-Civil, A. L. S., Arora, P., & Williams, A. R. (2021). Regulation of Enteric Infection
and Immunity by Dietary Proanthocyanidins. Frontiers in Immunology, 12(February), 1-12.
https://doi.org/10.3389/fimmu.2021.637603

Anderson, M. J. (2006). Distance-based tests for homogeneity of multivariate dispersions.
Biometrics, 62(1), 245-253. https://doi.org/10.1111/5.1541-0420.2005.00440.x

Andersson, B., Porras, O., Hanson, L., Lagergérd, T., & Svanborg-Eden, C. (1986). Inhibition of

129



attachment of streptococcus pneumoniae and haemophilus influenza by human milk and
receptor oligosaccharides. Journal of Infectious Diseases, 153(2), 368-370.
https://doi.org/10.1093/infdis/153.2.232

Andreas, N. J., Kampmann, B., & Mehring Le-Doare, K. (2015). Human breast milk: A review
on its composition and bioactivity. In Early Human Development (Vol. 91, Issue 11, pp.
629-635). https://doi.org/10.1016/j.earlhumdev.2015.08.013

Anhé, F. F., Barra, N. G., & Schertzer, J. D. (2020). Glucose alters the symbiotic relationships
between gut microbiota and host physiology. American Journal of Physiology.
Endocrinology and Metabolism, 318(2), E111-E116.
https://doi.org/10.1152/ajpendo.00485.2019

Anhé, F. F., Pilon, G., Roy, D., Desjardins, Y., Levy, E., & Marette, A. (2016). Triggering
Akkermansia with dietary polyphenols: A new weapon to combat the metabolic syndrome?
Gut Microbes, 7(2), 146—153. https://doi.org/10.1080/19490976.2016.1142036

Anhé¢, F. F., Roy, D., Pilon, G., Dudonné, S., Matamoros, S., Varin, T. V., Garofalo, C., Moine,
Q., Desjardins, Y., Levy, E., & Marette, A. (2015). A polyphenol-rich cranberry extract
protects from diet-induced obesity, insulin resistance and intestinal inflammation in
association with increased Akkermansia spp. population in the gut microbiota of mice. Gut,
64(6), 872—883. https://doi.org/10.1136/gutjnl-2014-307142

Anhé¢, F. F., Varin, T. V., Le Barz, M., Desjardins, Y., Levy, E., Roy, D., & Marette, A. (2015).
Gut Microbiota Dysbiosis in Obesity-Linked Metabolic Diseases and Prebiotic Potential of
Polyphenol-Rich Extracts. Current Obesity Reports, 4(4), 389—-400.
https://doi.org/10.1007/s13679-015-0172-9

Antoni, L., Nuding, S., Weller, D., Gersemann, M., Ott, G., Wehkamp, J., & Stange, E. F.

130



(2013). Human colonic mucus is a reservoir for antimicrobial peptides. Journal of Crohn’s
and Colitis, 7(12), €652—e664. https://doi.org/10.1016/j.crohns.2013.05.006

Ares, M. S. (2017). Antimicrobial activity of flavan-3-ols and oligomeric proanthocyanidins
from pea seed coats and grape seeds against food and gut bacteria. University of Alberta.

Argiielles, J. C. (2014). Why Can’t Vertebrates Synthesize Trehalose? Journal of Molecular
Evolution, 79(3—4), 111-116. https://doi.org/10.1007/s00239-014-9645-9

Arike, L., & Hansson, G. C. (2016). The Densely O-Glycosylated MUC2 Mucin Protects the
Intestine and Provides Food for the Commensal Bacteria. Journal of Molecular Biology,
428(16), 3221-3229. https://doi.org/10.1016/j.jmb.2016.02.010

Ayres, J. S. (2016). Cooperative Microbial Tolerance Behaviors in Host-Microbiota Mutualism.
Cell, 165(6), 1323—1331. https://doi.org/10.1016/j.cell.2016.05.049

Ayseli, M. T., & Ipek Ayseli, Y. (2016). Flavors of the future: Health benefits of flavor
precursors and volatile compounds in plant foods. Trends in Food Science and Technology,
48, 69-77. https://doi.org/10.1016/5.tifs.2015.11.005

Ayyagari, R., Narasinga Rao, B. S., & Roy, D. N. (1989). Lectins, trypsin inhibitors, BOAA and
tannins in legumes and cereals and the effects of processing. Food Chemistry, 34(3), 229—
238. https://doi.org/10.1016/0308-8146(89)90143-X

Baker, J., Brown, K., Rajendiran, E., Yip, A., DeCoffe, D., Dai, C., Molcan, E., Chittick, S. A.,
Ghosh, S., Mahmoud, S., & Gibson, D. L. (2012). Medicinal lavender modulates the enteric
microbiota to protect against Citrobacter rodentium-induced colitis. AJP: Gastrointestinal
and Liver Physiology, 303(7), G825—-G836. https://doi.org/10.1152/ajpgi.00327.2011

Baktash, A., Terveer, E. M., Zwittink, R. D., Hornung, B. V. H., Corver, J., Kuijper, E. J., &

Smits, W. K. (2018). Mechanistic Insights in the Success of Fecal Microbiota Transplants

131



for the Treatment of Clostridium difficile Infections. Frontiers in Microbiology, 9(June),
1242. https://doi.org/10.3389/fmicb.2018.01242

Balaji, M., Ganjayi, M. S., Hanuma Kumar, G. E. N., Parim, B. N., Mopuri, R., & Dasari, S.
(2016). A review on possible therapeutic targets to contain obesity: The role of
phytochemicals. Obesity Research & Clinical Practice, 10(4), 363-380.
https://doi.org/10.1016/j.0orcp.2015.12.004

Bartelt, L. A., Bolick, D. T., Kolling, G. L., Roche, J. K., Zaenker, E. L., Lara, A. M., Noronha,
F.J., Cowardin, C. A., Moore, J. H., Turner, J. R., Warren, C. A., Buck, G. A., & Guerrant,
R. L. (2016). Cryptosporidium Priming Is More Effective than Vaccine for Protection
against Cryptosporidiosis in a Murine Protein Malnutrition Model. PLoS Neglected
Tropical Diseases, 10(7), 1-29. https://doi.org/10.1371/journal.pntd.0004820

Beleli, C. A. V., Antonio, M. A. R. G. M., Dos Santos, R., Pastore, G. M., & Lomazi, E. A.
(2015). Effect of 4'galactooligosaccharide on constipation symptoms. Jornal de Pediatria,
91(6), 567-573. https://doi.org/10.1016/j.jped.2015.01.010

Belorkar, S. A., & Gupta, A. K. (2016). Oligosaccharides: A boon from nature’s desk. AMB
Express, 6(1). https://doi.org/10.1186/s13568-016-0253-5

Bergeron, N., Chiu, S., Williams, P. T., M King, S., & Krauss, R. M. (2019). Effects of red meat,
white meat, and nonmeat protein sources on atherogenic lipoprotein measures in the context
of low compared with high saturated fat intake: a randomized controlled trial. The American
Journal of Clinical Nutrition, 110(1), 24-33. https://doi.org/10.1093/ajcn/nqz035

Bergstrom, K. S. B., Kissoon-Singh, V., Gibson, D. L., Ma, C., Montero, M., Sham, H. P., Ryz,
N., Huang, T., Velcich, A., Finlay, B. B., Chadee, K., & Vallance, B. A. (2010). Muc2

Protects against Lethal Infectious Colitis by Disassociating Pathogenic and Commensal

132



Bacteria from the Colonic Mucosa. PLoS Pathogens, 6(5), €1000902.
https://doi.org/10.1371/journal.ppat. 1000902

Bibi, S., De Sousa Moraes, L. F., Lebow, N., & Zhu, M. J. (2017). Dietary green pea protects
against DSS-induced colitis in mice challenged with high-fat diet. Nutrients, 9(5).
https://doi.org/10.3390/nu9050509

Biolo, G. (2013). Protein metabolism and requirements. World Review of Nutrition and Dietetics,
105, 12-20. https://doi.org/10.1159/000341545

Bisanz, J. E., Upadhyay, V., Turnbaugh, J. A., Ly, K., & Turnbaugh, P. J. (2019). Meta-Analysis
Reveals Reproducible Gut Microbiome Alterations in Response to a High-Fat Diet. Cell
Host and Microbe, 26(2), 265-272.e4. https://doi.org/10.1016/j.chom.2019.06.013

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., Huttley, G.
A., & Gregory Caporaso, J. (2018a). Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome, 6(1), 90.
https://doi.org/10.1186/s40168-018-0470-z

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., Huttley, G.
A., & Gregory Caporaso, J. (2018b). Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome, 6(1), 90.
https://doi.org/10.1186/s40168-018-0470-z

Bolick, D. T., Kolling, G. L., Moore, J. H., de Oliveira, L. A., Tung, K., Philipson, C.,
Viladomiu, M., Hontecillas, R., Bassaganya-Riera, J., & Guerrant, R. L. (2015). Zinc
deficiency alters host response and pathogen virulence in a mouse model of
enteroaggregative escherichia coli-induced diarrhea. Gut Microbes, 5(5), 618—627.

https://doi.org/10.4161/19490976.2014.969642

133



Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A.,
Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K.,
Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-Rodriguez, A. M.,
Chase, J., ... Caporaso, J. G. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 852—857.
https://doi.org/10.1038/s41587-019-0209-9

Bora, S. A., Kennett, M. J., Smith, P. B., Patterson, A. D., & Cantorna, M. T. (2018). The gut
microbiota regulates endocrine vitamin D metabolism through fibroblast growth factor 23.
Frontiers in Immunology, 9(MAR), 1-11. https://doi.org/10.3389/fimmu.2018.00408

Boratyn, G. M., Camacho, C., Cooper, P. S., Coulouris, G., Fong, A., Ma, N., Madden, T. L.,
Matten, W. T., McGinnis, S. D., Merezhuk, Y., Raytselis, Y., Sayers, E. W., Tao, T., Ye, J.,
& Zaretskaya, 1. (2013). BLAST: a more efficient report with usability improvements.
Nucleic Acids Research, 41(Web Server issue), 29-33. https://doi.org/10.1093/nar/gkt282

Brown, G. D., & Gordon, S. (2001). Immune recognition: A new receptor for B-glucans. Nature,
413(6851), 36-37. https://doi.org/10.1038/35092620

Brown, K. H., Perez, F., Peerson, J. M., Fadel, J., Brunsgaard, G., Ostrom, K. M., & MacLean,
W. C. (1993). Effect of dietary fiber (soy polysaccharide) on the severity, duration, and
nutritional outcome of acute, watery diarrhea in children. Pediatrics, 92(2), 241-247.
http://www.ncbi.nlm.nih.gov/pubmed/8393174

Buret, A. G., Motta, J.-P., Allain, T., Ferraz, J., & Wallace, J. L. (2019). Pathobiont release from
dysbiotic gut microbiota biofilms in intestinal inflammatory diseases: a role for iron?
Journal of Biomedical Science, 26(1), 1. https://doi.org/10.1186/s12929-018-0495-4

Byndloss, M. X., Olsan, E. E., Rivera-Chavez, F., Tiffany, C. R., Cevallos, S. A., Lokken, K. L.,

134



Torres, T. P., Byndloss, A. J., Faber, F., Gao, Y., Litvak, Y., Lopez, C. A., Xu, G., Napol,
E., Giulivi, C., Tsolis, R. M., Revzin, A., Lebrilla, C. B., & Baumler, A. J. (2017).
Microbiota-activated PPAR-y signaling inhibits dysbiotic Enterobacteriaceae expansion.
Science (New York, N.Y.), 357(6351), 570-575. https://doi.org/10.1126/science.aam9949

Byndloss, M. X., Pernitzsch, S. R., & Baumler, A. J. (2018). Healthy hosts rule within:
ecological forces shaping the gut microbiota. Mucosal Immunology, May, 1-7.
https://doi.org/10.1038/s41385-018-0010-y

Cabral, D. J., Penumutchu, S., Reinhart, E. M., Zhang, C., Korry, B. J., Wurster, J. L., Nilson, R.,
Guang, A., Sano, W. H., Rowan-Nash, A. D., Li, H., & Belenky, P. (2019). Microbial
Metabolism Modulates Antibiotic Susceptibility within the Murine Gut Microbiome. Cell
Metabolism, 30(4), 800-823.¢e7. https://doi.org/10.1016/j.cmet.2019.08.020

Cameron, E. A., Curtis, M. M., Kumar, A., Dunny, G. M., & Sperandio, V. (2018). Microbiota
and Pathogen Proteases Modulate Type III Secretion Activity in Enterohemorrhagic
Escherichia coli. MBio, 9(6), 1-10. https://doi.org/10.1128/mBi0.02204-18

Cani, P. D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M., & Burcelin,
R. (2008). Changes in gut microbiota control metabolic endotoxemia-induced inflammation
in high-fat diet-induced obesity and diabetes in mice. Diabetes, 57(6), 1470-1481.
https://doi.org/10.2337/db07-1403

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K.,
Fierer, N., Pefia, A. G., Goodrich, J. K., Gordon, J. 1., Huttley, G. a, Kelley, S. T., Knights,
D., Koenig, J. E., Ley, R. E., Lozupone, C. a, McDonald, D., Muegge, B. D., Pirrung, M.,
... Knight, R. (2010). QIIME allows analysis of high-throughput community sequencing

data. Nature Methods, 7(5), 335-336. https://doi.org/10.1038/nmeth.f.303

135



Carmody, R. N., Gerber, G. K., Luevano, J. M., Gatti, D. M., Somes, L., Svenson, K. L., &
Turnbaugh, P. J. (2015). Diet Dominates Host Genotype in Shaping the Murine Gut
Microbiota. Cell Host & Microbe, 17(1), 72—84.
https://doi.org/10.1016/j.chom.2014.11.010

Casanova, J.-L., & Abel, L. (2013). The Genetic Theory of Infectious Diseases: A Brief History
and Selected Illustrations. Annual Review of Genomics and Human Genetics, 14(1), 215—
243. https://doi.org/10.1146/annurev-genom-091212-153448

Cash, H. L. (2006). Symbiotic Bacteria Direct Expression of an Intestinal Bactericidal Lectin.
Science, 313(5790), 1126—1130. https://doi.org/10.1126/science.1127119

Chen, S., Xia, Y., Zhu, G., Yan, J., Tan, C., Deng, B., Deng, J., Yin, Y., & Ren, W. (2018).
Glutamine supplementation improves intestinal cell proliferation and stem cell
differentiation in weanling mice. Food & Nutrition Research, 62(10), 2403-2413.
https://doi.org/10.29219/fnr.v62.1439

Cires, M. J., Wong, X., Carrasco-Pozo, C., & Gotteland, M. (2017). The gastrointestinal tract as
a key target organ for the health-promoting effects of dietary proanthocyanidins. Frontiers
in Nutrition, 3(January), 57. https://doi.org/10.3389/fnut.2016.00057

Collins, B., Hoffman, J., Martinez, K., Grace, M., Lila, M. A., Cockrell, C., Nadimpalli, A.,
Chang, E., Chuang, C. C., Zhong, W., Mackert, J., Shen, W., Cooney, P., Hopkins, R., &
Mclntosh, M. (2016). A polyphenol-rich fraction obtained from table grapes decreases
adiposity, insulin resistance and markers of inflammation and impacts gut microbiota in
high-fat-fed mice. Journal of Nutritional Biochemistry, 31, 150—165.
https://doi.org/10.1016/j.jnutbio.2015.12.021

Collins, J., Robinson, C., Danhof, H., Knetsch, C. W., Van Leeuwen, H. C., Lawley, T. D.,

136



Auchtung, J. M., & Britton, R. A. (2018). Dietary trehalose enhances virulence of epidemic
Clostridium difficile. Nature, 553(7688), 291-294. https://doi.org/10.1038/nature25178

Conejero, R., Bonet, A., Grau, T., Esteban, A., Mesejo, A., Montejo, J. C., Lopez, J., & Acosta,
J. A. (2002). Effect of a glutamine-enriched enteral diet on intestinal permeability and
infectious morbidity at 28 days in critically ill patients with systemic inflammatory response
syndrome: A randomized, single-blind, prospective, multicenter study. Nutrition, 18(9),
716-721. https://doi.org/10.1016/S0899-9007(02)00847-X

Connolly, J. P. R, Slater, S. L., O’Boyle, N., Goldstone, R. J., Crepin, V. F., Gallego, D. R.,
Herzyk, P., Smith, D. G. E., Douce, G. R., Frankel, G., & Roe, A. J. (2018). Host-associated
niche metabolism controls enteric infection through fine-tuning the regulation of type 3
secretion. Nature Communications, 9(1). https://doi.org/10.1038/s41467-018-06701-4

Coppa, G. V., Zampini, L., Galeazzi, T., Facinelli, B., Ferrante, L., Capretti, R., & Orazio, G.
(2006). Human milk oligosaccharides inhibit the adhesion to Caco-2 cells of diarrheal
pathogens: Escherichia coli, Vibrio cholerae, and Salmonella fyris. Pediatric Research,
59(3), 377-382. https://doi.org/10.1203/01.pdr.0000200805.45593.17

Cordonnier, C., Le Bihan, G., Emond-Rheault, J.-G., Garrivier, A., Harel, J., & Jubelin, G.
(2016a). Vitamin B12 Uptake by the Gut Commensal Bacteria Bacteroides
thetaiotaomicron Limits the Production of Shiga Toxin by Enterohemorrhagic Escherichia
coli. Toxins, 8(1), 14. https://doi.org/10.3390/toxins8010014

Cordonnier, C., Le Bihan, G., Emond-Rheault, J. G., Garrivier, A., Harel, J., & Jubelin, G.
(2016b). Vitamin B12uptake by the gut commensal bacteria bacteroides thetaiotaomicron
limits the production of shiga toxin by enterohemorrhagic escherichia coli. Toxins, 8(1).

https://doi.org/10.3390/toxins8010014

137



Corpet, D. E., Yin, Y., Zhang, X. M., Rémésy, C., Stamp, D., Medline, A., Thompson, L., Bruce,
W. R., & Archer, M. C. (1995). Colonic protein fermentation and promotion of colon
carcinogenesis by thermolyzed casein. Nutrition and Cancer, 23(3), 271-281.
https://doi.org/10.1080/01635589509514381

Correa-Matos, N. J., Donovan, S. M., Isaacson, R. E., Gaskins, H. R., White, B. a, & Tappenden,
K. a. (2003). Fermentable fiber reduces recovery time and improves intestinal function in
piglets following Salmonella typhimurium infection. The Journal of Nutrition, 133(6),
1845-1852. https://doi.org/10.1093/jn/133.6.1845

Craft, K. M., Thomas, H. C., & Townsend, S. D. (2018). Interrogation of Human Milk
Oligosaccharide Fucosylation Patterns for Antimicrobial and Antibiofilm Trends in Group
B Streptococcus [Research-article]. ACS Infectious Diseases, 4(12), 1755-1765.
https://doi.org/10.1021/acsinfecdis.8b00234

Crepin, V. F., Collins, J. W., Habibzay, M., & Frankel, G. (2016). Citrobacter rodentium mouse
model of bacterial infection. Nature Protocols, 11(10), 1851-1876.
https://doi.org/10.1038/nprot.2016.100

Crowther, R. S., & Wetmore, R. F. (1987). Fluorometric assay of O-linked glycoproteins by
reaction with 2-cyanoacetamide. Analytical Biochemistry, 163(1), 170-174.
https://doi.org/10.1016/0003-2697(87)90108-4

Crozier, A., Jaganath, 1. B., & Clifford, M. N. (2006). Phenols, Polyphenols and Tannins: An
Overview. In A. Crozier, M. N. Clifford, & H. Ashihara (Eds.), Plant Secondary
Metabolites (Issue i, pp. 1-24). Blackwell Publishing Ltd.
https://doi.org/10.1002/9780470988558.chl

Cummings, J. H., & Macfarlane, G. T. (1991). The control and consequences of bacterial

138



fermentation in the human colon. The Journal of Applied Bacteriology, 70(6), 443—459.
https://doi.org/10.1111/5.1365-2672.1991.tb02739.x

Curtis, M. M., Hu, Z., Klimko, C., Narayanan, S., Deberardinis, R., & Sperandio, V. (2014a).
The gut commensal bacteroides thetaiotaomicron exacerbates enteric infection through
modification of the metabolic landscape. Cell Host and Microbe, 16(6), 759-769.
https://doi.org/10.1016/j.chom.2014.11.005

Curtis, M. M., Hu, Z., Klimko, C., Narayanan, S., Deberardinis, R., & Sperandio, V. (2014b).
The gut commensal Bacteroides thetaiotaomicron exacerbates enteric infection through
modification of the metabolic landscape. Cell Host & Microbe, 16(6), 759-769.
https://doi.org/10.1016/j.chom.2014.11.005

Dahl, W. J., Foster, L. M., & Tyler, R. T. (2012). Review of the health benefits of peas (Pisum
sativum L.). The British Journal of Nutrition, 108 Suppl(July), S3-10.
https://doi.org/10.1017/S0007114512000852

DeCofte, D., Quin, C., Gill, S. K., Tasnim, N., Brown, K., Godovannyi, A., Dai, C., Abulizi, N.,
Chan, Y. K., Ghosh, S., & Gibson, D. L. (2016). Dietary lipid type, rather than total number
of calories, alters outcomes of enteric infection in mice. Journal of Infectious Diseases,
213(11), 1846—-1856. https://doi.org/10.1093/infdis/jiw084

Degnan, P. H., Barry, N. A., Mok, K. C., Taga, M. E., & Goodman, A. L. (2014a). Human gut
microbes use multiple transporters to distinguish vitamin B 12 analogs and compete in the
gut. Cell Host and Microbe, 15(1), 47-57. https://doi.org/10.1016/j.chom.2013.12.007

Degnan, P. H., Barry, N. A., Mok, K. C., Taga, M. E., & Goodman, A. L. (2014b). Human gut
microbes use multiple transporters to distinguish vitamin Bi2 analogs and compete in the

gut. Cell Host & Microbe, 15(1), 47-57. https://doi.org/10.1016/j.chom.2013.12.007

139



Degnan, P. H., Taga, M. E., & Goodman, A. L. (2014). Vitamin B12 as a modulator of gut
microbial ecology. Cell Metabolism, 20(5), 769-778.
https://doi.org/10.1016/j.cmet.2014.10.002

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D.-J., & Bakker, B. M.
(2013). The role of short-chain fatty acids in the interplay between diet, gut microbiota, and
host energy metabolism. Journal of Lipid Research, 54(9), 2325-2340.
https://doi.org/10.1194/j1r.R036012

Desai, M. S., Seekatz, A. M., Koropatkin, N. M., Kamada, N., Hickey, C. A., Wolter, M., Pudlo,
N. A., Kitamoto, S., Terrapon, N., Muller, A., Young, V. B., Henrissat, B., Wilmes, P.,
Stappenbeck, T. S., Nufiez, G., & Martens, E. C. (2016). A dietary fiber-deprived gut
microbiota degrades the colonic mucus barrier and enhances pathogen susceptibility. Cell,
167(5), 1339-1353.e21. https://doi.org/10.1016/j.cell.2016.10.043

Devkota, S., Wang, Y., & Musch, M. (2012). 43 Dietary Fat-Induced Taurocholic Acid
Production Promotes Pathobiont and Colitis in IL-10-/-Mice. ..., 487(7405), 104—108.
https://doi.org/10.1038/nature11225.Dietary

Dhanisha, S. S., Guruvayoorappan, C., Drishya, S., & Abeesh, P. (2018). Mucins: Structural
diversity, biosynthesis, its role in pathogenesis and as possible therapeutic targets. Critical
Reviews in Oncology/Hematology, 122(December 2017), 98—122.
https://doi.org/10.1016/j.critrevonc.2017.12.006

Diether, N. E., & Willing, B. P. (2019). Microbial Fermentation of Dietary Protein: An Important
Factor in Diet Microbe Host Interaction. Microorganisms, 7(1), 19.
https://doi.org/10.3390/microorganisms7010019

Dimijian, G. G. (2000). Evolving Together: The Biology of Symbiosis, Part 1. Baylor University

140



Medical Center Proceedings, 13(3), 217a — 226.
https://doi.org/10.1080/08998280.2000.11927678

Djoko, K. Y., Ong, C. lynn Y., Walker, M. J., & McEwan, A. G. (2015). The Role of Copper and
Zinc Toxicity in Innate Immune Defense against Bacterial Pathogens. The Journal of
Biological Chemistry, 290(31), 18954—18961. https://doi.org/10.1074/jbc.R115.647099

Donaldson, G. P., Ladinsky, M. S., Yu, K. B., Sanders, J. G., Yoo, B. B., Chou, W. C., Conner,
M. E., Earl, A. M., Knight, R., Bjorkman, P. J., & Mazmanian, S. K. (2018). Gut microbiota
utilize immunoglobulin a for mucosal colonization. Science, 360(6390), 795-800.
https://doi.org/10.1126/science.aaq0926

Donaldson, Gregory P., Lee, S. M., & Mazmanian, S. K. (2015). Gut biogeography of the
bacterial microbiota. Nature Reviews Microbiology, 14(1), 20-32.
https://doi.org/10.1038/nrmicro3552

Dong, Y. W., Feng, L., Jiang, W. D., Liu, Y., Wu, P., Jiang, J., Kuang, S. Y., Tang, L., Tang, W.
N., Zhang, Y. A., & Zhou, X. Q. (2018). Dietary threonine deficiency depressed the disease
resistance, immune and physical barriers in the gills of juvenile grass carp
(Ctenopharyngodon idella) under infection of Flavobacterium columnare. Fish and Shellfish
Immunology, 72(October 2017), 161-173. https://doi.org/10.1016/j.£51.2017.10.048

Douglas, R., Hemild, H., Chalker, E., & Treacy, B. (2008). Cochrane review: Vitamin C for
preventing and treating the common cold. Evidence-Based Child Health: A Cochrane
Review Journal, 3(3), 672—720. https://doi.org/10.1002/ebch.266

Drakoularakou, A., Tzortzis, G., Rastall, R. A., & Gibson, G. R. (2010). A double-blind,
placebo-controlled, randomized human study assessing the capacity of a novel galacto-

oligosaccharide mixture in reducing travellers’ diarrhoea. European Journal of Clinical

141



Nutrition, 64(2), 146—152. https://doi.org/10.1038/ejcn.2009.120

Drew, G. C., Stevens, E. J., & King, K. C. (2021). Microbial evolution and transitions along the
parasite—mutualist continuum. Nature Reviews Microbiology, 19(10), 623—638.
https://doi.org/10.1038/s41579-021-00550-7

Dudek-Wicher, R. K., Junka, A., & Bartoszewicz, M. (2018). The influence of antibiotics and
dietary components on gut microbiota. Przeglad Gastroenterologiczny, 13(2), 85-92.
https://doi.org/10.5114/pg.2018.76005

Duenas, M., Muioz-Gonzalez, 1., Cueva, C., Jiménez-Girén, A., Sanchez-Patan, F., Santos-
Buelga, C., Moreno-Arribas, M. V., & Bartolomé, B. (2015). A survey of modulation of gut
microbiota by dietary polyphenols. BioMed Research International, 2015.
https://doi.org/10.1155/2015/850902

Dupont, A., Heinbockel, L., Brandenburg, K., & Hornef, M. W. (2014). Antimicrobial peptides
and the enteric mucus layer act in concert to protect the intestinal mucosa. Gut Microbes,
5(6), 761-765. https://doi.org/10.4161/19490976.2014.972238

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., & Knight, R. (2011). UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics, 27(16), 2194-2200.
https://doi.org/10.1093/bioinformatics/btr381

El-Zaatari, M., Chang, Y.-M., Zhang, M., Franz, M., Shreiner, A., McDermott, A. J., van der
Sluijs, K. F., Lutter, R., Grasberger, H., Kamada, N., Young, V. B., Huffnagle, G. B., &
Kao, J. Y. (2014). Tryptophan Catabolism Restricts IFN-y—Expressing Neutrophils and
Clostridium difficile Immunopathology. The Journal of Immunology, 193(2), 807-816.
https://doi.org/10.4049/jimmunol.1302913

Engels, C., Schieber, A., & Ginzle, M. G. (2011). Inhibitory spectra and modes of antimicrobial

142



action of gallotannins from mango kernels (Mangifera indica L.). Applied and
Environmental Microbiology, 77(7), 2215-2223. https://doi.org/10.1128/AEM.02521-10

Eslinger, A. J., Eller, L. K., & Reimer, R. A. (2014). Yellow pea fiber improves glycemia and
reduces Clostridium leptum in diet-induced obese rats. Nutrition Research, 34(8), 714-722.
https://doi.org/10.1016/j.nutres.2014.07.016

Eswaran, S., Farida, J. P., Green, J., Miller, J. D., & Chey, W. D. (2017). Nutrition in the
management of gastrointestinal diseases and disorders: the evidence for the low FODMAP
diet. Current Opinion in Pharmacology, 37, 151-157.
https://doi.org/10.1016/j.coph.2017.10.008

Eswaran, S., Muir, J., & Chey, W. D. (2013). Fiber and functional gastrointestinal disorders. The
American Journal of Gastroenterology, 108(5), 718-727.
https://doi.org/10.1038/ajg.2013.63

Faber, F., Thiennimitr, P., Spiga, L., Byndloss, M. X., Litvak, Y., Lawhon, S., Andrews-
Polymenis, H. L., Winter, S. E., & Baumler, A. J. (2017). Respiration of Microbiota-
Derived 1,2-propanediol Drives Salmonella Expansion during Colitis. PLOS Pathogens,
13(1),e1006129. https://doi.org/10.1371/journal.ppat.1006129

Ferraro, K., Jin, A. L., Nguyen, T.-D., Reinecke, D. M., Ozga, J. A., & Ro, D.-K. (2014).
Characterization of proanthocyanidin metabolism in pea (Pisum sativum) seeds. BMC Plant
Biology, 14(1), 238. https://doi.org/10.1186/s12870-014-0238-y

Filippidou, S., Junier, T., Wunderlin, T., Lo, C. C., Li, P. E., Chain, P. S., & Junier, P. (2015).
Under-detection of endospore-forming Firmicutes in metagenomic data. Computational and
Structural Biotechnology Journal, 13, 299-306. https://doi.org/10.1016/j.csbj.2015.04.002

Forchielli, M. L., & Walker, W. A. (2005). The role of gut-associated lymphoid tissues and

143



mucosal defence. British Journal of Nutrition, 93(S1), S41.
https://doi.org/10.1079/BIN20041356

Ford, J. T., Wong, C. W., & Colditz, I. G. (2001). Effects of dietary protein types on immune
responses and levels of infection with Eimeria vermiformis in mice. Immunology and Cell
Biology, 79(1), 23-28. https://doi.org/10.1046/1.1440-1711.2001.00788.x

Forgie, A. J., Drall, K. M., Bourque, S. L., Field, C. J., Kozyrskyj, A. L., & Willing, B. P.
(2020). The impact of maternal and early life malnutrition on health: A diet-microbe
perspective. BMC Medicine, 18(1), 1-15. https://doi.org/10.1186/s12916-020-01584-z

Forgie, A. J., Fouhse, J. M., & Willing, B. P. (2019). Diet-Microbe-Host Interactions That Affect
Gut Mucosal Integrity and Infection Resistance. Frontiers in Immunology, 10(August),
1802. https://doi.org/10.3389/fimmu.2019.01802

Forgie, A. J., Gao, Y., Ju, T., Pepin, D. M., Yang, K., Génzle, M. G., Ozga, J. A., Chan, C. B., &
Willing, B. P. (2019). Pea polyphenolics and hydrolysis processing alter microbial
community structure and early pathogen colonization in mice. The Journal of Nutritional
Biochemistry, 67, 101-110. https://doi.org/10.1016/j.jnutbio.2019.01.012

Georgiades, P., Pudney, P. D. A., Rogers, S., Thornton, D. J., & Waigh, T. A. (2014). Tea
Derived Galloylated Polyphenols Cross-Link Purified Gastrointestinal Mucins. PLoS ONE,
9(8), €105302. https://doi.org/10.1371/journal.pone.0105302

Gerritsen, J., Hornung, B., Renckens, B., van Hijum, S. A. F. T., Martins dos Santos, V. A. P.,
Rijkers, G. T., Schaap, P. J., de Vos, W. M., & Smidt, H. (2017). Genomic and functional
analysis of Romboutsia ilealis CRIB T reveals adaptation to the small intestine. Peer.J, 5(9),
€3698. https://doi.org/10.7717/peerj.3698

Geuking, M. B. (2016). The Human Microbiota and Chronic Disease (L. Nibali & B. Henderson

144



(eds.)). John Wiley &;#38; Sons, Inc. https://doi.org/10.1002/9781118982907

Ghazalpour, A., Cespedes, 1., Bennett, B. J., & Allayee, H. (2016). Expanding role of gut
microbiota in lipid metabolism. Current Opinion in Lipidology, 27(2), 141-147.
https://doi.org/10.1097/MOL.0000000000000278

Ghosh, S., DeCoffe, D., Brown, K., Rajendiran, E., Estaki, M., Dai, C., Yip, A., & Gibson, D. L.
(2013). Fish Oil Attenuates Omega-6 Polyunsaturated Fatty Acid-Induced Dysbiosis and
Infectious Colitis but Impairs LPS Dephosphorylation Activity Causing Sepsis. PLoS ONE,
8(2), €55468. https://doi.org/10.1371/journal.pone.0055468

Ghoul, M., & Mitri, S. (2016). The Ecology and Evolution of Microbial Competition. Trends in
Microbiology, 24(10), 833—845. https://doi.org/10.1016/j.tim.2016.06.011

Gilani, G. S., Xiao, C. W., & Cockell, K. A. (2012). Impact of antinutritional factors in food
proteins on the digestibility of protein and the bioavailability of amino acids and on protein
quality. British Journal of Nutrition, 10§(SUPPL. 2).
https://doi.org/10.1017/S0007114512002371

Giovannini, M., Verduci, E., Gregori, D., Ballali, S., Soldi, S., Ghisleni, D., & Riva, E. (2014).
Prebiotic Effect of an Infant Formula Supplemented with Galacto-Oligosaccharides:
Randomized Multicenter Trial. Journal of the American College of Nutrition, 33(5), 385—
393. https://doi.org/10.1080/07315724.2013.878232

Girard, M., & Bee, G. (2020). Invited review: Tannins as a potential alternative to antibiotics to
prevent coliform diarrhea in weaned pigs. Animal, 14(1), 95-107.
https://doi.org/10.1017/S1751731119002143

Goodman, B. E. (2010). Insights into digestion and absorption of major nutrients in humans.

Advances in Physiology Education, 34(2), 44-53. https://doi.org/10.1152/advan.00094.2009

145



Grosberg, R. K., & Strathmann, R. R. (2007). The evolution of multicellularity: A minor major
transition? Annual Review of Ecology, Evolution, and Systematics, 38, 621-654.
https://doi.org/10.1146/annurev.ecolsys.36.102403.114735

Guan, G., Wang, H., Chen, S., Liu, G., Xiong, X., Tan, B., Duraipandiyan, V., Al-Dhabi, N. A.,
& Fang, J. (2016). Dietary chitosan supplementation increases microbial diversity and
attenuates the severity of Citrobacter rodentium infection in mice. Mediators of
Inflammation, 2016, 1-3. https://doi.org/10.1155/2016/9236196

Gunsalus, K. T. W., Tornberg-Belanger, S. N., Matthan, N. R., Lichtenstein, A. H., &
Kumamoto, C. A. (2016). Manipulation of Host Diet To Reduce Gastrointestinal
Colonization by the Opportunistic Pathogen Candida albicans. MSphere, 1(1), €00020-15.
https://doi.org/10.1128/mSphere.00020-15

Guri, A. J., Mohapatra, S. K., Horne, W. T., Hontecillas, R., & Bassaganya-Riera, J. (2010). The
Role of T cell PPAR v in mice with experimental inflammatory bowel disease. BMC
Gastroenterology, 10. https://doi.org/10.1186/1471-230X-10-60

Gury-BenAri, M., Thaiss, C. A., Serafini, N., Winter, D. R., Giladi, A., Lara-Astiaso, D., Levy,
M., Salame, T. M., Weiner, A., David, E., Shapiro, H., Dori-Bachash, M., Pevsner-Fischer,
M., Lorenzo-Vivas, E., Keren-Shaul, H., Paul, F., Harmelin, A., Eberl, G., Itzkovitz, S., ...
Amit, I. (2016). The Spectrum and Regulatory Landscape of Intestinal Innate Lymphoid
Cells Are Shaped by the Microbiome. Cell, 166(5), 1231-1246.e13.
https://doi.org/10.1016/j.cell.2016.07.043

Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F. J., & Brummer, R. J. (2008).
Review article: The role of butyrate on colonic function. In Alimentary Pharmacology and

Therapeutics (Vol. 27, Issue 2, pp. 104-119). https://doi.org/10.1111/j.1365-

146



2036.2007.03562.x
Hamza, T., Barnett, J. B., & Li, B. (2010). Interleukin 12 a key immunoregulatory cytokine in
infection applications. International Journal of Molecular Sciences, 11(3), 789—806.
https://doi.org/10.3390/ijms11030789
Hashemi, Z., Fouhse, J., Im, H. S., Chan, C. B., & Willing, B. P. (2017). Dietary pea fiber
supplementation improves glycemia and induces changes in the composition of gut
microbiota, serum short chain fatty acid profile and expression of mucins in glucose
intolerant rats. Nutrients, 9(11), 1-14. https://doi.org/10.3390/nu9111236
Hashemi, Z., Yang, K., Yang, H., Jin, A., Ozga, J., & Chan, C. B. (2014). Cooking enhances
beneficial effects of pea seed coat consumption on glucose tolerance, incretin, and
pancreatic hormones in high-fat-diet-fed rats. Applied Physiology, Nutrition, and
Metabolism = Physiologie Appliquee, Nutrition et Metabolisme, 333(November 2014), 1—
11. https://doi.org/10.1139/apnm-2014-0380
Hashimoto, K., Suzuki, 1., & Yadomae, T. (1991). Oral administration of SSG, a 3 -glucan
obtained from Sclerotinia sclerotiorum, affects the function of Peyer’s patch cells.
International Journal of Immunopharmacology, 13(4), 437-442.
https://doi.org/10.1016/0192-0561(91)90014-X
Hekmatdoost, A., Wu, X., Morampudi, V., Innis, S. M., & Jacobson, K. (2013). Dietary oils
modify the host immune response and colonic tissue damage following Citrobacter
rodentium infection in mice. AJP: Gastrointestinal and Liver Physiology, 304(10), G917—
(G928. https://doi.org/10.1152/ajpgi.00292.2012
Hemild, H. (2017). Zinc lozenges and the common cold: a meta-analysis comparing zinc acetate

and zinc gluconate, and the role of zinc dosage. JRSM Open, 8(5), 205427041769429.

147



https://doi.org/10.1177/2054270417694291

Ho, K. S., Tan, C. Y. M., Daud, M. A. M., & Seow-Choen, F. (2012). Stopping or reducing
dietary fiber intake reduces constipation and its associated symptoms. World Journal of
Gastroenterology, 18(33), 4593—4596. https://doi.org/10.3748/wjg.v18.133.4593

Hong, S. N., Kim, H. J., Kim, K. H., Han, S. J., Ahn, I. M., & Ahn, H. S. (2017). Risk of incident
Mycobacterium tuberculosis infection in patients with inflammatory bowel disease: a
nationwide population-based study in South Korea. Alimentary Pharmacology and
Therapeutics, 45(2), 253-263. https://doi.org/10.1111/apt.13851

Howell, A. B. (2007). Bioactive compounds in cranberries and their role in prevention of urinary
tract infections. Molecular Nutrition and Food Research, 51(6), 732—737.
https://doi.org/10.1002/mnfr.200700038

Hryckowian, A. J., Van Treuren, W., Smits, S. A., Davis, N. M., Gardner, J. O., Bouley, D. M.,
& Sonnenburg, J. L. (2018a). Microbiota-Accessible carbohydrates suppress Clostridium
difficile infection in a murine model. Nature Microbiology, 3(6), 662—669.
https://doi.org/10.1038/s41564-018-0150-6

Hryckowian, A. J., Van Treuren, W., Smits, S. A., Davis, N. M., Gardner, J. O., Bouley, D. M.,
& Sonnenburg, J. L. (2018b). Microbiota-Accessible carbohydrates suppress Clostridium
difficile infection in a murine model. Nature Microbiology, 3(6), 662—669.
https://doi.org/10.1038/s41564-018-0150-6

Hryckowian, A. J., Van Treuren, W., Smits, S. A., Davis, N. M., Gardner, J. O., Bouley, D. M.,
& Sonnenburg, J. L. (2018c). Microbiota-accessible carbohydrates suppress Clostridium
difficile infection in a murine model. Nature Microbiology, 3(6), 662—669.

https://doi.org/10.1038/s41564-018-0150-6

148



Hubert, J., P1¢, K., Hamzaoui, M., & Renault, J.-H. (2013). Polyphenol Purification by Solid
Support-Free Liquid—-Liquid Chromatography (CCC, CPC). In Natural Products (pp. 2145—
2172). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-22144-6 189

Hug, H., Mohajeri, M. H., & La Fata, G. (2018). Toll-Like Receptors: Regulators of the Immune
Response in the Human Gut. Nutrients, 10(2), 11-13. https://doi.org/10.3390/nu10020203

Hurrell, R., & Egli, I. (2010). Iron bioavailability and dietary reference values. The American
Journal of Clinical Nutrition, 91(5), 1461S-1467S.
https://doi.org/10.3945/ajcn.2010.28674F

Husson, M. O., Ley, D., Portal, C., Gottrand, M., Hueso, T., Desseyn, J. L., & Gottrand, F.
(2016). Modulation of host defence against bacterial and viral infections by omega-3
polyunsaturated fatty acids. Journal of Infection, 73(6), 523-535.
https://doi.org/10.1016/}.jinf.2016.10.001

Ingels, C., Vanhorebeek, 1., & Van den Berghe, G. (2018). Glucose homeostasis, nutrition and
infections during critical illness. Clinical Microbiology and Infection, 24(1), 10—15.
https://doi.org/10.1016/j.cmi.2016.12.033

Isaak, C. K., Petkau, J. C., Karmin, O., Ominski, K., Rodriguez-Lecompte, J. C., & Siow, Y. L.
(2013). Seasonal variations in phenolic compounds and antioxidant capacity of Cornus
stolonifera plant material: Applications in agriculture. Canadian Journal of Plant Science,
93(4), 725-734. https://doi.org/10.4141/cjps2012-310

Ishigame, H., Kakuta, S., Nagai, T., Kadoki, M., Nambu, A., Komiyama, Y., Fujikado, N.,
Tanahashi, Y., Akitsu, A., Kotaki, H., Sudo, K., Nakae, S., Sasakawa, C., & Iwakura, Y.
(2009). Difterential Roles of Interleukin-17A and -17F in Host Defense against

Mucoepithelial Bacterial Infection and Allergic Responses. Immunity, 30(1), 108—119.

149



https://doi.org/10.1016/j.immuni.2008.11.009

Ivanov, I. ., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., Wei, D., Goldfarb, K.
C., Santee, C. A., Lynch, S. V., Tanoue, T., Imaoka, A., Itoh, K., Takeda, K., Umesaki, Y.,
Honda, K., & Littman, D. R. (2009). Induction of intestinal Th17 cells by segmented
filamentous bacteria. Cell, 139(3), 485-498. https://doi.org/10.1016/j.cell.2009.09.033

Jackrel, S. L., Yang, J. W., Schmidt, K. C., & Denef, V. J. (2021). Host specificity of
microbiome assembly and its fitness effects in phytoplankton. ISME Journal, 15(3), 774—
788. https://doi.org/10.1038/s41396-020-00812-x

Jacobson, A., Lam, L., Rajendram, M., Tamburini, F., Honeycutt, J., Pham, T., Van Treuren, W.,
Pruss, K., Stabler, S. R., Lugo, K., Bouley, D. M., Vilches-Moure, J. G., Smith, M.,
Sonnenburg, J. L., Bhatt, A. S., Huang, K. C., & Monack, D. (2018). A Gut Commensal-
Produced Metabolite Mediates Colonization Resistance to Salmonella Infection. Cell Host
& Microbe, 24(2), 296-307.e7. https://doi.org/10.1016/j.chom.2018.07.002

Jafar, N., Edriss, H., & Nugent, K. (2016). The effect of short-term hyperglycemia on the innate
immune system. American Journal of the Medical Sciences, 351(2), 201-211.
https://doi.org/10.1016/j.amjms.2015.11.011

Jakobsson, H. E., Rodriguez-Pineiro, A. M., Schutte, A., Ermund, A., Boysen, P., Bemark, M.,
Sommer, F., Backhed, F., Hansson, G. C., & Johansson, M. E. (2015). The composition of
the gut microbiota shapes the colon mucus barrier. EMBO Reports, 16(2), 164—177.
https://doi.org/10.15252/embr.201439263

Jin, A., Ozga, J. A., Lopes-Lutz, D., Schieber, A., & Reinecke, D. M. (2012). Characterization of
proanthocyanidins in pea (Pisum sativum L.), lentil (Lens culinaris L.), and faba bean

(Vicia faba L.) seeds. Food Research International, 46(2), 528-535.

150



https://doi.org/10.1016/j.foodres.2011.11.018

Johansson, M. E. V., Jakobsson, H. E., Holmén-Larsson, J., Schiitte, A., Ermund, A., Rodriguez-
Pifieiro, A. M., Arike, L., Wising, C., Svensson, F., Bickhed, F., & Hansson, G. C. (2015).
Normalization of Host Intestinal Mucus Layers Requires Long-Term Microbial
Colonization. Cell Host & Microbe, 18(5), 582—592.
https://doi.org/10.1016/j.chom.2015.10.007

Johansson, M. E. V., Sjovall, H., & Hansson, G. C. (2013). The gastrointestinal mucus system in
health and disease. Nature Reviews Gastroenterology and Hepatology, 10(6), 352-361.
https://doi.org/10.1038/nrgastro.2013.35

Jones, G. J. B., & Roper, R. L. (2017). The effects of diets enriched in omega-3 polyunsaturated
fatty acids on systemic vaccinia virus infection. Scientific Reports, 7(1), 15999.
https://doi.org/10.1038/s41598-017-16098-7

Jonker, R., Engelen, M. P. K. J., & Deutz, N. E. P. (2012). Role of specific dietary amino acids
in clinical conditions. The British Journal of Nutrition, 108 Suppl(S2), S139-48.
https://doi.org/10.1017/S0007114512002358

Ju, T., Shoblak, Y., Gao, Y., Yang, K., Fouhse, J., Finlay, B. B., So, Y. W., Stothard, P., &
Willing, B. P. (2017). Initial gut microbial composition as a key factor driving host response
to antibiotic treatment, as exemplified by the presence or absence of commensal Escherichia
coli. Applied and Environmental Microbiology, 83(17), 1-15.
https://doi.org/10.1128/AEM.01107-17

Julliard, W., De Wolfe, T. J., Fechner, J. H., Safdar, N., Agni, R., & Mezrich, J. D. (2017).
Amelioration of Clostridium difficile Infection in Mice by Dietary Supplementation With

Indole-3-carbinol. Annals of Surgery, 265(6), 1183—1191.

151



https://doi.org/10.1097/SLA.0000000000001830

Just, S., Mondot, S., Ecker, J., Wegner, K., Rath, E., Gau, L., Streidl, T., Hery-Arnaud, G.,
Schmidt, S., Lesker, T. R., Bieth, V., Dunkel, A., Strowig, T., Hofmann, T., Haller, D.,
Liebisch, G., Gérard, P., Rohn, S., Lepage, P., & Clavel, T. (2018). The gut microbiota
drives the impact of bile acids and fat source in diet on mouse metabolism. Microbiome,
6(1), 134. https://doi.org/10.1186/s40168-018-0510-8

Kaleeswaran, B., Ilavenil, S., & Ravikumar, S. (2011). Dietary supplementation with Cynodon
dactylon (L.) enhances innate immunity and disease resistance of Indian major carp, Catla
catla (Ham.). Fish and Shellfish Immunology, 31(6), 953-962.
https://doi.org/10.1016/j.£51.2011.08.013

Kaliannan, K., Wang, B., Li, X. Y., Kim, K. J., & Kang, J. X. (2015). A host-microbiome
interaction mediates the opposing effects of omega-6 and omega-3 fatty acids on metabolic
endotoxemia. Scientific Reports, 5(May), 1-17. https://doi.org/10.1038/srep11276

Kamada, N., Chen, G. Y., Inohara, N., & Nufiez, G. (2013). Control of pathogens and
pathobionts by the gut microbiota. Nature Immunology, 14(7), 685—690.
https://doi.org/10.1038/ni.2608

Kawabata, K., Yoshioka, Y., & Terao, J. (2019). Role of Intestinal Microbiota in the
Bioavailability and Physiological Functions of Dietary Polyphenols. Molecules, 24(2), 370.
https://doi.org/10.3390/molecules24020370

Kelly, C. J., Glover, L. E., Campbell, E. L., Kominsky, D. J., Ehrentraut, S. F., Bowers, B. E.,
Bayless, A. J., Saeedi, B. J., & Colgan, S. P. (2013). Fundamental role for HIF-1a in
constitutive expression of human f defensin-1. Mucosal Immunology, 6(6), 1110-1118.

https://doi.org/10.1038/mi.2013.6

152



Kelly, Caleb J., Zheng, L., Campbell, E. L., Saeedi, B., Scholz, C. C., Bayless, A. J., Wilson, K.
E., Glover, L. E., Kominsky, D. J., Magnuson, A., Weir, T. L., Ehrentraut, S. F., Pickel, C.,
Kuhn, K. A, Lanis, J. M., Nguyen, V., Taylor, C. T., & Colgan, S. P. (2015). Crosstalk
between microbiota-derived short-chain fatty acids and intestinal epithelial HIF augments
tissue barrier function. Cell Host and Microbe, 17(5), 662—671.
https://doi.org/10.1016/j.chom.2015.03.005

Kemperman, R. A., Bolca, S., Roger, L. C., & Vaughan, E. E. (2010). Novel approaches for
analysing gut microbes and dietary polyphenols: Challenges and opportunities.
Microbiology, 156(11), 3224-3231. https://doi.org/10.1099/mic.0.042127-0

Kennedy, K. J., & Taga, M. E. (2020). Cobamides. Current Biology : CB, 30(2), R55-R56.
https://doi.org/10.1016/j.cub.2019.11.049

Kho, Z. Y., & Lal, S. K. (2018). The Human Gut Microbiome - A Potential Controller of
Wellness and Disease. Frontiers in Microbiology, 9(AUG), 1835.
https://doi.org/10.3389/fmicb.2018.01835

Kimoto, H., Nomura, M., Kobayashi, M., Mizumachi, K., & Okamoto, T. (2003). Survival of
lactococci during passage through mouse digestive tract. Canadian Journal of
Microbiology, 49(11), 707—711. https://doi.org/10.1139/w03-092

Kirk, M. D., Pires, S. M., Black, R. E., Caipo, M., Crump, J. A., Devleesschauwer, B., Dopfer,
D., Fazil, A., Fischer-Walker, C. L., Hald, T., Hall, A. J., Keddy, K. H., Lake, R. J., Lanata,
C. F., Torgerson, P. R., Havelaar, A. H., & Angulo, F. J. (2015). World Health Organization
Estimates of the Global and Regional Disease Burden of 22 Foodborne Bacterial, Protozoal,
and Viral Diseases, 2010: A Data Synthesis. PLOS Medicine, 12(12), e1001921.

https://doi.org/10.1371/journal.pmed.1001921

153



Kiss, E. A., Vonarbourg, C., Kopfmann, S., Hobeika, E., Finke, D., Esser, C., & Diefenbach, A.
(2011). Natural aryl hydrocarbon receptor ligands control organogenesis of intestinal
lymphoid follicles. Science, 334(6062), 1561-1565.
https://doi.org/10.1126/science.1214914

Kittana, H., Gomes-Neto, J. C., Heck, K., Geis, A. L., Segura Mufioz, R. R., Cody, L. A.,
Schmaltz, R. J., Bindels, L. B., Sinha, R., Hostetter, J. M., Benson, A. K., & Ramer-Tait, A.
E. (2018). Commensal Escherichia coli Strains Can Promote Intestinal Inflammation via
Differential Interleukin-6 Production. Frontiers in Immunology, 9(OCT), 2318.
https://doi.org/10.3389/fimmu.2018.02318

Klewing, A., Koo, B. M., Kriiger, L., Poehlein, A., Reu3, D., Daniel, R., Gross, C. A., & Stiilke,
J. (2020). Resistance to serine in Bacillus subtilis: identification of the serine transporter
YbeC and of a metabolic network that links serine and threonine metabolism.
Environmental Microbiology, 22(9), 3937-3949. https://doi.org/10.1111/1462-2920.15179

Klose, C. S. N., & Artis, D. (2016). Innate lymphoid cells as regulators of immunity,
inflammation and tissue homeostasis. Nature Immunology, 17(7), 765-774.
https://doi.org/10.1038/ni.3489

Knaus, U. G., Hertzberger, R., Pircalabioru, G. G., Yousefi, S. P. M., & Branco Dos Santos, F.
(2017). Pathogen control at the intestinal mucosa - H202 to the rescue. Gut Microbes, 8(1),
67-74. https://doi.org/10.1080/19490976.2017.1279378

Koliada, A., Syzenko, G., Moseiko, V., Budovska, L., Puchkov, K., Perederiy, V., Gavalko, Y.,
Dorofeyev, A., Romanenko, M., Tkach, S., Sineok, L., Lushchak, O., & Vaiserman, A.
(2017). Association between body mass index and Firmicutes/Bacteroidetes ratio in an adult

Ukrainian population. BMC Microbiology, 17(1), 4-9. https://doi.org/10.1186/s12866-017-

154



1027-1
Koo, B., Amarakoon, S. B., Jayaraman, B., Siow, Y. L., Prashar, S., Shang, Y., Karmin, O., &
Nyachoti, C. M. (2021). Effects of dietary red-osier dogwood ( Cornus stolonifera ) on
growth performance, blood profile, ileal morphology, and oxidative status in weaned pigs
challenged with Escherichia coli K88 +. Canadian Journal of Animal Science, 101(1), 96—
105. https://doi.org/10.1139/cjas-2019-0188
Kortman, G. A. M., Boleij, A., Swinkels, D. W., & Tjalsma, H. (2012). Iron availability
increases the pathogenic potential of Salmonella typhimurium and other enteric pathogens
at the intestinal epithelial interface. PLoS ONE, 7(1), 1-7.
https://doi.org/10.1371/journal.pone.0029968
Kortman, G. A. M., Mulder, M. L. M., Richters, T. J. W., Shanmugam, N. K. N., Trebicka, E.,
Boekhorst, J., Timmerman, H. M., Roelofs, R., Wiegerinck, E. T., Laarakkers, C. M.,
Swinkels, D. W., Bolhuis, A., Cherayil, B. J., & Tjalsma, H. (2015). Low dietary iron intake
restrains the intestinal inflammatory response and pathology of enteric infection by food-
borne bacterial pathogens. European Journal of Immunology, 45(9), 2553-2567.
https://doi.org/10.1002/ej1.201545642
Kreuzer, M., & Hardt, W. D. (2020). How Food Affects Colonization Resistance against
Enteropathogenic Bacteria. Annual Review of Microbiology, 74, 787-813.
https://doi.org/10.1146/annurev-micro-020420-013457
Kumar, A., & Sperandio, V. (2019). Indole Signaling at the Host-Microbiota-Pathogen Interface.
MBio, 10(3). https://doi.org/10.1128/mBi0.01031-19
Lang, J. M., Pan, C., Cantor, R. M., Tang, W. H. W., Garcia-Garcia, J. C., Kurtz, 1., Hazen, S. L.,

Bergeron, N., Krauss, R. M., & Lusis, A. J. (2018). Impact of Individual Traits, Saturated

155



Fat, and Protein Source on the Gut Microbiome. MBio, 9(6), 1-14.
https://doi.org/10.1128/mbio.01604-18

Lappan, R., Classon, C., Kumar, S., Singh, O. P., De Almeida, R. V., Chakravarty, J., Kumari,
P., Kansal, S., Sundar, S., & Blackwell, J. M. (2019). Meta-taxonomic analysis of
prokaryotic and eukaryotic gut flora in stool samples from visceral leishmaniasis cases and
endemic controls in Bihar State India. PLoS Neglected Tropical Diseases, 13(9), 1-28.
https://doi.org/10.1371/journal.pntd.0007444

Lavallee, C. M., Lim, D. W., Wizzard, P. R., Mazurak, V. C., Mi, S., Curtis, J. M., Willing, B.
P, Yap,J. Y., Wales, P. W., & Turner, J. M. (2018). Impact of Clinical Use of Parenteral
Lipid Emulsions on Bile Acid Metabolism and Composition in Neonatal Piglets. Journal of
Parenteral and Enteral Nutrition, 0(0), 1-9. https://doi.org/10.1002/jpen.1437

Law, G. K., Bertolo, R. F., Adjiri-Awere, A., Pencharz, P. B., & Ball, R. O. (2007). Adequate
oral threonine is critical for mucin production and gut function in neonatal piglets.
American Journal of Physiology. Gastrointestinal and Liver Physiology, 292(5), G1293-
301. https://doi.org/10.1152/ajpgi.00221.2006

Le Doare, K., Holder, B., Bassett, A., & Pannaraj, P. S. (2018). Mother’s Milk: A Purposeful
Contribution to the Development of the Infant Microbiota and Immunity. Frontiers in
Immunology, 9, 361. https://doi.org/10.3389/fimmu.2018.00361

Lee, D. H., Zo, Y. G., & Kim, S. J. (1996). Nonradioactive method to study genetic profiles of
natural bacterial communities by PCR-single-strand-conformation polymorphism. Applied
and Environmental Microbiology, 62(9), 3112-3120.

Lee, S. H., Lillehoj, H. S., Jang, S. L., Lillehoj, E. P., Min, W., & Bravo, D. M. (2013). Dietary

supplementation of young broiler chickens with Capsicum and turmeric oleoresins increases

156



resistance to necrotic enteritis. British Journal of Nutrition, 110(5), 840—847.
https://doi.org/10.1017/S0007114512006083

Leffler, D. A., & Lamont, J. T. (2015). Clostridium difficile infection. New England Journal of
Medicine, 372(16), 1539—1548. https://doi.org/10.1056/NEJMra1403772

Li, A.-N,, Li, S., Zhang, Y .-J., Xu, X.-R., Chen, Y.-M., & Li, H.-B. (2014). Resources and
Biological Activities of Natural Polyphenols. Nutrients, 6(12), 6020—6047.
https://doi.org/10.3390/nu6126020

Li, H., Limenitakis, J. P., Fuhrer, T., Geuking, M. B., Lawson, M. A., Wyss, M., Brugiroux, S.,
Keller, 1., Macpherson, J. A., Rupp, S., Stolp, B., Stein, J. V., Stecher, B., Sauer, U.,
McCoy, K. D., & Macpherson, A. J. (2015). The outer mucus layer hosts a distinct
intestinal microbial niche. Nature Communications, 6(May), 8292.
https://doi.org/10.1038/ncomms9292

Li, M., Monaco, M. H., Wang, M., Comstock, S. S., Kuhlenschmidt, T. B., Fahey, G. C., Miller,
M. J., Kuhlenschmidt, M. S., & Donovan, S. M. (2014). Human milk oligosaccharides
shorten rotavirus-induced diarrhea and modulate piglet mucosal immunity and colonic
microbiota. ISME Journal, 8(8), 1609—1620. https://doi.org/10.1038/ismej.2014.10

Li, P, Yin, Y., Li, D., Woo Kim, S., & Wu, G. (2007). Amino acids and immune function.
British Journal of Nutrition, 98(02), 237. https://doi.org/10.1017/S000711450769936X

Litvak, Y., Byndloss, M. X., & Béumler, A. J. (2018). Colonocyte metabolism shapes the gut
microbiota. Science (New York, N.Y.), 362(6418). https://doi.org/10.1126/science.aat9076

Liu, A. G., Ford, N. A., Hu, F. B., Zelman, K. M., Mozaffarian, D., & Kris-Etherton, P. M.
(2017). A healthy approach to dietary fats: Understanding the science and taking action to

reduce consumer confusion. Nutrition Journal, 16(1), 1-15. https://doi.org/10.1186/s12937-

157



017-0271-4

Liu, G., Ren, W, Fang, J., Hu, C. A. A., Guan, G., Al-Dhabi, N. A., Yin, J., Duraipandiyan, V.,
Chen, S., Peng, Y., & Yin, Y. (2017). I-Glutamine and I-arginine protect against
enterotoxigenic Escherichia coli infection via intestinal innate immunity in mice. Amino
Acids, 49(12), 1945-1954. https://doi.org/10.1007/s00726-017-2410-9

Liu, Zhibin, Chen, Z., Guo, H., He, D., Zhao, H., Wang, Z., Zhang, W., Liao, L., Zhang, C., Ni,
L., Carloni, P., Tiano, L., Padella, L., Bacchetti, T., Customu, C., Kay, A., Damiani, E.,
Arab, L., Khan, F., ... Fenton, J. (2016). The modulatory effect of infusions of green tea,
oolong tea, and black tea on gut microbiota in high-fat-induced obese mice. Food Funct.,
53, 900-908. https://doi.org/10.1039/C6FO01439A

Liu, Zhuoming, Petersen, R., & Devireddy, L. (2013). Impaired neutrophil function in 24p3 null
mice contributes to enhanced susceptibility to bacterial infections. Journal of Immunology
(Baltimore, Md. : 1950), 190(9), 4692—-4706. https://doi.org/10.4049/jimmunol.1202411

Llewellyn, S. R., Britton, G. J., Contijoch, E. J., Vennaro, O. H., Mortha, A., Colombel, J. F.,
Grinspan, A., Clemente, J. C., Merad, M., & Faith, J. J. (2018). Interactions Between Diet
and the Intestinal Microbiota Alter Intestinal Permeability and Colitis Severity in Mice.
Gastroenterology, 154(4), 1037-1046.e2. https://doi.org/10.1053/j.gastro.2017.11.030

Loonen, L. M. P., Stolte, E. H., Jaklofsky, M. T. J., Meijerink, M., Dekker, J., van Baarlen, P., &
Wells, J. M. (2014). REG3y-deficient mice have altered mucus distribution and increased
mucosal inflammatory responses to the microbiota and enteric pathogens in the ileum.
Mucosal Immunology, 7(4), 939-947. https://doi.org/10.1038/mi.2013.109

Lopez, C. A., Miller, B. M., Rivera-Chavez, F., Velazquez, E. M., Byndloss, M. X., Chavez-

Arroyo, A., Lokken, K. L., Tsolis, R. M., Winter, S. E., & Baumler, A. J. (2016). Virulence

158



factors enhance Citrobacter rodentium expansion through aerobic respiration. Science,
353(6305), 1249-1253. https://doi.org/10.1126/science.aag3042

Louca, S., Polz, M. F., Mazel, F., Albright, M. B. N., Huber, J. A., O’Connor, M. 1., Ackermann,
M., Hahn, A. S., Srivastava, D. S., Crowe, S. A., Doebeli, M., & Parfrey, L. W. (2018).
Function and functional redundancy in microbial systems. Nature Ecology and Evolution,
2(6), 936-943. https://doi.org/10.1038/s41559-018-0519-1

Louis, N. A., Hamilton, K. E., Canny, G., Shekels, L. L., Ho, S. B., & Colgan, S. P. (2006).
Selective induction of mucin-3 by hypoxia in intestinal epithelia. Journal of Cellular
Biochemistry, 99(6), 1616—1627. https://doi.org/10.1002/jcb.20947

Lovisa, H. L., Dorota, K., Elin, S., Mikael, B., Merichel, P., Charlotta, T., Cecilia, H., Frida, F.,
& Karin, B. (2016). Lingonberries alter the gut microbiota and prevent low-grade
inflammation in high-fat diet fed mice. Food and Nutrition Research, 60, 1-14.
https://doi.org/10.3402/fnr.v60.29993

Lucas Lopez, R., Grande Burgos, M. J., Galvez, A., & Pérez Pulido, R. (2016). The human
gastrointestinal tract and oral microbiota in inflammatory bowel disease: a state of the
science review. APMIS : Acta Pathologica, Microbiologica, et Immunologica Scandinavica,
1-8. https://doi.org/10.1111/apm.12609

Luis, A., Domingues, F., Pereira, L., & Luis, A. (2017). Can Cranberries Contribute to Reduce
the Incidence of Urinary Tract Infections? A Systematic Review with Meta-Analysis and
Trial Sequential Analysis of Clinical Trials. Journal of Urology, 198(3), 614—621.
https://doi.org/10.1016/j.juro.2017.03.078

Lurz, E., Horne, R. G., Méittinen, P., Wu, R. Y., Botts, S. R., Li, B., Rossi, L., Johnson-Henry,

K. C., Pierro, A., Surette, M. G., & Sherman, P. M. (2020). Vitamin B12 Deficiency Alters

159



the Gut Microbiota in a Murine Model of Colitis. Frontiers in Nutrition, 7(June), 1-12.
https://doi.org/10.3389/fnut.2020.00083

Ma, N., Tian, Y., Wu, Y., & Ma, X. (2017). Contributions of the Interaction Between Dietary
Protein and Gut Microbiota to Intestinal Health. Current Protein & Peptide Science, 18(8),
795-808. https://doi.org/10.2174/1389203718666170216153505

Makki, K., Deehan, E. C., Walter, J., & Bickhed, F. (2018a). The Impact of Dietary Fiber on Gut
Microbiota in Host Health and Disease. Cell Host & Microbe, 23(6), 705-715.
https://doi.org/10.1016/j.chom.2018.05.012

Makki, K., Deehan, E. C., Walter, J., & Bickhed, F. (2018b). The Impact of Dietary Fiber on
Gut Microbiota in Host Health and Disease. Cell Host & Microbe, 23(6), 705-715.
https://doi.org/10.1016/j.chom.2018.05.012

Mallott, E. K., & Amato, K. R. (2021). Host specificity of the gut microbiome. Nature Reviews
Microbiology, 19(10), 639-653. https://doi.org/10.1038/s41579-021-00562-3

Manthey, C. F., Autran, C. A., Eckmann, L., & Bode, L. (2014). Human milk oligosaccharides
protect against enteropathogenic Escherichia coli attachment in vitro and EPEC
colonization in suckling mice. Journal of Pediatric Gastroenterology and Nutrition, 58(2),
165-168. https://doi.org/10.1097/MPG.0000000000000172

Mantis, N. J., Rol, N., & Corthésy, B. (2011). Secretory IgA’s complex roles in immunity and
mucosal homeostasis in the gut. Mucosal Immunology, 4(6), 603—611.
https://doi.org/10.1038/mi.2011.41

Manzel, A., Muller, D. N., Hafler, D. A., Erdman, S. E., Linker, R. A., & Kleinewietfeld, M.
(2014). Role of “Western Diet” in Inflammatory Autoimmune Diseases. Current Allergy

and Asthma Reports, 14(1), 404. https://doi.org/10.1007/s11882-013-0404-6

160



Marfella, R., Quagliaro, L., Nappo, F., Ceriello, A., & Giugliano, D. (2001). Acute
hyperglycemia induces an oxidative stress in healthy subjects. Journal of Clinical
Investigation, 108(4), 635—-636. https://doi.org/10.1172/JCI13727

Marinangeli, C. P. F., & Jones, P. J. H. (2011). Whole and fractionated yellow pea flours reduce
fasting insulin and insulin resistance in hypercholesterolaemic and overweight human
subjects. British Journal of Nutrition, 105(01), 110-117.
https://doi.org/10.1017/S0007114510003156

Marks, E., Naudin, C., Nolan, G., Goggins, B. J., Burns, G., Mateer, S. W., Latimore, J. K.,
Minahan, K., Plank, M., Foster, P. S., Callister, R., Veysey, M., Walker, M. M., Talley, N.
J., Radford-Smith, G., & Keely, S. (2017). Regulation of IL-12p40 by HIF controls
Th1/Th17 responses to prevent mucosal inflammation. Mucosal Immunology, 10(5), 1224~
1236. https://doi.org/10.1038/mi.2016.135

Martens, E. C., Neumann, M., & Desai, M. S. (2018). Interactions of commensal and pathogenic
microorganisms with the intestinal mucosal barrier. Nature Reviews Microbiology, 16(8),
457-470. https://doi.org/10.1038/s41579-018-0036-x

Martinez-Medina, M., Denizot, J., Dreux, N., Robin, F., Billard, E., Bonnet, R., Darfeuille-
Michaud, A., & Barnich, N. (2014). Western diet induces dysbiosis with increased e coli in
CEABACI10 mice, alters host barrier function favouring AIEC colonisation. Gut, 63(1),
116-124. https://doi.org/10.1136/gutjnl-2012-304119

Martinez Arbizu, P. (2017). pairwiseAdonis: Pairwise multilevel comparison using adonis. (R
package version 0.0.1.).

Martino, G. P., Perez, C. E., Magni, C., & Blancato, V. S. (2018). Implications of the expression

of Enterococcus faecalis citrate fermentation genes during infection. PLoS ONE, 13(10), 1—

161



18. https://doi.org/10.1371/journal.pone.0205787

Matijasi¢, M., Mestrovi¢, T., Paljetak, H. C., Peri¢, M., Baresi¢, A., & Verbanac, D. (2020). Gut
microbiota beyond bacteria-mycobiome, virome, archacome, and eukaryotic parasites in
IBD. International Journal of Molecular Sciences, 21(8), 1-21.
https://doi.org/10.3390/ijms21082668

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., Desantis, T. Z., Probst, A., Andersen,
G. L., Knight, R., & Hugenholtz, P. (2012). An improved Greengenes taxonomy with
explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME
Journal, 6(3), 610-618. https://doi.org/10.1038/ismej.2011.139

McMurdie, P. J., & Holmes, S. (2013). phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PloS One, 8(4), €61217.
https://doi.org/10.1371/journal.pone.0061217

Menendez, A., Willing, B. P., Montero, M., Wlodarska, M., So, C. C., Bhinder, G., Vallance, B.
A., & Finlay, B. B. (2013). Bacterial stimulation of the TLR-MyD88 pathway modulates
the homeostatic expression of ileal paneth cell a-defensins. Journal of Innate Immunity,
5(1), 39-49. https://doi.org/10.1159/000341630

Mergenthaler, P., Lindauer, U., Dienel, G. A., & Meisel, A. (2013). Sugar for the brain: the role
of glucose in physiological and pathological brain function. Trends in Neurosciences,
36(10), 587-597. https://doi.org/10.1016/].tins.2013.07.001

Mezrich, J. D., Fechner, J. H., Zhang, X., Johnson, B. P., Burlingham, W. J., & Bradfield, C. A.
(2010). An interaction between kynurenine and the aryl hydrocarbon receptor can generate
regulatory T cells. Journal of Immunology (Baltimore, Md. : 1950), 185(6), 3190-3198.

https://doi.org/10.4049/jimmunol.0903670

162



Monagas, M., Urpi-Sarda, M., Sanchez-Patan, F., Llorach, R., Garrido, 1., Gomez-Cordovés, C.,
Andres-Lacueva, C., & Bartolomé, B. (2010). Insights into the metabolism and microbial
biotransformation of dietary flavan-3-ols and the bioactivity of their metabolites. Food &
Function, 1(3), 233. https://doi.org/10.1039/c0fo00132¢

Monk, J. M., Lepp, D., Wu, W., Graf, D., McGillis, L. H., Hussain, A., Carey, C., Robinson, L.
E., Liy, R., Tsao, R., Brummer, Y., Tosh, S. M., & Power, K. A. (2017). Chickpea-
supplemented diet alters the gut microbiome and enhances gut barrier integrity in C57B1/6
male mice. Journal of Functional Foods, 38, 663—674.
https://doi.org/10.1016/;.j££.2017.02.002

Mottaghi, A., Yeganeh, M. Z. ari., Golzarand, M., Jambarsang, S., & Mirmiran, P. (2016).
Efficacy of glutamine-enriched enteral feeding formulae in critically ill patients: a
systematic review and meta-analysis of randomized controlled trials. Asia Pacific Journal of
Clinical Nutrition, 25(3), 504-512. https://doi.org/10.6133/apjcn.092015.24

Mullineaux-Sanders, C., Collins, J. W., Ruano-Gallego, D., Levy, M., Pevsner-Fischer, M.,
Glegola-Madejska, I. T., Sagfors, A. M., Wong, J. L. C., Elinav, E., Crepin, V. F., &
Frankel, G. (2017). Citrobacter rodentium Relies on Commensals for Colonization of the
Colonic Mucosa. Cell Reports, 21(12), 3381-3389.
https://doi.org/10.1016/j.celrep.2017.11.086

Mussatto, S. 1., & Mancilha, I. M. (2007). Non-digestible oligosaccharides: A review.
Carbohydrate Polymers, 68(3), 587-597. https://doi.org/10.1016/j.carbpol.2006.12.011

Nahvi, A., Barrick, J. E., & Breaker, R. R. (2004). Coenzyme B12 riboswitches are widespread
genetic control elements in prokaryotes. Nucleic Acids Research, 32(1), 143—150.

https://doi.org/10.1093/nar/gkh167

163



Nakamura, A., Kurihara, S., Takahashi, D., Ohashi, W., Nakamura, Y., Kimura, S., Onuki, M.,
Kume, A., Sasazawa, Y., Furusawa, Y., Obata, Y., Fukuda, S., Saiki, S., Matsumoto, M., &
Hase, K. (2021). Symbiotic polyamine metabolism regulates epithelial proliferation and
macrophage differentiation in the colon. Nature Communications, 12(1), 1-14.
https://doi.org/10.1038/s41467-021-22212-1

Nakamura, A., Ooga, T., & Matsumoto, M. (2019). Intestinal luminal putrescine is produced by
collective biosynthetic pathways of the commensal microbiome. Gut Microbes, 10(2), 159—
171. https://doi.org/10.1080/19490976.2018.1494466

Nation Research Council (US) Subcommittee on Laboratory Animal Nutrition. (1995). Nutrient
requirements of laboratory animals (4th ed.). National Academies Press.
https://www.ncbi.nlm.nih.gov/books/NBK231918/

Natoli, M., Felsani, A., Ferruzza, S., Sambuy, Y., Canali, R., & Scarino, M. L. (2009).
Mechanisms of defence from Fe(II) toxicity in human intestinal Caco-2 cells. Toxicology in
Vitro, 23(8), 1510-1515. https://doi.org/10.1016/j.tiv.2009.06.016

Nguyen, N. D., Van Dang, P, Le, A. Q., Nguyen, T. K. L., Pham, D. H., Van Nguyen, N., &
Nguyen, Q. H. (2017). Effect of oligochitosan and oligo-p-glucan supplementation on
growth, innate immunity, and disease resistance of striped catfish (Pangasianodon
hypophthalmus). Biotechnology and Applied Biochemistry, 64(4), 564-571.
https://doi.org/10.1002/bab.1513

Nicolosi, D., Tempera, G., Genovese, C., & Furneri, P. (2014). Anti-Adhesion Activity of A2-
type Proanthocyanidins (a Cranberry Major Component) on Uropathogenic E. coli and P.
mirabilis Strains. Antibiotics, 3(2), 143—154. https://doi.org/10.3390/antibiotics3020143

O’Leary, N. A., Wright, M. W., Brister, J. R, Ciufo, S., Haddad, D., McVeigh, R., Rajput, B.,

164



Robbertse, B., Smith-White, B., Ako-Adjei, D., Astashyn, A., Badretdin, A., Bao, Y.,
Blinkova, O., Brover, V., Chetvernin, V., Choi, J., Cox, E., Ermolaeva, O., ... Pruitt, K. D.
(2016). Reference sequence (RefSeq) database at NCBI: current status, taxonomic
expansion, and functional annotation. Nucleic Acids Research, 44(D1), D733-45.
https://doi.org/10.1093/nar/gkv1189

Ochi, T., Feng, Y., Kitamoto, S., Nagao-Kitamoto, H., Kuffa, P., Atarashi, K., Honda, K.,
Teitelbaum, D. H., & Kamada, N. (2016). Diet-dependent, microbiota-independent
regulation of IL-10-producing lamina propria macrophages in the small intestine. Scientific
Reports, 6(May), 1-12. https://doi.org/10.1038/srep27634

Opapeju, F. O., Krause, D. O., Payne, R. L., Rademacher, M., & Nyachoti, C. M. (2009). Effect
of dietary protein level on growth performance, indicators of enteric health, and
gastrointestinal microbial ecology of weaned pigs induced with postweaning colibacillosis.
Journal of Animal Science, 87(8), 2635-2643. https://doi.org/10.2527/jas.2008-1310

Oshikiri, Y., Nara, H., Takeda, Y., Araki, A., Nemoto, N., Gazi, M. Y., Saito, S., Saitoh, S.,
Nakajima, O., & Asao, H. (2019). Interleukin-12p40 variant form reduces Interleukin-
12p80 secretion. Cytokine, 120(December 2018), 251-257.
https://doi.org/10.1016/j.cyt0.2019.05.017

Pandey, K. B., & Rizvi, S. I. (2009). Plant polyphenols as dietary antioxidants in human health
and disease. Oxidative Medicine and Cellular Longevity, 2(5), 270-278.
https://doi.org/10.4161/0xim.2.5.9498

Paone, P., & Cani, P. D. (2020). Mucus barrier, mucins and gut microbiota: the expected slimy
partners? Gut, 69(12), 2232-2243. https://doi.org/10.1136/gutjnl-2020-322260

Park, Y., Subar, A. F., Hollenbeck, A., & Schatzkin, A. (2011). Dietary fiber intake and

165



mortality in the NIH-AARP diet and health study. Archives of Internal Medicine, 171(12),
1061-1068. https://doi.org/10.1001/archinternmed.2011.18

Perez-Lopez, A., Nuccio, S.-P., Ushach, 1., Edwards, R. A., Pahu, R., Silva, S., Zlotnik, A., &
Raffatellu, M. (2019). CRTAM Shapes the Gut Microbiota and Enhances the Severity of
Infection. Journal of Immunology (Baltimore, Md. : 1950), 203(2), 532-543.
https://doi.org/10.4049/jimmunol.1800890

Peron, G., Sut, S., Pellizzaro, A., Brun, P., Voinovich, D., Castagliuolo, I., & Dall’Acqua, S.
(2017). The antiadhesive activity of cranberry phytocomplex studied by metabolomics:
Intestinal PAC-A metabolites but not intact PAC-A are identified as markers in active
urines against uropathogenic Escherichia coli. Fitoterapia, 122(June), 67-75.
https://doi.org/10.1016/j.fitote.2017.08.014

Pickard, J. M., & Chervonsky, A. V. (2015). Intestinal fucose as a mediator of host-microbe
symbiosis. Journal of Immunology (Baltimore, Md. : 1950), 194(12), 5588-5593.
https://doi.org/10.4049/jimmunol. 1500395

Pine, G. M., Batugedara, H. M., & Nair, M. G. (2018). Here, there and everywhere: Resistin-like
molecules in infection, inflammation, and metabolic disorders. Cytokine, 110(April), 442—
451. https://doi.org/10.1016/j.cyt0.2018.05.014

Pointon, J. A., Smith, W. D., Saalbach, G., Crow, A., Kehoe, M. A., & Banfield, M. J. (2010a).
A highly unusual thioester bond in a pilus adhesin is required for efficient host cell
interaction. Journal of Biological Chemistry, 285(44), 33858-33866.
https://doi.org/10.1074/jbc.M110.149385

Pointon, J. A., Smith, W. D., Saalbach, G., Crow, A., Kehoe, M. A., & Banfield, M. J. (2010b).

A highly unusual thioester bond in a pilus adhesin is required for efficient host cell

166



interaction. The Journal of Biological Chemistry, 285(44), 33858-33866.
https://doi.org/10.1074/jbc.M110.149385

Popkin, B. M., Adair, L., Akin, J. S., Black, R., Briscoe, J., & Flieger, W. (1990). Breast-feeding
and diarrheal morbidity. Pediatrics, 86(6), 874-882. https://doi.org/10.1542/peds.108.4.e67

Pruss, K. M., Marcobal, A., Southwick, A. M., Dahan, D., Smits, S. A., Ferreyra, J. A.,
Higginbottom, S. K., Sonnenburg, E. D., Kashyap, P. C., Choudhury, B., Bode, L., &
Sonnenburg, J. L. (2021). Mucin-derived O-glycans supplemented to diet mitigate diverse
microbiota perturbations. ISME Journal, 15(2), 577-591. https://doi.org/10.1038/s41396-
020-00798-6

Qiu, J., Heller, J. J., Guo, X., Chen, Z. E., Fish, K., Fu, Y.-X., & Zhou, L. (2012). The aryl
hydrocarbon receptor regulates gut immunity through modulation of innate lymphoid cells.
Immunity, 36(1), 92—104. https://doi.org/10.1016/j.immuni.2011.11.011

Queiroz-Monici, K. D. S., Costa, G. E. A., Da Silva, N., Reis, S. M. P. M., & De Oliveira, A. C.
(2005). Bifidogenic effect of dietary fiber and resistant starch from leguminous on the
intestinal microbiota of rats. Nutrition, 21(5), 602—608.
https://doi.org/10.1016/j.nut.2004.09.019

Quifer-Rada, P., Choy, Y. Y., Calvert, C. C., Waterhouse, A. L., & Lamuela-Raventos, R. M.
(2016). Use of metabolomics and lipidomics to evaluate the hypocholestreolemic effect of
Proanthocyanidins from grape seed in a pig model. Molecular Nutrition and Food
Research, 60(10), 2219-2227. https://doi.org/10.1002/mnfr.201600190

Quin, C., & Gibson, D. L. (2019). Dietary Lipids and Enteric Infection in Rodent Models. In The
Molecular Nutrition of Fats (pp. 49-64). Elsevier. https://doi.org/10.1016/B978-0-12-

811297-7.00004-4

167



Raffatellu, M., Santos, R. L., Verhoeven, D. E., George, M. D., Wilson, R. P., Winter, S. E.,
Godinez, 1., Sankaran, S., Paixao, T. A., Gordon, M. A., Kolls, J. K., Dandekar, S., &
Bédumler, A. J. (2008). Simian immunodeficiency virus-induced mucosal interleukin-17
deficiency promotes Salmonella dissemination from the gut. Nature Medicine, 14(4), 421—
428. https://doi.org/10.1038/nm1743

Raina, J. B., Eme, L., Pollock, F. J., Spang, A., Archibald, J. M., & Williams, T. A. (2018).
Symbiosis in the microbial world: from ecology to genome evolution. Biology Open, 7(2),
5-8. https://doi.org/10.1242/bi0.032524

Rao, C., Coyte, K. Z., Bainter, W., Geha, R. S., Martin, C. R., & Rakoff-Nahoum, S. (2021).
Multi-kingdom ecological drivers of microbiota assembly in preterm infants. Nature,
591(7851), 633—638. https://doi.org/10.1038/s41586-021-03241-8

Rao, S. S. C.,, Yu, S., & Fedewa, A. (2015). Systematic review: Dietary fibre and FODMAP-
restricted diet in the management of constipation and irritable bowel syndrome. Alimentary
Pharmacology and Therapeutics, 41(12), 1256—1270. https://doi.org/10.1111/apt.13167

Ren, W., Chen, S., Yin, J., Duan, J., Li, T., Liu, G., Feng, Z., Tan, B., Yin, Y., & Wu, G. (2014).
Dietary Arginine Supplementation of Mice Alters the Microbial Population and Activates
Intestinal Innate Immunity. Journal of Nutrition, 144(6), 988—995.
https://doi.org/10.3945/jn.114.192120

Ren, Wenkai, Duan, J., Yin, J., Liu, G., Cao, Z., Xiong, X., Chen, S., Li, T., Yin, Y., Hou, Y., &
Wu, G. (2014). Dietary 1-glutamine supplementation modulates microbial community and
activates innate immunity in the mouse intestine. Amino Acids, 46(10), 2403-2413.
https://doi.org/10.1007/s00726-014-1793-0

Ren, Wenkai, Rajendran, R., Zhao, Y., Tan, B., Wu, G., Bazer, F. W., Zhu, G., Peng, Y., Huang,

168



X., Deng, J., & Yin, Y. (2018). Amino acids as mediators of metabolic cross talk between
host and pathogen. Frontiers in Immunology, 9(FEB).
https://doi.org/10.3389/fimmu.2018.00319

Richards, A. B., Krakowka, S., Dexter, L. B., Schmid, H., Wolterbeek, A. P. M., Waalkens-
Berendsen, D. H., Shigoyuki, A., & Kurimoto, M. (2002). Trehalose: A review of
properties, history of use and human tolerance, and results of multiple safety studies. Food
and Chemical Toxicology, 40(7), 871-898. https://doi.org/10.1016/S0278-6915(02)00011-X

Ridlon, J. M., Wolf, P. G., & Gaskins, H. R. (2016). Taurocholic acid metabolism by gut
microbes and colon cancer. Gut Microbes, 7(3), 201-215.
https://doi.org/10.1080/19490976.2016.1150414

Rivera-Chévez, F., Zhang, L. F., Faber, F., Lopez, C. A., Byndloss, M. X., Olsan, E. E., Xu, G.,
Velazquez, E. M., Lebrilla, C. B., Winter, S. E., & Baumler, A. J. (2016). Depletion of
butyrate-producing Clostridia from the gut microbiota drives an aerobic luminal expansion
of Salmonella. Cell Host and Microbe, 19(4), 443—454.
https://doi.org/10.1016/j.chom.2016.03.004

Roager, H. M., & Licht, T. R. (2018). Microbial tryptophan catabolites in health and disease.
Nature Communications, 9(1), 1-10. https://doi.org/10.1038/s41467-018-05470-4

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé¢, F. (2016). VSEARCH: a versatile open
source tool for metagenomics. Peer.J, 4, €2584. https://doi.org/10.7717/peerj.2584

Rondanelli, M., Miccono, A., Lamburghini, S., Avanzato, 1., Riva, A., Allegrini, P., Faliva, M.
A., Peroni, G., Nichetti, M., & Perna, S. (2018). Self-Care for Common Colds: The Pivotal
Role of Vitamin D, Vitamin C, Zinc, and Echinacea in Three Main Immune Interactive

Clusters (Physical Barriers, Innate and Adaptive Immunity) Involved during an Episode of

169



Common Colds - Practical Advice on Dosages . Evidence-Based Complementary and
Alternative Medicine, 2018. https://doi.org/10.1155/2018/5813095

Ross, C. L., Spinler, J. K., & Savidge, T. C. (2016). Structural and functional changes within the
gut microbiota and susceptibility to Clostridium difficile infection. Anaerobe, 41, 37-43.
https://doi.org/10.1016/j.anaerobe.2016.05.006

Rowley, C. A., & Kendall, M. M. (2019). To B12 or not to B12: Five questions on the role of
cobalamin in host-microbial interactions. PLoS Pathogens, 15(1), e1007479.
https://doi.org/10.1371/journal.ppat.1007479

Sader, H. S., Castanheira, M., Mendes, R. E., & Flamm, R. K. (2018). Frequency and
antimicrobial susceptibility of Gram-negative bacteria isolated from patients with
pneumonia hospitalized in ICUs of US medical centres (2015-17). Journal of Antimicrobial
Chemotherapy, 73(11), 3053-3059. https://doi.org/10.1093/jac/dky279

Sanchez, K. K., Chen, G. Y., Schieber, A. M. P., Redford, S. E., Shokhirev, M. N., Leblanc, M.,
Lee, Y. M., & Ayres, J. S. (2018). Cooperative Metabolic Adaptations in the Host Can
Favor Asymptomatic Infection and Select for Attenuated Virulence in an Enteric Pathogen.
Cell, 175(1), 146-158.e15. https://doi.org/10.1016/j.cell.2018.07.016

Schifer, G., Schenk, U., Ritzel, U., Ramadori, G., & Leonhardt, U. (2003). Comparison of the
effects of dried peas with those of potatoes in mixed meals on postprandial glucose and
insulin concentrations in patients with type 2 diabetes. American Journal of Clinical
Nutrition, 78(1), 99-103 5p.
http://search.ebscohost.com/login.aspx?direct=true&db=jlh& AN=106716974&site=ehost-
live

Schroeder, B. O., Birchenough, G. M. H., Stahlman, M., Arike, L., Johansson, M. E. V.,

170



Hansson, G. C., & Bickhed, F. (2017). Bifidobacteria or fiber protects against diet-induced
microbiota-mediated colonic mucus deterioration. Cell Host & Microbe, 1-14.
https://doi.org/10.1016/j.chom.2017.11.004

Scott, W. M., Burgus, R. C., Hufham, J. B., & Pfiffner, J. J. (1964). Microbial degradation of

corrinoids. Journal of Bacteriology, 88(3), 581-585. https://doi.org/10.1128/jb.88.3.581-
585.1964

Sender, R., Fuchs, S., & Milo, R. (2016). Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PLoS Biology, 14(8), 1-14.
https://doi.org/10.1371/journal.pbio.1002533

Seregin, S. S., Golovchenko, N., Schaf, B., Chen, J., Pudlo, N. A., Mitchell, J., Baxter, N. T.,
Zhao, L., Schloss, P. D., Martens, E. C., Eaton, K. A., & Chen, G. Y. (2017). NLRP6
Protects I110-/- Mice from Colitis by Limiting Colonization of Akkermansia muciniphila.
Cell Reports, 19(4), 733—745. https://doi.org/10.1016/j.celrep.2017.03.080

Shao, Y., Wang, Z., Tian, X., Guo, Y., & Zhang, H. (2016). Yeast 3-d-glucans induced
antimicrobial peptide expressions against Salmonella infection in broiler chickens.
International Journal of Biological Macromolecules, 85, 573-584.
https://doi.org/10.1016/j.ijbiomac.2016.01.031

Shenkin, A. (2006). Micronutrients in health and disease. Postgraduate Medical Journal,
82(971), 559-567. https://doi.org/10.1136/pgmj.2006.047670

Shi, Z., Wu, X., Santos Rocha, C., Rolston, M., Garcia-Melchor, E., Huynh, M., Nguyen, M.,
Law, T., Haas, K. N., Yamada, D., Millar, N. L., Wan, Y. J. Y., Dandekar, S., & Hwang, S.
T. (2021). Short-Term Western Diet Intake Promotes IL.-23—Mediated Skin and Joint

Inflammation Accompanied by Changes to the Gut Microbiota in Mice. Journal of

171



Investigative Dermatology, 1-12. https://doi.org/10.1016/j.jid.2020.11.032

Shilling, M., Matt, L., Rubin, E., Visitacion, M. P., Haller, N. A., Grey, S. F., & Woolverton, C.
J. (2013). Antimicrobial Effects of Virgin Coconut Oil and Its Medium-Chain Fatty Acids
on Clostridium difficile. Journal of Medicinal Food, 16(12), 1079—-1085.
https://doi.org/10.1159/000380756

Sicard, J.-F., Le Bihan, G., Vogeleer, P., Jacques, M., & Harel, J. (2017). Interactions of
Intestinal Bacteria with Components of the Intestinal Mucus. Frontiers in Cellular and
Infection Microbiology, 7(September). https://doi.org/10.3389/fcimb.2017.00387

Singh, H., Nugent, Z., Yu, B. N,, Lix, L. M., Targownik, L. E., & Bernstein, C. N. (2017).
Higher Incidence of Clostridium difficile Infection Among Individuals With Inflammatory
Bowel Disease. Gastroenterology, 153(2), 430-438.e2.
https://doi.org/10.1053/j.gastro.2017.04.044

Singh, N., Gurav, A., Sivaprakasam, S., Brady, E., Padia, R., Shi, H., Thangaraju, M., Prasad, P.
D., Manicassamy, S., Munn, D. H., Lee, J. R., Offermanns, S., & Ganapathy, V. (2014).
Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate,
suppresses colonic inflammation and carcinogenesis. Immunity, 40(1), 128—139.
https://doi.org/10.1016/j.immuni.2013.12.007

Singh, R. K., Chang, H.-W., Yan, D., Lee, K. M., Ucmak, D., Wong, K., Abrouk, M., Farahnik,
B., Nakamura, M., Zhu, T. H., Bhutani, T., & Liao, W. (2017). Influence of diet on the gut
microbiome and implications for human health. Journal of Translational Medicine, 15(1),
73. https://doi.org/10.1186/s12967-017-1175-y

Singh, S. P., Jadaun, J. S., Narnoliya, L. K., & Pandey, A. (2017). Prebiotic Oligosaccharides:

Special Focus on Fructooligosaccharides, Its Biosynthesis and Bioactivity. Applied

172



Biochemistry and Biotechnology, 183(2), 613—635. https://doi.org/10.1007/s12010-017-
2605-2

Skrypnik, K., & Suliburska, J. (2018). Association between the gut microbiota and mineral
metabolism. Journal of the Science of Food and Agriculture, 98(7), 2449-2460.
https://doi.org/10.1002/jsfa.8724

Slavin, J. (2013). Fiber and prebiotics: mechanisms and health benefits. Nutrients, 5(4), 1417—
1435. https://doi.org/10.3390/nu5041417

Soares, E., Soares, A. C., Trindade, P. L., Monteiro, E. B., Martins, F. F., Forgie, A. J., Inada, K.
O.P., de Bem, G. F., Resende, A., Perrone, D., Souza-Mello, V., Tomas-Barberan, F.,
Willing, B. P., Monteiro, M., & Daleprane, J. B. (2021). Jaboticaba (Myrciaria jaboticaba)
powder consumption improves the metabolic profile and regulates gut microbiome
composition in high-fat diet-fed mice. Biomedicine & Pharmacotherapy, 144, 112314.
https://doi.org/10.1016/j.biopha.2021.112314

Sokolovskaya, O. M., Shelton, A. N., & Taga, M. E. (2020). Sharing vitamins: Cobamides unveil
microbial interactions. Science (New York, N.Y.), 369(6499).
https://doi.org/10.1126/science.aba0165

Soldati, L., Di Renzo, L., Jirillo, E., Ascierto, P. A., Marincola, F. M., & De Lorenzo, A. (2018).
The influence of diet on anti-cancer immune responsiveness. Journal of Translational
Medicine, 16(1), 75. https://doi.org/10.1186/s12967-018-1448-0

Souza, D. da S., Tahan, S., Weber, T. K., Araujo-Filho, H. B. de, & de Morais, M. B. (2018).
Randomized, Double-Blind, Placebo-Controlled Parallel Clinical Trial Assessing the Effect
of Fructooligosaccharides in Infants with Constipation. Nutrients, 10(11).

https://doi.org/10.3390/nu10111602

173



Sridhar, A., Ponnuchamy, M., Kumar, P. S., Kapoor, A., Vo, D. V. N., & Prabhakar, S. (2021).
Techniques and modeling of polyphenol extraction from food: a review. In Environmental
Chemistry Letters (Vol. 19, Issue 4). Springer International Publishing.
https://doi.org/10.1007/s10311-021-01217-8

Stecher, B. (2015). The Roles of Inflammation, Nutrient Availability and the Commensal
Microbiota in Enteric Pathogen Infection. Metabolism and Bacterial Pathogenesis, 297—
320. https://doi.org/10.1128/microbiolspec. MBP-0008-2014

Suares, N. C., & Ford, A. C. (2011). Systematic review: The effects of fibre in the management
of chronic idiopathic constipation. Alimentary Pharmacology and Therapeutics, 33(8), 895—
901. https://doi.org/10.1111/j.1365-2036.2011.04602.x

Taira, T., Yamaguchi, S., Takahashi, A., Okazaki, Y., Yamaguchi, A., Sakaguchi, H., & Chiji, H.
(2015). Dietary polyphenols increase fecal mucin and immunoglobulin A and ameliorate the
disturbance in gut microbiota caused by a high fat diet. Journal of Clinical Biochemistry
and Nutrition, 57(3), 212-216. https://doi.org/10.3164/jcbn.15-15

Tan, J., McKenzie, C., Potamitis, M., Thorburn, A. N., Mackay, C. R., & Macia, L. (2014). The
role of short-chain fatty acids in health and disease. In Advances in Immunology (1st ed.,
Vol. 121). Elsevier Inc. https://doi.org/10.1016/B978-0-12-800100-4.00003-9

Tanaka, M., Honda, Y., Miwa, S., Akahori, R., & Matsumoto, K. (2019). Comparison of the
Effects of Roasted and Boiled Red Kidney Beans ( Phaseolus vulgaris L.) on Glucose/Lipid
Metabolism and Intestinal Immunity in a High-Fat Diet-Induced Murine Obesity Model.
Journal of Food Science, 84(5), 1180—-1187. https://doi.org/10.1111/1750-3841.14583

Teng, M. W. L., Bowman, E. P., McElwee, J. J., Smyth, M. J., Casanova, J.-L., Cooper, A. M.,

& Cua, D. J. (2015). IL-12 and IL-23 cytokines: from discovery to targeted therapies for

174



immune-mediated inflammatory diseases. Nature Medicine, 21(7), 719-729.
https://doi.org/10.1038/nm.3895

Thaiss, C. A., Levy, M., Grosheva, 1., Zheng, D., Soffer, E., Blacher, E., Braverman, S.,
Tengeler, A. C., Barak, O., Elazar, M., Ben-Zeev, R., Lehavi-Regev, D., Katz, M. N.,
Pevsner-Fischer, M., Gertler, A., Halpern, Z., Harmelin, A., Aamar, S., Serradas, P., ...
Elinav, E. (2018a). Hyperglycemia drives intestinal barrier dysfunction and risk for enteric
infection. Science (New York, N.Y.), 359(6382), 1376—1383.
https://doi.org/10.1126/science.aar3318

Thaiss, C. A., Levy, M., Grosheva, 1., Zheng, D., Soffer, E., Blacher, E., Braverman, S.,
Tengeler, A. C., Barak, O., Elazar, M., Ben-Zeev, R., Lehavi-Regev, D., Katz, M. N.,
Pevsner-Fischer, M., Gertler, A., Halpern, Z., Harmelin, A., Aamar, S., Serradas, P., ...
Elinav, E. (2018b). Hyperglycemia drives intestinal barrier dysfunction and risk for enteric
infection. Science, 1383(March), eaar3318. https://doi.org/10.1126/science.aar3318

Thiemann, S., Smit, N., Roy, U., Lesker, T. R., Gélvez, E. J. C., Helmecke, J., Basic, M., Bleich,
A., Goodman, A. L., Kalinke, U., Flavell, R. A., Erhardt, M., & Strowig, T. (2017).
Enhancement of IFNy Production by Distinct Commensals Ameliorates Salmonella-Induced
Disease. Cell Host & Microbe, 21(6), 682-694.¢5.
https://doi.org/10.1016/j.chom.2017.05.005

Tian, L., Tan, Y., Chen, G., Wang, G., Sun, J., Ou, S., Chen, W., & Bai, W. (2019). Metabolism
of anthocyanins and consequent effects on the gut microbiota. Critical Reviews in Food
Science and Nutrition, 59(6), 982-991. https://doi.org/10.1080/10408398.2018.1533517

Tian, X., Shao, Y., Wang, Z., & Guo, Y. (2016). Effects of dietary yeast B-glucans

supplementation on growth performance, gut morphology, intestinal Clostridium

175



perfringens population and immune response of broiler chickens challenged with necrotic
enteritis. Animal Feed Science and Technology, 215(2), 144—155.
https://doi.org/10.1016/j.anifeedsci.2016.03.009

Tkacz, A., Hortala, M., & Poole, P. S. (2018). Absolute quantitation of microbiota abundance in
environmental samples. Microbiome, 6(1), 1-13. https://doi.org/10.1186/s40168-018-0491-
7

Tofalo, R., Cocchi, S., & Suzzi, G. (2019). Polyamines and Gut Microbiota. Frontiers in
Nutrition, 6(February), 16. https://doi.org/10.3389/fnut.2019.00016

Tolkien, Z., Stecher, L., Mander, A. P., Pereira, D. 1. A., & Powell, J. J. (2015). Ferrous sulfate
supplementation causes significant gastrointestinal side-effects in adults: a systematic
review and meta-analysis. PloS One, 10(2), e0117383.
https://doi.org/10.1371/journal.pone.0117383

Troeger, C., Forouzanfar, M., Rao, P. C., Khalil, I., Brown, A., Reiner, R. C., Fullman, N.,
Thompson, R. L., Abajobir, A., Ahmed, M., Alemayohu, M. A., Alvis-Guzman, N., Amare,
A. T., Antonio, C. A., Asayesh, H., Avokpaho, E., Awasthi, A., Bacha, U., Barac, A., ...
Mokdad, A. H. (2017). Estimates of global, regional, and national morbidity, mortality, and
aetiologies of diarrhoeal diseases: a systematic analysis for the Global Burden of Disease
Study 2015. The Lancet Infectious Diseases, 17(9), 909-948.
https://doi.org/10.1016/S1473-3099(17)30276-1

Tucker, B. J., & Breaker, R. R. (2005). Riboswitches as versatile gene control elements. Current
Opinion in Structural Biology, 15(3), 342-348. https://doi.org/10.1016/j.sb1.2005.05.003

Ul Hasan, A., Rahman, A., & Kobori, H. (2019). Interactions between host PPARs and gut

microbiota in health and disease. International Journal of Molecular Sciences, 20(2).

176



https://doi.org/10.3390/ijms20020387

van der Kooij, M. A., Jene, T., Treccani, G., Miederer, 1., Hasch, A., Voelxen, N., Walenta, S., &
Miiller, M. B. (2018). Chronic social stress-induced hyperglycemia in mice couples
individual stress susceptibility to impaired spatial memory. Proceedings of the National
Academy of Sciences, 115(43), E10187-E10196. https://doi.org/10.1073/pnas.1804412115

Vanderhoof, J. A., Murray, N. D., Paule, C. L., & Ostrom, K. M. (1997). Use of soy fiber in
acute diarrhea in infants and toddlers. Clinical Pediatrics, 36(3), 135—139.
https://doi.org/10.1177/000992289703600303

Verspreet, J., Damen, B., Broekaert, W. F., Verbeke, K., Delcour, J. A., & Courtin, C. M.
(2016). A Critical Look at Prebiotics Within the Dietary Fiber Concept. Annual Review of
Food Science and Technology, 7(1), 167-190. https://doi.org/10.1146/annurev-food-
081315-032749

Vinatoru, M., Mason, T. J., & Calinescu, 1. (2017). Ultrasonically assisted extraction (UAE) and
microwave assisted extraction (MAE) of functional compounds from plant materials. 774C
- Trends in Analytical Chemistry, 97, 159—178. https://doi.org/10.1016/j.trac.2017.09.002

Vulevic, J., Drakoularakou, A., Yaqoob, P., Tzortzis, G., & Gibson, G. R. (2008). Modulation of
the fecal microflora profile and immune function by a novel trans-galactooligosaccharide
mixture (B-GOS) in healthy elderly volunteers. American Journal of Clinical Nutrition,
88(5), 1438—-1446. https://doi.org/10.3945/ajcn.2008.26242

Wang, H. K., Yeh, C. H., Iwamoto, T., Satsu, H., Shimizu, M., & Totsuka, M. (2012). Dietary
flavonoid naringenin induces regulatory T cells via an aryl hydrocarbon receptor mediated
pathway. Journal of Agricultural and Food Chemistry, 60(9), 2171-2178.

https://doi.org/10.1021/j£204625y

177



Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Applied and
Environmental Microbiology, 73(16), 5261-5267. https://doi.org/10.1128/AEM.00062-07

Watanabe, F. (2007). Vitamin B12 sources and bioavailability. Experimental Biology and
Medicine, 232(10), 1266—1274. https://doi.org/10.3181/0703-MR-67

Watanabe, F., & Bito, T. (2018). Vitamin B12 sources and microbial interaction. Experimental
Biology and Medicine (Maywood, N.J.), 243(2), 148—158.
https://doi.org/10.1177/1535370217746612

Westreich, S. T., Treiber, M. L., Mills, D. A., Korf, 1., & Lemay, D. G. (2018). SAMSA2: A
standalone metatranscriptome analysis pipeline. BMC Bioinformatics, 19(1), 1-11.
https://doi.org/10.1186/s12859-018-2189-z

Wexler, A. G., Schofield, W. B., Degnan, P. H., Folta-Stogniew, E., Barry, N. A., & Goodman,
A. L. (2018). Human gut Bacteroides capture vitamin B12 via cell surface-exposed
lipoproteins. ELife, 7, 1-20. https://doi.org/10.7554/eLife.37138

Whitlock, K. A., Kozicky, L., Jin, A., Yee, H., Ha, C., Morris, J., Field, C. J., Bell, R. C., Ozga,
J. a, & Chan, C. B. (2012). Assessment of the mechanisms exerting glucose-lowering
effects of dried peas in glucose-intolerant rats. The British Journal of Nutrition, 108 Suppl,
S91-102. https://doi.org/10.1017/S0007114512000736

Willing, B. P., Pepin, D. M., Marcolla, C. S., Forgie, A. J., Diether, N. E., & Bourrie, B. C. T.
(2018a). Bacterial resistance to antibiotic alternatives: A wolf in sheep’s clothing? Animal
Frontiers, 8(2), 39—47. https://doi.org/10.1093/af/vfy003

Willing, B. P., Pepin, D. M., Marcolla, C. S., Forgie, A. J., Diether, N. E., & Bourrie, B. C. T.

(2018Db). Bacterial resistance to antibiotic alternatives: a wolf in sheep’s clothing?1. Animal

178



Frontiers, 8(2), 39—47. https://doi.org/10.1093/af/vfy003

Willing, B. P., Russell, S. L., & Finlay, B. B. (2011). Shifting the balance: Antibiotic effects on
host-microbiota mutualism. Nature Reviews Microbiology, 9(4), 233-243.
https://doi.org/10.1038/nrmicro2536

Willing, B. P., Vacharaksa, A., Croxen, M., Thanachayanont, T., & Finlay, B. B. (2011).
Altering host resistance to infections through microbial transplantation. PloS One, 6(10),
€26988. https://doi.org/10.1371/journal.pone.0026988

Windey, K., de Preter, V., & Verbeke, K. (2012). Relevance of protein fermentation to gut
health. Molecular Nutrition and Food Research, 56(1), 184—196.
https://doi.org/10.1002/mnfr.201100542

Wlodarska, M., Willing, B., Keeney, K. M., Menendez, A., Bergstrom, K. S., Gill, N., Russell,
S. L., Vallance, B. A., & Finlay, B. B. (2011). Antibiotic treatment alters the colonic mucus
layer and predisposes the host to exacerbated Citrobacter rodentium-induced colitis.
Infection and Immunity, 79(4), 1536—1545. https://doi.org/10.1128/TA1.01104-10

Wlodarska, Marta, Willing, B. P., Bravo, D. M., & Finlay, B. B. (2015). Phytonutrient diet
supplementation promotes beneficial Clostridia species and intestinal mucus secretion
resulting in protection against enteric infection. Scientific Reports, 5, 9253.
https://doi.org/10.1038/srep09253

Yang, J., Wang, H. P., Zhou, L., & Xu, C. F. (2012). Effect of dietary fiber on constipation: A
meta analysis. World Journal of Gastroenterology, 18(48), 7378-7383.
https://doi.org/10.3748/wjg.v18.148.7378

Yang, K., & Chan, C. B. (2017). Proposed mechanisms of the effects of proanthocyanidins on

glucose homeostasis. Nutrition Reviews, 75(November), 642—657.

179



https://doi.org/10.1093/nutrit/nux028

Yang, K., Hashemi, Z., Han, W., Jin, A., Yang, H., Ozga, J., Li, L., & Chan, C. B. (2015).
Hydrolysis enhances bioavailability of proanthocyanidin-derived metabolites and improves
B-cell function in glucose intolerant rats. Journal of Nutritional Biochemistry, 26(8), 850—
859. https://doi.org/10.1016/j.jnutbio.2015.03.002

Yao, C. K., Muir, J. G., & Gibson, P. R. (2016). Review article: Insights into colonic protein
fermentation, its modulation and potential health implications. Alimentary Pharmacology
and Therapeutics, 43(2), 181-196. https://doi.org/10.1111/apt.13456

Yokota, K., Kimura, H., Ogawa, S., & Akihiro, T. (2013a). Analysis of A-type and B-type
highly polymeric proanthocyanidins and their biological activities as nutraceuticals. Journal
of Chemistry, 2013, 1-8. https://doi.org/10.1155/2013/352042

Yokota, K., Kimura, H., Ogawa, S., & Akihiro, T. (2013b). Analysis of A-Type and B-Type
Highly Polymeric Proanthocyanidins and Their Biological Activities as Nutraceuticals.
Journal of Chemistry, 2013, 1-7. https://doi.org/10.1155/2013/352042

Yun, C. H., Estrada, A., Van Kessel, A., Park, B. C., & Laarveld, B. (2003). B-Glucan, extracted
from oat, enhances disease resistance against bacterial and parasitic infections. FEMS
Immunology and Medical Microbiology, 35(1), 67-75. https://doi.org/10.1016/S0928-
8244(02)00460-1

Zambom de Souza, A. Z., Zambom, A. Z., Abboud, K. Y., Reis, S. K., Tannihdo, F., Guadagnini,
D., Saad, M. J. A., & Prada, P. O. (2015). Oral supplementation with l-glutamine alters gut
microbiota of obese and overweight adults: A pilot study. Nutrition, 31(6), 884—889.
https://doi.org/10.1016/j.nut.2015.01.004

Zheng, S., Song, J., Qin, X., Yang, K., Liu, M., Yang, C., & Nyachoti, C. M. (2021). Dietary

180



supplementation of red-osier dogwood polyphenol extract changes the ileal microbiota
structure and increases Lactobacillus in a pig model. AMB Express, 11(1), 145.
https://doi.org/10.1186/s13568-021-01303-8

Zhou, Q., Verne, M. L., Fields, J. Z., Lefante, J. J., Basra, S., Salameh, H., & Verne, G. N.
(2018). Randomised placebo-controlled trial of dietary glutamine supplements for
postinfectious irritable bowel syndrome. Gut, 1-7. https://doi.org/10.1136/gutjnl-2017-
315136

Zhu, Y., Lin, X., Zhao, F., Shi, X., Li, H., L1, Y., Zhu, W., Xu, X., Lu, C., & Zhou, G. (2015).
Meat, dairy and plant proteins alter bacterial composition of rat gut bacteria. Scientific
Reports, 5, 1-14. https://doi.org/10.1038/srep 15220

Zihni, C., Mills, C., Matter, K., & Balda, M. S. (2016). Tight junctions: From simple barriers to
multifunctional molecular gates. Nature Reviews Molecular Cell Biology, 17(9), 564-580.

https://doi.org/10.1038/nrm.2016.80

181



