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ABSTRACT

Non-Typhi Salmonella (NTS) is one of the zoonotic pathogens that can cause
contamination in feed ingredients and animal products, and then pose a critical threat to
human and animal health. The mechanisms used by Sal/monella to successfully infect
poultry still need to be determined to successfully develop mitigation strategies. The gut is
the location where the Salmonella infection is initiated; therefore to reduce the risk of
salmonellosis, preventing the colonization and invasion of Salmonella in the gut is essential.
This study aims to evaluate the roles of iron uptake in the survival, colonization and
virulence of Salmonella in animal guts using Caco-2 cells and Caenorhabditis elegans (C.
elegans) models. Our results suggest that iron chelators inhibited the growth of wild-type
and iron-uptake defective mutants of Sa/monella. Iron uptake systems were required for
the survival, colonization and virulence of Salmonella in C. elegans. These findings could
help to develop natural compounds and biocontrol agents (e.g. specific iron sources and
iron chelators) based on iron uptake system proteins for controlling Salmonella to mitigate
potential threats to public health, enhance consumer confidence in Canadian Agri-food

products and reduce the cost associated with foodborne illness.
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CHAPTER 1 GENERAL INTRODUCTION

A Salmonella strain from swinish intestines was first discovered and isolated by
Theobald Smith in 1855. The strain name, Salmonella, comes from Dr. Daniel Elmer
Salmon who is a colleague of Theobald Smith (Eng et al., 2015). The Salmonella species
are rod-shaped facultative anaerobes belonging to the family of Enterobacteriaceae. By
2003, approximately 2,600 serotypes in the genus Salmonella have been isolated and
identified using the Kauffman-White scheme (Allerberger et al., 2003). According to the
nomenclatural system recommended by the World Health Organization (WHO),
Salmonella enterica and Salmonella bongori are the only two species of genus Salmonella
characterized by the difference of the 16S rRNA sequence (Reeves et al., 1989). Based on
biochemical characteristics and genomic similarity, six subspecies are classified into
Salmonella enterica. Generally, 99% of Salmonella diseases in mammals are caused by
one of the subspecies, S. enterica subsp. enterica (I) (Brenner et al., 2000; Reeves et al.,

1989).

Poultry and contaminated poultry products are the main sources of human
salmonellosis. Salmonella species are able to induce gastrointestinal disease with high
mortality in 1-3 day-old chicks and colonize the gastrointestinal tracts of older chickens
without clinical signs (Barrow et al., 1987; Humphrey et al., 1989). Salmonella
colonization in the gut poses a grave threat to food security and poultry health. For example,
(1) Salmonella may contaminate meat through cross contamination; (2) some Salmonella
strains such as Salmonella Heidelberg are capable of being transmitted from infected laying
hens to eggs through internal vertical transmission before the formation of the eggshell; (3)

fecal shedding and horizontal transmission is possible within the flock, especially for
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broilers, due to the coprophagy and efficient fecal-oral infection route (Awad and Ghareeb,
2014; Gast et al., 2007; Smith et al., 2005). Fowl typhoid is caused by Salmonella
Gallinarum which has a horizontal transmission route (Basnet et al., 2008). The disease can
either be acute or chronic. Mortality and morbidity rates are high if proper treatments are
not given to the infected birds at an early stage (Barrow and Freitas Neto, 2011). Fowl
typhoid may cause severe economic loss (estimated 21.13 million CAD $) when
appropriate control strategies are not applied in chicken barns facing a Salmonella outbreak

(Jain et al., 2019).

As an indispensable trace element in animals, iron plays a key role in numerous
biological processes (Ma et al., 2016). It is essential for many life-supporting proteins and
enzymes and is highly important for several critical biological processes including
respiration, the trichloroacetic acid (TCA) cycle, DNA biosynthesis and others (Andrews
etal., 2003). Moreover, iron is the dominant redox active metal in enzymes, though copper
and other transition metals are also able to engage in redox reactions (Andreini et al., 2008;
Beinert et al., 1997; Bertini et al., 1994). When involved in physiological reactions, iron
exists primarily in either the ferrous form or the ferric form (Andrews et al., 2003). Plenty
of studies have shown that animals acquire iron mainly from the animal feed. Therefore,
iron-supplemented diets are widely used to prevent clinical iron deficiencies and to meet

the iron requirements necessary for ideal growth (Ma et al., 2016).

Since most microbial pathogens, including Salmonella, require iron to reach the
optimal growth and full virulence, the immune system of the host applies different
approaches (e.g. iron-transferrin signal, hepcidin transcription and degradation of

ferroportin) to remove this indispensable element from pathogens (Cherayil, 2011; Ganz
16



and Nemeth, 2015). To counteract the iron deprivation, Salmonella uses specific
transporters to obtain iron from the host (Liu et al., 2012; Raffatellu et al., 2009). Studies
with mouse models (Deriu et al., 2013; Liu et al., 2012; Raffatellu et al., 2009) have shown
that Salmonella Typhimurium thrives in the inflamed gut by scavenging for iron with high-
affinity iron chelators called siderophores. In this way, this type of Salmonella can utilize
unique carbon and energy sources and become immune to antimicrobial proteins produced
by the host (Thiennimitr et al., 2011; Winter et al., 2010). The role of iron in the physiology,
growth, survival, and infection of Salmonella has been the subject of numerous reviews
(Andrews et al., 2003; Cherayil, 2011; Raffatellu and Baumler, 2010). However, its

relevance to poultry health has not been reviewed, to the best of our knowledge.
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CHAPTER 2 LITTERATURE REVIEW

2.1 BIOLOGICAL ROLES OF IRON IN SALMONELLA
Almost all living creatures require a certain amount of iron to survive and reach the
optimal growth (Cherayil, 2011). In Salmonella and other pathogens, the presence of iron
determines multiple pathogenic characteristics and is necessary for virulence (Frawley
and Fang, 2014). The adhesion and translocation ability of Salmonella could be increased
by the presence of iron (Kortman et al., 2012). The invasion ability is also presumably

affected by iron (Dostal et al., 2014; Kortman et al., 2012).

The free form of iron within bacteria may be toxic, especially in the presence of
reduced oxygen families. Oxygen and superoxide are capable of interacting with the free
form of iron to generate radicals through the Fenton reaction, which is extremely harmful
to biological molecules (Touati, 2000). Therefore, the biological function of iron almost
completely depends on the cooperation with the proteins that form an iron-sulfate cluster

and haem group (Andrews et al., 2003).

Some fundamental regulatory proteins in Salmonella enterica do not only require iron
but are also affected by iron as shown in Table 2.1 (Frawley and Fang, 2014). Ferric
uptake regulator (Fur) is a critical iron homeostasis regulator that participates in ferric
uptake. It is related to many critical processes of Salmonella including invasion ability,
mobility and cell filamentation within the macrophage (Leclerc et al., 2017; Leclerc et al.,
2013). Deletion or inactivation of the Fur would affect Salmonella growth, morphology,
and motility (Leclerc et al., 2017). Additionally, the Fur and iron regulate the expression

of siderophores (Leclerc et al., 2013).
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2.2 IRON HEMOSTASIS IN SALMONELLA

Ferrous iron and ferric iron are two major iron sources for bacteria. Iron-containing
proteins such as transferrin, lactoferrin, and haem can be used by certain pathogens
(Cornelissen and Sparling, 1994; Otto et al., 1990). Under ideal growth conditions for most
bacteria, each cell contains approximately 10° to 108 iron atoms and requires around 107’
to 10° M of iron (Andrews et al., 2003; Rouf, 1964). Ferrous iron has a relatively high
solubility but low stability. In contrast, ferric iron is stable but hardly dissolves in water.
Therefore, iron oxides, where iron ions combine with oxygen or sulfur, are the dominant
form of iron in nature. Bacteria obtain sufficient iron from the environment in three ways:
(1) secreting specific chemicals or proteins to lower the environmental pH which is capable
of increasing the solubility of ferric iron; (2) reducing ferric iron to ferrous iron; (3) using
some specific chelators as solubilizing agents (Guerinot, 1994). The primary method

adopted by Salmonella is chelation.

2.3 IRON STORAGE AND UPTAKE IN SALMONELLA

Intracellular iron deposits are used to improve growth when environmental iron
supplies are depleted or restricted (Andrews et al., 2003). The ferritins are the most
common iron storage and antioxidation proteins in all living organisms, including
Salmonella (Arosio et al., 2009). Dr. Laufberger first discovered and purified crystallized
ferritins with cadmium salts in 1937. Ferritins have become the second most-studied iron
proteins, falling behind the hemoglobin (Arosio et al., 2009; Laufberger, 1937). The
ferritins, characterized by a universal four helical bundle domain, belong to the wide-
ranging ferritin-like superfamily which has various functions (Andrews, 2010). Classical

ferritins, bacterioferritins, and the ‘DNA-binding protein from starved cells’ (Dps) are all
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classified as subfamilies of the ferritin family (Andrews, 1998; Haikarainen and
Papageorgiou, 2010). Ferritins and bacterioferritins consist of 24 subunits each, while Dps
contains 12 subunits. A singular haem group is located at the interface between two related
subunits with binding ligands towards the inner cavity (Andrews, 2010). The functionality
of ferritins and bacterioferritins may vary within different bacteria. For example, the
primary iron storage ferritin is classical ferritins in E. coli and bacterioferritins in
Salmonella enterica (Arosio et al., 2017). Ferritins and bacterioferritins share a similar
structural property: a nearly spherical protein with a central cavity inside as a storage
reservoir (Andrews et al., 2003). The capacity of iron storage among ferritins,
bacterioferritins and Dps are dramatically different due to differences in their molecular
weight. Ferritins and bacterioferritins have an approximately 500 kDa molecular weight
each and are capable of accommodating bewteen 2000 and 3000 iron atoms. In contrast,
Dps have a relatively small molecular weight of roughly 250 kDa and only contain around
500 iron atoms (Andrews, 1998). The difference in iron storage capabilities of ferritins,
bacterioferritins and Dps could be explained by differences in their functions. Ferritins and
bacterioferritins show numerous similarities and both function to store iron. Additionaly,
Dps are involved in iron homeostasis such as binding DNA against redox stress and free
radicals (Almiron et al., 1992). Furthermore, Dps protein is related to pathogenesis and

resistance to environmental stress in Salmonella Enteritidis (Amano, 2011).

Iron is taken up by iron storage proteins in a ferrous form. However, iron is stored in
the ferric form when present in a cavity (Andrews et al., 2003); therefore, ferroxidation is
necessary for the storage of iron. For ferritins and bacterioferritins, a highly conserved

catalyzed site called the ferroxidase center is located in the central region (Andrews et al.,
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2003). Ferroxidase residues of ferritins and bacterioferritins are extremely conserved,
acting as ligands for two ferrous iron atoms. After binding with ferroxidase residues,
ferrous iron atoms are oxidized by oxygen, forming a di-ferric intermediate (Andrews et
al., 2003). Then, the di-ferric intermediate is transported to the central cavity where iron is
stored in the form of a ferrihydrite core (non-phosphate) or ferric phosphate core. However,
the ferroxidase site of Dps protein that is located at the interface between subunits is not

conserved in ferritins or bacterioferritins (Andrews, 2010; Andrews et al., 2003).

2.4 COMPETITION FOR IRON BETWEEN SALMONELLA AND THE HOST

Iron is one of the key factors that affects interactions between the host and invading
pathogens (Willemetz et al., 2017). Following infection, levels of iron are extremely low
in the host environment because of sequestration, a defense mechanism in which iron is
bound to proteins including transferrin, and lactoferrin (Andrews and Schmidt, 2007;
Weinberg, 1984). Transferrin is an abundant, high-affinity iron-binding protein which
rapidly binds to absorbed iron and carries nearly all serum iron (Andrews and Schmidt,
2007). Lactoferrin is a transferrin homologue in many mucosal secretions such as tears and
saliva (Jenssen and Hancock, 2009). Lactoferrin is secreted by glandular epithelial cells
and has a high affinity to ferric iron at low pH during the inflammation (Deriu et al., 2011).
Transferrin and lactoferrin are presented as apo-transferrin and apo-lactoferrin,
respectively, when they are not bound with iron in animal bodies. Independent transferrin
and lactoferrin receptors have been identified in pathogenic bacteria such as the Neisseria
species (Cornelissen and Sparling, 1994). These receptors are synthesized and present at
the outer membrane when pathogens are faced with iron starvation. Iron is detached with

transferrin and lactoferrin at the bacterial cell surface. Afterwards, the apo-transferrin and
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apo-lactoferrin are released extracellularly rather than being internalized (Andrews et al.,
2003). In order to further limit iron availability, additional strategies are deployed by the
host during inflammation (Weinberg, 1984). This includes secretion of hepcidin, also
known as hepcidin antimicrobial peptide, a hormone which hinders the gut from absorbing
iron from the bloodstream (Ganz, 2003). Hepcidin is a protein consisting of 25 amino acids
and is produced by hepatocytes during inflammation and by infected macrophages
(Andrews and Schmidt, 2007; Peyssonnaux et al., 2006). Hepcidin is produced primarily
by hepatocytes in the liver but can also be produced by the heart, pancreas, and
hematopoietic cells (Ilyin et al., 2003; Peyssonnaux et al., 2006) and circulates in the
plasma, controlling the trafficking of iron into plasma (Peslova et al., 2009). Apart from
inhibiting absorption of iron from the intestine, hepcidin also blocks iron release from the
reticuloendothelial macrophages (Cercamondi et al., 2010; Kemna et al., 2008). The
mechanism by which hepcidin carries out its iron-reducing mission is by regulating the
activity of ferroportin. To our knowledge, ferroportin is the only iron exporter and is
responsible for iron release from macrophages, hepatocytes, and enterocytes (Ward and
Kaplan, 2012). Therefore, the regulation of ferroportin expression by hepcidin has a central
role in iron homeostasis (Deriu et al., 2011). The export of ferrous iron within cells requires
ferroportin on the plasma membrane (Peslova et al., 2009). Hepcidin is able to bind to
ferroportin of enterocytes, macrophages, and hepatocytes. The intracellular iron retention
is regulated by inactivation of ferroportin (De Domenico et al., 2007; Nemeth et al., 2004).
It has been found that hepcidin promotes proteasomal degradation of the divalent metal
transporter 1 (DMT1) (Brasse—Lagnel et al., 2011). This is supported by evidence that

hepcidin deficiency and ferroportin-hepcidin resistance are associated with uncontrolled
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dietary iron absorption and progressive iron overload (Ganz and Nemeth, 2011; Sebastiani
and Pantopoulos, 2011). The expression of hepcidin is regulated at the transcriptional level,
wherein transcription is induced by iron overload, inflammation and endoplasmic
reticulum pressure (Pantopoulos et al., 2012). Hepcidin mRNA is strongly upregulated in
the liver after exposure of hepatocytes to either lipopolysaccharide (LPS) or the cytokine
interleukin-6 (IL-6) (Nemeth et al., 2003, 2004). The expression of hepcidin is known to
be induced by IL-6 (Wrighting and Andrews, 2006). Hepcidin is regarded as the central
regulatory component of systemic iron homeostasis, which also involves the innate
immune system. It has been reported that during Salmonella infection, ferroportin gene
expression is downregulated in the liver and in cultured macrophages (Ganz and Nemeth,
2015). This observation indicated that cellular iron is critical for the multiplication of
Salmonella inside the macrophages (Willemetz et al., 2017). However, the exact
mechanisms of ferroportin transcriptional regulation in different cell types are unclear and

deserve further study.

The iron uptake mechanism of Salmonella is shown in Figure 2.1. Salmonella develops
siderophore in order to scavenge various forms of iron, as shown in Table 2.2 and Table
2.3 (Andrews et al., 2003). As a high-affinity effective iron transporter, siderophore has a
low molecular weight (<1000 Da) and a high affinity to the specific form of iron. It can be
transformed into an iron-siderophore complex when binding with iron. Based on the
functional groups of iron ligands, around 500 siderophores have been characterized and
divided into two classes, catechols and hydroxamates (Neilands, 1966; Neilands, 1973). In
most circumstances, Sal/monella synthesizes and secretes siderophores when faced with

iron-restricted conditions (Ratledge and Dover, 2000). Ferric chelators are able to
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solubilize iron before its transportation. They are the most common type of high-affinity
iron carriers secreted by gram-negative bacteria (Andrews et al., 2003). The dominant
siderophore of Salmonella is enterobactin, a cyclic triester of 2,3-dihydroxy-N-benzoyl
serine which belongs to the catechol class and is secreted by almost the entire genus of
Salmonella (Pollack and Neilands, 1970). Additionally, some Sa/monella strains produce
hydroxamate siderophore aerobactin which is encoded by plasmids (Colonna et al., 1985).
Although enterobactin presents in nearly all Salmonella isolates, the intermediates,
breakdown products, and the ability of secretion vary between subspecies (Aznar et al.,
1989; Rabsch and Reissbrodt, 1987; Visca et al., 1991). It has been reported that Salmonella
possesses a specific uptake system for exogenous siderophores (Luckey et al., 1972). In
addition to enterobactin, four other endogenous and exogenous siderophores from
Salmonella have been discovered: 2,3,-dihydroxybenzoic acid (DHBA), linear 2,3-
dihydroxybenzoylserine, myxochelins, and amonabactins (Kingsley et al., 1995).
Interestingly, DHBA is not only an intermediate during enterobactin but is also a growth
factor in collaboration with other endogenous aerobactin when Salmonella is faced with
iron starvation (Rabsch et al., 1986; Rabsch et al., 1991). Furthermore, a recent study in
Klebsiella pneumoniae shows that siderophores are able to interact with host cells,
increasing the expression of interleukin-6 (IL-6) and promoting dissemination of Klebsiella
pneumoniae to the spleen (Holden et al., 2016). This may be evidence that siderophores

could have multiple functions.
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Figure 2.1 Postulated iron-uptake mechanism of Salmonella species. According to the similarity of the pathway of uptaking ferric iron,
ferric receptors are classified into two groups, IroN, FepA, CirA and FhuA, FhuE, FoxA. In the group of IroN, FepA, CirA, IroN is able
to recognize all of the four siderophores including enterobactin, salmochelins, DHBS and SX. FepA can accept all of the siderophores,
except for salmochelin. CirA is only capable of recognizing DHBS and SX. In the other group, FhuA, FhuE, and FoxA are designed for
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ferrichrome, coprogen, and ferrioxamines, respectively. All of the six receptors are TonB-dependent transporters. The transporting
process requires energy in the form of proton motive force. The three inner membrane protein complexes (TonB-ExbB-ExbD) are able
to transduce this energy to the outer membrane. FepB and FhuD are periplasmic proteins which are required for transporting the iron
complex to the cytoplasm. After the iron complex is transported into the cytoplasm, salmochelins and enterobactin interact with
siderophore esterases IroD and Fes, respectively, and finally degrade to DHBS and SX. The ferric iron is reduced by NADPH-dependent
ferric-chelate reductase and the ferrous iron detached from DHBS and SX. Ferric iron reductase protein (FhuF) reduces iron in the
ferrichrome, coprogen, and ferrioxamines. In the aspect of an organic iron source, such as ferric citrate, the Fec iron-uptake system
(FecABCD) contributes to the uptake of ferric citrate in the bacterium, acting similarly to siderophore uptake pathways. H'-stimulated
divalent metal cation transporter Mnth, GTP-driven Fe?" uptake system (FeoABC) and SitABCD metal transport system are all known
ferrous transport systems. The ferrous iron enters the bacterial periplasm through the beta-barrel protein porin. The periplasmic ferrous
iron is either accepted or transported by the FeoABC system and Mnth, receptor or captured by the SitA metal binding protein and

transported through the SitABCD system.
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Due to the size of iron-siderophore complexes, there is an abundance of different iron-
siderophore receptors located on the outer membrane of Salmonella helping them pass
through the outer membrane (Andrews et al., 2003). The receptors on the outer membrane
have an extremely high affinity (Kq 0.1- 100 nM) to their corresponding iron-siderophore
complex (Stintzi et al., 2000). All of the discovered outer membrane iron-siderophore
receptors are related and cross-linked. FepA, FecA, and FhuA are the most highly studied
receptors in crystal structure and function (Buchanan et al., 1999; Ferguson et al., 2002;
Ferguson et al., 1998; Koster, 2001). In addition, one study shows that the expression of
iroN not only requires the transcriptional depression of fur but also the activation of
homologous, non-coding small RNAs, RyhB1 or RyhB2 (Balbontin et al., 2016). The
number of siderophore receptors is dramatically decreased when Sal/monella grows under
iron-sufficient conditions compared with iron-limited conditions (Andrews et al., 2003).
One of the explanations for this is that siderophore receptors may be a potential target of

bacteriophages and antibiotics as an entrance into the bacterial cell.

Transportation of iron-siderophore through the receptor is an energy-consuming
process. The energy comes from the TonB-ExbB-ExbD protein complex which can
generate an electrochemical charge gradient between the cytoplasmic membrane and the
outer membrane (Higgs et al., 1998; Larsen et al., 1994). The mechanism of the TonB-
ExbB-ExbD protein complex is best known in Escherichia coli. Recently, an in vivo study
found a new ligand-independent interaction between FepA and TonB, which may explain
how FepA signals to TonB (Gresock and Postle, 2017). Similarly, another study shows that
the gating mechanism of TonB-dependent transporters relates to substrate-specific forced

remodeling (Hickman et al., 2017). Although Salmonella shares a similar TonB-ExbB-
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ExbD protein-driven system to E. coli, the details of the mechanism in TonB discrimination
between different TonB-dependent transporters and TonB-dependent energy transduction

remains opaque.

The periplasmic binding protein (PBP) serves as a shuttle to help iron-siderophore
complexes across the periplasmic space and cytoplasmic membrane (Andrews et al., 2003).
One iron-siderophore is carried by one periplasmic binding protein for each crossing until
it is released to the corresponding permease on the cytoplasmic membrane. In the uptake
of ferric citrate, it has been reported that the periplasmic binding protein FecB is able to
bind with citrate complexes containing trivalent and metal-free citrate (Banerjee et al.,
2016). As an essential part of bacterial enterobactin uptake, FepB transport ferric-
enterobactin (Fe-Ent) from the outer membrane to the inner membrane permease-ATPase
type transporter (FepD/FepG). Unlike other PBP, FepB captures 4 Fe-Ent complexes to
form a trimer (Li et al., 2016). However, it is still unclear whether iron-siderophores are
directly transferred to a periplasmic binding protein through the outer membrane receptor
or if iron-siderophores are free inside the periplasm and then picked up by the periplasmic
binding protein (Kdster, 2001). One of the periplasmic binding proteins, FhuD, is found to
be evolutionarily involved in the binding of iron-siderophores and maintains identical
functions in different gram-negative bacteria. A recent study shows that FhuD is strong and
stable when it binds to ferrichrome, therefore increasing the thermostability in
Staphylococcus pseudintermedius (Abate et al., 2016). However, the protein structure and

possible exclusive function of FhuD in Salmonella are still unclear.

Cytoplasmic membrane permease proteins and the ATP-Binding Cassette (ABC)

protein are two major components of the ABC permease complex located on the inner
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surface of the cytoplasmic membrane in most of the gram-negative bacteria (Andrews et
al., 2003). The cytoplasmic membrane permease component can be constructed with two
independent subunits of FepD and FepG, or a large subunit FhuB, despite the fact that ABC
components consist of two interchangeable subunits. Several reports have shown that ABC
permease complexes are able to interact with their agnate periplasmic binding proteins such
as FhuD. A subunit of FhuB can be cross-linked during the binding process. A large amount
of FhuB peptides are capable of binding to purified FhuD and FhuB is protected by FhuD
from proteolysis (Mademidis et al., 1997; Rohrbach et al., 1995). The major ferrous iron
transport system in many bacteria is the Feo system. It has been reported that FeoA, FeoB,
and FeoC are able to form a large inner membrane complex in vivo and FeoA is essential
in the process of Feo complex assembly in Vibrio cholerae (Stevenson et al., 2016).
However, the structure and mechanism of the FeoABC iron transport system have not been
determined. The exact number of different types of ABC permease in Salmonella remains
unknown. The corresponding relationship between the binding proteins and permease

complexes are also unclear; for instance, whether the binding is one-to-one or one-to-many.

After the iron-siderophore passes through the cytoplasmic membrane, iron must be
dissociated from the siderophore before it is used for cellular metabolism (Andrews et al.,
2003). Several intracellular ferric reductases are involved in the dissociation process of the
ferric-siderophore, ultimately making the ferric-specific siderophore separate from the iron

due to its relatively low affinity to ferrous (Andrews et al., 2003).

2.5 EFFECT OF IRON ON THE INFECTION OF SALMONELLA

2.5.1 Models to study Salmonella infection

Human colorectal adenocarcinoma Caco-2 cells can be studied, thus offering a popular
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in vitro model of explaining the interaction between Sa/monella and human (Finlay and
Falkow, 1990). More specifically, well-differentiated Caco-2 cell monolayer with
microvilli could mimic human intestinal mucosal barrier in the in vitro condition (Neutra,
1989; Peterson and Mooseker, 1992). Recently, plenty of new knowledge regarding the
pathogenesis of Sa/monella have been generated by using Caco-2 cells. Salehi et al. (2017)
report that flagella are required for Salmonella adhesion and invasion to broiler skin and
Caco-2 cells, respectively. Salmonella-infected Caco-2 cells could increase the expression
of programmed death ligand 1 protein, which facilitate the immune evasion of pathogen-
infected cells (Sahler et al., 2018). Chakroun et al. (2018) study the mechanism of motility,
biofilm formation, and apoptosis of Salmonella Typhimurium by using Caco-2 cells. One
of the primary strategies applied by Salmonella to neutralize host defense and biofilm
formation is essential for the survival of Sa/monella in rough environment (Chakroun et al.,

2018).

C. elegans i1s a convenient animal model that has been widely used in many fields
including drug development, cell signaling, toxicity testing and host-pathogen interaction
(Hsin et al., 1999; Hunt, Piper Reid 2017; Tan et al., 1999). There are plenty of advantages
of using C. elegans: 1) C. elegans have a short life-span and they are easy to handle; 2)
there are thousands of available mutant strains; 3) C. elegans have numerous gut granules
that may mimic the gut environment of animals (Chase et al., 2007). Negi et al. (2018) used
C. elegans to investigate the host response to the Sa/monella infection and reported that
amyloid-f protein plays a protective role in innate immunity. Head et al. (2017) reported
that GATA transcription factor ELT-2 and p38 MAPK pmk-1 are essential for the recovery

process when C. elegans is faced with an acute Pseudomonas aeruginosa infection.
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Recently, C. elegans have been used as a model to investigate the effect and mechanism of
functional food and probiotics against pathogens. Kulshreshtha et al. (2016) reported that
red seaweeds Sarcodiotheca gaudichaudii and Chondrus crispus could enhance the
expression of immune responsive genes of Salmonella-infected C. elegans. Zhou et al.
(2018) revealed that Lactobacillus zeae could regulate the p38 MAPK and DAF/IGF
pathways of C. elegans and enhance the production of antimicrobial peptides against

Enterotoxigenic Escherichia coli infection.

2.5.2 Infection mode of Salmonella

Pathogenic invasion and penetration of the intestinal epithelium of the host is the first
step of developing a Salmonella infection (Shi and Casanova, 2006). After being taken in
by the animal and entering the small bowel, Sa/monella reaches and passes over the
intestinal mucus layer. When the infected host is a mammal, Sa/monella prefers to adhere
to microfold cells of Peyer’s patches in the intestinal epithelium; however, attachment to
other nonphagocytic epithelial cells is also observed (Jones et al., 1994; Takeuchi, 1967).
A short moment after adhesion, the bacterial invasion begins with cytoskeletal
rearrangements of the target epithelial cell through the interaction with the molecules in
the signaling pathways of the host cell (Finlay et al., 1991; Francis et al., 1992).
Salmonella-containing vacuoles (SCVs) are formed through these intracellular
rearrangements that lead to engulfing attached Salmonella into large vesicles by epithelial
brush and membrane ruffles (Francis et al., 1993; Garcia-del Portillo and Finlay, 1994).
Salmonella cells can survive and replicate when they are inside the SCVs. Meanwhile,
phagocytes are recruited from intestinal epithelium by a secretory response, and then they

transmigrate from the submucosal space to the intestinal lumen (Fabrega and Vila, 2013).
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Tumor necrosis factor alpha, interleukin-8, and many other proinflammatory cytokines are
produced during this process (Hobbie et al., 1997). The SCVs are blended into the
molecules of the early endocytic pathway during the early stage of invasion. However,
Salmonella is able to change the endocytic trafficking of the host cell, which helps it bypass
the fusion with lysosomal enzyme and secondary lysosomes (Garcia-del Portillo and Finlay,
1995; Rathman et al., 1997). During the maturation of SCV, vacuole-associated actin
polymerization, a process where F-actin covers the entire surface of SCV, is performed by
Salmonella to support and maintain the integrity of SCV (Méresse et al., 2001). In the next
stage, the SCVs migrate to a position near the nucleus cell and Golgi apparatus.
Hypothetically, this event assists Salmonella in intercepting endocytic transport vesicles
and obtaining nutrients, which are crucial for bacterial replication (Deiwick et al., 2006;
Salcedo and Holden, 2003). Additionally, Sa/monella-induced filaments (SIFs), which are
long filamentous tubular aggregates attached to microtubules of the host cell, are developed
from SCVs throughout the cell and also obtain nutrients (Garcia-del Portillo et al., 1993b;
Knodler et al., 2003; Rajashekar et al., 2008). Liss et al. (2017) found that Salmonella
enterica was able to convert the host endosomal system into a network of Salmonella-
induced filaments. Bacterial metabolic activity, intracellular replication ability, and nutrient
accessibility were improved when Salmonella connected to a SIFs network (Liss et al.,
2017). Once the SCVs pass through the basolateral membrane of the intestinal epithelium,
a large number of macrophages, neutrophils, and dendritic cells are waiting to engulf the
SCVs immediately (Fabrega and Vila, 2013). A type LI secretion system (T3SS) encoded
by Salmonella pathogenicity island-2 is vital for bacterial survival inside the macrophages

(Chakravortty et al., 2002). Effector proteins 1 and effector proteins 2 secreted from SCVs
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to macrophages through T3SS enable Salmonella to survive (Uchiya and Nikai, 2012). In
addition, it has been found that enterobactin is able to affect the immune and nitrosative
response of macrophages by inhibiting the secretion of cytokines (i.e., serum amyloid A,
IL-6, lipocalin 2) and upregulating the expression of iNOS (mRNA, protein) and Arginase-
1 (mRNA) (San Yeoh et al., 2017). SCVs-containing phagocytes aid in the process of
disseminating Salmonella to several organs and tissues via the bloodstream causing
systemic dissemination (Alpuche-Aranda et al., 1994). A recent study shows that tissue and
cellular iron distribution of the host determine the susceptibility to infection with

Salmonella (Nairz et al., 2017).

Kogut and Arsenault (2017) outlined three distinct stages of the processes of
Salmonella infection in chickens as follow: disease resistance (1 to 2 days post-infection),
disease tolerance (4 days post-infection) and homeostasis (5 to 10 days post-infection). The
stages are categorized by the activities of cecal immune effector cells, expression of
immune-related genes, and immune-metabolic responses of post-infection: 1) an acute
heterophil-mediated pro-inflammatory response and anabolic metabolism are found in the
disease resistance stage birds; 2) infected birds in the disease tolerance stage convert to the
catabolic phenotype and show an intense increase in the cecal T regulatory cells and anti-
inflammatory response; 3) birds in the homeostasis stage get back to a homeostatic
metabolic phenotype with increased immune response mediated by IL-10- regulatory

(Kogut and Arsenault, 2017).

Overall, Salmonella undergoes several processes and environmental changes before
causing infection (Uchiya and Nikai, 2012). Sal/monella first encounters an acidic

environment in the stomach, and then reaches the intestine to proceed with the adhesion
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and invasion of epithelial cells and M cells located in Peyer's patches (Garcia-del Portillo
et al., 1993a). Host cells secrete diverse cytokines and chemokines to help
polymorphonuclear leukocytes move to infected tissues and express cytotoxic granules to
antagonize Sal/monella, where inflammation is induced (Uchiya and Nikai, 2012). After
enduring phagocytosis by macrophage cells and neutrophil cells, Salmonella is able to
migrate to the spleen and liver through lymphatic vessels and blood circulation leading to

systematic infection (Fabrega and Vila, 2013; Uchiya and Nikai, 2012).

2.5.3 Iron concentrations and the growth and infection of Salmonella

The iron content of most bacteria is approximately within the range of 10° to 10° iron
atoms per cell, depending on the growth environment (Andrews et al., 2003). In general,
10" iron atoms per milliliter are expected to be consumed for each generation of bacteria
when cultured in ideal conditions (Braun et al., 1998). There is strong evidence that
increasing iron availability can improve the adhesion, invasion and virulence abilities of
Salmonella (Dostal et al., 2014; Kortman et al., 2012; Kortman et al., 2014). Numerous
strategies are applied by Salmonella to acquire iron and survive inside the macrophage. It
has been found that the iron exporter ferroportin mRNA expression of the Salmonella-
infected macrophage is downregulated to provide sufficient cellular iron for the growth of
Salmonella inside the macrophage (Willemetz et al., 2017). Similarly, another study
showed that hepcidin level was increased by an Sa/monella Typhimurium infection through
a toll-like receptor 4 (TRL-4) dependent mechanism in the liver (Moreira et al., 2017). In
addition, it has recently been found that both Salmonella and high dietary iron could alter
iron distribution in the spleen, serum and liver causing splenic Fe loss in hens (Machado et

al.,2016; Bai et al., 2018). A high iron diet could also decrease the abundance of potentially
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beneficial Lactobacillus (Lin et al., 2018). However, it is not yet understood whether the
downregulation of the ferroportin (FPN) expression exists in different macrophages
populations, and what is the optimal iron concentration scale for an ideal growth condition

for Salmonella.

When the host is infected, an iron withholding strategy is activated by the host to
decrease the iron concentration in the body and limit the access of iron to pathogens (Cassat
and Skaar, 2013; Nairz et al., 2010). This innate immune defense begins with upregulation
of hepcidin during the early stage of infection and inflammation, which is able to reduce
dietary ferric uptake in the duodenum and degrade FPN (Cassat and Skaar, 2013; Frawley
and Fang, 2014). Then, proinflammatory cytokines inhibit the absorption of ferrous iron
by mediating the DMT1 and upregulating transferrin synthesis to scavenge extracellular
iron (Cassat and Skaar, 2013; Frawley and Fang, 2014). This event further limits the free
iron that can be used by pathogens in the host. After SCVs are engulfed by macrophages,
the transferrin receptor is downregulated to limit the iron uptake of macrophages. The
natural resistance-associated macrophage protein 1 helps to remove iron from the
phagosome which could be a challenge to Sa/monella. Moreover, Lipocalin 2 (Lcn2)
produced by neutrophils is able to stabilize the siderophore-bound labile iron pool in
infected cells and inhibit the interaction of bacterial siderophore-iron acquisition (Cowland
and Borregaard, 1997; Xiao et al., 2017). However, counter-strategies are applied by
Salmonella to neutralize Len2; Salmonella enterica modifies its Ent via C-glycosylation to
generate salmochelin, which cannot be sequestered into the Lcn2 calyx due to steric

hindrance from the glucose groups (Fischbach et al., 2006).
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2.5.4 Iron forms and the growth and infection of Salmonella

About 60% to 70% of body iron is found in hemoglobin (Uchiya and Nikai, 2012). For
mammals, birds, and reptiles, less than 1% of the total iron content exists in body fluids,
which does not meet the iron level content required for Salmonella growth (Kingsley et al.,
1995). Hence, heme, hemoglobin and other iron binding proteins (e.g. transferrin) are the

main iron forms from the host that are targeted by Sa/monella.

Intracellular pathogens develop the following strategies to acquire iron: (1) high-
affinity siderophores, transferrin binding proteins and lactoferrin binding proteins are
secreted to obtain intracellular iron; (2) heme or the hemoprotein receptor is utilized to
interrupt iron homeostasis of the host cell, increasing iron availability; (3) transferrins are
captured by pathogens through endocytosis (Cassat and Skaar, 2013; Collins, 2003;
Kingsley et al., 1995; Wooldridge and Williams, 1993). A study shows that the iron
concentration of SCVs containing Madin-Darby canine kidney cells is around 1 uM which
is relatively low but still induces the expression of virulence genes (Wooldridge and
Williams, 1993). Some studies show that the virulence of Salmonella is unrelated to high-
affinity siderophores based on the iron uptake system (Benjamin et al., 1985; Braun et al.,
1998). However, other epidemiological evidence and animal experiments support the
hypothesis that iron is related to the virulence of Sa/monella (Furman et al., 1994; Sawatzki
et al., 1983). The exact iron acquisition pathways and their mechanism deployed by

Salmonella is unclear.

2.5.5 Iron amino acid chelates and the growth and infection of Salmonella
Ferrochel, iron glycine chelates (Fe-Gly) and ferric ethylenediaminetetraacetate acid

are potential iron sources for the fortification of foods due to their high bioavailability
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(Yeung et al., 2005). Iron chelators are easily absorbed by animals. Studies indicate that
ferrous bisglycinate and Fe-Gly have a higher absorption rate, compared with typical iron
salts such as ferrous sulfate in cell culture (Ma, 2013; Yeung et al., 2005). An in vivo
experiment reveals that ferrous bisglycinate is more effective than ferrous sulfate in
weaning infants (Fox et al., 1998). Interestingly, a study found that Fe-Gly has an
antibacterial effect against several gram-negative bacteria such as E. coli (Kudrat-E-Zahan
et al., 2015). Another study reports the antibiotic properties of ferric EDTA to Trichoderma
hamatum (Hubbard et al., 1983). However, there is little evidence about the effect of these
iron chelators on the growth of Sa/monella. The antibacterial mechanism of Fe-Gly and

Ferric EDTA remains unknown.

Synthetic iron chelators like desferrioxamine and PAI-DHBA, which have an extremely
high iron affinity, are able to sequester iron from Sa/monella (El-Gendy et al., 2015; Van
Asbeck et al., 1983). The decrease of bacterial growth is observed in the PAI-DHBA
treatment. Moreover, deferoxamine is used for iron chelation therapy for iron overload
patients who are more susceptive to Sa/monella infection (Baldus et al., 1978; Cassat and
Skaar, 2013). Apart from these synthetic chelators, increasing attention has been drawn to
the natural plant-based iron chelator in recent years. A study shows that a flavonoid-rich
extract from bergamot and orange juice was able to chelate Fe*" and protect against
oxidative damage induced by Fe** (Ferrlazzo et al., 2016). In addition, Lane et al. (2017)
found that root exudates from Populus trichocarpa shared a chelation ability similar to iron
chelator EDTA. However, the components of plant extracts and exudates remain unclear

as well as the potential inhibitory effect of natural iron chelators on pathogens.

37



2.6 REGULATION OF IRON ABSORPTION AND METABOLISM IN POULTRY

2.6.1 Iron deficiencies

The iron requirement in poultry vary between breeds, as shown in Table 2.4. According
to the National Research Council (1994), 80 mg/kg of Fe dry matter is recommended in
the diet of broiler chickens. Despite maize- and soybean-based diets containing more than
80 mg/kg of Fe, the presence of phytic acid can reduce the availability of inorganic iron
(Bess et al., 2012; Sun et al., 2015). Due to low bioavailability, high excretion, and
hydroscopicity, supplementation of iron to a poultry diet is always inadequate (Ma et al.,
2014). Iron deficiency-induced anemia with a reduction in packed cell volume is the most
common iron metabolism-related disease globally (Lieu et al., 2001). In color-feathered
strains of birds, iron is indispensable in many catalytic processes and complicated with
melanin in various feather pigments (McGraw, 2003; Niecke et al., 1999). Iron deficiencies

in birds cause loss of pigmentation in the feathers.

2.6.2 Dietary iron forms

Heme iron and non-heme iron are the two forms of iron in diets. In general, heme iron
is highly available for animals and most frequently found in animal protein ingredients
such as meat bone meal and fish meal (Bess et al., 2012). Heme iron binds with proteins in
the form of hemoglobin and myoglobin (Lopez and Martos, 2004). Hemoglobin and
myoglobin account for a relatively small portion of absorbed dietary iron but they are less
affected by other dietary factors (Lopez and Martos, 2004; Schonfeldt and Hall, 2011).
Non-heme iron is regarded as an inorganic form of iron derived from vegetables, fruits,
and beans. Considering the economic cost, inorganic iron sources such as ferrous sulfates

are widely used in the formulation of broiler breeder diets (Bess et al., 2012). Due to the
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difference in ligands and several physiologic factors, the absorption rate of inorganic iron
in most vegetables is much less than that of heme iron (Charlton and Bothwell, 1983; Lopez
and Martos, 2004). More evidence has been found that tannins, polyphenols, and phytates
are responsible for the poor bioavailability of non-heme iron (Charlton and Bothwell, 1983;
Davies and Nightingale, 1975). In addition, chelated minerals such as iron amino acid
chelates are considered to have high solubility and stability in the gastrointestinal tract due

to their chemical form (Vieira, 2008).

In recent years, organic iron products such as iron amino acid chelates and hydrolyzed
proteins, have been developed as alternatives to traditional inorganic iron supplements (Ma
et al., 2014). Many studies show that organic Fe supplementation such as iron amino acid
chelates has higher bioavailability and better productive performance compared with
traditional inorganic iron supplementation (Jarosz et al., 2016; Kochetkova et al., 2016; Li
etal., 2017). Furthermore, the study of Khattak et al. (2018) shows that TYPLEX® Chelate
(ferric tyrosine) was able to inhibit colonization and biofilm formation of Campylobacter
Jjejuni in broiler chickens. Other studies indicate that increased deposition of iron in broiler
meat and eggs is related to the use of iron-methionine chelates (Park et al., 2004; Seo et al.,
2008). However, it has been reported that the efficacy of organic Fe products in animals is
inconsistent compared to that of inorganic Fe. Some early studies show that organic Fe
sources are more available than inorganic Fe sources (Spears et al., 1992; Yu et al., 2000).
This inconsistency may be due to the quality of the organic Fe sources, the indices and

methods of Fe bioavailability evaluations, or the type of basal diets used in the studies.

2.6.3 Systematic iron balance

The different forms of iron involved in the systemic iron balance in different organs are
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shown in Figure 2.2. Almost all of the iron present in the form of heme. Hemoglobin of
erythroid cells and myoglobin of muscles cells are the two proteins contain the majority of
heme. Macrophages in the spleen, liver and bone marrow preserve a minimum amount of

iron, while the ferritin, hemorrhage could store part of the excess iron, and other losses

Small intesine

Dietary iron intake Iron in excreta

Epithelial cell

Erythrocytes

- Absorption
(Hemoglobin)

\ 4

Muscles and other tissue
(Myoglobin, Heme iron)

Liver
(Ferritin)

Eggs
(Non-heme iron)

(Pantopoulos et al., 2012). Splenic reticuloendothelial macrophages can recycle iron from
aging red blood cells and the recycled iron could be utilized for the synthesis of new red
blood cells (Pantopoulos et al., 2012). Transferrin delivers iron to the tissues and cells
where iron is required such as developing erythroid precursors. Liver hepatocytes store
iron in ferritin shells (Pantopoulos et al., 2012). Iron deficiency and iron overload could
significantly affect the absorption, distribution and recycling of iron in the animal

(Pantopoulos et al., 2012).
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Figure 2.2 Iron uptake, circulation, and recycling in poultry. Organs and forms of iron
involved in the systemic iron balance are shown. Most of the iron in animals is present in
the form of hemoglobin. Bone marrow and mature erythrocytes are sites where hemoglobin
is largely found. Duodenal enterocytes absorb dietary iron. Iron was delivered to erythroid
precursors, cells and tissues for iron utilization by transferrin. A portion of iron involves in
erythropoiesis process existing in the hemoglobin. Iron recycling occures when senescent
red blood cells are engulfed and lysed by splenic reticuloendothelial macrophages. The
recycled iron is available for the synthesis of new red blood cells. Liver hepatocytes store
iron in ferritin shells. Additionally, iron in the layer’s body is transported to eggs and stored

in non-heme forms.

2.6.4 Intestinal iron absorption

The postulated mechanism of iron absorption in poultry is shown in Figure 2.3. The
most iron absorption activity in mammals occurs in the proximal duodenum and upper
jejunum (Wheby, 1970). For poultry, the major site for Fe absorption is the duodenum,
which is similar for humans (Li et al., 2017; Sturkie, 2012). Ferric reductases such as
duodenal cytochrome b (DcytB) on the apical brush border of intestinal epithelial are able
to reduce ferric iron to ferrous (Pantopoulos et al., 2012). The DMT]1, also known as the
natural resistance-associated macrophage protein 2 or the divalent cation transporter,
belongs to the solute carrier family 11 members 2 (SCF11M2). DMT]1 transports ferrous
across the apical membrane (Hentze et al., 2010; Wang and Pantopoulos, 2011). When
ferric iron and ferrous iron arrive at the duodenal brush border membrane, the redox system
which is predominantly the DcytB, begins to operate and reduce the ferric Fe to ferrous Fe

that can be transported into the enterocyte by DMTT1 (Jordan and Kaplan, 1994; Raja et al.,
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1992). Within the cell, Fe is either stored as ferritin or exported into circulation by the
coordination of FPN and hephaestin (Tako et al., 2010). Ferric iron is then associated with
transferrin for distribution throughout the body via the plasma circulation system (Collins
et al., 2005). Heme iron is taken up by the duodenal mucosal cell via endocytosis. A
different method is applied for the uptake of heme iron (Hallberg, 1981). The process of
intaking heme is facilitated by the vesicular transport system when heme binds to the haem
carrier protein 1 (HCP1) (Hooda et al., 2014; Shayeghi et al., 2005). Intracellular heme are
metabolized by Heme oxygenase 1 (HO-1), present on the endoplasmic reticulum, and
Heme oxygenase 2, present on the vesicle membrane after which iron is released (Hooda
et al., 2014). Intracellular heme can be released to the blood through the heme exporter.
Mucous intestinal cells absorb heme iron as an intact metalloporphyrin after hemoglobin
is digested by several enzymes (Grisbeck et al., 1982). Ferrous iron is released from
absorbed haem by HO-1 subsequently. This unique uptake process might acount for the
fact that heme iron has a high absorption rate (Wang and Pantopoulos, 2011). It has been
reported that HO-1 participate in the early control of Salmonella infection in a macrophage

with the heme oxygenase gene strongly upregulated (Mitterstiller et al., 2016).
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Figure 2.3 The postulated mechanism of iron absorption in poultry. Duodenal enterocytes
uptake ferrous iron by the DMTT1 receptor located on the apical surface. Ferric reductase,
DcytB, can bind with luminal Fe*" and reduce Fe’" to Fe?". Specific transporters such as
haem carrier protein 1 (HCP1) exist for heme on the surface of enterocytes. After binding

to its receptors, the heme molecule is internalized, then releases the iron to the labile Fe**
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pool through interaction with heme oxygenase (HO-1, HO-2). A few of the heme molecules
are exported to blood through the feline leukemia virus subgroup C cellular receptor 1
(FLVCRI). In a heme-overlaod situation, excess heme can be transported back to the
intestinal lumen. Soluble intracellular Fe?" is either inserted into ferritin or exported
through the only known iron transporter on the basolateral membrane, the FPN. The
intracellular iron was transported to the blood stream by FPN. Exported Fe?* can be
oxidized into Fe** by hephaestin. Holo-Tf in the plasma captures free Fe*" and circulates

iron in the body. Iron is also oxidized by ceruloplasmin in the circulation.

2.6.5 Regulation of intestinal iron absorption

Iron absorption depends on two factors: the intake amount of bioavailable iron and the
iron status in the animal body. If animals are in a state of iron deficiency, the absorption
rate of dietary iron increases until the percentage of absorbed iron reaches a satisfied level
(Bothwell et al., 1979; Cook et al., 1974; Pirzio-Biroli et al., 1960). When the body is
deficient in the synthesis of functional iron-containing proteins such as hemoglobin, the

iron absorption rate rises as the condition of anemia increases (Norrby and Siilvell, 1974).

The mechanism of regulation of intestinal iron absorption is controversial. Some
studies show that a direct relationship is built between iron absorption and the synthesis of
erythropoiesis exists (Bothwell et al., 1979). However, the iron absorption rate in humans
experiencing chronic hemolytic states is normal (Bothwell et al., 1979). The most plausible
hypothesis is that iron absorption is regulated by the iron content in individual tissues
(Cavill et al., 1975). All body tissues have a labile pool of iron which is available to
transferrin and the size of the pool reflects the amount of iron being stored in tissues

(Charlton and Bothwell, 1983). Therefore, an increase of iron uptake in the duodenum may
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result from a decrease of iron content in the pool and decreased erythropoietic activity
(Charlton and Bothwell, 1983). Several pieces of evidence supporting this hypothesis are
found in rats. A rapid increase in iron delivery is observed from the tissues when transferrin
requires more iron (Finch et al., 1982). The iron absorption rate is not regulated by the iron
content in plasma or the percentage of unsaturated transferrin (Charlton and Bothwell,

1983).

Different iron sources can also affect iron absorption in poultry. Some organic Fe
sources (e.g. Fe amino acid chelates, complex and Fe proteinates) have been used as iron
supplemention in poultry feeds. Some studies found that the bioavailability of organic Fe
sources for broilers is high because the high chelation strengths between Fe and ligands
could facilitate the iron abosorption (Ma et al., 2014; Zhang et al., 2016). However, kinetic
studies have shown that the absorption of organic and inorganic Fe is through the same
saturated carrier-dependent transport process, and that DMT1 and FPN may be involved in

Fe absorption in the duodenum of broilers regardless of the iron form (Zhang et al., 2017).

2.6.6 Regulation of iron metabolism

Iron homeostasis in animals can be described as an elaborate cooperative effort among
four intensively related sections: dietary iron absorption, systemic iron regulation, iron
recycling and iron utilization (Pantopoulos et al., 2012). Heme and non-heme iron are
absorbed by duodenal enterocytes. Splenic macrophages recycle iron by engulfing
senescent or dead red blood cells with the involvement of HO-1 (Pantopoulos et al., 2012).
For splenic macrophages and intestines, FPN is the only transportation protein that exports
intracellular iron to plasma. Ferrous iron is oxidized to ferric iron immediately with the

assistance of hephaestin on plasma membrane after it is transported via FPN. Moreover,
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ceruloplasmin within the circulation is designed to oxidize ferrous iron that does not bind
with hephaestin (Pantopoulos et al., 2012). Plasma transferrin captures the released ferric
iron in circulation, forming ferric transferrin. Iron is carried on diferric-transferrin during
transportation to different tissues and cells like skeletal muscle and erythroblast. Thereafter,
diferric transferrin binds with the transferrin receptor on the plasma membrane surface of
iron utilized cells (such as myocyte), and uptake is through an internalization process

(Pantopoulos et al., 2012).

2.7 APPLICATION OF IRON METABOLISM IN THE CONTROL OF
SALMONELLA IN POULTRY

Extensive research has been conducted on iron modulation as a potential weapon

against Salmonella in mice (Chanana et al., 2004; Nairz et al., 2015; Weinberg, 1992;

Willemetz et al., 2017; Kortman et al., 2012; Moreira et al., 2017). However, only a few

studies have been conducted on the relationship between three factors (iron content, iron

transporters, and iron sources) and Salmonella in poultry, some of which are discussed

below.

The study of Shi et al. (2015) indicated that replacing FeSO4 with Fe-Gly in equal
Fe levels in poultry diets effectively improved blood biochemical parameters and
antioxidative activity. Chelated sources of Fe have higher relative bioavailability
compared to inorganic sources (Bovell-Benjamin et al., 2000; Feng et al., 2009; Kegley
et al., 2002). Similarly, Sun et al. (2015) reported that Fe-Gly could alter the antioxidant
status of broiler chickens and improve their growth performance and enhance their
immune function. The DMT1 mRNA abundance in the chicken duodenum was decreased

with an increase of Fe in the form of Fe-Gly in diets which indicates that Fe-Gly has a
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higher bioavailability than FeSO4 (Sun et al., 2015).

The DMT]1 is a vital receptor which is responsible for transporting Fe across the
apical membrane into the enterocyte (Zoller et al., 2002; Chua and Morgan, 1997). In a
broiler chicken study, Jarosz et al. (2016) reported that the supplementation of chelated
Fe could promote the response to developing inflammation by increasing the activity of
T cytotoxic cells and the expression of IL-2. Kwiecien et al. (2015) reported that
production performance and slaughter yield of broiler chickens are not affected when
using low levels of Fe-Gly instead of FeSQa. The coverage of 50% and 25% of the birds’
requirement for this element with Fe-Gly increased the efficiency of fattening and blood
biochemical parameters in broilers. These studies indicated that Fe-Gly could be
effectively used by animals and can be supplemented to broiler diets at significantly lower
levels than those recommended by Polish Feeding Standards for Poultry (2005; 80 mg/kg)
or Aviagen (2013; 40 mg/kg). Studies have shown that excessive iron was detrimental to
the production of T-helper and T cytotoxic cells, functionality of neutrophil, intracellular
phagocytosis and the beneficial bacteria (Golding and Young, 1995; Kulkarni et al., 2011;
Kuvibidila et al., 1999; Sherman, 1992). Studies on the effects of different iron sources

and contents on the control of Sa/monella infection in poultry still need to be conducted.

A study done by Balan and Babu (2017) showed a significant upregulation of
transferrin in response to Salmomella infection and increased the persistence of
Salmonella regardless of a significant expression of transferrin in macrophages. This
study also reported that nitric oxide does not play a critical role against Salmonella
infection. Other studies attributed increased survival of bacteria in the presence of

transferrin to impair innate immune functions as measured by nitric oxide and the
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expression of TNF-a (Nairz et al., 2007). Iron-regulated outer membrane proteins
(IROMPs) are siderophore receptors expressed by Salmonella, which contribute to the
virulence and survival of the bacteria in vivo (Clifton-Hadley et al., 2002). The expression
of IROMPs are significant upregulated when the bacteria are faced with iron starvation.
Kaneshige et al. (2009) investigated the efficacy of IroN, one of the IROMPs, against
Salmonella Enteritidis and reported that intramuscular immunization of chickens with
purified /roN led to excellent protection. This indicates that /roN has the potential to be
developed as a vaccine component against Salmonella. In recent years, IROMPs are
recieving more attention in the development of vaccines because of the unique
immunogenic properties and strong antibody response (Chanana et al., 2006). There are
two inactivated vaccines developed on the overexpression of IROMPs. One contains
Salmonella Enteritidis, and the other contains a mixture of Salmonella Typhimurium
(Zarate-Bonilla et al., 2014; Woodward et al., 2002). One of the key processes in
developing an IROMPs-based vaccine is that microorganisms are cultured under iron-
poor conditions (Clifton-Hadley et al., 2002). The two IROMPs-based vaccines have been
tested and verified to be extremely immunogenic and protective against salmonellosis.
Hence, they have been considered as effective strategies in the control of avian illness
(Gast and Beard, 1993; Nakamura et al., 1994). Woodward et al. (2010) reported that the
intramuscular inoculation of laying chickens with an iron-restricted Sal/monella
Enteritidis PT4 adjuvanted bacterin lead to protection against a Salmonella Enteritidis
challenge. In addition, Noh et al. (2017) reported that guanosine 5’ monophosphate-
chelated calcium could improve the health of laying hens and egg quality when the birds

are infected with Salmonella Gallinarum.
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The National Research Council (NRC, 1994) has recommended an 80 mg Fe/kg
diet for broilers. However, when high amounts of corn-soybean meal were supplemented,
broiler diets had over 80 mg Fe/kg. Shinde et al. (2011) reported that iron sources and
forms of Fe supplementation have no effect in performance, nutrient retention, and
hematological indices of broiler chickens when the level of supplemented iron is 80
mg/kg. In cereals and oilseeds, the majority of iron is bound to phytates which reduce its
availability for poultry (Taschetto et al., 2017; Yu et al., 2000). In order to reduce the
amount of dietary supplementation of Fe in broiler chickens, Akter et al. (2017)
investigated the effectiveness of phytase to increase Fe availability in diets containing
high and low levels of Fe. The authors observed that high dietary Fe could inhibit phytase
efficacy and subsequently reduced the overall performance and nutrient utilization in
broiler chickens. Therefore, for optimum benefit from phytase supplementation, Fe levels

should be kept under 100 mg/kg (Akter et al., 2017).

Taschetto et al. (2017) reported that adequate iron levels are beneficial to the health of
hen, breeder egg production, iron content in the egg yolk, and hematological parameters of
the hatching chick. However, in order to adequately provide iron in commercial feeds, feed
ingredients should be carefully investigated prior to feed formulation to avoid unnecessary
excesses of iron in the commercial production. The amount of iron needed for
supplementation, therefore, will vary depending on the feed ingredient composition

(Taschetto et al., 2017).

Generally speaking, poultry has enough iron incorporated into feeds because most
natural feed ingredients contain a sufficient amount of iron. However, a very high

concentration of iron in poultry diets (e.g. when using the wrong phosphate salt) can cause
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gut pathogens to proliferate at an excessive rate and induce oxidative stress in broilers (Guo
et al., 2018). Therefore, when formulating diets for poultry it is necessary to ensure iron is
not added in excess. It is also critical to increase the bioavailability of iron by chickens and
minimize the access to iron by Salmonella. Future studies in poultry are required to identify
the mechanism by which pathogens use iron starvation to promote their growth and how
this can be used to fight Sa/monella infection in poultry. Moreover, the effect of Salmonella

challenging the host iron metabolism in chickens needs to be determined.
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Table 2.1. Fundamental regulatory proteins relating to iron in Salmonella enterica

Regulators Functions References
Fur Uptake of ferric iron; invasion of epithelial cells; survival of Salmonella in  Leclerc et al., 2013
macrophages
FNR oxygen sensing, aerobic metabolism, NO detoxification, flagellar biosynthesis, Fink et al., 2007; Green et
virulence gene in SPI-1 including mcpAC, cheV, srfABC al., 1991
NorR NO sending, reduction and nitrogen metabolism; transcriptional activator for D'Autreaux et al., 2005
norVW operon
SoxR Activator for soxS gene; superoxide sensing; Hidalgo and Demple, 1994
IscR biogenesis of Fe-S clusters; repressor of the iscRSUA operon Schwartz et al., 2001
NsrR Nitrosative stress resistance of Salmonella; NO sensing; regulates hmp, hliD, Tucker et al., 2008;

hep-her, yeaR-yoaG, ygbA and ytfE

Karlinsey et al., 2012;
Vergnes et al., 2017
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Table 2.2 Endogenous siderophores of Salmonella enterica

Name Types of siderophores References
Enterobactin Catechol Fu, 1985
2,3,-dihydroxybenzoic acid Catechol Corbin and Bulen, 1969
2,3-dihydroxybenzoylserine Catechol O'brien and Gibson, 1970

Aerobactin Hydroxamate Haygood et al., 1993
Salmochelin S1 Catechol Fu, 1985
Salmochelins S2 Catechol Fu, 1985
Salmochelin S4 Catechol Fu, 1985
Salmochelin SX Catechol Fu, 1985
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Table 2.3 Exogenous siderophores of Salmonella enterica

Name Source of siderophore Types of References
siderophore
Myxochelines Myxobacteria Catechol Kingsley et al., 1995
Amonabactin Aeromonas spp Catechol Barghouthi et al., 1989; Kingsley et al., 1995
Desferrichrome Aspergillus, Ustilago, Penicillium Hydroxamate Kingsley et al., 1995
Ferrichrosin Fungi Hydroxamate Kingsley et al., 1995
Desferrioxamine B Streptomyces pylosus Hydroxamate Gledhill and Buck, 2012; Kingsley et al., 1995
Desferrioxamine E Erwinia herbicola, Hafnia alvei Hydroxamate Gledhill and Buck, 2012; Kingsley et al., 1995;
Reissbrodt et al., 1990
Desferrioxamine G Hafnia alvei Hydroxamate Kingsley et al., 1995; Reissbrodt et al., 1990;
Gledhill and Buck, 2012
Coprogen Aspergillus nidulans, Ustilago Hydroxamate Kingsley et al., 1995; Philpott, 2006

maydis
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Table 2.4 Iron requirement in different breeds of poultry (broiler, layer, quail)

Breed Age of period Responds Criteria Iron requirement References
(Days) mg/kg
New Hampshire and 1~18 Growth, blood hemoglobin 75 ~80 Davis et al., 1968
Plymouth Rock
New Hampshire x 8~22 Growth, blood hemoglobin, hematocrit 42 Southern and
Columbian Baker., 1982
New Hampshire 0~28 Growth 75~ 80 Davis et al., 1968
Broiler strain 0~21 Growth, feed efficiency 56 Waddell and Sell.,
1965
Rhode Island Red 0~56 Growth 40 Hill and Matrone.,
1961
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Arbor Acres

White Leghorn

White Leghorn

Japanese Quail

Cobb 500 broiler breeder
hens

N/A

42 ~ 84

329 ~490

Expression of iron-containing enzymes in
tissues

Hatchability, hematocrit

Hematocrit

Growth, blood hemoglobin, feathering

Hematocrit, hemoglobin; Fe content in total eggs,
total hatching eggs and egg yolk

97 ~136

45~ 55

35~45

120

106

Ma et al., 2016

Morck and Austic.,
1981

Morck and Austic.,
1980

Harland et al., 1973

Taschetto et al.,
2017
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CHAPTER 3 HYPOTHESES AND OBJECTIVES

3.1 HYPOTHESES

Knowledge of mechanisms used by Salmonella to successfully infect poultry needs to
be determined to develop successful mitigation strategies. The gut is the site where the infection
is initiated. To reduce the risk of salmonellosis, prevention of Sal/monella from colonization
and invasion of the gut is essential. Therefore, the following hypotheses were tested in this
thesis:

1) Iron chelators can inhibit the growth of wild-type and iron-uptake defective mutants

(tonB, iroN fepA) of Salmonella in a range of environmental conditions;
2) The tonB, iroN fepA mutants of Salmonella can attenuate virulences on invading

Caco-2 cells and infecting Caenorhabditis elegans (C. elegans).

3.2 OBJECTIVES
The overall objective was to evaluate the roles of iron uptake in the survival,
colonization and virulence of Salmonella in animal guts using Caco-2 cells and C. elegans
models. Specific objectives were to investigate:
1) The effects of different iron sources and concentrations on the in-vitro growth of
wild-type and iron-uptake defective mutants of Sa/monella;
2) The effects of different iron chelators on the in-vitro growth of wild-type and iron-
uptake defective mutants of Sa/monella;
3) The ability of wild-type and iron-uptake defective mutants of Sa/monella to infect
Caco-2 cells with the cell invasion assays;
4) The ability of wild-type and iron-uptake defective mutants of Sa/monella to infect
C. elegans (to death) with the life-span assays; and
5) The host responses of Caco-2 cells and C. elegans to the infection of wild-type

and iron-uptake defective mutants of Salmonella.

56



CHAPTER 4 MANUSCRIPT

GROWTH AND VIRULENCE OF SALMONELLA TYPHIMURIUM DEFICIENT
IN IRON-UPTAKE

4.1 ABSTRACT

The present study investigated the effects of iron, iron chelators, and mutations in
tonB or iroN fepA on the growth and virulence of Salmonella Typhimurium. Results
indicated that organic iron (ferric citrate and ferrous-L-ascorbate) supported better growth
of Salmonella compared to inorganic iron. Among the tested chelators, 2,2"-bipyridyl at
500 uM showed the highest inhibition to Salmonella growth with 5 uM of ferrous sulfate.
Deletion of genes (tonB™ and iroN” fepA’) in the iron-uptake system attenuated Salmonella
invasion of Caco-2 cells and its ability to damage the epithelial monolayer. The expression
of all tested host genes in Caco-2 was not affected under the iron-poor condition. However,
claudin 3, tight junction protein 1, tumor necrosis factor a, and interleukin-8 were altered
under the iron-rich condition, depending on individual mutations. In Caenorhabditis
elegans, a significant observation was the downregulation of ferritin 1 expression when the

nematode was infected by the wild-type strain.

Keywords: Caenorhabditis elegans; Iron; Iron chelator; Iron-uptake; Salmonella

Typhimurium; Virulence

4.2 INTRODUCTION
Non-typhi Salmonella (NTS) are invasive pathogens that cause non-typhoidal
salmonellosis leading to significant public health issues and economic losses (Rabsch and

Béumler, 2001). In Salmonella enterica and other pathogens, the presence of iron
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determines multiple pathogenic characters and is required for their full virulence (Frawley
and Fang, 2014). The NTS possess a complicated iron-uptake system including the use of
various siderophores in order to acquire enough iron from the environment (Andrews and
Rodriguez-Quifiones, 2003). Previous studies have shown that the iron-siderophore system
of Salmonella enterica consists of the ferric-enterobactin (Fep) transporter system and
ferrichrome-iron (Fhu) transporter system (Ferguson et al., 1998; Nagy et al., 2013).
Importantly, the siderophore receptors of the two iron transporter systems are powered by
TonB, an energy transduction protein that mediates the active transport of ferric-
siderophores complex across the outer membrane of Gram-negative bacteria (Hannavy et
al., 1990). Some outer membrane proteins of Salmonella Typhimurium not only function
as catecholate siderophore receptors but also play a role in bacterial pathogenesis. Previous
studies have shown that the virulence of an iron-uptake defective mutant (iroN" fepA cirA’)
was attenuated in a systemic infection in mice supplemented with L-norepinephrine
(Williams et al., 2006). In addition, Tsolis et al. (1996) reported that the mutation in tonB

attenuated the infection of Sal/monella Typhimurium in mice by an intragastric route.

Massive and dynamic microbial communities including pathogens inhabit the
animal gut. Epithelial cells are lined up and form mucosal surfaces that provide a barrier
between hostile external environments and the internal milieu (Turner, 2009). Colonization
or invasion of gastrointestinal mucosal surfaces is the first step for enteric pathogens to
cause systematic infection (Giannasca et al., 1996). As an intracellular pathogen,
Salmonella species possess the ability to infect a wide variety of cell types, from kidney
epithelial cells to macrophages (Finlay and Falkow, 1990). Caco-2, a human colon

carcinoma cell line that expresses and organizes brush border membrane components as
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enterocytes, could mimic the differentiation of normal intestines under in vitro conditions
(Neutra, 1989; Peterson and Mooseker, 1992). Well-differentiated Caco-2 cell monolayers
could be adhered and invaded by Salmonella Typhimurium, providing a valuable in vitro

model for pathogenic studies (Finlay and Falkow, 1990).

Caenorhabditis elegans has become a popular model for studying animal
development and behavior as well as bacterium and host interactions (Wood et al., 1988;
Labrousse et al., 2000). Labrousse et al. (2000) reported that Salmonella Typhimurium, a
highly adapted strain with a narrow range of target hosts, was capable of infecting and
causing the death of C. elegans (Jones et al., 1996). In addition, it has been reported that
acid-sensitive mutants (UK, fur-1, and ompR) of Salmonella Typhimurium presented a
reduced virulence not only in mammals but also in C. elegans (Labrousse et al., 2000). The
DAF/insulin-like growth factor (DAF/IGF), p38 mitogen-activated protein kinase (p38
MAPK) and transforming growth factor-f (TGF-p) signaling pathways that have remained
essentially unchanged throughout evolution are critical components in immune defense
mechanisms of C. elegans (Murphy et al., 2003; Zugasti et al., 2009). Zhou et al. (2018)
recently described the host response of the nematode to E. coli infection and probiotic
protection by activating the production of antimicrobial peptides through regulating its cell
signaling, the p38 MAPK, and DAF/IGF pathways, in particular, to combat the bacterial

infection.

In the present study, the strain of Sa/monella Typhimurium from broiler chicken was
used to understand the role of specific iron-uptake regulation genes in its pathogenesis,
aiming for improving the effectiveness in Sal/monella control for poultry production.

Different iron-uptake defective strains of Sa/monella and their complemented strains were
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generated and compared. We examined four aspects: (1) the effect of different iron sources
on Salmonella growth (both the WT and mutants); (2) the effect of iron chelators including
EDTA, citric acid, and 2,2"-bipyridyl on inhibiting Salmonella growth; (3) the invasion of
Caco-2 cells by Salmonella grown in the presence of different iron concentrations and the
effect on their transepithelial electrical resistance, and their gene expression profile; (4) the
ability of the Salmonella strains to infect C. elegans and the response of the nematode to

the infection.

4.3 MATERIALS AND METHODS
4.3.1 Materials

Proteinase K was purchased from Qiagen (Germantown, Maryland, United States).
Tryptic soy agar was purchased from BD Difco (Franklin Lakes, New Jersey, United
States). All other chemical agents were purchased from Fisher Scientific (Ottawa, ON,
Canada) and Sigma-Aldrich (Oakville, Ontario, Canada). Chemicals used in the present

study were analytical reagent grade.

4.3.2 Iron content analysis using inductively coupled plasma optical emission
spectrometry (ICP-OES)

Iscove's modified Dulbecco's medium (IMDM; Sigma-Aldrich) is a chemically
defined iron-poor medium that is suitable for both tissue cultures and bacterial cultures.
The iron concentration in the completed IMDM was determined using inductively coupled
plasma optical emission spectrometry (ICP-OES). Briefly, the IMDM powder was
dissolved in NERL™ high purity water (Fisher Scientific) and prepared according to the
manufacturer's instructions. The medium samples containing 2% v/v nitric acid were

analyzed by the Manitoba Chemical Analysis Laboratory for iron content using I[CP-OES.
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The results of ICP-OES analysis indicated that the iron concentration in the completed
medium was approximately 0.8 uM. Although the form of iron in the IMDM medium is
unknown, the contained iron level is negligible. Therefore, the IMDM medium with no
iron supplementation is defined as an “iron-poor” medium, while the IMDM medium

supplemented with an iron concentration at 5 uM or above is called an “iron-rich” medium.

4.3.3 Bacterial strains and growth conditions

Salmonella enterica serovar Typhimurium ABBSB1218-1 was isolated from broiler
chicken as previously reported (Diarra et al., 2014). The strains used in this study including
both the WT and mutants as well as some complemented strains are shown in Table 4.1
(Chekabab et al., 2019). The IMDM was used as the culture medium in the in vitro
experiments to investigate the effect of iron and iron chelators on bacterial growth and
virulence. Lysogeny broth (LB, Fisher Scientific) was used for bacterial culture in the C.
elegans experiments. The WT and mutant strains were cultured aerobically with shaking at
37°C. Complemented strains were cultured and maintained under the same conditions as
the WT strains, except for the supplementation of 50 ng/mL of kanamycin (Sigma-Aldrich)

in the culture medium.

4.3.4 Evaluation of bacterial growth on different forms of iron

In order to determine the effect of different forms and different concentrations of iron
on the growth of Salmonella Typhimurium, Bioscreen C MBR (Oy Growth Curves Ab Ltd,
Helsinki, Vuorimiehenkatu, Finland) was used in this study to measure the optical density
(OD) of bacterial suspension.

Salmonella Typhimurium was subcultured 3 times in IMDM to eliminate iron

contamination from previous cultures. Bacteria were inoculated at 10* CFU/mL into
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IMDM media containing 0 to 50 uM of either ferric citrate, ferric chloride, ferric EDTA,
ferrous-L-ascorbate, or ferrous sulfate. The inoculated IMDM (350 pL/well) from each
treatment was transferred to Bioscreen honeycomb plates (Oy Growth Curves Ab Ltd) with
5 wells of technical replicates, respectively. The optical density of the suspension in each
well was measured every 15 minutes at 600 nm (ODsoo) for 16 h. Growth curves were

analyzed with Bioscreen C MBR software.

4.3.5 Evaluation of iron chelators for inhibiting bacterial growth

The growth of the WT of Salmonella Typhimurium was measured using Bioscreen C
MBR (Oy Growth Curves Ab Ltd) and the protocol described above. Ferric chloride or
ferrous sulfate were used as the iron source in this study. Sa/monella growth in IMDM only
served as a negative control, while the positive control was the growth in IMDM
supplemented with 5 uM of ferric chloride or ferrous sulfate. Increasing concentrations of
iron chelators, including EDTA (5 to 1000 uM), citric acid (1000 to 10000 uM), and 2,2'-
bipyridyl (50 to 500 uM), were supplemented, respectively, to IMDM containing 5 uM of

iron to examine the effect of the iron chelators on the growth of Salmonella Typhimurium.

4.3.6 Cell line and growth conditions

The colon adenocarcinoma cell line Caco-2 (ATCC HTB-37) was obtained from
American Type Culture Collection (ATCC, Manassas, Virginia, United States). 6-well
plates, 12-well plates, and 12-well millicell membrane cell inserts were purchased from
Corning Costar (Fisher Scientific).

Caco-2 cells were cultured at 37°C under 5% CO:z in Dulbecco's modified eagle
medium (DMEM) with 4.5 g/L glucose, 0.586 g/L L-glutamine, penicillin-streptomycin

1000 U/mL (Fisher Scientific) and 3.7 g/L sodium bicarbonate (ATCC.org). The culture
62



medium was changed every other day and the antibiotic-free medium was applied at the
last medium change before the experiments were performed. In the assay of Salmonella
Typhimurium invasion into epithelial cells, Caco-2 cells were cultured in 12-well plates
(Corning Costar, Fisher Scientific) with DMEM and 10% v/v FBS for 4 to 6 days to reach
100% cell confluency (5 x 10* cell/cm?). DMEM with 20% v/V FBS was used to cultivate

the cells for the tight junction permeability assay.

4.3.7 Caco-2 invasion assay

The ability of Sa/monella Typhimurium to invade epithelial cells was determined using
Caco-2 cells at a multiplicity of infection (MOI) of 100:1 (Kortman et al., 2012). The
DMEM medium was removed and Caco-2 monolayers were washed twice with 0.5
mL/well of phosphate-buffered saline (PBS) prior to the invasion assay. Bacterial strains
were inoculated into fresh IMDM containing 5 uM of ferric chloride at a final concentration
of 4x107 CFU/mL. The bacterial suspension was transferred to the wells (0.5 mL/well)
containing Caco-2 monolayers and co-incubated in IMDM at 37°C for 2 h. The bacterial
cells were then killed by incubation with gentamicin (150 pg/mL, 0.5 mL) in PBS for 1 h.
Epithelial monolayers were then washed with PBS twice and lysed with 200 pL of 0.1%
(v/v) Triton X-100 (Sigma-Aldrich), the Sa/monella count that had invaded Caco-2 cells
was determined by 10-fold of serial dilution and plating on tryptic soy agar (BD Difco).

The percentage of bacterial invasion was presented by the following formula:

Invasion (%) = bacterial count of 3 hours of co-incubation «100%
bacterial count of initial inoculation

4.3.8 Assay for Caco-2 tight junction permeability

The effect of the WT, mutants, and complements of Sa/monella Typhimurium on the
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tight junction permeability of epithelial cells was studied using Caco-2 cells. The Caco-2
cells were cultured in 12mm Millicell cell culture inserts (12 wells, Corning Costar, Fisher
Scientific) in DMEM for 12 to 16 days till the transepithelial electrical resistance (TEER)
value of the monolayers in all wells became stable between 1200 to 1400 Ohm (Q) x cm?
prior to the assay for measuring TEER in IMDM after 2 washes of Caco-2 monolayers with
PBS. The TEER was expressed after subtracting from the resistance reading of the
supporting membrane and multiplying it by the surface area of the Caco-2 monolayer. The
TEER value was measured every other day by Millicell ERS-2 Voltohmmeter (Millipore
Co., Bedford, Massachusetts, United States). The MOI was 100:1 and Salmonella
Typhimurium suspension was prepared as the invasion assay stated above. The bacterial
suspension was added to the wells (500 pL/well) containing Caco-2 monolayers and co-
culture for 6 h in IMDM at 37°C under 5% CO». The TEER value of the monolayers was
measured and recorded immediately 1 h after inoculation. The permeability value was

calculated following the formula:

Relative tight junction permeability at x h = TEER value at xh x100% (x=0 to 6)
TEER value atOh

4.3.9 C. elegans life-span assay
Caenorhabditis elegans (C. elegans) temperature-sensitive defect mutants (glp-4;
SS104) and Escherichia coli OP50 were obtained from Caenorhabditis Genetics Center
(Minneapolis, Minnesota, United States). C. elegans were maintained on nematode growth
medium (NGM) with E. coli OP50 lawn using standard protocols (Eisenmann, 2005).
The C. elegans life-span assay with the treatment of various Salmonella Typhimurium

strains was performed as described previously (Wang et al., 2011). Adult worms were
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collected by sterilized water from NGM plates to perform synchronization as described by
Stiernagle (2006). Approximately 300 synchronized eggs were transferred on NGM agar
with E. coli OP50 lawn and incubated at 25°C for 72 h to grow to L4 stage. After the L4
stage, worms were collected in S basal solution and washed twice with S medium via
centrifugation (1300 x g for 1 min) and resuspension, 20 to 25 worms were assigned to
each well of a 6-well titer plate (Costar) with 2 mL of S medium and then incubated at
25°C for 8 days. The S medium was not changed during the assay. Each treatment had a
total number of 45 to 50 worms. Worms fed with E. coli OP50 (10° CFU/ml) served as the
control, while worms treated with various Salmonella Typhimurium strains (10° CFU/ml)
were regarded as the treatment groups. The E. coli OP50 culture and Salmonella
Typhimurium cultures used for the life-span assay were all in the early stationary phase.
The bacteria were washed twice in S medium by centrifugation and resuspension before
being fed to the nematode. In order to determine the survival of C. elegans, a worm was
considered dead when it did not respond to touch. The number of dead worms was recorded

daily and the percentage of worms’ survival was presented following the formula:

Survival (%) = Total Worms - Dead Worms «100%
Total Worms

4.3.10 Total RNA extraction and cDNA synthesis

The method for extracting RNA from Caco-2 was adapted from Cuadras et al. (2002).
Briefly, Caco-2 cells infected with bacteria were stabilized at 4°C overnight with RNAlater
solution (Ambion, Fisher Scientific). Total RNA of Caco-2 cells was isolated using the
RNeasy mini kit (Qiagen) according to the manufacturer's instructions. The RNA quality

and yield were determined using Nanodrop 1000 (Fisher Scientific) and 1.5% agarose gel
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electrophoresis. Total RNA was purified using TURBO DNA-free™ kit (Ambion)
according to the manufacturer's instructions. The cDNA synthesis was performed using
gScript cDNA SuperMix (QuantaBio, Beverly, Massachusetts, USA). One microgram of
purifyed RNA from each sample was used for cDNA synthesis in a 20 puL reaction mixture.

The method for total RNA isolation from C. elegans was adapted from Ketting et al.
(2006). Briefly, a total of 40 worms from each treatment condition were collected on the
5™ day of the life-span assay. The sampling on day 5 was chosen based on our observation
that worm’s survival decreased dramatically on day 6 and 7 post-infection with Salmonella.
In each well, the worms were washed twice by RNase-free water to remove bacterial cells.
The washed worms were transferred into a new RNase-free Eppendorf tube, mixed with
25 pL lysis buffer, and then incubated at 65°C for 10 min followed by 85°C for 1 min. The
lysis buffer consisted of 0.5 % Triton (v/v), 0.5% Tween-20 (v/v), 0.25 uM EDTA, 2.5 uM
Tris-HCI buffer (pHS8.0), and 1 mg/mL of proteinase K. The total RNA of C. elegans was
isolated from the lysate using TRIzol RNA isolation reagents (Fisher Scientific) according
to manufacturer's instructions. The RNA yield and RNA integrity were measured and
determined, respectively, by the same method described above for Caco-2 RNA isolation.
The 1solated total RNA was purified and cDNA was synthesized as previously described

(Zhou et al., 2018).

4.3.11 Quantitative PCR analysis

The mRNA abundance of various genes related to tight junction proteins, inflammation
factors, and nutrient transporters of Caco-2 cells was analyzed using quantitative
polymerase chain reactions (QPCR) assays. The qPCR was performed with 50 ng of cDNA

constructed above using the fluorescent dye SYBR Green methodology and an ABI Prism
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7500 Fast Real-time PCR system (Applied Biosystems, Fisher Scientific). The qPCR
conditions were: total of 40 PCR cycles, denaturing at 95°C for 30 s, annealing at 60°C for
1 min, extension at 72°C for 30 sec. The specificity of each gene amplification was verified
at the end of each qPCR reaction by analysis of melting curves of the PCR products. The
amplification curves were read with ABI Prism 7500 software using the comparative cycle
thresh. Relative quantification of the target mRNA levels was presented after normalization
of the total amount of cDNA tested to endogenous references, 18S RNA and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primers for gPCR are listed in
Table 4.2. The results of qPCR were analyzed using the 222t method to determine the fold
changes of target genes (Zhou et al., 2018). The ACT was presented as the difference in
threshold cycle between the target genes and housekeeping genes (18S and GAPDH) and
AACT was the difference in ACT between the Sal/monella-infected Caco-2 cells and
uninfected Caco-2 cells. The gene expression in the uninfected Caco-2 cells was used as

the baseline (Reference = 1).

The mRNA abundance of several genes encoding for antimicrobial peptides and a
defense molecule, components in the p38 MAPK and DAF/IGF signaling pathway, and
nutrient utilization-related functions of C. elegans were analyzed by qPCR assays.10 ng of
C. elegans cDNA was used for a qPCR assay using the same conditions stated above.
Relative quantification of the target mRNA levels was presented after normalization of
endogenous references (snb-1 and act-1). The primers for qPCR are listed in Table 4.3. The
222 method was used to determine the fold changes of target genes.!” The ACT was

presented as the difference in threshold cycle between the target genes and housekeeping

genes (act-1 and snb) and AACT was the difference in ACT between the Salmonella-
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infected C. elegans and uninfected C. elegans. The gene expression in C. elegans treated

with E. coli OP50 only (uninfected worms) was used as the baseline (Reference = 1).

4.3.12 Statistical analysis

All statistical analyses were performed by the GraphPad Prism 6 software (San
Diego, United States) except the survival curve analyses of C. elegans were performed
using the Statistical Analysis System (SAS release 9.4, SAS Institute Inc., Cary, NC, United
States). Comparison of C. elegans survival curves were performed by Kaplan-Maier
estimator with a log-rank test. In the bacterial invasion, tight junction permeability, and
gene expression studies, Tukey's multiple comparison tests were used to determine

differences among treatment means. P < 0.05 was taken to indicate statistical significance.
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Table 4.1 Bacterial strains used in the thesis

Strains / Plasmids Description and characteristics ? References

Salmonella Typhimurium

ABBSB1218-1 WT Wild-type isolated from Broil chicken. Dhanani et al., 2015

ABBSB1218-1 fepA Single deletion of FepA (Enterobactin transporter). Chekabab et al., 2019
ABBSB1218-1 iroN Single deletion of FepA (Catecholate transporter). Chekabab et al., 2019
ABBSB1218-1 tonB" Single deletion of TonB (Energy transducer). Chekabab et al., 2019
tonB"+pSCA-tonB tonB carrying plasmid pSCA-tonB Chekabab et al., 2019
ABBSBI1218-1 iroN'fepA Double deletion of IroN and FepA. Chekabab et al., 2019
iroN fepA~ +pSCA-fepA iroN fepA™ carrying plasmid pSCA-fepA Chekabab et al., 2019
iroN fepA” + pSCA-iroN iroN fepA™ carrying plasmid pSCA-iroN Chekabab et al., 2019
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Table 4.2 Primers of gPCR assay forCaco-2 cells

Genes Sequence 5° - 3’ Product size (bp) References
FP: TTGGCCCAATGTCTCA
PeoT1 120 Datsenko and Wanner, 2000
P RP: GGCCCTGCTTGAAGTC
FP: GGACTTCTACAACCCCGTGGT
230 Ding et al., 2017
CLDN3  RP: AGACGTAGTCCTTGCGGTCGT
FP: CCTTCAGCTGTGGAA GAG GATG
TIP1 287 Ding et al., 2017
RP: AGCTCCACAGGCTTCAGGAAC
FP: AAGGAACCATCTCACTG
1L-8 357 Crabtree et al., 1994
) RP: GATTCTTGGATACCACAGAG
FP: GCCATTGGCCAG GAG GGC
TNF-a 220 Saghizadeh et al., 1996
RP: CGCCACCACGCT CTT CTG
FP: GGAGTCCACTGGCGTCTTCAC
GAPDH 165 Piana et al., 2008
RP: GAGGCATTGCTGATGATCTTGAGG
FP: CGCCGCTAGAGGTGAAATTC
18S 62 Maubon et al., 2007

RP: TTGGCAAATGCTTTCGCTC
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Note: TNF-a: Tumor necrosis factor a; IL-8: Interleukin 8; PepT1: peptide transporter 1; CLDN3: Claudin 3; TJP1: Tight junction
protein 1; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; 18S: 18S ribosomal RNA; bp: base pair; FP: forward primer; RP:

reverse primer.
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Table 4.3 Primers of gPCR assay for C. elegans

Genes Sequence 5° - 3’ Product size (bp) References
FP: AAATGTCCGCCCAGACTATG
sod-3 124 Zhou et al., 2018
RP: TGGCAAATCTCTCGCTGA
FP: GGCCAGCTACTCAGCCATC
feat-1 93 Feng et al., 2013
RP: ATTTCGGAGACGAAGAACCA
FP: GACGTGTTGCCATGCAGAACATT
fin-1 144 Kim et al., 2004
RP: CATTGCGTTGTTCGGCGATT
FP: TGGACTATGCTGTTGCCGTT
spp-1 106 Zhou et al., 2018
RP: ACGCCTTGTCTGGAGAATCC
FP: CCAATGGGATGACGGAACCA
clec-85 121 Zhou et al., 2018
RP: CTTCTGTCCAGCCAACGTCT
FP: GTACAGCGGTGGAGTCACTG
lys-7 153 Zhou et al., 2018

RP: GCCTTGAGCACATTTCCAGC
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FP: TCGTCTCGTGTTTCTCCAGC
daf-16 181 Zhou et al., 2018
RP: TAATCGGCTTCGACTCCTGC

FP: CCAAAAATGACTCGCCGTGA
pmk-1 115 Zhou et al., 2018
RP: CTTTTGCAGTTGGACGACGA

FP: AGCGGCTCGATCAACAAGAA
nsy-1 122 Zhou et al., 2018
RP: CCCATTCCACCGATATGCGA

FP: CCCCACTCAATCCAAAGGCT
act-1 121 Zhou et al., 2018
RP: GTACGTCCGGAAGCGTAGAG

FP: CCGGATAAGACCATCTTGACG
snb 128 Irazoqui et al., 2010
RP: GACGACTTCATCAACCTGAGC

Note: sod-3: Superoxide dismutase 3; fgz-1: facilitated glucose transporter protein 1; fin-1: Ferritin 1 ; spp-1: SaPosin-like Protein; clec-
85: C-type lectin; lys-7: Lysozyme-like protein 7; daf-16: Forkhead-type transcription factor; pmk-1: Mitogen-activated protein kinase
pmk-1; nsy-1: Mitogen-activated protein kinase kinase kinase nsy-1; act-1: actin; snb: Synaptobrevin-1; bp: base pair; FP: forward

primer; RP: reverse primer.
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4.4 RESULTS

4.4.1 Effect of different iron forms on Salmonella growth

The effect of five different forms of iron including ferric chloride, ferrous sulfate, ferric
EDTA, ferric citrate, and ferrous-L-ascorbate on the growth of Sa/monella Typhimurium
WT and its mutant strains were investigated. As shown in Figure 4.1, regardless of the
forms of iron, the WT had much better growth than the two mutants (tonB", iroN fepA; P
< 0.05) after 4 h incubation and the growth of the WT in IMDM only was slower than that
in IMDM supplemented with 5 uM of iron (P < 0.05). The growth of the WT with ferrous-
L-ascorbate or ferric citrate was improved compared to ferric EDTA or ferric chloride (P <
0.05). However, the WT treated with ferrous sulfate showed comparable growth (P > 0.05)
with ferrous-L-ascorbate or ferric citrate. Both mutants hardly grew in IMDM only and had
little growth when the medium was supplemented with 0.2 uM of iron regardless of the

forms. No statistical analysis was therefore applied.
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Figure 4.1 Effects of different iron forms on the growth of Salmonella Typhimurium. The
optical density (ODeoo) of bacterial suspension of the wild-type and iron-uptake defective
mutants of Salmonella Typhimurium was measured after the strains were cultured in
IMDM containing 0.2 uM of iron for 4 h. iroN" fepA™: mutant defective in both iroN and
fepA; tonB": mutant defective in tonB; Values are means + standard error of the mean (SEM),
n = 5. Control: no iron added; EDTA: ethylenediaminetetraacetic acid. *** represents a
significant difference between the wild-type and mutants within the control or each iron
treatment, P < 0.05. Means marked with “A”, “B” and without a common letter were

significantly different (P <0.05) for the wild-type among different iron treatments.
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4.4.2 Deletion of TonB, IroN and FepA on Salmonella growth

Figure 4.2 shows the growth of the WT, mutant fonB", and mutant iroN fepA™ in IMDM
containing ferric chloride from 0 to 10 pM. The growth of the mutants was retarded
compared to the WT. A concentration-dependent growth was observed when ferric chloride
was increased from 0.1 uM to 10 uM. The growth curves of mutant fonB", mutant iroN
fepA~, and the WT were comparable (P > 0.05) when the supplementation of ferric chloride
exceeded 5 pM. The growth of the WT, mutant, and complementary strains on ferric
chloride and ferric EDTA is shown in Figure 4.3. Both ferric chloride and ferric EDTA
supported similar growth of all tested strains. Under the iron-poor condition, the WT
appeared to grow approximately 100% and 30% better than mutant tonB~ and its
complement (P < 0.05) respectively, but not under the iron-rich condition (Figure 4.3a,b).
The growth of the WT, mutant iroN fepA", and its two partial complements were similar
after 12 h incubation under the iron-poor condition (Figure 4.3¢,d). The supplementation
with 5 uM iron (iron-rich) generated full growth of the WT, mutant iroN fepA", and one of

its partial complement except for the partial complement of iroN fepA™ :: iroN".
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Figure 4.2 Effects of different concentrations of ferric chloride on the growth of
Salmonella Typhimurium. a): The in vitro growth of the wild-type; b): the in vitro growth
of mutant tonB; ¢): the in vitro growth of mutant iroN fepA™. The measurements were taken
in 15 min intervals, for a total of 8 h. The concentrations of ferric chloride supplemented
to the IMDM medium ranged from 0 to 10 uM. Values are means = SEM, n = 5. Control:

no iron added.
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Figure 4.3 Comparison in the growth of the wild-type, mutant, and complementary strains
of Salmonella Typhimurium on ferric chloride and ferric EDTA. fonB": mutant defective in
tonB; tonB" :: tonB": complement of mutant fonB ; iroN" fepA™: mutant defective in both
iroN and fepA; iroN fepA :: iroN": partial complement of mutant iroN" fepA™ with iroN
only; iroN fepA™ :: fepA™: partial complement of mutant iroN” fepA” with fepA only. Panels
a and b: mutant fonB™ and its complement cultured in the IMDM medium supplemented
with ferric chloride and ferric EDTA, respectively. Panels ¢ and d: mutant iroN" fepA™ and
its partial complements cultured in the IMDM medium supplemented with ferric chloride
and ferric EDTA, respectively. The wild-type served as a control. The growth was evaluated
in either iron-poor or iron-rich (5 pM) medium (IMDM). The measurements were taken in

15 min intervals, for a total of 12 h. Values are means + SEM, n = 5.
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4.4.2 Effect of iron chelators on the growth of Salmonella

The growth of the WT was monitored under the iron-rich condition with either
ferric chloride or ferrous sulfate in the presence of increased concentrations of EDTA, citric
acid, or 2,2"-bipyridyl. EDTA at 1 mM, showed significant inhibition of Sa/monella growth
(P < 0.05), reducing around 15% of growth (Figure 4.4). Similarly, citric acid reduced
Salmonella growth (P < 0.05, approximately 50%) at 1 mM (Figure 4.5). In contrast, the
growth of the pathogen was significantly inhibited (more than 50%) by 2,2'-bipyridyl at

250 uM (P < 0.05), and nearly abolished at 500 uM (Figure 4.6).
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Figure 4.4 Effects of EDTA on the growth of Salmonella Typhimurium wild-type. The
IMDM contained no or 5 uM of ferric chloride. Salmonella grew in the presence of EDTA
(0 to 1000 uM). The measurements were taken in 15 min intervals, for a total of 8 h. Values

are means + SEM, n = 5.
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Figure 4.5 Effects of citric acid on the growth of Salmonella Typhimurium wild-type. The

IMDM contained 0 or 5 uM of ferric chloride. Salmonella grew in the presence of citric

acid (0 to 10000 uM). The measurements were taken in 15 min intervals, for a total of 8 h.

Values are means = SEM, n = 5.

81



¢) 2,2-bipyridyl

1.09
e PEEE S-Sl
2% o
@ @ 0 uM FeSQ, + 0 uM 2,2-bipyridyl
S 0.6 -
© 9 O+ 5 uM FeSQ, + 0 uM 2,2-bipyridyl
D 2
©] 0.4 - 9 .“...'._4....,..4._.._. A 5 uM FeSQ, + 50 uM 2,2-bipyridyl
R y ¥ ¥V TN ¥ 5 UM FeSQ, + 250 uM 2,2-bipyridyl
0.2+ _;0 L] RA i i
. - - 5 uM FeSQ, + 500 uM 2,2-bipyridyl

0 2 4 6 8 10 12

Figure 4.6 Effects of 2,2-bipyridyl on the growth of Salmonella Typhimurium wild-type.
The IMDM contained 0 or 5 uM of ferrous sulfate. Salmonella grew in the presence of
2,2"-bipyridyl (0 to 250 pM). The measurements were taken in 15 min intervals, for a total

of 8 h. Values are means = SEM, n = 5.
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4.4.3 Deletion of TonB, IroN and FepA on the invasion of Caco-2 cells

Caco-2 monolayers were used for the assay of Salmonella invasion into epithelial cells.
As shown in Figure 4.7, the percentages of invasion of mutant tonB™ and mutant iroN" fepA™
were significantly lower than that of the WT (P < 0.05) under both iron-rich and iron-poor
conditions. The invasion ability of complement tonB" :: tonB" was fully restored under both
conditions. The invasion ability of complement iroN fepA™:: fepA" was fully restored under
both conditions, however, complement iroN fepA™ :: iroN" was not. Only a partial recovery
(approximately 78%) of the ability was observed when the complement was under iron-
rich condition. The invasion ability of wild-type, iroN fepA and complementary strain of

mutants were significantly improved (P < 0.05) under the iron-rich condition.
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Figure 4.7 Effects of iron and iron-uptake mutation on Salmonella Typhimurium invasion
into Caco-2 cells. fonB": the mutant defective in fonB. tonB" :: tonB*: the complemented
tonB” mutant. iroN" fepA: the mutant defective in iroN and fepA; iroN fepA™ :: iroN": iroN
partly complement of iroN™ fepA™; iroN” fepA™ :: fepA™: fepA partly complement of iroN”
fepA~. Values are the percentage of invasion (mean = SEM) of the pathogen into a
monolayer of Caco-2 cells, n = 4. Percentage of the invasion was presented as the colony
forming unit (CFU) of Salmonella that had invaded into Caco-2 cells divided by CFU of
initial inoculation of Sal/monella. Means marked with “a”, “b”” and without a common letter
were significantly different (P < 0.05) for the iron-poor condition among different strains;
means marked with “A”, “B” and without a common letter were significantly different (P
< 0.05) for the iron-supplemented condition among different strains. *** represents a
significant difference between the iron-poor and iron-rich treatments within a strain, P <

0.05

4.4.4 Deletion of TonB, IroN and FepA on tight junction permeability of Caco-2 cells

All the treatment groups of Caco-2 monolayer shared a similar relative tight junction
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permeability after the first 2 h of incubation with different Salmonella strains, including
the WT, mutants tonB™ and iroN fepA", and their complements (data not shown). As shown
in Figure 4.8, the relative tight junction permeability of Caco-2 monolayer was
significantly lower (10% reduction, P <0.05) in the group treated with the WT compared
with the control (uninfected group) after 3 h co-incubation. However, after 5 h co-
incubation significant damage to the monolayer occurred (Figure 4.8). The WT showed the
most severe damage to the monolayer among the different isolates. While both mutants
caused less damage to the monolayer than the WT, the only complement of tonB™ (tonB" ::
tonB") significantly restored the damage (P <0.05). At the end of co-incubation (6™ h), the
Caco-2 monolayer in all the treatment groups except for the one treated with mutant tonB-

showed low relative TEER with no significant difference (P > 0.05, data not shown).

85



b)

Percentage (%)

1007

754

501

Relative Tight Junction Permeability at 3 h

OOOOOOOOOOOO =

OOOOOOOOOOOOOK
OOOOOOOOOOOOOOC

O

O

O
20%0%6%0%6%6 %% %% %6 %6 %6 %6 % %"

pRd
P2
»

<« BSOSO

Relative Tight Junction Permeability at5h

a
100
754
b b
- c
N c c
50 \ ¢
25= T T T T
N
RSRC MO S A AR
< \$\\ S L
QO
L ¥ o¥

-
-

=

Control

Wild-type

tonB~

tonB™:: tonB”

iroN fepA”

iroN fepA™:: fepA”

iroN fepA ::iroN”

Figure 4.8 Effects of iron and iron-uptake mutation on the ability of Salmonella to damage

epithelial monolayer of Caco-2 cells. tonB": the mutant defective in fonB. tonB" :: tonB":

the complemented tonB™ mutant. iroN" fepA™: the mutant defective in iroN and fepA; iroN

fepA™ :: iroN": iroN partly complement of iroN™ fepA; iroN fepA™ :: fepA™: fepA partly

complement of iroN” fepA™. Values are the percentage of relative tight junction permeability

(mean £ SEM) that is presented by the measured transepithelial electrical resistance (TEER)

values at 3 or 5 h of the assay divided by the initial TEER at the beginning (0 h), n = 4.

Means without a common letter differ significantly (P < 0.05).
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4.4.5 Host response of Caco-2 cells to Salmonella WT and its TonB, IroN and FepA
mutants

Tight junction proteins (CLDN3, TJP1), nutrient transporter (PepT1) and pro-
inflammatory cytokines (IL-8, TNF-a) were used as indicators to investigate the host
response of Caco-2 cells to the Salmonella infection. As shown in Figure 4.9, the gene
expression in Caco-2 cells showed no significant changes for all examined genes under the
iron-poor condition between the infected and uninfected Caco-2, with the exception for IL-
8 with WT treatment, as well as mutants (fonB", iroN fepA’). Under the iron-rich condition,
the transcription of both CLDN3 (5- to 9-fold changes) and TJP1 (3- to 4-fold changes)
was downregulated significantly when Caco-2 was invaded by the WT and mutant iroN”
fepA™ (P < 0.05). Compared to mutant fonB", the WT and mutant iroN" fepA~ significantly
downregulated the expression of CLDN3 (5- to 9-folds, P < 0.05) under the iron-rich
condition (Figure 4.9a). A similar observation was also obtained with the expression of
TJP1 (Figure 4.9b). Notably, mutant tonB" slightly suppressed (P > 0.05) the gene
expression of tight junction proteins regardless of iron-rich or iron-poor conditions. No
significant difference (P > 0.05) in the gene expression of PepT1 was detected in Caco-2
cells treated with the WT and with the two mutants, respectively (Figure 4.9¢), although
the WT and mutant iroN" fepA~ downregulated the gene expression significantly compared
with uninfected Caco-2 cells (5 to 8 folds, P <0.05). The gene expression of [L-8 and TNF-
a is shown in Figure 4.9d and Figure 4.9e. All the strains significantly upregulated the
expression level of TNF-a in the infected Caco-2 cells under the iron-rich condition
compared with uninfected (more than 10 folds, P <0.05). In addition, the upregulation was

significantly higher in Caco-2 infected cells with the WT or mutant iroN" fepA™ than with
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mutant fonB” (15 to 25 folds, P < 0.05). There was a significant upregulation (more than 10
folds, P < 0.05) in the expression of IL-8 when Caco-2 cells were infected with the WT or
with mutant iroN" fepA  under the iron-rich condition. The increase was larger in the WT
than in the mutant (P < 0.05). No significant difference was detected in the gene expression

between the treatments of the two mutants (P > 0.05).
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Figure 4.9 Gene expression of claudin 3 (CLDN3) (a), tight junction protein 1 (TJP1) (b),

peptide transporter 1 (PepT1) (c), tumor necrosis factor alpha (TNF-a) (d), and interleukin

8 (IL-8) (e) in Caco-2 cells as the response to Sa/monella invasion. The Caco-2 cells were
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sampled during the 2™ hour of the assay of Salmonella invasion. The Caco-2 cells were
sampled during the 2" h of the invasion assay. Relative expression was determined using
the 2724t method. The ACt was presented as the comparison of the threshold cycle between
the target genes and housekeeping genes (18S and GAPDH) and AACt represented the
comparison between the Sal/monella-infected Caco-2 cells and uninfected Caco-2 cells.
The reference (=1) for the comparison was the gene expression in uninfected Caco-2 cells.
The RNA sample of each treatment had 3 biological replicates in the gPCR assay, n = 3.
Bars with the red edge indicate a significant difference in the gene expression between
infected and uninfected Caco-2 cells. *** represents a significant difference in the gene
expression within a strain between the treatments of iron-poor and iron-rich (P < 0.05).
Means marked with “A”, “B” and without a common letter were significantly different (P
< 0.05) for the iron-rich treatment among different strains. fonB: mutant defective in fonB;

iroN fepA™: mutant defective in both iroN and fepA.
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4.4.6 Deletion of TonB, IroN and FepA on the life-span of C. elegans

The survival curves of C. elegans after infection by the WT, mutants tonB™ and iroN°
fepA, and their complements of Salmonella Typhimurium are shown in Figure 4.10. The
death of worms was first observed on day 4 of the assay and viable worms were
dramatically decreased in the following 4 days. The worms infected by the WT, mutant
iroN fepA", and its partial complements (iroN fepA™ :: iroN" and iroN fepA™ :: fepA") had a
significantly reduced (P < 0.05) life-span compared to the nematode fed E.coli OP50 only
(negative control). In contrast, there was no significant difference (P > 0.05) in life-span
between the worms treated with mutant fonB™ and with E. coli OP50 only (uninfected).

Complement tonB" :: tonB" restored the ability to cause a similar level of worm death by

the WT (P > 0.05).
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Figure 4.10 Effects of gene mutation in iron-uptake on the ability of Salmonella
Typhimurium to infect C. elegans. a): the life-span of C. elegans treated with the wild-type,
mutant tonB", or the complement of tonB"; b): the life-span of C. elegans treated with the
wild-type, mutant iroN" fepA", or partial complements of mutant iroN" fepA™. Each treatment
group had about 50 worms that were incubated in the S medium containing 24 pM iron in
the lifespan assay. Worms fed with E. coli OP50 (10° CFU/ml) only served as a reference.
The final concentration of Salmonella in the assay mixture was 10° CFU/ml. tonB": mutant
defective in fonB; tonB™ :: tonB": complement of mutant tonB; iroN fepA": mutant
defective in both iroN and fepA; iroN fepA™ :: iroN": partial complement of mutant iroN°
fepA~ with iroN only; iroN fepA :: fepA™: partial complement of mutant iroN” fepA™ with
fepA only. Survival curves without a common letter differ significantly (P < 0.05). The E.
coli OP50 and Salmonella cultures used for the C. elegans life-span assay were all in the

early stationary phase.
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4.4.7 Host response of C. elegans to Salmonella WT and its TonB, IroN and FepA
mutants

The worms sampled on day 5 in the lifespan assay, where iron was not limited, were
used to investigate the gene expression of defense molecule (sod-3), antimicrobial peptides
(spp-1, clec-83, lys-7), nutrient transporter (fg¢-1), iron storage (ftn-1), and components in
IGF (daf-16) or p38 MAPK signaling pathway (nsy-1, pmk-1). The treatment groups of
nematodes were infected with the WT and mutants (fonB, iroN" fepA’), respectively. As
shown in Figure 4.11, no significant difference (P > 0.05) was detected in the expression
of all tested genes except for fin-1 that was downregulated (5 folds, P < 0.05) in the worms
infected with WT compared to the uninfected worms. In contrast, more than a 2-fold
increase in the gene expression of clec-83, daf-16, and sod-3 (P < 0.05) was achieved by
mutant tonB” (P < 0.05). Mutant iroN fepA™ also demonstrated a similar upregulation (P <
0.05), including genes spp-1, nsy-1, pmk-1, daf-16, and sod-3. Compared with the WT, the
two mutants enhanced the expression (4 to 7 folds, P < 0.05) of five genes in total (clec-
85, nsy-1, pmk-1, daf-16, and sod-3), in which mutant fonB" altered clec-85, daf-16, and
sod-3 and mutant iroN" fepA™ upregulated nsy-1, pmk-1, daf-16. The fin-1 was the only gene
in the worms treated with the WT that was significantly downregulated compared to the

mutant-treated and uninfected worms (P < 0.05).
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Figure 4.11 Host response of C. elegans at gene expression level to the infection of
Salmonella Typhimurium wild-type and mutants. Several genes relating to antimicrobial
peptide production, MAPK & IGF signaling pathways, and other molecules relating to
nutrient metabolism and defense in C. elegans were selected as the targets for the qPCR
assay. The nematode was sampled on day 5 of the lifespan assay. Relative expression was
determined using the 2722 method. The ACT was the comparison in the threshold cycle
between target genes and housekeeping genes (snb and act-1). The AACT represented the
comparison between Salmonella-infected C. elegans and C. elegans treated with E. coli
OP50 only. The reference (=1) for the comparison was the gene expression in uninfected
C. elegans. The RNA samples of each treatment had 3 biological replicates in the qPCR
assay, n = 3. Means marked with “a”, “b” and without a common letter were significantly
different (P < 0.05) for the same gene among different strains. Bars with the red edge
indicate a significant difference in the gene expression between infected and uninfected
Caco-2 cells. fonB: mutant defective in fonB; iroN" fepA: mutant defective in both iroN
and fepA; sod-3: superoxide dismutase 3; fgz-1: facilitated glucose transporter protein 1;

fin-1: ferritin; spp-1: saPosin-like protein; clec-85: c-type lectin; lys-7: lysozyme-like
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protein 7; daf-16: forkhead-type transcription factor; pmk-1: mitogen-activated protein
kinase pmk-1; nsy-1: mitogen-activated protein kinase kinase kinase nsy-1; IGF: insulin-

like growth factor; MAPK: mitogen-activated protein kinases.
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4.5 DISCUSSION
Salmonella Typhimurium strains used in the present study were isolated from broiler
chicken (Dhanani et al., 2015). The information generated from this study may be useful

for developing a strategy to control pathogen infection during poultry production.

One objective of the present study was to investigate the effect of different forms of
iron on the growth of Salmonella Typhimurium. Organic iron (ferrous-L-ascorbate, ferric
citrate) appeared to be favored by the pathogen for growth compared with inorganic iron
(ferric EDTA, ferric chloride), as Sa/monella growth on organic iron took less time to reach
the stationary phase than on inorganic iron (data not shown). A similar preference to organic
iron for iron absorption has been reported previously in animals. Some studies proposed
that animals had a high level organic iron absorption because organic acid and amino acid
ligands of the organic iron can protect the ferrous iron from oxidation and/or interaction
with other metal ions (Jia et al., 2015; Teucher et al., 2004). Another study confirmed that
intestinal epithelial cells favored ferrous iron over ferric iron because the DMT1 was the
major pathway for uptake of ferrous iron in both organic and inorganic form (Yeung et al.,
2005). Even though Salmonella had an Iron-Porin-Feo (Feo) system that is similar to the
DMT1 pathway of mammalian animal, a complicate iron-siderophore system is also used
by Salmonella to acquire iron to grow and survive in iron-poor environments (Chu et al.,
2010; Lau et al., 2015). Moreover, enteric bacteria including Salmonella possess both a
citrate-dependent iron (III) transport and ferric dicitrate transport systems for uptaking
ferric-citrate as well as a wide variety of metal-free and metal-loaded tricarboxylic acids
(Banerjee et al., 2016; Pressler et al., 1988). An exclusive citrate-dependent iron transport

system for uptaking ferric-citrate may explain why ferric-citrate showed a better
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enhancement on Salmonella growth compared with the inorganic iron investigated (FeSQ4

and FeCl3) (Angerer et al., 1998).

In the present study, the function of IroN and FepA on the growth of Salmonella was
evaluated. Results confirmed previous reports that TonB, FepA, and IroN proteins are
important for Salmonella growth (Rabsch et al., 1999; Mademidis et al., 1998). Mutation
of tonB impaired the functionality of all zonB-dependent (iron-siderophores) receptors on
the outer membrane as shown by growth curves. Similarly, mutation of iroN and fepA
impaired the integrity and functionality of the Fep system, which retarded the growth of
mutant iroN" fepA™. Interestingly, the growth curves of all mutant strains were similar to the
WT under the iron-rich condition (> 5 uM), which suggested that Salmonella might have
an Fe’" uptake system that did not relate to TonB protein nor to the investigated iron-

siderophore system.

Among the three chelators tested in the present study, 2,2'-bipyridyl was the most
effective in inhibiting Sal/monella growth. Previous studies have reported that 2,2'-
bipyridyl could increase the antimicrobial property of polymer-Cu (II) complexes by
enhancing the lipophilic character of the central metal atom (Chandraleka et al., 2014;
Kumar et al., 2008). However, most of the antimicrobial activities of 2,2'-bipyridyl were
reported when it was combined with other metal ions (e.g. platinum, cobalt, and copper) or
with metal complexes (Srinivasan et al., 2005; Egan et al., 2004). It is possible that 2,2'-
bipyridyl chelated Fe** and/or other metal ions supplemented in media, which retarded the
growth of Salmonella. Unfortunately, a toxicity test on rat showed that the LDso of 2,2'-
bipyridyl was 256 mg/kg and 155 mg/kg through oral administration and vein injection,

respectively (Bodavari et al., 2006). More studies are therefore required to determine its
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potential in application.

Our results clearly confirmed with previous studies, that iron increased the ability of
Salmonella Typhimurium to invade a differentiated Caco-2 monolayer (Altier et al., 2005;
Cossart et al., 2004). Moreover, iron-uptake systems (Fep) defective mutants of Salmonella
Typhimurium significantly reduced their ability to invade the intestinal epithelial cells,
suggesting that iron-uptake systems are required for the virulence of Sa/monella in animal
guts. This is also confirmed by the evidence that defective iron-uptake systems prevented
an increase in permeability through tight junction stabilization (e.g. CLDN3) and blocking
of proinflammatory response (e.g. reduced TNF-a and IL-8 gene expression. It is possible
that upon the downregulation of the elevated expression of the TNF-a and IL-8 by defective
iron-uptake systems (Fep), the expression of CLDN3 was stabilized; as a result, damage to
the integrity of the enterocyte barrier was slowed down. A similar correlation was reported
previously in the porcine jejunal epithelial IPEC-J2 cell line (Coburn et al., 2007). In
addition, IL-8 has been shown essential for Sa/monella to pass through epithelial Caco-2
monolayers and TNF-a contributes to the tissue pathology associated with Salmonella
infection (Karimi et al., 2018; Arnold et al., 1993). Interestingly, the downregulation of the
PepT1 expression by Salmonella Typhimurium under the iron-rich condition was prevented
by the mutant fonB", suggesting Salmonella infection could reduce nutrient absorption (e.g.
small peptides). We also demonstrated that iron was required for observing the changes in
the gene expression of tight junction protein and proinflammatory cytokines among the
WT and iron-uptake systems defective mutants of Salmonella Typhimurium. Taken
together, our results suggest that iron and iron-uptake systems are essential for the virulence

of Salmonella in animal guts.
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In the present study, the importance of TonB, IroN and FepA in the virulence of
Salmonella was evaluated in C. elegans with a life-span assay followed by an investigation
into the host gene expression and regulation of cell signaling and defense molecule
production. The result of the lifespan assay (except for mutant iroN fepA’) was consistent
with the observation from the Caco-2 invasion experiment in the present study (Figure 4.7)
as well as from mouse infection studies reported previously (Tsolis et al., 2008; Rabsch et
al., 2003). It is interesting to note that the WT strain of Salmonella Typhimurium caused
no changes in the expression of all tested genes relating to cell signaling and defense
molecule production (including antimicrobial peptides) in the infected nematode compared
with uninfected worms (Figure 4.11). In contrast, either mutant tonB™ or mutant iroN" fepA™
was able to upregulate some of the genes, e.g. clec-83, sod-3, and daf-16 by mutant tonB
and spp-1, sod-3, nsy-1, pmk-1, and daf-16 by mutant iroN fepA , suggesting the
involvement of both genes in Salmonella infection to C. elegans. Given the facts that only
mutant fonB~ (but not mutant iroN" fepA") lost the ability to infect C. elegans and its
complement restored the capacity in addition to the upregulation of clec-85 and sod-3
expression by the mutant in particular, it appears that both clec-85 and sod-3 may play a
substantial role in the defense of the nematode against Sa/monella infection. It has been
documented from previous studies that the p38 MAPK and DAF/IGF pathways control the
expression of the antimicrobial peptides (Alper et al., 2007; Kamaladevi et al., 2016). Very
recently, there was a report that a Lactobacillus isolate could regulate C. elegans signaling
through the p38 MAPK and DAF/IGF pathways to control the production of antimicrobial
peptides and defense molecules to combat E. coli infection (Zhou et al., 2018). One

significant finding from the C. elegans experiment in the present study was the
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downregulation of fin-1 by the WT of Salmonella Typhimurium only (Figure 4.11). The
gene regulates the expression of ferritin 1 that has a role in iron storage of the host and
knocking out of fin-1 would reduce the life-span of C. elegans grown in the environment
with excess iron (Kim et al., 2004). It may suggest that Salmonella could affect the
expression of fin-1 and create an intracellular environment with sufficient iron. Our
observation on the inability of mutants tonB™ and iroN" fepA to alter the gene expression of
fitn-1 supports the notion, providing further evidence for the importance of fin-/ in the

pathogen and host interaction during Salmonella infection.

4.6 CONCLUSION

In conclusion, the present study has determined: (1) organic iron (ferric citrate and
ferrous-L-ascorbate) supported better growth of Sa/monella compared to inorganic iron; (2)
2,2"-bipyridyl had potential in controlling Salmonella growth under the iron-rich condition;
(3) mutation in tonB and double mutations in iroN, fepA could lessen the ability of
Salmonella to invade Caco-2 cells and damage the epithelial monolayer; (4)
supplementation of iron could affect the expression of tight junction proteins, peptide
transporter, and proinflammatory cytokines in Caco-2 cells during Salmonella infection;
(5) mutation in fonB reduced the infection of Salmonella Typhimurium to C. elegans and
the expression of fin-/ was downregulated when the nematode was infected by the WT

strain only.
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CHAPTER 5 GENERAL DISCUSSION AND CONCLUSION

5.1 GENERAL DISCUSSION

Salmonella enterica is a notorious enteric pathogen that has a wide range of animal
hosts, causing enormous agricultural losses and medical burden around the world (Eng et
al., 2015). Salmonella is most frequently found in poultry, eggs, milk and other agricultural
products such as fruits and vegetables (Pui et al. 2011; Silva et al. 2011). The emergence
of Salmonella has raised the attention of the public as it becomes more virulent, causing an
increase in the mortality of infected animals and humans (Chiu et al. 2002). Understanding
Salmonella survival mechanisms in production systems and foods derived from them is
key to the development of successful strategies to lessen the attendant risk. Antibiotics have
widely been used in the poultry industry to fight pathogens infection (e.g. Salmonella) and
to stimulate growth performance (Omonijo et al., 2018). Total global consumption of
antibiotics in animal production was estimated at 63,151 tons in 2010 with an increasing
trend (Van Boeckel et al., 2015). Scientific evidence suggests that this practice may lead to
the spread of antimicrobial-resistant bacterial pathogens in both poultry and humans,
leading to public health problems (Yang et al., 2015; Hassan et al., 2018). Therefore, both
consumers and governments are keen for the poultry industry to move towards antibiotic-
free production. Therefore, new technologies are needed to control Salmonella infection.
Along with organic acids, enzymes, probiotics, antimicrobial peptides, medium chain fatty
acids and essential oils (Omonijo et al., 2018), reducing iron availability to Sa/monella
could be a promising approach to control Salmonella infection in poultry because non-
typhoidal Sa/monella enterica serovars are well equipped to acquire iron for their survival

to cause disease in their hosts (Frawley et al. 2014). Therefore, the aim of this study was to
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evaluate the roles of iron uptake in the survival, colonization and virulence of Salmonella

in animal guts.

Knowledge of mechanisms used by Salmonella to successfully infect poultry needs
to be determined to develop successful mitigation strategies. The gut is the site where the
Salmonella infection is initiated. It is essential to prevent Salmonella colonization and
invasion in the gut to reduce the risk of salmonellosis. The intestinal epithelium is a
monolayer that constitutes the biggest and most critical barrier against the environment of
the intestine lumen. It acts as a selectively permeable barrier, enabling the absorption of
nutrients, electrolytes, and water while protecting the animal from toxins, antigens, and
enteric flora. Therefore, it is very important to select proper models to study how iron and
iron uptake systems affect the survival, colonization and virulence of Salmonella in the gut.
Caenorhabditis elegans is a small free-living soil nematode that has been extensively used
as an experimental in vivo system for biological studies because of its small size, short
generation time and suitability for genetic analysis. In particular, C. elegans has been used
to study pathogen and host interactions of various bacterial pathogens including Salmonella,
in addition to its increased use for screening antimicrobials, such as probiotic bacteria for
Salmonella control (Leung et al. 2008). Using the nematode infection model by measuring
its life-span, several probiotic candidates have been identified for Salmonella control and
revealed a part of molecular mechanisms underlying the protection offered by the probiotic
isolates (Yang et al., 2014; Zhou et al., 2014). This model system provides a useful tool to
study the survival and control of Salmonella in the gut. In this study, this C. elegans model
was used to investigate the ability of wild-type and iron-uptake defective mutants of

Salmonella to infect C. elegans (to death) with the life-span assays and the gene expression

102



of C. elegans to Salmonella infection. Moreover, Caco-2 cells that have been extensively
used over the last thirty years as a model of the intestinal barrier (Sambuy et al. 2005), were
used to determine the ability of wild-type and iron-uptake defective mutants of Salmonella
to infect a host with the invasion assays. Results from these two models clearly indicate
that iron uptake systems and iron are required for the survival, colonization, virulence of
Salmonella in animal guts. These findings will help us to identify which iron-uptake protein
is most essential for Sal/monella virulence and then to develop methods targeting the

specific iron-uptake protein to reduce iron availability for Salmonella.

Given that there may be some differences between chicken enterocytes and Caco-
2 cells, it is worth using chicken enterocytes in invasion assays. However, chicken
enterocytes are not currently commercially available. Primary chicken enterocytes might
be used to screen different factors and their interactions with microbiome, and potentially
be used to in the development of intervention strategies for Sa/monella (e.g. iron chelators)
(Rath et al., 2018). Alternatively, the ligated poultry intestines could have been used in the
present study because they have been used to not only measure the absorption of nutrients
(e.g. iron) (Zhang et al., 2016; 2017; 2018) but also to study the virulence of Clostridium
perfringens isolates recovered from antibiotic-free chicken flocks (Parent et al., 2017).
Eventually in vivo poultry trials are needed to investigate the efficacy of iron based on

strategies against the survival, colonization and virulence of Sa/monella.

This study clearly demonstrated that EDTA, 2,2-bipyridyl and citric acid can
effectively inhibit the growth of wild-type and iron-uptake defective mutants of Salmonella.
2,2-bipyridyl is not approved as a feed ingredient. Citric acid and EDTA can be used in

animal feeds, but these chelators not only reduce iron availability to Salmonella but also
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decrease the bioavailability of minerals including iron to animal hosts. This makes it very
difficult to include chelators into feeds to control Salmonella. However, these chelators

could be included in poultry litters to reduce the survival of Sa/monella in poultry farms.

For iron supplementation in feeds, it is imperative to find iron sources favored by
animals but not by Salmonella. 1t is believed that the supplementation of iron increases the
virulence of Salmonella (Kortman et al. 2012). Our results of in vitro growth of Salmonella
under the medium containing different iron sources were consistent with the previous
findings. Moreover, our results indicated that the growth of Sal/monella could be affected
by the iron forms supplemented into the medium. Several studies demonstrated that
addition of iron-amino acid chelates in the diets of broiler chickens could be more effective
than the addition of inorganic iron in terms of bioavailability, production and health
performance (Shinde et al., 2011, Kwiecien et al., 2015; Jarosz et al., 2016). However, there
is no information on the effects of iron amino acid chelates on the growth, colonization and
virulence of Salmonella in animal guts although some novel iron sources and iron chelators
(e.g. gallium, apo-lactoferrin, and iron amino acid chelates) have shown the ability of
inhibiting the growth and/or infection of some enterica pathogens such as Clostridium
difficile (Cruz-Huerta et al., 2016; Chilton et al., 2016; Perl and Moalem, 2018). Therefore,
the effects of iron amino acid chelates on the growth, colonization, and virulence of

Salmonella must be further investigated with in vitro and in vivo approaches.

With the recent advances in sequencing technologies and “omic” tools, it becomes
possible to comprehensively study dietary components (e.g. iron sources and iron chelators)
and their benefits to the health and nutrition of animals, leading to sustainable food animal

productions (Gong et al., 2018). Our results on the host response of Caco-2 cells and C.
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elegans indicated that the virulence of iron-uptake defective mutants of Salmonella is
attenuated. However, interactions among the three components (iron sources, Salmonella
and host) in the gut ecosystem are still not clear. Therefore, it is imperative to investigate
the transcriptome and proteome profiles to understand the response of Salmonella to
treatments. On the other hand, it is worth measuring the transcriptome and proteome
profiles of hosts (e.g. Caco-2 cell, C. elegans, and poultry intestines) infected with wild-
type and iron-uptake defective mutants of Sal/monella. The gut microbiota and its
interactions with animal hosts and diets have been of research interest for a long time (Gong
et al., 2018). The composition and diversity of animal gut microbiota can be affected by
many different factors including iron sources, iron chelators and iron-uptake defective
mutants of Salmonella. Therefore, more comprehensive studies of the composition and
functionality of gut microbiota (referred to as microbiome) will significantly enrich our
knowledge of their interactions. Further in vivo studies are required to elucidate the
molecular mechanisms of the interaction between the iron-uptake defective mutant and the
host in experimentally infected poultry with the integrated use of gnotobiotic and knock-

out/transgenic animals, the “omics” tools, and bioinformatics and statistical approaches.

5.2 GENERAL CONCLUSION

Our results suggest that iron chelators can inhibit the growth of wild-type and iron-
uptake defective mutants of Sal/monella and iron uptake systems are required for the
survival, colonization, virulence of Salmonella in animal guts. These findings could help
to develop natural compounds and biocontrol agents (e.g. specific iron sources and iron
chelators) based on iron uptake system proteins for the control of Salmonella to mitigate

potential threats to public health, enhance consumer confidence in Canadian agri-food
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products and reduce the cost associated with foodborne illness. Additionally, this study
offers possible approaches for future research of other bacterial pathogens, such as

verotoxigenic E. coli.
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CHAPTER 6 FUTURE DIRECTIONS

Future directions include:

1)

2)

3)

4)

5)

To investigate the ability of wild-type and iron-uptake defective mutants of
Salmonella to infect the host with the ligated poultry intestines and in vivo animal
trials;

To examine the bactericidal activity of the chelators (e.g. 2,2’-dipyridyl) in different
models (C. elegans, the ligated poultry intestines and in vivo animal trials);

To evaluate the effects of iron chelators on the survival of wild-type and iron-uptake
mutants of Salmonella in poultry litter;

To determine the transcriptome and proteome profiles of wild-type and iron-uptake
mutants of Salmonella in response to different concentrations of iron chelators;

To measure the transcriptome and proteome profiles of hosts (e.g. Caco-2 cell, C.
elegans, and poultry intestines) when infected with wild-type and iron-uptake

defective mutants of Salmonella.
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